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A B S T R A C T

The implementation of performance-based seismic design (PBSD) in the design and optimization of the structural 
system of buildings becomes paramount in view of recent seismic design codes. The large number of simulations 
and analyses to be conducted for specific types of structures and specific seismic areas are prerequisites of the 
PBSD methodology. The application of machine learning (ML) techniques proved effective for the development 
of prediction models that have the potential to significantly minimize the amount of time required for structural 
damage assessment. Artificial neural networks (ANNs) demonstrated the ability to generalize by accurately 
predicting output parameters for unseen input parameters not included in the training dataset. In this research, 
an ANN was used for predicting structural damage parameters corresponding to 3D reinforced concrete frame 
structure subjected to seismic scenarios and for evaluating the influence of various seismic actions on the 
structures. A total of 243 3D-reinforced concrete models were generated and subjected to 14 seismic scenarios. 
Thus, 3402 input-output data sets were obtained and were used for ANN training (80 %) and validation (20 %). A 
total of 10 input parameters were considered to influence the seismic behaviour and damage levels in the RC 
frame structures. Out of the 6 input structural parameters, the number of stories, the span width and the width of 
the column cross-section have the highest impact on the seismic damage of reinforced frame structures. From the 
4 input parameters characterizing the seismic motion, the peak ground velocity (PGV) and peak ground accel
eration (PGA), were found to be the most important seismic parameters which influenced the damage of the 
analysed structures. The performance of the ANN was compared against two other machine learning algorithms 
commonly used in civil engineering applications: Random Forest (RF) and Extreme Gradient Boosting (XGBoost). 
While these algorithms performed marginally better than ANN in the training and validation stages, they did not 
manage to be accurate in the testing phase when using newly generated data sets. The considered output pa
rameters were: fundamental period of vibration for the non-damaged and damaged states, final softening index, 
interstory drift ratio, maximum displacements and maximum absolute accelerations. The ANN was able to 
accurately predict all output parameters (correlation coefficient larger than 0.85) with the exception of final 
softening index that may be influence by more complex phenomena that are beyond the scope of this paper. The 
proposed ANN-based prediction model proves to be a fast and reliable tool for quickly assessing the damage state 
of 3D reinforced concrete frame structures subjected to different seismic scenarios. It can be further enhanced 
and extended to include other parameters not considered at this stage of research as well as being included in 
stacked ML algorithms.

1. Introduction

Seismic activity has resulted in numerous casualties and significant 
socioeconomic losses in multiple places due to the immense energy 
released in a matter of seconds. In 2023, two earthquakes originating in 

Turkey resulted in over 50,000 fatalities in Turkey and Syria, along with 
significant destruction [1–3]. The damages are not solely structural or 
economic but also ecological due to the release of harmful compounds 
into the atmosphere resulting from the partial or total demolition of the 
buildings [4]. Despite the establishment of seismic codes and substantial 
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research on earthquake incidence and seismic wave propagation, 
earthquakes continue to be among the most devastating natural dangers.

The implementation of performance-based seismic design (PBSD) in 
the design and optimization of the structural system of buildings be
comes more than a recommendation, as stipulated in FEMA:P58–1 [5], 
FEMA:P58–2 [6] and thoroughly described in FEMA:P58–7 [7]. This 
methodology allows authorities to accurately ascertain the damage level 
of a building following an earthquake and to enhance seismic resilience. 
Nevertheless, its implementation requires, in some cases, a significant 
change in the national seismic design codes which is challenging to 
implement in the current state. The large number of simulations and 
analyses to be conducted for specific types of structures and specific 
seismic areas are prerequisites of the PBSD methodology. Subsequent to 
establishing the methodology and guidelines for assessing building 
damage, an examination is required to evaluate the damages following a 
seismic event. Considering the limited number of inspectors and the 
duration necessary for a proper inspection, waiting for such an event is 
detrimental both to society and the economy. It is possible that the 
official assessment of structures might take up to a couple of months to 
complete after a significant seismic event, which can inflict considerable 
damage to buildings. During this time, the operation of some buildings 
may be restricted for the purpose of accident prevention. In light of this, 
it is imperative that solutions be discovered in order to expedite the 
process of assessing the damage and to restore the operation of the 
structure as quickly as possible.

Assessing structural integrity, analysing seismic data and reducing 
earthquake-related risks have all been transformed by the application of 
machine learning (ML) techniques in earthquake engineering. This 
expanding discipline uses artificial intelligence to process large and 
complex datasets, find patterns and make predictions with high levels of 
efficiency and accuracy [8,9]. According to [9] there are three main 
types of learning: supervised, unsupervised and reinforcement. Super
vised learning is used to create prediction models aimed at mapping a set 
of inputs (also known as features or characteristics) to one or more 
outputs (response variables). Supervised learning problems are cat
egorised as pattern recognition, when the response variables are cate
gorical, and as regression when the outputs are numerical variables. 
Description learning, also known as unsupervised learning, is connected 
with problems that are considerably less well defined. The objective of 
this type of learning is to find underlying relationships in the data. 
Through the utilisation of parametric and nonparametric models, it is 
possible to accomplish both supervised and unsupervised learning.

The use of ML techniques also demonstrated to be effective for the 
development of prediction models that have the potential to signifi
cantly minimize the amount of time required for structural damage 
assessment [10–13]. ML methods, such as ANNs, can successfully pre
dict outputs for inputs not included in the training dataset. This is based 
on the findings of previous structural analyses that were used for 
training, which consisted of input-output mappings. They are regarded 
as biologically inspired computational techniques, adapted at modelling 
complex, nonlinear separable processes [14]. They are best used to 
address intricate problems that sequential algorithms cannot solve [3]. 
For this reason, having a tool that is capable of providing the damaged 
status of a building [15,16] in a timely manner shortly after the occur
rence of an earthquake, based on structural and seismic data, would be 
an extremely useful instrument in the process of strengthening seismic 
resilience [17].

Using ANNs in seismic analysis research proved efficient in pre
dicting the structural behavior of different types of buildings [18–20]. 
Several research works focused on predicting the residual drift, seismic 
limit state capacity and seismic risk assessment of steel moment resisting 
frames considering soil-structure interaction using machine learning 
techniques [16,21]. The authors investigated the suitability of several 
ML algorithms and ranked them based on un performance parameters 
such as coefficient of determination (R2), mean average error (MAE), 
mean squared error (MSE) and root mean squared error (RMSE) during 

both training and testing phases [22]. From the selected algorithms, 
Artificial Neural Networks (ANN) and Extreme Gradient Boosting 
(XGBoost) showed quite high performance and high accuracy of the 
predicting results. In a more recent study [23] a combination of esti
mator such as ANN and XGBoost, among others, was proposed to create 
a stacked ML algorithm which showed improved prediction capabilities 
of interstorey drift (ID) and residual intersotrey drift (RID) for 
buckling-restrained braced-frames. The obtained results showed that 
ANNs can estimate the performance of buckling-restrained braced-frame 
structures with an accuracy higher than 97 %.

The use of ML techniques in assessing the performance of existing 
reinforced concrete structures was also validated by several studies. 
Results showed that such an approach could save time, costs and effort 
spent of seismic assessment practices [3]. ANN algorithm provided a 
95.83 % accuracy, while Random Forest (RF) showed a 100 % accuracy. 
However, in a different study on seismic fragility and seismic vulnera
bility assessment of reinforced concrete structures [22], RF algorithm 
ranked below ANN and XGBoost.

While the availability of a predictive program is undeniably benefi
cial for organizing post-seismic actions, it necessitates a substantial 
volume of data for effective training, which is challenging to collect. For 
any ML technique to yield highly accurate predictions, one needs a large 
pool of data which is often lacking in either the number of entries or 
accuracy and randomness of data sets [9]. Lack of data, collected or not 
in small databases, is a pressing issue in many engineering fields. Civil 
engineering is such an example because the observed phenomena are 
complex and cannot be accurately described by mathematical models. 
Moreover, related experiments are very costly because of the size of the 
specimens and/or cost of equipment. However, small databases did not 
stop researchers to use parametric numerical simulations of validated 
models to create additional data entries.

The simplest approach is to utilize finite element (FE) design soft
ware. Nonetheless, the FE non-linear analysis of a three-dimensional 
structure subjected to various seismic scenarios is a laborious task. 
Consequently, the majority of the research employed simplified models 
in their analyses. Single degree of freedom SDOF models were used [24]
to estimate the nonlinear response of a structure subjected to strong 
ground motions. As a simplified model, the structural input data was 
limited, i.e., yield strength, post-yield stiffness ratio, and fundamental 
period of vibration. Nonetheless, the mean squared error computed 
during network validation proved the efficiency of ANN prediction. A 
neural network was also successfully used in a different study [25] for 
assessing the structural damages registered by a SDOF model after a 
seismic action. The spectral damage index was considered by the authors 
as output, whereas the input comprised of both structural and seismic 
parameters. The efficiency of using neural networks in predicting 
structural damages in a SDOF model due to seismic actions was also 
confirmed by [26], [27] and [28]. The maximum inter-story drift ratio 
(IDR) and the maximum displacement parameters during seismic events 
corresponding to three simple models, i.e., 3DOF, 4DOF and 6 DOF, 
were also successfully predicted by using ANNs [20].

Neural networks were used in constructing the fragility curves 
associated with a 4-story bidimensional reinforced concrete frame 
building [29], confirming the suitability of ANNs over other traditional 
methods. Predictive models for bidimensional reinforced concrete 
frames were also successfully developed using ANNs [30]. The authors 
considered only the first three natural periods as input, whereas the 
output comprised several parameters related to both force and 
displacement. ANNs were also used to predict the results of the pushover 
analysis for 3-, 6- and 12-story planar steel moment resisting frames [16, 
31]. The maximum drift responses corresponding to each performance 
limit were predicted with high accuracy by using the natural periods of 
the models as input. Additionally, the seismic drift responses were also 
successfully predicted by using ANN for bidimensional steel moment 
frames [32]. The authors weighed the importance of the input param
eters on the output prediction, i.e., maximum interstory and top drifts. 

G. Bunea et al.                                                                                                                                                                                                                                  Structures 80 (2025) 109750 

2 



According to their analysis, the peak ground velocity had a stronger 
effect on the prediction than the peak ground acceleration. The number 
of stories was also identified as one of the factors having a high relevance 
for the output prediction. The importance of the input parameters over 
the output was also determined for bidimensional reinforced concrete 
moment frames [33]. The research showed that ground motion intensity 
had the highest influence on the maximum story drift.

Studies regarding ANN prediction of seismic-induced damages for 
tri-dimensional structures [34] are seldom found because they are 
computationally demanding. The non-linear analyses require both 
powerful computer hardware and are also time consuming. However, 
such studies are needed, as they consider the tridimensional effects for 
the seismic energy dissipation through the building, and display a more 
realistic behavior. One study analysed two models, i.e., a reinforced 
concrete frame-shear wall structure and a steel frame structure, for 
which the output was the limit state function corresponding to the 
structure after seismic loading [35]. The geometrical structural param
eters were constant and 100 sets of artificial ground motion data were 
used in the analysis. The neural network thus trained displayed a good 
prediction of the output. Another study used ANNs to predict the 
displacement time history at the top of reinforced concrete and steel 
structures [36] during a seismic event. Structures having both sym
metrical and non-symmetrical plan views were analysed.

This paper seeks to develop a neural network capable of predicting 
the structural damage state of three-dimensional reinforced concrete 
models following an earthquake, building on prior research that estab
lished the efficacy of neural networks in predicting the seismic response 
of structures. In contrast to prior research, the present study employed 
several earthquake events and structural geometry characteristics. The 
seismic response was assessed utilizing natural vibration periods, 
seismic damage indices, maximum displacement, and maximum abso
lute acceleration. Obtaining data on the damage induced on structures of 
varying geometries or typologies in a markedly reduced timeframe 
relative to traditional methods is advantageous and enhances seismic 
resilience in regions susceptible to such hazards. The study categorizes 
the input parameters based on their impact on the structural damage 
indices. A total of 243 3D-reinforced concrete models were generated 
and subjected to 14 seismic scenarios. Thus, 3402 input-output data sets 
were obtained and were used for ANN training and validation using a 
80 %-20 % distribution of data between the training and validation 
stages, respectively. The number of stories, the span width and the width 
of the column cross-section are the structural parameters with the 
highest impact on the seismic damage of reinforced frame structures. 
The peak ground velocity (PGV) and peak ground acceleration (PGA), as 
characteristics of the ground motion, were found to be the most 
important seismic parameters which influenced the damage of the 
analysed structures. Identifying the significant seismic and structural 
data for the given structure type could facilitate future improvements to 
the seismic design codes.

2. Research methodology

A neural network was used for predicting structural damage pa
rameters corresponding to 3D reinforced concrete frame structure sub
jected to to a series of 14 seismic scenarios and for evaluating the 
influence of various seismic actions on the structures. An ANN often 
requires an extensive dataset to achieve high prediction accuracy [22]
but, at the same time, it showed its potential even for smaller data sets 
[34]. For this reason, a series of nonlinear Time-history analysis simu
lations were carried out in the first step of the research using the finite 
element software SAP 2000. Each simulation was defined by different 
input parameter values, and some output parameters related to seismic 
damage were extracted. The inputs included structural and seismic ac
tion parameters. The resulting FE input-output mappings were subse
quently used to train and test the neural network.

2.1. Selection of structural parameters

The structural parameters were selected based on the main 
geometrical characteristics of the building that may influence its 
behavior under seismic action. Their variation was considered so that it 
covered a broad range of reinforced concrete frame structures. 
Certainly, an acceptable limited number of values per each set of input 
parameters was considered, due to the extensive amount of time and 
computational power required to obtain the Finite Element Analysis 
(FEA) results. Table 1 lists the input structural parameters varied 
throughout the study, for the ANN training stage[37].

Not all combinations of the above presented parameter values were 
appropriate and some of them had to be excluded from the analysis. For 
instance, a building having 7 stories and a column cross-section of only 
0.30 m width would be unrealistic. Therefore, eventually, 243 structural 
models were analysed and the results were considered for ANN training 
purposes. Nonlinear Time-History analyses were carried out for each 
structural model. Some examples of structural models considered in the 
analysis are illustrated in Fig. 1.

All the other parameters, such as material properties, intensity of live 
loads, had fixed values and were not added as inputs to the neural 
network. Thus, for all structural models, the beams and columns were 
made of C20/25 concrete, while the slab was made of C16/20 concrete. 
The concrete class was chosen according to the national seismic norm 
P100–1/2013 [38] provisions. The steel grades of the reinforcement 
bars were S355 – for bars of [6…14] mm in diameter - and S345 – for 
bars of [16…28] mm in diameter. The dimensions of beams and slabs 
were constant for all models and were computed based on the 
P100–1/2013 regulations [38]. The beams had a cross-section of 
25 × 40 cm, and the thickness of the slab was 13 cm. All structural el
ements were reinforced considering the minimum required reinforce
ment, computed according to Eurocode 2 [37,39]. Although there was a 
small difference between the computed minimum reinforcement area 
according to the norms and the one computed by considering the stan
dard reinforcement diameters, it was considered acceptable, as it did not 
impact the final results.

2.2. Selection of seismic action parameters

For predicting the seismic damage of reinforced concrete frame 
buildings using ANN, the structure was be firstly subjected to a variety of 
seismic actions. The results were later on used in the ANN training 
process. For this purpose, 14 accelerograms corresponding to real 
seismic events were selected and used in the non-linear Time-History 
analysis in SAP2000. Although the performance-based design approach 
proposed by FEMA should be generally used worldwide in seismic areas 
for its feasible solutions [40], its implementation is still difficult in many 
countries. For this reason, usually, the seismic codes consider mainly the 
peak ground acceleration (PGA) as being the main parameter used in the 
seismic design [38]. However, there are other seismic parameters which 
may prove to have a major influence on the structural behavior. For this 
study, four seismic parameters were chosen to be considered in the ANN 
training, as presented in Table 2 [37].

Fig. 2 graphically presents the values of the seismic parameters for 
each considered action. The minimum and maximum values were 

Table 1 
Input structural parameters.

ANN Code Structural parameter Set of values

I1 Number of stories 2, 4, 7
I2 Number of spans in Ox direction 2, 3
I3 Number of spans in Oy direction 2, 3
I4 Frame span length 3 m, 4 m, 5 m
I5 Story height 2.8 m, 3.0 m, 3.5 m
I6 Width of column cross-section 0.30 m, 0.40 m, 0.50 m, 0.70 m
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marked for each parameter.
The national seismic code P100–1/2013 [38] considers the PGV and 

PGD values only in the calculus of the corner periods, while the PGA 
value is the base of the building seismic design. The PGA value is 
established for a medium recurrence period, which was modified with 
every new version. The changes were made to gradually upgrade the 
national seismic code to the provisions of the Eurocode 8 [41]. Although 
the PGA is used in the national codes, it has been proven that PGV is 
more suitable for assessing the seismic structural damage, as it is asso
ciated with the earthquake energy induced in the building [42]. How
ever, neither of these two parameters takes into account the duration of 
the seismic action or its dominant frequency. According to some studies, 
Housner’s spectral intensity could be successfully used in assessing the 
structural degradation caused by a seismic action [43–45]. Housner’s 
spectral intensity is computed using Eq. 1 and it defines the damage 
potential of a seismic action [45,46]: 

SIH =

∫ 2.5

0.1
Sv(T, ξ)dT (1) 

where Svis the pseudo-velocity response spectrum, T is the natural 
period of a one-degree of freedom structure and ξ is the damping coef
ficient. In the current study, the value of the damping coefficient ξwas 
5 %, according to Eurocode 8 provisions [47].

2.3. Finite element modelling and analysis

Nonlinear Time-History analyses were performed for each of the 243 
3D-reinforced concrete models analysed using SAP2000. Each of these 
structures was subjected to 14 seismic actions, with the main charac
teristics shown in Fig. 2. Thus, 3402 input-output mappings were ob
tained and used for ANN training. The Takeda model [48] was used for 
the hysteresis loop of reinforced concrete, while the selected 
force-deformation curve followed the Mander model [49]. The moment 
hinges (M3) for the concrete beams were applied at both ends of the 
elements. The type selected for the axial force-moment hinges registered 
in columns was Fiber P-M2-M3, being recommended in nonlinear dy
namic analyses. As in the case of beams, column hinges were set at both 
ends of the elements. Fig. 3 presents the nonlinear model considered in 
the study and the position of hinges in both beams and columns.

Regarding the static loads, except for the self-weight of the elements, 
the structure was also loaded with an additional permanent load of 3 
kN/m2 – representing the weight of the non-structural elements, and a 
live load of 1.5 kN/m2 selected according to SR EN 1991–1–1:2004/ 

NA:2006 [50]. For taking account of the inertial effects, the mass of the 
structure was computed according to SR EN 1998–1:2004 [41], 
considering values of the coefficients corresponding to residential 
buildings. The Direct Integration method was used for the Nonlinear 
Time-History analysis, which implied the integration of the equations of 
motion for each considered time interval dt. Considering the charac
teristics of the seismic actions and the large number of nodes and dy
namic degrees of freedom, the Hilber-Hughes-Taylor HHT method was 
selected for the nonlinear analysis.

The models were subjected to seismic actions only in Ox direction. 
The structural models with different spans were analysed at 0◦ and 90◦

in plane rotation, as shown in Fig. 4.
The Final Softening index (FS) was used for assessing the global 

structural damage state [51]. Its calculus required the computation of 
the building’s fundamental natural period registered after the seismic 
event. Therefore, following the Nonlinear Time-History analysis, a 
modal analysis was performed on the damaged structural model for each 
seismic event.

2.4. Output parameters

The output parameters of the nonlinear analysis, listed in Table 3, 
were selected so that they point out the structural damage level regis
tered after the occurrence of specific seismic events. Although only O1 
and O5 parameters are directly assessing the structural damage, other 
related parameters were also chosen for comparison purposes. Thus, the 
influence of various seismic actions on the structure can be better ana
lysed for a higher number of seismic damage-related output parameters.

Considering the complexity of the analysis and the large number of 
structural models, the damage indices were selected so that they were 
relatively easy to compute and succeeded in describing the global 
structural damage registered after the occurrence of the seismic event. 
Two damage indices were calculated: the Final Softening index (FS) and 
the Interstory Drift Ratio (IDR). The Final Softening index was suggested 
by [51] and it is computed using Eq. 2: 

FS = 1 −
T2

0

T2
final

(2) 

where T0is the initial fundamental period of the structure and Tfinalis the 
final fundamental period of the structure, registered after the seismic 
event.

Following an earthquake, various types of damage such as cracks and 
plastic hinges, appear in the building, which reduce the rigidity of the 
individual elements and, consequently, the overall rigidity of the 
structure. The Final Softening (FS) index is a global damage index that 
evaluates the decrease of the structural rigidity by comparing the nat
ural period of the structure in the non-damaged and the damage states. 
The major advantage of using FS in damage assessment is the readiness 
with which the required parameters are computed employing finite 
element software [52]. Nonetheless, FS accuracy could be negatively 
influenced by several factors [53]. Thus, the instantaneous rigidity of 
the system could be inaccurately computed in the final step of the 
seismic action [54]. Also, the shape of the natural vibration mode after 
the seismic action application could change, caused by the shifting to the 
inelastic domain of some structural elements [55].

The Interstory Drift Ratio (IDR) was the second damage index used in 
the current analysis. It represents a traditional overall structural damage 
assessment method, recommended by norms such as FEMA 356 [56]. 
Some limits of the IDR are given to provide a proper basis for seismic 
structural design or to evaluate the structural damage level. The IDR is 
defined as the ratio of the relative horizontal displacement measured 
between two consecutive levels to the corresponding story height[57, 
58]. Eq. 3 presents the mathematical expression used for IDR 
computation: 

Fig. 1. Structures modelled in SAP 2000: (a) 2 stories; (b) 4 stories; (c) 
7 stories.

Table 2 
Seismic action parameters.

ANN Code Seismic parameter Unit of measurement Acronym

I7 Peak ground acceleration cm/s2 PGA
I8 Peak ground velocity cm/s PGV
I9 Peak ground displacement cm PGD
I10 Spectral intensity cm SI
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IDR =
δi − δi− 1

hi
(3) 

where δiis the lateral displacement associated with level i, δi− 1 is the 
lateral displacement associated with level i-1, and hiis the story height 
between levels i and i-1 [59].

3. The neural network

3.1. Characteristics of the neural network

The study selected six structural parameters, i.e., I1-I6, and 4 seismic 

action parameters, i.e., I7- I10, as inputs. Their values were varied to 
obtain a proper dataset consisting of 3402 entries that were used for the 
ANN training (80 %) and validation (20 %). The output was defined by 6 
parameters, i.e., O1-O6, directly or indirectly related to the damage state 
of the structure. Thus, the neural network was designed to have 10 in
puts and 6 outputs.

To minimize errors and account for the output results, a separate 
ANN was designed for each output parameter. Thus, for outputs O1, O2, 
O4, O5 and O6 the ANN architecture comprises 10 neurons in the input 
layer, 12 neurons in the intermediate layer and 1 neuron in the output 
layer. Because of its higher variability, the Final Softening index output 
O3 required two intermediate layers: one with 36 neurons followed by 

Fig. 2. Seismic action parameter values corresponding to the considered seismic events.
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another with 12 neurons [37], as presented in Fig. 5. The hyperbolic 
tangent was used as the activation function.

3.2. Neural network training and correlation coefficient

Following the neural network learning process, a slightly different 
set of values corresponding to the output parameters is proposed 
compared to the finite element analysis results. To check the accuracy of 
the neural network, firstly a comparison had to be made between the 
ANN final output data and the finite element analysis results. For this 
purpose, the Pearson correlation coefficient had to be computed, defined 
by Eq. 5. 

r =

∑n

i=1
(xi − x)(yi − y)

̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(xi − x)2

√ ̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅̅
∑n

i=1
(yi − y)2

√ (4) 

where xis the average of the dataset represented by {x1, x2, …, xi, …,

xn}and yis the average of the dataset represented by 
{
y1, y2, …, yi, …,

yn
}
[60–62].
Fig. 6 presents a comparison of the results using ANN and the ones 

corresponding to the finite element analysis, for each of the six output 
parameters.

Based on the correlation coefficient evaluation proposed by [63], the 

ANN proved to have a very strong accuracy when compared to the FEA 
results. The best correlation was obtained for the fundamental period of 
vibration of the non-damaged structure T0 [34]. This result could be 
explained by the absence of structural non-linearities in the finite 
element analysis. After the application of the seismic action on the 
structure, various degradations emerged and the ANN prediction of the 
fundamental period of vibration of the structure Tfinal became more 
difficult to be carried out. The lowest accuracy was recorded for the 
Final Softening index, as presented in Fig. 6. Nonetheless, the coefficient 
of correlation r still had a high value, i.e., 0.94803, that associates the 
prediction of this parameter to a high accuracy level.

3.3. Performance of current ANN compared to other ML techniques

In this section, the performance of the previously described Artificial 
Neural Network (ANN) approach is compared with two widely used 
machine learning techniques: Random Forest (RF) [64] and Extreme 
Gradient Boosting (XGBoost) [65]. Both models were trained and eval
uated using the same dataset, which consists of ten continuous inputs 
and six continuous outputs.

Random Forest is an ensemble learning method that builds multiple 
decision trees during training and outputs the average prediction of 
these trees for regression tasks. It uses the principle of bagging, i.e., 
using randomly sampled training instances and random trees that split 
the data using random features, so that the individual trees within the 
ensemble are de-correlated. This randomness enhances model general
ization and reduces overfitting. Random Forests are particularly effec
tive when the underlying relationship between inputs and outputs is 
highly nonlinear or the interactions between features are complex. For 
the current study, the number of estimators considered for Random 
Forest is 100.

XGBoost, or Extreme Gradient Boosting, is another ensemble method 
that builds trees sequentially, where each new tree attempts to correct 
the errors made by the previous ones. It uses gradient descent to mini
mize a regularized objective function, which balances model accuracy 
with complexity. As a result, XGBoost shows computational efficiency 
and scalability. The number of trees considered for XGBoost in the 

Fig. 3. Nonlinear model with location of the plastic hinges.

Fig. 4. Models with different number of spans on Ox and Oy directions. Seismic action scenario.

Table 3 
Output parameters [37].

ANN 
Code

Output parameter Unit of 
measure

Symbol

O1 Fundamental natural period of the non- 
damaged structure

sec T0

O2 Fundamental natural period of the 
damaged structure

sec Tfinal

O3 Final softening index - FS
O4 Maximum displacement m dmax

O5 Interstory drift ratio % IDR
O6 Maximum absolute acceleration m/s2 aabs,max
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current analysis is 100, with a learning rate of 0.1 and a maximum depth 
of 3.

Table 4 shows the comparative performance of the three methods. 
For both RF and XGBoost, the best results in terms of test correlation 
coefficient across five runs are included. The table reveals that the ANN 
consistently generalizes better for most outputs. Random Forest with 
100 trees offers good results in some cases, while XGBoost shows signs of 
overfitting. One of the key observations is that while Random Forest and 
XGBoost often achieve near-perfect correlation on the training set, their 
test performance drops more substantially than that of the ANN. This 
discrepancy points to a possible overfitting tendency in the tree-based 
models, particularly in XGBoost, which regularly exhibits the largest 
gap between training and testing correlations. Such behavior may be 
attributed to its aggressive boosting mechanism and sensitivity to 
hyperparameter tuning.

Random Forest performs more consistently than XGBoost on the test 
set and is the best model for O3 (Final softening index), where ANN 
notably underperforms. This suggests that O3 may involve patterns or 

noise characteristics less amenable to the global function approximation 
produced by ANNs, but better handled by the localized partitioning 
structure of decision trees. It may also reflect differences in data 
complexity or the presence of sharp feature thresholds that decision 
trees can capture more naturally than artificial neural networks.

The ANN’s relatively stable test performance for most outputs sug
gests a model that has captured the broader structure of the data without 
relying too heavily on specific features from the training set. Its superior 
performance, despite lacking perfect training correlations, reinforces its 
ability to generalize. The one exception, O3, highlights the value of 
model diversity in regression tasks, indicating that while ANNs may be 
preferable overall, tree-based models can offer advantages in specific 
cases. These findings support the use of ANN as the primary modeling 
approach in this context, while RF can serve as a valuable alternative for 
O3 and O6. For O6, however, ANN still performs well.

Unlike RF and XGBoost, which often achieve near-perfect training 
correlation but exhibit significant drops in test set performance, the ANN 
maintains a strong balance between fitting the training data and 

Fig. 5. Neural network architecture for (a) O1, O2, O4, O5 and O6 outputs; (b) O3 output.

Fig. 6. Linear regression and ANN prediction accuracy analysis.
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preserving predictive accuracy on unseen samples. This suggests that the 
ANN not only captures complex nonlinear relationships but does so in a 
way that avoids overfitting. The consistently higher test correlations in 
five of the six outputs further support the claim that the ANN captures 
underlying patterns more reliably than the tree-based models, whose 
test performance is more variable and, in the case of XGBoost, often 
substantially lower.

4. Influence of the input parameters on the recorded structural 
damage

The influence of the input parameters on the considered damage 
parameters, i.e., Final softening index O3 and Interstory Drift ratio O5 
was determined. For this purpose, the ReliefF algorithm [66] and the 
SHAP (SHapley Additive exPlanations) technique [67] were used, 
quantifying the impact each input had on the two considered output 
parameters.

4.1. Assessment of the influence of the input parameters on the structural 
damage using RelieF algorithm

The ReliefF algorithm evaluates the importance of input features by 
assigning them weights. Positive weights indicate that a feature con
tributes significantly to the predictive performance of the model, with 
larger positive values representing more influential features. Negative 
weights suggest that a feature is less relevant or potentially reduces 
predictive accuracy. Thus, the features with the largest positive weights 
are the most important for the model.

The advantage of using such an algorithm is to sort the input pa
rameters depending on their influence on the output and determine the 
ones with a less significant impact. Reducing the number of input pa
rameters to a set composed of only high impact ones may lead to a 
reduction in the overall error registered by the ANN [68]. Because the 
input parameters are of two kinds, structural and seismic, the impact 
analysis focused separately on both types of parameters. However, in the 
first stage, an overall impact analysis of all input parameters was carried 
out.

4.1.1. General assessment of the impact of input parameters over the 
structural damage

Table 5 classifies the input parameters according to their impact on 
the two damage indices and the corresponding weights are graphically 
illustrated in Fig. 7.

For both output parameters, the number of stories, i.e., I1, had a 
major influence. Conversely, the story height, i.e., I5, had the smallest 

impact on both FS and IDR parameters. In addition, the impact of the 
span length I4 and the column cross-section width I6 were also relatively 
high. By comparing the weights corresponding to O3 and O5, a certain 
disparity was observed, which may be explained by the difference in the 
mathematical formulas associated to each damage index. Thus, the 
seismic action parameters impact mainly the Final Softening index that 
was computed by considering the fundamental period of vibration of the 
damaged and non-damaged structures. They were ranked 3, 5, 6 and 7 in 
the list, as presented in Table 5. As for the Interstory Drift ratio, 
computed using the relative lateral story displacement and the story 
height, the structural parameters were ranked higher in the impact list, i. 
e., positions 1–5, compared to the seismic action parameters. The impact 
of the number of spans on Ox and Oy directions, i.e., I2 and I3, on O3 and 
O5 outputs varied. Their influence on the Interstory Drift ratio was 
higher than for the Final Softening index. This result might imply that 
the mass of the structure impacts with a greater degree the IDR 
parameter compared to FS.

The ranking of the weights corresponding to the input parameters I1- 
I10 obtained for the outputs O3 and O5 should have been similar, 
considering that the displacements used in the IDR computation are 
related to the structural damages, which cause the rigidity decrease in 
the structure – assessed through the Final Softening index. Nevertheless, 
the difference in results could be explained by both the structural non- 
linearities which emerge following a seismic event and the factors 
which may affect the accuracy of the Final Softening index value, as 

Table 4 
Comparative performance of ANN, Random Forest, and XGBoost in terms of 
correlation coefficient.

Train Test

O1 

Fundamental natural period of the non- 
damaged structure

ANN 0.9973 0.9795
RandomForest 1.0000 0.8748
XGBoost 1.0000 0.7376

O2 

Fundamental natural period of the 
damaged structure

ANN 0.9742 0.8743
RandomForest 0.9986 0.7693
XGBoost 0.9956 0.6271

O3 

Final softening index
ANN 0.9480 0.5062
RandomForest 0.9860 0.6742
XGBoost 0.9570 0.4616

O4 

Maximum displacement
ANN 0.9703 0.9509
RandomForest 0.9992 0.8879
XGBoost 0.9971 0.8266

O5 

Interstory drift ratio
ANN 0.9560 0.9200
RandomForest 0.9976 0.8803
XGBoost 0.9955 0.8139

O6 

Maximum absolute acceleration
ANN 0.9513 0.8454
RandomForest 0.9988 0.9376
XGBoost 0.9952 0.8254

Table 5 
Weight of input parameters on the damage indices.

Output 
No.crt.

Final Softening index O3 Interstory Drift Ratio O5

Code Weight Code Weight

1 I1 0.0184942 I1 0.0524888
2 I4 0.0064481 I6 0.051662
3 I8 0.0041017 I4 0.0051456
4 I6 0.0036435 I3 − 0.0000264
5 I7 0.003367 I2 − 0.0000429
6 I9 0.0017678 I9 − 0.0086324
7 I10 0.0013924 I8 − 0.0122105
8 I3 − 0.0000323 I10 − 0.0173239
9 I2 − 0.0000479 I7 − 0.0244651
10 I5 − 0.0218227 I5 − 0.0382421

Fig. 7. Comparative graphical representation of FS and IDR parameters.

G. Bunea et al.                                                                                                                                                                                                                                  Structures 80 (2025) 109750 

8 



presented in Section 2.4. Although the seismic action highly influences 
the structural response, the characteristics and geometry of the structure 
are still the primordial parameters.

4.1.2. Influence of seismic parameters on the degree of structural damage
To determine the seismic action impact on the structural damage, it 

was sufficient to choose a combination of parameters I1 – I6, listed in 
Table 1. The seismic parameters are those associated with the 14 seismic 
events considered in the analysis, presented in Fig. 2. Considering that I1 
proved to have a high impact on the FS and IDR damage indices, ac
cording to the results, the current analysis also focused on varying the 
number of stories, according to Table 1. Thus, a separate investigation 
into how the seismic parameters affect the structure for each specific 
number of stories considered in the analysis was conducted. The impact 
analysis was carried out for the Final Softening index, i.e., O3, and the 
Interstory Drift Ratio, i.e., IDR.

In addition, there was a possibility that the influence of the seismic 
action parameters would change depending on the rigidity of the 
structure. To account for this possibility, the combinations of structural 
parameters were selected to cover various levels of structural rigidity: 
flexible, medium rigid and rigid structures. The medium rigid structures 
were chosen to have different number of spans in Ox and Oy directions. 
Table 6 presents the combinations of structural parameters for which the 
impact of the seismic action parameters on the seismic damage indices 
was evaluated. For each I1 value, a combination of I2- I6 values was 
chosen, which corresponded to the desired structural rigidity level. The 
values of the seismic parameters varied according to Fig. 2 for each 
scenario.

Fig. 8 summarizes the results given by ReliefF algorithm. They ex
press the impact of the seismic action parameters on the ANN outputs O3 
and O5, for structures having different levels of rigidity and different 
number of stories. The impact was assessed based on the weights 
computed by ReliefF algorithm corresponding to each seismic action 
input parameter, i.e., I7-I10.

The analysis of the impact that seismic action parameters had over 
the ANN outputs O3 and O5 was carried out considering the structural 
rigidity level, which was also determined by the number of stories. Thus, 
variations in the degree of influence of the I7-I10 parameters were 
observed as the structural rigidity level changed. The results indicated 
that for a flexible structure, as the one corresponding to Scenario 1, the 
parameter I8, i.e., PGV, had the highest influence upon the damage of 
the structure. Conversely, for a rigid structure, I7, i.e., PGA, was the most 
detrimental parameter for the building. One single exception was 
registered for Scenario 2c, in which parameter I10, i.e., SI, had the 
highest influence on output parameter O3.

For medium rigid structures, depending on the number of stories, I7 
or I8 parameters were found in the top of the ranking regarding the 
impact on the output parameters O3 and O5. Thus, the damage registered 
by the 2-story structures in Scenarios 3.1a and 3.2a was influenced 
mainly by the input parameter I7, while for 4- and 7-story structures in 

Scenarios 3.1b,c and 3.2b,c the highest impact was given by parameter 
I8. Only in Scenario 3.2b the highest influence on the output parameter 
O3 changed to I7. However, in this case, the difference between the 
weights of the two input parameters, i.e., I7 and I8, was minor. Based on 
these observations, it can be stated that the seismic action parameters 
which had the highest influence on the Final Softening index and 
Interstory Drift Ratio were PGV for low rigidity structures and PGA for 
high rigidity structures.

For the considered structures, it was observed that PGD, i.e., I9, had 
the lowest influence over the damage indices FS and IDR. Nonetheless, 
for the flexible structures associated to Scenario 1 the impact of PGA on 
the structural damage was the smallest among the other seismic action 
parameters. The spectral intensity, i.e., I10, proved to have a high in
fluence on the structural damage indices, especially in case of small ri
gidity structures as the ones corresponding to Scenario 1 or the ones 
having a higher number of stories – Scenarios 3.1b, c and 3.3b, c. This 
implies that this specific parameter should be considered in the future 
seismic codes. The degradation of rigid structures was less influenced by 
the spectral intensity.

When comparing the ranking of the seismic action parameters’ 
impact on the outputs O3 and O5, for each scenario, it was observed that 
the results were similar mainly for highly flexible structures like Sce
nario 1a,b,c, Scenario 3.1c and Scenario 3.2c. The reason for the dis
crepancies that emerged in case of high-rigidity structures might be the 
components of the mathematical expression corresponding to the Final 
Softening index. As presented in Section 2.4, some errors in the struc
tural instantaneous rigidity might occur. For high-rigidity structures, 
these errors could have higher values.

4.1.3. Influence of structural parameters on the degree of structural damage
The impact of structural parameters I1- I6 on the ANN outputs O3 and 

O5 was evaluated based on specific values for the seismic parameters I7- 
I10 that were selected and fixed in the ReliefF analysis. Three seismic 
intensity levels were selected based on the PGA values from the input 
database: low, medium and high. According to the results presented in 
Section 4.1, the highest impact on the O3 and O5 output parameters was 
represented by the number of stories I1. Therefore, the analysis of the 
impact of structural parameters on the structural damage will focus on 
the other remaining parameters I2- I6. Thus, for each intensity level and 
each specific number of stories, all possible combinations of structural 
parameters I2- I6 were analysed. Table 7 lists the analysed scenarios, 
parameters I2- I6 varying according to Table 1.

The weights corresponding to each structural parameter I2- I6 asso
ciated with the outputs O3 and O5 are presented in Fig. 9 for three 
seismic intensity levels. They were computed using ReliefF algorithm. 
The results were divided based on the number of stories. The impact of 
structural parameters was given by the ranking of the weights corre
sponding to each input parameter I2- I6, provided by ReliefF algorithm.

Based on the results presented in Fig. 9, the structural parameters 
with the highest impact on the Final Softening index and the Interstory 
Drift Ratio were I4 (span width) and I6 (column cross-section width). 
However, according to Scenario 3c, for IDR, the weight of the story 
height became the most important structural parameter. Thus, by 
considering IDR, it can be stated that the impact of the story height 
increases as the seismic action intensity also increases. The number of 
openings in Ox and Oy directions, parameters I2 and I3, proved to have 
the lowest impact on the structural damage of the building. By 
comparing these results with the ones obtained in the general analysis 
presented in Section 4.1, it can be stated that parameters I4 and I6 
maintained their position at the top of the ranking. Only parameter I5 
did not maintain its position in the ranking of the impact on the struc
tural damage. According to the general analysis, I5 was placed last, while 
the results obtained in the current section placed it in the first three 
places. Nevertheless, the results from the current section could have a 
higher accuracy considering that each scenario focused on a single 
seismic recording for the desired intensity level. By reducing the number 

Table 6 
Structural parameter combinations for assessing the impact of seismic action 
parameters on structural damage.

Scenario I1 I2 I3 I4 I5 I6 T0 Rigidity

1 a 2 2 2 5 3.5 0.3 0.511246 Flexible
b 4 2 2 5 3.5 0.4 0.745742
c 7 2 2 5 3.5 0.7 1.078205

2 a 2 3 3 3 2.8 0.3 0.251858 Rigid
b 4 3 3 3 2.8 0.5 0.314365
c 7 3 3 3 2.8 0.7 0.539815

3.1 a 2 2 3 4 3 0.3 0.350161 Medium rigidity
b 4 2 3 4 3 0.4 0.512238
c 7 2 3 4 3 0.7 0.749715

3.2 a 2 3 2 4 3 0.3 0.350161
b 4 3 2 4 3 0.4 0.512238
c 7 3 2 4 3 0.7 0.749715
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of parameters to only those of interest, possible errors could be dimin
ished. To sum up, based on the results, it can be stated that the level of 
seismic intensity does not have a significant impact on the ranking 
regarding the impact of structural parameters on the structural damage.

When focusing on the number of levels, it can be observed that the 
ranking between the results corresponding to output O3 and the ones 
corresponding to output O5 slightly changed. However, the differences 
are small for the 2 stories structures, i.e., Scenarios 1a, 2a, 3a. In all the 
other cases, although several differences were registered, they were only 
of maximum one place, except Scenario 2b.

4.2. Assessment of the influence of the input parameters on the structural 
damage using SHAP technique

SHAP (SHapley Additive exPlanations) [67] is an interpretability 
technique that explains the output of any machine learning model by 
quantifying the contribution of each input feature to an individual 
prediction. It is inspired by the idea of Shapley value from cooperative 
game theory [69], which aims to allocate credit fairly among contrib
utors, in this case, features. For each prediction, SHAP calculates the 
change in output when an input is included versus when it is excluded, 
and averages over all possible combinations of features. This results in a 

Fig. 8. Influence of seismic action parameters on structural damage (see Annex A, Table A.1).
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SHAP value for each input, which represents how much it pushes the 
prediction higher or lower relative to a baseline value, typically the 
mean prediction. SHAP values are additive and allow for consistent, 
interpretable breakdowns of model output. By aggregating SHAP values 
for many samples, one can also assess the global importance of inputs.

The SHAP summary plots (Figs. 10 and 11) for the two outputs 
related to the damage index provide a detailed picture of how each input 
feature contributes to the predictions of the model for different outputs.

Output 3 (Final Softening Index) displays a more distributed pattern, 
with input 8 (Peak ground velocity) as a major factor. Its SHAP values 
are consistently high for high feature values, which indicates a strong 
influence. Input 1 (Number of stories), while still active, plays a more 

balanced role here. This diversified contribution pattern aligns with the 
earlier finding that Random Forest outperformed ANN for this output, 
which suggests that the RF model can handle the interactions between 
features more effectively.

Output 5 (Interstory Drift Ratio) shows a high impact, according to 
Fig. 11, from input 8 (Peak ground velocity), which indicates a strong 
nonlinear effect. The wide SHAP spread for inputs 6 (Width of column 
cross-section) and 10 (Spectral intensity) further supports the presence 
of key interactions.

The SHAP technique confirms the results of RelieF algorithm pre
sented in Section 4.1. For both damage indices, the number of stories 
(Input 1) was proven to be important, as well as Inputs 8 (Peak ground 

Table 7 
Scenarios used in the analysis of structural parameters impact on the structural damage.

Scenario I1 PGA 
[cm/s2]

PGV 
[cm/s]

PGD 
[cm]

SI 
[cm]

Number of combinations Seismic intensity level

In7 In8 In9 In10

Scenario 1 a 2 194.93 70.0451 89.8343 211.2727 69 Low
b 4 194.93 70.0451 89.8343 211.2727 111
c 7 194.93 70.0451 89.8343 211.2727 63

Scenario 2 a 2 433.563 84.6444 17.0825 248.6337 69 Medium
b 4 433.563 84.6444 17.0825 248.6334 111
c 7 433.563 84.6444 17.0825 248.6334 63

Scenario 3 a 2 578.135 46.3859 26.6627 160.9072 69 High
b 4 578.135 46.3859 26.6627 160.9072 111
c 7 578.135 46.3859 26.6627 160.9072 63

Fig. 9. Impact of structural parameters on the structural damage (see Annex A, Table A.2).
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velocity) and 6 (width of column cross-section).

4.3. Partial dependence plots (PDPs) of the relationship between inputs 
and damage indices

Partial Dependence Plots (PDPs) [70] are visualization tools that 
show the average effect of one or two input features on the predictions of 
a model. They help to identify whether a relationship between an input 
and an output is linear, monotonic, or more complex. A PDP varies one 
input feature across its range while averaging the predictions of the 
model over all other inputs in the dataset. This isolates the marginal 
impact of that input feature, assuming it acts independently of others. In 
regression problems, the y-axis of the PDP represents the predicted 
output, and the x-axis shows the values of the selected input feature. For 
example, a steep slope indicates that small changes in the input cause 
large changes in the prediction, while flat sections imply little to no 
influence. PDPs are especially useful for identifying thresholds, plateaus, 
or saturation effects. Though they assume feature independence, they 
can offer insights into the global behavior of the model with respect to 
the inputs.

For computing the SHAP values above, the test set was used, because 
the SHAP values method aims to explain the behavior of the model on 
data it has not seen during training. This highlights how the model 
generalizes and which inputs truly influence predictions in real-world or 
unseen scenarios. Since overfitting is a risk, SHAP values can help to 
reveal whether the learned patterns hold beyond the training data. In 

contrast, PDP is designed to show global trends by averaging predictions 
across the dataset. For this reason, the training set is used here because it 
contains a full, stable representation of the feature distributions on 
which the model was trained.

Figs. 12 - 13 show the PDP plots corresponding to the two outputs 
corresponding to the damage indices (O3 – Final Softening Index and O5 
– Interstory Drift Ratio). Usually, a common representation of PDPs in
cludes separate graphs for each input. However, here we have 10 inputs, 
and to save space, we display them on single plots, one for each output, 
with normalized input values.

For O3 (Final Softening Index), input 1 (Number of stories) again has 
the steepest positive slope, meaning that raising this feature leads to a 
significant boost in output. Inputs 7 (Peak ground acceleration) and 8 
(Peak ground velocity) show pronounced nonlinear changes, which in
dicates complex behavior. For input 7, the partial dependence quickly 
rises, then shifts downward; mid-range values produce beneficial effects 
before diminishing returns. Input 8 has abrupt jumps, which suggests 
that certain intervals drive larger changes than others. These fluctua
tions reveal thresholds or tipping points where the predictions shift 
noticeably.

For O5 (Interstory Drift Ratio), as presented in Fig. 13, input 1 
changes its shape: it drives a robust positive impact until mid-range, 
after which its incremental benefit tapers off. Input 6 (width of col
umn cross-section) begins with a steep negative influence that changes 
into a more linear decline, suggesting a saturating adverse effect as its 
values increase. Input 8 shows a distinct threshold; its effect shifts 
sharply from a modest value to a strong positive impact at mid-range. 
Meanwhile, input 10 (spectral intensity) remains relatively inactive 
until the final quarter of its range, where it starts contributing positively 
to the output.

As seen from these figures, the PDPs show the variable roles of fea
tures for each output and highlight key nonlinearities and interactions in 
the model structure.

5. Neural network testing

To test the neural network, it was run with different input cases, and 
its predictions were compared with the results from the FE analysis. In a 
previous paper, research was done on the ANN network for datasets 
where each input parameter was new to the network compared to the 
initial input parameters [37]. According to the study, all output pa
rameters were predicted at an acceptable level by the ANN, except the 
Final Softening index, for which the differences between ANN and FE 
analysis were so high that the damage level changed.

A different approach was used for the present paper. Instead of 
modifying all input parameters, the change was done separately on the 
two types of input parameter sets. Thus, two different analyses were 
carried out: one in which only structural input parameters were modi
fied and the other in which only the input seismic parameters were 
modified. When modifying all input parameters, the ANN error should 
be greater than the one corresponding to the case when only structural 
or seismic input parameters are modified. However, there might be cases 
when several input parameters of the considered structure are identical 
to the ones used in ANN training. The analysis should provide the 
minimum error when testing the network compared to FE analysis. The 
maximum error is presented in the above-mentioned study [37].

5.1. ANN testing for distinct input structural parameters

The impact analysis of the structural parameters on the damage 
indices was considered as a starting point for selecting the parameters to 
be modified. According to the impact analysis, parameters I1, I4 and I6, 
representing the number of levels, span opening and column cross- 
section width, had the highest influence on the FS and IDR damage 
indices. Therefore, these parameters were selected to be modified for 
ANN testing purposes. Three scenarios were considered characterized by 

Fig. 10. SHAP value for Output 3 (Final Softening Index).

Fig. 11. SHAP value for Output 5 (Interstory Drift Ratio).
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the change of only one parameter from the three mentioned above, as 
presented in Table 8. The modified parameter is shown in bold. The 
selection of the base structures was done so that various heights and 
rigidity levels were covered. In each scenario, the structure was sub
jected to all 14 seismic events listed in Fig. 2, with a total of 42 new data 

sets being generated.
The ANN testing was evaluated for all outputs. 42 combinations were 

analysed and are presented in Annex A, Table A.3 as follows: Scenario 
A.1 – Combinations 1–14, Scenario B.1 – Combinations 15–28 and 
Scenario C.1 – Combinations 29–42.

Fig. 12. PDP for Output 3 (Final Softening Index).

Fig. 13. PDP for Output 5 (Interstory Drift Ratio).

Table 8 
Scenarios for ANN testing by varying structural parameters.
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Figs. 14–19 show the differences between ANN and FE analysis re
sults corresponding to Scenarios A.1, B.1 and C.1.

Fig. 14 confirms the previous analysis according to which the num
ber of stories I1 had the highest influence on the damage indices. The 
statement could be extended to the fundamental period of vibration of 
the non-damaged structure, as well. Thus, for Scenario A.1, in which 
only I1 parameter was modified, the highest variations between ANN 
and FEA results were registered, reaching a maximum of 8 %. The 
variation decreased at a maximum of 4 % for Scenario B.1, where only 
the span length I4 was modified. In Scenario C.1 the difference between 
ANN and FEA continued to decrease to 3 % when the only change was 
for the cross-sectional width of the column, I6. To sum up, the neural 
network accurately predicted the fundamental period of vibration, T0, 
for the non-damaged structure.

The comparison between ANN and FEA values regarding the 
fundamental period of vibration for the damaged structure Tfinal is pre
sented in Fig. 15. No pattern regarding the error distribution could be 
distinguished. There were combinations, such as Combination 40, where 
the relative difference between FEA and ANN results reached 19 %. In 
this case, the Tfinal value computed using FEA was 0.715014 s, while the 
NN result was 0.857 s. For most combinations, the maximum difference 
between ANN and FEA results was 11 %, which is an acceptable value 
due to the benefits the ANN brings compared to the FEA, i.e., reduced 
computational time.

As shown in Fig. 16, the largest differences in values between ANN 
and FEA results were obtained for the Final Softening FS index. These 
important differences were expected because of the lower r value, pre
sented in Fig. 6. However, the importance of damage indices computa
tion is not given by their value, but by its correspondence to a specific 
performance or damage level. Therefore, the comparison between the FS 
values given by the ANN and FEA focused not on values but on the 
corresponding damage levels. The prediction was considered optimum 
when the damage levels given by ANN and FEA were the same. Based on 
studies regarding the limits of the FS index [71], the absolute maximum 
allowed difference between ANN and FEA values was ±0.05. When this 
value was exceeded, the probability of having different damage levels 
corresponding to ANN and FEA would be high. There were only 18 
combinations for which the absolute difference between ANN and FEA 
did not exceed ±0.05, representing only 42.9 % of the total number of 
combinations. Therefore, unlike the other output parameters, the neural 
network did not succeed in appropriately predicting the FS values, in 
either of the three considered scenarios.

The output parameter O4 corresponding to the maximum displace
ment was satisfactorily predicted by the neural network, as presented in 
Fig. 17. The largest relative difference between the ANN and FEA values 
was obtained for Combination 24, i.e., 33.6 %. This absolute difference 
of only 4.7 cm is high. However, there were only 7 combinations for 

which the absolute difference between ANN and FEA values was greater 
than 2.5 cm. Moreover, the absolute differences greater than 1.5 cm 
were recorded only for structures which had the maximum displace
ments greater than 10 cm. In those cases, some of the structural ele
ments entered the non-linear domain, which might increase the error 
value. According to Fig. 13, there are some extreme values recorded for 
the maximum displacement corresponding to Combinations 9, 11, 23, 
25, 37 and 39, which are associated with Lexington 1989 and Hollister 
1989 seismic actions. In those cases, the structure yielded, causing large 
displacements.Fig. 14. Comparison between ANN and FEA for the fundamental period of 

vibration of the non-damaged structure.

Fig. 15. Comparison between ANN and FEA for the fundamental period of 
vibration of the damaged structure.

Fig. 16. Comparison between ANN and FEA for the Final Softening Index.

Fig. 17. Comparison between ANN and FEA for the maximum registered 
displacement.
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Important differences between ANN and FEA values corresponding 
to the IDR were obtained, as shown in Fig. 18. However, compared to the 
ANN prediction of the FS index, IDR prediction exhibited a higher ac
curacy. The maximum relative difference between the ANN and FEA 
values for the three scenarios was 61.084 %, corresponding to Combi
nation 15. The maximum absolute difference was registered for Com
bination 9, i.e., 1.6 %. Nevertheless, compared to the results associated 
with the FS index, an improvement in the ANN prediction could be seen 
for IDR. Based on the studies of [71] regarding the relation between the 
damage levels and IDR, an acceptable absolute difference between the 
ANN and FEA values was ±0.4 %. There were 12 combinations from a 
total of 42 that exceeded this limit, representing less than 1/3 of the total 
number of combinations.

Thus, IDR could be properly estimated using ANN when only one 
structural parameter was modified. Combinations 9, 11, 23 and 25 
associated with Lexington 1989 and Hollister 1989 seismic actions 
registered the highest IDR values due to the failure of several structural 
elements.

The ANN prediction of the maximum absolute acceleration recorded 
by the structure had a high accuracy, as presented in Fig. 19. The highest 
relative difference between ANN and FEA values was recorded for 
Combination 33, i.e 26.97 %. However, most of the differences were 
under 15 %, corresponding to 31 combinations from a total of 42. In 
addition, Fig. 19 shows an important increase in the maximum absolute 
acceleration in Scenario C.1 compared to the other two scenarios. This 
increase could be linked to the number of levels and to the structural 
mass, which were both higher than in the other scenarios.

5.2. ANN testing for distinct input seismic action parameters

From the input cases used in training the ANN, three combinations of 
structural parameters I1 – I6 were selected, different than the ones used 
in the previous testing phase, presented in Table 9, and further subjected 
to other seismic actions than the ones used in training. The seismic re
cordings were chosen so that the PGA values were found in the 
minimum-maximum interval marked out in Fig. 2. Fig. 20 presents the 
characteristics of the seismic actions used in the FEA for testing the 
prediction capability of the ANN. Thus, a total of 15 new data sets were 
obtained.

The values of the structural parameters I1 – I6 corresponding to the 
structural models chosen for testing the ANN to other seismic action 
parameters are presented in Table 9. They were selected from the ANN 
training combinations.

Each structural model was subjected to the 5 seismic actions pre
sented in Fig. 20. The combinations corresponding to each Scenario are 
given in Annex A, Table A.4. The comparative analysis between the ANN 
and FEA values is shown in Figs. 21–26, for each output parameter and 
each combination.

The fundamental vibration period of the non-damaged structure T0 
did not depend on the seismic action, being computed before its appli
cation. Thus, changing the seismic parameters did not influence the 
results and did not add supplementary errors, as presented in Fig. 21. 
The maximum relative difference between the ANN and FEA results was 
4.3 %. By comparing these results to the ones obtained in the Section 
4.5, the importance of geometrical input parameters I1, I4 and I6 was 
highlighted. When these parameters were not changed, the errors stayed 
at a minimum value.

The prediction capability of the neural network for the output 
parameter O2, i.e., the fundamental vibration period of the damaged 
structure, was confirmed as presented in Fig. 22. When comparing the 
ANN and FEA results, the differences were relatively small. The biggest 
difference relative to the FEA value was recorded for Combination 14, i. 
e., 32 %. This value was bigger than the maximum difference computed 
in the previous section for the same output parameter, i.e., 19 %. 
Nevertheless, only three combinations have significant relative differ
ences (Combinations 2, 13 and 14). The rest had at most 15 % relative 
differences, which were considered acceptable, their absolute differ
ences being smaller than 0.1 s.

Fig. 23 shows that the neural network did not succeed in accurately 
predicting FS values for either of the considered scenarios. Based on [71]
in which the levels of structural damage are related to certain FS index 
values, the acceptable maximum absolute difference between ANN and 
FEA results was 0.05. There were only three combinations for which the 
absolute difference between ANN and FEA was smaller than 0.05 
(Combinations 1, 9 and 10), representing 20 % of the total number of 
analysed combinations. Thus, using the ANN with the considered ar
chitecture for predicting the FS index was not a viable solution.

According to Fig. 24, the maximum displacement dmax was satisfac
torily predicted by the neural network. The maximum relative difference 
between ANN and FEA results is approximately 52 % (8.36 cm absolute 
difference), corresponding to Combination 2. Nevertheless, only 5 
combinations had a relative difference greater than 30 %. The rest had 
an absolute difference between ANN and FEA smaller than 3 cm. It can 
be also observed that although the combinations were sorted depending 
on the PGA value, there was no specific evolution of the maximum 

Fig. 18. Comparison between ANN and FEA for the Interstory Drift Ratio.

Fig. 19. Comparison between ANN and FEA for the maximum absolute 
acceleration.

Table 9 
Scenarios for ANN testing for various seismic action parameters.

Input

I1 I2 I3 I4 I5 I6

Scenario A.2 2 3 3 5 3 0.3
Scenario B.2 4 3 2 4 3 0.4
Scenario C.2 7 3 3 4 3 0.7
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recorded displacement (increasing or decreasing). Therefore, the 
maximum displacement does not depend solely on the PGA value.

According to Fig. 25, the IDR value was predicted at an acceptable 
level by the ANN, especially when compared to the prediction of FS 
index. The highest relative difference between ANN and FEA was 
recorded for Combination 2, i.e., 50.33 %. Only for Combinations 2, 7 

and 10 the relative difference between ANN and FEA values exceeded 
30 %. The highest IDR values obtained for Combinations 4 and 9 were 
associated with Lexington-2 1989. The large IDR values registered for 
Combinations 2, 4 and 9 could be explained by the failure of the 
structural elements at a certain level. In the current case, the failure was 
recorded at the first level.

The maximum relative difference between ANN and FEA values 
decreased for the current case to 50.33 % compared to the previous 
analysis. Moreover, the number of combinations for which a maximum 
absolute difference of 0.4 % was registered between the ANN and FEA 
results decreased compared to the results obtained when modifying only 
the structural parameters. Therefore, it can be stated that changing the 
seismic action parameters results in smaller errors in the IDR calculus 
than modifying the structural parameters. By considering the damage 
limit values for IDR based on [71] and setting a maximum absolute 
difference between ANN and FEA values of ±0.4 %, only 4 combinations 
overpassed this limit, i.e., Combinations 2, 4, 7 and 10.

The maximum absolute acceleration was predicted at an acceptable 

Fig. 20. Seismic action parameter values for ANN testing.

Fig. 21. Comparison between ANN and FEA for the fundamental period of 
vibration of the non-damaged structure.

Fig. 22. Comparison between ANN and FEA for the fundamental period of 
vibration of the damaged structure.

Fig. 23. Comparison between ANN and FEA for the Final Softening Index.
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level, as shown in Fig. 26. Only for Combinations 4 and 13 was the 
relative difference greater than 25 %. For all other combinations, the 
absolute difference between ANN and FEA values was less than 1 m/s2. 
An increase of the maximum absolute acceleration was observed in case 
of Scenario C.2, which could be associated with the increase in height. 
When comparing the results obtained in the previous section, a sub
stantial increase in the maximum relative difference is observed from 
26.97 % to 71.67 %. Therefore, only changing the seismic action pa
rameters causes a significant impact on the maximum absolute accel
eration, compared to the case when the change is done only to the 
structural parameters.

5.3. Comparison between ANN and FEA damage levels

Specific levels that correspond to the values of the damage indices 
were developed to allow for a quick and accurate evaluation of the 
global damages that may be experienced by a structure. There are 
several levels proposed by different institutions. For example, the 

Federal Emergency Management Agency (FEMA) recommends the 
following building structural performance levels: Immediate Occu
pancy, Damage control, Life Safety, Limited safety and Collapse pre
vention [56]. However, FEMA performance levels were found in 
literature linked to the drift ratio [72], but not to Final Softening index. 
A common damage scale for both indices would be recommended. 
Therefore, for the current study, the research provided by [71] was used, 
given that the damage scale was employed to evaluate both Final Soft
ening and Drift Ratio, as presented in Table 10. The associated perfor
mance levels for each damage level given by the drift ration value 
according to the prescriptions given in FEMA 356 are also presented [56, 
73].

Based on the damage levels provided by [71] and the associated 
Final Softening and Drift Ratio values, an analysis of the correspondence 
between the damage levels obtained from the FE analysis and those 
obtained from the ANN was conducted for both training and test sets.

Table 11 shows the differences in the damage level results after 
training and validation between FEM and ANN for both damage indices, 
i.e. FS and IDR. For a thorough analysis, when a difference in damage 
level was registered, the number of levels between FEA and ANN solu
tions was recorded.

The results show that, after training and validation, the FS index has 
a high accuracy, recording the same damage level from both FEA and 
ANN for 70.4 % of all structures. Although when analyzing the IDR re
sults, the number of buildings that reported the same damage level using 
FEA and ANN was 6.05 % lower than that of FS, the number of structures 

Fig. 24. Comparison between ANN and FEA for the maximum registered 
displacement.

Fig. 25. Comparison between ANN and FEA for the Interstory Drift Ratio.

Fig. 26. Comparison between ANN and FEA for the maximum absolute 
acceleration.

Table 10 
Damage levels corresponding to Drift Ratio and Final Softening values.

Damage level Performance level Final 
Softening

Drift Ratio 
[%]

No damage Immediate 
Occupancy (IO)

< 0.1 < 0.2

Repairable 
damage

Light Damage Control 
(DC)

0.1–0.15 0.2–0.4

Moderate Life Safety (LS) 0.15–0.2 0.4–1.0
Irreparable damage Life Safety (LS) 0.2–0.4 1.0–1.5

Collapse Prevention 
(CP)

1.5–1.8

Severe damage - Life safe 
-Partial collapse

Collapse Prevention 
(CP)

0.4–0.6 1.8 – 2.5

Collapse 2.5–3.0
Collapse Collapse > 0.6 > 3.0
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registering differences of more than one damage level was lower 
compared to FS. As a result, the IDR outperformed the FS index in terms 
of ANN training success. This statement was confirmed during the 
testing stage, where the accuracy of the IDR was significantly higher 
compared to the FS index, as presented in Table 12.

After the testing stage, the accuracy of the IDR was confirmed. For 
most structures, the damage level was the same according to FEA and 
ANN. For the rest, a maximum of one level of difference was registered, 
confirming the utility of the ANN for this damage index. Conversely, for 
the FS index, the testing stage proved that if the seismic parameters 
change, the index cannot be used for damage level prediction.

The fast prediction of structural damage levels, after a seismic event 
is crucial for limiting the number of casualties and the psychological 
stress of people. After an earthquake, one major problem is the uncer
tainty regarding the structural safety of the building. For this reason, 
people tend to sleep outdoors for several days, being afraid to enter their 
homes. This situation leads not only to discomfort but also to over
crowding in certain areas, which can block important streets or may lead 
to illnesses because of the lack of sanitization. Experts have to come and 
assess the structural safety. However, because of the limited number of 
experts in this field, the time needed to do such a building investigation, 
in case of a large seismic event, can extend for several days or weeks. A 
program which may predict the structural damage of a building for that 
specific seismic action, could prove to be useful. Fig. 27 proposes a 
damage assessment workflow using the tested neural network for a 
building.

The workflow presented in Fig. 27 can be extended to several 
buildings and be used by local institutions to organize people and take 
fast and resilient decisions. Considering that after a significant seismic 
action, the building may need strengthening which modifies the build
ings characteristics, a real time monitoring system was added to the 
flowchart, that records the changes and updates the neural network 
input.

Furthermore, even if the structure does not record severe damages 
that require at least strengthening interventions and change in structural 

characteristics, an update of the model will be registered through the 
real time monitoring system. In this case the real time monitoring system 
could record various low-level degradations observed within the struc
ture. For this case, the information sent to the neural network regarding 
the building characteristics will remain unmodified. The real time 
monitoring system is an optional device and may not be present in all 
structures, reason for which a dotted line was selected to represent it.

6. Prediction improvement for final softening index

Since the predictive performance for the Final Softening Index 
output was consistently lower than for the other target variables, addi
tional investigations were conducted to see whether combining multiple 
models could further improve accuracy,as previously reported in the 
scientific literature (https://doi.org/10.1016/j.engappai.2023.10 
7388). For this purpose a stacked ensemble composed of three re
gressors was implemented: an Artificial Neural Network, a Random 
Forest, and an XGBoost model. Each model was trained independently 
and their predictions were combined through a weighted average to 
produce the final output.

Neural networks involve a large number of hyperparameters, which 
makes empirical tuning inefficient and potentially suboptimal. To 
address this issue, the Optuna library [73] was used to systematically 
optimize the network architecture and training parameters. Optuna is a 
software library for hyperparameter optimization that uses Bayesian 
sampling methods and early stopping to efficiently explore the search 
space.

To maintain consistency with the evaluation procedure used for 
other models, 5-fold cross-validation (CV) was applied only on the 
training set. That is, for each sampled hyperparameter configuration, the 
network was trained and validated using CV on the training data and the 
mean Pearson correlation across the validation folds was used as the 
objective function. This procedure was repeated for 100 trials. The test 
set remained untouched throughout this process and was used only for 
the final evaluation.

The ANN configuration identified by Optuna is somewhat different 
from the typical network design. Rather than using conventional layer 
sizes, such as powers of two or higher dropout rates for regularization, e. 
g. 0.5, the selected architecture and hyperparameters reflect an empir
ically effective configuration. The (near-)optimal architecture consists 
of 2 hidden layers with 292 and 191 neurons, respectively. The dropout 
rate applied on the layers is a low value of 1.39 × 10⁻². The network was 
trained using the Adam optimizer with a learning rate of 1.82 × 10⁻³ , 
and an L2 weight decay of 9.93 × 10⁻⁵.

A similar optimization procedure was applied to the RF and XGBoost 
models using again Optuna for hyperparameters such as tree depth, 
minimum samples per leaf and learning rate (for XGBoost). However, in 
both cases, the optimized models did not show improved performance 
over the simpler configurations previously used in this study, which 
involved a number of 100 trees or estimators. Thus, the original versions 
of the RF and XGB models were retrained for the ensemble.

In addition, hyperparameter optimization was conducted for two 
more popular regression models: k-Nearest Neighbors (kNN) and Sup
port Vector Regression (SVR) with a radial basis function kernel. For 
kNN, the number of neighbours and distance weighting were tuned, 
while for SVR, the regularization parameter, kernel width and epsilon 
margin were varied. Despite these attempts, the performance of both 
models was consistently inferior to that of the ANN, RF and XGBoost 
models, both on the training folds and on the test set. As a result, neither 
kNN nor SVR was included in the final ensemble.

The stacked ensemble model combines the outputs of ANN, RF and 
XGBoost: 

ŷ = w1⋅ŷANN +w2⋅ŷRF +w3⋅ŷXGB (5) 

where the weights wi are non-negative and sum up to 1.

Table 11 
Damage levels correspondence between ANN and FE analysis after training and 
validation.

Final Softening Index Interstory Drift Ratio

Difference in 
damage level

No. of 
structures

% from 
total

No. of 
structures

% from 
total

No difference 2395 70.40 2189 64.35
1 level 748 21.98 1165 34.24
2 levels 210 6.18 48 1.41
3 levels 49 1.44 - -

Table 12 
Damage levels correspondence between ANN and FE analysis after testing.

Final Softening Index Interstory Drift Ratio

No. of 
structures

% from 
total

No. of 
structures

% from 
total

ANN testing for distinct input structural parameters
No 

difference
20 47.62 30 71.43

1 level 10 23.81 12 28.57
2 levels 4 9.52 - -
3 levels 6 14.29 - -
4 levels 2 4.76 - -
ANN testing for distinct input seismic parameters
No 

difference
4 26.67 9 60

1 level 3 20.00 6 40
2 levels 4 26.67 - -
3 levels 1 6.67 - -
4 levels 3 20.00 - -
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To find whether the ensemble can outperform the individual models, 
an exhaustive grid search was executed over all possible combinations of 
weights with a resolution of 0.01. The search evaluated every admissible 
(w₁, w₂, w₃) tuple and selected the combination that maximized the 
correlation coefficient. A 5-fold CV strategy to generate out-of-fold 
predictions from each of the 3 base models was employed. By aggre
gating the predictions across all folds, full-length out-of-fold predictions 
for each model were obtained. The final ensemble predictions were 
aggregated using Eq. 5. The best results were given by the weight vector 
w = (0.52, 0.48, 0.00) and are presented in Table 13.

They indicate that the ANN and RF models perform comparably well, 
while the XGBoost model exhibits inferior performance in both error and 
correlation. During ensemble weight optimization, XGBoost received a 
weight of zero, which confirms its limited contribution in this setting.

The final ensemble combined only the Neural Network and Random 
Forest models and produced better test results than any individual 
model. This can be seen more clearly in Fig. 28, where the correlation 
coefficient on the test set is represented as a function of the ANN weight 
w1.

Since the weight of the XGBoost model (w3) was zero, and the 
weights sum up to 1, the weight of the Random Forest model is implicitly 
w2 = 1 – w1. The plot illustrates how the ensemble correlation varies 
along this axis of combinations between the Random Forest (left) and 

Fig. 27. Proposed damage assessment workflow.

Table 13 
Performance summary for the individual models and their ensemble.

Model Dataset Mean Squared 
Error (MSE)

Correlation coefficient 
(r)

Artificial Neural 
Network

Training 0.006858 0.9171
Testing 0.021974 0.6775

Random Forest Training 0.001082 0.9887
Testing 0.024531 0.6703

XGBoost Training 0.004652 0.9460
Testing 0.030074 0.5452

Ensemble Training 0.003220 0.9641
Testing 0.018291 0.7312

Fig. 28. The correlation coefficient on the test set as a function of Neural 
Network weight w1, with w2 = 1 – w1 and w3 = 0.
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the Neural Network (right). A clear maximum is observed around the 
middle (w1 = 0.52), which demonstrates that a stacked ensemble can 
lead to more accurate predictions than its individual models.

7. Conclusions

The paper investigates the use of ANNs for predicting structural 
damage in a reinforced concrete frame structure. Following the analysis 
of results, the capability of the ANNs to predict the six considered output 
parameters was verified. The studies presented herein prove the appli
cability of using the ANNs in assessing the global structural damage of 
reinforced concrete frame buildings caused by seismic actions. The 
studies were conducted on three-dimensional structures to obtain real
istic results that can later be applied in practical scenarios. The results of 
ANN regarding the impact of the inputs over the damage indices were 
also compared to results given by the SHAP technique and similarities 
were observed. An analysis of the relationship between these indices and 
the considered input parameters was conducted using the Partial 
Dependence Plots (PDPs), nonlinearities being registered.

Several remarks can be stated based on the analyses: 

• The number of stories, the span width and the width of the column 
cross-section are the structural parameters with the highest impact 
on the seismic damage of reinforced frame structures.

• The PGV and PGA were the most important seismic parameters 
which influenced the damage of the analysed structures. The spectral 
intensity proved to have a high impact on the damage of low-rigidity 
structures.

• Based on the comparative analysis between the ANN predictions and 
FEA values, it can be concluded that the ANN predicts the output 
parameters at a satisfactory level, except for O3, which corresponds 
to the Final Softening Index. In this specific case, the absolute dif
ferences between the ANN and FEA values are high enough to modify 
the structural damage level.

• The stacked ensemble model combining outputs of ANN, RF, and 
XGBoost succeeded in improving the prediction accuracy of the Final 
Softening index output but further investigations are necessary for 
fine tuning the assembling model with considerations of other 
assembling procedures.

The model does not currently account for material strength vari
ability or multi-directional seismic coupling effects. Its applicability is 
limited to residential load scenarios defined by codes P100–1/2013 and 
Eurocode 8. The results of the ANN can be improved by considering 
additional extensive input parameters that can significantly impact the 
structural response such as: concrete strength class, different intensities 
of the live load, arrival angle of the seismic wave, the reinforcement 
percentage in beams and columns. This can result in an enhanced 
generalization capability of the model. Moreover, other damage indices 
could be added to the analysis, which could be better predicted by the 
ANN, as for example Park-Ang or Roufaiel and Meyer global damage 
index. Another alternative to improve the accuracy when using stacked 
ML algorithms, this methods could be used in future studies. The current 
paper sets the basis for a broader study that aims to predict with 
reasonable accuracy the degree of damage of a building subjected to a 
major seismic event.
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[66] Kononenko I, Šimec E, Robnik-Šikonja M. Overcoming the myopia of inductive 
learning algorithms with RELIEFF. Appl Intell 1997;7:39–55. https://doi.org/ 
10.1023/A:1008280620621.

[67] Lundberg S, Lee S-I. A Unified Approach to Interpreting Model Predictions. 
NIPS’17: Proceedings of the 31st International Conference on Neural Information 
Processing Systems. 2017. p. 4768–77.
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Abstract

The pore structure of SCC and of all cement-based materials plays a crucial role on the
mechanical and durability characteristics of the material. The pore structure is affected
by mix design, water–binder ratio and the incorporation of SCM and/or nanomaterials,
all of which can improve mechanical and durability characteristics by decreasing poros-
ity. Computed tomography (CT) is a powerful, non-destructive imaging technique to
investigate the internal pore structure of concrete. The main advantage compared to other
investigation techniques used to assess the pore structure is in terms of sample size. More
specifically, industrial CT can be used to scan large concrete samples and be able to assess
the internal pore structure without damaging the specimen. CT provides accurate mea-
surements of pore diameters, volumes and shapes and enables the assessment of the total
porosity. The paper presents the results of an experimental program on the characterization
of self-compacting concrete (SCC) at a very long age (7 years) in terms of static and dynamic
elastic properties and compressive and splitting tensile strength, all of which are correlated
with the internal pore structure assessed via the use of an industrial Nikon XTH 450 CT.
The results highlight the influence of pore volume, maximum pore diameter and sphericity
on the strength and elastic properties of SCC at the age of 7 years. Both the compressive
strength and the static modulus of elasticity values tend to decrease with the increase in
the internal total porosity, with stronger influence on the former.

Keywords: internal pore structure; dynamic elastic properties; compressive strength;
long age

1. Introduction
Self-compacting concrete (SCC) is a new kind of concrete that can flow and settle on

its own, filling formwork and covering reinforcement without the need for mechanical
vibration. It possesses several advantages over the traditional, vibrated concrete, among
which the following are worth mentioning: its ability to easily spread and fill the formworks
with dense reinforcements, thus improving construction quality and speed [1]; it eliminates
the need for mechanical vibrations reducing labor time and costs, noise pollution and
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the risk of segregation and/or voids due to improper vibration [2,3]; and its improved
durability properties due to its dense microstructure [4,5] and reduced permeability [6].

In much the same way as with vibrated concrete, SCC can incorporate a wide variety
of wastes to help reduce its carbon footprint and, at the same time, solve, at least in part,
the problem of landfills. When fly ash and slag were used as supplementary cementitious
materials (SCMs), a refined pore structure, improved mechanical properties and higher
rates of strength gains were obtained [1,7,8]. The use of aeolian sand and recycled aggreges
in precise dosages resulted in improved mechanical and durability characteristics of SCC [6].
Coal gangue powder and cement kiln dust were also successfully used as SCMs to obtain
SCC with higher values of compressive strength and better microstructure [9].

The pore structure of SCC and of all cement-based materials plays a crucial role on the
mechanical and durability characteristics of the material [10,11]. It has been proven that
smaller, closely spaced pores are more efficient in relieving pressure due to ice formation
during freezing [12], while larger and more distant pores may negatively affect the com-
pressive strength [6]. SCC typically contains a large number of micropores, often in the
range of 3–10 µm in diameter [13]. At the same time, it contains various pore types ranging
from cylindrical, to ink-bottle shape, to planar interstitial pores [14]. There is a strong
negative correlation between the porosity of SCC and its mechanical properties. Among the
most significant pore characteristics affecting the properties of SCC are the specific surface
area and the average chord length of the pores [15]. The pore structure is affected by mix
design, water–binder ratio and the incorporation of SCMs and/or nanomaterials, all of
which can improve mechanical and durability characteristics by decreasing porosity and
detrimental pore types. Monitoring and optimizing pore structure is crucial for attaining
high-performance, durable SCC for structural applications [9,16].

Mercury intrusion porosimetry (MIP) is one of the most popular techniques for deter-
mining the distribution of pore sizes. It is based on high-pressure injection of mercury into
the sample, and this requires meticulous preparation. At lower pressure values, mercury
fills the bigger pores but cannot fill the smaller ones. In order to fill inter- and intra-particle
pores, high pressure is needed [17,18]. However, applying MIP to evaluate the pore struc-
ture of different media, including concrete, has several drawbacks. Significant differences
were found between MIP and other assessment methods, such as helium pycnometry, as
highlighted in one of the first studies to compare the two approaches [19]. It was concluded
that mercury could not penetrate all the closed pores that helium would otherwise be able
to enter. Moreover, subsequent research found that MIP might not be a perfect represen-
tation of the actual pore structure. The pore size distribution differed greatly from other
approaches, even though the total porosity may have been accurately determined. When
using MIP to evaluate the pore structure, several factors must be carefully considered,
including the effect of ink bottle pores trapping mercury, the pore connectivity effect and
the different contact angles between mercury and the solid portion of the samples during
the intrusion and extrusion stages [20]. In addition to the very small material samples
required to conduct the test, pore structure may potentially be harmed due to the very high
pressure [21].

Low-field nuclear magnetic resonance (NMR) relaxometry is an advanced, non-
invasive technique for characterizing the pore structure of porous media, including cement-
based materials [22]. It is based on the differences in relaxation times of liquid molecules
(typically water) within various pore environments, enabling detailed insights into pore
size distribution and dynamics during material hydration [23,24]. Different pore sizes and
types (gel pores, capillary pores, macropores) produce distinct relaxation signatures, allow-
ing for the identification and quantification of multiple pore classes within the material.
NMR has several advantages over MIP, such as the fact that it does not damage the sample
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and avoids the high pressures and toxic mercury used in MIP [25]; the samples can be
analyzed in their native state, without the need for drying, cutting, or other preparation
steps that might alter the pore structure [23]; it can be applied to fresh, hydrating cement
pastes, enabling the study of pore development and water consumption as hydration pro-
gresses [22]; and the non-destructive nature allows for repeated measurements on the same
sample over time. However, it also has some limitations that need to be acknowledged:
precise assessment of absolute pore diameters necessitates the calibration of the pore sur-
face relaxivity parameter, usually accomplished through comparison with MIP or scanning
electron microscopy (SEM) data [26,27]; it is assumed that pores are fully saturated with
water during measurements [23]; and similar to MIP, the tests are conducted on small scale
samples, which makes generalizations rather difficult.

Computed tomography (CT) is a powerful, non-destructive imaging technique to
investigate the internal pore structure of concrete [28,29] and aggregate size, shape and
distribution, as well as fiber distribution [30,31]. The main advantage with respect to the
above-mentioned methods is in terms of sample size. Unlike destructive techniques or
laboratory-scale micro-CT, which are generally restricted to small specimens and may not
represent the behavior of structural elements, industrial CT enables the scanning of large
concrete specimens without damaging them. The distinction is paramount, as it allows
pores to be characterized in samples closer to real casting conditions, bridging the gap
between laboratory-scale determinations and the performance in a structural-scale situation.
Industrial CT measurements provide the possibility to make quantitative assessments of
pore diameter, volume, shape and total porosity. Given that the technique involves the
3D image analysis of a specimen that can be used in other tests (mechanical or otherwise),
there is great opportunity to study the underlying impact of pore networks in durability
and transport phenomena [32,33]. Moreover, total porosity has been deemed insufficient
for explaining macroscopic properties, with pore morphology, size and distribution playing
an important role [11], providing more incentive to further develop the full-scale CT
analysis on concrete specimens. The 3D image analysis quantifies the complexity and
interconnectivity of the pore networks, which are critical for understanding fluid transport
and durability [29,34]. There are also limitations of the CT approach, which are mostly
related to the scanning resolution and differentiating between pores and solid phases, which
can be a challenge, especially for pores filled with water or other low-density materials [35].
It has been pointed out that the present technology is not a more important restriction than
information interpretation and data processing. Even if traditional techniques are more apt,
at the moment, in resolving pores smaller than air voids (under 10 µm), the possibilities
offered by CT scanning might prove far greater [36].

Since the development of strength on concrete is strongly related to the pore structure,
irrespective of the considered age, the present study brings its contribution to the assess-
ment of strength and elastic properties of self-compacting concrete at a long age, 7 years, in
close relationships to the pore structure. Previous studies showed that concrete mechanical
properties improve over time and there is a tendency of pores to be filled by hydration
products, thus reducing the number of large pores and the total porosity and modifying the
pore shape [37–39]. The latter were assessed by means of industrial CT and the 3D recon-
struction, which was conducted using the Dragonfly 3D World 2024.1 software. Although
CT has been increasingly used in imaging cement-based materials, most existing studies
have focused on small laboratory specimens or early-age concrete, most often relying on
micro-CT or destructive testing [40–42]. The use of an industrial CT scanning equipment
meant that entire concrete cylinders could be scanned [30], thus offering a broader image
on the pore distribution inside the concrete specimens. This large-scale, non-destructive
imaging approach allows a more representative evaluation of pore distribution, volume,
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diameter and sphericity, while preserving specimens for complementary mechanical testing.
Three-dimensional reconstructions were performed using the Dragonfly software, enabling
quantitative correlation between pore characteristics and static/dynamic elastic properties,
compressive strength and splitting tensile strength.

2. Materials and Methods
2.1. Materials

A CEM II/A-LL 42.5R rapid hardening cement, produced by Heidelberg Cement
(Bicaz, Romania), complying to currently available norms [43], was used in this research. It
contains 80–94% clinker and 6–20% limestone filler, which prevents bleeding and ensures a
proper hydration of the cement, and 0 ÷ 5% of other minor additional constituents. The
chemical composition of the cement is presented in Table 1.

Table 1. Chemical composition of CEM II/A-LL 42.5R (expressed in %).

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O MgO TiO2

61.54 18.92 4.86 2.5 1.9 3.1 0.25 0.98 1.89 0.17

Limestone filler was also used as a mineral additive to increase the paste volume
and avoid the use of viscosity modifying admixtures [44–46]. Natural river aggregates,
from a local supplier, were used in the concrete mix as highlighted in [47]. The particle
distributions for the aggregates are presented in [47].

The considered mix proportions, complying with guidelines for self-compacting con-
crete [48,49], are presented in Table 2. A Sika ViscoCrete—19 HE (Sika Romania, Bucharest,
Romania) high range water reducer (HRWR), a polycarboxylate-ether based superplasti-
cizer, was used as 0.5% by the cement mass. It has a specific gravity of 1.06 ± 0.02 g/cm3

and, according to the technical specifications, should be used in 0.3–2.5% by mass of
the cement.

Table 2. Mix proportions for self-compacting concrete [47].

Concrete
Mix

Cement Sand
[0–4 mm]

Aggregates
[4–16 mm]

Limestone
Filler Water/Cement Water/Powder * HRWR

[kg/m3] [kg/m3] [kg/m3] [kg/m3] - - [L/m3]

SCC 1 320 814 881 160
0.53

0.35 4.5
SCC 2 340 809 876 150 0.38 5.1
SCC 3 360 809 876 130 0.34 5.1

* cement + limestone filler.

A constant 0.53 water/cement ratio was adopted for all 3 mixes, as seen in Table 1. The
water-to-cement ratio of 0.53 was selected as a practical compromise to achieve the target
self-compactability (slump-flow/passing ability) for the materials and superplasticizer
dosages available in this study, while maintaining acceptable mechanical and permeability
performance. Values of w/c between 0.4 and 0.55 were frequently reported in the scientific
literature referring to self-compacting concrete [50,51]. Trial mixes were cast employing
various combinations between w/c ratio and percentage of superplasticizer so that all
3 mixes will fall within the same slum flow class and V-funnel class [52].

2.2. Methods

A similar testing procedure reported in [53] was also adopted in this study. After
casting, the 100 mm × 200 mm cylinders (diameter × height) were demolded 24 h later and
cured in water for 28 days. Fourteen specimens for each mix proportion shown in Table 1
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were further kept in laboratory conditions (23 ± 2 ◦C and 40–50% relative air humidity)
until the day of testing, 7 years later.

The fresh properties of the SCC [47] were assessed by means of a slump flow test and
T500 test [54], V-funnel test [55] and L-box test [56]. A higher slump flow diameter means
the concrete spreads more freely, indicating better flowability. At the same time, a shorter
T500 time signifies faster flow. A shorter flow time obtained from the V-funnel test suggests
a more fluid and workable SCC mix that can easily flow and fill forms. The L-box test on
the other hand assesses its passing ability, which is its capacity to flow through obstacles
like reinforcement bars without blocking or segregating [57].

The open porosity of SCC mixes was obtained on 3 specimens from each mix presented
in Table 1, following the guidelines of ASTM C642-21 [58]. The concrete cylinders were oven
dried until constant mass (e.g., difference between two successive measurements would
not differ by more than 0.5%). Afterwards, they were placed in water for no less than 48 h
and their mass was measured again until constant mass in saturated conditions. The third
step consisted in boiling the specimens for 5 h, cooling the specimens to room temperature
while immersed in water, followed by their weighing. The volume of permeable pores
(open porosity) was then computed.

The static modulus of elasticity was determined in accordance with SR EN 12390-13 [59].
In order to correctly set the stress limits mentioned in the code, 1 sample was loaded in
compression until failure. Cyclic loading was applied to each of the remaining 9 specimens
and three individual values were obtained for each concrete cylinder. The obtained values
were compared to each other in order not to differ by more than 1% from one-another for
the same concrete cylinder.

The longitudinal dynamic modulus of elasticity, the dynamic shear modulus and
dynamic Poisson’s ratio were determined according to ASTM C215-19 [60]. The two
dynamic moduli are based on the first resonant frequency (longitudinal and torsional
frequencies, respectively) obtained from the Impact Echo Method. As presented in [53], the
dynamic modulus of elasticity for the SCC, Ed, was computed based on Equation (1):

Ed = D × m × f 2
ln (1)

where m is the mass of the cylinder, expressed in kg, fln is the fundamental longitudinal
frequency of vibration, expressed in Hz, and D is a shape coefficient that depends on the
dimensions of the sample, as shown in Equation (2):

D = 5.093 × L
d2 (2)

in which L is the length of the cylinder, in meters, and d is the diameter, given in meters.
On the other hand, the dynamic shear modulus, Gd, was based on the fundamental

torsional frequency of vibration, and was computed based on Equation (3):

Gd = B × m × f 2
t (3)

where ft is the fundamental torsional frequency of vibration, expressed in Hz, and B is a
shape coefficient that depends on the geometrical characteristics of the sample, as shown in
Equation (4):

B =
4LR

A
(4)

with R being a shape factor equal to 1 [60], and A is the cross-sectional area of the cylinder,
expressed in m2.
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The two dynamic moduli were then used to compute the dynamic Poisson’s ratio, µd,
by means of Equation (5):

µd =
Ed

2Gd
− 1 (5)

The compressive and splitting tensile strength values were determined in accordance
with SR EN 12390-3 [61] and SR EN 12390-6 [62], respectively. The compressive strength
was determined of 5 samples whereas the splitting tensile strength was determined from
the remaining 4 samples. The applied loading rates were 0.6 MPa/s (4.71 kN/s), for the de-
termination of the compressive strength, and 0.05 MPa/s (1.7 kN/s), for the determination
of the splitting tensile strength.

Two specimens of each mix were investigated through industrial computed tomogra-
phy (CT) using a Nikon XTH 450 with 340 kV voltage and 240 µA current using a 3 mm
copper filter. The detector had 2000 pixels × 2000 pixels and the pixel size was 40 µm,
with a magnification factor of 2.27 and a white level of 60,000. The magnification factor
represents the ratio of the image size to the actual object size or, equivalently, the ratio
of the Source-to-Image-Distance (SID) to the Source-to-Object-Distance (SOD) [63]. The
magnification factor is a phenomenon caused by the diverging nature of the X-ray beam,
which spreads out from the source. The magnification factor was proven to significantly
influence the quality of x-ray scans as compared to sampling resolution, which may result
in higher computation effort and longer times to reconstruct scanned objects [64].

The scanned samples were in dry conditions as pore water substantially impacts
CT results by affecting image density, pore connectivity and the distribution of air–water
phases within the scanned material. Its presence may induce imaging artefacts, compli-
cating the precise characterization of pore structures [65]. Scan results were analyzed
using the Dragonfly software, version 3D World 2024.1, which is specifically designed for
3D reconstruction of CT images, as well as for computing various parameters: porosity,
sphericity of pores, volume and mean radius of pores and others. The procedure applied
for the analysis of each specimen started with denoising the original CT result by applying
a Gaussian filter [66]. Subsequently, the space surrounding the specimen was removed,
as this is considered a pore by the software. This step results in also removing any sur-
face or open pores (connected to the outside), so that only internal pores are left to be
addressed [35]. An example of internal pore distribution within the specimen, along with
different perspectives, is presented, in Figure 1.

 

Figure 1. Determining internal pore structure and pore distribution in concrete cylinders.
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The spacing in each direction (X, Y and Z) was 0.119591 mm for each of the specimens.
The next step consisted in the segmentation procedure, in order to identify the pores. For
this reason, the lower Otsu range was applied to the histogram. Given the resolution
limitations, pores with a volume lower than 27 voxels (3 × 3 × 3 voxels) were eliminated.
The focus was thus on pores that can be accurately distinguished, limiting the analysis to the
air voids. These pores were further taken into consideration, as regions of interest (ROIs),
for computing the amount that they represent out of the whole material volume [10,67].
Several parameters were extracted during the analysis: equivalent spherical diameter, mean
pore radius, sphericity and volume.

3. Results
3.1. Fresh Properties of SCC

There is a strong, generally inverse correlation between slump flow and T500 time in
self-consolidating concrete (SCC); as slump flow increases, T500 time (a measure of viscosity)
typically decreases. A larger slump flow indicates better flowability (lower interparticle
friction), while a longer T500 time signifies higher viscosity, meaning greater resistance to
flow and a more cohesive mix. [9,68–70]. The fresh properties of the considered mixes are
summarized in Table 3 [71].

Table 3. Fresh properties of the SCC mixes.

Concrete Mix
Sump Flow T500 V-Funnel L-Box

[mm] [s] [s]

SCC 1 680 4.2 14.4 0.84
SCC 2 690 4.1 11.3 0.88
SCC 3 720 2.9 9.2 0.93

It can be observed that all considered SCC mixes belong to the slump flow class
SF2 and V-funnel class VF2. Moreover, they all comply to the European Guidelines for
Self-Compacting Concrete [48], with a slump flow of 600–750 mm and T500 time of 3.5–6.0 s.

3.2. Bulk Density and Open Porosity

The bulk density was determined on all 14 specimens considered for each mix. The
dimensions of the cylinders were measured using a digital caliper with an accuracy of
0.01 mm. Six values for the diameter and three values for the height were measured in
order to compute the volume of each specimen. The mass was determined to an accuracy
level of 0.01 g. The obtained results, as average of 14 values for each mix, are presented
in Table 4.

Table 4. Bulk density and open porosity values.

Concrete Mix
Bulk Density StDev COV Open Porosity

[kg/m3] [kg/m3] [%] [%]

SCC 1 2278 11.05 0.49 12.9
SCC 2 2291 7.10 0.31 11.08
SCC 3 2300 11.99 0.52 8.54

At the same time, the open porosity was obtained as the average of three determina-
tions, following the guidelines of ASTM C642-21 [58]. Similar values were reported in the
scientific literature, although for earlier ages of SCC [16,72].
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3.3. Static and Dynamic Elastic Properties

The static and dynamic moduli of elasticity were determined on nine specimens for
each SCC mix, as shown in Table 2. Figure 2 presents the static longitudinal modulus of
elasticity in compression, Young’s modulus, for the SCC mixes. It can be observed that there
is a gradual increase in the values of Young’s modulus with the increase in cement content.

Figure 2. Static longitudinal modulus of elasticity for the considered SCC mixes.

The dynamic moduli of elasticity, as well as the values of Poison’s ratio, are presented
in Figure 3. The dynamic moduli of elasticity were determined based on the fundamental
frequency of vibration, as presented in Table 5.

Figure 3. Dynamic elastic properties of the considered SCC mixes.

Table 5. Fundamental frequency of vibration (longitudinal and torsional) [60].

Concrete Mix

Longitudinal
Frequency of

Vibration
StDev COV

Torsional
Frequency of

Vibration
StDev COV

[Hz] [Hz] [%] [Hz] [Hz] [%]

SCC 1 9954.9 142.98 1.44 6628 79.04 1.19
SCC 2 10,030.3 53.73 0.54 6668.4 45.41 0.68
SCC 3 10,082 99.12 0.98 6712.4 40.26 0.6



Materials 2025, 18, 4524 9 of 18

3.4. Compressive and Splitting Tensile Strength

The values of the compressive and splitting tensile strengths, determined at the
age of 7 years, are presented in Figure 4. They represent the average of five and four
determinations, respectively. The values of the mechanical properties follow the similar
trend observed for the elastic properties, namely, the increase in the cement content resulted
in an increase in the values of both compressive and splitting tensile strength.

Figure 4. Mechanical properties of the considered SCC mixes at the age of 7 years.

However, the rate of increase in terms of compressive strength values is different
than the increase in the splitting tensile strength values. An increase in the cement content
and decrease in the aggregate mass, from SCC 1 to SCC 2, resulted in a 6.26% increase
in the compressive strength and only a 3.26% increase in the splitting tensile strength.
Further increasing the cement content while keeping the same aggregate mass and slightly
decreasing the limestone filler, resulted in a further 3.06% increase in the values of the
compressive strength and 5.22% increase in the values of the splitting tensile strength.

3.5. Internal Pore Structure

The internal pore structure for each of the considered SCC mixes is shown in Figure 5.
It can be observed that the total volume of the internal pores is decreasing with the increase
in the cement content. A similar observation can be made for the particle radius value.
The higher the cement content, the lower the particle radius due to the partial or total
filling of the pores with hydration products [16,72]. Mechanisms that might explain this
behavior, that are supported by experimental observations across several studies, relate
to: (i) formation of fewer capillary pores; (ii) a denser structure of the hydration products;
(iii) the filling of the voids between aggregates and paste; and (iv) a denser, less porous
cement matrix [40,73].
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SCC 1 (maximum internal pores volume = 457.91 mm3; maximum particle radius = 5 mm) 

  
SCC 2 (maximum internal pores volume = 170.46 mm3; maximum particle radius = 3.63 mm) 

  
SCC 3 (maximum internal pores volume = 152.82 mm3; maximum particle radius = 3.44 mm) 

Figure 5. Internal pore structure of the considered SCC mixes at the age of 7 years.

4. Discussion
The changes in the mix proportions did not result in large variations of SCC density

at the age of 7 years (less than 1%). This was also proven by the similar open porosity
percentages of each considered SCC mix. Considering the long age, any differences that
could have existed were gradually reduced due to the continuous hydration of the cement
particles, thus creating additional hydration products [38,69].



Materials 2025, 18, 4524 11 of 18

4.1. Static and Dynamic Elastic Moduli

The evaluation of the dynamic modulus of elasticity offers the benefit of a non-
destructive approach and can typically be conducted on-site. For design and technical
evaluation, the static modulus of elasticity values were utilized, prompting the proposal
of conversion equations. Previous studies [53,74] highlighted the suitability of several
conversion formulas from the dynamic modulus of elasticity to the static one [75–77].

The obtained results are summarized in Figure 6. It can be observed that both equa-
tions proposed by Popovics [75] and Lydon and Balendran [76] slightly overestimate the
experimental results by 2.85–5.28% and 3.92–6.42%, respectively. On the other hand, the
conversion equation currently available in the design code [77] tends to underestimate the
experimental data by 5.79–8.18%.

Figure 6. Prediction of the static modulus of elasticity by currently available equations [75–77].

4.2. Compressive Strength

The evolution of the compressive strength from the standard age of 28 days [47] up
to 7 years is presented in Figure 7. As generally expected, the strength characteristics of
concrete tend to improve over time due to continuous hydration of the cement particles.
However, strength evolution is highly dependent on the storage/environmental conditions.

Figure 7. Evolution of the compressive strength.
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It can be observed that although the values of the compressive strength increased for
all three SCC mixes, the rate of increase was not similar, ranging from a 50.3% increase
for SCC1 to a 41.09% increase for SCC 3. Limestone filler interacts with the hydration
products of cement, mainly via a filler effect and nucleation, as well as through chemical
interactions [78,79]. These interactions can influence the initial strength development,
microstructure, and long-term durability of the concrete [80]. However, at higher limestone
contents, the dilution effect may become more prominent and may influence the long-term
strength gains of concrete.

4.3. Pore Structure

Current CT technology predominantly emphasizes the precise identification of internal
pores or cracks within concrete. Nonetheless, it is crucial to acknowledge that exterior
pores and cracks on the surface exposed to the environment can considerably influence
material strength. Although there is a significant number of research works addressing the
porosity of cement based materials [11], it is still challenging to characterize such materials
solely based on the total porosity [81–83].

One other significant parameter is the sphericity of the pores, that is, how close the
pores are to the shape of a perfect sphere [84]. This perfect spherical shape of the pores helps
reducing the stress concentrations under loading conditions. From the results obtained
via the use of the Dragonfly software, it resulted that for each of the three considered
SCC mixes, more than 95% of the identified pores had a sphericity of 0.99, that is they are
very close in shape to a perfect sphere (sphericity = 1). A sphericity close to one for all
mixes suggests that the detected pores are almost perfect spheres. This is to be expected in
self-compacting concrete, given its very good fluidity, use of a superplasticizer and minimal
external deformation during casting. These observations are consistent with recent studies
showing that surface tension dominates deformation of air voids [85,86].

Figure 8 presents the distribution of particle radius, sphericity and volume of pores
for all considered SCC mixes. It can be observed that increasing the cement content results
in a denser matrix [11], with a decrease in the pore radius of the considered mix. While the
large majority of detected pores in the SCC1 mix had a radius of up to 3 mm, for both the
SCC2 and SCC3 mixes it was reduced to 2.5 mm and 2.00 mm, respectively [87].

   
SCC1: particle radius SCC1: sphericity  SCC1: pore volume histogram 

   
SCC2: particle radius SCC2: sphericity  SCC2: pore volume histogram 

   
SCC3: particle radius SCC3: sphericity  SCC3: pore volume histogram 

Figure 8. Internal pore structure characterization.
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At the same time, it can be seen that the values of pore sphericity increase with the
increase in cement content.

At the same time, considering the data presented in Figure 5, it can be concluded that
with the increase in the cement content of SCC, which leads to an increase in the values of
the mechanical properties, the volume, as well as the maximum pore diameter, of the pores
at the age of 7 years decreases. This could be explained by the fact that more hydration
products are generated due to both higher cement content and due to the nucleation site
effect of limestone filler.

Total internal porosity (φ) was computed as the void volume fraction relative to the
full volume. Two classical porosity–strength models were evaluated and fitted by linear
regression on logarithmically transformed variables. The results are summarized in Table 6
for compressive strength, static modulus of elasticity and dynamic modulus of elasticity.

Table 6. Properties of the SCC versus internal porosity.

Concrete Mix

Internal
Porosity

Compressive
Strength StDev COV

Static Modulus
of Elasticity StDev COV

[%] [MPa] {MPa] [%] [GPa] [GPa] [%]

SCC 1 0.9 46.73 2.11 4.51 28.62 1.47 5.14
SCC 2 0.7 49.66 1.65 3.33 28.76 1.02 3.54
SCC 3 0.635 51.17 1.19 2.33 30.14 1.81 6.01

The change in the elastic and mechanical property values of the SCC as a function of
total internal porosity is presented in Figures 9 and 10 for the compressive strength and
static modulus of elasticity, respectively. However, given the small number of data sets,
the presented results should be regarded as representing the trends. Further investigations
are deemed necessary to correctly assess the influence of the internal porosity on the
mechanical characteristics of the SCC.

Figure 9. Influence of total internal porosity on the compressive strength.
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Figure 10. Influence of total internal porosity on the static modulus of elasticity.

5. Conclusions
The paper presents the results obtained on the characterization of self-compacting

concrete at a long age (7 years) by using industrial computed tomography to assess the
internal pore structure. Based on the obtained results, the following conclusions can
be drawn.

1. There is little difference between the bulk density values of the considered SCC mixes
at the long age. At the same time, the open porosity ranges from 8.54% to 12.9% and
it is influenced by the cement content of the mix.

2. Compressive strength values increase compared to the standard testing age of 28 days.
The increase rate is, however, inversely proportional to the cement content.

3. There is a good correlation between the conversion equations from the dynamic
modulus of elasticity to the static one. Some of the existing equations tend to slightly
overestimate the experimental results, while others underestimate the results.

4. The increased cement content and lower aggregate volume results in a lower volume
of internal pores, as well as lower maximum pore radius, as determined through
industrial CT scanning on the intact SCC cylinders. At the same time, the sphericity
of the internal pores does not seem to be significantly influenced by the SCC mix
proportion. Increasing the cement content above 340 kg/m3 has little influence on the
internal pore structure of the SCC.

5. The total internal porosity has a more significant influence on the compressive strength
of SCC mixes than on the static modulus of elasticity. The values of the latter decrease
at a much lower rate with respect to increasing internal porosity compared to the
compressive strength.
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Effect of expanded perlite aggregates and temperature on the strength and 
dynamic elastic properties of cement mortar 
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A B S T R A C T   

The residential market consumes nearly half of the world’s concrete production, and it is anticipated that 68 % of 
the global population will reside in urban areas by 2050. Researchers have focused their efforts on exploring 
alternative options to natural aggregates in concrete and mortar. In line with the principles of circular economy, 
construction and demolition waste has been repurposed for the manufacture of cement-based materials. Volcanic 
products, which are abundant but underutilized, have been identified as an alternative to recycled aggregates. 
They offer several advantages over natural river aggregates, including reduced weight, enhanced thermal and 
acoustic insulation, improved fire resistance and pozzolanic characteristics. While there has been a significant 
amount of research on the use of expanded perlite as a supplementary cementitious material, studies involving 
the use of expanded perlite aggregates (EPA) in cement-based construction materials are relatively limited. This 
paper seeks to address this knowledge gap by investigating the use of EPA in cement-based mortar at both room 
and elevated temperatures. The study examines the impact of varying replacement percentages (10 %, 20 % and 
30 % - by volume) of natural sand with EPA having a maximum grain size of 4 mm, and the exposure tem
perature of mortar prisms at the age of 28 days. Specifically, temperatures of 100ºC, 150ºC and 200ºC were 
selected for analysis. The impact of these parameters on the flexural and compressive strength of mortar, as well 
as its dynamic elastic properties, was experimentally determined. The findings indicate that, at room tempera
ture, higher replacement percentages of natural sand by EPA result in decreased flexural and compressive 
strengths, by as much as 50 % and 30.71 %, respectively. However, the dynamic moduli values for replacement 
percentages up to 20 % are similar to those of the reference mix. Conversely, when subjected to temperatures up 
to 200ºC, significant improvements were observed in the flexural strength values, e.g. over 20 % for temperatures 
of 150◦C and 200◦C, with only marginal improvements in compressive strength, 3 % ÷ 20 % for temperatures of 
150◦C and 200◦C, compared to values obtained at room temperature.   

1. Introduction 

Concrete is the most widely used construction material with a total 
worldwide production of 14 billion cubic meters in 2020, according to 
Global Cement and Concrete Association [1]. Nearly half of this quantity 
served the residential sector. Projections indicate that 68 % of the 
world’s population will inhabit urban areas by 2050, leading to an 
estimated annual concrete production of 20 billion cubic meters. Given 
that aggregates constitute 60 %-75 % of the total concrete volume, it 
follows that the demand for natural resources will increase substantially. 

It is estimated that approximately 50 % of the world’s raw material 
consumption is necessary to sustain this demand [2]. 

Finding alternative solutions to natural aggregates has been actively 
pursued by many researchers. The use of ferrochrome waste slag ag
gregates in limestone-calcined clay cement mortar resulted in an in
crease in both tensile strength (up to 22.2 %) and compressive strength 
(up to 71 %), as the percentage of natural sand replacement increased 
[3]. In addition, when natural sand was completely replaced with fer
rochrome waste slag aggregates, the water absorption coefficient 
decreased by 16 %. In line with the principles of circular economy, 
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construction and demolition waste has been repurposed as a resource for 
cement-based materials production. A recent study used recycled ag
gregates to substitute natural sand in mortar at rates of 25 %, 50 %, 
75 %, and 100 %.Apart from demonstrating their effectiveness in 
structural applications, such as masonry elements, completely replacing 
natural with recycled aggregates with particle size smaller than 2.4 mm 
resulted in a 64 % reduction of CO2 emissions associated with produc
tion processes. However, after considering both the strength properties 
and carbon footprint, it was concluded that optimal replacement per
centage was 50 % [2]. 

The use of recycled aggregates from construction and demolition 
waste in concrete typically results in a decrease in mechanical proper
ties. This is primarily attributed to the quality of the aggregates, which 
weakens the interfacial transition zone between the porous mortar 
adhering to the surface of the recycled aggregates and the fresh cement 
paste [4,5]. A possible solution to this issue involves treating the recy
cled aggregates with a silica fume slurry. This yielded a notable 
16 %-26 % increase in concrete compressive strength at various curing 
ages, with complete replacement of natural aggregates. The inclusion of 
carbon fibers resulted in a 38 % increase in the flexural strength of 
concrete with recycled aggregates and a 34 % increase in the modulus of 
elasticity [6]. In a separate study, different combinations of recycled 
aggregates and nano-silica were examined to assess their impact on the 
mechanical and durability properties of concrete. Researchers employed 
gene expression programming to predict the compressive strength of 
concrete incorporating recycled aggregates and nano-silica as a 
pozzolan [7]. The proposed optimal mix comprised a 26 % replacement 
of natural coarse aggregates with recycled aggregates and 4 % 
nano-silica. According to the mathematical model, this mix demon
strated the highest flexural and compressive strength, modulus of elas
ticity and, simultaneously, the lowest water absorption coefficient. 

An alternative to recycled aggregates has been identified in the form 
of volcanic products, which, despite their substantial potential, are not 
fully exploited. Volcanic rocks such as pumice, lapillus, tuff, zeolites, 
and perlite offer several advantages over natural river aggregates, 
including their lightweight nature, improved thermal and acoustic 
insulation properties, fire resistance, and pozzolanic properties [8]. The 
use of volcanic scoria, a type of volcanic rock formed by rapid cooling of 
lava in air, in concrete led to a 15 % reduction of bulk density and a 
22.3 % increase in modulus of elasticity. Furthermore, due to secondary 
pozzolanic reactions, the compressive strength increased between 28 
and 90 days by 15.23 %-22.3 %. However, the obtained values were 
approximately 70 %-75 % of the compressive strength obtained for the 

reference mix [9]. The use of zeolites as lightweight aggregates in con
crete proved to be advantageous from the point of view of self-weight 
reduction. Additionally, a smaller interfacial transition zone between 
the aggregates and the cement paste was achieved, depending on the 
type of cement used in the concrete mix [10]. High quantities of 
ettringite and calcium hydroxide (CH) at early ages, and correspond
ingly high levels of calcium silicate hydrates (CSH) at later ages, were 
identified as the main factors influencing the quality of the interfacial 
transition zone, with a pronounced dependence on cement dosage and 
water-to-cement ratio. 

Perlite, an amorphous aluminosilicate volcanic glass, has the ability 
to expand approximately 5–20 times its original volume when heated to 
its softening temperature, ranging between 900ºC and 1200ºC [11]. This 
expansion process, caused by the water trapped inside the perlite ore, 
results in a lightweight, cellular aggregate with bulk densities ranging 
from 80 kg/m3 to 240 kg/m3 [12]. Expanded perlite, with its high sur
face area, low sound transmission, low thermal conductivity [12,13] and 
chemical inertness, finds a wide range of applications, from horticulture 
to pharmaceutical and filtering applications in municipal drainage sys
tems. In the construction industry, it has been used as a replacement for 
cement [14] and/or aggregates [11]. Taking into account the many 
applications of perlite, its worldwide production steadily increased 
during the last decade, as shown in Fig. 1. 

One of the earliest uses of perlite in the construction industry has 
been in the development of building insulation materials, such as ren
ders and mortars. Considering that approximately 40 % of a building’s 
total energy consumption is dedicated to maintaining a comfortable 
indoor climate [12,16], there has been a growing demand for improved 
insulating materials and more efficient cooling and heating systems. 
Laboratory investigations and numerical analyses have demonstrated 
that panels composed of a mixture of cement, expanded perlite and 
pumice exhibit superior thermal performance in both standard (no 
vegetation) and green roof scenarios compared to reference panels [12]. 
Combining perlite powder with a sodium hydroxide solution and a 
foaming agent result in an ultra-lightweight foam concrete-like material, 
with enhanced thermal properties and fire performance. Heat treatment, 
particularly at a curing temperature of 850ºC, was identified as an 
important parameter, yielding the best results in terms of density and 
thermal conductivity [13]. Additionally, owing to the pozzolanic ac
tivity of perlite, a denser and stronger structure of renders and mortars is 
obtained [17]. A similar densification effect has been observed in the 
case of a magnesium potassium phosphate cement-expanded perlite 
composite, used as a fire-resisting coating. The presence of perlite 

Fig. 1. Worldwide perlite ore production (based on data from USGS [15]).  
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increased residual bond strength after the fire test and reduced the 
occurrence of visible cracks on the coating surface [18]. 

The production of cement is a significant contributor to greenhouse 
gas (GHG) emissions in the construction industry, accounting for 
approximately 5 % - 7 % of the global CO2 emissions [19,20]. To address 
this environmental impact, the use of supplementary cementitious ma
terials (SCMs) has been proposed as a feasible solution. SCMs can be 
classified based on their source into industrial wastes, such as silica fume 
and fly ash, and natural pozzolans, such as pumice, metakaolin, perlite, 
zeolite and others. Natural pozzolans are aluminosilicate materials 
capable of reacting with calcium hydroxide (CH) to form calcium silicate 
hydrates (CSH) gels, contributing to a denser structure in cementitious 
materials and enhancing strength and durability properties [21]. 
Research has shown that using perlite powder in self-compacting con
crete (SCC) requires an increase in superplasticizer content to achieve 
similar workability to the reference mix. Compressive strength values 
were found to be nearly identical to the reference mix at the age of 91 
days, with significant improvements observed with increasing the fine
ness of perlite powder from the age of 28 days [22]. The use of perlite 
powder in SCC resulted in improved mechanical properties when 
exposed elevated temperatures, up to 600ºC, with reduced spalling [23]. 
Replacing cement with high percentages of perlite powder, such as 20 % 
and 30 %, had a detrimental effect on concrete protection of reinforce
ment to corrosion in aggressive environments [24]. However, a 40 % 
replacement of cement by expanded perlite powder yielded comparable 
28-day compressive strength values in ultra-high performance concrete 
(UHPC) but slightly reduced the chloride ion penetration resistance of 
concrete [25]. 

In an effort to prevent the depletion of natural resources used in 
concrete production, researchers have explored alternatives to conven
tional aggregates. Other forms of natural aggregates, such as expanded 
perlite, zeolites, and volcanic tuff, were identified, and their impact on 
the mechanical properties of concrete were evaluated. A recent study 
focused on the replacement of coarse natural aggregates with perlite 
aggregates concluded that concrete density is significantly reduced due 
to perlite porous structure [26]. However, as perlite possesses lower 
strength than traditional aggregates, the compressive strength of con
crete decreased with increasing replacement percentage. Conversely, 
concrete with expanded perlite aggregates (EPA) demonstrated higher 
compressive strength values at both 7 and 28 days compared to other 
lightweight concrete mixes based on pumice aggregates [27]. Moreover, 
replacing natural sand with EPA in proportions of 75 %-100 % resulted 
in obtaining ultra-high performance concrete with similar fluidity, me
chanical strength and durability properties as conventional UHPC [25]. 

The existing scientific literature contains a significantly higher 
number of studies dedicated to perlite as a supplementary cementitious 
material compared to those investigating expanded perlite as an 
aggregate substitute. This paper seeks to address this knowledge gap by 
investigating the use of EPA in cement-based mortar at both room 
temperature and after exposure to elevated temperatures. Previous 
research has shown that concrete incorporating powdered perlite 
exhibited enhanced mechanical properties at temperatures up to 300ºC 
[23,28]. Therefore, this study focused on evaluating the impact of 
replacing natural sand with EPA, with a maximum grain size of 4 mm, at 
varying percentages (10 %, 20 % and 30 % by volume) as well as sub
jecting mortar prisms to temperature exposure at 28 days. The tem
peratures selected for the experiment were 100ºC, 150ºC and 200ºC. 
Experimental determinations were made regarding the impact of both 
parameters on the flexural and compressive strength of mortar, and on 
its dynamic elastic properties. 

The results indicate that, at room temperature, an increase in 
replacement percentage of natural sand with EPA leads to decreased 
flexural strength and compressive strength. However, replacement 
percentages of up to 20 % exhibit dynamic moduli values similar to 
those of the reference mix. Conversely, when exposed to temperatures 
up to 200ºC, there are significant improvements in the flexural strength 

and minimal gains in compressive strength, compared to the values 
obtained at room temperature. The most substantial increases were 
observed at 150ºC. 

2. Materials and methods 

2.1. Materials 

A CEM II B-M (S-LL) 42.5 R cement (StructoPlus), complying with SR 
EN 197–1:2011 [29] guidelines, was considered in this research. It is 
widely available on the market, and it comprises 65 %-79 % clinker and 
a 21 %-35 % combination of blast furnace slag and limestone. The 
chemical composition of the cement, as provided by the manufacturer 
(HOLCIM, Romania), is detailed in Table 1. According to Favier et al. 
[30], CEM II cement is the predominant type in Europe, holding a 47 % 
market share in 2015. 

The aggregate used in this study was river sand with a maximum 
grain size of 4 mm and a specific weight of 2.69. Expanded perlite, 
having a specific weight of 0.129 and complying to SR EN 1097–3:2002 
[31] and SR EN 933–2:2020 [32], was selected as a substitute for the 
natural sand, with replacement volumes of 10 %, 20 % and 30 %. 
Table 1 provides the chemical composition of the expanded perlite, as 
supplied by the manufacturer (ProcemaPerlit). The sieve analysis of the 
two types of aggregates is presented in Fig. 2. It can be observed that 
EPA had almost 60 % of its volume consisting of grains larger than 1 mm 
[33], whereas in case of sand the percentage was significantly lower, 
18.16 %. However, since EPA aggregates have a lower Mohs hardness 
compared to natural sand, it is expected that particle size distribution of 
EPA will change during mixing, namely the volume of fine grains to 
increase, as previously reported [33]. The percentage shown in Fig. 3 for 
0.125 mm sieve corresponded to even lower than 0.063 mm sieve, 
which basically falls in the category of powders. In case of sand, the 
corresponding percentage was only 3.4 %. 

Based on the specifications provided by ASTM C618:2022 [34], 
expanded perlite falls in the category of natural pozzolans due to the 
combined content of SiO2, Al2O3 and Fe2O3 exceeding 70 % [35]. Fig. 3a 
depicts the porous structure of expanded perlite. When further magni
fied, the microstructure shows a series of flakes/sheets [36] separated by 
gaps, as shown in Fig. 3b. These features contribute to the thermal 
insulation and water absorption properties of expanded perlite [37]. 

2.2. Mix proportion 

A reference mortar mix ratio of 1:4:0.6 (cement:sand:water) by 
volume was employed. Table 2 shows the proportions, per cubic meter, 
for all mixes used in the study. For mortars modified by EPA, a higher 
water/cement ratio was required to achieve a consistency similar to that 
of the reference mix [14]. In other previous studies, superplasticizer was 
used in order to keep the same water/cement ratio [33]. However, ac
cording to earlier findings, there are large compatibility issues between 
various superplasticizers and natural pozzolans [38]. For similar 
water/binder ratio it was found that there is a need to increase the 
superplasticizer content by as much as 50 % to counteract the loss of 
slump caused by the use of zeolite (having similar chemical composition 
to perlite). Moreover, different superplasticizers required different 
dosages in order to achieve similar workability of mortar. 

Aside of the reference, the mixtures were labeled by EPA (expanded 
perlite aggregate) and a number indicating the percentage of sand 
replacement. For each mix outlined in Table 2, twelve standard prisms, 
each measuring 40 mm×40 mm×160 mm in height, width, and length 
respectively [39], were cast. This resulted in a total of 48 specimens. The 
prismatic steel molds were mount on a jolting table (drop height of 
15 mm) and vibrated in accordance with specifications of SR EN 
196–1:2016 [39]. After vibration, there was no bleeding water visible on 
the surface of the mortar prisms. 

The mortar prisms were demolded after 24 hours from casting and 
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stored in water at 22◦C±1◦C for 27 days, until the day of testing. Prior to 
storing the mortar prisms in water, their geometrical dimensions were 
measured, as presented in Section 2.3.2, to check for compatibility with 
the dimensions of the steel mold. Additionally, there were no large voids 
on the surface of the mortar prisms, suggesting that the mortar fully 
filled the steel mold. 

2.3. Methods 

2.3.1. Slump test 
The slump was assessed using a mini-slump test with a cone of di

mensions 100 mm×70 mm×60 mm (bottom diameter × top diameter ×
height) [40,41]. Once the cone was lifted and the spread of the mortar 
ceased, the average of three measured diameters was taken into account. 
In addition, the height reduction was measured relative to the height of 
the cone. 

2.3.2. Dimensions and mass 
At the age of 28 days, the mortar prisms were taken out of the water, 

wiped clean with a thick cloth to remove the excess of water. After
wards, they were weighed, using a digital scale with an accuracy of 
0.01 g, and then measured with the digital caliper, accuracy of 0.01 mm, 
to check for dimensional stability and also to be able to compute the bulk 

Table 1 
Chemical composition of CEM II cement and expanded perlite (expressed in %).   

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Cl 
CEM II 58.49 16.32 4.83 2.24 1.39 2.85 0.34  0.46 0.035  

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2OþK2O Cl 
Expanded Perlite 1.3–1.7 74–77 12–15 1.1–1.6 0.1–0.7 - 5.0–8.0 -  

Fig. 2. Sieve analysis of EPA and natural sand.  

Fig. 3. SEM images of expanded perlite.  

Table 2 
Mix proportions of mortars used in this study.  

Mix designation Cement Sand EPA Water / Cement 
[kg/m3] [kg/m3] [kg/m3] - 

Ref  380  1550 -  0.60 
EPA10  1395 7.42  0.65  

EPA20 1240  14.85  
EPA30 1085  22.28  
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density of the obtained mortars. Measurements were recorded for both 
length (four values) and width/height (six values) of the prisms. 

2.3.3. Dynamic moduli of elasticity 
The dynamic moduli of elasticity were determined in accordance 

with ASTM C215:19 specifications [42]. The determination of longitu
dinal dynamic modulus of elasticity and dynamic shear modulus were 
based on the first resonant frequencies in longitudinal and transversal 
directions, respectively, obtained by means of Impact Echo Method 
(Fig. 4). 

The dynamic longitudinal modulus of elasticity was calculated on the 
basis of Eq. 1 [42]: 

Edyn = D⋅M⋅(ń )2 (1)  

where: M is the mass of specimen (kg), ń  is the fundamental longitudinal 
frequency of vibration (Hz) and D = 4⋅L

b⋅t is a coefficient ( N⋅s2

kg⋅m2) that de
pends on the length L (m) and the cross sectional dimensions b(m) and t 
(m) of the specimen. 

The dynamic shear modulus was calculated using Eq. 2 [42]: 

Gdyn = B⋅M⋅(n˝)2 (2)  

where: M is the mass of specimen (kg), n˝ is the fundamental torsional 
frequency of vibration (Hz) and B = 4⋅L⋅R

A is a coefficient ( N⋅s2

kg⋅m2) that de
pends on the length L (m), of the specimen the cross-sectional area A 
(m2) and the shape factor R which takes the value of 1.183 for a square 
cross-section prism [42]. 

The experimental arrangement depicted in Fig. 4a was used to record 
the longitudinal free vibration response of all specimens. The signal for 
each prism consisted of at least 10 impact responses, as exemplified in  
Fig. 5a for the Ref mix. This signal underwent the Fast Fourier Transform 
(FFT) analysis, and the frequency spectrum was obtained (Fig. 5b). The 
fundamental longitudinal frequency was identified by applying a 
Pseudo-Voigt fitting function on the FFT spectrum (Fig. 5c). The dy
namic modulus of elasticity was calculated using Eq. 1. 

A similar method was applied to obtain the torsional vibration fre
quency, employing the set-up outlined in Fig. 4b. Upon obtaining the 
FFT spectra, two main peaks, closely positioned, were observed, as 
depicted in Fig. 6a for the Ref mix. Consequently, the fundamental 
transversal frequency of vibration was also measured, employing the 
set-up presented in Fig. 4c. This frequency was then neglected in the 
analysis of the torsional response, which was fitted with the same 
Pseudo-Voigt function (Fig. 6b). The fundamental torsional frequency 
was then used to compute the dynamic shear modulus of each prism 
using Eq. 2. 

The dynamic Poisson ratio was computed by means of Eq. 3: 

νdyn =
Edyn

2Gdyn
− 1 (3)  

where Edyn is the dynamic modulus of elasticity and Gdyn is the dynamic 
shear modulus determined based on Eqs. (1) and (2), respectively. 

2.3.4. Temperature 
Cement-based materials, such as mortar, concrete and reinforced 

concrete, may be exposed to severe environmental conditions, including 
high temperatures. Under extreme circumstances, fire incidents may 
occur either due to natural disasters or human error. Exposure to high 
temperatures triggers a series of internal changes in the material that 
negatively impact its mechanical properties. Previous research indicates 
that the cement paste is the most vulnerable component or mortar or 
concrete to high temperatures [43,44]. When exposed to temperatures 
higher than 900◦C the cement paste loses 80 % of its strength [45]. The 
initial effect is the loss of free and capillary water, with the evaporation 
process starting at approximately 100ºC. However, given the pore 
pressure inside the cement-based material, this process takes place 
within the 100ºC-140ºC temperature range [46]. While the loss of water 
may lead to shrinkage in the cement paste, its impact on the dimensional 
stability of elements is generally counteracted by the expansion of 
non-hydrated products, such as un-hydrated cement grains and calcium 
hydroxide [47]. 

The dehydration of ettringite occurs between 80ºC and 150ºC, while 
the decomposition of gypsum takes place at 150ºC-170ºC. The dehy
dration process of calcium silicate hydrate (CSH) initiates around 200ºC 
[48]. Previous studies indicated that cement-based materials do not 
experience substantial strength reduction when exposed to temperatures 
up to 300ºC. Any strength loss that occurs is reversible, due to the 
rehydration process occurring during and after the cooling phase [49]. 

The selection of temperature values was based on previously 
mentioned studies on concrete, coupled with the findings of Castellote 
et al. [50] on cement pastes. Considering the information presented 
above, the temperature thresholds chosen for this study were 100ºC 
(marking the onset of evaporation of free and capillary water), 150ºC 
(indicating the end of free and capillary water evaporation, as well as the 
dehydration of ettringite) and 200ºC (concluding gypsum decomposi
tion and the beginning of CSH dehydration, but still well below 300ºC). 
For the purpose of this study, the prisms were placed in an oven, heated 
to the target temperature, and maintained at that temperature for 
4 hours. Once the heating process was terminated, the prisms were 
allowed to cool gradually to room temperature inside the oven at a 
cooling rate of 0.5 ◦C/min. The temperature increase rate was consistent 
for all specimens, at 6ºC per minute, as shown in Fig. 7. 

After being exposed to elevated temperature, the specimens were 
measured to check for any changes in the geometrical dimensions and 
weighted to account for the mass loss due to evaporation processes. The 
dynamic elastic properties were determined following the procedure 
outlined in Section 2.3.3. 

2.3.5. Flexural-tensile strength and compressive strength 
The flexural tensile strength and compressive strength of all mortar 

prisms were assessed in compliance with SR EN 196–1:2016 [39]. 
Three-point bending test, with a loading rate of 50 N/s, was used to 
determine the flexural tensile strength. The resulting broken parts of the 
prism were examined for signs of visible cracks and then subjected to 
uniaxial compression test with a loading rate of 2400 N/s. 

Fig. 4. Set-up for determination of fundamental frequency of vibration [42].  
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The final values of the flexural strength for the mixes presented in 
Table 2 were obtained by averaging three measurements for each set of 
prisms, categorized according to the temperature they were previously 
exposed to (room temperature, 100ºC, 150ºC and 200ºC). Similarly, the 
final values of the compressive strength were calculated by averaging six 
measurements for each set of prisms. 

3. Results and discussions 

3.1. Effect of EPA 

3.1.1. Mortar slump 
Workability and consequently, the slump, are influenced by the 

water content of the mix. A high water/cement ratio results in more 
workable mortar/concrete but it leads to increased chance of segrega
tion, during casting and vibration, and a decrease in the values of me
chanical properties. On the other hand, a stiff mix, results in poor 
compaction, leading also to a decrease in strength [51]. 

The results obtained from the mini slump cone [52,53] are summa
rized in Table 3. The replacement of natural sand by EPA did not result 
in significant changes of the cone base diameter. The EPA10 mix showed 
identical behavior with the Ref mix, the same base diameter of the mini 
cone and the same slump, even though the water/cement ratio was 
increased. However, increasing the replacement percentage to 20 % and 
30 % resulted in higher values of the slump even for marginal changes of 
the base diameter and without visible swelling of the mortar cone. 

Fig. 5. Procedure for the determination of the fundamental longitudinal frequency of vibration of a prism belonging to the Ref mix: a) Free vibration response 
(longitudinal impact), b) Overlapped FFT spectra for a single prism, c)Fitting result of the FFT analysis of a longitudinal impact response. 
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All mixes exhibited similar workability as perceived during casting 
the specimens. A similar approach of increasing the water/cement ratio 
to obtain similar workability was previously reported [54], although 
additives were also used, in fixed percentages for all considered mixes, 
to adjust the water retentivity of EPA. 

3.1.2. Bulk density 
The variation of density with the replacement percentage of natural 

sand by EPA, at the age of 28 days, is presented in Fig. 8. 
A decrease in density can be observed with the increase of the 

replacement percentage. Compared to the reference mix, the EPA30 mix 
exhibited a 7.73 % reduction in density. The substitution of natural sand 

Fig. 6. Determination of the fundamental torsional frequency of vibration of a prism belonging to the Ref mix: a) Overlapped FFT spectra for a single prism, b) Fitting 
result of a FFT of the torsional impact response. 

Fig. 7. Temperature-time history.  

Table 3 
Properties of fresh mortar.  

Mix Ref EPA10 EPA20 EPA30 

Diameter at the base [mm]  100  100  102  103 
Slump [mm]  1  1  13  15  
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with EPA led to a 1.06 % and 2.65 % decrease in density values for the 
EPA10 and EPA20 mixes, respectively. This downward trend appears to 
follow a quadratic equation, as depicted in Fig. 8. 

Similar trends were reported in the scientific literature either in the 
case of using perlite as cement substitution in mortar [55–57] or as 
aggregates in lightweight concrete [26]. 

3.1.3. Dynamic elastic properties 
The graphs in Fig. 9 illustrate the distribution of dynamic modulus of 

elasticity values, relative to the median, for all 12 prisms of each mix 
show in Table 2. It can be observed that Ref, EPA10 and EPA20 mixes 
exhibit a good distribution of the values, falling within one standard 
deviation from the median. In contrast, the EPA30 mix displays scat
tered results, with some values lying outside the standard deviation 
interval. These values were excluded from computing the dynamic 
elasticity modulus median value. The dispersion could be the result of 
the higher replacement percentage, considering the high porosity of EPA 

The distribution of the values of the dynamic shear modulus, with 
respect to the median, is presented in Fig. 10 for all 12 prisms of each 
mix shown in Table 2. It can be observed that all mixes exhibit good 
distribution of the values of the modulus of elasticity, within one stan
dard deviation from the median. 

The influence of sand replacement by EPA on the dynamic elastic 

Fig. 8. Variation of density with EPA content.  

Fig. 9. Distribution of dynamic modulus of elasticity values with respect to the median.  
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properties of mortar is presented in Fig. 11. 
Taking into account Eqs. (1) and (2) for the calculation of the two 

dynamic elastic moduli, the observed trend in Fig. 11 is consistent with 
the data presented in Fig. 8. Since the bulk density of the mix did not 
change significantly, Fig. 8, and D and B coefficients from Eq. (1) and Eq. 
(2), respectively, are based on the geometrical dimensions of the sam
ples, it follows that the values of the fundamental frequency of vibration 
for all specimens could be similar to one another. Although sand was 
replaced by EPA, the mass was also similar among the mixes, with small 
variations and showing a slight decreasing trend with increasing 
replacement percentage. This could be attributed to the fact that all 
prisms were stored in water. The data is summarized in Table 4, as 
average of 12 values corresponding to the 12 prisms for each mix. 

The values of longitudinal (Edyn) and shear (Gdyn) dynamic moduli 
increased slightly when replacing 10 % of sand by EPA. For higher 
substitution amounts, the values for these parameters are decreasing. 
Nevertheless, it can be observed that the Poisson’s ratio is directly 
proportional with the perlite quantity. This implies that Young’s 
modulus is less affected than shear modulus, especially for over 20 % 

replacement percentages, suggesting a decrease in the transversal 
deformability 

3.1.4. Flexural tensile strength 
The substitution of natural sand with EPA led to a significant 

reduction, ranging between 40 % and 51 %, in the flexural tensile 
strength values. Three prisms from each mix were tested following the 
procedure presented in Section 2.3.5. The results of the tests are pre
sented in Fig. 12. Similar decreasing trends have been reported in pre
vious research [58] although, in most cases, this was observed in 
specimens where perlite powder replaced Portland cement rather than 
sand [55,59]. 

3.1.5. Compressive strength 
The decrease in compressive strength values was less pronounced 

compared to flexural strength when natural sand was replaced by EPA. 
The reduction ranges from 18.33 % for EPA10 to 30.71 % for EPA30, as 
shown in Fig. 13. Three prisms from each mix were tested, following the 
procedure presented in Section 2.3.5. Similar behavior regarding 

Fig. 10. Distribution of dynamic shear modulus values with respect to the median.  
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compressive strength was reported previously [58] but mostly for 
specimens with perlite powder replacing Portland cement instead of 
sand [55,59]. 

From the analysis of the obtained data, in terms of average values, an 
equation linking the dynamic longitudinal modulus of elasticity (Edyn) 
and the compressive strength (fc) of mortar with EPA aggregates was 
proposed, as shown in Eq. (4). 

fc = 9.08e− 4⋅Edyn (4)  

where both the compressive strength and the dynamic longitudinal 
modulus of elasticity are expressed in MPa. The accuracy of the pro
posed formula is checked against the experimental obtained values for 
the compressive strength of mortar mixes. The obtained results are 

shown in Fig. 14, in terms of average values, and in Fig. 15 in terms of 
individual values obtained on mortar prisms for each mix containing 
EPA. 

From Fig. 14 it can be observed that there is a very good correlation 
between the values of the compressive strength given by the proposed 

Fig. 11. Influence of EPA replacement percentage on the dynamic elastic properties of mortar.  

Table 4 
Dynamic characteristics of considered mixes (average values of 12 data sets).  

Mix Mass n’ (Eq. 
1) 

Edyn (Eq. 
1) 

n” (Eq. 
2) 

Gdyn (Eq. 
2) 

νdyn (Eq. 
3) 

[kg] [Hz] [GPa] [Hz] [GPa] - 

Ref  0.568  11523  29.58  6728  11.93  0.233 
EPA10  0.561  11684  29.85  6829  12.06  0.235 
EPA20  0.543  11440  28.11  6682  11.35  0.236 
EPA30  0.532  11102  25.14  6429  9.97  0.243  

Fig. 12. Influence of EPA replacement percentage on the flexural tensile 
strength of mortar. 

Fig. 13. Influence of EPA replacement percentage on the compressive strength 
of mortar. 

Fig. 14. Analytical vs. experimental results for the compressive strength of 
mortar mixes (average values). 
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formula and the experimentally obtained data. The largest difference 
was obtained for EPA20 mix, 4.59 %. All other values where less than 
1 % apart from the laboratory test values. The data shown in Fig. 15, 
obtained for individual prisms of each mix, shows that the results ob
tained from Eq. (4) fall within ±1 standard deviation from the median. 
There is an underestimation tendency of the experimental results for 
20 % and 30 % replacement rates whereas for 10 % EPA content using 
Eq. (4) leads to slightly overestimated results. 

Surveying of the scientific literature revealed no other studies that 
present both dynamic elastic properties and compressive strength of 
mortars with EPA, thus the proposed equation could not be validated 
against other data sets. It is important to note that, upon further 

validation, the significance of the proposed equation lies in its ability to 
directly and accurately determine the compressive strength of mortar 
with EPA once the dynamic modulus of elasticity is known. This could 
potentially eliminate the need for destructive tests. 

The proposed equation has limitations, since it was derived for a 
specific cement/sand volumetric ratio, a water/cement ratio and a 
certain cement type. Further investigations are necessary in order to 
improve this equation, as reported by similar studies investigating the 
properties of cement-lime laying mortar [60]. 

Fig. 15. Distribution of predicted/measured compressive strength values with respect to the median.  

Fig. 16. Influence of temperature on the bulk density of considered mortar mixes.  
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3.2. Effect of temperature 

As outlined in Section 2.3.4, the prismatic specimens were heated up 
to temperatures of 100ºC, 150ºC and 200ºC at a rate of 6ºC per minute. 
Subsequently, they were kept for 4 hours and then gradually cooled 
down back to room temperature. Specimens were analyzed in terms of 
density, dynamic moduli, and flexural and compressive strength. 

3.2.1. Bulk density 
After the thermal treatment, specimens were measured again to 

check for dimensional stability and weighed to account for changes in 
mass due to water loss. Bulk density values are presented in Fig. 16. 

It can be observed that exposure to higher temperatures resulted in 
lower values for bulk density. Reference, EPA20 and EPA30 mixes 
appear to stabilize at 150ºC, since exposure at 200ºC does not have a 
notable impact on density values. EPA10 mix displays an almost linear 
decrease for density with the increase in temperature. 

Fig. 17 illustrates the mass loss resulting from the evaporation pro
cess for each mortar mix under consideration. At 100ºC, all EPA mixes 
exhibited a lower mass loss (4.35 %-4.56 %) compared to the reference 
(5.25 %). When specimens were exposed to 150ºC, both EPA20 and 
EPA30 mix showed a higher mass loss than Ref by 0.85 % and 1.56 %, 
respectively. The EPA10 mix registered the lowest mass loss at this 
temperature. At 200ºC, the reference mix, EPA10 and EPA20 exhibited 
nearly identical mass loss values (8.77 %, 9.10 % and 9.20 %). In 
contrast, EPA30 experienced the highest mass loss of 10.93 %. 

The variation of mass loss with temperature can be divided into two 
intervals: from room temperature to 150ºC, and from 150ºC to 200ºC. In 
the first range of temperatures, Ref and EPA10 mixes exhibit similar 
trends, with a steeper slope up to 100ºC, followed by a reduced rate 
between 100ºC and 150ºC. On the other hand, EPA20 and EPA30 mixes 
demonstrated a higher rate of mass loss from 100ºC to 150ºC. This 
phenomenon could be attributed to the increased porosity of specimens 
with higher percentages of EPA. 

Within the temperature range of 150ºC to 200ºC, Ref, EPA20 and 
EPA30 showed little mass loss variation. This observation is supported 
by bulk density values depicted in Fig. 16. EPA10 exhibited an almost 
identical slope to the previous interval. 

The observed trends can be explained by considering the internal 
structure of mortar. EPA are highly porous, as depicted in Fig. 3. Their 
use in mortar is expected to result in the formation of internal pores that 
are either closed or open. During heating, capillary water and water 
from open pores evaporates, accounting for most of the overall mass 
loss. It was previously reported that ettringite undergoes thermal 
decomposition at 90ºC, while CSH begins dehydrating between 200ºC 
and 450ºC, corroborating earlier findings [47]. Additionally, excessive 
shrinkage of the cement paste was reported at temperatures higher than 
200◦C with detrimental effects in terms of strength and durability [48]. 
While ettringite dehydrates between 80ºC and 150ºC, gypsum 

decomposes at 150ºC-170ºC and CSH starts to dehydrate at 200ºC [48]. 
Partially saturated internal, sealed pores, resulted from water con
sumption during the hydration of cement grains, allow the remaining 
water to transform into vapors. Simultaneously, they provide enough 
space to prevent vapor pressure from damaging the mortar matrix. A 
similar phenomenon was reported in earlier research works on EPP 
(expanded perlite powder) used to suppress the alkali-silica reaction in 
cement mortar [61,62]. 

3.2.2. Dynamic elastic properties 
Upon cooling to room temperature, the prisms were used to deter

mine dynamic moduli, as outlined in Section 2.3.3. For each considered 
temperature, 3 specimens were tested, resulting in a total of 30 data sets 
per mix for the computation of the dynamic modulus of elasticity and 
the dynamic shear modulus. Results are presented in Fig. 18. 

It can be observed that as the temperature increases, the values for 
the dynamic moduli decrease. Similar to results at room temperature, 
EPA10 exhibited higher dynamic elasticity modulus compared to Ref, 
showing improvements of 5.6 %, 5.48 % and 3.85 % at 100ºC, 150ºC 
and 200ºC, respectively. The dynamic shear modulus of EPA10 showed 
the highest improvement, with respect to Ref, at 150ºC (6.05 %). Im
provements in both moduli, compared to Ref, can be seen only for 
EPA20 at 150ºC, but they are half the ones observed for the EPA10 mix. 
Compared to the reference, the EPA30 mix showed consistently lower 
values, for both E and G, by as much as 14 %. 

Values for both moduli decrease almost linearly with temperature for 
all mixes, as it can be seen in Fig. 19. For both E and G, the temperature 
of 100ºC represents a threshold corresponding to the most significant 
decrease. At this temperature, values are reduced for all mixes with 
percentages between 18.71 % for EPA10 and 20.86 % for Ref. Another 
important observation is that the EPA20 mix is the least affected by 
exposure at 150ºC in comparison to 100ºC. 

Considering the pozzolanic nature of expanded perlite, if can be 
inferred that smaller pores were present in mortars with EPA [14,44]. 
Also, given the porous nature of EPA, modified mortars are expected to 
exhibit a higher total porosity compared to Ref. Nevertheless, consid
ering bulk density values and the observed temperature effects, pore size 
and quantity would represent a reasonable underlying mechanism. 
While using 10 % EPA has a beneficial effect on elastic properties, 
higher percentages prove detrimental, possibly due to the availability of 
calcium hydroxide (CH) in the cementitious matrix [63]. 

3.2.3. Flexural tensile strength 
The impact of temperature exposure on the flexural tensile strength 

of all mortar mixes is shown in Fig. 20. It can be observed that all EPA 
mixes exhibit lower values than Ref, at both room temperature and 
100ºC. Conversely, at higher temperatures all EPA mortars show higher 
tensile strengths, compared to both the reference mix and to lower 
treatment temperature values. 

At the same time, it can be seen that while the flexural tensile 
strength of the Ref mix exhibits a decreasing trend with the increase in 
temperature, EPA mixes showed an opposite behavior. All recorded 
values of the flexural tensile strength at 100⁰C, 150⁰C and 200⁰C were 
higher than the value obtained at room temperature. EPA10 and EPA20 
mixes registered a peak increase at 150⁰C while the value for the EPA30 
mix continuously increased with the increase in the exposure tempera
ture, although only a 3.5 % increase was observed from 150⁰C to 200⁰C. 

Tensile strength values of EPA mortars at all temperatures, normal
ized to the Ref value at each temperature, are presented in Fig. 21. The 
EPA10 can be seen to exhibit a steeper increase compared to the other 
two mixes. Comparing Fig. 20 and Fig. 21, it can be inferred that EPA20 
and EPA30 display similar trends in both absolute and normalized 
values. On the other hand, normalized values of EPA10 are seen to 
continuously increase, suggesting that flexural strength is more affected 
for Ref than for EPA10, when increasing the temperature from 150ºC to 
200ºC. Fig. 17. Lost mass of mortar prisms as function of temperature.  
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A possible explanation of the obtained results may reside in the 
pozzolanic nature of expanded perlite aggregates. Recent studies 
confirmed that, due to pozzolanic activity, the larger pores in the cement 
matrix are transformed into smaller pores because of the hydration 
products [44,64,65]. At the same time, no deteriorations in the 
cementitious matrix were reported for temperatures up to 400⁰C [44]. 
However, pozzolanic reaction needs time and requires a higher activa
tion energy than the case of using Portland cement alone. This accounts 
for the lower early age mechanical properties in cement-based materials 
with various pozzolans. One method to accelerate the rate of pozzolanic 
activity is to increase the curing temperature. However, this approach 
was reported to influence the degree of crystallinity of the resulting CSH 
[63]. On the other hand, when subjecting cement-based mortar to 
elevated temperature, lower mass losses were reported for mixes with 
calcined perlite [66]. This implies that the presence of expanded perlite 
positively influences the behavior of mortar at elevated temperatures. 

3.2.4. Compressive strength 
The effect of exposure temperature on compressive strength for all 

mortar mixes is presented in Fig. 22. An increase in temperature resulted 

in decreasing values of the Ref compressive strength, with a steep 
decrease of 19.35 % at 100ºC, and additional reductions of 4 % for 
150ºC and 200ºC. The compressive strength values of EPA10 and EPA20 
mixes decreased when exposed to 100ºC. However, at 150ºC and 200ºC, 
both mixes showed higher values compared to both the Ref mix at the 
same temperature and to their room temperature values. This suggests 
that a lower content of EPA led to an improved internal structure, 
potentially related to lower porosity. Additionally, subjecting the EPA 
specimens to higher temperatures and subsequent cooling to room 
temperature may have promoted an acceleration of the pozzolanic re
action [44,63–66] and the rehydration of cement grains [49]. 

The substitution of natural sand by EPA resulted in higher normal
ized values of the compressive strength with respect to the Ref mix,  
Fig. 23, compared to the flexural strength, Fig. 21. At the same time, the 
compressive strength gains when subjected to elevated temperature are 
lower than in the case of flexural strength for all EPA mixes. This may be 
attributed to a different CSH crystallinity, due to the promotion of 
pozzolanic reaction at elevated temperatures, that had a more signifi
cant influence on the values of the compressive strength. Similar trends 
as the ones shown in Figs. 21 and 23 were previously reported [67], 

Fig. 18. Temperature influence on the dynamic elastic properties of mortars.  
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although for higher temperatures and higher replacement percentages 
[68]. 

4. Conclusions 

The present paper aims at bringing its contribution to narrowing the 
knowledge gap on the use of EPA in cement-based mortar, both at room 
and at temperatures up to 200◦C. Previous studies reported improve
ments in the mechanical properties of concrete containing powder 
perlite for temperatures up to 300◦C. Therefore, the parameters 
considered in this research were: the replacement percentage (10 %, 
20 % and 30 % by volume) of natural sand by EPA with a maximum 
grain size of 4 mm and the temperature treatment of mortar prisms at 
the age of 28 days. The selected temperatures were 100◦C, 150◦C and 
200◦C. The influence of both parameters on the flexural and 

compressive strength of mortar as well as dynamic elastic properties 
were experimentally determined. Based on the results presented in the 
paper, the following conclusions can be drawn:  

1. Substituting sand by expanded perlite aggregates, by volume, results 
in a decrease in the values of density, flexural strength and 
compressive strength at the age of 28 days. The higher the substi
tution percentage, the higher the decrease.  

2. When substitution percentage of sand by EPA is 10 % or 20 %, very 
little influence is observed from the point of view of dynamic lon
gitudinal modulus of elasticity and shear modulus of prismatic 
specimens.  

3. An empirical equation is proposed to obtain the compressive strength 
of mortar with EPA aggregates when the dynamic longitudinal 
modulus of elasticity (Edyn) is known. The proposed equation shows 

Fig. 19. Decreasing trends of the two dynamic moduli as function of temperature.  

Fig. 20. Influence of temperature on the flexural tensile strength values.  
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Fig. 21. Flexural tensile strength of EPA mixes normalized with respect to the Ref mix.  

Fig. 22. Influence of temperature on the compressive strength values.  

Fig. 23. Compressive strength of EPA mixes normalized with respect to the Ref mix.  
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good accuracy of the predicted values when compared to experi
mental data. While further validation is necessary, the scientific 
literature currently lacks reports on these parameters for cement 
mortar with EPA.  

4. Exposing the specimens to temperatures of 100⁰C, 150⁰C and 200⁰C 
results in a decrease in the values of bulk density due, mostly, to the 
evaporation process of capillary water. Expanded perlite mortar 
mixes exhibit a more pronounced density reduction due to the 
porous nature of these aggregates.  

5. Similar decreasing trends are reported for the values of dynamic 
moduli of all considered mortar mixes. However, for EPA10 and 
EPA20 mixes, higher values are reported compared to the Ref mix, 
without expanded perlite aggregates. This can be attributed to 
smaller internal pores dimensions. However, further research is 
necessary to confirm this hypothesis by either computed tomography 
(CT) or mercury intrusion porosimetry (MIP).  

6. While the flexural tensile strength of Ref mix decreased with the 
increase in temperature, all EPA mixes show higher values after 
being subjected to selected temperatures compared to the one ob
tained at room temperature. The highest values are obtained for the 
EPA10 and EPA20 mixes at 150⁰C. The obtained values are also 
higher than the one obtained for the Ref mix at the considered 
temperature  

7. A similar conclusion can be drawn from the point of view of the 
compressive strength of mortar mixes. The highest values are ob
tained for EPA10 and EPA20 mixes at 200⁰C, although the increase is 
only marginal. At both 150⁰C and 200⁰C the compressive strength of 
EPA10 and EPA20 mixes are higher than the Ref mix.  

8. When taking into account both the temperature and the replacement 
percentage of natural sand by EPA, the optimum combinations are 
obtained for 10 % and 20 % replacement percentages at tempera
tures between 100⁰C and 150⁰C for the dynamic moduli of elasticity. 
The same replacement percentages result in improved flexural and 
compressive strength values at 150⁰C. Higher replacement percent
ages, e.g. 30 % as considered in this research, results in consistently 
lower values for the investigated parameters, with the exception of 
flexural strength, at both room and temperatures up to 200◦C. 
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A B S T R A C T   

Failure of short columns in concrete buildings has been extensively reported during past earthquakes. Assessing 
the behaviour of short columns is challenging and often requires using time-consuming advanced numerical 
modelling. This article presents a new and practical Short Column Macro Element (SCME) that predicts accu
rately the behaviour of concrete short columns. A 1/3-scale one-storey building with short columns is subjected 
to lateral loading tests until failure. The experimental results from the building are then used to calibrate a 
numerical model in Abaqus®. It is shown that the numerical model matches well the experimental results. The 
experimental crack patterns and stress distribution from Abaqus® are then used to determine the load path 
within the short column. Based on these data, a new strut-and-tie SCME is proposed and implemented in 
OpenSees software to simulate accurately (within 5% accuracy) the behaviour of the short columns of the tested 
building. Subsequently, the frame models calibrated in OpenSees and Abaqus® are modified to examine 
numerically the effectiveness of highly deformable FRP-confined rubberised concrete (FRP CRuC) at increasing 
the deformability of short columns with different levels of FRP confinement (1, 2 or 3 layers). The numerical 
results show that whilst the tested building failed at a small displacement of 5.4 mm (0.43% drift ratio), the use 
of FRP CRuC short columns with minimal confinement (1 layer of AFRP only) increased the building’s 
displacement by almost seven times to 37 mm (3.0% drift ratio). This also enabled more redistribution of forces 
to other structural members of the building. This article contributes towards the development of practical 
design/analysis models for short columns made of conventional concrete and FRP CRuC, which are scarce in the 
existing literature.   

1. Introduction 

Current seismic codes (e.g. ACI 318–14 [1], and Eurocode 8 [2]) aim 
to design reinforced concrete buildings that can meet desired perfor
mance levels in terms of ductility and energy dissipation capacity. 
However, these two structural properties are limited by the deformation 
(strain) capacity of concrete columns and connections. Although a target 
ductility can be achieved by confining concrete with properly detailed 
steel reinforcement, large amounts of lateral reinforcement (link
s/stirrups) are often required to increase the inherently low strain 

capacity of concrete in compression to acceptable values. Reinforcement 
congestion can complicate the construction process and therefore in
crease the overall costs of construction. In recent years, Rubberised 
Concrete (RuC) has been proven to increase the strain capacity of con
crete, thus emerging as an alternative material to increase the deform
ability of columns. In RuC, recycled rubber aggregates from waste tyres 
replace a fraction of the mineral aggregates in the concrete mix. While 
the inclusion of rubber aggregates often reduces the compressive 
strength and the Young’s modulus of concrete, RuC can develop higher 
axial strains than conventional concrete (CC) for the same level of 
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applied stress. Most notable is the ability of RuC to expand laterally, up 
to four times more than CC [3]. This property can be exploited to in
crease the axial capacity and deformability of RuC through the use of 
external Fibre Reinforced Polymer (FRP) confinement. 

Previous studies have investigated the behaviour of Confined RuC 
(CRuC) cylinders and columns. For instance, Youssf et al. [4] reported 
high axial compressive strengths (up to 112.5 MPa) in RuC cylinders 
confined with Carbon FRP (CFRP) jackets. However, since only 20% of 
rubber replaced the sand volume in their tests, the maximum axial 
strains (1.8%) reported by Youssf et al. were comparable to those ach
ieved in normal FRP-confined concrete [5]. This indicates that high 
volumes of rubber replacement (>50–60%) are necessary to increase 
deformability. Likewise, Duarte et al. [6] reported a 50% increase in 
ductility by confining RuC columns with cold-formed steel tubes, 
although a lower confinement effectiveness was achieved due to the 
lower dilation angle of RuC [7]. More recent research [8,9] has also 
proven the effectiveness of Glass (GFRP) and CFRP jackets at enhancing 
the axial capacity and deformability of square/circular RuC elements. 
Past research has also shown that flexural-dominated structural ele
ments incorporating RuC and CRuC can develop higher ductility, 
damping and energy dissipation capacity compared to CC counterpart 
elements [10–14]. Whilst most of the research to date has examined 
isolated structural elements, much less research has focused on the shear 
behaviour of buildings made of RuC or CRuC. A recent study [15] has 
shown that an increase of rubber replacement levels leads to a decrease 
in the shear strength of RuC, but also to a better post-peak softening 
behaviour at relatively high rubber contents (about 60% replacement). 
In addition, tests by the authors [16] proved that the use of a minimal 
external confinement (one layer of Carbon FRP (CFRP)) can enhance 
both the shear deformations (up to forty times) and shear strength (two 
times) over RuC counterparts. 

In buildings located in seismic-prone areas, the geometry of struc
tural elements and their relative stiffnesses significantly affect the load 
distribution paths and can limit structural performance. For instance, 
short columns are typical examples where the relatively high stiffness of 
the element can lead to catastrophic failures [17]. Short columns are 
columns where the shear ratio αs is defined as αs = M

Vl ≤ 2.5, where M is 
the end moment, V is the shear force, and l is the width of the column 
[18–21]. Whilst design codes advise to avoiding the use of short columns 
in buildings, many times these are necessary due to architectural re
quirements in parts of the buildings (e.g. in partially buried basements, 
stair and platform connections, mezzanine floors, and buildings on 
sloping grounds). Short columns can also be created unintentionally 
when non-structural partial infill walls or parapets are added between 
columns. The behaviour of short columns is dominated by shear and 
therefore (if inadequately detailed) brittle failures can occur, with 
limited yielding and force redistribution. If short columns are necessary, 
the use of construction materials able to develop high deformation and 
rotational capacity (such as CRuC) is expected to promote a better force 
redistribution and a higher energy dissipation. However, further 
research is needed to verify the potential of CRuC at improving the shear 
behaviour of short columns subjected to lateral load. Moreover, con
ventional seismic analysis tools based on fibre element cannot account 
for the shear dominated behaviour of short columns, and therefore there 
is also a need for the development of practical tools to analyse buildings 
with short columns. 

This article proposes a new and practical Short Column Macro 
Element (SCME) that predicts accurately the behaviour of concrete short 
columns. The first part of the article presents lateral loading tests on a 1/ 
3-scale one-storey concrete building with short columns. The results 
from the tested building were used to calibrate a finite element model in 
Abaqus® software, which provided a thorough insight into the struc
tural behaviour of the short columns. The results from Abaqus® (crack 
patterns and stress distribution) were subsequently used to develop a 
new practical Short Column Macro Element (SCME) adopting a strut- 

and-tie approach to determine its geometry. The SCME was then 
implemented in OpenSees [22] to simulate the behaviour of the short 
columns of the tested building. Next, both frame models calibrated in 
OpenSees and Abaqus® were modified to examine numerically the 
effectiveness of highly deformable FRP CRuC at increasing the 
deformability of short columns with different levels of FRP confinement 
(1, 2 or 3 layers of FRP). This article contributes towards the develop
ment of practical design/analysis models for short columns made of 
conventional concrete and FRP CRuC, which in turn is expected to 
promote the use of CRuC in shear applications. This study is part of the 
EU-funded multi-partner project Anagennisi that aimed to develop new 
RuC and CRuC applications to reuse all tyre components in concrete 
[23]. 

2. Experimental programme 

2.1. Characteristics of tested building 

A one-bay one-storey 1/3 scaled-down concrete building was built 
and tested at the Technical University “Gheorghe Asachi” of Iasi, 
Romania, as part of the EU-funded project Anagennisi [24]. The 
scaled-down building is deemed to represent part of a typical school 
building, which often have one floor and one bay in one direction. 
Moreover, numerous school building in past earthquakes have experi
enced damage or collapse due to short column failures. The building had 
a storey height of 1360 mm, total length of 2550 mm in the direction of 
loading (X direction), and a width of 1950 mm in the other direction (see  
Fig. 1a). The primary consideration in the design of the building was to 
produce a local shear failure in the short columns, and therefore the 
column flexural capacity was higher than its shear capacity. Moreover, 
in order to attain a shear failure in the short columns, the beams were 
intentionally over strengthened, and the columns’ shear reinforcement 
consisted of mild steel. The four columns had a cross-section of 
150 × 150 mm (Fig. 1b) and an effective height of 1100 mm. The base 
of the columns was bigger (220 ×220 mm) and this was embedded in a 
rigid steel foundation for a depth of 400 mm. The rigid steel foundation 
was in turn bolted to the strong floor of the laboratory. The beams 
measured 150 × 260 mm (Fig. 1b). The columns’ longitudinal rein
forcement consisted of six 14 mm diameter bars, and these were bent at 
the ends at a 90◦ for anchoring. The columns’ shear reinforcement 
consisted of closed stirrups of 4 mm diameter spaced at 100 mm centres. 
Stirrups were also provided in the beam-column joints. The longitudinal 
reinforcement of beams in the X (direction of loading) and Y directions 
consisted of six 12 mm and four 10 mm diameter bars, respectively. The 
beams had 6 mm diameter stirrups spaced at 200 mm centres in the 
midspan of the beam, and spaced at 100 mm centres at the ends. The 
longitudinal steel bars of the beams were anchored at a 90◦ angle. The 
slab had a thickness of 60 mm and it was reinforced with a mesh of 6 mm 
diameter bars at 100 mm centres (Fig. 1a). The clear concrete cover was 
20 mm in all structural elements. It should be noted that the corners of 
the short columns were rounded off (radius = 25 mm) since the short 
columns of a twin building were to be confined with FRP jackets, and 
both buildings were cast at the same time. 

The columns were intentionally designed to fail in shear at the top 
region just below the beams, where two braced steel frames (placed 
along axes 1 and 2) formed a short column (Fig. 1c). The columns had a 
theoretical flexural yield capacity of 23 kNm, an ultimate flexural ca
pacity of 25 kNm, and a maximum shear capacity of 28 kN for the 
concrete alone according to Eurocode 2 (EC2) [25]. The shear stirrups of 
the column provided an additional 6.9 kN resistance. Therefore, at the 
total (theoretical) shear resistance of 34.9 kN, the bending moment of 
the short column was only 5.2 kNm, which was well below the flexural 
yield capacity of 23 kN. The ultimate flexural capacities of the longi
tudinal beams (X direction) and transverse beams (Y direction) were 46 
and 22 kNm, respectively. 

The structural elements of the building were identified based on their 
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type, location, and orientation. The first letter of the ID indicates the 
type of structural element (C=column, J=beam-column joint), while the 
next digit and letter represent the location of the element based on the 
intersection of the corresponding axes shown in Fig. 1a. The fourth 
letter, if used, determines the direction being referred to. For example, 
J1A-X refers to the joint situated at the intersection of axes 1 and A, and 
the face being observed is parallel to the X-axis. 

2.2. Material properties 

A single concrete mix with water/cement ratio w/c = 0.4 was used to 
cast the building. The mechanical properties of the concrete were 
determined by testing five 150 × 300 mm standard cylinders according 
to EN 12390–3 [26], which resulted in a mean compressive strength fcm 
= 37 MPa and a Young’s modulus Ec = 30 GPa. The tensile strength of 
the concrete was obtained from three standard cylinders and was fct 
= 3.3 MPa. The longitudinal bars of beams and columns had yield and 
ultimate strengths of fly = 513 MPa and flu = 626 MPa, respectively. 
These values were obtained from five direct tensile coupons tested ac
cording to EN 10080 [27]. The smooth steel wire used for the stirrups 
and steel mesh of the slab had a yield strength of fsy = 255 MPa, 

according to the producer’s data. 

2.3. Test setup, instrumentation, and load sequence 

Two braced steel frames restrained the columns in the X-direction 
and simulated partial infill masonry walls. Such restraining steel frames 
were bolted to the bottom steel foundation and forced the development 
of a short column mechanism within the top region of columns C1A and 
C2A. The clear shear span of the short column was 300 mm, which re
sults in a shear ratio αs = 1. Ten concrete blocks (total = 36 kN) were 
bolted to the slab to simulate axial load, thus resulting in an axial load of 
9 kN per column, or approximately 1% of the column’s axial capacity. 
Such relatively low axial load was applied due to the limited availability 
of blocks in the laboratory. Additionally, this test was needed to inform 
future shake-table tests on a similar building, where the maximum 
overturning moment was limited to the capacity of the shake table. 

The building was instrumented in the X direction with eight hori
zontal linear variable differential transformers (LVDTs) shown as Ln1 to 
Ln8 in Fig. 2. These LVDTs were located at the top and bottom of the 
short columns. Four diagonal LVDTs (Incl1 to Incl4 in Fig. 2) placed at 
an angle of 45◦ measured the relative rotation between beams and 
columns. 
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The lateral load was applied monotonically on the transverse beam 
via a hydraulic actuator and a stiff transfer steel plate. The test was 
performed in load control at a rate of 6 kN/min. The building was 
subjected to three sets of three cycles each: i) set 1 performed at 40 kN to 
capture the first flexural crack, ii) set 2 performed at 60 kN, and iii) set 3 
performed at 100 kN to capture the diagonal shear cracking. This was 
followed by a final monotonic load up to failure of the short columns. 
The test was halted when the maximum load recorded during the test 
dropped by 20%. Fig. 3a shows the experimental model and setup. The 
lateral actuator applied the force directly on the building using a stiff 
steel plate to transfer the load (Fig. 3b). 

2.4. Test results and discussion 

Fig. 4 shows the lateral load vs displacement of the building. The 
displacements are the average of four horizontal transducers (Ln-1, 3, 5, 
and 7). In this figure, the top horizontal axis also shows the drift ratio of 
the unrestrained column (centreline height of 1230 mm). 

The results in Fig. 4 indicate that the first flexural crack occurred at 
joints J1A and J2A during the first loading cycle (set 1) at a lateral force 
of 37 kN. The cracks propagated at an angle of 45◦ and 70◦ from the 
horizontal for J1A-X and J2A-X, respectively. The cracks further prop
agated through the joints during the subsequent cycles performed at 
40 kN (set 1) and 60 kN (set 2). A few hairline flexural cracks appeared 
along columns C1A-X and C2A-X during set 3 at 100 kN. At a lateral 

Fig. 2. Schematic view of test setup and instrumentation of tested building.  

Fig. 3. (a) General test setup, and (b) actuator and stiff transfer plate to apply load.  
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Fig. 4. Load vs displacement curve of tested building.  
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force of 82 kN, shear cracking occurred in the top portion of both col
umns C1A-X and C2A-X. The shear crack propagated at an approximate 
angle of 17◦ from the vertical along the direction connecting the 
externally applied load to the internal restraining system as the main 
load transfer mechanism relied on the formation of a diagonal 
compression strut. Failure of the building occurred at a small displace
ment of 5.4 mm (0.43% drift ratio) of the unrestrained column. Figs. 5a- 
b show, respectively, damage experienced at the short columns and 
joints J1A and J2A after the test. 

Flexural cracking in columns C1B-X and C2B-X initiated during the 
second cycle at 100 kN (set 3) at approximately 98 kN. The maximum 
lateral load capacity of the building (143 kN) occurred at a lateral 
displacement of 4.55 mm. Failure was deemed to occur at a displace
ment of 5.4 mm (121 kN) following excessive concrete spalling at the 
top of columns C1A-X and C2A-X. No damage was observed in the slab or 
the beams. No torsion was recorded as the displacements measured by 
the LVDTs were similar on both sides of the building. The initial stiffness 
of the building was 107 kN/mm, measured experimentally from the 
slope of the load-displacement data up to a load of 30 kN. The stiffness at 
the start of set 3 was 48 kN/mm (i.e. only 45% of the initial stiffness in 
set 1). 

Fig. 6 shows the beam-column relative rotation at axis-A (θA) and 
axis-B (θB) recorded during the test. The first stiffness change (due to 
flexural cracking) is observed in the rotation at axis-A (marked with an 
×). However, the rotation at axis-B does not show any significant stiff
ness change since the columns and joints at axis B only showed signs of 
damage at a lateral load of 98 kN. In the next section, the results from 
these tests are used to study in more detail the structural response and 
failure mode of the short columns of the building. 

3. Numerical modelling of building in Abaqus® 

3.1. Geometry and loading protocol 

To study in more detail the response and failure mode of the short 
columns, the tested building was modelled in Abaqus® [28] software. 
Due to symmetry and absence of in-plan torsion during the test, the 
building was modelled as a 2D frame. The geometry of the model 

Fig. 5. Shear cracks along short columns and damage of joints (a) J1A, and (b) J2A (excessive spalling in column C2A occurred after peak capacity).  
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corresponds to that shown in Figs. 1a-d. The bottom 400 mm of the 
columns were fully restrained along the sides to simulate the fixity 
provided during the tests by the rigid steel foundation. The braced steel 
frame was modelled as a 3D analytical rigid body. The interaction be
tween this rigid body and the concrete column was simulated by a 
surface-to-surface hard contact (with no friction), but allowing separa
tion after contact. The gravity load was applied as concentrated forces 
on reference points (control nodes). Increasing displacements were 
imposed on a reference point connected to joint J1A. The reference 
points were connected to their corresponding transfer steel plate via a 
Multiple Point Constraint (MPC) tie. Abaqus/Standard was used to 
perform a static analysis with viscoplastic regularisation, using a vis
cosity parameter of value of 1E-5. The frame was pushed monotonically 
until failure as done in the test. The model was built in Abaqus/Standard 
(Implicit) using a general static analysis. 

3.2. Concrete and steel reinforcement models 

The built-in concrete damage plasticity model (CDP) in Abaqus/ 
Standard was used in the analysis with the following plasticity param
eters: dilation angle ψ = 37◦; eccentricity ϵ= 0.1; stress ratio σb0/ 
σc0= 1.16; and shape factor of the yield surface Kc= 0.667. The value of 
the dilation angle was determined based on a sensitivity analysis (as 
reported by El Khouri [29]), whereas the parameters ϵ, σb0/σc0, and Kc 
were taken as the default values given by Abaqus®. The compressive 
stress-strain behaviour was defined according to the Krätzig and Pölling 
[30] elasto-plastic damage model, whereas the tensile softening function 
was defined based on the stress-crack opening relation by Hordijk [31]. 
The CDP damage parameters (for both compression and tension) were 
defined using the damage evolution model proposed by Alfarah et al. 
[32]. The adopted framework implements a fracture energy-based reg
ularisation and ensures mesh-independent results. The fracture energy 

GF (in N/m) of concrete was calculated using Eq. (1) [33]: 

GF = 2.5α0

(
fcm

0.051

)0.46(

1 +
da

11.27

)0.22(w
c

)− 0.3
(1)  

where α0 is 1 for round aggregates; da is the maximum aggregate size; 
and w/c is the water-cement ratio by weight. 

In this study, round aggregates of maximum size 15 mm were used in 
the concrete used to cast the tested building. Likewise, a compressive 
strength fcm = 37 MPa was obtained from the tested cylinders (see 
Section 2.2). Adopting α0 = 1.0, fcm = 37 MPa, da = 15 mm, and w/c 
= 0.4 (according to the concrete mix in Section 2.2), the fracture energy 
was calculated as 82 N/m. The crushing energy GC was taken to be 100 
times the fracture energy, as suggested in previous studies [34]. All the 
concrete parts of the model were meshed with an 8-node linear 3D brick 
element with reduced integration (C3D8R) as past research [35] proved 
that this is the most suitable element for 3D models with regular 
geometry. 

The longitudinal steel bars and stirrups were modelled as 2-node 
linear 3D truss elements (T3D2) assuming an elastic-perfectly plastic 
behaviour. All reinforcement was fully embedded in the concrete 
assuming perfect bond. This is reasonable as no debonding of bars was 
observed during the test. The transfer steel plates used for loading were 
modelled as 3D solid C3D8R elements with an elastic behaviour. 

3.3. Numerical results and discussion 

A mesh sensitivity analysis was performed using a different number 
of elements (4, 5, 6 or 8) across the width of the column, thus resulting in 
mesh sizes of 37.5, 25, 30, and 18.75 mm, respectively. Fig. 7 compares 
the lateral load vs displacement results obtained for each element size, 
as well as the envelope of the experimental results. Whilst some minor 
differences can be observed in terms of both peak load and 

Fig. 7. Load vs displacement for mesh sensitivity analysis in Abaqus® frame model.  
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displacement, the initial stiffness and subsequent degradation of all 
models are similar regardless of the mesh size. The results from the 
25 mm mesh are considered to best fit the experimental results and are 
discussed herein. The peak lateral capacity and displacement predicted 
by the model were 146 kN and 4.2 mm, respectively, which compare 
well with the experimental values 143 kN and 4.55 mm. The initial 
stiffness of the model (120 kN/mm) was 12% higher than the initial 
experimental stiffness (107 kN/mm). The higher stiffness of the Aba
qus® model can be attributed to minor unintended cracking caused to 
the building while positioning it on the testing rig with a crane. At a load 
of 43 kN, flexural cracking occurred simultaneously in joint J1A-X and 
along the external face of column C1A-Y (at the level of the braced steel 
frame) and this is well captured by the model. However, the stiffness 
reduction after 43 kN was less severe than that in the test, which led to a 
slightly stiffer response. A sudden increase in lateral displacement was 
observed at 114 kN, which can be attributed to yielding of the top 
stirrups in column C1A just below the joint. Such increase in lateral 
displacement was also observed at 110–130 kN in the other models with 
different mesh sizes, although the displacement is much less noticeable. 
Moreover, it is also possible that the difference in mesh size for the same 
viscosity parameter adopted in the analysis could have led to minor 
conversion issues in the model with a 25 mm mesh. Accordingly, it is 
considered that yielding of the stirrups occurred in this short column. 
However, the longitudinal column bars remained elastic both in the test 
and the numerical analysis. 

The minimum principal stress field along the column and the joint at 
a displacement of 3.75 mm (see Fig. 8) shows the compressive force path 
within the short column. The results show that the analytical stress 
distribution agreed very well with the experimental cracking pattern. 
Consequently, the 2D frame model in Abaqus® can provide details of the 
evolution of the main load transfer mechanism within the short col
umns. Based on the experimental evidence and numerical results, it is 

possible to conclude that a diagonal concrete strut connecting the bot
tom of the beam at the loading side to the top of the braced frame clearly 
formed at a displacement of about 1.2 mm. The dimensions of the nodes 
of such strut were estimated from the numerical model to be 65 mm and 
45 mm for the top and bottom nodes, respectively. These dimensions, 
which agree well with cross-section analysis calculations, defined the 
geometry of nodes and strut used to develop the new model proposed in 
the following section. 

4. New Short Column Macro Element (SCME) and OpenSees 
analysis 

Whilst the finite element model of the building (Section 3) matched 
well the experimental results, such type of analysis is computationally 
demanding and therefore somehow inconvenient to analyse large 
buildings and/or dynamic loading effects. Consequently, this section 
presents a new and practical analytical model to analyse buildings with 
short columns. The model is implemented in OpenSees [22] software for 
comparisons with the finite element model. 

4.1. Frame geometry and element type 

The tested building was modelled as a single 2D frame made of 
displacement type beam-column elements. The cross-section of the el
ements was discretised with fibres of three materials (see Fig. 9a): i) 
unconfined concrete (concrete cover), ii) confined concrete (core con
crete) modelled based on Chang and Mander’s confinement model [36], 
and iii) steel (reinforcing bars). Six strut and tie elements (Fig. 9a) were 
used to model the shear load-transfer mechanism within the short col
umn, as detailed below. 

Fig. 8. Minimum principal stress field along short column and joint (displacement = 3.75 mm).  
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4.2. New SCME 

In this study, a new Short Column Macro Element (SCME) is pro
posed to model the behaviour of concrete short columns, as shown in 
Fig. 9a. The geometry of the SCME was defined using a strut-and-tie 
approach, as well as the experimental observations and numerical an
alyses of crack patterns and principal stress paths presented in Section 
3.3. 

In Fig. 9a, the bottom right node B is a CCC node created by the three 
compression forces shown in Fig. 9b: the reaction at the bearing face, the 
cross-sectional force at the back-face, and the force imposed by the strut. 
The width of the bearing face (see wv,B in Fig. 9c) was taken to be 25 mm 
based on the stress distribution at the interface between the column and 
the short-column boundary condition, as determined from the finite 
element analysis. Whilst the effect of the width of the bearing face on the 
strut angle and its size is minimal, the width of the bearing face was 
considered in the analysis to get a more precise location of the centroid 
of node B. For design, a more straightforward approach can be consid
ered by assuming a negligible wv,B, hence the node centroid would be at 
the bottom of the clear height of the short column (in this case at 
300 mm down from the beam). 

Likewise, the width of the back face wh,B (see Fig. 9c) was chosen to 
be equal to the neutral axis depth (i.e. 44 mm) at the yielding moment of 
the column, based on the centre of gravity of the compressive stress of 
the section. This is because the neutral axis depth represents the region 
in compression at that location. The width of the strut at node B (ws,B in 
Fig. 9c) was taken as the width normal to the centreline, according to Eq. 
(2): 

ws,B = wh,Bsinα + wv,Bcosα = 50 mm (2)  

where α = tan− 1h/l is the inclination angle of the strut, and h and l are 
the height and width of the SCME, respectively. 

The width of the back face of the bottom left node A (wh,A) of the 
SCME was equal to wh,B. The width of the strut between points AC (ws,A) 
was taken as the projection of wh,A onto the axis perpendicular to the 
strut: 

ws,A = wh,Asinα (3) 

The top left node D (Fig. 9a) is a CCT node, created by the 
compression from the external load, the compression imposed by the 
strut, and the tension along the column’s longitudinal reinforcement 
(Fig. 9b). Node D was located at the intersection of the centrelines of the 

column and beam’s (bottom) longitudinal reinforcement of the tested 
building. The width of the horizontal (wh,D) and vertical (wv,D in Fig. 9c) 
faces of node D was taken as twice the distance from the centreline of the 
reinforcement to the concrete face. Accordingly, wh,D = 62 mm and wv,D 

= 64 mm for the tested building. A constant strut width equal to the 
minimum width (i.e. ws,C = 50 mm) was considered in the analysis, as 
this captures the maximum resistance of the compressive strut. The 
depth of all SCME elements was equal to the column depth (150 mm in 
this case). 

4.3. Material and element assignment for SCME 

The diagonal struts AC and BD were modelled as truss elements made 
of plain concrete, using a ConcreteCM material in OpenSees. The nega
tive effect of transverse tension on the concrete strength was considered 
using the approach included in Eurocode 2 [25], as defined by Eq. 4: 

f e
c = 0.6

(

1 −
fcm

250

)

fcm (4)  

where f e
c is the effective concrete compressive strength in the strut (in 

MPa). To account for the effect of confinement provided by the stirrups, 
the effective strength of the confined concrete (f e

cc) was calculated using 
Mander et al.’s model [36] (Eq. 5): 

f e
cc = φf e

c (5)  

where φ is a confined strength ratio, found to be 1.10, which resulted in 
a value fe

cc. = 21.0 MPa. 
The post peak stress-strain behaviour of the strut was modified to 

consider its aspect ratio [37–39]. The Chang and Mander concrete model 
in OpenSees allows for the post peak branch to be adjusted by defining a 
shape factor rc, which was originally proposed based on Tsai’s uniaxial 
compressional model [40,41]. The factor rc was calibrated based on the 
relationship proposed by Palmquist and Jansen [37], and its value was 
found to be rc = 10 according to the calculations presented in Appendix 
A. 

The two vertical elements AD and BC of the SCME (see Fig. 9a) were 
modelled as truss elements made of reinforced concrete, with widths 
wh,A and wh,B, respectively. The concrete in these elements was modelled 
using the ConcreteCM material defined in OpenSees. The effect of the 
stirrup confinement was ignored for these edge vertical elements and 
therefore the concrete compressive and tensile strengths were taken as 
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Fig. 9. New Short Column Macro Element (SCME) to model shear-flexure behaviour of short columns (a) SCME topology, (b) force distribution, and (c) strut and 
node formation. 
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fcm = 37.0 MPa and fct = 3.3 MPa, respectively. Each element had three 
reinforcing bars according to the cross section of the columns. The bars 
were modelled using a Steel02 material model with material properties 
as described in the experimental section of this study. 

The horizontal elements AB and DC of the SCME were modelled as 
rigid links (see Fig. 9a) to allow the transference of moments and forces 
from the building to the SCME. 

4.4. Analysis of tested building in OpenSees 

4.4.1. Load and boundary conditions 
The bottom of the columns was modelled as fully fixed. To simulate 

the short column, node E (located at the middle of the bottom rigid link 
of the SCME, Fig. 9a) was restrained against displacement in the X di
rection. A gravity nodal load of 13 kN (including self-weight) was 
applied at the top of each column under load control. A lateral pushover 
analysis was performed under displacement control via a nodal force at 
the top node of the left column, up to a maximum displacement of 
6.0 mm. 

4.4.2. Results and discussion 
Fig. 10 compares the load vs displacement results obtained from 

OpenSees and Abaqus® models, as well as the backbone curve obtained 
from the tests on the building. The results indicate that the 2D frame 
modelled in OpenSees had an initial stiffness of 119 kN/mm, which is 
similar to that obtained from the finite element model on Abaqus®. The 
model reached a peak load of 142 kN at a displacement of 4.48 mm. 
Failure of the OpenSees model was due to the compressive failure of 
strut DC, which agrees well with the experimental observations. The 
results also show that, compared to Abaqus®, the load-displacement 
curve obtained from OpenSees matches better the experimental enve
lope. However, since the shear stirrups were not explicitly modelled in 
OpenSees, the horizontal shift in displacement recorded during the test 
and captured by Abaqus® at the onset of stirrup yielding could not be 
reproduced by the OpenSees model. 

In the new SCME, the shear deformation is a function of the stiffness 
of the shear transfer mechanisms acting within the SCME. Fig. 11 shows 
the proportion of shear displacement δs (as % of the local short column 
deformation) within the short column for both OpenSees and Abaqus® 
models. In this figure, the shear displacements δs were decoupled from 
the flexural displacements using Massone and Wallace’s model [42]. The 

results in Fig. 11 show that both OpenSees and Abaqus® models 
calculate the initial δs to be 45% of the short column’s total deformation. 
It is also shown that δs increases faster in the SCME (in OpenSees) as the 
global lateral displacement of the frame increases. This is because the 
SCME was specifically designed to deform in shear from the start of the 
analysis, whereas the strut and tie mechanism in Abaqus® can only form 
after the structure has undergone an initial amount of deformation. At 
higher displacements (>2.6 mm), however, both models calculate 
similar shear and flexural components of deformation. Moreover, the 
running time for the OpenSees simulation was only two minutes, 
whereas that of Abaqus® took an average of five hours to give results. 
This indicates that the new SCME proposed in this article can predict 
accurately the load-displacement behaviour of short columns 
throughout the entire load history (including the elastic behaviour, first 
cracking, peak capacity, and post-peak softening up to failure) with 
much less computational time. The results in Fig. 11 also indicate that 
the deformation capacity of the short columns was very limited, which 
results from the premature shear failure of the element. 

4.4.3. Model validation 
To investigate the accuracy of the new SCME at predicting results 

from short columns with different geometries and materials, the 
experimental results from short columns (Specimens 1 and 7) reported 
by Moretti and Tassios [18] were used. Specimen 1 had an aspect ratio of 
1.0 (l = 250 mm, h = 500 mm), whereas Specimen 7 had an aspect ratio 
of 2.0 (l = 250 mm, h = 1000 mm). The two Specimens were tested in 
double curvature until failure. The unconfined concrete compressive 
strength of both Specimens was 36.0 MPa. Further details of the vali
dation strategy are summarised in Appendix B. Figs. 12a-b compare the 
load vs displacement results obtained from the OpenSees model with the 
new SCME, as well as the backbone curve from Specimens 1 and 7 tested 
by Moretti and Tassios [18]. The results confirm that the proposed SCME 
captures well the behaviour of short columns, particularly for Specimen 
1 that had a smaller aspect ratio. This is reasonable since the new SCME 
proposed in this study was explicitly developed for columns with short 
aspect ratio with predominantly shear-dominated behaviour. 

The good agreement in results confirmed that the boundary condi
tions and general behaviour adopted in the new SCME replicate well the 
behaviour of short concrete columns of buildings. However, it is evident 
that the deformation capacity of the short columns was very limited. 
Accordingly, the following section uses the 2D frame model developed Fig. 10. Load vs displacement results from OpenSees, Abaqus® and experi

mental envelope results from tested building. 

Fig. 11. Decomposition of shear-flexural displacement of short column (con
ventional concrete). 
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in OpenSees and Abaqus® to examine numerically the feasibility of 
using highly deformable FRP CRuC to increase the deformability of short 
columns. It should be noted that whilst the results from the OpenSees 
model agree well with the test results and the numerical results from 
Abaqus®, further research should validate the applicability of the new 
SCME to other cases studies with different geometry to the short col
umns presented in this article. 

5. Numerical investigation on highly deformable FRP CRuC 
short columns 

Further numerical analyses on OpenSees and Abaqus® examined the 
behaviour of buildings with short columns made of FRP CRuC. A rubber 
content of 60% in the CRuC was assumed in the investigation. Previous 
studies by the authors [43] indicate that such level of aggregate 
replacement proved suitable to ensuring a high deformability in con
crete, while also maintaining a good compressive strength for structural 
use. Aramid FRP (AFRP) confining jackets were chosen as these provide 
a good tensile strength at higher ultimate elongation compared to other 
confining materials [3]. In the analysis, the rupture strain of the AFRP 
jackets was taken as 65–70% of the ultimate sheet strain given by the 
manufacturer. This is justified as such values were found to match well 
actual sheet strains measured on AFRP CRuC cylinders tested in 
compression, as reported in a previous study by the authors [3]. The 
reduced ultimate strain of the jackets is lower than the uniaxial rupture 
strain of the sheet due to the fact that the jacket might have imperfec
tions and stress concentrations, as demonstrated in previous research 
[23]. 

5.1. Numerical simulation of FRP CRuC short columns in Abaqus® 

The Abaqus® model described in Section 3 was modified to carry out 
this analysis. The first modification included the separate modelling of: 
i) the short column using RuC instead of normal concrete, and ii) the 
addition of external AFRP jackets as confinement. The stress-strain 
behaviour of RuC was obtained from the constitutive model proposed 
by Bompa et al. [44], who used similar materials and percentage of 
rubber replacement as those use in the tested building. Table 1 sum
marises the material properties of the RuC adopted in the analysis. The 
dilation angle in the CDP model was increased to ψ = 45◦ to consider the 
high lateral dilation of RuC, as suggested in previous research [4,6]. 

The AFRP confinement was modelled as a shell-membrane, with a 
user-defined Lamina material model. Table 1 provides the material 
properties of the dry AFRP sheets as provided by the producer. A tie 
constraint was used to connect the AFRP jacket to the concrete surface, 
assuming perfect bond between the two surfaces. 

In Table 1, ρvr is the percentage of rubber replacement by volume; λ is 
a factor for the type of rubber used (λ=2.9 for a coarse and fine rubber); 
whereas Erc, frc, εrc, and frc,t are the Young’s modulus, peak compressive 
strength, strain at peak compressive strength, and peak tensile strength 
for unconfined rubberised concrete, respectively. The latter variables 
and corresponding values were adopted from Bompa et al.’s model [44]. 
For the AFRP CRuC part of the table, fcr and εcr are the critical stress and 
strain, respectively [45]; fcrc and εcrc are the ultimate compressive 
strength and strain of AFRP CRuC, respectively; f e

crc, and εe
crc are the 

effective ultimate compressive strength and strain of AFRP CRuC, 
respectively, which account for the inclination of the strut in the new 
SCME model. Note that the critical stress fcr and corresponding strain εcr 
represent the start of unstable crack propagation and concrete expan
sion, which in turn activate the confining jacket and change the gradient 
of the stress-strain constitutive curve of AFRP CRuC (see Figure C1 in 
Appendix C). Full details of the AFRP CRuC constitutive model can be 
found in Raffoul et al. [45]. 

In Table 1, the dry AFRP properties t, Ef , fu, and εfu, are the dry sheet 
thickness, Young’s modulus, ultimate rupture strength, and strain at 
rupture, respectively, as given by the AFRP producer. 

Based on the above material properties, three frames were modelled 
assuming AFRP jackets with 1, 2 or 3 layers around the short columns. 
Such three frame models are identified in Table 1 and in subsequent 
sections/tables as 1L, 2L, and 3L, respectively. A lateral displacement 
was imposed at the top of the column until “failure” of the frame model 
occurred. 

5.1.1. Results and analysis of numerical simulations 
Fig. 13 compares the load vs displacement curves obtained from 

Abaqus® for models 1L, 2L, and 3L. The figure also includes the enve
lope load-displacement curve of the building tested in this study (made 

Fig. 12. Load vs displacement results from OpenSee and experimental envelope results from (a) Specimen 1 and (b) Specimen 7 tested by Moretti and Tassios [18].  

Table 1 
Material properties of RuC proposed by Bompa et al.’s model and AFRP 
properties.  

Conventional concrete fcm - - - - - 

Benchmark concrete [44] 63 - - - - - 
RuC ρvr (%) λ Erc frc εrc frc,t 

60% rubber replacement 60 2.9 9.2 6.7 0.105 0.92 
AFRP CRuC fcr εcr fcrc εcrc fcrc

e εcrc
e 

1L (1 Layer of AFRP) 
2L (2 Layers of AFRP) 
3L (3 Layers of AFRP) 

8 
10 
12 

0.14 
0.17 
0.19 

28 
47 
66 

3.00 
4.34 
5.42 

26 
44 
61 

2.77 
4.00 
5.00 

Aramid FRP t (mm) Ef fu εfu - - 
S&P A120/290 0.2 116 2400 2.5 - - 

Strength f in (MPa), Young’s modulus E in GPa, and strain in % 
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of CC), as well as OpenSees results to be discussed later in Section 5.2. 
The behaviour of the three frame models shown in Fig. 13 can be 
described by four distinctive phases:  

1) Elastic Phase I, which is not affected by the level of confinement as the 
AFRP is not yet activated at this stage. The initial stiffness of all 
frames was around 83 kN/mm. 

2) Transition Phase II, where the loss in stiffness is due to the develop
ment of cracking at the short column/beam interface. At the onset of 
this phase, the compressive stresses developed within the short col
umn cause its lateral expansion, which in turn activates the AFRP 
jackets. This phase ends when the RuC reaches its peak strength, 
which occurs at higher strain values for increasing values of 
confinement stiffness. This phase ends at a lateral load of 83 kN, 
94 kN, and 102 kN for frames 1L, 2L and 3L, respectively.  

3) Linear hardening Phase III, which stiffness is determined by the level 
of confinement along with the strength from all other structural el
ements. The stiffness of this branch was 4.3, 5.4, and 6 kN/mm for 
frames 1L, 2L and 3L, respectively.  

4) A further reduction in stiffness (Phase IV) is observed due to yielding 
of the longitudinal reinforcement at the bottom of unrestrained 
column C1B (hinge formation), which occurs after a lateral 
displacement of approximately 19 mm for all three confinement 
levels. 

Phase IV ends with the failure of the frame model. Models 1L and 2L 
failed when the AFRP reached its rupture strain of 1.75%, which 
occurred at lateral displacements of 36 mm (2.9% drift ratio) and 
57 mm (4.6% drift ratio), respectively. Conversely, frame 3L failed 
following the formation of a plastic hinge mechanism when the longi
tudinal reinforcement in column C1A yielded at the short column re
straint level, which occurred at a frame displacement of 52 mm and a 
lateral load of 272 kN. At this stage, the strain in the AFRP was 1.3%. 

It should be noted that the load-displacement behaviour described 
above is in line with that observed by Wang et al. [16] (see Figure C2 in 
Appendix C). Indeed, Wang et al. proved that the load-displacement 
behaviour of rectangular prisms confined with FRP CRuC tested in 
shear also presented four characteristic phases, as discussed by El Khouri 
[29]. The results from Abaqus® confirm that whilst the behaviour of the 
frame was dominated by the short column effects, the replacement of 
conventional concrete with AFRP CRuC improved the frame’s perfor
mance by increasing the deformability of the short column. 

Fig. 14 shows the strain profile vs displacement obtained from 
Abaqus® for the three frame models 1L, 2L, and 3L. The results were 
obtained at the centre of the AFRP sheet along the faces of the column 
both parallel (X direction) and perpendicular (Y direction) to the loading 
direction. It is shown that, as expected, the FRP strains in the loading 
direction were higher than the strains in the transverse direction as the 
fibres resisted the development of diagonal cracking. Moreover, the FRP 
strains decreased as the amount of FRP layers increased, which in turn 
led to a more uniform distribution of strains around the column 
perimeter. For example, at a drift ratio of 2.44% for the unrestrained 
column (30 mm frame displacement), the strain in the AFRP along the 
loading direction reached 1.4% for model 1L, while strain levels of 
1.03%, and 0.82% were recorded for models 2L and 3L, respectively. 

5.2. Modelling FRP CRuC short columns using the proposed SCME in 
OpenSees 

The proposed SCME was modified to model the AFRP CRuC short 
column in OpenSees. Accordingly, the constitutive model developed by 
Raffoul et al. [45] was used here to i) define the uniaxial compressive 
behaviour of AFRP CRuC, which implicitly considers the effect of 
different confinement stiffnesses (i.e. different jacket thickness and type 
of FRP), and to ii) determine the relevant parameters of the Concrete02 
material model in OpenSees. 

Since the fibres of the AFRP jacket around the short column were 
assumed as horizontal (i.e. perpendicular to the column axis), and 
because the strut is inclined at an angle of α = tan− 1h/l as per Eq. 2, the 
effectiveness of the confinement to the compressive strut had to be 
reduced. To account for the reduced effectiveness of the confinement 
due to the relative inclination between the confining FRP fibres and the 
strut, the ultimate strength fe

crc of the AFRP CRuC was reduced using Eq. 
6. 

f e
crc = (fcrc − fcr)sin2α+ fcr (6)  

where fcrc and fcr are defined as the compressive strength and critical 
stress of the AFRP CRuC, respectively [45] (see Figure C1 in Appendix 
C). 

Consequently, the ultimate strain, εcrc, was also reduced at a ratio 
that maintains the second linear stiffness of the AFRP CRuC stress-strain 
relationship (Table 1). The material properties of the vertical elements 
of the SCME (AD and BC in Fig. 9a) were not reduced. The same 

Fig. 13. Load vs displacement of frame models with AFRP CRuC short columns, 
results from Abaqus® and OpenSees with new SCME. 

Fig. 14. Numerical lateral strains at centre of AFRP jacket in directions parallel 
(X) and perpendicular (Y) to loading direction, results obtained from Abaqus®. 
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boundary conditions and dimensions of the SCME with conventional 
concrete were also used for the AFRP CRuC SCME. 

5.2.1. Results and analysis of the AFRP CRuC SCME simulations 
Fig. 13 compares the load vs displacement curves of frames 1L, 2L 

and 3L with the AFRP CRuC SCME obtained from OpenSees. The results 
show that the transition Phase II was slightly softer in OpenSees than in 
Abaqus®. However, up to the peak strength of the RuC, the OpenSees 
results agreed well with those from the more advanced analysis in 
Abaqus®. The elastic stiffness for all three frames was around 77 kN/ 
mm, whereas the stiffness of the linear hardening Phase III was 4.4, 5.2, 
and 5.6 kN/mm for frames 1L, 2L and 3L, respectively. At a lateral frame 
displacement of 16.8 mm, the steel at the bottom of the unrestrained 
column yielded for all three frame models, thus indicating the start of 
Phase IV. Frame models 1L and 2L failed when the strut reached its 
maximum strength, corresponding to the theoretical rupture of the 
AFRP jacket at a lateral displacement of 37 mm (3.0% drift ratio) and 
52 mm (4.2% drift ratio), respectively. These results indicate that the 
use of FRP CRuC in the short column was very effective at increasing the 
deformation capacity of the building. Indeed, whilst the tested building 
failed at a small displacement of 5.4 mm (0.43% drift ratio), the use of 
FRP CRuC short columns with minimal confinement (one layer of AFRP 
only) increased the building’s displacement by almost seven times to 
37 mm (3.0% drift ratio). 

On the other hand, frame model 3L failed due to the formation of a 
plastic hinge mechanism (which is consistent with the Abaqus® results) 
at a displacement of 57 mm and a lateral load of 295 kN. The results in 
Fig. 13 also confirm that the SCME in OpenSees simulated accurately the 
four-phase load-displacement behaviour observed in shear tests on 
rectangular prisms confined with FRP CRuC [16]. This provides further 
confidence on the suitability of the new SCME at predicting the 
behaviour of short columns made of FRP CRuC. The ductility of the 
frames was assessed based on the bilinear idealisation of the 
force-displacement curve according to FEMA 356 [46]. The displace
ment ductility values obtained from OpenSees were 18.9, 22.9, and 22.3 
for the frame models 1L, 2L and 3L, respectively, which are somehow 
similar to those obtained from the analyses in Abaqus®. 

Whilst the AFRP jacket was not explicitly modelled in the SCME in 
OpenSees, it was possible to estimate the lateral strain of the jacket using 
the uniaxial compressive strain levels of the strut obtained from the 
OpenSees results, and the equation of the adopted constitutive model for 

AFRP CRuC [45,47]. Fig. 15 compares the AFRP strains obtained from 
the SCME in OpenSees and those obtained from Abaqus®. The results in 
the figure show that the two curves are very similar up to the theoretical 
rupture strain of the AFRP jacket. This confirms that the new SCME is 
very effective at capturing the confining effect of the AFRP jacket. 

5.3. Comparison between frame models with CC and CRuC short columns 

The results in previous sections proved that short columns made of 
FRP CRuC can develop higher deformability than CC counterparts. This 
in turn led to a better utilisation of materials in the frame models since 
damage distributed more unfirmly among other structural elements, 
rather than being concentrated only in the short columns. For instance, 
while using CC in the short column limited the deformability of the 
frame model and prevented yielding of the longitudinal reinforcement, 
yielding occurred in the longitudinal bars of column C1B for all three 
models 1L, 2L and 3L. The higher ductility of the three AFRP CRuC frame 
models can be attributed to the unique mechanical properties of FRP 
CRuC, which enabled large shear deformations in the short column [16]. 

Fig. 16 shows the shear-flexure displacement decomposition of the 
AFRP CRuC short column for model 3L. Both results from Abaqus® and 
OpenSees with the new SCME are included. It is shown that the shear 
deformation of the short column accounts for 80–90% of the total frame 
deformations after a global displacement > 5 mm (0.4% drift ratio), i.e. 
once the frame model enters the transition Phase II that activates the 
AFRP jackets. 

The numerical investigation presented in this article confirms that 
FRP CRuC can be used in high shear demand regions of buildings, which 
in turn can lead to a more ductile behaviour when compared to con
ventional concrete (CC) counterparts. However, since the proposed 
model SCME was calibrated with CC short columns, further research 
should verify experimentally the applicability of the new SCME to RuC 
and FRP CRuC. Moreover, research on FRP CRuC elements subjected to 
shear is scarce in the literature, and therefore future research should 
validate the accuracy of the model using other experimental datasets 
that include different types of FRP materials (such as Glass or Basalt 
FRP). A thorough parametric analysis is also necessary to assess the 
validity of the proposed numerical models in relation to the assumed 
modelling parameters. 

It should be finally mentioned that the authors have also carried out 
shake table tests on buildings with short columns made of conventional 

Fig. 15. Lateral strain in AFRP jackets for frame models with AFRP CRuC short 
columns, results from Abaqus® and OpenSees with new SCME. 

Fig. 16. Decomposition of the shear-flexural displacement of short column 
(CRuC-3L up to 30 mm lateral displacement of the frame). 
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concrete or FRP CruC [48]. The geometry, detailing, material properties 
and number of AFRP jackets examined in these tests were similar to 
those of frame model 3 L, discussed in Section 5 of this study. The results 
from these shake table tests confirmed that the use of highly deformable 
AFRP CRuC increased the drift capacity of the short columns by a factor 
of 3 over a counterpart frame with conventional short concrete columns. 
These experimental results are thus fully aligned with the numerical 
findings discussed in Section 5 of this study. Due to space limitations, the 
results of these shake table tests will be reported in a forthcoming article. 

6. Summary and conclusions 

This article proposed a new and practical Short Column Macro 
Element (SCME) that predicts accurately the behaviour of short concrete 
columns. A 1/3-scale one-storey building with short columns made of 
conventional concrete was subjected to lateral loading tests until failure. 
The experimental results from the building are then used to calibrate a 
numerical model in Abaqus®. The experimental crack patterns and 
stress distribution from Abaqus® were used to determine the load path 
within the short column. Based on this information, a new strut-and-tie 
SCME was proposed and implemented in OpenSees. Subsequently, the 
frame models calibrated in OpenSees and Abaqus® were modified to 
examine numerically the effectiveness of highly deformable FRP CRuC 
at increasing the deformability of short columns with different levels of 
FRP confinement (1, 2 or 3 layers). Based on the results of this study, the 
following conclusions can be drawn:  

• Failure of the tested building made of conventional concrete was 
dominated by the brittle shear failure of the short columns. Failure 
occurred at a small displacement of only 5.4 mm (0.43% drift ratio) 
for the unrestrained column. The building did not develop any 
ductility as the longitudinal reinforcement of all elements remained 
withing the elastic range.  

• The 2D model of the building in Abaqus® was effective at providing 
details of the evolution of the main load transfer mechanism within 
the short columns. The analytical stress distribution obtained from 
the numerical analyses agreed very well with the experimental 
cracking pattern. It also provided insight into the evolution of the 
main load transfer mechanism within the short columns. 

• The new SCME captured accurately the behaviour of the short col
umns of the tested building modelled in OpenSees. For the tested 
building, the OpenSees results predicted accurately the load- 
displacement behaviour of short columns throughout the entire 
load history (elastic behaviour, first cracking, peak capacity, and 
post-peak softening up to failure). Compared to Abaqus®, the load- 
displacement curve obtained from the OpenSees model matched 
better the experimental envelope of the building. Moreover, the 
adoption of the SCME in OpenSees significantly reduced computa
tional time to minutes rather than hours for the analysed building. 
The new SCME also predicted well the results from short columns 
with different geometries and materials reported in the literature.  

• The proposed SCME was modified to account for the use of highly 
deformable FRP CRuC in short columns. The numerical results show 
that FRP CRuC short columns have a four-phase load-displacement 

behaviour consistent with previous shear tests on FRP CRuC prisms. 
This confirmed the suitability of the new SCME at predicting the 
behaviour of short columns made of FRP CRuC. 

• The use of highly deformable FRP CRuC in short columns signifi
cantly improved the performance of the frame models analysed in 
OpenSees. Whilst the tested building failed at a small displacement of 
5.4 mm (0.43% drift ratio), the numerical analysis showed that use 
of FRP CRuC short columns with minimal confinement (one layer of 
AFRP only) increased the building’s displacement by almost seven 
times to 37 mm (3.0% drift ratio). This also enabled more redistri
bution of forces to other structural members. 
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Appendix A. Calibration of the shape factor rc in Chang and Mander’s concrete stress-strain model 

Eq. A1, developed by Tsai and implemented in Chang and Mander’s model, gives the stress-strain relation for unconfined concrete: 

y =
nx

1 +

(

n − rc
rc − 1

)

x + xrc

r− 1

(A1)  

x =
εc

εcm
(A2) 
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y =
σc

fcm
(A3)  

where εc and σc are the compressive strain and stress, respectively; εcm is the compressive strain at peak stress; n and rc are parameters that control the 
shape of the stress-strain curve and are defined by Chang and Mander as follows: 

n =
7.2
f 3/8

cm

(A4)  

rc =
fcm

5.2
− 1.9 (A5) 

Eqs. A1-A5 provide the full stress-strain curve of a concrete cylinder as a function of the peak strength and strain. 
Palmquist and Jansen developed Eqs. A6 - A8 to calculate the post-peak strain taking into account the aspect ratio of the element under 

compression: 

ε =

(

εcm +
σc − fcm

Ec

)
HB

H
+

1
V

(
fcm

σc
− N

)MHD

H
(A6)  

HB = H − HD (A7)  

HD = W
(

2 −
σc

fcm

)

(A8)  

where H is the height of the specimen; HD is the height of the damage zone in the specimen; and HBis the height of the bulk zone beyond the damage 
zone (see Figure A1). Likewise, M, N and V in Eq. A6 are empirical constants calibrated for each type of concrete based on the full stress-strain curve.

Fig. A1. Definition of the compression damage zone according to Palmquist and Jansen. [37].  

Palmquist and Jansen’s post-peak strain model was calibrated to fit the stress-strain curve of Chang and Mander for a standard 100 × 200 mm 
cylinder tested in compression (see Figure A2, for an initial shape factor rc = 5.2). The empirical constants were found to be equal to 0.145, 0.992, and 
225 for M, N and V, respectively. 
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Fig. A2. Calibration of the Shape Factor rc in Chang and Mander’s compressive stress-strain model to account for the slenderness ratio of a concrete strut [40].  

The post-peak behaviour was then modified according to the aspect ratio of the strut, which was calculated based on the equivalent diameter of the 
rectangular area (equal to 97 mm) and an element length of 358 mm. The shape factor rc was then calibrated to fit the new post-peak behaviour for the 
strut (see Figure A2), which resulted in a shape factor rc = 10. 

Appendix B. Validation of new SCME 

The validation was done using Specimens 1 and 7 tested by Moretti and Tassios [18]. The experimental programme involved columns of same 
cross-section but varying length. Specimen 1 had an aspect ratio equal to 1 (width of 250 mm, length of 500 mm) and somehow similar to the short 
column in the scaled-down building presented in this article. Specimen 7 had an aspect ratio equal to 2 (with of 250 mm, length of 1000 mm). The 
columns were reinforced with eight 14 mm longitudinal bars (Figure B1a) which had yield and ultimate strengths of fly = 480 MPa and flu = 740 MPa, 
respectively. The shear reinforcement consisted of one tie and two cross-ties at a spacing of 50 mm, having a yield strength of fsy = 300 MPa. The 
columns were tested in a double curvature as shown in Figure B1b.

Fig. B1. (a) Specimen cross-section and reinforcement, and (b) test setup [18].  

Using the same topology described in Section 4.2 (as shown in Figure B2), the geometry of the SCME for the validation on OpenSees was obtained 
as described below. 
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Fig. B2. SCME topology and boundary conditions used to model Specimens 1 and 7 in OpenSees.  

The width of the node face wh,B at node B was chosen to be equal to the neutral axis depth (calculated to be 67 mm) at the yielding moment of the 
column, based on the centre of gravity of the compressive stress of the section. The neutral axis was calculated using a moment-curvature analysis. Due 
to symmetry of the cross-section, the following values were taken wh,B = wh,A = wh,D = wh,C. In the case of double curvature bending tests, there are no 
vertical nodes or strut supports, which simplifies the dimensioning of the struts, as mentioned in the main text. The width of the diagonal struts is 
simply taken as the width of the nodes (67 mm). The depth of all SCME elements was equal to the column depth of 250 mm. 

The diagonal struts AC and BD were modelled as truss elements made of plain concrete, using ConcreteCM material in OpenSees. The effective 
concrete compressive strength in the strut was calculated to be 18.5 and 19.3 MPa for Specimens 1 and 7, respectively. Based on Mander et al.’s 
confinement model, the confined strength ratio φ was 1.4. The effective strength of the confined strut was 26 and 27 MPa for Specimens 1 and 7, 
respectively. The shape factor rc was calibrated to be 12. 

The two vertical elements AD and BC of the SCME were modelled as truss elements made of reinforced concrete with material definitions as given 
by Moretti and Tassios [18]. 

The model boundary conditions were set to force a double curvature, and a monotonic increasing displacement was applied to reach failure. The 
results from the validation are discussed in Section 4.4.3 of the article. 

Appendix C. Axial, lateral, and shear stress-strain behaviour of FRP CRuC 

Figure C1 shows the stress-strain model adopted for the analysis of FRP CRuC concrete. The constitutive model was extensively calibrated with 
results from cylinders confined with Carbon and Aramid FRP CRuC under uniaxial compression [3,23,45].

Fig. C1. Schematic axial and lateral stress-strain behavior of CRuC.   
Figure C2 shows the shear stress-strain model adopted from Wang  

et al. [16]. The three phases of the shear stress-strain documented by 
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Wang match the results obtained in the short column lateral behaviour. The additional fourth phase shown in the figure describes the case of 
no-rupture of FRP and yielding of the structure that would exhibit a ductile yielding.

Fig. C2. Schematic shear stress-strain behavior of CRuC adopted from Wang et al. [16].  
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A B S T R A C T   

The study analyses the influence on the mechanical strength of titanium dioxide TiO2 and calcined montmo
rillonite (CMMT) particles added individually and combined to cement mortar mixes. Having both similar and 
complementary properties, the combined solution of TiO2 and CMMT nanoparticles can induce positive effects 
on the overall properties of cementitious composites. However, this combination has been tackled only in a 
couple of studies, with different approaches regarding the design mix, but without comparing the results with the 
individual-nanomaterial mixes. In this study, the bulk density, flexural strength, compressive strength, and 
material microstructure were analyzed at 28 days of curing, for an addition of 0.5 wt% and 0.75 wt% TiO2, of 1 
wt%, 1.5 wt% and 2 wt% calcined montmorillonite (CMMT), and of nanomaterial combinations. From the 
flexural strength point of view, the CMMT-modified cement mortar mix registered the highest value of all 
modified mixes for a cement replacement of 1.5 wt%, reaching a 10.27% improvement compared to the refer
ence mix. The highest compressive strength was recorded for the mix comprised of 1 wt% CMMT and 0.75 wt% 
TiO2, with an increment of 3.19% compared to the reference mix. The obtained results were confirmed by means 
of Scanning Electron Microscopy (SEM) investigations showing that the highest amount of CSH was observed for 
1% wt% CMMT and 0.75% wt% TiO2, corresponding to the highest compressive strength value.   

1. Introduction 

Nanomaterials have become a subject of interest in the civil engi
neering field, as they improve the mechanical and physical properties of 
composite construction materials. Several nanomaterials were exten
sively studied, as they proved their efficiency when added to composite 
materials such as concrete or mortar [1–5]. For example, nanosilica has 
been proven to have positive effects on the mechanical properties and 
durability of both concrete [6,7] and cement mortar [8]. Its pozzolanic 
properties combined with their nanoscale dimensions succeeded in 
improving the properties of cementitious composites [9]. An increase in 
the mechanical strength of concrete and cement mortar was also regis
tered when carbon nanotubes were added to the cement matrix [10,11]. 
Moreover, CNTs also had a positive influence on the electrical properties 
[12], on the corrosion rates of reinforcement [13] and on the perme
ability of cementitious composites [14]. Other studies used graphene 

oxide [15], ferric oxide (Fe2O3) [16], or alumina (Al2O3) [17] to 
improve the properties of cementitious composites. Unlike nanosilica or 
carbon nanotubes, the research on the impact of titanium dioxide, TiO2, 
and montmorillonite clay MMT nanoparticles on the cement mortar and 
concrete mechanical properties is in its earlier stages. 

The use of TiO2 in building materials has already begun, but the 
focus was on one special property – the photocatalysis reaction that 
develops under ultraviolet light [18–21]. Later on, researchers discov
ered that, due to its nano-scale size, TiO2 nano-particles act as a 
non-reactive filler, succeeding in decreasing the porosity of 
cement-based composite materials. Thus, the mechanical strength of the 
composite is improved both due to the filler effect and to the high spe
cific surface area of the nano-particles, acting as nucleation sites for the 
formation of Calcium-Silicate-Hydrate CSH crystals [22–24]. Some 
studies include additives in their cement mortar mix, such as super
plasticizer [25], fly ash [26], ground granulated blast furnace slag [27], 

☆ © 2017 Elsevier Inc. All rights reserved. 
* Corresponding author. 

E-mail address: ionut.ovidiu.toma@tuiasi.ro (I.-O. Toma).  

Contents lists available at ScienceDirect 

Construction and Building Materials 

journal homepage: www.elsevier.com/locate/conbuildmat 

https://doi.org/10.1016/j.conbuildmat.2024.134910 
Received 23 August 2023; Received in revised form 7 December 2023; Accepted 3 January 2024   

mailto:ionut.ovidiu.toma@tuiasi.ro
www.sciencedirect.com/science/journal/09500618
https://www.elsevier.com/locate/conbuildmat
https://doi.org/10.1016/j.conbuildmat.2024.134910
https://doi.org/10.1016/j.conbuildmat.2024.134910
https://doi.org/10.1016/j.conbuildmat.2024.134910
http://crossmark.crossref.org/dialog/?doi=10.1016/j.conbuildmat.2024.134910&domain=pdf


Construction and Building Materials 413 (2024) 134910

2

or silica fume [25], providing better workability for the material, at low 
water to binder, w/b, ratios, i.e. 0.35–0.485. Due to the insertion of 
different additives in the mixture and different w/b ratios, the optimum 
percentage for the modified-cement mortar as well as the maximum 
strength values vary from one study to another. For example, the 
maximum compressive strength when adding 30% fly ash as an 
admixture, with a w/b ratio of 0.485, was obtained for 3 wt% TiO2 
addition – approximately 36.50 MPa [26]. In contrast, when adding only 
superplasticizer, for a w/b ratio of 0.40, the maximum compressive 
strength was approximately 46 MPa, for an addition of 6 wt% TiO2 to the 
cement matrix. However, for the flexural strength, the maximum value 
was recorded for an addition of 3 wt% TiO2 in the mix. Afterward, the 
flexural strength registered an important decrease, as the quantity of 
TiO2 was increased from 3 to 6 wt%. The 6 wt% TiO2 mix recorded a 
flexural strength decrease with about 1.10 MPa compared to the 3 wt% 
TiO2 sample [27]. When no other admixtures were present in the cement 
mortar, except the TiO2 nanoparticles, the optimum TiO2 percentage for 
obtaining the maximum compressive/flexural strength varies from 0.1 
wt% [28] to 10 wt% [21]. This wide interval regarding the used TiO2 
quantity may be explained by economic reasons, taking into account the 
relatively high price of the nanomaterial. Thus, the study may focus on 
finding the lowest quantity of TiO2, for which a certain improvement 
strength is acquired compared to the reference mix, and for the lowest 
cost increment. Doko et al. [28] based their study on Chinese standards 
and considered a very low w/c ratio, i.e. 0.32 [28], while Chen et al. 
[21] considered the ASTM provisions and a w/c ratio of 0.485. The 
nanomaterial quantity percentage increment in [21] is 5% - a very high 
increment considering the nano-size scale of the TiO2 particles, which 
may be misleading. The results in [24] confirm the above remark, as the 
authors obtained an optimum percentage of 5 wt% TiO2 nanoparticles 
for the maximum compressive strength of 48.80 MPa, which is close to 
the 49.00 MPa given in [21] – for 10 wt%. 

Unlike TiO2 nanoparticles, montmorillonite MMT nanoparticles have 
been proven to exhibit a certain level of pozzolanic behavior, depending 
on their type and the treatments to which they have been subjected 
[29–31]. This characteristic added to the high specific surface area of the 
MMT particle makes MMT a good candidate as a supplementary 
cementitious material for improving the strength and durability of 
cement mortar. Its efficiency has been confirmed by several studies 
conducted in the past years [32–36]. Compared to the TiO2-modified 
cement mortar, the optimum percentages when adding MMT clay, cor
responding to the maximum strength, are significantly lower, i.e. 
0.5–2% per weight of cement [31,37–39]. However, the strength values 
vary depending on the treatments to which the MMT clay has been 
subjected. The hydrophilic natural MMT lead to the smallest strength 
values compared to the treated MMT clay, reaching only 41 MPa for the 
compressive strength and 7.80 MPa for the flexural strength for a 2 wt% 
of cement. The study considered a w/c ratio of 0.55 and no additives. 
The specimens were cured in lime-saturated water for 28 days [37]. On 
the other hand, a maximum compressive strength of 55 MPa was 
recorded for a cement replacement of 0.5 wt% organo-MMT nanoclay, 
with 22.2% higher than the reference mix. A maximum flexural strength 
of 9.80 MPa was registered for a cement replacement of 1 wt% 
organo-MMT nanoclay - 3.16% higher compared to the reference mix. 
For curing purposes, the specimens were submerged in water at 23 ±
2 ◦C for 28 days [38]. 

By comparing the properties of the two above-mentioned nano
particles, it was observed that MMT nanoparticles are larger than TiO2 
ones, having usually a medium size of 200–400 nm [40–42], depending 
on the duration of ultrasonication, while TiO2 particles reach to sizes of 
15 nm [43,44]. MMT nanoparticles were proven to have a certain degree 
of pozzolanic activity, developed especially after calcination [45–47], 
while TiO2 nanoparticles are known for their inert character [48,49]. 
TiO2 particles have photocatalytic properties, during which process 
water molecules are generated [50,51]. MMT is known for its hydro
philic character and good adsorption performance [52], inducing also 

self-healing properties to cementitious materials, when water is absor
bed [53]. Due to their complementary properties, a combination of TiO2 
and MMT nano-particles added in cementitious composites is auspicious 
for improving both the strength and the durability of cementitious 
composite materials. Nevertheless, there are few studies on this subject, 
which do not continue their research afterward, although the results 
were promising. In one study, a solution of nano-MMT clay, TiO2, and 
water was prepared, which replaced 1, 2, and 3 wt% of cement in a 
cement mortar mix. The optimum percentage of nanomaterial admix
ture, for the maximum compressive and flexural strength, was 1%. Still, 
the authors discuss the need for preliminary ultrasonication of the 
nanomaterial solution, which was not used in the study [54]. The same 
method of adding the combined nanoclay - TiO2 solution into the cement 
mortar matrix was used by Matějka et al. [55], but for metakaolin 
nanoclay particles. When used in concrete, the nanoclay (metakaolin) – 
TiO2 combination produced a maximum increase of the compressive 
strength by 21.83% and flexural strength increased by 15%, compared 
to the control sample, at 28 days of curing. The optimum combination 
was 3 wt% nanoclay and 2 wt% TiO2 cement replacement [56]. 

The use of nano-materials in combination with other supplementary 
cementitious materials was previously investigated for both MMT and 
TiO2. The use of nano-MMT in foamed paste with high volume of fly ash 
binder (70% replacement of Portland cement, by mass) resulted in 
improved strength values and lowest thermal conductivity [57]. In 
another study, it was shown that the use of nano-MMT, together with 
sepiolite, improved the tixotropic behavior of cementitious materials 
used for 3D printing, especially for those containing fly-ash [58]. The 
influence of nano bentonite clay together with nano fly ash on the me
chanical and durability properties of concrete was recently investigated 
[59]. Both nano materials were used as cement replacement. Incorpo
rating these materials into a slurry resulted in significant amounts of CH 
that occupied the pores of the mix. This resulted in a reduction of pore 
volume and pore sized due to subsequent formation of CSH gels which 
lead to a denser and more compact microstructure [59]. In a similar 
manner, nano-TiO2 was used was used in conjunction with an epoxy 
resin to improve the microstructure of alkali activated slag/flv ash 
pastes [60]. Improvements in flexural-compressive strength ratio, 
reduced shrinkage and decreased capillary sorptivity were reported 
which makes the new alkali activated slag/flv ash binders a good 
alternative to Portland-cement based counterparts. A subsequent study 
demonstrated similar effects on mechanical and bonding properties of 
cement-based mortars [61]. A novel TiO2-graphene composite was used 
to enhance the mechanical and durability properties of alkali-activated 
slag mortar [62]. Lower capillary sorptivity coefficients, chloride 
penetration depth and migration coefficients were reported for TiO2-g
raphene composite owing to the hydration process and refined the 
microstructure of alkali-activated slag binding matrix. 

This paper discusses the influence on the mechanical properties of 
adding combined calcined montmorillonite clay and titanium dioxide 
nanoparticles to cement mortar. Considering the advantages that both 
nanoparticles proved to have on cementitious composites and the lack of 
studies on this nanoparticle combination, the current study offers new 
insights on this subject. Moreover, all previous works have emphasized 
the need of a more extensive research on the use of combined TiO2 and 
MMT nanoparticles in cementitious composites. The current study 
continues the existent research with some slight modifications, based on 
the authors proposals in the studies [54] and the physical-chemical 
properties of the nanomaterials. For example, Selvasofia et al. [63] 
replaced the aggregates with MMT particles and cement with TiO2. 
However, in the current study the inert property of TiO2 was considered 
and these nanoparticles replaced the aggregates, while the pozzolanic 
calcined MMT replaced the cement. 
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2. Materials and experimental procedure 

2.1. Materials 

A type II Portland cement CEM II/B-M 42,5 R was used in the current 
study, which complies with the European Standard SR EN 197–1:2011 
[64]. This type of cement was selected based on the availability of the 
product on the market. Table 1 lists the main characteristics of the 
cement, according to the information provided by the manufacturer. 

A hydrophilic bentonite nanoclay powder (CAS Number 1302–78-9, 
Nanomer® PGV, chemical formula: Al2O3•4SiO2⋅H2O) was used in the 
study. There were no previous treatments applied to the supplied 
nanoclay. According to the manufacturer, the material consists mostly of 
montmorillonite clay, with an average particle size of 12 µm. Mont
morillonite consists of clay layer stacks, each layer having a thickness of 
approximately 1 nm. When water is added, due to the hydrophilicity of 
the material, montmorillonite MMT clay layers dissociate into nano- 
sized particles [65,66]. Some chemical and physical properties of the 
used nanoclay, provided by the manufacturer, are presented in Table 2. 

Due to their hydrophilicity, MMT particles tend to agglomerate in 
clusters, leading to a low homogeneity within the composite. Moreover, 
increased hydrophilicity of the MMT is detrimental to the cement ma
trix, as they decrease the cohesion between aggregates and the cement 
matrix, due to the fact that the nanoclay particles attract water around 
them [67,68]. For limiting this phenomenon and to increase the 
pozzolanic reactivity, the MMT was first calcined by subjecting it to a 
temperature of 800 ◦C for 3 h [69–71]. Throughout the study, the 
calcined MMT particles are denoted as CMMT. 

Titanium Dioxide, Anatase powder (CAS Number 1317–70-0) was 
used as a non-reactive nano-filler. According to the certificate of analysis 
provided by the manufacturer, the material is characterized by the 
following properties listed in Table 3. 

The natural river aggregates used in the mixtures are proper for 
concrete structures and have a particle size in the interval of 0–4 mm, 
complying with SR EN 12620 +A1:2008 [72] norm. 

The XRD analysis of the raw materials confirms the presence of the 
anatase phase in the TiO2 sample and a mix of Montmorillonite and 
Pyrophyllite in the commercially purchased MMT. Also, the mineral
ogical analysis confirms the decomposition of the hydrated phases due 
to calcinations. Accordingly, in the CMMT sample, the presence of hy
drated Pyrophyllite was not found since this hydrous aluminium silicate 
will release the water from its composition around 800 ◦C [73] resulting 
in Pyrophyllite-1TC (a mineral with the chemical formula Al2O11Si4). 
The XRD patterns of all the analysed samples show some humps, which 
are related to the presence of amorphous phases [74,75]. Fig. 1 presents 
the XRD patterns for all raw materials used in the analysis. 

From a chemical point of view, montmorillonite is a hydrated sodium 
calcium aluminium magnesium silicate hydroxide having the formula 
(Na,Ca)0.3(Al,Mg)2(Si4O10)(OH)2•nH2O. The SEM micrographs of 
CMMT, MMT and TiO2 are presented in Fig. 2. It can be observed that 
the surface of the montmorillonite particles does not change after calcination. 

The particle size distribution of CMMT and TiO2 was obtained from 
image analyses using Particle Analysis Mode of VegaTC software [76]. 
Each analysis was conducted several times on batches of 200 particles 
and the obtained results were averaged. 

In case of TiO2 powder, the minimum measured diameter was 
19.3 nm, the maximum one 49.95 nm with an average value of 31.1 nm, 
larger than the mean values provided by the manufacturer. On average, 
from the analysis of 200 particles it was observed that 2 particles were 
between 10 and 20 nm in diameter, 104 particles between 20 and 30 nm 
in diameter, 78 particles between 30 and 40 nm in diameter and 16 
larger particles between 40 and 50 nm in diameter. 

In case of CMMT, the minimum measured diameter was 4.5 µm, the 
maximum one 40.52 µm with an average value of 11.71 µm. The ob
tained value was very close to the mean particle size diameter provided 
by the manufacturer. On average, from the analysis of 200 particles it 

Table 1 
Composition of Type II Portland cement used in the current study. Physical and 
mechanical properties.  

Composition (mass %)  

Clinker 65-79 
Blast furnace slag, fly ash, lime 21-35 
Other components 0-5 
Physical properties  
Initial setting [minutes] min. 60 
Stability (expansion) [mm] max. 3 
Mechanical properties  
Initial compressive strength – 2 days [MPa] min. 20 
Standard compressive strength – 28 days [MPa] min. 42.5 

max. 62.5  

Table 2 
Chemical and physical properties of the hydrophilic bentonite 
used in the current study.  

Characteristic Result 

Formula weight [g/mol] 180.1 
Appearance (color) beige 
Appearance (form) powder 
Bulk density [kg/m3] 779 
Loss on drying [%] 10.8 
Average particle size [micron] 12  

Table 3 
Chemical and physical properties of the titanium dioxide used 
in the current study.  

Characteristic Result 

Formula weight [g/mol] 79.87 
Appearance (color) White 
Appearance (form) powder 
Purity [%] 99.7 
Surface Area [m2/g] 50 
Average particle size [nm] 20  

Fig. 1. XRD patterns of the raw materials.  
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was concluded that 96 particles had a diameter between 1–10 µm, 82 
particles between 10 and 20 µm, 20 particles between 20 and 30 µm and 
2 particles with diameter bigger than 30 µm. 

The chemical composition of CMMT and TiO2 was obtained by 
means of SEM-EDS analyses. The spectra are presented in Fig. 3, whereas 
the chemical composition, expressed in atomic percentage, are sum
marized in Table 4. 

2.2. Mixture details 

The experimental study consisted of two major phases. In the first 
phase, the analysis focused on the separate influence that CMMT and 
TiO2 have on the mechanical properties of the cement mortar. At first, 
the effect of CMMT was analyzed by adding 1%, 1.5%, and 2% CMMT by 
weight of cement into the mix. During this phase, several stages had to 
be considered. Taking into account that although the hydrophilicity of 
the MMT particles was decreased by calcination, they still tended to 
agglomerate. Therefore, ultrasonication was used to provide a higher 
homogeneity within the cement matrix. The corresponding quantity of 
CMMT for each mix was mixed with water and ultrasonicated for 5 min. 
Separately, the cement and sand were drily mixed. Subsequently, the 
solution comprising water and nanoparticles was added to the cement- 
sand mix along with the remaining water, and the newly obtained 
composite was mechanically mixed, according to ASTM C305 [77] 
regulations. 

For the TiO2-modified cement mortar mix, 0.5% and 0.75% TiO2 by 
weight of cement were added to the mix, replacing the corresponding 
aggregate quantity. For this study, TiO2 was chosen to replace the 
aggregate instead of the cement, because these nanoparticles are inert 
and do not promote pozzolanic reactions, as CMMT does. A solution 
composed of TiO2 and water was prepared, for each studied formula. It 
was manually stirred to ensure the spread of particles in the liquid. After 

the cement and sand were drily mixed, this solution and the remaining 
water quantity were added to the mix. The new composite was me
chanically mixed, as per ASTM C305 specifications [77]. The corre
sponding component quantities for each mix, where CMMT and TiO2 
particles were added individually are presented in Table 5. As can be 
observed, the water quantity had to be increased for CMMT and TiO2 
samples due to the decrease in workability, registered when these 
nanoparticles were added. 

In the second stage, the two nanomaterials were combined and then 
added to the mix. For combinations, the following nanoparticle per
centages were used: 1% and 1.5% for CMMT, and 0.5% and 0.75% for 
TiO2, by weight of cement. Considering the increase in nanoparticle 
quantity, as well as the interactions that may occur between them, the 
mixing stage was slightly modified to prevent possible agglomerations. 
Hence, a solution of CMMT and water was prepared and ultrasonicated 
for 3 min. Afterward, the corresponding quantity of TiO2 was added and 
the newly obtained solution was ultrasonicated for another 5 min. 
During this time, the cement and aggregates were drily mixed. The 
nanomaterial solution is added to the cement-aggregate mix together 
with the remaining water and the composite was mechanically mixed, 
according to ASTM C305 provisions [77]. Table 6 lists the quantities 
used during the mixing stage of combined CMMT/ TiO2-modified 
cement mortar samples. 

2.3. Sample preparation and curing conditions 

The used mixer is designed to mix mortars and cement pastes to the 
requirements of the IS:10890 [78], EN 196–1 [79] and EN 196–3 [80]. 
For each mixture, three samples were prepared for strength testing, 
which were cast into 40 × 40 × 160 mm prismatic molds. After 24 h 
they were demolded and stored in water for 28 days. Following this 
period, they were taken out of the water, naturally dried for 24 h in a 

Fig. 2. SEM micrographs of used powders.  

Fig. 3. SEM-EDS spectra for chemical composition analysis.  

G. Bunea et al.                                                                                                                                                                                                                                  



Construction and Building Materials 413 (2024) 134910

5

normal temperature and humidity environment, and then tested. 

2.4. Testing methodology 

For each sample, the flexural and compressive strength test was 
carried out according to SR EN 196–1 [79], at a loading rate of 
0.05 kN/s for flexural strength and 2.4 kN/s for compressive strength. 
The results were registered and the average strength values were 
computed for each considered mix. 

For the microstructural analysis using Scanning Electron Microscopy 
(SEM), a Carl Zeiss NEON 40EsB Cross-Beam system with thermal 
Schottky field emission emitter and accelerated Ga ions column was 
used when the mortar samples reached the age of 28 days. 

The X-Ray Diffraction Analysis (XRD) analysis was conducted at 28 
days of curing using a true representative sample of each type of raw 
material has been analyzed. The modified cement mortar mixes were 
evaluated based on some fragments left from the mechanical tests, 

which were crushed down to a powder state. The diffraction patterns 
were collected using X′Pert Pro MPD equipment (Malvern Panalytical 
Ltd., Eindhoven, Netherlands) with a CuK source at 45 kV/40 mA. The 
radiation was recorded between 5◦ and 60◦ 2θ at a step of 0.013◦. The 
identification of the phases was conducted using the QUALX2.0 software 
[81]. 

3. Results and discussions 

3.1. Bulk density 

Before placing the samples in water for curing purposes and before 
testing them at the age of 28 days, the bulk density of each of them was 
determined and a mean value was considered for each batch, for com
parison purposes. Fig. 4 presents the variation of density depending on 
the type and quantity of nanomaterials used in the mix. 

For the calcined montmorillonite CMMT-modified cement mortar 
samples, an increase in density was registered, for both considered ages, 
compared to the mean density value of the control specimen, as shown 
in Fig. 4a. Two reasons could explain this behavior. The first one was 
related to the filling effect that the CMMT nanoparticles had and the 
second one to the hydrophilicity of the particles. The maximum density 
was registered for the CMMT 1.5 sample. As more nanomaterials were 
added, the density slightly decreased by 1.06%, which may be due to 
some agglomerations of nanoparticles and a non-homogeneous disper
sion within the matrix. Similar results were obtained in the case of 
nanoclay-modified concrete specimens, where, as the nanoclay nano
particle quantity increased to 1 wt% [82], a decrease in flexural strength 
was registered. Thus, there is an optimum limit for MMT addition in the 
cementitious composites and it is related to the porosity of the sample. 
As the pores are filled with MMT, the excess surrounds cement aggre
gates and blocks cement hydration. As cement particles hydrate only 
partially, the strength decreases [82]. 

Table 4 
Chemical composition of CMMT and TiO2 (expressed in atomic percentage).  

Spectrum C O Na Mg Al Si Ca Ti Fe 

CMMT 28.46 52.84 0.69 1.69 3.95 11.29 0.48 0.06 0.52 
TiO2 - 65.37 - - - - - 34.63 -  

Table 5 
Cement mortar mix quantities for samples with individual addition of 
nanoparticles.  

Mix Cement 
[kg/m3] 

Aggregate 
[kg/m3] 

Water 
[l/m3] 

w/b 
ratio 

CMMT 
[kg/m3] 

TiO2 

[kg/ 
m3] 

M – 
Control 
sample 

380 1550 228 0.6 - - 

CMMT 1 376.2 1550 247 0.65 3.8 - 
CMMT 

1.5 
374.3 1550 247 0.65 5.7 - 

CMMT 2 372.4 1550 247 0.65 7.6 - 
TiO2 0.5 380 1548.1 247 0.65 - 1.9 
TiO2 0.75 380 1547.15 247 0.65 - 2.85  

Table 6 
Cement mortar mix quantities for samples with combined nanoparticle addition.  

Mix abbreviation Mix details Cement [kg/m3] Aggregate [kg/m3] Water [l/m3] w/b ratio CMMT [kg/m3] TiO2 [kg/m3] 

COMB1 1% CMMT + 0.5%TiO2 376.2 1548.1 247 0.66 3.8 1.9 
COMB2 1% CMMT + 0.75%TiO2 376.2 1547.15 247 0.66 3.8 2.85 
COMB3 1.5% CMMT + 0.5%TiO2 374.3 1548.1 247 0.66 5.7 1.9 
COMB4 1.5% CMMT + 0.75%TiO2 374.3 1547.15 247 0.66 5.7 2.85  

Fig. 4. Bulk density variation at 1 and 28 days of curing for control cement mortar specimens and (a) CMMT-modified samples; (b) TiO2-modified samples; (c) 
combined CMMT and TiO2-modified samples. 
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At 1 day of curing the density value reached 2.16 g/cm3 – with an 
increase of 1.28% relative to the control specimen value. At 28 days of 
curing, the density of CMMT 1.5 was 2.17 g/cm3, with an increment of 
3.92% compared to M-mix. Therefore, as the hydration process devel
oped, the density of the CMMT 1.5 mix increased compared to the M- 
mix. This trend was observed also in the case of the CMMT 1 mix, as 
presented in Fig. 4a. 

In addition, in the case of the control specimen at 28 days of curing, 
the density was lower by 1.97% compared to the 1-day of curing value. 
However, for the CMMT-modified samples, the density at 28 days 
increased compared to the 1-day initial density value, by approximately 
0.60%. As the free water evaporated from the voids of the cement mortar 
sample, the density of the specimen should decrease, as was the case of 
the M-sample. Still, the calcined montmorillonite particles preserved a 
certain degree of hydrophilicity, given both by their internal properties 
and by the high specific surface area. Therefore, after they were placed 
in water for curing, the CMMT nanoparticles attracted more water 
molecules, needed for continuing the hydration process and the pro
motion of CSH. This phenomenon resulted in a decrease in free water 
quantity and an increase in physically bonded water. Consequently, 
after 24 h left to naturally dry in normal conditions, CMMT-modified 
samples preserved a larger amount of water compared to both control 
and 1-day CMMT-modified samples. 

As for the TiO2-modified samples, the filling effect due to their nano- 
size dimension led to an increase in density at both 1 day and 28 days of 
curing, compared to the control mix. Their smaller hydrophilicity 
compared to the CMMT-modified samples, was observed based on the 
results illustrated in Fig. 4b. A greater density was registered at 28 days 
compared to the 1-day record only in the case of TiO2 0.5-modified mix. 
However, the difference was only 0.40%, smaller than in the case of 
CMMT 1.5. For the TiO2 0.75-modified samples, after 28 days of curing, 
the density value decreased by 0.96% compared to the one at 1 day. The 
maximum density at 28 days was registered for the TiO2 0.75-modified 
mix – larger by 2.44% than the control mix density. 

Fig. 4c presents the density variation for the combination CMMT/ 
TiO2-modified cement mortar samples. Similar to the CMMT mixes, the 
density variation between the 1-day value and the 28-day one, for the 
combined CMMT/ TiO2-modified mixes was insignificant, the maximum 
being reached for the 1.5B 0.75 T mix – 0.62%. Although the variation 
was small and can be considered to be in the error interval, the results 
confirm the general physical behavior of both nanomaterials and cement 
mortar mix. The highest density value was obtained for the COMB1 mix, 
i.e. 2.155 g/cm3, whereas the smallest density value, corresponding to 
the modified specimens, was registered for the COMB2 mix – 2.101 g/ 
cm3. As the CMMT quantity increased to 1.5 wt% in COMB3 and COMB4 
samples, and more cement was replaced, the density at 28 days of curing 
registered a slight drop. Since the percentage of nanoparticles increased 
in the specimen, the density decreased, due to the smaller density values 
of the two nanoparticles compared to cement and aggregate. 

As a general remark, when combining CMMT with TiO2 particles, for 
the 1 wt% CMMT combinations, i.e. COMB1 and COMB2, the final 
density value at 28 days of curing was between the density values cor
responding to the individual nanomaterial-modified samples. Never
theless, as the quantity of CMMT increased to 1.5 wt%, the density 
registered a decrease in value relative to the individual nanomaterial- 
modified mixes. Considering the lower bulk density value of both 
CMMT and TiO2 compared to the cement particle and to the aggregate 
respectively, this decrease in density for the combination samples was 
expected. 

Although the bulk density variations are small, the analysis of this 
parameter is important considering that few studies discuss this topic 
[83], and the results are conflicting, taking into account the various 
types of densities that are computed. However, an increase in the den
sity, compared to the control specimen, for organo-modified montmo
rillonite cement paste was also previously reported [84,85] and 
hydrophilic bentonite concrete [36]. Increases in density value have 

been registered also for titanium dioxide addition in hardened cement 
mortar mix [86,87]. Correlating the results with the mechanical prop
erties of the cement mortar samples, a better report on the material 
could be achieved. 

3.2. Flexural strength 

The flexural strength of the nanomaterial-modified cement mortar 
specimens has been determined for each specimen at 28 days of curing. 
Based on the results, the average of the flexural strength has been 
computed for each mix, together with the corresponding standard de
viation. The graphical representation of both the calcined montmoril
lonite CMMT and TiO2 mixes is presented in Fig. 5. To connect the 
density variation with the flexural strength, the density was also 
represented. 

The maximum flexural strength value, i.e. 4.94 MPa, was registered 
when the cement mortar was modified with 1.5 wt% CMMT. Compared 
to the control mix M, the strength for CMMT 1.5 increased by 10.27%. 
The result was consistent with the maximum density value. Therefore, 
the optimum mix at 28 days of curing was CMMT 1.5. By superposing 
the flexural strength with the density values, a similarity in variation 
could be observed. Thus, the minimum flexural strength was registered 
for the CMMT 2 mix, corresponding to the lowest density value. 
Although inferior to CMMT 1.5, CMMT 1 and CMMT 2 flexural strength 
values were still higher than the control mix M values by 7.95% and 
8.46% respectively. Despite the fact that the CMMT particles replaced 
cement particles, they still had a positive effect on the flexural strength 
due to their higher pozzolanic properties, they still had a positive effect 
on flexural strength. 

The increase in flexural strength for all CMMT-modified mixes was 
doubled by an increase in density compared with the control mix M, as 
illustrated in Fig. 5a. 

Based on the results, the CMMT addition to cement mortar improved 
the flexural strength of the composite. It should be noted that although 
the w/b ratio had to be increased for all CMMT mixes (Table 5), 
compared to the control mix M, the flexural strength values increased. 
The result may be explained by the pozzolanic reactions associated with 
CMMT, together with the large specific surface area of these nano
particles, which promoted the hydration of CH crystals into CSH. 

Although there were scarce results in the literature regarding the 
flexural strength of MMT-modified cement mortar, without any other 
supplementary materials, they were consistent with the results of the 
current study. For example, a hydrophilic MMT clay, with no treat
ments, and a w/b ratio of 0.55 led to a maximum increase in flexural 
strength of 5.4% relative to the control specimen, for 2 wt% nano
material replacement by weight of cement [32,37]. An organo-modified 
MMT clay added to a cement matrix with a w/c ratio of 0.5, increased 
the flexural strength of the composite to a maximum of 5% increment 
relative to the control specimen, for a cement replacement of 1 wt% 
with MMT [38]. 

Compared to the CMMT-modified cement mortar mixes, TiO2- 
modified mixes exhibited a smaller flexural strength at 28 days, as 
presented in Fig. 5b. Although TiO2 nanoparticles were introduced in 
the cement matrix and increased the average density of the mix, 
compared to the control mix M, as presented in Fig. 4b, the flexural 
strength value decreased under the level of the control mix, as illustrated 
in Fig. 5b. If for 0.5 wt% TiO2 there was a relatively small decrease of 
only 0.08 MPa, for 0.75 wt% cement replacement the decrease was 
0.60 MPa. 

A similar variation was found in other studies. A decrease in flexural 
strength at 28 days of curing, when adding up to 1 wt% TiO2 nano
particles was registered also for self-compacting concrete [44] and 
cement mortar without additives [28]. Another study reported a gradual 
decrease in flexural strength as the cement mortar was modified with 
0.5, 1, 2.5 and 5 wt% TiO2 by weight of cement [88]. No improvement 
in flexural strength was registered for 1 wt% TiO2 cement replacement, 
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when adding 30 wt% fly ash to the cement mortar composite, according 
to Siang et al. [26]. 

The lack of pozzolanic properties of TiO2 particles might be the cause 
of the flexural strength decrease, although the cement quantity did not 
change. In addition, adding TiO2 particles might disrupt the hydration 
process of cement particles, as they attract water molecules due to their 
high specific surface area. The pore-filling ability of TiO2 particles, given 
by their small size, increased the density of the specimens compared to 
the control sample. Furthermore, the increased water content could also 
be related to the high-density of the sample. 

However, after 28 days of curing, the hydration process continues at 
a relatively high rate. As the TiO2 nanoparticle had a high specific sur
face area, the water absorption increased during the curing stage, 
leading to high water content, compared to the reference mix. More 
nucleation sites were made available for the CH crystals to hydrate, 
compared to the reference sample – effect due to the high specific sur
face area of the TiO2 particle. The combined above mentioned charac
teristics, lead to a prolonged hydration process, as the water content was 
higher in the sample and the number of CH hydration reactions were 
also higher [89]. The moisture within the TiO2-modified cement mortar 
sample can be visually observed in Fig. 6 (inside the green polygon). 

Practically, the TiO2-modified cement mortar mixes at 28 days had a 
higher density given by pore infilling and high-water content, but a 
lower flexural strength, compared to the control sample. Nevertheless, 
the flexural strength is expected to increase, after the completion of the 
hydration process, as all the CH crystals become hydrated [87,90,91]. 

When comparing the flexural strength results of CMMT and TiO2 
addition, it could be noted that their different properties strongly 
influenced the final result. The larger pozzolanic CMMT particles suc
ceeded in increasing the flexural strength at 28 days of curing, while the 
smaller, inert, TiO2 particles hindered the strength increase. Although 
they have a higher specific surface area and they fill better the voids due 
to their smaller size, the TiO2 nanoparticles lack pozzolanic properties. 
CMMT particles, although with a smaller specific surface area compared 
to TiO2 nanoparticles, work in two directions at early ages for promoting 
CSH crystals and increasing flexural strength: the pozzolanic reactions 
and the filling of voids. 

Fig. 7 presents the flexural strength variation for the considered 
nanomaterial combinations, at 28 days of curing. 

All nanomaterial combination-modified mixes recorded higher 
flexural strength values compared to the control specimen. The highest 
increment in flexural strength value relative to the control mix was 
obtained for the COMB4 mix – 4.69%. The second highest value was 
recorded for the COMB1 mix, as shown in Fig. 7. The smallest increment 
in flexural strength – of only 0.45% relative to the control sample cor
responds to the COMB3 mix. 

The increase in flexural strength could be related to the increase in 
specific surface area, due to the nano-size dimension of bentonite and 
titanium dioxide. With the increase in specific surface area, the pro
motion of CSH crystal production expands. As more CHS crystals are 
formed, the bond between particles improves and the flexural strength 
increases. 

On the other hand, adding both TiO2 and CMMT nanoparticles in the 
cement mortar mix improved the filling of micro-pores. Thus, although 
both particles were smaller than cement ones, the TiO2 particle was 
considerably smaller than the CMMT particle, succeeding in better 
filling the pores. Titanium dioxide lacked pozzolanic behavior, but it 
was balanced with the addition of CMMT in the cement mix. Therefore, 
the best formula could be considered to be the one associated with 
COMB4, in which CMMT accelerated the promotion of CSH crystals due 
to its pozzolanic properties and TiO2 filled better the micro-pores. 

The important flexural strength value corresponding to the COMB1 
sample compared to COMB4 could point out the need for better ultra
sonication. Adding more nanomaterials in the mix increased the risk of 
particle agglomeration, which affected the general homogeneity of the 
samples, induced weak points and decreased the mechanical properties. 

Although the variations were small, up to a maximum of 4.70% 
relative to the control sample, they are expected to increase in time, 
considering the increased quantity of physically bound water in the 
modified mixes compared to the control mix, as presented in Section 3.1. 

Fig. 5. Variation of flexural strength and density for (a) CMMT- modified cement mortar samples; (b) TiO2 - modified cement mortar samples.  

Fig. 6. Cross-section of nanomaterial-modified cement mortar sample 
after testing. 
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Despite the pozzolanic property of CMMT, which should promote the 
formation of CSH crystals, these types of reactions may be delayed at 
early ages because of the fly ash presence in the cement composition 
[92,93]. 

According to the results presented in Figs. 5 and 7, the flexural 
strength value corresponding to the combined CMMT and TiO2 samples 
was in between the extreme values of the individual nanomaterial- 
modified cement mortar mixes. The registered flexural strength value 
for the COMB samples was higher than the TiO2-modified cement mortar 
samples. The pozzolanic effect and the hydrophilicity of CMMT pre
vailed but the inert nanoparticles of TiO2 decreased the final strength of 
the combination samples. Therefore, the result regarding the flexural 
strength for the combination nanomaterial samples was consistent with 
the individual nanomaterial mixes and no improvement was registered 
at 28 days of curing when using the two nanomaterials combined. 

3.3. Compressive strength 

The compressive strength of the cement mortar mixes modified with 
calcined montmorillonite CMMT and TiO2 nanoparticles was deter
mined for each sample, at 28 days of water curing. The uniaxial 

compression test was conducted on the end portions of the broken 
prisms, as described in Section 2.4. The average of the compressive 
strength values was computed and the results are graphically presented 
in Fig. 8. 

Unlike the flexural strength results, CMMT samples register a 
decrease in compressive strength compared to the control mix M. When 
adding only 1 wt% of CMMT in the cement matrix, i.e. CMMT 1, the 
compressive strength decreases by 9.07%, as illustrated in Fig. 8a. The 
minimum compressive strength was obtained for CMMT 1.5, with a 
15.22% decrease compared to the control mix M. Conversely, the den
sity corresponding to all CMMT-modified samples had a significant in
crease compared to the control mix, the maximum increment being 
associated with CMMT 1.5. The difference in variation between the two 
parameters might be explained by the presence of bound water within 
the specimen. CMMT is known for its hydrophilicity, which increases 
water absorption during the water curing period. As the water was 
absorbed by CMMT particles, the density of the specimen increased but 
the cohesion between the cement matrix and aggregates decreased [92, 
94]. The final result was a decrease in compressive strength in contrast 
with the control mix. Based on this observation and the hydrophilic 
character of CMMT, as presented in Section 3.1, the existence of 

Fig. 7. Variation of flexural strength for CMMT and TiO2-modified cement mortar mixes.  

Fig. 8. Variation of compressive strength for (a) CMMT- modified cement mortar samples; (b) TiO2 - modified cement mortar samples.  
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physically bound water was detrimental for the specimen under 
compressive actions. The existent water found in the pores created 
cracks during the compressive loading, which accelerated the failure of 
the sample. 

Some researchers also reported a decrease in the compressive 
strength of cement mortar modified with various MMT percentages, at 
28 days of curing [92,95]. Other authors registered only one compres
sive strength value, corresponding to the MMT-modified samples, above 
the control specimen [96,97]. On the other hand, other studies pointed 
out that as the curing period increased and more hydration products 
were generated from the ongoing reactions, the compressive strength 
improved. The negative difference compared to the control specimen 
was reduced and, for some MMT percentages, the compressive strength 
value increased above the value corresponding to the control mix [92, 
95]. 

By contrast, titanium dioxide particles, had a better performance on 
the compressive strength of the cement mortar. Although TiO2 particles 
were added as a supplement in the cement matrix and in smaller 
quantities compared to CMMT, the density value of TiO2-modified 
samples was smaller, as shown in Fig. 4b. Nevertheless, the compressive 
strength for both TiO2-modified mixes was higher than the CMMT 
mixes. For the TiO2 0.75 mix, the compressive strength was slightly 
higher than the control mix by 1.39%. The difference in compressive 
strength between CMMT- and TiO2 – mixes might be due to the smaller 
particle size of TiO2. With a particle size of only 20 nm, they succeeded 
in filling both micro- and nano-pores, leading to improved mechanical 
and durability properties of cement mortar [86,88,98]. Moreover, the 
lower density value associated with TiO2-modified mixes could be a cue 
for the lower water quantity present in these samples, compared to the 
CMMT-modified mixes. 

Similar results were reported in a previous study [88] but for a 
maximum compressive strength corresponding to 1 wt% TiO2 cement 
replacement, followed by a decrease in strength compared to the control 
sample for the 0.5, 2.5 and 5 wt% TiO2 cement replacement. Other re
searchers registered decreases in compressive strength compared to the 
control specimen, for 0.5, 1 and 1.5 wt% TiO2 cement replacement [99]. 
The compressive strength for TiO2-modified cement mortar samples is 
expected to increase at 56 days of curing, after the consumption of more 
Ca(OH)2 and the formation of CSH crystals. 

To sum up, CMMT- and TiO2-modified cement mortar mixes showed 
different behaviors under compressive strength. Unlike the flexural 
strength tests, where CMMT proved to be a better solution as supple
mentary cementitious material than TiO2, for the compressive strength 
tests, the results reversed. Although TiO2 lacks pozzolanic properties, 
the decrease in water quantity and the total porosity due to the smaller 
TiO2 particles led to higher compressive strength values [88]. 

Fig. 9 illustrates the compressive strength value variation, at 28 days 
of curing, corresponding to the cement mortar mixes containing both 
CMMT clay and TiO2 nanoparticles. 

The compressive strength results regarding the nanomaterial com
binations followed a different trend than the flexural strength ones, 
presented in Fig. 7. As the quantity of CMMT increased to 1.5 wt% by 
mass of cement, the compressive strength registered an important drop 
in the value by 8.96% for the COMB3 mix and 11.51% for the COMB4 
one, compared to the control mix. The decrease in strength could be 
related to the presence of water inside the specimen. As it was presented 
in Section 3.1, MMT nanoparticles still maintain their hydrophilicity 
after calcination. During the 28 days of curing, free water bonds phys
ically and more water is absorbed, which limits its evaporation during 
the 24 h set for drying. Therefore, a larger amount of water is found in 
the COMB3 and COMB4 mortar mixes, compared to the control, COMB1 
and COMB2 mixes. Knowing that water is incompressible when the 
specimens were subjected to compression, the water present in the 
sample caused the occurrence of cracks, which led to a decrease in load- 
carrying capacity and hence a decline in compressive strength. 

The maximum compressive strength was registered for the COMB2 
mix. A smaller amount of CMMT, which decreased the quantity of water 
in the mix compared to the COMB3 and COMB4 mixes, together with a 
larger amount of TiO2, succeeded in filling up the pores, leading to this 
result. The compressive strength increment for the COMB2 mix, relative 
to the control mix was 3.19%. Comparing the compressive strength 
values corresponding to the COMB1 and COMB2 mixes, the importance 
of TiO2 in filling up the composite pores was pointed out. 

In contrast to the flexural strength results, the use of combined 
CMMT and TiO2 in the cement mortar mix had a positive influence on 
the compressive strength values at 28 days of curing, when compared to 
the mixes containing only CMMT or TiO2 nanoparticles. Particularly, the 
COMB1 and COMB2 mixes had higher compressive strength values than 

Fig. 9. Variation of compressive strength for the combined CMMT and TiO2 - modified cement mortar samples.  
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the individual-nanomaterial-modified mixes. There was only one 
exception for COMB1, for which the strength value was 2.73% smaller 
compared to the TiO2-modified cement mortar mix. COMB1 – composed 
of 1 wt% CMMT and 0.5 wt% TiO2 – had a 16.3% higher compressive 
strength than the CMMT 1.5 mix, although the nanomaterial percentage 
in the mix was the same. In addition, COMB1 registered a 12.81% higher 
compressive strength compared to the CMMT 2 mix. COMB2 showed the 
highest compressive strength compared to all individual nanomaterial 
mixes. Relative to CMMT 1, the compressive strength value was higher 
by 13.77% and relative to TiO2 0.75 – by 1.77%. 

COMB3 and COMB4 registered a decrease in compressive strength 
values compared to the control mix although the values were still above 
the one obtained for the CMMT-modified mortar mix. As more nano
materials were added to the mix, particle agglomeration might occur, 
which led to an uneven distribution and a decrease in strength. As 
CMMT preserved a certain level of hydrophilicity, the probability of 
agglomeration was higher when it was supplemented in the mix. 

As stated in Section 3.2, because the hydration process develops and 
the CSH crystals are formed, it is expected that the compressive strength 
will increase at later ages for all nanomaterial-modified mixes. There
fore, the difference between the TiO2 and COMB2 mixes is expected to 
increase with time, due to the pozzolanicity and hydrophilicity of CMMT 
particles combined with the inert character of TiO2. 

3.4. Microstructural analysis 

3.4.1. Scanning electron microscopy (SEM) 
The impact of individually adding calcined montmorillonite CMMT 

and TiO2 nanoparticles to the cement mortar mix has been analyzed 
using SEM images, as presented in Fig. 10. The microstructural analyses 
were performed at 28 days of curing. 

The microstructure evolved depending on the quantity and the type 
of nanoparticles which was introduced in the mix. The control mix, 
illustrated in Fig. 10a, has an apparent non-uniform aspect, which was 

improved when adding CMMT and TiO2 nanoparticles. Comparing 
Fig. 10a)-d), an increase in CSH quantity was observed as more CMMT 
was added to the mix. The largest area distribution of CSH particles was 
reported for 1.5 wt% CMMT, as presented in Fig. 10c), compared to 
Fig. 10b) and d). In addition, there were smaller voids compared to the 
control mix and the 2 wt% mix. The result corresponded also to the 
highest flexural strength value, discussed in Section 3.1. As the quantity 
of CMMT increased to 2 wt%, cracks began to develop and the quantity 
of CSH decreased compared to the 1.5 wt% sample. As more CMMT was 
added to the mix, given its hydrophilicity, it absorbed the water around 
the cement particles, and CH particles were left unhydrated. It resulted 
in a decrease in flexural strength for the 2 wt% CMMT compared to the 
1.5 wt% CMMT. 

The promotion of CSH crystals was smaller in the case of 0.5 wt% 
TiO2 addition to the mortar mix, presented in Fig. 10 e), compared to the 
1.5 wt% CMMT. More voids were observed and the structure had a non- 
uniform aspect, still displaying CH crystals. Conversely, 0.75 wt% TiO2- 
modified cement mortar mix was defined by a uniform microstructure, 
with higher quantities of CSH compared to 0.5 wt% TiO2 and higher 
quantities of CH compared to 1.5 wt% CMMT. Voids were still present in 
this sample. However, they were in a smaller number than the 1.5 wt% 
CMMT specimen. The uniform aspect, the high quantity of CSH crystals 
and the presence of smaller and fewer voids led to the highest 
compressive strength values, as discussed in Section 3.3. 

SEM analysis was performed also on the cement mortar specimens 
modified with combined CMMT and TiO2 nanoparticles, at 28 days of 
curing, and the results were presented in Fig. 11. 

The presence of primary ettringite was observed in all cement mortar 
samples modified with combined CMMT and TiO2 nanoparticles, which 
was beneficial for strength development during the early stages [100]. 
The largest distribution of ettringite was observed in the case of COMB2 
and COMB4 mixes, where the highest quantity of TiO2 was used. Being a 
product of hydration, its presence was related to the level of hydration 
achieved by a specimen, which influenced the mechanical strength. The 

Fig. 10. SEM images for cement mortar modified with (a) 0% nanomaterials; (b) 1% CMMT; (c) 1.5% CMMT; (d) 2% CMMT; (e) 0.5% TiO2; (f) 0.75% TiO2.  
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combination between CSH and ettringite was the most dominant in 
Fig. 11b, corresponding to the COMB2 mix. Although the hydration 
process was not completed, given the presence of CH in the mix, the 
highest quantity of CSH was registered, compared to the records of the 
other mixes. Therefore, the SEM images confirm the compressive 
strength results, represented in Fig. 9. 

3.4.2. X-ray diffraction analysis (XRD) 
The X-ray diffraction XRD analysis was carried out for both cement 

mortar mixes modified separately with calcined montmorillonite CMMT 
and TiO2 and the mixes modified with combinations of the two 
considered nanomaterials. All were compared with the control mix [81]. 
Firstly, XRD analysis was conducted to observe the influence of CMMT 
addition on the phase transition during cement hydration. The XRD 
patterns of the cement mortar mixes with up to 2 wt% addition of CMMT 
and the control mix are presented in Fig. 12. 

The control mix showed clear peaks specific to quartz and other 
phases which confirmed the hydration process of calcium. Next to the 
clear peaks specific for Portlandite, some humps can be identified on the 
spectra, which confirm the presence of amorphous phases such as CSH 
gel, ettringite and monosulfate [101,102]. The presence of these phases 
in ordinary cementitious composites and also in modified with nanoclay 
ones was also observed [103]. Additionally, the peak around 29◦ 2θ, was 
confirmed as tobermorite and seemed constant in intensity despite the 
amount of CMMT [104]. 

The peak with the highest intensity from all samples was detected 
around 26◦ 2θ and confirmed the presence of quartz. Around 18◦, 27◦

and 34◦ 2θ Portlandite phase was confirmed, as also identified by Tang 
et al. [105]. The same previous study also identified Montmorillonite at 
similar positions to those detected in the samples with CMMT addition. 

Clear peaks, but with different intensities that are related to CMMT 
content in the sample, were identified around 6◦, 11◦, 28◦ and 35◦ 2θ. 
The increase in CMMT content produced a decrease in the strength of the 
peaks specific to calcium-rich phases. This phenomenon could be related 
to the consumption of CH due to the carbonation of CO2 and the 
pozzolanic reactions of CMMT [105–107]. 

As CMMT dosage increased in the mixes, the intensity of the new 
phases, detected around 27◦ 2θ as anorthite and albite, increased, which 
is normal considering the Al content of CMMT [101]. 

The phase composition of the cement mortar samples after TiO2 
addition is illustrated in Fig. 13. The XRD analysis confirms the presence 
of the anatase phase through two new peaks positioned around 25◦ and 
46◦ 2θ, as also previously reported in [108] and [109]. 

The XRD analysis of the samples modified with both CMMT and TiO2 
nanoparticles confirmed that a mixture of phases took place when the 
two types of nanoparticles were combined. Fig. 14 illustrates the phase 
composition of the composite when both nanoparticles are added to the 
matrix. 

Based on Fig. 14, it was observed that no new phases were detected 
following the combining of CMMT and TiO2. Mostly, the intensity of the 
peaks could be correlated with the amount of one or the other compo
nent but there were some discrepancies, which could be related to the 
samples collected and prepared for XRD analysis. Considering the very 
low amount that is subjected to this analysis, along with the low amount 
of TiO2 and NC in the composition, it is quite understandable that the 
differences between the samples are not strictly related to the compo
sition of the mixtures. 

Fig. 11. SEM images for cement mortar modified with (a) 1% CMMT and 0.5% TiO2; (b) 1% CMMT and 0.75% TiO2; (c) 1.5% CMMT and 0.5% TiO2; (e) 1.5% CMMT 
and 0.75% TiO2. 
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4. Conclusion 

The article tackles the use of combined calcined montmorillonite and 
titanium dioxide nanoparticles in the composition of cement mortar, 
regarding the mechanical characteristics at 28 days of curing. Based on 
the analyses developed in the study, the following conclusions are 
drawn:  

• All CMMT-modified cement mortar mixes have a higher flexural 
strength than the control mix, with a maximum reached for a 1.5 wt 
% CMMT cement replacement. At the same time, the TiO2-modified 
mixes register a decrease in flexural strength compared to the control 
mix.  

• Combining CMMT and TiO2 nanoparticles in the cement mortar mix 
does not increase the flexural strength beyond the upper value set by 
CMMT-modified mortar samples. The result can be explained by the 
high quantity of water that is still present inside the pores at 28 days 
of curing, causing a decrease in the adherence between cement and 
aggregates. Increasing the quantity of nanomaterials implies an in
crease in water demand during the hydration process. However, after 
28 days, this process is still under way. Thus, when subjected to 
bending, the cement and aggregates are easier to be separated, 
leading to crack occurrence.  

• When combining CMMT and TiO2 nanoparticles in the cement 
mortar mix, an improvement in the compressive strength value is 
registered, compared to the individual nanoparticle-modified sam
ples. The maximum compressive strength is recorded for COMB2, 

with 3.19% higher than the control specimen. The filler effect of both 
nanomaterials and the pozzolanic property of CMMT can increase 
the strength above values corresponding to the control and 
individual-modified samples. 

To conclude, the combination of CMMT and TiO2 proves to have a 
positive influence on the cement mortar mix, from the mechanical 
strength point of view. Nevertheless, considering the slower hydration 
process of the cement mortar modified with CMMT, compared to the 
plain cement mortar, it is recommended to study the mechanical 
behavior of the modified samples at later ages, as an increase in strength 
is expected. Hence, as the hydration process develops, more CSH is 
produced and the matrix strengthens. In addition, the water quantity 
decreases, improving the ITZ and, as consequence, could lead to an in
crease in flexural strength. 
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Abstract: Natural zeolite is a honeycomb-structured aluminosilicate mineral with an open crystalline
structure which makes it suitable for a variety of applications. Given the beneficial effects of zeolites
on the properties of cementitious materials, the present paper aims to summarize the recent findings
reported in the scientific literature on the use of zeolites in cement-based construction materials. This
paper limits the analysis to natural zeolites. The influence of natural zeolites on the workability
and setting time of cement-based construction materials revealed that increasing the zeolite content
led to a reduction in workability compared to the control mixes. At the same time, the initial and
final setting times of cement pastes showed a decreasing trend with an increase in the replacement
percentage. The slow pozzolanic reaction of clinoptilolite zeolite results in lower flexural strength
and compressive strength values of mortars at the age of 28 days. Blending zeolites with other
supplementary cementitious materials resulted in improved values of the mechanical properties of
mortar and concrete. The findings regarding the impact of zeolite on the durability of concrete suggest
that zeolite shows promise as a viable alternative to cement, with positive effects on various aspects
of durability. The majority of the durability factors are interconnected. The presence of conflicting
findings is particularly significant in this context, highlighting the need for a comprehensive approach
to address these challenges in the future.

Keywords: natural zeolite; cement-based materials; workability; strength; durability

1. Introduction

Natural zeolite is a honeycomb-structured aluminosilicate mineral with an open
crystalline structure which makes it suitable for a variety of applications. The term “zeolite”
was proposed by the Swedish mineralogist A. F. Cronstedt in 1756 [1] and it stems from the
Greek words “zeo”, meaning “to boil”, and “lithos”, meaning “stone”. Hence, the meaning
of “zeolite” is literally “boiling stone” and was attributed to it based on the observations
of Cronstedt, who discovered that rapidly heating this mineral produced steam from the
water that was previously absorbed by the material.

Nowadays, there are more than 50 types of known natural zeolites and more than
150 types of synthetic zeolites, with different applications in various industries. In the
construction industry, especially when referring to cement-based materials, natural zeolites
are mostly known for replacing Portland cement due to their pozzolanic nature [2]. The
large percentages of SiO2 and Al2O3 found in zeolites can react with Ca(OH)2 produced
during the hydration process of cement and form additional phases of calcium–silicate–
hydrate (C-S-H) [2–4]. This results in a denser structure of the cementitious matrix, leading
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to improved strength and durability characteristics of the material [5]. According to several
studies, clinoptilolite, heulandite and faujasite are the most used types of natural zeolites
in the construction industry [3,6] because of their cation exchange capacity.

Due to their internal structure, consisting of a network of tetrahedral crystals with
extremely small pores and channels, zeolites have a very high total specific surface of
34–45 m2/g [2] and are able to easily absorb and desorb water. Clinoptilolite zeolites have
the advantage of not changing their dimensions during the absorption and desorption
phases [5] and are, therefore, preferred to other natural zeolites when used in cement-based
materials. However, their pozzolanic effect is, sometimes, considered to be slow compared
to other types of natural zeolites and their effect can continue for longer periods of time
than the standard age of 28 days for assessing mortar/concrete mechanical properties [3,7].

While the pozzolanic properties of zeolites make them suitable as supplementary
cementitious materials, leading to improved mechanical properties of cement-based con-
struction materials [8], their high porosity and the configuration of their internal structure,
as shown in Figure 1, leads to two different effects. In the fresh state, zeolites containing
cementitious materials exhibit a lower workability, as reported by several recent stud-
ies [3–5,9], but without significant influence on the setting time [4,10]. In the hardened
state, the water absorbed by the zeolites is gradually desorbed and contributes to the
long-term hydration of the cement particles, thus acting as an internal curing agent [5,8].
At the same time, zeolites significantly reduce the autogenous shrinkage of cement-based
materials [8,11].
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Figure 1. Microstructure of clinoptilolite zeolite.

Considering the large number of research papers investigating the effect of zeolites
on the properties of cement-based materials, an attempt was made to summarize the
findings and draw some generally valid conclusions [12]. The study highlighted the
pozzolanic effect of natural zeolites, when used as a substitute for Portland cement, their
internal curing capabilities, as well as their use as aggregates in lightweight concrete (as air
entraining agents). A 12% improvement in the compressive strength value was reported
for replacement percentages up to 20%. Higher replacement values resulted in a decline
in the strength characteristics. Moreover, improvements in terms of chloride penetration,
water penetration, frost resistance and shrinkage of concrete were also reported.

Given the beneficial effects of zeolites on the properties of cementitious materials, the
present paper aims to summarize the recent findings reported in the scientific literature on
the use of zeolites in cement-based construction materials. This paper limits the analysis



Coatings 2024, 14, 18 3 of 28

to natural zeolites. Both fresh- and hardened-state characteristics are presented as the use
of zeolites has influences on both of these phases/states of cement-based materials. The
findings are summarized in terms of strength (compressive and flexural strength) and dura-
bility properties (freeze–thaw, chloride diffusivity, acid attack resistance, water transport
properties, carbonation, electrical resistivity and drying shrinkage) for cement paste, mortar
and concrete. Where applicable, differences will be highlighted between the use of natural
zeolites as supplementary cementitious materials and their use as aggregates, although
their use as aggregates is rather limited. A short discussion on the underlying mechanisms
leading to the reported results in the scientific literature coupled with limitations on the
use of natural zeolites and future challenges is also provided.

2. Fresh-State Properties

The influence of natural zeolites on the workability and setting time of cement-based
construction materials was also investigated. The workability while in the plastic state can
affect the hardened properties of cement-based materials. A stiff mix may require excessive
vibration to fully and evenly fill the formwork, which may lead to segregation. On the
other hand, a fluid mix may result in segregation and water bleeding. Both these extreme
scenarios should be avoided and careful investigations should be conducted in designing a
cohesive mix but with sufficient workability.

A recent study investigated the influence of clinoptilolite zeolite on the slump and
setting time values of mortar and cement paste, respectively. Increasing the zeolite content
to 10% resulted in a 25% reduction in workability compared to the control mix [3]. At the
same time, the initial and final setting times of the cement pastes showed a decreasing
trend with the increase in the replacement percentage. One possible explanation could
be the higher specific area of zeolite particles coupled with the porous nature of zeolites,
which results in part of the mixing water being absorbed. The effect of zeolites on the fresh
properties of the investigated cement-based materials was more pronounced compared
to other supplementary cementitious materials used in the study: metakaolin, ground
granulated blast furnace slag and type C fly-ash.

In another study conducted on the pore structure of cement pastes containing natural
zeolites, it was reported that the initial setting time values decreased with the increase
in zeolite content, while the final setting time values increased. The considered cement
replacement percentages by clinoptilolite zeolite were 10%, 20% and 30%, by mass. A rather
high water/binder ratio of 0.6 was chosen, which could explain the longer final setting
time values. Moreover, the initial setting time values did not change with the increase in
the replacement percentage, while higher percentages than 20% had no influence on the
final setting time. The flow, however, decreased with the increase in the zeolite content in
an almost linear manner [4].

Different results were reported in [10] in terms of initial and final setting time values
of cement pastes containing zeolites. The authors concluded that the variation between
the setting time values of all considered mixes was small and, therefore, the zeolite content
did not play a significant role. However, a 13.79% increase in the initial setting time value
was reported for a replacement percentage of 20%. An interesting conclusion was drawn in
terms of the volume stability of zeolite mixes, especially for replacement percentages equal
to and higher than 10%. These mixes showed a better volume stability compared to the
reference mix, which could be attributed to the volume stability of zeolite particles [5] and
to the significantly reduced shrinkage provided by the presence of zeolites [11].

Calcination of zeolites to 600 ◦C and 800 ◦C results in a lower demand for super-
plasticizer, at a constant water/binder ratio of 0.33. The calcination leads to lower water
demand because the porosity of zeolites is greatly reduced [13]. At the same time, while
the amorphous content of zeolites increases with calcination temperature, their pozzolanic
activity, porosity and surface area greatly reduced [13,14].

The use of natural zeolites together with limestone powder as substitutes for cement in
self-compacting mortar resulted in a higher dosage of water-reducing admixture coupled
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with longer times for the mortar to reach spread diameters of 250 mm and 300 mm [15].
The study concluded that the combined use of zeolites with limestone powder in equal
parts, at a constant water/cement ratio of 0.42 and a similar water/binder ratio of 0.336,
resulted in overall better characteristics of self-compacting mortar than all other blends of
supplementary cementitious materials investigated in the study.

In a different study, the cement was replaced by zeolite at rates of 5%, 10%, 15% and
20%, by volume. The results showed an increase in the flowability of mortar with up to 10%
replacement, compared to the reference mix. Higher replacement percentages resulted in
lower flowability values but all zeolite-containing mixes exhibited larger values compared
to the control mix [9]. The porous nature of zeolite coupled with its high specific area
were considered as the main influencing factors for the obtained results for replacement
percentages higher than 10%. A previous study also indicated that another possible cause
could be the angular shape of zeolite particles, which may result in increased friction forced
between the particles of the mix [16].

In an earlier study, it was found that replacing Portland cement by amounts of 5%,
10%, 15% and 20%, by mass, resulted in a higher dosage of superplasticizer in order to
obtain a similar slump with the reference concrete mix. At the same time, the air content of
the mix increased with the increase in the replacement percentage due to the porous nature
of zeolites [2].

Similar results were reported in [17] for 10% and 15% replacement percentages by
mass of cement. Increasing the water/binder (w/b) ratio from 0.35 to 0.5 resulted in lower
dosages of water-reducing admixture. However, the increased content of water-reducing
admixture after increasing the replacement percentage was reported for all considered
w/b ratios.

A summary of the presented results can be found in Table 1. The information was
sorted first on the type of material, from cement paste to mortar and finally to concrete.
The second sorting criterion was the water/binder ratio.

Table 1. Influence of zeolite content on the fresh properties of cement-based materials.

Material Water/Binder
Ratio

Replacement
Percentage Findings Ref.

Paste 0.4 5%, 10%
by mass

The initial and final setting time decreased by 20–35 min
and 15–35 min, respectively, compared to the control mix. [3]

Paste 0.45, 0.5, 0.55, 0.6,
0.65, 0.7

5%, 10%, 15%, 20%
by mass

flow spread increased with increase in w/b but decreased
with increase in zeolite content;
packing density increased with increase in zeolite content;
water film thickness increased with increase in w/b but
decreased with increase in zeolite content.

[18]

Paste 0.5 5%, 10%, 15%, 20%
not specified

water demand increased with zeolite content;
volume expansion was halved with more than 5% zeolite;
initial/final setting time showed little variations.

[10]

Paste 0.6 10%, 20%, 30%
by mass

initial setting time decreased and final setting time
increased when using zeolite;
flow of cement paste decreased with increase in
zeolite content.

[4]

Mortar 0.33 15%, 30%
by mass

higher dosage of superplasticizer required when
using zeolite;
slump increased after zeolite calcination.

[13]
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Table 1. Cont.

Material Water/Binder
Ratio

Replacement
Percentage Findings Ref.

Mortar 0.336 10%
by mass

higher water-reducing admixture content.
highest times for mortar to reach spread diameters of 250
mm and 300 mm.

[15]

Mortar 0.485 5%, 10%
by mass

the use of up to 10% zeolite decreased the workability by
approximately 25% compared to the control mix. [3]

Mortar 0.5 5%, 10%, 15%, 20%
by volume

the flowability increased up to 10% replacement and
then decreased;
porosity was higher than control mix and highest for
10% replacement.

[9]

Concrete 0.4 5%, 10%, 15%, 20%
by mass

Increased dosage of superplasticizer to obtain a similar
slump to the control mix;
air content increased with the increase in the
replacement percentage.

[2]

Concrete 0.35, 0.4, 0.45, 0.5 10%, 15%
by mass

higher dosage of water-reducing admixture was required
with the increase in the zeolite content in order obtain
similar slump values with the control mix;
increasing the w/b ratio resulted in lower dosages of
water-reducing admixture.

[17]

Concrete 0.48 5%, 10%, 15%
by mass

slump decreased with an increase in zeolite percentage;
The increase in the crumb rubber content resulted in a
further decrease in the slump.

[19]

3. Mechanical Properties

This section summarizes recent findings in terms of the compressive strength, flexural
strength and modulus of elasticity of cement-based construction materials. The information
is presented and discussed in terms of influencing factors such as the role of natural zeolites
as supplementary cementitious materials or aggregates, the replacement percentages of
Portland cement or traditional aggregates and the water/cementitious binder ratio, as well
as the curing age of tested specimens. Where applicable, the use of natural zeolites together
with other pozzolans will be presented and discussed.

3.1. Cement Paste

There are not many studies addressing the mechanical properties of cement pastes
with zeolites. Still, the findings are similar to the ones reported for mortars and concrete.

In a comprehensive research work, six different water/binder ratios, four replacement
percentages of cement by natural zeolite and three different curing ages were considered
for cement pastes in order to assess the compressive strength [18], as summarized in Table 2.
The highest gain in compressive strength values were obtained from 7 days to 28 days,
irrespective of zeolite content or water/binder ratio. However, the strength gain from
28 days to 70 days was more pronounced for zeolite-containing pastes than for the reference
ones. This gain was mostly governed by the zeolite content, whereas the w/b ratio had
little effect. This confirmed the slow pozzolanic reaction of clinoptilolite zeolite reported in
other studies [3,7].

There was no clear increasing or decreasing trend in terms of compressive strength
values up to the age of 28 days for pastes containing zeolites compared to the reference mix.
However, at the age of 70 days, all pastes with zeolites showed consistently larger values
compared to the reference mixes.
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Table 2. Influence of zeolite content on the compressive strength of cement paste.

Water/Binder Ratio Replacement
Percentage Age [Days] Findings Ref.

0.45, 0.5, 0.55, 0.6,
0.65, 0.7

5%, 10%, 15%, 20%
by mass 7, 28, 70

Increasing the w/b ratio decreases the compressive
strength irrespective of age or replacement percentage;
The compressive strength decreases with the increase
in zeolite content compared to reference mix;
At the age of 70 days, all zeolites containing pastes
showed higher values compared to the reference mix,
irrespective of w/b ratio.

[18]

3.2. Mortar

In the case of mortars, the mechanical properties are determined on 40 mm × 40 mm
× 160 mm prisms. The specimens are subjected to three-point loading tests to determine
the flexural tensile strength. The compressive strength is determined from the uniaxial
compression tests conducted either on the resulting half prisms from the bending test or on
cube specimens.

The slow pozzolanic reaction of clinoptilolite zeolites results in lower flexural strength
and compressive strength values of mortars at the age of 28 days. When samples are
subjected to elevated temperatures (200 ◦C, 300 ◦C, 400 ◦C, 650 ◦C and 800 ◦C), the presence
of zeolites increases the possibility of higher hydration production occurrence due to
water release from the porous structure of the zeolite coupled with internal pore pressure,
which leads to the so-called autoclave curing [20]. This effect was observed especially at
temperatures higher than 400 ◦C.

Researchers looked for alternatives to improve the effect of zeolites as supplementary
cementitious materials. There are currently two main approaches: milling, to decrease
the particle size, and calcination, which helps in reducing their porous structure and,
consequently, decreasing the water demand [13,21]. According to a recent study, calcination
of natural zeolites resulted in marginal improvements over non-calcined zeolites in terms
of compressive strength at either early age or 28 days. Milling pre-treatment, on the other
hand, resulted in significantly improved values of the compressive strength of zeolites
containing mortars, compared to the natural, non-treated zeolite mortar. The combination
between milling and calcination pre-treatments resulted only in marginal gains that could
not justify the embed energy consumption [21].

According to a recent study, the use of zeolites blended with other supplementary
cementitious materials, at water/binder ratios lower than 0.45, resulted in improved values
of mechanical properties [15]. The TGA analysis showed that blending limestone powder
with natural zeolites resulted in better hydration compared to the control mix, although the
cement content was lower.

The use of nano-silica in cement-based mortar promotes the acceleration of cement
hydration. Using blends of nano-silica and zeolites to replace the cement not only results
in higher compressive strength values at early ages but also beyond 28 days when the
pozzolanic reaction of zeolites starts contributing [22]. The small dimensions of nano-silica
create a nucleation site inside the matrix and lead to the formation of a denser structure.
Hence, it has been hypothesized that calcium hydroxide crystals have less space to grow
which results in smaller dimensions but larger numbers [23,24]. This leads to an increase in
the lateral surface of CH crystals, accelerating the pozzolanic reaction. Therefore, it can be
assumed that the use of nano-silica together with zeolites, or any other natural pozzolan,
has a synergistic effect because their beneficial effects are augmented by the presence of
the nano-silica.

The use of zeolites as a replacement for aggregates, e.g., sand, in engineering cemen-
titious composites was considered from the point of view of the zeolite’s internal curing
properties [25] rather than the strength gains of the resulting material. A successful decrease
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in the 28 day shrinkage was obtained at the cost of a 10% reduction in compressive strength
for a 30% replacement, by mass, of quartz sand by natural zeolite.

A summary of individual findings in terms of using natural zeolites and their effect
on the mechanical properties of mortars can be found in Table 3.

Table 3. Influence of zeolite content on the flexural tensile strength and compressive strength
of mortar.

Water/Binder Ratio Replacement
Percentage Age [Days] Findings Ref.

0.5
5%, 10%, 15%, 20%

not specified
replaces cement

2, 7, 28, 56

early age (2 and 7 days) flexural strength decreased with
increase in zeolite content;
at 28 and 56 days, flexural strength of mortars with 5%
and 10% zeolite was similar to the reference; higher
percentages resulted in lower values;
compressive strength followed a similar trend.

[10]

0.5 30%, 40%, 50%
by mass of cement 1, 3, 7, 28

lower compressive strength for all mortar mixes with
zeolite; increase in replacement percentages resulted in
lower values;
compressive strength was slightly improved by
calcination of zeolite;
compressive strength was significantly improved by
milling of zeolite;
milling and calcination did not show improvements in
compressive strength over milling alone.

[21]

0.485 15%
by mass of cement 3, 7, 28, 90

compressive strength of mortar with zeolite increased
with the curing age;
early age compressive strength is lower for zeolite
mortars compared to the reference; at 28 and 90 days,
compressive strength is higher for zeolite mortars;
when used together with nano-silica (3%, 4%),
compressive strength is consistently higher than the one
obtained for control.

[22]

0.4
5%, 10%, 15%, 20%

by volume of
cement

90

flexural tensile strength decreased when zeolite was
used; smallest decrease recorded for 10% zeolite;
compressive strength marginally higher for 10% and 15%
zeolite use compared to control; the other two mixes
showed up to 12% decrease.

[9]

0.336 10%
by mass of cement 7, 28

compressive strength increased for both ages compared
to control (additionally, 10% of cement was replaced by
limestone powder);
highest increase, of 26%, obtained at 28 days.

[15]

Not specified 10%, 20%
by mass of cement 28

compressive strength at room temperature was 5% lower,
on average, when using zeolite; with increasing
temperature, the decrease was up to 10.53%;
flexural tensile strength at room temperature was similar
to the reference for the 10% zeolite mix and 12.57%
lower for the 20% mix; exposure to temperatures up to
800 ◦C resulted in an average decrease of 3.45%.

[20]

0.2 15%, 20%, 30%
by mass of sand 28

compressive strength was lower at 28 days when using
zeolite, both natural and calcined;
compressive strength reduced by 2.24% for 15% zeolite
use (either natural or calcined) and by 5% for 20%
calcined zeolite use; increasing zeolite content resulted
in 10% decrease in compressive strength.

[26]
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3.3. Concrete

In the case of concrete, studies revealed that a smaller zeolite particle size resulted
in higher compressive strength values, irrespective of the considered curing age of con-
crete [27]. A lower w/b ratio resulted in a better performance of zeolites containing
self-compacting concrete, which had higher compressive strength values compared to the
reference mix [28]. The obtained results are in line with previously reported trends [29].

The increase in the compressive strength of zeolites containing concrete could be
attributed to the active SiO2 and Al2O3 present in the zeolite, promoting its pozzolanic
activity [30].

After 90 days of curing, the hydration of 20% zeolite concrete resulted in a compact
microstructure of the matrix, as demonstrated by means of mercury intrusion porosime-
try (MIP) results. The total porosity was lower than that of the control mix. Increas-
ing the replacement percentage resulted in large capillary pores and cracks occurring in
the concretes [31].

A summary of the individual findings in terms of elastic and strength properties of
concrete using zeolites is presented in Table 4.

Table 4. Influence of zeolite content on the compressive strength (f′c), splitting/flexural tensile
strength (ft) and modulus of elasticity (E) of concrete.

Water/Binder
Ratio

Replacement
Percentage

Age
[Days]

Investigated
Properties:

f′c, ft, E
Findings Ref.

0.48 5%, 10%, 15%
by mass of cement 7, 28 f′c, ft, E

compressive strength and splitting tensile strength at 28
days increased with increasing zeolite content for all
crumb rubber percentages;
modulus of elasticity was influenced by the crumb rubber
content rather than zeolite.

[19]

0.45
2.5%, 5%, 7.5%,

10%
by mass of cement

7, 28 f′c

compressive strength of all zeolite mixes was higher than
the reference;
increasing zeolite percentage resulted in a lower
increase in compressive strength during curing.

[30]

0.42, 0.46 5%, 10%, 15%
by mass of cement 7, 28, 90 f′c, ft

higher w/b resulted in lower values of
mechanical properties;
early age compressive strength was lower with increasing
zeolite content;
compressive strength at 90 days was higher for zeolite
concrete for all w/b; 10% zeolite use resulted in highest
compressive strength, irrespective of w/b;
similar results were obtained for flexural tensile strength.

[32]

0.41 5%, 10%, 15%, 20%
by mass of cement

7, 28,
90, 180 f′c, ft, E

compressive strength was lower for all concrete mixes
containing zeolite at all ages;
mechanical properties were highly affected by
cement type;
tensile splitting strength was lowest for 10% zeolite use,
irrespective of cement type;
tensile strength was higher for higher
replacement percentages;
modulus of elasticity was not significantly influenced by
zeolite or cement type.

[33]

0.4 5%, 10%, 15%, 20%
by mass of cement

3, 7,
28, 90 f′c

compressive strength was higher for all zeolite concrete at
all ages;
compressive strength decreased with increasing zeolite
content, up to 28 days;
significantly higher compressive strength was obtained at
90 days compared to the reference.

[2]
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Table 4. Cont.

Water/Binder
Ratio

Replacement
Percentage

Age
[Days]

Investigated
Properties:

f′c, ft, E
Findings Ref.

0.4 10%, 15%
by mass of cement

28, 90,
236 f′c

compressive strength was higher for all zeolite concrete at
all ages;
increasing volcanic tuff content improved the
compressive strength values;
concrete with 10% zeolite performed slightly better than
the 15% mix.

[34]

0.4 10%, 20%, 30%
by mass of cement 7, 28 f′c

compressive strength decreased with increase in
zeolite content;
at 7 days, the 10% zeolite concrete mix showed higher
compressive strength than the control;
at 28 days, both 10% and 15% zeolite concrete mixes
showed higher compressive strength than the control.

[35]

0.38, 0.45 5%, 10%, 15%, 20%
by mass of cement

3, 7, 14,
28, 90 f′c, ft

compressive strength increased with the age of concrete
and with reduction in w/b;
higher rate of compressive strength development with age
was recorded for zeolites containing
self-compacting concrete;
splitting tensile strength at 28 days decreased with
increasing zeolite content.

[28]

0.35 5%, 7.5%, 10%
by mass of cement 7, 28, 90 f′c, ft

compressive and splitting tensile strength at all ages were
improved by increasing the zeolite percentage;
mechanical properties were further improved by
adding fibers.

[36]

0.3 20%, 40%, 60%
by mass of cement 7, 28, 90 f′c

compressive strength of zeolite concrete was lower than
the reference at 7 and 28 days;
20% zeolite use resulted in the highest compressive
strength at 90 days; higher percentages resulted in lower
compressive strength compared to the control.

[31]

0.18 5%, 10%, 15%
by mass of cement

3, 7,
28, 90 f′c

compressive strength increased for all zeolite concrete at
all ages, compared to the reference;
early age (3 and 7 days) compressive strength was highest
for the 5% zeolite mix;
at 28 days and later, the 10% zeolite mix exhibited the
highest compressive strength.

[27]

- 7%, 14%, 21%
by mass of cement N.A. f′c, ft

compressive strength of autoclave aerated concrete was
significantly improved by zeolite;
compressive and splitting tensile strength increased with
increasing the zeolite content.

[37]

0.2 15%, 30%
by mass of sand 3, 7, 28 f′c

compressive strength decreased with increasing the zeolite
content at all ages;
zeolite calcination had a positive effect after 90 days,
though compressive strength was slightly lower
than the reference;
calcination pre-treatment was not effective at early ages.

[38]

4. Durability

Due to the widespread application of concrete in civil engineering, enhancing its
durability emerges as a crucial element in the development of sustainable structures
characterized by increased life-span and lowered carbon footprint. Zeolite has the potential
to be a significant factor towards achieving this goal. In addition to its pozzolanic activity,
which makes it a desirable substitute for cement, the structure and characteristics of zeolite
make it attractive for its use in cementitious materials. Natural zeolites exhibit intriguing
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properties related to ion exchange and water transport, which are derived from their
framework-like structure [12,39].

The durability of concrete denotes its capacity to withstand and resist the action
of different factors that can affect its structural integrity and functional performance.
Enhancing this property will contribute to increasing the resilience of structures in line
with sustainable construction practices, thereby reducing the environmental impact. In
the following description, the discussion will take into consideration the most important
and widely researched mechanisms regarding durability and the manner in which they are
impacted by the presence of zeolites.

4.1. Freeze–Thaw Resistance

The ability of concrete to withstand frost effects is a critical characteristic as the
material possesses a specific pore structure and water content. The repeated freezing and
thawing cycles, as well as the presence of de-icing salts, can lead to the deterioration of the
material [40]. Specific mechanisms have been suggested, stemming from the increase in
volume of around 9% that the water undergoes upon freezing. Internal stresses will appear
due to the hydraulic pressure inside the pores, while repeated freezing and thawing will
lead to additional water in the capillary pores as well [41]. Following this process, which
starts at the surface and propagates inwards, the microstructure can be severely affected.

Zeolites have been studied in relation to their potential for enhancing the frost resis-
tance of concrete. Substituting 10% of the cement mass with natural zeolites reduces the
percentage of strength loss after 150 cycles, when compared to the initial value, by over
30% [7]. Additionally, the study indicated that incorporating an air-entraining agent further
enhanced resistance in both zeolite and control mixes, with the zeolite showing a positive
impact in this comparison as well.

Several replacement percentages of cement with natural zeolite (10, 20, 30 and 40%)
were investigated in [42]. It was found that only specimens with 10% and 20% replaced
cement have a higher frost resistance coefficient when compared to the control. The study
also found the same behavior for the mass loss due to de-icing salts. Weight loss during
freezing–thawing was also found to be reduced by over 80% when using 15% zeolite
instead of cement [43].

Research on mortars revealed that only 5% cement replacement results in better
values than the reference [44], while in another study it was found that 10% increases
frost resistance [45]. Both studies agree that superior replacement values will lead to poor
resistance to the freezing–thawing of mortars. The researchers explain this on the basis of
the pozzolanic activity of zeolite, which will lead to a densification of the microstructure,
thus prohibiting expansion of ice crystals and subsequent damage.

The main findings are summarized in Table 5.

Table 5. Influence of zeolite content on the freeze–thaw behavior of mortar and concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 10%
by mass of cement strength loss lower strength loss percentage (25.6 vs. 37.9 after

150 cycles). [7]

Concrete 10%, 20%, 40%, 60%
by mass of cement strength loss

10% and 20% zeolite use resulted in better results
when compared to reference, in both compression
and bending.

[42]

Concrete 10%, 20%, 40%, 60%
by mass of cement

mass loss
(de-icing salts)

mass loss was reduced by 50% for 10% and 20%
zeolite use, compared to control; mass loss was
increased 2–3 times by 40% and 60% zeolite use.

[42]

Concrete 15%
by mass of cement

mass loss
(de-icing salts)

four times less mass loss when using zeolite;
obs.: lime was also used in all mixes. [43]
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Table 5. Cont.

Material Replacement
Percentage Measurement Findings Ref.

Mortar
5%, 10%, 15%,

20%, 30%
by mass of cement

mechanical properties

increase in zeolite content resulted in better
mechanical properties compared to the reference
before freeze–thaw cycles;
after 50 freeze–thaw cycles, 5% zeolite use
resulted in better values of mechanical properties.

[44]

Mortar 10%, 20%, 30%
by mass of cement Compressive strength

compressive strength for all mixes decreased after
50 freeze–thaw cycles;
10% zeolite use resulted in the highest
freeze–thaw performance.

[45]

4.2. Chloride Diffusion Resistance

Chloride ions are mainly dangerous for reinforced concrete, with reinforcing bars
being subjected to corrosion. Depletion of the passive layer will lead to the oxidation of
steel, which leads to its volume expanding and, consequently, to the cracking of concrete
due to internal stresses [46]. Several studies have indicated that zeolite can effectively
decrease the diffusion of chloride ions.

It was found that replacements of 15% and 30% cement by natural zeolites significantly
reduce chloride ion permeability compared to control, with values reduced by around 90%
at an age of 90 days [11]. In another study where lower concentrations of zeolites were used
(10% and 15%), chloride resistance was found to decrease, but with a maximum of 70% [34].
However, the authors simultaneously substituted volcanic tuff for the fine aggregates while
also replacing cement.

In a more detailed study, chloride profiles and the total and surface chloride concen-
tration, as well as the apparent chloride diffusion coefficient, were investigated [47]. These
were tested in splash, tidal and laboratory conditions. Zeolites were used in percentages of
10%, 15% and 20% replacing cement. The chloride profiles were all steeper (for all types
of tests and all concentrations) than those obtained for control. In tests under laboratory
and tidal conditions, the total chloride contents at 10mm were similar for all zeolite con-
cretes and the values were lower by around 20% than the reference, while, under splash
conditions, only the specimens with 20% zeolites showed a reduction of over 50%. The
apparent diffusion coefficient was markedly lower for all zeolite specimens, while the
surface chloride concentration was lower only for the 20% replacement level.

Another study on the same replacement levels of 10%, 20% and 30% of cement with
zeolites determined that the diffusion coefficient was lowered by more than 50% in modified
concrete mixes [48]. It was also found that 10% and 20% zeolite use as a cement replacement
leads to a decrease in the diffusion coefficient of more than 100%, as highlighted in [49].
Ahmadi replacement levels of 10%, 15% and 20% reduce the apparent diffusion coefficient
by up to 66%, while 5% cement substitution shows almost no change [2].

The positive influence of zeolites regarding chloride diffusion can be altered by other
factors, such as the water to binder ratio (w/b) and temperature and age of the specimens.

Tests performed on high cement replacement percentages, namely 30% and 40%,
applied on mixes with w/b of 0.3 and 0.4, showed that only the lower w/b value had
reduced chloride diffusivities [50]. In this case, 30% showed a greater chloride diffusivity
reduction than 40% (38% vs. 21%) did compared to control. A similar approach was
taken by other researchers, who tested various w/b (0.3, 0.35, 0.4 and 0.45) with cement
replacement levels of 10% and 15% [17]. Irrespective of water or zeolite content, all modified
concrete mixes showed reduced chloride permeability, with higher zeolite levels showing
more improvement.

The influence of curing age was also investigated for a 15% cement replacement
percentage with natural zeolite [43]. The migration coefficient up to 365 days and the
behavior of control, which was quite different compared to the zeolite-containing concrete,
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were measured. The reference had a more linear drop in the migration coefficient with age,
while the modified concrete showed a more abrupt change during the first 28 days. The
final value for the reference was also 3 times higher at the end of the 365 day experiment.
The same type of experiment was performed in [51] for 10% and 15% zeolite content. The
same abrupt change in the migration coefficient was observed in both mixes, with slightly
different slopes but with final values being similar at 365 days. The difference between
the control and modified recipes is also similar to the previous study, with the control’s
migration coefficient being around 3 times higher than that of the zeolite concretes.

The temperature influence was also measured in a research work trying to replicate, as
much as possible, the real life exposure conditions of concrete [52]. Cement was replaced in
amounts of 10%, 15% and 20% with natural zeolite, and the temperatures used in the study
were: 22 ◦C, 35 ◦C and 50 ◦C. At every temperature, the apparent diffusion coefficient
was reduced more with the increasing zeolite content. At the same time, the coefficient
grew with increasing temperature for all specimens, but the increase was smaller for the
zeolite concretes than the reference. The smallest increase was shown to happen for the
15% replacement.

A summary of the findings can be found in Table 6.

Table 6. Influence of zeolite content on the chloride diffusion resistance of concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 15%, 30%
by mass of cement

rapid chloride
penetration test

values were lowered by up to 85% and 93% for
15% and 30%, respectively, after 90 days
of curing.

[11]

Concrete 30%, 40%
by mass of cement

rapid chloride
penetration test

zeolite mixes showed low chloride permeability for
low w/b (0.3), while reference had a moderate
one;
zeolite had no impact at higher w/b (0.4).

[50]

Concrete 10%, 15%
by mass of cement

rapid chloride
penetration test

higher w/b resulted in higher chloride penetration
for the reference; similar behavior was observed
for zeolite concrete for w/b ratios of 0.35,
0.4 and 0.45;
10% zeolite reduced chloride permeability by 43%,
57%, 59% and 54% for w/b of 0.35, 0.4,
0.45 and 0.5;
15% zeolite reduced chloride permeability by 51%,
58%, 65% and 70% for w/b of 0.35, 0.4,
0.45 and 0.5.

[17]

Concrete 10%, 20%, 30%
by mass of cement

accelerated chloride
penetration test

zeolite use increased resistance to
chloride diffusion;
20% zeolite presented the best results in splash
conditions.

[47]

Concrete 10%, 20%, 30%
by mass of cement

accelerated chloride
penetration test

chloride penetration was lower in zeolite specimens
and it reduced with zeolite percentage. [48]

Concrete 10%, 20%
by mass of cement

accelerated chloride
penetration test

diffusion coefficient decreased more than 2 times
compared to control [49]

Concrete 15%
by mass of cement

non-steady-state
chloride migration

the diffusion coefficient value at day 7 is the same
for reference and zeolite-containing mix;
during aging, zeolite mix showed a more
pronounced reduction; after 365 days, zeolite mix
showed a value 3 times lower than the control.

[43]



Coatings 2024, 14, 18 13 of 28

Table 6. Cont.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 10%, 15%
by mass of cement

non-steady-state
chloride migration

migration coefficient decreased more abruptly
during curing to 365 days when zeolite was used;
values were 2.3 and 2.9 times lower than control;
penetration depth decreased by ~30% for zeolite
mixes when tested after 230 days of saline
solution immersion; diffusion coefficient was
reduced to half for zeolite mixes.

[51]

Concrete 10%, 20%, 30%
by mass of cement

apparent diffusion
coefficient

diffusion coefficient decreased ~2 times when
zeolite was used;
exposure temperature (22, 35, 50 ◦C) increased
the diffusion coefficient, but growth rate was
slower for zeolite concrete.

[52]

Concrete 5%, 10%, 15%, 30%
by mass of cement

apparent diffusion
coefficient

diffusion coefficient decreased with
zeolite percentage;
5% zeolite mix was similar to control, while 30%
zeolite resulted in ~66% reduction.

[2]

Concrete 10%, 15%
by mass of cement

standard chloride
diffusion test

zeolite use decreased the diffusion coefficient,
proportional to zeolite percentage. [34]

4.3. Acid Attack Resistance

Concrete is particularly susceptible to the action of acid environments, due to its
alkaline nature. In general, any acid will firstly react with calcium hydroxide and soluble
calcium salts will be formed. These are easily removed from the cement matrix, thus
lowering its resistance [53]. The resulting calcium salts can be either very soluble, in the
case of aggressive acids, or of lower solubility, when interaction with less aggressive acids
occurs. One of the most aggressive and damaging instances of acid attack is represented by
the interaction of concrete with sulfuric acid. This is due to the fact that the resulting salt,
namely calcium sulfate (gypsum), will further react with calcium silicate hydrate (CSH),
causing serious structural damage, or with calcium aluminate, which results in ettringite,
that has a larger volume than gypsum and will induce micro-cracks [54,55].

Scientific literature findings vary in their assessment of the impact of zeolite utilization
on the acid attack resistance of concrete, tending to predominantly indicate a detrimental
effect. When testing concrete specimens with 15% and 30% cement substitution by natural
zeolite [11], the results indicated that while the weight of the control mix increased during
a 300-day immersion period, the mass of the zeolite concrete specimens initially decreased
and then returned close to the initial value. However, the residual compressive strength
was significantly affected by acid attack in the presence of zeolite. The initial strength was
reduced by 20.8% (15% zeolite) and 23.3% (30% zeolite), which was considerably higher
than the loss experienced by the control mix (5.5%).

Strength loss after sulfuric acid immersion was also obtained for higher zeolite con-
tents, replacing 30% and 40% of cement [50]. Two water to binder (w/b) ratios: 0.3 and
0.4, were considered and the strength loss was more pronounced for the higher w/b for
all mixes. The zeolite specimens exhibited a greater reduction in compressive strength
compared to the reference, with the difference being more pronounced for w/b = 0.4.
Additionally, it was found that the mass loss was lower for the 30% mixture compared to
the reference for both w/b values, while the 40% mixture was more adversely affected in
comparison to the control.

In the case of lower concentrations of zeolite in concrete (10% and 15%), it was found
that, in relation to sulfuric acid, using zeolite increased the depth of erosion. Results
indicated loss in both mass and strength proportional to the amount of zeolite [34]. The
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authors also performed tests with hydrochloric acid, for which zeolite imposed a similar
trend of mass loss, albeit at lower reduction values.

For the same cement substitution amounts of 10% and 15%, opposing results after
performing sulfuric acid immersion for 8 weeks were obtained in a different study [56]. In
this case, the weight loss of 10% zeolite concrete was similar to the reference mix, while the
15% zeolite specimens presented a 40% lower weight loss. The same trend was observed in
the results showing load loss by splitting. The 10% mix showed similar results to the control
mix after 4 weeks immersion, but the loss was 35% smaller after 8 weeks. In contrast, the
15% zeolite mix demonstrated a load loss at 4 weeks that was 10 times smaller than that
of the reference and nearly 4 times smaller at 8 weeks. These findings are consistent with
the results reported in [57], where positive outcomes for specimens containing 20% cement
replacement were observed. This study focused on resistance measurements that indicated
a lower potential for corrosion for the zeolite mixes.

The highlights of this subsection are presented in Table 7.

Table 7. Influence of zeolite content on the acid attack resistance of concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 15%, 30%
by mass of cement strength loss

after H2SO4 immersion for 300 days, zeolite
concrete showed a higher strength loss (20.8% and
23.3%) than control (5.5%).

[11]

Concrete 10%, 15%
by mass of cement strength loss after 180 days immersion in H2SO4, strength loss

increased with zeolite content. [34]

Concrete 10%, 15%
by mass of cement strength loss

after H2SO4 immersion for 8 weeks, zeolite
concrete behaved better compared to the
reference; 10% zeolite use resulted in minor
improvement of strength loss, and 15% zeolite use
reduced strength loss by over 70%.

[56]

Concrete 30%, 40%
by mass of cement strength loss after H2SO4 immersion, zeolite concrete

exhibited a higher strength loss. [50]

Concrete 15%, 30%
by mass of cement mass loss

reference concrete mass increased
during immersion;
zeolite modified concrete mass firstly decreased
and then increased, almost reaching the
initial value.

[11]

Concrete 10%, 15%
by mass of cement mass loss after 180 days immersion in either HCl or H2SO4,

mass loss increased with zeolite content. [34]

Concrete 10%, 15%
by mass of cement mass loss

after 8 weeks immersion in H2SO4, specimens
with 10% zeolite were very similar to the control;
15% zeolite use reduced mass loss by over 37%.

[56]

Concrete 30%, 40%
by mass of cement mass loss

after H2SO4 immersion for 56 days, 30% zeolite
mix reduced mass loss for w/b = 0.3 and w/b =
0.4; for higher w/b, mass loss is lower;
mass loss was higher than the reference for 40%
zeolite mix, irrespective of w/b.

[50]

Concrete 20%
not specified

electrochemical
impedance

spectroscopy

resistance was higher for zeolite specimens during
exposure to H2SO4, indicating a lower
corrosion potential.

[57]

4.4. Water Transport Properties

The movement of water within concrete is a critical factor in determining its long-term
durability as it influences the penetration and distribution of chemical substances. The
consequences of water ingress and permeation can be either advantageous or detrimental.
For instance, the saturation of capillary pores due to water penetration can result in reduced
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resistance to frost. Additionally, the transport of water within concrete can act as a barrier
against harmful gases, while also serving as a medium for the movement of various ions.
Moreover, the presence of water may lead to its absorption by ettringite and alkali silica
gel, causing volume expansion.

In most situations, the replacement of cement with zeolite has been demonstrated to
enhance the performance of concrete in terms of water transport properties.

Water penetration is primarily influenced by the microstructure of the material, partic-
ularly the pore structure or network. Literature reports indicate that using zeolite decreases
this parameter. When testing mixes with zeolite substituting 15% and 30% cement, it was
found that water penetration depth decreased by up to 26% with increasing zeolite content
at both 28 and 90 days when compared to the reference mix [11]. Similarly, in another study,
higher decreases in water penetration values, tested at 28 days, when using 10% and 15%
zeolite, with differences of 55% and 65%, respectively, were reported [51]. Using the same
replacement values of 10% and 15% and changing the w/b ratio (0.35, 0.40, 0.45, 0.50), it
was found that the penetration depth decreased with increasing zeolite content, while the
w/b ratio had the opposite effect [17]. A smaller decrease was found when replacing 10%
of the cement with zeolite, for which the water penetration depth reduced by only 13% [7].
Nevertheless, in this study, the reference mix already had a very low penetration depth. All
of these results consistently indicated a relationship between reduced water penetration
depth and other durability factors related to pore structure, including frost resistance and
chloride diffusion/migration.

There is a more substantial body of research regarding the water absorption properties
of mixtures incorporating zeolite, yielding a range of findings. However, the majority of
studies tend to support the beneficial impact of zeolite use on water absorption.

An increase in water absorption of around 20% when using 15% and 30% cement
replacement percentages was found. This behavior was assumed to be caused the higher
absorption properties that zeolite particles have compared to cement [11]. Similarly, a
nearly 23% increase in water absorption when substituting 10% of cement was reported
in [7]. In a long-term study on concrete with zeolite-replaced cement in amounts of 10%
and 15%, it was concluded that modified concrete presented higher water absorption than
the control mix [51]. The authors tested the behavior of specimens in two circumstances:
after immersion and after immersion and boiling. The results showed that at 365 days,
absorption was higher by around 12% and 25% for 10% and 15% zeolite, respectively, in
both scenarios. The findings correlated to permeable pores measurements that presented a
similar behavior to water absorption.

Reports of water absorption decreasing with zeolite use are, nevertheless, more nu-
merous. In this context, a decrease of up to 35% when cement was replaced with zeolite at
levels of 10% and 15% was observed [34]. In this study, a part of fine aggregates was also
replaced by tuff. The authors attributed this decrease to the pozzolanic activity of zeolite,
which modified the capillary pore structure. The findings also had a good correlation
with chloride diffusion measurements. A non-linear relation between cement replacement
values with zeolite (10%, 20% and 30%) and water absorption was reported in [48]. Zeolite
in amounts of 10% and 20% showed a slight increase in water absorption, with values
close to the reference. Nevertheless, the replacement value of 30% proved to lower water
absorption by around 15%. Water absorption measurements demonstrated a similar be-
havior to results obtained for the volume of voids. Lower substitution values (5%, 10%,
15%, 20%) were considered and all zeolite concrete mixes exhibited similar values of water
absorption, which were around 20% lower than the reference [2]. The same replacement
values but using two w/b ratios: 0.38 and 0.45, were considered in a different study [28].
Water absorption values at 90 days for high w/b = 0.45 were in good agreement with the
previous study, with the variation in zeolite percentage having little impact. Nonetheless,
using a lower w/b of 0.38 leads to a constant decrease in water absorption with zeolite
content, reaching a reduction of almost 50% compared to control in the case of 20% zeolite
use. A reduction in water absorption was also observed when using 10% and 20% zeolite



Coatings 2024, 14, 18 16 of 28

instead of cement [49]. A higher zeolite percentage resulted in a slightly higher decrease
in water absorption of about 20%. Lower zeolite concentrations, replacing cement with
2.5%, 5%, 7.5% and 10% zeolite, were also considered [30]. While 2.5% and 5% zeolite use
yielded similar values to control, water absorption was significantly reduced when using
7.5% and 10%, by over 50%.

Sorptivity represents a durability factor that defines the absorption by capillary forces
which can also be related to other durability parameters. Overall, zeolite use as cement
replacement helps reduce this type of transport, albeit up to a certain concentration. This
was demonstrated in tests using 10%, 20% and 30% replacement levels [48]. While sorptivity
increased with increased zeolite content, 10% and 20% zeolite use provided smaller values
than the reference mix. The reduction in capillary absorption observed in specimens with
15% cement replaced by natural zeolite was attributed to the pozzolanic activity of zeolite,
leading to the formation of secondary CSH [43,51]. Additionally, when the w/b ratio was
varied, a diminished benefit from zeolite usage was reported with the increase in the w/b
ratio.

A summary of the findings is presented in Table 8.

Table 8. Influence of zeolite content on the water transport properties of concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 15%, 30%
by mass of cement water penetration

water penetration decreased with increasing
zeolite content;
the effect of zeolite percentage is more
pronounced at the age of 90 days.

[11]

Concrete 10%, 15%
by mass of cement water penetration penetration depth was decreased by 55% and 65%

for 10% and 15% zeolite use, respectively. [51]

Concrete 10%
by mass of cement water penetration 15% decrease in water penetration compared to

reference mix [7]

Concrete 10%, 15%
by mass of cement water penetration

28 days: 10% (15%) zeolite use reduced the
maximum permeability by 18% (30%), 15% (42%),
16% (29%) and 28% (44%) for w/b ratios of 0.35,
0.4, 0.45 and 0.5
90 days: 10% (15%) zeolite use reduced
maximum permeability by 12% (22%), 26% (36%),
12% (36%) and 10% (21%) for w/b ratios of 0.35,
0.4, 0.45 and 0.5

[17]

Concrete 15%, 30%
by mass of cement water absorption water absorption increased for zeolite mixes; age

and replacement percentage had little impact. [11]

Concrete 5%, 10%, 15%, 20%
by mass of cement water absorption

initial and final absorption for w/b = 0.45
decreased linearly with zeolite content at 28 and
90 days;
initial and final absorption for w/b = 0.38 was
lowered for all zeolite mixes, with similar values
at 90 days.

[28]

Concrete 10%, 15%
by mass of cement water absorption water absorption decreased with increasing

zeolite content. [34]

Concrete 10%, 20%, 30%
by mass of cement water absorption

water absorption decreased for 30% zeolite use
compared to control and was similar for
other mixes.

[48]
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Table 8. Cont.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 10%, 15%
by mass of cement water absorption

water absorption after immersion increased by up
to 12.5% and 25% for 10% and 15% zeolite use,
respectively, after 365 days of curing;
water absorption after immersion and boiling was
higher than the control by 11.7% and 23.5% for
10% and 15% zeolite use, respectively.

[51]

Concrete 10%
by mass of cement water absorption water absorption increased by 23% compared to

reference mix. [7]

Concrete 10%, 20%
by mass of cement water absorption ~20% reduction in water absorption when

using zeolite. [49]

Concrete 2.5%, 5%, 7.5%, 10%
by mass of cement water absorption

water absorption decreased with increasing zeolite
percentage;
2.5% and 5% zeolite use resulted in values close
to the control;
7.5% and 10% zeolite use resulted in values less
than half of the control.

[30]

Concrete 5%, 10%, 15%, 20%
by mass of cement water absorption zeolite lowered water absorption with a similar

percentage for all specimens (20%). [2]

Concrete 10%, 20%, 30%
by mass of cement sorptivity sorptivity decreased compared to control for 10%

and 20% zeolite use. [48]

Concrete 15%
by mass of cement sorptivity

capillary absorption decreased at various ages up
to 365 days; values were 1.33–1.63 times lower
than control.

[43]

Concrete 10%, 15%
by mass of cement sorptivity sorptivity decreased with increasing zeolite

content (by 25% and 42%) [51]

Concrete 10%, 15%
by mass of cement sorptivity

capillary absorption (measured at 28, 90 and 270
days) was improved by zeolite use; reduction
percentages were between 20% and 53%.

[17]

4.5. Carbonation Resistance

The phenomenon of carbonation is the chemical process initiated by the interaction of
cement paste with carbon dioxide. This reaction has the potential to corrode reinforcement
by lowering the pH of concrete to levels as low as 8.3, which is below the depassivation
threshold [58]. Due to carbonation, the porosity of cement pastes is bound to change and
dissolution of certain cement phases is expected. At the same time, structural changes in
C-S-H may result in strength increases, followed by carbonation cracking. Carbon dioxide
affects both calcium hydroxide and CSH gels, leading to a reduction in porosity [59].

Accelerated carbonation tests were conducted on cement replacement levels of 10%
and 15%, revealing a significant rise in carbonation depth with the incorporation of zeo-
lite [17]. The measurements were performed at 28, 90 and 270 days, indicating a substantial
reduction in carbonation depth after 90 days for all samples. Additionally, various w/b
ratios of 0.35, 0.40, 0.45 and 0.50 were employed, demonstrating that an increase in w/b
ratio correlates with higher carbonation depth. The findings were assumed to be related to
the consumption of CH due to the pozzolanic reaction of natural zeolite. This significantly
reduced the reaction between the carbon dioxide and the available CH and resulted in a
larger carbonation depth.

Similar tests were conducted on the same cement substitution rates (10%, 15%), as
reported in another study [56]. Their investigation demonstrated that zeolite concrete
mixes exhibited increased carbonation depths under accelerated carbonation conditions,
with values directly correlated to the extent of cement replacement. Additionally, the study
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included an assessment of natural carbonation effects, which indicated that only the 15%
zeolite substitution level resulted in a measurable carbonation depth.

The main findings are summarized in Table 9.

Table 9. Influence of zeolite content on the carbonation resistance of concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 10%, 15%
by mass of cement accelerated carbonation

10% zeolite use increased carbonation depth by
105%–253% for w/b between 0.35 and 0.5;
15% zeolite use increased carbonation depth by
163%–495% for w/b between 0.35 and 0.5.

[17]

Concrete 10%, 15%
by mass of cement

accelerated and natural
carbonation

carbonation depth (accelerated test) increased
4 times and 9 times for 10% and 15% zeolite use,
respectively;
mass gain (accelerated test) was 3 times larger for
15% zeolite mix compared to reference;
carbonation depth (natural) increased only for 15%
zeolite use (7 mm).

[56]

4.6. Electrical Resistivity

Instead of serving as a parameter, electrical resistivity functions as an indicator of
concrete durability, reflecting the ease of ion transportation within the material being
measured. This property is linked to several durability factors, including carbonation, frost
resistance, acid attack, and corrosion of reinforcement [60].

The findings from various studies indicate that the substitution of cement with zeolite
results in an increase in resistivity and resistance values. It was observed that concrete
mixes containing 10%, 20% and 30% zeolite in place of cement exhibited higher resistivity
compared to the reference mix at both 28 and 365 days [48]. The highest resistivity value
was recorded for the mix with 30% zeolite, showing a four-fold increase compared to
the control mix. Similarly, a 3.5-fold increase in resistivity when 15% zeolite was used
instead of cement was reported in another study [43]. Laboratory investigations on concrete
incorporating lime and 10% and 15% zeolite as cement replacements showed resistivity
increases of 2 and 2.75 times compared to the reference mix at 365 days [51]. It is noteworthy
that measurements of permeable pores exhibited a similar trend to electrical resistivity.

The impact of zeolite replacement at 10% and 20% levels was also assessed [49]. After
90 days, the measurements indicated that the resistivity of the specimens was 3.5 and 6 times
higher than the control group, respectively. Different zeolite percentages were considered,
10% and 15%, for which a significant increase in resistivity with age for these samples
up to 270 days, compared to a smaller increase in the control group, was observed [17].
Additionally, their findings suggested that a higher zeolite content led to greater resistivity.
Furthermore, the study revealed a general decrease in resistivity with an increase in the
water-to-binder ratio for all specimens. In a study encompassing a broader range of cement
replacement percentages (5%, 10%, 15%, 20%), it was found that all specimens containing
zeolites exhibited higher resistivity values compared to the control, with the 5% zeolite mix
closely resembling the reference [2].

It is important to note that there exists a minimum resistivity threshold that serves as a
critical limit for the onset of reinforcement corrosion. Consequently, a resistivity level above
20kΩ·cm is considered adequate for safeguarding against corrosion [49]. It is noteworthy
that the electrical resistivity results for the zeolite mixes mentioned earlier all surpass the
minimum value required for cement replacement percentages, exceeding 5%. Some of the
presented reports indicate that certain control mixes do not meet this criterion.

The data are summarized in Table 10.
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Table 10. Influence of zeolite content on the electrical resistivity of concrete.

Material Replacement
Percentage Measurement Findings Ref.

Concrete 10%, 20%, 30%
by mass of cement

AC Impedance
Spectrometry

the 28 days resistivity increased with increasing
zeolite content (up to ~3.5 times compared
to reference);
The 365 days resistivity increased 3 times (10%
and 20% zeolite) and 4 times (30% zeolite).

[48]

Concrete 10%, 20%
by mass of cement

AC Impedance
Spectrometry

resistivity increased by 3.5 to 6 times with increase
in zeolite content. [49]

Concrete 5%, 10%, 15%, 20%
by mass of cement

AC Impedance
Spectrometry

resistivity during aging increased more with
increasing zeolite percentage; at 90 days,
resistivity of 20% zeolite mix is 3 times higher
than control.

[2]

Concrete 15%
by mass of cement

electrical resistivity of
water-saturated

concrete

resistance increased by zeolite use and age; 365
days value was 3.5 times larger for zeolite mix
compared to reference.

[43]

Concrete 10%, 15%
by mass of cement

electrical resistivity of
water-saturated

concrete

the 365 days resistivity was 2 times and 3 times
larger for 10% and 15% zeolite use, respectively,
compared to control.

[51]

Concrete 10%, 15%
by mass of cement

electrical resistivity of
water-saturated

concrete

the 28 days resistance increased for 10% (15%)
zeolite use compared to control, for w/b of 0.35,
0.4, 0.45 and 0.5, with 82%–159% (96%–200%); at
90 days and 270 days, resistance increased more,
with up to 200%–300%.

[17]

4.7. Drying Shrinkage

The presence of a moisture gradient in concrete, caused by uneven drying, induces
internal stresses in the material, which can lead to cracking in certain circumstances [61].
While this issue has been extensively researched in conventional concrete for more than five
decades, there is limited documentation on its occurrence in zeolite-containing concrete.

Najimi et al. conducted a study to investigate the impact of replacing 15% and 30% of
cement with natural zeolite on the drying shrinkage of concrete [11]. The specimens were
cured in water for 28 days, and the drying shrinkage was subsequently measured. The
results revealed a reduction of 16% and 36% in drying shrinkage for the concrete samples
with 15% and 30% zeolite replacement, respectively, compared to the control group at
90 days. This difference was further amplified at 120 days. The observed outcomes were
found to be closely associated with the decrease in moisture content.

A more consistent decrease was observed in a study where 10% cement was substituted
with zeolite [7]. The modified concrete exhibited nearly three times lower drying shrinkage
compared to the control, and a similar strong association with water loss was noted.

Similar studies were conducted on high-performance and ultra-high-performance
concrete. The internal curing capabilities of zeolites contributed towards a significant
reduction in the autogenous shrinkage [5,26,62].

A brief summary of the main findings is presented in Table 11
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Table 11. Influence of zeolite content on the shrinkage of cement-based materials.

Material Replacement
Percentage Measurement Findings Ref.

Mortar 10%
by mass of cement Early age shrinkage

shrinkage decreased by 5% compared to
control when a blend of limestone powder
and zeolite powder was used.

[15]

Mortar 15%, 30%
by mass of cement Drying shrinkage

shrinkage was increased by natural zeolite
by up to 48.69%; calcination of zeolite did
not improve the shrinkage behavior.

[13]

Concrete 10%
by mass of cement Drying shrinkage drying shrinkage was ~3 times lower when

using zeolite compared to reference. [7]

Concrete 15%, 30%
by mass of cement Drying shrinkage

drying shrinkage, measured at 90 days, was
84% and 64% of the control value for 15%
and 30% zeolite specimens, respectively.

[11]

High performance
concrete

5%, 10%, 15%
by mass of cement Autogenous shrinkage

early age autogenous shrinkage was
reduced with increasing
zeolite percentage;
long-term autogenous shrinkage decreased
for lower zeolite percentage (5%);
both short-term and long-term autogenous
shrinkage decreased with increasing zeolite
particle size.

[27]

Ultra-high
performance

concrete

25%, 50%, 75%, 100%
by mass of silica fume Autogenous shrinkage

autogenous shrinkage of ultra-high
performance concrete was significantly
reduced with increasing zeolite content.

[5]

5. Discussions

According to a recent study [63], the research works investigating the use of natural
zeolites in cement-based materials originate from various countries and employ various
sources of zeolites. Although the chemical composition is mainly the same, there are
small variations between the percentages of various components that may lead to different,
sometimes contradictory, results. Some of these results are also presented in this paper. A
summary of the chemical compositions of the employed natural zeolites in the studies that
served as sources of information for the present paper is shown in Table 12.

Table 12. Chemical composition of natural zeolites from surveyed scientific literature.

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI Reference(s)

1.68 67.79 13.66 1.44 1.2 2.04 1.42 0.52 10.23 [11,16,31,34,36,38,48,52]

1.33 66.70 11.48 0.9 0.22 1.8 3.42 3.43 14.10 [3]

1.22 71.50 11.30 2.05 0.17 1.24 4.55 - - [5]

3.3 72.5 12.5 1.7 0.6 0.2 3.6 - 5.6 [9]

1.77 64.44 8.3 1.66 0.07 2.3 2.24 0.04 18.95 [10]

2.18 70.11 11.45 1.89 1.62 0.77 2.36 0.03 9.52 [13]

7.97 68.7 13.59 2.43 1.12 3.03 2.69 - - [14]

3.48 75.04 12.85 2.38 0.8 0.5 4.86 - - [14]

5.91 68.8 14.06 2.56 0.97 3.84 2.83 - - [14]

2.58 76.55 12.76 1.47 0.95 0.77 4.86 - - [14]

2.74 76.93 14.68 1.39 0.79 1.23 2.07 - - [14]

2.71 62.87 13.46 1.35 2.38 - - - - [18]
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Table 12. Cont.

CaO SiO2 Al2O3 Fe2O3 MgO Na2O K2O SO3 LOI Reference(s)

3.04 71.29 11.43 2.16 1.11 1.72 0.95 0.05 7.69 [21]

3.1 66.5 11.8 1.3 0.8 2.03 2.1 0.52 9.85 [22]

1.99 64.27 12.7 0.68 0.46 2.30 2.90 0.34 14.18 [26]

4.11 60.25 18.45 1.9 1.12 1.66 1.18 - 11.33 [27]

1.51 68.4 12.5 1.32 1.4 2.2 1.3 0.45 - [28]

2.10 71.35 13.10 0.9 1.07 0.8 2.45 - - [30]

3.67 66.98 19.88 1.21 0.49 - 0.06 0.71 4.71 [31]

5.50 59.81 14.32 1.04 0.83 5.76 1.36 - 7.47 [33]

2.24 69.2 15.28 3.01 1.4 2.2 2.1 0.45 - [34]

3.56 69.28 10.43 0.49 0.5 0.73 1.27 0.005 12.97 [36]

4.34 68.28 12.30 0.08 1.05 0.26 0.94 - - [12]

3.28 74.69 14.99 1.53 0.653 0.834 3.6 - 5.32 [42]

3.6 63.32 11.7 0.32 1.2 - - 0.088 8.49 [49]

3.97 68.85 11.71 1.29 1.06 0.29 2.19 0.18 10 [57]

9.20 50.89 9.00 1.18 7.68 1.03 2.43 0.04 18.17 [64]

9.73 60.9 11.0 7.91 - - 8.89 - - [64,65]

The chemical composition of zeolites is an important indicator of their contribution on
the overall behavior of cement-based materials. According to an earlier study [10], a high
content of silica is more effective on the development of the compressive strength. As can
be seen from the data presented in Table 12, all natural zeolites considered in the research
work have a Si/Al ratio larger than 4. It is therefore expected that the use of zeolites as a
partial replacement of cement is beneficial from the point of view of mechanical properties.
The pozzolanic reactions between SiO2 and Al2O3 in natural zeolites and CH lead to the
formation of calcium–silicate–hydrate (CSH) and calcium–aluminate–hydrate (CAH) gels,
which further contribute to increasing the density of concrete and improve its mechanical
and durability properties [12], as shown in previous sections. However, severe penalties
in terms of strength values were reported for high replacement percentages of cement by
natural zeolites [42].

The evolution of the compressive strength of cement pastes with different percentage
replacements of cement with natural zeolite is shown in Figure 2. It can be observed that
at early ages, 2 and 7 days, the pastes with lower replacement percentages and higher
water/binder ratios exhibited compressive strength values larger than the reference mix,
shown in Figure 2a. At the age of 28 days, a similar pattern can be seen but the influence
of the zeolite particle’s size becomes a significant influencing factor [18], as shown in
Figure 2b. At the age of 70 days, the use of superfine zeolite results in an improved com-
pressive strength compared to the reference mix, irrespective of the replacement percentage,
Figure 2c. This trend could be explained by the slower pozzolanic reaction of clinoptilolite
natural zeolite, as reported in previous studies [3,7].

A similar trend can be observed in the case of concrete with different replacement
percentages of Portland cement with natural zeolite, shown in Figure 3. The conclusions
that can be drawn at early ages are limited by the rather small number of data sets available,
as shown in Figure 3a. The water/binder ratio seems to play a defining role, similar to the
zeolite content. At the age of 28 days, shown in Figure 3b, both aforementioned parameters
seem to equally influence the compressive strength. However, for higher zeolite contents,
with a higher than 20% cement replacement, the compressive strength value is significantly
reduced. This was attributed to the so-called dilution effect [32]. This effect occurs in cases
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of high replacement percentages and more significantly impacts the compressive strength
values at 90 days and beyond, shown in Figure 3c. This effect is mainly caused by the lower
amount of CH that is able to react with the pozzolanic material [31].
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zeolite content (using data from [10,18]). (a)compressive strength values at early ages (2 and 7 days,
normalized); (b) compressive strength values at 28 days (normalized) and (c) Compressive strength
values at 56 and 70 days (normalized).
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Figure 3. Variation of concrete compressive strength with curing age, water/binder ratio and zeolite
content (using data from [17,30,32,35,36,42]). (a) compressive strength values at early ages (7 days,
normalized); (b) compressive strength values at 28 days (normalized) and (c) compressive strength
values at 90 days (normalized).
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It is generally agreed that due to the low amount of CH produced at the early ages
of cement hydration, the pozzolanic reaction of natural zeolite and, consequently, the
secondary formation of CSH [4] is limited. This leads to lower values of mechanical
properties of cement-based materials with natural zeolites at early ages [32]. There are,
however, conflicting results reported in the scientific literature because the mechanism of
zeolite interaction with cement hydration products is still unclear and under debate and
requires more research in order to be fully understood [49].

Natural zeolites proved to be an efficient pozzolan, although the pozzolanic reaction
is rather slow compared to other materials [49]. Moreover, their porous structure leads to
some of the mixing water being absorbed by zeolites, resulting in the lower workability
of cement-based materials [64]. The high specific surface area coupled with the irregular
particle shape of zeolite powder leads to increased internal friction that contributes to
further decreasing the workability. On the other hand, the free water absorbed during
mixing is released later on, making zeolite a suitable candidate for internal curing [5,8].
This would contribute to improved mechanical and durability properties at later ages.

There are currently three main techniques to optimize the structure of zeolites. The
first method involves the immersion of zeolite in acid solution to favor the reaction of
dealumination inside the zeolite particles and thus increase their surface area [64]. This
would increase the reactivity of zeolite to CH and promote the pozzolanic reaction. Another
method frequently employed is calcination. Calcined zeolites have reduced porosity and
water absorption properties. However, the benefits of this method on hardened properties
of cement-based materials are only marginal and do not justify the high energy demand
for calcination [21]. The third method involved milling the zeolite to a finer particle
size. So far, this method has proved to be the most efficient from the point of view of
energy consumption versus improvements in the mechanical and durability properties of
cementitious materials [21].

There are certain drawbacks of using natural zeolites in cement-based mortar and
concrete. First and foremost, there is an inconsistency in the reported results from the
point of view of mechanical properties. The number of studies reporting improvements in
mechanical properties is on par with the number of studies reporting the opposite effect,
especially at early ages. The majority of studies concluded that the replacement of Portland
cement with natural zeolite up to 20% is generally beneficial. Peak improvements were
consistently reported for 10% replacement. Similar conclusions were drawn from the
findings in terms of durability properties, with improved freeze–thaw performance, lower
chloride permeability, lower water penetration depth and increased electrical resistivity.
However, higher replacement percentages resulted in significant loss of compressive and
flexural strength values.

The most significant benefits of using natural zeolites reside in a reduced carbon
footprint [35] by using lower amounts of cement and improvements in the durability
properties of cement-based materials. These benefits can be further enhanced when using
natural zeolites together with other pozzolanic materials [48,49]. Nowadays, continuous
advancements and technological breakthroughs offer the opportunity to combine natural
zeolites with carbon nano-tubes and other nano materials [63].

6. Conclusions

The influence of natural zeolites on the workability and setting time of cement-based
construction materials reveals that increasing the zeolite content results in a reduction
in workability compared to the control mixes. At the same time, the initial and final
setting times of cement pastes show a decreasing trend with the increase in the replacement
percentage. Moreover, the increase in zeolite content results in a higher demand for water-
reducing admixtures in order to maintain similar workability to the reference mix.

There is no clear increasing or decreasing trend in terms of compressive strength
values up to the age of 28 days for pastes containing zeolites compared to the reference mix.
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However, at the age of 70 days, cement pastes with zeolites show consistently larger values
compared to the reference mixes.

The slow pozzolanic reaction of clinoptilolite zeolite results in lower flexural strength
and compressive strength values of mortars at the age of 28 days. The most used alternatives
to improve the effect of zeolites as supplementary cementitious materials are milling, to
decrease the particle size, and calcination, which helps reduce their porous structure and,
consequently, the water demand. The calcination of natural zeolites results in marginal
improvements over non-calcined zeolites in terms of compressive strength at either early
age or 28 days. Milling pre-treatment, on the other hand, results in significantly improved
values of the compressive strength of zeolites containing mortars, compared to natural,
non-treated zeolite mortars.

Blending zeolites with other supplementary cementitious materials results in im-
proved values of the mechanical properties of mortar and concrete. Using blends of
nano-silica and zeolites to replace the cement not only leads to higher compressive strength
values at early ages but also beyond 28 days when the pozzolanic reaction of zeolites
starts contributing.

The use of zeolites as a replacement for aggregates, e.g., sand, in engineering ce-
mentitious composites was considered from the point of view of zeolite’s internal curing
properties rather than the strength gains of the resulting material. A successful decrease in
the 28 day shrinkage was obtained at the cost of reduced compressive strength.

The findings regarding the impact of zeolite on the durability of concrete suggest that
zeolite shows promise as a viable alternative to cement, with positive effects on various
aspects of durability. However, challenges have been observed in terms of resistance to acid
and carbonation. It is important to note that carbonation may not be entirely detrimental
and ongoing research is investigating its potential to enhance concrete properties.

The majority of durability factors are interconnected. For example, water movement
significantly affects concrete’s susceptibility to damage during freeze–thaw cycles and the
migration of chloride ions within the material. The complexity of these interactions is
further complicated by the crucial role of pore size distribution and overall porosity in
linking these effects. The presence of conflicting findings is particularly significant in this
context, highlighting the need for a comprehensive approach to address these challenges in
the future.
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Abstract: The continuous development of urban areas around the world led to an increase in
construction material use and demand, with concrete seeing significant market uptake. Although
significant progress has been made to reduce the environmental impact of concrete, there is still a
stringent need for improvement. One of the most widely used methods to reduce the environmental
impact of the cement industry and the construction industry alike is the replacement of ordinary
Portland cement (OPC) by supplementary cementitious materials (SCM). Aside from by-products of
industry, SCMs could also come from natural sources. Taking into account the porous structure of
zeolites and their contribution to the improvement of the mechanical and durability properties of
cement-based materials, the analysis of pore structure in cement pastes incorporating micronized
natural zeolite is deemed necessary. In this research, the OPC was replaced by zeolite in three different
percentages: 10%, 20%, and 30% by mass. The evolution of pore structure was investigated by means
of nuclear magnetic resonance relaxometry at the curing ages of 1, 7, and 28 days. The microstructure
of cement pastes was assessed by scanning electron microscopy investigations at 1, 7, 14, 21, and
28 days. The obtained results show that smaller pore sizes are present in cement pastes containing
zeolites during the first 7 days. However, at the age of 28 days, the reference mix exhibits a similar
pore structure to the mix containing 10% micronized zeolite due to the presence of larger amounts of
hydration products. Increasing the replacement percentage to 30% results in larger pores, as indicated
by larger values of the relaxation time.

Keywords: cement paste; micronized natural zeolite; pore structure; scanning electron microscopy (SEM);
nuclear magnetic resonance (NMR)

1. Introduction

The continuous development of urban areas around the world led to an increase in
construction material use and demand. The concrete market was forecast to reach 970 billion
USD by 2030, with a compound annual growth rate (CAGR) of 4.7%. Consequently,
cement production has to keep up, and it will reach a market value of almost half that
of concrete by 2029, with a CAGR of 5.1%. Cement reacts with water to create a matrix,
which binds the aggregates into a rock-like solid material known as concrete. It is the key
component of normal to ultra-high-strength concrete. However, this comes at a cost in
terms of greenhouse gas emissions (GHG), with the cement industry responsible for 7%
of anthropogenic GHG [1]. Although the GHG associated with cement production has
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significantly decreased from 783 kgCO2/ton of cement [2], it is still a long way until net
zero emissions are set as a target for 2050. Moreover, recent reports and statistics indicate a
steady rise of 1.5% per year during the 2015–2021 time interval of GHG associated with
cement production worldwide, as seen in Figure 1 [3]. Consequently, urgent measures need
to be taken to reach the proposed intermediary goal of 472 kgCO2/ton of cement by 2030 [2],
resulting in an annual 3% decrease in CO2 emissions. While the industry should focus
on reducing the clinker/cement ratio, the implementation of innovative technologies for
carbon capture and storage, the development of more energy-efficient kilns, and identifying
alternative energy sources, the scientific community should intensify its research efforts to
contribute to the development of new blended cements and/or cement-free binders [4,5].
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One of the most widely used methods to reduce the environmental impact of the ce-
ment industry and the construction industry alike is the replacement of ordinary Portland
cement (OPC) by supplementary cementitious materials (SCM). Due to their pozzolanic ac-
tivity, the use of SCMs results in a long-term improvement of the mechanical and durability
properties of cement-based materials. Fly-ash, a by-product of coal power plants, has been
successfully used as a SCM due to the improvements it brings to cement-based materials in
terms of strength [6], durability [7,8], and self-healing properties [9]. Ground-granulated
blast furnace slag (GGBS) is another frequently used SCM due to its beneficial effect in
terms of workability, long-term mechanical properties of mortar and concrete [10], im-
proved pore structure [11], reduced shrinkage, and better durability [12]. The replacement
of OPC by phosphogypsum, a by-product of fertilizer manufacturing, has also recently
been recognized to have beneficial effects in terms of the elastic, mechanical, and durability
properties of mortar and concrete [13–15]. However, in the case of phosphogypsum, a
setting retarder is recommended.

Aside from by-products of industry, supplementary cementitious materials could also
come from natural sources. Volcanic tuffs are a prime source for pozzolanic materials to be
used as a partial replacement for OPC [16,17]. Zeolites, a naturally occurring volcanic rock,
are known for their wide range of applications in agriculture, the petrochemical industry,
cement industry, and, more recently, in nuclear waste repositories [18]. Being hydrated
aluminosilicates, zeolites applications in cement-based construction materials have been
intensively studied due to their pozzolanic activity [19]. Their porous structure enables
zeolites to adsorb water and gradually release it during the curing period of cement-based
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materials, thus reducing autogenous shrinkage and providing a favorable environment
for the long-term hydration of cement [19,20]. Zeolites strongly influence the rheological
properties of cement pastes, with direct implications for the workability of fresh mortar
and concrete [21]. Due to their open crystal structure coupled with a high specific surface
area, they absorb some of the free water, thus reducing the workability of fresh cement-
based materials (cement paste, mortar, and concrete) [22]. This may adversely affect the
mechanical and durability properties of the resulting material if countermeasures are not
considered. On the other hand, this apparent drawback becomes an advantage in the
long run [19], with better hydration of the cement particles resulting in denser matrices
and overall improved material properties. The main advantage consists in the fact that
clinoptilolite natural zeolites do not swell or shrink during the process of absorption and
desorption of water, being dimensionally stable. However, the porous structure of natural
zeolites may adversely influence the pore structure of the cementitious matrix.

The pore structure is a very important parameter that influences the above properties
and should, therefore, be correctly assessed. Recent studies have made it evident that the
permeability and strength of cement pastes are governed by pore size distribution rather
than porosity [23]. The smaller the pore size, the higher the compressive strength and the
lower the thermal conductivity [24]. One of the most widely used methods for assessing the
pore size distribution is mercury intrusion porosimetry (MIP). It involves careful sample
preparation and is based on the high-pressure injection of mercury into the sample. At
lower values of pressure, the mercury fills the larger pores but is unable to fill the smaller
ones. Increasing the pressure results in mercury filling the smaller pores, both inter- and
intra-particle pores [25–27]. There are, however, some limitations to using MIP to assess
the pore structure of various media, such as cement pastes, mortar, and concrete. In one
of the first studies to compare the results of using MIP with other assessing techniques,
e.g., helium pycnometry, in hydrated Portland cement systems, it was concluded that
significant results were obtained between the two methods [28]. The assumption was
that mercury could not enter all the spaces, or closed pores, that are otherwise available
to helium. Additional assessments of pore structure were conducted using methanol as
a displacement fluid, and the obtained results confirmed prior findings. Later studies
concluded that using MIP may not be entirely representative of the real pore structure.
Even though the total porosity may have been correctly assessed, the pore size distribution
varied significantly compared with other methods [29]. Various parameters need to be
carefully considered when applying MIP to assess the pore structure, such as the varying
contact angles between mercury and the solid part of the samples during the intrusion and
extrusion stages, the effect of ink bottle pores entrapping mercury, and the pore connectivity
effect [30]. A too high pressure applied may also lead to damage to the pore structure of
the material [31].

Another technique for assessing the pore structure of porous media is low-field nuclear
magnetic resonance (NMR) relaxometry [32]. NMR relaxometry of cement-based materials
exploits the difference in relaxation times experienced by liquid molecules filling in different
pore reservoirs. The main advantages of this technique over MIP are that it is completely
non-invasive and does not require any special sample preparation. Furthermore, it can
be applied even during the hydration process of cement-based materials [33]. This makes
it possible to highlight the three types of pores inside cement-based mate-rials, during
hydration and investigate the effects of different external parameters on them. However,
precise absolute dimensions of the pores cannot be obtained without prior calibration of the
pore surface relaxivity, and this can be achieved only by comparison with other techniques,
such as MIP. The accuracy of the NMR relaxometry technique was highlighted in a recent
study by comparing the results with the information acquired by MIP [34]. By using NMR
relaxometry, the effect of calcium nitrate on the fresh and hardened properties of cement
pastes was investigated and compared with the results extracted via X-ray diffraction
(XRD) and scanning electron microscopy (SEM) [35]. It was also studied the influence of
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an accelerator on the pore structure development and the correlation with the strength of
cement pastes made with CEM-I type of cement [36].

Taking into account the porous structure of zeolites and their contribution to the
improvement of the mechanical and durability properties of cement-based construction
materials, the analysis of pore structure in cement pastes incorporating micronized natural
zeolite is of paramount importance. The OPC was replaced by micronized natural zeolite
in three different percentages, 10%, 20%, and 30%, by mass, and the evolution of pore
structure was investigated by means of low-field NMR relaxometry at the curing ages of
1 day, 7 days, and 28 days. The microstructure of cement pastes was assessed by SEM
investigations. The SEM analyses offer valuable information about the internal structure
of the material, e.g., the formation of ettringite, CH and CSH gels. Additionally, when
conducted over longer periods of time, SEM investigations can provide information on
the hydration processes and hydration products evolution that may explain the macro-
properties of the material. The obtained results show that smaller pore sizes are present
in cement pastes containing zeolites up to the age of 28 days, when the pore sizes in the
cement pastes containing 20% and 30% micronized zeolites were slightly larger compared
with the reference mix, as indicated by NMR relaxometry. Additionally, there seems to be a
threshold, identified in this study as being 20% of cement replacement, above which the
use of zeolites becomes detrimental from the point of view of the durability and strength
characteristics of cement-based materials because it leads to an increase in the pore size.

2. Materials and Methods
2.1. Materials

The cement considered in this research was CEM II B-M (S-LL) 42.R, a rapid hardening
composite Portland cement readily available on the market (HOLCIM), following the
guidelines of SR EN 197-1:2011 [37]. The choice of this type of cement was based on the fact
that it contains 65–79% clinker, thus contributing to lower GHG emissions. The remaining
21–35% of its composition consists of a mix of blast furnace slag and limestone. Another
reason for considering this type of cement was the fact that it is the most commonly used
type of cement in Europe. According to ref. [38], 47% of the cement sold in Europe in 2015
consisted of CEM II cement.

The natural zeolite powder used in the present research is based on Clinoptilolite
(87–90%), being thermally stable up to 450 ◦C, has a pH value of 8.7, and has a mean particle
distribution of 26.7 µm. The chemical compositions of the two materials, as supplied by the
manufacturers, are shown in Table 1. According to ASTM C 618: 2022 [39], for the zeolite
to be considered a natural pozzolan, the total content of SiO2 + Al2O3 + Fe2O3 should be at
least 70%. Moreover, the SiO2/Al2O3 ratio greater than 4.0 confirms the Clinoptilolite type
of the zeolite [40].

Table 1. Chemical composition of cement and natural zeolites (expressed in %).

CaO SiO2 Al2O3 Fe2O3 MgO SO3 Na2O K2O Cl

CEM II 58.49 16.32 4.83 2.24 1.39 2.85 0.34 0.46 0.035
Zeolite 2.86–5.2 68.75–71.30 11.35–13.10 1.90–2.10 1.18–1.20 - 0.82–1.30 3.17–3.40 -

The SEM image of the natural zeolite considered in this study is shown in Figure 2. The
porous structure can be clearly seen. However, one advantage of the clinoptilolite-based
zeolite is that it does not change its structure during the absorption or desorption of water
and, therefore, is geometrically stable [19]. This is an important property since it does not
create swelling or contractions in the cement matrix, which may lead to the formation
of microcracks.
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2.2. Methods

The mix proportions considered in this study are presented in Table 2. The water-to-
binder ratio was kept at 0.6 for all mixes. The binder consisted of either Portland cement or
Portland cement with natural zeolite. Three replacement percentages of CEM II OPC by
clinoptilolite-based natural zeolite were selected: 10%, 20%, and 30% by mass of cement.
The mixes were named to reflect the replacement percentage, e.g., ZP20 stands for paste
with zeolite powder (micronized zeolite), ZP, replacing 20% of cement.

Table 2. Mix proportions.

Mix

Binder
Water/Binder

CEM II Micronized Zeolite

[%] [%] [%]

Ref 100 -

0.6
ZP10 90 10
ZP20 80 20
ZP30 70 30

The pastes were poured into 10 mm diameter glass tubes and sealed to prevent loss
of water.

The microstructure of the cement pastes, using a scanning electron microscope, was
investigated at 1 day, 7, 14, 21 and 28 days of curing by means of a Carl Zeiss NEON
40EsB Cross-Beam system with thermal Schottky field emission emitter and accelerated Ga
ions column.

The pore distribution in the cement pastes was assessed by means of the low-field
nuclear magnetic resonance (LF-NMR) relaxometry technique using a Minispec MQ20
(Bruker, Heilderberg, Germany) instrument, operating at a proton resonance frequency of
20 MHz. The LF-NMR relaxometry allows the monitoring of the pore structure evolution
and water consumption during the hydration process [32,33]. The Carr-Purcell-Meiboom-
Gill (CPMG) [41,42] pulse sequence was applied to record the echo trains of each paste at
the ages of 1 day, 7 days, and 28 days. The CPMG echo trains consist of 2000 echoes that
were recorded after 32 scans, with an echo time of 80 µs and a recycle delay of 0.5 s. A
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numerical Laplace inversion algorithm applied to the recorded echo trains provided the
relaxation time, T2, distributions [43].

The relaxation time can then be used to assess the dimension of the pores using the
equation [44]:

1
T2

= ρ
Sp

Vl
(1)

where Sp is the surface of the pore in contact with the confined liquid, Vl is the volume
of liquid inside the pore, ρ is the relaxivity, and T2 is the relaxation time. The relaxivity
is a constant depending on the magnetic field induction, the pore surface, and the inter-
action between the molecules inside the pore and the surface of the pore itself (surface
affinity). In case of saturated pores, when the liquid fills the entire pore volume, the
following is considered Vl = Vp in Equation (1). Assuming spherically shaped pores,
Equation (1) becomes:

T2 =
1

3ρ
·R (2)

where R is the radius of the pore. Note that, even if the relaxivity was unknown, the
relaxation time distribution still provides information about the relative distribution of
the pores.

Two distinct NMR measurements were performed at the age of 28 days. The first
measurement considered the cement pastes in their initial condition, e.g., with water still
present in the matrix. The second measurement was conducted on the samples after they
had been fully immersed in cyclohexane for 4 h. Prior to the immersion stage, the samples
were stored in a vacuum for 24 h in order to remove the free water from the capillary pores.
Since cyclohexane has a longer relaxation time than water, this would result in a more clear
separation between the pores from the gel hydration products and the capillary pores after
the post-processing of the CMPG echo trains by numerical Laplace inversion [45].

Fresh properties of the cement paste, such as flowability and setting time, were also
determined for each mix shown in Table 2. The flowability was assessed by means of a
mini-slump test using a cone having a top and bottom diameter of 70 mm and 100 mm,
respectively [46]. After the cone was lifted and the spread of the cement paste stopped, the
average of two perpendicular diameters was considered. The initial and final setting times
were determined in accordance with SR EN 196-3:2017 specifications [47].

3. Results
3.1. Flowability and Setting Time

The obtained results for the flowability of cement pastes and the initial and final setting
times are presented in Figure 3.

It can be observed that the addition of micronized zeolite results in decreased values
of the initial setting time compared with the reference mix. On the other hand, the final
setting time value was larger compared with the one obtained for the reference mix by
3.85% for the ZP10 mix and 23.08% for ZP20 and ZP30 mixes. Increasing the replacement
percentage of cement by micronized zeolite above 20% does not seem to influence the
setting times values.

At the same time, replacing cement by micronized natural zeolite has a decreasing
effect on the flow of cement paste. The final diameter of the ZP10 mix decreased by 9.09%
compared with the reference mix, while increasing the replacement percentage to 20% and
30% resulted in 28.18% and 43.49% decrease, respectively. Similar decreasing trends were
previously reported in the scientific literature [21,48].

3.2. SEM Analyses

Investigations on the material structure of the four cement pastes presented in Table 2
were conducted by means of SEM at the ages of 1 day, 7, 14, 21, and 28 days.
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Figure 4 depicts the SEM images one day after casting. A similar structure can be
observed for all cement pastes, with ettringite being the main hydration product. The
presence of calcium hydroxide (CH) hexagonal platelets can be observed for the ZP30
mix. Additionally, a more pronounced presence of calcium silicate hydrate (CSH) can be
observed in the reference mix compared with other pastes. Calcium silicate hydrates, the
main hydration product of OPC and the one responsible for the strength of the cementi-
tious matrix, are heterogenous nanopore materials having an alternate structure of sheets
containing calcium, oxygen atoms and silicate tetrahedra. CSH together with un-hydrated
cement grains and other hydration products create a complex porous network containing
intra-CSH pores, inter-CSH pores and capillary pores [44].

The SEM images of the cement pastes at the age of 7 days are presented in Figure 5.
Ettringite formations were still present in all cement pastes, but in a reduced amount. The
zeolite particles [49] and the CSH gels due to the pozzolanic reaction of zeolites [50,51]
could be clearly seen in the case of the ZP10 mix. Flower-like shapes of hydrated zeolite
particles were observed in the ZP20 mix. Previous research works reported similar results
for zeolites synthesized using aluminum dross and waste liquid crystal display glass
powder [52]. ZP30 showed large amounts of CH formation.

The microstructure of all considered cement pastes at the age of 14 days is shown in
Figure 6. The Ref mix showed quite an irregular structure, with “lumps” of CSH being
separated by micropores. All micronized zeolite pastes exhibited a more compact structure,
although similar microcracks and micropores to the reference mix could also be observed.
Calcium hydroxide was still present in the zeolite-containing pastes, e.g., ZP20. This could
be due to the pozzolanic reaction of zeolites, as reported in earlier research [53]. A porous
honeycomb-like microstructure was observed for the ZP30 mix. This could be attributed
to the porous structure of the zeolite combined with the high percentage replacement of
OPC [54,55].

More CSH formations could be detected at the age of 21 days for all cement pastes, as
shown in Figure 7. The presence of CSH due to the pozzolanic reaction of zeolites [51,54]
was detected in the ZP30 mix. Calcium hydroxide crystals were still present in the mixes.
The porous structure of zeolites resulted in more micropores in the corresponding mixes,
as can be seen from the SEM micrographs presented in Figure 7.
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Large amounts of CSH could be identified for all cement pastes at the age of 28 days, as
shown in Figure 8. It can be observed that all considered mixes exhibited a denser structure
compared with earlier ages with the number and size of micropores being smaller. Calcium
hydroxide crystals could still be identified in the matrix. However, their dimensions were
smaller in the case of ZP20 paste as compared with the reference mix. It can be assumed
that the consumption of CH and its transformation into CSH at later ages were due to the
presence of micronized zeolite acting as pozzolan [53,56]. In addition, taking into account
the porous structure of the zeolite, which results in water absorption during the initial
stages of the hydration process and water desorption at later ages, it could be hypothesized
that the internal curing property of zeolites and the promotion of hydration reactions at
later ages.

3.3. NMR Relaxometry

Figure 9 shows the CPMG echo trains for all cement-based pastes at the ages of 1 day,
7 days, and 28 days. It should be pointed out that these results were obtained while there
was still water present in the paste, meaning the hydration of cement was still going on.
Consequently, the letter “w” was added to the designation in order to distinguish between
different measuring conditions.
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Figure 5. SEM micrographs of cement pastes at the age of 7 days.

It can be observed that for each selected curing age, the initial slope of the echo trains
of the pastes containing micronized natural zeolite was steeper than the slope for the
reference mix. This could imply that pores with smaller diameters were formed inside
pastes with zeolite. While at the age of 1 day, the ZP20 and ZP30 pastes showed almost
identical decaying paths, starting from the seventh day, the ZP20 exhibited a steeper slope
than all other pastes. The slope of the echo trains could also be a sign of the speed of the
hydration processes taking place inside the paste, and the addition of micronized zeolite
certainly has an influential role in promoting the formation of hydration products such
as ettringite, CH, and CSH, as highlighted in Section 3.2. At the same time, a part of the
micronized zeolite may act as a filler during the first day of the hydration process and
reduce the volume of the voids between the cement particles. However, this requires more
in-depth investigations in order to highlight the hydration process of the cement-zeolite
binder during the initial stages.

By applying a numerical Laplace inversion, the transverse relaxation times were
obtained. Although the relaxivity was not assessed at this stage of the research, the pore
size distribution could be discussed in a more general manner based on Equation (2). The
change in the values of the transverse relaxation time for the considered pastes is presented
in Figure 10.
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The relaxation time T2 corresponding to the larger peaks in Figure 10 could offer
qualitative information on the pore size distribution. Lower values of T2 mean smaller
pore sizes, according to Equation (2). The shape of the graph changes from 1 day of curing
to 28 days of curing because the pore structure changes due to the hydration reaction of
cement particles coupled with the pozzolanic reaction of micronized zeolites. Therefore,
larger pores that were initially filled with water gradually change their dimensions because
more volume is occupied by the hydration products. The shift in T2 values towards the left
at early ages of 1 day and 7 days means a smaller pore size for pastes containing micronized
zeolites. At the age of 28 days, however, the Ref mix showed a smaller pore size structure
compared with the mixes with micronized zeolite.
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4. Discussion

The addition of micronized zeolite resulted in increased friction between the particles
in the paste due to small particle size of zeolites and their higher surface area, which
resulted in decreased flowability. Similar results were previously reported in the scientific
literature, although for smaller water/binder ratios [21,48]. Furthermore, it should be
pointed out that zeolites tend to absorb part of the water during the mixing procedure and
early stages of cement hydration only to gradually release it at later ages [19].

The high water/binder ratio would result in a higher degree of hydration of the paste,
up to 82% [57], which would result in larger amounts of hydration products. The presence
of large amounts of CH and CSH at the ages of 21 and 28 days was highlighted by means
of SEM investigations, as shown in Figures 7 and 8.

The results obtained from NMR relaxometry are an indication of the pore structure
of the cement pastes, Figure 10. At the age of 1 day, most of the water is located in the
inter-CSH pores, represented by the higher peak in Figure 10a. The lower peak, at lower
values of T2, corresponds to the intra-CSH pores, which are of smaller dimensions. The
obtained results are in line with previously published research [33,35]. The increase in the
OPC replacement percentage by micronized clinoptilolite-based zeolite resulted in smaller
pore dimensions in the cement paste, as indicated by the shift towards the left in the values
of relaxation time. This is supported by the micro-structure of the cement pastes presented
in Figure 4. Although more ettringite was present in the case of ZP pastes, the structure
was denser compared with Ref mix.

At the age of 7 days, Figure 10b, there was no clear difference between the peaks
associated to capillary pores and the intra-CSH pores represented by the relaxation time of
water molecules, especially for ZP10 and ZP20 mixes. Only Ref and ZP30 mixes exhibited
a slight tendency to differentiate between the two types of pores. While in case of Ref the
hydration process is still ongoing, in the case of ZP30 mix it may be still in its initial stage
due to the pozzolanic reactivity of zeolites [50]. The pastes containing zeolites in different
replacement percentages of OPC exhibited smaller pore sizes which was highlighted by
smaller values of relaxation time (Figure 10b).

At the age of 28 days (Figure 10c) most of the water in the capillary pores was con-
sumed by the chemical reactions in the cement matrix. Due to the rapid hardening prop-
erties of the CEM II cement, the Ref mix exhibited a denser structure compared with the
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ZP mixes. This resulted in lower values for the relaxation time compared with the zeolite-
containing mixes. However, taking into account the fact that a composite cement was used
(Section 2.1) the presence of CH crystals could be observed (Figure 8) [58].

As previously mentioned, additional NMR investigations were conducted at the
age of 28 days, with the samples being fully saturated with cyclohexane. The cement
paste samples were placed in a vacuum for 24 h to remove the water from the inter-CSH
pores and capillary pores. The water from the intra-CSH pores could not be removed
without damaging the sample. The CPMG echo-trains were obtained by applying the same
measuring parameters as described in Section 2.2. The obtained results are presented in
Figure 11.
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Figure 11. CPMG echo trains (left) and relaxation time distribution (right) of the considered cement
pastes fully saturated with cyclohexane.

The obtained results are in line with the ones presented in Figures 9 and 10 when the
samples were still fully or partially saturated with water.

The evolution of the relaxation time, T2, for all cement pastes at all considered ages
is summarized in Figure 12. It can be observed that at early ages, 1 day and 7 days, the
Ref mix exhibited larger values of the relaxation time, meaning larger pores were present
in the matrix compared with ZP mixes. This fact changed at the age of 28 days when ZP
mixes exhibited slightly larger values of T2 compared with the Ref mix. Taking into account
the small differences of 3.4% and 3.5; for the ZP10 and ZP20 mixes, respectively, it can be
considered that the pore size distribution was almost similar between the mixes.

On the other hand, a 43.7% increase was recorded for the ZP30 mix compared with
Ref mix. This could be attributed to the larger replacement percentage, 30%, of OPC by
micronized zeolite. Taking into account the pozzolanic property of natural zeolite coupled
with the use of blended cement, some of the chemical reactions in the cement paste would
be slowed down [59], resulting in a more porous structure. Previous research showed
that increasing the replacement percentage of blended OPC by natural zeolite resulted in
smaller values of density, flexural strength, and compressive strength in mortars at an early
age [60].

The results in terms of relaxation time obtained using cyclohexane were similar to
those obtained on samples saturated with water. The same tendency in pore structure was
observed in the case of cyclohexane-saturated samples.

The decreasing trend of relaxation time values for the considered mixes is presented
in Figure 13. While Ref, ZP10 and ZP20 mixes showed quadratic variation (2nd degree
polynomial) of the relaxation time values with curing age, the ZP30 mix exhibited linear
dependency. This could be attributed to slower chemical reactions in the paste due to the
high percentage of OPC replacement by zeolite and taking into account the type of cement
used in this research.
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The speed of hydration product formation in the cement pastes could be indicated by
the slopes of the decaying curves. Ref mix shows the steepest decay compared with ZP10
and ZP20 mixes [55]. The hydration reaction took place at a higher speed, and the pore
sizes decreased faster. This is in line with the SEM micrographs presented in Figures 4–8.
There were no notable differences in the microstructure of Ref mix from day 7 to day 28
of curing.

As seen from Figure 13, increasing the zeolite percentage results in a slower decrease
in the pore size of the matrix, as shown in Equation (2). Moreover, the increase in the zeolite
percentage results in smaller pore diameters at early ages, 1 day and 7 days, compared with
the reference mix. At the age of 28 days, however, the ZP30 mix exhibited larger pores, as
indicated by the results presented in Figure 11.

5. Conclusions

The paper presents the results obtained during an experimental program aimed
at assessing the pore structure in cement pastes with micronized natural zeolites used
as cement replacement. The considered percentage replacements were 10%, 20%, and



Materials 2023, 16, 4500 17 of 20

30% by mass of cement. The pore structure was qualitatively assessed by means of NMR
relaxometry, and the obtained results were compared and validated using scanning electron
microscopy. Based on the obtained results, the following conclusions can be drawn:

1. The gradual generation of CSH gels with curing age is rendered evident by means
of SEM analyses. Moreover, CSH formations due to the pozzolanic reaction of mi-
cronized zeolite are also identified. The microstructure of cement pastes becomes
more compact and denser with curing age. At the same time, fewer micropores can
be identified. A replacement of OPC by natural zeolites in the range of 10–20% by
mass of cement is also reported in the scientific literature as leading to the highest
improvements in terms of durability properties and long-term strength values of
cement-based materials. The microstructure analyses confirm the fact that smaller
pores are obtained in cement pastes with a 10% and 20% replacement of OPC by
natural zeolite. Increasing the replacement percentage to 30% results in larger pores
due to a higher amount of water being absorbed and stored in the porous structure
of zeolites.

2. The NMR relaxometry technique is used to qualitatively assess the pore structure of
the cement pastes. At an early age, e.g., 1 day, there is a clear distinction between
the inter- and intra-CSH pores. The presence of water molecules in the former pores
results in larger relaxation time values, whereas the latter yield lower values of the
relaxation time. The replacement of OPC by micronized natural zeolites results in
a shift towards lower values of relaxation time, which means smaller pores in the
cementitious matrix. While at early ages the ZP20 and ZP30 pastes have similar pore
structures, as a result of the very close values of relaxation time corresponding to the
mixes, at the ages of 7 days and 28 days the values of T2 corresponding to the ZP20
mix are closer to the ones corresponding to the ZP10 mix. This could indicate that
there might be a threshold of cement replacement by micronized zeolite above which
the effect might be detrimental in terms of pore structure.

3. At the age of 28 days, the pore structures of the Ref, ZP10, and ZP20 mixes are
similar. The T2 values of the ZP10 and ZP20 mixes are slightly larger than the one
of Ref mix by 3.4% and 3.5%, respectively. The ZP30, however, registers a 43.7%
increase in the value of relaxation time, indicating the presence of larger-diameter
pores. Similar results are obtained when saturating the samples with cyclohexane.
The pozzolanic nature of zeolite, coupled with the use of blended cement, leads to
slower development of hydration products, e.g., CSH, as demonstrated in the scientific
literature. Higher percentages of zeolite result in lower amounts of available CH,
leading to decreased formation of CSH gels due to secondary pozzolanic reactions. As
a result, the decreased availability of CH results in a lower amount of water needed
for chemical reactions, and, therefore, the water absorbed by zeolite during the early
stages of hydration remains trapped in the pores. This can have detrimental effects on
the durability and strength development of cement-based construction materials in
the long run.

4. Although the pore structure of cement pastes containing zeolites as a replacement for
OPC in different percentages can be assessed by means of NMR relaxometry, a more
in-depth analysis is required to determine the relaxivity constant. The results obtained
by NMR should be confirmed by other assessment techniques such as computer
tomography (CT).
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Abstract: In the past decades, nanomaterials have become one of the focal points in civil engineering
research. When added to cement-based construction materials (e.g., concrete), it results in significant
improvements in their strength and other important properties. However, the final mix characteristics
depend on many variables that must be taken into account. As such, there is no general consensus
regarding the influence upon the original material of certain nano-sized additives, the optimum
dosage or the synergistic effect of two or more nano-materials. This is also the case for titanium
dioxide (TiO2) and nanoclay (NC). The paper focuses on reporting the existing research data on
the use of the above-mentioned materials when added to mortar and concrete. The collected data
is summarized and presented in terms of strength and durability properties of cement mortar and
concrete containing either TiO2 or NC. Both nano-materials have been proven, by various studies,
to increase the strength of the composite, at both room and elevated temperature, when added by
themselves in 0.5%~12% for TiO2 and 0.25%~6% for NC. It can be inferred that a combination of the
two with the cementitious matrix can be beneficial and may lead to obtaining a new material with
improved strength, elastic and durability properties that can be applied in the construction industry,
with implications at the economic, social and environmental levels.

Keywords: nanomaterials; nanoclay; titanium dioxide; cementitious material; sustainability

1. Introduction

Various global-sized revolutions have changed previously held ideas, encouraging
both research and industry. Nowadays, the growth and general evolution within societies is
significantly accelerated by technological breakthroughs. This has resulted in new problems
which are currently unsolved, namely pollution and the threat of natural resource depletion.
In the field of civil engineering, researchers are compelled to mitigate the influence the
construction industry has, considering that in 2020 it was responsible for approximately
37% of the global process-related carbon dioxide emissions. Of this percentage, 10% was
generated by the manufacturing processes of building materials [1]. Nanotechnology has
influenced almost all of nowadays advancements in terms of mechanical properties and
durability of materials, construction materials included. The term “nanomaterial” has been
defined by the European Union Commission [2] in the Official Journal of the European
Union as being an artificially-created or a natural material, of which at least 50% of the
particles have one, or more, external dimensions between 1 nm and 100 nm. In cementitious
composites, many components fit this description, and their study is now possible due to
the progress of material characterization techniques at this level.

To this day, several nanomaterials have been studied with respect to their applications
in the construction industry. In addition to strength, other properties were also considered
within the framework of nanotechnology. A recent study [3] highlighted the positive
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effect of several nanomaterials on the thermal resistance of cementitious composites, of
which nano-silica stands out as being one the most studied materials. Additionally, sev-
eral other nanomaterials were mentioned as increasing the high-temperature strength of
the cement-based composites: carbon-based nanomaterials (carbon nanotubes, carbon
nanofibers, graphene oxide, graphene nanoplatelets), nanoclay, nano-alumina, nano-iron
oxides and nano-titania. Other studies [4,5] focused on the environmental impact of us-
ing nanoparticles in concrete, concluding that TiO2 has a positive influence from this
perspective [4].

The present work aims at creating a structured report encompassing the existing
information about the impact of titanium dioxide (TiO2) and nanoclay (NC) on cementi-
tious composites from the point of view of strength enhancements and improvement of
durability characteristics. A definite remark upon the influence of nanoclay on cement
mortar or concrete is difficult to advance, as the variables change from one study to another.
An important change is the type of nanoclay used in the study, the number of curing days
or the additives introduced in the mix, e.g., fly ash, polypropylene fibers, superplasticizer,
silica fume. These influence the final measured values for the strengths of the composite.
Titanium dioxide nanoparticles succeed in improving both mechanical properties and
photocatalytic reactions of cement mortar and concrete due to their chemical and physical
properties. They are usually used in mortar/concrete mixes combined with superplas-
ticizers in order to obtain a higher workability. Considering that TiO2 is a non-reactive
powder, there are studies in which pozzolans were added with the purpose of promoting
the cement hydration reaction, e.g., fly ash, silica fume.

The mechanisms of improving the strength and durability properties of cementitious
materials by using each of the two nanomaterials are different from one another but the
end results are similar: NC is a highly pozzolanic material with significant influences on
strength and durability at later ages while TiO2 is inert and plays a filler effect. However,
due to the very small particle sizes of nano-TiO2, it serves as nucleation sites in the cement
matrix with benefits in terms of strength and durability at earlier ages compared to NC. The
information summarized in this work could serve as the starting point for future research
works investigating the influence of combining TiO2 and NC on the strength, elastic and
durability properties of cement mortar and concrete.

2. The Influence of Nanoclay on Cementitious Materials

The use of nanoclay as a component of other materials started in the late 20th century
when researchers observed that, by using this nanomaterial, the properties of the new
composite material improved as compared to the material without the addition of nan-
oclay [6–9]. Among its first applications were the polymer matrices. The next observable
research stage involved combining nanoclays with other materials of the same size (e.g.,
carbon nano-tubes [10,11]) as well as using them in cementitious mixes [12–14].

Nanoclay is defined as a layered mineral silicate, which, due to its filler and pozzolanic
characteristics, succeeds in enhancing the mechanical and durability properties of several
types of materials such as polymers or cement-based materials [15–18]. The use of such
layered crystals, i.e., clays, in polymer composites resulted in improved physical properties
and in the heat deflection temperature mainly due to their high surface area [19]. Moreover,
the benefits of using nanoclay did not go unnoticed and their field of application soon
extended to construction materials.

2.1. Types of Nanoclay Used in Combination with Cementitious Materials

There are several types of natural clays that were used as raw materials for the
manufacturing of nanoclays: bentonite, montmorillonite, kaolin, illite, halloysite. They all
have the same base crystalline structure, with the difference coming from the types of bonds
between the stacked layers. This leads to different properties with direct effect in terms
of the obtained results when added in the composition of another material [20,21]. Most
of the research in terms of nanoclays used in cement-based materials is conducted with



Coatings 2023, 13, 506 3 of 32

montmorillonite or kaolin clays, usually in a modified form, in order to obtain a significant
improvement of the physical properties of the resulting material.

Montmorillonite (MMT) nanoclay has a 2:1 layer structure and very weak Van der
Waals forces keeping the outer layers together. This means that when combined with
water the particles absorb water molecules and the distance between layers increases,
leading to swelling [21]. A more detailed explanation of this phenomenon was given
in [20]. Based on the available information at that time, one way to decrease the swelling
was to add exchangeable cations with a lower hydration energy, thus obtaining a more
hydrophobic nano-montmorillonite. Some researchers based their studies on this method
and used ammonium cations to decrease the hydrophilicity of MMT obtaining an organo-
modified montmorillonite [12,17,22–27]. Other studies prepared the nanoclay particles by
subjecting them to very high temperatures, in the range of 750–900 ◦C for 2 h, obtaining a
nano-calcined montmorillonite clay [28–31].

Unlike montmorillonite clays, kaolin ones have hydrophobic properties, as they are
composed only of two layers connected not only by Van der Waals forces but also by
hydrogen bonds which do not allow water molecules to enter between them [21]. Therefore,
no additional treatment is needed before using nano-kaolin particles in the cement-based
composites. However, when subjected to high temperatures, due to the calcination process,
the hardness of the kaolin clay nano-particles is increased together with their degree of
pozzolanicity. The particles change their shape and size, become more hydrophobic, as
in the case of MMT nanoclay, and increase their whiteness. Due to its improved afore
mentioned properties, the calcined kaolin nanoclay, i.e., metakaolin, became the focus for
researchers instead of the raw kaolin nanoclay [32–36].

2.2. Chemical Structure and Properties

Nanoclay is a general term for the nanoparticles, which, as mentioned above, are
comprised of layered mineral silicates [37] and, depending on the arrangement of the
layers in the crystal lattice and the existing types of bonds, they result in different types.
As mentioned before, MMT and kaolin are the most used types of nanoclays in civil
engineering. Kaolin is a 1:1- type of clay mineral consisting of one silica tetrahedral sheet
connected to the alumina octahedral sheet by means of the hydrogen atoms, having the
chemical formula Al2Si2O5(OH)4 [38]. Montmorillonite, on the other hand, is a 2:1-type of
clay mineral having a sandwich-like structure and it consists of two silica tetrahedral sheets
with a single alumina or magnesium octahedral sheet in between, having the formula
(Na,Ca)0.33(Al,Mg)2(Si4O10)(OH)2·nH2O [17,39]. The dimension of a phyllosilicate sheet is
approximately 1 nm, whereas the nanoparticle size is in the interval 30–100 nm [40].

The benefits of using them in combination with cement are two-fold. On one hand,
their very small particle size leads to a higher specific surface area than the micro-sized
particles, on which the hydration products can form. Moreover, because of this, nanoclay
particles succeed in entering the existing voids between the cement paste and the aggregates,
at a nanoscale level, thus obtaining a decrease in porosity. Combining the aforementioned
phenomena occurring inside the cement-based material, the resulted strength and durability
increases [18,37]. On the other hand, the increase in strength is given also by the nanoclay
chemical reactivity with calcium hydroxide (CH) during the hydration process. Having in
its composition two layers of silica, nanoclay promotes the formation of calcium-silicate-
hydrates (CSH) in a pozzolanic reaction. The increase in the concentration of CSH leads to
an increased strength of the material [14,41].

2.3. Nanoclay Particles in Cementitious Materials—Technological Flow

Because of their very small size, nanoclay particles behave differently when mixed
with water than the micro- or macro-sized particles usually used in civil engineering. The
effect of electrostatic attraction is greater in case of nanoparticles leading to the occurrence of
flocs. When water is added, the flocculation effect can become more prominent, especially
in case of MMT clays, where the water molecules can intercalate with the outer layers of
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the crystal and cause swelling [21,42]. This agglomeration of particles within the mortar or
concrete has a negative impact upon the strength. Therefore, there is a stringent need for
particle dispersion before the start of cement hydration.

The scientific literature gives two main ways in which this dispersion can be performed.
The first one, which is the most recommended one, is to introduce the nanoclay particles
in the water and then to subject the solution to ultrasonic waves. In this manner, the
vibration caused within the molecules due to the impact of ultrasonic waves will prevent
nanoclay particles to flocculate and will disperse them. Then the nanoclay-water solution
can be used in two different ways to create the mortar or concrete samples: mechanical
mixing or ultrasonic mixing. The mechanical mixing follows the steps given in ASTM
C305 norm [18,43]. Using the ultrasonic mixing, the dry mixed materials (cement, sand,
additives) are added to the nanoclay suspension already obtained and the ultrasonication
is started again for the whole mix [44]. A previous study [45] concluded that in case of
nanoclay, the sonication process has a positive effect on the final mechanical properties of
the concrete samples. They also stated that the maximum allowable percentage of nanoclay
used in cement-based materials is 5% [22,45].

The second method of dispersion is a simpler one and does not require any additional
equipment than the one needed for preparing the mortar/concrete, namely, the dry mixing
method. In this case, the mixing is performed in steps. The cement and the additives are
dry mixed together with the nanoclay particles. In this manner, the nanoclay particles can
be easily dispersed, due to the lack of a solving agent. Because the quantity of nanoclay is
very small compared to that of cement, the distance between the nanoclay particles tends
to increase during the dry mixing. This leads to a decrease in the flocculation probability
when adding water. Afterwards, the aggregates are added and the mixing is restarted.
Finally, the water is introduced in the composite [29,46].

A comparison between the previously mentioned methods of mixing nanoclay with
cement-based materials, i.e., ultrasonication and dry mixing, showed that for a substitution
of cement of 1–3% nanoclay, no differences were registered in terms of mechanical strengths.
It was therefore concluded that both methods were equally reliable in properly dispersing
nanoclay particles within the cement matrix [42].

2.4. Results of Laboratory Analyses (Microstructural Analyses)

When analyzing the nanoclay-cement-based material composite, the laboratory results
vary depending on several factors, e.g., the nanoclay particle size, the nanoclay/cement
ratio, the type of cement, the water/cement ratio, type and quantity of additives, type
and size of aggregates. However, there are some common properties which are further
discussed in this paper. Taking into account that when using sand or gravel, an important
quantity of silica is introduced in the composite and the properties change significantly.
The analyses will be presented considering this factor.

2.4.1. Scanning Electron Microscopy (SEM) Analysis

The layered structure of the organo-modified montmorillonite nanoclay (OMMT),
obtained by cation exchange with quaternary ammonium cations, was extensively studied
by means of SEM analysis [22]. Because MMT has a very high hydrophilicity, when it is
introduced in the cement matrix, it begins to absorb the water from the cement matrix. In
this manner, at first, the hydration of cement particles is slowed down and the workability
is significantly reduced. The advantage of montmorillonite particles is that they begin to
release the accumulated water at a later period during the hydration process of cement,
leading to an improvement in strength. The phenomenon was later observed in other
supplementary cementitious materials, such as zeolites, and it is now known as internal
curing. However, the major problem with MMT particles, from this point of view, is
that because of the initial occurring phenomenon, they introduce a water to cement ratio
gradient near them as the quantity of water increases in that area. By increasing the water,
the porosity is automatically increased, reducing the cohesion between the cement matrix
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and MMT particles [17]. When adding OMMT instead of MMT the water/cement ratio
gradient around the nanoclay particles is decreased and the development of cracks is
hindered [17].

The effects of high temperatures on mortar containing 5 wt% nano-calcinated montmo-
rillonite clay (NCMC) was also studied [28] by firstly analyzing the SEM images, presented
in Figure 1, for samples with and without NCMC at 25 ◦C, 250 ◦C and 900 ◦C, at 28 days
of curing. The investigations highlighted the positive effect the NCMC has on the mortar
matrix, especially at the level of the interfacial transition zone (ITZ) between the aggre-
gates and the cement paste (#2 in Figure 1d). It was therefore concluded that by adding
NCMC to the mortar, a denser matrix was obtained [28] mainly due to the filler effect
of the nanoparticles. Additionally, an increase in the pozzolanic activity was detected.
When the temperature was increased to 250 ◦C, the cement hydration was accelerated and
more CSH were obtained in case of NCMC mortar than in case of control mortar (#3 in
Figure 1b,e) [28]. After 300 ◦C, the development of microcracks began and at 450 ◦C the
cracks widened and were clearly visible as Portlandite started to degrade and CSH particles
lost their structural integrity [47]. At 900 ◦C, wide cracks were present in the control sample
(#4 in Figure 1c) leading to a significant strength loss. However, when adding NCMC in the
mix, the cement matrix experienced fewer cracks (#4 in Figure 1f), thus leading to higher
strength values [28].
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Figure 1. SEM images of fracture surfaces of control and modified mortar [28] (Reprinted/adapted
with permission from Ref. [28]. Copyright 2018, ELSEVIER); (a) control at 25 ◦C, (b) control at 250 ◦C,
(c) control at 900 ◦C, (d) NCMC mortar at 25 ◦C, (e) NCMC mortar at 250 ◦C, (f) NCMC mortar at
900 ◦C.

2.4.2. Thermogravimetric Analysis (TGA)

TG analysis is used to evaluate the influence of the temperature upon the considered
material. Usually, the TGAs are conducted on cement paste samples because the aggregates
significantly influence the final result. Generally, aggregates do not vary in weight when
subjected to an increase in temperature so including them in the very small samples needed
to run TG analysis would only lead to erroneous results [48,49].

Natural hydrophilic montmorillonite in 1% and 2% cement replacement was used to
investigate the influence of temperature on the obtained cement paste. The heating rate
for the TGA in this test was 30 ◦C/min. The study revealed that there were two main
stages in the weight loss of cement paste: the dehydration of C-S-H at 105 ◦C and the CH
decomposition at 470 ◦C [18]. The obtained results were in good agreement with the ones
previously reported in general study on cement pastes [48]. At approximately 750 ◦C a third
stage could be distinguished, corresponding to the decarbonation of calcium carbonate
CaCO3 [48]. It was shown that, as the percentage of nanoclay increases, the weight loss
increases, indicating the property of natural montmorillonite to attract water molecules.
Therefore, when heated, the samples began releasing the physically bounded water, its
quantity being greater in case of samples with MMT compared to the control sample.

In contrast to the results presented in [18], the use of calcined natural montmorillonite
clay resulted in a smaller weight loss compared to the control sample [28]. The stages of
weight loss depending on the temperature were similar with the ones reported in [18].
However, during the first stage, i.e., 100–110 ◦C, there was no abrupt change in weight for
the NCMC but a more gradual one due to the fact that the NCMC water absorption capacity
has been significantly reduced by means of calcination. Between 430 ◦C and 470 ◦C the
dehydration of weakly bound water from CH and CSH products occurred, followed by a
reduction in weight between 580 and 680 ◦C when the strongly bound water was lost.

Similar results to the ones reported in [28] regarding the nano-calcined montmorillonite
clay (CNCC) for 1, 2 and 3 wt% cement replacement were previously reported [29]. The
earlier research work continued the study further on, including in the TG analysis samples
of 1 wt% cement replacement by nanoclay modified with quaternary ammonium salt (NCC).
It was observed that a smaller weight loss occurred when adding CNCC of 1 and 2 wt%
than when using 1 wt% NCC. This result proved that nano-montmorillonite calcination
has a greater impact on the decreasing the hydrophilicity than adding ammonium cations.
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2.4.3. X-ray Power Diffraction (XRD) Analysis

When creating a new composite material, it is very important to know the influence
that each component has upon the final result. In this regard, XRD analysis provides
an insight regarding the mineralogical changes that occur inside the material, e.g., mor-
tar/concrete, when adding nanomaterials, e.g., nanoclay [50]. Using 2 wt% nanoclay,
untreated hydrophilic montmorillonite by weight of cement replacement and subjecting
the samples to 25 ◦C, 200 ◦C, 400 ◦C and 600 ◦C, it was observed that the intensity of CSH
is higher for all samples combined with NC, as shown in Figure 2, by comparison with the
control samples, which leads to an increase in strength [18]. The increase in CSH crystals
quantity became more prominent when increasing the temperature. Thus, for samples
subjected to 400 ◦C and 600 ◦C, there was a strong peak for the CSH crystals (at 2θ = 28◦),
while up to 400 ◦C, the quantity was significantly smaller. Moreover, the intensity of CH
(2θ = 18◦) decreased with the temperature, as the cement hydration accelerated [18].
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posure to different temperatures [18] (Reprinted/adapted with permission from Ref. [18]. Copyright
2020, ELSEVIER).

In another study, XRD analysis was performed on mortars combined with nano-
calcined montmorillonite clay CNC, which lead to the conclusion that the calcined nanoclay
had a positive effect upon the strength of the material, as it promoted the consumption
of CH crystals and the formation of CSH gel [28]. The researchers used a 5 wt% nanoclay
cement replacement and the analyzed samples were previously subjected to temperatures
of 25 ◦C, 150 ◦C and 900 ◦C. The authors interpreted the presence of belite in the composite
as an indicator for the level of both CH and CSH decomposition. Based on this remark, it
can be stated that calcined nano-montmorillonite clay has a positive effect on the material
properties, even at elevated temperatures as high as 900 ◦C. At that temperature, the control
sample exhibited an important increase in belite, i.e., 8% higher than nanoclay mortar [28].

Similar results have been previously reported in a study in which the cement was
replaced with 1, 2 and 3 wt% CNC and observed a reduction in the CH quantity (approx-
imately 28% compared with control sample) [29]. This was attributed to the pozzolanic
reaction which consumed the CH and led to the formation of CSH gel. Moreover, the
increasing in the unreacted dicalcium silicate (C2S) and tricalcium silicate (C3S), compared
with quantities from the control cement paste, confirmed the pozzolanic property of CNC.
However, as the percentage of nanoclay introduced in the cement was increased, the reduc-
tion of CH crystals decreased. Moreover, a smaller quantity of C2S and C3S was obtained
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for 3 wt% CNC than for 1 wt% CNC, indicating a decrease in the pozzolanic activity.
The XRD patterns for 1% CNC and the ones obtained for 1% cement replacement with
montmorillonite nanoclay indicated that the calcined nanoclay led to a higher pozzolanic
activity than the organo-modified nanoclay [29].

2.5. Material Strength Improvements

A definite remark upon the influence of nanoclay on cement mortar or concrete is
difficult to advance, as the variables from one study to another are changing. An important
change is the type of nanoclay used in the study, the number of curing days or the additives
introduced in the mix, e.g., fly ash, polypropylene fibers, superplasticizer, silica fume.
These influence the final measured values for the strengths of the composite. However,
considering the reports from recent studies, the use of nano materials, nanoclay included,
results in a denser microstructure of the material with net benefits in terms of strength
and durability properties [51–53]. From this perspective, the current paper presents the
literature results in a centralized manner identifying the possible influences on the reported
results, where they are present. Moreover, the paper extracts from the literature only the
results for the cement-based composites, where the main cement replacement material
is nanoclay.

2.5.1. Splitting Tensile Strength

Taking into account that concrete/cement mortar elements have a very poor tensile
strength and that their main strength develops under compression, the number of studies
analyzing the tensile strength for a simple combination of cement-based material and nan-
oclay is very limited. However, based on the information presented in Sections 2.2 and 2.4
regarding the influence of nanoclay on the chemical and physical properties of the cement
composite, an improvement in the tensile strength is expected. The porosity decrease, the
prolonged hydration and the higher quantity of CSH crystals, all compared with the plain
cement mortar, are all contributing towards a higher value of the tensile strength. Moreover,
nanoclay particles attract cement particles and bond them together, thus obtaining a more
durable composite [46,54].

It was also observed that the final tensile strength was also influenced by the curing
method. Results on samples cured in water and samples cured by plastic wrapping were
obtained and compared. Lower values of the tensile strength were obtained, especially
after 90 days of curing, by applying the second method as the cement particles did not have
enough water to fully hydrate. For 1% cement replacement with montmorillonite nanoclay,
the difference between the two methods, in terms of strength, was 0.40 MPa at 90 days of
curing [55].

The influence of temperature upon the cement mortar combined with 1 and 2 wt%
natural hydrophilic montmorillonite sample was also investigated. It was observed that
when the temperature increased up to 200 ◦C, the value of the tensile strength increased
substantially for all samples, including the control sample. In case of 2% nanoclay cement
replacement, a maximum difference of approximately 27% was reported between the
values obtained for the tensile strength of the control sample and the nanoclay-cement
composite, the nanoclay particles proving their efficiency. This increase in the value of
the tensile strength was given by the chemical reactions which occurred during sample
heating, namely the hydration acceleration, which promoted CSH formation around the
nanoclay particles. As the temperature increased to 400 ◦C, the tensile strength dropped
to 1.5–1.9 MPa for all samples. At 600 ◦C, a maximum value of approximately 0.2 MPa
was obtained for the splitting tensile strength of the control mix. However, the nanoclay
composite samples maintained consistently better values of the splitting tensile strength
than the control one [18].

Table 1 summarizes the values of the tensile strength of mortar or concrete samples
combined with different percentages of nanoclay, at room temperature, cured for 28 days
in tap water or lime-saturated water.
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Table 1. Splitting tensile strength values for different nanoclay-cement matrix samples.

Study Type of
Nanoclay

Type of
Sample Standard w/b

w/c Additives NC [%]
Tensile

Strength 1

[MPa]

[18,56]
Natural

hydrophilic
montmorillonite

Cement
mortar

ASTM C190 w/b
0.55

-

0 3.20
0.5 3.30
1 3.40
2 3.50

[46] Metakaolin
Cement
mortar

ASTM C307 w/b
0.50

-

0 3.60
2 4.05
4 4.48
6 4.92
8 5.36

[54] Metakaolin Concrete ASTM C496 w/c
0.42

1.5%
polypropy-

lene

0 7.96
2 8.32
4 9.54
6 10.42
8 11.16

10 9.63

[55]
Montmorillonite

(type not
specified)

Concrete ASTM C496 w/c
0.45

-

0 aprox. 4.30
1 aprox. 5.80
2 aprox. 5.50
3 aprox. 5.10

1 Some values were approximated from the graphics, associated with the cited scientific research.

All samples registered a growth in the values of the tensile strength as the percentage
of nanoclay increased, except for the sample analyzed in [54]. In that case, at 10 wt%
NC addition, the value of the strength decreased by 13.70%, compared to those obtained
for an 8 wt% NC addition. Taking into account that the nanoclay percentage was very
high, obtaining a homogeneous nanoclay dispersion becomes very difficult, leading to
flocculation. This automatically creates weak points within the matrix. The values of the
splitting tensile strength reported in [54] were higher than those presented in [55] due
to the use of polypropylene fibers, which succeed in controlling the occurrence and the
propagation of cracks. In the former case, the authors used nanoclay in order to obtain a
better bond between the polypropylene fibers and the matrix [54]. Although nanoclay is
not able to completely prevent the occurrence and propagation of fractures, the increase
in the value of the flexural tensile strength of the composite leads to smaller and fewer
cracks inside the material. Therefore, the reinforcement is protected from the ingression of
chemical agents and humidity increasing the durability of reinforced concrete elements.

The results obtained for mortar samples follow the same trend as the ones reported
for concrete [18,46,56]. The difference of 0.55 MPa for 2 wt% NC can be explained by the
smaller water to binder ratio used for the former.

2.5.2. Flexural Tensile Strength

Taking into account that the bending state of loading is present in every civil engineer-
ing structure, the researchers had to verify if and to what extent the content of nanoclay
would influence the flexural tensile strength of cement mortar or concrete elements. There
are several studies on the improvement of the flexural strength regarding the combination
between nanoclay and cement-based materials. The focus was on preventing or limiting the
occurrence of cracks, which, besides the fact that this leads to the exposure of reinforcement
to the outside air, the reinforcement could not benefit from the protection of the concrete
cover in case of a fire.

In case of exposure to high temperatures, the same trend observed for the splitting
tensile strength was reported in [18] for the flexural tensile strength, for 1 and 2 wt%
natural hydrophilic montmorillonite cement replacement, without any treatments. For all
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specimens and all temperatures, the 2 wt% NC composites exhibited the highest strength
values compared with the control sample. The maximum flexural strength was reached at
a temperature of 200 ◦C, at 11.60 MPa. When subjected to 400 ◦C, the flexural strength had
a major drop in the value, of about 76% for the control sample, considering as reference
the value for 200 ◦C, reaching a value of 2.60 MPa. The influence of nanoclay was evident
at 400 ◦C, as the flexural strength value increased for 2 wt% NC by 138% compared to
the control specimen. Unlike the tensile strength, the specimens preserved a certain value
of flexural strength after their treatment at 600 ◦C, although very small—0.8 MPa for
the control specimen. Adding 1 wt% NC, in this case, did not lead to flexural strength
improvements, but for the 2 wt% NC combination the strength value reached 1.7 MPa [18].

A similar analysis was conducted for 1, 3 and 5 wt% nano-calcined montmorillonite
clay [28]. The same trend of flexural strength increase was obtained at 250 ◦C, reaching
the maximum value for 5 wt% nanoclay. At the next temperature stage, i.e., 450 ◦C, the
strength decreased significantly for all specimens. It should be noted that at about 180 ◦C,
polypropylene fibers started to melt and caused an increase in porosity which, in turn, led
to smaller flexural strength values than the ones reported in [18].

A comparison was conducted between two types of curing methods applied to speci-
mens with various percentages of nanoclay added in the cement matrix, i.e., water curing
and plastic cover curing. The authors of the study observed that, similar to the tensile
strength, the flexural strength value was smaller when curing the specimens by plastic
wrapping than by immersing them in water. The major difference was obtained at 90 days
of curing for 1 wt% NC sample, in which case the flexural strength decreased by approx-
imately 14.9% for the second curing method compare to the traditional, water curing
method [55]. This could be explained by the fact that the water cured specimens had
enough moisture to continue the hydration process of the cement whereas the same process
was significantly slowed down in case of plastic wrapping curing method once the mixing
water was consumed.

Table 2 presents the values of the flexural tensile strength, for different inputs, regard-
ing cement mortar and concrete composites with different nanoclay quantities. The values
were selected for samples subjected only to room temperature and cured for 28 days in
water or lime-saturated water.

Regarding what concerns the flexural strength for both cement mortar and concrete,
the values vary significantly from one study to the other. The only common information
resulted from these analyses would be the increase in the value of the flexural strength
with the increasing nanoclay percentage within the cement matrix. The available data
is sometimes conflicting, with some authors [28] reporting smaller values of the flexural
tensile strength than others [18,56], although additives were used to improve workability
and strength. One possible explanation could be the water to binder ratio. A w/b ratio
of 0.55 could provide cement and nanoclay particles enough water to hydrate during
mixing and curing period [18,56]. In another study [28], however, a lower w/b ratio was
considered but a superplasticizer was used to improve workability. Generally, a small
calculated w/b ratio provides a higher strength. However, due to the level of hydrophilicity
of nanoclay, a higher amount of water could be needed. Moreover, there were two different
types of montmorillonite used: a calcined one which was less hydrophilic and a natural
one without treatment which had a high level of hydrophilicity.
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Table 2. Flexural strength values for different nanoclay-cement matrix samples.

Study Type of Nanoclay Type of
Sample Standard w/b

w/c Additives NC %
Flexural

Strength 1

[MPa]

[18,56]
Natural

hydrophilic
montmorillonite

Cement
mortar

ASTM
C348

w/b
0.55

-

0 7.40
0.5 7.60
1 7.60–7.70
2 7.80

[28]

Calcined
hydrophilic

montmorillonite
clay

Cement
mortar

ASTM
C348

w/b
0.484

- non-absorbent monofilament
polypropylene fibers

- naphthalene-sulfonate-
based superplasticizer

0 approx. 6.10
1 approx. 6.20
3 approx. 6.70
5 approx. 7.00

[54] Metakaolin Concrete ASTM
C293

w/c
0.42

1.95% polypropylene

0 9.36
2 9.92
4 11.24
6 12.02
8 12.76

10 11.50

[55]
Montmorillonite

(type not specified) Concrete ASTM
C78

w/c
0.45

-

0 approx. 5.00
1 approx. 6.60
2 approx. 6.30
3 approx. 5.90

[23]
Organo-

montmorillonite
clay

Cement
mortar

ASTM
C348

w/c
0.50

-

0 approx. 9.50
0.25 approx. 9.60
0.5 approx. 9.10
1 approx. 9.80

1 Some values were approximated from the graphics, associated with the cited scientific research.

A decrease in the value of the flexural tensile strength for a higher percentage nanoclay
was reported in [54,55], which may be due to the inhomogeneous specimens given by
the large quantity of nanoclay present within the mixture. The values of the flexural
tensile strength obtained by [54] on the concrete samples were higher for every nanoclay
percentage, mainly because of the 1.5% polypropylene addition, which prevents crack
formation and propagation.

The highest value of the flexural tensile strength from all the presented studies was
reported by [23], although the authors did not use additives. This may be related to the
organo-modified montmorillonite clay, which resulted after a treatment of the natural mont-
morillonite with dimethyl dehydrogenated tallow and quaternary ammonium chloride.

2.5.3. Compressive Strength

The most important material property of both cement mortar and concrete is their
compressive strength.

Considering that there are several studies that investigated the variation in the com-
pressive strength depending on temperature, the analysis within Section 2.5.3 pursues two
directions. The first one will debate upon the compressive strength results obtained for
specimens stored and tested at room temperature, while the second one will focus only on
the studies where the specimens were subjected to elevated temperatures.

Strength Values at Room Temperature

From the data presented so far for splitting and flexural tensile strength, it was
concluded that between the water curing and the plastic wrapping curing, the former is the
best one to use for cement-based composites with nanoclay additions. The same trend was
reported for the case of compressive strength. The latter curing method resulted in lower
values of the compressive strength at 90 days, with on average a 14% decrease compared
with water curing. As previously explained, cement and nanoclay particles need water to
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hydrate and if they do not have enough, the hydration reaction significantly decreases and
even stop and no C-S-H gels will be produced anymore, thus limiting the strength increase.
The highest difference was observed at 90 days of curing. On the other hand, at the age of
28 days, this difference was very small [55].

In another study, the enhancement of compressive strength due to 1, 2, 3 wt% nanoclay
addition in self-consolidating concrete was investigated [42]. The considered curing ages
were 3, 7, 14, 28 and 90 days. The obtained results showed that the highest increment
in the values of the compressive strength was at 7 and 14 days of curing, compared to
the control mix. In that time interval the hydration process reached a maximum level,
as the CH particles were consumed and CSH gels were formed. As more nanoclay was
added in the cement matrix, the difference between the compressive strength of the control
sample and the compressive strength of the nanoclay enriched composite became larger. A
maximum was reached for 3 wt% nanoclay addition, the difference between the value of
the compressive strength for the control mix and the nanoclay composite at 7 and 14 days
of curing being 31% and 14%, respectively. For the 2 wt% nanoclay addition, this difference
was 20.70% and 4.70%, respectively [42].

The compressive strength of a nanoclay-concrete composite at 7, 14, 28, 49, 56 and
90 days of curing, for nanoclay percentages of 0.1, 0.3 and 0.5 wt% and two water to cement
ratios, i.e., 0.40 and 0.50, was also investigated. A similar trend was observed with the one
reported in [42], the largest increase in the value of the compressive strength being during
the first 28 days. The study also investigated the influence of water to cement ratio on
the values of the compressive strength. The nanoclay percentage for which the maximum
compressive strength was obtained changed depending on the w/c ratio. For a w/c ratio
of 0.40, the optimum nanoclay percentage was 0.50%, whereas for a w/c ratio of 0.50, it
decreased to 0.30% [57].

Table 3 summarizes the findings on the values of the compressive strength for mor-
tar/cement specimens with certain percentages of nanoclay additions, stored at room
temperature and cured for 28 days in water or lime-saturated water.

The smallest values for cement mortar reported in [28] can be explained by a non-
homogeneous distribution of nanoclay within the cement matrix, the authors resorting to
manual mixing of the material. This method can cause nanoclay particles to agglomerate
and, eventually, lead to a decrease in strength. The same can be observed in terms of
values of the flexural tensile strength obtained in [28] compared to other studies. In case of
concrete, the results presented in [57] were very low in comparison with the other studies.

According to [57], for low nanoclay percentages, there was a negative influence upon
the compressive strength of the composite. An addition of only 0.1 wt% nanoclay led to a
decrease of 14% in the value of the compressive strength, for a w/c ratio of 0.50. However,
when increasing the nanoclay content, the compressive strength value exceeded the one
of the control specimen but not significantly [57]. For percentages greater than 0.1 wt%
nanoclay, the compressive strength value increased with the increase in nanoclay content
within the cement matrix. However, a small decrease in the values of the compressive
strength at the maximum analyzed nanoclay percentage, of about 5.15%, compared to the
previous percentage, was reported in [54,55]. Taking into account the spread of the reported
results, it is difficult to provide a reason applicable to all scenarios. On the other hand, as
the percentage of nanoclay increases, the distance between nanoclay particles decreases
and, as they tend to attract each other, flocculation of nanoparticles may occur, which leads
to a decrease in the strength of the material.
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Table 3. Compressive strength values for nanoclay—mortar/concrete specimens at room temperature.

Study Type of Nanoclay Type of
Sample Standard w/b

w/c Additives NC %
Compressive

Strength 1

[MPa]

[23]
Organo-

montmorillonite
clay

Cement
mortar

ASTM
C109

w/c
0.50

-

0 approx. 45.50
0.25 approx. 49.00
0.5 approx. 55.00
1 approx. 52.50

[28]

Calcined
hydrophilic

montmorillonite
clay

Cement
mortar

ASTM
C109

w/b
0.48

- non-absorbent monofilament
polypropylene fibers

- naphthalene-sulfonate-
based superplasticizer

0 approx. 21.00
1 approx. 21.20
3 approx. 22.00
5 approx. 24.10

[18,56]

Natural
hydrophilic

montmorillonite
clay

Cement
mortar

ASTM
C109

w/b
0.55

-

0 37.00–37.60
0.5 38.00
1 38.50–39.00
2 40.30–41.00

[46] Metakaolin
MKC

Cement
mortar

ASTM
C109

w/b
0.50

-

0 approx. 47.20
2 approx. 47.60
4 approx. 48.50
6 approx. 49.70
8 approx. 50.50

[54] Metakaolin
MKC

Concrete
BS 1881

-Part
116

w/c
0.42

1.5% polypropylene

0 52.32
2 53.80
4 55.90
6 57.50
8 58.80

10 55.60

[55] Montmorillonite
(type not specified) Concrete ASTM

C470
w/c
0.45

-

0 approx. 45.00
1 approx. 61.00
2 approx. 58.00
3 approx. 55.00

[42]
Montmorillonite

(type not specified)

Self-
consolidated

concrete
- w/b

0.34
F-type poly-carboxylate-based

superplasticizer

0 approx. 49.20
1 approx. 52.00
2 approx. 51.00
3 approx. 54.50

w/c
0.40

-

0 approx. 35.00
0.1 approx. 34.00
0.3 approx. 37.00
0.5 approx. 39.40

w/c
0.50

0 approx. 34.00
0.1 approx. 29.00
0.3 approx. 36.00

[57] type not specified Concrete -

0.5 approx. 35.00
1 Some values were approximated from the graphics, associated with the cited scientific research.

Strength Values at Elevated Temperatures

When concrete or cement mortar specimens are subjected to high temperatures, a
temperature gradient develops inside the elements. The chemical and physical phenomena
which occur lead to spalling or fracture development. Therefore, a decrease in strength is
registered, the material losing its ability to overtake the induced thermal generated stresses.

Table 4 presents the compressive strength variation for different cement mortar/concrete
specimens with nanoclay addition, cured for 28 days in water or lime-saturated water,
subjected to various temperatures. Taking into account that the studies which are presented
in this section were also reported in Table 3, the given information will focus only on the
temperature variation and the corresponding values of the compressive strength.
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Table 4. Compressive strength values for nanoclay—mortar/concrete specimens at high temperature.

[18] [28]

Type of Nanoclay Natural Hydrophilic Montmorillonite Calcinated Hydrophilic Montmorillonite

Nanoclay Content [%] 0 1 2 0 1 3 5

C
om

pr
es

si
ve

st
re

ng
th

1
[M

Pa
] 25 ◦C 37.6 38.5 40.3 21 21.2 22 24.1

200 ◦C 54.4 56.1 59.7
250 ◦C 22.5 23 24 27
400 ◦C 38.9 40.2 41.6
450 ◦C 11 12 14 17
600 ◦C 9.2 9.8 10.6 10 10.5 12 13.5
900 ◦C 2 2.5 5 5

1 All values are approximated from the graphics, associated with the cited scientific research.

As temperature reaches 200 ◦C, the value of the compressive strength increases, ac-
cording to the data reported in [18] and graphically presented in Figure 3a due to the
acceleration of the hydration process and the CSH production. The highest value was
obtained for 2% nanoclay cement replacement—59.7 MPa. On the other hand, the rate
of increase in the values of the compressive strength for the three considered mixes was
between 44.68% for the control mix and 48.14% for the mix containing 2 wt% nanoclay ce-
ment replacement. As the temperature increased up to 400 ◦C, the material lost its strength
by about 30% but it still maintained a value higher than the control specimen kept at room
temperature. It is interesting to observe that in this case, the highest gain in the value of the
compressive strength was obtained by the mix with 1 wt% nanoclay cement replacement,
at 4.42%. At 600 ◦C, all samples registered a very high strength loss of about 75% with
respect to the 400 ◦C samples, the 2% nanoclay combination having the biggest residual
compressive strength value, i.e., 10.6 MPa [18].
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Figure 3. Variation in compressive strength as function of temperature and different percentages of
nanoclay. (a) results reported in [18]; (b) results reported in [28].

Although the values were smaller than those presented in [18], the trend reported
in [28] was similar for the cement mortar subjected to high temperatures, as seen in
Figure 3b. The authors observed that as the temperature rose to 250 ◦C, the value of
the compressive strength increased as well, as the hydration process is accelerated and
more CSH is produced. For that temperature, the optimum nanoclay percentage was
5%. However, at 450 ◦C, the strength was already diminished significantly by about
37% compared to the 5% nanoclay cement replacement at 250 ◦C, when CSH was in the
decomposing process. For 600 ◦C, there was an evident strength loss especially for the
nanoclay-cement composite reaching a maximum of 20.6%. At 900 ◦C, the strength loss
continued for all specimens but the nanoclay-cement composite still maintained a higher
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strength value than the control sample. It should be noted that there was no difference in
residual compressive strength between the 3% and 5% nanoclay cement replacement [28].

2.6. Durability Tests

The durability of a material is essential in civil engineering where the structures must
have a life cycle of decades and where some of them are subjected not only to external
loads but also to water penetration which can lead to corrosion, to frost-thaw cycles, to
air with various chemical pollutants, etc. There are several studies that investigated the
influence of nanoclay on the long-term durability of cement mortar or concrete.

Gas permeability tests with methanol were used [14] on samples made of cement
paste with different quantities of montmorillonite nanoclay. As the curing period increased,
the permeability coefficient decreased. There was a pattern emerging from this analysis
that is common to all curing periods. The smallest permeability coefficient was registered
for 0.4% nanoclay cement replacement, whereas the highest corresponds to the control
specimen. The relative decrease was significant, a value of 49.95% being obtained for the
56 days curing period [14]. This result demonstrates the filler effect that nanoclay has on
the cement matrix, succeeding in decreasing porosity and blocking outside elements to
penetrate inside the cement matrix.

However, the results of the tests on cement pastes could not be confirmed by the
results obtained on concrete specimens [41]. Nano-metakaolin was used in the concrete
mixes and oxygen permeability tests were conducted. A higher permeability was obtained
for nanoclay samples compared to the control samples, with approximately 150% for the
1% nanoclay and 200% for the 2% nanoclay. The difference between the two studies may
have several explanations: different types of permeability tests, increased porosity due to
the presence of aggregates combined with an insufficiently dispersion of nanoclay particles
within the cement matrix, type of nanoclay, etc.

Water penetration and water absorption test are relevant when assessing the proba-
bility of water reaching the reinforcement and eventually causing corrosion. Tests were
conducted in accordance to the EN 12390-8 norm and it was observed that for 1–3 wt%
nanoclay cement replacement, the quantity of water penetrating the concrete samples was
less than in case of the control samples, for which a 31 mm depth was registered [55]. The
smallest depth of water absorption, i.e., 20 mm, was obtained for the 1 wt% nanoclay. The
reasons for the smaller water depth values for concrete combined with nanoclay are the
filler effect that nanoclay has coupled with the higher development of CSH gels compared
to the control sample resulting in a denser structure of the material. The above results
were obtained at the age of 28 days of water curing. In case of plastic wrapping curing,
all samples had a higher water absorption than the control sample, which confirms the
results obtained for compressive, flexural and tensile strengths [55]. Similar results were
obtained for self-consolidated concrete with 1, 2 and 3 wt% nanoclay addition, with 90
days of curing [42]. However, the smallest water penetration depth was registered for 3%
nanoclay addition, which was 64.3% smaller than the control specimen [42].

A water absorption test based on ASTM C642 for concrete specimens with 1, 2 and 3%
montmorillonite nanoclay was also used [55]. As in the case of water penetration test, all
nanoclay specimens had a water absorption percentage smaller than the control specimen.
The lowest water absorption percentage corresponded to the 1% nanoclay sample, i.e.,
1.46%, 54.3% smaller compared to the control sample [55]. Similar results were reported
for self-consolidated concrete samples with 1, 2 and 3% nanoclay addition [42]. In contrast
with [55], the lowest water absorption percentage corresponded to the 3% nanoclay mix
while the highest was for 2% nanoclay. A possible explanation could be attributed to
the effect of shrinkage on the integrity of the mix [42]. For cement mortar on the other
hand, the obtained results were different, as the water absorption percentage for a 0.5%
nanoclay addition was smaller than the one for the control specimen, but for 1% and 2%
nanoclay, the value was higher and has an increasing trend [56]. The authors associated
their results with the capillary water absorption test, in which case the specimens were
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submerged in water only at 5–10 mm depth, according to BS EN 1015-18 norm. The lowest
capillarity absorption coefficient results came from 1% and 2% nanoclay, reaching a value
of approximately 0.03 kg/(m2 min0.5), compared with 0.04 kg/(m2 min0.5)—corresponding
to the control sample [56].

When water trapped inside the cement matrix starts to evaporate, it creates pressure on
the void walls which leads to the development of fine cracks. These cracks have a negative
impact both on the strength and on the durability of the material. The influence of adding
organo-montmorillonite nanoclay in the cement matrix upon the material plastic shrinkage
was evaluated in [23]. It was concluded that nanoclay has a definite positive effect, as the
plastic shrinkage value decreased by 70%, even for the lowest analyzed nanoclay quantity,
i.e., 0.25 wt% cement replacement [23].

An impressed voltage test was employed to analyze the variation in corrosion current
for self-consolidating concrete modified with 1, 2 and 3% nanoclay [42]. It resulted that, as
the percentage of nanoclay increases, the deterioration time of the reinforcement extended,
meaning that the use of nanoclay leads to a better protection of the steel reinforcement
against corrosion mainly due to the denser structure of the cement matrix.

Table 5 summarizes the findings reported in this section of the paper. The information
is structured based on the type of durability test, type of material it was conducted on (i.e.,
mortar or concrete) and nanoclay percentage. The main findings of each referenced study
are also included.

Table 5. Durability tests on nanoclay—mortar/concrete specimens.

Measured
Parameter

Scientific
Paper Test Type of

Sample
Type of

Nanoclay
Nanoclay

Percentage Observation

Permeability
coefficient

[14]
Gas

permeability test
(methanol)

Cement paste

Montmorillonite
in liquid form

(type not
specified)

0; 0.2; 0.4; 0.6;
0.8

- As the curing period
increased, the permeability
coefficient decreased

- The smallest permeability
coefficient was registered for
0.4% nanoclay, and the
highest for the control sample

[41] Oxygen
permeability test Concrete Nano-

metakaolin 0; 1; 2
- Higher permeability for

nanoclay samples compared
to control samples

Water
absorption
percentage

[55] Water
absorption test Concrete

Montmorillonite
(type not
specified)

0; 1; 2; 3

- The test was carried out at
28 days of curing

- Water absorption percentage
smaller than the control
specimen

- The lowest value corresponds
to 1 wt% nanoclay

- Plastic wrapping curing
samples had a higher water
absorption than the water
curing samples

[42] Water
absorption test

Self-
consolidated

concrete

Montmorillonite
(type not
specified)

0; 1; 2; 3

- The test was carried out at
90 days of curing

- Water absorption was
reduced when nanoclay was
added

- The best result was for the
3 wt% nanoclay addition

[56] Water
absorption test

Cement
mortar

Natural
hydrophilic

montmorillonite
clay

0; 0.5; 1; 2

- Water absorption percentage
for 0.5% nanoclay was
smaller compared to the
control specimen

- For 1 and 2% nanoclay, the
value was higher than the
control specimen
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Table 5. Cont.

Measured
Parameter

Scientific
Paper Test Type of

Sample
Type of

Nanoclay
Nanoclay

Percentage Observation

Water
penetration

depth

[55] Water
penetration test Concrete

Montmorillonite
(type not
specified)

0; 1; 2; 3

- The test was carried out at
28 days of curing

- 1 wt% nanoclay—smallest
depth of water absorption
(20 mm)

- Plastic wrapping curing
samples had a higher water
absorption than the water
curing samples

[42] Water
penetration test

Self-
consolidated

concrete

Montmorillonite
(type not
specified)

0; 1; 2; 3
- The test was carried out at

90 days of curing
- The best result was for the

3 wt% nanoclay addition

Capillary water
absorption
coefficient

[56] Water
absorption test

Cement
mortar

Natural
hydrophilic

montmorillonite
clay

0; 0.5; 1; 2
- The lowest capillarity

absorption coefficients
resulted for 1 and 2%
nanoclay

Plastic
shrinkage [23] Plastic

shrinkage test
Cement
mortar

Organo-
montmorillonite

clay
0; 0.25; 0.5; 1

- Nanoclay has a definite
positive effect

- Plastic shrinkage decreased
by 70% for 0.25 wt% nanoclay
cement replacement

Corrosion
current [42] Impressed

voltage test

Self-
consolidated

concrete

Montmorillonite
(type not
specified)

0; 1; 2; 3
- As the percentage of

nanoclay increases, the
deterioration time of the
reinforcement ex-tended

2.7. Remarks on the Impact of Using Nanoclay in Cement Composites

Nanoclay particles can be used in a modified or unmodified physical state, depending
on their properties. From the scientific literature analysis, it can be stated that nanoclay has
a positive impact as it succeeds in diminishing some of the weak points characteristic to
mortar and concrete, the newly composite being characterized by:

• higher values of tensile, flexural and compressive strength, for both specimens kept at
room temperature and subjected to high temperatures

• lower water absorption percentage and water penetration depth
• lower plastic shrinkage
• extended reinforcement deterioration time

The combined physical and chemical properties of nanoclay make this nanomaterial
suitable for use in mortar/concrete mixes. Although all results concur to this idea, the
values differ from one study to another, especially the ones related to the mechanical
properties. At this moment, most of the related studies are focused on the cement paste.
Therefore, there is a great gap of knowledge regarding mortar and, especially, concrete
modified with nanoclay. Moreover, taking into account the promising values of compressive
strength for specimens subjected to high temperatures and the lack of research in this area,
more studies should be conducted on this subject.

3. Influence of Titanium Dioxide on Cement-Based Materials

The use of titanium dioxide (TiO2) in the construction industry did not have a struc-
tural purpose in the beginning, but a more architectural and ecological one. Torre de
Especialidades from Mexico City and the Jubilee Church in Rome Italy are two of the
buildings for which titanium dioxide was used in the concrete formula with the purpose
of decreasing the level of pollutants, i.e., nitrogen oxide and nitrogen dioxide. Except
the practical application, the esthetics of these buildings stands out not only due to the
architecture but also due to their bright whiteness [58–61].
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As a nanomaterial, TiO2 captured the interest of researchers in the fields of building
services and electrotechnics. It started to be used in photovoltaic cells, in the composition
of semiconductors and even in bio-medical applications and cancer therapy [62]. Moreover,
as its properties have the potential to improve the strength and durability of cement mortar
and concrete elements, the research in civil engineering is still on-going. The positive
influence on both ecology and civil engineering is a material property which is constantly
searched for, in view of the new stricter regulations in terms of greenhouse gas emissions.
Titanium dioxide combines, at a certain level, these two areas of interest. In addition, TiO2
is a naturally occurring oxide, being found in the Earth’s crust [63], its addition to concrete
enhancing the sustainability index of the new material [64].

3.1. Chemical Structure and Properties—Types of TiO2 Used in Cement Mortar and Concrete

The crystalline structure of titanium dioxide, TiO2, is found in three main different
forms: anatase, rutile and brookite. Both anatase and rutile have a tetragonal crystal
structure, while brookite has an orthorhombic crystal structure [63,65,66]. From these three
crystal structures, the most commonly used in civil engineering are anatase and rutile.
Both are wide band gap semiconductors, meaning that they can resist higher temperatures,
unlike brookite [65,67].

Rutile is considered as the most stable form of titanium dioxide but only for a particle
size greater than 35 nm. Below that size, the thermodynamic stability decreases. Another
characteristic of rutile is its behavior at high temperatures. When the calcination temper-
ature increases, its particle size increases also with a growth rate higher than in case of
anatase [63]. Anatase, on the other hand, develops a higher photocatalytic activity than
rutile and, thus, was preferred for various element coatings. Moreover, it was demonstrated
that it has better success in breaking both inorganic and organic pollutants. On the other
hand, it was shown that combining the anatase and rutile phases, leads to an increase in
the photocatalytic activity [65,68]. This breaking of pollutants during the photocatalytic
process begins when a light with enough energy strikes the material containing TiO2, i.e.,
the catalyst, and an oxidation-reduction reaction takes place. During the process, the pollu-
tants are mineralized, but the quantity of TiO2 is not consumed. However, between 550 ◦C
and 1000 ◦C anatase transforms into rutile, the transformation temperature depending on
the existent impurities and the morphology of the sample [65,66,68].

Several general chemical properties of TiO2 are listed in [66], with some of them mak-
ing it adequate for use in mortar and concrete, such as its chemical stability, biocompatibility,
low toxicity, and low cost compared with other nanomaterials.

3.2. Input of TiO2 Particles in Cementitious Materials—Technological Flow

There are two possibilities of using TiO2 combined with mortar or concrete. The
first one is by introducing a certain quantity of nanomaterial in the cement matrix and
mixing it. The other one is by coating the element with a special formula in order to protect
the element from the exterior polluted environment. This study will focus on the first
method, taking into account that the main interest is the material strength. Moreover, there
is an important probability that the coating could be damaged during execution or service
life [65]. Unlike nanoclay, titanium dioxide does not require any additional special mixing
processes before being added to the cement matrix, as it does not have the tendency to
flocculate. There are two methods of adding TiO2 in the cement matrix, namely the wet
and the dry mixing procedures.

In the first method, TiO2 is introduced in water and mixed for several minutes. The
cement and aggregates are mixed in dry conditions, separately. Afterwards, the water-
nanomaterials solution is added to the dry mix, the rest of the water is added and a final
mixing is performed. If there was fiber reinforcement to be added, e.g., PP fibers, it is
introduced into the matrix in the final step and mixed again [58,69–71].
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In the second method, the aggregates and all the powder materials, including TiO2,
are dry mixed together. The water is gradually introduced, along with the superplasticizer
and mixed for 3–5 min until a proper consistency is reached [72–75].

3.3. Structural Influence of TiO2

Similar to other nanoparticles, titanium dioxide nanoparticles have been used for
their high specific surface area which can result in promoting the hydration reaction and
for their pore-filling effect. In addition to these benefits, common to this size, TiO2 has
specific properties that make it attractive in its use in cementitious composites, such as its
photocatalytic properties and thermal stability.

Titanium dioxide does not possess pozzolanic activity, as shown in several studies [59,76].
Nevertheless, it increases the rate of hydration due to the nanoparticles acting as nucleation
sites. This process, together with the small size induced filling effect, creates a denser
structure. It has been found that CH is influenced by the presence of these nanoparticles,
which decrease the size of CH crystals either by limiting their growth space or by promoting
accelerated CSH gels formation [59,76].

Studies on cement paste incorporating TiO2 nanoparticles used TG analysis in order
to render evident the hydration reaction acceleration [77]. It can be inferred that the pure
cement specimen contains less non-evaporable water, chemically bound water, than the
cement-titanium blend, which is a result of the presence of more hydration products [77].

3.4. Material Strength Improvements

Titanium dioxide nanoparticles succeed in improving the mechanical properties of
cement mortar and concrete due to their chemical and physical properties. They are usually
used in mortar/concrete mixes combined with superplasticizers in order to obtain a higher
workability. Taking into account that TiO2 is a non-reactive powder, there are studies
in which pozzolans were added with the purpose of promoting the cement hydration
reaction, e.g., fly ash, silica fume. In addition, in comparison with nanoclay studies, in
the case of TiO2, the number of scientific experiments made on mortars and concrete is
significantly larger. This section of the state-of-the-art article presents the strength values
of mortar and concrete modified with certain quantities of TiO2 and other additives. The
results will focus on the effect that TiO2 has on the mortar and cement, with or without
supplementary materials.

3.4.1. Splitting Tensile Strength

As in the case of nanoclay, the number of research works focusing on the tensile
strength is less than in case of compressive strength. However, this mechanical property
is also important, mainly from the point of view of cracks occurrence which must be
prevented. Even micro-cracks can lead to an exponential decrease in the concrete and/or
reinforced concrete durability. Due to the large specific surface area of TiO2 particle there is
more area available for the cement hydration reaction to occur and to produce more CSH,
which leads to an increase in strength [78].

The value of the tensile strength of concrete when the cement was replaced with
1 wt% nano-TiO2 was compared with the one obtained when the cement was replaced with
1 wt% nano-Fe3O4 [79]. The results showed that the TiO2-modified specimen developed
18% higher values for the tensile strength. It should be noted that adding Fe3O4 to the
mix results in values of the tensile strength smaller than the ones corresponding to the
control specimen.

Other studies focused on the synergistic effect of using two nano-materials, e.g., both
TiO2 nanoparticles and carbon nanofibers (CNF) [80]. By adding only 0.2% and 0.4% of
CNF in the cement matrix, the tensile strength values increased at about 3.90 MPa and
4.20 MPa, respectively. Compared with specimens containing only TiO2, these values were
much higher, proving that CNF have a higher efficiency in strength improvement than
TiO2. When introducing both CNF and TiO2 nanoparticles in the composition, although
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the values of the tensile strength were higher compared to the composite with a single type
of nanomaterial addition, the dispersion deficiencies and particle agglomeration started
to emerge. Thus, for the highest nanoparticle quantity combination considered, i.e., 0.4%
CNF and 5% TiO2, the tensile strength value was smaller than for the 0.4% CNF and 3%
TiO2 at 28 days of curing. Moreover, at 180 days of curing, the tensile strength value for
the maximum nanoparticle combination became smaller than the composite having only
0.4% CNF and no TiO2. Another remark that could be made regarding the values of the
tensile strength for the 3% and 5% TiO2 combination, after 90 days of curing, was that the
difference between these values started to decrease slowly and reached almost the same
value of 4.8 MPa at 180 days of curing [80].

In another study, ZnO and TiO2 nanoparticles were used as supplementary materials
to improve the mechanical properties of concrete containing 0.6% polypropylene fibers.
The focus of the research work was to find the best combination for which a maximum
strength was achieved. The cement was replaced with ZnO and TiO2 in the following
percentages: (1%; 0.5%), (2%; 1%), (3%; 1.5%), (4%; 2%), (5%; 2.5%). For the splitting tensile
strength, the best combination was (4%; 2%), which proved that both ZnO and TiO2 have
a positive effect on the material properties. However, when the nanomaterials quantities
were increased to (5%; 2.5%), a decrease in the values of the tensile strength was registered
due to the problems in nanoparticles dispersion [71].

Table 6 lists a series of research works in which various cement mortar or concrete
specimens modified with TiO2 nanoparticles were tested to obtain the values of the tensile
strength at 28 days of curing. It should be noted that the list focuses on the research works
that used TiO2 as principal nanomaterial.

Table 6. Splitting tensile strength values mortar/concrete specimens modified with TiO2 nanoparti-
cles, at room temperature.

Study Type of TiO2
Type of
Sample Standard w/b

w/c Additives TiO2 %
Splitting
Tensile

Strength 3

[MPa]

[78] Type not specified
(probably anatase) concrete - w/c

0.45
Sulphonated naphthalene

formaldehyde (superplasticizer)

0 3.45
0.5 3.54
1 3.76

1.5 3.65

[79]

Type not specified
(probably

anatase/rutile
combination)

concrete - w/c
0.57 - 1 3.36

[80] Type not specified
(probably anatase) concrete ASTM

C496
w/c
0.45

Polycarboxylate-based HRWR 1

agent (superplasticizer)

0 approx. 3.00
3 approx. 3.60
5 approx. 3.30

[70] White powder
(probably anatase) concrete - w/c

0.38

15% Silica fume
Sika ViscoCrete-3425
superplasticizer

0 3.37
0.5 4.39
1 4.93

1.5 4.76

[81] Type not specified
(probably anatase) concrete ASTM

C496
w/b
0.40

-

0 1.80
0.5 2.60
1 3.00

1.5 2.70
2 1.90

[82] Type not specified
(probably anatase) SCC 2 ASTM

C496
w/b
0.40

Polycarboxylate
(superplasticizer)

0 1.60
1 1.60
2 2.00
3 2.50
4 2.90
5 2.60

1 High-range water reducer. 2 Self-compacting concrete. 3 Some values were approximated from the graphics,
associated with the cited scientific research.
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The main common observation of these studies is that for high nanoparticle quantities,
the value of the tensile strength decreased. Two main reasons are given for this phenomenon
in the scientific literature. The first one is the dispersion difficulties that emerge when
adding high percentages of nanoparticles as it increases the probability of agglomeration
occurring. The second one is that if the quantity of TiO2 was greater than the quantity
needed for CH hydration, an excess of silica would be found inside the cement matrix,
leading to a decrease in strength [70,81]. This percentage varies, but the majority of
the listed research works showed that 1% cement replacement with TiO2 is the quantity
for which a maximum value of the tensile strength was obtained in case of concrete
specimens [70,78,81].

The highest values of the tensile strength compared to the other studies was reported
in [70]. It this case, the addition of 15% silica fume proved its efficiency [70]. The lowest
values were obtained for the self-consolidated concrete specimens and plain concrete,
respectively, both modified with various TiO2 percentages [81,82].

Altogether, the TiO2 nanoparticle addition in the cement matrix leads to a definite
increase in the values of the splitting tensile strength, as the specific surface area increases
and CSH particles formation accelerates. However, the increment is not well defined as
it depends on a series of variables which are different, usually, from study to study, e.g.,
additives, water/cement or water/binder ratio, type of cement, type of mixing, particle
size etc.

3.4.2. Flexural Tensile Strength

The flexural strength for various combinations of CNF and TiO2 nanoparticles added
in concrete was also investigated [80]. All combinations had a higher strength value than the
control sample. However, the specimens containing CNF had superior strength, whereas
the 5% TiO2 mix had the smallest strength value from the modified formula samples. When
combining 0.4% CNF with 3% and 5% TiO2, the highest flexural strength values were
obtained. In case of flexural tensile strength, unlike the splitting tensile test results, all CNF
mixes, including combinations, led to superior strength values, especially after 180 days
of curing. Therefore, the combination 0.2% CNF and 5% TiO2 registered, at 180 days
of curing, a value of the flexural strength smaller than that of the sample with only 3%
TiO2. These results confirm the observations made in the case of splitting tensile strength,
that as the quantity of nanoparticle increases above a certain critical level, the strength
begins to decrease because silica accumulates within the matrix and particle agglomerations
occur [80]. For the flexural strength tests carried out on ZnO and TiO2 specimens, the best
combination was (4%; 2%) [71].

Table 7 summarizes the values for the flexural tensile strength for a series of studies
on concrete specimens modified with a certain quantity of TiO2 nanoparticles, stored at
room temperature, after 28 days of curing.

For the TiO2 modified cement mortar, the values of the flexural tensile strength were
higher than in the case of concrete specimens. When adding coarse aggregates, although
the compressive strength increased, voids occurred at the interfacial transition zone, which
tended to develop under tensile stresses. Therefore, these voids led to smaller values for
splitting and flexural tensile strength. However, the nanoscale particles have a filler effect
on the matrix due to their reduced size. They can enter these voids and reconstruct the
ITZ so that the weak areas are reduced in size and the development of microcracks is
either slowed down or completely arrested. This phenomenon was observed by comparing
the strength increment when adding TiO2 nanoparticles in the matrix, in both cement
mortar and concrete, respectively. Higher strength differences were registered for concrete
specimens when they were modified with TiO2 compared with the control samples, i.e.,
greater than 1 MPa [80–82]. However, in case of cement mortar, these improvements in the
flexural tensile strength remained smaller than 1 MPa [83–85].
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Table 7. Flexural strength values mortar/concrete specimens modified with TiO2 nanoparticles, at
room temperature.

Study Type of TiO2
Type of
Sample Standard w/b

w/c Additives TiO2 %
Flexural

Strength 3

[MPa]

[80]
Type not specified
(probably anatase) concrete ASTM

C78
w/c
0.45

Polycarboxylate-based HRWR 1

agent (superplasticizer)

0 approx. 4.00
3 approx. 5.20
5 approx. 4.50

[83]
Type not specified
(probably anatase)

Cement
mortar

ASTM
C293

w/b
0.485

30% Fly ash by weight
of cement

0 approx. 5.15
1 approx. 5.15
3 approx. 5.70
5 approx. 5.15

[81]
Type not specified
(probably anatase) concrete ASTM

C293
w/b
0.40

-

0 4.40
0.5 5.10
1 5.50

1.5 5.40
2 5.10

[82]
Type not specified
(probably anatase) SCC 2 ASTM

C293
w/b
0.40

Polycarboxylate
(superplasticizer)

0 4.20
1 4.00
2 4.90
3 5.60
4 6.30
5 6.00

[84] anatase Cement
mortar

Chinese
stan-
dard

w/c
0.32

-
0 10.10

0.1 10.80
1 9.60

[85] anatase Cement
mortar

ASTM
C348

w/b
0.40

GGBFS 2

Polycarboxylate
(superplasticizer)

0 approx. 5.30
3 approx. 5.50
6 approx. 4.40
9 approx. 4.00

12 approx. 3.80
1 High-range water reducer. 2 Ground granulated blast furnace slag. 3 Some values were approximated from the
graphics, associated with the cited scientific research.

Experiments conducted based on the Chinese standard resulted in the highest flexural
strength values, reaching up to 10 MPa for cement mortar [84]. However, the researchers
who used ASTM norms, whether or not additives were used, obtained values in the range
of 4.0–6.0 MPa [80–83,85].

Taking into account the variability in TiO2 percentages from one study to another
and the difference in results, there is no optimum percentage which can be clearly defined.
Smaller percentage increments, i.e., smaller than 1%, should be selected and the range of
their variability should be larger in order to be able to thoroughly analyze the dependency
between strength and the quantity of TiO2 introduced. However, there is a certain trend
which is also respected in the case of flexural tensile strength, namely, as the quantity of
TiO2 exceeded a certain level, the value of the flexural strength decreased.

3.4.3. Compressive Strength

The most important material property of both cement mortar and concrete is their
compressive strength. As in the case of nanoclay, some studies subjected the specimens to
high temperatures while others analyzed the samples only at room temperature. Taking into
account that the high temperature tests are conducted in steps, for different temperature
levels, corresponding to various physical and chemical phenomena, they are separately
presented in the present paper.
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Compressive Strength Values Obtained at Room Temperature

In case of compressive strength, a similar trend of the results was obtained as for
flexural strength [80]. The CNF modified concrete exhibited the highest values of the
compressive strengths compared with the specimens modified only with TiO2. However,
the maximum strength from the analyzed samples corresponds to a concrete specimen
modified with both CNF and TiO2 nanoparticles, i.e., 0.4% CNF and 3% TiO2. Similar to
the flexural tensile strength, the samples of CNF+ TiO2 having 5% TiO2 exhibited lower
compressive strength value than the corresponding CNF modified concrete samples but
without the TiO2 addition. The trend was maintained at least up to 180 days of curing.
Moreover, for the 0.2% CNF and 5% TiO2, the registered values of the compressive strength
was smaller than the 3% TiO2 mix, at 28 days of curing [80].

Unlike the tensile strength case, the compressive strength of the 1% TiO2 concrete
specimens was lower than for the 1% Fe3O4 concrete specimens [79]. TiO2 was used
in combination with ZnO and 0.6% polypropylene fibers PPF to improve the concrete
formula [71]. Samples were tested in compression according to the Indian standard IS:
516–1959. For both mixes, with or without PPF, the best nanomaterial combination was
(4%; 2%) by weight of cement, the result being applicable for all curing ages (7, 14, 28
and 90 days). For the largest nanomaterial quantity, i.e., 5% ZnO and 2.5% TiO2, the
compressive strength value decreased at all ages below the values corresponding to the
control sample [71].

Table 8 summarizes the values of compressive strength for concrete specimens modi-
fied with TiO2 nanoparticles, kept at room temperature, and cured for 28 days.

The importance of TiO2 nanoparticle dimension on the compressive strength value of
cement mortar was demonstrated in [77]. The study employed two types on TiO2, with
dimensions of 21 nm and 350 nm. The mortar modified with larger TiO2 particles had
smaller values for the compressive strengths than the one with 21 nm. As the particle
dimension increased, the specific surface area decreased, being promoted less CH for
hydration and thus, less CSH in the cement matrix.

All samples registered a decrease in the values of mechanical properties after a certain
TiO2 quantity when the high number of particles increased the probability of flocculation
and thus stress concentrations could occur. Moreover, as in the nanoclay case, when
introducing a higher quantity of nanomaterial than the one needed for CH hydration, an
excess of silica is available, resulting in a deficiency in strength [70]. The TiO2 optimum
percentage, from which this decrease initiated, and emphasized in Table 8, is not well
defined when considering all the studies. It varies from 1% to 6% by weight of cement.
High compressive strength was also obtained at 10%, according to [77], but there were no
higher TiO2 percentages analyzed, so there is no specific optimum TiO2 percentage.

On the other hand, a previous study [60] reported that the values of the compressive
strength decreased with the increase of TiO2 percentage. Taking into account that the TiO2
percentages analyzed in that study were relatively high, i.e., 5% and 10%, there is a high
probability that the main cause of the obtained results was the agglomeration of nano
particles during the mixing procedure.

To sum up, the compressive strength results presented in Table 8 demonstrate the
positive effect that TiO2 particles have on the cement mortar/concrete compressive strength.
Unlike the case of the flexural tensile strength, there is no significant difference between
the values of the compressive strength concrete and mortar, due to the fact that, during
compression, the voids present in the ITZ tend to close.
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Table 8. Compressive strength values mortar/concrete specimens modified with TiO2 nanoparticles,
at room temperature.

Study Type of TiO2
Type of
Sample Standard w/b

w/c Additives TiO2 %
Compressive

Strength 3

[MPa]

[80] - Concrete ASTM
C39

w/c
0.45

Polycarboxylate-based HRWR 1 agent
(superplasticizer)

0 approx. 33.00
3 approx. 42.00
5 approx. 37.00

[83] - Cement
mortar

ASTM
C109M-

16a
w/b
0.485

30% Fly ash by weight of cement

0 approx. 26.50
1 approx. 33.00
3 approx. 36.50
5 approx. 30.70

[81] - Concrete ASTM
C39

w/b
0.40

-

0 36.80
0.5 41.90
1 43.40

1.5 42.50
2 39.30

[82] - SCC2 ASTM
C39

w/b
0.40

Polycarboxylate (superplasticizer)

0 31.60
1 35.20
2 38.30
3 44.50
4 50.10
5 48.70

[79] - Concrete - w/c
0.57 - 1 approx. 31.00

[85] anatase Cement
mortar

ASTM
C109

w/b
0.40

GGBFS 2

Polycarboxylate (superplasticizer)

0 approx. 40.00
3 approx. 44.00
6 approx. 46.00
9 approx. 42.00

12 approx. 36.00

75% anatase and
25% rutile (21 nm)

0 approx. 39.50
5 approx. 47.50
10 approx. 49.00

99% anatase (350 nm) 5 approx. 43.00
[77] Cement

mortar
ASTM
C109

w/c
0.485

-

10 approx. 44.50

[69] Rutile and anatase Cement
mortar

- w/b
0.45

-
0 43.70
1 47.60
3 48.20
5 48.80

[86] Anatase and
rutile—Aeroxide P25

High strength
mortar

ASTM
C109

w/b
0.35

2% naphthalene sulfonate base
superplasticizer
5% silica fume

0 approx. 55.00
1 approx. 63.00
2 approx. 64.00
3 approx. 61.00

[70] White powder
(probably anatase) Concrete - w/c

0.38
15% Silica fume
Sika ViscoCrete-3425 superplasticizer

0 49.86
0.5 55.74
1 58.79
15 57.42

[60] 80% anatase and
20% rutile ECC 1 ASTM

C109
w/c
0.30 PVA 2

0 66.53
5 60.05

10 58.49

[78] - Concrete - w/c
0.45

Sulphonated naphthalene
formaldehyde (superplasticizer)

0 33.00
05 35.00
1 38.00

1.5 30.00

[75] - Concrete
BS

1881-part
116

w/c
0.40

Superplasticizer

0 34.00
2 41.40
4 44.20
6 48.40
8 46.50

[76] - Cement
mortar

- w/c
0.50

-
0 approx. 50.00
1 approx. 50.00
2 approx. 52.00
5 approx. 48.00

1 Engineered cementitious composite. 2 Polyvinyl alcohol fibers. 3 Some values were approximated from the
graphics, associated with the cited scientific research.

Compressive Strength Values at Elevated Temperatures

Considering the filler effect that titanium dioxide has upon the cement matrix, along
with promoting of the development of hydration compounds, it has been proven that the
TiO2 introduction in the cement matrix succeeded in improving the material strength to



Coatings 2023, 13, 506 25 of 32

elevated temperatures. Table 9 presents some of the compressive strength results on cement
mortar/concrete when the specimen was subjected to elevated temperatures.

Table 9. Compressive strength values for TiO2—mortar/concrete specimens at high temperature.

[86] [87]

TiO2 [%] 0 1 2 3 0 2 4 6

C
om

pr
es

si
ve

st
re

ng
th

1
[M

Pa
]

25 ◦C 55 63 64 61 33 36.3 46.2 48
100 ◦C 47 58 62 54
200 ◦C 46 52 58 51 38 43.5 47 54
300 ◦C 35 46 51 48
400 ◦C 35 47 49 44 35 42 46 51.5
600 ◦C 31 37 35 31 25 31 33.5 38.5
800 ◦C 17 17 22 17

1000 ◦C 6 6 7 5
1 All values are approximated from the graphics, associated with the cited scientific research.

A high strength mortar was modified with 1%, 2% and 3% Aeroxide P25, i.e., a
multiphasic titanium dioxide containing both anatase and rutile. A 5% silica fume and
a superplasticizer were added in the mix. The water to binder ratio was maintained at
0.35 [86]. On the other hand, another study focused on heavy concrete samples, having a
density greater than 2600 kg/m3 with magnetite aggregates of 25 mm maximum size. The
authors modified the samples by adding 2%, 4% and 6% TiO2 as a cement replacement [87].
Although the difference between the values obtained in the two studies was expected to
occur, the positive influence of TiO2 is evident in both cases.

However, while a 2% TiO2 was obtained as the optimum percentage for the compres-
sive strength of, for all temperatures [86], as shown in Figure 4a, the maximum strength
was recorded at the maximum nanoparticle addition of 6% [87], as seen in Figure 4b. Taking
into account the use of magnetite aggregates, they will have a different behavior to high
temperatures than the normal aggregates used in previous studies. Moreover, only fine
aggregates were used in [86], thus obtaining a more homogeneous sample with less voids
and less disturbances than in [87]. Therefore, a comparison between these two studies can
be made only by analyzing the positive variation that TiO2 had on the samples. Although
the compressive strength decreased for the 3% TiO2 sample, it still remained higher than
the one corresponding to the control sample up to 400 ◦C [86]. After this temperature limit,
the compressive strength maintained a value approximately equal with the one associated
to the control specimen.
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3.5. Durability Tests

When the TiO2 nanoparticles are introduced in the cement matrix, due to their small
size, they start filling the existent voids, gathering around them CH compounds and
promoting the CH hydration. Thus, the density of the specimen increases and water
absorption is expected to decrease. For the anatase-based modified cement mortar used
in [85], a constant decrease in water absorption up to the maximum considered TiO2
percentage, from approximately 9%—for 0 wt% TiO2, to 7%—for 12 wt% TiO2 was recorded.
These results were confirmed by [82]. A comparison between the influence of 1% Fe3O4
and 1% TiO2 on concrete water absorption was conducted in [79]. From the analysis,
nano-titania particles succeeded in restricting the water absorption better than Fe3O4, also
having a smaller void ratio.

As the water absorption and void ratio decreased, the probability of liquid infiltration
was significantly reduced, as the chloride and sulphate exposure analyses proved. A
higher level of steel reinforcement corrosion protection was gained by using nano-TiO2 as
supplementary material in concrete, according to [79]. The potentio-dynamic polarization
test confirmed the benefits of using TiO2 in the cement matrix as the reinforcement corrosion
rates were lower for all adverse exposure environments studied (tap water, saline water,
acidic solution), compared to the control specimen [69].

However, it was recommended that all cementitious materials using nano-titania as
additive should be specially designed to sulphate attack, as the expansion rate of the mortar
increased with the quantity of TiO2 and important cracks occur, compared to the control
sample [85].

Table 10 summarizes the findings in terms of durability tests on mortar and concrete
samples enhanced with TiO2.

Table 10. Durability tests on TiO2—mortar/concrete specimens.

Measured Parameter Scientific
Paper Type of Sample TiO2 Percentage Observation

Water absorption
percentage

[85] Cement mortar 0; 3; 6; 9; 12 - Decrease in water absorption with the
increase in TiO2 content

[82] SCC 0; 1; 2; 3; 4; 5

- During the first 2 days, the water
absorption percentage increased
compared to the control sample

- For 7 and 28 days of curing, the water
absorption percentage decreased
compared to the control sample

[79] Concrete 1 - Nano-TiO2 particles restrict water
absorption better than Fe3O4

Durability to chloride
and sulphate ions

(corrosion potential)

[79] Concrete 1
- Nano-TiO2 leads to a higher level of

steel reinforcement corrosion
protection than Fe3O4

[69] Cement mortar 0; 1; 3; 5

- Reinforcement corrosion rates were
lower for all adverse exposure
environments studied compared to
control samples

- The optimum TiO2 percentage was
5 wt%

Expansion rate [85] Cement mortar 0; 3; 6; 9; 12

- The expansion rate of the mortar
increases with the quantity of TiO2
and important cracks occur, compared
to control sample
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3.6. Remarks on the Impact of Using TiO2 in Cement Composites

Titanium dioxide is a nanomaterial with multiple benefits, in various areas of interest,
which has proven its significance in the field of civil engineering. Its nano-sized structure
characterized by a large specific surface area promotes the acceleration of the CH hydration
activity. Its filling effect, together with a high quantity of hydration products, i.e., CSH, re-
sults in higher values of compressive, flexural and splitting tensile strength compared to the
control specimens. The filling effect also decreases the void ratio and the water absorption,
increasing the reinforcement protection against tap/saline water or acidic solutions.

4. Conclusions

Nanomaterials have proven their benefits when used in cement mortar or concrete.
Their size and chemical properties largely improve the strength and physical characteristics
of cementitious composites. Nanoclay acts as a pozzolanic and filler nanomaterial, while
titanium dioxide is an inert filler and promotor of nucleation sites for CSH development.
Both nanoclay and titanium dioxide nano-particles succeed in promoting CH hydration
when added to the cement matrix, thus leading to strength improvements. The water
absorption decreases as well as the void ratio, increasing the reinforcement protection to
corrosion. For both of them, the behavior is enhanced when subjected to high temperatures,
compared with the control samples. Practically, they both improve the mechanical and
physical characteristics of cement mortar and/or concrete. However, the manner in which
this improvement is manifests varies.

The use of NC definitely influences the values of the splitting tensile strength for both
mortar and concrete in a positive manner. However, the magnitude of this improvement
greatly varies from one study to another because of the type of NC used and water/binder
ratio. However, the use of montmorillonite-based NC shows its influence at lower percent-
ages by weight of cement, for both mortar (2 wt%) and concrete (1 wt%), than metakaolin
based NC (8 wt%). Based on the analyzed data, the rate of improvement also greatly
depends on the water/binder ratio.

Similar conclusions can be drawn in terms of flexural tensile strength of cement-based
mortar and concrete. For mortars, both natural hydrophilic montmorillonite and organo-
montmorillonite based NC shown similar rates of improvement, compared to the reference
mix, for 2 wt% replacement of cement for natural hydrophilic montmorillonite NC and
1 wt% replacement for organo-montmorillonite based NC. On the other hand, the use of
calcinated hydrophilic montmorillonite NC leads to highest values in terms of flexural
tensile strength of mortars when used in 5 wt% replacement of cement. For concrete mixes,
metakaolin based NC should be used in higher percentages (8 wt% of cement) to obtain the
highest values for the flexural tensile strength as compared to montmorillonite NC which
leads to the best results at only 1 wt% of cement.

The compressive strength of both mortar and concrete are positively influenced by
the addition of nanoclay, but the rate of improvement is different from mortar to concrete.
Lower percentages of montmorillonite-based NC are required to obtain the highest values
of compressive strength compared to metakaolin based NC. While for the former the
highest values of the compressive strength of mortar are obtained at 0.5 wt% in case of
organo-montmorillonite and up to 5 wt% in case of calcinated hydrophilic montmorillonite
NC, in case of metakaolin based NC a higher percentage is required, 8 wt% of cement.
Similar observations can be made for concrete, although the exact type of NC is not clearly
specified. For montmorillonite-based NC the percentage varies between 1 wt% and 3 wt%,
while for metakaolin based NC the percentage stays unchanged, namely at 8 wt% of cement.

The loss of compressive strength at elevated temperatures is inversely proportional
to the percentage of NC in concrete. Based on the available scientific data, the peak
performance is reached for 2% natural hydrophilic montmorillonite NC at 200 ◦C, while a
similar trend is observed at 5% calcinated hydrophilic montmorillonite NC at 250 ◦C.

In case of durability of cement mortar and concrete, the best values are reached for
much lower values of NC percentages than in the case of mechanical properties. Most of
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the available scientific literature reporting results on durability performance of nanoclay
modified mortar and concrete focuses on the use of montmorillonite-based NC. Significant
improvements are obtained for percentages as low as 0.4 wt% of cement.

On the other hand, titanium dioxide, with a smaller particle dimension, is only an
inert filler which does not have the possibility to promote pozzolanic activity as nanoclay
does. The CH hydration, in this case, is accelerated only by the nucleation effect.

Most of the studies related to the use of TiO2 in cement-based mortar and concrete
used anatase based nano TiO2. Therefore, the scattering of the reported results in terms of
the optimum content of TiO2 is smaller compared to their counterparts using NC.

From the point of view of the splitting tensile strength most of the studies recommend
an optimum percentage of 1 wt% of cement in order to obtain the highest increase in
performance for regular concrete. Self-compacted concrete, on the other hand, requires a
higher percentage of nano TiO2, up to 4%.

For the flexural tensile strength, the use of nano TiO2 in 3 wt% of cement results in the
highest values both for mortar and concrete. In this case however, there seems to be a large
discrepancy of the obtained results depending on the standard applied.

When it comes to the compressive strength, although improvements were reported for
both mortar and concrete with nano TiO2 addition, the reported results in terms of optimum
nano-TiO2 content varies significantly from one study to another. While for concrete the
optimum percentage varies from 1 wt% of cement up to 6 wt% of cement, with most of the
studies recommending 1% addition of nano TiO2 for best performance gains, the interval is
much larger in case of mortar. In this case, the optimum percentage varies from 2 wt% of
cement and up to 10 wt% of cement. It should be pointed out that the larger recommended
interval is due to the fact that the input parameters significantly changed from one study to
another: supplementary cementitious materials (fly ash, GGBS, silica fume), type of TiO2
(anatase and combinations of anatase and rutile in different percentages).

The decrease in the compressive strength values of concrete with nano TiO2 subjected
to elevated temperatures followed a similar trend with the one reported for NC. The use
of higher percentages of nano TiO2 resulted in significantly lower strength losses with the
increase in temperature compared to the reference mix. The temperature threshold beyond
which strength loss become significant is similar to the one reported for NC, namely 400 ◦C.
This suggests that, in case of elevated temperatures, the limitation is related to the behavior
of cement rather than the other constituent materials.

In terms of durability performance of mortar and concrete, the optimum percentage
varies from one study to another. According to the available data, a 5 wt% of cement leads
to the best performance in durability tests. Higher percentages result in slightly better
performance but the benefit is not as significant, percentage-wise.

Each of the two nanomaterials presented in this study lack some properties from
the other, while having other similar effects on the cementitious materials. Therefore, a
combination of these two types of nanoparticles has the potential of improving the mortar
and/or concrete properties beyond the level set by each nanomaterial on its own due to
their synergistic effect. While the synergistic effect of using TiO2 in combination with silica
fume [70], CNF [80], fly ash [83] and GGBS [85] was rendered evident in some previous
studies, the use of TiO2 in conjunction with nanoclay was not so intensively studied and
only recently a very limited number of studies emerged in this direction.

A recent study proved the potential of this combination by adding to concrete 1%, 2%,
3% and 4% nanoclay as fine aggregate and 1%, 2%, 3% and 4% TiO2 as cement replacement.
The best results were obtained for the 2%-TiO2 and 3%-nanoclay combination, with a
compressive strength increment of 48.64% compared to the control sample and 21.83%
increment compared to the concrete modified with only 2% TiO2 [88].

A similar research work investigated the combined used of TiO2 and NC in fly ash
geopolymer concrete [89]. The main difference between this study and the previous one
resides in the fact that lower percentages were used; only 1% NC and 1.25% TiO2, by mass
of fly ash. Improvements were observed in the values of splitting tensile and compressive
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strengths of investigated mixes. The SEM images revealed the absence of interfacial voids
and crack in the ITZ and the formation of needle-like structures at the interface regions
between paste and aggregates. Those formations were attributed to pozzolanc interaction
between the nanomaterials and the promotion of the nucleation sites.

Both aforementioned studies showed that better material properties can be obtained
when TiO2 and NC are used together, compared to the case when they are individually used
and that lower percentages of the two nanomaterials are needed to obtain those improved
material properties compared to each nanomaterial used individually. However, there is
a lack of research on this combination of nanomaterials, which, taking into account their
beneficial potential, should be studied further.

Author Contributions: Conceptualization, I.-O.T. and G.B.; methodology, G.B., S.-M.A.-S., P.M. and
I.-O.T.; formal analysis, G.B., S.-M.A.-S. and P.M.; investigation, G.B., S.-M.A.-S., P.M. and I.-O.T.;
writing—original draft preparation, G.B. and S.-M.A.-S.; writing—review and editing, P.M. and
I.-O.T.; supervision, P.M. and I.-O.T.; project administration, G.B.; funding acquisition, G.B. All
authors have read and agreed to the published version of the manuscript.

Funding: This research was funded by the Romanian Government through the Ministry of Research,
Innovation and Digitalization, grant number PN III 27PFE/2021; The APC was funded by The
“Gheorghe Asachi” Technical University of Iasi.

Acknowledgments: This paper was realized with the support of COMPETE 2.0 Project nr. 27PFE/2021,
financed by the Romanian Government, Ministry of Research, Innovation and Digitalization.

Conflicts of Interest: The authors declare no conflict of interest.

References
1. United Nations Environment Programme. Global Status Report for Buildings and Construction 2021; United Nations Environment

Programme: Nairobi, Kenya, 2021.
2. European Union. EU Commission recommendation of 18 October 2011 on the definition of nanomaterial (2011/696/EU). Off. J.

Eur. Union 2011, 275, 38–40.
3. Sikora, P.; Abd Elrahman, M.; Stephan, D. The Influence of Nanomaterials on the Thermal Resistance of Cement-Based

Composites—A Review. Nanomaterials 2018, 8, 465. [CrossRef] [PubMed]
4. Saleem, H.; Zaidi, S.J.; Alnuaimi, N.A. Recent Advancements in the Nanomaterial Application in Concrete and Its Ecological

Impact. Materials 2021, 14, 6387. [CrossRef] [PubMed]
5. Monteiro, H.; Moura, B.; Soares, N. Advancements in nano-enabled cement and concrete: Innovative properties and environmental

implications. J. Build. Eng. 2022, 56, 104736. [CrossRef]
6. Duquesne, S.; Jama, C.; Le Bras, M.; Delobel, R.; Recourt, P.; Gloaguen, J. Elaboration of EVA–nanoclay systems—Characterization,

thermal behaviour and fire performance. Compos. Sci. Technol. 2003, 63, 1141–1148. [CrossRef]
7. Park, J.H.; Jana, S.C. The relationship between nano- and micro-structures and mechanical properties in PMMA–epoxy–nanoclay

composites. Polymer 2003, 44, 2091–2100. [CrossRef]
8. Xu, L.; Lee, L.J. Effect of nanoclay on shrinkage control of low profile unsaturated polyester (UP) resin cured at room temperature.

Polymer 2004, 45, 7325–7334. [CrossRef]
9. Lee, H.-C.; Lee, T.-W.; Kim, T.-H.; Park, O.O. Fabrication and characterization of polymer/nanoclay hybrid ultrathin multilayer

film by spin self-assembly method. Thin Solid Films 2004, 458, 9–14. [CrossRef]
10. LAU, K.; LU, M.; QI, J.; ZHAO, D.; CHEUNG, H.; LAM, C.; LI, H. Cobalt hydroxide colloidal particles precipitation on nanoclay

layers for the formation of novel nanocomposites of carbon nanotubes/nanoclay. Compos. Sci. Technol. 2006, 66, 450–458.
[CrossRef]

11. Lau, K.; Gu, C.; Hui, D. A critical review on nanotube and nanotube/nanoclay related polymer composite materials. Compos. Part
B Eng. 2006, 37, 425–436. [CrossRef]

12. Kuo, W.-Y.; Huang, J.-S.; Lin, C.-H. Effects of organo-modified montmorillonite on strengths and permeability of cement mortars.
Cem. Concr. Res. 2006, 36, 886–895. [CrossRef]

13. He, X.; Shi, X. Chloride Permeability and Microstructure of Portland Cement Mortars Incorporating Nanomaterials. Transp. Res.
Rec. J. Transp. Res. Board 2008, 2070, 13–21. [CrossRef]

14. Chang, T.-P.; Shih, J.-Y.; Yang, K.-M.; Hsiao, T.-C. Material properties of portland cement paste with nano-montmorillonite.
J. Mater. Sci. 2007, 42, 7478–7487. [CrossRef]

15. Dhiman, N.K.; Sidhu, N.; Agnihotri, S.; Mukherjee, A.; Reddy, M.S. Role of nanomaterials in protecting building materials from
degradation and deterioration. Biodegrad. Biodeterior. Nanoscale 2022, 405–475. [CrossRef]

http://doi.org/10.3390/nano8070465
http://www.ncbi.nlm.nih.gov/pubmed/29949903
http://doi.org/10.3390/ma14216387
http://www.ncbi.nlm.nih.gov/pubmed/34771911
http://doi.org/10.1016/j.jobe.2022.104736
http://doi.org/10.1016/S0266-3538(03)00035-6
http://doi.org/10.1016/S0032-3861(03)00075-2
http://doi.org/10.1016/j.polymer.2004.08.051
http://doi.org/10.1016/j.tsf.2003.11.117
http://doi.org/10.1016/j.compscitech.2005.07.023
http://doi.org/10.1016/j.compositesb.2006.02.020
http://doi.org/10.1016/j.cemconres.2005.11.013
http://doi.org/10.3141/2070-03
http://doi.org/10.1007/s10853-006-1462-0
http://doi.org/10.1016/B978-0-12-823970-4.00024-5


Coatings 2023, 13, 506 30 of 32

16. Ali, S.W.; Basak, S.; Shukla, A. Nanoparticles: A potential alternative to classical fire retardants for textile substrates. Handb.
Nanomater. Manuf. Appl. 2020, 265–278. [CrossRef]

17. Yu, P.; Wang, Z.; Lai, P.; Zhang, P.; Wang, J. Evaluation of mechanic damping properties of montmorillonite/organo-modified
montmorillonite-reinforced cement paste. Constr. Build. Mater. 2019, 203, 356–365. [CrossRef]

18. Irshidat, M.R.; Al-Saleh, M.H. Thermal performance and fire resistance of nanoclay modified cementitious materials. Constr.
Build. Mater. 2018, 159, 213–219. [CrossRef]

19. Pavlidou, S.; Papaspyrides, C.D. A review on polymer–layered silicate nanocomposites. Prog. Polym. Sci. 2008, 33, 1119–1198.
[CrossRef]

20. Nehdi, M.L. Clay in cement-based materials: Critical overview of state-of-the-art. Constr. Build. Mater. 2014, 51, 372–382.
[CrossRef]

21. Kawashima, S.; Wang, K.; Ferron, R.D.; Kim, J.H.; Tregger, N.; Shah, S. A review of the effect of nanoclays on the fresh and
hardened properties of cement-based materials. Cem. Concr. Res. 2021, 147, 106502. [CrossRef]

22. Moraes, M.K.; Maria da Costa, E. Effect of adding organo-modified montmorillonite nanoclay on the performance of oil-well
cement paste in CO2-rich environments. Cem. Concr. Compos. 2022, 127, 104400. [CrossRef]

23. Lee, S.J.; Kawashima, S.; Kim, K.J.; Woo, S.K.; Won, J.P. Shrinkage characteristics and strength recovery of nanomaterials-cement
composites. Compos. Struct. 2018, 202, 559–565. [CrossRef]

24. Papatzani, S.; Badogiannis, E.G.; Paine, K. The pozzolanic properties of inorganic and organomodified nano-montmorillonite
dispersions. Constr. Build. Mater. 2018, 167, 299–316. [CrossRef]
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A B S T R A C T

CFS structures are classified as structures with low ductility. Due to this, they are not recommended for
medium to high seismic areas. The paper presents the results of a complex experimental program coupled
with numerical investigations on the behavior of Cold Formed Steel (CFS) structures under seismic actions. The
scaled-down model skeleton was made of DX51D+Z C-shaped 89 × 41 × 12 × 1 mm steel elements connected
by 4.8 × 16 mm self-tapping screws (STS) and 5.5 × 25 mm self-drilling screws (SDS). This structure represents
a replica of constructive solutions for single-story or one or two-storey structures that are frequently met in
South-Eastern Europe, including highly active seismic areas.

The main purpose of the research program is to gather both quantitative and, more importantly, accurate
information regarding structural response to dynamic actions characterized by input accelerations equal in
amplitude to the maximum values specified in seismic design codes, up to PGA = 0.40 g. The damage of the
joints and the reduction in the structural stiffness due to cyclic loads, such as the ones produced by earthquakes,
change the structure’s eigen period and significantly influence the structure’s response to seismic actions. Larger
gravitational loads lead to more extensive damage of the joints. The developed numerical model based on the
experimentally determined connection axial rigidity can offer accurate results in terms of the fundamental
frequency of vibration, relative accelerations and displacements. However, for a more accurate capturing of
the local damages and onset of failure mechanisms, more complex numerical models are needed, which take
into account non-linear material behavior.

The results presented in this paper help to design these structures as only the skeleton and serve as a
starting point for future research work aimed to assess the influence of the sheathing on the global response
of CFS structures to seismic actions. Additionally, research in the direction of improved joints with better
energy dissipation properties is also pursued by the authors.
1. Introduction

The behavior of civil engineering structures to seismic motions
is a continuous matter of investigation for researchers around the
world. Besides ensuring the safety of the inhabitants and mitigating
the damages to the structures and the stored goods in the framework of
performance-based design, buildings also need to become economic and
sustainable in the sense that their maximum performance should be ob-
tained with the least material consumption. Currently available seismic
design codes, such as EN 1998-1 [1] or the Romanian code [2] include
a lot of information and details on the seismic design of steel structures.
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S.-G. Luca).

Based on their specifications, Thin-Walled Cold-Formed Steel Structures
(TWCFSS) are classified as having low dissipative capabilities and
the verification of structural elements included in Class 4 is made in
accordance with EN 1993-1-3 [3], and EN 1993-1-5 [4], respectively.
The seismic design codes limit the behavior factor q to 1.5 in [1] and
to 1 in [2] because such structural systems without cladding materials
have low energy dissipation capabilities. The values of the behavior
factor q and the associated ductility classification which are given
in the design codes, characterize the balance between resistance and
energy-dissipation capacity. ‘‘For the design of structures classified as
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Fig. 1. Structural type systems: (a) frame system; (b) panel; (c) panel with strips diagonal; (d) panel with diagonals system.
Fig. 2. Real House structural systems — personal archive: (a) Romania, 2018, (b) Germany, 2018.
low-dissipative, no account is taken of any hysteretic energy dissipation
and the behavior factor may not be taken, in general, as being greater
than the value of 1.5 considered to account for overstrengths’’. ‘‘The
behavior factor q is an approximation of the ratio of the seismic forces
that the structure would experience if its response was completely
elastic with 5% viscous damping, to the seismic forces that may be used
in the design, with a conventional elastic analysis model, still ensuring
a satisfactory response of the structure’’ [1]. In this study, the behavior
factor was not used. Based on the presented results future numerical
analyses will be developed in order to determine the appropriate value
of the behavior factor for such types of structures.

The seismic behavior of hot-rolled steel structures was the main
subject of research until 1990. Several approaches were considered
from scaled-down models to structural sub-systems, to individual struc-
tural elements. A very powerful equipment used in such experimental
investigations, both for hot-rolled and cold-formed steel structures, is
the shake table. It is the only equipment that can simulate real seismic
motions of either past earthquakes or artificially generated ones. How-
ever, due to its high initial and maintenance costs, most experimental
works included pseudo-dynamic tests on structural elements or parts of
structures that can lead to obtaining similar results. Another alternative
would be the use of numerical simulations where various parameters
could be changed and many different scenarios could be considered.
However, these numerical models should be validated by laboratory
tests in order to ensure the accuracy of the obtained results [5,6].

Thin-walled cold-formed steel structures elements started to attract
more and more attention from 1990 because of their gradual implemen-
tation in civil engineering structures. Their use has seen a continuous
grow and a significant number of studies were published in USA [7–13],
Italy [14–22], Romania [23–28], Turkey [29], UK [30,31] or Asia [32–
43]. Each study considered different CFS profiles, structural system of
connectors for joining the elements. The most used structural typologies
consisted in 3D frames with built-up cross-sections for the elements
or framing elements to form rigid systems for structural applications.
Fig. 1 presents 4 of the main CFS structural systems that are currently
2

in use. The solution presented in Fig. 1a is that of a portal frame using
built-up cross-sections for the elements. The elements are connected at
the nodes by means of hot-rolled steel plates and bolts. These are the
so-called moment-resisting frames where the seismic force is dissipated
due to the moment–rotation capacity of the joint. On the other hand, in
case of framing systems made of shear wall panels, Fig. 1b, sheathing
with either Oriented Strand Boards — OSB panels or corrugated steel
sheets, the seismic force is dissipated by the panels/sheets and the
connectors used to fix the panels onto the steel framing.

In the case of framing systems with vertical studs and diagonal steel
strips, as shown in Fig. 1c, the seismic force is resisted by the framing
and the diagonal elements. On the other hand, the truss-like framing
system with rigid diagonal elements, Fig. 1d, is able to dissipate the
seismic energy mainly through the diagonal elements. In either of the
presented structural systems, the presence of OSB, corrugated steel
sheet or any other sheathing panels greatly contribute to the dissipation
mechanism of the seismic force. The efficiency of a scaled down two
storey model, using the same structural approach presented in Fig. 1c,
to seismic motion was demonstrated in a series of shake table tests
conducted in 2009 at the ‘‘Gheorghe Asachi’’ Technical University of
Iasi [44]. Additional experimental investigations on different structural
typologies were conducted from 2016 to the present day [7,8,20,37,
45]. Such research works contribute to the general knowledge on
the seismic behavior of steel structural systems and can be used to
calibrate numerical models in order to conduct complex parametric
investigations.

The structural model used in the present research is based on
a framing concept with truss-like diagonal elements located in the
marginal panels, as shown in Fig. 1d. Such system is frequently met
in practice all over Europe, including in highly seismic active areas.
Fig. 2 presents two examples of such structures built in Romania (see
Fig. 2a), and Germany (see Fig. 2b), in 2018.

Fig. 3 presents an overview of a ground-floor building made from
a combination of thin-walled cold-formed steel lipped channel profiles
having the dimensions 89 × 41×12 × 1 mm and plain channel profiles
with dimensions of 358 × 78×4 mm.
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Fig. 3. Axonometry of typical one storey structural systems made of TWS profiles C89x41x12x1: (a) general assembly; (b) wall panel system.
Fig. 4. (a) Materials and typical 𝑇 joint connection; (b) perspective view of the connection with the interior; (c) average experimental tensile stress–strain curve of DX51D+Z
steel sheet; (d) C profile section dimensions.
2

2

s
c
s
w

The lipped channels of 89 × 40×12 × 1 mm represents a relatively
dvantageous solution both for the end-user (beneficiary) and building-
ontractor due to its small overall dimensions. However, their use in
tructural elements to resist seismic loads should be considered only
fter significant experimental work in the laboratory. Such work could
ffer insightful information that can be used in the design practice. The
btained results are important data to calibrate numerical models based
n FEM.

The present paper presents the results obtained from laboratory
nvestigation on the material properties, behavior of T-joints to static
nd cycling loading scenarios and shake table tests to assess the be-
avior of the structural system made of CFS frames with truss-like
iagonal elements in the central panels. The experimental program is
ccompanied by numerical simulations in order to create a computer
odel that is able to simulate, as accurately as possible, the real

ehavior of the scaled-down model to seismic actions. Both linear and
on-linear analyses were conducted to render evident the differences
etween the two approaches.
3

. Materials and methodology

.1. Structural materials and connectors

The material properties of the steel sheet and connectors are pre-
ented in Table 1. The steel sheet used to obtain the steel profiles by
old-forming was DX51D+Z. Self-Tapping Screws (STS) with dimen-
ions of 4.8 × 22 mm were used to connect the elements of the framing
hereas Self Drilling Screws (SDS) with dimensions of 5.5 × 25 mm

were used to connect the shear walls to each other. Additionally, the
diagonal elements were connected by means of 4.8 × 16 mm SDS. The
material properties of the steel sheet were experimentally determined
by means of direct tensile tests on specimens cut from the profile
web [46]. The material properties of the STS and SDS were the ones
given by the manufacturer. The average stress–strain curve for the
DX51D+Z steel is presented in Fig. 4a and the dimensions of the
C-shaped profile are shown in Fig. 4b.
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Table 1
Materials properties.

Element Type Elastic
modulus
(GPa)

Tensile yield
strength
(MPa)

Tensile ultimate
strength
(MPa)

Steel sheet C profiles — Fig. 4(a) DX51D+Z 210 120 (exp) 250 (exp)
SDS — Fig. 4 (a) for profile connections ISO 15481 class (5.6) [47] 4.8 × 16 mm 210 300 [48] 500 [48]
SDS — Fig. 4 (a) for panel connections ISO 15481 class (5.6) [47] 5.5 × 25 mm 210 300 [48] 500 [48]
STS — Fig. 4 (a) for profile connections ISO 7049 class (5.6) [49] 4.8 × 22 mm 210 300 [48] 500 [48]
Fig. 5. (a) Plan view of the structural model; (b) Axonometry of the wall panels.
Fig. 6. Front views of the walls: (a) East wall, X1 direction; (b) North wall, Y1 direction.
2.2. Structural model assembly

The scaled-down model, presented in Fig. 5, had the in-plane di-
mensions of 2700 × 2300 mm, wall height of 2100 mm and the total
eight (at the ridge) of 2597 mm. The model was made of four panels.
he roof was made of trusses with inclined upper chords, as shown

n Fig. 6, transversally positioned (Y direction in Fig. 5). The stiffness
f the roof was ensured by using truss panels located on top of the
4

longitudinal wall panels (X direction in Fig. 5) and at the middle of
transversal wall panels. The longitudinal wall panels had openings for
windows and doors.

Fig. 5a presents the in-plane view of the model whereas Fig. 5b
presents the axonometric view of the wall panels. The North–South
direction of the model coincides with the X axis of the shake table along
which the shaking motions will be induced. The East wall has a door

opening with the dimensions of 740 × 1759 mm and the opposite, West,
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Table 2
Similarity relationship and Cauchy similitude scaling factors.

Parameter Symbol Prototype Model Scale factor
(prototype/ model)

Scale factor value

Length 𝐿 3240 (mm) 2700 (mm)
𝐿𝑝∕𝐿𝑚 = 𝜆 1.2Width 𝑤 2760 (mm) 2300 (mm)

Height ℎ 3126 (mm) 2605 (mm)
Steel profile section sps C 89 × 40 × 12 × 1 (mm) C 89 × 40x12 × 1 (mm) 𝐿𝑝∕𝐿𝑚 = 𝜆 1
Elasticity modulus 𝐸 210000 (N/mm2) 210000 (N/mm2) 𝑒 = 𝐸𝑝∕𝐸𝑚 1
Specific mass 𝜌 7850 (kg/m3) 7850 (kg/m3) 𝜌 = 𝜌𝑝∕𝜌𝑚 1
Mass 𝑚 506 (kg) 293 (kg) 𝑚 = 𝑚𝑝∕𝑚𝑚 = 𝜆3 1.728
Displacement 𝑑 𝑑 = 𝑑𝑝∕𝑑𝑚 = 𝜆 1.2
Velocity 𝑣 𝑣 = 𝑣𝑝∕𝑣𝑚 1
Acceleration 𝑎 𝑎𝑝∕𝑎𝑚 = 1∕𝜆 0.833
Time 𝑡 𝑡𝑝∕𝑡𝑚 = 𝜆 1.2
Frequency 𝑓 𝑓𝑝∕𝑓𝑚 = 1

𝜆
0.833
Fig. 7. Connection details: (a) panel intersection connection; (b) current joint of diagonals; (c) upper part 𝑇 joint connection; (d) screws details; (e) base fixing detail.
i
t
a
i

wall had two window openings with dimensions of 740 × 1000 mm.
The X1 and X2 represent the axes of the longitudinal walls and Y1 and
Y2 represent the axes of the transversal walls.

The geometrical dimensions of the East wall and North wall are
presented in Fig. 6. North and South wall panels are identical to one
another whereas East and West wall panels have different configuration
to accommodate the door and window openings. The wall framing
panels were obtained by connecting the CFS elements by means of
4.8 × 16 mm STS that fit in the drawings located at the theoretical
longitudinal axes of the steel profiles. The model was fixed on the shake
table by 14 M22 bolts (4 bolts in both X1 and X2 directions and 3 bolts
on both Y1 and Y2 directions).

The scaling down of the model was bound by the dimensions of the
ANCO R250 shake table. Table 2 summarizes the values of the scaling
factor based on the Cauchy law of similarity [50,51].

The joining of the steel profiles presented drawings, the diagonal
members and the struts had reduced cross-sectional height and the clip-
ping of the C-profile flanges was performed for the contour elements.
Details of the joint layouts are presented in Fig. 7.
 s

5

2.3. Test set-up and data acquisition

The experimental program took place at the Department of Struc-
tural Mechanics from the ‘‘Gheorghe Asachi’’ Technical University of
Iasi. The 3-DOFs ANCO R-250 shake table has the in-plane dimensions
of 3000 × 3000 mm. The 600 kN electro-hydraulic actuators are located
at 120 degrees, as shown in Fig. 8. The frequency range is between 0–
30 Hz whereas the maximum acceleration can reach 3 g. The fixing on
the models on the shake table can be done using M22 bolts in a grid
having the 200 step-size in both in-plane directions.

The scaled-down model was fitted with 4 PT5 A displacement trans-
ducers denoted as 𝐷𝑥1 …𝐷𝑥4 in Fig. 8. The shaking motion was applied
n the X direction, as shown in Fig. 8. The response of the model, in
erms of accelerations, was recorded by means of four DYTRAN 3202 A
ccelerometers (𝐴𝑥1, 𝐴𝑥2, 𝐴𝑦1 and 𝐴𝑦2) located at the eaves, as shown
n Fig. 9. The sampling frequency of the ESAM traveler data acquisition
ystem was set at 50 recordings/ second/ channel.
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Fig. 8. View of the model on the shake table and instrumentation position.
Fig. 9. Axonometry of the structural model with displacement LVDT positions.
. Experimental program

.1. Dynamic motions

According to the seismic design codes [1,2] and taking into account
he seismic zoning of Romania, shown in Fig. 10, there are three distinct
6

values for the corner/control period 𝑇𝐶 : 0.7 s, 1.0 s and 1.5 s. The
peak ground acceleration (PGA) in the Vrancea area, epicentral zone,
is 0.4 g for a return period of 225 years and a 20% probability of
being exceeded in 50 years. Sine beat loading function was chosen with
1 Hz, 1.5 Hz and 6 Hz frequencies and acceleration amplitudes between
0.14 g and 0.71 g.
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Fig. 10. (a) Europe seismic map [52]; (b) Romania — PGA for a RMI of 225 years and 20% probability of exceedance in 50 years; (c) Zonation of Romania based on the
control/corner period 𝑇𝐶 , of the response spectrum [2].
3.2. Loading scenarios

The experimental program considered two distinct cases in terms
of live loads: bare frame without any additional gravitational loads
(Unloaded-UL) and additional masses located at the top part of the
walls. The additional masses, shown in Fig. 9, consisted of lead weights,
each weighing 275 kg. They were symmetrically located at the ceiling
level representing an equivalent load of 1.80 kN/m2. The dynamic
characteristics of the model were firstly determined after which shaking
motions were induced following a sine-beat function with different
frequencies and different amplitudes of accelerations.

The total load 𝑞 = 𝑞1 + 𝑞2 + 𝑞3 + 𝑞4 = 1.80 kN/m2 represented the
contribution of permanent and partial snow loads considered with their
most unfavorable intensities:

• Tile roof 𝑞1 = 0.75 kN/m2;
• Additional steel profiles for cladding: 𝑞2 = 0.12 kN/m2;
• Covering elements: 𝑞3 = 0.3 kN/m2;
• 40% of the snow load with 𝑠 = 2.5 kN/m2: 𝑞4 = 0.63 kN/m2;

Table 3 summarizes the loading protocol. The different frequencies of
the sine-beat function as well as levels of accelerations would offer
sufficient data to better understand the behavior of the CFS model to
seismic actions.

There are two categories of tests presented in Table 3. The tests
denoted with F are those for which the fundamental frequency of vibra-
tion was measured in the initial, undamaged state, and after each series
of dynamic tests. The tests denoted with 𝑇 are the test involving the
dynamic sine-beat motions. The number in the test designation means
the frequency of the shaking motion. Hence, F0-UL-1 Hz represents the
test conducted to determine the fundamental frequency of vibration in
the initial, unloaded (UL) state. Consequently, T10-L-1 represents test
number 10, conducted on the loaded model (L) and the shaking motion
had a frequency of 1 Hz.

3.3. Cyclic loading tests on T-joints

The shake table tests were preceded by cyclic loading tests on the
T-joints with different configurations in terms of used connectors: type
7

A with 4.8 × 16 mm SDS, type B with 4.8 × 22 mm STS and Tapper
drawing and type C using a combination of types A and B. A detailed
presentation of the research work can be found in [46]. For the purpose
of this study, only type B joints were considered.

In case of structures subjected to seismic motions, the behavior of
joints to cycling loads is very important because it can give information
related to the possible deformations and decrease of rigidity. The cyclic
tests were conducted in accordance with the methodology outlined
in [53,54]. Five T-joint specimens were considered. They were first
subjected to 20, displacement controlled, cyclic tests with a maximum
amplitude of +/−1 mm and a loading rate of 0.083 mm/s. After the 20
cycles, the amplitude was increased to +/−2 mm and the loading rate
to 0.167 mm/s and an additional 20 cycling tests were performed. An
electro-hydraulic Zwick/Roell 1000SP universal testing machine was
used to run this part of the experimental program (see Fig. 11).

4. Experimental results

4.1. Results of cyclic tests on the T-joint

Fig. 12 presents the average load–displacement curves obtained dur-
ing the cyclic tests. It can be observed that for a maximum displacement
of +/−1 mm, Fig. 12a, the stiffness on the tensile part of the test is
almost constant with a value of 2300 N/mm and did not decrease
significantly after 20 loading cycles. The peak load corresponding to
the maximum displacement of 1 mm was 2300 N la 1 mm. On the
compression part of the curve however, two different behaviors could
be observed: from 0 to −0.5 mm the average value of the stiffness
was 2200 N/mm. From −0.5 mm to −1.0 mm the stiffness increased
to 8896 N/mm. A more evident decrease in the value of the stiffness
can be observed after 20 loading cycles, especially for displacements
between −0.5 mm to −1.0 mm. The variation in the applied force
amplitude with the number of loading cycles, both in the tensile and
compression ranges of the load–displacement curve is presented in
Fig. 12c. It can be observed that the intensity of the applied load in the
tensile range is almost constant whereas a significant decrease could
be seen in the compression range. The value of the secant stiffness,
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Table 3
Experimental test.
Fig. 11. Tension–Compression cyclic loading experimental test +/−1 mm @0.083 mm/s.
after 20 loading cycles, stabilized around de 2300 N/mm. After the
initial test, a second round of cyclic tests were conducted on the same
samples of T-joints with double the amplitude of the displacement:
+/−2 mm. This resulted in a decrease in the values of the secant
stiffness by approximately 30%, Fig. 12b, and almost constant intensity
of the applied load both in tension and a smaller decrease of the load
in compression, Fig. 12d.

4.2. Dynamic properties of the scaled down-model

The fundamental frequency of vibration for the unloaded, undam-
aged model was determined using the free-vibration decay method.
The scaled-down model was then subjected to a first set of seismic
motions at a motion frequency of 1 Hz (tests T1–T3 from Table 3).
The fundamental frequency of vibration was then measured again at
the end of the first series of tests. The experimental program continued
with a second series of seismic motions with a motion frequency of
1.5 Hz. After a third determination of the fundamental frequency, the
bare frame model was subjected to a third series of shake table test
with a frequency of 6 Hz (tests T7–T9, Table 3). The change in the
fundamental frequency of vibration from one series of tests to another,
for the bare frame, is presented in Fig. 13a. The model was then
loaded, as described in Section 3.2. The addition of masses changed the
8

fundamental frequency from 8.09 Hz to 2.98 Hz, a 278% decrease. For
the loaded model only one test was conducted for the motion frequency
of 1 Hz but with different amplitudes (tests T10–T12, Table 3). The
change in the fundamental frequency for the loaded model is presented
in Fig. 13b

Based on the obtained data it can be concluded that the model
exhibited some slight damages which is reflected in a decrease of the
fundamental frequency from 8.28 Hz to 8.09 Hz for the unloaded
scenario, a 2.41% decrease compared to the initial stage. A more
significant decrease in the value of the fundamental frequency could
be observed when the model was loaded with additional masses, the
change being 31.21%.

4.3. Response of the model in accelerations

Fig. 14 presents the input versus recorded accelerations at the level
of the shake table and at the top part of the walls for the model as
an average value of the records given by accelerometers 𝐴𝑥1 and 𝐴𝑥2
(see Fig. 9). It can be observed that for the first series of tests (input
frequency 1 Hz and different values for the acceleration amplitudes)
the model behaves rigidly, with very small values of the relative accel-
erations computed as the difference between the absolute accelerations
at the top of the walls and the absolute accelerations recorded at the
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L

Fig. 12. Tension–Compression cyclic test results: (a) joint B +/−1 mm @0.083 mm/s; (b) joint B +/−2 mm @0.167 mm/s; (c) Load vs. time evolution of cyclic test with +/−1 mm;
oad vs. time evolution of cyclic test with +/−2 mm.
Fig. 13. Results of dynamic identification in terms of natural frequency (a) -Unloaded Model — UL; (b) Loaded Model — L..
level of the shake table. There is, however, an instance during test T3
when the maximum amplitude of the relative acceleration was 0.48 g.

Increasing the frequency of the input motion to 1.5 Hz did not
result in significant change in the behavior of the model. It can be
seen that the model and the shake table are in phase with one-another.
The amplitude of the relative acceleration was reached a maximum of
9

0.34 g during test T5. From the data of the two series of tests it can be
concluded that no significant amplifications were observed.

Increasing the frequency of the input motion to 6 Hz resulted in
significant amplifications of the response. In test T9, even though the
amplitude of the input motion was 0.33 g, the maximum relative
acceleration was 1.76 g. This could be explained by the fact that the
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r

Fig. 14. Absolute acceleration vs. time of the experimental tests.
frequency of the input motion is closer to the fundamental frequency
of vibration of the model and therefore significant amplifications of the
response were observed.

When the model was loaded by additional masses, the amplitude
of relative accelerations increased from 0.4 g in case of test T11 to
0.92 g in case of test T12 before the failure mechanisms started to
develop. When the amplitude of the absolute acceleration of the model
exceeded 1.05 g, the model failed, and the test was stopped. This can
be seen from the last graph in Fig. 14 when the input and response
motions are clearly out of phase and significant amplifications of the
input amplitude were observed.

4.4. Relative lateral displacements

Fig. 15 presents the time histories of the relative lateral displace-
ments computed as the difference between the average values measured
by the displacement transducers 𝐷𝑥2 and 𝐷𝑥3 and the displacements
ecorded by 𝐷 (see Fig. 9).
𝑥1

10
The recorded data is consistent to what was presented in Fig. 14.
Lower values of the relative lateral displacements were observed for
the first two series of test with input frequencies of 1 Hz and 1.5 Hz,
irrespective of the acceleration amplitudes. The maximum relative
lateral displacement for the first series of tests was obtained for test
T3, 2.99 mm, whereas for the second series the maximum relative
displacement was 3.07 mm.

When the frequency of the input motion increased to 6 Hz, sig-
nificant amplification of the response was observed during tests T8
and T9 for which the relative lateral displacements were 12.8 mm and
13.44 mm, respectively.

The loaded model exhibited significantly larger relative displace-
ments from 22.75 mm for test T10 to 55.03 mm for test T12 before
the failure mechanisms started to develop. A relative displacement of
283.14 mm was recorded when the collapse of the model occurred.

Table 4 summarizes the results in terms of fundamental frequencies
of vibration as well as maximum amplitudes of relative accelerations
and displacements.
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Fig. 15. Relative displacement vs. time: (a) Unloaded tests T3, T6, T9; (b) Loaded model tests T10, T11, T12.
4.5. Base shear–relative displacement curves

Fig. 16 presents the base shear–relative displacements curves for the
tests of highest amplitude of the input motion in case of the bare frame
model (T3, T6 and T9) as well as all three tests conducted on the loaded
frame (tests T10–12).

According to the Romanian seismic design code, the maximum rel-
ative displacement in case of serviceability limit state (SLS) should be
less than 0.005𝐻 where 𝐻 is the height of the structure. For the model
presented in this research work the maximum allowable displacement
in case of SLS would be 10.5 mm.

𝑑𝑆𝐿𝑆𝑟 = 0.005𝐻 = 0.005 ⋅ 2100 = 10.5 mm (1)

n case of ultimate limit state (ULS), the relative displacement should
ot exceed 𝑑𝑈𝐿𝑆

𝑟 = 0.025𝐻 , where H is the height of the structure.
For the model presented in this research work the maximum allowable
displacement in case of ULS is 52.5 mm.

𝑑𝑈𝐿𝑆 = 0.025𝐻 = 0.025 ⋅ 2100 = 52.5 mm (2)
𝑟
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Analyzing the data presented in Fig. 16 it can be concluded that the
scaled down model behaves linearly for the most part of the tests
although in case of test T9 larger values were obtained for the relative
lateral displacement which could mean that some of the joints exhibited
larger deformations. For the loaded model, the relative displacement
exceeds 20 mm in case of test T11 and a decrease in the overall stiffness
can be observed. The values of the relative displacement become more
significant during test T12, reaching 55.03 mm which represent the
onset of the failure mechanisms.

4.6. Failure mechanisms

4.6.1. T-joints subjected to cyclic loading
The following failure mechanisms could be observed during the

cyclic tests performed on the T-joints with 4.8 × 22 mm STS. Their
order of development is presented in Fig. 17. Due to the cyclic loading
the screw, which can be assumed as a small cantilever, tilts downwards
due to the tensile force being applied, mechanism (a), almost at the
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Table 4
Experimental test results.
Fig. 16. Base shear vs. displacement graphs.
ame time with the onset of plastic deformations of the edges of the
re-drilled holes, mechanism (b). The wall of the clipped steel profile
the chord) is subjected to bending and rotates outwards creating a gap
etween the chords and the strut during the application of the tensile
oad, mechanism (d). The excessive rotation is restrained due to the
ontacts between the chord and the strut. At the same time, the gap
he occurs between the steel profiles lowers the friction force and leads
o the unscrewing of the STS, mechanism (c).
12
4.6.2. Bare steel frame model subjected to seismic actions
After the first two series of tests were conducted at frequencies of

1 Hz and 1.5 Hz, no visible deformations could be observed at the
joints between the CFS profiles, especially at the ends of the diagonal
elements (the most loaded ones). When the frequency of the shaking
motion increased to 6 Hz, significant amplifications of the response
were recorded in terms of accelerations and relative displacements.
The model was inspected once again and no visible damages could be
detected for the elements and the joints of the framing in X direction.
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Fig. 17. Failure mechanism in joints during cyclic tests.
Fig. 18. Deformations of the joints between panels: (a) panel intersection; (b) detail of the deformation.
However, local deformation could be observed at the joints between
the framing panels in X and Y directions, as shown in Fig. 18.

During test T11, after the model was loaded with additional masses,
the maximum recorded relative displacements was 22 mm. There were
still no other visible damages than the ones already identified during
the previous tests. During test T12 the model exhibited a relative
displacement of 55.03 mm which represented the onset of the failure
mechanism, almost at the same time for all 6 locations presented in
Fig. 19.

The exact order of the failure mechanisms occurrence in Fig. 19
could not clearly be established because of the extremely short time
interval between their occurrences. In case of mechanism 1, local
uckling of the lower chord of the wall framing was observed on both
ast and West walls (see Fig. 5) which could be caused due to the
ixing of the model onto the shake table coupled with the eccentricities
etween the centerline of the struct and the diagonal element. The
xial force it the joint between the diagonal element and the lower
hord produced normal stresses that exceeded the yield strength of the
aterial leading to excessive plastic deformations and pulling out of

he screw.
Mechanism 2 occurred at the upper end of the diagonal element

djacent to the door gap in the East wall along axis X2 (see Fig. 9). The

ailures occurred due to the local buckling of the horizontal element

13
connecting the diagonal element and the vertical one forming the door
gap. A similar failure mechanism was identified on the opposite side
of the door gap. The 3rd failure mechanisms occurred at the joint
between the vertical element and the lower end of the upper diagonal
in the East wall. Both the vertical and horizontal elements failed due
to local buckling because the joint between the diagonal element and
the vertical one was stronger than the other joints due to the presence
of an additional screw.

Mechanism 4 occurred in the upper part of the door gap, in the
vertical element due to torsional buckling. The presence of the truss
system to stiffen the upper part of the door gap led to significant
differences in lateral stiffness which may have triggered the failure
mechanism 4.

Mechanism 5 occurred due to local buckling of the horizontal
element at the top of the door gap in Eastern wall coupled with pulling
out of the screw. Mechanism 5 may have influenced the occurrence of
mechanism 4 due to the fact that the upper left panel of the door gap
lost its in-plane stability.

Mechanism 6 occurred in the Western, at the top end of the lower
diagonal element from the panel located between the two windows
opening. The failure occurred due to the tearing of the material in the
diagonal element.

There were also other local damages identified throughout the

model in the form of local crushing of the steel sheet at the edges of
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Fig. 19. Failure details mechanisms captured from video recording of the experiment.
the holes of local deformation at the joints between the walls (corners
of the model) but without pulling out of the screws.

5. Numerical modeling

5.1. General considerations

The numerical modeling of CFS structures can be accomplished by
means of two frequently used approaches aimed at accurately simu-
lating the real behavior of the structure. One of the frequently met
approaches in the scientific literature [55–60] consists in using 2D
or even 3D elements. Coupled with a non-linear material behavior,
this approach leads to very accurate results, but it requires expensive
hardware and a lot of time to run the simulations especially in case of
complex structures.

On the other hand, the approach presented in the design codes [3,
61,62] suggests that the joints are the most vulnerable components
of the CFS structures. The numerical investigations conducted in case
of such an approach should take into account the second order effect
and the real stiffness of the joints. The latter can be obtained from
experimental testing. The numerical models presented in this paper
consist in linear and non-linear models with infinitely (1) rigid joints
and (2) semi-rigid joints. The rigidity of the latter was considered as
constant or having a parabolic variation.

Starting from previously published results [46] and considering the
results obtained through cyclic tests on T-joints, the finite element
structural model based on 1D-beam pin-connected elements was used to
simulate the behavior of the experimental model subjected to a similar
loading scenario as in test T11.

5.2. The numerical model

Robot Structural Analysis Professional was used to generate the
numerical model [63]. Depending on the type of analysis, linear or
non-linear, the joints may be defined by means of their axial stiffness
𝑘𝑥 depending on the considered scenario:

1. For the bare frame model:

a. Linear with joints defined with elastic option 𝑘𝑥 = 5650
N/mm and simple supports;
14
b. Linear with rigid joints defined by 𝑘𝑥 = ∞ and simple
supports;

c. Nonlinear with 𝑘𝑥 = 5650 N/mm — parabolic and uplift
supports.

2. For the loaded model (additional masses considered):

a. Linear with joints defined with elastic option 𝑘𝑥 = 5650
N/mm and simple supports;

b. Linear with rigid joints defined by 𝑘𝑥 = ∞ and simple
supports;

c. Nonlinear with 𝑘𝑥 = 2300 N/mm — parabolic and uplift
supports.

Fig. 20a presents the conceptual design/definition of the joint in
the local coordinate system of each bar element. Based on the exper-
imentally obtained data from direct tensile tests, Fig. 20b, and cyclic
tests, Fig. 20c, the values of the joint stiffness both in tension and
compression were assessed as a mean value of 2300 N/mm. The pro-
gram allows the user to choose from several options on how to define
the end releases for each degree of freedom as: fixed (fully restrained,
infinite rigidity), fixed values of rigidity or by means of a parabolic
variation [63]. Fig. 21 presents the numerical model highlighting the
bar ends at the joints.

The geometry of the numerical model was generated based on the
exact dimensions of the experimental model, including the eccentrici-
ties of the elements at the joints. Rigid joints were considered between
the walls. The support conditions were chosen as pin supports at the
location of the bolts fixing the model on the shake table. In the case
of the non-linear numerical model, FEM N-L, additional uplift support
conditions were generated on the surface of the lower chord of the wall
framing. Such support conditions have a restrained displacement in the
negative direction of the global Z axis (downwards) but the upward
displacement was allowed. A graphical representation of the location of
supports is presented in Fig. 22. Table 5 summarizes the characteristics
of each numerical model considered in the paper.

Newmark method was used for the Time History Analysis (THA) for
which the Rayleigh Damping coefficients were computed based on 𝜔1 =
14.72, 𝜉1 = 0.02 and 𝜔2 = 25.54, 𝜉2 = 0.02. The resulting values were
𝛼 = 0, 3735 and 𝛽 = 0, 00099. A 0.02 s time step size was considered
which was similar to the time interval for data acquisition during the
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Fig. 20. Definition of beam element end-releases in Robot Structural Analysis (a) joint of beam FEM schematic concept; (b) load–displacement experimental monotonic data test;
(c) load–displacement cyclic data test.

Fig. 21. Numerical model FEM N-L with beam elements and joints definition.

Fig. 22. Numerical model FEM N-L geometry (a) base plan view with supports; (b) 3D spatial model.

15
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Table 5
Numerical models characteristics.

Model analysis type Number of
nodes

Number of
bars

Bar finite
elements

Rigid
links

Releases Non-linear
releases

Supports Unidirec-
tional
supports
(uplift +Z)

Static degree
of freedom

Time-History
analysis method

Linear
𝑘𝑥 = 2300 N∕m

1193 312 897 105 256 – 200 6920 Modal
decomposition

Linear 𝑘𝑥 = ∞ 1193 312 897 105 256 – 200 6920 Modal
decomposition

Nonlinear
𝑘𝑥 = 2300 N/mm

1193 312 897 105 – 256 200 181 7101 Newmark
method
Fig. 23. Joint stiffness vs. natural frequency of the FEM Nonlinear model.
experimental program. The accelerograms used in the numerical model
were the ones recorded at the level of the shake table, in both X and Y
directions, during test T11-L-1 Hz.

5.3. Dynamic properties of the model

In order to calibrate the model from the point of view of the funda-
mental frequency of vibration, a set of modal analyses were conducted
for which the main parameter was the axial stiffness at the joints. The
considered range was between 100 N/mm up to 10000 N/mm. Fig. 23
presents the variation of the fundamental frequency with the change
of the axial stiffness at the joints (end of bars). It can be observed
that the values of the axial stiffness for which the fundamental fre-
quency of the numerical model matched the experimental data, in both
bare/unloaded and loaded frame configurations, were 5650 N/mm and
2300 N/mm, respectively. The axial rigidities exhibited lower values
compared to the ones obtained by means of direct tensile tests but
similar to the ones obtained during the cyclic tests. For the case of
bare/unloaded structure, the considered value of the stiffness should
be the one corresponding to the linear elastic range. In case of the
loaded structure, already subjected to a three series of seismic motions,
the axial rigidity at the joints should be reduced because of the innate
displacements that may occur in the joint areas The results obtained
from the numerical investigations suggested that the axial rigidity at
the joints should be equal to the average value of the secant stiffness
obtained from the cyclic tests and presented in Fig. 20c.

Fig. 24 presents the first two mode shapes of the bare/unloaded
structural model. It can be observed that both mode shapes are trans-
lational ones in X and Y directions, respectively. Fig. 25 presents the
first two mode shapes for the loaded structure.

Table 6 summarizes the results obtained from the modal analyses for
all considered scenarios. From the presented data it can be observed
16
that for the numerical model for which the joints were considered
to have infinite axial rigidity, the obtained dynamic characteristics of
the model differ significantly from the experimental results. It can,
therefore, be concluded that this approach would lead to erroneous
results.

5.4. Time history analyses

A similar accelerogram to the one corresponding to experimental
test T11-L-1 Hz was considered in the numerical model. Both linear
and non-linear analyses were run.

Fig. 26 present the response of the model in terms of accelera-
tions and displacements. For comparative purposes, the experimentally
obtained results and the numerical ones for different types of THA
analyses were plot on the same graph. The output for the numerical
model was considered to be at node 65 which corresponds to 𝐴𝑥1 and
𝐷𝑥3 on the real model (see Fig. 9).

It can be observed that there are significant differences between
the results obtained from each of the two numerical models for which
linear analysis was considered. The difference between the two models
consisted in the way the axial rigidity was considered at the joints: infi-
nite axial rigidity and finite axial rigidity with a value of 2300 N/mm.
At the same time, the numerical model for which a non-linear analysis
was considered, lead to similar results as the linear analysis case but
with axial rigidity at the nodes defined based on the experimental data.
For both graphs presented in Fig. 26, the numerical results are very
close to the experimental data during the first 10 s on the THA. After
that, the experimental model started to exhibit local damages which
could not be captured in the numerical model. For this to happen, non-
linear material behavior should also be considered in the numerical
simulations which would lead to a more demanding calculation effort.

Fig. 27 presents the deformed shape of the structure in each of the
considered scenarios for the THA: (a) nonlinear with 𝑘 = 2300 N/mm
𝑥
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Fig. 24. Vibration modes of nonlinear unloaded-UL model: (a) 1st mode — translation in X direction; (b) 2nd mode — translation in Y direction.
Fig. 25. Vibration modes of nonlinear loaded-L model: (a) 1st mode — translation in X direction; (b) 2nd mode — translation in Y direction.
Table 6
Dynamic analysis results.

Model Mode Frequency
(Hz)

Period
(sec)

Current mass
Ux (%)

Current mass
Uy (%)

Total
mass (kg)

Pulsation Damping

Unloaded
FEM 𝑘𝑥 = 5650 N/mm

1 8.28 0.12 83.78 0.01 293 52.05 0.01
2 10.34 0.10 0.02 84.40 293 64.97 0.01

Unloaded
FEM 𝑘𝑥=inf

1 19.93 0.06 85.10 0.01 293 112.04 0.04
2 26.14 0.05 0.01 84.48 293 125.09 0.04

Unloaded Experimental 1 8.28 0.12 – – 293 52.05 0.01
Loaded
FEM 𝑘𝑥 = 2300 N/mm

1 2.48 0.40 96.44 0.05 1496 16.21 0.01
2 2.73 0.37 0.07 96.66 1496 18.34 0.01

Loaded
FEM 𝑘𝑥 = inf

1 7.88 0.13 96.89 0 1496 49.54 0.04
2 10.45 0.10 0 96.78 1496 65.67 0.04

Loaded Experimental 1 2.48 0.40 – – 1496 15.58 0.02
(b) linear with 𝑘𝑥 = 2300 N/mm and (c) linear with 𝑘𝑥 = ∞. The
maximum intensity of the axial force obtained during the THA for the
three considered scenarios is shown in Fig. 28.
 c
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It can be observed that the lateral displacements of the linear and
nonlinear models with 𝑘𝑥 = 2300 N/mm are much larger than in the
ase of infinite rigidity at the nodes. At the same time, the obtained
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Fig. 26. Results on Loaded-L model, test T11 actions: (a) accelerations; (b) displacements.
Fig. 27. Time History analysis maximum displacements: (a) Nonlinear model-𝑘𝑥 = 2300 N/mm; (b) linear model-𝑘𝑥 = 2300 N/mm; (c) linear model 𝑘𝑥 = inf.
Fig. 28. Maximum axial forces (a) Nonlinear model-𝑘𝑥 = 2300 N/mm; (b) linear model-𝑘𝑥 = 2300 N/mm; (c) linear model 𝑘𝑥 = inf.
d
w
m

alues of the lateral displacements at node 66, located at the same
evel as node 65 but on the opposite wall, are different than the ones
btained at node 65 which suggests that a torsional movement was
lso present. Considering the geometry of the model and the locations
or the door and windows openings, this torsional effect was somehow
xpected.
 f

18
The maximum intensity of the axial force, 3.03 kN, occurred in the
iagonal element of the lower central panel belonging to West wall
here window openings were located. For comparison, in case of the
odel with infinite axial rigidity at the nodes, the corresponding axial

orce was 4.69 kN.
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6. Discussions

Laboratory cyclic tests conducted on the T-joints showed that they
have a lower bearing capacity and a lower stiffness compared to the
values obtained from direct tensile tests. Even though on the com-
pression side of the cyclic test the initial tendency of the joint was
to behave more rigidly compared to the tensile side, the rigidity in
compression was significantly reduced after 20 loading cycles and
becomes similar to the one in tension. Similar behavior was observed
during the experimental tests on the shake table. The obtained results
for the axial rigidity of the joints were used in calibrating the numerical
model.

The shaking motions at low frequencies of 1 Hz and 1.5 Hz did
not produce significant damages into the structure and resulted in an
almost rigid body motion response from the model. Very low values
of relative accelerations and displacements were obtained even though
the amplitude of the input acceleration was increased up to 0.71 g
in case of T6. One possible explanation could be the fact that the
frequency of the input motion was far away from the fundamental
frequency of vibration of the model, 8.28 Hz. However, based on
the determined fundamental frequency after each series of tests, it
resulted those slight damages could be present in the model since the
fundamental frequency decreased to 8.21 Hz, a 0.8% decrease. This
small difference may also be due to the inherent measurement errors.

When the frequency of the input motion increased to 6 Hz, larger
lateral displacements could be observed. However, the model was still
in the linear elastic range of material behavior and the decrease in
the fundamental frequency of vibration to 8.09 Hz after the third
series of tests could be attributed to the small displacements starting
to occur at the joints. This would lead to a more flexible model.
The maximum relative displacements increased to 13.44 mm and the
relative acceleration reached 1.76 g. The large amplification of the
shaking motion, especially in terms of accelerations, could be explained
by the ratio of 0.8 between the frequency of the input motion and the
fundamental frequency of the model.

The model was loaded with additional masses which would amount
to an equivalent load of 1.80 kN/m2. The increased weight resulted
in a 63% decrease in the value of the fundamental frequency from
8.09 Hz to 2.98 Hz. For the loaded model, only a sine beat input motion
with a frequency of 1 Hz was selected but with different amplitudes
of the input signal. It was observed that during test T11 the relative
displacement increased to 22 mm which exceeded the maximum values
for ULS by 100%. The fundamental frequency of the model decreased
by 16.8% to 2.48 Hz.

During the test T12 the response of the structure was significantly
amplified due to damages in the elements and joints and possible
resonance phenomenon on higher modes of vibration. After 20 s the
relative displacement exceeded 86 mm and failure mechanisms started
to develop. This led to further amplification in the response of the
structure due to the fact that the fundamental frequency of the model
dropped below 2 Hz and became very close to the frequency of the
input motion.

The experimental program revealed a complex failure mechanism
which can be considered as:

• Global Rocking — a slight uplift of the lower chords of the
framing walls between the connection points between the model
and the shake table;

• Local buckling of compressed elements such as diagonal elements
and even vertical ones near the joints;

• Local buckling of horizontal elements;
• Plastic deformations at the edges of the pre-drilled holes in the

CFS profiles;
• Tilting and pulling out of the screws at the joints;
• Tearing of elements in the joint area corresponding to the net
cross-sectional area of CFS profile.
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• Unfasten of screws at the joints.
• The overall stiffness of the whole structure during the tests de-

creased due to damages located in general in connections between
structural elements. The level of energy absorption is low.

The information collected during the experimental program serves as
the starting point for a new series of experiments on similar models
with different cladding options such as OSB or gypsum boards. They
also served as calibration data for the numerical model developed
within the framework of the present research.

The numerical investigation included both linear and non-linear
analyses with finite values of axial stiffness at the end of the bar
elements determined from cyclic tests. It was observed that for a value
of the axial stiffness of 2300 N/mm the results obtained by means of
FEA matched the experimental ones very well. Moreover, the values
of the relative displacements and accelerations were very close to the
ones obtained during the shake table tests. However, the fact that
the numerical model did not consider any material non-linearities,
only geometrical ones, resulted in quite large differences between the
obtained results especially after the experimental model started to
exhibit damages due to repeated shaking motions.

7. Conclusions

The paper presents the results obtained after a complex experi-
mental program coupled with numerical simulations on a scaled-down
model, 1/1.2 scale, of a CFS structure made of 89 × 41×12× x1 mm
lipped channel elements. It represents a replica of constructive solutions
for ground floor or ground floor and one or two storeys structures
that are frequently met in South-East Europe, including highly active
seismic areas.

The main purpose of the research program is to gather both quanti-
tative but more importantly, accurate information in terms of structural
response to dynamic actions characterized by input accelerations equal
in amplitude to the maximum values specified in seismic design codes,
PGA=0.40 g. Comparing both experimental and numerical results ob-
tained for the relative displacements with the maximum allowed values
specified in the code for ULS (0.005H) and SLS (0.025H) it can be
concluded that the overall stiffness of the structure is able to fulfill the
imposed conditions. It was observed that the small values of damp-
ing from 0.01 to 0.02 for such structural systems without cladding
materials, means they have low energy dissipation capabilities.

The damage of the joints and the reduction in the structural stiffness
due to cyclic loads, such as the ones produced by earthquakes, change
the eigen period of the structure and has a significant influence on the
response of the structure to seismic actions. Larger gravitational loads
lead to more extensive damage to the joints.

The developed numerical model based on the experimentally de-
termined connection axial rigidity is able to offer accurate results in
terms of the fundamental frequency of vibration, relative accelerations
and displacements. This accuracy can be obtained even by running
simple linear static and THA analyses, without the need for complex
and computationally intensive non-linear approaches. However, for a
more accurate capturing of the local damages and onset of failure
mechanisms, more complex numerical models are needed, which take
into account non-linear material behavior.

The results presented in this paper serve as a starting point for future
research works aimed at assessing the influence of the sheathing on the
response of CFS structures to seismic actions. Additionally, research
in the direction of improved joints with better energy dissipation
properties is also pursued by the authors.
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Featured Application: The use of rubberized concrete in structural applications demands the
assessment of its strength and elastic properties. The evolution of these properties in time is
important for making pertinent predictions related to the safety of structural elements.

Abstract: The paper presents the results of a research work aimed at assessing the long-term strength
and elastic properties of rubberized concrete. The parameters of the research were the rubber
replacement of fine aggregates and the age of testing the specimens. Compressive and splitting
tensile strength of concrete cylinders were obtained at the age of 5 years, coupled with the static
and dynamic modulus of elasticity of all concrete specimens. Additionally, the material damping
coefficient was assessed by means of non-destructive tests. The density of the rubberized concrete
decreases with the percentage replacement of natural sand by rubber aggregates. A significant drop
in the values of density after 5 years was observed for specimens made with rubberized concrete. The
static and the dynamic moduli of elasticity decrease with the increase in rubber content. A similar
trend is observed for the compressive and tensile splitting strength.

Keywords: long term properties; dynamic modulus of elasticity; material damping; rubberized
concrete; compressive strength

1. Introduction

Concrete, one of the most used construction materials, has been intensively studied
due to the complex phenomena governing its behavior from an early age to the long
term [1]. Despite its many uncontested advantages as a construction material, concrete also
has some drawbacks that prompted an overwhelming research effort to either mitigate or
eliminate them entirely. However, perhaps one of the biggest advantages of concrete is
its ability to incorporate a variety of wastes from different sources: power plants [2], steel
manufacturing processes [3], construction and demolition wastes, municipal wastes, etc.

The latest report of ETRMA (European Tyre and Rubber Manufacturers’ Association)
shows that in 2019, a total of 3.55 million tons of tires reached their end of life in Europe
alone. Most of them, 95%, according to the same report, were treated through either
material or energy recovery (cement kilns, urban heating and power plants) techniques.
The application of ELT (end of life tires) derived materials in civil engineering, public
works and backfilling amounted to a total of 112 thousand tons, a significant 18% increase
compared to 2018.

In view of the continuously stricter regulations in terms of environmental protection
and abiding by the concept of circular economy, the construction industry has looked for
alternatives in terms of reducing the carbon footprint and preserving the raw materials. The
use of rubber crumbs from ELTs as partial substitutes of fine and small coarse aggregates
was investigated for the past 25 years. From the early works of Fattuhi and Clark [4] up
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to the recent research of Wang et al. [5], much effort was invested in understanding the
behavior of this new type of concrete.

From the very beginning, it was clear that adding rubber aggregates to concrete
resulted in a decrease in the values of mechanical properties [6]. Since strength and
elastic properties are the main parameters considered in the design process of structural
elements, rubberized concrete has seen limited application in this direction unless special
confining solutions were applied [7–9]. However, significant deformability was achieved
for a material that is inherently brittle [10]. This fact, coupled with the proven ability of
rubberized concrete to dampen vibrations, resulted in it being used for various purposes,
from road crush barriers to non-structural elements designed to reduce the traffic vibrations
or to have enhanced soundproofing properties. Moreover, the durability of concrete
incorporating rubber aggregates was found to be higher [11], especially in the case of
sulfate corrosion [12].

However, the data presented in the scientific literature focused on the short-term val-
ues of the mechanical properties of Portland cement concrete containing rubber aggregates.
This is completely understandable given the fact that all design guidelines refer to the
strength values and modulus of elasticity obtained by means of standardized tests at the
age of 28 days. This allows for a quick and unified approach to assess whether a certain
type of concrete is suitable for structural or non-structural applications.

On the other hand, the long-term strength and elastic properties of concrete are rarely
investigated, and it is generally assumed they increase in time, provided that there are
no deleterious agents acting upon the material. Accelerated durability tests are able to
offer information on the ability of concrete to keep its integrity when subjected to chemical
attacks and environmental factors (freeze-thaw).

The paper presents the results of a research work aimed at assessing the long-term strength
and elastic properties of rubberized concrete. The parameters of the research were the rubber
replacement of fine aggregates and the age of testing the specimens. Compressive and splitting
tensile strength of concrete cylinders were obtained at the age of 5 years, coupled with a
static and dynamic modulus of elasticity of all concrete specimens. Additionally, the material
damping coefficient was assessed by means of non-destructive tests.

The significance of the conducted research work relies on the fact that it puts forward
data for the material properties of rubberized concrete (RuC) well beyond the standard
testing time of 28 days. The main objective was to determine the values of the modulus of
elasticity, compressive and tensile splitting strength and their evolution after a significantly
longer time interval compared to the standard testing time. Material damping was another
important factor considered in the research since it offers an insight into the damping
properties of RuC. On the other hand, the data are limited by the number of selected mix
proportions, type of aggregate that was replaced by rubber particles as well as storage
conditions of the specimens.

2. Materials and Methods
2.1. Materials

The target concrete strength class considered in the research was C30/37. The speci-
mens were cast as part of the FP7-ANAGENNISI (ENV.2013.6.3-1: 603722) project, where
large sets of data were obtained for statistical analysis in terms of concrete compressive
strength. The target compressive strength for RuC was 20 MPa so that it would actually be
used in structural applications. Since replacing natural aggregates with rubber aggregates
would result in a decrease of the compressive strength, several strength classes were consid-
ered at that time for the reference concrete mix. Based on the experimental data obtained,
at the age of 28 days, the C30/37 concrete proved to be the most economical solution in
terms of cement consumption. It would lead to the desired compressive strength for the
rubberized concrete derived from it at the standard testing age of 28 days.

A CEM I 42.5R type of cement, readily available on the market, was used. The choice of
the cement type was based on the fact that high early age compressive strength was sought
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during the initial experimental plan. River aggregates with rounded edges were used as
natural aggregates. The rounded edges prevent the occurrence of stress concentrations and
the initiation of early cracking.

The rubber aggregates (Figure 1) came from a local supplier and were obtained from
shredding and grinding of the tires from commercial vehicles. The surface texture of the
aggregates, as a result of the shredding process, is shown in Figure 1a. Figure 1b gives an
overview of the maximum particle size. The rubber aggregates were sorted according to
their maximum size and cleaned from any impurities before being delivered in bulk. The
impurities refer to any steel parts and/or textiles resulting from the shredding process. The
particle size distribution is shown in Figure 1c.
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2.2. Methods

The mix proportion considered at the beginning of the experimental program is
shown in Table 1 [6]. The water to cement ratio was kept constant to 0.47 for all mix
proportions. The mix proportions were denoted as Ref, for the reference mix without
any rubber aggregates, and RuC for rubberized concrete, followed by a number showing
the replacement percentage, by volume, of sand by rubber aggregates. The data were
converted to mass units when preparing the mix proportions, as presented in Table 1.

Table 1. Mix proportions used in the research.

Mix
Designation

Cement (C) CEM I 42.5R Water (W) W/C
Aggregates

Sand Rubber Sort 4–8 mm Sort 8–16 mm

[kg/m3] [kg/m3] - [kg/m3] [kg/m3] [kg/m3] [kg/m3]

Ref

489 230 0.47

582 -

388 647
RuC40 532 50

RuC60 514.8 67.2

RuC80 492.4 89.6

The rubber aggregates were set to replace the natural sand, with a maximum dimen-
sion of 4 mm. The replacement percentages, by volume, were 40%, 60% and 80%. The
apparent density of the rubber aggregates was experimentally determined, 506 kg/m3, and
was found to be in line with similar reported data in the scientific literature [13].

A total number of 20 cylinders (φ100 × 200 mm) were cast, resulting in a total number
of 80 specimens. The specimens were demolded at 24 h after casting and cured in water for
28 days. At the age of 28 days, a cylindrical specimen of each mix proportion was cut in
30 mm thick slices to assess the distribution of the rubber aggregates within the concrete
mix, as shown in Figure 2. After 28 days, the samples were kept in laboratory conditions
(23 ± 2 ◦C and relative air humidity of 40–50%) until the day of testing, 5 years later.
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The static longitudinal modulus of elasticity was assessed in accordance with spec-
ifications of SR EN 12390:13 [14]. Cyclic loading was applied within limits mentioned
in the code, and three individual values were obtained for each specimen. One cylinder
was loaded in compression until failure in order to set the correct upper and lower limits
of the loading cycles, as shown in Figure 3a. Therefore, the static longitudinal modulus
of elasticity was assessed for 19 specimens only, with 3 distinct measurements for each
specimen. The experimental setup is shown in Figure 3b. A hinge was used between
the loading platens of equipment and the concrete cylinder in order to ensure an even
distribution of the compressive load.
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The compressive and splitting tensile strengths were determined in accordance with
SR EN 12390:3 [15] and SR EN 12390:6 [16], respectively. The considered loading rate for
determining the compressive strength was 0.6 MPa/s (4.71 kN/s), whereas, for the tensile
splitting strength, a loading rate of 0.05 MPa/s (0.4 kN/s) was adopted.

The dynamic longitudinal modulus of elasticity, Ed, was assessed following the guide-
lines of ASTM C215:14 [17] and was based on the first resonant frequency (FRF) obtained
from the Impact Echo Method. The experimental setup is shown in Figure 4. An accelerom-
eter was placed at one end of the concrete cylinder along the longitudinal axis of the
specimen to record the response of the sample when subjected to a small impact load at the
opposite end. The signal was recorded on a computer via a data acquisition system. The
dynamic modulus of elasticity for the cylindrical specimens was computed as shown in
Equation (1):

Ed = D ·m · f2
ln (1)

where m is the mass of the sample [kg], fln is the fundamental frequency of vibration [Hz]
and D is a coefficient that depends on both the diameter and the length of the cylinder
(Equation (2)):

D = 5.093 · L
d2 (2)

where L is the length of the cylinder [m] and d is the diameter [m].
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The material damping properties were assessed by means of the decaying rate function
obtained from the damped free vibrations response of the specimens.

3. Results and Discussions
3.1. Density

Figure 5 presents the variation in density with the age of specimens using as reference
the values obtained at the standard curing age of 28 days [6]. The presented data are the
average value of 20 measurements for the age of 5 years and 30 measurements for the
early age.
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It can be observed that even though all specimens were kept in the same conditions,
the reference kept its value for the density as compared to 28 days. The change from
28 days to 5 years was less than 1%. On the other hand, all three mixes of RuC exhibited a
much larger decrease in the density by as much as 12% for RuC80. A possible explanation
could be that, even though the same water/cement ratio was used for all mixes, due to the
hydrophobic nature of rubber particles, the excess water available for the hydration of the
cement paste evaporated due to the storage conditions. Since the amount of cement was
the same for all mixes (Table 1) and the curing and storing conditions were identical, it was
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thought that the rate of hydration was similar for all mixes, and therefore the excess water
was lost by evaporation.

According to a recent study on rubberized concrete [18], the porosity and density
of micro-cracks in RuC increased with the curing age, although the determined pore
radius decreased. All other chemical reactions and rate of strength increase were similar to
normal concrete. Earlier findings [19] showed that keeping concrete specimens in hot and,
especially, dry conditions would result in overall lower values of the strength and elastic
properties that are closely related to the density of the material.

In a similar study [20], it was concluded that the addition of rubber particles increased
the number of cracks inside the concrete, which favors the migration of chemically unbound
water, weakened the ITZ between the rubber aggregate and cement paste, and entrained
more air during the mixing process. As a direct, immediate consequence, the density of
rubberized concrete decreased compared to the normal concrete.

The presented trend is in line with data available in the scientific literature and with
the general consensus that adding rubber to the concrete mix leads to a decrease in the
density of rubberized concrete compared to the equivalent reference mix [11].

3.2. Static Modulus of Elasticity

As previously mentioned, the static modulus of elasticity in compression was deter-
mined in accordance with currently available standards [14]. The results are presented in
Figure 6 as the average values of 19 determinations each of these individual values were,
in turn, obtained as the average of three measurements, as shown in Figure 3.
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It can be observed that irrespective of the mix, there is a decrease in the values of the
static modulus of elasticity. The decrease ranged from 17% for the reference mix up to 60%
for RuC80. Small variations in the values of modulus of elasticity were reported in the
literature for concrete with fly ash, but the curing and exposure conditions were different
compared to the present study [21]. The storage conditions of the specimens presented in
this study favored the loss of water by evaporation through pores and capillaries.

Rubberized concrete specimens were most affected by this due to the fact that the
presence of rubber aggregates favor the occurrence of weak links at the interface between
the cement paste and rubber particles, thus favoring migration of water towards the surface
of the specimens. A similar decrease in the values of mechanical and elastic properties
of RuC was reported in the scientific literature, although for much smaller replacement
percentages [22].

The decrease in the values of the static modulus of elasticity ranged from 38.6% for
RuC40 to 65.23% for RuC80 mix compared to the reference mix.
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3.3. Dynamic Modulus of Elasticity

The determination of the dynamic modulus of elasticity was based on the first resonant
frequency of the cylindrical specimen, which was determined by means of the impact echo
method. The free vibration response of all specimens (20 for each of the mix proportions
presented in Table 1) was recorded, as shown in Figure 7a for the Ref mix, using the
experimental setup presented in Figure 4. The Fast Fourier Transform (FFT) was applied to
the recorded signal so that to obtain the response spectrum of the specimens, as shown in
Figure 7b, from which the fundamental frequency of vibration was identified. For each
cylindrical specimen, there were considered at least four measurements from which the
fundamental frequency of vibration was calculated, as shown in Figure 8. The different
scales used for the vertical axis of the graph were necessary since the response spectrum
amplitude varied from one impact to another because the impact energy was different. The
use of a single scale for the vertical axis would result in some of the response spectra being
displayed with very small peaks. However, the fundamental longitudinal frequency of
vibration did not vary by much, proving the consistency of the obtained data.
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By applying Equations (1) and (2), the dynamic modulus of elasticity was obtained for
all specimens belonging to the considered mix proportions. The data are summarized in
Table 2, where the presented values are the averaged ones from all the measurements.

Table 2. Dynamic modulus.

Mix
Length Diameter Mass Freq of Vibration Ed

[m] [m] [kg] [Hz] [MPa]

Ref 0.2 0.1 3.51 10,019 35,863

RuC40 0.199 0.1 3.23 8278 22,381

RuC60 0.2 0.1 3.13 7339 17,128

RuC80 0.199 0.1 3.01 6343 12,298

By taking a look at the data presented in Table 2, it can be observed that the higher the
rubber content, the lower the fundamental frequency of vibration (Figure 9). The vertical
axis represents the amplitude of the signal, whereas the horizontal axis represents the
frequency. Since the amplitude of the peak does not provide valuable information, the
unit of measure was not converted into units of measure for acceleration. The information
that was relevant for the purpose of the research was the one given on the horizontal
axis, the fundamental frequency of vibrations and the downward shift of this frequency
with the increase in the content of rubber replacement. Additionally, the lower mass of
the cylinders, owing to smaller densities of RuC (Figure 5), leads to lower values for the
dynamic modulus of elasticity. The decrease was 37.6% for 40% replacement of sand and
reached 65.7% for 80% replacement, similar decrease rates to the static modulus of elasticity.
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3.4. Conversion Equations from Dynamic to Static Modulus of Elasticity

The assessment of the dynamic modulus of elasticity has the advantage that involves
a non-destructive method, and it can be performed, in general, directly on site. Since, for
design and technical assessment purposes, the values of the static modulus of elasticity
are considered, conversion equations were proposed. This section is dedicated to checking
whether the readily available equations could also be suitable for rubberized concrete.
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The considered equations are the one proposed by Popovics [23] (Equation (3)), the
equation proposed by Lydon and Balendran [24] (Equation (4)) and the equation available
in BS EN 1992-1-1:2004 [25] (Equation (5)).

Ec =
446.09× E1.4

d
ρc

(3)

Ec = 0.83× Ed (4)

Ec = 1.25× Ed − 19 (5)

where Ec is the static modulus of elasticity (GPa), Ed is the dynamic modulus of elasticity
[GPa] and ρc is the density of concrete (kg/m3). The obtained results are summarized in
Figure 10.
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It can be observed that both Equations (3) and (4) give quite accurate results in terms
of the predicted value of the static modulus of elasticity of the reference mix, although
they tend to slightly overestimate the experimental results by 6.6% and 5.5%, respectively.
When it comes to RuC mixes, Equation (3) underestimates the experimental results by
3.3% for RuC40 up to 20.1% for RuC80. On the other hand, Equation (4) tends to slightly
overestimate the experimental results by almost 7% for RuC40 and improve its accuracy
with only 4.1% overestimation for RuC80.

Based on the obtained results, it can be concluded that even though Equations (3) and (4)
were developed for regular concrete, they are both accurate for 40% replacement of sand
by rubber aggregates with Equation (4), keeping its accuracy even for 80% replacement.
Equation (5) is very conservative when it comes to the reference mix and quite inaccurate
for rubberized concrete.

3.5. Material Damping

One of the key features of rubberized concrete is its ability to dampen vibrations. For this
purpose, the material damping was determined by means of the signal decaying function.

From the analysis of the experimental data, it was observed that the recorded signal
consisted of a transient part, right after the impact, and a steady-state part. The steady-state
part of the signal was fitted by means of a SineDamp equation, as shown in Figure 11. The
material damping, ξ, was computed by means of Equation (6):

ξ =
λ√

λ2 +ω2
(6)
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where λ is the signal rate of decay and $ is the pulsation of the signal. Both the rate
of decay and the pulsation were extracted from the SineDamp function used to fit the
steady-state response.
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The obtained values for the material damping ratio are summarized in Table 3. It can
be observed that the replacement of natural sand by rubber particles leads to a three-fold
increase in the material damping.

Table 3. Material damping.

Mix
Vibration Decay, λ Pulsation ξ

[Hz] [Hz] [%]

Ref 471 10,019 0.75

RuC40 1561 8278 3.00

RuC60 1260 7339 2.73

RuC80 1072 6343 2.69

Contrary to what was expected, higher percentages of rubber replacement did not
necessarily mean better damping. The explanation may lie in the interfacial transition zone
(ITZ) between the rubber particles and the cement matrix. A recent study [26] indicated
that even for lower replacement percentages of sand by rubber aggregates, up to 15%
replacement, the ITZ exhibited a higher concentration of voids and weaker bonding. The
presence of voids was also reflected in lower values for the fundamental frequency of
vibration, and further research should be dedicated to this topic.

3.6. Compressive Strength

The compressive strength was measured on 10 cylinders in accordance with SR
EN 12390-3 [15]. The load was applied at a constant rate of 0.6 MPa/s (4.71 kN/s). The
obtained values are shown in Figure 12.
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Compared to the data from [6], the compressive strength of the reference mix increased
by 22.64% from 35.56 MPa to 43.61 MPa. However, all other concrete mixes, the ones
involving rubber aggregates, showed a decrease in the values of the compressive strength
with an almost 35% decrease for RuC80. Only a 3.65% decrease was observed for RuC40.
The obtained results are in line with the decreased values of both the static and the dynamic
moduli of elasticity and the decrease in the values of the material damping with the increase
in the replacement percentage.

A possible explanation may reside in the higher number of voids present at the ITZ
level for concrete mixes with large volumes with rubber particles.

The conversion equations from compressive strength to static modulus of elasticity
were checked for accuracy and suitability of being applied to rubberized concrete, although
they were not specifically developed and proposed for this purpose. Hence, the equa-
tion given by Eurocode 2 [27] (Equation (6)) and the equation given in ACI 318-14 [28]
(Equation (7)) were investigated. The obtained results are summarized in Table 4.

Ecm = 22×
(

fcm

10

)0.3
, where fcm = fck + 8[MPa] (7)

Ec = 4.7
√

fc
′ (8)

where fc
′ and fck are the compressive strength of concrete obtained from laboratory investi-

gations [MPa], Ec and Ecm are the static moduli of elasticity [MPa].

Table 4. Predicted values for the static modulus of elasticity as function of the compressive strength.

Mix
Ec (Eurocode 2, Equation (6)) Exp/Ec,6 Ec (ACI 318-14, Equation (7)) Exp/Ec,7

[MPa] [%] [MPa] [%]

Ref 35,995 78.37 28,825 90.89

RuC40 30,795 56.38 22,711 77.56

RuC60 29,296 45.72 20,978 67.21

RuC80 27,749 35.35 19,180 56.43

It can be observed that the best prediction for the reference mix was given by Equation (7).
Equation (6) overestimated the experimental results by as much as 22%. All equations
significantly overestimated the experimental results with the increase in the rubber con-
tent. The data are in line with the results reported in previous studies [6] and underline
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the limitation of currently available equations in predicting the modulus of elasticity of
rubberized concrete with large volumes of rubber aggregates. Therefore, further studies
should be conducted with the aim of proposing accurate prediction equations in view of
the increasing use of rubberized concrete in the construction industry.

3.7. Tensile Splitting Strength

The tensile splitting strength was determined on 10 samples in accordance with SR
EN 12390:6 [16]. The specimens were loaded by a loading rate of 0.05 MPa/s (0.4 kN/s).
The obtained results are shown in Figure 13. It can be seen that the tensile splitting
strength decreases with the increase in rubber content. The prediction equation presented
in ACI 318:14 [28] was used to check whether or not it can be used in the case of rubberized
concrete. The data are summarized in Table 5.
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Table 5. Predicted values for the tensile splitting strength as function of the compressive strength.

Mix
Ec (ACI 318-14) Exp/Ec

[MPa] -

Ref 3.70 1.051

RuC40 2.67 1.041

RuC60 2.37 0.949

RuC80 2.07 0.691

From the obtained results, it can be concluded that the equation can accurately predict
the tensile splitting strength of both the reference mix and the rubberized concrete mixes
with replacement percentages of sand from 40% to 60%. However, it tends to overestimate
the values of the tensile splitting strength of RuC80 by 31.9%.

4. Discussions

The obtained results were also investigated from a statistical point of view, namely the
spread of the data with respect to the average value. The data are summarized in Table 5
in terms of density, modulus of elasticity and strength values. The coefficient of variation
(COV) was used to assess the dispersion of data with respect to the average value obtained
from different data set sizes. The static and dynamic moduli of elasticity were determined
from 19 specimens, whereas the compressive and tensile splitting strength was from a set
of 10 samples each.

It can be observed that the values for the density of all concrete mixes exhibit a very
small spread with respect to the median. This proves that the changes in the dimensions of
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the specimens, as well as the weight of specimens within the same mix proportion, were
equally influenced by the storing conditions.

A larger spread of the results was observed for the values of the modulus of elasticity,
especially for RuC60 and RuC80 mixes. This could be attributed to the higher content of
rubber particles which leads to a larger number of micro-cracks. There is, however, not
enough data on this issue, and further research should be conducted in this direction.

The dynamic modulus of elasticity exhibits larger values of COV compared to those
obtained for the density but with an almost uniform distribution among the concrete mixes.
Taking into account the fact that the vibrations induced by using the Impact Echo Method
to assess the fundamental frequency of the specimens have to travel through the material
to reach the opposite side and be recorded by the accelerometer, any defect within the
material structure would impact the response of the specimens.

Since all cylinders were stored in the same relatively dry environment that favored
the evaporation of free water from the concrete pores, this had a direct influence on the
material structure, which led to overall lower values for material properties.

By observing the data from Table 6, there is no clear trend in the values of COV as a
function of rubber replacement for sand in concrete. This is mainly due to the heterogeneous
structure of concrete in general. However, if the values of COV were judged together with
the values obtained for the standard deviation with respect to the average values for each
investigated material characteristic, the calculated values for COV are in line with those
reported in similar research works [29].

Table 6. Characterization of the experimentally obtained data at the age of 5 years.

Reference Mix (Ref)

Density Modulus of Elasticity Dynamic Modulus of Elasticity Compressive Strength Tensile Splitting Strength

[kg/m3] [MPa] [MPa] [MPa] [MPa]

Value 2227 28,210 35,863 43.61 3.89

Standard deviation 8.558 456.54 937.57 1.865 0.12

Coefficient of Variation [%] 0.38 1.62 2.61 4.28 3.09

RuC40

Density Modulus of Elasticity Dynamic Modulus of Elasticity Compressive Strength Tensile Splitting Strength

[kg/m3] [MPa] [MPa] [MPa] [MPa]

Value 2061 17,361 22,381 22.68 2.78

Standard deviation 5.376 240.92 948.37 0.71 0.086

Coefficient of Variation [%] 0.26 1.39 4.24 3.13 3.09

RuC60

Density Modulus of Elasticity Dynamic Modulus of Elasticity Compressive Strength Tensile Splitting Strength

[kg/m3] [MPa] [MPa] [MPa] [MPa]

Value 1986 13,395 17,128 17.98 2.25

Standard deviation 13.539 1047.3 371.54 0.305 0.091

Coefficient of Variation [%] 0.68 7.82 2.17 1.69 4.06

RuC80

Density Modulus of Elasticity Dynamic Modulus of Elasticity Compressive Strength Tensile Splitting Strength

[kg/m3] [MPa] [MPa] [MPa] [MPa]

Value 1909 9809 12,298 13.68 1.43

Standard deviation 10.748 590.94 305.26 0.968 0.083

Coefficient of Variation [%] 0.56 6.02 2.48 7.08 5.76

5. Conclusions

The paper presents an experimental program aimed at assessing the long-term material
properties of rubberized Portland cement concrete. Based on the obtained results, the
following conclusions can be drawn:
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A significant drop in the values of density after 5 years is observed for specimens
made with rubberized concrete, whereas the density of the reference mix changes by a very
small amount.

The values of the static modulus of elasticity decrease after 5 years compared to the
standard value obtained at 28 days, mainly due to the fact that the specimens were kept
indoors, in laboratory conditions and in a relatively dry environment. Therefore, the excess
water slowly evaporated during the 5 years. Since the presence of rubber creates a larger
amount of excess water, its evaporation left behind voids in the concrete specimens that
ultimately leads to lower values of the modulus of elasticity.

Since the dynamic modulus of elasticity is influenced both by the mass of the specimen
and by its fundamental longitudinal frequency of vibration, any trend observed for the
two parameters is reflected in the evolution in time for this material property. The voids
inside the RuC specimens lead to lighter concrete and to lower values for the frequency of
vibration. The conversion equations from dynamic modulus to static modulus of elasticity
cannot be directly applied to rubberized concrete. Further investigations are deemed
necessary in this direction.

Material damping is strongly influenced by the rubber content in concrete. A 40%
replacement of sand by rubber aggregates leads to a three-fold increase in the value of
the material damping. However, further increase of the replacement percentage has an
opposite effect on the damping properties due, primarily, to the occurrence of voids at the
ITZ level between rubber particles and cement matrix.

Both compressive and tensile splitting strength are adversely affected by the pres-
ence of rubber aggregates. The use of currently available conversion equations from the
compressive strength of concrete to the values of the elastic modulus is not applicable to
rubberized concrete.

By considering the phenomena observed during the experimental program, further
research is necessary, especially at the material level, for a better understanding of the
long-term behavior of rubberized concrete. The authors have already taken the first steps
in this direction, and a set of SEM and XRD investigations are being conducted. Porosity
and absorption assessments are also considered. This may help shed some light on the
material structure of normal and rubberized concrete after five years from casting and may
provide explanations on the observed behavior pattern.

The structural application of rubberized concrete is currently limited. Based on the
obtained data, it can be considered that a 40% replacement of natural sand by rubber aggre-
gates, without any prior surface treatment, leads to acceptable values of the compressive
strength after five years of storage in a relatively dry environment. However, the starting
mix proportion should be for a higher concrete strength class so that the values obtained for
the material properties, after using rubber aggregates, still warrant the use of rubberized
concrete in structural applications. Additionally, the large deformation capacity of such
concrete should be carefully investigated and considered during the design process as it
strongly influences the behavior of connecting elements in a structure. The recommenda-
tions are still limited to the mixed proportions used in this research. Other mixes could be
considered after careful investigation of their elastic and mechanical properties.
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