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Abstract: The alkali-silica reaction (ASR) is a major problem that remains yet to be fully comprehended.
This chemical reaction can deteriorate the mechanical properties of concrete significantly. Consequently, it
can cause premature distress in concrete structures and serviceability problems. ASR affects the modulus
of elasticity more drastically than concrete's compressive and tensile strength. Therefore, the elastic
modulus was found to be the best indicator for identifying the progression of ASR in concrete. Several
empirical models have been developed to estimate the reduction of elastic modulus based on the ASR
expansion only. In the most recent research, other factors such as cement content, reactive aggregate type,
exposure condition and additional alkali content were considered too. Although the recently proposed model
had significant improvements compared to the previous models, nevertheless, essential factors such as
sample geometry and casting direction have not been considered so far. Furthermore, the expansion rate
should be considered for a better prediction. This component also enables us to use more inputs, such as
data from ultra-accelerated ASR tests that result in a rapid and significant expansion. In this paper, an
artificial intelligence model using the artificial neural network (ANN) is proposed to provide an accurate
estimation for predicting the elastic modulus of damaged concrete due to ASR.
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1. Introduction

The alkali-silica reaction (ASR) is a major problem that remains yet to be fully comprehended. This chemical
reaction can deteriorate the mechanical properties of concrete significantly. Consequently, it can cause
premature distress in concrete structures and serviceability problems. ASR affects the modulus of elasticity
more drastically than concrete's compressive and tensile strength. Therefore, the best indicator of ASR
symptoms in concrete was the elastic modulus. Several empirical models have been developed to estimate
the reduction of elastic modulus based on the ASR expansion only. As the deterioration of mechanical
properties of concrete is generally expressed in terms of both expansion and expansion rate parameters,
the results of these experiments do not directly express the performance of real concrete structures. In
addition, mechanical properties degradation could significantly vary for different concrete mixes and
environmental conditions (1).

Esposito et al. (2) used a complete statistical analysis method to show how mechanical properties degrade
under free expansion conditions. The S-shaped curve is a modified version of the model for the deterioration
of the mechanical properties of concrete by Saouma and Perotti (3). The normalised data were fitted using
four regions—from low to extreme expansion zones—to determine each data piece's weight. By employing
a weighted least-squares fitting approach, data points were equally weighted within each zone. Esposito
also proposed a continuous piecewise linear function, considering the rise in mechanical properties, such
as that seen in compressive strength (2). Two alternative models were proposed by Kawabata et al. and
Martin et al. with the same principle. In their fitting method, the chemical damage rule provided by Brunetaud
et al. (6) has been employed for assessing the reduction of elastic modulus of concrete affected by ASR.

In the most recent research, other factors such as reactive aggregate type, cement content, temperature
and alkali content were considered too. Although the recently proposed model had significant improvements
compared to the previous models, essential factors such as sample geometry and casting direction have
not been considered so far. Furthermore, the expansion rate should be considered for a better prediction.
This component also enables us to use more inputs, such as data from ultra-accelerated ASR tests that
result in a rapid and significant expansion. In this chapter, an artificial intelligence model using the artificial
neural network (ANN) is proposed to provide an accurate estimation for predicting the elastic modulus of
damaged concrete due to ASR by adding the sample size, casting direction, and expansion rate to the
other variables.



2. Data collection

Data sets from 15 studies using 48 different concrete mixtures, including 191 experimental groups testing
elastic modulus at various stages of ASR- expansion, were collected.

2.1 Model Input and Output Description

In addition to the ASR expansion, the effect of other factors that influence the mechanism of this reaction
and the elastic modulus of concrete should be considered in the modelling. Therefore, it is necessary to
choose the appropriate input variables to predict the elastic modulus accurately. In the suggested model,
12 additional influencing factors and expansion were taken into account as input variables for the artificial
neural network model. These factors including the water-to-cement ratio, the proportion of reactive and
non-reactive fine and coarse aggregates, exposure conditions, alkali content, casting direction, the
geometry of samples, maximum measured expansion, and duration of the test. The specifics and
significance of taking these factors into account are provided.

Mix proportions and types of aggregates

Reactive aggregates are considered the main supplier of non-crystalline reactive silica for the ASR in
concrete. The type of aggregates and the amount of unstable silica in their structure play a very determining
role in causing ASR reactions and the durability of concrete against chemical reactions. In most previous
research, the mechanical properties degraded to various degrees in accordance with different reactive
aggregate types and nature. (6,7).

Alkali content

According to Bérubé et al. (8), using cement with a high alkalis content, greater than 0.60% Na,O,,, was
the primary contributing factor to the development of ASR. Due to an increase in OH- concentration and
consequently an increase in pH, the high concentration of alkalis optimises the appearance of ASR (9).

Based on Hobb’s (10) report, the pH of high-alkali-content concrete is between 13.5 and 13.9, while this
amount is between 12.7 and 13.1 for low-alkali-content concrete. Additionally, according to Vivian's (11)
research, adding alkali above a threshold (the pessimum content) inhibited free expansion.

Exposure condition

As the rate of alkali-silica reaction is generally slow, taking ten years or more to occur in field conditions.
Therefore, such long-duration experimental research is not feasible. Therefore, several attempts have been
made to accelerate the reaction. The common accelerating variable to boost the reaction rate appears to
be raising the temperature. With little impact on concrete's material properties, increasing the 12 degrees
of temperature can reduce the duration of the test by one-third (12).

Specimen Geometry and Orientation of Casting Plane

The elastic modulus of concrete due to ASR seems to be influenced by the geometry of the test specimens.
As reported by several studies on the influence of the shape of the sample (13,14,15), the cylindrical
specimens experienced more expansion than prismatic specimens in the same condition. Clark and Ng
(16) demonstrated that the longitudinal expansion of cylinders (cast vertically) was about 1.7 times greater
than prisms expansion (cast horizontally). Similarly, Larive et al. (17) reported that the expansion of
cylinders was two times greater than the expansion of prisms). The longitudinal expansion was generally
more significant for cylinders than for prisms under the same curing conditions.

ASR-induced expansion and expansion rate

Expansion is the most important factor in determining the elastic modulus of ASR-affected concrete. The
major tool for measuring the physical progression of the reaction is the measurement of expansion. In
general, the performance of concrete impacted by ASR is assessed in terms of expansion, which may vary
significantly depending on the concrete mixture and climatic circumstances.



The reduction of elastic modulus due to ASR is significantly affected by the rate of ASR expansion. Based
on Swamy’s study (18), the rate of ASR expansion has an effective role in the progress of ASR damage
and, consequently, the degradation of concrete mechanical properties. The data collected from the
literature shows that the expansion rate of ASR can significantly impact the elastic modulus of concrete. As
aresult, the trend towards a reduction in the elastic modulus of concrete due to ASR increases at the same
level of expansion along with an increase in the expansion rate of ASR.

Output variable

Normalizing damaged elastic modulus to the original elastic modulus, denoted by the following formula,
has been a common method of presenting the ASR-induced degradation on elastic modulus.
E;

Be=%. (1)

where E. Is the elastic modulus of ASR-affected concrete and E,, is the original value, and Bk is the
normalised elastic modulus was used as the single output for this model.

3. Methodology

A highly accurate ANN model has been established to predict the elastic modulus of concrete using data
from a database created using many experimental research studies. A pioneering method for evaluating
the elastic modulus of ASR-affected concrete using a feed-forward ANN model has been employed. The
number of neurons in the input and output layers was chosen based on the quantity of input and output
variables during the model structure design. Numerous neural networks were generated and assessed by
loading various neurones into the ANN model's hidden layer and using various training techniques. R* and
mean square error (MSE) was used as statistical indices to calculate the accuracy of the models in different
phases. Based on the results then, the most accurate model was chosen. For modelling purposes, all data
were separated into two groups. With portions of 70%, 15%, and 15%, the first section was used for training,
validation, and testing. Four backpropagation training algorithms were employed to determine their
accuracy, including Levenberg-Marquardt (trainlm), robust backpropagation (trainrp), scaled conjugate
gradient (trainscg), and gradient descent with momentum (traindm) (traingdm). In the output and hidden
layers, respectively, a tangent sigmoid transfer function (tansig) and a linear transfer function (purelin) were
also used. The values of MSE were calculated using the MSE equation.The different number of neurones
in the hidden layer from 1 to 20 were studied to determine the most suitable number of layer to be applied.
It is noteworthy to mention that, in order to reduce errors and improve prediction accuracy, this modelling
was also carried out with ten replications in each of the three testing, validation, and training phases.

The significance of various parameters in evaluating the elastic modulus changes in concrete due to ASR
was evaluated using ANN models. Sensitivity analysis was introduced as an equation-based procedure
that is used to assess the effective influence of various inputs on output.
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Figure 1. The neural network's architecture for estimating the elastic modulus reduction of ASR-
affected concrete.

4, Results and discussions

4.1 ANN Models for Evaluation of ASR-affected Concrete

The backward propagation of errors is referred to as backpropagation. It is a common technique for
developing artificial neural networks. This technique aids in calculating a loss function's gradient concerning
all network weights. This algorithm depends on the error rate recorded in the previous epoch (i.e., iteration)
for adjusting a neural network's weights. The MSE value for each number of neurones in the various
algorithms should be as low as possible to produce the optimum backpropagation training method. In this
modelling, the trainlm was selected as the primary target for ANN models.

4.2 Optimization of neuron number

Seventeen neurones with the trainlm method exhibited the minimum MSE and, as a result, were picked as
the best ones for our ANN model. Therefore, the optimum topologies for the ANN models of the normalised
elastic modulus were 13-17-1, where 13 and 1 represent the respective numbers of neurones in the input
and output layers.

4.3 Validation of the model

15% of each data were used in the test and validation phases. The resulting scatter plots compare the
predicted and actual normalised elastic modulus values and the correlation coefficient of the model for all
three stages and all data. R? values for the normalised elastic modulus for the three different phases were
0.9705, 0.9225, and 0.9607, respectively. In addition, R? for the entire dataset was 0.9448.



Output ~= 0.92*Target + 0.059

Output ~= 0.92*Target + 0.071

Figure 2. Scatter plots of predicted elastic of modulus reduction values versus the actual values.

Based on the predicted results, the proposed model is able to accurately predict the percentages of
reduction of elastic modulus values up to 94.5%. Notably, the MSE proportions for the training, validation
and testing phases for predicted elastic modulus reduction were 0.00516, 0.0118, and 0.00539.

The comparison between these observations shows the great capacity and advantage of the neural network
technique in optimization and prediction problems. Methods based on fitting curves estimate the change in
elastic modulus considering only the expansion level. Therefore, it is practically impossible to accurately
predict the evolution of elastic modulus caused by ASR from different studies without considering the effect
of various factors on ASR in concrete, including the difference in mixture ratios, the proportion of reactive
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aggregates, alkali content, casting direction and exposure conditions.

The proposed ANN approach showed excellent predicting performance for evaluating the elastic modulus

of concrete affected by ASR by considering different influencing factors.
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Figure 3. Comparison of measured and predicted outcomes from the proposed ANN model and
existing empirical models.

5. Conclusions

The deterioration of concrete's mechanical properties is typically expressed in expansion and expansion
rate parameters. Therefore, the results of these experiments do not directly reflect the performance of actual
concrete structures. As a result, the expansion rate should be considered for a better prediction. In addition,
this component enables us to use more data, such as ultra-accelerated ASR test results that cause a rapid
and significant expansion.

This novel method considers not only ASR expansion but also other influencing factors, including the
expansion rate, the proportion of reactive fine and coarse aggregate, alkali content, casting direction,
geometry, and maximum measured expansion. The following conclusions can be made:

By considering and weighing the contributions of various influencing factors, the optimised ANN model was
able to accurately assess the change in concrete elastic modulus due to ASR.

According to the sensitivity analysis, the expansion significantly influences the modulus of elasticity of ASR-
affected concrete out of the 13 input variables. Additionally, the expansion rate, maximum measured
expansion, the proportion of reactive aggregates, casting direction, geometry, and the alkali content all play
a significant role in the change in elastic modulus caused by ASR. Conversely, the exposure condition, the
water-to-cement ratio, and the proportion of non-reactive aggregate have less impact on the elastic modulus
change due to ASR.



The proposed model outperforms existing empirical models in predicting the normalized elastic modulus
caused by ASR. As a result, this novel approach provides a more accurate elastic modulus prediction for
evaluating ASR-damaged concrete.

It is noteworthy to mention that by providing theoretical guidance, this innovative model can help engineers
analyse the mechanical properties of ASR-affected concrete structures in the field and under accelerated
conditions.
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