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Abstract 

This research examined how the mechanical properties and longevity of roller compacted 

concrete are impacted by the particle size and dosage of nano-silica. The study involved 

substituting cement with NS at three different levels (1%, 3%, and 5%) using varying particle 

sizes of 8nm, 15nm, and 30nm. The study investigated the compressive and splitting tensile 

strengths of RCC incorporating NS after 7 and 28 days, as well as water absorption. 

Subsequently, freeze-thaw tests were conducted on RCC samples, with assessments of mass 

change, ultrasonic pulse velocity, and dynamic modulus of elasticity. Additionally, the 

microstructure of RCC specimens was analyzed through a scanning electron microscope. 

Findings revealed a decrease in compressive strength by 4.3% to 8.7% when increasing the 

particle size of 3% NS from 8nm to 15nm and 30nm. Moreover, an increase in NS dosage from 

1% to 3% enhanced the splitting tensile strength of RCC from 2.88 MPa to 3.55 MPa for an 

8nm NS particle size. Results indicated that incorporating up to 3% NS in RCC mixtures 

improved freeze-thaw resistance significantly. Analysis showed that NS dosage had a greater 

impact than particle size across all experiments. An artificial neural network model was 

developed to predict RCC's compressive strength under F-T cycles using parameters such as 

the number of F-T cycles, ultrasonic pulse velocity, and sample mass as inputs, demonstrating 

high predictive capability. Furthermore, Shapley additive explanations analysis was used to 
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assess the impact of input parameters on prediction accuracy, alongside discussions on sample 

imbalance's effect on prediction performance. 

Keyword: Roller compacted concrete, Freeze-thaw resistance, Mechanical properties, Nano 

silica, Artificial neural network, SHAP analysis. 

1. Introduction 

The utilization of Roller Compacted Concrete (RCC), a type of dry concrete, is frequently 

chosen for construction of highway roads, airport runways, and dams because of its 

advantageous characteristics, which include low heat of hydration, cost-effectiveness, 

durability, and ease of application [1]. Although RCC is made of cement, water, fine and coarse 

aggregates, and similar ingredients as traditional concrete, the corresponding mix ratios are 

very different because RCC has no slump and contains less water and cement [2]. Its main 

advantage over traditional concrete applications is that it doesn't require surface finishing, steel 

reinforcement, or moulding. RCC is applied by layer-by-layer compaction using appropriate 

asphalt construction equipment or vibratory roller compactors [3]. Thus, it is imperative that 

the consistency of RCC is sufficiently desiccated to accommodate the load of a vibratory roller, 

while simultaneously possessing adequate moisture content to facilitate the uniform dispersion 

of the cement paste [4]. The cement hydration process has a major effect on the compressive 

strength of regular concrete, however in the case of RCC, both the compaction process and 

cement hydration have an impact on this component. The increased friction between the 

constituents of the concrete mixture as a result of compaction leads to an augmented 

loadbearing pressure and strength at the initial stage. It is imperative to achieve adequate 

compaction or density in order to attain the maximum strength values for RCC [5]. 

RCC are important not only for their strength but also for their durability [6]. The use of de-

icing salts and continuous freeze-thaw (F-T) cycles accelerate the deterioration of RCC 

structures, particularly in cold climates [7,8]. Concrete can incur various forms of deterioration, 

such as the occurrence of cracks and surface scaling, due to detrimental mechanisms. The 

capacity of a cementitious substance to withstand freeze-thaw cycles is largely contingent upon 

factors of the maximum distance between the paste and free surface, permeability, the quantity 

of water capable of freezing, and the extent of paste saturation [6]. In the instance of roller-

compacted concrete, it is anticipated that there will be lower permeability, a reduced level of 

paste saturation, and a diminished presence of freezable water. This is attributed to the fact that 

RCC exhibits lower water content and a denser composition when contrasted with conventional 

concrete. Consequently, it follows that the resistance of RCC under F-T cycle is also seems to 

be similar to or surpass that of normal concrete [7]. 

According to Hazaree et al [9], it was observed that mixtures containing less than 150 kg/m3 

of cement experienced failure after 100 freezing-thawing cycles. However, as the water to 
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cement ratios decrease and the cement content increases, the resistance to F-T cycles 

significantly enhances. The number of tolerated F-T cycles in the experimental investigation 

with even larger cement incorporation may be difficult to estimate and may not function well. 

The research conducted by Delatte and Storey [10] demonstrated that the amount of cement 

paste and the water to cement (w/c) ratio in the concrete have the most effects on the durability 

of F-T, rather than the level of compaction attained through the use of the gyratory compactor. 

The splitting tensile strength of samples plays a crucial role in determining the durability of 

RCC subjected to frequent freeze-thaw (F-T) cycles. This strength is closely intertwined with 

the adhesion between the aggregates and the cement paste, thereby exerting a significant 

influence on the overall durability of RCC. The w/c ratio and density are among the factors 

that impact the durability of the concrete. Siamardi and Shabani [11] conducted a study to 

investigate how micro-synthetic fibre affects the mechanical properties of non-air-entrained 

RCC under F-T cycles. Their findings indicated that the mass loss after subjecting the 

specimens to 300 F-T cycles was less than 5%. This result suggests that the specimens can be 

considered durable, as it falls within an acceptable threshold. 

The physical and mechanical properties of RCC were examined by Rahmani et al [11] 

according which w/c ratio and cement content was varied from 0.3 to0.55 and from 240 to 340 

kg/m3, respectively. The findings indicated that a reduction in w/c ratio and a rise in the cement 

content had a positive impact on the physical and mechanical characteristics of RCC pavement. 

A distinguishing feature of RCC pavement is its low w/c ratio or its zero-slump characteristic. 

Therefore, these mixtures are affected by variations in the quantity of water and cement content 

(cementitious materials). The RCC should possess optimal dryness to minimize the extent of 

the roller sinking into the pavement, while also maintaining an adequate level of moisture to 

facilitate the dispersion of cement paste within the mixture during the processes of mixing, 

distribution, and compaction. The notion of reducing the w/c ratio in order to enhance strength 

may not yield the desired level of compaction. Thus, this perspective is deemed unfavourable; 

nevertheless, the determination of the w/c ratio is imperative in achieving the optimal 

combination of compressive strength and compaction simultaneously. The main objective of 

proportioning the ingredients in RCC is to create a balance that has a uniform mass and meets 

the necessary strength, durability, and permeability requirements for the intended application 

[4,9,12]. The use of supplementary cement materials to create environmentally friendly and 

cost-effective concrete has become more popular in recent years. As a result, numerous studies 

have been conducted in the concrete production industry to investigate cement substitution and 

alternative binder materials that can enhance the mechanical and durability characteristics [13–

15].  

According to the understanding of literature, no studies to the authors' knowledge addressing 

the examination of the combined impact of nano-silica (NS) dosage and particle size on the 
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mechanical properties and durability of RCC have been found in the literature. This work 

addresses this significant practical aspect of RCC while taking into account uses of RCC 

including nano-silica that are exposed to cold weather; in these applications, the F-T resistance 

creates a common body of information relevant to this field of study. In this regard, the core 

objective of the present study is to explore the combined effect of particle size and the dosage 

of NS as a partial replacement of cement on the mechanical properties such as compressive and 

splitting tensile strengths and durability, including mass change, ultrasonic pulse velocity 

(UPV), and relative dynamic modulus of elasticity (RDME) after 150 F-T cycles for RCC 

mixes along with the microstructure analysis. Finally, the contribution of NS dosage and 

particle size as the independent variables on the mechanical properties and durability of RCC 

such as UPV, RDME and mass loss under F-T cycles is studied using analysis of variance 

(ANOVA). Ultimately, this study intends to contribute to the existing body of knowledge by 

providing a reliable, efficient, and cost-effective predictive model, artificial neural network, 

facilitating improved construction practices and material selection in cold-weather regions.  

2. Experimental program 

2.1. Materials 

In this work, the water absorption and bulk specific gravity of the fine and coarse aggregates, 

possessing a nominal size of 10 and 20 mm were assessed. The measurements were carried out 

on river aggregates incorporated in each mixture, resulting in a water absorption of 3%-2.57 

gr/cm3 for the fine aggregate and 2%-2.59 gr/cm3 for the coarse aggregate. The fine aggregate 

equivalent for combined aggregates was 78%, with a 3.8% passing percentage through sieve 

#200. According to ACI 325 [16], particle size distribution of mixed aggregates is illustrated 

in Figure 1. The properties included in Table 1 were the aggregate properties used in this 

research. 

Portland cement type-II (ASTM C 150) was obtained from Neka cement plant, located in 

Mazandaran province, Iran, and used for preparing of RCC. SiO2 nanoparticles, with a purity 

of 99.5%, in three distinct sizes, were supplied by US Research Nano-Materials Inc., Houston, 

USA (see Figure 2). Table 2 presented the chemical compositions of the cementitious materials 

along with its physical properties. 
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Figure 1. Grain size distribution of aggregates used for RCC mixtures. 

 

Table 1. Physical properties of used aggregates 

Properties Coarse aggregate Fine aggregate 

Apparent specific gravity 2.72 2.71 

Density (OD) (kg/m3) 2680 2609 

Density (SSD) (kg/m3) 2691 2644 

Bulk density (kg/m3) 1466 1493 

Water absorption (%) 0.44 1.36 

Los Angeles abrasion value (%) 13.98 - 

 

Table 2. Chemical composition of utilized cementitious materials in percentage. 

Component (%) Cement NS 

SiO2 21.9 ≥ 99 

Al2O3 4.86 - 

Fe2O3 3.3 - 

CaO 63.32 - 

MgO 1.15 - 

SO3 2.1 - 
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Na2O 0.36 - 

K2O 0.56 - 

Loss of ignition 2.4 0.2 

 

 

Figure 2. The utilized NS with different particle size. 

2.3. Mixture proportions 

Table 3 contains information on the mix proportions of the RCC combinations. The first line 

is the mix percentage for the control RCC with OPC (no nano silica). The second set (lines 2-

4) are RCC combinations with cement that has been partially replaced with NS 1% by weight 

of cement. The third group (lines 5–7) comprises of RCC mixtures in which cement is partially 

substituted with NS at a ratio of 3% by weight of cement. Similarly, the fourth group (lines 8–

10) encompasses RCC mixtures where cement is partially substituted with NS at a ratio of 5% 

by weight of cement. Furthermore, the impact of varying particle size of NS, ranging from 8 to 

30 nm, was examined within each group. The ratio of water to binder was consistently 

maintained at 0.41 for all mixtures. Furthermore, the quantity of binder, which consisted of 

type II Portland cement and NS, remained constant at 14% of the weight of the dry aggregate. 

This corresponded to a cement content ranging from 208 to 356 kg/m3 [17]. Four distinct 

groups were established based on the quantity and size of NS employed in each group. To 

illustrate, the designation RC1-D8 denotes a sample containing 1% NS with a particle size of 
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8 nm. These codes were utilized to present the specimens during the discussion of the 

experimental study and findings of the investigation. 

Table 3. Mix proportions used to prepare RCC containing NS. 

Group ID 

Ingredient (kg/m3) 

NS (%) 
Size of NS 

(nm) 
Fine 

aggregate 

Coarse 

aggregate 
Water Cement NS 

1 RC0 1165 855 121 295 0 0 0 

2 

RC1-D8 1165 855 121 292 2.9 1 8 

RC1-D15 1165 855 121 292 2.9 1 15 

RC1-D30 1165 855 121 292 2.9 1 30 

3 

RC3-D8 1165 855 121 286 8.8 3 8 

RC3-D15 1165 855 121 286 8.8 3 15 

RC3-D30 1165 855 121 286 8.8 3 30 

4 

RC5-D8 1165 855 121 280 14.7 5 8 

RC5-D15 1165 855 121 280 14.7 5 15 

RC5-D30 1165 855 121 280 14.7 5 30 

 

2.4. Casting procedure 

Using the vibrating table, the specimens were compacted into three layers in compliance with 

ASTM C1176, procedure A. With the intention of achieving this objective, cylindrical 

specimens with a diameter of 150 mm and a height of 300 mm, as well as 150 mm × 150 mm 

cube samples, were compacted by a surcharge weighing 9.1 kg. The specimens were subjected 

to a curing process under laboratory temperature conditions for a duration of 24 hours, and 

subsequently, they were protected by plastic covers. Following this, the specimens were 

extracted from their molds. Then, the samples were extracted from the mold and subsequently 

immersed in a water bath set at a controlled temperature of 23 ± 2 °C until the age of 7 and 28 

days in preparation for the evaluation of their mechanical characteristics. In order to attain more 

precise results, a total of three samples for each mix design were prepared, and the average 

values of each set were calculated accordingly for presenting the findings. Some images from 

the casting procedure and test setup is illustrated in Figure 3. 
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Figure 3. (a) Fresh RCC samples, (b) fixed cylindrical mold, (c) cylindrical and cube 

samples, (d) freeze–thaw test apparatus, and (e) UPV test. 

2.5. Experimental methods 

According to UNI EN 12390-3, a compressive test was performed on cube (150 × 150 mm) 

samples at 7 and 28 days of age to determine the compressive strength of RCC specimens [18]. 

To evaluate the splitting tensile strength, cylindrical specimens measuring 300 mm in height 

and 150 mm in diameter were examined in accordance with ASTM C496 [19].  

The freeze-thaw resistance of RCCP specimens were evaluated according to ASTM C666 [20], 

procedure B. The specimens were placed inside a freeze-thaw chamber which had been 
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specifically designed for the purpose of freezing the samples at a temperature of -18 ± 2 °C in 

presence of air and thaw them at a temperature of 5 ± 2 °C in water. All RCC specimens 

underwent a total of 150 F-T cycles and for each 50 cycles the compressive strength was tested. 

In addition, in consecutive 50 cycles during the testing process some parameters such as mass 

loss, UPV and dynamic modulus of elasticity (Edn) were measured and calculated to evaluate 

the durability of the proposed RCC mixes in each specific F-T cycle. The mass loss per unit 

surface area after every 50 freeze-thaw cycles is measured as follows. 

𝑀𝑙𝑜𝑠𝑠 =
𝑀2−𝑀

𝐴
           (1) 

Where, 𝑀𝑙𝑜𝑠𝑠 is mass loss, 𝑀2 and 𝑀1 are mass of sample after each complete 50 F-T cycle 

and at the beginning of the freeze-thaw cycle (zero cycle) in gram. In addition, surface area of 

the sample is representing by A. The RCC samples were tested for UPV values in accordance 

with ASTM C597 [21]. At the end of each consecutive 50 F--T cycle, the following equation 

is presented to calculate the Edn.  

𝐸𝑑𝑛 = 𝜌𝑐2 (1+𝜗)(1−2𝜗)

1−𝜗
          (2) 

Where 𝜌 and 𝑐 are density of RCC and UPV, respectively. Poisson’s ratio (𝜗) is assumed to 

be 0.2. The water absorption test, conducted in accordance with ASTM C642 [22], involved 

the use of 150 mm cube samples of RCC. 

The saturated surface dry weight (Wssd) of the RCC specimens was determined, followed by 

drying the samples in an oven at 105 ± 5 °C for 24 hours until a constant weight was achieved. 

Subsequently, the water absorption ratio was obtained using the following equation based on 

the recorded mass (Wssd). 

𝑊𝐴 =
𝑊𝑠𝑠𝑑−𝑊𝑑

𝑊𝑑
× 100         (3) 

3. Experimental results and discussion 

3.1. Compressive strength 

The results of the compressive strength test are depicted in Figure 4, showing that the inclusion 

of NS up to 3% led to an enhancement in the test outcomes when compared to those of the 

control RCC mixture. The inclusion of NS also played a role in the initial enhancement of the 

strength development of the RCC mixtures and the samples contain 1, 3, and 5% NS with 8 nm 

have an increment in 7 days compressive strength (23, 59, and 12%). This improvement is also 

observed for specimens with 15 and 30 nm with 1 to 5% NS is replaced with cement for 

constructing RCC. However, with upper than 3% NS (i.e., 5%) in this study, this can be resulted 

in lower improvement even with 1% NS replacement. The activity of NS particles is greater 
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than that of cement, allowing them to interact with CH crystals and produce C-S-H gel, thereby 

enhancing the density of concrete. The addition of an optimal quantity of NS can effectively 

improve the compressive strength of the concrete [23]. As a result of the enhanced filling effect 

and particle size distribution of nano particles, there has been a reduction in the porosity of 

concrete and an increase in their pozzolanic reaction with calcium hydroxide to produce CSH. 

Consequently, nano particles have garnered significant interest when compared to traditional 

mineral admixtures [24,25].  

Based on research findings [23,26–28], the incorporation of a small amount of NS in concrete 

during its early stages has been shown to notably improve its compressive strength. The highest 

levels of compressive strength at early stages and after 28 days were achieved with a 

substitution rate of 2 to 3% of NS, suggesting that the most effective dosage of NS falls within 

this range [14,23,26,27]. Nano-silica facilitates the early-stage hydration of cement and 

exhibits a high pozzolanic activity, leading to the consumption and conversion of calcium 

hydroxide into CSH gel. This process ultimately improves the mechanical characteristics of 

the concrete [29]. Thus, the optimum NS content corresponding to the maximum compressive 

strength as can be seen from Figure 4, is 3% with same particle size. 

 

Figure 4. Test results of compressive strength of RCC specimens with different dosage and 

size of particle 

In term of NS particle size, it can be observed from Figure 4 that RCC containing smaller 

particle size of NS, exhibited a higher strength in comparison to bigger particles, especially in 

early ages, which is proven in literature [26,30]. Compared to RCC with 15 and 30 nm NS 

particles, NS with 8 nm particle size could increase compressive strength by 6 and 9%. 
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3.1. Splitting tensile strength 

The results of splitting tensile strength for RCC specimens containing NS particles at 7 and 28 

days are displayed in Figure 5. The results indicate that the splitting tensile strength of control 

RCC was 2.37 MPa at 28 days. The splitting tensile strength of the RCC with 1, 3, and 5% NS 

with 8 nm particle size at 28 days improved by 21.5, 49.7, and 15.2%, respectively, relative to 

the control mix, thus, the optimum inclusion of NS in RCC mixes is determined as 3% 

replacement. In addition to the NS dosage, the particle size of this material can also play a great 

role as a partial replacement of cement in mixtures. As can be seen from the results, the splitting 

tensile strength of RCC specimens decreased when the particle size increased from 8 nm to 15 

and 30 nm. For instance, the splitting tensile strength for RC3-D15 and RC3-D30 decreased 

by 11.26 and 20.56% compared to RC3-D8. 

Moreover, the splitting tensile strength of the RCC samples incorporating NS exhibited an 

increase in comparison to the mixes without NS. This outcome was largely anticipated due to 

the similar factors previously discussed regarding the impact of NS on compressive strength. 

The NS enhances the microstructure of the cement matrix, consequently enhancing the bond 

between cement, aggregate, and interfacial transition zone (ITZ), which is likely responsible 

for the observed improvement in splitting tensile strength [31]. The highest increase in splitting 

tensile strength was for RCC containing 3% NS with 8 nm particle size and this mix, RC3-D8, 

show better bond between aggregate and cement paste. 

 

Figure 5. Test results of splitting tensile strength of RCC specimens with different dosage 

and size of particle 
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The relationship between compressive strength and splitting tensile strength of RCC containing 

NS with different dosages and particle sizes is shown in Figure 6. The findings of this study 

indicate there is similar pattern in the trends of compressive and splitting tensile strengths. 

Specifically, the splitting tensile strength of the RCC samples was approximately 11 ± 0.86% 

of the compressive strength. This suggests that the splitting tensile strength to compressive 

strength ratio of the RCC is relatively higher compared to that of traditional concrete, according 

which the ratio for normal concrete with the range of 35.1-51.1 MPa of compressive strength 

is usually below 10% [32]. In addition, a regression-based equations was presented by Chhorn 

et al. [33] and Rahmani et al. [11] on the relationship between the compressive and splitting 

strengths. They found that power equation (Eqs. (4) and (5)) among the different types of linear 

regression equations yielded the best results. 

𝑓𝑠𝑡−𝐶ℎℎ𝑜𝑟𝑛 𝑒𝑡 𝑎𝑙. = 0.47𝑓𝑐
0.511           (4) 

𝑓𝑠𝑡−𝑅𝑎ℎ𝑚𝑎𝑛𝑖 𝑒𝑡 𝑎𝑙. = 0.69𝑓𝑐
0.5           (5) 

where 𝑓𝑠𝑡 and 𝑓𝑐 are the splitting tensile and compressive strengths (MPa), respectively. 

 

 

Figure 6. Relationship between compressive strength and splitting tensile strength of RCC 

containing NS at 28 days. 

3.2. Water absorption 

The water absorption values of RCC as well as the standard deviation values is presented in 

Figure 7. As shown in Figure 7, the water absorption generally reduced by adding NS into the 

RCC mixtures which was proven by previous studies [15,34–36]. The water absorption rates 



 
Received: 06-05-2024         Revised: 15-06-2024 Accepted: 28-07-2024 

 

 2056 Volume 48 Issue 2 (July 2024) 

https://powertechjournal.com 

 

of the RCC specimens vary between 3.28% and 5.27% at 28 days, and RC5-D8 had the 

minimum test results. It was also observed that by using greater NS particle size of 8 nm to 15 

and 30 nm in RCC mixtures with constant dosage, the water absorption increased from 3.72% 

to 4.05 and 4.28%, respectively.  

 

Figure 7. Water absorption values of RCC specimens 

Furthermore, at the same NS particle size of 8 nm, the inclusion of 5% NS reduced water 

absorption more significantly compared to 3% and 1% inclusions by 0.44 and 0.33%, 

respectively. The reduction in water absorption may be due to the high reactivity of NS by 

forming more CSH gel and filling the voids of the concrete matrix, and thus increasing the pore 

size distribution. As a result of the filling and strong pozzolanic effects of NS particles, the 

threshold pore diameter in RCC was decreased, leading to a notable increase in the proportion 

of small pores (micro-cracks). This effect was particularly pronounced when NS particles of 8 

nm were used at a dosage of 5%, as compared to lower dosages and larger particle sizes [37]. 

The proposed correlation between the water absorption and compressive strength of the RCC 

incorporating NS is illustrated in Figure 8. This relationship was found to be inversely 

proportional. In other words, the RCC mixture's durability and compressive strength increased 

as its permeability decreased. This phenomenon can be attributed to the higher porosity and 

void content in the RCC, which could result in stress concentration and the formation of micro 

cracks under applied loads. Consequently, this could lead to premature failure and a subsequent 

decrease in compressive strength [38]. 
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Figure 8. Variation of water absorption vs. compressive strength for RCC mixes containing 

NS particles. 

3.3. F-T resistance test 

3.3.1. Ultrasonic Pulse Velocity (UPV) 

The findings of the UPV test after 150 consecutive freeze-thaw cycles are depicted in Figure 

9. The decline in UPV correlates with the escalating number of F-T cycles, as the advancing 

F-T cycles lead to a slight augmentation in the pore structure of the RCC containing NS. As 

per existing literature, RCC mixes with UPV values below 2 km/s, between 2-3.5 km/s, 

between 3.5-4.5 km/s, and exceeding 4.5 km/s, respectively, are classified as poor, acceptable, 

good and strong concrete [1]. Therefore, the RCC specimens with and without NS particle can 

be categorised as acceptable before exposing to F-T cycles. Based on Figure 9, after 150 F-T 

cycles, the reduction in UPV for the mixes containing 3% NS was the least in all three groups 

of particle size. The RCC with 5% NS showed the worst performance, changing from 4.495 

km/s (initial) to 4.011 km/s (150 cycles) compared to those incorporating NS. It is noteworthy 

that the trend of decreasing UPV value after 150 F-T cycles did not change when the particle 

size of NS varied from 8 nm to 15 and 30 nm and just insignificantly decreased. In addition, 

the decrease in UPV for mixes containing 1 and 5% NS is quite close to each other 

approximately in all F-T cycles with different NS particle size. 
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Figure 9. UPV results test for RCC containing NS with 8, 15, 30 particle size after 

conditioning in freeze-thaw cycles 

3.3.2. Relative Dynamic Modulus of Elasticity (RDME) 

Figure 10 shows the variations of the RDME with the number of F-T cycles. It can be seen 

from the results, after 100 cycles, the RCC mixtures containing NS had RDME over 85% and 

after 150 cycles, the RDME was decreased by about 3%. RCC mixes containing 5% NS were 

more vulnerable to freeze-thaw cycles than the inclusion of 1 and 3% NS. According to the 

results, in the group of RCC mixtures which NS was partially added 5%, RCC5-D8 

experienced higher percentage of RDME (92.65%) after 150 cycles compared to RCC5-D15 

and RCC5-D30 with RDME of 87.97 and 86.26%, respectively. 
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Figure 10. RDME of RCC containing NS with different dosage after conditioning in freeze-

thaw cycles 

3.3.3. Changes in mass 

Figure 11 illustrates the mass loss of the RCC containing NS after consecutive freeze-thaw 

cycles. Three parallel specimens were tested for each mixture, and the averaged results are 

calculated to present. The data in Figure 11 indicates that as the freeze-thaw cycles progress, 

the mass loss values increase, with the RCC incorporating NS exhibiting lower mass loss 

compared to the control samples. However, the mass loss differences between the RCC sample 

results correspond to the NS contents in terms of dosage and particle size. As can be seen from 

the results, the lowest mass changes (2.61%) after 150 cycles is related to RCC specimens 
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containing 3% NS with the particle size of 8 nm. This value for specimens containing same 

dosage of NS with 15 and 30 nm is calculated 3.58 and 4.63%. 

 

Figure 11. Mass loss of RCC containing NS with different dosage after conditioning in 

freeze-thaw cycles 

3.4. Microstructure study 

Figure 12 exhibits SEM micrographs of RCC specimens containing 0, 1, 3, and 5% NS with 

the same 8 nm particle size. The structure of RCC incorporating NS is very similar to the 

control RCC matrix and its microstructure of the interfacial zone is clearly dense and uniform. 
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By comparing the microstructures of RCC specimens, it was determined that nano silica not 

only served to occupy the empty spaces amidst the particles within the concrete structure but 

also facilitated the chemical process and initiated the production of C-S-H gel to occupy the 

voids within the concrete mixture. Based on Figure 12, SEM of RCC without NS as the 

reference sample reveals a notable presence of porosity, microcracks, C–H, C–S–H, and most 

of the unreacted material, which can be attributed to an excessive cement content. It can be 

seen from the SEM of RCC specimens containing different dosages of NS that the size of the 

pores and C–H crystals is reduced, creating a microstructure that is extra compressed when the 

inclusion of NS is increased.  

 

Figure 12. SEM micrographs of roller compacted concrete incorporating 0, 1, 3, and 5% 

nano-silica with 8 nm particle size. 

3.5. Statistical analysis by analysis of variance 

In this study, the contribution of independent parameters such as dosage and particle size of 

nano-silica in the concrete compressive strength is investigated by analysis of variance 

(ANOVA) [39–41]. The input variables are dosage and particle size of nano silica. The 

ANOVA results for the compressive and splitting tensile strengths along with UPV, RDME, 

and mass loss for all RCC samples under different F-T cycles are shown in Table 4. The high 
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variance values indicate that the examined parameters exerted a substantial impact on the 

performance of the RCC mixes. The findings show that the dosage of NS had a major influence 

on the properties, with percent contributions of 81.74, 60.57, 82.65, 94.46 and 83.98% for the 

compressive strength, splitting tensile strength, UPV-150, RDME-150, and mass loss-150, 

respectively. These observations indicate that the percentage replacement of NS was a more 

influential factor compared to its particle size for all mechanical properties and durability 

factors.  

Table 4. Results of ANOVA for the mechanical properties and durability of RCC under 

freeze-thaw test 

Experimental factors DF SS Var P-value Contribution (%) 

Compressive strength (MPa) 

Particle size of NS (nm) 3 9.93 3.317 0.187 14.37 

Dosage of NS (%) 3 56.61 18.871 0.133 81.74 

Error 6 5.34 0.899 0.079 3.89 

Total 12 71.88 23.088 - 100 

Splitting tensile strength (MPa) 

Particle size of NS (nm) 3 0.133 0.044 0.181 29.22 

Dosage of NS (%) 3 0.276 0.092 0.151 60.57 

Error 6 0.09 0.015 0.079 10.21 

Total 12 1.368 0.152 - 100 

UPV-150 (km/s) 

Particle size of NS (nm) 3 0.164 0.054 0.198 16.76 

Dosage of NS (%) 3 0.809 0.269 0.155 82.65 

Error 6 0.011 0.002 0.079 0.60 

Total 12 2.939 0.326 - 100 

RDME-150 (%) 

Particle size of NS (nm) 3 3.635 1.211 0.257 2.38 

Dosage of NS (%) 3 144.195 48.065 0.123 94.46 

Error 6 9.635 1.605 0.079 3.16 

Total 12 457.941 50.88 - 100 

Mass loss-150 (%) 

Particle size of NS (nm) 3 1.315 0.438 0.21 12.97 

Dosage of NS (%) 3 8.518 2.839 0.152 83.98 

Error 6 0.61 0.103 0.079 3.05 

Total 12 30.431 3.381 - 100 
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3.6. Establishment and validation of artificial neural network 

3.6.1. ANN description 

The principles of the artificial neural network (ANN) were originally developed based on the 

biological neural structures found in animal brains, aiming to address a wide array of complex 

problems in the previous century [42]. The structure of the ANN consists of three layers: the 

input layer, hidden layer, and output layer. The input layer can have at least one input element, 

generating raw output data. In the hidden layer, inputs are manipulated through various 

operations, with its design and purpose varying based on the network's configuration, which 

can be either single-layered or multi-layered. The output layer includes at least one output 

whose value is determined by the network's function. This layer carries out computations and 

sends its results to the external environment [43–45]. The model described can incorporate 

multiple basic functions for the hidden layer. In regression scenarios, a linear function is 

typically used for the output layer. It's important to highlight that the regression function 

approximated by the ANN can be represented uniformly, regardless of the particular hidden 

basic function utilized [46]: 

𝑓(𝑥, 𝑊, 𝛽) = 𝛽0 + ∑ 𝛽𝑗𝐵𝑗(𝑥, 𝑤𝑗)𝑚
𝑗=1                   (6) 

where 𝐵𝑗(𝑥, 𝑤𝑗) stands for the set of non-linear transformations of the input vector 𝑥𝑇 =

(𝑥1, 𝑥2, … , 𝑥𝑑), where 𝑥𝑇 ∈ 𝑅𝑑; a bias term, 𝛽0, is considered; 𝛽𝑇 = (𝛽1, 𝛽2, … , 𝛽𝑚) are the 

coefficients from the hidden layer to the output layer; 𝑊𝑇 = (𝑊𝑗1, 𝑊𝑗2, … , 𝑊𝑗𝑑) are the 

parameters from the input layer to the 𝑗-the hidden node, and finally, 𝑚 is the number of basis 

functions or hidden neurons of the model. Through utilization of predetermined weight values 

during the process cycle, the training gradually evolves. The progress is evaluated by assessing 

the expected outcome against the actual result, and then adjusting error values to adjust weights 

and reduce overall errors. A predetermined parameter can also be used as the model and pattern 

threshold. Furthermore, a slight bias can be incorporated into the input data output to establish 

decision boundaries and pattern thresholds. The choice of activation function depends on the 

complexity of the problem being addressed. In cases involving nonlinear problems, Sigmoid 

functions like log-sigmoid or tangent sigmoid are often utilized. 

3.6.2. Database and model parameters 

The database employed in constructing the ANN model comprises the findings from 

mechanical properties and durability tests conducted on RCC samples subjected to different 

numbers of F-T cycles. A total of 30 datasets were utilized to predict the compressive strength 

under F-T cycles, aiming to analyze the impact of these cycles on RCC's mechanical properties. 

Three key parameters from the experimental tests - UPV at zero F-T cycle (UPV0), number of 

F-T cycles (NFT), and specimen mass (M) - were designated as input variables for the ANN 
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model. Consequently, the compressive strength of RCC containing nano-silica under F-T 

cycles was expressed as a function of the following parameters: 

𝐶𝑆 = 𝑓(𝑈𝑃𝑉0, 𝑁𝐹𝑇, 𝑀)                     (7) 

A primary issue in constructing the ANN model is the problem of overfitting. This situation 

arises when the model shows strong performance on the training data but struggles with new 

testing data, resulting in increased errors. To address this challenge, researchers recommend 

splitting the database into separate training and testing datasets [47]. Training data is utilized 

for building and adjusting the model, while testing data is used to assess the effectiveness of 

the model on unseen data that was not part of the initial development process [48]. It is 

suggested that 75% and 25% of the data are sufficient for training and testing the developed 

models, respectively. 

It is crucial to use an adequate number of datasets during model development to ensure the 

reliability of the models. To create a dependable and secure model, it is suggested that the ratio 

of datasets to variables should exceed 5 [49]. In this study, this ratio is equal to 30/3 = 10, 

which indicates that the number of datasets is sufficient for modelling the investigated problem. 

3.6.3. Performance analysis 

In the present study, the proposed models were assessed by means of various performance 

measures (Eqs. (8)- (10)). The measures of precision and error employed in this study 

encompassed the correlation coefficient (R), root mean square error (RMSE), and mean 

absolute error (MAE). These metrics were expressed as follows. 

𝑅 =
∑ (𝑇𝑜𝑏𝑠−𝑇𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅).(𝑇𝑝𝑟𝑒−𝑇𝑝𝑟𝑒̅̅ ̅̅ ̅̅ )𝑁

𝑖=1

√∑ (𝑇𝑜𝑏𝑠−𝑇𝑜𝑏𝑠̅̅ ̅̅ ̅̅ ̅)2 ∑ (𝑇𝑝𝑟𝑒−𝑇𝑝𝑟𝑒̅̅ ̅̅ ̅̅ )
2𝑁

𝑖=1
𝑁
𝑖=1

          (8) 

𝑅𝑀𝑆𝐸 = √
1

𝑁
∑ (𝑇𝑝𝑟𝑒 − 𝑇𝑜𝑏𝑠)

2𝑁
𝑖=1         (9) 

𝑀𝐴𝐸 =
∑  |𝑇𝑝𝑟𝑒−𝑇𝑜𝑏𝑠|𝑁

𝑖=1

N
                   (10) 

where 𝑇𝑜𝑏𝑠 and 𝑇𝑝𝑟𝑒 are the observed and predicted values, respectively;  𝑇𝑜𝑏𝑠
̅̅ ̅̅ ̅ and 𝑇𝑝𝑟𝑒

̅̅ ̅̅ ̅ 

represent the mean of the observed and predicted values, respectively; and N is the number of 

data. Table 5 provides a summary of the performance of the advanced ANN model with both 

training and testing data. The results indicate that the ANN model demonstrated satisfactory 

predictive capabilities for compressive strength. Key statistical parameters for the model 

include an R-value of 0.98, RMSE of 0.706 MPa, and MAE of 0.484 MPa for training data, as 

well as an R-value of 0.97, RMSE of 1.033 MPa, and MAE of 0.943 MPa for testing data. 
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Table 5. Performance evaluation of developed ANN model for compressive strength of RCC 

under F-T cycles. 

 R RMSE MAE 

Training stage 0.98 0.706 0.484 

Testing stage 0.97 1.033 0.943 

 

During the training and testing phases, the agreement between the observed and projected 

compressive strength of RCC was evaluated visually using scatterplots (Figure 13a). The 

assessment revealed a high degree of accuracy in replicating the compressive strength of RCC 

under F-T cycles using the ANN model in both phases. Additionally, a line graph (Figure 13b) 

was used to demonstrate the predictive results and fluctuations in a range of experimental 

compressive strengths, with a focus on outliers.  

 

Figure 13. Comparison of observed vs. predicted compressive strength of ANN model a) 

scatter plots b) line graph with absolute error. 



 
Received: 06-05-2024         Revised: 15-06-2024 Accepted: 28-07-2024 

 

 2066 Volume 48 Issue 2 (July 2024) 

https://powertechjournal.com 

 

Based on this data, the ANN model demonstrated greater precision in replicating experimental 

outcomes during the training phase than during the testing phase. Moreover, its absolute error 

was consistently minimal when forecasting the compressive strength of RCC. Additionally, a 

supplementary evaluation of the ANN model was carried out to investigate the impact of 

individual input variables on compressive strength under F-T cycles. 

 

 
 

 

 

 

 
 

Figure 14. Contour plots of compressive strength vs. NFT, UPV0, and M for RCC. 

The artificial neural networks operate by utilizing the known weights and bias values across 

various layers. In contrast to prior research focusing solely on optimizing network structure, 

this study presents the weights and bias values for each layer of the ANN model in Table 6 to 

facilitate easy replication of results. Through these provided values, one can directly calculate 

the compressive strength for RCC using common spreadsheet software. The suggested model 

is defined by the specific weights and bias obtained from the ANN model. The relationship 

between normalized input parameters (NFT, UPV0, M) and compressive strength (CS) is 

expressed through a mathematical equation as follows: 

𝐶𝑆 = 𝑓{𝑏0 + ∑ [𝑤𝑘𝑓(𝑏ℎ𝑘 + ∑ 𝑤𝑖𝑘𝑋𝑖
𝑚
𝑖=1 )]ℎ

𝑘=1 }                (11) 

where 𝑓 is the transfer function, ℎ indicates hidden layer neuron numbers, 𝑋𝑖 indicates the 

normalized values of network input, 𝑚 is the number of the input variables, 𝑤𝑖𝑘 indicates the 

linking weights between the 𝑖th input and 𝑘th neuron in the hidden layer, 𝑤𝑘 is the link weight 

between the kth neuron in the hidden layer and the independent output neuron, 𝑏ℎ𝑘 shows the 

bias in the kth neuron of the hidden layer and 𝑏0 is the bias value in the output layer. For the 

presented weights in Table 6 and Eq. (12), the bond strength relation between the FRP 

composite and the concrete substrate can be as follows. 

𝐶𝑆 = −1.685𝐴1 + 0.8527𝐴2 − 0.5721 − 0.3684 + 0.0553              (12) 
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where Ai, (i = 1 to 4) are hidden neuron responses that feed the network output value and can 

be calculated with the following equation: 

 

[

𝐴1
𝐴2
𝐴3
𝐴4

] = 𝑡𝑎𝑛𝑠𝑖𝑔(([

−0.5067 −0.9312 1.8764
0.9223 −0.4426 −0.0785
2.0961

−1.9237
0.3589
0.7237

−0.4473
−0.7684

] [
𝑈𝑃0
𝑁𝐹𝑇

𝑀
]) + [

−1.685
−0.455
1.4018

−2.8046

])          (13) 

 

Table 6. The weights and bias values of the ANN model for the prediction of compressive 

strength of RCC under F-T cycles. 

Number 

of 

neurons 

Weight Bias 

Wik 
Wk bhk b0 

UPV0 NFT M 

1 -0.5067 -0.9312 1.8764 -1.685 2.4583 

0.0553 
2 0.9223 -0.4426 -0.0785 0.8527 -0.455 

3 2.0961 0.3589 -0.4473 -0.5721 1.4018 

4 -1.9237 0.7237 -0.7684 -0.3684 -2.8046 

 

3.7. Shapley additive explanations (SHAP) 

The SHAP Analysis, as proposed by Lundberg and Lee [50] , offers a detailed methodology 

for understanding ML models. It introduces the concept of SHAP, which provides a unified 

way to interpret models. The Shapely value is employed to illustrate the relative influence of 

individual input variables on the final output variable. This approach is akin to parametric 

analysis, where all variables except one are held constant to observe the impact of the variable 

in question on the target attribute. The model generates predicted outcomes for each expected 

sample, with the SHAP value indicating the significance assigned to each feature within that 

sample [51]. 

The study investigated how input parameters affect the compressive strength of RCC including 

nanoparticles during F-T cycles. Using the SHAP explainer, a comprehensive analysis was 

conducted to show localized SHAP explanations and overall feature impact. The SHAP plot in 

Figure 15 illustrates the effects of input factors on RCC compressive strength, with each 

element's value depicted through colors and the x-axis SHAP value indicating each factor's 

influence. The most significant factor influencing RCC compressive strength was identified as 

UPV at zero cycle, showing a strong correlation. The results suggest a direct link between 

UPV0 values at zero cycle and RCC CS, implying that increasing UPV0 proportion in the mix 
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enhances RCC compressive strength. Positive correlations were also observed for mass and 

cycle numbers based on the SHAP plot analysis. 

 

Figure 15. SHAP plot for the relevance of input features on compressive strength under F-T 

cycles.  

 

To provide a detailed explanation and interpretation of the forecasted compressive strength 

during F-T cycles, we illustrated and clarified an individual breakdown of the model's 

prediction utilizing a force chart, as depicted in Figure 16. This chart represents the prediction 

for a specific RCC sample, incorporating varied values of UPV0, M, and NFT cycle. The 

function f(x) denotes the model's output (the anticipated probability for the given sample), with 

the base value reflecting the average of model predictions. Features that increase (increase) the 

prediction are depicted in red, while those that reduce (decrease) it are shown in blue. 

Furthermore, red features are indicated by right arrows, whereas blue features are denoted by 

left arrows, with arrow size indicating feature impact. 

 

Figure 16. SHAP force plot for predicting compressive strength under F-T cycles. 

4. Conclusion 

In this study, the addition of nano-silica as the partial replacement of cement was examined in 

terms of dosage and particle size, focusing on its effects on the mechanical properties and 
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durability of the RCC. For this purpose, nano silica replaced cement at 1%, 3% and 5%. In 

addition, the coupling effects of the dosage and particle size of nano-silica with 8, 15, and 30 

nanometres were also investigated. Compressive and splitting tensile strengths, water 

absorption along with mass loss, ultrasonic pulse velocity, and dynamic modulus of elasticity 

under freeze-thaw test were conducted. The following findings were drawn: 

• Compressive strength of RCC increased from 12 to 59% at 7 days of curing when nano-

silica was used as the partial replacement of cement. Furthermore, by increasing the particle 

size of 3% NS from 8 nm to 15 and 30 nm, the compressive strength decreased by 4.3 and 

8.7%. With an increase in the NS dosage from 1% to 3%, the splitting tensile strength of 

RCC raised from 2.88, 2.69, and 2.56 MPa to 3.55, 3.15, and 2.82 MPa, respectively, for 8, 

15, and 30 nm NS particle size.  

• It was observed that using NS with the particle size of 8 nm to 15 and 30 nm in RCC mixtures 

with constant dosage, 3%, the water absorption increased from 3.72% to 4.05 and 4.28%, 

respectively. In addition, the RCC specimen with 5% NS inclusion and 8 nm particle size 

had the lowest water absorption rates. 

• The reduction in UPV for the mixes containing 3% NS was the least in all three groups of 

particle size after 150 freeze-thaw cycles. The RCC with 5% NS showed the worst 

performance, changing from 4.495 km/s (initial) to 4.011 km/s (150 cycles) compared to 

those incorporating NS. 

• The RDME values decrease as the freeze-thaw cycles progress. The decrement for RCC 

mixes containing 3% NS is about 7.35, 12.03, and 13.74%, respectively, with 8, 15, and 30 

nm particle size after 150 cycles. Accordingly, RCC mixes containing 5% NS were more 

vulnerable to freeze-thaw cycles than the inclusion of 1 and 3% NS.  

• The RCC with added NS has lower mass loss values compared to the control RCC because 

the inclusion of NS reduces water ingress and in consequence decreases water absorption. 

• ANOVA analysis revealed that nano silica dosage was a more effective parameter than the 

its particle size in all experiments. 

• The ANN model's development demonstrates its high reliability in predicting the 

compressive strength of RCC under F-T cycles based on factors such as the number of F-T 

cycles, UPV values in normal conditions, and sample mass. 

• This study introduces the SHAP method to enhance the interpretability of machine learning 

outcomes. This technique generates detailed visualizations of feature attributions, enabling 

a better understanding of gold price fluctuations. It aids in interpreting results from intricate 

frameworks and uncovering nonlinear relationships between features and model outputs. 
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