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ABSTRACT 
This study aims to evaluate the cracking risk of continuous reinforced concrete pavement (CRCP) under 
various mix conditions including supplementary cementitious materials (SCMs) and expansive 
additives (EA). A multiscale chemo-hygral computational analysis was utilized and the model was 
validated using strain data from lab-scale concrete and full-scale CRCP specimens. The analysis model 
accurately reproduced the strain behaviors in CRCP with SCMs and EA, and the analysis results showed 
that the amount of EA significantly reduces the risk of cracking. 
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1. INTRODUCTION 
 
 Continuous reinforced concrete pavement 
(CRCP) controls cracks not through the joints, but the 
reinforcing bars placed continuously [1,2]. Because the 
concrete pavements with joints are designed to induce 
cracks at specific locations, this can result in 
concentrated damage at the joints, leading to a rapid 
deterioration in the concrete durability [3,4]. In 
contrast, CRCP system ensures higher durability by 
inducing small and evenly distributed cracks.  
 Meanwhile, supplementary cementitious 
materials (SCMs), such as fly ash (FA) and blast 
furnace slag (BFS), are increasingly recommended due 
to their benefits in reducing carbon dioxide emissions 
and enhancing the long-term durability of concrete 
structures. However, SCMs tends to reduce cracking 
resistance of concrete compared to ordinary Portland 
cement (OPC) [5,6]. To mitigate the increased cracking 
risk in CRCP under drying condition, the use of 
expansive additives (EA) can be considered, as they 
induce initial expansion to compensate for the 
shrinkage [7,8].  
 However, there is a lack of previous research on 
the cracking risk of CRCP with SCMs and EA; 
therefore, this study aims to assess the cracking risk of 
CRCP with various mix proportions by utilizing a 
multiscale chemo-hygral computational analytical 
system (DuCOM-COM3) [9]. The EA model [7,10] in 
analytical system was validated in this study, by using 
the strains measured from lab-scale concrete and full-
scale CRCP specimens [11]. Based on the analysis 
results, the cracking risk of CRCP was also evaluated, 
and the effect of several parameters on the cracking 
risk were analytically investigated.  

 
2. METHODOLOFY FOR CRACKING RISK 
EVALUATION 
 
2.1 Overview of numerical system 
 This study utilizes the multiscale chemo-hygral 
computational system, DuCOM-COM3 [9]. This 
system is capable of simulating the thermodynamic 
and mechanical behaviors of concrete based on a finite 
element model, considering cement hydration, pore 
structure development, and moisture transport. This 
analysis model has an advantage in that it can simulate 
the initial expansion of concrete induced by EA, 
reflecting internal pressure generated by hydrates of 
EA phase. The effect of restraint on the expansion was 
reflected through anisotropic pressure that caused by 
EA in the poromechanical model, and the modelling 
details and its validity can be found elsewhere [7,10]. 
 
2.2 Target experiments and numerical conditions 
 The experiments conducted by Kurebayashi et 
al. [11] are utilized for model validations in this study. 
In the experiment, the concrete prism specimens 
without reinforcement with dimensions of 
20cm 20cm 80 cm and real-scale CRCP specimens 
with a length of 40 m, width of 3.5 m, and depth of 25 
cm (Fig. 1) were manufactured to observe the strain 
behaviors at Nihon University, Fukushima Prefecture. 
As shown in Table 1, each test specimen had three 
mixing cases, i.e., OPC case, FA+EA case (OPC 
replaced by FA with EA), and BB+EA case (BFS 
cement with EA), and the mix proportions are shown 
in Table 2. Water to binder ratio (W/B) were 40.1, 34.9, 
and 40.1 % in OPC, FA+EA, and BB+EA, respectively. 
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For the EA, HYPER EXPAN-K, produced by Taiheiyo 
Company in Japan, was used.  
 For numerical investigation, meshes for the lab-
scale specimens and real-scale CRCP specimens were 
made as shown in Figs 2 and 3. For lab-scale 
specimens, the first 7 days were wet curing period, and 
therefore the relative humidity (RH) was set to be 
100% in the analysis. Heat and moisture transfer from 
the air into concrete was allowed on all surfaces 
exposed to the air. The strain measured at the center of 
specimens for 28 days was compared with the analysis 
results. For real-scale CRCP, the strains in the x, y, and 
z directions measured at the center area marked in Fig. 
1 were compared with those obtained from the 
simulation. All the concrete strains in x, y and z 
directions were measured at the depth of reinforcing 
bars. The x-direction is the longitudinal direction, the 
y-direction is the transverse direction, and the z-
direction is the vertical direction. To reduce the 
computational time, a quarter of CRCP specimen was 
modelled; thus, the analysis model has 20 m in length 
and 1.75 m in width, and fixed boundary conditions 
were applied to the symmetric surface. Under the 
CRCP, asphalt with a depth of 4 cm, cement layers with 
a depth of 20 cm, and soil layers with a depth of 500 
cm were modeled using elastic elements. The elastic 
moduli of the asphalt, cement, and soil layers were 
1000, 3000, and 80 MPa, with Poisson’s ratios of 0.35, 
0.2, and 0.35, respectively. In the CRCP elements, as 
the reinforcing bars were arranged in x- and y-
directions with 0.56% and 0.6% reinforcement ratios, 
respectively, reinforced concrete (RC) elements were 
used, as colored with red color in Fig. 3(b). The layers 
colored with blue represent plain concrete elements 
without reinforcement. The mechanical properties of 

the concrete were determined by hydration analysis in 
the DuCOM-COM3 system, and the elastic modulus 
and yield strength of the reinforcement were 21 GPa 
and 400 MPa, respectively. Heat and moisture transfer 
was allowed through the upper and side surfaces of the 
CRCP elements. The temperature and humidity 
conditions were input based on weather data from 
October 2022 reported by the Meteorological 
Administration of Japan (Fig. 4). 
 
2.3 Method for cracking risk evaluation 
 According to the JSCE standard specifications 
for concrete structures [12], the probability of cracking 
can be estimated using the cracking index [Icr(t)], 
which can be determined according to time (t) as 
follows: 
 
Icr = ft /σconc   (1) 
 where, 
 ft : Tensile strength of concrete 
 σconc : Maximum concrete stress 

Table 1 Specimen lists of experiment 
Specimens Mix proportion Reinforced

Concrete prism 
OPC 

No FA+EA 
BB+EA 

Full-scale 
CRCP 

OPC 
Yes FA+EA 

BB+EA 
Fig. 2 Meshes for lab-scale specimen

Fig. 3 Analytical meshes for CRCP

Table 2 Mix proportion (Unit: [kg/m3]) 
Mix ID W C FA BFS EA S G

OPC 162 404 0 0 0 602 1193
FA+EA 162 363 81 0 20 507 1129
BB+EA 162 202 0 182 20 592 1173

Fig. 1 Drawing of CRCP specimen [10]
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where ft is the tensile strength of concrete, and σconc is 
the maximum stress of concrete. σconc can be obtained 
from the analysis. The cracking index should be 
designed to be less than the safety factor to control the 
probability of cracking, as shown in Fig. 5; thus, the 
probability of cracking increases as the cracking index 
decreases.  
 
3. MODEL VALIDATION 
 
3.1 Lab-scale concrete specimens  
 In Fig. 6, the temperature of concrete derived 
from analysis is compared with that measured in the 
experiment at the center of the specimens.  The 
internal heat of concrete calculated from the 
computational system takes into account hydration 
process according to different mix proportions and 
thermal transfer between the exposed environment and 
concrete. Through the analysis results, it was 
confirmed that the hydration and heat transfer models 
can properly reproduce the internal heat of concrete 
with different mix proportions.  
 Fig.7 compares the strain of concrete measured 
in the experiment with that derived from the analysis. 
In OPC case without EA, the largest drying shrinkage 
occurred at about -300 με over 28 days, which was well 
reproduced by the analysis model. For the cases where 
EA was incorporated, the expansion caused by 
temperature change was removed from the strain 
derived from analysis and experiment by Eq. (2), in 
order to verify whether the analytical model properly 
reflect the effect of EA. 
 
 εx,T=20℃ = εx + C⸱(20℃ −T) (2) 
 where, 
 εx : strain calculated at T 
 C : thermal strain of concrete (=10με/℃) 
 
 As shown in Fig. 7(b), for FA+EA case, the 
analysis model was found to well reproduce the initial 

expansion and shrinkage strain. For BB+EA case, 
however, there was a discrepancy between the 
experimental and analytical results (refer to ‘Analysis 
(EA20)’ in Fig. 7(c)). This is because the analysis 
model does not properly reflect the reaction 
mechanism when BFS cement and EA are incorporated 
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Fig. 6 Comparison of temperatures with lab-scale concrete specimens 

Fig. 7 Comparison of strain behaviors with lab-scale concrete specimens 
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together. Thus, for the case of BB+EA, the amount of 
EA required to reproduce the free expansion observed 
in experiments was determined through calibration. 
The results showed that the analysis model closely 
predicted the expansion of the specimen when 12 
kg/m3 of EA was incorporated (see ‘Analysis (EA 12)’ 
in Fig. 5(c)). The model improvements are necessary 
in future, considering the reaction mechanism in BFS 
cement and EA. However, the primary objective of this 
study was to analyze the behavior of full-scale CRCP 
based on the strains of lab-scale specimens. Therefore, 
the EA amount derived through calibration was applied 
in the analysis of full-scale CRCP. 
 
3.2 Full-scale CRCP specimens 
 The strains in x, y, and z-directions measured in 
the experiment were compared with the analysis 
results, as shown in Fig. 8, where the yellow lines 
denote the test data, and the red lines represent the 
analysis results. In OPC case without EA, significant 
drying shrinkage occurred, and the shrinkage was 
smallest in the x-direction which had a higher 
reinforcement ratio compared to other directions. 
FA+EA and BB+EA cases showed the anisotropic 
expansion due to EA, as presented in Figs.8 (b) and 
(c). The strain in x direction was significantly smaller 
than those in y and z directions because of higher 
reinforcement ratio and restrictions by substructures 
(i.e., asphalt, cement, and soil layers) due to longer 
length in x direction. The analytical model accurately 
assessed the reduction in drying shrinkage due to the 
incorporation of EA and well reproduced the 
anisotropic strain behavior. 
 Fig. 9 shows the principal strain distribution 
obtained from the analysis results at 120 days. In 
FA+EA case, the tensile stain is slightly concentrated 

on the surface compared to other cases; however, 
severe crack propagation in the concrete was not 
observed in all three mix proportions under the given 
condition. 
 
4. CRCKING RISK EVALUATION ON CRCP 
 
4.1 Cracking risks of CRCP specimens  
 Fig. 10 represents the stress distribution of 
concrete in x-direction and the tensile strength of 
concrete. Note that the stress is taken as the average 
value of the stresses of three concrete elements 
between the RC and asphalt elements. Fig. 11 shows 
the cracking index calculated according to JSCE 
guidelines, based on the stress and tensile strength of 
concrete presented in Fig. 10. In FA+EA, the initial 
concrete stresses were higher than those in other cases. 
This is because the change in strain due to the initial 
temperature change inside the concrete was greatest in  
FA+EA case (see Fig. 8). In addition, the cases with 
EA showed a slightly higher cracking index than OPC 
case; however, the cracking indices in all cases 
calculated at 120 days were similar, and the risks was 
in the range from 0% to 5%. This implies that the 
FA+EA and BB+EA cases ensure the cracking risk 
comparable to the OPC case by using EA.  
  
4.2 Cracking risk evaluation in various conditions 
 In the actual construction of CRCPs, the 
parameters affecting the cracking risk, such as the 
amount of EA and elastic modulus of substructures (i.e., 
asphalt), can be changed from those in the target 
experiment. Thus, based on the validated analysis 
model, further investigations were conducted on 
FA+EA case, which is the target mixing proportion 
applied for actual construction site in future study.  

Fig. 8 Comparison of strain behaviors with full-scale CRCP specimens 
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Here, the effect of EA content in the mix 
proportion and the effect of elastic modulus of asphalt 
layer is studied. First, in Fig. 12, ‘0.5 EA’ refers to a 
mix proportions with 3% of the EA amount used in 
FA+EA case, while 'no EA' refers to a mix without any 
EA admixture. According to the analysis results, the 
cracking risk was found to increase from 3% to 92% as 
the amount of EA decreased (Table 3). Fig. 13 shows 
the effect of the elastic modulus of the asphalt, a 
substructural material, on the cracking risk. The elastic 
modulus of asphalt of 1000 and 30000 MPa were used 

in the analysis considering that it changes depending 
on the environmental temperature [13]. It was 
observed that the elastic modulus of the asphalt has 
minimal influence on the cracking risk under the given 
environmental conditions.  
 Through this study, the applicability of the 
analytical EA model implemented in DuCOM-COM3 
was verified in real-scale RC structures. Therefore, it 
is expected to contribute to developing a time-
dependent risk assessment system for structures under 
natural environment. Furthermore, a more advanced 
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assessment of risk considering the combined effects of 
chloride ion penetration and fatigue loading will be 
performed in future research. 
 
5. Conclusions 
 
 The cracking risk of CRCP incorporating SCMs 
and EA was evaluated based on the numerical analysis. 
The analysis results showed that the CRCP, where 
SCMs replaced by OPC and EA was incorporated, had 
the same level of cracking risk as that with only OPC. 
This implies that the FA+EA and BB+EA cases ensure 
the cracking risk comparable to the OPC case by using 
EA. In addition, it was confirmed that increasing the 
amount of EA can significantly reduce the cracking 
risk, suggesting that adjusting EA amount can enhance 
the durability of CRCP.  
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Table 3 Effect of EA on cracking risk 

Case Index Risk 

FA + EA 1.85 3% 

FA + 0.5EA 1.12 70% 

FA + noEA 0.85 92% 
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