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Abstract 24 

The tension stiffening behaviors of reinforced concrete (RC) prisms affected by aggregate volume expansion 25 

induced by neutron irradiation were numerically investigated using a rigid body spring network model. First, 26 

the model was validated by comparison with the uniaxial tension test results of wet- and dry-cured (with 27 

volume contraction of concrete) RC prisms. Then, different degrees of expansion strain were applied to the 28 

aggregate elements in the RC prism model and uniaxial tension loading was again simulated. Tension 29 

stiffening decreased under larger radiation-induced volume expansion of the aggregate owing to the 30 

corresponding decrease in the concrete tensile strength with increasing damage, this behavior changed 31 

dramatically according to restraint condition. Indeed, the Young’s modulus of restrained concrete after 32 

aggregate expansion was larger than that of unrestrained concrete after aggregate expansion. However, the 33 

compressive stress in the concrete after aggregate expansion was effectively transmitted to the rebar during 34 

uniaxial tension loading; this behavior indicated even after 0.5% aggregate expansion, RC can maintain its 35 

integrity under uniaxial tension. 36 

 37 
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1. Introduction 41 

Nuclear power plants represent an essential basic source of electrical power. Therefore, ensuring the long-term 42 

operation of nuclear power plants is a critical social issue that must be addressed. From a concrete engineering 43 

perspective, there is a lack of data and experience for evaluating the integrity of concrete members exposed to 44 

neutron and gamma irradiation environments. The deterioration of concrete owing to neutron exposure is 45 

caused by radiation-induced volume expansion (RIVE) of the aggregate (Elleuch et al., 1972; Hilsdorf et al., 46 

1978; Maruyama et al., 2017). The most neutron-sensitive rock-forming mineral found in aggregate is α-47 

quartz (Wittels and Sherrill, 1954; Primak, 1958; Denisov et al., 2012; Field et al., 2015; Maruyama et al., 48 

2017; Le Pape et al., 2018, 2020). As the hollow cylindrical biological concrete shield (BCS) wall of a nuclear 49 

power plant is particularly affected by neutron exposure, ensuring its seismic, support, and shielding 50 

performance over time is an essential consideration; several evaluations have accordingly been conducted for 51 

this purpose (Le Pape, 2015; Bruck et al., 2019; Kambayashi et al., 2020). The results have indicated that a) 52 

the ring tension in the outer part of a BCS subjected to RIVE leads to the development of radial cracks, b) the 53 

temperature distribution owing to gamma heating also increases the risk of radial cracks, and c) 54 

circumferential cracks occur in the concrete near the internal surface of the BCS owing to neutron attenuation 55 

and the resultant different degrees of RIVE distributed along the radial direction. In particular, the tension 56 

stiffening performance of reinforced concrete can deteriorate if the aggregate near the reinforcing bars (rebars) 57 

develops RIVE, as the resultant cracks and their opening widths may affect the bond between the concrete and 58 

rebar. This can reduce the seismic performance of the entire BCS structure. To investigate this concern, a 59 

fundamental numerical study was conducted to determine how RIVE of aggregate affects the tension 60 

stiffening performance of reinforced concrete. 61 

 62 

2. Numerical calculation 63 

2.1 Rigid body spring network model 64 

This study employed the rigid body spring network model (RBSM) originally developed by Kawai (1978). In 65 

RBSM modeling, rigid bodies are connected by springs described using a set of nonlinear constitutive laws to 66 

model the fracture behavior of the analyzed object. The interface between each body is divided into several 67 

triangles drawn from the barycenter of the interface, each attached to three individual springs: one to transmit 68 

the normal force and two to transmit the orthogonal shear forces, as shown in Fig. 1 (Yamamoto et al., 2008). 69 

The bending moment across the contact surface (indicated by the gray-colored pentagon in Fig. 1) is 70 

expressed by the springs provided at the center of gravity of each triangle subdivision. Nonlinear behavior can 71 

be evaluated by considering the softening of the springs in the normal and shear directions. 72 

Because RBSM uses discontinuous elements, complex behaviors such as cracking can be easily 73 

reproduced. However, because the element boundary surfaces are also regarded as the crack surfaces, the 74 

crack generation and development are significantly affected by the size and arrangement of the elements. This 75 

study employed a random element geometry based on Voronoi diagrams (Bolander and Saito, 1998). 76 

The concrete components considered in the model were the coarse aggregate and mortar; in addition, rebar 77 

elements and the interfacial transition zone (ITZ) between the aggregate and mortar were also included. 78 

 79 
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 80 
Fig. 1 Schematic of the elements in the RBSM and the location of springs connecting them. 81 

 82 

2.2 Constitutive laws for the mortar, aggregate, and steel springs 83 

Based on previous studies, constitutive laws for aggregate, mortar, and steel springs (Yamamoto et al., 2008, 84 

2014; Sasano et al., 2020; Sasano and Maruyama, 2021) were introduced as given in the schematics and 85 

equations in Fig. 2, where 𝜎∗ is the stress in a normal spring; 𝜀∗ is the strain in a normal spring; 𝜀𝑡
∗ is the strain 86 

at the tensile strength of a normal spring; 𝑓𝑐
∗ is the compressive strength of a normal spring; 𝑓𝑡

∗ is the tensile 87 

strength of a normal spring; 𝐸𝑐
∗ is the Young’s modulus of a normal spring; 𝐺𝑓𝑡

∗  is the fracture energy of a 88 

normal spring; ℎ∗ is the length between adjacent elements (mm); 𝜏∗ is the stress in a shear spring; 𝛾∗ is the 89 

strain in a shear spring; 𝜏𝑓
∗ is the shear strength of a shear spring; 𝛾𝑓

∗ is the strain at the shear strength of a 90 

shear spring; 𝜑∗ is the internal friction angle of a shear spring; 𝐾∗ is the softening slope of a shear spring; 𝛽𝑐𝑟
∗  91 

is the shear reduction factor; 𝑐∗ is the cohesion of a shear spring; 𝛽0
∗, 𝛽𝑚𝑎𝑥

∗ , and 𝜒∗ are constants for the shear 92 

softening slope; 𝜎𝑏
∗ is a constant used to determine the limit of the shear strength increase; and 𝜅∗ is a constant 93 

used to determine 𝛽𝑐𝑟
∗  and 𝐸𝑐

∗. In the constitutive laws, compression failure is not explicitly considered, as 94 

shown in Fig. 2(c), and the failure of brittle materials under compression load is reproduced by compression 95 

shear failure. 96 

In this study, the spring parameters were calculated by multiplying the experimentally obtained concrete 97 

properties by a factor, as shown in Tables 1 and 2. In the target experiment (Shima et al., 1987), only the 98 

compressive strength was investigated; the remaining parameters were determined using experimental results 99 

(Maruyama et al., 2014). The fracture energy of the mortar was calculated using the following equation (JSCE 100 

2002): 101 

𝐺𝑓𝑡 = 10 ∙ (𝑑𝑚𝑎𝑥)
1
3⁄ ∙ 𝑓𝑐

1
3⁄ ,     (1) 102 

where 𝐺𝑓𝑡  is the fracture energy (N/mm2), 𝑑𝑚𝑎𝑥  is the maximum aggregate diameter (mm), and 𝑓𝑐  is the 103 

compressive strength (N/mm2). The fracture energy of the aggregate was based on the results of a previous 104 

study (Friedman et al., 1972), and that of the ITZ was considered to be the average of the fracture energies of 105 

the aggregate and mortar. 106 

 107 

Barycenter of interface Position of springs

Shear spring

Shear springNormal spring
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Fig. 2 Constitutive laws for mortar and aggregate: (a) tensile model for the normal spring, (b) shear 108 

spring model, (c) compression model for the normal spring, (d) softening coefficient of the shear 109 

spring, (e) Mohr–Coulomb criteria for the shear spring, and (f) shear reduction coefficient. In this 110 

figure, 𝐸𝑐
∗ denotes 𝐸𝑐𝑚

∗  for mortar, 𝐸𝑐𝑎
∗  for aggregate, and 𝐸𝑐𝑐

∗  for concrete; the same notation is 111 

applied for 𝑓𝑡
∗, 𝐺𝑓𝑡

∗ , 𝐺∗, and 𝑐∗.  112 

Figures after (Yamamoto et al., 2008, 2014; Sasano et al., 2020; Sasano and Maruyama, 2021) 113 

 114 

Table 1 Relationships between spring parameters for the normal springs describing mortar, 115 

aggregate, and steel elements and their macroscopic material properties (shown in Table 3).  116 

 𝐸𝑐
∗ (N/mm2) 𝑓𝑡

∗ (N/mm2) 𝐺𝑓𝑡
∗  (N/m) 

Mortar 1.45𝐸𝑐𝑚 0.8𝑓𝑡𝑚 0.5𝐺𝑓𝑡𝑚 

Aggregate 1.45𝐸𝑐𝑎 0.8𝑓𝑡𝑎 0.5𝐺𝑓𝑡𝑎 

Steel 1.00 𝐸𝑠 1.0 𝑓𝑡𝑠 - 

Note c: compressive, t: tensile, ft: tensile fracture, m: mortar, a: aggregate, s: steel. 117 

 118 

 119 

Table 2 Factors describing the relationships between the shear spring parameters for the mortar, 120 

aggregate, and steel elements and the corresponding macroscopic material properties. 121 

 𝜂𝑐
∗ = 𝐺∗ 𝐸∗⁄  𝑐∗ (MPa) 

𝜑∗ 
(degree) 

𝜎𝑏
∗ (MPa) 𝛽0

∗ 𝛽max
∗  𝜒∗ 𝜅∗ 

Mortar 
0.35 

0.14 𝑓𝑐𝑚 
37 

0.55 𝑓𝑐𝑚 
-0.05 -0.025 -0.01 -0.3 

Aggregate 0.14 𝑓𝑐𝑎 0.55 𝑓𝑐𝑎 

Steel 0.38 - - 0.55 𝑓𝑐𝑠     

 122 

Table 3 Physical properties of the material components used in the constitutive calculations. 123 

 𝐸 (MPa) 𝑓𝑡 (MPa) 𝑓𝑐 (MPa) 𝐺𝑓𝑡 (N/m) 

Mortar 16,900 3.79 46.6 0.0615 

Aggregate 70,000 3.79 150.0 0.0615 

Steel 205,000 625.0 625.0 - 

 124 

2.3 Constitutive laws for the ITZ (Kambayashi et al., 2020) 125 

Fig. 3 shows the constitutive laws for the ITZ between the mortar and aggregate, where the coefficients 𝛼𝐼𝑇𝑍, 126 

𝛽𝐼𝑇𝑍, 𝛾𝐼𝑇𝑍, and 𝜂𝐼𝑇𝑍 were all set to 0.5 in this study. The ITZ has a lower strength and Young’s modulus than 127 
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the mortar; these are significant properties for evaluating the cracking behavior of concrete. The Young’s 128 

modulus and strength in the tensile region of the ITZ were set equal to half the mortar values in this study, and 129 

the constitutive law for the shear springs was the same as that of the mortar. The modulus and strength in the 130 

compressive region were defined as the averages of those for the aggregate and mortar. Because information 131 

concerning the ITZ is scarce, its fracture energy was assumed to be equal to half that of the mortar. For the 132 

physical properties of the ITZ between the mortar and other elements, the values were weighted according to 133 

the corresponding spring lengths; the same rules were applied for the ITZ between the mortar and steel as for 134 

the ITZ between the mortar and aggregate. 135 

 136 

 
 

Fig. 3 Constitutive laws for the mortar–aggregate ITZ in (a) tension and compression and (b) shear. 137 

 138 

2.4 Impact of drying shrinkage 139 

Simulations of wet-cured (Specimen 1) and dry-cured (Specimen 2) concrete were evaluated against the 140 

results of a reference experiment to verify the performance of the RBSM. In the dry-cured specimen, moisture 141 

transport was considered using a truss network model (Bolander and Berton, 2004). The moisture transport 142 

parameters were determined based on previously obtained mass-loss data (Maruyama et al., 2014) to comprise 143 

a diffusion coefficient of 300 mm2/day and a moisture transfer coefficient at the boundary of 15.8 mm/day. To 144 

consider the change in the physical properties of the mortar during drying, the spring parameters describing 145 

the Young’s modulus and strength were adjusted according to the change in relative water content R, as 146 

shown in Fig. 4; this approach has been validated elsewhere (Sasano and Maruyama, 2021). Furthermore, 147 

mortar shrinkage was considered based on its relationship with R, as shown in Fig. 5 (Sasano et al., 2020). 148 

According to the slope of the curve in the figure, the final R was set to 0.45 in the present calculation. A 149 

linear relationship between R and shrinkage was assumed for the aggregate elements; the shrinkage at a R 150 

of 0.45 was assumed to be –50 μ. 151 

 152 
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(a) (b) 

Fig. 4 Spring parameter values as a function of relative water content change (ΔR): (a) mechanical 153 

property change (MPC) ratio of the mortar for tensile strength or fracture energy and (b) Young’s 154 

modulus of the mortar. (Sasano et al., 2020) 155 

 156 

 157 

Fig. 5 Relationship between relative water content change (ΔR) and shrinkage of the mortar 158 

elements. 159 

 160 

2.5 Reference experiment (Shima et al., 1987) 161 

The reference experiments used for comparison in this study were undertaken by Sima et al. (1987), who 162 

conducted a substantial experimental campaign to understand bond behavior from the perspective of 163 

reinforced concrete (RC) member design. One of their experiments conducted tensile testing of rebar 164 

embedded along the center of a long rectangular concrete prism, as shown in Fig. 6. 165 

 166 

 167 
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 168 

(a) Overall setup 169 

 170 

(b)  171 

Fig. 6 Setup of RC prism loading experiment (Shima et al., 1987). (a) overall setup and (b) Sections 172 

of setup. 173 

 174 

In this experiment, “the bar was fixed along the form with a special attention to arrange the bar 175 

straightly,” and the concrete was placed in the direction perpendicular to the embedded rebar. Specimen 1 was 176 

cured in water until one day before the test to prevent drying shrinkage, while Specimen 2 was cured in air to 177 

investigate the influence of drying shrinkage. It should be noted that the strengths of specimens 1 and 2 might 178 

not be comparable owing to insufficient curing conditions; however, considering the lack of compressive 179 

strength data, the same physical properties were assumed in the calculation for the wet- and dry-cured 180 

concrete. 181 

The size of each concrete prism was 2700 × 150 × 250 mm3, the reinforcement ratio was 1.0%, and a 182 

single 19 mm (D19) diameter deformed bar was used. The compressive strength of the concrete was 45 MPa. 183 

As a longer specimen was necessary to determine the appropriate average tensile strain and average stress in 184 

the rebar of a cracked RC member, the specimen lengths were determined accordingly. The stress in the rebar 185 

cannot be measured directly; therefore, 1) a 5-mm strain gauge was attached to the rebar surface every ten ribs 186 

and 2) the stress–strain relationship for steel was used to convert the measured strain to stress. 187 

Front view
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A jack was used to apply tensile force to the rebar in the specimen, which was horizontally installed in a 188 

prestressed concrete frame on the floor as shown in Fig. 6(a); one end of the rebar was fixed to the frame and 189 

the other end was connected to the jack. The friction at the bottom of the specimen was controlled using 190 

rollers (Fig. 6 (b), left). Pulleys were connected by steel wires to displacement meters fixed to the floor, and 191 

the displacement and strain values for the RC prism were calculated using the average of two values measured 192 

on opposite surfaces of the rebar (Fig. 6 (b)). 193 

 194 

2.6 Research strategy 195 

The objective of this research was to investigate the impact of aggregate expansion owing to neutron 196 

irradiation on the tension stiffening behavior of RC and discuss it from the perspective of aging management 197 

for concrete members affected by RIVE. The RBSM spring parameters are initially calibrated using the results 198 

of standard cylindrical specimen (Fig. 7) compressive loading tests. In this study, the same RBSM was 199 

extrapolated to the RC prisms by increasing the element size. First, the calculations for specimens 1 and 2 200 

were validated by comparison with the reference data (Shima et al., 1987). 201 

The average strain and stress in each RC prism specimen were calculated. The average load that the rebar 202 

responds to was required to represent the tension stiffening effect of concrete. To determine this load, half the 203 

size of the specimen was applied considering symmetry, as shown in Fig. 8. The typical element size was 20 204 

mm, corresponding to the maximum size of the aggregate. For Specimen 2, the aggregate shrinkage was set to 205 

-50 μ and the shrinkage of mortar was assumed to be -900 μ. The purpose of considering moisture transport 206 

was to introduce the shrinkage of elements in the appropriate order from the surface to the inside and thereby 207 

simulate the damage to the concrete prism as it dries. Because there was no curing period or drying condition 208 

specified for Specimen 2 in the original reference (Shima et al., 1987), the moisture transport potential was set 209 

by considering a relative water content change of 0.45, and the drying calculation period was assumed to be 210 

12 months. This period is likely unrealistic for an experimental campaign, but as a drying shrinkage 211 

experiment for a 100 × 100 × 400 mm3 specimen would require longer than 6 months, a 12 month period 212 

should appropriately capture the impact of drying. After calculating the drying and force equilibrium cycles, 213 

the tensile loading of the RC prism was simulated. 214 

 215 

 216 

Fig. 7 RBSM mesh for a concrete cylinder; the total volume of aggregate elements is 35% of the 217 

total specimen volume. 218 

 219 
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 220 

Fig. 8 RBSM mesh of RC prism. 221 

 222 

Table 4 Input volume changes for mortar and aggregate elements. 223 

Condition 

Mortar 

expansion(+) 

/shrinkage(-) 

Aggregate 

expansion(+) 

/shrinkage(-) 

Corresponding  

neutron fluence 

(≧0.1 MeV @ 50 ℃) 

Dry-cured -900 µ -50 µ - 

Expansion 

Exp-0.1 

0 µ 

1000 µ 1.9×1019 

Exp-0.2 2000 µ 2.5×1019 

Exp-0.5 5000 µ 3.4×1019 

 224 

These calculations were conducted to confirm the potential use of RBSM to reproduce the impact of 225 

volume change (shrinkage) of the components. The impact of RIVE on tension stiffening is then investigated 226 

by subsequently applying aggregate expansion using a similar mechanism. The volume changes applied to the 227 

elements are summarized in Table 4. It should be noted that actual accelerated irradiation experiments can 228 

only be conducted in a nuclear research reactor, and such extensive experiments cannot be conducted at a 229 

scale on which the impact of tension stiffening can be confirmed owing to the limited size of the irradiation 230 

holes in nuclear research reactors, impact of gamma-ray heating, limitations of the hot cell facility, and cost of 231 

such experiments. As a result, only numerical calculations can provide information describing the investigated 232 

issue. 233 

Different levels of aggregate expansion were therefore employed in a series of calculations evaluating the 234 

impact of RIVE, as shown in Table 4. The considered aggregate linear expansion cases were 1000, 2000, and 235 

5000 µ; the expected corresponding neutron fluences (≧0.1 MeV at 50 °C) based on Eqs. (3) and (4) in 236 

(Maruyama et al., 2017) are shown in the far right column of Table 4. The expansion was homogenously 237 

introduced to all aggregate elements in this study, whereas in reality, the neutron dose attenuates with depth 238 

owing to the interaction between the neutrons and concrete elements. This assumption was made to facilitate 239 

the determination of the impact of RIVE on the tension stiffening behavior of concrete and avoid difficulties 240 

associated with considering the effects of cracks owing to the inhomogeneous volume expansion of the 241 

aggregate in the concrete; a more realistic case should be discussed in the future. 242 

 243 

3. Numerical calculation results 244 
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3.1 Concrete properties 245 

The calculated stress–strain relationships for the cylindrical concrete specimens ( 150×300 mm3) are 246 

shown in Fig. 8. The compressive strength of the control specimen (wet-cured) was 41 MPa (in the reference 247 

experiment, it was 45 MPa) and its Young’s modulus was 25 GPa (not determined in the reference). The dry-248 

cured specimen exhibited a slightly lower concrete strength of 40 MPa, whereas its Young’s modulus 249 

decreased significantly to 16 GPa; equivalent data were not reported in the reference. The drying shrinkage of 250 

the concrete was 500 μ, which was not reported in the reference either. 251 

 252 

Fig. 9 Compressive stress–strain relationships for wet-cured and dry-cured concrete cylinders 253 

calculated by RBSM. 254 

 255 

3.2 Impact of drying shrinkage 256 

The calculation results for Specimen 1 (wet-cured) are shown in Fig. 10 and Fig. 11. Fig. 10 shows the 257 

crack distribution in the wet-cured specimen during rebar yielding. Unfortunately, asas Shima et al. (1987) did 258 

not report any cracking behavior in either specimens 1 or 2, this behavior cannot be compared. Three through 259 

cracks per 1350 mm length were observed in the results of the RBSM calculation in this study, which is 260 

relatively consistent with the five through cracks observed in the 2700 mm length of another specimen 261 

(Specimen 4 shown in Fig. 5.5 in Shima et al. (1987) ), which had a reinforcement ratio of 0.6% and a 262 

compressive strength of 25 MPa after drying. Based on Japanese (AIJ) guidelines (AIJ, 2006; Nakagawa et 263 

al., 2008) the corresponding bond loss length was approximately 400 mm; therefore, the obtained crack 264 

distribution was considered reasonable. The relationship between the total load and the average strain in the 265 

wet-cured RC prism is shown in Fig. 11, where the results of the RBSM simulation are compared with the 266 

experimental data. Overall, the load–strain trend was effectively reproduced. Furthermore, the loads borne by 267 

the concrete and rebar were separated by subtracting the load in the steel elements, and the simulation results 268 

were determined to reproduce the experimental results reasonably well. 269 

 270 
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 272 

Fig. 10 Simulated cracks in Specimen 1 at the initiation of rebar yielding. 273 

(a) Deformation of side view, (b) deformation of top view, (c) crack distribution of side view, and 274 

(d) crack distribution of top view. 275 

 276 

 277 

Fig. 11 Comparison of calculation results and experimental data describing the load–average 278 

strain relationships for the RC, steel rebar, and concrete of Specimen 1. 279 

 280 

The RBSM calculation results for Specimen 2 (dry-cured) are shown in Fig. 12 and Fig. 13. Fig. 12 281 

shows the crack distribution immediately after completion of dry curing as well as the crack distribution at 282 

rebar yield. The dry curing process increased the number of through cracks at rebar yield from three to five 283 

over the length of the specimen. The corresponding bond loss length based on the AIJ guidelines was 284 

approximately 200–300 mm; therefore, the RBSM results seem reasonable. Furthermore, the calculated 285 

relationship between the load and average strain is shown in Fig. 13 to be consistent with the experimental 286 
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data. In the case of Specimen 2, the stress in the rebar at the beginning of loading should be compressive 287 

owing to the drying shrinkage of the concrete; however, as Shima et al. (1987) did not report any stress in the 288 

rebar as a result of drying shrinkage, no comparison could be made. Comparing the calculated and 289 

experimental loads at approximately an average strain of 0.05%, the RBSM calculation appears to 290 

overestimate the concrete shrinkage as the experimental load was slightly larger than that applied in the 291 

RBSM calculation. However, these results illustrate the potential of the RBSM calculation for reproducing 292 

behavioral mechanisms that can be confirmed through experiments. 293 

 294 

 295 

 296 

Fig. 12 Simulated cracks in Specimen 2. (a) crack distribution before loading of side view, (b) 297 

crack distribution before loading of top view, (c) crack distribution at start of rebar yielding of side 298 

view, (d) crack distribution at start of rebar yielding of top view, (e) crack distribution of side view, 299 

and (f) crack distribution of top view. 300 

 301 
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 302 

Fig. 13 Comparison of RBSM calculation results with experimental data describing the load–303 

average strain relationships for Specimen 2. 304 

 305 

 306 

(a)                                                                         (b)  307 

Fig. 14 Comparison of rebar stress distribution in main rebar of specimens 1 (a) and 2 (b). 308 

 309 

The stress distributions along the longitudinal axis of the rebar elements are shown in Fig. 14, which 310 

indicates that the bond loss length decreased and the minimum stress in the rebar—observed at the center of 311 

the span between cracks—increased when the concrete was dry cured. This can be explained by 1) the 312 

apparent strength reduction caused by the shrinkage-induced tensile stress in the concrete prior to loading, and 313 

2) the reduction in the concrete tensile strength owing to damage created around the aggregate (Lin et al., 314 

2015). Consequently, the contribution of the load borne by the rebar increased at the beginning of yielding. 315 

 316 

3.3 Impact of RIVE of aggregate 317 

Based on the results presented in Section 3.2, different degrees of expansion strain were applied to all 318 

aggregate elements in the RBSM mesh of the RC prism. The same loading procedure and parameters were 319 

then applied to the RC prisms as for the wet-cured specimen in Section 3.2. The crack patterns of the RC 320 

prisms immediately after the initiation of rebar yielding are summarized in Fig. 15. The stress distributions 321 

along the longitudinal axis of the rebar elements immediately after the initiation of rebar yielding are shown in 322 

Fig. 16. In addition, the load–average strain relationships of RC prisms subjected to RIVE are summarized in 323 

Fig. 17. In general, an increase in the RIVE-induced strain in the aggregate increased the number of through 324 
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cracks owing to the reduction in the tensile strength of the concrete via damage around the aggregate (Sasano 325 

et al., 2020). In case of Exp-0.5, the significant pre-cracking caused by RIVE of the aggregate limited the 326 

development of discrete cracks that otherwise serve to reduce the length of the concrete–rebar bond (Fig. 327 

15(c)); instead, homogenous crack development was observed. This behavior is confirmed by the contents of 328 

Fig. 17: in the case of Exp-0.1, a clear sudden decrease in load was observed owing to discrete crack 329 

development, whereas in the cases of Exp-0.2 and Exp-0.5, a smooth load increase was confirmed as a 330 

function of the average strain. This result suggests that discrete crack development is mitigated by the 331 

preloading cracks induced by RIVE of aggregate. 332 

The damage to the concrete owing to RIVE is also confirmed by the change in the initial stiffnesses of the 333 

RC prisms, as shown in Fig. 17; as the expansion strain in the aggregate increased, the stiffness of the RC 334 

prisms decreased. When the expansion strain was applied to the aggregate, the compressive stress of the 335 

concrete was engaged as a consequence of self-balancing forces in the RC prism; tensile stress developed in 336 

the rebar to counteract this compressive force. Therefore, the average strain range in the RC prism during the 337 

tensile loading test increased as the RIVE-induced compression stress postponed fracture in the concrete. 338 

Theoretically, it is possible that tensile stress peak of concrete occurs after yielding of rebar. 339 

In the case of a bare rebar, yielding will begin at a strain of ~0.3%, which is comparable with the result 340 

for Specimen 1 (0.28%), as shown in Fig. 17. However, the average strain at rebar yield decreased with 341 

increasing expansion strain owing to the accumulation of tensile stress in the rebar prior to loading as a result 342 

of RIVE. In the case of Exp-0.5, the average strain was approximately 0.13% when the rebar began to yield. 343 

The difference between the strains in Specimen 1 and Exp-0.5 was 0.17%, which is a consequence of stress 344 

accumulation in the concrete and rebar owing to RIVE of the aggregate. 345 

Interestingly, the average strain of 0.13% observed in the rebar of Exp-0.5 when it began to yield is 346 

significantly smaller than the applied aggregate expansion strain of 0.5%. This suggests that the concrete 347 

remained in compression in some parts of the RC prism. 348 
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 349 

Fig. 15 Cracks in RC prisms immediately following the initiation of rebar yielding 350 

(a) Exp 0.1

(b) Exp 0.2

(c) Exp 0.5
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Fig. 16 Stress distribution along the longitudinal axis 
of rebar elements immediately following the initiation 
of rebar yielding in RC prisms. (a) Exp-0.1, (b)Exp-
0.2, and (c) Exp-0.5  

Fig. 17 Relationship between load and 
average strain in RC prisms (a) Exp-0.1, 
(b)Exp-0.2, and (c) Exp-0.5, and (d) a 
comparison including the wet-cured 
Specimen 1 case. 
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When subjected to tensile loading, the concrete in Specimen 1, Specimen 2, Exp-0.1, and Exp-0.2 first 353 

attained its tensile strength, then the rebar yielded and the RC prisms each exhibited a plateau in their bearing 354 

load. In contrast, the rebar in Exp-0.5 yielded before the concrete attained its tensile strength because the 355 

tensile stress in the rebar was already increased owing to RIVE of the aggregate. As a result, the difference 356 

between the rebar strain just before loading and at yield was smaller than the increase in concrete strain as it 357 

changed from the compression to tensile states. This phenomenon was exacerbated by the reduction in the 358 

Young’s modulus of the concrete owing to RIVE of the aggregate. Therefore, a quantitative evaluation was 359 

performed to evaluate the role of aggregate expansion on the tension stiffening behavior of the RC prisms. 360 

After RIVE of the aggregate, a force balance exists between the concrete and rebar. Thus, the following 361 

equations hold under constant-temperature conditions: 362 

 363 

𝐴𝑠𝐸𝑠𝜀e_st + 𝐴𝑐𝐸𝑐(𝜀e_con − 𝜀ex) = 0,    (2) 364 

 365 

𝜀e_st = 𝜀e_con = 𝜀0,      (3) 366 

 367 

where 𝐴𝑠 is the cross-sectional area of the rebar (mm2), 𝐴𝑐 is the cross-sectional area of the concrete (mm2), 368 

𝐸𝑠 is the Young’s modulus of the rebar (N/mm2), 𝐸𝑐 is the Young’s modulus of the concrete after degradation 369 

owing to RIVE of the aggregate (N/mm2), 𝜀ex is the free expansion strain in the concrete owing to RIVE of 370 

the aggregate (-), 𝜀e_con is the elastic strain in the concrete, 𝜀e_st is the elastic strain in the rebar, and 𝜀0 is the 371 

average strain in the RC prism (-). 372 

Therefore, the following equation can be derived for the average strain the RC prism: 373 

 374 

𝜀0 =
𝐴𝑐𝐸𝑐

𝐴𝑠𝐸𝑠+𝐴𝑐𝐸𝑐
𝜀ex.      (4) 375 

 376 

The axial forces in the concrete (𝑁𝑐, (N)) and rebar (𝑁𝑠, (N)) can then be calculated as follows: 377 

 378 

𝑁𝑠,0 = 𝜎𝑠,0𝐴𝑠 = 𝜀0𝐸𝑠𝐴𝑠,      (5) 379 

𝑁𝑐,0 = 𝜎𝑐,0𝐴𝑐 = (𝜀0 − 𝜀ex)𝐴𝑐𝐸𝑐,     (6) 380 

 381 

where 𝜎𝑠 and 𝜎𝑐 are the stresses in the rebar and concrete, respectively, after RIVE of the aggregate (N/mm2). 382 

A stress–strain relationship for the concrete during the loading process is required that considers the tensile 383 

stress region. In the compression and elastic tensile regions, a linear stress–strain relationship can be assumed 384 

while accounting for the change in the Young’s modulus and tensile strength of the concrete owing to the 385 

damage induced by RIVE of the aggregate. The post-peak behavior in the tensile stress region of the concrete 386 

can be modeled using the following stress–strain equation according to Okamura and Maekawa (1985): 387 

 388 

𝜎𝑐 = {
𝐸𝑐(𝜀 − 𝜀ex)            (𝜀 ≤ 𝜀𝑡 )

𝑓𝑡 (
𝜀𝑡𝑢−𝜀ex

𝜀−𝜀ex
)
𝑐
      (𝜀 > 𝜀𝑡 )

,     (7) 389 

 390 

where 𝜀  is the strain in the concrete (-), 𝑓𝑡  is the tensile strength of the radiation-expanded concrete 391 

(N/mm2), 𝜀𝑡 = 𝑓𝑡/𝐸𝑐 + 𝜀𝑒𝑥 is the strain corresponding to 𝑓𝑡 (-), and 𝑐 is a parameter describing the softening 392 

behavior of the concrete (set to 0.4 in this study). 393 

For the rebar, the average strain–stress relationship can be modeled as follows: 394 

 395 
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𝜎𝑠 = {
𝐸𝑠𝜀            (𝜀 ≤ 𝛼𝜀𝑦)

𝛼𝜀𝑦            (𝜀 > 𝛼𝜀𝑦)
,     (8) 396 

 397 

where 𝜀 is the strain in the rebar (-), 𝜀𝑦 is the rebar tensile yield strain, and 𝛼 is a factor used to average the 398 

stresses in the yielded and non-yielded regions of the rebar. The ratio describing the relative prevalence of 399 

these regions is dependent on the damage to and stress distribution in the concrete. 400 

The stress–strain relationship for concrete in which the origin represents the initiation of concrete expansion is 401 

shown in Fig. 18(a) using the Young’s modulus 𝐸𝑐 after RIVE of the aggregate and the resultant stress 𝜎𝑐,0; 402 

similarly, the stress–strain relationship for the reinforcing bar is shown in Fig. 18(b). 403 

The load–strain relationship for the RC prism in which the origin represents the equilibrium strain of 404 

concrete expansion owing to RIVE of the aggregate is schematically summarized in Fig. 19 and can be 405 

expressed as follows: 406 

 407 

𝑁 = 𝑁𝑠 +𝑁𝑐 = 𝜎𝑠𝐴𝑠 + 𝜎𝑐𝐴𝑐.     (9) 408 

 409 

 410 

  

(a) Concrete (b) Steel 

Fig. 18 Stress–strain relationships considering the initial stress induced by RIVE of the aggregate. 411 

 412 

 413 

Fig. 19 Load–strain relationship for an RC prism with the origin set at the self-balance state of 414 

concrete expansion. 415 

 416 

The Young’s modulus and tensile strength of the concrete restrained by rebar were estimated using the 417 

simplified concept illustrated in Fig. 19 with the results shown in Fig. 20 in terms of the ratio of the tensile 418 
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strength of each irradiated concrete specimen to the tensile strength of Specimen 1 and the ratio of the 419 

Young’s modulus of each irradiated concrete specimen to the Young’s modulus of Specimen 1. These results 420 

are compared with those obtained under the free restraint condition using Eq. (9) from Maruyama et al. (2016) 421 

and the relationships shown in Figs. 30 and 31 of Sasano et al. (2020). The comparison indicated that the 422 

Young’s modulus of concrete under restrained conditions was higher than that under free restraint conditions; 423 

this can be explained by the closure of the crack openings in the mortar around the radiation-expanded 424 

aggregates owing to the restraint provided by the rebar and the resultant increase in the area over which stress 425 

transfer can occur. In contrast, the tensile strength of concrete under restrained conditions was lower than that 426 

of concrete under free restraint conditions, likely as a result of anisotropic behavior under unidirectional 427 

restraint and the resulting orientation of crack development along the rebar, which enhances the discontinuity 428 

of the concrete. To confirm the potential of this simplified model, a comparison with the RBSM results is 429 

shown in Fig. 21. 430 

 431 

 432 

Fig. 20 Comparison of the estimated Young’s modulus and tensile strength ratios (value after 433 

irradiation/original value) of concrete under rebar restraint with those determined by previous 434 

calculations for RC prisms under free restraint. 435 

 436 

 437 

Fig. 21 Comparison of load–strain relationships obtained by RBSM (solid lines) and the simplified 438 

model presented in Fig. 19 (dashed lines) 439 
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 441 

Fig. 22 Value of the factor α according to the degree of free concrete expansion, where α = 1 442 

indicates that the rebar has completely yielded. 443 

 444 

The value of the factor 𝛼 is summarized according to the degree of free concrete expansion in Fig. 22. As 445 

more damage to the concrete was induced by RIVE of the aggregate, a longer length of rebar yielded under 446 

uniaxial tensile loading (as indicated by a higher value of 𝛼). As shown in Fig. 15(c), cracks were distributed 447 

homogenously owing to RIVE of the aggregate; therefore, the concrete region in which the tensile stress can 448 

be borne by the rebar decreased. It can be concluded that the tension stiffening behavior of RC decreases 449 

when it is damaged by RIVE of the aggregate. However, it should be noted that, as shown in Fig. 21, the 450 

compressive stress induced in the concrete by RIVE of the aggregate was effectively transmitted to the rebar 451 

during uniaxial tensile loading, and when the rebar began to yield, the loads borne by the rebar and concrete 452 

were accurately reflected by their corresponding material properties. This indicates that the cohesion at the 453 

interface between the aggregate and mortar as well as at the crack surfaces in the mortar maintained the 454 

integrity of the concrete even after aggregate expansion and subsequent uniaxial tensile loading. 455 

The integrity of the BCS of a nuclear reactor must be ensure by managing the aging of its concrete. Owing 456 

to the attenuation of neutrons by the BCS and its relatively large cover depth (~60–100 mm) (Bruck et al., 457 

2019; Kambayashi et al., 2020), the neutron fluence near the rebars after 60 years is 0.3 to 0.15 times the 458 

neutron fluence at the internal surface of the BCS (Maruyama et al., 2016; Bruck et al., 2019). Consequently, 459 

the neutron fluence range and aggregate volume expansion range discussed in this study include the 460 

geometries of most existing reactors. Owing to the difficulty of experimental investigations using limited-461 

scale accelerated irradiation facilities, numerical calculations were conducted to simulate the RIVE 462 

phenomenon. The results show that the tension stiffening behavior of RC prisms can be effectively predicted 463 

based on existing knowledge of RC structures by considering the changes in the properties of concrete 464 

subjected to neutron irradiation under restraint. Special attention should therefore be paid to potential tensile 465 

strength reduction owing to inhomogeneous restraint and the increase in the Young’s modulus of concrete 466 

under restraint (Maruyama et al., 2017). 467 

 468 

5. Conclusion 469 

The stresses in RC prisms were numerically investigated using RBSM to understand their tension stiffening 470 

behaviors after RIVE of their aggregates. The RBSM method was first validated using wet- and dry-cured 471 

(shrinkage) RC prisms subjected to uniaxial loading. The effects of the change in concrete volume on the tension 472 
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stiffening behavior were shown to be effectively reproduced using RBSM. Then, different degrees of RIVE, 473 

previously validated by comparison of neutron-irradiated concrete specimens, were applied to the aggregate 474 

elements in the RBSM to evaluate the resulting tension stiffening behavior. 475 

The results indicate that the tension stiffening behavior of RC prisms under restraint can be accurately 476 

evaluated according to the property changes induced by neutron irradiation using existing knowledge of RC 477 

structures. The Young’s modulus of irradiated concrete under uniaxial restraint was shown to be higher than 478 

that of irradiated concrete under free restraint, whereas the tensile strength of irradiated concrete under 479 

uniaxial restraint was shown to be lower. Consequently, the tension stiffening role of concrete decreased with 480 

an increasing degree of RIVE, causing the corresponding damage to increase. These trends should be studied 481 

in detail in future research. The compressive stress induced in the concrete by RIVE of the aggregate was 482 

shown to be effectively transmitted to the rebar during uniaxial tensile loading of the RC prism, indicating that 483 

the integrity of the concrete was maintained even after aggregate expansion. 484 

 485 
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