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Abstract

The tension stiffening behaviors of reinforced concrete (RC) prisms affected by aggregate volume expansion
induced by neutron irradiation were numerically investigated using a rigid body spring network model. First,
the model was validated by comparison with the uniaxial tension test results of wet- and dry-cured (with
volume contraction of concrete) RC prisms. Then, different degrees of expansion strain were applied to the
aggregate elements in the RC prism model and uniaxial tension loading was again simulated. Tension
stiffening decreased under larger radiation-induced volume expansion of the aggregate owing to the
corresponding decrease in the concrete tensile strength with increasing damage, this behavior changed
dramatically according to restraint condition. Indeed, the Young’s modulus of restrained concrete after
aggregate expansion was larger than that of unrestrained concrete after aggregate expansion. However, the
compressive stress in the concrete after aggregate expansion was effectively transmitted to the rebar during
uniaxial tension loading; this behavior indicated even after 0.5% aggregate expansion, RC can maintain its

integrity under uniaxial tension.
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1. Introduction
Nuclear power plants represent an essential basic source of electrical power. Therefore, ensuring the long-term

operation of nuclear power plants is a critical social issue that must be addressed. From a concrete engineering
perspective, there is a lack of data and experience for evaluating the integrity of concrete members exposed to
neutron and gamma irradiation environments. The deterioration of concrete owing to neutron exposure is
caused by radiation-induced volume expansion (RIVE) of the aggregate (Elleuch et al., 1972; Hilsdorf et al.,
1978; Maruyama et al., 2017). The most neutron-sensitive rock-forming mineral found in aggregate is a-
quartz (Wittels and Sherrill, 1954; Primak, 1958; Denisov et al., 2012; Field et al., 2015; Maruyama et al.,
2017; Le Pape et al., 2018, 2020). As the hollow cylindrical biological concrete shield (BCS) wall of a nuclear
power plant is particularly affected by neutron exposure, ensuring its seismic, support, and shielding
performance over time is an essential consideration; several evaluations have accordingly been conducted for
this purpose (Le Pape, 2015; Bruck et al., 2019; Kambayashi et al., 2020). The results have indicated that a)
the ring tension in the outer part of a BCS subjected to RIVE leads to the development of radial cracks, b) the
temperature distribution owing to gamma heating also increases the risk of radial cracks, and c)
circumferential cracks occur in the concrete near the internal surface of the BCS owing to neutron attenuation
and the resultant different degrees of RIVE distributed along the radial direction. In particular, the tension
stiffening performance of reinforced concrete can deteriorate if the aggregate near the reinforcing bars (rebars)
develops RIVE, as the resultant cracks and their opening widths may affect the bond between the concrete and
rebar. This can reduce the seismic performance of the entire BCS structure. To investigate this concern, a
fundamental numerical study was conducted to determine how RIVE of aggregate affects the tension

stiffening performance of reinforced concrete.

2. Numerical calculation
2.1 Rigid body spring network model

This study employed the rigid body spring network model (RBSM) originally developed by Kawai (1978). In
RBSM modeling, rigid bodies are connected by springs described using a set of nonlinear constitutive laws to
model the fracture behavior of the analyzed object. The interface between each body is divided into several
triangles drawn from the barycenter of the interface, each attached to three individual springs: one to transmit
the normal force and two to transmit the orthogonal shear forces, as shown in Fig. 1 (Yamamoto et al., 2008).
The bending moment across the contact surface (indicated by the gray-colored pentagon in Fig. 1) is
expressed by the springs provided at the center of gravity of each triangle subdivision. Nonlinear behavior can
be evaluated by considering the softening of the springs in the normal and shear directions.

Because RBSM uses discontinuous elements, complex behaviors such as cracking can be easily
reproduced. However, because the element boundary surfaces are also regarded as the crack surfaces, the
crack generation and development are significantly affected by the size and arrangement of the elements. This
study employed a random element geometry based on Voronoi diagrams (Bolander and Saito, 1998).

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

elements and the interfacial transition zone (ITZ) between the aggregate and mortar were also included.
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Fig. 1 Schematic of the elements in the RBSM and the location of springs connecting them.
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2.2 Constitutive laws for the mortar, aggregate, and steel springs

Based on previous studies, constitutive laws for aggregate, mortar, and steel springs (Yamamoto et al., 2008,
2014; Sasano et al., 2020; Sasano and Maruyama, 2021) were introduced as given in the schematics and
equations in Fig. 2, where o™ is the stress in a normal spring; €* is the strain in a normal spring; &{ is the strain
at the tensile strength of a normal spring; f* is the compressive strength of a normal spring; f;* is the tensile
strength of a normal spring; E¢ is the Young’s modulus of a normal spring; Gy, is the fracture energy of a
normal spring; h* is the length between adjacent elements (mm); T* is the stress in a shear spring; y* is the
strain in a shear spring; 77 is the shear strength of a shear spring; y; is the strain at the shear strength of a
shear spring; ¢ is the internal friction angle of a shear spring; K™ is the softening slope of a shear spring; Sq
is the shear reduction factor; c* is the cohesion of a shear spring; B3, Bmax, and x* are constants for the shear
softening slope; a;, is a constant used to determine the limit of the shear strength increase; and k™ is a constant
used to determine S and E-. In the constitutive laws, compression failure is not explicitly considered, as
shown in Fig. 2(c), and the failure of brittle materials under compression load is reproduced by compression
shear failure.

In this study, the spring parameters were calculated by multiplying the experimentally obtained concrete
properties by a factor, as shown in Tables 1 and 2. In the target experiment (Shima et al., 1987), only the
compressive strength was investigated; the remaining parameters were determined using experimental results
(Maruyama et al., 2014). The fracture energy of the mortar was calculated using the following equation (JSCE
2002):

Gre =10 ([Amar) 5 1273, €y
where Gy is the fracture energy (N/mm?), d,,q, is the maximum aggregate diameter (mm), and f; is the
compressive strength (N/mm?). The fracture energy of the aggregate was based on the results of a previous
study (Friedman et al., 1972), and that of the ITZ was considered to be the average of the fracture energies of

the aggregate and mortar.
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Fig. 2 Constitutive laws for mortar and aggregate: (a) tensile model for the normal spring, (b) shear
spring model, (c) compression model for the normal spring, (d) softening coefficient of the shear
spring, (e) Mohr—Coulomb criteria for the shear spring, and (f) shear reduction coefficient. In this
figure, E; denotes E,, for mortar, E;, for aggregate, and E;. for concrete; the same notation is

applied for f;*, G}‘t, G*, and c*.
Figures after (Yamamoto et al., 2008, 2014; Sasano et al., 2020; Sasano and Maruyama, 2021)

Table 1 Relationships between spring parameters for the normal springs describing mortar,
aggregate, and steel elements and their macroscopic material properties (shown in Table 3).

E} (N/mm?) fi (N/mm?) Gfr (N/m)
Mortar 1.45E.,, 0.8ftm 0.5Gf¢m
Aggregate 1.45E,, 0.8f:q4 0.5Gf¢q
Steel 1.00 E; 1.0 fis -

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

Table 2 Factors describing the relationships between the shear spring parameters for the mortar,
aggregate, and steel elements and the corresponding macroscopic material properties.

*

* * * * (p * % « N N
n:=G*/E* c¢* (MPa) (degree) % (MPa) Be Biax ¥ K
__ Mortar 0.14 fom 0.55 fom ] ] ]
Aggregate 0.35 0Taf 37 0551 0.05 -0.025 -0.01 -0.3
Steel 0.38 - - 0.55 f.

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

E (MPa) f; (MPa) f. (MPa) Gre (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 -

2.3 Constitutive laws for the ITZ (Kambayashi et al., 2020)
Fig. 3 shows the constitutive laws for the ITZ between the mortar and aggregate, where the coefficients a;r,

Birz, Yirz, and n;rz were all set to 0.5 in this study. The ITZ has a lower strength and Young’s modulus than
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the mortar; these are significant properties for evaluating the cracking behavior of concrete. The Young’s
modulus and strength in the tensile region of the ITZ were set equal to half the mortar values in this study, and
the constitutive law for the shear springs was the same as that of the mortar. The modulus and strength in the
compressive region were defined as the averages of those for the aggregate and mortar. Because information
concerning the ITZ is scarce, its fracture energy was assumed to be equal to half that of the mortar. For the
physical properties of the ITZ between the mortar and other elements, the values were weighted according to
the corresponding spring lengths; the same rules were applied for the ITZ between the mortar and steel as for

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

2.4 Impact of drying shrinkage

Simulations of wet-cured (Specimen 1) and dry-cured (Specimen 2) concrete were evaluated against the
results of a reference experiment to verify the performance of the RBSM. In the dry-cured specimen, moisture
transport was considered using a truss network model (Bolander and Berton, 2004). The moisture transport
parameters were determined based on previously obtained mass-loss data (Maruyama et al., 2014) to comprise
a diffusion coefficient of 300 mm?/day and a moisture transfer coefficient at the boundary of 15.8 mm/day. To
consider the change in the physical properties of the mortar during drying, the spring parameters describing
the Young’s modulus and strength were adjusted according to the change in relative water content AR, as
shown in Fig. 4; this approach has been validated elsewhere (Sasano and Maruyama, 2021). Furthermore,
mortar shrinkage was considered based on its relationship with AR, as shown in Fig. 5 (Sasano et al., 2020).
According to the slope of the curve in the figure, the final AR was set to 0.45 in the present calculation. A
linear relationship between AR and shrinkage was assumed for the aggregate elements; the shrinkage at a AR

of 0.45 was assumed to be —50 pe.
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Fig. 4 Spring parameter values as a function of relative water content change (AR): (a) mechanical
property change (MPC) ratio of the mortar for tensile strength or fracture energy and (b) Young’s
modulus of the mortar. (Sasano et al., 2020)
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Fig. 5 Relationship between relative water content change (AR) and shrinkage of the mortar
elements.

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

conducted a substantial experimental campaign to understand bond behavior from the perspective of
reinforced concrete (RC) member design. One of their experiments conducted tensile testing of rebar

embedded along the center of a long rectangular concrete prism, as shown in Fig. 6.
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Fig. 6 Setup of RC prism loading experiment (Shima et al., 1987). (a) overall setup and (b) Sections
of setup.

In this experiment, “the bar was fixed along the form with a special attention to arrange the bar
straightly,” and the concrete was placed in the direction perpendicular to the embedded rebar. Specimen 1 was
cured in water until one day before the test to prevent drying shrinkage, while Specimen 2 was cured in air to
investigate the influence of drying shrinkage. It should be noted that the strengths of specimens 1 and 2 might
not be comparable owing to insufficient curing conditions; however, considering the lack of compressive
strength data, the same physical properties were assumed in the calculation for the wet- and dry-cured
concrete.

The size of each concrete prism was 2700 x 150 x 250 mm?, the reinforcement ratio was 1.0%, and a
single 19 mm (D19) diameter deformed bar was used. The compressive strength of the concrete was 45 MPa.
As a longer specimen was necessary to determine the appropriate average tensile strain and average stress in
the rebar of a cracked RC member, the specimen lengths were determined accordingly. The stress in the rebar
cannot be measured directly; therefore, 1) a 5S-mm strain gauge was attached to the rebar surface every ten ribs

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

7



188
189
190
191
192
193
194

195
196

197
198
199
200
201
202
203
204
205
206
207
208
209
210
211
212
213

214
215

216
217
218
219

A jack was used to apply tensile force to the rebar in the specimen, which was horizontally installed in a
prestressed concrete frame on the floor as shown in Fig. 6(a); one end of the rebar was fixed to the frame and
the other end was connected to the jack. The friction at the bottom of the specimen was controlled using
rollers (Fig. 6 (b), left). Pulleys were connected by steel wires to displacement meters fixed to the floor, and
the displacement and strain values for the RC prism were calculated using the average of two values measured

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

2.6 Research strategy

The objective of this research was to investigate the impact of aggregate expansion owing to neutron
irradiation on the tension stiffening behavior of RC and discuss it from the perspective of aging management
for concrete members affected by RIVE. The RBSM spring parameters are initially calibrated using the results
of standard cylindrical specimen (Fig. 7) compressive loading tests. In this study, the same RBSM was
extrapolated to the RC prisms by increasing the element size. First, the calculations for specimens 1 and 2
were validated by comparison with the reference data (Shima et al., 1987).

The average strain and stress in each RC prism specimen were calculated. The average load that the rebar
responds to was required to represent the tension stiffening effect of concrete. To determine this load, half the
size of the specimen was applied considering symmetry, as shown in Fig. 8. The typical element size was 20
mm, corresponding to the maximum size of the aggregate. For Specimen 2, the aggregate shrinkage was set to
-50 pe and the shrinkage of mortar was assumed to be -900 pe. The purpose of considering moisture transport
was to introduce the shrinkage of elements in the appropriate order from the surface to the inside and thereby
simulate the damage to the concrete prism as it dries. Because there was no curing period or drying condition
specified for Specimen 2 in the original reference (Shima et al., 1987), the moisture transport potential was set
by considering a relative water content change of 0.45, and the drying calculation period was assumed to be
12 months. This period is likely unrealistic for an experimental campaign, but as a drying shrinkage
experiment for a 100 x 100 x 400 mm?® specimen would require longer than 6 months, a 12 month period
should appropriately capture the impact of drying. After calculating the drying and force equilibrium cycles,

the tensile loading of the RC prism was simulated.

Aggregate element

Mortar element

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

total specimen volume.
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Table 4 Input volume changes for mortar and aggregate elements.

Mortar Aggregate Corresponding
Condition expansion(+) expansion(+) neutron fluence
/shrinkage(-) /shrinkage(-) (20.1 MeV @ 50 °C)
Dry-cured -900 pe -50 pe .
Exp-0.1 1000 pe 1.9x10"
Expansion ~ Exp-0.2 0 pe 2000 pe 2.5x10"
Exp-0.5 5000 pe 3.4x10"

These calculations were conducted to confirm the potential use of RBSM to reproduce the impact of
volume change (shrinkage) of the components. The impact of RIVE on tension stiffening is then investigated
by subsequently applying aggregate expansion using a similar mechanism. The volume changes applied to the
elements are summarized in Table 4. It should be noted that actual accelerated irradiation experiments can
only be conducted in a nuclear research reactor, and such extensive experiments cannot be conducted at a
scale on which the impact of tension stiffening can be confirmed owing to the limited size of the irradiation
holes in nuclear research reactors, impact of gamma-ray heating, limitations of the hot cell facility, and cost of
such experiments. As a result, only numerical calculations can provide information describing the investigated
issue.

Different levels of aggregate expansion were therefore employed in a series of calculations evaluating the
impact of RIVE, as shown in Table 4. The considered aggregate linear expansion cases were 1000, 2000, and
5000 pe; the expected corresponding neutron fluences (=0.1 MeV at 50 °C) based on Egs. (3) and (4) in
(Maruyama et al., 2017) are shown in the far right column of Table 4. The expansion was homogenously
introduced to all aggregate elements in this study, whereas in reality, the neutron dose attenuates with depth
owing to the interaction between the neutrons and concrete elements. This assumption was made to facilitate
the determination of the impact of RIVE on the tension stiffening behavior of concrete and avoid difficulties
associated with considering the effects of cracks owing to the inhomogeneous volume expansion of the

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

3. Numerical calculation results
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3.1 Concrete properties

The calculated stress—strain relationships for the cylindrical concrete specimens ($150 X 300 mm?) are
shown in Fig. 8. The compressive strength of the control specimen (wet-cured) was 41 MPa (in the reference
experiment, it was 45 MPa) and its Young’s modulus was 25 GPa (not determined in the reference). The dry-
cured specimen exhibited a slightly lower concrete strength of 40 MPa, whereas its Young’s modulus
decreased significantly to 16 GPa; equivalent data were not reported in the reference. The drying shrinkage of

the concrete was 500 pe, which was not reported in the reference either.

50
45 t
40 t
35 t
30 t
25 t
20 t
15+ [,

/
10 S ===-- dry-cured
5

Stress (N/mm?)

wet-cured

0 0.002 0.004 0.006 0.008 0.01
Strain (-)

Fig. 9 Compressive stress—strain relationships for wet-cured and dry-cured concrete cylinders
calculated by RBSM.

3.2 Impact of drying shrinkage

The calculation results for Specimen 1 (wet-cured) are shown in Fig. 10 and Fig. 11. Fig. 10 shows the
crack distribution in the wet-cured specimen during rebar yielding. Unfortunately, asas Shima et al. (1987) did
not report any cracking behavior in either specimens 1 or 2, this behavior cannot be compared. Three through
cracks per 1350 mm length were observed in the results of the RBSM calculation in this study, which is
relatively consistent with the five through cracks observed in the 2700 mm length of another specimen
(Specimen 4 shown in Fig. 5.5 in Shima et al. (1987) ), which had a reinforcement ratio of 0.6% and a
compressive strength of 25 MPa after drying. Based on Japanese (AlJ) guidelines (AlJ, 2006; Nakagawa et
al., 2008) the corresponding bond loss length was approximately 400 mm; therefore, the obtained crack
distribution was considered reasonable. The relationship between the total load and the average strain in the
wet-cured RC prism is shown in Fig. 11, where the results of the RBSM simulation are compared with the
experimental data. Overall, the load—strain trend was effectively reproduced. Furthermore, the loads borne by
the concrete and rebar were separated by subtracting the load in the steel elements, and the simulation results

were determined to reproduce the experimental results reasonably well.

10
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Fig. 10 Simulated cracks in Specimen 1 at the initiation of rebar yielding.
(a) Deformation of side view, (b) deformation of top view, (c) crack distribution of side view, and
(d) crack distribution of top view.
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Fig. 11 Comparison of calculation results and experimental data describing the load—average
strain relationships for the RC, steel rebar, and concrete of Specimen 1.

The RBSM calculation results for Specimen 2 (dry-cured) are shown in Fig. 12 and Fig. 13. Fig. 12
shows the crack distribution immediately after completion of dry curing as well as the crack distribution at
rebar yield. The dry curing process increased the number of through cracks at rebar yield from three to five
over the length of the specimen. The corresponding bond loss length based on the AIJ guidelines was
approximately 200-300 mm; therefore, the RBSM results seem reasonable. Furthermore, the calculated

relationship between the load and average strain is shown in Fig. 13 to be consistent with the experimental

11
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data. In the case of Specimen 2, the stress in the rebar at the beginning of loading should be compressive
owing to the drying shrinkage of the concrete; however, as Shima et al. (1987) did not report any stress in the
rebar as a result of drying shrinkage, no comparison could be made. Comparing the calculated and
experimental loads at approximately an average strain of 0.05%, the RBSM calculation appears to
overestimate the concrete shrinkage as the experimental load was slightly larger than that applied in the
RBSM calculation. However, these results illustrate the potential of the RBSM calculation for reproducing

behavioral mechanisms that can be confirmed through experiments.
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Fig. 12 Simulated cracks in Specimen 2. (a) crack distribution before loading of side view, (b)
crack distribution before loading of top view, (c) crack distribution at start of rebar yielding of side
view, (d) crack distribution at start of rebar yielding of top view, (e) crack distribution of side view,

and (f) crack distribution of top view.
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Fig. 14 Comparison of rebar stress distribution in main rebar of specimens 1 (a) and 2 (b).

The stress distributions along the longitudinal axis of the rebar elements are shown in Fig. 14, which
indicates that the bond loss length decreased and the minimum stress in the rebar—observed at the center of
the span between cracks—increased when the concrete was dry cured. This can be explained by 1) the
apparent strength reduction caused by the shrinkage-induced tensile stress in the concrete prior to loading, and
2) the reduction in the concrete tensile strength owing to damage created around the aggregate (Lin et al.,

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

3.3 Impact of RIVE of aggregate

Based on the results presented in Section 3.2, different degrees of expansion strain were applied to all
aggregate elements in the RBSM mesh of the RC prism. The same loading procedure and parameters were
then applied to the RC prisms as for the wet-cured specimen in Section 3.2. The crack patterns of the RC
prisms immediately after the initiation of rebar yielding are summarized in Fig. 15. The stress distributions
along the longitudinal axis of the rebar elements immediately after the initiation of rebar yielding are shown in
Fig. 16. In addition, the load—average strain relationships of RC prisms subjected to RIVE are summarized in

Fig. 17. In general, an increase in the RIVE-induced strain in the aggregate increased the number of through
13
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cracks owing to the reduction in the tensile strength of the concrete via damage around the aggregate (Sasano
et al., 2020). In case of Exp-0.5, the significant pre-cracking caused by RIVE of the aggregate limited the
development of discrete cracks that otherwise serve to reduce the length of the concrete—rebar bond (Fig.
15(c)); instead, homogenous crack development was observed. This behavior is confirmed by the contents of
Fig. 17: in the case of Exp-0.1, a clear sudden decrease in load was observed owing to discrete crack
development, whereas in the cases of Exp-0.2 and Exp-0.5, a smooth load increase was confirmed as a
function of the average strain. This result suggests that discrete crack development is mitigated by the
preloading cracks induced by RIVE of aggregate.

The damage to the concrete owing to RIVE is also confirmed by the change in the initial stiffnesses of the
RC prisms, as shown in Fig. 17; as the expansion strain in the aggregate increased, the stiffness of the RC
prisms decreased. When the expansion strain was applied to the aggregate, the compressive stress of the
concrete was engaged as a consequence of self-balancing forces in the RC prism; tensile stress developed in
the rebar to counteract this compressive force. Therefore, the average strain range in the RC prism during the
tensile loading test increased as the RIVE-induced compression stress postponed fracture in the concrete.
Theoretically, it is possible that tensile stress peak of concrete occurs after yielding of rebar.

In the case of a bare rebar, yielding will begin at a strain of ~0.3%, which is comparable with the result
for Specimen 1 (0.28%), as shown in Fig. 17. However, the average strain at rebar yield decreased with
increasing expansion strain owing to the accumulation of tensile stress in the rebar prior to loading as a result
of RIVE. In the case of Exp-0.5, the average strain was approximately 0.13% when the rebar began to yield.
The difference between the strains in Specimen 1 and Exp-0.5 was 0.17%, which is a consequence of stress
accumulation in the concrete and rebar owing to RIVE of the aggregate.

Interestingly, the average strain of 0.13% observed in the rebar of Exp-0.5 when it began to yield is
significantly smaller than the applied aggregate expansion strain of 0.5%. This suggests that the concrete

remained in compression in some parts of the RC prism.

14



0.03 0.13 023 0.33 0.43 mm

— -

W g

h RN y

s N
AN 2 8

(b) Exp-0.2

(c) Exp-0.5
349
350 Fig. 15 Cracks in RC prisms immediately following the initiation of rebar yielding

15



351
352

700
600
500
400
300
200
100

Stress (N/mmZ2)

— Average stress

0 200 400 600 800 1000 1200
Rebar location (mm)

(@)

700
600
500
400
300
200
100

Stress (N/mm?)

— Average stress

0 200 400 600 800 1000 1200
Rebar location (mm)

(b)

— Average stress

0 200 400 600 800 1000 1200
Rebar location (mm)

©

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

4. Discussion

16

—RC Steel bar Concrete

0.2
0.15
z
é 0.1
3
g 0.05
fin
0
(l) 0.1 0.2 0.3 0}4
-0.05 -
Average strain (%)
(a)
—RC Steel bar Concrete
0.2
0.15
’é\ 0.1
< 0.05 Z
=)
g
| 0
0.1 0.2 0.3 0}4
-0.05
-0.1
Average strain (%)
(b)
—RC Steel bar Concrete
0.2
o
0.15
01
E 0.05
§ 0
0.05 0.1 0.2 0.3 0}4
-0.1
-0.15
Average strain (%)
(©
0.2
0.18
0.16
0.14
Z 012
% 0.1
=
& 0.08
0.06 Specimen 1
Exp-0.1
0.04 b 0.2
0.02 —Exp-0.5
0 | . | . i .
0 0.1 0.2 | 0.3 0.4
Average strain (%)
(d)

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.



353
354
355
356
357
358
359
360
361
362
363
364
365
366
367
368
369
370
371
372
373
374

375

376
377
378
379
380
381
382
383
384
385
386
387
388

389

390
391
392
393
394
395

When subjected to tensile loading, the concrete in Specimen 1, Specimen 2, Exp-0.1, and Exp-0.2 first
attained its tensile strength, then the rebar yielded and the RC prisms each exhibited a plateau in their bearing
load. In contrast, the rebar in Exp-0.5 yielded before the concrete attained its tensile strength because the
tensile stress in the rebar was already increased owing to RIVE of the aggregate. As a result, the difference
between the rebar strain just before loading and at yield was smaller than the increase in concrete strain as it
changed from the compression to tensile states. This phenomenon was exacerbated by the reduction in the
Young’s modulus of the concrete owing to RIVE of the aggregate. Therefore, a quantitative evaluation was
performed to evaluate the role of aggregate expansion on the tension stiffening behavior of the RC prisms.

After RIVE of the aggregate, a force balance exists between the concrete and rebar. Thus, the following
equations hold under constant-temperature conditions:

AsEgee st + ACE, (ge_con —&ex) =0, (2)

€e st = €e_con — €o» (3)

where A, is the cross-sectional area of the rebar (mm?), A, is the cross-sectional area of the concrete (mm?),
E, is the Young’s modulus of the rebar (N/mm?), E.. is the Young’s modulus of the concrete after degradation
owing to RIVE of the aggregate (N/mm?), &, is the free expansion strain in the concrete owing to RIVE of
the aggregate (-), €e con IS the elastic strain in the concrete, &, ¢ is the elastic strain in the rebar, and g is the
average strain in the RC prism (-).

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

AcEc

£0 = Aorerack, X )
The axial forces in the concrete (N., (N)) and rebar (N, (N)) can then be calculated as follows:

Ng o = 05045 = & E4s, (5)

NC,O = UC,OAC = (‘SO - gex)AcEc’ (6)

where o, and o, are the stresses in the rebar and concrete, respectively, after RIVE of the aggregate (N/mm?).

A stress—strain relationship for the concrete during the loading process is required that considers the tensile
stress region. In the compression and elastic tensile regions, a linear stress—strain relationship can be assumed
while accounting for the change in the Young’s modulus and tensile strength of the concrete owing to the
damage induced by RIVE of the aggregate. The post-peak behavior in the tensile stress region of the concrete
can be modeled using the following stress—strain equation according to Okamura and Maekawa (1985):

Ec(g - gex) (5 < Etu)
e = fe (Si:zx)c (e>en) ()

where € is the strain in the concrete (-), f; is the tensile strength of the radiation-expanded concrete
(N/mm?), &, = f+/E. + €y is the strain corresponding to f; (-), and ¢ is a parameter describing the softening
behavior of the concrete (set to 0.4 in this study).

For the rebar, the average strain—stress relationship can be modeled as follows:
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o = {Ess e ®)

ac, (¢ > agy)’

where ¢ is the strain in the rebar (-), €, is the rebar tensile yield strain, and «a is a factor used to average the
stresses in the yielded and non-yielded regions of the rebar. The ratio describing the relative prevalence of
these regions is dependent on the damage to and stress distribution in the concrete.
The stress—strain relationship for concrete in which the origin represents the initiation of concrete expansion is
shown in Fig. 18(a) using the Young’s modulus E after RIVE of the aggregate and the resultant stress o, o,
similarly, the stress—strain relationship for the reinforcing bar is shown in Fig. 18(b).

The load-strain relationship for the RC prism in which the origin represents the equilibrium strain of
concrete expansion owing to RIVE of the aggregate is schematically summarized in Fig. 19 and can be
expressed as follows:

N = Ng + N, = 0,4, + 0,4, ()
[ g
L —
G E— : Etu — Eex ¢
Kl
ex :
Eox | (e >¢y) E,
i‘l] | 05,0 |-
of ! o)/t
: £ '
/ tu S f_ﬂ»: gy E
Original position * d¢gf-C Original position :
before concrete before concrete
expansion expansion
(a) Concrete (b) Steel

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

Ol\En-€0 €y -0
Neg -

£q i
A Position at
self-balance
of concrete expansion in RC prism

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

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

simplified concept illustrated in Fig. 19 with the results shown in Fig. 20 in terms of the ratio of the tensile
18
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strength of each irradiated concrete specimen to the tensile strength of Specimen 1 and the ratio of the
Young’s modulus of each irradiated concrete specimen to the Young’s modulus of Specimen 1. These results
are compared with those obtained under the free restraint condition using Eq. (9) from Maruyama et al. (2016)
and the relationships shown in Figs. 30 and 31 of Sasano et al. (2020). The comparison indicated that the
Young’s modulus of concrete under restrained conditions was higher than that under free restraint conditions;
this can be explained by the closure of the crack openings in the mortar around the radiation-expanded
aggregates owing to the restraint provided by the rebar and the resultant increase in the area over which stress
transfer can occur. In contrast, the tensile strength of concrete under restrained conditions was lower than that
of concrete under free restraint conditions, likely as a result of anisotropic behavior under unidirectional
restraint and the resulting orientation of crack development along the rebar, which enhances the discontinuity
of the concrete. To confirm the potential of this simplified model, a comparison with the RBSM results is
shown in Fig. 21.
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0 0.1 0.2 0.3 0.4 0.5
Concrete expansion (%)

Fig. 20 Comparison of the estimated Young’'s modulus and tensile strength ratios (value after
irradiation/original value) of concrete under rebar restraint with those determined by previous
calculations for RC prisms under free restraint.
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Fig. 21 Comparison of load—strain relationships obtained by RBSM (solid lines) and the simplified
model presented in Fig. 19 (dashed lines)
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Fig. 22 Value of the factor a according to the degree of free concrete expansion, where a = 1
indicates that the rebar has completely yielded.

The value of the factor a is summarized according to the degree of free concrete expansion in Fig. 22. As
more damage to the concrete was induced by RIVE of the aggregate, a longer length of rebar yielded under
uniaxial tensile loading (as indicated by a higher value of a). As shown in Fig. 15(c), cracks were distributed
homogenously owing to RIVE of the aggregate; therefore, the concrete region in which the tensile stress can
be borne by the rebar decreased. It can be concluded that the tension stiffening behavior of RC decreases
when it is damaged by RIVE of the aggregate. However, it should be noted that, as shown in Fig. 21, the
compressive stress induced in the concrete by RIVE of the aggregate was effectively transmitted to the rebar
during uniaxial tensile loading, and when the rebar began to yield, the loads borne by the rebar and concrete
were accurately reflected by their corresponding material properties. This indicates that the cohesion at the
interface between the aggregate and mortar as well as at the crack surfaces in the mortar maintained the
integrity of the concrete even after aggregate expansion and subsequent uniaxial tensile loading.

The integrity of the BCS of a nuclear reactor must be ensure by managing the aging of its concrete. Owing
to the attenuation of neutrons by the BCS and its relatively large cover depth (~60-100 mm) (Bruck et al.,
2019; Kambayashi et al., 2020), the neutron fluence near the rebars after 60 years is 0.3 to 0.15 times the
neutron fluence at the internal surface of the BCS (Maruyama et al., 2016; Bruck et al., 2019). Consequently,
the neutron fluence range and aggregate volume expansion range discussed in this study include the
geometries of most existing reactors. Owing to the difficulty of experimental investigations using limited-
scale accelerated irradiation facilities, numerical calculations were conducted to simulate the RIVE
phenomenon. The results show that the tension stiffening behavior of RC prisms can be effectively predicted
based on existing knowledge of RC structures by considering the changes in the properties of concrete
subjected to neutron irradiation under restraint. Special attention should therefore be paid to potential tensile
strength reduction owing to inhomogeneous restraint and the increase in the Young’s modulus of concrete
under restraint (Maruyama et al., 2017).

5. Conclusion
The stresses in RC prisms were numerically investigated using RBSM to understand their tension stiffening
behaviors after RIVE of their aggregates. The RBSM method was first validated using wet- and dry-cured

(shrinkage) RC prisms subjected to uniaxial loading. The effects of the change in concrete volume on the tension

20



473
474
475
476
477
478
479
480
481
482
483
484
485
486
487
488
489
490
491
492
493
494
495
496
497
498
499
500

501
502

503
504
505
506
507
508
509
510
511

stiffening behavior were shown to be effectively reproduced using RBSM. Then, different degrees of RIVE,
previously validated by comparison of neutron-irradiated concrete specimens, were applied to the aggregate
elements in the RBSM to evaluate the resulting tension stiffening behavior.

The results indicate that the tension stiffening behavior of RC prisms under restraint can be accurately
evaluated according to the property changes induced by neutron irradiation using existing knowledge of RC
structures. The Young’s modulus of irradiated concrete under uniaxial restraint was shown to be higher than
that of irradiated concrete under free restraint, whereas the tensile strength of irradiated concrete under
uniaxial restraint was shown to be lower. Consequently, the tension stiffening role of concrete decreased with
an increasing degree of RIVE, causing the corresponding damage to increase. These trends should be studied
in detail in future research. The compressive stress induced in the concrete by RIVE of the aggregate was
shown to be effectively transmitted to the rebar during uniaxial tensile loading of the RC prism, indicating that

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