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Abstract: Delayed ettringite formation (DEF) is a durability issue that can cause concrete expansion and cracking. While
significant efforts have been made to investigate the microscopic mechanisms of DEF expansion, relatively few studies have
focused on structural models. Understanding the effect of stress on DEF expansion is crucial for evaluating the performance
of structures affected by this phenomenon. Although experiments are useful for studying structural performance under
certain conditions, visualizing the internal state of concrete and reinforcement through experiments is challenging. Therefore,
numerical simulation is generally a more effective method for making such predictions. In this study, the discrete numerical
analysis method, 3D Rigid Body Spring Model (RBSM), is used to simulate concrete DEF expansion under external restraint.
The simulation is based on one experiment, and it discusses the macroscopic expansion and anisotropic expansion behavior
due to restraint. Both the surface cracking pattern and the internal crack development are visualized through the simulation.
The reasonableness of the simulation results and the limitations of RBSM in simulating DEF under restraint conditions are

discussed in this paper, which enables further study of DEF damage at the structural level using this simulation method.
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1. Introduction

Delayed ettringite formation (DEF) is a durability
issue that can lead to concrete expansion and cracking.
While similar cracking and expansion phenomena have
been observed in reinforced concrete (RC) structures
affected by alkali-silica reaction (ASR) and DEF
[1-4], the underlying mechanisms of damage in these
two cases are fundamentally different. DEF-induced
expansion is typically more severe than ASR-induced
expansion in terms of magnitude. While considerable
effort has been made to investigate the microscopic
mechanisms of DEF expansion [5-7], relatively few
studies have focused on structural models [3,8,9].
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Understanding the effect of stress on DEF expansion
is crucial for evaluating the performance of structures
affected by this phenomenon.

Several studies have examined ASR expansion under
stress [10-20], reporting that the presence of steel
reinforcement and stresses, such as prestressing, reduces
expansion in both the restrained and loaded directions.
Multon and Toutlemonde [11] highlighted that the
expansion shifts to the direction with less compression,
leading to nearly equal volumetric expansion, a
phenomenon termed “expansion transfer.” However, in
concrete or mortar undergoing DEF expansion, stress
reduces expansion in the restrained direction without
a corresponding increase in the unrestrained direction,
indicating an absence of expansion transfer [11,21,22].
This results in a reduced volumetric expansion of
concrete under uniaxial restraint (20-33%) [21,23].
Notably, when concrete is triaxially reinforced,
volumetric expansion decreases significantly to 54%
of free expansion [23]. The differences between ASR
and DEF stem from the varying viscosities of the
chemical products formed during these reactions. ASR
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products, being more mobile, can migrate through
pores and cracks, facilitating the transfer of gel from
aggregates to cracks parallel to unloaded directions,
thereby increasing expansion in free directions.
Conversely, DEF products, being crystallized and less
mobile, struggle to move through cracks once formed.
The formation of ettringite is influenced by pressure-
induced changes in solubility, pore pressure variations,
and crack development, typically resulting in reduced
generation of delayed ettringite under load conditions
[21].

Durability issues such as DEF or combined
ASR and DEF have been reported in concrete
infrastructure worldwide [5]. Structural members
contain reinforcement that restrains expansion
caused by internal swelling reactions. The presence
of longitudinal and transverse reinforcement in these
members provides better confinement of the concrete
core during swelling. However, few comprehensive
studies have focused on the structural behavior of DEF-
affected reinforced concrete (RC), as most research
has examined the mechanical properties and expansion
kinetics of plain concrete without confinement.
Sanjeewa et al. [24] studied the residual flexural
capacity of prestressed concrete beams affected by DEF
and combined ASR-DEF through experiments. They
observed that the beam stiffness decreased moderately
(22% for DEF and 30% for ASR-DEF beams),
while the load capacities of damaged beams, despite
numerous cracks, were reduced by 16% and 23%,
respectively. Overall, a slight reduction in both stiffness
and load capacity was noted in RC beams experiencing
DEF damage.

Although only a few studies have examined the
structural behavior of DEF-damaged concrete, the
impact of ASR on the load capacity of RC structures
has been more extensively researched. Fan and
Hanson [25], Monette et al., and Morenon et al. [26]
investigated the flexural performance of ASR-damaged
RC beams alongside the mechanical properties of ASR-
damaged concrete samples. They found significant
degradation in material properties, but no reduction
in the flexural capacity of the beams. Additionally,
Monette et al. [27] observed that ASR damage can
inhibit the development of shear cracks. Ahmed et
al. [28] studied both the flexural and shear capacity
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of ASR-damaged RC beams and discovered a slight
increase in both capacities following ASR damage.
Similarly, Aryan and Gencturk [29] found through
experiments that the shear behavior of beams with
ASR damage was comparable to that of undamaged
beams. Liu et al. [30] and Karthik et al. [31] reported
that the shear stiffness and capacity of D-region
reinforced concrete specimens increased slightly when
ASR damage was present. The apparent lack of impact
on the flexural and shear capacity of ASR-damaged RC
beams has been attributed to the chemical prestressing
force generated by ASR gel, which can enhance the
mechanical properties of cracked concrete [26]. The
structural response of RC beams affected by ASR or
DEF shows different trends, even though the material-
level deterioration in ASR- or DEF-damaged concrete
appears similar.

Understanding the residual capacity of an RC
structure affected by durability issues is crucial
for predicting its long-term performance. While
experiments are valuable for studying structural
behavior under specific conditions, they cannot easily
reveal the internal state of concrete and reinforcement.
Numerical simulation, on the other hand, provides an
effective method for making such predictions. Among
the available simulation tools, discrete methods are
particularly suited for modeling concrete affected
by durability issues like ASR and DEF, which often
cause expansion and cracking. These methods can
accurately simulate and analyze cracking behavior
[32]. The Lattice Discrete Particle Model (LDPM)
is one such discrete method that has been used to
simulate durability issues in concrete. Alnaggar et al.
[33] and Rezakhani et al. [34] developed LDPM for
simulating ASR damage. In their model, aggregates are
represented, and a truss network connects aggregate
particles. However, mortar is not modeled directly,
which can complicate the analysis of cracking behavior.
Another discrete method, the Rigid Body Spring
Model (RBSM), has been used to simulate durability
issues in concrete. Initially proposed by Kawai et al.
[35] and further developed by Nagai et al. [36], RBSM
is designed for simulating concrete failure at the
mesoscale. This method is well-suited for simulating
crack propagation within concrete since it accurately
models aggregate, mortar, and steel. RBSM can be
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categorized into two types based on the simulation
scale: the ‘aggregate model’ and the ‘concrete model’.
In the aggregate model, aggregate and mortar elements
are modeled separately with an element size of 2-3 mm
to preserve aggregate shape. This model is commonly
used to simulate the behavior of concrete materials
[36,37], including ASR, DEF [38,39], frost damage
[40-42], and other durability-related phenomena,
with local expansion and crack propagation modeled
directly at the material scale. In contrast, the concrete
model does not separate aggregate and mortar. Instead,
it models concrete elements with a larger element
size (1-2 cm) and includes reinforcement, making it
suitable for simulating the behavior of RC members, as
demonstrated in previous research [43—47].

ASR damage has been studied from the material to
the member scale using RBSM [38,39,48,49,49-51],
while DEF damage has primarily been simulated at
the material scale. The bond deterioration in DEF-
damaged concrete has also been studied with RBSM,
alongside ASR damage cases [50]. Understanding the
expansion of concrete DEF under restraint is crucial
for further studying DEF-induced damage at the
structural scale using 3D RBSM. In this study, DEF
expansion under external restraint is simulated using
the aggregate model in RBSM. The simulation is based
on experimental data. Both macroscopic expansion
and anisotropic expansion behavior due to restraint
are simulated and discussed. Additionally, not only the
surface cracking pattern but also the development of
internal cracking is visualized, facilitating further study
of DEF damage at the structural level.

2. Simulation methodology
2.1 Analysis model

The Rigid Body Spring Model (RBSM), originally
developed by Kawai et al. [35], is utilized in this
study. Nagai et al. [36,37] further advanced simulation
systems for concrete failure in both 2D and 3D
RBSM. As illustrated in Fig. 1, an RBSM model is
discretized into polyhedral rigid elements connected
by springs located at the interfaces of each element.
These springs include one normal spring and two shear
springs. Each element has six degrees of freedom

(DOFs): three translational DOFs and three rotational
DOFs. The behavior of the elements is governed by
the responses of these interface springs. To date, 3D
RBSM has been successfully applied to simulate not
only the mechanical properties of concrete materials
but also the structural responses of reinforced concrete
(RC) systems. Additionally, it has been employed to
investigate durability issues, including rebar corrosion,
alkali-silica reaction (ASR), delayed ettringite
formation (DEF), and freezing—thawing cycles (FTCs)
[38,39,52-54].

In this study, a model comprising mortar, aggregate,
and steel elements is developed to examine the
combined behavior of concrete DEF expansion under
confinement (Fig. 2). To accurately simulate crack
propagation, the mortar and aggregate elements are
randomly meshed with a size of approximately 23
mm3. This mesh size has been validated as effective
for simulating crack propagation in concrete through
various simulation studies [37,39,40,42]. Moreover, the
constitutive model employed is specifically designed
for this mesh size [37]. The steel elements representing
the rebar are modeled at 5 mm intervals along the axial
direction, accurately incorporating the ribs to replicate
the interaction between the rebar and mortar.

1 Normal spring

Degrees of freedom 2 Shear springs

3 Translations
3 Rotations

Fig. 1 Element in RBSM

3D aggregate model 3D rebar model

Fig. 2 RC model consisting of mortar, aggregate and
steel elements

Approx. 23 mm3

2.2 Constitutive models

The constitutive models, illustrated in Fig. 3, are
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detailed in our previous research [38,39,52]. Fig. 3(a)
depicts the behavior of the normal and shear springs for
both the mortar elements and the mortar-steel interface.
For mortar elements, the normal spring exhibits elastic
behavior under compression. When the normal spring
reaches the tensile strength , fracture occurs between
the mortar elements. Following this, the normal stress
decreases proportionally to the crack width, defined as
the spring elongation. The maximum crack width  is
set at 0.03 mm. The shear spring follows an elasto-
plastic model in regions where the normal springs have
not fractured. The value of is determined based on the
state of the normal springs and the tensile strength.

The normal and shear springs at the mortar-steel
interface follow the same constitutive models shown in
Fig. 3(a)-(b). The bond behavior between the rebar and
concrete is directly simulated through the interaction
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between steel and concrete since the ribbed reinforcing
bars are accurately modeled in 3D. This approach has
successfully simulated macroscopic bond behavior,
crack development, and stress concentration on the
rebar surface in prior studies [55]. Concrete failure is
characterized by sliding and cracking at the meso-scale;
therefore, compression yielding is not applied to mortar
elements.

For the mortar-aggregate interface, the constitutive
models for the normal and shear springs are identical
to those of the mortar elements. The criterion for the
mortar-aggregate interface follows the model depicted
in Fig. 3(c)-(d). These constitutive models are all
adapted from our previous research [37].

The behavior of normal springs connecting steel
elements is shown in Fig. 3(e), which also follows the
constitutive model used in a previous study [47].
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Fig. 3 Constitutive model

2.3 DEF expansion concept

The DEF expansion model used in this study is
based on our previous research [38,39]. Initial DEF
expansion strain (mortar expansion) is applied to
the normal springs between mortar-mortar elements
to simulate the pressure generated by the DEF
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reaction (Fig. 4(a)). This initial strain is a constant
input parameter that accumulates as the simulation
progresses, replicating the development of DEF damage
without accounting for time dependency. As the curing
temperature is significantly higher at the center of the
concrete, DEF-induced expansion is more pronounced
in this area. To model this behavior, we adopt the
concept of an "intensified expansion area" (Fig. 4(b)),
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introduced in our earlier work. As shown in Fig. 4(b),
the input initial strain decreases linearly from a depth
of 25 mm below the model surface, reaching zero at
the surface. This "intensified expansion area" approach
has been validated as effective in reproducing the
surface cracking patterns observed in experiments. In
contrast, uniformly applied expansion fails to replicate

Input: mortar surface expansion

~ Mbrtgxr""
\ elemer‘its

Mortar expansion
(Normal spring)

(a) DEF expansion model

the typical surface cracking patterns associated with
DEF damage [38,39]. However, this assumption is a
simplification for simulation purposes. The position
and characteristics of the intensified expansion area
must be carefully evaluated for practical applications,
as real structural conditions are more complex and may
differ significantly from the experimental setup.

Strain  Mortar elements

Intensified expansion area
&>

Sectional
- ;

i
1
:
1
;
0 25 125 150 ()

(b) Intensified expansion area for DEF damage

Fig. 4 DEF expansion model

3. Simulation details

This study simulates the experiment conducted by
Kawabata et al. [22], which investigated the expansion
of concrete due to DEF damage under restraint. In
their experiment, the diameter of the steel rod was
considered as a variable. This study mainly discusses
the effect of external restraint which is provided by
the steel plates, rather than by the longitudinal steel
rod connecting them. Therefore, only the model with a
steel rod diameter of 13 mm is simulated in this study.
Additionally, a concrete model based on the experiment
is developed. Table 1 provides the details of the target
experiment and the corresponding simulation model
IDs. One case with restraint (Model D13), and one case
without restraint (Model F) are simulated.

Table 1 Details of target experiment

Model Dimensions Diameter of  Thickness of steel Restraint condition
ID (mm) steel rod (mm) plate (mm) on concrete
F 100 x 100 x 400 / / Free
DI3 100 x 100 x 400 13 30 Steel rod and end

plates

3.1 Model information

The dimensions of the simulation models are shown
in Fig. 5. In model D13, the surface of the steel rod is
plain and unbonded to the surrounding mortar elements
to replicate the experimental conditions. The aggregate
size distribution is determined according to the JSCE
standard, with a maximum coarse aggregate size of
20 mm [56]. In all cases, the aggregate percentage
is 20%, which is the maximum value that maintains
an appropriate mesh shape for the aggregate in the
model. This aggregate percentage has also been
confirmed as acceptable in previous research [52].
The number of elements in each model is provided in
Table 2. As shown in Table 3, the input mesoscopic
material properties of the mortar and the aggregate-
mortar interface for the simulation are calculated using
equations proposed by Nagai et al. [37], based on the
water-to-cement ratio from the referenced experiment.
The input material properties for the steel elements
were not provided in the referenced experiment;
therefore, general material properties of steel rods are
used in this study.
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Fig. 5 Dimensions of simulation models
Table 2 Number of elements
Model ID Mortar elements Aggregate elements Steel elements Total
F 296683 127219 / 423902
D13 180399 145197 21952 380872

Table 3 Input material properties

Mortar Aggregate Aggregate-mortar interface Steel Steel-mortar interface
Modulus of elasticity ~ Tensile strength ~ Modulus of elasticity Tensile strength Modulus of elasticity Yield strength Tensile strength
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
20760 32 50000 1.51 201000 1300 1.6

3.2 Simulation process

In these simulation models, four points on the top
surface are fully fixed during the simulation process to
prevent the models from rotating. The DEF expansion
model, introduced in Section 2.3, is applied to simulate
the DEF expansion behavior. The simulation stops
when the longitudinal expansion reaches the value
observed in the experiment.

4. Simulation results
4.1 Macroscopic DEF expansion

The macroscopic DEF expansion in both the
longitudinal and transverse directions was recorded in

the experiment. As shown in Fig. 5(c), the blue points
indicate the locations of the studs used for measuring
longitudinal expansion, while the orange points denote
the locations for measuring transverse expansion in
both the 'F' and 'D13' cases. The transverse expansion
at three locations—A, B, and C—was recorded. In
the simulation, expansion was applied to the mortar
surface to simulate DEF expansion. In the experiment,
DEF expansion occurred as a result of a chemical
reaction, which is a time-dependent phenomenon with
a reaction rate that is difficult to model. Besides, this
simulation focuses on the damage caused by the DEF
reaction, rather than on the reaction process itself.
Therefore, in this study, the time dependency of DEF
reaction is not considered. The simulation step was
adjusted to the exposure time in experiment based on
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macroscopic longitudinal expansion. When a certain
value of macroscopic longitudinal expansion was
reached in the simulation, the corresponding simulation
step was translated into the equivalent exposure time in
the experiment (in days).

The average transverse expansion values at locations
A, B, and C are used in Fig. 6. As shown in Fig. 6(a),
in the experiment, transverse expansion is only slightly
higher than longitudinal expansion in the case without
any restraint (case F). However, in the simulation,
transverse expansion is observed to be lower than
longitudinal expansion. The unequal expansion in the
longitudinal and transverse directions may be caused
by the random size distribution of aggregates.

For the case with restraint by steel plates, as shown
in Fig. 6(b), the longitudinal expansion is significantly
reduced due to the restraint to approximately 3000u in
the experiment, and the transverse expansion is also
reduced compared to the case without any restraint. In
the simulation results of model D13, a similar trend is
observed, where the longitudinal expansion is restrained
by the steel plates from approximately 20000u to only
3000u. Regarding the transverse expansion, it exceeds
20000y, which is an overestimation compared to
the experimental results. In the experiment, friction
between the concrete and steel plates at the ends of the
specimen affects the behavior. Not only is the concrete
near the specimen ends laterally restrained, but the
central part of the specimen also experiences some
degree of lateral restraint. This lateral restraint on DEF
expansion appears to be weaker in the simulation.

The simulation results of transverse expansion
at different locations are compared in Fig. 7. The
transverse expansion at position B is higher than at

25000

— &= Longitudinal-F

— = Transverse-F
= Longitudinal-exp.

= Transverse-exp.
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15000

10000 +

Macroscopic expansion ()
W
(=3
(=3
(=]
:

D=

1= -

0 T T T T T T T T T
0 20 40 60 80 100 120 140 160 180 200

Days in experiment

(@ F

positions A and C, highlighting the restraining effect
of friction between the concrete and steel plates at the
ends of the model. The transverse expansion near the
ends decreases more due to the stronger restraining
effect. The experimental results of the transverse
expansion at position B are also presented alongside
the simulation results in Fig. 7. It is observed that the
simulation results overestimate the transverse expansion
recorded in the experiment, indicating weaker lateral
restraint on DEF expansion in the simulation.

Overall, the behavior of DEF expansion under
restraint is different from ASR expansion case. As
above-mentioned, there is evidence from previous
experimental work that stress reduces expansion in the
restrained direction without a corresponding increase
in the unrestrained direction, indicating an absence
of expansion transfer [11,21,22]. Researchers pointed
out that the DEF product crystallized and less mobile,
struggle to move through cracks once formed, therefore,
“expansion transfer” cannot be observed in DEF
expansion case [11,21,22]. Besides, the formation of
ettringite is influenced by pressure-induced changes in
solubility. When pore pressure, changes, the generation
of DEF products can also be influenced. However, in
this study, the crystallized and less mobile nature of
DEF products has not been considered. Additionally,
the effect of pore pressure change due to external
or internal restraint on DEF reaction has not been
considered due to the lack of experimental evidence.
To quantitatively consider the effect of restraint on the
generation of DEF products is difficult. And it will
be discussed in the future work together with more
detailed experimental works.
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Fig. 6 Comparison of macroscopic DEF expansion
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4.2 Internal stress and crack development

The stress and crack development during the DEF
expansion process for the cases without restraint
(F) and with restraint (D13) are shown in Fig. 8. As
presented in Fig. 8(a), for the case without restraint (F),
the center part of the model is initially in compression
because the outer layer experiences less DEF strain.
Consequently, the center, which undergoes higher
expansion, is confined by the outer layer. As DEF
strain increases, gaps between the aggregate and
mortar become visible, and large cracks appear near
the surface of the model. These cracks widen as DEF
damage progresses. On the model surface, random
visible cracks occur when the longitudinal DEF
expansion reaches 5,000u. As the DEF expansion
continues, more cracks form and develop.

As shown in Fig. 9(b), for the case with restraint
(D13), the center part of the model is initially in
compression, similar to the case without restraint (F).
The steel rod experiences tension due to concrete
expansion. As the DEF strain increases, gaps can be
observed at the interfaces between the steel-mortar and
the aggregate-mortar. When macroscopic longitudinal
expansion reaches 3200 p, the gap between the steel
and surrounding mortar elements becomes quite large.
Additionally, the gaps at the aggregate surface become
larger and tend to connect longitudinally due to the
restraint in that direction. Regarding surface cracking,
large longitudinal cracks appear first and develop due
to the restraining stress, while transverse cracks form
later and are narrower. Overall, the development of both
internal and surface cracking is significantly influenced

by the restraint.

Middle section
3 MPa -30 MPa

Surface
-10 MPa

Deformation is enlarged 10 times
3 MPa

Tension Compression Tension Compression

Macroscopic longitudinal expansion (1)
5000 I 10000 I

Corresponding days in the experiment
35 60 75 180

1000 I 21000

Middle section

Surface

(a)Without restraint (F)

Macroscopic longitudinal expansion ()
1500 I 2500 I
Corresponding days in the experiment
40 50 70 180

500 I

Middle section

Surface

(b) With restraint (D13)
Fig. 8 Stress and crack development in the models

The comparison of internal stress conditions
for cases F and D13 is presented in Figs. 9 and 10,
respectively. In these figures, fluorescence highlights
the cracks observed in the experiment. For case without
restraint (F) (Fig. 9), in the experiment, cracks are
distributed along the aggregate surface, and some can
be seen near the surface in both the X-Y and X-Z center
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sections. Similarly, in the simulation results, large gaps
are observed at the aggregate surface and near the
surface of the model, showing a trend consistent with
the experimental observations.

As shown in Fig. 10, in the experiment, cracks are
visible at the steel rod and aggregate surfaces, as well
as near the surface of the concrete specimen in both the
X-Y and X-Z center sections. In the simulation results
for case D13, large gaps are similarly observed at the
steel rod and aggregate surfaces and near the model's
surface, showing that internal cracking conditions are
well simulated by the 3D RBSM.

Deformation is enlarged 10 times 3 MPa -30 MPa

Tension  Compression

Experiment [22] Simulation (F) Simulation (F)

Experiment [22]

(a) X-Y center section (b) X-Z center section

Fig. 9 Comparison of internal stress condition for case
without restraint

Deformation is enlarged 10 times 3 MPa -30 MPa

Tension ~ Compression

Experiment [22] Simulation (D13) Experiment [22] Simulation (D13)

(a) X-Y center section

(b) X-Z center section

Fig. 10 Comparison of internal stress condition for case
with restraint

4.3 Surface cracking pattern

The surface cracking patterns observed in the
experiment and simulation are shown together in Fig.
11. For the simulation results, the deformation has been
enlarged by 10 times. For the case without restraint
(F), both the experiment and simulation display a

random cracking pattern on the surface. However,
there is a small difference: cracks near the edges of the
specimen are wider in the experiment, which differs
from the simulation results. In the restrained case,
the experimental results show that cracks tend to be
distributed longitudinally, with some transverse cracks
also visible. In the simulation results for D13, large
longitudinal cracks are observed in the central part
of the surface, along with narrower transverse cracks.
The RBSM simulation results show more concentrated
cracks in the restrained (longitudinal) direction.
Although the simulated surface cracking pattern is not
entirely identical to that observed in the experiment,
the overall cracking trend is well captured in the
simulation.

Deformation is enlarged 10 times

Experiment [22] Experiment [22]  Simulation (D13)

Simulation (F)
Pl | ot

(a) Without restraint (b) With restraint

Fig. 11 Surface cracking pattern
4.4 Strain development on steel rod

The strain in the central section of the steel rod,
obtained from the simulation, and the macroscopic
longitudinal expansion of the concrete surface are
shown in Fig. 12. In simulation, when the DEF
expansion is relatively small, the strain on the steel
rod is nearly the same as the longitudinal expansion of
the concrete surface. As the DEF expansion increases
(after 70 days in the experiment), a gap begins to form
between the steel rod and the surrounding mortar
(seeing Fig. 8(b)). Subsequently, the concrete near the
model surface moves out of the restraint zone of the
steel plate. Due to the reduced restraint in the surface
area compared to the concrete near the steel rod, the
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macroscopic longitudinal expansion of the concrete
surface becomes slightly larger than the strain on the
steel rod. This outcome is considered reasonable.
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Fig. 12 Strain on steel rod and concrete
5. Conclusions

This paper applies the 3D RBSM model to simulate
concrete DEF expansion under restrained conditions.
It not only simulates the macroscopic expansion
behavior but also visualizes internal stress and crack
development. The following conclusions can be drawn
from the simulation:

(1)The 3D RBSM effectively simulates the DEF
expansion behavior of unrestrained concrete. It
accurately replicates isotropic expansion behavior
and random surface cracking patterns, while also
visualizing internal stress and crack development.

(2)DEF expansion under the restraint of steel
plates has been simulated using RBSM. While
it can simulate anisotropic expansion behavior,
the transverse expansion is significantly
overestimated. The lateral restraint on DEF
expansion appears weaker in the simulation.

(3)Regarding the internal cracking pattern, the
RBSM model captures internal cracking well. For
surface cracking, the RBSM simulation results
show more concentrated cracks in the restrained
(longitudinal) direction. In experiments, although
large longitudinal cracks are present, transverse
cracks are also observed. However, the simulation
effectively captures the general trend of surface

cracking.

(4)The DEF expansion model used in the simulation
does not account for the crystallized and less
mobile nature of DEF products. Additionally, the
effect of pore pressure changes, due to external
or internal restraint, on the DEF reaction has
not been considered, as this is difficult to study
quantitatively. This aspect will be addressed
in future work, along with more detailed
experimental studies.
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