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Abstract. The crack evolution in concrete under drying conditions is significantly influenced by the
shape of aggregates. This study presents a fully coupled three-dimensional hydro-mechanical peri-
dynamic (PD) meso-scale model for partially saturated porous media to simulate crack formation in
cementitious materials during drying shrinkage. Simulations were conducted on concrete samples
with different aggregate shapes, including regular polyhedron (e.g., hexahedron, octahedron, dodeca-
hedron, and icosahedron) and spheres. Results indicated that aggregates with lower sphericity led to
higher stress concentrations and an increased formation of fine internal cracks. In contrast, aggregates
with higher sphericity, such as spheres, produced a more uniform damage distribution, with fewer sur-
face cracks. Damage analysis demonstrated that the sphericity of aggregates influenced early surface
damage and denser crack networks, while higher sphericity in aggregates reduced the overall volume
of internal cracks. The evolution of internal cracks over time underscored the sensitivity of the con-
crete matrix’s mechanical response to aggregate morphology. This fully coupled hydro-mechanical
PD model enhances our understanding of fracture behavior in concrete under drying conditions and
underscores the critical role of aggregate shape in crack development. The insights gained from this
study support optimized aggregate selection and improved structural design strategies to minimize
drying shrinkage damage, contributing to the durability of concrete structures.

1 INTRODUCTION
Concrete is a widely used material in en-

changes, and water migration, which induce in-
ternal stresses and lead to crack formation [/1]].

gineering applications, valued for its versatil-
ity and strength. However, its susceptibility
to cracking, particularly due to drying shrink-
age, remains a critical challenge for main-
taining structural integrity. Drying shrinkage
results from complex hydro-mechanical pro-
cesses, such as capillary tension, surface energy

Aggregate properties, especially shape, sig-
nificantly influence the distribution and inten-
sity of these shrinkage-induced stresses [2].
While traditional numerical methods like the Fi-
nite Element Method (FEM) and Discrete Ele-
ment Method (DEM) are widely employed for
modeling concrete behavior, they have inher-
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ent limitations in capturing crack initiation and
propagation, especially in heterogeneous mate-
rials like concrete [3,4]. FEM relies on prede-
fined meshes and requires additional criteria for
simulating discontinuities such as cracks, which
complicates the analysis of crack branching and
interaction. DEM, although capable of han-
dling discrete particles, struggles with computa-
tional efficiency and accurate representation of
the continuum behavior of the cement matrix at
the meso-scale.

To overcome these challenges, this study
employs a three-dimensional hydro-mechanical
peridynamic model. Unlike FEM and DEM,
peridynamics inherently accommodates discon-
tinuities without requiring additional criteria,
enabling seamless simulation of crack initiation
and propagation [5]. This non-local method
considers interactions over a finite distance,
making it particularly suitable for capturing the
complex interactions between aggregates and
the cement matrix at the meso-scale [|6].

2 Hydro-mechanical bond-based peridy-
namic model for cementitious material

2.1 Classic formulations

Peridynamics is a non-local continuum the-
ory that effectively addresses challenges associ-
ated with structural discontinuities, which tradi-
tional continuum mechanics cannot handle. Un-
like conventional numerical methods, in peri-
dynamics, a material point inside a body inter-
acts with other points within a specific range
termed the “horizon ¢,” as shown in Fig. [l The
bond between two material points x and x’ is
expressed by a response function f, which con-
tains all the constitutive properties of the mate-
rial point.

Deformed

- =~

Undeformed ’ \

Figure 1: Principle of BB-PD theory in reference and de-
formed configuration

As derived by Silling (2000) [5], the peridy-
namic equation of motion at a reference posi-
tion of x and time ¢ is given as

p(x)u(x,t) = /f(x' —x,u’ —u)dV + b(x,t)

(1)

where p is the mass density of material point

in the reference configuration; u is the accel-
eration quantity vector; b is a prescribed body
force density field; u’ and u represent the dis-
placements of the point x’ and the point x, re-
spectively; H is the neighborhood domain of
the point x. In three-dimensional (3D) prob-
lems, this domain is usually taken as a sphere.
The horizon region centered at x is defined by:

H=Hx,0)={x'eR:|x —x]| <d} (2)

The response function f, that defines the
force between two material points, is written as

/ /
Feeos (3)
Iy =yl
where y is the position of the material point
x in the deformed configuration equaling y =
x + u. The stretch s between the material point
is defined as

Y =yl =X =]l @)
% = x|

The material parameter (bond constant) c is
the micro modulus,in 3D, which is expressed as
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where FE is the elastic modulus of the mate-
rial.

Cc

2.2 Fluid flow field

Based on Darcy’s law, which is used to de-
scribe the fluid flow in the porous medium,
the governing equations for a single-phase fluid
flow in concrete can be described as

w =-V-(psv)+a (6

where [ is the variation in the water content,
py is the density of the fluid, ¢; is the mass of
fluid produced per unit volume per unit time,
and v is the fluid velocity. As derived by Biot
(1941) [7], Eq. (6) can be rewritten for constant
material properties as

1 OP kp 2 00 qf
X _Bep LU
0 or oty

where P is the fluid pressure; &, is the per-
meability of the porous medium; , is the fluid
viscosity; « and 6 represent the Biot parameter
and the change in volume, respectively. Q) is
the Biot modulus for partially saturated porous
medium and can be expressed as

1_S-9), S0 05 o

+
Qb Ks Kf apc

where K and Ky are the bulk modulus of
solid and fluid, respectively; ¢ is the poros-
ity. Furthermore, the water saturation (S))
has a relationship with the capillary pressure
(p.) through the water retention curve. In this
study, the widely used equation proposed by
van Genuchten [{8] is adopted:

Si=S+ 1 =51+ (ep)"]™ (9)

where 5] is the residual saturation degree; € is a
scaling factor; m and n are two parameters and

can be calibrated by experimental data. The rel-
ative permeability of partially saturated porous
medium is defined by the following function:

k=S [1-(1- S}/m)mr (10)

In 3D, the relation between PD permeability
k, and the permeability k for porous medium is
given by
6k

kp: 7{_“1}54 (11)

2.3 Peridynamic equation of motion in the
cementitious material

By using the analogy between poroelasticity
and thermoelasticity, the peridynamic equation
of motion of a material point at = can be modi-
fied as

p(x)ii(x, £) = / c(x, %, 1)(s — Sy

H
P(X/7t>+P<X7t)) y/_y
2 ly' =yl

AV + b(x, t)
(12)

where ¢ (x,x’,t) is the state function of
bonds; vy is the coefficient of fluid pore pressure
defined as

(1—2v)
E
with v representing the Poisson’s ratio. The

state function of the interacting bond in a hori-
zon can be defined as follows:

Y= (3D) (13)

0, s > sg

1, s < s (14)

P(x,x' 1) = {
where 1(x,x’,t) equaling 0 means that the
bond is broken, while ¢ (x,x’,t) equaling 1
means that the bond is intact; sq is the critical
stretch of bonds, which can be obtained by the
energy release rate Gy of macroscopic material:

[5Gy
S0 = @ (15)
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In PD theory, the damage at a material point
is calculated based on the ratio of broken bonds
to the total number of bonds within the hori-
zon. Thus, the global damage function of mate-
rial points is written as

L fH@/J(X,X’,t)dV

D(x,t 16

(x,1) I av (16)

3 Numerical discretization and implemen-
tation

3.1 Spatial discretization

Based on PD theory, the computational
model is discretized into regularly spaced parti-
cles, transforming the continuous medium into
a finite grid with size Ax. By assigning each
material point x; a volume AV}, the hydrome-
chanical BB-PD integral equations can be ap-
proximated. The collection of PD material
points x; lying within the neighborhood of x;,
defined by the horizon ¢, is expressed as

H =x;|x; #x;,%; — %, < 0 (17)

Therefore, the discretized hydro-mechanical
BB-PD equations for the material point x; can
be written as follows:

N
p(xi)u(x;,t) = Z cijij(si5 — Sy
XjEHi
P(x;,t) + P(Xjat>) Yj— i AV +b(x,. 1)
2 ||Yj - yl|| ’

(18)

A previous study has demonstrated the ac-
curacy of the PD method for coupled hydro-
mechanical applications by comparing it with
the FEM method [9].

4 Meso-scale modeling for concrete with
aggregates of different shapes
4.1 Parameter calibration
Calibration of model parameters is essen-
tial for ensuring the accuracy and reliability
of the final simulation results. The simula-
tion parameters are categorized into mechanical

and hydraulic groups. The mechanical param-
eters of cement paste were calibrated based on
the stress-strain curve obtained from the uniax-
ial compression tests previously conducted on
CEM II 32.5 cement cylinder sample. The me-
chanical behavior of the aggregate is assumed to
be elastic. Table 1 summarizes the material pa-
rameters used in this study. Based on the exper-
imental data of Rougelot et al. [10], the follow-
ing parameters are adopted: S| = 0, € =2.09E-
8, n =1.9, m = 0.47. The function of S; can
be expressed as:

Sy = [14(2.09 x 10~ 8p )17 (19)

Table 1: Material parameters used in the simulation

Parameters Cement Aggregate
Elastic modulus E(GPa) 15 68
Poisson’s ratio v 0.25 0.25
Energy release rate Go (N/mm) 0.03 0.5
Density p (kg/m?) 1530 2500
Porosity ¢ 0.35 -
Biot coefficient o 0.63 -

The fluid viscosity (Pas) 1E-03 -
The permeability & (mm?) 1E-14 -

4.2 Three-dimensional Meso-scale model
generation and boundary condition

Accurate meso-structure modeling is essen-
tial for understanding cementitious compos-
ites, which typically include a cement ma-
trix, aggregates, and an interfacial transition
zone (ITZ) [11]. The construction of three-
dimensional meso-structures often considers
three aggregate-related factors: (1) volume
fraction, generally 30%-50% in normal con-
crete [12] (40% here); (2) gradation, refer-
ring to aggregate size and distribution, assumed
uniform to reduce its effects; and (3) shape,
commonly generated by mathematical random
methods [13] or derived from scans of real ag-
gregates [ 14]].

The procedure begins with generating the ce-
ment matrix as the base for the meso-structure.
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Aggregates are then placed using a ’Generate-
and-Place’ algorithm [[15]], which randomly as-
signs positions and checks for overlaps. How-
ever, at higher volume fractions, repeated fail-
ures during overlap checks can cause infinite
loops, preventing the desired fraction. To ad-
dress this, the domain is divided into smaller
sub-regions for localized placement, reducing
computational complexity and improving effi-
ciency. The ITZ, the weakest region in con-
crete, is modeled with a reduced bond strength
to simulate early failure under loading, effec-
tively weakening the interface. To study how
aggregate shape affects drying shrinkage and
cracking, the models were developed using reg-
ular polyhedra: hexahedron, octahedron, do-
decahedron, and icosahedron, to represent ag-
gregates and analyze the influence of sphericity
of aggregate on cracking.

The concrete model, depicted in Fig. [2] is
a cylinder measuring 9 mm in diameter and 18
mm in height. It includes spherical aggregates
with a diameter of 3 mm, while aggregates of
other shapesregular polyhedra such as hexahe-
dron, octahedron, dodecahedron, and icosahe-
dronare modeled with equivalent volumes. The
model is discretized with uniform grid spacing
of Ax = 0.2 mm with 197088 material points.
The horizon is set to 6 = 3.015Ax. The time
step for the diffusion equation is specified as
At = 0.1 s. Aggregates are assumed to be elas-
tic and impermeable in the simulation.

Sphere Hexahedron ~ Octahedron ~ Dodecahedron Icosahedron

Figure 2: Meso-scale concrete model with aggregates of
different shape

4.3 Simulations result of models with ag-
gregates of various shapes

Sphericity, defined as the ratio of the vol-

ume of the largest inscribed sphere to the to-

tal volume of a particle, is a dimensionless ge-
ometric parameter that reflects the “roundness”
of aggregates. Using sphericity to characterize
aggregates is useful because it quantifies how
closely the particles resemble a perfect sphere:
higher values signify more spherical shapes.
And the crack distribution in concrete samples
was analyzed at various drying times: t=1800
s (30 minutes), t=3600 s (1 hour), and t=18000
s (5 hours). By the 5-hour mark, the samples
were fully dry, marking the end of the drying
process.
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Figure 3: Distribution of cracks in samples with aggre-
gates of varying sphericity at different drying times

As shown in Fig. [3| each drying stage re-
vealed distinct differences in crack distribution
for samples with varying aggregate sphericities.
After 30 minutes, relatively wide fractures ap-
peared on the concrete surface. By 1 hour, these
surface cracks had grown wider and started pen-
etrating into the sample interiors. At the end of
the drying period, numerous narrow cracks de-
veloped within the concrete, especially around
the aggregates. The arrangement of these in-
terior cracks strongly depended on aggregate
sphericity: as aggregates were more spherical,
the occurrence of interior cracks diminished.
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Figure 4: Crack information in samples with aggregates
of varying sphericity: (a) Crack length ; (b) Crack aver-
age width; (c) Crack volume

To further explore the variations in crack-
ing among the samples, we measured crack
length, average crack width, and crack volume
for each aggregate type. For statistical robust-
ness, five concrete models were randomly gen-
erated for each type of aggregate. As shown in
Figure [ (a), crack length decreases markedly
when sphericity increases from 0.5 to 1.0, drop-
ping from about 1600 mm to roughly 1000 mm.
This trend indicates that aggregates with higher
sphericity lead to shorter cracks. Crack vol-
ume exhibits a similar decline, falling from 4E-
3 mm? to approximately 2.5E-3 mm?, suggest-
ing that more spherical aggregates reduce over-
all crack volume. The average crack width fluc-
tuates between sphericity values of 0.5 and 0.8

but then gradually decreases as sphericity ap-
proaches 1.0, implying that greater sphericity
tends to limit crack width. Overall, sphericity
exerts a strong influence on crack development,
with higher sphericity effectively minimizing
crack length and volume, thereby enhancing the
concrete’s integrity during drying.

S Conclusion

In this study, Peridynamic (PD) theory is
utilized to develop a fully coupled hydro-
mechanical BB-PD model for simulating meso-
scale cracking in concrete aggregates. By con-
structing concrete models with aggregates of
various shapes and modeling the drying pro-
cess, the approach accurately captures crack
formation and propagation induced by shrink-
age. The analysis indicates that aggregate shape
markedly influences crack behavior: higher
sphericity promotes more uniform damage,
shorter crack lengths, and fewer internal frac-
tures, whereas lower sphericity concentrates
damage, increases crack lengths, and leads to
additional internal cracks. These findings high-
light the importance of selecting aggregates
with suitable shapes to mitigate drying shrink-
age cracking, offering guidance for designing
more durable and sustainable concrete mix-
tures.
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