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a b s t r a c t

The use of coral aggregate concrete (CAC) as a novel construction material has attracted significant
attention for the construction of reef engineering structures. To investigate the static splitting-tensile
behaviors of CAC under the influence of two factors, namely specimen geometry and bearing strip size,
a three-dimensional (3D) mesoscale modeling approach with consideration for aggregate randomness
in shape and distribution was adopted in this study. We established 12 different specimen models with
two specimen shapes (i.e., a cube with an edge length of 150 mm and a cylinder with dimensions of /
150 mm � 300 mm) and six strip widths (i.e., 6, 9, 12, 15, 18, and 20 mm) for calculation. The effects
of specimen geometry and strip width on the splitting-tensile properties of CAC, such as failure processes,
final failure patterns, and splitting-tensile strength (fst), are analyzed and discussed systematically. The
results indicate the high reliability of the developed mesoscale modeling approach and reveal the optimal
computational parameters for simulating and predicting the splitting-tensile properties of CAC. The fst
values of CAC are associated with both the specimen geometry and width of the bearing strip. The fst val-
ues of the cube model are slightly higher than those of the cylinder model for the same bearing strip size,
representing geometry effects that can be explained by differences in fracture area. Additionally, the fst
value of CAC gradually increases with the relative width of the bearing strip ranging from 0.04 to 0.13.
Based on the elastic solution theory, the variation area of CAC fst values with the relative width of the
bearing strip was determined preliminarily, which has great significance for studying the tensile perfor-
mance of CAC.

� 2021 THE AUTHORS. Published by Elsevier LTD on behalf of Chinese Academy of Engineering and
Higher Education Press Limited Company. This is an open access article under the CC BY-NC-ND license

(http://creativecommons.org/licenses/by-nc-nd/4.0/).

1. Introduction

It is well known that concrete is a quasi-brittle material, the
tensile strength of which is much smaller than its compressive
strength, implying that tensile damage to concrete is the main
factor causing the destruction of concrete structures. Based on
extensive theoretical analysis, experimental work, and numerical
simulation [1,2], the splitting-tensile test is regarded as the most
efficient method for the determination of concrete tensile
strength, generally outperforming the direct tension test and
modulus of rupture test. Generally, in a splitting-tensile test,
the horizontal tensile stress in a concrete sample can be

indirectly derived from an applied load along the vertical direc-
tion that divides the test specimen into half along the loading
plane. Many researchers [3,4] have demonstrated that in the typ-
ical failure pattern of concrete specimens under split tension,
many cracks occur along the loading direction and some com-
pressive failure also occurs at the upper and lower loading posi-
tions. Therefore, the compressive stress concentrations that
appear at the compressive loading positions lead to the dispersion
of splitting-tensile strength, which is typically 5% to 10% greater
than direct tensile strength [5]. The first splitting-tensile test for
concrete was conducted by Carneiro and Barcellos [6] using a
cylindrical specimen. This type of test has been acknowledged
by the scientific community and is suggested in many standards,
such as ASTM C496-90 [7], BS 1881-117 [8], ISO 4108 [9], and
GB/T 50081 [10], for measuring concrete tensile strength.
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Various specimen shapes, including cubes [11] and diagonal
cubes [12], have also been employed to determine the tensile prop-
erties of concrete. The effect of specimen shape on concrete tensile
strength was analyzed by Rocco et al. [13] based on linear elasticity
theory, where the effects of local stress concentrations at loading
points were considered. They concluded that the splitting-tensile
strength of a cube specimen with an edge length of D is greater
than that of a D � H cylindrical specimen (diameter � height) for
a constant width of the bearing strip. A similar shape effect was
validated through split-tension tests using large quantities of cubic
(side lengths of 150 to 750 mm) and cylinder specimens (D values
of 150 to 750 mm and D/H ratios of 1/2) by Zhou et al. [14]. Addi-
tionally, based on splitting tests and theoretical analysis using elas-
ticity theory [1,15,16], it has been demonstrated that the splitting-
tensile strength of concrete also depends on the width of the bear-
ing strips placed between a concrete specimen and the correspond-
ing loading points. Rocco et al. [17,18] found that the standardized
formulas for calculating splitting strength are not applicable to
concrete and are mainly affected by specimen geometry and strip
width. Additionally, based on corresponding test results, Rocco
et al. [19] demonstrated that the tensile strength in splitting-
tensile tests without bearing strips is approximately 8% lower than
that in the tests performed with bearing strips. Furthermore,
according to available test and numerical results, tensile strength
gradually decreases with the decrease of bearing strips width,
and the influence of strip size on tensile strength can be ignored
when the relative width of the bearing strip (b/D) is less than 4%
[19]. However, there are no uniform criteria for the widths of bear-
ing strips in split-cylinder/cube tests. For instance, the strip widths
for static split-cylinder tests are recommended to be 25 mm and
(15 ± 2) mm in the ASTM C496-90 [7] and BS 1881-117 [8] stan-
dards, respectively. The recommended strip widths for split-cube
tests are 4 to 15 mm and 20 mm in the BS 1881-117 [8] and GB/
T 50081 [10] standards, respectively. Therefore, it is still of great
significance to analyze the effects of specimen geometry and bear-
ing strip width on the static split-tension strength of concrete.

Based on the urgent need for engineering construction on
islands and reefs worldwide, a novel type of lightweight concrete
called coral aggregate concrete (CAC), which consists of coral
aggregate, cement, seawater, and other admixtures, has attracted
significant attention for its superior properties and the abundance
of local resources, namely coral debris and seawater from reefs and
islands [20,21]. During World War II, the US Naval Civil Engineer-
ing Laboratory conducted a series of experimental studies on the
mixture proportions and basic mechanical properties (e.g., com-
pressive strength, elasticity modulus, and flexural strength) of
CAC comprising seawater and coral aggregates produced by vari-
ous islands in the Pacific Ocean [22–24]. Subsequently, Scholer
[25] and Howdyshell [26] examined and investigated the durabil-
ity and strength of CAC structures in the Pacific islands. Chloride
corrosion induced by coral aggregates and seawater was recog-
nized as the primary threat to the durability of CAC structures
and concrete strength was associated with the chloride content
in the CAC. Based on the preparation principles of high-
performance concrete and the ‘‘rich slurry theory” proposed by
Yu et al. [27], high-performance CAC with compressive strength
in the range of 30–70 MPa has been prepared and the correspond-
ing mechanical properties have been investigated over the past few
years [28]. Mi et al. [29] compared the splitting-tensile strength of
CAC to that of ordinary Portland concrete (OPC) in the same
strength grade (30–60 MPa), and found that the tensile strength
of CAC is 9% to 33% greater than that of OPC. This strength differ-
ence decreases with an increasing strength grade. Ma et al. [30]
investigated the static splitting-tensile strength of a CAC cylinder
(/70 mm � 70 mm) and compared their results to those presented
by Mi et al. [29], who measured cube specimens with side lengths

of 100 mm. They discovered that the tensile strength of the cylin-
der CAC specimen was significantly higher than that of the cube
specimen. Therefore, specimen geometry does affect the
splitting-tensile strength of CAC and must be investigated. Addi-
tionally, no literature exists on the effects of bearing strip size on
the split-tension test results of CAC, which are of great importance
for evaluating the practical tensile strength of CAC.

To capture themacroscopicproperties and failuremechanismsof
concrete under tension, mesoscopic approaches that assume con-
crete to be a two-, three-, or four-phase composite have been
employed extensively to investigate the tensile behaviors of con-
crete [31–33]. Suchorzewski et al. [31] performed two-
dimensional (2D) calculations using a discrete element model
(DEM) to simulate the quasi-static splitting-tensile behaviors of
concrete. Concrete was modeled based on micro-computed tomog-
raphy (micro-CT) images of concrete mesostructures, where the
macroscale voids in the concrete were considered. Similarly, based
on 2D/3D X-ray micro-CT images, two types of mesoscale methods
(finite element model (FEM) and DEM) were employed by
Skar _zyński et al. [32] to investigate the tensile behavior of concrete.
The fracture behavior of concrete and the effects of the interfacial
transition zone (ITZ) were studied numerically. Zhou and Hao [33]
numerically investigated the dynamic tensile behavior of concrete
at high strain rates using a 2Dmesoscalemodel, inwhich aggregates
were assumed to be circular and the ITZ was modeled as a thin
boundary layer around the aggregates. Jin et al. [3] developed a 3D
mesoscale model to investigate dynamic size effects on the
splitting-tensile strength of concrete cube specimens. Failure pat-
terns and processes in cube specimens under splitting tension were
also simulated. They proposed a dynamic size effect law for the
splitting-tensile strengthof concrete. However, the aggregatemodel
shapes in previously publishedmesoscalemodels aremainly circles
(2D), polyhedrons (2D), and spheres (3D), which have limitations in
terms of the representation of the randomness of aggregate shapes
and distributions. Therefore, a 3D mesoscale model that considers
the random shapes and distributions of aggregates in concrete
should be developed and employed for concrete simulations.

The goal of this study was to investigate the effects of specimen
geometry and the width of bearing strips on the splitting-tensile
strength of CAC via numerical analysis employing a 3D random
mesoscale modeling approach, in which CAC is assumed to be a
tri-phase composite consisting of coral aggregate and mortar with
an ITZ between these twophases. The coral aggregate is represented
by the proposed 3D particle models with random shapes that are
dispersed with random spatial locations and orientations within
the mortar. CAC splitting specimens, including cubes with side
lengths of 150 mm and cylinders with a diameter of 150 mm and
height of 300 mm, were generated and static splitting-tensile
simulations were performed using the commercial software
ANSYS/LS-DYNA. Mesoscopic results for the CAC specimens under
split tension, including failure processes, final failure patterns, and
stress–displacement relationships,wereobtainedusinga3Dmesos-
calemodelingmethod and comparedwith the observed test results.
The effects of specimen geometry and strip width on the properties
of CAC are analyzed and discussed. The corresponding shape effect
and size effect laws for CAC tensile strength are analyzed through
comparisons of numerical values and available test results to derive
insights into the varying trends of CAC tensile strength and provide
suggestions for splitting-tensile testing.

2. Mesoscale modeling approach

2.1. Random aggregate models

Compared to other mesoscopic models such as lattice models
[34] and random particle models [35], random aggregate models
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[36,37] that consider the random shapes of aggregates in concrete
have been widely acknowledged and applied to investigate the
mesoscopic properties of concrete. Additionally, the existence of
an ITZ bonding between the aggregate and mortar matrix can be
represented using limited-scale solid elements around random
aggregate models [38]. Wittmann et al. [39] first employed 2D ran-
dom circular models to simulate the failure processes of concrete.
Subsequently, a large number of random aggregate models, includ-
ing 2D polygon models [40], 3D ellipsoid models [41], and 3D
spherical models [42], have been proposed and implemented to
study mesoscopic mechanical properties.

Natural aggregates mixed into concrete always have corner
angles and facets, which are difficult to characterize using the
aforementioned mesoscale models, but are strongly associated
with the mechanical behavior of concrete [43]. Therefore, 3D con-
vex polyhedron models with random aggregate shapes have been
established for the characterization of coral aggregates. The overall
and localized shape properties of these 3D particle models are con-
trolled by a sphericity value and angularity index. The correspond-
ing generation algorithm is described in detail in Ref. [37]. Fig. 1
presents a comparison of 3D random aggregate models and actual
coral aggregates. It can be seen that the irregular shapes and sur-
faces of coral aggregates can be accurately represented using 3D
random aggregate models. The equivalent diameters of these par-
ticle models range from 5 to 20 mm, which agrees with the actual
aggregate gradations identified in previous studies [28–30].

2.2. Generation of mesoscale models

At the mesoscale level, concrete is typically simplified as a tri-
phase composite, where coarse aggregates are controlled based
on four factors of shape, size, content, and spatial localization. As
discussed earlier, the random shapes of the aggregates can be accu-
rately represented by the proposed 3D random models. Aggregate
size and volume content are determined by concrete grades, which
can be described using Fuller’s grading curve (Fig. 2). We employ
the ‘‘take and place” algorithm [39] to place the proposed 3D ran-
dom aggregate models within the concrete spatial zone. The spatial
coordinates of each aggregate model are adjusted and finalized by
means of aggregate translation and orientation. Fig. 2 presents a
random distribution of aggregate models in a cube specimen with
dimensions of 150 mm � 150 mm � 150 mm, where the aggregate
size is in the range of 5–20 mm and the aggregate volume is 35%.

To analyze the mechanical properties of concrete numerically,
an FEM of concrete composed of three components (coarse aggre-
gate, mortar matrix, and ITZ) must be established. During the
meshing process of the 3D random mesoscale models, it is critical
to identify each mesoscale component so that the corresponding
material attributes and stress–strain behaviors can be defined
and characterized. By employing the mapping algorithm and mate-
rial identification algorithm proposed by Fang et al. [44], 3D
mesoscale FEMs were obtained, as shown in Fig. 3, where the min-
imum mesh size is 1 mm. Based on the size independence of the
ITZ thickness identified in our previous study [21], the ITZ thick-

ness has a negligible effect on the numerical results when it is
set to 1 to 2 mm. Therefore, the thickness of the ITZ in our 3D ran-
dom mesoscale model was set to 1 to 2 mm. The cube model with
an edge length of 150 mm and cylinder model with dimensions of
/150 mm � 300 mm contain 337 500 and 1 725 960 solid ele-
ments, respectively. To maintain consistency between the aggre-
gate contents in the mesoscale models and actual CAC specimens
reported in Refs. [28–30], where the coarse aggregate volume is
in the range of 40%–45%, the aggregate volumes in the cube and
cylinder models were set to 42.2% and 43.4%, respectively. The gen-
eration processes for the 3D random aggregate models and FEMs
were all performed using the ANSYS/LS-DYNA software. To model
the failure deformation of concrete, an erosion technique was used
to delete elements when the strain exceeded the critical erosion
criteria. Based on the results of previous studies [21,30], a maxi-
mum principal strain of 0.15 and shear strain of 0.8 were adopted
as the erosion criteria for mortar and ITZ, respectively, whereas a
maximum principal strain of 0.20 was adopted as the erosion cri-
terion for the coral aggregate.

In this study, specimen geometry and the width of the load-
bearing strips in splitting-tensile tests were considered as influenc-
ing factors for the static splitting-tension strength of CAC. Accord-
ing to the specifications for strip width in various setups for the
splitting-tensile testing of concrete (Table 1 [7,8,10]), cube and
cylinder specimens are typically used for such testing. The width
of the load-bearing strip varies from 6 to 25 mm in different stan-
dards, corresponding to a relative width (b = b/D) ranging from
0.04 to 0.17. Therefore, for the cube and cylinder specimens shown
in Fig. 3, the strip width is set to 6 to 20 mm (b = 0.04 to 0.13). As
shown in Fig. 3, load-bearing strips with different widths are
placed symmetrically on the lateral surface of a specimen. Mono-
tonic displacement loading is uniformly applied on the upper strip
at a constant loading rate of 7.5 � 10�6 m�s�1 and the entire
splitting-tensile system is constrained by the lower strip.

Fig. 1. Comparison of 3D random aggregate models and actual coral aggregates (5–20 mm).

Fig. 2. Fuller’s grading curve and coarse aggregate distribution in cube specimen.
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2.3. Material model and analytical parameters

It is well known that each mesoscale component in concrete has
distinctive physical and mechanical properties that are responsible
for the heterogeneous characteristics of concrete. In other words,
the material attributes of each component significantly influence
the mechanical properties of concrete and must be defined in
terms of accurate material parameters. Based on previous splitting
[45], spalling [46], and direct-tensile [47] simulations of concrete,
we can conclude that the Karagozian and Case (K&C) model [48]
(MAT_72) is suitable for the mesoscopic simulation of CAC under
split tension.

It should be noted that the K&C material model, which includes
three failure surfaces, is reliable for describing the plastic behav-
iors of concrete. The strain rate effects and damage effects of con-
crete are considered in the K&C model using the dynamic increase
factor and damage variable k, respectively. The expressions and
relationships of the three failure surfaces are defined as follows:

Dry ¼
a0y þ P=ða1y þ a2yPÞ; P � 0:15f c

1:35f t þ 3Pð1� 3f t=f cÞ; 0 < P < 0:15f c
1:35ðP þ f tÞ; P � 0

8><>: ð1Þ

Drm ¼
a0 þ P=ða1 þ a2PÞ; P � f c=3
1:5=wðP þ f tÞ; 0 < P < f c=3

3ðP=gþ f tÞ; P � 0

8><>: ð2Þ

Drr ¼ a0f þ P=ða1f þ a2fPÞ ð3Þ

Dr ¼ g Drm � Dry
� �þ Dry ðstrain hardeningÞ
g Drm � Drrð Þ þ Drr ðstrain softeningÞ

(
ð4Þ

where a0, a1, a2, a0y, a1y, a2y, a0f, a1f, and a2f are material constants, fc
is the compressive strength, w is a coefficient; P = �rkk/3 is the
pressure, fT is the tensile strength, and g is the yield scale factor
as a function of the damage variable k.

k ¼
R e

�
p

0
de
�
p

c 1þP=f tð Þs1 P � 0R e
�
p

0
de
�
p

c 1þP=f tð Þs2 P < 0

8><>: ; ð5Þ

where de
�
p ¼

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
2=3depijde

p
ij

q
is the effective plastic strain increment,

depij is the strain increment tensor, s1 and s2 are the damage scaling
parameters for compression and tension, respectively, and c is the
dynamic increase factor.

Fracture energy in the K&C model can be calculated as the area
under the stress–strain curves and is typically expressed as

Gf ¼ h
Z
rde; ð6Þ

where Gf is the fracture energy and h is the characteristic length of
an element. The pressure softening of concrete under tension and
compression is expressed by the volumetric plastic strain
Dk ¼ s3f dkdðev � ev;yieldÞ, where s3 is a user-defined scalar multiplier,

Fig. 3. 3D mesoscale models for CAC having various shapes and strip sizes. (a) Cube model (150 mm � 150 mm � 150 mm); (b) cylinder model (/150 mm � 300 mm);
(c) models with various strip widths.

Table 1
Specification for specimen geometry and load-bearing strip in splitting-tensile tests.

Standard number splitting-tensile specimen Load-bearing strip

Shape Size (mm) Slenderness Width b (mm) Relative width b

ASTM C496-90 [7] Cylinder /150 � 300 2 25 0.17
BS 1881-117 (BSc150/10) [8] Cylinder /150 � 300 2 15 ± 2 0.10
BS 1881-117 (BSq100/4) [8] Cube 100 � 100 � 100 1 4 ± 1 0.04
BS 1881-117 (BSq100/15) [8] Cube 100 � 100 � 100 1 15 ± 2 0.15
BS 1881-117 (BSq150/4) [8] Cube 150 � 150 � 150 1 6 ± 1 0.04
BS 1881-117 (BSq150/10) [8] Cube 150 � 150 � 150 1 15 ± 2 0.10
GB/T 50081 [10] Cube 150 � 150 � 150 1 20 0.13
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kd is an internal scalar multiplier, ev is the volumetric strain, ev, yield
is the volumetric strain at yield, and fd is used to restrict the effects
of volumetric damage.

The K&C model was further improved by Malvar et al. [49] by
using Release III (*Mat_Concrete_Damage_REL3) to simplify the
parameter input process. Therefore, the analytical parameters cor-
responding to the K&C model parameters for concrete can be gen-
erated automatically after inputting some basic parameters,
namely the compressive strength fc, tensile strength fT, shear
modulus Gs, mass density q, and Poisson’s ratio l.

According to the physical and mechanical properties of coral
aggregates produced by the South China Sea Islands [30,50,51],
the material model parameters for the coral aggregate were set
to fc = 10 MPa, fT = 1.2 MPa, q = 2557 kg�m�3, and l = 0.23. Addi-
tionally, by referring to the mechanical properties of coral mortar
mixed with different water/cement ratios in Ref. [23], the compu-
tational parameters for mortar with a strength grade of C30 were
set to fc = 30 MPa, fT = 5.6 MPa, q = 2350 kg�m�3, and l = 0.21.
Based on the scale limitations of the ITZ (lm), it is difficult to mea-
sure its macroscopic properties, particularly the values of fT and l.
In this study, the bonding strength (3.5 MPa) between a coral
aggregate cubic sample (2 cm � 2 cm � 1 cm) and cement paste
specimen (2 cm � 2 cm � 1 cm) [30] was used as the tensile
strength value for the ITZ in CAC. Additionally, according to the
universally acknowledged ‘‘weakened mortar” theory [52], the
other uncertain parameters of the ITZ, namely fc, q, and l, were
preliminarily set as follows: fc = 21 MPa, fT = 3.5 MPa, q = 2350
kg�m�3, and l = 0.15.

2.4. Verification

In this section, the mesh sensitivity of the mesoscale model
described above is investigated. Fig. 4 presents the quasi-static
splitting-tensile behaviors of CAC cube specimensmeshed with dif-
ferentmesh sizes (1, 2, and 3mm). Fig. 4(a) indicates that themodel
for static problems is mesh dependent with respect to strain local-
ization because of the lack of a suitable regularization technique.
For example, the aggregate and ITZ distributions in amesoscale con-
crete model with small grids (1 mm) are more realistic and uniform
than those in amodelmeshedwith largegrids (2 or3mm).Addition-
ally, under quasi-static split tension, the cracking failure patterns of
CAC meshed with small elements (1 mm) are more realistic than
those of mesoscale models meshed with large elements (2 or
3 mm). Although the shapes of the splitting cracks are similar, the
widths of the cracks in the model meshed with smaller elements
(1 mm) are smaller and closer to the experimental results [29].

Therefore, 1 mm elements are more suitable for modeling the split-
ting cracks of concrete. Regarding the load–displacement curves in
Fig. 4(b), the peak stress of CACunder split tension is associatedwith
themesh size.With an increase inmesh size, the peak stress exhibits
a slight increase. However, the stress differences between the
concretemodelswithdifferentmeshsizes are small,which is consis-
tent with previous research results [3,21]. Furthermore, based on
our previous works [21,44], the optimal mesh size for a 3D random
mesoscale model is typically between one-quarter and one-eighth
of the minimum aggregate size for the realistic characterization of
aggregates and ITZ phases in concrete models. In this study, the
mesh size was set to 1 mm, which is one-fifth of the minimum
aggregate size (5 mm), which is within the reasonable range for
finite element meshes.

The 3D random mesoscale modeling approach and material
model parameters for CAC discussed above were verified through
comparisons of numerical simulation results and test results
reported in the literature [29,53,54]. A 3D cube mesoscale model
with an edge length of 100 mm and an aggregate volume of
43.2% was established to simulate the C40CAC cubes with the same
specimen size and similar aggregate volume (45.5%) used in Mi
et al.’ s [29] splitting-tensile tests. Crushed coral aggregates with
a continuous gradation of 5 to 20 mm were used in Mi et al.’s tests
and the coarse coral aggregates in our mesoscale model were
simulated using 3D random aggregate models (Fig. 1) within the
size range of 5–20 mm. The width of the load-bearing strip was
20 mm. The tested and simulated failure patterns of CAC under
split tension are presented in Figs. 5(a) and (b), respectively.

According to the test results [29] shown in Fig. 5(a), the main
cracks appear at the central plane of the cube specimen. Addition-
ally, clear compressive failure occurs at the loading position, which
is caused by the concentrated stress distribution between the load-
bearing strip and specimen. One can see that the splitting-tensile
fracture surface meanders through the specimen near the central
plane based on the heterogeneity of concrete, which is very consis-
tent with the experimental cracking pattern presented in Fig. 5(a).
The concentrated stress distribution and localized cracking failure
near the loading position were also simulated, as shown in
Fig. 5(b). Apparent cracking failure of the coral aggregates can be
observed on the fracture surfaces of the concrete specimen, as
shown in Fig. 5(a). Da et al. [28] and Ma et al. [30] observed the
same failure mode of coral aggregates in their experimental works
and attributed this failure to the highly porous and low-strength
characteristics of coral aggregates. It is noteworthy that both the
spatial location and cracking phenomenon of coral aggregates in
CAC can be simulated accurately using the proposed mesoscale

Fig. 4. Mesh sensitivity effect on the splitting-tensile simulations of cube CAC specimens. (a) Failure patterns; (b) stress–strain curves.
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model, as shown in Fig. 5(b). This indicates that the mesoscale
model and material model are suitable for the simulation of CAC
under split tension. Additionally, according to the comparisons of
the relationships between splitting-tensile strength (fst) and the
fc values of cube CAC specimens in Ref. [29], a reliable fitting
formula can be obtained, as shown by the dotted blue line in
Fig. 5(c) [53,54]. One can see that the fst values of CAC cubes with
various fc values (20 to 40 MPa) can be predicted from the correla-
tion curve fitted to the test results, indicating that the 3D random
mesoscale modeling approach and corresponding model parame-
ters are highly reliable for simulating the mechanical properties
of CAC under split tension.

Similarly, using the same mesoscale model and model parame-
ters, a comparison of numerical and experimental results, in terms
of failure patterns and stress–strain curves, for CAC under quasi-
static uniaxial compressive loads is presented in Fig. 6. As shown
in Fig. 6(a), the experimental failure patterns of CAC under uniaxial
compression presented in Ref. [29] can be accurately simulated
using the proposed 3D mesoscale model, where the strain rate is
set to 10�5 s�1 and the friction effects on the upper and lower sur-
faces of the specimen are not considered. Additionally, by
comparing the compressive stress–strain curves of CAC presented

in Fig. 6(b), one can see that the numerical curve is in good agree-
ment with the test curve [28]. In summary, the developed 3D
mesoscale modeling approach has high reliability for simulating
the mechanical responses of CAC under different load conditions.
Therefore, the developed FEM and analytical parameters discussed
in the previous sections were employed in the numerical analysis
discussed below.

3. Mesoscopic results and discussion

The mesoscopic properties of CAC were obtained based on the
mesoscale models described above. The results are discussed in
this section. The failure processes, final failure patterns, and
stress–displacement relationships of different CAC specimens are
analyzed and the specimen geometry (cube and cylinder) and
width of the load-bearing strip (6, 9, 12, 15, 18, and 20 mm) are
considered as influencing factors.

3.1. Failure processes

To evaluate the failure mechanisms of CAC under spilt tension,
the overall and localized failure processes of the cube and cylinder
CAC models are presented in Figs. 7 and 8, respectively, where
load-bearing strips with widths of 9 mm are used. As shown in
Figs. 7(a) and 8(a), both the cube and cylinder models are cut
through their central planes along the loading direction to investi-
gate localized failure processes.

As shown in Figs. 7(b) and 8(b), strain concentrations appear at
the upper loading ends between the specimens and strips, and
then gradually propagate along the loading direction through the
central plane. Subsequently, the strain-concentration phenomenon
occurs at the lower loading end and propagates along the loading
diameter direction toward the upper loading end until the upper
and lower splitting cracks meet and connect at the specimen cen-
ter, splitting the specimen into two halves. In addition to the main
cracks with large widths that split the specimen into two halves,
some secondary cracks also occur in the area near the loading

Fig. 6. Comparison of experimental and resunumericallts of CAC under static
split tension: (a) compressive failure patterns; and (b) compressive stress–strain
curve.

Fig. 5. Comparison of experimental and numerical results of CAC under static
split tension: (a) tested failure pattern; (b) numerical failure pattern; and (c) static
spitting-tensile strengths.
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position (Fig. 7(b)), which is likely caused by the appearance of
aggregates along the central plane. In summary, the numerical
crack patterns of CAC under split tension are highly consistent with
the test results presented by Mi et al. [29] and Ma et al. [30], as
shown in Figs. 7 and 8. However, the crack propagation originating
from the upper loading end is faster than that originating from the
lower loading end, which can explain the actual failure behavior of
CAC under split tension. When comparing the failure processes of
the cube and cylinder, the strain concentration area in the cylinder
is wider than that in the cube, which can be attributed to the smal-
ler elastic plastic strain range (0–0.001) of the cylinder. The main
purpose of setting a smaller elastic plastic strain range for the
cylinder is to highlight its failure process, but its failure speed is
clearly slower than that of the cube specimen based on its larger
fracture surface.

The failure process of CAC under static split tension can be
derived from the localized failure characteristics (Figs. 7(c) and
8(c)) of concrete. It should be noted that the strain concentration
of the ITZ is much more significant than that of the mortar and
aggregate based on the lower tensile strength of the ITZ, which
leads to easy micro-crack initiation and propagation through the
ITZ [29,53,54,60]. It should also be noted in the test results pre-

sented by Mi et al. [29] and Ma et al. [30] (Figs. 7 and 8) that the
fracturing of coral aggregates appears on the splitting failure sur-
faces of both the cube and cylinder CAC specimens, demonstrating
that cracks can pass and even penetrate coral aggregates under
quasi-static loading. By using the mesoscale modeling approach,
stress initiation, propagation, and concentration in coral aggre-
gates can be accurately simulated based on the variation of effec-
tive strain, as shown in Figs. 7(c) and 8(c). According to previous
experimental and numerical studies, the fracturing of coral aggre-
gates in CAC is attributed to two main factors. One is that coral
aggregates are porous and lightweight aggregates with low
strength that cannot bear large tensile loads [27–30]. The other
is that the rough and porous surface textures of coral aggregates
can contribute to an ITZ with high bonding intensity and strength,
which gives rise to internal cracking failures that tend to propagate
through and penetrate coral aggregates with porous mesostruc-
tures [53,54]. Additionally, based on the failure processes of inter-
nal mesoscale components shown in Figs. 7(c) and 8(c), it can be
concluded that damage in concrete develops from the edge areas
of specimens toward the centers of the specimens and that the fail-
ure of mesoscale components in edge areas is more significant than
that in central areas, which can be attributed to the heterogeneity

Fig. 7. Failure process of cubic CAC specimen under split tension [29].

Z. Wu, J. Zhang, H. Yu et al. Engineering 17 (2022) 110–122

116



of concrete and is consistent with the simulation results presented
by Jin et al. [3].

3.2. Final failure patterns

Fig. 9 presents the final failure patterns of the cube/cylinder
CAC specimens subjected to static splitting-tensile loadings, where
the width of the load-bearing strip varies from 6 to 20 mm. As
shown in Fig. 9, under static splitting-tensile loading, both the cube
and cylinder specimens are split into two halves along their central
loading planes. A damage belt with a certain width exists near the
fracture zone, which is induced by compressive and tensile loading
in the transverse direction. One can see that the width of both the
damage belt and cracking path of CAC are associated with the load-
bearing strip width. For example, with an increase in strip width,
the damage belt width gradually increases and ribbon cracking
failure in the specimen centers can be detected. This phenomenon
can be attributed to the fact that the loading area gradually
increases with an increase in strip width, which gives rise to com-
pressive stress concentrations at the contact area between the
specimen and load-bearing strip. Therefore, compressive failure
with a greater width occurs at the contact area for a specimen with
a large strip, which is consistent with Zhou et al.’s [55] summariza-
tions of the representative failure patterns of concrete under split
tension. However, it should be noted that the failure of CAC sub-
jected to wider loading combines both compressive and tensile
failure, where compressive failure accounts for the majority of
damage. In other words, in splitting-tensile tests of concrete

specimens, the main failure mode of specimens with wide strips
is compressive failure, rather than pure splitting-tensile failure,
which can lead to the overestimation of the splitting-tensile
strength of concrete. Additionally, bending-tensile failures
occurred on the two lateral surfaces of the cube CAC specimen,
which were parallel to the loading plane when the strip width
was greater than 18 mm. Jin et al. [3] also observed this phe-
nomenon in a cube mesoscale model subjected to splitting-
tensile loading.

3.3. Load–displacement results

To analyze the effect of load-bearing strip width on the
splitting-tensile strength of CAC specimens, the relationships
between the load (L) and horizontal displacement (d) of the cube
and cylinder specimens are plotted in Figs. 10(a) and (b), respec-
tively. In our numerical analysis, d was calculated as the average
displacement between the two opposing surfaces that were paral-
lel to the loading direction. As shown in Fig. 10, the splitting load
on the CAC specimens in the simulations gradually increases with
the horizontal displacement and exhibits a decreasing trend when
the peak load is achieved. The enhancement process of the splitting
load fluctuates based on the low strength and high porosity of CAC.
Additionally, for both the cube and cylinder specimens, a clear
increasing trend in the peak load and corresponding displacement
of the CAC can be observed as the strip width increases. Based on
the ascending section of the load–displacement curves (Fig. 10),
it can be concluded that the greater the strip width, the greater

Fig. 8. Failure process of cylinder CAC specimen under split tension [30]. (a) Overall and localized model; (b) overall failure process; (c) localized failure process.
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the stiffness of the CAC specimen. Compared to the softening
curves of the CAC specimens with narrow strips, it can be observed
that the softening curves of the CAC specimens with wide strips
fluctuate with increasing displacement, indicating that re-
hardening phenomena occur in the specimens. This is because
localized compression plays a more significant role in CAC speci-
mens with wider strips. As indicated in many previous studies
[13,19,56], there is a direct relationship between the width of the
bearing strip and the splitting-tensile strength of concrete, which
is analyzed and discussed in the following sections.

4. Effects of specimen geometry and bearing strip size on tensile
strength

Based on the obtained numerical results and available test
results for the splitting-tensile strengths of CAC specimens, the
effects of specimen geometry and strip width on tensile strength
are discussed in this section. The splitting-tensile strengths of the
cube and cylinder specimens were obtained when the specimens
were split in half by horizontal tensile stress. The failure of the
wedges considered in this work is included in the failure processes
of concrete (Fig. 8), but tensile strength cannot be obtained in the
event of wedge failure.

4.1. Splitting-tensile strength

The peak loads of CAC specimens under different conditions
according to the load–displacement curves presented in Fig. 10
are listed in Table 2. We used the classical formula (Eq. (7)) for
the splitting-tensile strength of concrete to calculate the fst value

of CAC (Table 2). Considering differences in specimen geometry
and size, the relative width (b) of the load-bearing strip was deter-
mined using Eq. (8) to quantify the relationship between fst and the
strip width.

f st ¼
2L
pHD

ð7Þ

b ¼ b=D ð8Þ
where fst represents the splitting-tensile strength (MPa), L is the
peak load (kN), b is the width of the load-bearing strip, H is the
height and edge length of the cylinder and cube specimens, respec-
tively, and D is the diameter and edge length of the cylinder and
cube specimens, respectively.

4.2. Effects of specimen geometry on tensile strength

Fig. 11 plots the numerical fst values of the cube and cylinder
CAC specimens with various load-bearing strip widths (6 to
20 mm). One can see that the fst value obtained for the cylinder
model (/150 mm � 300 mm) is slightly smaller than that of the
cube model with an edge length of 150 mm when the
load-bearing strip widths are the same. On the surface, it appears
that the fst values obtained using different standards (i.e., ASTM
C496-90 [7], BS 1881-117 [8], and GB/T50081 [10]) are influenced
by the specimen geometry to a certain degree. However, based on
the failure positions of splitting-tensile specimens, many research-
ers [58,59] have suggested specifying the relationship between
concrete tensile strength and the fracture areas of specimens to
investigate specimen size effects, independent of specimen geom-
etry. In other words, both specimen size (volume) and specimen

Fig. 9. Final failure patterns of cube and cylinder CAC specimens under split
tension.

Fig. 10. Load-displacement curves of CAC specimens with various bearing strip
sizes: (a) cube specimens and (b) cylinder specimens.
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geometry (shape) are considered to be of general significance for
the fst values of concrete. Therefore, the relationships between
the fracture areas and fst values of simulated CAC specimens are
presented in Fig. 12(a).

As shown in Fig. 12(a), the fst values of CAC exhibit a decreasing
trend as the fracture area increases from 225 to 450 cm2. Kadleček
et al. [57] also observed varying trends in the fst values of OPC with
various specimen geometries and sizes with a strip width of one-
tenth of the diameter or edge length of each specimen. Specifically,

the fst values of cube and cylinder OPC specimens gradually
decrease as the fracture area increases from 16 to 450 cm2, indicat-
ing that fst is size dependent in terms of the fracture area. Addition-
ally, when comparing the fst value of a cube OPC specimen with
edge lengths of 100 mm (150 mm) to that of a cylinder specimen
with dimensions of /100 mm � 200 mm (/150 mm � 300 mm),
the strength difference is similar to that of CAC specimens with
the same geometries. Therefore, we can conclude that the numer-
ical results for CAC specimens with different shapes and strip
widths are reasonable and that the 3D random mesoscale model-
ing approach is practical for investigating the static fst values of
CAC. The detailed relationships between the fracture areas and fst
values of CAC will be explored quantitatively in future work.

4.3. Effects of bearing strip width on tensile strength

Several studies have reported that the fst value of concrete is
directly dependent on the width of the load-bearing strip when
the relative width of the load-bearing strip is greater than 4%
[19]. Fig. 13 presents the variation in the numerical and test fst val-
ues of CAC and OPC [60] with the relative widths of the load-
bearing strip [29,53,54,60]. It should be noted that the fst value of
CAC gradually increases with the relative width of the strip, which
is consistent with the trend of the OPC [60]. Additionally, when the
relative width of the strip is less than 0.08, there is a slight differ-
ence between the fst value of CAC and the OPC value reported by
Olesen et al. [60]. This gap gradually increases, indicating that
the fst value of CAC tends to be greater than that of OPC, which is
consistent with the results of Mi et al.’s [29] splitting-tensile tests

Table 2
Splitting-tensile strengths of CAC with various geometries and load-bearing strip widths.

Specimen geometry Specimen size (mm � mm � mm) Splitting area (mm2) b (mm) b L (kN) fst (MPa)

Cube 150 � 150 � 150 22 500 6 0.04 70.2 1.99
150 � 150 � 150 22 500 9 0.06 73.9 2.09
150 � 150 � 150 22 500 12 0.08 86.8 2.46
150 � 150 � 150 22 500 15 0.10 94.2 2.67
150 � 150 � 150 22 500 18 0.12 105.4 2.98
150 � 150 � 150 22 500 20 0.13 110.5 3.13

Cylinder /150 � 300 45 000 6 0.04 138.6 1.94
/150 � 300 45 000 9 0.06 145.8 2.08
/150 � 300 45 000 12 0.08 171.2 2.40
/150 � 300 45 000 15 0.10 185.6 2.62
/150 � 300 45 000 18 0.12 207.5 2.94
/150 � 300 45 000 20 0.13 217.4 3.08

Based on the suggestion in Ref. [57], the splitting area of the concrete specimen under split tension is simplified as the vertical cross-sectional area along the loading direction.

Fig. 11. The numerical fst values of CAC with various specimen geometries.

Fig. 12. The relations between fst and fracture area of CAC with various specimen geometries.
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of CAC and OPC. They explained that this phenomenon is caused by
strong mechanical interlocking between mortar and coral aggre-
gates with rough surface textures, which contributes to the bond-
ing strength of the ITZ and increases the fst value of CAC compared
to OPC, which contains gravel aggregates. Additionally, when the
relative width of the strip is 0.20, one can see that the test fst values
of CAC fluctuate, which is attributed to the fact that the CAC spec-
imens discussed in Refs. [29,53,54] have distinct compressive
strengths (30 to 60 MPa).

The classical formula (Eq. (7)) for the calculation of fst is based
on the linear-elastic solution method, where the splitting load on
the upper strip is uniformly distributed along a line with no width,
which is inaccurate when a wide bearing strip is used to carry a
portion of the compressive stress. Therefore, considering the
effects of the relative width of the bearing strip, Rocco et al. [13]
calculated the fst values of cube and cylinder specimens using
Eqs. (9) and (10), respectively.

f st;cu ¼ f st ð1� b2Þ5=3 � 0:0115
h i�1

ð9Þ

f st;cy ¼ f stð1� b2Þ�3=2 ð10Þ
where fst,cu and fst,cy are the splitting-tensile strengths of the cube
and cylinder specimens, respectively. Therefore, the relationship
between the fst values of the cube and cylinder specimens under
the same conditions can be expressed as follows [19]:

f st;cu
f st;cy

¼ ð1� b2Þ3=2

ð1� b2Þ5=3 � 0:0115
ð11Þ

When comparing the ratio of the numerical fst,cu and fst,cy values
of CAC to that of the elastic solutions (Eq. 11) (Fig. 14), one can see
that the numerical ratio of CAC is greater than that of the elastic
solutions. Additionally, one can see that the differences between
fst,cu and fst,cy gradually increase as the relative width of the bearing
strip increases from 0.04 to 0.13, which is faster than the rate of
increase of the elastic solution. In other words, the effects of speci-
men geometry on the fst value of CAC becomemore significant with
an increase in the relative width of the bearing strip. The main rea-
son for these differences between the numerical and elastic solu-
tions is that the width of the splitting load gradually increases
with the relative width of the bearing strip, which is inconsistent
with the assumption of a linear load with no width. The larger
the relative width of the bearing strip, the greater the difference
between the numerical and theoretical results.

Therefore, based on the elastic solution method, the effects of
other factors on the ratio of fst,cu and fst,cy for CAC with different
bearing strip widths can be represented by the following upper
and lower limit formulas:

Upper limit formula

f st;cu
f st;cy

¼ ð1� b2Þ3=2

ð1� b2Þ5=3 � 0:0115
þ K1 ð12Þ

Lower limit formula

f st;cu
f st;cy

¼ ð1� b2Þ3=2

ð1� b2Þ5=3 � 0:0115
þ K2 ð13Þ

where K1 and K2 are constants that control the upper and lower
boundaries of the variation area of CAC fst values, respectively. Both
equations are valid for b = 0.04 to 0.13. According to the numerical
fst,cu and fst,cy values of CAC with different bearing strip widths, K1

and K2 are preliminarily determined as 2.1 � 10�4 and
6.6 � 10�4, respectively. However, additional numerical and test
fst,cu and fst,cy values for CAC under split tension with various bear-
ing strip widths are required for the further determination of K1 and
K2. Overall, the upper and lower limit formulas are of great signifi-
cance for predicting the fst values of CAC with different bearing strip
widths, which has massive implications for the investigation and
design of CAC structures.

5. Conclusions

The splitting-tensile properties of cubic and cylindrical CAC
specimens were investigated using a 3D randommesoscale model-
ing approach. The effects of specimen geometry and the width of
the bearing strip on the fst value of CAC were studied based on
numerical results and previous test results. The main conclusions
can be summarized as follows.

(1) A 3D mesoscale model with random characteristics (shapes
and distributions) for aggregates was developed to simulate CAC
cube and cylinder samples. The proposed mesoscale models and
corresponding material parameters for CAC were validated
through simulations and by analyzing the mechanical properties
of cube and cylinder CAC specimens under split tension.

(2) In the splitting-tensile failure process of CAC, cracking
propagates from both the upper and lower bearing strips along
the loading direction until the specimen is split into halves by ver-
tical splitting cracks. Additionally, earlier and more rapid cracking

Fig. 13. Static splitting-tensile strength of CAC and OPC specimen with various
shapes and load-bearing strip widths.

Fig. 14. Relations between cube/cylinder splitting-tensile strength and the relative
width of bearing strip.
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initiates at the upper bearing strip compared to the lower strip,
which can explain the real-world failure behavior of CAC under
split tension.

(3) The typical failure pattern for CAC is single splitting crack
formation along the loading direction. However, when the width
of the bearing strip exceeds a certain threshold, multiple ribbon
failures occur near the central plane of a CAC specimen.

(4) The numerical fst value of a CAC cube model
(150 mm � 150 mm � 150 mm) is slightly greater than that of a
similar CAC cylinder model (/150 � 300 mm) and the effects of
specimen geometry can be revealed based on the relationship
between fst and the fracture area of a specimen. Specifically, the
fst value of CAC decreases with an increase in fracture area, which
is similar to the results for OPC reported in Ref. [57].

(5) The numerical fst value of CAC is size dependent in terms of
the width of the load-bearing strip and it gradually increases with
the relative width of the strip, which is consistent with the varia-
tion law of OPC. Additionally, based on the elastic solution for
the ratio of fst,cu and fst,cy, the upper and lower boundaries for the
ratio of fst,cu and fst,cy for CAC were determined using Eqs. (12)
and (13), which is highly significant for investigating and predict-
ing the splitting-tensile strength of CAC. Additional numerical and
test results for CAC should be derived to complement and perfect
these formulas in future work.
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