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Abstract: This paper comprehensively investigates the dynamic mechanical properties of concrete by
employing a 75 mm diameter Split Hopkinson Pressure Bar (SHPB). To be detailed further, dynamic
compression experiments are conducted on coral aggregate seawater concrete (CASC) to unveil
the relationship between the toughness ratio, strain rate, and different strength grades. A three-
dimensional random convex polyhedral aggregate mesoscopic model is also utilized to simulate the
damage modes of concrete and its components under varying strain rates. Additionally, the impact
of different aggregate volume rates on the damage modes of CASC is also studied. The results show
that strain rate has a significant effect on CASC, and the strength grade influences both the damage
mode and toughness index of the concrete. The growth rate of the toughness index exhibits a distinct
change when the 28-day compressive strength of CASC ranges between 60 and 80 MPa, with three
times an increment in the toughness index of high-strength CASC comparing to low-strength CASC
undergoing high strain. The introduction of pre-peak and post-peak toughness highlights the lowest
pre-to-post-peak toughness ratio at a strain rate of approximately 80 s−1, which indicates a shift in
the concrete’s damage mode. Various damage modes of CASC are under dynamic impact and are
consequently defined based on these findings. The LS-DYNA finite element software is employed
to analyze the damage morphology of CASC at different strain rates, and the numerical simulation
results align with the experimental observations. By comparing the numerical simulation results
of different models with varying aggregate volume rates, it is reported that CASC’s failure mode is
minimized at an aggregate volume rate of 20%.

Keywords: coral aggregate seawater concrete; Split Hopkinson Pressure Bar; toughness index;
dynamic increase factor (DIF); three-dimensional mesoscale model; aggregate volume ratio

1. Introduction

Marine resource reservation and development are regarded as being of importance in
both natural and economic society. In this way, dead marine coral reefs serving as coarse
and fine aggregates in coral aggregate concrete (CAC) working under marine environment
bring benefits which minimize impact to the ocean. On the other hand, properly using
abundant coral reef resources locally is also beneficial in lowering construction costs and
shortening construction periods. Therefore, the application of CAC in marine infrastructure
projects provides satisfying performance in island projects such as roads, piers, berms, and
other infrastructure [1].

The United States has led the pioneering research and utilization of coral aggregate
concrete, especially in the construction of airfields and roads, and in military defense
usage on islands in the Western Pacific. Mrema and Bungara [2] succeeded in producing
high-strength coral aggregate concrete by incorporating mineral admixtures into the mix.
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Yu et al. [3] developed high-strength coral aggregate concrete with compressive strengths
ranging from 55 MPa to 85 MPa. They employed the pre-wetting technique in the laboratory
and field, based on the slurry-rich theory. Besides studies on improving CAC’s strength,
Da et al. [4] studied the static mechanical properties of CAC and observed that it exhibited
greater brittleness compared to light aggregate concrete (LAC), with a steeper rising section
and a falling section of the full stress–strain curve, similar to LAC. They ranked the
brittleness of different concrete types at the same strength grade as follows: CAC > LAC >
ordinary Portland cement (OPC). Cai et al. [5] compared the mechanical properties of CAC
and OPC through SHPB experiments and found that the impact toughness of CAC was
significantly lower than that of OPC. At the same strain rate, the dynamic increase factor
(DIF) of CAC was higher than that of OPC as found by Ma et al. Although limited research
has been carried out on the dynamic mechanical properties of CAC, it is reported that
the mainstream methods of enhancing impact toughness are to incorporate fibers [6] and
high-tenacity cement or mineral admixtures [7–9]. Regarding the importance of CAC in
island projects and national defense, this paper advances the understanding of high-speed
dynamic mechanical properties in CAC by investigating the behavior of two different
compressive strength grades (C55 to C70) using a SHPB. This paper also summarizes
most of the current data on the dynamic impact of coral CAC and discusses in depth the
relationship between the toughness index and strain rate. A definition of the pre-peak
to post-peak toughness ratio was proposed to visually compare the energy dissipation
patterns of concrete under impact.

To consummate this study, besides experimental methods, robust finite element mod-
eling was conducted to simulate the dynamic behavior of CAC under a high-speed impact.
To express the physical nature of CAC, the constituents are defined into three phases:
aggregate, mortar, and the interface transition zone (ITZ) between the two [10–12]. This
model performs highly accurately once the sizes of aggregate are fine. To find a balance
in simulation cost and accuracy, different aggregate models were studied, including the
planar circular model [13], the planar polygon model, the spherical model [14], the 3D
ellipsoid model [15], the 3D random convex polyhedron model [16,17], and the non-convex
polyhedron model [18]. Although each model has its own pros and cons, the most realistic
model, the random polygon convex aggregate model, which considers the random shape
and distribution of aggregates more comprehensively, was chosen in this paper in order
to exhibit the most accurate dynamic properties of CAC. By optimizing the model, a 3D
random mesoscale model was developed, and numerical simulations were carried out
with LS-DYNA software [19] to investigate the mechanical destructive properties of CASC
under dynamic load. Furthermore, the effect of aggregate volume rate on the dynamic
impact of CASC was discussed to expand the application scope of different CACs.

2. Experiment Study
2.1. Raw Material and Basic Properties

In this paper, coral (Figure 1a) and coral sand (Figure 1b) from the beach of an island
reef in the South China Sea were used as coarse and fine aggregates, respectively. The
coral was processed to continuous gradations ranging from 5 mm to 20 mm (Figure 2) by
crushing until the coral sand had a Zone II grading (Figure 2). The physical and mechanical
characterization of coral and coral sand is shown in Table 1. The cement used was 42.5R
ordinary silicate cement and the FA was Class I fly ash produced by Guangxi Qinzhou
Power Plant; the specific chemical composition is shown in Table 2 and the basic physical
and mechanical properties of the cement are shown in Table 3. Seawater from an island
harbor was selected as the mixing water, the chemical composition of which is shown in
Table 4.
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Table 1. Physical and mechanical properties of coral and coral sand [20].

Raw Materials Fineness
Modulus

Apparent Density
(kg/m3)

Bulk Density
(kg/m3) Porosity (%) Water Absorption (%)

Coral - 2557 1058 7.7 10.9
Coral sand 2.44 2500 1115 45 11

Table 2. Chemical composition of cementitious materials (%).

Raw Materials SiO2 Al2O3 CaO SO3 MgO Fe2O3 I.L

FA 54.88 26.89 4.77 1.16 1.31 6.49 3.1
Cement 21.35 4.67 62.60 2.25 3.08 3.31 0.95

Table 3. Physical and mechanical properties of ordinary silicate cement.

Cement
Specific

Surface Area
(m2/kg)

Burning
Loss (%)

Normal
Consistency

(%)

Coagulation
Time (h) Compressive Strength (MPa) Flexural

Strength (MPa)

Initial Final 3d 28d 3d 28d

42.5R 380 1.8 28.0 2.5 3.3 25.65 44.72 4.9 7.8
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Table 4. The chemical composition of seawater on an island in the South China Sea (mg·L−1).

K+ Na+ Ca+ Mg2+ Fe3+ Al3+ B2O3 CO2−
3 HCO2−

3 SO2−
4 Cl−

391.4 104,34 402.4 1249 5.73 8 40.85 27.24 92.3 2503 18,800

2.2. Preparation of Specimen

The mixing process was carried out in a forced mixer which was well moistened by
seawater and highly water-proofed with a mixing ratio as shown in Table 5. Coral and
coral sand were mixed dry for 3 to 5 min, then cement, fly ash, the water reducer, and the
remaining seawater were added and mixed wet for 2 min, and the mixture was finally
discharged to determine the slumps. The mixture was put into the mold and placed on
a vibration table for vibration compaction. The mold was removed after 1d curing, and
the sample was placed indoors at a temperature of 20 ± 2 ◦C for 28 days to cure naturally.
The cubic concrete was cut and polished to obtain a cylindrical specimen with a diameter
of 70 mm and a height of 35 mm. The parallelism tolerance of the specimen’ surface was
kept under 0.02 mm to mitigate the influence of size effects on the test results. To calculate
the dynamic increase factor (DIF), a corresponding compression test was conducted on a
Ø70 × 70 mm cylinder specimen.

Table 5. Compounding and mixing properties of CASC.

No

Raw Materials (kg·m−3)

W/B
Sand Ratio

(%)
Slump (mm)

28d
Compressive

Strength (MPa)Cementitious
Materials Cement FA Coral Coral Sand Pre-

Absorption
Total
Water

Water
Reducer

CASC55 550 429 121 680 1020 85 193 33 0.35 56 242 60.8

CASC70 800 620 180 369 860 61 224 22.4 0.28 66 274 72.0

2.3. Test Method

A 75 mm diameter Split Hopkinson Pressure Bar (SHPB) apparatus was used to
perform dynamic impact experiments on CASC, as shown in Figure 3. The complete
apparatus consisted of a bar system, a power drive system, and a test system. Constituents
of the bar system were a striker bar, an incident bar, a transmission bar, and the buffer bar.
The bar system is constructed from stainless steel, featuring an elastic modulus of 210 GPa
and a density of 7850 kg/m3. The length of the incident bar, transmission bar, and buffer
bar were 3450 mm, 1950 mm, and 600 mm, respectively. The power drive system included
a bullet launcher and a high-pressure nitrogen cylinder. The test system consisted of strain
gauges attached to the incident and transmission bars, a dynamic data measurement and
acquisition system, and a laser velocimeter.
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The velocity of the bullet was determined by air pressure, which was controlled by
adjusting the valve of the nitrogen cylinder. The strain gauges attached to the incident bar
recorded the incident wave εi(t). When the stress wave reached the end face of the incident
bar in contact with the specimen, part of it reflected back to form a reflected wave εr(t),
which was still recorded by the strain gauges attached to the incident bar. The other part
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propagated through the specimen to the transmission bar, where the transmitted wave εt(t)
was recorded by the strain gauges attached to the transmission bar. The strains recorded by
the strain gauges were collected by the DH3802-1 Dynamic Signal Analysis System and
stored in a computer. Vaseline was applied to both the specimen and the end face of the
bars to reduce the end friction effect.

The bars used in the bar system in the SHPB were of the same material and cross-
sectional area. In accordance with the one-dimensional elastic wave theory [21] and the
assumption of axial stress uniformity [22], the equations for strain, strain rate, and stress
are as follows:

σs =
EA
A0

εt (1)

εs = −2C0

l0

∫ t0

0
εrdt (2)

.
εs = −2C0

l0
εr (3)

where E represents the elastic modulus (GPa); A represents the cross-sectional area (mm2);
C0 represents the 1D longitudinal stress wave velocity (m/s); and εi, εr, and εt are the
incident, reflected, and transmitted pulse signals, respectively.

3. Experiment Results and Discussion
3.1. Validation of Data

Prior to data processing, it is essential to conduct a stress balance verification for
each data set to guarantee the reliability of experimental data. In this paper, the stress
uniformity assumption is satisfied by pasting a rubber wave shaper at the loading end of
the incident rod, allowing the stress waves to propagate through the specimen for more
than four cycles [23]. Figure 4 presents a waveform diagram illustrating the three waves:
the incident wave εi(t), the reflected wave εr(t), and the comparison waves. During the
rising section, the primary focus lies in observing the overlap between εi(t) and εr(t). If
these two waves coincide well during the ascending section, it indicates that the data
are dynamically stressed. On the other hand, in the falling section, the damage within
the specimen becomes more severe and non-uniform, thereby deviating from dynamic
equilibrium. Consequently, matching the comparison and transmission waves becomes
challenging. Considering the cost and precision, some studies [24] are compromised when
examining the rising section to meet the validation requirements during data verification.
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3.2. Quasi-Static Compressive Strength

The damage patterns of CASC with varying strength grades under quasi-static loading
conditions are shown in Figure 5. Despite the difference in strength grades, the CASC
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specimens exhibited similar failure modes. Upon experiencing damage, the specimens
exhibited the formation of multiple oblique cracks oriented at an angle to the longitudinal
loading direction, indicating shear fracture mode.
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It can be obtained from Figure 5 that the lower the strength grade of CASC, the more
severe the damage pattern. The cracks propagated directly through the coral aggregate,
and this can be attributed to several reasons. One of the contributing factors is the unique
properties of the coral aggregate, including its lower strength, high porosity, and good
water storage capacity.

During the subsequent hydration of the cementitious material, the water absorbed
by the coral aggregate is continuously released, resulting in a continuous hydration of
the cementitious material surrounding the coral aggregate. Both the mortar and the ITZ
consequently become stronger than the coral aggregate itself. Additionally, the porous and
rough surface of the coral aggregate enhances the mechanical interlocking between the
aggregate and the mortar. This mechanical bite between the two materials further promotes
crack propagation directly through the coral aggregate. In contrast, when ordinary Portland
concrete is subjected to pressure loading, the cracks tend to propagate along the weaker
zones surrounding the aggregate, rather than directly through the aggregate itself.

3.3. Stress–Strain Curve of Dynamic Impact

The stress–strain curves of the CASC with varying strength grades are given in Figure 6.
The strain rates range from 34.0 s−1 to 109.0 s−1. It is observed that the shape of the dynamic
stress–strain curve for CASC exhibits similar variations with strain rates across different
strength grades. The dynamic compressive strength along with the peak strain (the strain
value corresponding to the peak stress) and the toughness index (the area under the curve),
increase as the strain rate increases. These trends are documented and quantified in Table 6,
which provides the relevant mechanical parameters for CASC.

In the impact experiments conducted using the SHPB apparatus, it is noted that the
strain rate varied among specimens under the same air pressure. However, the difference
in strain rates was relatively small, so this paper will not discuss the relationship between
air pressure and strain rate. Figure 6 clearly demonstrates that the strain rate has a greater
influence on the rising section of the stress–strain curve. As the strain rate increases, the
rate of stress reduction after reaching the peak stress on the dynamic stress–strain curve
gradually decreases. This indicates that the material exhibits more pronounced ductile
deformation characteristics at higher strain rates.
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Table 6. Mechanical parameters of dynamic impact test of CASC.

CASC f cy (Mpa) Strain Rate (s−1) Peak Stress (MPa) Peak Strain (%) DIF Toughness

C55 56.7

51.8 72.1 0.50 1.27 0.418
54.9 77.0 0.36 1.36 0.434
72.2 84.7 0.45 1.50 0.628
102.9 89.8 0.50 1.58 1.02

C70 69.2

34.0 79.2 0.38 1.15 0.273
51.2 93.5 0.38 1.35 0.455
77.0 99.2 0.31 1.43 0.617
95.9 101.1 0.44 1.46 0.925
109.0 116.0 0.47 1.68 1.217

3.4. Effect of Strain Rate

It is presented in Section 3.3 that CASC has a significant strain rate effect, with the peak
stress increasing as the strain rate increases. Numerous studies have proposed different
explanations for the strain rate effect. The crack propagation effect [25] refers that under
high strain rate conditions, deformation occurs rapidly and a single macrocrack in CASC
lacks adequate time to propagate, and the energy created by external loading is purely
dissipated through the formation of more tiny cracks. Furthermore, the energy used to
generate cracks is much greater than that used to propagate cracks. The lateral inertia
effect [26] refers to the fact that as the strain rate increases, the CASC is subjected to a
limiting pressure due to the limitation of transverse deformation, resulting in an increase
in the dynamic stress and the DIF of the CASC. This study argues that the primary reason
for the strain rate effect in concrete specimens is the presence of numerous micro-cracks.
Under impact load, these cracks undergo damage evolution. As the strain rate increases,
the cracks inside the concrete specimen do not have time to fully expand, resulting in its
internal energy not being dissipated in a short period of time, and the energy accumulated
within the specimen at the moment of impact increases, resulting in a higher stress state.

The DIF is commonly used to characterize the strain rate effect on the dynamic
mechanical properties of cementitious materials [27]. Figure 7 summarizes the DIF versus
strain rate for varying strength grades of CASC. The growth rate of the DIF is essentially
equal for all CASCs, with the value of the DIF becoming smaller with the increased strength
grade at the same strain rate. The dynamic stress of CASC with a high strength grade is
slightly larger than the quasi-static stress of CASC under a high-velocity impact due to
the high brittleness of mortar and a lower volume rate of aggregates. In contrast, lower
strength grades of CASC, with higher volume rates of aggregates in the specimens, lead to
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higher porosity within the concrete and higher energy aggregation within the specimens,
which exhibit high dynamic stresses at high strain rates and a higher DIF.
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The equation widely recognized for DIF calculation internationally was proposed by
the European Committee for Concrete (CEB) [29] and is presented below:

CEB : DIF =

{
(

.
ε/

.
εsat)

α .
εsat <

.
ε ≤ 30s−1

β(
.
ε/

.
εsat)

1/3 .
ε > 30s−1 (4)

Many scholars have given a number of representative models, as shown in Figure 8,
such as C. A. Ross et al. [30], J.W. Tedesco et al. [31], Fujikake et al. [32], and Al-Salloum [33]

Tedesco : DIF =

{
0.009651lg

.
ε + 1.058

.
ε ≤ 63.1s−1

0.7581lg
.
ε − 0.289

.
ε > 63.1s−1 (5)

Fujikake : DIF = exp(0.00126 × lg(
.
ε/

.
εsat)

3.373
) (6)

Al − Salloum : DIF =
3.248

.
ε + 77.946

.
ε + 75.763

(7)

where
.
ε is dynamic strain rate,

.
εsat is static strain rate, and α and β are the fitted parameters,

respectively,
.
εsat = 3 × 10−5 s−1.
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One can discern that the experimental data in this paper have a large error compared
to the models of Fujikake and Al-Salloum, while the data points are among the CEB and
Tedesco model curves. This research re-evaluates the relationships between the DIF and
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strain rates for CASC using both experimental data and literature sources, with the most
recent fitting results presented in Table 7.

DIF = α
( .
ε/

.
εsat

)β (8)

where α and β are the fitted parameters.

Table 7. Fitted parameters of Equation (8).

No. α β R2

CASC 50 0.02163 0.28616 0.899
CASC 70 0.02503 0.27533 0.886
CASC 80 0.00042 0.54002 0.809

Ma-2020 [17] 0.00133 0.47334 0.978
Zhang-2016 [1] 0.000814 0.5156 0.924
Zhang-2016 [1] 0.01385 0.33657 0.871
Ma-2019 [28] 0.05628 0.2464 0.812
Fu-2021 [25] 0.00773 0.37218 0.988

3.5. Toughness Index

The toughness and fracture energy are calculated from the area beneath the complete
dynamic stress–strain curve. This measure provides quantitative information about the
energy absorption characteristics of CASC during impact events, as seen in Table 6.

From the results, the strength grade significantly influences the toughness index. This
effect is evident when examining the connection between toughness and strain rate for
different strength grades of CASC, as shown in Figure 9. It is observed that as the strain
rate increases, the toughness index of CASC also exhibits an increase. Additionally, the
increment of the strength grade influences the increasing rate of the toughness index.
Higher strength grades correspond to a more marked enhancement in the toughness index.
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The graph effectively illustrates the correlation between the toughness index and the
strain rate across different compressive strength ranges (30–80 MPa). There is a relatively
sharp increment in the toughness index between strength grades 50 MPa and 60 MPa.
However, the toughness index is not sensitive to higher strength grades under a strain rate
of 70 s−1. The change in strength grades only contributes to the increase in the toughness
index, as a magnitude from 0.1 to 0.6. Using a threshold value, when the strain rate exceeds
70 s−1, the strength grade of CASC significantly impacts the increase in the toughness index.
This effect is notably more distinct for high-strength CASC. At a strain rate of 140 s−1, the
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toughness index of high-strength CASC increases two times faster compared to that of
normal-strength CASC. This is due to the fact that according to the slurry-rich principle,
high-strength CASC can be obtained by increasing the amount of cement per unit volume
of concrete. The fine aggregate fraction of high-strength CASC is mixed with coral fine sand
of different gradations. High-strength CASC has a low aggregate volume rate and most
of its composition is mortar, which has a higher compression strength compared to coral
aggregate. The mortar part can absorb more energy than the aggregate part and exhibits
higher toughness at high strain rates where more energy is required for the propagation of
internal cracks.

The figure demonstrates that the data on the toughness index of CASC, gathered from
this study and other researchers, fit accurately with an exponential function.

Experimental data points are fitted using Equation (7) as described below:

η = eα+βx (9)

The specific fitting parameters and results are shown in Table 8.

Table 8. Fitting parameters of Equation (9).

No. α β R2

CASC-50 −1.7497 0.01725 0.996
CASC-70 −1.8888 0.01902 0.991
CASC-80 −1.9848 0.02156 0.967

Zhang 2016 [1] −1.3699 0.01611 0.847
Fu 2021 [19] −1.39344 0.00989 0.988
Ma 2019 [27] −2.13454 0.01217 0.808
Ma 2019 [27] −1.4607 0.01133 0.632
Ma 2019 [27] −1.0728 0.01346 0.766

The stress–strain curve of high-strength CASC can be treated as two phases based
on the zenith point of stress. The integration of these two sections represents the overall
toughness of the CASC specimen under impact loading. To evaluate the distribution of
energy absorption during impact, the peak toughness ratio is established as the proportion
of the toughness value prior to peak stress relative to the total toughness value of the CASC.
Similarly, the post-peak toughness ratio is the proportion of the toughness value following
peak stress relative to the total toughness value.

A high pre-peak toughness ratio indicates that a significant portion of the absorbed
energy is primarily utilized to enhance the material’s strength. Conversely, a high post-peak
toughness ratio implies that the energy is primarily expended on crack propagation, thus
escalating the level of failure in the CASC specimen.

The relationship between the pre-peak and post-peak toughness ratio and strain rate
is shown in Figure 10. The results clearly illustrate that the CASC with a strength grade
of 40 MPa exhibits a toughness ratio above 1, indicating a higher pre-peak toughness.
Conversely, for the CASC with a strength grade of 50 MPa, the toughness ratio falls below
1, demonstrating a higher post-peak toughness. This observation indicates that brittleness
in CASC escalates with higher strength grades, where the energy to achieve peak stress
is less than the energy needed for initiating and propagating subsequent cracks. The
higher-strength CASC possesses a higher amount of mortar per unit volume, resulting
in increased energy consumption for crack expansion. Consequently, the higher mortar
strength of CASC with higher strength grades leads to a higher expenditure of energy
during crack propagation.

The ratio of pre-peak to post-peak toughness in CASC demonstrates non-monotonic
behavior as the strain rate increases. Specifically, as the strain rate increases, the pre-peak
to post-peak toughness ratio initially decreases and then increases. To emphasize, when
the strain rates vary between 70 s−1 and 80 s−1, the pre-peak to post-peak toughness ratio
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reaches its lowest value. This observation suggests a transition exists in the damage mode
of CASC, with an increased tendency for failure within the specimen.
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3.6. Failure Pattern

Figure 11 shows the damage pattern of CASC at different air pressures with different
strength grades. The destructiveness of the specimen, as observed in Figure 11, escalates
with an increase in impact air pressure.
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These patterns resemble those observed in OPC. The summary of the analysis in the
diagram shows that there are four damage patterns in concrete, which are described as
follows. (a) Unbroken state. At lower strain rates, the tensile stresses in the concrete do
not reach the levels needed for the growth of internal micro-cracks. Consequently, the
specimens remain complete and display no surface cracks at this stage. (b) Initial cracked
failure state. With an increase in strain rate, surface cracks begin to form and a slight
amount of debris detaches from the specimen’s edges. (c) Cracked failure state. With
higher strain rates, the quantity of cracks and fragments escalates, with axial penetration
through the specimen creating numerous columnar fragments. By this stage, the specimen
is significantly damaged, exhibiting a multitude of cracks. (d) Crush damage state. When
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the strain rate reaches a certain threshold, the specimen under impact divides into columnar
fragments, which are then compressed into smaller pieces by the substantial impact load.

The higher the strength grade, the lower the degree of damage to the specimens. At
high strain rates, the CASC with a compressive strength of 80 MPa only broke into large
fragments, resulting from the large amount of cementitious material per unit volume of
high-strength CASC and the high strength of the mortar, leading to the greater energy
required for crack expansion in the mortar part. High-strength CASC specimens require a
higher strain rate than low-strength CASC under impact compression to achieve the fourth
damage pattern.

4. Numerical Study

A three-dimensional mesoscopic model of CASC was developed, which incorporated
the random geometry, size, and layout of aggregates. The validity of the model was
confirmed by comparing experimental results with numerical analyses conducted on
cylindrical specimens subjected to dynamic impact.

4.1. Modeling of Geometry

In engineering applications, concrete is a complex multiphase material, but when
mesoscopic modeling is carried out, it is a common assumption among scholars to con-
sider concrete as composed solely of coarse aggregate, cement mortar, and the interfacial
transition zone (ITZ) between them, as shown in Figure 12.
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The size, shape, and position distribution of the coarse aggregates in the model were
randomized in order to correspond to the realistic aggregates. The hybrid isomorphism
algorithm [34] and the random octahedron generation algorithm [35] were used to model
the 3D random convex polyhedra in the concrete model. The specific process is a stochastic
placement of aggregate models in a unit space, with each aggregate center saved as a 3D co-
ordinate, and the generation of aggregates is described in the literature [36]. The algorithm
determines the overlap between adjacent aggregates to ensure that there is no overlap
between the aggregates and also determines the boundary between the aggregates and the
unit space to make sure that the generated aggregates do not exceed the spatial boundary.

4.2. Material Properties

After the finite element model is generated, the properties of elements are identified
by the material identification algorithm [37], to determine the mortar, aggregate, and ITZ
elements in the mesoscopic model. The aggregate’s material behavior was replicated
using the JHC material model (MAT_111 in LS-DYNA) [38]. Additionally, the material
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properties of mortar and ITZ were simulated using the K&C material model (MAT_72 in
LS-DYNA) [39]. Holmquist and Johnson proposed the HJC model, which took into account
various factors such as pressure, strain rate, material failure index, etc., and was suitable
for describing material response under high-speed dynamic loads.

The simulation parameters used to calculate the coral aggregate [30] were determined
as follows: compressive strength f c = 10 MPa, tensile strength f t = 1.2 MPa, Young’s
modulus E = 5.7 GPa, and Poisson’s ratio µ = 0.15, and mass density ρ = 2557 kg/m3.

The K&C model was utilized to investigate the response of complex concrete struc-
tures subject to large deformations and blast loading. Three new fixed surfaces were
implemented [39], each characterized by three new parameters, as shown below.

Yield failure surface ∆σy = a0y +
P

a1y + a2yP
(10)

Maximum failure surface ∆σm = a0 +
P

a1 + a2P
(11)

Residual failure surface ∆σr =
P

a1 f + a2 f P
(12)

The mortar exhibited varying parameter values based on different proportions [30]: a
compressive strength of 70.4 MPa, Young’s modulus of 36 GPa, tensile strength of 5.5 MPa,
a Poisson’s ratio of 0.25, and a mass density of 2350 kg/m³. The material properties of the
ITZ were obtained through mortar microscopic experiments [40]: a compressive strength
of 55.1 MPa, a Poisson’s ratio of 0.25, Young’s modulus of 22.6 GPa, and a mass density of
2350 kg/m3.

4.3. Finite Element Meshing

Fang and Zhang [41] suggested in their work that the element size should be deter-
mined according to the smallest aggregate size (Aggmin). They proposed selecting 1/4 to
1/8 of Aggmin as the element size to enhance computational efficiency, as illustrated in
Figure 13. According to other studies on element size [42], was found that the size of the
element has a significant effect on the computational time and computational accuracy.
Finer mesh improves the damage pattern to be more detailed and realistic. Meanwhile,
the computational cost substantially exploded. Weighing pros and cons, in this paper, the
thickness of ITZ was set to 2 mm as a choice after considering the computational efficiency
as well as the model accuracy, which is a suitable size for the numerical simulation under
impact compression.
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4.4. Boundary Conditions

To describe the interactions between various components in a mesoscopic model, the
contact keywords in LS-DYNA can be employed to define the contact behaviors at different
interfaces. The interface contact relationships involved in this study included the interac-
tions among various mesoscopic components within concrete, such as coarse aggregate,
mortar, and the interfacial transition zone (ITZ). The *CONTACT_AUTOMATIC_SURFACE_
TO_SURFACE keyword in LS-DYNA is a bidirectional contact model capable of simul-
taneously performing penetration checks between the master node-to-slave surface and
slave node-to-master surface. This model is suitable for describing the contact relationships
between two components under conditions of high-velocity impact and large deformations.
Based on existing research results and experience, it is known that this model can effectively
describe surface-to-surface contact between different material components. Therefore, this
study utilized this model to simulate the following contact relationships.

The formula for its friction coefficient µc is as follows:

µc = µk + (µs − µk)e−DC·|vrel | (13)

where µs and µk are the static and dynamic friction coefficients, respectively; DC is the
exponential decay coefficient; and vrel is the relative velocity of the contact surfaces. The
static and dynamic friction coefficients for all mesoscopic components are µs = 0.7 and
µk = 0.9, respectively.

4.5. Mesoscopic Results

We performed impact simulations on CASC at different strains, and our analysis
focused on the stress–strain curve relationship, types of failure observed, failure process of
different parts, and the effect of aggregate volume fractions.

4.5.1. Stress–Strain Curve of the CASC

Table 9 lists the peak stress and strain values obtained from both numerical simulation
and experimentation. Figure 13 shows the stress–strain curves corresponding to Table 9.

Table 9. Comparison of the test results and simulation results.

No
Strain Rate

(s−1)
Static Compressive

Strength (MPa)
Dynamic Impact Strength (MPa) Dynamic Peak Strain (10−2)

Test Numerical Error (%) Test Numerical Error (%)

CASC-55

51.8

56.7

72.1 69.9 3.1 0.50 0.27 46.2
54.9 77.0 77.8 1.1 0.36 0.34 5.6
72.2 84.7 85.2 0.5 0.45 0.41 8.9

102.9 89.8 90.1 0.3 0.50 0.46 8.1

CASC-70

34.0

69.2

79.2 76.5 3.4 0.38 0.31 18.4
51.2 93.5 92.7 0.8 0.38 0.35 7.9
77.0 99.2 97.2 2.1 0.31 0.38 22.6
95.9 101.1 103.5 2.4 0.44 0.43 2.3

109.0 116.0 120.1 3.5 0.47 0.49 4.3

Figure 14 and Table 9 show that the simulation and experimental results are in good
consistency. The error in peak stress ranges from 0.3% to 3.5%. On the other hand, the error
in peak strain is relatively large, spanning from 2.3% to 46.2%, and can be attributed to the
following reasons: (1) System errors that occurred during testing may have influenced the
experimental results. (2) The discrepancy between the failure mode of the simulation and
the test setup may have contributed to strain errors.
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The simulation outcomes showcase how the strain rate influences CASC, affirming
the mesoscopic model’s capability to precisely replicate the dynamic impact behavior of
CASC under different strain rates.

4.5.2. Failure Pattern and Failure Process

Figure 15 shows the failure process of the CASC at different conditions. The range
of effective plastic strain is from 0 to 0.02 and the range of simulated strain rate is from
51.8 s−1 to 102.9 s−1.
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The basic characteristics of the simulated failure pattern of the specimen are consistent
with those of the test results described in Section 3. The strain rate exerts a significant
influence on the failure pattern. With an increase in strain rate, there was a notable
escalation in both the specimen’s damage degree and the number of cracks and small
fragments. The specimen was still intact with small cracks generated on the surface at
51.8 s−1. However, when the strain rate rose to 72.2 s−1, the specimen broke into rough-
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shaped chunks. When the strain rate increased to 102.9 s−1, the specimen fragmented
into a large amount of pieces, with cracks visible on the aggregate and fractures occurring
along the loading axis. The failure pattern observed in coral is consistent with findings
reported in the literature [27]. Compared to the edge of the specimen, the effective strain
near the center was notably higher, while the effective strain and degree of damage of
the aggregate at the edge were lower than those at the center. This occurs because the
horizontal effect limits the deformation of the central part. Some aggregates remained
undamaged at the conclusion of the test, with cracks forming at the edge of the aggregate
and failure transpiring in the weaker areas of the mortar.

4.5.3. Failure Process of CASC

Figure 16 illustrates the failure process of different components under dynamic impacts
at high strain rates. Crack development is observed on the surface.

Buildings 2024, 14, x FOR PEER REVIEW  17  of  20 
 

 

Figure 16. Cracking process of different components of CASC at a strain rate of 147.8 s−1. 

The red and blue segments represent  large and small effective strain, respectively. 

Figure at 50 µs shows the damage in the mortar part is less than that of the aggregate and 

ITZ. The color of the aggregate unit near the periphery of the aggregate part is greenish, 

which is due to the low strength of the coral aggregate and the large number of micro-

pores inside the aggregate that are not plugged. During high-speed impact, the peripheral 

aggregates were the first to be damaged under the effect of lateral restraint, while the ITZ 

between aggregate and mortar was also damaged due to the low strength. With the in-

crease in time, at 100 µs, the damage had occurred at the edge of the aggregate, and the 

cracks went directly through the aggregate, which, as mentioned earlier, is caused by the 

porous and low-strength properties of the coral. In contrast, only a portion of the ITZ and 

mortar parts had higher strain and did not produce obvious cracks. At 350 µs, most of the 

aggregates had been destroyed and a large number of surface primary cracks were pro-

duced in the mortar section, and the specimen broke into many fragments. The damage 

of ITZ exceeded that of aggregate at this point, which is due to the fact that the strength 

of ITZ is much lower than that of the mortar and the thickness of the ITZ is thin. Either 

internal micro-cracks or main cracks on  the surface cause damage  to  the  ITZ part. The 

damage pattern of the numerical simulation at a high strain rate is similar to that in the 

experimental part of the previous paper, which proves that the mesoscopic model devel-

oped in this paper can well describe the damage process of different components of coral 

aggregate concrete under the dynamic impact. 

4.5.4. Cracking Process of Different Aggregate Volume Fraction of CASC 

Figure 17 compares the damage pattern of CASC in terms of a combination of 3 fac-

tors: strain rate (50 s−1, 100 s−1, 150 s−1), aggregate volume rate (15%, 20%, 25%, 30%), and 

damage time. The range of plastic strain is from 0 to 0.02. While the strain rate increases, 

the damage pattern of CASC  is more severe at 250 microseconds,  from a single micro-

crack to a macro-crack, with an increase in crack width and number of cracks. This is sim-

ilar to the results obtained from our previous experiments, in that at higher strain rates, 

the  cracks within  the  concrete  specimen do not have  time  to  fully expand. This  is ex-

plained as the high energy concentration in the specimen under the effect of instantaneous 

high-speed impact, which cannot be dissipated in a short time, making the damage pat-

tern of the specimen more serious. At 50 microseconds, the higher the strain rate, the more 

obvious  the stress concentration within  the specimen and some micro-cracking had al-

ready occurred, with the ITZ around the aggregate being the weak link and showing dam-

age before the rest. As the time increased, the CASC at low strain rates gradually devel-

oped some micro-cracks in smaller numbers, in contrast to the CASC at high strain rates 

where more main cracks of large width and length running through the whole specimen 

had already appeared. Unlike normal concrete, where the strength of the coarse aggregate 

used is high density, the coral in CASC has a lower strength and some of the main cracks 

Figure 16. Cracking process of different components of CASC at a strain rate of 147.8 s−1.

The red and blue segments represent large and small effective strain, respectively.
Figure at 50 µs shows the damage in the mortar part is less than that of the aggregate and
ITZ. The color of the aggregate unit near the periphery of the aggregate part is greenish,
which is due to the low strength of the coral aggregate and the large number of micro-
pores inside the aggregate that are not plugged. During high-speed impact, the peripheral
aggregates were the first to be damaged under the effect of lateral restraint, while the
ITZ between aggregate and mortar was also damaged due to the low strength. With the
increase in time, at 100 µs, the damage had occurred at the edge of the aggregate, and
the cracks went directly through the aggregate, which, as mentioned earlier, is caused
by the porous and low-strength properties of the coral. In contrast, only a portion of the
ITZ and mortar parts had higher strain and did not produce obvious cracks. At 350 µs,
most of the aggregates had been destroyed and a large number of surface primary cracks
were produced in the mortar section, and the specimen broke into many fragments. The
damage of ITZ exceeded that of aggregate at this point, which is due to the fact that the
strength of ITZ is much lower than that of the mortar and the thickness of the ITZ is thin.
Either internal micro-cracks or main cracks on the surface cause damage to the ITZ part.
The damage pattern of the numerical simulation at a high strain rate is similar to that
in the experimental part of the previous paper, which proves that the mesoscopic model
developed in this paper can well describe the damage process of different components of
coral aggregate concrete under the dynamic impact.

4.5.4. Cracking Process of Different Aggregate Volume Fraction of CASC

Figure 17 compares the damage pattern of CASC in terms of a combination of 3 factors:
strain rate (50 s−1, 100 s−1, 150 s−1), aggregate volume rate (15%, 20%, 25%, 30%), and
damage time. The range of plastic strain is from 0 to 0.02. While the strain rate increases,
the damage pattern of CASC is more severe at 250 microseconds, from a single micro-crack
to a macro-crack, with an increase in crack width and number of cracks. This is similar
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to the results obtained from our previous experiments, in that at higher strain rates, the
cracks within the concrete specimen do not have time to fully expand. This is explained
as the high energy concentration in the specimen under the effect of instantaneous high-
speed impact, which cannot be dissipated in a short time, making the damage pattern
of the specimen more serious. At 50 microseconds, the higher the strain rate, the more
obvious the stress concentration within the specimen and some micro-cracking had already
occurred, with the ITZ around the aggregate being the weak link and showing damage
before the rest. As the time increased, the CASC at low strain rates gradually developed
some micro-cracks in smaller numbers, in contrast to the CASC at high strain rates where
more main cracks of large width and length running through the whole specimen had
already appeared. Unlike normal concrete, where the strength of the coarse aggregate used
is high density, the coral in CASC has a lower strength and some of the main cracks ran
directly through the whole aggregate, with the coral forming a complete section and the
specimen showing overall crushing damage, consistent with the experimental results. With
the increase in the aggregate volume rate, CASC suffered from more severe damage; the
lower the aggregate volume rate, the more significant strain in the mortar part, but with
relatively few surface cracks. Concrete with high aggregate volume rates, on the other
hand, had similar damage patterns with wider main cracks and diagonal cracks following
through the specimen, mainly due to the special brittleness of the coral, resulting in higher
porosity throughout the interior of the specimen, with cracks more likely to develop along
the weak link between the aggregate and mortar and along the pores.
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5. Conclusions

(1) The strength grade of CASC has a significant effect on the damage pattern under static
and dynamic compression. The higher the strength grade of concrete, the less the
damage degree of the specimens, unlike ordinary Portland concrete, where the cracks
of CASC will be directly through the aggregate.

(2) Coral concrete has a significant strain rate effect, and the DIF of CASC decreases with
the increase in strength grade.

(3) The toughness index of CASC grows with the increase in strain rate, and the trend
of the toughness index with the strain rate can be obtained by fitting the exponential
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function. The growth rate of the toughness index changes significantly between the
strength grade of 50 and 60 MPa.

(4) In this paper, we propose to describe the energy absorption use of concrete in terms
of the pre-peak and post-peak toughness ratios. The pre-peak to post-peak toughness
ratio of CASC varies significantly in strain rates ranging from 70s-1 to 80s-1, indicating
a change in the CASC damage mode and increased failure to the specimen.

(5) A 3D random mesoscopic model which is composed of mortar, aggregate, and the
ITZ is established to study the dynamic compression loading behavior of CASC. The
feasibility of the proposed modeling method and model parameters is verified by
comparing the failure mode, peak stress, and strain obtained in tests and numerical
simulations.

(6) Through the analysis of the numerical simulation analysis, it can be seen that the
impact damage pattern of CASC at different strain rates is similar to the experimental
results. The damage mode of CASC is investigated by varying the aggregate volume
rate, and it can be obtained that the aggregate volume ratio has a greater influence on
the failure mode of concrete. A percentage of 20% is a relatively reasonable aggregate
volume ratio through numerical calculation.

Investigating the dynamic impact failure properties of CASC at different strain rates
offers critical data support for island reef engineering projects. Future studies should
broaden the range of examined strain rates and explore the degradation of CASC under
varied external conditions, including elevated temperatures and chloride ion corrosion.
Further research could also focus on the dynamic failure mechanisms of structures and
connections subject to impact loading.
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