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Highlights:

(1) Failure modes of RCHAC under the coupling effect of the strain rate effect and the size effect
were analyzed.

(2) Dynamic mechanical properties under different size and strain rates were presented.
(3) The effect of strain energy on failure modes was analyzed.
(4) A modified dynamic size effect law was proposed.

Abstract: Asphalt concrete is widely used in hydraulic structure facilities as an impermeable structure
in alpine cold regions, and its dynamic mechanical properties are influenced by the strain rate and
specimen size. However, the specimen size has an important effect on mechanical properties; few
systematic studies have investigated on the size effect of hydraulic asphalt concrete (HAC) under
dynamic or static loading rates. In the present study, four sizes of cylindrical roller-compacted
hydraulic asphalt concrete (RCHAC) specimens with heights of 50 mm, 100 mm, 150 mm, and
200 mm were prepared and tested under different loading rates ranging from 10−5 s−1 to 10−2 s−1 to
investigate the size effects of mechanical properties and failure modes at the temperature of 5 ◦C. The
effect of strain rate on the size effects of the compressive strength and the elastic modulus of RCHAC
have also been explored. These tests indicate that when the specimen size increases, the compressive
strength and failure degree decrease, while the elastic modulus increases. When the height increases
from 50 mm to 200 mm, the compressive strength at different strain rates decreased by more than
50%. Furthermore, the elastic modulus increased by about 211.8% from 0.51 GPa to 1.59 GPa at a
strain rate of 10−5 s−1, and increased by 150% from 5.08 GPa to 12.71 GPa at a strain rate of 10−2 s−1.
As the strain rate increases, the variation trends with the size of the compressive strength, elastic
modulus, and failure degree are distinctly intensified. A modified dynamic size effect law, which
incorporates both the specimen size and strain rate, is proposed and verified to illustrate the dynamic
size effect for the RCHAC under different loading rates.

Keywords: hydraulic asphalt concrete; failure modes; strain rate effect; size effect; dynamic size
effect law

1. Introduction

Since the first roller-compacted hydraulic asphalt concrete (RCHAC) core embankment
was built in Germany in 1962, this extremely competitive type of dam has been widely
used in many countries due to its advantages of good seepage prevention, earthquake
resistance, and deformation adaptability [1]. The damage to the asphalt core wall will
greatly reduce its bearing capacity and impermeability, which will seriously threaten the
safety performance of the whole dam. In many countries, lots of hydraulic structures
are built in the alpine cold region; with low temperatures and frequent earthquakes, the
dynamic mechanical safety performance of the RCHAC core wall has always been the
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concern of researchers. There have been many efforts to study the mechanical properties
and failure mechanisms of RCHAC [2–6]; the majority of these, however, ignored the
effect that size has on mechanical properties, while many studies showed that the size
of the specimen has a significant effect on the mechanical properties of heterogeneous
concrete-like materials [7–11]. Therefore, another noteworthy aspect is the influence of
the specimen size on the mechanical properties and failure mechanisms in the mechanical
research of HAC.

Considering the influence that size has on the mechanical properties of asphalt con-
crete, Wang [12], through bending tests of asphalt concrete of different sizes, concluded that
the deformation of large-size specimens was larger, while the strength was slightly lower,
initially confirming that the mechanical properties of HAC were affected by size. Kim [13]
carried out static tensile tests and discrete element numerical simulations on disc specimens
of asphalt concrete of differing sizes, further demonstrating that the dependence of the
tensile strength of asphalt concrete on size is similar to that of ordinary cement concrete;
with the increase in specimen size, the tensile strength decreases while the fracture energy
increases. In addition, Liu [14] and Hagighat [15] also conducted numerical simulations
and mechanical experimental studies on the size effect of asphalt concrete. In general,
there are relatively few studies on the size effect of the mechanical properties of RCHAC.
Moreover, due to the limitations of test conditions and other factors, there is a lack of data
on the effect size has on the dynamic mechanical properties of asphalt concrete, which
needs to be further improved.

RCHAC is also a rate-sensitive material [12,16]. The mechanical response under
dynamic loads, such as explosions or earthquakes, is significantly different from that under
static loads, which is the strain rate effect behavior. Nakumara [17] reported that the strain
rate has a significant effect on the dynamic tensile strain failure of asphalt concrete. Wang [5]
conducted shear tests on asphalt concrete and concluded that shear modulus, shear strength,
and cohesion increased with an increase in strain rate. Ning [18] carried out compressive
performance tests of RCHAC under dynamic loads with different strain rates, and their
results showed that the strain rate significantly influenced the mechanical properties and
failure modes of RCHAC. Therefore, it is necessary to attribute more attention to the effect
of the strain rate when studying the dynamic mechanical properties of RCHAC.

In summary, both the size effect and the strain rate effect should be considered in
research. However, there is relatively little research on the size effect of RCHAC under
dynamic loads. Chen [19] and Albayati [20] reported that HAC has elastic–brittle mechanics
and characteristics in low-temperature environments. Therefore, for the dynamic size effect
of RCHAC in alpine cold regions, previous studies on the size effect of concrete-like
materials carried out by other researchers can be used as references. Krauthammer [21]
and Elfahal [22] performed experimental research on the cylindrical concrete specimen
with different dimensions under loading rates ranging from 0.014 s−1 to 3.03 s−1. They
found that the dynamic compressive strength of the cylindrical concrete decreases with
the increase in the specimen’s size, presenting a significant size effect. Liang [23] tested
the uniaxial compression of rock specimens with different ratios of height to diameter
(i.e., L/D = 0.5, 0.75, 1, and 1.25) under the strain rates ranging from 10−5 s−1 to 10−2 s−1.
They found that with the increase in the specimen’s height, the strength and peak strain
decrease, the elastic modulus increases, the degree of failure declines, and the dynamic
mechanical response is less sensitive towards the strain rate. Jin [24] established random
aggregate models of concrete with different sizes under dynamic compression loading at
different strain rates ranging from 10−5 s−1 to 100 s−1. They found that the influence of the
dimension on the compressive strength under static and dynamic loading was obviously
different, and that the dynamic and static unified size effect of concrete compressive
strength was established based on the influence mechanisms of the strain rate effect and
the size effect.

Based on the above research method for the dynamic size effect, uniaxial compression
experiments of RCHAC with different sizes under different strain rates were carried out to
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study the combined effects of the strain rate effect and the size effect on the mechanical
properties and failure modes of RCHAC specimens with different sizes under dynamic
loading rates from 10−5 s−1 to 10−2 s−1 (i.e., an earthquake) at a low temperature (5 ◦C)
and establish a dynamic size effect law for mechanical properties based on the influencing
mechanism of the strain rate effect on dynamic properties and the size effect. This research
shows the need for a reasonable transition between scaled mechanical tests in the laboratory
and the actual engineering situation, provides data and theoretical support for the study
of the dynamic mechanical properties of hydraulic asphalt concrete, and promotes the
development of asphalt concrete anti-seepage materials.

2. Materials and Methods
2.1. Specimen Preparation

In this experiment, the asphalt core specimen was prepared at a roller-compacted
hydraulic asphalt concrete (RCHAC) core dam construction site in Northwestern China.
The grading index of the asphalt mixture was 0.4, and the aggregate gradation curve is
shown in Figure 1. The aggregate was crushed limestone. The added filler (<0.075 mm)
was limestone powder and accounted for 13% of mineral mass. The bitumen was of grade
B90, and the bitumen content was 7% of the mineral weight. The porosity was about 1.7%
to 2.1%. The asphalt and aggregates were mixed in a mixing plant in accordance with
the above proportions, and the discharging temperature was 165 ◦C. The asphalt mixture
was paved and pre-rolled into a test section (Figure 2a) with a paver equipped with a
vibrating iron compactor, and the pre-compaction coefficient was 86%. Then, when rolling
the asphalt concrete, the initial rolling temperature was not less than 150 ◦C, and the final
rolling temperature was not less than 110 ◦C. After curing, asphalt concrete cores with
diameters of 100 mm were drilled and cut into four differently sized cylinders with heights
of 50 mm, 100 mm, 150 mm, and 200 mm (Figure 2b). The ratios of height to diameter
(L/D) of the specimens were 0.5, 1, 1.5, and 2. According to the Chinese standard DL/T
5362-2006 [25], the specimen with the height of 100 mm was used as the standard specimen
for the uniaxial compression test of RCHAC.
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2.2. Experimental Methods

Dynamic compression tests were carried out on three specimens under different
strain rates in each group using the MTS dynamic fatigue test system (Figure 3). The
test temperature was set at 5 ◦C, which was determined according to the temperature
in the asphalt core located in the central region of embankment dams in the alpine cold
region [2]. Before loading, the specimens were kept at the constant temperature at 5 ◦C for
at least 48 h. During the whole experiment, the test temperature was kept constant using a
calorstat (Figure 3). In order to accurately reveal the size dependence of asphalt concrete,
the constant strain rate method was adopted in this uniaxial compression experiment. The
strain rates of these tests ranged from a quasi-static strain rate of 10−5 s−1 to the dynamic
strain rates of 10−4 s−1, 10−3 s−1, and 10−2 s−1 (i.e., an earthquake) [26]. This test was set
up in four groups according to the ratio of height to diameter: SE-1, SE-2, SE-3, and SE-4
(i.e., L/D = 0.5, 1, 1.5, and 2). The real-time force and displacement data of the test were
acquired automatically through the acquisition module of the MTS system. The average
value of the tested results of three specimens in each group was recorded if the difference
between the average value and the maximum or minimum value of the tested result was
less than 15%.
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3. Results and Analysis
3.1. Compressive Strength

Table 1 and Figure 4 show the average compressive strength of RCHAC specimens of
different sizes under different loading rates. It can be seen that the compressive strength
of the RCHAC decreases non-linearly with the increase in height, and the decrease trend
is slower with the increase in specimen height. When the specimen height increases from
50 mm to 200 mm, the compressive strength decreases from 5.01 MPa to 2.30 MPa at the
strain rate of 10−5 s−1, and the compressive strength decreases from 35.98 MPa to 15.59 MPa
at the strain rate of 10−2 s−1. As shown in Figure 4, when the strain rate increases, the
compressive strength decreases more significantly with the increase in size.

Table 1. Compressive strength of specimens with different sizes under different strain rates (MPa).

Height/mm
Strain Rate (

.
ε)/s−1

10−5 10−4 10−3 10−2

50 5.01 10.22 26.44 35.98
100 3.40 4.33 12.88 18.22
150 2.25 3.43 8.83 14.76
200 2.30 4.43 7.91 15.59
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Meanwhile, the compressive strength of the RCHAC increases with the increase in
strain rate. When the strain rate increases from 10−5 s−1 to 10−2 s−1, the compressive
strength of the specimen at the height of 50 mm increases from 5.01 MPa to 35.98 MPa,
with an increase of 618.16%; the compressive strength of the 200-mm specimen increases
by 577.83%, from 2.30 MPa to 15.59 MPa, showing an obvious strain rate enhancement
effect. When the temperature of the experiments is above 0 ◦C, the viscous stress of asphalt
increases rapidly with the increase in the strain rate, so the compressive strength of asphalt
concrete is greatly enhanced with the increase in strain rate [27]. As shown in Figure 4,
the compressive strength and strain rate of the RCHAC show a positive correlation trend,
and this overall trend gradually weakens with the increase in the height of the specimen.
Therefore, the variation law of the compressive strength of RCHAC of different sizes
under dynamic load is the result of the coupling influence of the size effect and the strain
rate effect. This is consistent with the research results on the size effect of the dynamic
mechanical properties of rocks and concrete conducted by Mattia [28] and Milad [29].

3.2. Elastic Modulus

It can be seen from Table 2 and Figure 5 that when the height of the specimen increases
from 50 mm to 200 mm and the strain rate is 10−5 s−1, the elastic modulus increases
from 0.51 GPa to 1.59 GPa. When the strain rate is 10−2 s−1, the elastic modulus of the
specimen increases from 5.08 GPa to 12.71 GPa, which means that the elastic modulus
of the specimen has a size effect that gradually increases with the increase in its height.
Additionally, Figure 5 shows that when the strain rate increases, the positive correlation
between the elastic modulus and the specimen height becomes more obvious.

Table 2. Elastic modulus of specimens with different sizes under different strain rates (GPa).

Height/mm
Strain Rate (

.
ε)/s−1

10−5 10−4 10−3 10−2

50 0.51 1.10 4.54 5.08
100 0.84 1.18 5.34 9.15
150 1.41 1.87 6.88 11.35
200 1.59 2.52 7.23 12.71

For the same specimen size, with the increase in strain rate, the elastic modulus also
presents a non-linear increase, and the larger the strain rate, the more obvious the change
trend. As can be seen from Table 2, as the strain rate increases from 10−5 s−1 to 10−2 s−1,
the elastic modulus of the specimen at the height of 50 mm increases from 0.51 GPa to
5.08 GPa, with an increase of 896.08%. The elastic modulus of the specimen at the height
of 200 mm increased by 699.37% from 1.59 GPa to 12.71 GPa. The variation law of elastic
modulus with strain rate shows a similar enhancement effect to the research results of
Ning [18,30]. It is also shown that the strain rate effect of the elastic modulus of RCHAC
decreases with an increase in dimension height. It can be known that the variation law of
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the elastic modulus of RCHAC is the result of the coupling effect between the size effect
and the strain rate effect.
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Figure 5. Test results of the elastic modulus of RCHAC under different strain rates.

3.3. Failure Modes

Figure 6 shows the failure mode of specimens with a height of 100 mm under different
strain rates. It can be seen that the failure mode of specimens is greatly affected by the
strain rate, which is also reflected in the study by Tekalur [27]. As can be seen from Figure 6,
when the strain rate is 10−5 s−1, there is no obvious damage to the aggregate on the surface
of the specimen, only the small cracks caused by the debonding of the aggregate but no
penetrating cracks. Due to the slow loading rate and relatively uniform distribution of
stress inside the specimen, with the increase in stress, cracks first appear in the weak
area, such as the interface between the aggregate and asphalt matrix, and then develop
along the weak area around the aggregate. Meanwhile, the coarse aggregates extrude each
other to gradually extrude the bonding material, the asphalt matrix. Therefore, the failure
pattern of the specimen at a low strain rate is bond failure, which is mainly caused by the
extrusion of the asphalt matrix and the debonding of the aggregate and matrix. With the
increase in strain rate, some phenomena, such as asphalt matrix fracture and extrusion,
coarse aggregate crushing, and aggregate vertical fracture, appear on the surface of the
specimen. When the strain rate is 10−2 s−1, multiple cracks on the surface of the specimen
gradually connect through others, and multiple oblique cracks appear across the surface
of the specimen. The above phenomenon occurs when the loading rate becomes faster
and the internal stress distribution of RCHAC is more uniform. Therefore, although the
weakest area has not reached the strength limit, many areas have reached the strength limit
and cracks have occurred, and the generation and development of cracks is faster. The
stress does not release along the shortest path of the weak area; it even releases through
part of the aggregate to form cracks, and these cracks intersect each other to form multiple
penetrating diagonal cracks.

Figure 6. Failure modes of 100-mm-high specimens at different strain rates.
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Figure 7 shows the failure mode of specimens with different heights at a strain rate of
10−3 s−1. It can be seen that under the same loading rate, the failure mode of the specimen
has a significant level of sensitivity to its size. When the height is 50 mm, part of the
aggregate is fractured, and some of the aggregate is extruded out of the surface, and there
are clear diagonal cracks on the surface of the specimen. At this time, the failure mode is
mainly shear failure. As the height is increased, the proportion of influence of the specimen
internal defects on the performance of RCHAC increases, and the influence of the structural
effect (i.e., including lateral restraint and end friction effects) on the material decreases. The
diagonal cracks on the surface of the specimen are distinctly reduced, and the phenomenon
of aggregate crushing and extrusion is also gradually reduced. When the height is increased
to 200 mm, the aggregate is complete without exhibiting obvious damage, and there is
not any through cracks on the specimen; at this time, the failure mode is the bond failure
caused by the debonding of the asphalt matrix and aggregate. With the increase in height,
the damage degree of the specimen decreases obviously.

Figure 7. Failure modes of specimens of different heights at a 10−3 s−1 strain rate.

It can be seen from Figures 6 and 7 that the failure degree of the specimen decreases
with the decrease in strain rate or the increase in specimen height. It shows that the failure
process of the asphalt concrete specimen is not a single mode, and its failure mode is
affected by the strain rate and specimen size.

3.4. Strain Energy Analysis of Failure Modes

According to the thermodynamics theory, the comprehensive effect of the energy
conversion process is the driving factor of material failure. Assuming that the uniaxial com-
pression test system is a closed system without heat exchange with the outside world, the
total input strain energy, U, of the asphalt concrete specimen under uniaxial compression
is as follows:

U = Ud + Ue (1)

where Ud is the dissipative strain energy, which is used to induce internal damage and
plastic deformation of the specimen, and it also contains viscous strain energy due to the
influence of asphalt concrete viscosity. Ue is elastic strain energy, and the release of elastic
strain energy stored in the specimen is the internal cause of cracks and failure.

Figure 8 shows the relationship between the energies in the stress–strain curve under
uniaxial compression. The area enclosed by the curve and unloading modulus in the figure
is the dissipated strain energy, and the triangular shaded area is the elastic strain energy. It
should be noted that since the unloading test was not carried out in this experiment, the
initial elastic modulus was used for energy calculation. Then, the energy of each part was
calculated using Equations (1)–(3), as shown in Figure 9a–c.

U =
∫ εp

0
σdε (2)
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Ue =
1
2
· σp · εe ≈ 1

2E0
· σ2

p (3)

where εp is the peak strain; σp is the compressive strength; εe is the elastic strain; and E0 is
the modulus of elasticity.
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It can be seen from Figure 9 that the variations in total absorption energy, U, dissipated
strain energy, Ud, and elastic strain energy, Ue, in the process of compressive strength of all
sizes of specimens are as follows: the U, Ud, and Ue of the specimens will increase with the
increase in strain rates. Corresponding to the failure characteristics in Figures 6 and 7, it
can also be seen that due to the increase in U per unit volume, a large number of cracks
will be generated due to higher energy absorption, and the development of cracks needs to
consume more energy.

Hence, the larger the strain rate, the more cracks will be generated during the final
failure of the specimen, and the more distinct the brittle failure characteristics [31]. However,
when the specimen size increases, U, Ud, and Ue all show a decreasing trend, and the
amplitude of this decreasing trend becomes more obvious with the increase in strain rate.
This is also consistent with the change rule of compressive strength in Figure 4, indicating
that the strength of the specimen is related to the internal storage energy. The higher the
value of Ue, the more energy is released when the specimen is damaged, and the bigger
the strength [32]. Moreover, as the specimen increases and the strain rate decreases, Ue/U
shows a gradually decreasing trend while Ud/U shows an increasing trend, indicating
that the proportion of elastic strain energy used to release decreases at this time, and the
degree of brittle failure of the specimen also decreases. An increase in the proportion
of Ud indicates that the damage dissipation energy increases, the viscous strain energy
increases, the rate of stress softening slows down, and the number of cracks decreases
during failure. Thus, Figure 9 shows that the sensitivity of the asphalt concrete failure
mode to size increases with the strain rate [33]. The tendency of the dissipated energy of
RCHAC to decrease with increasing size is more pronounced for larger strain rates, and
the slope of the change curve is larger [34]. When the specimen is large and the strain rate
is low, the plastic damage of the specimen is greater, and the ‘strength loss’ increases due
to the increase in the viscosity work of the asphalt concrete. It should be noted that ‘loss
of strength’ does not mean ‘holistic failure’ [35]. It is because the proportion of viscous
dissipation energy of the specimen increases that the release of residual elastic strain energy
after the damage is not enough to break through the surface strain energy of the specimen
and generate large cracks, so the damage to the specimen increases but the degree of failure
decreases.; that is to say, when the specimen size is large and the strain rate is small, there
is no distinct crack and the degree of failure is low.

4. The Dynamic Size Effect Theory
4.1. The Size Effect on Mechanical Properties

With great efforts to understand the size effect of quasi-brittle materials, many re-
searchers have recognized that the size effect of quasi-brittle materials under compression
is essentially a matter of material science [8], which is closely related to the material’s
aggregate particle size, shape, spatial distribution, pores, initial defects, and other micro-
and meso-structural elements. Former researchers made a lot of explorations and published
their corresponding important theories [35–37]. Currently, there are three main theories
that describe the size effect: the size effect theory based on the weakest link and random
strength theory, energy release, and multifractal theory. Among these, the size effect law
based on the linear elastic fracture mechanics proposed by Bažant [26] has been proven to
be able to describe the effect of the size effect on the properties of quasi-brittle materials. To
further study the change law of the compressive strength and elastic modulus of RCHAC
with height, the Bažant [8] size effect law is used to describe it:

σ0 =
B · ft√
1 + D

D0

(4)

where D denotes the structural size; herein, it is the diameter of the cylinder specimen.
σ0 is the strength when the specimen size is D. f t is the strength of the specimen at the
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height of 100 mm. B, D0 is the empirical parameter, which is obtained by fitting and used
to determine the value range of σ0.

Based on the analysis of experimental data, Equation (4) can be modified to analyze
the size effect of mechanical properties as follows:

Fc =
βc · Fc,100√

1 + γ
γc

(5)

where γ is the height-to-diameter ratio of the cylindrical specimen, and the values in
this experiment are 0.5, 1, 1.5, and 2. Fc is the mechanical parameter (e.g., compressive
strength or elastic modulus) at any ratio of height to diameter. Fc,100 is the experimental
mechanical parameter of the 100-mm-height specimen. βc and γc are the fitting parameters
corresponding to different Fc values.

Figure 10 shows the test values of compressive strength and the elastic modulus of
RCHAC specimens under different strain rates, as well as the theoretical curves calculated
using Equation (5). It is easy to understand from the slope changes of each curve in
Figure 10 that with the increase in the height/diameter ratio of asphalt concrete specimens,
the compressive strength tends to decrease while the elastic modulus tends to increase, and
the trend of both tends to be flat. Therefore, the strain rate can enhance the dimensionality
sensitivity of the asphalt concrete strength but suppress the dimensionality sensitivity
of the elastic modulus [33,34]. Moreover, the strain rate can enhance the dimensionality
sensitivity of the strength of RCHAC but suppress the dimensionality sensitivity of the
elastic modulus.

In addition, as can be seen from the analysis in Figure 10, within the range of test
loading rates, with the decrease in strain rate, the compressive strength and elastic modulus
of specimens of the same size gradually decrease, while the peak strain gradually increases.
As the strain rate further decreases, the variation trend of the size effect curve of the
compressive strength and elastic modulus is more gradual.

As can be seen from Table 3, the mechanical parameters βc and γc are closely related
to the loading strain rate. Within the test conditions, with the increase in strain rate, each
parameter presents a regular variation trend. It can be seen that Bažant’s [8] size effect law
under medium and low strain rate conditions cannot accurately describe the size effect
of RCHAC. Therefore, it is necessary to modify the Bažant size effect law, considering
the effect of strain rate, so as to make a more comprehensive analysis of the compressive
performance of RCHAC.
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Table 3. Fitting parameters of β and γ at different strain rates.

Strain Rate/s−1

10−5 s−1 10−4 s−1 10−3 s−1 10−2 s−1

Compressive strength β1 10.6836 5.3997 2.3286 1.7391
γ1 0.9548 0.8261 0.7876 0.6148

Elastic modulus
β2 0.6667 0.7931 0.8142 0.8720
γ2 −2.9864 −2.8048 −2.4125 −2.4938

4.2. The Strain Rate Effect

The existing experimental results show that the dynamic mechanical properties of
brittle or quasi-brittle materials, such as rocks and concrete, have a significant strain rate
effect [26,38]. In this paper, by exploring the change law of compressive strength and the
elastic modulus of RCHAC specimens under different strain rates (10−5 s−1~10−4 s−1),
based on the research results of CEB-FIP [39] and Ning [40], the compressive dynamic
increase factor (CDIF) about strain rate is introduced to show the strain rate effect of
mechanical properties of RCHAC more intuitively and uniformly. CDIF (Fc) is defined as
the ratio of the mechanical properties under the condition of the dynamic strain rate to the
values under the condition of the 10−5 s−1 strain rate. Through calculation and analysis, it
was found that the compressive strength CDIF (σ0), the elastic modulus CDIF (E0), and the
logarithm of strain rate of each group of specimens show a non-linear relationship. After
analyzing the test data, Equation (6) was used for fitting analysis as follows:

CDIF(Fc) =
Pd
Ps

= exp
[

α · lg
( .

εd
.
εs

)]
(6)

where Fc is the mechanical parameter; Pd and Ps are the mechanical parameters under
dynamic loading and quasi-static loading, respectively;

.
εd is the dynamic strain rate;

.
εs represents the quasi-static strain rate 10−5 s−1; and α is the material parameter ob-
tained through fitting. The regression relationship between the compressive strength CDIF
(σ0), the elastic modulus CDIF (E0), and the strain rate were obtained through fitting the
above data.

The specific forms of Equation (1) for each mechanical property are as follows. The
fitting parameters are shown in Table 4.

CDIF(σ) =
σd
σs

= exp
[

α1 · lg
( .

εd
.
εs

)]
(7)

CDIF(E) =
Ed
Es

= exp
[

α2 · lg
( .

εd
.
εs

)]
(8)

Table 4. Fitting parameters of α at different heights.

L/D

0.5 1 1.5 2

Compressive strength α1 0.6784 0.59145 0.63259 0.66595
R2 0.91164 0.94579 0.98534 0.99181

Elastic modulus
α2 0.80165 0.80621 0.82631 0.74145
R2 0.85927 0.95991 0.95144 0.85222

Figure 11a,b show the variation curve of CDIF values calculated from the test data and
the fitting result on the logarithm of strain rate. It can be seen from the distribution of CDIF
values and the trend of the fitting curve that the compressive strength and elastic modulus
of RCHAC specimens with different heights are significantly affected by the strain rate.
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As mentioned above, the CDIF values represent the increase or decrease in mechanical
properties at dynamic loading rates and quasi-static loading rates. It can be seen from the
calculation results and Figure 11 that under the condition of the dynamic loading rate, the
compressive strength CDIF and elastic modulus CDIF are both greater than one, which
indicates that the compressive strength and elastic modulus have significant strain rate
enhancement effects. Meanwhile, the amplitude of compressive strength enhancement also
increases significantly with the increase in strain rate.
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In addition, the dependence of CDIF values on the strain rate varies with different
sizes; that is to say, the compressive strength and elastic modulus corresponding to the
variation amplitude of the strain rate show size effects. As shown in Figure 11, the change
rate of compressive strength and elastic modulus is the largest when the height is 50 mm.
With the increase in the height, the change rate of each parameter decreases, and the strain
rate effect decreases, which indicates that the strain rate effect of RCHAC has a significant
size sensitivity in the strain rate range from 10−5 s−1 to 10−2 s−1.

4.3. The Dynamic Size Effect Model

Considering the influence of the strain rate on the mechanical properties and size
effect of the specimen, the influence coefficient of the strain rate, φ .

ε, i.e., Equation (6), is
introduced to modify Equation (5) to obtain Equation (9). Equation (9) is the theoretical
model of the size effect of RCHAC considering the dependence of the strain rate under
medium and low strain rates:

Fc =
βc · F

.
εs
c,100√

1 + γ
γc

· φ .
ε (9)

which is

Fc =
βc · F

.
εs
c,100√

1 + γ
γc

· exp
(

lg
.
εd
.
εs

)
(10)

where F
.
εs
c,100 denotes the mechanical index of asphalt concrete specimens with a height of

100 mm and under a quasi-static loading rate (10−5 s−1).
Equation (10) can be rearranged as follows:

Z = z0 ·
βc√

1 + x
γc

· exp[α · (y + 5)] (11)

where x = γ, y = lg(
.
εd), Z = Fc, z0 = F

.
εs
c,100, and

.
εs = 10−5 s−1.
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In order to further verify this theoretical model, the theoretical size effect model was
used to calculate the compressive strength and elastic modulus under the experimental
conditions and compared with the experimental results. In this theoretical model, z0 is taken
as the mechanical properties of the 100-mm-high specimens under the quasi-static loading
rate of 10−5 s−1, compressive strength σ0 = 3.4 MPa, and elastic modulus E0 = 0.84 GPa;
the dynamic enhancement coefficient CDIF of each parameter can be obtained by fitting
Equations (7) and (8). Then, the dynamic size effect model given in Equation (11) was used
to calculate and predict the test data of the compressive strength and elastic modulus of
different specimen heights and strain rates.

Figure 12 shows the predicted calculation results and test results of the modified size
effect model. It is easy to know from Figure 12 that some theoretical results deviate slightly
from the test values, but the variation trend of mechanical properties with height and strain
rate is consistent with the analysis of the test results. The similarity between the theoretical
values and experimental values preliminarily verify the rationality of the theoretical model,
describing the size effect of asphalt concrete under different strain rates.

Figure 12. Theoretical and test values of the theoretical model of dynamic size effect. (a) Compressive
strength. (b) Elastic modulus.

5. Conclusions

For studying the influence of the size effect and the strain rate effect on the mechanical
properties and failure modes of RCHAC, a dynamic compression test was carried out under
different strain rates. Moreover, a modified size effect theoretical model for RCHAC under
different loading rates is proposed according to the influence mechanism of the strain rate
and size effect. The following conclusions are obtained on the basis of the experimental
studies:

(1) The strain rate and specimen size have coupling effects on the failure modes of
RCHAC. When the strain rate is larger or the size is smaller, the damage degree
becomes greater. When the strain rate is 10−3 s−1, the specimen with a height-to-
diameter ratio of 0.5 shows shear failure. When the strain rate decreases or the size
increases, the failure modes of the specimen changes gradually from shear failure to
aggregate fracture and bond failure. When the strain rate is 10−3 s−1, the specimen
with a height-to-diameter ratio of two has no obvious cracks, and only part of the
asphalt matrix is extruded.

(2) When the ambient temperature is 5 ◦C, there is an obvious size effect on the mechanical
properties of RCHAC when the specimen height ranges from 50 mm to 200 mm. When
the specimen size increases, the compressive strength decreases non-linearly, and this
decreasing trend gradually declines, while the elastic modulus increases non-linearly,
and the increasing trend decreases gradually.
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(3) The strain rate has an effect on the size effect of the mechanical properties of RCHAC.
With the increase in strain rate, the variation trend of compressive strength and the
elastic modulus with size is more significant.

(4) A dynamic size effect model considering strain rate enhancement is proposed, and the
relationship between the dynamic loading rate, size, compressive strength, and elastic
modulus is established, which can reasonably describe the size effect of dynamic
compressive performance under strain rate effect.

(5) The proposed dynamic size effect model considering strain rate enhancement estab-
lished the relationship between the dynamic loading rate, size, compressive strength,
and elastic modulus, and it could reasonably describe the size effect of dynamic
compressive performance under strain rates from 10−5 s−1 to 10−2 s−1.

It is to be noted that the viscosity of asphalt concrete plays an important role in its
mechanical properties with the increase in specimen size at room temperature. In this
paper, the combined effect of the strain rate and size on the mechanical properties and
failure modes of RCHAC have been explored, but the effect of the viscosity of RCHAC was
not considered. It also can be known from the failure modes and energy characteristics
that with the decrease in strain rate or increase in size, the bond failure of the specimen is
more significant, which also shows that viscosity has an effect on the failure mode of the
specimen. Therefore, the influence of viscosity should be considered in subsequent studies
on the size effect of asphalt concrete.
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Nomenclature

Symbol Paraphrase
U Total input strain energy
Ud Dissipative strain energy
Ue Elastic strain energy
εp Peak strain
σp Compressive strength
εe Elastic strain
D Diameter of the specimen
f t Strength of the specimen with a height of 100 mm
γ The ratio of height to diameter
Fc The mechanical parameter
Pd Dynamic mechanical parameters
Ps Quasi-static mechanical parameters
.
εd Dynamic strain rate
.
εs Quasi-static strain rate
D0, βc, γc, and α The fitting parameters

References
1. Wang, W.; Höeg, K. The Asphalt Core Embankment Dam: A Very Competitive Alternative; Modern Rockfill Dams: Beijing, China, 2009.
2. Hao, J.; Liu, Z.; Wang, Z. Development and prospect of hydropower project with asphalt concrete impervious elements in China.

J. Hydraul. Eng. 2018, 49, 1137–1147.



Materials 2024, 17, 353 15 of 16

3. Han, X.; Hu, Z.; Yu, L.; Pang, Y.; She, H.; Zhang, L.; Wang, X.; Qi, C. Dynamic Characteristics of Asphalt Concrete as an Impervious
Core in Embankment Dams under Varying Temperatures and Stress States. Materials 2023, 16, 6529. [CrossRef] [PubMed]

4. Baziar, M.; Salemi, S.; Heidari, T. Analysis of earthquake response of an asphalt concrete core embankment dam. Int. J. Civ. Eng.
2006, 4, 192–210.

5. Wang, W.; Hu, K.; Feng, S.; Li, G.; Höeg, K. Shear behavior of hydraulic asphalt concrete at different temperatures and strain rates.
Constr. Build. Mater. 2020, 230, 117022. [CrossRef]

6. Wang, W.; Höeg, K. Cyclic behavior of asphalt concrete used as impervious core in embankment dam. J. Geotech. Environ. Eng.
ASCE 2011, 137, 536–544. [CrossRef]

7. Bažant, Z.P. Size Effect in Blunt Fracture: Concrete, Rock, Metal. J. Eng. Mech. 1984, 110, 518–535. [CrossRef]
8. Bažant, Z.; Planas, J. Fracture and Size Effect in Concreteand Other Quasibrittle Materials; CRC Press: Boca Raton, FL, USA, 1998;

pp. 7–15.
9. Du, X.; Jin, L.; Li, D. A state-of-the-art review on the size effect of concretes and concrete structures (I): Concrete materials. China

Civ. Eng. J. 2017, 50, 28–45.
10. Chowdari, S.G.; David, A.; Benjamin, F.B. Specimen size effect on dynamic modulus measurement of Cold recycled and full

depth reclamation mixtures. Constr. Build. Mater. 2023, 393, 132095.
11. Hu, J.; Wu, X.; Hu, S. Dynamic mechanical behavior of EPS concrete. J. Vib. Shock 2011, 30, 205–209.
12. Wang, W.; Bai, Z.; Jiang, F. The Researches of engineering behaviors of asphalt concrete. Pet. Asph. 1997, 4, 21–25.
13. Kim, H.; Wagoner, M.P.; Buttlar, W.G. Numerical fracture analysis on the specimen size dependency of asphalt concrete using a

cohesive softening model. Constr. Build. Mater. 2009, 23, 2112–2120. [CrossRef]
14. Liu, Y.; You, Z.; Zhao, Y. Three-dimensional discrete element modeling of asphalt concrete: Size effects of elements. Constr. Build.

Mater. 2012, 37, 775–782. [CrossRef]
15. Haghighat, P.J.; Aliha, M.R.; Keymanesh, M.R. Evaluating mode I fracture resistance in asphalt mixtures using edge notched disc

bend ENDB specimen with different geometrical and environmental conditions. Eng. Fract. Mech. 2018, 190, 245–258. [CrossRef]
16. Akhtarpour, A.; Khodaii, A. Experimental study of asphaltic concrete dynamic properties as an impervious core in embankment

dams. Constr. Build. Mater. 2013, 41, 319–334. [CrossRef]
17. Nakamura, Y. Improvement of impervious asphalt mixture for high ductility against earthquake excitation. In Proceedings of the

4th International Conference Dam Engineering, Nanjing, China, 18–20 October; pp. 647–656.
18. Ning, Z.; Liu, Y.; Xue, X. Dynamic compressive behaviors of hydraulic asphalt concrete under different temperatures. J. Hydroelectr.

Eng. 2019, 38, 24–34.
19. Chen, Y.; Jiang, T.; Huang, Z.; Fu, W. Effect of temperature on mechanical properties of asphalt concrete. Rock Soil Mech. 2010, 31,

92–96.
20. Albayati, A.H.; Ajool, Y.S.; Allawi, A.A. Comparative Analysis of Reinforced Asphalt Concrete Overlays: Effects of Thickness and

Temperature. Materials 2023, 16, 5990. [CrossRef]
21. Krauthammer, T.; Elfahal, M.; Lim, J.; Ohno, T.; Beppu, M.; Markeset, G. Size effect for high-strength concrete cylinders subjected

to axial impact. Int. J. Impact Eng. 2003, 28, 1001–1016. [CrossRef]
22. Elfahal, M.; Krauthammer, T.; Ohno, T.; Beppu, M.; Mindess, S. Size effect for normal strength concrete cylinders subjected to

axial impact. Int. J. Impact Eng. 2005, 31, 461–481. [CrossRef]
23. Liang, C.; Li, X.; Zhang, H.; Li, S. Reserch on size effect of uniaxial compression properties of granite under medium and low

strain rates. Chin. J. Rock Mech. Eng. 2013, 32, 528–536.
24. Jin, L.; Yu, W.; DU, X.; Zhang, S.; Li, D. Meso-scale modelling of the size effect on dynamic compressive failure of concrete under

different strain rates. Int. J. Impact Eng. 2019, 125, 1–12. [CrossRef]
25. DL/T 5362-2006; Test Code for Hydraulic Bitumen Concrete. National Development and Reform Commission of the People’s

Republic of China: Beijing, China, 2018.
26. Du, X.; Wang, Y.; Lu, D. Nonlinear multiaxial dynamic strength criterion for concrete material. J. Hydraul. Eng. 2010, 41, 300–309.
27. Tekalur, S.A.; Shukla, A.; Sadd, M.; Lee, K.W. Mechanical characterization of a bituminous mix under quasi-static and high-strain

rate loading. Constr. Build. Mater. 2009, 23, 1795–1802. [CrossRef]
28. Baldassari, M.; Monaco, A.; Sapora, A.; Cornetti, P. Size effect on flexural strength of notched and un-notched concrete and rock

specimens by Finite Fracture Mechanics. Theor. Appl. Fract. Mech. 2023, 125, 103787. [CrossRef]
29. Milad, S.; Javad, A.; Ali, R.Z. Assessment of mode I fracture of rock-type sharp V-notched samples considering the size effect.

Theor. Appl. Fract. Mech. 2021, 116, 103136.
30. Ning, Z.; Liu, Y.; Wang, Q.; Wang, W. Experimental study on the dynamic compressive behavior of asphalt concrete under

different temperature. J. Vib. Shock 2021, 40, 243–250.
31. Wang, Q.; Li, Q.; Yin, X.; Xu, S. Structural size effect in the mode I and mixed mode I/II fracture of strain-hardening cementitious

composites (SHCC). Int. J. Solids Struct. 2023, 288, 112628. [CrossRef]
32. Xie, H.; Ju, Y.; Li, L. Criteria for strength and structural failure of rocks based on energy dissipation and energy release principles.

Chin. J. Rock Mech. Eng. 2005, 17, 3003–3010.
33. Jin, L.; Li, J.; Yu, W.; Du, X. Size effect modelling for dynamic biaxial compressive strength of concrete: Influence of lateral stress

ratio and strain rate. Int. J. Impact Eng. 2021, 156, 103942. [CrossRef]

https://doi.org/10.3390/ma16196529
https://www.ncbi.nlm.nih.gov/pubmed/37834666
https://doi.org/10.1016/j.conbuildmat.2019.117022
https://doi.org/10.1061/(ASCE)GT.1943-5606.0000449
https://doi.org/10.1061/(ASCE)0733-9399(1984)110:4(518)
https://doi.org/10.1016/j.conbuildmat.2008.08.014
https://doi.org/10.1016/j.conbuildmat.2012.08.007
https://doi.org/10.1016/j.engfracmech.2017.11.007
https://doi.org/10.1016/j.conbuildmat.2012.11.044
https://doi.org/10.3390/ma16175990
https://doi.org/10.1016/S0734-743X(02)00166-5
https://doi.org/10.1016/j.ijimpeng.2004.01.003
https://doi.org/10.1016/j.ijimpeng.2018.10.011
https://doi.org/10.1016/j.conbuildmat.2008.09.021
https://doi.org/10.1016/j.tafmec.2023.103787
https://doi.org/10.1016/j.ijsolstr.2023.112628
https://doi.org/10.1016/j.ijimpeng.2021.103942


Materials 2024, 17, 353 16 of 16

34. Yu, W.; Liu, J.; Du, X. Experimental investigation on splitting-tension failures of basalt fiber-reinforced lightweight aggregate
concrete: Effects of strain rate and structure size. J. Build. Eng. 2023, 68, 105853. [CrossRef]

35. Xie, H.; Ju, Y.; Li, L.; Peng, R.D. Energy mechanism of formation and failure of rock masses. Chin. J. Rock Mech. Eng. 2008, 9, 6–17.
36. Weibull, W. The phenomenon of rupture in solids. Proc. R. Swed. Inst. Eng. Res. 1939, 153, 1–55.
37. Carpinteri, A.; Ferro, G. Size effects on tensile fractureproperties: A unified explanation based on disorder andfractality of

concrete microstructure. Mater. Struct. 1994, 27, 563–571. [CrossRef]
38. Yan, D.; Li, H.; Liu, J.; Zheng, H. Dynamic properties of concrete specimens with different size. J. Hydraul. Eng. 2014, 45 (Suppl. 1),

95–99.
39. Comite Euro-International Du Beton. CEB-FIP Model Code 1990; Redwood Books: Trowbridge, UK, 1993.
40. Ning, Z.; Liu, Y.; Wang, W. Compressive Behavior of Hydraulic Asphalt Concrete under Different Temperatures and Strain Rates.

J. Mater. Civ. Eng. 2021, 33. [CrossRef]

Disclaimer/Publisher’s Note: The statements, opinions and data contained in all publications are solely those of the individual
author(s) and contributor(s) and not of MDPI and/or the editor(s). MDPI and/or the editor(s) disclaim responsibility for any injury to
people or property resulting from any ideas, methods, instructions or products referred to in the content.

https://doi.org/10.1016/j.jobe.2023.105853
https://doi.org/10.1007/BF02473124
https://doi.org/10.1061/(ASCE)MT.1943-5533.0003594

	Introduction 
	Materials and Methods 
	Specimen Preparation 
	Experimental Methods 

	Results and Analysis 
	Compressive Strength 
	Elastic Modulus 
	Failure Modes 
	Strain Energy Analysis of Failure Modes 

	The Dynamic Size Effect Theory 
	The Size Effect on Mechanical Properties 
	The Strain Rate Effect 
	The Dynamic Size Effect Model 

	Conclusions 
	References

