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The strain rate and specimen size are two main influential factors when measuring the compressive
strength of concrete-like materials. Understanding the dynamic size effect of concrete is essential for bet-
ter analysis and design of concrete structures. However, few systematic laboratory tests have investi-
gated the dynamic size effect in layered roller compacted concrete (RCC) under various levels of high-
strain-rate loading. In this study, three sizes of cylindrical RCC specimens with diameters of 50 mm,
75 mm and 100 mm are prepared and tested under high loading rates to directly investigate the size
effects. The size dependence and strain rate sensitivity are characterized in terms of the failure pattern,
dynamic compressive strength, ultimate strain, maximum strains, and toughness. The dynamic compres-
sive strength increases with increasing specimen size under impact loading, which is opposite to the size
effect under static loading. The statistical significance is further investigated in terms of the variation in
the dynamic mechanical properties of the RCC material based on analysis of variance (ANOVA). A mod-
ified Weibull size effect law, which incorporates both the specimen size and strain rate, is proposed and
verified to illustrate the underlying mechanism of the dynamic size effect for the RCC material under
impact loading.

� 2018 Elsevier Ltd. All rights reserved.
1. Introduction

It is well accepted, based on experimental and theoretical inves-
tigations, that the mechanical response of concrete-like materials
under compression, shear, tension and torsion under quasi-static
loading is significantly affected by the specimen size. Generally, a
smaller specimen requires higher stress to fracture under quasi-
static loading. The mechanism of the concrete size effect law for
the quasi-static strength can be classified into three categories:
(1) Weakest-link hypothesis [1,2]: larger structures have a larger
chance of containing a critical flaw that can cause complete col-
lapse, and the structure will fail as soon as the first critical defect
fails; (2) Energetic (deterministic) mechanism [3–6]: two funda-
mental causes of the size effect in concrete structures are the mate-
rial heterogeneity and the stress discontinuities at the crack tips,
which cause stress redistribution and stored energy release (i.e.,
strain energy dissipation) during the development of macro-
cracks; (3) Fractal mechanism [7]: the roughness of the crack sur-
faces in concrete exhibits inherent fractal characteristics. When the
microstructural disorder and self-similar features (i.e., fractality)
dominate the damage and fracturing process, the fractal mecha-
nism permits better interpolation of experimental data than the
energetic mechanism.

However, when exposed to high-strain-rate loading, concrete-
like materials have a higher dynamic compressive strength than
their corresponding static compressive strength [8–11]; the frac-
ture energy is also increased [12]. The experiments conducted by
Elfahal [13] and theoretical analysis by Qi [14] indicate that the
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Nomenclature

f d dynamic compressive strength (MPa)
f c quasi-static compressive strength (MPa)
Df _e dynamic strength increase from the material strain-rate

effect (MPa)
Df i dynamic strength increase from the structural effect

(MPa)
As0 initial cross-sectional area of the specimen (mm2)
As real-time cross-sectional area of the specimen (mm2)
Hs0 initial thickness area of the specimen (mm)
Hs real-time thickness area of the specimen (mm)
rsðtÞ engineering stress of the specimen (MPa)
esðtÞ engineering strain of the specimen (mm/mm)
_esðtÞ engineering strain rate of the specimen (/s)
cb wave propagation velocity in the steel bars (m/s)
Ab cross-sectional area of the steel bars (mm2)
Eb elastic modulus of the steel bars (GPa)
eTðtÞ transmitted strain in the steel bars (mm/mm)
eRðtÞ reflected strain in the steel bars (mm/mm)
F0 corresponding critical value at the 5% significance level

P cumulative probability density of the failure for a spec-
imen

r peak strength of the specimen (MPa)
r0 scaling value in Weibull distribution concerned with the

mean (MPa)
m shape parameter or Weibull modulus
�r mean strength (MPa)
s standard deviation (MPa)
Cð�Þ gamma function
N total number of tests
i current test number
V volume of the specimen (m3)
V0 average volume of each microcrack (m3)
rth threshold strength of the failure for the specimen (MPa)
r1 scaling value in the Weibull size effect law (MPa)
_e0 critical strain rate of the specimen (/s)
a strain-rate correction factor in the modified size effect

law
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size effect under impact loading is notably different from the well-
known static size effect, in which the dynamic strength increases
with the increasing sample size (in terms of the diameter) at a sim-
ilar strain rate. Moreover, larger specimens display a more signifi-
cant strain-rate effect. As is known to all, the interpretations of the
strain-rate effect on material strength clearly include three main
aspects: (1) Lateral confinement effect [15–17]: the lateral inertial
force from Poisson’s effect and end friction can restrict the lateral
deformation of the specimens; (2) Evolution of the cracks [10]:
cracks can form and propagate in coarse aggregates under impact
loading instead of simply initiating and propagating in the interfa-
cial transition zone (ITZ); (3) Viscosity effect [10]: the movement of
free water in micro-defects within the concrete results in resis-
tance to crack propagation under dynamic loading. However, the
interpretation and application of the dynamic size effect are still
unclear, i.e., the mechanism of strength enhancement for larger
structures under dynamic loading, and the application of labora-
tory testing results from small structures to real full-scale
structures.

Based on the concept of the size effect from Vliet [18,19], the
size effect can be considered a combination of the material size
effect caused by material heterogeneity and the structural size
effect induced by the boundary and shape of the specimen. Simi-
larly, the dynamic strength enhancement of concrete under high-
speed impact loading consists of contributions from the material
strain-rate effect (which occurs due to the inherent micro-
structure and crack propagation in aggregates and is considered
part of the material size effect) and the structural effect (which
occurs due to the lateral confinement and end friction and is con-
sidered part of the structural size effect) [20–22]. Under this view,
the dynamic increase factor (DIF) obtained from the experimental
tests can be expressed as

DIF ¼ f d=f c ¼ ðf c þ Df _e þ Df iÞ=f c ð1Þ

where f d is the dynamic compressive strength; f c is the quasi-static
strength; Df _e is the dynamic strength increment due to the material
strain-rate effect; and Df i is the dynamic strength increment due to
the structural effect [22].

With respect to the material size effect, many types of micro-
structure analysis have been conducted to further understand the
macroscopic failure phenomena occurring under impact loading
[23,24]. The size effect in concrete has been investigated using
Monte Carlo simulations of mesoscale finite element models in
which the random inclusions (aggregates and pores) with the pre-
scribed volume fractions, shapes and size distributions are consid-
ered [25]. It has been confirmed that the mesoscale heterogeneity,
aggregate volume fraction and porosity should not be ignored in
the size effect studies of concrete [1,26,27]. The structural size
effect on the compressive strength enhancement of the concrete-
like material in split Hopkinson pressure bar (SHPB) tests has
gained the attention of many researchers. The factors responsible
for the structural effects include the material parameters (i.e.,
hydrostatic dependence and dilation parameter), specimen geom-
etry (i.e., diameter and aspect ratio), end interface friction and
material inertia [28].

Much effort has been devoted to explain the relationship among
the strength, strain rate and specimen size in the context of the
complex micro-structural hierarchy and finiteness of the crack
propagation speed [14,29,30]. Although the material strength
enhancement under impact loading has been proven to be size-
dependent, the size effect on other dynamic material properties
at different strain rates remains unclear. Moreover, the size effect
law for concrete-like materials is not fully understood under
impact loading, resulting in an urgent need to extend size effect
law to the full range of strain rates, applicable to both static and
dynamic loadings.

Roller compacted concrete (RCC), as a special type of concrete
material, has different mixture from traditional concrete, i.e., less
water and more fly ash are used to replace Portland cement. The
mechanical properties of RCC show higher discreteness in the ver-
tical direction due to the construction technology of thin-layer
pouring and vibration rolling [31]. To investigate the dynamic size
effect of the RCC under high-strain-rate loading, the actual con-
struction technology was replicated in the laboratory, and RCC
specimens were prepared for SHPB tests. The size effect cannot
be decoupled from the inherent scatter of strength [1,32], which
necessitates the use of a statistical method to estimate the size
effect on the strength of concrete and on the damage/fracture pro-
cess in general. In total, 101 cylindrical specimens with identical
length-to-diameter (L/D) ratios of 0.5 but different diameters
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(50 mm, 75 mm and 100 mm) were prepared and successfully
tested at various strain rates. Using the experimental results, the
exposed size effect on the dynamic mechanical properties is fur-
ther analyzed and discussed to gain a deeper understanding of
the physical mechanisms in the observed dynamic size effect. A
strain-rate-dependent size effect law is developed to model the
dynamic behavior of geometrically similar specimens.

2. Experimental study

2.1. Materials and specimens

In this investigation, ordinary Portland cement was used to pre-
pare the specimens for the SHPB tests; the selected coarse aggre-
gate was artificial coarse aggregate produced by a local aggregate
production system. Comprehensive consideration was taken to
design the mixture to experimentally investigate the dynamic size
effect, as shown in Table 1. Based on the code for the mix design of
hydraulic concrete [33], the water-to-cement ratio was 0.50, and
the fly ash content was 60% by mass. The sand ratio was selected
as 31% by mass according to the performance of the mixture and
expected strength of the final concrete. The maximum aggregate
size of the RCC cast in the experimental site was 16 mm to satisfy
the requirement of the SHPB tests. Fig. 1 shows the specimen
preparation process, which was described in our previous work
[31] in detail. The rolling technique of ‘‘two static rolling + eight
dynamic rolling + two static rolling” was used during material
preparation. The paving thickness was 10 cm, and there were five
layers in total. After curing, three dimensional drilling cores with
diameters of 50 mm, 75 mm and 100 mm (D50 mm, D75 mm,
and D100 mm) were drilled and cut into cylinders (Fig. 1e). To min-
imize the testing errors from the specimens, the surfaces of the
cylindrical specimens should be sufficiently smoothly ground
(Fig. 1f).

The axial inertia effect can disprove the homogeneity assump-
tion of stress and strain, which is the foundation of the SHPB tests.
To minimize the axial inertia effect and reflect the actual dynamic
responses of the RCC, the optimal L/D ratio of 0.5 was used to
design specimens for the SHPB tests [15]. Grease was also used
to minimize the dynamic friction of the specimen-apparatus inter-
faces; thus, we can reasonably consider the end friction confine-
ment effect to be negligible according to previous studies [16,20].
In order to evaluate the damage level of concrete, it has been con-
firmed as a useful method to compare the ultrasonic wave velocity
measured in situ with that measured on concrete cores [34]. In this
study, to minimize the effect of drilling and grinding on the test
results, we monitored the damage of the RCC before and after dril-
ling and grinding using ultrasonic wave velocity, and we removed
drilling cores with excessive damage. This measurement is quite
requisite for the D50mm cores in particular.

2.2. SHPB technology

High-strain-rate impact tests were conducted using the SHPB
test system. To avoid oscillation of the stress-strain curves, a
half-sine stress waveformwas selected as the ideal loading method
to perform SHPB tests on quasi-brittle materials. In addition, the
incident waves must also have a certain rising time to avoid
Table 1
Mixture proportion for RCC.

W/C Sand ratio (%) Fly ash content (%) Water reducing agent (%) Air

0.50 31 60 0.8 0.05
destroying the sample before the stress balance between the two
specimen surfaces. To reduce friction, Vaseline was uniformly
daubed on the two specimen/bar contact surfaces. The strikers,
which are propelled by the gas gun, impact against the incident
bar. In this way, a stress pulse can be generated in the incident
bar that spreads towards the specimens. Due to the differential
wave impedance between the specimen and the incident bar, part
of the stress pulse is transmitted via the specimen as a compressive
pulse, and part of stress pulse is reflected into an incident bar as a
tensile pulse. The strain gauges mounted on the incident and trans-
mitted bars can record the incident, reflected and transmitted
pulses during the entire impact process. Fig. 2 shows the typical
stress signals in incident and transmitted bars obtained from an
SHPB test. Due to the stress equilibrium requirement during spec-
imen failure, the stress pulse typically must reflect at least 3–4
times before destruction. The one-dimensional wave propagation
assumption and the homogeneity assumption of stress and strain
for the RCC specimens in SHPB tests were verified in our previous
work [31] in detail.

Because it is challenging to accurately measure the real-time
cross-sectional area (As) and thickness (Hs) of the specimen during
the high-speed deformation, we replace them with the initial
thickness Hs0 and cross-sectional area As0 in the calculation of engi-
neering stress-strain curves, which is justified by the fact that the
change in specimen thickness and cross-sectional area in SHPB
tests is minimal. The ‘‘one-wave analysis” method [35] is used to
calculate the engineering stress rsðtÞ, strain esðtÞ and strain rate
_esðtÞ as follows:

_esðtÞ ¼ 2cb
Hs0

eR ð2Þ

esðtÞ ¼ 2cb
Hs0

Z t

0
eRðtÞdt ð3Þ

rsðtÞ ¼ AbEb

As0
eTðtÞ ð4Þ

where cb is the wave propagation velocity in the steel bars; Hs0 and
As0 denote the original length and cross-sectional area of the spec-
imen, respectively; Ab is the cross-sectional area of the steel bars;
and Eb is the elastic modulus of the steel bars. In addition, eTðtÞ
and eRðtÞ are the transmitted strain and reflected strain,
respectively.

2.3. Schematic design

Regarding the dynamic mechanical properties, various cross-
sectional strikers or thin copper pulse shapers were used in the
tests to achieve the half-sine stress wave loading. By varying the
gas pressure of the gas gun (1.5–8 bar) and diameters of the spec-
imens (D50 mm, D75 mm, and D100 mm), we caused specimens
with different sizes to undergo various strain rates. The schematic
design of the experimental tests is illustrated as Table 2. The spec-
imens prepared for the SHPB tests can be classified into three cat-
egories based on the specimen diameter. For each category with
identical diameter, the specimens can be divided into four groups
based on the gas pressure in the SHPB tests. We prepared 10 spec-
imens for each group (i.e., 120 specimens for the SHPB tests in
entraining agent (%) Concrete material consumption (kg/m3)

Water Cement Fly ash Sand Aggregate

88 70 106 672 1507



Fig. 1. Specimen preparation process.

Fig. 2. Typical stress signals: (a) stress in the incident and transmitted bars; (b) achieved stress-equilibrium state.

Table 2
Specimen size and shape for the dynamic loading tests.

Test type Specimen dimensions (D � L: mm � mm) L/D Group Number Gas pressure (MPa) Average strain rate* (/s)

Quasi-static tests (5 cylindrical specimens) 100 � 200 2.0 A 5 – 8.30 � 10�5

SHPB tests (101 cylindrical specimens) 50 � 25 0.5 D50-A 8 0.30 70.15
D50-B 8 0.37 88.54
D50-C 8 0.45 114.45
D50-D 8 0.55 143.78

75 � 37.5 0.5 D75-A 7 0.40 46.68
D75-B 9 0.50 75.84
D75-C 8 0.60 90.47
D75-D 8 0.80 111.20

100 � 50 0.5 D100-A 8 0.15 33.11
D100-B 10 0.22 47.10
D100-C 10 0.30 59.83
D100-D 9 0.37 74.08

* The average strain rate for each group is the mean value of the representative strain rates for the specimens in this group, not the real strain rate for each specimen.
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total) at first. However, some specimens for the SHPB tests failed
due to incorrect operation or other reasons, and only 101 speci-
mens successfully satisfied the one-dimensional wave propagation
assumption and homogeneity assumption of stress and strain. The
101 successfully tested specimens were not uniformly distributed.
The specific number for each group has been listed in Table 2.

2.4. Definitions of dynamic mechanical properties

Fig. 3 graphically illustrates the definitions of key mechanical
properties in this study: the peak strength, ultimate strain, maxi-
mum strain and toughness. The peak value of the stress time his-
tory is considered the material strength. The ultimate strain is
taken as the strain at peak stress, and the maximum strain of the
stress-strain curve is the strain at the end of the softening stage.
Moreover, the toughness related to the ductility and strength can
be expressed as the specific energy absorption, which is the capac-
ity to absorb the energy of the stress wave for the RCC per unit vol-
ume. It is also observed that the material strength occurs nearly at
the peak strain rate duration and that the breakage process of the
specimen maintains approximately constant strain rate loading
since the variation in strain rate with time near the failure point
is minimal.

Because the strain rates obtained in the SHPB tests are not con-
stant, the representative strain rate for each specimen can be
defined in different ways. However, the strain rate at failure cannot
be used to characterize the strain rate during the entire loading
process [35], and the mean strain rate, defined as the maximum
strain divided by the entire time duration, is notably lower than
the instantaneous strain rate at specimen failure [36]. Therefore,
the ultimate strain divided by the time duration to reach the peak
stress is used as the representative strain rate in this study. More-
over, the mean value of the representative strain rates for speci-
mens in each group is calculated to present the loading condition
of this group, denoted as the average strain rate.

3. Experimental results

3.1. Quasi-static testing results

Quasi-static compressive tests on the specimens (diameter �
length = 100 mm � 200 mm) were conducted by using an electro-
hydraulic servo-controlled loading test machine at Tianjin Univer-
sity. The testing machine delivers a constant crosshead movement
with the loading rate of 1 mm/min, corresponding to a quasi-static
strain rate of 8.30 � 10�5/s. The 90 d uniaxial compressive strength
Fig. 3. Diagrammatic sketch of the definitions of the characteristic values in the
stress-strain curve.
of the RCC prepared in this study was 11.13 MPa, and the corre-
sponding Young’s modulus and ultimate strain (corresponding to
the peak strength) were 2.61 GPa and 0.71%, respectively.

The quasi-static strength will be used to calculate the dynamic
increase factor (DIF) of material strength for RCC material based on
the experimental tests. Discussions on strain-rate effect and
dynamic size effect in terms of DIFs are given in Section 3.4.

3.2. Dynamic size effect on failure patterns

The RCC specimens with various sizes were prepared and tested
under different loading rates by varying the gas gun pressure. The
failure patterns at different strain rates, as was concluded in Ref.
[31], are notably similar in specimens of different size. Fig. 4 shows
the schematic failure patterns of the RCC at various strain rates,
which can be summarized as follows. Visible cracks form in the
ITZs and propagate along the interfaces under static loading
(Fig. 4a). At the critical strain rate, the propagating path becomes
straighter, and the fracture surface is less ragged (Fig. 4b). At a high
strain rate, the cracks propagate along several direct paths with
more fractured aggregates and the specimens ultimately are
crushed into several fragments (Fig. 4c). With increasing strain
rate, the specimens can be further crushed into finer granularities,
which dissipate more energy (Fig. 4d). To sum up, stress increases
so rapidly at higher strain rates that the cracks do not have suffi-
cient time to propagate along the path of least resistance and prop-
agate in aggregates instead, resulting in smaller fragments.

Notably, the critical strain rate can be reduced by increasing the
specimen size. Therefore, the failure pattern or other dynamic
mechanical properties under impact loading may be significantly
affected by both strain rate and specimen size. For example, the
fracture status of the samples changes from fine fragments to large
blocks when the specimen diameter is decreased from 100 mm to
50 mm at a similar strain rate of approximately 70/s in the SHPB
tests, as shown in Fig. 4e.

3.3. Dynamic size effect on stress-strain curves

Considering the significant discreteness of the RCC from the
construction technology, the stress-strain responses of the RCC
material for each group are represented by the means and standard
deviations. For the specimens with identical sizes, the stress-strain
responses of four groups characterized by different average strain
rates are compared in Fig. 5a–c to illustrate the strain-rate effect
along with significant discreteness. The average stress-strain
responses of the RCC specimens with different sizes share common
characteristics: they change significantly with increasing strain
rates. The peak stress increases at a higher strain rate, which we
refer to as strain-rate dependence resulting from the comprehen-
sive effects of the inertial effect, crack propagation effect and vis-
cosity effect. The slopes of the ascending and descending parts of
the stress-strain curves tend to be steeper when the strain rate
increases.

The average stress–strain curves for specimens of different
dimensions at a similar strain rate (approximately 70/s) are com-
pared in Fig. 5d. A notable change in these curves demonstrates
the dynamic size effect. The stress-strain curves of the larger spec-
imens are much steeper than those of smaller specimens, i.e., the
peak stress increases when the specimen size increases.

3.4. Dynamic size effect on DIF for compressive strength

Using the D50 specimens as an example, Table 3 summarizes
the testing results of dynamic compressive strength and corre-
sponding strain rate for the D50 specimens, which have been clas-
sified into four groups according to the gas gun pressure as shown



Fig. 4. Failure patterns of the RCC specimens: (a)–(d) schematic failure patterns at various strain rates; (e) failure patterns of specimens with various diameters.
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in Table 2. It is obvious from Table 3 that the mean values of
dynamic compressive strength for each RCC group increases with
the increasing average strain rate. The same rules have been seen
in specimens with diameters of 75 mm and 100 mm as well.

Various concrete-like materials have been studied using labora-
tory tests to quantify the strain-rate effects, and the polynomial fit-
ting method has been widely used to illustrate the empirical
relationship between the strain rates and the DIFs [17,35,37–40].
Fig. 6 compares the obtained DIFs with the existing empirical mod-
els from other studies. In general, the test results are distributed
among these empirical models. Moreover, the DIF increases with
increasing strain rate, and the DIFs of the RCC appear more sensi-
tive to the strain rate than the DIFs of normal concrete. Fig. 6 also
shows that the DIFs tend to be more sensitive to the strain rate for
larger specimens. The test results are consistent with the observa-
tions of previous studies [15] that the DIFs obtained from the
impacting tests are directly composed of contributions from the
inherent strain-rate effect and structural effect. With increasing
strain rete, the difference in DIFs among specimens of various
dimensions tends to be more significant, which indicates the strain
rate sensitivity of the size effect.

3.5. Dynamic size effect on mechanical properties

Fig. 7 compares the experimental results of the dynamic com-
pressive properties, which are represented by the mean values
and standard deviations, for specimens with various sizes and
strain rates. For specimens with 50 mm in diameter (D50 mm),
when the strain rate increases from 70.15 to 143.78/s, the average
peak strength continuously increases from 10.08 to 22.28 MPa. The
ultimate strain and maximum strain continually increase from
0.0070 to 0.0113 and from 0.0205 to 0.0278, respectively. In addi-
tion, the average toughness slightly increases by as much as 0.19
MJ/m3. The same trend is observed in the D75mm specimens.
Immediately after the average strain rate increases from 46.68 to
111.20/s, the average peak strength increases from 10.75 to
36.71 MPa, as much as 241%. In addition, the average ultimate
strain consistently increases from 0.0065 to 0.0131. Because of
the increasing ductility and strength, the average toughness
increases from 0.11 to 0.98 MJ/m3. The average peak strength of
the D100mm specimens increases from 15.31 to 30.44 MPa when
the strain rate increases from 33.11/s to 74.08/s, as well as ultimate
strain, maximum strains, and toughness all increase with the strain
rate.

All experimental results of the dynamic mechanical properties
for the RCC material share significant variability at different strain
rates. Moreover, the experimental results suggest that the speci-
men size is another key factor for the increase in dynamic mechan-
ical properties, e.g., the peak strength, ultimate strain and
toughness, as shown in Fig. 7. When the specimen size is larger,
the lateral inertia confinement becomes more significant, which
ultimately leads to a higher peak strength. For example, the testing
results of different dimensional specimens at a similar strain rate
(approximately 70/s) show that when the diameter of the speci-
men increases from 50 mm to 75 mm to 100 mm, the average peak
strength monotonically increases from 10.08 MPa to 20.33 MPa to
30.44 MPa. This phenomenon is more prominent in Fig. 7a. Similar
trends are observed for other dynamic mechanical properties, such
as the ultimate strain and toughness. For the ductility, the maxi-
mum strain increases with increasing strain rate for same-size
specimens, whereas the size dependence of the maximum strain
is indistinct for specimens at a similar strain rate. This phe-
nomenon is graphically illustrated in Fig. 5d. Because of the
increasing ductility and strength, the specimens at a high strain
rate exhibit a greater toughness than those at a relative low strain
rate.



Fig. 5. Average stress-strain curves of the RCC specimens at various strain rates: (a)–(c) for specimens D50, D75, and D100; (d) for specimens of various dimensions at similar
strain rates (approximately 70/s).

Table 3
Dynamic compressive strength of D50 RCC specimens (D � L: 50 mm � 25 mm).

Group Indexes Testing results

Test 1 Test 2 Test 3 Test 4 Test 5 Test 6 Test 7 Test 8 Average

D50-A Strain rate (/s) 64.27 69.26 70.58 69.28 70.95 71.51 74.31 71.01 70.15
Strength (MPa) 12.32 8.59 9.12 10.44 8.57 10.74 9.94 10.92 10.08

D50-B Strain rate (/s) 80.75 98.75 89.75 94.25 92.00 81.68 86.84 84.26 88.54
Strength (MPa) 12.17 13.36 10.74 12.05 11.51 13.96 12.36 10.21 12.05

D50-C Strain rate (/s) 111.43 106.10 105.29 123.35 106.36 124.15 123.23 115.72 114.45
Strength (MPa) 15.30 16.64 18.65 17.11 17.83 15.66 12.59 17.22 16.38

D50-D Strain rate (/s) 139.45 140.46 143.38 145.75 145.44 142.09 144.68 148.95 143.78
Strength (MPa) 17.23 23.33 22.32 21.19 22.09 19.17 25.43 27.47 22.28
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4. Analysis and discussion

4.1. Analysis of variance (ANOVA)

To further investigate the statistical significance of the strain-
rate sensitivity and size dependence on the dynamic mechanical
parameters of RCC at high strain rates, the widely accepted method
of ANOVA was performed [41]. The F-distribution was used in the
ANOVA to evaluate the equality of three or more populations. F0 is
defined as the ratio of two mean squares to estimate whether the
null hypothesis can be rejected. In this study, referring to the F-
distribution table, the critical value (F0) can be taken as F0.05,3,28
= 2.95, representing the critical value with corresponding DOFs of
3 and 28 at a 5% significance level. Therefore, the null hypothesis
(l1 ¼ l2 ¼ l3 ¼ l4) (i.e., the strain rate has no effect on the
dynamic mechanical properties) can be rejected if the P-value is
smaller than 0.05 or F0 > 2.95.

Table 4 summarizes all ANOVA results of specimens of various
dimensions for the RCC material. The peak strength, maximum
strain, and toughness can be significantly affected by the strain



Fig. 6. Comparison of the DIFs from the laboratory tests with that of existing
empirical models.
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rates for specimens of different dimensions. A smaller P-value pro-
vides stronger justification to reject the null hypothesis. The strain-
rate effect is notable for almost all of the dynamic mechanical
properties, whereas the ultimate strain for the D100 mm speci-
mens is less sensitive to the strain rates. The size effect is detect-
Fig. 7. Dynamic mechanical properties of the RCC specimens at various strain rate
able for most of the dynamic mechanical properties, apart from
the maximum strain. The P-value of the maximum strain, recorded
as 0.30 > 0.05, indicates that specimens of different sizes have sim-
ilar maximum strains. Thus, the size dependence of the maximum
strain for the RCC is insignificant.

4.2. Weibull analysis

Zhang [31] suggested that experimental results of the dynamic
mechanical properties for RCC share more significant discreteness
than that of normal concrete, particularly in the vertical direction,
as a result of different mix proportions and construction tech-
niques. Therefore, it is necessary to address the discreteness of
the peak strength for the specimens of different dimensions. The
weakest-link assumption based on Weibull statistics has been
widely used to describe the scatter of material strengths, i.e., that
the strength of a structure depends on the weakest volume ele-
ment [19,32,42]. The Weibull analysis is used with a two-
parameter form in the present study, as shown in Eq. (5). In addi-
tion, by taking the logarithm twice, the Weibull distribution can be
rewritten in linear form as Eq. (6).

PðrÞ ¼ 1� exp � r
r0

� �m� �
ð5Þ

ln½� lnð1� PÞ� ¼ mðlnr� lnr0Þ ð6Þ
s: (a) peak strength; (b) ultimate strain; (c) maximum strain; (d) toughness.



Table 4
Summary of the ANOVA for the strain-rate effect and size effect of the RCC.

Property Strain-rate effect Size effect

D50 D75 D100 Approximately 70/s

F0 P-value F0 P-value F0 P-value F0 P-value

Peak strength 53.80 9.58 � 10�12 16.84 1.91 � 10�6 13.76 5.47 � 10�6 39.37 3.74 � 10�8

Ultimate strain 5.12 6.00 � 10�3 48.69 3.10 � 10�11 0.90 0.45 16.77 3.21 � 10�5

Maximum strain 5.39 4.70 � 10�3 109.30 1.45 � 10�15 4.59 8.60 � 10�6 1.27 0.30
Toughness 11.94 5.55 � 10�5 33.55 2.07 � 10�9 7.86 4.32 � 10�4 25.41 3.22 � 10�6
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where r is the peak strength, r0 is the scaling value concerned with
the mean, and m is the shape parameter or Weibull modulus. Then,
the mean and standard deviation can be derived as follows:

�r ¼ r0C 1þ 1
m

� �
ð7Þ

s ¼ r0

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C 1þ 2

m

� �
� C2 1þ 1

m

� �s
ð8Þ

where �r is the mean strength, s is the standard deviation, and Cð�Þ
is the gamma function.

The cumulative probability density P can be estimated as

P ¼ i
N þ 1

ð9Þ

where N is the total number of tests and i is the current test
number.

The cumulative distribution plots of the experimental results
show satisfactory qualitative agreement. Fig. 8 compares the fitted
cumulative distribution functions (CDFs) for each group in Table 2,
and the Weibull distribution is shown to accurately describe the
discrete material strength. Fig. 8 also shows that the fitted cumu-
lative probability curve shifts toward a higher stress value when
the strain rate increases for same-size specimens, which indicates
a positive effect of the strain rate on material strength. However,
the peak strength shows more significant discreteness at higher
strain rates since the fitted cumulative probability curve tends to
be less steep. Table 5 summarizes the calculated parameters of
the fitted Weibull distributions. For the dynamic experimental
data, r0 increases with increasing strain rate for same-size speci-
mens. However, the statistical results show that the strain-rate
effect on the shape parameter is not pronounced, without notable
increasing or decreasing trend as the strain rate increases, which
indicates an approximately uniform distribution at the selected
strain rates. The average shape parameters for the D50 mm, D75
mm, and D100 mm specimens are 10.15, 4.28, and 8.07, respec-
tively, indicating no strong relationship with the specimen size.
Table 5 also shows the effect of the strain rate and specimen size
on the mean strength (�r) and standard deviation (s). Both the
mean strength and standard deviation increase somewhat with
increasing strain rate and specimen size.

Fig. 9 graphically presents the mean and standard deviation of
strength from Weibull analysis. Relative to the results shown in
Fig. 7a, the means and standard deviations of strength derived from
the Weibull distribution are notably near to those of the experi-
mental data. Based on the analysis results in this study, empirical
formulae in terms of the dynamic compressive strength for the
RCC material under impact loading are suggested as follows:

�r ¼ ½8:36ðlg _eÞ2 � 29:94ðlg _eÞ þ 27:70�f c;
for D50 specimens at 70=s < _e < 150=s ð10Þ

�r ¼ ½13:67ðlg _eÞ2 � 44:57ðlg _eÞ þ 37:26�f c;
for D75 specimens at 40=s < _e < 120=s ð11Þ
�r ¼ ½8:59ðlg _eÞ2 � 25:26ðlg _eÞ þ 19:93�f c;
for D100 specimens at 30=s < _e < 80=s ð12Þ
In this study, the dynamic compressive strength increases with

increasing specimen size in the condition of identical strain rates,
which is opposite to the behavior of the size effect under quasi-
static loading. In addition, the dynamic size effect indicates that
the gap in dynamic compressive strength for specimens of differ-
ent dimensions tends to be less significant under relatively low
impact loading. As concluded in Ref. [14], a larger specimen corre-
sponds to a more significant strain-rate effect on the dynamic com-
pressive strength. The basic relationship between the strain-rate
sensitivity and size dependence of the RCC is generally similar to
previous testing results on all types of concrete and rocks, although
this rule is accompanied by severe variability.

From the viewpoint of structural hierarchy, the weakest link of
hardened RCC structure is the ITZ, where micro-cracks first initiate
[24,43]. For a concrete-like material, the structural effect, always
existing under impact loading, decreases the crack propagation
speed due to the multiaxial stress state. Therefore, cracks need
more time to completely fracture the specimens at higher strain
rates, leading to a higher strength [14,29,30]. To sum up, the
dynamic size effect of RCC arises from the coupled effects of the
complex micro-structural hierarchy, Poisson’s effect and finite
crack propagation speed.

5. Modified Weibull size effect law

Most statistical analysis of brittle fracture is based on the
weakest-link assumption, which is a well-accepted method to ana-
lyze the variability of concrete strength. The static size effect of
concrete based on the weakest-link assumption can be illustrated
as follows:

PðrÞ ¼ 1� exp �
Z
V

r� rth

r1

� �m dV
V0

� �
ðr P rthÞ ð13Þ

where P is the cumulative probability of the failure of a specimen
with volume V; dV is the differential volume; V0 is a constant rep-
resenting the average volume of each microcrack; rth and r1 denote
the threshold strength and scale parameter, respectively; and m is
the shape parameter or Weibull modulus. Then, the cumulative
probability P is normalized for rth 6 r 6 1. In addition, the corre-
sponding probability density function (p) concerning the fracture
strength (r) can be derived as follows:

pðrÞ ¼ V
V0

m
r1

r� rth

r1

� �m�1

exp � V
V0

r� rth

r1

� �m� �
ðr P rthÞ

ð14Þ
From the safety viewpoint, rth can be set to zero [3]; then, the

Weibull size effect law is simplified into a two-parameter form
as shown in Eqs. (15) and (16).

PðrÞ ¼ 1� exp � V
V0

r
r1

� �m� �
ðrP 0Þ ð15Þ



Fig. 8. CDFs of the dynamic compressive strength for specimens with various diameters: (a) D50; (b) D75; and (c) D100.

Table 5
Statistical Weibull parameters for specimens of various dimensions.

Specimen dimensions (D � L: mm � mm) Statistical parameters

Group _e (/s) r0 (MPa) m �r (MPa) s (MPa)

50 � 25 D50-A 70.15 10.63 8.79 10.06 1.37
D50-B 88.54 12.58 11.37 12.03 1.28
D50-C 114.45 17.11 12.39 16.42 1.61
D50-D 143.78 23.62 8.06 22.25 3.28

75 � 25 D75-A 46.68 11.71 4.88 10.74 2.51
D75-B 75.84 21.72 4.10 19.71 5.41
D75-C 90.47 30.29 3.20 27.13 9.31
D75-D 111.20 40.03 4.95 36.73 8.49

100 � 25 D100-A 33.11 16.34 8.28 15.41 2.21
D100-B 47.10 20.28 7.69 19.06 2.93
D100-C 59.83 25.46 9.81 24.20 2.96
D100-D 74.08 32.62 6.51 30.40 5.46
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pðrÞ ¼ V
V0

m
r1

r
r1

� �m�1

exp � V
V0

r
r1

� �m� �
ðrP 0Þ ð16Þ

Many researchers have performed refined research on the size
effect on the dynamic compressive strength of concrete-like mate-
rials. Notably, larger specimens are associated with a greater
strain-rate sensitivity of the dynamic strength [14,15,29,30]. This
phenomenon is also applicable to RCC materials, in which the
dynamic strength also increases with increasing specimen size, a
result that is diametrically opposed to the size effect under
quasi-static loading. Thus, the static Weibull size effect law has a
substantial limitation because it does not incorporate the strain
rate. Considering the underlying relationship between the strain
rate and specimen size, a modified size effect law is introduced,
as shown in Eqs. (17) and (18).



Fig. 9. Strain-rate effect on the dynamic strength using Weibull analysis.
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PðrÞ ¼ 1� exp � V
V0

� �a ln _e0= _eð Þ r
r1

� �m
" #

ðr P 0Þ ð17Þ

pðrÞ¼ V
V0

� �a ln _e0= _eð Þ m
r1

r
r1

� �m�1

exp � V
V0

� �a ln _e0= _eð Þ r
r1

� �m
" #

ðrP0Þ

ð18Þ
where _e0 is the critical strain rate, below which the static size effect
dominates. _e is the strain rate, and a is the correction factor of the
strain-rate effect.

Eq. (17) can be rewritten as a logarithmic linear relation, as
shown in Eq. (19). Compared to Eq. (6), the modified Weibull size
law in the linear form can be seen as a modified two-parameter
Weibull distribution to statistically analyze the dynamic strength
of concrete material considering the size and strain-rate effects.
In Ref. [44], a similar modified Weibull distribution for the
dynamic strength of concrete was verified to be valid through
SHPB testing at various strain rates without considering the size
effect.

ln½� lnð1� PÞ� ¼ aðlnV0 � lnVÞðln _e� ln _e0Þ þmðlnr� lnr1Þ
ð19Þ
Fig. 10. Relationship of ln �r, lnV and ln _e: (a) size effect la
The strength is related to the specimen size and strain rate
according to the proposed Weibull size effect law. Derived from
Eq. (18) using the moment method, the mean value �r and standard
deviation s can be obtained using Eqs. (20) and (21), respectively.
Then, the average strength increases for larger specimens when
_e > _e0; the size effect disappears at the critical strain rate; and
the average strength decreases with increasing specimen size
when _e < _e0. In addition, the size effect is enhanced at a higher
strain rate, as is the standard deviation.

�r ¼ r1
V
V0

� �a
m ln _e= _e0ð Þ

C 1þ 1
m

� �
ð20Þ
s ¼ r1
V
V0

� �a
m ln _e= _e0ð Þ

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
C 1þ 2

m

� �
� C2 1þ 1

m

� �s
ð21Þ

Based on the statistical results of the experimental data in
Table 5, the scaling value r0 increases with increasing strain rate
for same-size specimens. Comparing the mean and standard devi-
ation of strength derived from the proposed Weibull size effect law
in Eqs. (20) and (21) to those derived fromWeibull statistics as Eqs.
(7) and (8), we find that r0 includes the coupling effect of the strain
rate and specimen size, as illustrated in Eqs. (22) and (23). Here, r1

becomes a constant, and shares no relationship with the specimen
size and strain rate.

r0 ¼ r1
V
V0

� �a
m ln _e= _e0ð Þ

ð22Þ
lnr0 ¼ lnr1 þ a
m

ðln _e� ln _e0ÞðlnV � lnV0Þ ð23Þ

The parameter estimation has been the primary issue to verify
the practicability of the proposed effect law. The shape parameter
m is insensitive to the strain rate and uncoupled to the specimen
size. Here, we select the mean value of the shape parameter (m
= 7.50) according to Table 5, and the critical strain rate can be
obtained as 40/s from Ref. [31].

Several methods are available to determine the parameter of
the modified Weibull size effect law from a set of experimental
strength data, in which the most widely used method is the
least-squares method (LSM) analysis. Using the statistical results
from the experimental data in Table 5, a linear least-squares
regression analysis can be performed on Eq. (24) to determine
the parameters in the proposed size effect law. As a complement,
w in the full strain-rate scale; (b) dynamic effect law.
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the volume of a specimen can be calculated as V ¼ pD3=8, where D
is the diameter of the specimen.

ln �r ¼ ln r1C 1þ 1
m

� �� �
þ a
m

lnV � lnV0ð Þðln _e� ln _e0Þ ð24Þ

The results of parameter estimation with the experimental data
from 101 successful SHPB tests are r1 ¼ 14:16 MPa, a ¼ 4:12 and
V0 ¼ 3:54� 10�5 m3. By substituting the fitting parameters into
Eq. (24), the modified Weibull size effect law is graphically shown
in Fig. 10. As an objective of this study, the strength from proposed
Weibull size effect law is an estimated mean strength essentially
(Eq. (24)) based on the concept of the weakest-link assumption
and has an inherent relationship with the results of the Weibull
analysis. In this study, the mean strength for each group has been
estimated based on the Weibull analysis, as listed in Table 5.
Therefore, it is necessary to compare the mean dynamic strength
from Weibull analysis (Table 5) with that from proposed Weibull
size effect law (Eq. (24)).

Fig. 10a shows that the experimental mean strength points
from Weibull analysis are consistent with the theoretical surface
of the modified size effect law. The modified size effect law can
also present the basic rules that the dynamic compressive strength
increases with increasing specimen size under impact loading, as
shown in Fig. 10b, which is diametrically opposed to the common
size effect under quasi-static loading. Moreover, the enhancement
of dynamic strength becomes more sensitive to the strain rate for
larger specimens.

6. Conclusions

Focusing on the dynamic size effect of the RCC material, SHPB
tests on 101 cylindrical specimens with the diameters of 50 mm,
75 mm and 100 mm was conducted under high strain rate loading
in this study. The dynamic size effect of the RCC material was
investigated based on the experimental results within a wide range
of strain rates and was reconfirmed based on ANOVA and Weibull
analysis. A modified Weibull size effect law was proposed to illus-
trate the underlying mechanism of the dynamic size effect for the
RCC material under impact loading. The main contributions and
findings are as follows:

(1) The observed dynamic mechanical properties of RCC mate-
rial were size dependent. The dynamic size effect under
impact loading is notably different from the well-known sta-
tic size effect, in which the dynamic mechanical properties,
e.g., the peak strength, ultimate strain and toughness,
increases with the increasing sample size at a similar strain
rate.

(2) Besides contributions from material heterogeneity, the
dynamic size effect partly consists of contributions from lat-
eral inertial confinement due to strain rate effect, which is
significantly important for larger specimens. A larger speci-
men corresponds to a more prominent strain-rate effect on
the dynamic compressive strength, i.e., the experimental
peak strength for larger specimens is more sensitive to the
strain rate.

(3) More significant scatter of the stress-strain curves and DIFs
was directly observed from the dynamic compressive tests
at higher strain rates. The Weibull analysis also showed that
the variance of dynamic compressive strength for RCC spec-
imens tended to be larger under higher impact loading.
Therefore, more attentions should be paid to the variance
of dynamic compressive strength from material heterogene-
ity in structural dynamic analysis, considering the dynamic
size effect.
(4) A modified size effect law considering the strain-rate effect
was proposed to illustrate the underlying mechanism of
the size effect for the RCC material. The proposed size effect
law can be formulated as a modified two-parameter Weibull
distribution to statistically analyze the strength of the con-
crete material, considering the strain rate and specimen size.
Finally, the relationships of the material strength, specimen
size and strain rate were further described under a unified
theoretical framework containing static and dynamic
loading.
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