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Abstract Roller compacted concrete (RCC) has

been widely used in large scale constructions such as

hydraulic structures and heavy-duty pavements.

Understanding the failure criterion based on the

compression behavior of RCC under a relatively wide

range of confining pressure is essential for the better

analysis and design of RCC structures subjected to

potential extreme dynamic loadings. However, few

experimental results of RCC under confinement are

available, and, to date, no study pays close attention on

the triaxial behavior of RCC under relatively high

confining pressure. In this study, triaxial behavior was

investigated with the aim to better understand and

model the constitutive behavior of RCC material.

Purposely, laboratory tests were employed on

100 9 200 mm (diameter 9 length) cylindrical

specimens, while the mix proportion and molding

method were generally consistent with field construc-

tion. Triaxial tests were conducted under seven

different confining pressure levels (0, 5, 10, 15, 20,

25 and 30 MPa). Consequently, the triaxial compres-

sion behavior of RCC was obtained and the confine-

ment effect was illustrated. Compared with

conventional concrete, the effect of confinement on

the failure strength and failure strain of RCC was less

pronounced. The failure criteria of RCC under a

relatively wide range of confining pressure were

discussed. Parameters of Mohr–Coulomb and Wil-

liam-Warnke failure criteria were calibrated and novel

empirical formulas were proposed to illustrate the

compressive meridian of RCC material.

S. Zhang � P. Wei � C. Wang (&) � K. Cao
State Key Laboratory of Hydraulic Engineering

Simulation and Safety, Tianjin University,

Tianjin 300072, China

e-mail: janson126@163.com

S. Zhang

e-mail: tjuzsr@126.com

P. Wei

e-mail: wepy@tju.edu.cn

K. Cao

e-mail: 3294361695@qq.com

S. Zhang � P. Wei � C. Wang � K. Cao
School of Civil Engineering, Tianjin University,

Tianjin 300072, China

C. Wang � G. Wang � W. Lu

State Key Laboratory of Water Resources and

Hydropower Engineering Science, Wuhan University,

Wuhan 430072, China

e-mail: wanggaohui@whu.edu.cn

W. Lu

e-mail: wblu@whu.edu.cn

Materials and Structures (2021) 54:7

https://doi.org/10.1617/s11527-020-01582-w(0123456789().,-volV)(0123456789().,-volV)

http://crossmark.crossref.org/dialog/?doi=10.1617/s11527-020-01582-w&amp;domain=pdf
https://doi.org/10.1617/s11527-020-01582-w


Keywords Roller compacted concrete (RCC) �
Mechanical properties � Triaxial compression tests �
Failure criterion � Stress–strain relationships

1 Introduction

Roller compacted concrete (RCC) is generally defined

as a zero-slump concrete that has been consolidated by

external vibratory rolling [1]. As a special concrete

material, RCC consists of the similar material com-

ponents as those of normal concrete and the difference

lies in mix proportions and molding method. The RCC

mixture contains less water and cement, but a

relatively high-volume fly ash as supplementary

cementitious material. This makes RCC mixtures

much drier, and hence the molding method of

conventional concrete is not applicable. Instead, the

construction method of thin-layer pouring and vibra-

tory rolling is employed, which is almost the same

with Asphalt pavement construction [2, 3]. The above

features bring about the following advantages: low

heat of hydration, rapid construction, low construction

cost and simple construction procedure [4]. Conse-

quently, RCC has been widely used in highly-sensitive

infrastructures, including heavy-duty pavements,

overflow structures and hydraulic dams [2, 3, 5–8].

Potential extreme loadings (including impact of

heavy-duty vehicles, earthquakes, near field detona-

tions) are noteworthy concerns for RCC structures. In

the above scenarios, RCC undergoes triaxial loadings

with moderate or high confining pressures [9]. Con-

sidering the extensive use in water conservancy

projects, it is vital to understand the mechanical

properties of RCC under confinement.

The distinct mix proportion and layer structure of

RCC may contribute to the differences in deformation

and mechanical behavior [10]. Most researches have

paid more attention to the basic behavior of RCC, for

example: frost resistance [6], transport properties [8],

interlayer treatments [2], efficacy of compaction

[11–14], seepage characteristic [15], effect of leakage

dissolution [16, 17], interface bonding quality [18, 19],

temperature field [20–23] and mixture ratio [24–26],

fly ash effect [27–29]. Some efforts have also been

dedicated in the influence of layer structure, and it can

be concluded that the existence of interlayer con-

tributes to the decrease of RCC’s shear and tensile

strength [2]. Recently, there is an arising concern

about the safety of RCC structures under extreme

dynamic loadings. Thus, studies on the dynamic

mechanical properties of RCC have been conducted

[10, 30–32]. According to the literature review, it can

be concluded the distinct mix proportion and con-

struction characteristic make the mechanical behavior

of RCC different from conventional concrete. The

interlayer in RCC probably turns to be a weak surface

without proper treatment measures in the molding

process. What’s more, the high mass fraction of fly ash

in cementitious materials results in more pores in

RCC, and the porosity and size of pore decline with the

extension of concrete age [29]. The increasing fly ash

content also causes a reduction in compression,

splitting tensile, and flexural strength values at ages

up to 180 days [28]. The compressive strength of RCC

has been found to be affected by both the cement

hydration and compaction, which differs from con-

ventional concrete [33]. And the difference in com-

pressive behavior is more significant under high strain

rates partially due to more pores in RCC.

Concerning triaxial mechanical properties, there

have been many studies on triaxial behavior of

conventional concrete and high strength concrete

(HSC) under confining pressures up to 650 MPa

[34–39]. Domingo et al. [37] carried out an experi-

mental study on normal concrete under confining

pressures (r3) up to 60 MPa (about twice the uniaxial

compressive strength), using U150 9 300 mm cylin-

ders. They studied the effect of confining pressure on

the brittle-ductile transition behavior. Martin et al.

[36] and Xuan et al. [38] characterized the behavior of

normal concrete under high confining pressures (up to

650 MPa). The effect of coarse aggregate size and

cement paste volume on concrete behavior was also

discussed. Xie et al. [39] studied the triaxial behavior

of HSC under confining pressures ranging from 11.9 to

59.97 MPa. Correspondingly, the confinement ratios

(r3=f
0
c, where f

0
c denotes uniaxial compressive

strength) ranged from 0.1 to 0.504. The tests involved

U55.5 9 110 mm cylindrical samples, with three

different levels of uniaxial compressive strength.

Ansari et al. [34] established an experimental program

comprised of HSC at three different compressive

strength levels (42, 69, and 103 MPa). The maximum

of the confinement ratio was 1.0. The failure surface of

HSC was determined and the effect of confining
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pressure was discussed. Li et al. [35] paid close

attention to the size effect of HSC specimens subjected

to high confining pressure. Their results showed a

slight size effect on the failure strength. However,

experimental studies on RCC material under triaxial

stress are relatively limited. Deng [40] performed a

series of triaxial compression tests on 150 9 300 mm

(diameter 9 length) cylinders. In their studies, the

maximum of the confining pressures (r3) and con-

finement ratios (r3=f
0

c) were 10 MPa and 0.62,

respectively. The results showed an obvious differ-

ence in tangent modulus of elasticity and triaxial

compressive strength between RCC and conventional

concrete. Thus, there is a lack of experimental data on

triaxial mechanical behavior of RCC under confining

pressure over 10 MPa. In point of fact, the design of

RCC structures and prediction of failure conditions

under extreme dynamic loadings require the confined

concrete behavior with high confining pressures.

Furthermore, the validation of constitutive models to

predict the dynamic behavior of RCC needs triaxial

experimental data [31]. Particularly, parameters cal-

ibration of strength surface of dynamic constitutive

models (for example, Holmquist-Johnson–Cook

model, Karagozian & Case Concrete model) for

RCC requires triaxial test data under a wide range of

confining pressures. Considering the differences

between RCC and conventional concrete in mechan-

ical properties, it’s urgent to conduct experiments to

reveal the triaxial mechanical behavior of RCC under

moderate or even high confining pressure.

In this paper, a parametric experimental study

consisting of a series of triaxial tests with confining

pressure up to 30 MPa was undertaken. The primary

differences between this study and the available

literature have been shown as follows:

(1) An experimental program was established to

simulate the field construction method of RCC,

including paving and compacting using vibra-

tory rollers;

(2) A wide range of confining pressures (r3) from 0

to 30 MPa (r3=f
0

c � 2:0) was employed in this

paper, to complement the triaxial test data of

RCC under moderate and high confining

pressures;

(3) The relationship between the peak axial strain

(e1p) of RCC and confining pressure is proposed

in this study;

(4) The volumetric strain history of RCC under

triaxial compression is given, and the effect of

confining pressures on volumetric strain history

is studied;

(5) Parameters of Mohr–Coulomb failure criterion

and William-Warnke failure criterion of RCC

material are calibrated.

2 Experimental program

Given the impact of mix proportion and layer structure

on the mechanical properties of RCC, an experimental

program was established to simulate the vibration

compaction method in field construction.

3 Materials

P.MH42.5 (moderate heat Portland cement) was used

as the cementitious material. Class II fly ash was used

as supplementary cementitious materials. The water-

binder ratio was 0.50, and the fly ash content in

cementitious materials was about 60% by mass.

Moreover, chemical admixtures were employed to

provide fluidity and workability, including the JM-II

retarding superplasticizer and HLAE air-entraining

agent. The characteristic properties of the above

materials are within the corresponding allowed ranges

in Chinese regulations [41–43]. The coarse aggregate

used was crushed limestone with a maximum particle

size of 20 mm. The fine aggregate was natural rive

sand with fitness modulus of 2.5, and the sand ratio

was 31%. Based on the mix proportion in Huangdeng

project, the coarse aggregate gradation was deter-

mined by method of similar grading preliminarily

[44]. According to the performance of mixture and

bearing capacity of concrete specimens, the mix

proportion in present study were determined

[30, 45], as shown in Table 1.

4 Specimen production

In this study, U 100 mm 9 200 mm cylindrical

specimens were employed in uniaxial and triaxial

compression tests. To acquire RCC cylindrical
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specimens, a specific specimen production process

was designed. The details are described as follows:

1. An experimental site with dimensions of

10.0 m 9 2.0 m 9 1.0 m was built for the place-

ment of eight RCC lifts, as shown in Fig. 1a.

Mentioned that the average thickness of the RCC

lift was 0.1 m.

2. Concerning the mixing sequence, the dry materi-

als (coarse aggregates, fine aggregates, cement, fly

ash) were mixed for 1 min, then the water was

added and mixed for a further 2 min, giving a

homogenous mixing by using a concrete pan

mixer. The VC value of the mixture was measured

to be 4.1 s, according to the test code for hydraulic

concrete [42].

Table 1 Mixing proportions of the fresh concrete mixes

Mixture Cement

(kg/m3)

Sand

(kg/m3)

Fly ash

(kg/m3)

Water reduce

agent (kg/m3)

Air entraining

agent (kg/m3)

Gravel (kg/m3)

4.75–9.5 mm 9.5–16 mm 16–19 mm

RCC 94 748 151 1.47 0.315 522.4 391.8 391.8

Fig. 1 The preparation process of RCC
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3. A vibratory roller (model DC25-C) with a fre-

quency range of 0 Hz–70 Hz was used to compact

the RCC mixture. The fresh RCC mixture was

spread and paved to achieve the designed lift

thickness. Rolling technique of ‘‘two static roll-

ing ? eight vibration rolling ? two static roll-

ing’’ was adopted, where the objective of static

rolling was to form a smooth surface. The

vibration frequency was approximately 50 Hz

during vibration rolling. Noted that the average

roller velocity was controlled to 0.24 m/s. After

the finish of the compaction of the lower lift, an

upper lift was paved and compacted.

4. When the compaction of all eight lifts was

accomplished, a cushion was bedded to cure with

sprinkling water for 90 days. A series of cores

(100 mm in diameter) were drilled with a water-

cooled diamond drill. Then the cores, used for

compression tests, were cut to lengths of 200 mm

and ground in both ends to ensure plane loading

surfaces.

The preparation process mentioned above is illus-

trated in Fig. 1, more related details can be found in

previous studies [10, 30, 32, 45]. It should be noted

that drilling and grinding have a limited effect on

experimental results because the diameter of RCC

specimens is large enough.

5 Apparatus and testing methods

The uniaxial and triaxial compression tests were

performed at State Key Laboratory of Hydraulic

Engineering Simulation and Safety, Tianjin Univer-

sity. The triaxial system is shown in Fig. 2. The

confining pressure of this cell could be up to 100 MPa,

while the loading mode can be switched between

displacement control and load control. The confining

pressure r3 can be directly measured by a pressure

transducer inside the intensifier. While axial load Fd is

applied by an axial actuator and measured by an in-

vessel load cell. The actual axial stress r1 can be

expressed as Eq. (1):

r1 ¼ Fd=As þ r3 ð1Þ

where As is the cross-sectional area of the specimen.

In this study, axial extensometer and circumferen-

tial extensometer were employed to measure axial

Fig. 2 The present triaxial system

Materials and Structures (2021) 54:7 Page 5 of 13 7



displacement and circumferential deformation,

respectively. In this way, the total circumferential

deformation along the whole perimeter of the cylinder

can be obtained, which was utilized to derive the

average lateral strain e3.
Under uniaxial compression, a displacement con-

trol mode was used to obtain the stress–strain curve,

with a rate of 0.002 mm/s. As for triaxial compression

tests, the load path is given in Fig. 3. As shown, the

confining pressure was firstly applied to the target

value in load control mode and then kept constant.

After the target r3 was obtained, the control mode was

switched to displacement control and deviatoric was

applied all the way up to the fracture of the RCC

specimens, with a rate of 0.002 mm/s.

The penetration of confining fluid into the concrete

has a significant influence on results of triaxial tests

[46–48]. In this study, concrete specimens were

jacketed with heat shrinkable tube (1.5 mm thick) to

prevent penetration of oil. Since end-friction effect on

concrete stress–strain behavior under compression is

nonnegligible [49–52], a combination of two

0.125 mm-thick Teflon sheets on top of one layer of

0.015 mm thick aluminum foil was used to minimize

this effect.

A total of seven levels of confining pressure (r3)
were employed to cover the response under both

moderate and high confinement: 0, 5, 10, 15, 20, 25,

and 30 MPa, corresponding to confinement ratios of

about 0.00, 0.34, 0.67, 1.01, 1.34, 1.68, and 2.01,

respectively. Mention that at least three reasonable test

results were obtained at each confinement level.

6 Result and discussion

In this section, the compressive strain is designated as

positive. Moreover, in all curves, dilation and con-

traction are designated as negative and positive,

respectively. Mention that volumetric strain is

deduced by the axial strain and radial strain, expressed

as Eq. (2):

ev ¼ e1 � 2e3 ð2Þ

Fig. 3 Loading path for triaxial tests

Fig. 4 Axial deviatoric stress versus strain curves for RCC

samples under confining pressures
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7 Confinement effect for RCC

The experimental responses of RCC under various

confining pressures are plotted in Fig. 4 and Fig. 5.

The axial deviatoric stress–strain curves and the

volumetric strain history are plotted by different level

of confining pressures, respectively. It’s obvious that

the additional axial stress (Dr ¼ r1 � r3) of RCC

specimens increases significantly with increasing

confining pressure at given strain. Furthermore, RCC

sample shows ductile and plastic behavior in the

presence of higher confinement.

Figure 6 shows three typical relationships between

the volumetric history and the compressive stress–

strain curves on account of three types of material

behavior: softening, plastic and hardening behavior.

As the figure shows, the additional axial stress versus

axial strain curve deviates from linearity at the end of

elastic behavior (point e11). Correspondingly, the

samples are contracted at a slower rate due to the

initiation of micro-cracks [53]. For softening behavior,

the volumetric strain becomes expansive beyond the

point e12 owing to the generation of multiple cracks.

Also, the volumetric history curve turns to be expan-

sive beyond the point e12. At point e3, the specimen

turns from contraction to expansion.

During the increase of axial load, RCC specimens

contract axially. Meanwhile, due to Poisson’s law,

lateral dilation can be observed accompanied by axial

contraction. The above process is accompanied by the

generation and propagation of cracks, while the

confining pressure places a restriction on the devel-

opment of these cracks. According to Fig. 4 * Fig. 6,

softening behavior can be observed for RCC speci-

mens under all confining pressures (0–30 MPa). Well-

defined peak loads and smoothly descending post-

peak curves can be observed. Also, the peak point

moves towards coordinate origin (higher axial strain)

with increasing confining pressures. As the cracks

develop, the volumetric strain follows the tendency

from contraction to dilation. However, when subjected

to relatively higher confining pressures (15–30 MPa),

the RCC specimens show more plastic behavior. The

slope of post-peak curves decreases with the enhance-

ment of confinement, which leads to horizontal

plateaus. The reduction in crack developments

induced by increasing confining pressures contributes

to this phenomenon.

Fig. 5 Volumetric strain versus strain curves for RCC samples

under confining pressures

Fig. 6 The volumetric history and compressive stress–strain

curves due to three typical material behaviors
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7.1 Axial strain at peak axial stress

Under a range of confining pressures from 0 to 30 MPa

in triaxial compression, test results are shown in

Table 2, including the peak additional axial stress

(Drp), the peak axial (e1p) and lateral strain (e3p).
These results are from the average of specimens.

It’s evident that the peak axial strain (e1p) and peak
lateral strain (e3p) increases pronouncedly with the

increase of the confining pressures. Figure 7 shows the

relationship between normalized peak axial strain

ratio (e1p=ecp) and confinement ratio (r3=f
0
c), in which

ecp denotes the peak axial strain of RCC under uniaxial

compression. A linear relationship between e1p=ecp
and r3=f

0

c with a correlation coefficient of 0.994

(R2 ¼ 0:994) can be expressed as follows:

e1p
ecp

¼ 1þ 4:74
r3
f
0
c

ð3Þ

The slope of the fitted line for RCC is 4.74. In other

words, the peak strain of RCC under high confining

pressure (r3=f
0

c = 1) can increase by approximately

fivefold than that under uniaxial compression. Simi-

larly, the linear trend above was also found in HSC

[34, 54–56], UHPCC [57], cement mortar [58] with a

range of slope from 6.24 to 20. It indicates that the

effect of confinement on the enhancement of peak

axial strain was not pronounced for RCC, compared

with HSC.

This difference between RCC and HSC mainly

attributes to the relatively poor mechanical properties

(tensile strength and shear strength) of the mortar

matrix. There are more capillary pores in the mortar

Table 2 Triaxial compression results of RCC

r3(MPa) r3=f
0
c

Peak additional axial stress Drp(MPa) Peak axial strain e1p/% Peak lateral strain e3p/%

0 0.00 14.9 0.411 -0.237

5 0.34 26.1 0.625 -0.490

10 0.67 37.3 1.578 -0.760

15 1.01 41.9 2.270 -1.279

20 1.34 50.3 3.078 -2.228

25 1.68 54.1 3.630 -2.849

30 2.01 60.1 4.516 -3.478

Fig. 7 a
e1p
ecp

� r3
f 0c
relationship for RCC under triaxial compression; b

e1p
ecp

� r3
f 0c
relationships in other studies
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matrix of RCC, due to the low hydration degree of fly

ash at an early age. Moreover, the process of drilling

and grinding may bring more micro defects, which

further reduce the capacity of the mortar matrix. Due

to Poisson’s law, the specimens dilate laterally with

axial contraction. Thus, the RCC specimens fail more

easily because of lower tensile and shear properties,

and the effect of confining pressures is relatively

insignificant.

8 Failure criterion calibration

In this section, the obtained experimental results of

RCC are employed to calibrate some existing failure

criteria.

9 Mohr–Coulomb failure criterion

The Mohr–Coulomb failure criterion model [59] is a

kind of pressure-dependent failure criteria and

assumes only two different failure modes: the sliding

failure and the separation failure. Because of its

Fig. 8 a Regression of Mohr–Coulomb failure criterion for RCC; b Regression of Mohr–Coulomb failure criterion in other studies

Table 3 Empirical

coefficients for Mohr–

Coulomb failure criterion

Specimens f
0
c /MPa Maximum of r3=f

0
c

k

Farnam et al. [53] HSC 76 0.28 4.46

HPFRC 87 0.25 4.82

SIFCON5 146 0.15 4.82

SINCON10 171 0.13 4.37

Ansari and Li [34] HSC 47 0.90 3.00

71 0.90 2.60

107 0.80 2.60

Lu and Hsu [55] HSC 67 0.80 4.00

SFHSC 69 1.00 3.95

Candappa et al.

[54]

HSC 61 0.20 5.30

73 0.20 5.30

103 0.10 5.30

Current work RCC 14.9 2.01 2.46
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simplicity and good accuracy, this failure criterion is

still utilized extensively. The Mohr–Coulomb failure

criterion can be expressed as the following equation:

r1
f
0
c

¼ 1þ k
r3
f
0
c

ð4Þ

where r1 denotes the axial stress; r3 denotes the

confining pressure; k ¼ 1þsinu
1�sinu and u denotes the

internal-friction angle; f
0
c represents the uniaxial

compressive strength.

For the present work, the linear fit to experimental

data can be mathematically described by the relation-

ship as follows

r1
f 0c

¼ 1þ 2:64
r3
f 0c

ð5Þ

In this case, the coefficient of correlation is 0.998

(R2= 0.998). The best-fit value of k for RCC is 3.65,

and the internal-friction angle u can be adopted as

34.7�. Figure 8 (a) shows the regression relationship

of the Mohr–Coulomb failure criterion. Also, the

available triaxial compressive test data [40] on RCC is

also given in Fig. 8 (a), yet the maximum of confining

pressure is limited to 10 MPa (r3=f
0
c \ 0.63). As

shown in Fig. 8 (a), the k value extracted from the

present study is also suitable for available experimen-

tal data of RCC.

By comparison, much previous research about k

value for concrete materials has been done, in which k

value scattered from 2.6 to 5.3 [34, 39, 53–56, 60–62].

As shown in Fig. 8 (b) and Table 3, the k value for

RCC material is lower than HSC (High Strength

Concrete), UHPCC (Ultra-high Performance Cemen-

titious Composites), SIFCON (Slurry Infiltrated Fibre

Concrete). This difference indicates that the effect of

confining pressure on the peak axial strength of RCC

specimens is less significant than that of other concrete

materials.

Nonlinear characteristics between r1
f
0
c

and r3
f
0
c

can be

found in Fig. 8 (a). Apparently, k ¼ 2:64 low-esti-

mates underestimates the peak axial stress (r1) values

once the confinement ratio is lower than 1.0. Corre-

spondingly, for high levels of confining pressure

(r3=f
0
c [ 1.5), k ¼ 2:64 overpredicts the peak stresses.

This nonlinear characteristic is in accordance with

previous studies on other concrete material.

Table 4 Empirical

coefficients for William-

Warnke failure criterion

Specimens f
0
c /MPa Maximum of r3=f

0
c

a0 a1 a2

Farnam et al. [53] HSC 76 0.28 0.177 0.560 0.019

HPFRC 87 0.25 0.036 1.154 -0.476

Ansari and Li [34] HSC 47 0.90 0.157 0.668 -0.120

71 0.90 0.141 0.753 -0.208

107 0.80 0.149 0.721 -0.196

Lu and Hsu [55] HSC 67 0.80 0.164 0.638 -0.054

SFHSC 69 1.00 0.160 0.653 -0.055

Candappa et al.

[54]

HSC 61 0.20 0.162 0.610 -0.013

73 0.20 0.053 1.062 -0.384

103 0.10 0.035 1.162 -0.519

Current work RCC 14.9 2.01 0.20 0.521 -0.0433

Fig. 9 Regression of compressive meridian of RCC in this

study
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10 William-Warnke failure criterion

The William-Warnke failure criterion [63] is a known

five-parameter model. It is widely used and has been

adopted in finite element analysis of concrete material.

The William-Warnke failure criterion has curved

compressive meridians expressed by the following

form:

sm
f 0c

¼ a0 þ a1
rm
f 0c

� �
þ a2

rm
f 0c

� �2

ð6Þ

where rm and sm denote mean normal stress and mean

shear stress respectively, rm ¼ I1=3 ¼ ðr1 þ r2 þ
r3Þ=3 and sm ¼ ðr1 � r2Þ2 þ ðr2 � r3Þ2

h
þðr3�

r1Þ2�1=2=
ffiffiffiffiffi
15

p
, and r1, r2, r3 represent stresses in

three principle directions, a0, a1, a2 are coefficients of

the William-Warnke failure criterion. In these coeffi-

cients, a2 shows the curve convexity of the experi-

mental results.

Figure 9 illustrates the compressive meridian of

RCC. In this study, the compressive meridian of RCC

can be expressed as Eq. (7):

sm
f 0c

¼ 0:1999þ 0:5213
rm
f 0c

� 0:0433
rm
f 0c

� �2

ð7Þ

According to the curve fitting results of RCC, the a2
coefficient, which shows the curve convexity, is nearly

zero. Thus, the mean shear stress (sm) is approximately

a linear function of the mean normal stress (rm). The
model coefficients of other concrete materials in

literature are given in Table 4. It’s noticeable that

there is a similar nonlinear and parabolic relationship

between sm and rm for HSC, HPFRC, and SFHSC.

11 Conclusions

In this paper, the stress–strain responses of RCC

subjected to triaxial compression have been investi-

gated bymeans of the designed experimental program.

Based on the experimental results and related studies,

conclusions can be drawn as follows:

(1)The confinement effect of RCC is less remark-

able than that of conventional concrete. The increasing

confining pressure increases the peak axial stress and

peak axial strain of RCC. While the effect of

confinement on peak axial stress of RCC is observed

to be not as pronounced as that on conventional

concrete and HRC.

(2)The peak axial strain was shown to have a linear

relationship with confining pressures. When subjected

to high confining pressure (r3=f
0
c = 1), there is an

approximately fivefold increase in failure strain.

(3)Parameters of the Mohr–Coulomb and William-

Warnke failure criterion have been calibrated. The

regression curve of Mohr–Coulomb failure criterion

indicates a nonlinear characteristic between peak axial

stress and confining pressures. Accordingly, the k

value (k¼2:64) was found to overpredict the peak

stresses at higher confinements (r3=f
0

c [ 1:5). Com-

pared to other concrete material, the k value for RCC is

relatively lower.

Looking forward, further investigation on triaxial

behavior of RCC with different mixture compositions

is crucial. The effect of fly ash content, porosity, and

aggregate volume on triaxial behavior of RCC still

need further study. Moreover, the relationship

between interlayer quality of RCC and triaxial

behavior remains largely unclear.
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