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Abstract The triaxial mechanical properties of

hybrid basalt–polypropylene fibre-reinforced concrete

(HBPRC) were investigated in detail. The different

effects of micro-basalt fibre (BF) and micro-

polypropylene fibre (PF) on the triaxial properties of

concrete were revealed. The strength criterion for

HBPRC was established. The results showed that the

hydrostatic behaviour, volumetric strain, peak devia-

toric stress, elastic modulus, and Poisson’s ratio of

HBPRC are affected by not only the confining

pressure but also the BF and PF. The confining

pressure gradually changes the failure mode of

HBPRC from split failure to shear failure and extru-

sion plastic flow failure. The BF and PF mainly

improve the strength and deformation performance of

concrete, respectively. A nonlinear Mohr–Coulomb

(M–C) strength criterion for HBPRC, which takes into

account the fibre effect, is established. The calculated

results performed using the proposed criterion agree

well with the experimental results.

Keywords Basalt fibre � Polypropylene fibre �
Hydrostatic behaviour � Nonlinear M–C strength

criterion

1 Introduction

The addition of fibres can significantly reduce the

brittleness of concrete and improve the tensile prop-

erties and ductility of concrete [1–8]. In particular, the

mixing of rigid fibres and flexible fibres is an ideal

mode of fibre addition to improve the tensile proper-

ties and ductility of concrete. The high elastic modulus

of the rigid fibres and the high ductility of the flexible

fibres allow them to play the role of crack bridging in

different deformation stages of concrete and signifi-

cantly improve the strength and deformation perfor-

mance of concrete [9]. Basalt fibre (BF) is eco-friendly

and high-performance inorganic micro-fibre with the

diameter of 10–20 lm. BF is made by melting and

drawing basalt ore at a high temperature, and the
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production process has low energy consumption. BF

has good mechanical properties, with an elastic

modulus of 93–115 GPa and a tensile strength of

200–5000 MPa. Additionally, BF has good tempera-

ture stability and chemical stability [10, 11].

Polypropylene fibre (PF) is a flexible micro-fibre with

the diameter of 15–45 lm and low elastic modulus but

good ductility and chemical inertness; thus, it can

stably exist in the alkaline environment of concrete

[12, 13]. Therefore, when micro-BF and micro-PF are

mixed into concrete, their crack bridging effect and

hybridity effect can restrain the crack propagation in

the concrete, reduce the brittleness of concrete, and

improve the ductility of concrete.

At present, there are limited research results on the

mechanical properties of hybrid basalt–polypropylene

fibre-reinforced concrete (HBPRC) but abundant

research results on the mechanical properties of

concrete reinforced with BF or PF alone. Studies have

indicated that at the appropriate content, BF or PF can

significantly improve the tensile, flexural, and defor-

mation properties of concrete, but their improvement

effect on the compressive strength of concrete is

limited. The addition of mineral admixtures can

improve the dispersion of BF or PF and the bonding

properties between BF or PF and the concrete matrix,

enhancing the positive effects of the BF or PF on the

mechanical properties of concrete [14–25]. Regarding

the mechanical properties of HBPRC, the results of Li

et al. [26], Smarzewskietal et al. [27], and Wangetal

et al. [28] indicate that at the appropriate content,

hybrid BF and PF have a relatively significant

improvement effect on the flexural strength and

splitting strength of concrete, but their improvement

effect on the compressive strength of concrete is

relatively limited, and the improvement effect of

hybrid BF and PF on the mechanical properties of

concrete is greater than that of BF or PF alone. Zhang

et al. [29] and Fu et al. [30] found that, at the

appropriate content, hybrid BF and macro-PF or

micro-PF improved not only the static compressive

strength of concrete but also the impact resistance,

respectively. However, the aforementioned research

results on the mechanical properties of HBPRC have

two problems. First, owing to the differences in the

performance of the concrete matrix, there is no

universal agreement on the appropriate content of

hybrid BF and PF or the appropriate proportions of BF

and PF. Second, studies on the mechanical properties

of HBPRC have focused on uniaxial loading, research

results for the mechanical properties of HBPRC under

triaxial loading are lacking. However, concrete in

actual applications is normally in triaxial stress state.

The concrete in concrete filled steel tube, building

nodes, the prestressed concrete anchorage areas, and

the nuclear reaction pressure vessel is typical example.

The triaxial stress-deformation behaviour contains

comprehensive mechanical information regarding the

concrete, which is more helpful for the accurate design

and analysis of concrete structures. Therefore, to fully

understand the mechanical properties of HBPRC and

promote its application, the triaxial mechanical prop-

erties of HBPRC must be investigated.

Research on the triaxial mechanical properties of

concrete began in 1929 [31]. Subsequently, many

scholars have comprehensively studied the triaxial

mechanical properties of ordinary concrete, high-

strength and high-performance concrete, fibre-rein-

forced concrete, and lightweight aggregate concrete.

The strength and deformation properties of concrete

are enhanced with an increase in the confining

pressure. With the increasing confining pressure, the

increase range of the peak stress of concrete gradually

decreases, and the post-peak stress–strain curve grad-

ually transforms from strain softening to strain hard-

ening. The failure mode of concrete gradually changes

from longitudinal split failure to oblique shear failure

and transverse expansion failure with multi-cracks.

The addition of fibres can significantly improve the

triaxial deformation performance of concrete and

reduce the damage degree of concrete. With an

increase in the axial pressure, the volume deformation

of concrete gradually changes from volume contrac-

tion to volume expansion. With the increasing con-

fining pressure, the volume contraction deformation of

concrete increases, and the volume expansion defor-

mation decreases [32–45]. Malecot et al. [46], Zingg

et al. [47], Vu et al. [48], and Piotrowska et al. [49]

systematically studied the triaxial mechanical proper-

ties of concrete materials under high confining pres-

sures (C 600 MPa). Their results indicated that under

a high confining pressure, concrete is similar to a non-

cohesive granular stacking, and the concrete perfor-

mance is mainly affected by the compacted cement

matrix; under a low confining pressure, the pore

structure significantly affects the triaxial mechanical

properties. In addition, according to the relationship

between the volume deformation and the evolution of
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the pore structure, it is concluded that because of the

more regular shape and difficult compaction of air

pores compared with the capillary pores, capillary

pores are compacted, followed by the air pores

[46, 47].

The strength criterion of concrete is often used to

determine the strength of concrete in a given stress

field and the range of the plastic zone at the failure of

concrete, which plays an important role in the rational

design of concrete structures. A variety of failure

criteria for concrete materials based on mechanical

theory or empirical analysis have been proposed, such

as the Mohr–Coulomb (M–C) strength criterion,

Hook–Brown strength criterion, Drucker–Prager

strength criterion, octahedral strength criterion, and

power-law strength criterion. These strength criteria

can be used to determine the strength variation law of

concrete in a complex environment and the complex

stress state or the range of the plastic zone at failure

and to ensure the rational design of concrete structures

[34, 50–55]. However, the aforementioned strength

criteria may be applicable only to specific types of

concrete materials, and their parameters may differ for

different types of concrete materials. Therefore, a

reasonable strength criterion for HBPRC should be

established on the basis of triaxial tests, to provide

reasonable theoretical support for the design of

HBPRC structures.

In this study, the triaxial mechanical properties of

HBPRC in the confining pressure range of 0–20 MPa

were investigated, and the effects of BF, PF, and the

confining pressure on the hydrostatic behaviour,

deviator behaviour, and limit state of HBPRC were

analysed. The mechanism whereby the BF and PF

affected the triaxial mechanical properties of HBPRC

was analysed. Finally, a strength criterion for HBPRC

related to the fibre content was established.

2 Materials and experimental framework

2.1 Materials and mix proportions

The components of the HBPRC mixture included P.O

42.5R ordinary Portland cement (C), silica fume (SF),

fly ash (FA), slag powder (SP), fine aggregate (S),

coarse aggregate (CA), potable tap water (W), poly-

carboxylate high-performance superplasticiser (PBS)

with a water reduction rate of 30%, BF, and PF. The

chemical composition and physical properties of the

C, SF, FA, and SP can be founded in Niu et al. [4]. The

CA was mechanically crushed limestone gravel, and

the S was river sand. The maximum particle size and

apparent density of the CA were 20 mm and 2.7 g/

cm3, respectively, and those of the S were 4.75 mm

and 2.61 g/cm3, respectively. The fineness modulus of

the S was 2.8. The length, diameter, density, tensile

strength, elastic modulus of BF were 18 mm, 15 lm,

2.56 g/cm3, 4500 MPa, and 75,000 MPa, respec-

tively, and the corresponding indices of PF were

19 mm, 30 lm, 0.91 g/cm3, 270 MPa, and 3000 MPa,

respectively.

The reference matrix strength grade of HBPRC was

C30. To comparatively study the effects of BF alone,

PF alone, and the BF/PF hybrid (as well as the hybrid

fibre content) on the triaxial mechanical properties of

concrete, a total of five mix proportions were designed

in this study, as shown in Table 1. NC, BC, PC, and

BPC represent the reference group concrete, single

BF-reinforced concrete, single PF-reinforced con-

crete, and hybrid BF and PF-reinforced concrete,

respectively. When hybrid fibres were added, the BF

and PF contents were equal. The numeral after the

letters (NC, BC, PC, or BPC) represents the fibre

volume content (vol.%). For example, BPC-0.1 rep-

resents HBPRC with a hybrid fibre content of 0.1

vol.%.

2.2 Specimen preparation

The mixing process for the HBPRC was presented by

Fu et al. [56]. After the mixing, the uniform mixture

was poured into a 100 mm 9 100 mm 9 100 mm

cube mould prepared in advance and compacted on a

vibrating table. Then, the specimen together with the

mould was placed in a standard curing room with a

temperature of 20 ± 2 �C and a relative humidity

of[ 95%. After 24 h, the specimens were demoulded

and kept in the curing room for 28 d. Then, the triaxial

mechanical properties of the HBPRC were evaluated

via tests. After the specimens were cured for 20 d,

their non-formed surfaces were polished by a double-

end surface smoothing machine to ensure that these

surfaces were smooth and parallel to the opposite

surfaces.
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2.3 Triaxial compressive test

A true triaxial hydraulic servo-controlled test system

was used to conduct triaxial compression tests of the

HBPRC. The system comprised a servo-controller

system, measurement sensors, and a data-acquisition

system. Its structure is shown in Fig. 1. The loads in

the three principal stress directions were applied by the

hydraulic pistons. The maximum longitudinal and

lateral load limits for the system were 3000, 2000, and

2000 kN, respectively. The load transfer block had a

side length of 95 mm; it was 5 mm smaller than the

specimen, to prevent the adjacent load transfer blocks

from colliding when the specimen underwent large

deformation during the loading process.

Before the loading, a thin layer of lubricating oil

was sprinkled onto the surface of the specimen to

eliminate the friction between the load transfer block

and the specimen. Then, the hydrostatic pressure was

increased to the preset confining pressure level along

the three principal stress directions of the specimen by

the hydraulic pistons with a loading rate of 0.1 MPa/s.

While the confining pressure was kept constant, the

specimen was loaded to failure at a longitudinal

loading rate of 0.1 mm/min. The load datum was

collected automatically by the data-acquisition sys-

tem. The deformation of the specimen was measured

by linear variable displacement transducers (LVDT).

To ensure the validity of the experimental results, five

specimens of each mix proportion were tested at each

loading. The experimental result with large dispersion

was deleted, and the average value of other experi-

mental results was taken as the obtained triaxial

compressive experimental results of HBPRC.

2.4 Microscopic test

To investigate the failure morphologies of the BF and

PF after the triaxial test, HBPRC fragments were

examined using a Zeiss Gemini SEM 500 field-

emission scanning electron microscope. After the

triaxial test, HBPRC fragments with a diameter of

approximately 5 mm (containing BF and PF) were

collected and pasted on a copper plate with a double-

sided conductive adhesive. After gold was sprayed

onto the fragments, the failure morphologies of the BF

and PF were observed at different magnifications.

Table 1 Mix proportions

of concrete (kg/m3)
Mixture BF PF C W SF FA SP S CA PBS

NC 0 0 234.2 161 22 73.2 36.6 683 1162.9 3.66

BC-0.1 2.56 0

PC-0.1 0 0.91

BPC-0.1 1.28 0.455

BPC-0.2 2.56 0.91

Specimen 

Load transfer 
block

Load transfer 
block

LVDT      

100 mm      

95mm      
2.5 mm      

Specimen

Z

X

Fig. 1 True tri-axial hydraulic servo-controlled test system
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3 Results and analysis

3.1 Hydrostatic behaviour

Figure 2 shows the relationship between the average

stress and the volume deformation of HBPRC during

the hydrostatic pressure stage with a maximum

confining pressure of 20 MPa. rm = (r1 ? r2 ? r3)/

3; ev = (e1 ? e2 ? e3)/3; r1 represents the maximum

principal stress, i.e. the longitudinal stress; r2 and r3

represent the confining pressures; and e1, e2, and e3

represent the strains in the directions of r1, r2, and r3,

respectively. The rm-ev curves of NC, BC-0.1, PC-0.1,

and BPC-0.1 exhibit a two-stage change trend,

whereas the rm-ev curve of BPC-0.2 clearly exhibit a

three-stage change trend. As shown in Fig. 2, the

discontinuous trend lines with the same colour as the

rm-ev curves of NC, BC-0.1, PC-0.1, and BPC-0.1

represent the variation slopes of the second stages of

the corresponding rm-ev curves, and the discontinuous

trend lines with the same colour as the rm-ev curve of

BPC-0.2 represent the variation slopes of the second

and third stages of the corresponding rm-ev curve,

respectively. With the addition of the fibres, the

maximum strain and the transformation strain between

the first and second stages of the rm-ev curve increase.

This may be because the addition of fibres increases

the interface between the fibres and the concrete

matrix and introduces air bubbles during the mixing

process. In particular, for BPC-0.2, the excessive fibre

content not only reduces the dispersion uniformity of

fibres but also introduces more bubbles during the

stirring process, significantly increasing the transition

strain between the first and second stages of the rm-ev

curve.

As shown in Fig. 2, the transformation stress

between the first and second stages of the rm-ev curve

is in the following order: BC-0.1[BPC-0.1[ PC-

0.1[NC[BPC-0.2, which is identical to the uni-

axial strength order of HBPRC (Sect. 3.3). The slope

of the second stage of the rm-ev curve is in the

following order: BC-0.1[BPC-0.1[NC[ PC-

0.1[BPC-0.2, which is similar to the elastic-modu-

lus order of HBPRC (Sect. 3.3). When rm is approx-

imately 15 MPa, the rm-ev curve of BPC-0.2 enters the

third stage, and the slope in this stage is similar to that

in the second stage of the rm-ev curve for BPC-0.1.

The deformation in the first stage of the rm-ev curve is

mainly due to the closure of large macrodefects in the

concrete under the hydrostatic stress, and the slope of

the second stage is mainly affected by the microscopic

defects in the concrete as well as the synergistic effects

of the fibres and the concrete matrix. For BPC-0.2, the

deformation in the first and second stages of the rm-ev

curve is mainly due to the closure of the many large air

bubbles introduced by the poor dispersion of fibres

during the mixing process and the secondary macrode-

fects similar to the major ones of other concrete and

introduced by the fibre stacking, respectively, and the

slope of the third stage of the rm-ev curve is mainly

affected by the microscopic defects as well as the

synergistic effects of the fibres and the concrete

matrix. By comparison, it can be found that BPC-0.2

has more obvious hydrostatic pressure sensitivity.

3.2 Deviatoric behaviour

3.2.1 Triaxial stress–strain curves

Figure 3 shows the triaxial stress–strain curves of the

HBPRC under different confining pressures. r1-r3

represents the deviatoric stress of HBPRC, and the

strains e1, e2 and e3 refer to the ones of HBPRC when

the longitudinal load is increased while the confining

pressure is constant, excluding the ones formed in the

hydrostatic pressure stage. The triaxial stress–strain

curves of HBPRC with different mix proportions

under different confining pressures exhibit similar

changes. With an increase in the confining pressure,

the peak stress, the strain corresponding to the peak

stress, and the slope of the linear elastic deformation

stage of the triaxial stress–strain curve increase, and

0

5

10

15

20

0 0.002 0.004 0.006 0.008 0.01

NC
BC-0.1
PC-0.1
BPC-0.1
BPC-0.2

0.012
ε v

σ m
 (M

Pa
)

25

Fig. 2 Hydrostatic behaviour for HBPRC
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the ductile deformation characteristics of HBPRC

becomes increasingly prominent. However, under the

same increase amplitude of the confining pressure, the

increase amplitude of the peak stress decreases with

the increasing confining pressure. Confining pressure

is similar to prestress, which provides interstitial

pressure [57] and optimises the internal structural of

the HBPRC, inhibits the propagation of cracks in the

HBPRC and improves the strength of HBPRC.

Additionally, the restraining effect of the confining

pressure on cracks results in a HBPRC failure mode

with multiple fine cracks (Sect. 3.3.2) rather than a

single macrocrack, improving the deformation perfor-

mance and ductility of HBPRC.

Compared with NC, under no confining pressure

and the lower confining pressure, the addition of BF

and PF improves the deformability and ductility of

concrete. The bridging effect of BF and PF can not

only effectively reduce the interpenetration of cracks

in HBPRC, but also when some cracks in HBPRC are

penetrated, unbroken BF and PF can still inhibit the

propagation speed of the penetrated cracks in HBPRC,

improving the deformation performance of concrete,

reducing its brittleness, and improving its ductility.

Compared with the BF, the improvement effect of the

PF on the deformation performance and ductility of

concrete is more significant. Compared with BF alone

or PF alone, the improvement effect of the BF/PF

hybrid on the deformation performance and ductility

of concrete is more obvious, as shown in Figs. 4a and

b. Figure 4c shows the triaxial stress–strain curve of

HBPRC under a confining pressure of 20 MPa. Under

this high confining pressure, compared with NC, the

addition of BF and PF only slightly increases the strain

corresponding to the peak stress of concrete, while the

ductility deformation of the HBPRC does not change

significantly. Both the confining pressure and the

fibres have a constraint effect on the propagation of

cracks in the HBPRC. However, with an increase in

the confining pressure, the constraint effect of the

confining pressure on the cracks gradually becomes

dominant, weakening the effect of fibre addition on the

ductile deformation of concrete.

3.2.2 Volumetric strain

The relationship between the volumetric strain ev and

the axial strain e1, as well as the lateral strains e2 and e3,

of HBPRC under different confining pressures is

presented in Fig. 5. Here, positive and negative strains

indicate contraction and expansion, respectively. For

NC, BC-0.1, PC-0.1, and BPC-0.1, in the initial

loading stage of the longitudinal load, HBPRC

undergoes volume contraction. Under the continuous

action of the longitudinal load, the concrete gradually

transitions from volume contraction to volume expan-

sion. With an increase in the confining pressure, the

volume contraction strain of the concrete increases,

while the volume expansion strain decreases. This is

attributed to the constraint effect of the confining

pressure on the development of internal defects in the

concrete, which is consistent with the research results

for the changes in the volume strain of slurry-infilled

fibre concrete and ordinary concrete with respect to the

confining pressure reported by Farnam et al. [35] and

Hammoud et al. [36]. Moreover, compared with NC,

the addition of BF and PF slightly increases the

volume contraction strain of concrete and significantly

reduces the volume expansion strain of concrete. The

interface between the fibres and the concrete matrix

and the low elastic modulus of the PF increase the

volume contraction strain of concrete, and the inhibi-

tion effect of the fibres on the cracks reduces the

volume expansion strain of concrete. Although BC-

0.1, PC-0.1, and BPC-0.1 have the same fibre content,

the addition of hybrid BF and PF has a greater

reduction effect on the volume expansion strain of

concrete, indicating the synergistic effects of the BF

and PF for crack inhibition.

Under a uniaxial load, the volume strain of BPC-0.2

also changes from volume contraction strain to

volume expansion strain with the increasing load,

but the volume expansion strain of BPC-0.2 decreases

significantly compared with the other concrete. How-

ever, under the confining pressure, BPC-0.2 is in the

volume contraction state. As shown in Fig. 3e, in the

absence of confining pressure, the final longitudinal

compression strain of BPC-0.2 is almost the same as

the single lateral expansion strain, so the volume

expansion strain of BPC-0.2 occurs at this time. Under

confining pressure, the longitudinal compression

strain of BPC-0.2 is much greater than the single

lateral expansion strain when the longitudinal load is

bFig. 3 Tiaxial stress–strain curves of HBPRC at different

confining pressures
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applied, so BPC-0.2 presents the volume contraction

strain. An excessive content of BF and PF reduces the

dispersion uniformity of the BF and PF, degrades the

bonding performance between the fibres and the

concrete matrix, and increases the amount of micro-

scopic defects in the concrete, causing BPC-0.2 to be

in the volume contraction state under a longitudinal

load. When the confining pressure is high, it reduces

the amount of initial defects in BPC-0.2, causing the

volume strain of BPC-0.2 to change towards volume

expansion, but the change trend is not obvious.

3.3 Limit states

3.3.1 Peak deviatoric stress, elastic modulus,

and Poisson’s ratio

The variation law of the peak deviatoric stress (r1-r3)p

of HBPRC with respect to the confining pressure is

shown in Fig. 6a. Because the confining pressure

provides an interstitial pressure, the formation of

defects in the HBPRC is constrained, increasing the

peak deviatoric stress of the HBPRC. Additionally,

under the uniaxial load, the improvement effect of the

BF and PF on the peak deviatoric stress of concrete is

very limited, and the peak deviatoric stresses are

similar for BC-0.1, PC-0.1, BPC-0.1, and NC. Because

0

10

20

30

-0.01 -0.005 0 0.005 0.01

NC
BC-0.1
PC-0.1
BPC-0.1
BPC-0.2

0

20

40

60

-0.015 -0.01 -0.005 0 0.005 0.01 0.015

NC
BC-0.1
PC-0.1
BPC-0.1
BPC-0.2

0

20

40

60

80

100

120

-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

NC
BC-0.1
PC-0.1
BPC-0.1
BPC-0.2

σ 1
-σ

3

ε1ε2=ε3

σ 1
-σ

3
(M

Pa
)

ε1ε2=ε3

σ 1
- σ

3
(M

Pa
)

ε1ε2=ε3

40 80

0.02

(M
Pa

)

(a)    

(c)    

(b)

Fig. 4 Tiaxial stress–strain curves of HBPRC at the confining pressure of a 0 MPa, b 5 MPa and c 20 MPa

  126 Page 8 of 20 Materials and Structures          (2021) 54:126 



-0.012

-0.008

-0.004

0

0.004
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

-0.012

-0.008

-0.004

0

0.004
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

(a) NC (b) BC-0.1

-0.016

-0.012

-0.008

-0.004

0

0.004
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

-0.016

-0.012

-0.008

-0.004

0

0.004
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

(c) PC-0.1 (d) BPC-0.1

-0.01

-0.006

-0.002

0.002

0.006
-0.03 -0.02 -0.01 0 0.01 0.02 0.03 0.04

(e) BPC-0.2

0 MPa  

5 MPa   

10 MPa 

20 MPa   
15 MPa  

0 MPa  

5 MPa

10 MPa 

20 MPa  

15 MPa  

0 MPa  

5 MPa  
10 MPa  

20 MPa 

15 MPa  

0 MPa   
5 MPa  

15 MPa  

20 MPa  

10 MPa  
0 MPa   

5 MPa   

10 MPa  20 MPa  

15 MPa  

ε v

ε vε v

ε vε v

ε1ε2=ε3 ε1ε2=ε3

ε1ε2=ε3 ε1ε2=ε3

ε1ε2=ε3

-0.016 -0.016
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of the excessive fibre content, the peak deviatoric

stress of BPC-0.2 is lower than that of NC. However,

with an increase in the confining pressure, the

differences between the peak deviatoric stress of NC

and those of the other concretes gradually increase.

When the confining pressure is 20 MPa, the peak

deviatoric stress of BPC-0.2 is significantly higher

than that of NC. Thus, the addition of BF and PF

improves the confining pressure effect of the peak

deviatoric stress. In this study, the increasing ampli-

tude index is used to characterise the confining

pressure effect of the peak deviatoric stress, that is

Ur ¼
ðr1 � r3Þp � r1u

r1u
ð1Þ

where Ur represents the increasing amplitude index of

the peak deviatoric stress, and r1u represents the peak

stress of HBPRC under uniaxial loading.

The variation of the increasing amplitude index of

the peak deviatoric stress with respect to the confining

pressure is shown in Fig. 6b. The addition of BF and

PF significantly improves the confining pressure effect

of the peak deviatoric stress of concrete. According to

the fibre spacing theory [58], when a crack propagates

to the interface between the fibres and the concrete

matrix, shear stress that restrains the crack propagation

is formed at the interface; consequently, the crack

tends to close. At this time, the degree of stress

concentration at the crack tip is reduced, and the crack

development is restrained. However, under the con-

fining pressure, because the localised macrocrack

damage of HBPRC is restrained, the HBPRC gradu-

ally changes into ductile failure with multiple cracks.

At this time, the crack-inhibition effect of the fibres is

easier to be implemented, improving the confining

pressure effect of the peak deviatoric stress of

concrete. Compared with BF, the hydrophobicity of

PF leads to poor bonding between the PF and the

concrete matrix [59], and the elastic modulus of PF is

low. Therefore, the uniaxial strength of PC-0.1 is

lower than that of BC-0.1. The confining pressure is

more conducive to increasing the peak deviator stress

for PC-0.1 than for BC-0.1; thus, the confining

pressure effect of the peak deviatoric stress is greater

for PC-0.1 than for BC-0.1. When BF and PF are

mixed, the synergistic effects of the BF and PF are

more conducive to crack inhibition; thus, the confining

pressure effect of the peak deviatoric stress of BPC-0.1

is greater than that of BC-0.1 and PC-0.1. For BPC-

0.2, the internal defects formed by excessive fibres

lead to a more obvious improvement effect of the

confining pressure on the peak deviatoric stress.

Additionally, with an increase in the confining pres-

sure, the amount of internal defects decreases, and the

bonding performance between the fibres and the

concrete matrix is enhanced. Moreover, the crack-

inhibition effect of the BF and PF begins to be exerted.

For the aforementioned two reasons, the peak devia-

toric stress of BPC-0.2 exhibits the maximum confin-

ing pressure effect.

The elastic modulus E of HBPRC is defined as the

slope of the straight line between 10 and 40% of the

peak deviatoric stress in the longitudinal stress–strain

curve. Its variation with respect to the confining

pressure is shown in Fig. 7a. The change rule of the

elastic modulus for HBPRC with respect to the

confining pressure is consistent with that of the peak

deviatoric stress. Owing to the constraint effect of the

confining pressure on the initial defects in the

concrete, the elastic modulus of HBPRC increases

with the confining pressure, but the increasing trend

gradually decreases. Furthermore, the addition of BF
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and PF improves the increasing amplitude of the

elastic modulus with the increasing confining pres-

sure. In this study, the confining pressure effect of the

elastic modulus of HBPRC is characterised by the

increasing amplitude index:

UE ¼ Ep � Eu

Eu
ð2Þ

where UE represents the increasing amplitude index of

the elastic modulus, and Ep and Eu represent the elastic

moduli of the HBPRC under the confining pressure

and uniaxial loading, respectively. The variation of the

increasing amplitude index of the elastic modulus with

respect to the confining pressure is shown in Fig. 7b.

Although the change law of the increasing amplitude

index of the elastic modulus is slightly discrete, the

overall change trend is similar to that for the increas-

ing amplitude index of the peak deviatoric stress.

Theoretically, the elastic modulus represents the

deformation resistance of material in the initial

undamaged stage. In this stage, the crack-inhibition

effect of the fibre is not exerted. In fact, because of the

shrinkage, there is already initial damage, e.g. con-

traction cracks, in the concrete under the initial no-

load condition. The addition of fibres can reduce the

degree of concrete contraction, thus reducing the

amount of contraction cracks in the concrete [60, 61].

However, for PC-0.1, the elastic modulus of PF is

relatively low, and the bonding between the PF and

the concrete matrix is relatively poor. Therefore, under

a low confining pressure, the elastic modulus of PC-

0.1 is slightly lower than that of NC. However, owing

to the excessive BF and PF content, the elastic

modulus of BPC-0.2 is significantly lower than that

of NC under the low confining pressure. Furthermore,

with the addition of BF and PF, the amount of interface

between the fibres and the concrete matrix increases,

and the confinement effect of the confining pressure is

more conducive to the improvement of the elastic

modulus, thus increasing the confining pressure effect

of the elastic modulus.

The Poisson’s ratio of the HBPRC is defined as the

ratio of the lateral strain to the longitudinal strain in the

elastic deformation stage. Its variation with respect to

the confining pressure is shown in Fig. 8. In general,

the Poisson’s ratio of the HBPRC decreases with the

increasing confining pressure and gradually increases

with the addition of BF and PF. Farnam et al. [35]

studied the triaxial mechanical properties of slurry-

infiltrated steel fibre concrete and reported that the

Poisson’s ratio of concrete increases with the steel

fibre content and decreases with an increase in the

confining pressure. The variation of the Poisson’s ratio

is generally consistent between slurry-infiltrated steel

fibre concrete and HBPRC.
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3.3.2 Failure mode

The failure modes of HBPRC under different confin-

ing pressures are shown in Fig. 9. Under the uniaxial

load, there are obvious longitudinal splitting cracks on

the surface of NC after failure, and obvious fragment

spalling occurs at the corner of the specimen, indicat-

ing typical brittle failure characteristics. Then, NC is

further split along the longitudinal direction. It is

found that the aggregate in NC is relatively intact, and

the cracks mainly propagate along the interface

transition zone between the aggregate and the concrete

matrix. The cracks are relatively wide. Compared with

NC, the integrity of the destroyed BPC-0.1 specimen

under uniaxial loading is better, the fragment spalling

at the corner of the specimen is less obvious, and fine

cracks are formed on the surface. BPC-0.1 is further

split along the longitudinal direction. It is found that

this specimen has more cracks than NC, but the cracks

are relatively fine. The cracks mainly propagate along

the interface transition zone between the aggregate

and the concrete matrix. Compared with NC, the

ductile failure characteristics of BPC-0.1 under uni-

axial loading is more obvious. The bridging effect of

the BF and PF limits the propagation of the single

crack. The fine cracks are formed in the concrete to

dissipate the energy generated by the load. Therefore,

BPC-0.1 has more uniform damage development than

NC, tends to undergo the overall large deformation

failure, and exhibits obvious ductility characteristics.

Pulverized destruction   
Pulverized destruction   

Fractured aggregates Fractured aggregates

Split cracks
Split cracks

Shear cracks   

Shear cracks   

(e) NC at the confining pressure of 20 MPa (f) BPC-0.1 at the confining pressure of 20 MPa

(c) NC at the confining pressure of 10 MPa (d) BPC-0.1 at the confining pressure of 10 MPa

(a) NC under the uniaxial loading (b) BPC-0.1 under the uniaxial loading

Fig. 9 Failure mode of HBPRC at different confining pressures

a NC under the uniaxial loading b BPC-0.1 under the uniaxial

loading c NC at the confining pressure of 10 MPa d BPC-0.1 at

the confining pressure of 10 MPa e NC at the confining pressure

of 20 MPa f BPC-0.1 at the confining pressure of 20 MPa

  126 Page 12 of 20 Materials and Structures          (2021) 54:126 



When the confining pressure increases to 10 MPa,

several oblique shear cracks are formed on the

surfaces of NC and BPC-0.1, indicating shear failure

characteristics. Only a small number of fragments peel

off at the corners of specimens. Compared with NC,

BPC-0.1 has better integrity after failure. After the

splitting of the NC and BPC-0.1 specimens, it is found

that some aggregates in the specimens have been

broken, indicating that the confining pressure restrains

the formation of initial defects in the concrete, so that

the cracks propagate through the aggregate. When the

confining pressure increases to 20 MPa, there are no

obvious cracks on the surface of NC and BPC-0.1, and

only some extrusion failure characteristics are

observed at the edges and corners of the specimens,

indicating that the concrete specimens undergo extru-

sion plastic flow failure under the high confining

pressure. There is no significant difference in integrity

between the NC and BPC-0.1 specimens. After the

splitting of the specimens, it is found that there are

obvious fractures and dislocations in some areas of NC

and BPC-0.1, indicating the failure characteristics of

fragmentation. This confirms the extrusion plastic

flow deformation of the concrete under the high

confining pressure. Compared with the failure mode

under uniaxial load, NC gradually exhibits ductile

failure characteristics because of the confining pres-

sure. The confining pressure can also restrain the

development of localised damage in concrete, which

makes the damage development of concrete more

uniform when the concrete is destroyed and gradually

leads to ductile failure characteristics. Therefore, with

an increase in the confining pressure, the ductile

failure characteristics of NC and BPC-0.1 gradually

increase, while the difference between them gradually

decreases, which is consistent with the analysis

presented in Sect. 3.2.1.

3.4 Action mechanism of BF and PF

The failure morphologies of the BF and PF under

different confining pressures are shown in Fig. 10.

Under the uniaxial load, the pull-out length of BF is

large, and the surface of BF is smooth. However, under

the confining pressure of 20 MPa, the BF is almost

completely embedded in the concrete matrix, and its

pull-out length is small. Bending fracture of the BF

occurs, and the amount of hydration products on the

surface of BF increases. Therefore, the increase in the

confining pressure improves the slipping resistance of

BF, which not only enhances the triaxial strength of

BC-0.1 but causes BC-0.1 to have a greater confining

pressure effect than NC, as mentioned in Sect. 3.3.1.

As indicated by the cutting tip produced during

fibre preparation, under the uniaxial load, the PF

undergoes mainly pull-out failure, and its surface is

relatively smooth, without obvious damage. When the

confining pressure increases to 20 MPa, the pull-out

length of PF decreases, and the PF exhibits obvious

signs of tensile fracture. There are obvious scratches

on the surface of PF, and the PF exhibits significant

extrusion damage and torsion deformation. Therefore,

the increase in the confining pressure increases the

slipping resistance of PF, which not only increases the

triaxial strength of PC-0.1 but also makes the confin-

ing pressure effect of PC-0.1 greater than that of NC.

When BF and PF are mixed at the appropriate content,

their synergistic effects improve the confining pres-

sure effect on the mechanical properties of concrete.

However, as shown in Fig. 10e, when the content of

hybrid BF and PF is excessive, the dispersion unifor-

mity of the BF and PF is reduced; thus, more bubbles

are introduced in the mixing process, and the bonding

performance between the fibres and the concrete

matrix is degraded. Thus, the uniaxial strength of

BPC-0.2 is low. However, with an increase in the

confining pressure, the constraint effect of the confin-

ing pressure on the initial defects not only improves

the triaxial strength of BPC-0.2 but also helps the BF

and PF to restrain cracks; thus, the confining pressure

effect of the triaxial mechanical properties of BPC-0.2

is improved.

As indicated by Figs. 10a–d, the PF has a greater

pull-out length than the BF under uniaxial and triaxial

loading, indicating that the bonding performance

between the BF and the concrete matrix is higher than

that between the PF and the concrete matrix. Further-

more, because of the high elastic modulus, the BF is

more conducive to inhibiting the initiation and prop-

agation of cracks in the concrete. Therefore, the BF is

mainly responsible for improving the strength of

concrete. The bonding performance between the PF

and the concrete matrix is relatively weak, and the PF

has good ductility. Therefore, when the cracks prop-

agate, the pull-out failure and the torsion and extrusion

deformation of PF can effectively improve the defor-

mation performance of concrete. Hence, compared
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(a) Failure pattern of BF under uniaxial loading (b) Failure pattern of BF at the confining pressure of 20MPa

PF under uniaxial loading (d)(c)  Failure pattern of Failure pattern of PF at the confining pressure of 20MPa

(e) Distribution pattern of hybrid BF and PF in BPC-0.2

Bridging

Fracture

Fracture
Scratch

Extrusion

Cutting point

BF

PF
PF

Fig. 10 Failure morphology of BF and PF in HBPRC under

different confining pressures a Failure pattern of BF under

uniaxial loading b Failure pattern of BF at the confining pressure

of 20Mpa c Failure pattern of PF under uniaxial loading

d Failure pattern of PF at the confining pressure of 20Mpa

e Distribution pattern of hybrid BF and PF in BPC-0.2
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with BF, the PF is more beneficial for improving the

deformation performance of concrete.

4 Strength criterion accounting for fibre effect

For quasi-brittle materials such as concrete and rock,

scholars have established a variety of strength criteria

based on mechanical theory or empirical analysis.

Because of its small number of parameters and high

calculation accuracy, the M–C strength criterion

remains the most widely used strength criterion [62].

Its calculation formulas for the shear stress and

maximum principal stress are as follows:

s ¼ cþ rn tanu ð3aÞ

r1 ¼ 2c
cosu

1 � sinu
þ 1 þ sinu

1 � sinu
r3 ð3bÞ

where s represents the shear strength (in MPa),

c represents the cohesive force (in MPa), u represents

the internal friction angle (in rad), and rn represents

the normal stress acting on the shear plane (in MPa).

The M–C strength criterion has two limitations.

First, the M–C strength criterion ignores the effect of

the intermediate principal stress on the strength of

materials. Second, the M–C strength criterion is a

linear criterion for r1 and r3. For concrete materials,

the maximum principal stress does not always increase

linearly with the increasing confining pressure

[37, 38, 46, 47]. This is confirmed by the variation

of the peak deviatoric stress of HBPRC with respect to

the confining pressure (Sect. 3.3.1). In general, the

cohesive force and internal friction angle of quasi-

brittle materials change with changes in the confining

pressure [62]. Therefore, in this study, Eqs. 4(a) and

(b) are used to modify the cohesive force and internal

friction angle of HBPRC to establish the nonlinear

strength criterion for HBPRC.

c¼c0 þ Dc lnðr3

Pa
Þ ð4aÞ

u¼u0 þ Du lnðr3

Pa
Þ ð4bÞ

where, c0 and u0 represent the cohesive force and

internal friction angle of HBPRC under uniaxial

loading, respectively; Dc and Du are the material

parameters related to the cohesive force and internal

friction angle, respectively; and Pa = 0.10133 MPa

represents the standard atmospheric pressure.

For concrete materials, the cohesive force is mainly

related to the amount of water and cementitious

material; i.e. it is mainly related to the concrete

strength. As indicated by the analysis presented in

Sect. 3.3, the strength of HBPRC is influenced by the

fibres. Therefore, there are correlations between the

cohesive force of HBPRC and the fibre content. For

ordinary concrete, the internal friction angle is mainly

related to the contents of coarse and fine aggregates.

For HBPRC, the crack bridging effect of fibres affects

the crack propagation mode, thus affecting the failure

mode of concrete. Therefore, for HBPRC with the

same matrix component, the internal friction angle is

mainly related to the fibre content.

By combining Eqs. 3b, 4a and b, the values of c0,

Dc, u0, and Du can be obtained via the regression

fitting of r1 and r3 of HBPRC obtained in this study,

and the fitted values of c0, Dc, u0, and Du are listed in

Table 2. Because both cohesive force and internal

friction angle of HBPRC are influenced by the fibre

content, by analysing the variation in the fitted values

of c0, Dc, u0, and Du with the fibre content, the

relationships between the parameters (c0, Dc, u0, Du)

and the fibre content can be represented by the

following formulas:

c0 ¼ a1 þ b1V1 þ c1V1V2 þ d1V
2
1 ð5aÞ

Dc ¼ a2 þ b2V1 þ c2V
2
1 þ d2V

2
2 ð5bÞ

u0 ¼ 0:06 expða3V1 þ b3V2 þ c3V
2
1 Þ þ d3 ð5cÞ

Du ¼ �0:003 expða4V1 þ b4V2 þ c4V1V2 þ d4V
2
1 Þ
ð5dÞ

where V1 and V2 represent the volume contents of BF

and PF, respectively (in vol.%), and a1–a4, b1–b4, c1–

c4, and d1–d4 are fitting coefficients. The fitted results

are presented in Table 2.

The variations of the cohesive force and internal

friction angle of HBPRC with respect to the confining

pressure are calculated using Eqs. 5a–d and are

presented in Fig. 11. With the increasing confining

pressure, the cohesive force of HBPRC increases and

the internal friction angle decreases, which is consis-

tent with the variation reflected by the stress Mohr
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circle and the strength envelope of quasi-brittle

materials such as rock and concrete [62].

The nonlinear M–C strength criterion for HBPRC is

established by combining Eqs. 3b, 4a and b, and 5a–d.

Figure 12 shows a comparison between the calculated

values of the proposed nonlinear M–C strength

criterion and the experimental results for HBPRC.

The calculated results of the nonlinear M–C strength

criterion agree well with the experimental results. The

nonlinear M–C strength criterion accurately reflects

not only the nonlinear variation of the strength of

HBPRC with respect to the confining pressure but also

the effects of the types of fibres added on the triaxial

strength of HBPRC. The relationship between the

Mohr’s circle of stress and the strength envelope curve

of the HBPRC calculated using the established

nonlinear M–C strength criterion is shown in

Fig. 13. The strength envelope of the HBPRC is

essentially tangent to each Mohr’s circle of stress,

indicating the applicability of the proposed nonlinear

M–C strength criterion for the characterisation of the

triaxial strength of HBPRC. However, as shown in

Fig. 13, the nonlinear characteristics of the strength

envelope of HBPRC are not obvious, which is

attributed to the low confining pressure in this study.

Therefore, the triaxial mechanical properties of

HBPRC under high confining pressures ([ 20 MPa)

should be investigated. Accordingly, the established

Table 2 The fitted values

of parameters in Eqs. (4a),

(4b), (5a) * (5d)

Parameter c0 Dc u0 Du

NC 9.4497 1.2636 0.5311 - 0.0030

BC-0.1 10.0229 1.4514 0.5858 - 0.0060

PC-0.1 9.4543 1.6914 0.5772 - 0.0042

BPC-0.1 9.4298 1.8108 0.6158 - 0.0073

BPC-0.2 6.6057 1.8684 0.6738 - 0.0148

Coefficients a1 9.4367 a2 1.2856 a3 17.3282 a4 16.3173

b1 25.1792 b2 15.1942 b3 5.6992 b4 3.2450

c1 - 348.135 c2 - 133.703 c3 - 108.5329 c4 57.2708

d1 - 185.083 d2 38.5360 d3 0.4711 d4 - 93.3595
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nonlinear M–C strength criterion can be modified to

widen its application scope.

5 Conclusions

The triaxial mechanical properties of HBPRC were

investigated, and the hydrostatic behaviour, deviatoric

behaviour, and confining pressure effect of the limit

state were analysed. The action mechanism of BF and

PF was revealed. Finally, a nonlinear M–C strength

criterion for HBPRC was established. The following

conclusions are drawn.

(1) The rm-ev curves of NC, BC-0.1, PC-0.1, and

BPC-0.1 exhibit a two-stage change characteristic,

whereas the rm-ev curve of BPC-0.2 exhibits an

obvious three-stage change characteristic.

(2) The confining pressure increases the ductile

deformation of HBPRC. The addition of BF and PF

increases the deformation and ductility of concrete,

but an increase in the confining pressure weakens the

effects of BF and PF on the ductility of concrete. With

the increasing confining pressure and the fibre addi-

tion, the volume contraction strain of HBPRC

increases, but the volume expansion strain decreases.

(3) The peak deviatoric stress and elastic modulus

of HBPRC increase nonlinearly with the increasing

confining pressure. The fibre addition increases the

Poisson’s ratio of concrete, while the confining

pressure reduces the Poisson’s ratio. With the increas-

ing confining pressure, the failure mode of HBPRC

gradually changes from longitudinal split failure to

oblique shear failure and extrusion plastic flow failure.

(4) The confining pressure increases the slipping

resistance of BF and PF, resulting in severe damage to

BF and PF when they are pulled out. BF is mainly

responsible for improving the strength of concrete, and

PF is more conducive to improving the deformation

performance.

(5) A nonlinear M–C strength criterion for HBPRC

is established. The calculation results of the nonlinear

M–C strength criterion agree well with the experi-

mental results, and the strength envelope is essentially

tangent to the Mohr’s circle of stress, which verifies

the rationality of the established nonlinear M–C

strength criterion.

In the study, the triaxial mechanical properties of

HBPRC with only one matrix strength grade of C30

were investigated. Different sizes of fibres can

influence the mechanical properties of concrete at

different scale leves, and the same type of fibres or the

same combination mode of hybrid fibres have differ-

ent influence on the mechanical properties of concrete

with different qualities. Therefore, further systematic

study on the influence of different combination modes

of hybrid fibres, especially the hybrid macro-fibres and

micro-fibres, on the triaxial mechanical properties of

concrete with different qualities will be more helpful

to improve the effective utilization of fibres in

concrete.
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