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Abstract Determination of interface shear beha-

viour is critical for the design of many geotechnical

structures, including cemented paste backfill struc-

tures. However, the shear characteristics of the CPB–

rock interface is not fully understood. No studies have

been conducted to assess the impact of the character-

istics of rock (e.g., type of rock, rock surface

roughness), cementation and the coupled effects of

surface roughness and degree of cementation on the

shear characteristics of the interface between rock and

tailings backfill. This paper presents new findings of

research conducted to investigate the effect of differ-

ent types of rock, rock surface roughness and degree of

cementation as well as the coupled effects of these

factors on the shear properties and behaviour of the

interface between cemented paste backfill (CPB) and

rock. The results show that roughness and the inter-

action between roughness and degree of cement

hydration have a significant effect on the shear

characteristics of a CPB–rock interface. For a certain

degree of cementation, the roughness can increase the

shear strength due to the increased size of the

interlocking structure. The interface samples with

roughness, especially those sheared at high normal

stress, tend to experience two peak shear stresses

during the shear test. Moreover, the shear strength,

shear dilation, and adhesion of the interface also

increase with degree of cementation. However,

according to the revised Barton’s equation, the

effective friction angle of interface with roughness

experiences a decreasing tendency with degree of

cementation, despite the increasing tendency of the

friction angle of the smooth interface. In other words,

the interface asperity contributes more to the evolution

of adhesion, and the contribution of friction angle to

the shear strength is partially offset. It is also found

that the rock type (considered in this study) has limited

effects on the interface shear properties. The failure of

the interface between CPB and rock is because of the

existence of the interfacial transition zone, which is

characterized by high porosity. These new findings

have practical importance to the design of the

underground CPB structures.

Keywords Rock � Interface � Tailings � Cemented

paste backfill � Shear strength � Mine

1 Introduction

Mining is a key contributor to the economy of many

countries in the world. It provides society with the

mineral raw materials that are essential for the

construction and high-tech sectors, industrial produc-

tion, agriculture, the transport and communication

sectors, and merchandise producers (Roshani et al.
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2017). However, underground mining activities are

associated with numerous geotechnical hazards that

pose a serious threat to the health and safety not only

of mine workers, but also of communities living near

mines (Hassani and Archibald 1998; Fall et al. 2009).

These hazards include: (1) mining subsidence, (2)

underground mine voids (stopes) collapse or failure,

(3) rockbursts, (4) ground fissures due to underground

mining, (5) tailings dam failure and/or acid mine

drainage due to the improper management of mine

wastes, etc. Moreover, due to the gradual depletion of

ore available at shallow depths in a number of

underground mines in various parts of the world and

increasing demand for metals induced by global

economic growth, many underground mining activi-

ties are increasingly being carried out at greater

depths. This obviously results in geomechanical

environments that are more severe than those encoun-

tered at low depths. Thus, a direct consequence of

these greater depths is the intensification of the

aforementioned engineering geological hazards. In

order to counteract or minimize the threats or hazards

mentioned above in a cost-effective manner, the

technology of cemented paste backfilling has been

developed and widely applied in underground mines

in the world (Ghirian and Fall 2013, 2014; Wang et al.

2016; Yilmaz 2018; Haruna and Fall 2020).

Cemented paste backfilling, a relatively newly

developed mine backfilling method, has been widely

adopted and used extensively by many mines world-

wide (Brackebusch 1994; Hassani and Archibald

1998; Fall and Benzaazoua 2003; Cui and Fall

2016a, b; Fang and Fall 2018). Cemented paste

backfill (CPB) is made of tailings (soils or waste

generated in a mine processing plant), water, and

hydraulic binder. Chemical additives and/or synthetic

fibers can be sometimes added to CPB to improve its

engineering properties (e.g., Xue et al. 2019a, b). The

main purpose of cemented paste backfilling technol-

ogy is to guarantee the stability of the underground

mining space or rock mass around excavations and,

thus provide a safe working environment for mine

workers. Moreover, this technology enables to elim-

inate or restrict many other mine induced geotechnical

hazards, such as mine subsidence, rockbursts and roof-

falls. Besides, the cemented paste backfilling technol-

ogy is regarded as an environmental-friendly mining

method for the underground disposal of tailings, which

are a main source of acid mine drainage (AMD). In

addition to the safety and environmental benefits,

cemented paste backfilling can also bring economic

benefits to a mine. The support of a backfilling body

underground allows complete exploitation of ore body

and then improves the recovery ratio. The aforemen-

tioned advantages of cemented paste backfilling

technology mainly explain its popularity in mining

operations worldwide.

The underground CPB structure and its schematic

diagram are depicted in Fig. 1, which shows that the

priority of the geomechanical design of the CPB

structure is to ensure its mechanical stability. Other-

wise, the failure of CPB structures can result in

financial ramifications and even fatalities. This

mechanical stability is influenced by the shear char-

acteristics or behaviour of the CPB–rock interface, as

briefly discussed below. Moreover, shear properties of

rock-mass/CPB interface play an important role in the

transfer of stresses from the rock mass to CPB. The

understanding and quantification of this stress transfer

is crucial for the success of the geotechnical design of

underground CPB structures, as discussed below.

In general, the bonded interface between dissimilar

materials is often a weak link in terms of mechanical

stability (Dong et al. 2017), and Nasir and Fall (2008)

have concluded that both the adhesion and the friction

angle of the CPB body are higher than those of the

CPB–rock interface with a smooth surface. This

means that, in cases of smooth rock interfaces (e.g.,

foliated rock) the shear failure can take place along the

interfaces between the rock mass and CPB. Moreover,

the occurrence of an arching effect, which is a result of

shear stress redistribution and CPB consolidation, is

also related to the interface shear performance or

characteristics. The arching effect can transfer the

CPB’s vertical stress to the much stiffer surrounding

rock via the interface, thereby decreasing the vertical

stress within the CPB mass (Terzaghi 1943; Pira-

pakaran and Sivakugan 2007; Yang and Li 2015; Li

and Fall 2016; Cao et al. 2019). Put differently,

arching helps decrease the vertical stress in a CPB

mass. Helinski et al. (2010) and Cui and Fall (2017)

also observed this phenomenon experimentally and

numerically, as shown in Fig. 2. The backfilling

process in-situ is commonly divided into several

steps, and the initial stress monitored by the bottom

sensor increases with the filling operation, which is in

good agreement with the development of self-weight

stress (Fig. 2). However, after the initial backfilling
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process (from the first day to the second day), the

measured stress experiences a slight decrease (from

the second day to the fifth day), and this reduction in

stress is because of the stress redistribution, which

means the occurrence of the arching effect. After the

beginning of the second-step filling (fifth day), the

measured stress at the bottom depicts a gradual

increase, and the increasing rate is significantly lower

than the expected increasing rate of self-weight stress.

This means that the total stress induced by the

overlying CPB body was mainly transferred to the

surrounding rock through the arching effect. However,

if arching is not present, the condition described in

Fig. 2 would require a CPB body with a minimum

strength of 480 kPa to ensure its mechanical stability.

This means a large amount of cement would be needed

to achieve the required minimum strength, and

consequently, the cost of the CPB would be signifi-

cantly increased (Grice 2001; Yilmaz et al. 2003; Fall

and Benzaazoua 2005; Kuganathan 2005; Orejarena

and Fall 2011). The binder consumption can account

for up to 75% of the backfill cost (Grice 2001; Fall

et al. 2010). Therefore, the mechanical behaviour,

especially the shear resistance capacity of the inter-

face, is extremely important for a safer and more

economical design of CPB structures.

A paucity of experimental studies have been

conducted on the mechanical properties of the CPB–

rock interface (e.g., Fall and Nasir 2010;Manaras et al.

2011; Koupouli et al. 2016; Fang and Fall

2018, 2019a, b). These studies have concluded that

the shear behaviour of the interface is affected by

several factors, such as normal stress, temperature,

content of sulphate ions of the CPB material, and

drainage condition. Despite the contributions of the

aforementioned previous studies to understand the

CPB–rock interface shear behaviour or properties

better, a fundamental comprehension of the shear

characteristics of the CPB–rock interface is still far

from complete. Most of the previous studies on the

CPB–rock interface consider only one type of rock,

namely granite. However, given the different geolog-

ical conditions of mines in different places, the type of

rocks around the stope varies with each other. This

means that the effect of different types of rocks on the

shear behaviour or properties of CPB–rock is still

Fig.1 Underground CPB structure and its schematic diagram
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Fig. 2 Arching effects in CPB structure: Measured and

predicted total stress versus time; self-weight stress versus

time. Adapted from Cui and Fall (2017)
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unknown or not well understood. Moreover, the effect

of the rock surface roughness on the shear character-

istics of the CPB–rock interface as well as the coupled

effect of rock surface roughness and degree of

cementation on the interface shear behaviour were

ignored in the previous studies. In the field, the surface

of the rock adjacent to or surrounding the CPB body

can have various degrees of roughness. The surface of

rock can also be characterized with various asperities,

as shown in Fig. 1. Moreover, rock surface roughness

has been acknowledged as one of the factors having a

significant impact on the mechanical behaviour at the

interface between rock and materials (e.g., soils, rock).

Even though the interaction between geo-materials

and rock with asperity surface has been extensively

studied (Seidel and Haberfield 2002;Wang et al. 2015;

Bahaaddini et al. 2015; He et al. 2017; Han et al.

2018), the knowledge of the shear performance of the

interface between backfill structure and rough rock

remains unknown. Moreover, the results of previous

studies on the behaviour of the interface of rock with

asperities and other geo-materials are not directly

transferable to the CPB–rock interface because CPB is

different from other geo-materials.

Considering the facts mentioned above, the major

purpose of this research is to experimentally investi-

gate the influence of rock surface roughness and CPB

curing times as well as the rock type on the shear

characteristics of CPB–rock interface, which is impor-

tant for a thorough evaluation of the arching effect and

geomechanical stability of CPB masses as well as for

the safe and efficient design of CPB structures in the

practice, as discussed previously. Therefore, it is of the

practical engineering value to characterize this inter-

face and elucidate its behaviour or evolution with

respect to cementation and the aforementioned rock

characteristics.

The present paper is organized as follows. Firstly,

surface parameters used to evaluate surface roughness

are introduced and discussed. Then, the experimental

program conducted in this research is described. A

large number of direct shear tests are conducted on

interface samples with different interface roughness

values. Subsequently, the obtained results are pre-

sented and discussed with respect to the influence of

the rock type, rock surface roughness, combined effect

of surface roughness and degree of cementation.

Finally, the conclusions are presented.

2 Surface Parameters to Estimate Joint Roughness

Coefficient

The difficulty in expressing the influence of the

complex geometry of the asperity surface on the

interface shear mechanical behaviour is addressed by

introducing a simple coefficient, namely, joint rough-

ness coefficient (JRC), which is initiated by Barton

(1973) for evaluating the strength of rock joints with

roughness:

s ¼ r tan JRC logðJCS=rÞ þ ub½ � ð1Þ

where s is the shear strength, r is the applied normal

stress, JCS is the compressive strength of the joint, and

ub is the basic (residual) friction angle. Usually,

according to Mohr–coulomb criterion, the whole part

JRC logðJCS=rÞ þ ub½ � is regarded as the friction

angle. Herein, Barton specifically divided the friction

angle into basic friction angle and the contribution of

interface asperities. To determine the JRC of the

targeted profile, ten surfaces with various JRC values

(ranging from 0–20, where 0 means the smoothest and

20 refers to the roughest profile) were provided by

Fig. 3 Standard roughness profiles and their JRC values

(Barton and Choubey 1977)
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Barton and Choubey (1977), as shown in Fig. 3. The

ISRM commission suggested that the JRC value of the

targeted profile can then be determined by comparing

it with the following standard surfaces (Brown 1981).

However, the determination of JRC value by visible

comparison is inevitably considered as subjective.

Hence, to evaluate the JRC value objectively and

quantitatively, many surface parameters have been

proposed. Tse and Cruden (1979) proposed several

surface parameters, such as RMS (root mean square

roughness index), CLA (arithmetical mean deviation

roughness index), Z2 (root mean square of the first

deviation of the surface), MSV (mean square value

roughness index), and SF (structure function of the

profile) to estimate the JRC of a rock surface. But after

analysing the correlation coefficient of eleven regres-

sion equations, they finally adopted Z2 and SFto

describe the JRC. However, Yu and Vayssade (1991)

and Yang et al. (2001) found that the amplification of

the surface would affect the evaluation of the JRC.

Moreover, they also found the JRC is sensitive to the

sampling interval. Therefore, they digitized ten stan-

dard profiles and adopted 200 discrete data points

along the surface with different intervals, and finally

improved the correlation coefficient of the regression

equation. The ratio of the true length of profile to its

projected length, Rp, was also proposed by EI-Soudani

(1978) and related to JRC by Maerz et al. (1990).

Another surface parameter, RL, which is similar to Rp,

was developed by Yu and Vayssade (1991) to evaluate

the JRC value. The aforementioned surface parame-

ters and their relevant regression equations are sum-

marized in Table 1.

Herein, the parameter Z2, is employed to evaluate

the JRC value. To prepare CPB–rock interface

samples with different roughness values, some con-

crete bases with three different roughness measures, as

shown in Fig. 4, are produced in this study. To

accurately determine the JRC of concretes, a highly

precise linear variable displacement transformer

(LVDT) is used to survey the coordinates along the

centerline at the concrete surface. The results of

measured coordinates along the centerline are pre-

sented in Fig. 5. Thereafter, the following two

estimation equations are adopted to calculate the

JRC value (Yu and Vayssade 1991):

Z2 ¼
1

L

X ðyiþ1 � yiÞ2

xiþ1 � xi

" #1=2

ð2Þ

JRC ¼ 32:69þ 32:98 log Z2 ð3Þ

where L is the nominal length of the digitized joint

profile, and ðxi; yiÞ are the coordinates of the discrete

points. According to Eqs. (2) and (3), and the geometry

of the prepared samples, the JRCs of the concrete

surface prepared are calculated as 0, 6.5 and 16.6,

respectively.

3 Experimental Program

3.1 Material Used

Synthetic tailings (silica tailings (ST)) were used as

tailings materials. The ST are essentially made of

quartz, which is the predominant mineral found in

natural tailings from Canadian hard rock mines.

Besides, given the pure component of ST (with

99.8% SiO2), the adoption of ST can then avoid

Table 1 Surface parameters and regression equations

Surface

parameter

Calculation Regression equation Correlation

coefficient

References

SF SF ¼ 1
L

P
ðyiþ1 � yiÞ2Dx JRC ¼ 37:28þ 16:58 log SF 0.984 Tse and Cruden (1979)

Z2
Z2 ¼ 1

L

P ðyiþ1�yiÞ2
xiþ1�xi

h i1=2 JRC ¼ 32:2þ 32:47 log Z2 0.986 Tse and Cruden (1979)

JRC ¼ 32:69þ 32:98 logZ2 0.993 Yang et al. (2001)

Rp
Rp ¼

Pn

1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxiþ1�xiÞ2þðyiþ1�yiÞ2

p
Pn

1
ðxiþ1�xiÞ

JRC ¼ 558:68
ffiffiffiffiffi
Rp

p
� 557:13 0.951 EI-Soudani (1978), Maerz

et al. (1990)

RL
RL ¼

Pn

1

ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
ðxiþ1�xiÞ2þðyiþ1�yiÞ2

p
Pn

1
ðxiþ1�xiÞ

� 1
JRC ¼ 63:69

ffiffiffiffiffiffi
RL

p
� 2:31 0.982 Yu and Vayssade (1991)
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uncertainties in the results due to natural tailings,

which can often interact with the cement hydration.

Hence, the CPB part of the samples used in this paper

are all produced by mixing ST, binder, and tap water.

The Portland cement type I (PCI), a proportion of

4.5%, is used as the binder in this research. Mean-

while, the water-cement ratio is controlled as 7.35.

For the rock part of the samples, two kinds of rocks

(e.g., marble and granite) and concrete are adopted.

The use of concrete allows an easier preparation of

rock surfaces with different roughness by using special

plastic molds. The uniaxial compressive strength

(UCS) of the marble ranges from 60 to 80 MPa, while

that of granite (160 MPa) is much higher, which is

noted in previous studies by the authors (Fang and Fall

2018, 2019a). In contrast, the concrete (with a strength

of 38 MPa) is made of Portland cement type I (PCI),

fine sand, and water with the weight ratio of 4:2:1.

3.2 Samples Preparation and Test Plans

3.2.1 Samples Preparation

The marble and granite are cut into small cuboid

pieces with dimensions of 60 9 60 9 15 mm; the

length and width are exactly the same as those of the

direct shear box. To produce a concrete base with the

same size, the mixed material (PCI: fine sand:

water = 4:2:1) is cast into a plastic model (with three

different levels of roughness) to form concrete. After

being cured for 150 days (it is assumed that cement

hydration is almost completed after 150 days), the

concrete samples are then ready for producing CPB–

concrete interface samples.

A B20F mixer is used to mix and stir the prepared

materials (e.g., ST, PCI, and tap water), and to ensure

the materials are fully mixed, the mixing process

usually last 7 min. The slump of the prepared CPB is

determined to be equal to 18 cm. The obtained paste is

then poured into a plastic container (with an inner size

of 60 9 60 9 30 mm), in which the marble, granite

or concrete has already been set. Thereafter, the air or

oxygen in the CPB is squeezed out by manual

vibration, and then the whole container is covered

with a plastic film (to avoid evaporation). Some

typical CPB–rock samples with different rock types

and interface roughness are shown in Fig. 6.

3.2.2 Testing Plan

To determine the effects of rock types on the interface

shear behaviour, the surface of the rocks (marble,

granite, and concrete) are first polished smoothly, and

then the interface samples are produced and cured for

1 day. Thereafter, three constant normal stresses, as

shown in Table 2, are applied to the samples during the

tests. Besides, to investigate the change in the shear

characteristics of the CPB–rock interface with differ-

ent roughness values and cementation degrees, the

interface samples with JRC values of 0, 6.5 and 16.6

are also tested after being cured for 1, 7, and 28 days.

To confirm the repeatability of the results, each test is

Fig. 4 Prepared concrete samples with three different JRC values (dimension of a sample: 60 9 60 9 15 mm)
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repeated 3 times. The experimental details are pro-

vided in Table 2.

3.2.3 Test Setup

A direct shear device is employed to conduct the direct

shear tests according to ASTM D3080-04. Figure 7

shows the configuration of the direct shear device. It

can be observed from the figure that a load cell is

installed and connected to the upper shear box to

measure the shear force, while two LVDTs are

adopted for displacement measurement. After the

perpendicular application of the designed normal

stress on the top of the samples, the lower shear box

moves horizontally with a rate of 0.5 mm per minute.

During the test, the upper shear box is maintained

stationary. A computer software, Labview, is used to

record the data of the tests.

, curing for 1 day)(a)  Samples made with different types of rocks (JRC=0

(b) Samples with different interface roughness (with concrete base, cured for 28 days)

Fig. 6 Examples of prepared CPB–rock interface samples

Table 2 Experiment details

PCI content (%) Water-cement ratio Curing time (days) Normal stress (kPa) Rock type Interface roughness

4.5 7.35 1 50 Marble, Granite, Concrete 0

4.5 7.35 1 100 Marble, Granite, Concrete 0

4.5 7.35 1 150 Marble, Granite, Concrete 0

4.5 7.35 1 50 Concrete 0, 6.5, 16.6

4.5 7.35 1 100 Concrete 0, 6.5, 16.6

4.5 7.35 1 150 Concrete 0, 6.5, 16.6

4.5 7.35 7 50 Concrete 0, 6.5, 16.6

4.5 7.35 7 100 Concrete 0, 6.5, 16.6

4.5 7.35 7 150 Concrete 0, 6.5, 16.6

4.5 7.35 28 50 Concrete 0, 6.5, 16.6

4.5 7.35 28 100 Concrete 0, 6.5, 16.6

4.5 7.35 28 150 Concrete 0, 6.5, 16.6

Slump of the CPB mixture * 18 cm
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3.3 Microstructural Analyses

Two main microstructural analyses, including thermal

analysis and scanning electron microscope (SEM), are

used here to investigate the progress of the cement

hydration as well as the microstructure of the inter-

face, respectively. The thermal analysis is carried out

on cement paste of CPB (with w/c = 1 to simulate the

high water content of CPB) with a Q5000IR thermo-

gravimetric analyzer, which can record the weight loss

of cement paste with the temperature increasing to

1000 �C. In contrast, the SEM observation is per-

formed on intact interface samples with a Hitachi

3500-N microscope, which allows the analysis of the

texture and the pore structure at the interface micro-

scopically. Prior to the abovementioned two tests,

samples are all subjected to a drying process (at a

temperature of 45 �C for 4 days) to stop the cement

hydration. Stopping the cement hydration in cemen-

titious materials is needed to prepare samples for many

techniques of microstructural analysis.

4 Results and Discussions

Typical results of the direct shear tests are presented

and discussed in this section. The effect of the rock

type on the interface shear performance is briefly

introduced in Sect. 4.1, while the influences of

roughness and cementation are addressed in Sect. 4.2,

respectively.

4.1 Influence of the Type of Rock on Interface

Shear Performance

Figure 8 presents the shear behaviour of the interface

samples with different rock bases of granite, marble,

and concrete (cured for 1 day). The results show that

the shear curves of all samples show a similar

tendency, and rock type has limited effects on both

shear strength and dilation. The shear displacement-

shear stress curve first depicts an increase up to peak

shear stress (strain hardening behaviour), followed by

a slight decrease (strain softening behaviour). Besides,

the shear strength varies from 70 to 82 kPa for samples

with different type rocks (with a normal stress of

100 kPa). In terms of the normal displacement of

interface samples, all samples (conducted under

normal stresses of 50 kPa and 100 kPa) first experi-

ence an initial contraction, as can be seen from the

figures in the right column of Fig. 8. This initial

contraction is attributed to the inherent compressibil-

ity of CPB, and the compressibility of the early-age

samples decreases with time (Fang and Fall 2018). The

study conducted by Nasir and Fall (2008) also

indicated the same contraction behaviour. Thereafter,

it shows a slight dilation until the shear stress reaches

its peak value (shear strength). The magnitude of shear

dilation is associated with the degree of cement

hydration, whose mechanism is introduced in detail

below. For subsequent shear displacement beyond the

point with the highest shear dilation, the shear

displacement-normal displacement curve is then char-

acterized by continuous contracting behaviour. In

contrast, the high normal stress (150 kPa) restricts the

normal displacement at the interface, and as a result,

the shear displacement-normal displacement curves

all depict contraction behaviours, regardless of the

type of rock.

The evolution of shear strength with normal

stresses of the corresponding interface samples is

shown in Fig. 9, based on which, the shear envelopes

can be easily obtained by linear regression fitting. The

Mohr–Coulomb criterion is used to establish the shear

failure envelope of the CPB–rock interface since the

R2 values of the fitted regression lines are almost equal

to 1. Hence, the shear strength parameters of the

interface are easily derived, which are also indicated in

the figure. The results show that the difference in the

mechanical properties (e.g., shear strength, friction

angle) of the interface samples made with different

Fig. 7 Configuration of direct shear test device
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rocks is insignificant, especially the friction angle.

This observation means that the type of rocks consid-

ered in this study has limited influence on the shear

properties of the interface. This minor or insignificant

of the rock type on the interface shear characteristics is

related to the fact that the failure occurs in the interface

and the interfacial transition zone, as discussed below.

The failure of the interface between CPB and

different types of rock is because of the existence of

the interfacial transition zone (ITZ), which is also

observed in many studies on other geotechnical

structures involving cementitious material (Breton

et al. 1993; Ke et al. 2010). The ITZ is characterized by

high porosity. This phenomenon is also known as the

‘‘wall’’ effect (Diamond and Huang 2001; Scrivener

et al. 2004). The formation of the ITZ is due to the

penetration of cement paste into the pore structure; this

ITZ then bonds CPB and rock together. The result of

SEM analyses, as presented in Fig. 10, attests to this

argument. The interface crack is clearly observed,

which is marked by a red dashed line in the figure.

Besides, between the interface and granite, a thin layer

of ITZ is also observed. This result of SEM analyses

also agrees with the interface model proposed by He

et al. (2017) on the interface between new and old

concrete. Moreover, the results of SEM analysis

(9 1500, presented in the right of Fig. 10) on granite,

marble, and mature concrete show a similar observa-

tion, which are all characterized by a denser structure.

This reconfirms the limited effects of rock type

(considered in this research) on the interface shear

performance. It should be emphasized that a rock with
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a strength lower than that of the CPB could result in a

different interface shear behavior.

4.2 Influence of Roughness and Cementation

on the Interface Shear Behaviour

4.2.1 Influence of Interface Roughness

The shear characteristics of the CPB–concrete sam-

ples with three various roughness measures (e.g.,

JRC = 0, 6.5, 16.6) are shown in Fig. 11. Obviously,

from the figure, it can be observed that the shear

strength of the interface samples is considerably

affected by the interface roughness. Specially, the

peak shear stress rises with the increasing roughness,

and this observation is in agreement with the conclu-

sions made by Chen et al. (2015) and Fang and Fall

(2019a). For instance, for samples conducted under

50 kPa normal stress, the shear strength of smooth

interface sample is 55 kPa, while those of samples

with roughness of JRC = 6.5 and JRC = 16.6 are

67 kPa and 76 kPa, respectively. The slight rise in

shear strength with rougher interfaces is because of the

increasing size of the asperity at the interface. In other

words, the interlocking structure becomes larger as the

roughness of the concrete surface increases. This

argument is macroscopically attested to by the inter-

face pictures taken after the direct shear test, as shown

in Fig. 14. The size of the interlocking structure of the

rough interface sample (JRC = 16.6) is larger than that

of the medium rough interface (JRC = 6.5), as

indicated in Fig. 14, for example, L2[ L1. However,

the shear strength of the sample with a JRC of 6.5 is

21.3% higher than that obtained from the tests

performed with a smooth interface (conducted with

50 kPa normal stress). In contrast, for the test with an

even rougher surface (JRC = 16.6), the increase in the

peak shear stress with respect to the sample with a JRC

of 6.5 is less than 14.4%. In other words, the increased

stress is not proportional to the difference in rough-

ness, and the difference in shear strength for the

medium rough surface with respect to the smooth

surface is higher than that between the medium rough

and the roughest surface. This phenomenon is also

observed by the study on the sand-steel interface

conducted by Han et al. (2018). The significant

difference in shear strength (comparison between

smooth and medium rough interface samples) indi-

cates the strength of the interlocking structure con-

tributes a lot to the shear strength of the interface. In

contrast, the comparatively smaller difference in shear

strength between the medium rough and the rough

interface means the size of the interlocking structure

has a less significant influence on the evolution of the

shear strength.

Similar to the normal displacement of the smooth

interface introduced in Sect. 4.1, the interface samples

with roughness also experience contraction due to the

inherent compressibility of CPB at first. Thereafter,

most interface samples experience obvious dilation

(with the exception of samples conducted with

150 kPa normal stress), and the magnitude of the

Fig.10 SEM images of the interface
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shear dilation is closely related to the interface

roughness. Take the samples conducted with 50 kPa

normal stress as examples, the shear dilation of the

interface samples with JRC = 0, 6.5, and 16.6 are

0.05 mm, 0.2 mm and 0.24 mm, respectively. In

addition, the magnitude of shear dilation of interface

samples decreases significantly with normal stress,

and this reduction in the amount of shear dilation is

owing to the suppression of normal stress on relative

separation at the interface. In other words, before the

further increase in normal displacement, the major

asperities at the interface cannot sustain the increasing

normal stress, and then failure occurs. The continuous

contraction-less pronounced shear dilation of interface

samples subjected to 150 kPa normal stress is also

attributed to this mechanism. Another interesting

phenomenon is that the smooth interface samples

suffer from contracting behaviour for subsequent

shear displacement beyond the point with the highest

shear dilation, whereas the interfaces with rougher

surface experience a continuous increase in shear

dilation, and this is especially obvious for samples

sheared at lower normal stresses (e.g., 50 kPa).

4.2.2 Coupled Effect of cementation and Surface

Roughness

Figures 11, 12 and 13 show the effects of cementation

on the shear performance of CPB–concrete samples

with different interface roughness values (Fig. 14), and

Fig. 15 presents the evolution of peak shear stress with

time. It is observed from the figures that both peak

shear stress and normal displacement are influenced

by the curing time and interface roughness. For

example, the CPB–concrete interface cured for

28 days has the highest shear strength, followed by

samples cured for 7 days, and 1 day, regardless of

interface roughness. Besides, the shear stiffness of the

interface sample also increases with curing time.

These time-dependent changes are consistent with

conclusions drawn by other researchers (Nasir and Fall

2008; Koupouli et al. 2016). Actually, the curing time-
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induced increases in shear strength and shear stiffness

are due to the progress of cement hydration in CPB. It

is known that calcium silicate hydrate (C–S–H), a

bonding phase in cementitious materials, is a major

product of cement hydration, the degree of which

raises with curing time (Taylor 1964; Gani 1997;

Pokharel and Fall 2013). As a result, the quantity of C–

S–H also increases with time, thereby leading to high

shear strength at the CPB–concrete interface. The

rising amounts of C–S–H with time are supported by

the results of thermal analysis on cement paste cured

for 7 days and 28 days, as shown in Fig. 16. The

weight change at a temperature of 30–200 �C in the

figure is owing to the dehydration of C–S–H and

gypsum (Sha et al. 1999; Jiang et al. 2016, 2017),

while the weight loss range from 400 to 450 �C is due

to the disintegration of calcium hydroxide (Nonnet

et al. 1999; Zhou and Glasser 2001). The higher

weight loss of the 28 day sample at a temperature from

30 to 200 �C (in comparison to the date of the 7 day

sample) means larger amounts of C–S–H are gener-

ated in the long-cured sample. In addition to the shear

strength, it can also be noted from Figs. 11, 12 and 13

that the magnitude of initial contraction decreases with

curing time, while the shear dilation increases with

curing time. This observed reduction in initial con-

traction and increase in shear dilation is also because

of the raised degree of cement hydration. Specifically,

the cement hydration process consumes large amounts

of water, and this then decreases the water content in

the CPB; as a result, the effective stress is increased.

On the other hand, the precipitation of expansive

minerals (e.g., gypsum, ettringite) with time refines

the capillary pore, which decreases the compressibil-

ity. The larger shear dilation with time is owing to the

development in both size and strength of asperity.

The results presented in Figs. 11, 12 and 13 also

show that the interface samples with roughness,

especially those sheared at high normal stress, tend

to experience two peak shear stresses during the shear

test. This is very obvious for long-cured samples, as

shown in Fig. 13b. The first peak stress—which is in

the same vein as the stress peak that occurred in the

smooth interface—is because of the loss of the binding
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force between CPB and concrete. To some degree, this

effect is similar to the wall effect of the cement grains

against the aggregate, and this phenomenon is

regarded as the loss of adhesion. Saiang et al. (2005)

also observed the same phenomenon in their study on

the interface between concrete and rock. The second

peak in shear stress is attributed to the failure of the

interlocking structure. Specifically, as a consequence

of the relative motion of the asperity at the non-

cemented CPB–concrete interface, the shear dilation is

increased. Besides, the contacting area between CPB

and concrete is decreased. Consequently, the normal

stress keeps increasing with shear dilation until

reaching the strength of the major asperity at the

interface. Thereafter, the failure of the interlocking

structure corresponds to the second peak stress.

It can also be observed from Figs. 11, 12 and 13 that

the shear dilation increases with curing time, regard-

less of interface roughness. For the smooth CPB–

concrete interface conducted with 50 kPa normal

stress, the shear dilation increases from 0.05 mm on

the first day to 0.14 mm on the twenty-eighth day. In

contrast, the shear dilation of the roughest interface

samples (JRC = 16.6) rises from 0.24 mm to 1.07 mm

during the same curing period. The increased shear

dilation of the CPB–concrete interface with time is due

to (1) the refined pore structure of CPB, and (2) the

stronger interlocking structure, as results of the raised

degree of cement hydration, which was discussed

previously.

4.3 Evolution of Mechanical Properties of CPB–

Concrete Interface with Different Roughness

Given the significant effects of interface roughness on

the evolution of the mechanical strength of rock joints,

Barton (1973) took the roughness into consideration

and proposed Eq. (1) to estimate the shear strength of

rough rock joints. However, Manaras et al. (2011)

found the shear strength derived from Barton’s

equation is lower compared to measured samples.

Considering the significant role of adhesion in
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predicting the shear strength of cementitious materi-

als, a revised version of Barton’s equation is adopted

here to deduce the shear properties of the CPB–

concrete interface:

s ¼ r tan JRC logðJCS=rÞ þ ub½ � þ c ð4Þ

where c is the adhesion of the interface. The JCS value

here is the UCS of the CPB, which is also associated

with the degree of binder hydration. According to the

tests conducted by Fall et al. (2010), the UCS of

standard CPB samples cured for 1 day, 7 days, and

28 days are 150 kPa, 444 kPa and 624 kPa, respec-

tively. Therefore, based on the data on the shear

Fig. 14 Pictures of interface of samples after direct shear test (cured for 7 days)
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strength-normal stress at the interface, the shear

strength envelopes of the interface samples can be

obtained, and then the mechanical parameters of the

interface (e.g., friction angle, adhesion) can be

deduced.

Figure 17 presents the evolution of shear parame-

ters (e.g., friction angle, adhesion) of the studied rough

interface. The figure shows that these properties are

significantly affected by time. Specifically, the adhe-

sion of the interface increases with curing time, as a

result of the increasing degree of binder hydration

(Nasir and Fall 2008; Fang and Fall 2018). Besides,

the rougher interface tends to experience higher

adhesion, regardless of curing time. The roughness-

induced increase in adhesion is due to the increased

contact area between CPB and concrete. In contrast,

the evolution of the friction angle is complex. For the

smooth interface (JRC = 0), the friction angle rises

with curing time, which coincides with the conclusion

made by Nasir and Fall (2008) and Fang and Fall

(2019a). However, for the interface sample with

roughness, the evolution of the friction angle varies

with the failure criterion adopted. In other words, if the

Mohr–coulomb failure criterion is used, the friction

angle presents an increasing tendency with time, the

value of which is shown in Table 3. However, the

effective friction angle depicts a decreasing tendency

in the first 7 days by adopting a revised Barton’s

equation, as shown in Fig. 17. In other words, the

roughness contributes a lot to the development of the

friction angle, and after extracting the contribution

caused by roughness, the effective friction angle

decreases with time.

5 Summary and Conclusions

The paper presents new experimental results of direct

shear tests on the interface between CPB and

surrounding rock (with different roughness values).

An extensive program of direct shear tests and

microstructural analysis has been conducted to gain

insights into the effect of different types of rock, rock

surface roughness and degree of cementation as well

as the coupled effects of these factors on the shear

properties and behaviour of the interface between

cemented paste backfill (CPB) and rock. The follow-

ing conclusions are made:

• Three kinds of rocks or materials (e.g., granite,

marble, and concrete) are used as the rock part of

the interface samples. The results of direct shear

tests on 1 day interface samples show that all

samples experience similar shear behaviour,

regardless of the type of rock used. Besides, the

effect of the type of rock on the friction angle and

the shear strength of the interface are also limited.

The type of rock considered in this study has

limited effects on both shear strength and dilation

too. However, it should be underlined that a rock

weaker than the rocks considered in this study or

CPB could show a different behavior. This issue

should be addressed in the future.

• Surface parameter, Z2, is adopted to estimate the

surface roughness in this study, and three kinds of

concrete with different roughness values (e.g.,

JRC = 0, JRC = 6.5 and JRC = 16.6) are pro-

duced to investigate the contribution of roughness

to the interface shear strength. The obtained results

have shown that the shear strength of the rough

interface increases with roughness. This increase

in shear strength is due to the larger interlocking

structure with more roughness. However, the

0

20

40

60

80

100

120

140

10

15

20

25

30

35

40

1 day 7 days 28 days

A
dh

es
io

n 
(k

Pa
)

Fr
ic

tio
n 

an
gl

e

Curing time (days)

JRC=0-Friction angle
JRC= 6.5-Friction angle
JRC= 16.6-Friction angle
JRC=0-Adhesion
JRC= 6.5-Adhesion
JRC= 16.6-Adhesion
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Table 3 Evolution of friction angle (according to Mohr–

Coulomb criterion)

Interface roughness Friction angle

1 day 7 days 28 days

Smooth (JRC = 0) 25.2 30.3 35.5

Medium rough (JRC = 6.5) 36.4 38.8 40.1

Rough (JRC = 16.6) 39.5 40.3 42.8
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increased stress is not proportional to the differ-

ence in roughness. It is also found that the interface

samples with roughness, especially those sheared

at high normal stress, tend to experience two peak

shear stresses during the shear test.

• The results of the SEM analysis of the CPB–rock

interface have indicated that the failure of the

interface is due to the existence of the interfacial

transition zone (ITZ). This ITZ is characterized by

high porosity.

• The peak shear stress and shear dilation of the

interface samples increase with curing time, as a

result of the raised degree of binder hydration. The

specific mechanisms are (1) a large amount of

moisture was consumed by binder hydration; (2)

some expansive products (e.g., ettringite) of

cement hydration refine the pore structure at the

interface; (3) the increasing amount of C–S–H

enhances the binding force at the interface, thereby

increasing the strength of the interlocking struc-

ture. However, curing times up to 28 days were

considered in this study. Longer curing times

(90–180 days) should be investigated in the future.

• The adhesion of the interface samples increases

with both curing time and roughness. The curing

time-induced increase in adhesion is due to the

increased degree of cement hydration with time,

while the roughness-induced increase is because of

the larger contact area between CPB and concrete.

Meanwhile, the friction angle of the smooth

interface also depicts a rising tendency with time.

However, with respect to the interface with

roughness, the effective friction angle decreases

with time.

Despite the results and findings presented in this

manuscript, the scale effect on the rock–backfill

interface shear behaviour was not considered in this

study. This will be the object of future investigations.

Moreover, it will be interested to investigate the shear

behaviour of the interface between CPB and weak

rocks in the future.
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