
UDC 539.4

Nonlinearity of the Rock Joint Shear Strength
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The triaxial testing for irregular or unfilled rock joints was conducted on the rock mechanics test

system (MTS). A series of axial failure stresses under different confining pressures applied to the

same specimen was continuously acquired on MTS. The corresponding normal and shear stresses

acting on the rock joint plane were calculated in terms of LEFM. The Mohr–Coulomb (MC) shear

strength parameters of each specimen could be determined by linear regression analysis. Thirteen

specimens were taken from the dam site drill rock cores of a hydropower station. The scatter of

points plotted for all test results in the normal and shear stress space exhibits obvious nonlinearity.

Test results show that it would be more convenient to describe the shear strength of rock joints in the

nonlinear form. The comparison and discussion of three function fittings proved that the well-known

Barton criterion was more appropriate for describing the shear strength of rock joints.

Keywords: rock joint, shear strength, mechanics test system, triaxial testing, function

fitting, Barton criterion.

Introduction. The irregular and unfilled rock joints are quite widespread discontinuities

in the rock mass [1–5]. In addition to straightforward shear testing of discontinuities of this

type used by many researchers, an empirical formula for describing the shear strength of

rock joints has been proposed. Considering the nonlinear characteristic of the jointed rocks

and the effect of the intermediate principal stress on the strength behavior, authors [6]

modified the nonlinear form of the Mohr strength criterion. Other researchers also made

contribution to the nonlinear shear strength features of the jointed rocks on the basis of the

previous researches [7, 8].

A consistent concept accepted in the field of rock mechanics is that the shear strength

of the rock joint mainly depends on its roughness, hardness and mother rock type and has a

nonlinear feature related to stress levels. Based on the shear strength results obtained by the

simply-direct shear testing for the structural plane specimens, Barton put forward a

nonlinear empirical formula for estimating the peak shear strength of the irregular and

non-filled rock joints [9]. The Barton criterion has been wildly accepted in the field of rock

mechanics and applied to many rock engineering projects.

Generally, the in-situ direct testing is a more reliable approach to evaluating the shear

strength of the rock joints [10–13]. However, due to the difficulties and high costs of the

in-situ testing, the laboratory direct shear test method proposed by the International Society

for Rock Mechanics Commission (ISRM) is often employed to investigate the shear

strength of the rock joints [14]. The test method proposed by the ISRM, which comprises

the single and multiple specimen methods, and the corresponding experimental procedure

are described in detail by Barton [15]. In addition, Barla et al. developed a new direct shear

testing apparatus for testing the strength of rock joints as well [16]. Tatone and some other

researchers also provided the quantitative description for the surface characteristics of the

rock structural plane using some advanced tools [17]. Some new shear strength criterions
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were proposed for the rock joints together with the surface roughness features measured in

the laboratory shear tests [18, 19]. Jafari et al. [20] analyzed the variation of the shear

strength of the rock joints under the cyclic loading excitation, and according to their

experimental results, some mathematical models were developed for evaluating the shear

strength under the cyclic loading conditions.

In general, the study on the shear strength of the rock mass or rock joints was focused

on the theoretical analysis for determinating the strength parameter value and the

development of the advanced instrument. However, only few studies were dedicated to the

analysis of the experimental method. Considering the reliability of the experimental results,

the strength parameters of the rock joint obtained by the direct shear testing are considered

the most lucrative. Nevertheless, it is extremely difficult to guarantee the consistency of

such parameters as the roughness and hardness of the rock joint specimens. In order to

accurately evaluate the strength parameters of the rock joints, the triaxial testing method is

presented in this paper. The proposed method would be beneficial for investigating the

linear or nonlinear strength parameters of the structural planes.

The triaxial tests of the rock joints in this study were conducted using the rock

mechanics test system (MTS). The experimental procedure is similar to the general triaxial

testing for the intact rock specimens. The number of the tested specimens is thirteen in

total. These specimens were taken from the dam-site drilled rock cores of the Maerdang

hydropower station in the upstream of the Yellow river. During the triaxial testing via the

MTS, a series of axial failure stresses and confining pressures applied to the same specimen

were continuously acquired. Then within framework of the linear elastic fracture mechanics

(LEFM) the normal and shear stress components on the rock joint plane are calculated.

Herein, the MC shear strength parameters of each specimen can be determined through

linear fitting. However, the scatter point distribution of the test results for all specimens

showed an obviously nonlinear feature in the normal and shear stress space. Therefore, it

was considered more appropriate to describe the shear strength of the tested rock joint

specimens in a nonlinear form. On the basis of comparative analysis of three function

fittings for the scatter points in the normal and shear stress space, the well-known Barton

criterion describing the rock joint shear strength is proved to be appropriate.

1. Experimental Procedure. For the triaxial testing for the rock joints we employed

the MTS apparatus with a programmable servo controlling system, which consists of a

main test machine, a hydraulic power source system and a digital control system (Fig. 1).

The experimental procedure for the rock joint specimen is similar to the general triaxial

testing for the intact rock specimen. The axial load was applied gradually until the axial

failure stress �1 reached a specified confining pressure (� �2 3� ). The pressure excitation

was gradually increased until the upper part of the rock joint specimen contacted the base

plate in the specimen box, or the axial displacement exceeded the reserved displacement

space. We thus could attain multiple failure stress pairs of (�1 , � 3) for each specimen. The

strain rate during axial loading was controlled to be 0.01 mm/s. We carried out testing for a

total of thirteen specimens of rock joints taken from the dam-site drilled rock cores of the

Maerdang hydropower station located in the upper stream of the Yellow river. The mother

rock type of specimens was monzonite. The natural rock joint had completely separated

and was irregular, rough, unfilled and unbonded.

The description of the experiments can be reduced to the following:

(1) The height of each rock joint specimen was less than 100 mm and was roughly

two times the diameter. The maximum sliding distance of 10–20 mm was reserved near the

top and bottom of each rock joint specimen, respectively (Fig. 2a). Thus, the upper and

lower parts of the specimen could freely move under different confining pressures. The

triaxial testing would be terminated when the relative sliding displacement of the upper and

low parts reached the 10–20 mm reserved in advance.

Y. F. Wei, W. X. Fu, and D. X. Nie

232 ISSN 0556-171X. Ïðîáëåìû ïðî÷íîñòè, 2015, ¹ 1



(2) The confining pressures during the triaxial testing were achieved by increasing the

oil pressure in the pressure chamber. The specimens were wrapped with heat shrink films

so that each rock joint specimen did not be directly placed into the hydraulic oil. During the

wrapping process, the top and bottom blocks of specimen were kept in contact with each

other as tightly as possible. After that, the heat shrink films on both ends were heated so

that the films shrank and tightened around the surrounding area of the steel caps at two

ends of the specimen (Fig. 2b).

The single specimen method [21, 22] was employed in this study. Firstly, the

specimen was installed in the triaxial chamber by the conventional triaxial test method.

Secondly, the first level of confining pressure was loaded. Thirdly, keeping the confining

pressure constant we loaded the first axial pressure until the peak of the stress–strain curve

was directly observed through the data acquisition system of MTS. At this point, we kept

the first level of axial stress constant and loaded the second level of confining pressure.

Nonlinearity of the Rock Joint Shear Strength
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Fig. 1. The rock mechanics test system.

a b

Fig. 2. Preparation for the tested specimen: (a) reserving sliding displacement space cut by a diamond

saw in advance; (b) wrapping with heat shrink films to prevent hydraulic oil into rock joint fissure.



Then we kept the second level of confining pressure constant until the second axial

pressure occurred. The repeat loading process for the single specimen test method is

described in Fig. 3.

During the triaxial testing for the rock joint specimen, the multiple pairs of the failure

stress state (�1 , � 3) were recorded during the experiment process. Accordingly, the normal

stress and shear stress � nj and � j on the structural plane corresponding to the each pair

of (�1 , � 3) can be calculated by Eqs. (1) and (2), which can be derived in terms of the

LEFM theory under the assumption of small strain,

�
� � � �

�nj j�
�

�
�1 3 1 3

2 2
cos , (1)

�
� �

�j j�
�1 3

2
sin , (2)

where � nj and � j are the normal stress and the shear stress on the rock joint plane, �1

and � 3 are the axial failure stress (the maximum principal stress) and the confining stress

(the minimum principal stress and � �2 3� ), and � j is the dip angle of the rock joint

plane (between the horizontal surface and the rock joint plane).

2. Test Results. The axial failure stresses of the thirteen rock joint specimens could be

obtained, as well as the corresponding confining pressures. The normal and shear stresses

calculated by Eqs. (1) and (2) can be used for exterminating the frictional angle and

cohesion for each rock joint specimen. It should be noted that, theoretically, although only

the friction angle existed at the rock joint surface when the two side rock parts of the joint

plane were completely separated in natural state, a small amount of the cohesion on the

joint plane was still observed during the shearing process. Occurrence of the cohesion was

due to the fact that the fissure wall of rock joint was rough and irregular. Figure 4 shows

the fresh irregular shear parts on the rock joint plane. A more rough and irregular rock joint

specimen would produce a larger shear stress. The clamping effect of a rough and irregular

rock joint was more significant, in particular under a high confining pressure.
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Fig. 3. Loading process of the single specimen test method.
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In fact, the negative cohesions that occurred in some rock joint specimens were also

caused by the fresh irregular shear parts on the rock joint plane under a high confining

pressure. The rock joint specimens that exhibited the phenomenon of negative cohesions

were relatively rare.

3. Analysis and Discussion.

3.1. Method of Fitting. Figure 5 showed the scatter points of the normal and shear

stress pairs of (� nj , � j ) for all specimens. It should be noted that the different shape or

color of the dot represented the data pair of (� nj , � j ) for each rock joint specimens under

different confining pressures. The dip angle of rock joint (� j ) and the values of the

frictional angle � j and cohesion parameter c j were also given in Fig. 5. Observation for

Fig. 5 shows that the shear stress increases with the increase of normal stress and the

relation between the normal and shear stresses was obviously nonlinear.
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Fig. 4. The fresh irregular shear parts on the rock joint plane.

Fig. 5. The scatter point distribution in the � �nj j� space and its fitting by three functions.
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In order to reasonably evaluate the relation between the normal and shear stresses of

the tested rock joint specimens, the curve-fitting tool in MATLAB was employed to treat

the linear Mohr–Coulomb criterion fitting, the power fitting, and the nonlinear Barton

criterion fitting. These expressions are given in Eqs (3), (4), and (5), respectively,

� � �j j nj jc� �tan , (3)

where � j is the frictional angle of the rock joint (deg) and c j is the cohesion of the rock

joint,

� �j nj
ba� , (4)

where a and b are coefficients of the power function,
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�
�tan log . (5)

Here �b is the basic frictional angle of the rock joint (deg), JRC is the roughness

coefficient of the rock joint, and JCS is the compressive strength of the rock joint wall.

When fitting with the power function of Eq. (4), the natural logarithm values of the

normal and shear stresses were first calculated. Then Eq. (4) was modified to the linear

form as follows:

ln ln ln .� �j njb a� � (6)

The unknown coefficients of Eqs. (3) and (6) can be computed by the least square

method. The “general equation” module of the curve fitting tool in MATLAB was chosen

to calculate the unknown coefficients in Eq. (5). The “general equation” module allows the

user to input any form equation. During the iterative process of calculating the coefficients

of the Barton criterion, the initial iterative value should be correctly set for each coefficient,

and the initial value should fall within the possible upper and lower limits. The initial

iterative input value and the possible upper and lower limits of each parameter should

satisfy the physical significance of the Barton criterion. The fitted curves are illustrated in

Fig. 5.

3.2 Discussion. The fitted relations by three different approaches showed that the

linear MC criterion fitting is poorer than fitting with the power function or the Barton

equation. Especially, the linear MC criterion fitting would overestimate the shear strengths

of the rock joints under low normal stress. The curves fitted by a power function and the

Barton equation were almost identical and the shear strengths of the rock joints overall

demonstrated the nonlinear feature. It also proved the reliability of the triaxial test method.

Under a high normal stress the shear strengths estimated by the linear MC criterion, the

power function and nonlinear Barton criterion were overestimated. We thus only considered

the Barton criterion fitting in the following analysis.

The measured � nj and � j were first divided by the fitted JCS -value. Then the

relationship of � nj JCS against � j JCS was plotted (Fig. 6). The results in Fig. 6 were

in good agreement with the conclusions conducted by Hoek and Bray [13]. In other words,

when 0.01� �� nj JCS 0.3, the shear strengths of the rock joints estimated by the Barton

equation were relatively accurate; but when � nj JCS �0.3, the shear strengths of the rock

joints estimated by the Barton equation were overestimated. The protruding parts on the

natural and roughness joint surface would be gradually destroyed by the shear stress when

the value of the normal stress is high. At the same time, the growth rate of the shear

strength would be decreased. This characterization is not consistent with the primary
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condition of the natural joint surfaces. Hence, under a high normal stress the calculation

error would be obvious when the Barton equation was employed. Most of research results

showed that the shear strength of the rock joints estimated by the Barton equation would be

on the high side when the condition of � nj JCS �0.3 was satisfied. But for the most of the

rock engineering projects, such as the slope engineering, this equation was widely used

because the value of � nj JCS normally ranges from 0.01 to 0.3.

In compliance with Barton’s conclusion, the measured shear strength under a high

normal stress falls within the range of peak and residual shear strengths when the direct

shear testing was repeatedly conducted for the same specimen. In this study, the triaxial

testing was continuously conducted under different levels of confining pressure. The shear

damage occurred at the locally rough joint surface during the sliding process under the first

few levels of confining pressure. Then the shear strength of the joint would be reduced

under the next confining pressure tests.

Conclusions. A new test method for determination of the strength parameters of the

rock joints is proposed. Some conclusions are summarized as follows:

1. The shear strengths of rock joints were directly determined by using the MST.

When controlling the confining pressure at different levels, the normal and shear stresses of

rock joints at failure were obtained. The shear strength of the joints related to stress levels

were explicitly expressed by the linear MC criterion fitting, the power function fitting and

the nonlinear Barton criterion fitting.

2. The presented test method is feasible, while its current deficiencies, such as

difficulty of sampling and error caused by different specimens, can be efficiently overcome.

The confining pressure can also be designed in terms of the actual buried depth of the

in-situ rock joint.

3. Both the power functions fitting, and the nonlinear Barton criterion fitting can

produce a more reliable nonlinear shear strength variation related to stress levels than the

linear MC criterion fitting.
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Fig. 6 The reliable range of the rock joint shear strengths estimated by the Barton criterion.
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