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1 Introduction

The roughness of the joint surfaces strongly influences the

mechanical and hydraulic behavior of the joints, especially

under shearing. Once shearing is initiated, only certain

fractions of the joint surfaces remain in contact and every

asperity contributes to the shear behavior depending on their

respective heights and dip angles. In addition, several

asperities would be damaged, and the debris accumulate and

form gouge in the joint surface upon shearing (Ladanyi and

Archambault 1970; Archambault et al. 1997; Riss et al.

1997; Belem et al. 2007), so the joint surface topography,

and the void space which is comprised of the separation and

the contact between two rough surfaces, continuously

change with shearing. In the majority of the analyses of the

joint shearing behavior, joint roughness has been charac-

terized based on the initial joint surfaces and remained

constant regardless of shearing (Grasselli and Egger 2003;

Belem et al. 2009; Asadollahi and Tonon 2010; Zandarin

et al. 2013; Park et al. 2013). In most analyses of the coupled

shear-flow properties of joints during shearing, the mean

aperture (the mean separation between two rough joint

surfaces) was characterized by adding a changing normal

displacement to an initial aperture (Bandis et al. 1983;

Olsson and Barton 2001; Koyama et al. 2006; Li et al.

2008). This treatment ignores the asperity damage, debris

accumulation, and the dislocation of the two surfaces. Thus,

roughness parameters and void space characterization

should be redefined based on the damage of joint surfaces

during shearing.

Goodman (1989) reviews the joint surface roughness

measurement methods which are useful to engineers, but

these methods can only be used to joint surface measurement

without shearing. Experimental methods have been proposed

to measure the void space or contact areas of rock joints

(Gentier et al. 1989; Yeo et al. 1998; Kulatilake et al.

2006, 2008). These methods involve inserting or injecting

different materials (Gentier et al. 1989; Nemoto et al. 2009;

Park and Song 2013) between the joint surfaces, but these

methods can only be used in joint compression tests without

shearing. Numerical method has also been employed to

calculate joint aperture and contact area (Koyama et al. 2006;

Park and Song 2013; Xia et al. 2014a; Fathi et al. 2015). This

method initially acquires the joint surface data before fixing

the lower surface and moves the upper surface according to

the normal and shear displacements in the joint shear test; the

overlapping areas of the two displaced surfaces are deleted

because these areas are considered as damaged. This treat-

ment ignores the elastic and/or plastic deformation of the

asperity. Hans and Boulon (2003) reported a new device that

canmeasure the joint surface during shearing by stopping the

test and separating the two surfaces. However, the method

destroys the stress state of the joint, which influences the

subsequent shear mechanical behavior of the joint. Indrar-

atna et al. (2014) obtained the joint surface asperity defor-

mation bymeasuring the joint surface before and after a shear

test, while the surface data and joint aperture distribution

during shearing could not be acquired by this method.
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We introduce in the present paper a newmethod to capture

the joint surface deformation and aperture distribution dur-

ing shearing. The specimen preparation is presented in

Sect. 2. Section 3 introduces the joint surface measurement

and direct shear test procedure. The detail of the newmethod

to compute the joint surface deformation and aperture dis-

tribution during shearing is presented in Sect. 4. In Sect. 5,

verification of the method and test results is presented and

briefly discussed. Conclusions are drawn in Sect. 6.

2 Specimen Preparation

Identical replicas of a natural granite joint surfacewere used to

control the independent factors affecting the joint shear

behavior. The natural joint used here was unweathered

matching tensile joint collected from a tunnel engineering.

The natural granite joint was cut into a planar dimension of

200 9 100 mm2 and placed into a steel box with an internal

dimension of 200 9 100 9 100 mm3.Wefirst duplicated the

rock joint surfacewith silicone rubber to accurately reproduce

the parent joint surface with sufficient strength and longevity.

The rubber mold was turned over and again placed into the

steel box after 24 h.Themated rubbermoldswere preparedby

pouring silicone rubber into the steel box. The two surfaces of

a specimen were made by copying the two rubber molds with

plastermixture (amixture of plaster,water, and additivewith a

weight ratio of 3:1:0.01). Thus, mated plaster joint samples

with a dimension of 200 9 100 9 100 mm3 were prepared.

The mechanical properties of the plaster material were esti-

mated by conducting uniaxial compression andBrazilian tests

on the 70.7 mm cubic specimens and the 50 mm diameter

circular disk specimens (thickness/diameter = 0.5), respec-

tively. The basic friction angle was measured through tilt

table tests on the dry saw-cut surface of three specimens. Test

results can be found in Table 1. The joint surfaces were dyed

red so that the damaged area could be easily distinguished

from the undamaged area. A total of six specimens were

prepared and cured at a constant temperature of 25 �C for

7 days.

3 Testing Procedure

3.1 Joint Surface Measurement

This study used an advanced 3D fringe projection optical

measuring system, the TJXW-3D portable rock surface

topography scanner, to acquire 3D coordinates of the joint

surfaces. The system comprises a measuring head, a tripod,

a computer, and a standard calibration plate. The measur-

ing head, including a fringe projector and two CCD cam-

eras, is screwed on the top of the tripod and placed

approximately 50 cm above the object with the head down

(Fig. 1a). Details of the measurement system can be found

in Xia et al. (2014b). The accuracy of single scanning of

this system is less than 0.02 mm. Figure 1c shows an

example of a digital joint surface.

3.2 Direct Shear Test

In our study, all specimens were replicated from one mated

rubber joint mold and thus had identical surface topography.

Moreover, results of tests conducted under the same load

condition, including the damage degree and distribution of

asperity deformation,with specimensmade fromonematerial

should also be ideally identical. Thus, we conducted several

direct shear tests that were stopped at different shear dis-

placements to capture the joint surface topography during

shearing without destroying the stress state of the joint. The

joint surface topography during shearing could be represented

by the specimens thatwere stopped at the corresponding shear

displacement. A direct shear test was first performed until

reaching the residual shear strength state to determine the

shear displacements of the key stress state. The following

shear tests were stopped at the predefined shear displacements

each of a new specimen.

The applied normal stress was 1 MPa, which corre-

sponds to the realistic normal stress found in practice, and

the shear displacement rate was kept at 0.5 mm/min

throughout each test.

4 Computation of Joint Surface Degradation
and Void Space

The TJXW-3D scanner was used to digitize the specimen

in the closed position and two halves individually. In

acquiring each of these digital surfaces, multiple mea-

surements were taken from different directions because

only points simultaneously visible in two cameras could be

recorded in a single measurement. With permanent refer-

ence points attached to the sides of the joint samples, the

software automatically transferred the subsequent mea-

surements into the coordinate system of the first

measurement.

Table 1 Basic mechanical

properties of plaster material
Tensile strength/MPa Compressive strength/MPa Young’s modulus/GPa Basic friction angle/�

1.26 ± 0.10 24.53 ± 2.07 6.00 ± 0.54 38.03 ± 2.94
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1. The alignment of the joint surface data before and after

the shear tests was established by transferring the

coordinate of the joint surface data after the test to that

of the initial joint surface data before the test (Fig. 2a).

Consequently, the surface height deviation (zdeviation)

between the initial joint surface and the joint surface

after shear test was calculated as

zdeviationðxi; yiÞ ¼ zinitialðxi; yiÞ � zafterðxi; yiÞ ð1Þ

where zinitial (xi,yi) is the surface height of the initial

joint surface, zafter (xi,yi) is the surface height of the

joint surface after the shear test, and xi and yi are the

plane coordinates. If the asperity was severely dam-

aged and the debris from the broken asperity was

crushed and moved away, then the calculated zdeviation
would be considerably positive. Moreover, if the cru-

shed material from the broken asperity had been

accumulated and compacted on the surface, then the

zdeviation value would be significantly negative. Theo-

retically, zdeviation = 0 indicates that the asperity was

neither damaged nor had accumulated debris. While as

stated in the beginning of this section, multiple mea-

surements were required from different directions to

acquire each of these digital surfaces because only

points simultaneously visible in two cameras could be

recorded in a single measurement. Error accumulation

occurs in the cloud data registration, 3–5 measure-

ments were needed to acquire a complete joint surface,

the combined three-dimensional error accumulation

and its influence on roughness measurements are dif-

ficult to quantify, but as a worst case, the final accuracy

can be decided as 0.1 mm, which is the same with

Indraratna’s study, so the zones where

-0.1 mm\ zdeviation\ 0.1 mm are assumed to be

uninfluenced zones.

2. The void space of a joint can be represented by the

aperture distribution, which was calculated by aligning

the upper and lower joint surface data after the test to

the initial closed joint model and then moving the

upper joint surface according to the normal and shear

displacements throughout the experimental procedure

(Fig. 2b). Thus, the joint aperture distribution (zaperture)

of the joint was presented by

zapertureðxi; yiÞ ¼ zafter upperðxi þ dx; yiÞ þ dz

� zafter lowerðxi; yiÞ ð2Þ

where zafter_upper (xi ? dx,yi) is the asperity height of

the upper joint surface moved according to the shear

displacement dx after being aligned to the closed joint

model, zafter_lower (xi,yi) is the asperity height of the

lower joint surface after being aligned to the closed

joint model, dz is the normal displacement of the upper

joint surface caused by initial normal and shear loads,

dz[ 0 represents normal dilation, and dz\ 0 repre-

sents normal compression.

Two CCD cameras

Fringe projector

Tripod

Specimen

Reference point

Coded structured light

(a)

(b)

(c)

Fig. 1 a TJXW-3D portable rock surface topography scanner, b specimen surface with coded structured light projected by fringe projector,

c example of a digital joint surface
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5 Results and Discussion

5.1 Verification of the Proposed Method

To control the independent parameters governing the rock

joint shear behavior, plaster replicas of natural joint were

used in this study, and the use of joint replicas had been

frequently used in the previous study (Riss et al. 1997;

Yang et al. 2010; Hossaini et al. 2014; Indraratna et al.

2014). Here, to prove the reproducibility of specimen

preparing, 3D roughness parameter C and 2D roughness

parameter JRC (joint roughness coefficient, Barton and

Choubey 1977), were employed to characterize the repli-

cated joint surface topography. Grasselli et al. (2002)

proposed the concept of the joint surface apparent dip angle

h facing against the shear direction. Grasselli obtained the

relationship between the potential contact area Ah and the

corresponding minimum apparent dip angle h:

Ah

A0

¼ hmax � h
hmax

� �C

ð3Þ

where Ah is the potential contact area which is the sum area

of surface elements with apparent dip angle larger than h,
A0 is the maximum possible contact area along shear

direction, hmax is the maximum apparent dip angle, C is the

roughness parameter calculate by regression. Figure 3

shows the apparent dip angle distribution and the corre-

sponding regression result of each specimen. The 3D

roughness parameter C obtained from regression lie in the

narrow range of 4.27–4.70.

(a)

(b)

Before shear test After shear test
Reference points

Two surfaces aligned together

zinitial(xi,yi) zafter(xi,yi)
zdeviation(xi,yi)= zinitial(xi,yi)- zafter(xi,yi)

x
y z

Upper surface after test

Lower surface after test

Side with reference points in 
closed position

The upper and lower surfaces 
aligned in closed position

The two surfaces displaced 
according to the normal and shear 
displacements, all sides were cut

zafter_upper(xi+dx,yi) +dz

zafter_lower(xi,yi)

zaperture(xi,yi)=zafter_upper(xi+dx,yi) +dz - zafter_lower(xi,yi) x
y z

Shear direction

Fig. 2 a The alignment of the joint surfaces before and after shear test of the lower surfaces of WJ-1, b procedure for acquiring joint aperture

distribution of WJ-1 during shearing

Fig. 3 Fitting results of Ah/A0 and h by Eq. 3
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Table 2 Shear test results

Specimen Loading condition Calculated average JRC Experimental results

Normal stress/

MPa

Shear displacement/

mm

JRCbefore shear JRCafter shear Peak shear displacement/

mm

Peak shear stress/

MPa

WJ-0 1 10.00 5.96 5.08 0.73 1.47

WJ-1 10.00 5.93 5.06 0.70 1.41

WJ-2 5.00 5.90 5.1 1.09 1.51

WJ-3 2.00 5.77 5.13 0.89 1.40

WJ-4 0.95 5.72 5.66 0.90 1.54

WJ-5 0.40 5.73 5.63 / /

Fig. 4 Direct shear test results. The results were directly exported from the data acquisition system without embellishment
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Fig. 5 Comparison of photograph after shearing and contour maps of asperity deformation calculated by the proposed method of the lower

surface. a Photograph of WJ-0, b contour map of WJ-0, c photograph of WJ-1, d contour map of WJ-1
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(e) Shear displacement=10.0mm
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Tse and Cruden (1979) proposed an empirical statistical

relationship between the JRC and Z2 (the root-mean-square

of the first derivative of the profile) to calculate typical JRC

values:

JRC ¼ 32:2þ 32:47 log Z2 ð4Þ

where Z2 can be calculated in the following discrete form:

Z2 ¼
1

L

XN�1

i¼1

ziþ1 � zið Þ2

xiþ1 � xið Þ

" #0:5

ð5Þ

where (xi, zi) represent the coordinate of the points of the

profile, N is the total number of points in the profile, and

L is the length of the profile. The JRC was the length-

weighted average value of all the roughness profiles spaced

at 0.5 mm parallel to shear direction. Results of 2D joint

surface roughness JRC before shearing are shown in

Table 2; JRC of all the specimens lies in the narrow range

of 5.72–5.96. The JRC and C calculation results prove the

reproducibility of our method of specimen preparing.

Two tests, WJ-0 and WJ-1, were conducted under

1 MPa normal stress and stopped at 10.0 mm shear dis-

placement to verify the repeatable of direct shear test and

surface evolution calculation method. The two complete

shear test results can be found in Fig. 4. Figure 5a, c show

the photographs of the lower surfaces of the WJ-0 and WJ-

1 after shearing, respectively. The white zones visually

illustrate the areas where the surface of the joint has

undergone deformation; Fig. 5b, d show the corresponding

contour map of the asperity deformation distribution. The

calculated deformed areas in Fig. 5b, d are consistent with

the observed deformed areas in Fig. 5a, c, respectively.

Figure 5a, c is consistent except the zones represented by

elliptical lines; this discrepancy was due to many factors

(void spaces in specimen after molding, drying conditions,

or any impurity in plaster material) would influence the test

result, even though great lengths were taken to be as

consistent as possible, but not all the variables could be

completely controlled.

5.2 Joint Shear Behavior

The complete shear test until reaching the residual shear

strength state was first conducted to determine the shear

displacements the subsequent tests should be stopped at.

The two complete shear tests results, WJ-0 and WJ-1, are

shown in Fig. 4. According to the shear stress–shear dis-

placement and the normal displacement–shear displace-

ment relationships, the whole shear processes can be

divided into the following five phases:

Phase I: The elastic mobilization phase with a linear

shear stress–shear displacement relationship.

Phase II: The pre-peak shear stress phase characterized

by shear stress increases nonlinearly with shear dis-

placement, dilation started increase at the end of this

phase.

Phase III: The rapid softening phase characterized by

nonlinear shear stress that decreases under a decreasing

shear stress gradient.

Phase IV: The linear softening phase with shear stress

decreases toward residual shear stress under an almost

constant shear stress gradient.

Phase V: This phase involves the residual strength phase

of upper joint that stably slides on the lower joint.

The above analysis shows four shear displacements (or

shear stresses) where the significant joint surface

bFig. 6 Contour maps of surface asperity deformation. Upper surfaces

(left) and lower surfaces (right) under shear displacements of

a 0.4 mm (WJ-5), b 0.95 mm (WJ-4), c 2.0 mm (WJ-3), d 5.0 mm

(WJ-2), and e 10.0 mm (WJ-1)

Fig. 7 a Box and whisker plots of depth of asperity damage for lower joint surfaces under different shear displacements, b change of contact

area ratio, mean aperture and damage area ratio for lower joint surfaces at different shear displacements
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deformations are most likely to occur. The analysis spec-

ified that the subsequent shear tests should be stopped at

the following shear displacements to study the joint surface

evolution during shearing: 0.4 mm shear displacement

(WJ-5), peak shear displacement (WJ-4), 2.0 mm shear

displacement (transition from decreasing shear stress gra-

dient to a constant, WJ-3), and 5.0 mm shear displacement

(shear stress came to residual strength phase, WJ-2).

The subsequent test results can also be found in Fig. 4

and Table 2. WJ-1–WJ-4 show similar shear stress–shear

displacement relationship, but their peak shear stresses

vary from 1.40 to 1.69 MPa; this variation resulted from

unpredicted variables throughout shear tests that could not

be completely controlled.

5.3 Joint Surface Degradation and Void Space

Evolution

Figure 6 shows the contour maps of surface degradation

with shearing. It is clear that the surface damage of the

lower surface had relative clear degradation regularity than

that of the upper surface. Thus, the lower surface was more

suitable for further study of the joint surface degradation.

Note that after shear test and before surface scanning, joint

surfaces were cleaned by a soft brush to sweep the debris

that were just on the surfaces and they were not compacted

and attached to the joint surfaces. Some slightly attached

debris may have been swept in this procedure, causing

irregularity of the deformation of the upper surfaces, which

were dominated by debris accumulation. Figure 7a shows

the box and whisker diagrams illustrating the depth of

asperity damage on the lower surfaces. The mean asperity

damage depth was close to 0.1 mm at 0.4 mm shear dis-

placement, which indicates that most asperities of the joint

surface were in their integrity and undistorted. The mean

asperity damage depth reached 2.3 mm at 2.0 mm dis-

placement. Then, the mean asperity damage depth

decreased and tended to be constant of approximately

1.0–1.8 mm. However, the maximum asperity damage

depth increased before reaching 5.0 mm shear displace-

ment and then remained constant afterward; thus, the

maximum asperity depth peaked after the mean asperity

damage depth did. This condition was attributed to that

even though the maximum asperity damage height

increased until 5.0 mm shear displacement, the new weak

damage area increased rapidly, which offset and even

exceeded the further asperity damage on existing damage

bFig. 8 Evolution of contour maps of aperture distribution under shear

displacements of a 0.4 mm (WJ-5), b 0.95 mm (WJ-4), c 2.0 mm

(WJ-3), d 5.0 mm (WJ-2), e 9.4 mm (WJ-1). Red color in the contour

maps represents the contact area (color figure online)
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zones. The rapid increase in the new damage area can be

seen in Fig. 7b.

Figure 8 shows the void space at different shear dis-

placements. Figure 8 shows that the contact area and the

joint aperture aligned perpendicularly to the shear direction

and interlaced with one another. The contact areas

decreased all the way from evenly distributed in the joint

surface until the 10.0 mm shear displacement of a few

large isolated patches but were still perpendicularly aligned

to the shear direction. The decreasing of the joint contact

area ratios can be seen in Fig. 7b, where the joint contact

area ratios dropped sharply before 2.0 mm shear dis-

placement, then decreased slowly with a decreasing gra-

dient approaching 0.

6 Conclusions

A new method for estimating the joint surface and void

space evolution was presented in detail in this study.

Surface roughness calculation and repeat tests were

conducted to prove the reproducibility of the new

method. Several preliminary applications of the method

were also introduced, and the results were analyzed.

From the test result, the new method was able to capture

the damage area and damage degree of the joint surface

during shearing. Although this study places an emphasis

on the joint surface damage under shear, the proposed

method is more promising in investigating the evolution

of the joint shear mechanical related surface roughness

parameters, studying the relationship between the

changing parameters and the joint shear behavior, and

ultimately deriving the constitutive model for shear

stress–shear displacement. More importantly, the deter-

mination of the joint surface geometry and joint aperture

distribution during shearing provides a basic requirement

for joint shear-flow research and related numerical

simulations.
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