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SCALE EFFECT ON SHEAR STRENGTH OF 

COMPUTER-AIDED-MANUFACTURED JOINTS 
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ABSTRACT 

In order to systematically study the scale effect on the shear strength of rock joints, this study used the computer-aided- 
manufacturing system to reproduce the artificial rock joints for Barton’s standard joint profiles of JRC  4 ~ 6 and 18 ~ 20, natu-
ral rock joint profiles, and saw-toothed joints. We divided, enlarged, reduced, and assembled these joint profiles to obtain joint 
specimens of various sizes ranging from 75 mm to 300 mm in length. Direct shear tests were conducted on these joint specimens 
to obtain the peak shear strengths under different normal stresses. The surface conditions of the joints at failure were also exam-
ined. Based on the test results in this study, it was found that the joint surface geometry configuration rather than the specimen 
size itself is the main factor in the scale effect on the peak shear strength of rock joints. The geometry configuration or roughness 
of each individual joint should be evaluated in the use of empirical relations to compute the shear strengths of rock joints of vari-
ous sizes. 
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1. INTRODUCTION 

There exists a scale effect on the strength of rock materials, 
including rock masses, intact rocks, fractured rocks and rock 
joints. The scale effect on the peak shear strength of rock joints 
has been studied previously by many researchers. They usually 
divided a large natural or artificially reproduced rock joint 
specimen into various smaller sizes of rock joints. Direct shear 
tests under a given normal stress were then conducted on these 
rock joints of various sizes. The scale effect on the peak shear 
strength was then obtained empirically by comparing the average 
peak shear strength of rock joints of each specimen size to that of 
the original larger specimen. The relations thus obtained repre-
sented the trend of changes for overall average values of shear 
strengths in a rather wide scattered range. Based on results of a 
large amount of shearing tests, Barton and his co-workers (Bar-
ton and Choubey 1977; Bandis et al. 1981; Barton and Bandis 
1982) proposed an empirical equation to estimate the peak shear 
strength (p) of a rock joint: 

tan logp n b
n

JCS
JRC
  

         
 (1) 

where n  normal stress on the joint surface, JRC  joint rough-
ness coefficient, JCS  joint wall compression strength, and b = 

basic friction angle. They considered the scale effect on the shear 
strength using: 
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where Lo  laboratory joint size (nominal 100 mm), Ln  in situ 
joint size, JRCo and JCSo  JRC and JCS values for the labora-
tory specimen size, and JRCn and JCSn  JRC and JCS values for 
the in situ joint size. According to Eqs. (1), (2) and (3), the peak 
shear strength of rock joint decreases with increasing joint size. 
Others also developed various size-dependent characterizations 
for rock joint surface roughness (e.g., Fardin et al. 2001; Murata 
and Saito 2003) by the similar approach. Meso and macro con-
stitutive modeling for scale effect on the shear strength of rock 
joints was carried out by Vallier et al. (2005). 

In fact, the scale effect of the peak shear strength of a rock 
joint surface includes the effects of specimen size itself and the 
geometry configuration of the joint surface. It is not uncommon 
that the scale effect on peak shear strengths of many particular 
rock joints does not follow the average trend of size effect for the 
combination of all rock joints with different roughness and sur-
face geometries. It was found in some studies that the shear 
strength of joints decreased with increasing specimen size (e.g., 
Pratt et al. 1974; Giani et al. 1992), while in other cases, the 
strength increased with specimen size (e.g., Giani et al. 1992; 
Brown et al. 1977). In these previous studies, the variations of 
roughness and geometry configurations of the joint surface pro-
files of different specimen sizes were not thoroughly considered 
in the empirical correlation. The geometry characteristics or the 
roughness of a divided smaller joint surface could be quite dif-
ferent from that of the original larger joint surface. On the other 
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hand, is the JRC value of an enlarged or reduced joint surface 
profile (in both horizontal and vertical directions) the same as 
that of the original one or does it change according to Eq. (2)? 
Therefore, without fully understanding of the true affecting fac-
tors and the mechanism of the scale effect on the peak shear 
strength, these empirical relations, e.g., Eqs. (1), (2) and (3), can 
only be used for preliminary rough estimate of shear strengths of 
various sizes of rock joints, but are not suitable for more accurate 
modeling or theoretical analysis. 

In order to clarify the aforementioned concerns, different 
sizes of rock joint specimens with systematically varying geome-
try configurations of the joint surface profiles are made using a 
computer-aided-manufacturing (CAM) system. The effects of 
size and geometry on the peak shear strength of rock joints are 
evaluated according to the results of direct shear tests on these 
rock joint surfaces. 

2. COMPUTER-AIDED-MANUFACTURED 
JOINT SPECIMENS 

This study only considered a two-dimensional geometrical 
profile along the length, i.e., in the shearing direction of the joint 
specimen. The upper and lower joint surfaces are matched as for 
a tension joint. The size of a specimen is determined based on the 
length, rather than the area, of the joint specimen. The width of 
the specimen was kept at 100 mm for all different sizes of speci-
mens. The size and geometry of the joint surface were system-
atically varied for the study of the effect of geometry and size on 
the peak shear strength of the rock joint. In this study, the ge-
ometries of the original joint surface profiles included the flat 
smooth surface, triangular saw-toothed surfaces (including sym-

metrical 15 and 30 slopes with a tooth-base length of 20 mm), 
Barton's typical joint roughness profiles (JRC  4 ~ 6 and 18 ~ 
20), and Nankang sandstone natural joint surface (JRC  10 ~ 12 
comparing to Barton’s typical profiles). The original joint surface 
profiles were digitized and saved as electronic files. We consid-
ered 3 types of geometry configurations of joint surface profiles, 
which can be easily produced using the computer software 
(Chang 1999; Huang 2000): 

1. Division of a 300 mm profile into 1/2, 1/3, and 1/4 of the 
original length. Figure 1 shows an example of the division of 
the Barton’s typical profile of JRC  18 ~ 20. 

2. Enlargement of a 100-mm profile by 2 and 3 times, or reduc-
tion of a 300-mm profile by 1/3 and 2/3 proportionally in 
length and height. Figures 2 and 3 show examples of the joint 
profile enlargement and reduction, respectively. 

3. Assembly of two or three repeated 100-mm profiles into joints 
of 2 or 3 times the original profile length as shown in Fig. 4. 

Table 1 shows the joint surface profiles tested in this study. 
Except the flat smooth joint surface, the simulated joint surface 
was first produced as a Rapid Prototype (RP) model using the 
HELISYS’s LOM1015-PLUS laminated object manufacturing 
system in the CAM Laboratory, National Taiwan University. 
This system used a laser to cut a special type of paper (0.1 mm in 
thickness) into the prescribed shape controlled by the computer, 
and these sheets of paper were then glued together to become a 
solid RP model joint as shown in Fig. 5. This joint surface was 
used to cast the mould for the lower-half joint surface with sili-
con rubber (RTV-533) as the mould material. This mould was 
then used to cast the lower joint specimens and, in turn, the 
mould for the upper-half joint specimens. 

Table 1  Joint surface profiles tested in this study 

Original profile Geometry variation Length, mm 

Flat smooth Basic friction 100, 200, 300 

Barton’s JRC 4 ~ 6 Divide the enlarged 300-mm Barton's profile into 1/2 and 1/3  100, 150, 300 

Barton’s JRC 18 ~ 20 Divide the enlarged 300-mm Barton's profile into 1/2 and 1/3  75, 100, 150, 300 

Natural joint Divide the original 300-mm natural joint into1/2 and 1/3  100, 150, 300 

Saw tooth, 15° and 30° slopes, base  20 mm Enlarge the 100-mm profile by 2 and 3 times 100, 200, 300 

Barton’s JRC 4 ~ 6 Enlarge the 100-mm typical profile by 2 and 3 times 100, 200, 300 

Barton’s JRC 18 ~ 20 Enlarge the 100-mm typical profile by 2 and 3 times 100, 200, 300 

Natural joint Reduce the original profile by 1/2 and 1/3 100, 200, 300 

Barton’s JRC 4 ~ 6 Enlarge a 100-mm divided section by 2 and 3 times 100, 200, 300 

Barton’s JRC 18 ~ 20 Enlarge a 100-mm divided section by 2 and 3 times 100, 200, 300 

Natural joint Enlarge a 100-mm divided section by 2 and 3 times 100, 200, 300 

Barton’s JRC 4 ~ 6 Assembly of 2 and 3 repeated 100-mm typical profiles 100, 200, 300 

Barton’s JRC 18 ~ 20 Assembly of 2 and 3 repeated 100-mm typical profiles 100, 200, 300 

Saw tooth, 15 and 30 slopes, base 20 mm Assembly of 2 and 3 repeated 100-mm profiles 100, 200, 300 
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Fig. 1  Division of Barton’s JRC  18 ~ 20 profile 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 2  Enlargement of Barton’s JRC  4 ~ 6 profile 

 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 3  Reduction of a natural joint profile 

 

 

 

 

 

 

 

 

 

 

 

 

Fig. 4  Assembly of repeated Barton’s JRC  18 ~ 20 profiles 

 

Fig. 5  Rapid prototype models 

The flat smooth joints were obtained by saw-cutting a   
300 mm  100 mm  150 mm joint material into the desired 
specimen sizes and the surfaces were polished with 120 sand-
paper before direct shear tests. 

The casting material for the joint specimens consisted of a 
mixture of plaster of Paris, silica powder (606), and water (1 : 
0.75 : 1 by weight). The specimen was kept in a room of a tem-
perature at 26 ~ 30C and a relative humidity of 50 ~ 70 for a 
curing time of four weeks before testing in order to obtain con-
sistent material properties for different specimen sizes. The un-
confined compressive strength of the material ranged from 9.0 
MPa for a specimen of 54-mm in diameter to 6.8 MPa for a 
specimen of 162-mm in diameter. However, in the direct shear 
tests on the intact material, there was no significant difference in 
the peak shear stresses at failure under a given normal stress for 
specimens with lengths ranging from 75 mm to 200 mm as 
shown in Fig. 6. Therefore, differing from Eq. (3) for the uncon-
fined compressive strength, it is considered that there is insig-
nificant size effect on the shear strength under direct shearing for 
the joint material used in this study. 
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Fig. 6 Peak shear stress at failure for the intact specimen 
material 

3. DIRECT SHEAR TESTS ON JOINT 
SPECIMENS 

The direct shear tests on the joint specimens were performed 
using a 100-kN direct shear test apparatus capable of testing a 
specimen of up to 300  300 mm in cross section with a maxi-
mum shear displacement of 500 mm under a servo-controlled 
normal force of up to 100-kN. The machine was modified to pro-
vide the free dilation of the upper half of the joint specimen, to 
better constrain the rotation of the specimen, and to minimize the 
friction between the upper and lower shear boxes during shearing 
tests (Peng 2001). The tests were conducted following mostly the 
procedures given in the ISRM “Suggested method for laboratory 
determination of direct shear strength” (ISRM 1981). The shear-
ing rate was controlled at 0.5 mm/min. During the shearing tests, 
normal forces, normal displacements, shear forces, and shear 
displacements were measured and recorded by a data acquisition 
system. The peak shear strength of the joint was the maximum 
shear stress during the shear test. Owing to the large joint speci-
men sizes and the limitation of the equipment loading capacity, 
the applied normal stress conditions in this study only represent 
those usually encountered in civil engineering projects concern-
ing rock slope stability and excavations in a shallow ground 
compared to the much higher normal stresses involved in the 
deep mining. 

After each test, surface conditions of both upper and lower 
halves of the joint specimen were examined. Locations and dis-
tribution of the damaged areas due to crushing, shearing, tearing 
and other causes (they are called “failure areas” in this paper) on 
the upper and lower joint surfaces were then marked as shown in 
Fig. 7 (the dark colored areas are the intact surfaces and the light 
areas are the damaged surfaces) and the total failure area on each 
joint surface could be calculated accordingly. 

 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Fig. 7  Marked joint surface conditions after failure 

4. PEAK SHEAR STRENGTH TEST RESULTS 

4.1 Basic Friction Angle 

Figure 8 shows the results of the basic friction tests on the 
flat smooth joint specimens with lengths of 100 mm, 200 mm, 
and 300 mm. The basic friction angle is about 35 regardless of 
the specimen size. Apparently, there is no scale effect on the 
basic friction angle of flat smooth joint surfaces. 

4.2 Divided Joint Surfaces 

The relation of peak shear strength of divided joint specimen 
versus specimen length is given in Fig. 9. The test results show 
that the strengths of most individual smaller divided joints are 
higher than that of the larger original joint; but some smaller 
joints exhibit lower strengths than that of the larger joint. For a 
rougher (JRC  18 ~ 20) original joint surface, there is a obvious 
“positive” scale effect on the average peak shear strength of di-
vided joint specimens, i.e., the “average” peak shear strength 
decreases with increasing specimen size. However, for the 
smoother (JRC  4 ~ 6) and natural original joints (JRC  10 ~ 
12), there is only a slight scale effect on the peak shear strength 
of divided joint specimens. Similar findings were also obtained 
by Bandis et al. (1981) and Ohnishi and Herda (1993). 

Figure 10 shows the surface conditions after shear tests for 
the original and divided natural joint specimens. It can be seen 
that the failure areas on divided smaller joint surfaces are similar 
to those of the same corresponding parts of the original large 
joint surface. However, some divided joint surfaces show differ-
ent damage patterns of small asperities, probably leading to scat-
tering of the peak strengths of these specimens.  

It appeared that the geometry configuration or roughness of 
a divided smaller joint surface could be quite different from that 
of the original larger joint surface. Therefore, for the calculation 
of peak shear strength of a rock joint, besides the specimen size, 
the geometry of the joint surface profile should be re-evaluated 
for each individual divided joint specimen rather than regard-
lessly using Eqs. (2) and (3). 

4.3 Enlarged and Reduced Joint Surfaces 

For these proportionally enlarged and reduced joint surfaces, 
we consider their geometric configurations the same for different 
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Fig. 8  Results of basic friction tests on the flat smooth joints 
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(b)  = 0.882 MPa 

Fig. 9 Peak shear strengths of divided joints versus specimen 
length 

 
(a) 1/3 division, specimen length = 100 mm 

 
(b) 1/2 division, specimen length = 150 mm 

 
(c) original joint profile, specimen length = 300 mm 

Fig. 10 Surface conditions after shear tests for the divided 
natural joint specimens under normal stress =     
0.882 MPa 

specimen sizes. Figure 11 shows the test results of the peak shear 
strengths of the enlarged and reduced joint specimens versus 
specimen length. It can be seen that for joint specimens of pro-
portionally enlarged or reduced surface profiles in both length 
and height, there is no definite trend of change for the shear 
strength against the specimen length. No significant difference 
was found for the peak shear strengths and the sheared surface 
areas of joint specimens of different sizes under the same normal 
stress. Ohnishi and Yoshinaka (1992) also found the similar re-
sults for regular tooth joints with specimen lengths ranging from 
30 mm to 120 mm. 
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(a)   0.294 MPa 

0

0.5

1

1.5

2

0 100 200 300 400
Specimen length (mm)

S
he

ar
 s

tre
ng

th
 (M

P
a)

 .

JRC = 4-6 enlarged 
JRC = 18-20 enlarged
Natural enlarged
Natural reduced
Sawtooth 15° enlarged 
Sawtooth 30° enlarged 
Barton's eqs JRC=4-6
Barton's eqs JRC=18-20
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(c)   0.882 MPa 

Fig. 11 Peak shear strengths of enlarged and reduced joints 
versus specimen length 

The surface conditions after shearing, as shown in Fig. 12, 
indicate that the locations and sizes of the failure areas are simi-
lar for different enlarged and reduced specimen lengths. The 
same geometry configurations of these joint surfaces might be 
the reason. Therefore, there is no significant scale effect for rock 
joints with the same geometry configuration.  

4.4 Assembly of Repeated Joint Surfaces 

According to Fig. 13, for a smoother JRC  4 ~ 6 surface 
profile, there is little difference in the peak shear strengths of 
joint specimens of different assembly sizes under the same nor-
mal stress, whereas for the rougher, JRC  18 ~ 20, and 
saw-toothed surface profiles, the peak shear strength of the 
100-mm specimens is slightly higher than those of 200-mm and 
300-mm specimens. The shear strengths of specimens of the lat-
ter two sizes are essentially the same. Similar results were also 
found by Ohnishi and Herda (1993).  

For this type of joint specimens, even though the geometry 
of each joint segment is identical, the assembly of more than one 
joint segment exhibits a geometry configuration differing from 
that of the individual segment. Examination of the joint surface 
conditions after shear tests (Fig. 14) reveals that most of the sur-
face damage patterns are similar, but not identical, on each indi-
vidual segment of the original profile which was put together to 
form the assembled joint specimen. There are some differences in 
the details of the damage conditions among these individual parts.  

4.5 Discussions on Test Results 

The relations, Eqs. (1), (2) and (3), developed by Barton and 
his co-workers are also plotted on Figs. 9, 11 and 13 for JRC   
4 ~ 6 and 18 ~ 20 to compare with the test results. The values of 
parameters used in the computations are: Lo  100 mm, b  35, 
and JCSo  9.0 MPa. For the divided joint specimens (Fig. 9), the 
Barton’s relations correspond to the trend of variation of the 
tested peak shear strength versus joint length, except that these 
relations under-predicted the peak shear strength for the larger 
joint specimens. However, the test results for the enlarged, re-
duced, and assembled joint specimens (Figs. 11 and 13) do not fit 
well the Barton’s relations. It is interesting to note that the scale 
effect relations obtained by Barton and others were developed 
mostly based on the results of shearing tests on specimens di-
vided from larger joint specimens, but not on the proportionally 
enlarged or reduced rock joints.  

After evaluating the specimen sizes, the geometry configu-
rations and the peak shear strengths for various types of joint 
specimens presented in the previous Subsections, it can be con-
cluded that the peak shear strength of a rock joint is mainly af-
fected by the geometry configuration rather than the specimen size.  

Besides the effect of geometry configuration, the differences 
of the peak shear strength between small and large joint speci-
mens might possibly be caused by the fact that the match and 
contact between the upper and lower surfaces for the longer 
joints were more likely not as good as that for the smaller indi-
vidual joints, and the peak shear stress usually occurred at a lar-
ger displacement for the larger joint specimen, which in turn 
changed the dilatancy during shearing. In addition, the normal 
stress on the larger joint surface may be less uniformly distrib-
uted over the whole joint area. However, these would not affect 
the overall trend of scale effect on the peak shear strength of 
joints obtained in this study. 
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(a) original joint length = 100 mm 

 

(b) joint length = 200 mm 

 

(c) joint length = 300 mm 

Fig. 12 Joint surface conditions after shear tests for enlarged 
joint specimens (JRC  18 ~ 20) under normal stress  
0.588 MPa 

5. FAILURE AREAS OF JOINT SURFACE 
AFTER SHEAR TESTS 

The photographs of the marked joint surfaces after shear 
tests were digitized and the areas of the damaged and sheared-off 
parts (failure areas) of the upper and lower joint surfaces of each 
joint specimen were then computed accordingly. The percentage 
of the failure areas against the whole joint surface area was cal-
culated for each joint specimen according to: 
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(c)   0.882 MPa 

Fig. 13 Peak shear strengths of assembly of repeated joint 
surfaces 
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(a) original joint length  100 mm 

 
(b) 2  Joint length  200 mm 

 
(c) 3  Joint length  300 mm 

Fig. 14 Joint surface conditions after shear test for assembled 
joint specimens (JRC  18 ~ 20) under normal stress  
0.588 MPa 
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As expected, the failure area percentage increases with in-
creasing normal stress. For example, Fig. 15 is the test results for 
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Fig. 15 Failure area percentage versus normal stress for various 

sizes of enlarged joint specimens (JRC  4 ~ 6) 

the enlarged joint profiles with JRC  4 ~ 6. It was found, ac-
cording to the test results, that there is no definite trend of change 
of failure area percentage versus change of specimen size, except 
that for the nature joint specimens. Figure 16 shows that failure 
area percentage decreases with increasing joint specimen size for 
the natural joint surface in various test conditions. However, the 
changes of the failure areas on the joint surfaces do not generally 
correspond to the change of the peak shear strength versus 
specimen size as indicated in Section 4. 

6. CONCLUSIONS 
Rock joint specimens with systematically varied sizes and 

geometry configurations were made using a computer-aided- 
manufacturing system. Joint specimens of various sizes ranging 
from 75 mm to 300 mm in length were obtained by dividing, 
enlarging, reducing, and assembling various types of joint pro-
files. Direct shear tests on these joint specimens were performed 
under normal stresses usually encountered in civil engineering 
projects for rock slopes and excavations in a shallow depth. The 
effects of size and geometry on the peak shear strength of these 
rock joints were evaluated. The results obtained in this study 
show that: 
1. The average peak shear strength of the smaller divided joints 

tends to be higher than that of the original undivided joint, but 
the strength of each individual small divided joint is not nec-
essarily higher than that of the original joint. The scale effect is 
less significant for smoother joint surfaces. The roughness of 
each divided joint surface should be evaluated individually 
according to its geometry configuration. 

2. There is little scale effect on the peak shear strength of the 
joint specimen whose surface geometry is enlarged or reduced 
proportionally in both length and height. 

3. The peak shear strength of a joint composed of several re-
peated smaller joint profiles is slightly lower than that of the 
single smaller joint for rougher joint surfaces (JRC  18 ~ 20, 
and saw-toothed). No significant strength difference was found 
for smoother surfaces. 

4. The surface conditions after shearing for smaller joint speci-
mens exhibit damaged patterns of small asperities that were 
not observed for the larger specimens. 
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(a) Divide joint surfaces 

0

10

20

30

40

50

60

0 100 200 300 400

Specimen length (mm)

Fa
ilu

re
 a

re
a 

(%
)

σ=0.882 MPa

σ=0.588 MPa

σ=0.294 MPa

0

10

20

30

40

50

60

0 100 200 300 400

Specimen length (mm)

Fa
ilu

re
 a

re
a 

(%
)

σ=0.882 MPa

σ=0.588 MPa

σ=0.294 MPa

 

(b) Reduced joint surfaces 
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(c) Enlarged joint surfaces 

Fig. 16 Failure area percentage versus specimen size for the 
natural joint surfaces 

5. The geometry configuration of a joint surface is the main fac-
tor in the scale effect on the peak shear strength of rock joints. 
The geometry configuration should be carefully evaluated in 
using the Barton’s relations for calculating the shear strength 
of rock joints. 
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