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Abstract

The objective of this study is to experimentally investigate the rate-dependent shear strength of
rock fractures by performing triaxial shear testing under various shear velocities and confinements.
A polyaxial load frame is used to perform the shear tests on tension-induced fractures prepared in
50x50x87 mm’ rectangular blocks. The fracture area is 50x10 mm”.The specimens are prepared from
granite, marl and sandstone.The confining pressures vary from 1, 3, 7, 12 to 18 MPa. The axial
stresses are applied under constant rates equivalent to the shear velocities on the fractures from
8.7x10° to 8.7x10” mm/s. The asperity amplitudes on the fracture planes are measured from
laser-scanned profiles along the shear direction and used to estimate the joint roughness coefficients
(JRC) of the fracture. The JRC’s are averaged as 15, 8 and 6 for the granite, marl and sandstone.
The test results indicate that the peak shear strengths under each confinement increases with shear
velocities. The Barton’s criterion is modified here to explicitly incorporate the shear velocity and
confining pressure. The peak shear strength (7) is presented as:

T =0, tan{p, * +/RC - log [rc “(dg)" - exp(B - 03)/an] where o,= normal stress, @* = basic
friction angle or apparent friction angle of saw cut surface, x, 4, and S are empirical constants, d,=
shear velocity, and ;3= confining pressure.The equation fitswell to the experimental results for all
rock types. It allows a transition to the conventional direct shear test results by setting o3 equal to
zero. The equation can be used to predict rock fracture shear strengths under confining pressures and
shear velocitiesbeyond those used in this study.
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1. Introduction

Understanding the nature behavior of rock mass is important in many geotechnical applications.
The performance of engineering structures constructed in rock is concerned with the presence of
fractures in rock when subjected to forces and displacements (Curran and Leong, 1983; Li et al.,
2012). In rock masses, properties such as roughness, separation and joint aperture have considerable
effects on shear strength of rock fractures. The shear behavior of rock fractures is usually estimated
through direct shear tests (e.g., ASTM D5607-08) to determine the peak and residual strengths of the
rock fractures. Its test configurations however pose some disadvantages that the magnitudes of the
applied normal stress are limited by the uniaxial compressive strength of the rock and that the
fractures are sheared under unconfined conditions. The triaxial shear testing (Brady and Brown, 2006;
Jaeger et al., 2007) has been developed to simulate the frictional resistance of rock fractures under
confinements. The normal stress at which the shear strengths are measured can be controlled by the
applied axial stress and confining pressure.

The effect of shear velocity on rock fractures shear strength plays an important role in the stability
and safety assessment of the underground structures subjected to loading. Rapid loading or high shear
velocity (seismic load and blasting) may impose different behavior to the shearing resistance of rock
fractures, as compound to the slow loading or low velocity of displacement (Crawford and Curran,
1981; Li et al., 2012; Chokchai, 2013). The shear velocity can also affect the shearing resistance of
rock fractures, quantitative assessment of such effect has been rare.

The objective of this study is to determine the effects of shear velocity on fracture shear strength of
rocks under confinement. The effort involves performing triaxial shear tests on tension-induced
fractures and smooth saw-cut surfaces by using a polyaxial load frame. Mathematical relationships
between the shear velocity and the fractures shear strength are proposed to predict the shear strengths
subject under various loading rates and confinements.
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2. Samples preparation

The rock samples used in this study are Tak granite (Mahawat et al., 1990),Lopburi marl (Bunopas,
1992) and PhraWihan sandstone (BoonsenerandSonpiron, 1997) which have been prepared to obtain
rectangular block specimens with nominal dimensions of 50x50x87 mm® and fracture surface with an
area of 50x87 mm”. The fractures are artificially made in the laboratory by tension inducing method.
The normal to the fracture plane makes an angle 60° with the axis of the specimens. All fractures are
clean and well mated. The asperity amplitudes on the fracture planes are measured from the
laser-scanned profiles along the shear direction. The readings are made to the nearest 0.01 mm. Fig. 1
shows laser scanned images of a tension-induced fracture and the directions of the applied stresses
with respect to the fracture orientation. The maximum amplitudes are used to estimate the joint
roughness coefficients (JRC) of each fracture based on Barton’s chart (Barton, 1982). The joint
roughness coefficients are averaged as 15, 8 and 6 for the Tak granite, Lopburi marl and PhraWihan
sandstone, respectively.

(@)

Fig. 1. Laser scanned images of fracture in granite (a) and the directions ofapplied stresses with
respect to the fracture orientation (b).

3. Triaxial shear test

The rock is installed into the polyaxial load frame (Fig.2) (FuenkajornandKenkhunthod, 2010).
Neoprene sheets are used to minimize the friction at all interfaces between the loading platen and the
rock surface. A polyaxial load frame is applying the constant confining pressures (c;) from 1, 3, 7, 12
to 18 MPa.The specimen is first under hydrostatic condition. The axial stressis applied at a constant
rate varying from 107 to 107 mm/s. Digital pressure gages measure oil pressure in the hydraulic
cylinders that applies the axial stresses to the rectangular specimens. The peak shear strengthis
recorded. The test is terminated when a total shear displacement of 8 mm is reached. After shearing
the fractures are examined and photographed.
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Fig. 2. Polyaxial load frame and the directions of applied stress on the fracture plane
(FuenkajornandKenkhunthod, 2010).
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The shear stress (7) and its corresponding normal stress (o;) can be determined from the applied
principal stresses (o7 and o3) as follows:

T="Y%(0o; - 03) -sin2f (1)
o, = 72(0) T 03) + Vx(0; - 03) - cos2f )

The shear displacements can be calculated as:
dy = Y(d-ds) - sin23 3)

where/3 is the angle between o; and g;directions. For all specimens the angle £ equals to 60 degrees.
d,and d; are the fracture displacements monitored in the axial direction and the direction normal to the
strike of the fracture during the test, respectively. From Eq. (3) the rate shear displacements (d) that
are equivalent tod, from 10 to 102 mm/s can be determined as 8.7x10 to 8.7x10~ mmys.

4. Test results

Table 1 summarizes the shear strength results for the three rock types. The shear
stresses-displacements (z-d;) curves for the three rock types are shown in Figs. 3through 5. It is clear
that the shear strength at each confinement increases with the shear velocities.

Table 1. Summary of peak shear strengths and their corresponding normal stresses.

; Granite Sandstone Marl
ds O3
(mm/s) (MPa) (o] O, T Oy Oy T Oy O, T
(MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa) (MPa)
1 82.32 21.33  35.21 40.32 10.83 17.03 42.00 11.25 17.75

9744  26.61 40.89 6532 18.58  26.98 58.80 1695  24.16

8.7 x107 7 117.60 34.65 47.89 89.04 2751 3552 84.00 26.25 3334
12 142.80 44.70 56.64 11424 3756 4427 110.88  36.72  42.82

18 168.00 5550 6495 13944 4836 5259 13440 47.10 50.40

1 65.52 17.13 2794 3528 9.57 14.84 35.28 9.57 14.84
78.96 2199 3289 5823 16.81 2391 52.08 1527  21.25
8.7 x10™ 7 9744  29.61 39.16 80.64 2541 31.89 75.60 24.15  29.70

12 12096 3924 47.18 10641 35.60 40.88 97.44 33.36  37.00
18 144.48  49.62 5477 129.23 4581 48.16 121.23 4381 44.70

1 47.04 12.51 1994  28.56 7.89 11.98 28.90 7.97 12.08
60.48 1737 2489 5040 1485 20.52 44.39 1335 17.92
8.7 x10” 7 80.64 2541 31.89 7224 2331 2825 65.86 21.71  25.49

12 102.48 34.62 39.18 97.74 3344 37.13 85.68 3042 31.90
18 12432 4458 46.04 120.02 4350 44.18 107.52 4038 38.76

1 33.94 8.48 1295  23.52 6.63 9.75 21.84 6.21 9.02
45.36 13.59 1834 4267 1292 17.18 37.03 11.51 14.73
8.7 x10°° 7 64.01 2125 24,69 63.84 2121 2461 58.80 19.95 22.43

12 82.32  29.58 3045 87.73 3093 3279 76.27 28.07 27.83
18 104.16  39.54 3731 109.20 40.80 39.49 94.08 37.02 3294
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Fig. 3. Shear stresses (7) as a function of shear displacement (d) for granite.
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Fig. 4. Shear stresses (7) as a function of shear displacement (d;) for sandstone.
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Fig. 5. Shear stresses (7) as a function of shear displacement (d) for marl.

Post-test observation on the sheared off areas indicates that the asperity areas that have been

sheared off under each confinement increases with the shear velocities.

the marl specimens are shown in Fig. 6.
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S

@

mm/s

Some post-test fractures in

o5 =18 (MPa), ds —8.7x10°mm/s

)

Fig. 6. Some post-test fracture of marl: (a) confinement = 3 MPa and shear velocities = 8.7x10>and
(b) confinement = 18 MPa and shear velocities = 8.7x107.

5. Triaxial shear test of smooth saw-cut sufaces.

Shear strengths of saw-cut surfaces aredetermined to assess the effects of shear velocities and
confinements on the shearing resistance of smooth surfaces. The test method and strength calculation
are identical to those of the tension-induced fractures. The confining pressures are 1, 7, and 12 to MPa.
The shear velocities on the fractures are 8.7x10 and 8.7x10° mm/s. The Coulomb’s criterion is used
to represent the peak shear strengths under various shear velocities and confinements:

7= 0, tan(¢*) + c* 4)
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whereg* and c* are defined here as the apparent friction angle and apparent cohesion of the saw-cut
surfaces. This is primarily to avoid confusing with the fracture cohesion (¢) and friction angle (¢)
conventionally obtained from the direct shear test with constant normal stress. The above equation is
fitted to the experimental results in the forms of 7—o;, diagrams in Fig. 7. The shearing resistances for
the smooth surfaces of the three rock types tend to be independent of the shear velocities d;, as
evidenced by the similar values of ¢* and ¢* obtained from different shear velocities.

“.

25
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Fig. 7. Shear strength of smooth saw-cut surfaces.

6. Bartonstrength criterion
The Barton’s criterion is proposed here to represent the peak shear strengths of tension-induced

fractues:

= o, tan(¢* + JRC -log(c;*/ ;) %)
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whered,* represents thebasic friction angle or apparent friction angle of saw cuts surface ,o;*is
apparent joint wall compressive strength under confinements at each shear velocity, Regression
analysis performed to determine o;*in Eq. (5). The basic friction angle shown in Fig. 7. The
results of the regression analysis are shown in Table 2.

Table 2. Apparent joint wall strengths obtained from applying Barton criterion.

ds o g (MPa)

(mm/s) (MPa) Granite Sandstone Marl
1 2,410 287,077 667,169
2,264 220,958 358,222
8.7 x107 7 1,908 95,602 164,789
12 1,704 48,919 91,638

18 1,502 26,138 46,028
1 1,846 200,878 477,681
1,677 161,782 251,705
8.7 x10™ 7 1,355 65,052 107,410
12 1,194 34,898 48,199

18 1,040 17,124 25,379
1 1,230 141,903 313,786
1,111 105,684 151,069

8.7 x107 7 930 41,018 58,185
12 810 22,736 23,835

18 698 11,090 11,962

1 704 89,720 159,963

677 61,293 78,746

8.7 x10° 7 557 23,315 33,481
12 457 12,657 11,866

18 416 6,142 4,779

The results clearly indicate that o;*decreases as ozincrease. An empirical equation is proposed to
predict the o;*as a function of o3:

o = aexp(-f- o) ©)

wherea and [ are empirical constants. For the three rock types these empirical constants are defined
by the regression analysis as shown in Table 3. Good correlation is obtained (R*>0.9). The decrease
of empirical constants, awith shear velocities, dgcan be best described by a power equation (Fig. 8):
i A

a=K- (ds)
wherex and A are empirical constants from each rock as shown in Table 4.

Substituting Eq. (7) into (6) the apparent joint wall compressive strength can be presented as a
function of shear velocities and confinements:

o = (dy)" - exp(B - a3) (®)
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Table 3. Constantsa. and Bfor each rock.

0 = aexp(-f - 03)

dg a B
(mm/s) Granite Sandstone Marl Granite Sandstone Marl
8.7 x107 32 4,800 15,500 0.03 0.15 0.19
8.7 x10™ 24 3,550 11,100 0.03 0.15 0.19
8.7 x107 16 2,500 7,000 0.03 0.15 0.19
8.7 x10°° 10 1,400 3,000 0.03 0.15 0.19
»- 7 000-
30 < o © 6,000
o =78.084 (ds)
_ 25+ R2 = 0.980 - 5,000+ o = 11,740 (ds)O e S
g 50 EEE 4,000 R2=0.975
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54 1,000
0 B B L e e L el e s e e | 0 B B L B L B Rl N R R e ) |
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=
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Fig. 8. Empirical constants,cas a function ofshear velocity(ds)for all rock types.

Table 4 Constantsk, A and B for each rock.

o x= K- (ds)" -exp (B 03)

Rock Types K A B
Granite 78.084 0.175 0.03
Sandstone 11,740 0.176 0.15
Marl 52,792 0.234 0.19

Substituting Eq. (8) into (5) the complete for the shear strength criterion is obtained:

T =0, tan {¢, * +JRC - log [KI . (dS)K ~exp(—f - 03)/071] 9)



Vietrock2015 an ISRM specialized conference Vietrock2015
12-13March 2015, Hanoi, Vietnam

The modified Barton’s criterion agrees reasonably well with the test results as shown in Fig.9.
The figures are shown the upper and lower bounds of the peak shear strength obtained from the
triaxial shear tests method. The upper bound is define by the angle between the normal of fracture and
the axial direction which is maintain constant at 60 degrees. The lower bound is define as on basic
friction angle from smooth saw-cut surfaces test method.

70- 60° ds(mm’f) 70+
1 Equations (1),(2) 8.7x10" ] s g /
| Eg (1) ( i } | Equations (1 (2 go° d (mm/s)
60 60 sV
] ] 8.7 x10
50 1 50 1 8.7x 10"
T e 8.7x10°
< 40 T 40 87x10°
< 301 < 30/ -7
e e | //? ¢b= 33°
20 20 g
w0l 1, = optan(¢p+JRC log((of)/on)) 0] ~" %= ontan(pu+JIRC log((si)/on))
RECE L L I L 0
0O 10 20 30 40 50 60 70 0 10 20 30 40 50 60 70
on (MPa) on (MPa)
70 - ,
1 0=60°
804 Equations (1),(2) ,” d  (mmis)
504 / 8.7x10°
] 8.7 x 107
@ 40 8.7x10°
o ] 6
= 87x10
": 30j
20
10, _ cntan(¢)b+.J RC log((oj)/on))
. _//// o=k (ds) -exp(-B-o;)
0 10 20 30 40 50 60 70

on (MPa)
Fig. 9. Peak shear strengths from the modified Barton’s criterion.

7. Discussions and conclusions

The results imply that the shear velocity dependency of rough fracture is primarily due to the
time-dependent strength of the rock asperities on the fracture wall. This supported by the experimental
results obtained by Fuenkajorn & Khenkhunthod (2010) who conclude that the uniaxial and triaxial
compressive strengths and elastic modulus of rocks increase exponentially with the loading rate. It can
therefore be postulated that the time-dependent shear strengths of the fractures may be found in other
rock types of which compressive strengths are sensitive to loading rate.

In general the increase of the shear stresses and the normal stress with confining pressures as
observed here agrees reasonably well with the results obtained by Kapang et al. (2013). The confining
pressuresdecreasethe apparent joint wall compressive strengths. Thedecrease can be described by an
exponential equation (Eq. 8). This means that the fracture shear strengths from the (unconfined) direct
shear testing may not truly represent the fault or fracture shear strengths under the confinements of
in-situ conditions.

Theshearing resistances for the smooth surfaces of the three rock typestend to be independent of the
shear velocity. It may be postulatedthat the effects of the shear velocity may relate to the
fractureroughness, asperity amplitude and strength of the rock walls(hardness of rock surface).

The effect of shear velocity tends to pronounce more on the strong rocks with rough fracture
surfaces (granite) as compared to the softer rocks with relatively smooth fracture surfaces (marl).

The fractures tested here are quite similar for joint roughness coefficients (JRC = 6-15) and small
fracture area (50x87 mm?®), and obtained from only three rock types. More testing is desirable on
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various rock types and fracture characteristics to further investigate the effects of fracture roughness,
scale (e.g. Fardin et al., 2001), and strength of the asperities (e.g. Yang et al., 2001), and incorporate
them into the proposed shear strength criterion.
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