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Abstract

For rock fractures, the degradations in the strength of contacting asperities and the surface frictional resistance are responsible
for the water-induced weakening in the shear strength. To quantitatively examine their independent roles, direct shear tests
on sawtooth fracture samples of granite and sandstone under three moisture conditions: dry, surface wet and saturated, were
conducted subject to three levels of normal stresses. The surface wet condition only resulted in the variation in the basic
friction angle and the saturated samples underwent the degradation in both unconfined compressive strength (UCS) and
basic friction angle, which were obtained via unconfined compression test and direct shear test, respectively. Two weaken-
ing coefficients that represent the reductions in UCS and basic friction angle, respectively, were proposed and incorporated
into an analytical model, which quantifies the entire shear stress evolutions during shear based on a continuous yielding
mechanism. The difference in the shear strength between dry and surface wet conditions originates from the lubricant effect
of water represented by the change in basic friction angle with a weakening coefficient less than 10% for both rocks. Under
the saturated condition, the weakening coefficient of the UCS varies significantly from 15.17% for granite to 50.39% for
sandstone. A series of datasets that characterize the reductions in UCS and basic friction angle induced by water were col-
lected from the literature, which were then incorporated into the analytical model to estimate the general weakening trend
in the shear strength of the common rocks in practices. For crystalline rocks, the water-mediated lubrication seems to be
the primary mechanism reducing the shear strength, while for sedimentary rocks, the remarkable degradation in UCS may
dominate the weakening mechanism. The quantified weakening coefficients and the revealed weakening behavior of various
rocks can be directly linked to the fracture shear strength estimation in engineering design.
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1 Introduction

Water is one of the most important environmental factors
affecting the deformation and failure behaviors of fractured
rocks in engineering practices such as slopes, tunnels and
mining (Jaeger et al. 2007). Numerous experimental studies
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have been carried out to quantitatively characterize the
effect of water on the mechanical properties of various rocks
(Lajtai et al. 1987; Feucht and Logan 1990; Karfakis and
Askram Karfakis and Akram 1993; Dove 1995; Feng et al.
2001; Li et al. 2003; Nara et al. 2010; Wasantha and Ranjith
2014; Cherblanc et al. 2016; Hua et al. 2016; Wong et al.
2016; Zhao et al. 2017a, 2019a; Qiao et al. 2017). The reduc-
tions in the unconfined compressive strength (UCS), elastic
modulus and tensile strength of the clay-bearing rocks can
be up to 90%, 93% and 90%, respectively, with water con-
tent from oven-dried to saturated conditions (Erguler and
Ulusay 2009). Similar level of reduction (around 70%) has
also been reported for Carbonate rocks (Rajabzadeh et al.
2012). Comparatively, crystalline rocks demonstrate good
quality in resisting the water-induced degradation which
typically exhibits a reduction ratio less than 10% (Wong
et al. 2016). The presence of water also leads to a greater

@ Springer


http://crossmark.crossref.org/dialog/?doi=10.1007/s00603-020-02061-y&domain=pdf

2606

B.Lietal.

strain at failure, which becomes more obvious under greater
confining pressures (Lockner 1995). These examples suggest
a strong need in comprehensively understanding the weak-
ening effects of water on different rocks to efficiently assist
engineering design.

The magnitudes of the water-induced degradation of
rocks are dependent on the properties of both fluids and
rocks, as well as time. The chemical reactions can happen
more efficiently when immersed for a longer time in a solu-
tion with higher concentration of H*, thereby making the
rock samples softer and more ductile (Li et al. 2003). The
more water sensitive constituents such as clay and silt a rock
contains, the greater level the degradation may happen. The
extent of activated cracking of rocks in aqueous solution is
dependent on the micro-structure and mineralogical make-
up of the rock as well as the chemistry of the solution (Kar-
fakis and Akram 1993). For the rocks mainly consisting of
quartz and feldspar, the water—rock reactions result in the
reduction of cohesive strength only, while the friction angle
is almost unaffected. If rocks contain certain amounts of clay
or silt, both of the cohesive strength and the friction angle
will be reduced by the saturation (Li et al. 2005). Two dis-
tinct types of bonding within calcarenites are identified: tem-
porary bonding and persistent bonding, which are respon-
sible for the observed rapid decrease in rock strength when
water fills the pores (a short-term effect), and a long-term
weakening of saturated rocks (a long-term effect) (Ciantia
et al. 2015a, b). Previous studies suggested four possible
mechanisms responsible for the water-induced degradation
of intact rocks (Van Eeckhout 1976; Baud et al. 2000; Zhao
et al. 2017a): (1) fracture energy reduction (Lajtai et al.
1987; Dove 1995; Nara et al. 2010), (2) capillary tension
decrease, (3) frictional reduction (Feucht and Logan 1990)
and (4) chemical and corrosive deterioration (Feucht and
Logan 1990; Feng et al. 2001; Li et al. 2003).

Compared with the extensive studies on the water-
induced degradation of intact rocks, the number of studies
on the influence of water on the mechanical properties of
rock fractures, particularly the fracture shear strength, is lim-
ited. Previous studies revealed a reduction trend in the frac-
ture friction angle of various rock types under wet conditions
(Li et al. 2005; Gutierrez et al. 2000; Ulusay and Karakul
2016; Kim and Jeon 2019). For example, experiments on the
marl fractures demonstrated a strong dependency of shear
strength on the water content, i.e., the friction angle drops
from 22° for a dry fracture to 12° for a saturated fracture, and
the fracture cohesion decreases from 0.41 MPa under dry
conditions to 0.32 MPa under wet conditions (Pellet et al.
2013). Another test on sawtooth sandstone fractures revealed
a reduction ratio of 20-24% of the peak shear strength due
to wetting (Zhao et al. 2017b). The moisture condition also
alters the surface morphology of various fracture types after
being immersed in in situ solutions (Chen et al. 2014). The
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introduction of water into rock fractures may modify the
mechanical properties in two ways: (1) a purely mechanical
effect of pore pressure, i.e., the classical effective stress prin-
ciple, and (2) physicochemical interactions between water
and fracture walls, including lubrication, softening, argil-
lation, scouring and pressure solution (Zhao et al. 2018a).
Even though a few theoretical models have been developed
to describe the physico-chemically mediated changes in
fracture aperture (Yasuhara et al. 2004; Liu et al. 2006; Min
et al. 2009), the criteria for fracture shear strength under
different wetting conditions have not been reported to the
authors’ knowledge.

It has been well understood that the shearing resistance
along rock surfaces arises from two components: the basic
frictional resistance of the two flat surfaces determined by
the rock material, and the resistance offered by the rough-
ness on the fracture surface (Barton 1971). The basic fric-
tional resistance can be represented by a basic friction angle
(¢,) that is commonly estimated by tilt test or shear test on
flat rock surfaces. This angle typically ranges from 20° to
40° for different types of rocks and the wet samples exhibit
a reduction of 0—10° comparing to the dry samples (Alejano
et al. 2012). The degradation of intact rock when wetted
decreases the strength of asperities, which together with the
reduction in ¢, leads to the decreasing shear strength. On
the other hand, a great number of methods and parameters
have been developed for characterizing the surface rough-
ness such as the joint roughness coefficient (JRC), statistical
parameters, fractal dimensions, and wavelet analysis (e.g.,
Barton and Choubey 1977; Grasselli et al. 2002; Jiang et al.
2014; Li et al. 2008; Zou et al. 2015). These parameters
have been successfully incorporated into different criteria for
estimating the shear strength of rock fractures (e.g., Barton
1982; Saeb and Amadei 1992; Indraratna et al. 2015; Li
et al. 2018). The effect of water on the variation in surface
morphology happens very slowly especially for crystalline
rocks that may be negligible when fresh rocks are mainly
concerned. Therefore, the changes in the strength of asperi-
ties and the basic friction angle induced by water are con-
sidered as the two primary factors that influence the shear
behavior of wetted rock fractures.

To date, however, the existing studies mainly focused
on the effects of water on the intact rock strength and the
basic friction angle of fractures separately. None of them,
if any, have developed mechanical models that link these
two factors together and taken into account the entire wear
process on asperities during shear to systematically estimate
the change of peak and residual shear strengths induced by
water. Except the dry and saturated conditions, water flowing
into dry fractures that only wets the surface has been fre-
quently encountered in rock engineering, the effect of which
on the shear behavior has not received sufficient investi-
gation in the past. In light of these, this study conducted



Shear Strength of Rock Fractures Under Dry, Surface Wet and Saturated Conditions 2607

direct shear tests on granite and sandstone fracture samples
under three distinct moisture conditions: dry, surface wet,
and saturated, subject to three levels of normal stresses. A
mechanical model that formulates the continuous yielding
of contacting asperities in terms of shear-off was introduced
to calculate the entire shear stress evolution of the tested
fractures. The reductions in the UCS and ¢, required in the
calculation were obtained through unconfined compression
test on cylindrical samples and direct shear test on flat frac-
ture surfaces, respectively. After verification, this model
was applied to the collected datasets of seven types of rocks
reported in literature to estimate their fracture shear strength
under different moisture conditions. This study provides a
general understanding of the weakening shear strength of
rock fractures when wetted from the engineering viewpoint
by introducing two weakening coefficients to represent the
reduction in the fundamental shear resistance components,
which may benefit the engineering design when wetting con-
ditions are encountered.

2 Experimental Methods
2.1 Sample Preparation

It is well understood that rocks with different mineral
compositions can have significantly different responses to
water. We selected granite and sandstone that are extensively
encountered in engineering practices in this generic study.
The granite was collected from Beishan, China, a potential

site for high-level radioactive waste repository. A random
300-point modal analysis of three thin-sections showed that
the Beishan granite is composed of 30% quartz, 35% pla-
gioclase, 25% alkali feldspar, 6% biotite and 4% muscovite
in volumetric fraction. Most grains range between 0.1 and
0.2 mm in size. The sandstone is composed of 40% quartz,
36% feldspar, 21% debris (e.g., tuff and andesite) and 3%
clay in volumetric fraction. It is fine-grained with most
grain sizes smaller than 0.06 mm. Since this study primarily
focuses on the effect of wetting on the shear strength of frac-
tures, the underlying weakening mechanisms such as bond-
ing decay among minerals are referred to related literature
(Nara et al. 2010; Ciantia et al. 2015a, b; Zhao et al. 2017b).

To assess the influence of water on the shear behavior
of rock fractures, it is essential to understand the change
of fundamental mechanical properties of rocks before and
after wetting. In the experiment, we prepared four types
of samples: (1) cylindrical intact samples, (2) cubic frac-
ture samples with flat surfaces, (3) cubic fracture sam-
ples with triangularly shaped sawtooth asperities, and
(4) cubic fracture samples with rough-walled surfaces
(Fig. 1). The cylindrical intact samples have a diameter
of 5 cm and a height of 10 cm and the cubic fracture
samples have a side length of 5 cm. The cubic fracture
samples of type (2) were axially cut and polished to create
flat surfaces for determining the basic friction angle. The
samples of type (3) were saw-cut to form regular trian-
gularly shaped asperities. The height for each triangular
asperity is 2 mm and the inclination angle is 45°. The
rough-walled fracture samples [type (4)] were generated

(a)
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Fig. 1 Photographs of examples of the tested granite and sandstone
samples. a Cylindrical intact rock samples; (b) fracture sample with
flat surfaces; (c¢) sawtooth fracture samples; (d) tensile granite frac-

ture samples. In (a—c), the left and right samples are granite and sand-
stone, respectively
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by axially splitting intact rock blocks, analogous to Bra-
zilian test, which represent fresh tensile fractures existing
in nature.

It is notable that even for split fractures in laboratory
under well-controlled stress environment, the created
fractures still exhibit different degrees of roughness,
which may yield a wide range of shear strengths under
the same moisture condition due to the randomness and
non-stationarity of surface characteristics. The fractures
with regular asperities were preferentially selected over
rough-walled fractures because the uncertainties intro-
duced by the roughness may mask the actual effect of
wetting especially for crystalline rocks that suffer from a
limited strength degradation when saturated.

The cylindrical samples were divided into two groups
that were oven-dried and fully saturated, respectively. The
dry samples were heated by placing the samples in oven
for 24 h under a constant temperature of 60 °C. The other
group was immersed in distilled water and was placed in
a sealed canister subject to a vacuum pressure of 10 Pa for
3 days to achieve a complete saturation. The water—rock
reaction is sensitive to the temperature and its magnitude
depends on the reacting time (Yasuhara et al. 2004). Here,
we kept all samples at room temperature that is commonly
encountered in the field. The saturation time of 3 days
indicates that the samples have undergone the initial stage
of reaction, resulting in the weakening of rocks that is
typically fiercer than the following (Zhao et al. 2017a).
The test results shown below revealed that a short period
of 3 days still caused remarkable degradation of the rock
strength. We leave the influences of temperature and
immersed time to the next stage of research.

For the fracture samples, except the completely dry
and saturated conditions, we considered another moisture
condition where only the fracture surfaces are wet while
the matrix is dry, referred to as surface wet condition
(Fig. 2b). This condition represents some water-injection
or seepage related practices such as hydraulic fractur-
ing in dry rocks and rock slopes subject to occasional
rainfall. The shear test was conducted immediately after
the surfaces were wetted to ensure that chemical reaction
mediated degradation is negligibly small. Therefore, the
physical lubrication effect of water on the sliding that
may change the basic friction angle can be effectively
estimated under this condition.

Three samples were prepared for each moisture and
mechanical boundary condition to eliminate the testing
errors and ensure the repeatability of test, leading to 12
cylindrical samples and 108 cubic samples in total.
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Fig.2 Schematic view of shear tests under (a) dry, (b) surface wet,
and (c) saturated conditions. Water is indicated by the blue color
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2.2 Experimental Procedure

The mechanical properties of granite and sandstone were
determined through unconfined compression tests on dry
and saturated cylindrical samples, following the ISRM sug-
gested method for determining the UCS and deformability
of rock materials (Ulusay and Hudson 2007).

The direct shear test was performed on dry, surface wet,
and saturated samples with a servo-controlled shear appa-
ratus (YZW-50, Zhao et al. 2019b). Shear and normal loads
are applied by servo-controlled hydraulic jacks. The normal
load is perpendicular to the fracture plane and transferred
to the sample via a spherical junction and the horizontal
motion is guided by a precision linear bearing, which is
designed for low friction and a single degree of freedom.
This ensures that during shearing, the upper sample holder
can move with a minimum friction and bending moment.
High precision vertical and horizontal measurements of the
sample displacements are provided by two vertical LDVTs
and two horizontal LDVTs, respectively, directly attached to
the sample. Fracture samples were fixed into the upper and
lower shear boxes and normal stresses of 2 MPa, 5 MPa and
10 MPa, respectively, were applied to the samples. For sam-
ples under surface wet and saturated conditions, the samples
were placed in a water tank during test that ensured the frac-
ture void spaces were filled with water (Fig. 2). The samples
were then sheared at a displacement rate of 0.5 mm/min,
and the shear displacement and shear stress were accurately
measured and recorded via a PC equipped with a data-acqui-
sition system. Before and after each shear test, the morphol-
ogy of the fracture surface was measured using a laser scan-
ner (OKIO-5M, TENYOUN). To examine the shear-induced
damage on fracture surfaces, we transformed the digitized
surfaces before and after shear to the same coordinate sys-
tem and calculated the changes in asperity heights (Zhao
et al. 2018b). To obtain the basic friction angle of granite
and sandstone fractures under different moisture conditions,
direct shear tests were conducted on fracture samples with
flat surfaces following the same procedure described above.

3 Analytical Method

Li et al. (2018) developed an analytical model to predict
the shear behavior of rough-walled rock fractures and quan-
tify the deterioration of two-order asperities. The surface
roughness was quantitatively decomposed into waviness and
unevenness as recommended by ISRM (2007), and the meas-
urable geometric properties such as asperity wavelength and
angle were used for shear behavior estimation. This model,
comparing to previous models that are merely applicable
to regular-shaped asperities (Saeb and Amadei 1992; Ind-
raratna et al. 2005) and those based on statistical parameters

(e.g., JRC) (Indraratna et al. 2015), can better represent the
role played by the asperities of different sizes and the entire
evolution of shear stress in a shear process. Here, we intro-
duced two weakening coefficients f and f; that represent the
reduction ratio in UCS and ¢,, respectively, to this analytical
model to estimate the effect of moisture condition on the
fracture shear strength. Only key aspects of this method are
presented below, and details are available in Li et al. (2017,
2018).

A surface profile with roughness is characterized by the
waviness and the unevenness, which are quantified by the
inclination angle (i,,), wavelength (4,,) and amplitude (A,,) of
the waviness, and the inclination angle («,), wavelength (4,)
and amplitude (A,) of the unevenness (Li et al. 2017, 2018).

The total shear resistance is composed of the waviness
and unevenness that represent the effect of roughness, and
the basic friction of a fracture surface. Therefore, the mobi-
lisable shear stress, 7™, can be written as:

™ =, tan [(1 - ey, + i + | (1 — a,) + a0, (1)

where, f; is the weakening coefficient for the basic friction
angle ¢y, i is the mobilisable asperity angle for the wavi-
ness, a}' is the mobilisable asperity angle for the unevenness,
and o, is the shear stress required to shear-off an asperity.
The sheared-off area ratio, a,, of waviness and unevenness is:

s Ugo

W u
a, +as

a, = @)
Sg + Sg

where a¥ and a! denote the sheared area of waviness and
unevenness, respectively, and S};’ and Sg represent the initial
area of waviness and unevenness, respectively.

The dilation angles of waviness and unevenness at step i,
i4(i) and ay(i) are written as:

e CwOW(D)

tani (i) = ———
a0 2 — e W)

taniy(i — 1) 3)

e—ClOW (D)

tan ay(i) = tan ay(i — 1) (@)

2 — e=c(OWEG)
where ¢, and c,, are the degradation coefficients for the criti-
cal waviness and unevenness, respectively.

The classic wear theory suggests that the volume of
sheared-off asperities is a function of the normal stress,
shear displacement and surface roughness degree (Barwell
1958; Queener et al. 1965). Here, we improve the original
model developed by Li et al. (2018) by linking the evolu-
tion of asperity area to a function of the plastic work and the
remaining asperity area. The increment of the sheared asper-
ity area at step i, AS (i), over an increment of plastic work,
AWP (i) = tASL (i), is presumed to be linearly proportional to
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the asperity area available for shear at step i, equal to the un-
sheared asperity area at the last step S(i-1):

AS,(@) OSG—1)
—— =c()SE —
AWE (i) )
where c(i) is the degradation coefficient of the asperity at
step i, and S(i —1)=A@{ — 1A — 1)/2. A is the wavelength
and A is the amplitude for waviness or unevenness.

The sheared asperity area at step i is:

S,() =SG — 1) = §,@0) ©)

where S (i) is the un-sheared asperity area before experienc-
ing the increment in dilation Aé, (i) over step i. The sheared
areas of waviness and unevenness at step #, (i) and S (i)
can be written as:

SW(i)_MA(i_l)_M 7
sW=—""7 w cotiy(i) + cot i @
an _ A= A=)

S, () = ) [Au(l D cot (i) + cot 0‘0] ®

respectively, where i, is the initial inclination angle of
the waviness and «a is the initial inclination angle of the
unevenness.

The degradation coefficients of waviness and unevenness
at step i, c,,(i) and c,(i) are:

e (i) =k 40 9
" (1—-8,)o./S,G—1) ©)
c,(i) = k 2 (10)

(1= B,)o\/Syi—1)

where k is a dimensionless coefficient that represents the
effect of experimental environments such as temperature on
the asperity degradation that is constant here. j, is the weak-
ening coefficient for the UCS, i.e., o,. Rocks with a smaller
strength can be more fiercely damaged due to wear.

To present the decay of shear stiffness after the failure of
contacting asperities, a stiffness reduction factor, F, is intro-
duced as (Itasca Consulting Group Inc. 2011):

F=1-L (11)

Tm

Fk represents the present shear stiffness at given mobilis-
able shear stress, and 7 is the actual stress. The shear stress can
then be updated by:

t(i) =1 — 1)+ Fk,Ab, 12)
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where A4 is the increment of shear displacement. In the
elastic stage where the failure of contacting asperities has
not happened, the value of F is taken as 1.

The original model has been validated against the experi-
mental data on both artificial and natural fractures of differ-
ent rocks under varying initial normal stresses and normal
stiffness (Li et al. 2017, 2018). For the fractures with saw-
tooth asperities, the unevenness that represents small or sec-
ondary scale roughness vanishes and all the terms associated
with the unevenness can be simply removed from the calcu-
lation. The geometric measurement for the critical waviness
and critical unevenness of rough-walled fractures follows the
approach of Li et al. (2017). The values of 6, and ¢, under
the dry condition and their corresponding weakening coef-
ficients B, and f; under wetting conditions are determined
by the experiments mentioned above.

4 Results

4.1 Unconfined Compressive Strength and Basic
Friction Angle

Through the unconfined compression test, the mean value
and the standard deviation (SD) of UCS for granite and
sandstone were obtained as tabulated in Table 1. The specific
values for granite are 157.93 MPa with a SD of 2.83 MPa
under dry conditions and 133.97 MPa with a SD of 12 MPa
under saturated conditions. The values for sandstone are
76.60 MPa with a SD of 8.16 MPa under dry conditions and
38 MPa with a SD of 1.15 MPa under saturated conditions.
The weakening coefficients S are 15.17% and 50.39% for
granite and sandstone, respectively. These results conform
to the general behavior of granite and sandstone in dry and
saturated conditions, which are in concert with the fact that
the crystalline rocks have better resistance to the water-
induced degradation (Wong et al. 2016).

The evolutions of shear stress during shear tests on
the flat fracture samples under dry, surface wet and satu-
rated conditions are shown in Fig. 3. Unlike typical shear

Table 1 Measured values of UCS and ¢, and their weakening coef-
ficients under different moisture conditions for granite and sandstone

Rock type Moisture condition UCS (MPa) ¢, (°) S, (%) pf; (%)

Granite Dry 157.93 3346 0 0
Wet surface 157.93 30.59 O 8.58
Saturated 133.97 30.38 15.17 9.51

Sandstone Dry 76.60 3530 O 0
Wet surface 76.60 3292 0 6.80
Saturated 38.00 32,62 50.39 7.64
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Fig. 3 Relations between shear stress and shear displacement for flat fracture samples of (a) granite and (b) sandstone under three different mois-
ture conditions. Relations between shear strength and normal stress for flat fracture samples of (c¢) granite and (d) sandstone

stress—shear displacement curves of rough-walled frac-
tures, the curves obtained from flat surface are simply
composed of an increasing stage and a subsequent constant
stage without obvious peaks. This constant stage repre-
sents the dynamic frictional behavior of a rock material
that elevates with the increasing normal stress. The dry
samples exhibit the greatest values of shear stress for all
cases, followed by surface wet and saturated samples. Plot-
ting the shear strength against the normal stress, the incli-
nations of the best-fitted straight lines represent the basic
friction angles under the three conditions. As tabulated in
Table 1, the obtained values of ¢, for granite are 33.46°,
30.59° and 30.38°, and for sandstone are 35.32°, 32.92° and
32.62°, under dry, surface wet and saturated conditions,
respectively. The values of ¢, are almost identical for the
tests under surface wet and saturated conditions, which

are both several degrees lower than that under dry condi-
tions, indicating that ¢, is only controlled by the surface
condition for the same material. Since all the sample sur-
faces were treated by the same method (i.e., the same level
of polish), the only distinguishable factor resulting in the
difference is the moisture condition. The sandstone sam-
ples exhibit greater values of ¢, than those of the granite
due to the existence of small-scale undulations formed by
the porous structure of sandstone grains. Both rock types
exhibit a similar level of reduction in ¢, which may also
be attributed to the same preparation procedure for the
samples. The values under dry and wet conditions are in
concert with those determined by tilt test on cylindrical
rock samples (Alejano et al. 2012). From these results,
the weakening coefficients ff; were obtained as 8.58% and
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Table 2 Measured and calculated peak and residual shear strengths for granite and sandstone under different moisture conditions

Rock type Moisture condi- ¢, (MPa) Measured peak  Calculated peak  Correlation Measured Calculated Correlation
tion shear strength shear strength coefficient residual shear residual shear coefficient
(MPa) (MPa) strength (MPa) strength (MPa)
Granite Dry 2 5.55 5.81 0.999 1.02 1.48 0.971
5 12.24 12.03 39 2.56
10 21.67 21.8 7.54 7.67
Surface wet 2 4.39 4.47 0.81 1.35
5 9.73 9.73 3.28 3.24
10 18.81 18.46 7.28 6.98
Saturated 2 4.20 4.37 0.89 1.34
5 9.12 9.63 2.82 3.23
10 18.65 18.1 6 6.8
Sandstone Dry 2 591 5.99 0.996 1.52 1.59 0.991
5 10.67 10.73 3.68 3.78
10 16.07 16.45 7.34 7.49
Surface wet 2 4.92 5.02 1.55 1.48
5 8.39 8.79 3.07 3.55
10 13.17 13.54 6.82 7.04
Saturated 2 4.39 4.08 1.22 1.37
5 7.89 7.23 4.05 3.37
10 11.54 11.06 6.36 6.73

9.51% for granite, and 6.80% and 7.64% for sandstone
under surface wet and saturated conditions, respectively.

4.2 Shear Behavior

The obtained values of UCS and ¢, under dry condition
and the weakening coefficients under the other two condi-
tions were input into the analytical model to calculate the
full shear stress—shear displacement curves, which are
plotted together with the experimental results as shown in
Fig. 4. Here only the results of the samples with sawtooth
asperities are presented. Each experiment was repeated three
times to reduce the possible error. Since all the samples have
identical surface characteristics, the discrepancy among the
three repeated cases under each condition is considerably
small and the evolutions of the shear stress during shear
exhibit a similar tendency for all cases. This confirmed that
steady testing results could be obtained with the experimen-
tal procedure and the apparatus employed. The shear stress
increases rapidly in a nearly linear manner until reaching
the peak value, after which the stress exhibits a sudden
drop for most cases and gradually reaches some constant
residual values. Such sudden drop is frequently observed
on the failure of brittle materials, which, however, deviates
from the prediction of the analytical model to some extent,
which descends more gently after failure. For the sawtooth
asperities, the failure may happen simultaneously on all

asperities, triggering an instantaneous drop in the shear
stress as observed by the experimental measurement. In con-
trast, the analytical model considers a continuous yielding
mechanism based on the wear theory that produces much
slower descending post-failure curves. The increase in shear
stress after the sudden drop as observed on the experimental
results may be due to the recovery of shear stress required to
slide the fracture again after failure. Despite this difference,
the predictions made by the analytical model agree well with
the shear stresses measured by experiment.

To quantitatively compare the analytical and experimental
results, the peak and residual shear stresses of experimental
and analytical results are tabulated in Table 2 and the experi-
mental results are plotted against the normal stress as shown in
Fig. 5. Here, the shear stress at the shear displacement of 3 mm
was selected as the residual shear strength since the stress has
reached a steady state for most cases. It is obvious that the dry
samples exhibit much greater shear strength than the wetted
samples, and the shear strength of the surface wet samples is
slightly greater than the saturated samples. The peak shear
strengths of granite and sandstone fractures are fairly close to
each other at a relatively low normal stress, i.e., 2 MPa, and
the difference gradually increases up to 38% at the normal
stress of 10 MPa. In contrast, the residual shear strength of
two rock types maintains an almost identical level regardless
of the normal stress. The slopes of the bested fitted straight
lines in Fig. 5 represent the peak and residual friction angles,

@ Springer



2616

B.Lietal.

Dry, Peak

Surface wet, Peak
Saturated, Peak

Dry, Residual
Surface wet, Residual
A Saturated, Residual

20

oo pen

15

Shear strength (MPa)

[ >Smen]

.;E;Z 4

ey &
N .
2 s
;;;;

(a) Normal stress (MPa)

Dry, Peak

Surface wet, Peak
Saturated, Peak

Dry, Residual
Surface wet, Residual
A Saturated, Residual

20 A

oo en

15 A

Shear strength (MPa)

(b) Normal stress (MPa)

Fig.5 Peak (solid lines) and residual (dashed lines) shear strengths
versus normal stress for (a) granite and (b) sandstone obtained from
experiment. The numbers are friction angles

the values of which are presented on the figure. For the fiction
angle at peak, the granite exhibits reductions of 2.74°—4.57°
under surface wet and saturated conditions, while the values
for the sandstone range 6.32°-11.18°, above two times greater
than the granite. For the residual friction angle, two rocks
exhibit a similar range of reduction (around 4.32°-7.01°). In
the residual stage, the major asperities have been efficiently
sheared-off, and the residual shear stress is only mobilized by
the frictional resistance of smoothened surfaces. Therefore,
the residual friction angle corresponds well with the basic
friction angle (Table 1), with slightly greater values because
some undamaged asperities still make contributions to the
shear resistance in the residual stage.

From the values in Table 2, the coefficient of correlation
between the analytical and experimental results was calculated

@ Springer

that is greater than 0.97 for granite and sandstone, showing
that the analytical model precisely predicted the peak and
residual shear strengths under different moisture conditions.
It also confirmed that the difference in shear strength among
the three moisture conditions can be quantitatively character-
ized by the two weakening coefficients.

4.3 Surface Morphology After Test

Figure 6 shows the reductions of asperity heights owing to
shear under normal stress of 10 MPa. By comparing the
scanned fracture surface before and after direct shear test-
ing, the total volume loss of asperities can be determined
(Table 3). Obviously, the damage mainly happened at the
top of each asperity. The largest loss of asperity volume
occurred on the dry granite and sandstone fracture surfaces,
and the loss of asperity volume became less for the fractures
under surface wet or under saturated conditions. The volume
of sheared-off asperities was also calculated by the analyti-
cal model, and the analytical results are generally greater
than the measured values. In the measurement, we identified
that a small portion of sheared-off particles adhered firmly
to the surfaces by the compression in the subsequent shear
process, which was not considered in the present analytical
model. Such adhesion is more obvious in a wet environment,
which may be responsible for the discrepancy between the
experimental measurement and the analytical calculation
under wet conditions.

5 Applications
5.1 Application to Rough-Walled Fractures

The sawtooth samples represent an idealized geometry
of asperities, which have successfully helped in under-
standing the contributions of UCS and ¢, to the shear
strength degradation by eliminating the effect of rough-
ness as demonstrated above. We then applied the ana-
lytical model with the obtained weakening coefficients to
rough-walled fractures to further verify its applicability
to natural fractures. Shear test was conducted on tensile
granite fractures (Fig. 1d) subject to a normal stress of
10 MPa under three moisture conditions. Tensile sand-
stone fractures were not considered due to the limited
number of sandstone fracture samples. The splitting was
stress-controlled to generate tensile fracture surfaces with
similar level of roughness. The geometric characteristics
of the critical waviness and critical unevenness (i.e., i,
Aws @y, and 4,) were obtained by analyzing the digitized
surfaces (Fig. 7). The testing results and the correspond-
ing analytical results of the relations between shear stress
and shear displacement are shown in Fig. 7. The peak
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(a) (b)
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Fig.6 Surface morphology of sawtooth fracture samples sheared
under a normal stress of 10 MPa. a, b, ¢ Are granite samples under
dry, surface wet and saturated conditions, respectively, and (d), (e)

shear stress varies in a greater range for the three repeated
tests under each condition than those of the sawtooth
samples due to the variations in the surface roughness.
The greater values of the geometric parameters as shown
in the legend, the greater the shear strength. The peak
shear strength exhibits a clear descending trend under
dry, surface wet and saturated conditions, analogous to
the sawtooth samples, while such decline for the residual
strength is not obvious. The analytical model was able to
accurately predict the peak and residual shear strengths
(Fig. 7d), which validated the model itself and proved
again that the two weakening coefficients can efficiently
represent the water-induced degradation in the shear
strength of fractures.

Table 3 Sheared-off volume of granite and sandstone fracture sur-
faces under different moisture conditions

Rock type Moisture condition Measured Calculated

Granite Dry 361.65 370.41
Surface wet 331.57 361.78
Saturated 310.15 374.41

Sandstone Dry 403.36 440.53
Surface wet 390.59 433.53
Saturated 359.58 445.70

- 1.0 mm
- 0.8 mm
(c) - 0.5 mm

0.2 mm
0 mm

®

and (f) are sandstone samples under dry, surface wet and saturated
conditions, respectively

5.2 Application to Other Rock Types

The validated model allowed us to put forward an investi-
gation on the weakening in the shear strength of fractures
of various rock types. We collected a series of experimen-
tal datasets on the UCS and ¢y, of dry and saturated rocks
of seven rock types frequently encountered in the practices.
The datasets were reported by different researchers tested
under different environments that exhibit a wide range for
each rock type. To achieve a generic understanding, as
tabulated in Table 4, the mean values of UCS and ¢, for
each rock type under dry and saturated conditions were
used to calculate the peak and residual shear strengths.
The values of ¢, were presumed to be identical under sur-
face wet and saturated conditions given their close values
as tabulated in Table 1. Beside UCS and ¢y, the surface
roughness plays an important role in the shear strength.
Here, we calculated four levels of the inclination angle of
the major asperities (waviness), i.e., 10°, 20°, 30° and 40°
to parametrically study its influence. A constant value of
4 mm was assigned to the wavelength and the unevenness
is neglected since its contribution to the shear strength is
far smaller than that of the waviness (Li et al. 2018).
Figure 8 shows the predicted values of the peak and resid-
ual frictional coefficients for seven types of rock fractures.
The typical sedimentary rocks as mudstone and shale exhibit
the lowest fracture shear strength while the metamorphic
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Fig.7 a Representative surface morphology of the tested rough frac-
tures and their JRC values. Relations between shear stress and shear
displacement under (b) dry, (c) surface wet, (d) saturated conditions

rocks the greatest, which are in line with the general strength
properties of rocks. Different rocks also exhibit different
degradation behaviors under surface wet and saturated con-
ditions due to the comparative contributions of the reduc-
tions in UCS and ¢, to the peak shear strength. For instance,
the strength degradation is primarily controlled by the reduc-
tion in ¢, for marble, while it is controlled by the reduction
in UCS for sandstone (Table 4). The most obvious reduction
happens when the inclination angle i, changes from 10° to
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for tensile granite fractures sheared at a normal stress of 10 MPa and
their comparison with the analytical results. e The peak and residual
shear strengths under three moisture conditions

20° for granite, while the maximum occurs when i, changes
from 30° to 40°. This difference is attributed to the different
yielding behaviors controlled by the relative magnitudes of
UCS, ¢, and i, that can be realistically characterized by the
developed analytical model as validated by the experimental
results. The residual frictional coefficients are almost identi-
cal when sheared under surface wet and saturated conditions
due to their identical values of ¢, which are lower than that
under dry conditions in different degrees. The inclination
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Table 4 Collected experimental datasets of UCS and ¢, for dry and saturated rocks from literature

Rock type UCS (MPa) B (%) References ¢y, (°) P (%) References
Dry Saturated Dry Wet
Mudstone 51.38 8.31 83.83 Lashkaripour and Ajalloeian (2000) 32 29 9.38 Barton (1973)
Erguler and Ulusay (2009) Alejano et al. (2012)
Jiang et al. (2014)
Lu et al. (2017)
Siltstone 62.24 31.01 50.18 Vasarhelyi (2005) 32 30 6.25
Erguler and Ulusay (2009)
Zhang et al. (2017)
Limestone 37.8 24.71 34.63 Howarth (1987) 34 31 8.82
Rajabzadeh et al. (2012)
Sandstone 77.23 52.76 31.68 Hawkins (1998) 31 29 6.45
Vasarhelyi (2003)
Shukla et al. (2013)
Verstrynge et al. (2014)
Marble 67.35 50.94 24.37 Howarth (1987) 49 42 14.29
Rajabzadeh et al. (2012)
Shale 83.89 29.98 64.26 Lashkaripour and Ajalloeian (2000) 29 21 27.59
Bian et al. (2019)
Liu et al. (2018)
Granite 146.61 124.79 14.88 Lajtai et al. (1987) 33 31 6.06

angle has negligible influences on the residual frictional
coefficient because it is primarily a material property rather
than a geometric property, analogous to ¢,. For granite and
sandstone, the estimated peak and residual frictional coef-
ficients using the data from the literature are in good agree-
ment with the obtained values in this study. This indicates
that Fig. 8 can serve as a first approximation for wetting-
induced weakening of rock fractures. It is notable that the
above estimation did not consider the scale effect of frac-
tures, which can significantly influence the shear strength.
Previous studies have revealed a descending trend for the
shear strength with the increasing fracture size and corre-
sponding analytical/empirical models have been established
to account for this effect (Barton et al. 1985; Vallier et al.
2010; Tatone and Grasselli 2013; Hencher and Richards
2014). Therefore, these results need to be utilized in con-
junction with reasonable scale laws when different fracture
sizes are encountered.

6 Conclusions

Direct shear tests were conducted on granite and sandstone
fractures under dry, surface wet and saturated conditions
to investigate the effect of moisture condition on the shear
strength degradation. The variations in the UCS and ¢, were
experimentally constrained, which were transformed into
two weakening coefficients to quantify the degradations in

the strength of contacting asperities and the basic frictional
resistance. The weakening coefficients were then incorpo-
rated into an analytical model that characterizes the entire
stress evolution during shear based on wear theory to esti-
mate the shear strength under different moisture conditions.
The results revealed that the peak and residual shear
strengths exhibit a monotonic descending trend from dry to
surface wet and then saturated conditions. The difference in
the shear strength between dry and surface wet conditions
originates from the lubricant effect of water that can be rep-
resented by the change in ¢, with a weakening coefficient
less than 10% for both rocks. Under the saturated condition,
the weakening coefficient of the UCS varies significantly
from 15.17% for granite to 50.39% for sandstone, which
combined with the reduction in ¢, results in further deg-
radation of the shear strength. It is obvious that the friction
angle at peak is not a simple combination of ¢, and the slope
of major asperities, and the yielding and failure mechanisms
of contacting asperities need to be taken into account, which
is realized by the analytical model that calculates the shear
stress evolution based on the classic wear theory. The model
is able to precisely capture the peak and residual shear
strengths and provides a rough agreement with the measured
sheared-off volumes under different moisture conditions.
For other rocks, although the weakening coefficient of
¢y, 1s unlikely to become greater than 27.59%, the reduc-
tion in UCS spans a wide range from 14.88% for granite to
83.83% for mudstone. For crystalline rocks that suffer from

@ Springer



2620 B.Lietal.
16 P weakening could be accurately estimated that may con-
» imse tribute to the efficient and economic engineering works.
4 iz -3
dime

0.6 —

0.4 H

0.0

granite  granite  sandstone sandstone mudstone limestone  shale  siltstone  marble
(this study) (this study)

(a) Rock type
16
i
im0
1.4 4 =20
[—
12 3
1.0 o
o
o
o
< 081
B -
0.6
0.4
0.2
0.0
granite  granite  sandstone sandstone mudstone limestone  shale  siltstone  marble
(this study) (this study)
(b) Rock type

Fig.8 The values of the peak frictional coefficient (a) and residual
frictional coefficient (b) for seven types of rock fractures calculated
under four different slope angles of waviness. For each group of col-
umns, the left represents dry, the center represents surface wet and
the right represents saturated conditions. Results of granite and sand-
stone tested in the study are plotted for comparison

a relatively smaller degradation in the UCS, the water-
mediated lubrication seems to be the primary mechanism
reducing the shear strength as suggested by Eq. (1) and the
results. While for sedimentary rocks, particularly clay-rich
rocks, the remarkable degradation in UCS may dominate
the weakening in the shear strength since the variation in
¢y, s relatively gentle among different rocks. In practices,
the values of UCS and ¢, of rocks under different moisture
conditions can be steadily obtained via well-established
experiment methods as suggested by ISRM (Ulusay 2016),
which could help obtain the weakening coefficients. With
the developed analytical approach, the shear strength
of rock fractures and the magnitude of water-induced
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