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Behaviour of a plane joint under horizontal cyclic shear loading
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Abstract. This paper describes lab test results of artificial rock-like material samples having a plane joint.
Cyclic shear tests were performed under different normal loads and different shear displacement amplitudes.
For this purpose, multi-stage normal loading tests (30 kN, 60 kN, 90 kN, 180 kN, 360 kN and 480 kN) with
cyclic excitation at frequency of 1.0 Hz and different shear displacement amplitudes (0.5 mm, 1.0 mm, 2.0
mm, 4.0 mm, 5.0 mm, and 8.0 mm) were conducted using the big shear box device GS-1000. Experimental
results show, that shear forces increase with the increase of normal forces and quasi-static friction coefficient
is larger than dynamic one. With the increase of normal loads, approaching the peak value of shear forces
needs larger shear displacements. During each cycle the normal displacements increase and decrease
(rotational behavior in every cycle). Peak angle of inclination increases with the increase of normal load. A
phase shift between maximum shear displacement and maximum shear force is observed. The
corresponding time shift decreases with increasing normal load and increases with increasing shear
displacement amplitudes.
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1. Introduction

Stability and service ability of civil and mining engineering projects have to consider the
existence and the behavior of joints in the rock mass. The presence of discontinuities often reduces
the strength and stiffness of the rock. Understanding the shear behaviour of jointed rock masses is
very important for many engineering projects (e.g., for surface and underground excavations, dam
foundations or geothermal reservoirs) and for avoiding geological hazards (Hoek and Brown 1980,
Hoek and Bray 1981, Babanouri et al. 2011, Liu et al. 2012, 2013, Liu and Dang 2014, Li et al.
20164, b). In order to get a deeper understanding of the shear behaviour of joints, direct shear box
tests under constant normal load (CNL) and constant normal stiffness (CNS) conditions are
becoming increasingly popular, and got attention by several researchers in the recent past (e.g.,
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Barton and Choubey 1977, Lee et al. 2014, Nguyen et al. 2013, 2014, Dang et al. 2016a, 2017,
Dang 2017). Due to blasting or earthquake excitation, rock masses suffer dynamic loadings.
Therefore, dynamic effects on rock masses need to be considered and several researchers
investigated the rock behaviour under dynamic loading conditions (e.g., Crawford and Curran,
1981, Kana et al. 1996, Lee et al. 2001, Jafari et al. 2003, Bagde and Pertros 2005, Belem et al.
2007, Guo et al. 2011, Liu et al. 2011, 2012, Konietzky et al. 2012, Cabalar et al. 2013, Nguyen et
al. 2014, Tao et al. 2012, 2013a, 2013b, 2015, Xu et al. 2015, Zhou et al. 2015, 2017, Dang et al.
2016Db, Dang 2017, Li et al. 2017).

Bagde and Petros (2005) studied the fatigue properties of intact sandstone under different
waveforms, amplitudes and frequencies. They concluded that all these three factors have great
effect on the fatigue properties. The most critical damage was observed applying square waves
with low frequency and low amplitude. Guo et al. (2011) investigated the fatigue damage and
irreversible deformation of salt rock under uniaxial cyclic loading. They found that fatigue life of
rocks is mainly influenced by its structure as well as applied stress amplitude. Liu et al. (2011,
2012) carried out axial cyclic loading tests on sandstone samples. They recognized that under large
confining pressure the samples failed after fewer cycles. They also found, that axial strain and
number of cycles up to failure increase with increasing frequency. Lee et al. (2001) investigated
the asperity degradation of rough rock joints under cyclic shear loading. Cyclic shear lab tests
were conducted for two joint types of Hwangdeung granite and Yeosan marble: Saw-cut and split
tensile joints. They found high peak shear strength and non-linear dilation in the first loading
cycle, different frictional resistance for the reverse shear loading direction, anisotropic shear
behavior and its dependence on the normal stress level. Jafari et al. (2003) studied the variation of
the shear strength of rock joints under cyclic loading and found, that shear strength of joints is
related to shear velocity, number of loading cycles and stress amplitudes. Belem et al. (2007)
conducted cyclic shear tests of specimens with different shapes and proposed two rock joint
surface roughness degradation models to predict the variation of joint surface degradation during
monotonic and cyclic shearing. Ferrero et al. (2010) performed cyclic shear tests with frequencies
ranging from 0.013 to 3.9 Hz and maximum displacements between 1.0 and 4.0 mm. They found
that shear strength decrease is strongly dependent on amplitudes. Konietzky et al. (2012) have
developed a new large dynamic direct shear box device called GS-1000 for both quasi-static and
dynamic tests. Dynamic tests were conducted on shale stone samples with dynamic normal load
(earthquake signal) of about 550 kN and a shear load of about 300 kN. They found that shear
strength decreases with ongoing shear displacement and the dynamic input also leads to a further
settlement (joint closure) of the sample. Thevenet et al. (2013) investigated the behavior of
adhesively bonded joints under cyclic shear loading with different impact amplitudes. They
underlined, that the evolution of viscous deformations and damage depends on the loading type.
Mirzaghorbanali et al. (2014) performed cyclic shear tests in the lab on artificial rock joints with
different shear rates and initial normal stresses under CNS conditions and found that shear strength
decreases with increase in the loading cycles and shear rate. When the normal force was increased,
the effect of shear rate became less pronounced. Nguyen et al. (2014) conducted cyclic shear tests
on Mayen-Koblenz slate and found, that peak shear stress of the jointed rock under dynamic
loading shows tendency to increase with time. Depending on the joint orientation the peak shear
stresses are higher or lower in the positive or negative shear direction, respectively. The peak shear
stress under dynamic loading is approximately 30% higher than that under static loading. The
normal stress was nearly constant during cyclic shearing. Dang et al. (2016a, b) performed static
and dynamic shear tests on planar joints. They found that shear forces and sample inclination
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(rotation) of the specimen increase with increasing normal load and decrease with increasing shear
speed under quasi-static conditions, and force distribution at the joint becomes very
inhomogeneous during shearing. Under dynamic normal load conditions, shear force and friction
coefficient show cyclic behaviour, characterized by significant time shift between normal and
shear force (shear force delay), between normal force and friction coefficient (friction coefficient
delay). Also, the relative time shift between peak normal force and peak shear force decreases with
increasing impact amplitudes; the relative time shift between peak normal force and peak friction
coefficient is nearly constant. Finally, they proposed a new shear strength criterion for joints under
constant shear velocity and sinusoidal normal loading.

ISRM suggested methods for lab shear tests recommend the use of three to four transducers to
measure vertical displacement (Muralha et al. 2014). However, due to the limitations of the shear
box devices, in former studies scientists were always taking the average normal displacements of
the jointed specimen to evaluate the dilation during cyclic shearing (Kana et al. 1996, Nguyen et
al. 2014). However, detailed consideration shows that normal displacements of the top specimen at
different observation points are significantly different (Dang et al. 2016a, b, 2017). Considering
only average normal displacements leads to a loss of information and prevents a deeper
understanding of joint behavior under cyclic shearing.

The aim of this study is to investigate the cyclic shear behaviour of artificial jointed specimens
having a smooth plane joint surface. Special attention was payed to the influence of normal loads
and shear displacement amplitudes. Normal loads varied from 30 kN to 480 kN, shear
displacement amplitudes varied from 0.5 mm to 8.0 mm. Normal displacements of the top
specimen were measured at the four corners by four Linear Variable Differential Transformers
(LVDTs) with high accuracy (+/- 0.001 mm).

2. Laboratory investigation
2.1 GS-1000 shear box device

The cyclic shear tests were performed using the GS-1000 shear box device (Fig. 1). GS-1000
shear box device was developed in 2012 at the Chair of Rock Mechanics at the TU Bergakademie
Freiberg, Germany (Konietzky et al. 2012). Hydraulic aggregate, shear box with horizontal and
vertical frame, electronic control unit and water cooling system are the most important
components. The main technical specifications of the GS-1000 apparatus are given in Table 1. As
shown in Fig. 1(c), shear displacement is measured by a horizontal LVDT, which is attached to the
bottom part of the shear box. The normal displacement is measured by four vertical LVDTS, which
were positioned at the four corners of the upper part of the shear box. Normal and shear loads were
measured by load-cells integrated in the vertical and horizontal loading pistons.

Table 1 Main technical data of GS-1000 shear box device

Item Value
Normal force from O kN to +1000 kN
Shear force from -300 kN up to +800 kN
Maximum shear displacement 50 mm

Shear velocity from <1e-7 mm/s up to 70 mm/s
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Table 1 Continued

Item Value
Frequency from 0 Hz to 40Hz
Dynamic loading -500 kN up to +500 kN superimposed on static force level

_ Vertical
.| frame

Piston for
normal load

|| Piston for
~_shear load

(b) Main components

Lower shear frame

Vertical LVDT 1

Vertical LVDT 2

Shear LVDT

Vertical LVDT 3

Vertical LVDT 4

(c) LVDTs and data logging unit AM8 (d) Shear box with the specimen inside
Fig. 1 GS-1000 shear box device (Konietzky et al. 2012)

Table 2 Mechanical parameters of concrete specimen

Tensile Uniaxial — Young’s  pocon conesion MM bijation  Density
Item strength  compressive  modulus ratio (MPa) friction angle () (glemd)
(MPa)  Strength (MPa) (GPa) angle () g 9
Concrete 2.5 19.1 30 0.2 7.2 30 10 2.50
[ 1]
)
300 160
(a) Geometry and size (unit: mm) (b) Real sample

Fig. 2 Lab samples


http://tu-freiberg.de/fakult3/gt/feme/labor/grossschergeraet.jpg

Behaviour of a plane joint under horizontal cyclic shear loading 813

e ﬂcno _ constant
¥ 0
Shear
velocity 33 :E

TV TV Frr FrE TOT

_llsr
Fig. 3 Set-up of cyclic shear test (CNL-test)

Table 3 Test schemes

Sample Stage Fr f U
(kN) (Hz) (mm)
1 30 0 20
2 60 0 20
3 90 0 20
bT.0 4 180 0 20
5 240 0 20
6 360 0 20
1 30 1 5
2 60 1 5
3 0] 1 5
DT_1 4 180 1 5
5 240 1 5
6 360 1 5
7 480 1 5
1 30 1 0.5
2 30 1 1
DT_2 3 30 1 2
4 30 1 4
5 30 1 8
1 90 1 0.5
2 90 1 1
DT_3 3 90 1 2
4 90 1 4
5 90 1 8
1 180 1 0.5
2 180 1 1
DT 4 3 180 1 2
4 180 1 4
5 180 1 8
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2.2 Laboratory test set-up

To have several samples with nearly identical properties available, concrete replicas of jointed
rocks were used in this study. The replicas were made from the same concrete and have nearly
identical matrix and surface properties, which allows to perform several shear experiments with
nearly identical samples and consequently, to study the influence of different loading parameters
on the shear behaviour. The size of the specimen was 300 mmx160 mmx150 mm
(length/width/height) (Fig. 2). The specimens were made of CEM | 325 R cement and
Hohenpockaer glassand with weight ratio of 1:3. The mechanical properties of the material tested
after 28 days are shown in Table 2.

In this research, the cyclic loading was applied as a dynamic excitation in the horizontal
direction applying an additional constant normal load on top of the specimen (Fig. 3).

The shear displacement controlled sinusoidal excitation was applied horizontally to the bottom
part of specimen as follows

u, =u,, sin(2zft) )

Us... Shear displacement

Umax- - - Amplitude of shear displacement

f... Frequency

t... Time

All cyclic tests (10 shearing-cycles at each normal load level) were performed with a frequency
of 1.0 Hz (as preliminary investigations have shown, in the range between 0.25 to 2.0 Hz shear
frequency has little influence on the peak shear force and dilation, therefore, only tests with 1.0 Hz
are presented within this paper). For comparison also simple static shear tests (DT_0) were
performed. For sample DT_1, the shear amplitude was maintained close to = 5.0 mm. The constant
normal loads applied on top of the specimen were 30 kN, 60 kN, 90 kN, 180 kN, 360 kN and 480
kN, respectively. For samples DT _2, DT_3, DT_4, keeping the frequency at 1.0 Hz, the shear
displacement amplitude was maintained close to + 0.5 mm, £ 1.0 mm, £ 2.0 mm, = 4.0 mm and +
8.0 mm, respectively, and the constant normal loads applied on top of the specimen were 30 kN,
90 kN and 180 kN, respectively. The specific test schemes are shown in Table 3.

Normal loading 30 kN
Nomal loading 60 kN

Normal loading 180 kN
Normal loading 240 kN

Nommal leading 80 kN Normal loading 360 KN 350
Sl Normal loading 480 kN
-~ U
[
4 f %
= ‘”J)f,f e
g (K e
S : 0 )
7 3 1 ol
A -
40 w
a0 -
-80p -350
Shear Displacement (mm) Shear Displacement (mm)

Fig. 4 Shear force versus time for different normal loads (shear displacement amplitude 5.0 mm)
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Fig. 5 Shear force versus time under different normal loads (shear displacement amplitude 5.0 mm)
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Fig. 6 Peak shear force changing behaviour
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Fig. 7 Amount of shear displacement to reach peak shear force under different normal loads
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Fig. 9 Cyclic shear behaviour influenced by shear displacement magnitudes

3. Tests results
3.1 Tests under different normal loads, but same shear displacement amplitudes

Figs. 4-6 show that peak shear forces increase with increasing normal loads. The absolute
values of peak shear force in the positive shear direction (push direction) and in the negative shear
direction (pull direction) are more or less the same. Under low normal loads (loads below 240 kN),
shear forces increase with shear displacement dramatically and the peak value is reached after
short shear displacement and keeps constant. With the increase of normal loads, larger shear
displacements are necessary to reach the peak shear force (also demonstrating in Fig. 7, larger
normal force needs longer shear displacement to peak shear force). Under higher normal loads
(loads above 360 kN), the shape of the curve of shear forces versus shear displacements changes.
After several cycles, under a normal load of 480 kN and up to shear displacements of about +
2.0 mm, the induced shear forces are below 100 kN. This is smaller than under the normal force of
180 kN, 240 kN or 360 kN. Consequently, the general conclusion that shear forces increase with
increasing normal loads is no longer true. This statement is valid only for low normal loads (in our
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case below 240 kN). As indicated by the results documented in Fig. 5 contact surface is damaged
seriously under high normal loads and the friction coefficient of the interface becomes smaller in a
certain area. After extended shear displacement, induced shear forces increase and reach the peak
value. Peak shear forces reduce with the increase of cyclic shear cycles and finally reach a constant
value (Fig. 6(b)).

When considering only the peak state, the relationship between the maximum values of shear
forces in push and pull direction, respectively, and normal forces are nearly linear (Fig. 6(a)).
Compared with the peak values of shear forces under static conditions, the peak shear forces
registered during cyclic tests show lower values, in other words, the friction angle is somewhat
smaller in a cyclic shearing progress.

We calculated the rotation of the upper part of the specimen using the formula

IS}JEEE??!B?!

a = arctan( (2)

Un@) -.- Normal displacement of left side

Ung) --. Normal displacement of right side

Ispecimen - .. Total length of specimen (=300 mm)

Fig. 8 shows the vertical movement of the top specimen during cyclic shearing. Rotation occurs
during each cycle. Under low normal load (below 240 kN), normal displacements reduce on one
side and increase on the other side of the sample. The corresponding angle of inclination is
increasing until a peak value is reached. During this period, the top specimen shows an
anticlockwise rotational trend and finally reaches a plateau level. Afterwards, the normal
displacements increase at the left side and reduce at the right side and the corresponding angle of
inclination is decreasing. Finally, a peak state with plateau is reached again and movement starts in
the opposite direction. During this period, the top specimen shows a clockwise rotation until the
peak state is reached. At 30 kN normal force, the maximum angle of inclination is 0.001 degree,
while it reaches 0.003 degree under a normal force of 180 kN. It is indicated that rotation increases
with increasing normal loads. However, when normal load exceeds 360 kN, the inclination
towards the positive side (push direction) is increasing during each cycle. This implies that
settlement of the top specimen increases step by step and the purely rotational behaviour is
superimposed with a major translational component. This is mainly caused by wear of the joint
surfaces followed by damage of the specimen and is in agreement with curves shown in Fig. 4.

The tests results shown above indicate that in order to avoid damage of the specimen during the
cyclic loading, normal loads should be kept below 240 kN. Therefore, only normal loads of 30 kN,
90 kN and 180 kN were chosen to investigate the cyclic shear behaviour influenced by different
shear displacement amplitudes.

3.2 Tests under different shear displacement amplitudes

Fig. 9 illustrates how the cyclic shear behaviour is influenced by shear displacement
magnitudes. Fig. 9(a) indicates that shear forces increase with increasing normal loads. Under the
same normal load, peak shear forces are nearly independent on the shear displacement amplitude.
This is in contrast to joints having asperities. Fig. 9(b) shows the rotation under different shear
displacement amplitudes and different normal loads. Considering the same shear displacement
amplitudes, higher normal loads give a bigger angle of inclination. This is in agreement with
results shown in Fig. 8. Under same normal load, the rotation increases with increasing shear
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displacements.

4, Discussion
4.1 Movement behaviour

The undesired rotation is caused by a force redistribution which leads to moments and
consequently inclination (rotation) of the sample. This phenomenon was simulated with the help of
a numerical model. The whole model consists of several parts: loading plate, lower shear box,
upper shear box, lower and upper part of specimen and corresponding interfaces. Size and shape as
well as initial and boundary conditions are identical to that of the lab tests. The numerical model
consists of 34403 grid points, 27600 zones, 3417 interface nodes and 6312 interface elements.
Normal force is applied at the loading plate. The top shear box is fixed in vertical and horizontal
direction. The cyclic shear velocity is applied to the lower shear box. A Mohr-Coulomb
constitutive model is chosen for the specimen and interfaces and an elastic constitutive model is
chosen for the shear box. Mechanical parameters are shown in Table 2. As illustrated in Fig. 10 the
reaction forces and principal stresses are uniformly distributed after applying the normal load.
However, with ongoing shear displacement reaction forces become more and more non-uniform.
Consequently, movements develop, which lead to sample rotation, which is explained in more
detailed by Dang et al. (2016a, 2017). Also, it is evident that the area in contact is decreasing
during the shearing progressed and therefore, stresses at the joint increase. This has to be
considered in the test data evaluation.

Nguyen et al. (2014) reported that during the cyclic shear tests shear movement of one cycle
can be subdivided into four phases: Forward advance, forward return, backward advance and
backward return. They only considered the average normal displacement at midpoint of the
specimen top to evaluate the vertical movement of the top specimen. We instead consider in detail
the rotational component. The normal displacements at the two ends of the specimen are different,
and the frequency of average normal displacement measured at the top of the specimen is twice the
input frequency. Shear and normal displacements versus time under normal load of 90 kN, shear
displacement frequency of 1.0 Hz and shear amplitude of 5.0 mm are shown in Fig. 11 for two
cycles.

I A s

Shear to Right Side Initial Position Shear to Left Side

Fig. 10 Reaction forces and principal stresses distribution at different shear stage
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Fig. 11 Shear and normal displacement versus time (frequency 1.0 Hz, normal load 90 kN).
Negative values for normal displacement indicate dilational behaviour. Positive values for shear
displacement indicatepush-direction

The four phases inside one cycle can be characterized as follows:

Phase |1 (A to B): Forward advance. The bottom specimen moves in the forward (push)
direction. After initial uniform dilation the left side of the top specimen shows compactional while
the right side continuously shows dilational behaviour. The amplitude of heave and settlement
increases with increasing shear displacement. The top part of the specimen experiences uplift.

Phase Il (B to C): Forward return. The bottom specimen is moving into the opposite direction.
The left side of the top specimen moves upwards and the right side moves downwards. The
amplitude of heave and settlement decreases with increasing shear displacement. The average
vertical movement is positive (downward direction, joint closure). At point C, the sample has
reached again the initial position.

Phase Il (C to D): Backward advance. Bottom specimen is still moving into the opposite
direction. At the left side, upward movement is still observed and at the right side movement
direction is changed from compaction to dilation. The amplitude of heave increases with
increasing shear displacement. The average vertical movement is negative indicating dilation.

Phase 1V (D to E): Backward return. The movement direction of the bottom specimen reverses
and has the same direction as in phase I. Normal displacement decreases at the left side and
increases at the right side. The amplitude of heave and settlement increases with increasing shear
displacement. The specimen shows compactional behavior in that phase.

4.2 Time shift

Fig. 12 shows the relationship between measured shear force and shear displacement versus
time for two different normal loads. This figure reveals a phase shift between the points of
reaching maximum shear displacement and maximum shear force. The shear displacement is phase
lagging with shear force. This behaviour is observed during all experiments. Our results are similar
to those reported by Ahola et al. (1996) and Nguyen et al. (2014). Ahola et al. (1996) explained
the phase shift with chatter of the joint surface and vibrations of the apparatus. In order to
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Fig. 13 Time gap

investigate the phase shift during the cyclic shearing in more detail, the influencing factors of
normal forces and shear displacement amplitudes were considered.

As documented in Fig. 13(a) for the same shear displacement frequency (1.0 Hz) and same
shear displacement amplitude (5.0 mm) a phase shift of 0.225 sec is observed for normal load of
30 kN, whereas a phase shift of only 0.05 sec is observed for normal load of 480 kN. This
indicates that phase shift decreases with increasing normal loads. In other words: Under higher
normal loads larger shear displacements are necessary to reach the maximum shear force (see

Figs. 4 and 7). A corresponding fitting equation can be deduced for the relation between normal
load and time gap

y=-0.0005x+0.3335 (R2=0.9989) 3)
y...Time gap
X...Normal load

Fig. 13(b) presents results for evolution of the time gap between max. shear displacement and
max. shear force for different normal loads and different shear displacement amplitudes. At a



Behaviour of a plane joint under horizontal cyclic shear loading 821

frequency of 1.0 Hz, normal loads of 30 kN, 90 kN and 180 kN, respectively, and shear
displacement amplitude of 1.0 mm, phase shift is 0.26 sec (30 kN), 0.21 sec (90 kN) and 0.1 sec
(180 kN), respectively. However, it is 0.41 sec (30 kN), 0.33 sec (90 kN) and 0.27 sec (180 kN)
considering a shear displacement amplitude of 8.0 mm. This indicates that phase shift increases
with increasing shear displacement amplitude. Fitted equations for the relation between shear
displacement amplitude and time gap are deduced as follows

y=0.0678In(x)+0.257 (RZ=0.9973) for normal load of 30 kN 4
y = 0.0692In(x) + 0.218 (R2= 0.9931) for normal load of 90 kN (5)
y = 0.1024In(x) + 0.111 (R2= 0.9817) for normal load of 180 kN (6)

y...Time gap

X...Shear displacement amplitude

It can be concluded, that phase shift between shear forces and shear displacements is influenced
by both, normal load and shear displacement amplitude.

5. Conclusions

This paper discusses a study of the variation in shear strength of a plane joint replica in
different cyclic loading conditions. The following main conclusions may be drawn from this
investigation.

» Peak shear forces increase with increasing normal loads and friction angle is smaller in a
cyclic shearing progress than in a quasi-static shearing test.

« During each cycle the normal displacements increase and decrease (rotational behavior in
every cycle), peak angle of inclination increases with increasing of normal force and shear
displacement amplitude. And, the unwanted rotation is caused by uneven force distribution during
shearing.

« Peak shear forces are nearly independent on the shear displacement amplitudes.

* There is a phase shift between maximum shear displacement and maximum shear force. The
corresponding time gap decreases with increasing normal load and increases with increasing shear
displacement amplitude.
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