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ABSTRACT

The presence of rock joints in the rock mass reduces the shear strength of the rock mass.
These natural rock joints influenced by the joint roughness, stiffness of the surrounding rock
mass, rate of shearing and seepage condition of the rock joint. The strength parameters
of the natural rock joint were simulated for two types of boundary condition viz. constant
normal load(CNL) and constant normal stiffness(CNS). It is challenging to measure the pore
water pressure in the direct shear environment so that saturated state of natural rock joints

was studied.

Splitting of the Kota sandstone blocks was planned and performed in the lab. With a
planned groove of 2 cm on all edges in a 300mm x 300mm x 125mm sized Kota sandstone
blocks made. This way split and matched Kota sandstone joints were carved out from this
natural rock block. Total eighty of Kota sandstone blocks used for creating a split. These

split specimens prepared for roughness measurement and shear strength testing.

A profilometric study was conducted for the estimation of the joint roughness of split
Kota sandstone. These split specimens placed on the Profilometer table, which can be moved
horizontally in both directions that is forward and backward. The longitudinal distance mea-
sured with a sampling interval of 10 mm and a transverse distance measured with a sampling
interval of 5 mm. Vertical distance(height) measured with the help of a data acquisition sys-
tem consisting of an LVDT of length 20 cm. This entire arrangement makes the 240 mm
square grid inside the joint surface after leaving 2 cm space on all four edges of the split
sandstone, in this square grid mesh, each element having a size of 10mm x bmm. After that

vertical distance at every corner of these rectangular elements also measured.

Primarily two algorithms were used for the analysis of Joint Roughness Coefficient(JRC).

These two JRC estimation algorithms were the root mean square derivative method (Z2) by
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Tse and Cruden(1979) and the roughness profile index(Rp) method by Maerz et al. (1990).
The correlations of Z2 and Rp parameters with JRC used for estimation of roughness. Based
on these JRC values, Analysis of Variance applied for statistical determination for identifi-
cation of the group within which particular JRC ranges existed, and plotting of these ranges
done in the form of interval plot. Based on this analysis, joint roughnesses of splits sand-
stone categorized into four ranges. The first range is for the values of less than ten JRC
(Barton, 1973) scale of 10 cm, which symbolizes the very smooth roughness. The second
range is from eleven to fourteen which implies smooth roughness. The third range which is
the most prevailing of all is between fifteen and nineteen on JRC scale which means medium

rough joint and lastly very rough is the fourth range which is above nineteen.

Static direct shear tests done for split Kota sandstone specimens under dry and saturated
conditions. Both conditions suggest shear strength was influenced by normal stress more
as compared to joint roughness for low order JRC ranges. Higher order JRC specimens
show a sharp peak in shear strength envelope despite low normal stress. Peak shear stress
also increases with the increase of normal stress in all cases. However joint roughness has
a lesser role as compared to normal stress. High JRC values have more influence in CNS
boundary condition as compared to CNL boundary condition. Analysis of static direct shear
data was consistent in RocData 5.0. and Power Law strength criteria found to be giving
satisfactory peak shear strength estimation in CNL and CNS boundary condition under static

direct shear.

For cyclic shear, frequency 0.05 Hz chosen for testing the split Kota sandstone specimens
under three normal stresses, i.e., 0.1, 0.5 and 1MPa. Split sandstone specimens were tested
only for 4 mm amplitude for simplicity and generalization of the shear strength criteria.
Significant variation in peak shear strength of natural rock joints under cyclic loading is

only visible for low normal stresses.

During cyclic testing of split specimens, as the JRC range increases the peak shear stress
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also increases. As the number of shear cycle increases, peak shear stress decreased. Cyclic
direct shear tests conducted on split sandstone, under dry and saturated states. In CNL
conditions the forward and reverse shear peaks are regular for low normal stresses. In CNS
condition during cyclic shearing, the forward shear peak becomes sharper and sharper with
increasing normal stresses. Under CNL condition, forward shear and reverse shear cycles
were asymmetrical whereas in CNS condition forward shear is more dominant as compared
to reverse shear which means lesser asperity degradation in reverse cycle. Maximum peak
shear stress obtained in the first or second cycle which means the first order asperity was

sheared off in these cycles.

With saturation in cyclic shear, shear strength envelope shows flat shape for CNL and
CNS boundary condition. It happens during only in low normal stress and the maximum
peak shear strength obtained in low normal stresses in saturation. However, when normal
stress increases, peak shear stress decreasing and resulted in flat shape peak in shear strength
envelope. If no volume change is allowed in the direct shear box, then this causes negative
pore pressure in the direct shearing causes natural jointed rock specimens to dilate. So, as a

result, this flat shape is obtained during shearing.

In saturation state, only forward shear cycle obtained. In this, the first order asperities
sheared off completely in forwarding cycles due to which reverse shear cycle is near to axis.
Peaks obtained where the amplitude of the cycle finished, before that it was linear. It is
due to the shearing of asperities before and after backward advance (BA) stage of the cycle.
Peak shear stress versus several cycles follows the simple exponential curve for both CNL
and CNS boundary condition In CNL condition, for low normal stress, it is near to axis, and
it follows the simple exponential fit with 95 percent confidence index. In CNS condition, the
peak shear stress versus several cycles also follow the simple exponential fit, but it is more
curvilinear with increasing normal stress in the dry and saturated state. It happens due to

change(increase) in normal stress while restriction in dilation is in place during cyclic shear
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in the dry and saturated state.
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Ueh geddllel # Ueh Siist T 3UTRUTT Ak GeqATT T helell dihcd I HHA H g1 51 Thfcieh Ueh ST I
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RIS AN o &9 H T 75 A1 38 FAAVOT & HUR R, fIHST T3 T & GIFd GLedel &l R
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ABBREVIATIONS

CNL Constant Normal Load

CNS Constant Normal Stiffness
JRC Joint Roughness Coefficient
IMC Joint Matching Coefficient

JCS Joint Compressive Strength
ISRM International Society of Rock Mechanics
PR Persistence Ratio

DL Length of Discontinuity

RBL Length of Rock Bridge

RQD Rock Quality Designation
P-wave Primary or Longitudinal Wave
FA Forward Advance

FR Forward Reverse

BA Backward Advance

BR Backward Reverse

ucCs Uniaxial Compressive Strength
SRF Strength Reduction Factor
OCR Over Consolidation Ratio

PoP Plaster of Paris

CD Consolidated Drained

BB Barton and Bandis

MC Mohr-Coloumb

PW Power Law

ANOVA Analysis of Variance

QIP Quality Improvement Programme
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NOTATIONS

S Joint Spacing

A Joint Frequency

Vo P-wave Velocity

1 Mean Area

ke, Correlation Factor

Yi Angles between the Discontinuity Sets
Vi Block Volume

€n Hydraullic Aperture

T Shear Strength

Telean Shear Strength of Clean Joint

Tj Average Shear Stress

Tp Shear Strength of the Joint

Ty Shear Stress

Tult Ultimate Shear Strength

Tn Shear Strength of the Joint at Normal Stress
D Fractal Number

Z2 Second Root Mean Square Derivative
R, Roughness Profile Sinuosity

ip Peak Dilantancy Rate

o1 Major Principal Stress

P Intermediate Principal Stress

03 Minor Principal Stress

O Uniaxial Compressive Strength

Oci Intact Rock Uniaxial Compressive Strength
Ocj Jointed Rock Uniaxial Compressive Strength
Oer Rock Mass Uniaxial Compressive Strength
O dew Deviotric Stress

Om Mean Principal Stress

On Normal Stress

O ni Initial Seating Pressure

Onj Normal Stress of the Joint

Ono Initial Normal Stress

oy Tensile Stress

O static Static Normal Stress

Odyn Dynamic Normal Stress

of Average Normal Stress

On Vertical Deformation

Opeak Deformation at Peak Normal Stress

O Horizontal Deformation

K, Normal Stiffness

K, Shear Stiffness

v Poisson’s Ratio

Joint Closure Deformation under Normal Stress
Joint Deformation under Normal Stress
Elastic Modulus

S
[}
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E; Intact Rock Elastic Modulus
E

j Jointed Rock Elastic Modulus

Jy Joint Factor

JIn Number of Joints per meter Depth

n Critical Joint Inclination

r Sliding Joint Strength

B Joint Orientation in Degrees

Dp Base Rock Angle of Internal Friction

i Angle of Internal Friction of Infill

Dio Angle on Internal Friction of Intact Rock under low Confining Pressure
i Angle of Internal Friction between Joints

O Residual Friction Angle

C; Joint Cohesion

a; Contact Areas of Asperities
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