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ABSTRACT

Rock sockets are a type of deep foundation that are capable of supporting very
large vertical and lateral loads. Rock sockets are widely used as foundations for bridges
and other important structures. They are also used to stabilize a landslide. The sockets are
constructed by drilling holes from the ground surface to the target depth of rock formation
and filling the hole with reinforcing steel and concrete. The main loads applied on the
socket are axial compressive or uplift loads as well as lateral loads with accompanying

moments.

Rock encountered in the foundations are invariably jointed and the load carrying
capacity of socket therefore depends not only on the quality of the intact rock but also on
the characteristics of rock joints. The most important characteristics of the rock joints
which will affect the load carrying capacity of socket are surface characteristics of the
joints, frequency of joints and orientation of joints with respect to loading direction. In
present study the effect of rock joints on the lateral load carrying capacity of rock sockets

has been studied by using equivalent continuum material modelling approach.

In this approach the discontinues rock mass is converted into a equivalent
continuﬁm which has same properties as those of discontinuum. The most important index
properties of the rock mass is the uniaxial compressive strength. A computer program has
been developed which initially estimates the UCS of rock mass by different methods
available in literature and based on this UCS value it calculates the shear strength
parameters of rock mass. Finally considering the shear strength parameters, the lateral
load carrying capacity of rock sockets is estimated using Carter and Kulhawy (1992)
method.
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Chapter 1
INTRODUCTION

1.1 Statement of the problem

Drilled shafts socketed into rock are widely used as foundations for bridges and other important
structures. Rock-socketed drilled shafts are also used to stabilize slopes. The main loads
applied to the drilled shafts are axial compressive or uplift loads as well as lateral loads with
accompanying moments. For axially loaded drilled shafts socketed into rock, numerous
research efforts have been conducted in the past, especially for the determinatiors of side shear

resistance.

Howeyver, for laterally loaded drilled shafts, there is a lack of validated, rational analysis and
design methods. It has been a customary practice to adopt the techniques developed for
laterally loa&ed piles in soil to solve the problem of rock-socketed drilled shafts under lateral
loading (Gabf; 1993). This practice has created erroneous desigﬁs and often leads to excessive
socket length. Although there exist several analysis and design methods specially for rock- -
sockéted drilled shafts under lateral loading, including those by Carter and Kulhawy (1992),
Reese (1997), Zhang et al. (2000), and Gabr et al. (2002); Ahowever, these methods were

developed with limited validations against field lateral load test data.

Several researchers (such as DiGioia and ijas—Gonzalez, 1993; Dykeman and Valsangkar,
1996; and Cho et al., 2001) have evaluated the methods of Carter and Kulhawy (1992) and
" Reese (1997) using their lateral load test data. They- concluded that the two methods provided
very unconservative resuits. Zhang et al. (2000)’s analysis method has not been evaluated by
others due to. the complexity of the method and the needs of a computer program. The
assumption of an elastic-perfectly plastic model for rock masses by Zhang et al. (2000)
prohibited its wide application, especially for weak rock masses which cannot be exactly
characterized by elastic-perfectly plastic model. In addition to the need to develop analysis .

methods for predicting lateral shaft deflections, there is also a need for the development of

1



methods for estimating lateral capacity of shafts. Very few methods (Carter and Kulhawy,
1992; and To et al., 2003) have been developed for estimating lateral capacity of piles in rock.
Additionally, several other researchers, such as Reese (1997) and Zhang et al. (2000), have
proposed methods to predict the ultimate lateral resistance of 'roc-;k per unit shaft length. -
However, Carter and Kulhawy’s (1992) method does not consider the effect of secondary

structures of rock mass; and the method of To et al. (2003)' is only suitable’ for two sets of

parallel joints and rigid piles.

The lack of validated design methods stimulates the need to develop a more rational design
approach for laterally loaded drilled shafts in rock. Additionally, a method for predicting

ultimate capacity of drilled shafts in rock mass needs to be developed.
1.2 Objective of the study

The present study has been conducted with following ‘obj ectives
. To critically review the existing methodology to asses lateral load carrying
capacity of rock sockets.
« Tounderstand the mechanism of failure of sockets embedded in jointed rocks.
= To incorporate the effect of the joint characteristics in analysis of lateral load carrying

capacity of socket.
1.3 Organization of the report

The chapter 1 deals with the intro_ductibn ro. rock sockets and statement of problem which is
followed by chapter 2 which presents the literature review on analysis methods of laterally
loaded rock sockets. Various methods to estimate the UCS of rock mass are presented in
chapter 3.Chapter 4 presents the methodology adopted to calculate the lateral load. Results and
discussion of the study are presented in chapter 5 followed by concluding remarks in chapter 6.

Finally computer programs developed to calculate the lateral load is presented in appendix.



Chapter 2
LITERATURE REVIEW

2.1 General

To date, there are few published analysis methods for the lateral response of rock-socketed

drilled shafts. It has been a customary practice to adopt the p-y analysis with p-y criterion

developed for soils to solve the problem of rock-socketed drilled shafts (Gabr, 1993).

Currently, two categories of analysis methods for laterally loaded rock-socketed drilled shafts
have been developed. One category treats rock as a continuum mass (Carter and Kthawy

1992; and Zhé.ng et al 2000), the other one discre_tizes the rock mass into a set of non-linear

springs (Reese 1997; and Gabr et al. 2002). :

Carter and Kulhawy (1992) proposed a method that treats rock mass as a homogeneous elastic
continuum. Parametric solutions for the load-displacement relationships were generated by
using the finite element technique. However, elastic continuum model is only good for small
loads. Zhang et al. (2000), therefore, developed a nonlinear continuum approach. The approach
adopts and extends the basic idea of Sun (1994) on laterally loaded piles in soil. The elasto-
plastic soil/rock response under lateral loads and the linéarly variation of deformation modulus
of soil/rock along depth were assumed. To consider the yielding, a method based on Hoek- .
Brown criterion (Hoek and Brown 1980, 1988) was proposed to calculate the ultimate
resistance' of rock masses. In practice, however, the rock masses, especially weak rock, show
nonlinear and non-homogeneous properties which cannot be fully captured by an elasto-plastic

model.

The second category of analysis method, such as p-y method, discretizes the rdck masses into a
series of nonlinear springs. The p-y method was extended to the analysis of single rock-
socketed drilled shaft under lateral loading by Reese (1997). An interim p-y criterion for weak
rock was proposed. Thereafter, Gabr et al. (2002) proposed a p-y criterion for weak rock based
on their field test data.



In addition to the above mentioned analysis methods for solving load-deﬂection relationship at
the drilled shaft head, methods for estimating ultimate rock reaction have also been proposed.
Carter and Kulhawy (1992) presented a method to determine the rock capacity by using
cohesion and friction angle of rock. This method was based on a theory of expansion of a long
cylindrical cavity in an elasto-plastic, dilatant material. The method réquires input of Poisson’s
ratio, shear modulus and dilation angle. By assuming distribution of ultimate rock resistance
along the depth of a shaft, the ultimate lateral capécity of a rock-socketed drilled shaft was
obtained by summing the capacity of compressive resistance and shear resistance between shaft
and rock. Cater and Kulhawy (1992)’s method on rock resistance, treats rock mass as a
homogeneous and elasto-plastic material, without considering secondary structures of rock

mass, such as cracks and fractures.

Reese (1997) considered the secondary structure of rock mass by using a rock strength
reduction factor which can be determined from Rock Quality Designation (RQD). Hovgrever,
Reese (1997)’s method for estimating ultimate rock reaction per unit length ignored the
contribution of shear resistance between shaft and rock. Additionally, RQD cannot fully

represent all the secondary rock structures, such as spacing and condition of discontinuities.

Zhang et al. (2000) proposed a method to estimate the ultimate reaction of rock masses per unit
shaft length using Hoek-Brown rock strength criterion (Hoek and Brown 1988), in which RQD
and other secondary rock structures were included. However, simple rock resistance
distribution along the shaft circumference under lateral loads was assumed (Carter and
Kulhawy 1992). It seems that Zhang et al. (2000)’s method for estimation of lateral capacity of
rock socketed. drilled shaft considered most of characteristics of rock mass; howevér, the
authors did not investigate possible'fdilure modes of rock mass, especially possible sliding
failures along pre-existing joints. Regarding the sliding failure on joints, To et al. (2003)
proposed a method to estimate the lateral load capacity of drilled shafts in join ted rock. The
block theory (Goodman and Shi 1985) was used to identify the failure block, and the static
limit equilibrium was used to obtain. the ultimate capacity. The Coulomb failure criterion was

utilized to model the sliding failure ori joints.



2.2 Brief description of the existing methods

2.2.1 Reese (1997)

The p-y metﬁod for the analysis of drilled shafts in soils under lateral loading was extended to
the analysis of rock-socketed drilled shafts by Reese (1997). In order to characterize the rock
response under lateral loading, an interim p-y criterion for weak rock was sﬁggested. Due to
the lack of adequate test data, the term “interim” was applied to this p-y criterion. The ultimate

reaction is given as

1.4 z, )

- 0<2<3D | @.1)

Pu = arcciD ( 1+

Pu =5.2 Olr Oci D Zr 2 3D (2.2)

Where 6 = uniaxial compressive stréngth of intact rock; o, = strength reduction factor, which
is used to account for fracturing of rock mass; D = diameter of the drilled shaft; and z. = depth
below rock surface. The value of «; is assumed to be 1/3 for RQD of 100% and it increases

linearly to unity at a RQD of zero. |

The slope of initial portion of p-y curves was given by
Kir = Kir Em | ' 2.3)

Where K;, = initial tangent to p-y curve; Ey, = deformation modulus of rock masses, which may
be obtained from a pressure meter or dilatometer test; and ki = dimensionless constant. The

expressions for ki, derived by correlation with experimental data, are as follows.

400 z,

Kir = (100 + —BD—') 0<z<3D 2.4)



A complete description of the interim p-y criterion may be summarized as follows.

Eirst segment: p = Kiry; y <yA ] | (2.6)
Second segment: p = %(ﬁ) 025 y>ya and p<pu | 2.7 .
Third segment: pu prl; | (2.8)
Where

ym=KmD - - | 2.9)
ya= '(m"’;‘,z—s%jl‘B? (2.10)

in which k;, = strain at 50% of ultimate load, ranging from 0.0005 to 0.00005.

2.2.2 Zhang et al. (2000) .
Zhang et al. (2000) proposed a nonlinear continuum method to predict the load-displacement
response of rock-socketed drilled shafts under lateral loads by treating soil/rock as an elasto-
_ plastic material. The approach was extended from the basic idea of Sun (1994) on laterally
loaded piles in soil.

The model of rock-socketed drilled shafts under lateral loading is shown in Fig. 2-1.
The deformation modulus of soils varies linearly from Es; to Es; . Similarly, the deformation
modulus of rock mass varies linearly from E;,; to Ene at the tip of shaft and stays constant

‘below
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Fig.2-1 Rock-shaft model (a) shaft and soil/rock mass system; (b) coordinate system and -
displacement components; (c) shear force v(z) and moment m(z) acting on shaft at

z(zhang et al. 2000)

the shaft tip. By mihimizing the energy of rock-shaft system with respect to displacements, the

following governing equations were obtained:

EpIp- - 2ts—{[r|s + (119)] %} + ks[ns + (1-ns)Jus =0 (0<z<Ls) (2.11)

dz‘*
Bplp- £2m 2tm—{[nm + (110)] 23 + KN + (1-0m)um = 0 ;(Le<z<L) (2.12)

-where us and up, = displacement components of the shaft in the soil and in the rock mass,
respectively; Eplp = flexural rigidity of the shaft; z = depth starting from ground line; Ls =shaft
length embedded in soils; L, = shaft length embedded in rock masses; and

Egq

Mo=p @.13)
Em -
=72 | S 2.14)



__ mEs;m, R?

b= (2.15)
o e
tm = %;_2 (2.17)
o= S e, ' - e

in which v; and vm = Poisson’s ratio of soils and rock masses, respectively; m; and m,

=parameters describing the behaviour of the elastic foundations.

The shear force V(z) acting on the shaft, shown in Fig. 2-1(c), can be obtained as

d3ug dug

V(2) = Ep p —*— 2t [ns + (1-n9)] —* ;(0<z<Ls) (2.19)
Buy, ' zZ=Lg: dim

V(z)=Eplp - 2tm [Nm + (1-Nm) I ] e ;(Ls<z<L) (2.20)

And the bending moment M(z) acting on the shaft is given by

M@ =EpIp 'ZZ“ .(0=<z<Ls) , (221)
— d?um .
M(2) = Ep Ip? ;(Ls<z<L) ' (2.22)

The governing differential equations and the shear force and bending moment can be solved
using classical finite difference method and an iterative process: The above process considers
the soil/rock to be elastic. Elastic-perfectly plastic stress-strain relationship, therefore, was

proposed to consider the yielding of the soils or rock masses. The method for considering the

8



yielding of soil or rock mass consists of several steps. Firstly, for the applied lateral load H and
the moment M, the shaft is analyzed by using the above elastic solutions. Secondly, the lateral
reaction force p at certain depth is computed and compared to tﬁe ultimate resistance p, at that
depth. If p > p,, take the depth z as the yielding depth zy. Thirdly, treat the unyielded portion of .
shaft as a new shaft, and analyze it by using the elastic solution while ignoring the effect of the
yielded portion of shaft. Fourthly, repeaf steps two and three until no further yielding of soil or
rock oceurs. Finally, the final results can be obtained by considering the two parts of the shaft
separately. The portion of shaft in yielded soil and/or rock mass is analyzed as a beam with
distributed load p, acting on it. The other part of shaft in the unyielded soil and/or rock mass is

analyzed by using the elastic solution.

To compute the ultimate resistance p, of rock mass, Zhang et al. (2000) proposed to utilize the
assumed resistance distribution (Carter and Kulhawy 1992), shown in Fig. 2-2,and Hoek-
Brown rock strength criteﬁon (Hoek and Brown 1988). The assumption fér resistance
distribution is that the total resistance of rock mass consists of two parts: the side resistance and

the front normal resistance. The ultimate resistance p, can be calculated by
Pu= (PL +Tmax)D : (2-23)

where D = diameter of the drilled shaft; Tmax = maximum shearing resistance along the sides of
the shaft; and Py, = normal limit resistance. tmax was assumed to be the same as the maximum

side resistance under axial loading and can be given by 0.5

Tmax = 0.20(0;)%° (MPa) for smooth socket (2-24)

N

Tmax = 0.80(0.”-) 05 (MPa) for rough socket (2-25)

where o; = unconfined compressive strength of the intact rock (MPa).
The strength criterion for rock mass developed by Hoek and Brown (1980, 1988) was adopted
to determine the normal limit stress Py. ‘The Hoek-Brown criterion, which is suitable for intact

rock and rock mass, can be given by



-;;Side;s_hear»résisﬂt.aq;:ttmax S

. \=— Front nosmal
=== resistance py,

Fig. 2-2 Components of rock mass resistance (Zhang et al. 2000)
o, = 03+ 0y (mb + 5)¢ (2.26)

where o,; = uniaxial compressive strength of the intact rock; o{ and o3 = the major and minor
effective principal stresses, respectivély; and my, s, and a = constants depending on the

characteristi_cs of the rock.

For 1ntact rock, my, = m;, a constant depending on rock type; s = 1; and a = 0.5. For rock mass,
the values of my, s, and a can be ‘estimated by correlations with Geolog1ca1 Strength Index
(GSI) (Hoek, 1994). In addition to GSI, Rock Mass Rating (RMR) of Bieniawski can also be
used to determine the constants my, s, and a (Hoek and Brown 1997). With Hoek-Brown’s
strength criterion, the normal limit stress Pr, which is the major principal effective stress oy ,
can be obtained by assuming that the minor principal effective stress is the effective overburden

pressure y ' Z.

2.2.3 Gabr et al. (2002)

Gabr et al. (2002) proposed a hyperbolic p-y criterion for weak rock based on field tests on
small diameter drilled shafts socketed in weak rock. The following procedure can be used to
construct a p-y curve according to Gabr et al. (2002).

Step 1: Calculation of coefficient of subgrade Reaction -

The coefficient of subgrade reaction can be calculated as follows (Vesic, 1961):

10



0.65E,, [)5',,,9‘*]E | 2.27)

nh =
EpEp

R

where D is the diameter of a drilled shaft, v is Poisson’s ratio of rock mass, and GSI is
Geological Strength Index.

Step 2: Calculation of flexibility Factor ‘
A flexibility factor, KR, is cbmputed as follows

E.
K, = Ef% | | (2.28)

where, E; is modulus of elasticity of shaft, I, is the moment of inertia of shaft, L is the
embedment length of shaft.

Step 3: Calculation of point of rotation

The following equation is used to define the turning point as a function of the embedded shaft
length:

To = (1+ 0.18logKg )L (2-29)
where, T is turning point.

Step 4: Calculation of It Number

Iy = -28 - 383 log(To/L) IT > 1 (2-30)

Step 5: Calculation of the Subgrade Reaction
kn=n,D (0 <z<TO) (2-31)

kn=1Irny D (TO<z<L) : (2-33)

11



Step 6: Calculation of ultimate resistance of rock mass Py
~ The Eq. (2-23) proposed by Zhang et al. (2000) was employed to calculate the ultimate
resistance of rock. Smooth condition was assumed for all the cases when the side shear

resistance is concerned.

Step 7: Construction of the P-y curve

P=T¥ (234
kp pu
2.2.4 To et al. (2003)

For the drilled shafts socketed into jointed rock, To et al. (2003) assumed a wedge type block
failure and Coulomb failure criterion to obtain the lateral capacity of drilled shafts. Goodman
~ and Shi (1985)’s block theory was used to determine the possible failure. block for two sets
jointed rock mass with the help of AutoCAD or Excel. Due to the complexity of the entire
process to obtain the failure block, no details about the block theory will be described here. The
assumed mechanisms of sliding failure along the joint plane and tensile failure on the rock

mass, preventing the movement of the wedge, are depicted in Fig. 2-3.

Fig. 2-3 Typical forces on wedge (To et al. (2003)

12



Where W = weight of the wedge; P = axial load of shaft; F = lateral force; T = tensile force due
to the fracture of Category II blocks, which is defined as a block that is not removable, but
becomes removable if it breaks due to the lateral force exerted by the pier; N1 = normal force
on joint; and R1 = tangential force on joint. Normal force N and tangential force R can be

related by the Coulomb failure criterion as follow:
T=Cc+octan @ : (2-35)

where T = shear stress; ¢ = cohesion; ¢ = normal stress; ¢ = friction angle. Static limit
equilibrium relation between the forces on the wedge (Fig. 2-3) was used to solve for ultimate

lateral force F.

2.2.5 Carter and Kulhawy (1992)

Carter and Kulhawy (1992) performed a parametric study to obtain deflection u and rotation
angle 0 at the shaft head. The solutions for these two variables were expressed as a function of
effective Young’s modulus E, aﬁd an equivaient shear modulus G*, by using finite element
technique. The drilled shaft is idealized as a cylindrical elastic inclusion with effective Young’s

modulus E., which is defined as

i
64

E, =& . (2.36)

in which, (EI)c = the actual bending rigidity of the shaft; D = diameter of the drilled shaft.
The rock mass is assumed to be a homogeneous, isotropic elastic material. The equivalent

shear modulus is given by

G* =G (1+3F _ (2.37)
Where
— __Er
T 2(4vp) | (2.38)
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in which E; = Young’s modulus of rock, and v; = Poisson’s ratio of rock

From the finite element analysis performed by Carter and Kulhawy (1992), it was found that u
and 0 are largely dependent on the ratio of E. / G* and the ratio of the shaft socket length to the
diameter L/D. Two categories of shafts, flexible and rigid, were classified by the authors. A

flexible pile is one in which the following condition meets:
Ly (e (2.39)
D= ‘g . .

For a flexible drilled shaft, ground-line deflection u and rotation 6 induced by the lateral lbad H

and the moment M at shaft top are calculated from the following equations:

-1

u =050 () (&) +1.08 (5

T | e

6=108() (= ) + 6,40 (-5 ¢ o7 : 2.41)

A drilled shaft is considered to be rigid when
L Ep\-L .
= < 0.05E) (2.42)

For a rigid drilled shaft, ground-line deflection u and rotation 0 are calculated from the

following equations

u=040(%) (2 ) +03(“2)(—)s7 (2.43)

=7

6.=0.30 (5 (2” +08(z5) & (—) 3 . (2.44)
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For the drilled shafts having intermediate rigidity, the authors suggested that the displacements
be taken as 1.25 times the larger displacements of those calculated values by treating the shaft

as a flexible or a rigid shaft

For ultimate capacity of rock-socketed drilled shafts, Carter and Kulhawy (1992) proposed a
solution in which they suggested that the lateral resistance were derived from side shear 1
between shaft and rock, and frontal compressive strength of rock. The authors further suggested
that the magnitude of this shear was equal to that produced in axial loading. The assumed
distribution of ultimate resistance along the shaft is shown in Fig. 2-4, from which one can see
that lateral resistance is equal to TmeD at the surface of the rock and is increasing linearly with

depth to a magnitude of (PL, + TmaxD at a depth of 3D.
Surface of
Hy == }*— B Tmgx '/ rock mass
—_—

A

B  Blp *+7,,)

Fig. 2-4 Distribution of ultimate lateral force per unit length (after Carter and Kulhawy
1992)

Below this depth, the ultimate resistance remains constant with depth. Py is the limit stress
developed in rock, which can be calculated according to the expansion theory of a long
cylindrical cavity in an elasto-plastic, cohesive-frictional, dilatant material (Carter et al. 1986).
The following equations were derived by Carter and Kulhawy to determine the lateral capacity
of rock-socketed drilled shafts, Hu:
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Hu= (% + B Tmax) for D<3B (2.45)

Hy= (i} + Tpmax)3B2 + (PL + Tmax)(D-3B)B  for D>3B (2.46)

where Tm;x = maximum unit side resistance given as

Tmax = 0.20(0)%° (MPa)  for sﬁooth socket | ' (2-47a)
tmax = 0.80(o,;)%° (MPa) for rdugh socket (2-47b)
B = diameter of the drilled shaft; and, D =length of drilled shafts embedded in rock.

23 Comments on the existing analysis methods

2.3.1 Zhang et al. (2000)

The yielding of rock mass was considered in Zhang et al. (2000) method, however, the elasto-
perfectly plastic stress-strain relationship cannot fully represent the nonlinear behavior of rock
masses. The actual nonlinear behavior may already appear before the stress reaches the peak.
For weak rock mass, brittle post-failure may not occur. However, for good quality rock mass,
which is likely to behave as a brittle material (Hoek and Brown , 1997), the stress will drop
after it reaches the peak. Therefore, despite that yiélding of rock was considered in this method,
the behavior of different types of rock mass was not fully represented as an elasto-perfectly

plastic model.

2.3.2 To et al. (2003)

The determination of removable wedge required by this method is a very tedious procedure
which involves the use of AutoCAD and EXCEL. Furthermore, only two sets of joints can be
considered and the joints in each set should be parallel. The failure mode is restricted to failure

at the top portion of rock mass with a free surface at the ground-line.
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2.3.3 Existing p-y criteria for rock .
Reese (1997)’s interim rock p-y criterion was not well calibrated due to inadequate test data.
The failure modes of rock mass were not well defined; and an estimation of ultimate lateral
capacity did not include the effect of friction between rock mass and shaft. Determination of
such parameters as constant k., appears to be empirical. Cho et al. (2001) conducted a lateral
load test on rock-socketed drilled shafts. Two drilled shafts, 30 inch in diameter and 10 feet to
13 feet of socket were latérally loaded. Reese (1997)’s interim rock p-y criterion for weak rock
was used to construct p-y curves. It was found that the interim p-y curves underestimated the
deflections of shafts when comparing with the measured values. |

Although the interim rock p-y criterion was not well established, the p-y method is still
a promising method for rock-socketed drilled shaft under lateral loads. Gabr (1993) evaluated
two field .teSté on rock-socketed drilled shafts under lateral loads presented by Carter and
Kulhawy (1992) by using p-y analysis and the p-y criterion for stiff clay (Reese et al. 1975).
The analysis results showed that p-y approach is analytically attractive because it can .
. approximately model the nonlinearity in the load-displacement response. Gabr et al. (2002) p-y
criterion is a most recently proposed p-y criterion for weak rock. However, it has not been
further validated with other load tests. The equation for estimating modulus of subgrade
reaction was based on: Vesic (1961)’s equation for beam on elastic foundation. This is not same

as the case of drilled shafts embedded in rock where shaft-rock interaction is more complicated.

2.3.4 Carter and Kulhawy (1992)
Carter and Kulhawy (1992) provide solutions for the lateral load-deflection relation at shaft
head as well as shaft lateral capacity. For load-deflection prediction, Carter and Kulhawy
(1992) assumed rock mass as an elastic material, which implies that the solution .is only
applicable to small loads. The solution for ultimate lateral capacity needs verification. One of
the drawbacks of the solution is the requirement o‘f numerous rock deformation and strength
parameters, such as shear modulus, cohesion, friction angle, and dilation angle.

DiGioia and Rojas-Gonzalez (1993) evaluated this method by using their field lateral
load test on drilled shafts socketed into rock mass. They found a reasonable agreement between -
the measured and predicted displacements for these foundations at low load levels (20-30%

capacify). However, this method gave predictions that were stiffer than observed at higher load
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levels. Additionally, Dykeman and Valsaﬁgkar (1996) conducted a centrifuge test on eight
model socketed shafts and used the test results-to evaluate Carter and Kulhawy’s (1992)
method. The comparison showed that Carter and Kulhawy (1992)’s method tend to
overestimate the ultimate lateral capacity by a factor of two, while it predicted smaller
deflection at shaft head than measured deflection at a given load level. In addition to their own
test data, Dykeman and Valsangkar (1996) evaluated Carter and Kulhawy’s (1992) method by
using Frantzen and Stratten (1987)’s field test data. Similar comparison results were found for
the predicted cieﬂection at shaft head.
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Chapter 3

ESTIMATION OF UCS OF ROCK MASS BY YARIOUS METHODS

One of the most important paraineters on which the lateral load carrying capacity of rock
socket depend is the UCS of the rock mass which is estimated by fbllowing methods.

3.1 Concept of joint factor (Singh et al., 2002)

The influence of the joint factor on the response of the intact rock was studied through a
weakness coefficient factor called Joint Factor (Ramamurthy and Arora, 1994). This coefficient
reveals the “weakness” brought in to the intact rock through jointing and takes into account the
combined effect of frequency of joints, their inclination and roughness along the critical joints.
The higher the joint factor, the greater is the “weakness™. It is defined taking the three key

factors controlling the response of the jointed mass into account.

Jr=2 3.1)
where, J¢= Joint Factor,

Ji = number of joints per meter depth in the direction of loading.

n = critical joint inclination parameter presented in Table 3.1. The parameter was derived by

conducting experiments on specimens with inclined joints (Ramamurthy, 1993).

Table 3.1 Joint inclination parameters (joint orientatin ° w.r.t direction of loading)
' (Ramamurthy, 1993).

Orientation of

Inclination

Orientation of joint,

Inclination

joint, p° parameter, n B’ parameter, n
0 0.81 50 0.306
10 0.46 60 0.465
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20 0.105 70 0.643
30 0.046 80 0.814
40 0.071 90 1

r = sliding joint strength parameter = tang; ; where ¢; is friction angle along the critical joint at
sufficiently low normal stress so that the initial roﬁghness of the surface is reflected through

this value. The value of ‘r’ is presented in Table 3.2

Table 3.2 Value of *r’ for UCS of intact rock (Ramamurthy,1994)

UCS of intact rock (MPa) <50 50-100 T >100
Roughness Parameter r 0.8 0.9 1.0
Figure 3.1 shows a sample of rock mass in whichJ
b
Y
v

Fig 3.1 A typical rock with joints
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s= spacing between the joint,

® = inclination of joint,

pq and uv = joint planes,

oa = normal to joint plane,

bb= 1oadin direction,

S1 = spacing between joints in the direction of loading = — , then

cosB >

_. 100 _ 100 Cos 6
Jn Se—_—=

Sy S

(3.2)

The modulus of jointgd rock mass for different failure criteria is given as (Singh et.al.,2002)
E; =E; exp(-0.020Jp) (3.3a)
for splitting m;)de of failure and shearing mode of failure

E; =F; exp(-0.040Jp) | (3.3b)
for rotational , mode of failure

E; =E; exp(-0.035J) | 1(3.30)

for sliding mode of failure.

Average value of all the failure modes is considered in present study which is

E; =E; exp(-0.035Jy) (3.3d)
__Ej |
Gr= 2(1+v) G4)

where, E; and E; are the Youngs modulus of intact and jointed rock respectively,
G = Shear modulus of rock mass,

v = poissions ratio.
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The acute angle ‘6’ between normal to joint plane and direction of major principal stress

(o1)shown in Fig 3.2 is given by the equation

Normal to joint
plane

Joint plane

1N

A

. -
-

o) Direction

Fig 3.2 Angle between normal to joint plane and sample line -
Cosd = (Cosay — Cosds) CosB, Cosps + Sin, Sinfs - (3.5)

where, o5 and B are the dip direction and dip of the sample line or direction of major principal
stress, op and B, are the dip direction and dip of the of the normal to the joint plane.

B° = inclination of joint w.r.t direction of loading. From Fig 3.1, 6 = § so,

B°= (90-38%  and

100 100 Cos 8§ - (
Jh=—=
St S

(3.6)

Based on the results of uniaxial and triaxial tests of intact and jointed specimens, Ramamurthy
(1994) proposed the following empirical relation between unconfined compressive strength

ratio 6.j/c.; and joint factor J¢
G5 = G €xp(-0.0081) o 3.7)

where, o¢; = UCS of the jointed rock and,
22



o = UCS of the intact rock.
3.2 Singh et al. (1997)

The following expression for rock mass strength has been suggested -by authors based on

quality iﬁdex Q

. ‘
o = 7yQ3 MPa : (3.8)

Whefe, ,

6 = rock mass strength in MPa,

vy = unit weight of rock (gm/cc),

Q = Barton’s rock mass quality index. .

Q is based on six parameters: RQD, number of joint or discontinuity sets (J,), joint roughness
(Jr), joint alteration (J,), water flow (Jy) and a stress reduction factor (SRF). Because this
system is mainly used for tunneling applications in Europe, the details to quantify these
parameters will not be discussed here.

" The rock mass quality (Q) is defined as:

RQD

—(RQDy (Ir (w_
Q=) (£) (2
3.3. RMR (Ramamurthy et al. (1985)

(Ramamurthy et al. (1985) proposed a empirical relation between RMR: (Rock Mass Rating)
and UCS of the rock mass

(RMR—-100) : .
O¢ = Oc € 1875 3.9

It should be noted that when a rock mass classification system is used for estimating rock mass

strength (and deformation properties), only the inherent parameters of intact rock and
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discontinuities need be considered for evaluation of the classification index. Other parameters
such as groundwater and in situ stress should not be considered to modify the classification
index because they are considered in the analysis of rock structures. For example, when RMR
is used for rock mass strength estimation, the rock mass should be assumed completely dry and:
a very favourable discontinuity orientation should be assumed.

Based on the joint factor Jr Ramamurthy (2010) gave approximate values for RMR and Q
which are presented in Table 3.3

Table 3.3 Values of RMR and Q based on joint factor (Ramamurthy,2010)

Joint factor RMR Q

0 100 2154
100 &0 100
200 60 A 4.64
300 ' 40 ' 0.215
400 20 0.010
500 0 0.000464

3.4 RQD (Zhang ,2010)

Since in many cases, rock quality designation (RQD) is the only information available for
describing rock discontinuities, the following empirical relation was developed by Zhang

(2010) for estimating rock mass strength based on RQD.

Oc¢ = Oci 10(0'013RQD_1'34) (310)
where, 6 = UCS of the jointed rock,
o = UCS of the intact rock.

Preisf ans Hudson(1976) suggested following general equation between RQD and Joint number
Ta |

RQD = 110.4 — 3.68], (3.11)
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3.4 Strength reduction factor (SRF) (Singh an(_l Rao, 2005)

The muost reliable results are available only from filed test. The best way to estimate the rock
mass strength could have been to stress ’;he rock mass up to failure. It is extremely difficult if )
not impossible to make the rock mass fail in the field especially during design stage. However
the modulus of the rock mass may be obtained without loading the rock mass up to failure.
Singh and Rab (2005) have shown that the reduction in modulus of rock due to presence of
joints is strongly correlated with reduction in strength of rocks due to joints. Following

expression was found to hold good

SRF = (MRF)?:63 - (3.12)

Where SRF = Jel

Oci

where; 6 = UCS of the jointed rock,
_6¢i = UCS of the intact rock,

‘ E
MRF = modulus reduction factor =‘E—e, E. = Modulus of the elasticity of rock mass in the field,
: j

E; = Modulus of the elasticity of intact rock in the field.
MRF values for various types of rocks given by Ramamurthy (2010) are presented in Table 3.4

Table 3.4 Values of MRF for various typés of rock (Ramamurthy, 2010)

Serial No. Rock Type _ MRF
1 , Sandstone 0.259-0.429
2 Claystone -
3 Slate : 0.049-0.039
4 Xenolith » 0.2
5 Traprock . 0.16-0.357
6 Shale 0.206-0.273
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7 Limestone 0.047-0.407
8 Metabasic 0.209=0.317
9 Quartzite 0.035-0.289
10 Phyllite 0.109-0.584
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Chapter 4

METHODOLOGY TO CALCULATE LATERAL LOAD OF ROCK SOCKET

4.1 Equivalent material modeling approach

Figure 4.1 represents the cases where either rock is at ground surface or the lateral loading on
the shaft at the level of the rock surface can be specified completely. The shaft is idealized as
cylindrical elastic inclusion, with an effective young modulus (E.), Poisson ratio (v;), depth
(D), and diameter (B).It is assumed that elastic shaft is embedded in a horﬁogenous, isotropic
elastic rock mass, with prop;:rties E; and v.. At the surface of the rock mdss, it is subjected to

known lateral (horizontal) force (H) and overturning moment.

~Fig. 4.1 Lateral loading of a rock-socketed shaft (Carter and Kulhawy 1992)

Carter and Kulhawy (1992) have presented an approximate theoretical approach for estimating
the ultimate lateral capacity. It was assumed that the shaft section has sufficient moment and
shear capacity to resist the applied loading, and the ultimate failure of the shaft occurs when the
surrounding rock mass is not able to sustain any further lateral loading, similar to the so called
- short pile failure described by Broms(1964a,1964b). |
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When a lateral load is applied at the rock surface, the rock mass immediately in front of the
shaft will underge zero vertical stress, while horizontal stress is applied by the leading face of
the shaft. Ultimately, the.horizontal stress may reach uniaxial compressive strength of rock
mass and, with further increase in lateral load, the horizontal stress may decreases as the rock
mass softens during post peak deformation. Large lateral deformations may be required for the
rock mass at the depth to exert a maximum reaction stress on the leading face of the shaft.
. Therefore, it ié reasonable to assume that reaction stress at the rock mass surface, in the limiting
case of loading of the shaft, is zero or very nearly zero as result of post peak softening. Along -
the sides of the shaft, some shearing resistance may be mobilized, and this is likely to be

approximately the same as the maximum unit side resistance under axial compression, Tmax.

At greater depth, it is reasonable to assume that fhe stress in front of the shaft may increase
from initial in situ horizontal stress level, oy , to the limit stress PL, reached during the
expansion of a long cylindrical cavity i.e. the plane strain condition will apply. Behind the shaft
the horizontal stresses will decrease, and after tensile rupture of the bond between the concrete
and the rock mass, thé horizontal stress will reduce to zero. At the sides of the shaft, some
shearing resistance may also be mobilized. Therefore, at depth, the ultimate force per unit
length resisting the lateral loading is likely to be about B(PL + Tmax ). Where B, is the diameter
of the shaft.

Closed form solutions have been found for the limit stresses developed during the expansion of
a long cylindrical cavity in an elasto-plastic, cohesive-frictional, dilatent material. This limt
stress Py, can be determined from the graph shown in Fig 4.2. The central vertical axis on each

plot indicates the ratio of the plastic radius at limit condition (R) to the cavity radius (a).
4.2 Computer program to calculate the lateral load
A software program has been written using ¢ language (refer appendix 1) which calculates the

lateral load of rock socket (H). The steps involved in software program are presented below.

4.2.1 Calculation of UCS of rock mass
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Based on the horizontal angle interval which is one of the input parameter the software initially
calculates the acute angle 8 between the normal to joint plane and loading line using equation
3.5 for one particular joint set. Then the spacing between the joint set in the direction of loading
(s1) and using s; number of joints per meter depth (J,) in the direction of loading will be
~ calculated. Finally using all the above parameters joint factor (Js) is calculated. In the similar
way depending up on the horizontal angle interval (say 30%) and the number of the joint sets
(say 3)‘the program calculates J¢ value in 12 different directions (i.e. 360/30 = 12) for each
joint set so, for 3 joint sets there will be 36 different J¢ values. As the J¢ value indicates the .
weakness bought into intact rock due to presence of joint the higher value of Js the higher will -
be weakness of the rock mass. So, in the calculation of the UCS of the rock mass maximum of
all the calculated J¢ will be used by the software. The UCS of the rock mass can also be

calculated using other methods presented in previous chapter.
4.2.2 Calculation of strength parameters

The Mohr—Coulomb shear strength criterion is the most widely used criterion for jointed rocks.
But, in its present form there are two major liinitations of this criterion firstly it considers the
strength response to be linear, and, secondly the effect of the intermediate principal stress on
the strength behavior is ignored. Singh and Singh (2012) overcame these two major limitations

and suggested the following modified non-linear form of Mohr—Coulomb strength criterion.

sing;i,
1-sing;,
sing;, (4 1)

1-singjq

(1-SRF)+

Singi, =
e (2—SRF)+

where, SRF= Strength reduction factor calculated from equation (3.12),Sing;, = friction angle
of the rock, which can be calculated in laboratory from triaxial strength test and,Singj, =

friction angle of the rock mass, at very low confining pressure. (63 ~ 0)

2Singjo oZ 2Singjo
1-Sin@jo 3 o¢i 1-Singjo

01— 03 = O¢ + for0<o; <0y 4.2)
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Fig.4.2 Limit solution for cylindrical cavity (Carter and Kulhawy 1992)
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For calculating the shear strength parameters conventional Mohr-Coulomg criterion has been
used. The program calculates 0.25 o,; and divides it into 8 equal parts to obtain different values
of minimum principal stress 3. Then using the above equation corresponding values of major
principal stress o; will be calculated. Then the program calculates the shear strength parameters

of rock mass by using conventional Mohr-Coulomb criteria.
Singh and Singh (2012) also suggested that the value of dilation angle (y;) as

__ (P50 -Pjo)

Yr >

(4.3)

The young’s modulus and shear modulus of rock mass are calculated using equations 3.3d and

3.4 respectively.
4.2.3 Calculation of lateral load capacity

_ Using the values of the shear modulus (Gy), cohesion (c;) and frictional angle of the rock mass
(@;) the program calculates the value of Gi/(ohi + cr cot®;) for the corresponding curve of the
dilation angle y, shown in Fig 4.2. oy; is the in situ horizontal stress, in most of practical cases it
will be small compared to coheéion so, for the simplicity its value is taken as zero. Then the
program works in clockwise direction and finally calculates the value of the (PL + ¢ cotoy)/(o; +
cr cotey). From which the value of the limiting stress Py, can be calculated. And o; is a constant

given the following equation.

2N ‘ ' : |
oy = [(m) (o + crcot¢'r)] — ¢ cotP, o .(4-4)
where, N= ii—igﬁ 4.5)

One final problem is to determine the stress at which limit stress is mobilized. Carter and
Kulhawy (1992), suggested that, in a cohesive material, the depth at which limit stress is
mobilized would be about 3 shaft diameters (3B).Therefore, the proposed distribution of

ultimate force per unit length resisting the shaft is shown in Fig 2.4. Finally the lateral load
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carrying capacity of the rock socket is calculated by the program using the equations (2.53) and
(2.54). ' '

4.3 Input parameters

UCS of the intact r;)gk in (0;) =250 MPa,
Cohes%on of the intact rock (C;) = 10 MPa,

Type of the rock = Quartzite,

Friction angle of the intact rock (¢;) =30 Qegrees,
Youngs moduius of the intact rock (E;) =55 GPa

Following are the joint sets observed for the dam site (Table3.5) whose intact rock properties

are mentioned above

Table 4.1 Joint set parameters

Joint set Dip- ~ Dip Direction Spacing of joints (m)
J1 65 210 1
12, 45 180 0.60
13 30 000 0.45

It is assumed in the analysis that load carrying capacity is governed by rock mass and the RCC
has much higher strength and has not yielded or failed.
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Chapter 5
RESULTS AND DISCUSSION '

5.1 Variation of UCS of rock mass with joint sets.

Figure 5.1,5.2 and 5.3 shows a radar graph which indicates the extent of anisotropy induced in
the rock mass due to joint set J-1, J-1 and J-2, J-1, J-2 and J-3 respectively. The intact rock
UCS value of 250 MPa has decreased to 116.37 MPa in rock mass with joint J-1 and the UCS
value further decreased to 62.7 MPa and 45.69 MPa in rock mass with two joints(J-1 and J-2)
and three joints (J-1,J-2 and J-3).

Variation of UCS of rock mass with joint set-1

1\/’30@

-—-J,.,l

Note: Both
axes show
UCS in MPa

Fig.5.1 Variation of UCS of rock mass having joint Set J-1
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3.2 Variation in lateral load capacity of rock socket with socket dimensions for given UCS

For a given UCS of intact rock (250MPa) shear strength parameters of jointed rock mass has
been calculated by using modified Mohr-Coulomb criteria (Singh et al, 2012) . The cohesion,
friction angle and dilation angle of the rock mass were found to be 12.89MPa, 37.560 and
3.780 respectively. Also elastic shear modulus which is indirectly related to UCS of jointed
rock mass is found to be 10.06 GPa. Based on the above parameters and poiésion ratio of 0.3
the lateral load carrying capacity of rock socket (H) has been calculated for L/D (L=length of -
shaft, D=diameter of shaft) ratios of 2, 3 and 4 for diameter of socket equal 0.6, 0.9,1.2 and 1.5
meter. The values of H are presented in table 5.1. The variation in H with shaft dimensions
shown in Fig 5.4, 5.5 and 5.6 for the given intact rock UCS value of 250, 150 and 50 MPa

respectively.

Variation of UCS of rock mass with joint set-1 & 2

N
A 250 &
306'

e J-1 & J-2

Note: Both
axes show
UCS in MPa

Fig.5.2 Variation of UCS of rock mass having joint set J-1 and J-2
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Variétion of UCS of rock mass with joint set-1,2 & 3

e 11,522 & J-3

Note: Both
axes show
UCS in MPa

Fig.5.3 Variation of UCS of rock mass having joint set J-1,J-2 and J-3

Table 5.1 Lateral load Capacity of rock sockets for different diameters and L/D values

Diameter (D) m L/D=2 - L/D=3 L/D =4
0.6 396 564 1670
0.9 565 1269 3161
12 1005 2256 5087
1.5° 1570 7451

3525

5.3 Variation in lateral load caphcity of rock socket with UCS at a given diameter.

The variation in H at a given diameter of socket equal to 0.6 m for L/D ratio of 2, 3 and 4 is

shown in Fig 5.7. It has been found that the percentage increase in the H for change L/D from 2

to 3 when compared to chahge L/D from 3 to 4 is approximately equal at lower value of UCS.

But at the higher value of UCS the increase in L/D is more when increased from 3 to 4 than

when increased from 2 to 3.
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Fig 5.4 Variation of lateral load capacity with shaft dimensions for (o = 250 MPa)
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Fig 5.5 Variation of lateral load capacity with shaft dimensions for (¢; = 150 Mpa)
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Fig 5.7 Variation in lateral load capacity with UCS
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5.4 Variation in lateral load capacity with different methods.

Zhang (2000) has given an excellent discussion on assessing rock mass strength baéed on filed
data generally available on the project sites. In actual filed condition there is always paucity of
reliable estimates of design parameters and it is righily stated that in filed it is sometimes only
RQD which is available with the designer. Keeping in view that field testing is extremely
expensive during desjgn stage it is imperative for a designer to have idea about the outcome if
various approaches are used while designing the structure. In the present study a parametric
analysis has been carried out and lateral load carrying capacity of rock socket (H) has been
computed using various approaches to have a better insight into the outcome of different |
approaches. H has been computed by employing Joint factor, Q system, RMR, SRF and RQD
in estimation of rock mass strength. The results have been plotted in the form of H versus L/D

ratio and the same are presented in Fig 5.8.

Variation in lateral load capacity using various methods
2000
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—t—JF
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~>4=SRF
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Lateral Load KN
e Pt et
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S o ©
o (] o
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Fig 5.8 Variation in lateral load capacity with different methods
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It has been found that upto L=3D the maximum value of H equal to 541 KN is obtained when
SRF method is used and minimum value of 217 KN was obtained using RMR method is used
where the average value calculated is 379 KN. The value of H obtained by SRF method is
42.74 % more than averagé and the value obtained by RMR is 25.34% less than the average.
For L=4D it has been found that maximum value of H equal to 1680 KN is obtained when SRF
method is used and minimum value of 642 KN was obtained using RMR method where
average value calculated is 1176 KN. The value of H obtained by SRF method is 42.85 %
mére than average and the value obtained by RMR is 45.41 % less than the average. In both

that cases the value of H calculated by Q system was found closest to average.
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Chapter 6
CONCLUDING REMARKS

Rocks encountered in foundations in field are invariably intercepted by discontinuities the most
common being joints. Rock sockets are used to transmit the heavy loads to the rock foundation
in vertical as well as lateral directions. Presence of joints make the rock weaker and the extent
of weakness depends on the characteristics of the joint system. The present study has been
conducted to évaluate thé effect of jbinting on lateral load carrying capacity of rock sockets.
Equivalent continuum modeling approach has been used where in the rock mass which is
actually discontinues is converted into a continuum with representative engineering properties.
The various approaches i.e Joint factor, Q system, RMR, SRF and RQD have been used to
assess the basic input parameter i.e UCS of the rock mass. This UCS has then been used in
modified Mohr-Coulomb criteria (Singh & Singh 2012) to assess the shear strength parameters
of the rock mass. These parameters are used in Carter and Kulhawy (1992) to get insight into
lateral load carrying capacity of rock socket.

A computef program has been developed which incorporates all the methods and compares the
lateral load of rock socket by considering the minimum out of all the dip directions. A
parametric analysis has indicated UCS of the rock has decreased to 46.55% when joint set J-1 |
is incorporated, and it has further decreased to 25.08% when sets J-1 and J-2 are incorporated.
When all the three joint sets are incorporated the UCS has further decreased to 18.23%. Also
for a given UCS and diameter of 0.6 and 0.9 m, the percentage increase in the lateral load
carrying capacity of rock socket (H) is more when the L/D is increased from 3 to 4, when
compared to increase in L/D ratio from 2 to3. For the diameter of the shaft 1.2 m the percentage
increase is approximately equal when the L/D ratio is increased from 2 to 3 and 3 to 4. But, for
the diameter of shaft equal to 1.5 m the increase in load carrying capacity is more when the L/D

is increased from 2 to 3 than when it is increased from 3 to 4.

A parametric analysis has also been carried out for given diameter with varying UCS. It has

been found that the percentage increase in the lateral load capacity of rock socket for change in
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L/D from 2 to 3 when compared to change L/D from 3 to 4 is approximately equal at lower
value of UCS. But at the higher value of UCS the increase in L/D is more when increased from

3 to 4 than when increased from 2 to 3.

One more exercise was done to look into the perfbrrnance of various approaches to compute
UCS. It has been observed that most conservative results were obtained when RMR method is
used. The value of lateral load capacity predicted by RMR method was found to be 25.34%
and 45.41% lower than the average value for L=3D and L=4D respectively. The highest value
were found when SRF approach was adopted and the values were 42.74% and 42.84% higher
than the average load carrying capacity for L=3D and L=4D respectively. It was also observed

that average values were close to those predicted by Q system.
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APPENDIX-I

PROGRAM TO CALCULATE LATERAL LOAD CARRYING CAPACITY OF ROCK
SOCKETS

#include <stdio.h>

#include <math.h>

int main()

{

int loops, beta, temp=0,interval,i=0,noj,sig3count, cteta, sigmacj;
float Srf,phii,dilAngle,sigl,sigB’ ,2ucs,r=0.9,jf,jn,change=0.017453, ,angle,n, ,min = 0.0,Er;
float loaddip=0;

float loaddd[360],con=57.2958;

float gamarock,RQD,RMR,SF,MRF,minsigmacjl,minsigmacj2,minsigmac;j3,minsigmacj4;
loaddd[0]=0,Q;

float jointsets[10][3]; '

float Avalue,Bvalue, X YProductSum,XSquare,Cmass,PHImass;
printf("\n Enter number of joint sets.:");

scanf("%d",&noj);

printf("Number eptered %d:",n0j);

priotf("\n Enter ucs in MPa:");

scanf("%f",&ucs);

printf("\n Enter friction angle of intact rock:");

scanf("%f" &phii);

printf("ucs Number entered %f:" ,ucs);

printf("\n Enter the horizontal angle interval:");
scanf("%d",&interval);

loops=360/interval;

float sigmaarray[360][10]={};

float jfarray[360][10]={};

printff "\n Total no of calculations: %d \n",loops);
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for(1=0;i<noj;i++)
{
printf("\n Enter jointdip %d:",i+1);
scanf("%f" ,&jointsets[i][0]);
printf("Joint dip %f" jointsets[i][0]);
printf("\n Enter joint dip direction %d:",i+1);
scanf("%f",&jointsets[i][1]);
 printf("\n Enter joint spacing in meters %d:",i+1);
scanf("%f",&jointsets[i][2]);
}
printf("]J omtsets—-$");
for(i=0;i<noj;i++)
printf("\t %d",i+1);
printf("\n\n Dip\t");
for(i=0;i<noj;i++)
printf("\t %.2f" jointsets[i][0]);
printf("\n\n DiD\t");
for(i=0;i<noj;i++) |
printf("\t %.2{" jointsets[i][1]);
printf("\n\n Spa\t");.
for(i=0;i<noj;i++)
printf("\t %.2{" jointsets[i][2]);
for(i=1;i<loops;i++)
loaddd[i]=loaddd[i-1]+interval;
int h=0; int j=0;
for(h=0;h<noj;h++)
{
for(i=0;i<loops;i~l—l-)
{ | |
cteta=( cos(jointsets[h][ 1]*change-cos(loaddd[i]*change)* cos((loaddipjointsets[h]}[0])*change);
jn=100.0*cteta/jointsets[h][2];
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angle=acosf(cteta);

angle=angle*con;
beta=(int)(90.0-angle);

if(beta<0)

beta=0-beta; -
if((0<=beta)&&(beta<=10))

{
n=0.810-((10-beta)*(0.810-.460)/10);
} .

else if((10<beta)&&(beta<=20))

{
n=0.460-((20-beta)*(0.460-.105)/10);
3

else if{((20<beta)&&(beta<=30))

{
n=0.105-((30-beta)*(0.105-0.046)/10);
} .

else if((30<beta)&&(beta<=40))

{
n=0.046+((40-beta)*(0.071-0.046)/10);
}

else if((40<beta)& &(beta<=50))

g |
n=0.071+((50-beta)*(0.306-.071)/10);
}
else if((50<beta)&&(beta<=60))

{
1n=0.306+((60-beta)*(0.465-0.306)/10);

}
else if((60<beta) &&(beta<=70))

A
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1=0.465+((70-beta) *(0.634-0.465)/10);
- _

else if((70<beta)& &(beta<=80))

{ ,
n=0.634-+((80-beta)*(0.814-0.634)/10);
} E
else if((80<beta)&&(beta<=90))

{ .
n=0.814+((90-beta)*(1.0-0.8140)/10);
} |

jEn/(n*n); -

jfarray[i][h]=5jf;

printf("\n Joint Factor JF= %.2f",jf);
sigmacj=ucs*pow(2.71828,-0.008*jf);
sigmaarray[i][h}=sigmacj;

temp++;

}

}

" float minsigcjarray[loops];
for(j7=0;j<loops;j++)
{
min=sigmaarray[j}[0];
for(i=0;i<noj;i++) -
{
if(sigmaarray[j][i]<min)
min=sigmaarray[j][i];

)
minsigcjarray[j]=min;
}
printf("\n\n DD//JS-->");

48



for(i=0;i<noj;i++)
printf("\t %d",i+1);
printf("\n");
for(i=0;i<loops;i++)
{
printf("\n\n %.2{",loaddd[i]);
for(=0;j<nojij++) |
{
printf(" \t %.2f",sigmaarray[i][j]);
3
printf("\t min= %.2f",minsigcjarray([i]);
~ printf("\n\n");
} |
float minsigmacj=0.0;
for(i=0;i<loops;i++)
{
if(i==0)
{
min = minsigcjarrayl[i];
}
if(minsigcjarray[i] <=min)
{
min=minsigcjarray[i];
3
3
printf("\n\n UCS of jointed rock in MPa = %.2f"',min);
minsigmacj=min;
int option,option2;
printf{("\n \n \n Enter 1 if you wish to continue \n:");
printf(" \n Enter 2 if you want to enter another UCS value \n :");
printf(" \n Enter 3 for other methods: ");
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scanf("%d",&option);

switch(option)

{

case 2: printf(" \n Enter the new UCS value:");
scanf("%f",&minsigmacj);

printf("sigma=%.2{",minsigmacj);

break; A
case 3: printf(" \n Enter 1 to calculate UCS of rock mass using Q System\n:")i
printf(" \n Enter 2 to calculate UCS of rock mass using RQD\n:");
printf(" \n Enter 3 to calculate UCS of rock mass using RMR\n:");

" printf("\n Enter 4 to calcuiate UCS of rock mass Strength Reduction Factor\n:");
~ printf(" \n Enter 5 to calculate UCS of rock mass using average of all the above systems\n:");
scanf("%d",&option2); '

switch(option2)

{

case 1: printf("\n we are in Qsystem\n");

printf("\n Enter Rock Mass Qulity Index Q ");

scanf("%t",&Q);

printf("\n Enter unit weight of rock in gm/cm’\f ";
scanf("%{f",&gamarock);

minsigmacj= 7* gamarock*pow(Q,0.333);

break;

case 2: printf("we are in RQD");

printf("\n Enter RQD ");

scanf("%f",&RQD);

minsigmacj= ucs*pow(10,(0.013*RQD-1.34));

break; .

case 3: printf("\n we are in RMR system");

printf("\n Enter RMR");

scanf("%f",&RMR);

minsigmacj= ucs*pow(2.7183,((RMR-100)/18.75));
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break;

case 4: printf('.'\n we are in Strength Reduction Factor SF\n"); -
printf("\n Enter Modulus Reduction Factor MRF");
scanf("%f",&MRF);

SF= pow(MRF,0.63);

printf("Strength reduction factor SF=%.2f ".SF);
minsigmacj= ucs*SF;

break;

case 5: printf("we are in average");

printf("\n Enter Rock Mass Qulity Index Q \n");
scanf("%f",&Q);

printf("\n Enter unit weight of rock in gm/cm”3 \n ");
scanf("%f",&gamarock);

minsigmacj 1= 7*gamarock*pow(Q,0.333);

printf("\n Enter RQD\n ");

scanf("%f",&RQD);

minsigmacj2= ucs*pow(10,(0.013*RQD-1.34));
printf("\nEnter RMR\n");

scanf("%f",&RMR);

minsigmacj3= ucs*pow(2.7183,(RMR-100)/18.75));

printf("\nEnter Modulus Reduction Factor MRF\n");
scanf("%f" &MRF);

SF= pow(MRF,0.63);

minsigmacj4= ucs*SF;

minsigmacj= (minsigmacj 1 +minsigmacj2+minsigmacj3-+minsigmacj4)/4;

break;

}
break;

case 1: printf("The minsigmacj=%.2f ",minsigmacj);
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break;

}

printf("Finally the minsigmacj=%.2f",minsigmacj);

srf=minsigmacj/ucs; '

printf("\n\n SRF %f:" srf); -

printf(" \nphii %.2f:",phii);

anglé=((1~srf)+((sin(phii* change))/(1-sin(phii*change))))/((2-srf)+((sin(phii*change))/(1-
' sin(phii*change))));

angle=asinf(angle);

angle=angle*con;

printf(" \n Joint friction angle %.2f:",angle);

float sig3 Array[15];

sig3 Array[0]=ucs*0.25/8;

sig3count=8;

int s;

for(s=1;s<=7;st+)

sig3 Array[s]=sig3 Array[s-1]+ucs*0.25/8;

float sigl Array[8];

for(i=0;i<sig3count;i++)

{

sigl Array[i]=sig3 Array[i]+minsigmacj+2*((sin(angle*change))/(1-

sin(angle*change)))*sig3 Array[i]-((sin(angle*change))/(1-

sin(angle*change)))*sig3 Array[i]*sig3 Array[i]/ucs;

printf(" \n\n sig3 %.2f \t sigl %.2f " sig3Array[i],sigl Array[i});

¥

sigl=sig3+minsigmacj+2*((sin(angle*change))/(1-sin(angle*change)))*sig3-

((sin(angle*change))/(1-sin(angle*change)))*sig3*sig3/ucs;

scanf("%lf",&ucs);

for(i=0;i<sig3count;i++)

Avalue += sig3Array[i];

Bvalue += sigl Array[i];
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printf(" \nSum of sig3 Array Values %f",Avalue);
printf(" \nSum of sigl Array Values %f",Bvalue);

}
for(i=0;i<sig3count;i++)
{

XYProductSum += sig3 Array[i}*sigl Array[i];

printf(" \nSum of XY %f:",XYProductSum);

}

for(i=0;i<sig3count;i++)

{ . :

XSquare += sig3Array[i]*sig3Array[ij;

printf(" \n X square %f:",XSquare);

: :

float a,b; | ,
b=(XYPr0ductSum—(Avalue*Bvalue)/sig3 count)/(XSquare-((Avalue)*(Avalue))/(sig3count));
printf(" \n b %.2£:",b);

a= (Bvalue-b*Avalue)/(sig3count);

printf(" \n\n b,a = %.2f, %.2f, ",b,a);
PHImass=asinf((b-1)/(b+1));

PHImass= PHImass*con;

printf(" \n PHImass %if:",PHImass);
Cmass=a*(1-sin(PHImass*change))/(2*cos(PHImass* change));
printf " \n\n PHImass,Cmass = %.2f, %.2f, ",PHImass,Cmass);
Ef=ucs*pow(2.7l828,—0.0035*jt); |

dilAngle= 0.5* (PHImass-phii);

printf(" \n\n Elastic shear modulus in MPa %.2f:" Er);

printf(" \n\n Rock mass friction angle %.2f:",PHImass);

printf(" \n\n Dilation Angle %.2f:",di1Ang1e);

printf(" \n\n Rock mass cohesion in Mpa %.2f:",Cmass);
scaﬁf("%lf',&ucs);

{
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double esm,hs=0.01,c,fa,pr,da,ucs,b,ém,l,change=0.017453 ;
double beta,alpha,betal beta2, sigmar,PLhr;
printf("\nEnter Elastic Shear Modulus in MPa:");
scanf("%lf",&esm);

esm=Er;

da=dilAngle; .

¢=Cmass;

fa=PHImass;

printf("\nEnter Horizontal Stress in Mpa:");
scanf("%lf",&hs);

printf("\nEnter Cohesion in MPa:");
scanf("%lf",&c);

printf("\nEntef Friction Angle of rock mass :");
scanf("%lf",&fa);

if((15<=fa)&&(fa<=45))

{

printf("\nEnter Poissions Ratio\n ");
scanf("%olf",&pr);

printf("\nEnter Dilation Angle ):");
scanf("%lf",&da);

printf("\nEnter UCS of rock mass MPa:");
scanf("%lIf",&ucs);

printf("\nEnter Diameter of the Shaft in meters:");
scanf("%lf",&b);

printf("\nEnter Length of the Shaft in meters:");
scanf("%lf",&l);

sm=0.5*pow(ucs,0.5);
alpha=esm/(hs+(c/tan(fa*change)));
if((15<=fa)&&(fa<=25))

R

if((0<=da)&&(da<=5))
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{

if(alpha==10)

beta=2.1;

else if(alpha=—=100)

beta=4, '

. else if(alpha==1000)

beta=7;

else

{ .
if((10<=alpha)&&(alpha<=100))
¢

betal=2.1;

beta2=4;
beta=beta2-((beta2-betal)*(100-alpha)/90);
Yy |
if((100<alpha)& &(alpha<=1000))
{

betal=4;

beta2=7;
beta=beta2-((beta2-betal)*(1000-alpha)/900);
\ ,

}

3

if(5<da)&&(da<=15))

{ .

if(alpha==10)

beta=2.6;

else if(alpha=—=100)

beta=4.9;

else if(alpha==1000)

beta=9.8;
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else
{
if((10<=alpha)&&(alpha<=100))
{
betal=2.6;
beta2=4.9,
beta=beta2~((beta2-betal }*(100-alpha)/90);
}
if((100<alpha)&&(alpha<=1000))
{
betal=4.9;
beta2=9.8;
beta=beta2-((beta2-betal)*(1000-alpha)/900);
}
.
)

if((15<da)&&(da<=20))
{
if(alpha==10)
beta=3;
else if(alpha==100)
beta=5.9;
else if(alpha=1000)
beta=11;
else
{
if((10<=alpha)&&(alpha<=100))
{
betal=3;
beta2=5.9;
beta=beta2-((beta2-betal)*(100-alpha)/90);
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¥

if((100<alpha)& &(alpha<=1000))
{ .

betal=5.9;

beta2=11;

beta=beta2-((beta2-betal)*(1000-alpha)/900);

}

}

}

}

else if((26<=fa)&&(fa<=35))

{

if((0<=da)&&(da<=5))

{

if(alpha==10)

beta=2.1;

else if(alpha==100)

beta=5;

else if(alpha==1000)

beta=11;

else

{

if((10<=alpha)& &(alpha<=100))
{

betal=2.1;

beta2=5;
beta=beta2-((beta2-betal }*(100-alpha)/90);
}
if((100<alpha)&&(alpha<=1000))

{
betal=5;
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beta2=11;
beta=beta2-((beta2-betal)*(1000-alpha)/900);
) _

}

3

if((5<da)&&(da<=15))

{
-if(alpha==10)

beta=3;

else if(alpha==100)

beta=6.5; _

else if(alpha==1000)

beta=18;

else

{

if((10<=alpha)&&(alpha<=100))

{

betal=3;

beta2=6.5;
beta=beta2-((beta2-betal)*(100-alpha)/90);
3

if((100<alpha)&&(alpha<=1000))

{

betal=6.5;
, beta2=18; A
beta=beta2-((beta2-betal y*(1000-alpha)/900);
3

3

}
if((15<da)&&(da<=25))

{



if(alpha==10)
beta=3.2;
else if(alpha=—=100)
beta=9;
else if(alpha==1000)
beta=27,
else
{
if((10<=alpha)&&(alpha<=100))
{
betal=3.2;
beta2=9;
beta=beta2-((beta2-betal)*(100-alpha)/90);
}
if((100<alpha)&&(alpha<=1000))
{
betal=9;
beta2=27;
beta=beta2-((beta2-betal Y*(1000-alpha)/900);
}
}
¥
if((25<da)&&(da<=30))
{
if(alpha==10)
beta=4;
else if(alpha==100)
beta=11;
else if(alpha==1000)
beta=39;

else
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{
if((10<=alpha)&&(alpha<=100))

{

betal=4;

beta2=11;
beta=beta2-((beta2-betal )*(100-alpha)/90);
3
if((100<alpha)&&(alpha<=1000))
{

betal=11;

beta2=39;
beta=beta2-((beta2-betal *(1000-alpha)/900);
}

}

}

}

else

{

if((0<=da)&&(da<=5))

{

if(alpha==10)

beta=2.1;

else if(alpha==100)

beta=5.1;

else if(alpha==1000)

beta=18; '

else

{

if((10<=alpha)& &(alpha<=100))

{
betal=2.1;
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beta2=5.1; _
beta=beta2-((beta2-betal )*(100-alpha)/90);
}
if((100<alpha)&&(alpha<=1000))
{

betal=5.1;

beta2=18;
beta=beta2-((beta2-betal )*(1000-alpha)/900);
h

}

}

if((5<da)&&(da<=15))

{

if(alpha==10)

beta=3;

else if(alpha==100)

beta=$;

else if(alpha==1000)

beta=28;

else

{
if((10<=alpha)&&(alpha<=100))
{

betal=3;

béta2=8;

beta=beta2-((beta2-betal )*(100-alpha)/90);
} ,
if((100<alpha)&&(alpha<=1000))
{

betal=8;

beta2=28;
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beta=beta2-((beta2-betal)*(1000-alpha)/900);
}

3

}

if((15<da)&&(da<=25))

{

if(alpha==10)

beta=3.2;

else if(alpha=—=100)

beta=11;

else if(alpha==1000)

beta=40;

else

{

if((10<=alpha)&&(alpha<=100))

{

betal=3.2;

beta2=11;

beta=beta2-((beta2-betal )*(100-alpha)/90);
}

if((100<alpha)&&(alpha<=1000))

{

betal=11;

beta2=40;

beta=beta2-((beta2-betal y*(1000-alpha)/900);
y :

3

}

if((25<da)&&(da<=35))

{
if(alpha==10)
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beta=3.8;

else if(alpha==100)

beta=12;

else if(alpha==1000)

beta=50;

else

{

if((10<=alpha)& &(alpha<=100))
{

betal=3.8;

beta2=12;
beté1=beta2-((beta2-beta1 )*(100-alpha)/90);
} .
if((100<alpha)&&(alpha<=1000))
{

betal=12;

beta2=50;
beta=beta2-((beta2-betal)*(1000-alpha)/900);
) _ ,

)

}

if(35<da)&&(da<=40))

{

if(alpha==10)

beta=4;

else if(alpha=1 00)

beta=18;

else if(alpha==1000)

beta=70;

else

{
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if((10<=alpha)&&(alpha<=100))

o

betal=4;

beta2=18;

beta=beta2-((beta2-betal)*(100-alpha)/90);

}

if((100<alpha)&&(alpha<=1000))

{

betal=18;

beta2=70;

beta=beta2-((beta2-betal )*(1000-alpha)/900);

}

}

}

}

sigmar=((1-+sin(fa*change))*(hs+(c/tan(fa* change))))-(c/tan(fa* change));

Pl=beta*(sigmar+(c/tan(fa*change)))-(c/tan(fa*change));
(if(1<3*b)

{

hr=abs(((P1*1/6)+sm*b)*]);

) .

else

{ |

hr=abs((P1/2+sm)*3*b*b-+(Pl+sm)*(1-3*b)*b);

}

printf("\n Horizontal Reaction in KN: %.31f",hr);

}

else

{ .

printf("wrong Input (Enter in between 20-40 only)");
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