easily and economically and is comparatively less time consuming, is the flat jack
method which is an alternative to the geo-technical engineers and is suitable even for
weak rocks.For the last three decades, CWPRS has carried out measurement of
stresses for underground openings using Flat jack technique for a large number hydel

projects and has developed expertise in the same.

Flat Jack Method

The stress measurement by flat jack method is ideally suited when underground
openings are available for measuring stresses and tests are conducted on the walls of
the opening to measure the induced stresses from which the in-situ stresses can be
deduced. The method is intended for the determination of rock stress parallel to and
tangential to the exposed rock surface in an excavation. In the selection of a zone of
rock for testing, it should be a minimum of 5 times tunnel diameter away from any other
heading to get rid of the influence of the opening. Since each measurement determines
stress in one direction only, a minimum of six measurements in independent directions
are required to determine the complete stress tensor. The detail experimental setup and
procedures are given in BIS 13946 Part IV,1994. View of some equipments used in the

test and a sketch showing the test setup are shown vide Figs.8 and 9 respectively.

Deformeter with Sgpdard bar

WT‘
|
|

Elat Jack

1-Reference Pin,2-Flat Jack,3-Slot,4-Hydraulic Pump
5-Connecting pipe, 6-Pressure gauge, 7-Deformeter

Fig.8 Some equipments for Flat Jack Test Fig.9 Sketch showing Flat Jack test setup

In the beginning, two reference pins are fixed on the rock surface at about ten inches

apart and the distance between the pins are recorded with reference to a fixed distance
on an inver rod by means of deformeter with dial gage of accuracy 0.0001".

Afterwards, the process comprises of cutting a thin slot approximately elliptical in shape
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into the rock surface at the middle position of the reference pins by drilling a series of
overlapping holes by jack hammer. The slot cut in the horizontal direction yields induced
stress tangential to the boundary of the opening and the slot cut in the vertical direction
yields induced stress, parallel to the axis of the opening, at the respective slot locations
(Fig.10). This process relieves the rock surface of the stress originally existing across it.

Because of the stress relief, the sides of the slot converge. The amount of convergence

which depends upon the stresses in rock and its elastic properties, is measured from
the difference in present reading between the two points across the slot fixed in the rock
and that of the reading prior to cutting of the slot. View of measurement of convergence

by measuring distance between reference pins by deformeter before the slot is made is
shown in Fig.11.

ks B : R l?'fi;:r;'- g1 ‘
Fig.10 Slot prepared by drilling series of Fig11. Measurement of
overlapping holes by jack hammer convergence by deformeter

Flat jack is then embedded tightly in the slot by grouting (Fig.12) and after providing a
setting time of 48 hours, jack is then pressurized by a hydraulic pump to neutralise the
convergence and the pressure at which this neutralization takes place is recorded. This
pressure, generally called cancellation pressure is then very nearly equal to the
pressure existed in the normal to the plane of slot before the slot is cut, provided the

length of the slot and the jack are same. A view of Flat Jack test in progress is shown
vide Fig.13.
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However in actual tests, the length of the slot may be bigger than the jack and the slot
may not be of finite width. Further the stress acting in the plane parallel to the major axis
of the slot also affects the contraction of the slot. The formulae as given below that
accounts for the effect of all the above can be used for evaluating the stresses.

PK,; = PgK, + PyK; (forjack position horizontal ) ----- (1)

PK; = PgK; + P4K, (forjack position vertical) ~ --—- (2)
Where P is the flat jack cancellation pressure , Pg is the induced stress tangential to the
boundary of the opening and Py, is the induced stress parallel to the axis of the opening.
K1,Kz2,K3 are constants which are determined from parameters such as length of the
jack, slot dimensions, distance between reference pins etc. Induced stresses Pg and Py
can be found out by solving simultaneous equations (1) and (2). At each of the test
Zone, several tests are to be carried out to obtain statistically viable results. Since at the
time of testing during the process of nullification of convergence, a number of loading
and unloading cycles are carried out for different stress ranges, Static Modulus of

Deformation of rock mass( Em ) can also be determined either graphically or from
following equation 3):

/2
E =Pvzco{ _ Zfl _l} G+ | 3
M= 221 - (1+c§) z +_—T(1+zi)‘ ; (3)
3
Where E,,

is the Modulus of deformation of rock mass, 2A is the amount of convergence
between two points Spaced at equal distance y from the plane of the slot along the
center line normal to its plane due to stress Pv. 2C, is the length of Flat Jack, and y is
Poisson’s ratio. Since these measured induced stresses are a function of the in-situ
stresses and the shape of the opening, it is possible to evaluate the in-situ stresses
from the following equations. When two mutually perpendicular openings are available
to each other for measuring the stresses, the measured stresses can be given as :

PB = KQGV + KHUH]. _______________ (4)
Py = oy, + u(Ke — Doy + p(Ky — 1oy, - (5)
BL = oy + u(Kg — Doy + p(Ky — 1oy, ——e (6)

where Pg — Stress on the boundary of the opening and tangential to the boundary
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P. — Stress on the boundary of the opening and parallel to the axis of opening
Kg — Stress concentration factor at location Pg due to in-situ vertical stress

Kn — Stress concentration factor at location Py due to in-situ horizontal stress

For regular geometrical shape such as circle, D shape, rectangle and square shapes,
stress concentration factors Kg and K, can be obtained from published monographs.
However for other shapes, the same are obtained by using numerical modeling
technique. With the knowledge of measured Pe, Py and P_ values and stress
concentration factors Kg, Ky it is possible to evaluate in situ stresses Oy, On1 and oy2. In
case where itis not possible to measure both Py and P, the horizontal stresses o 4

and oy, are assumed to be nearly equal and o, and oy are evaluated using equations
(4) and (5) only.

Case Studies: Koyna H.E.Project,Stage IV, Maharashtra

Providing irrigation by optimum utilization of water from Koyna reservoir without
affecting the power generation of Koyna H.E.Project Stage-lV, it was proposed to
lower the intake level of K.H.E.P.Stage IV by 12 meters to obtain an additional supply of
15 tmc of water by extending the existing H.R.T of KH.E.P.Stage IV. In order to
account for this additional volume of water, it was proposed to construct an Additional
Surge Gallery of size 75m(L)x20m(W)x35m(H) as well as 4572.73m long Horse Shoe
shaped Head Race Tunnel(HRT) including Intake Structure Complex and Lake Tapping.
Following request from project authority, extensive Flat Jack Tests to determine in-situ
stress and deformability of the rock mass for the entire 4.5km long HRT has been
carried out by CWPRS in a phase wise manner synchonising with the schedule of
excavation. Findings from part of the study taken for section between Ch.1200 to 4000
(Fig.14) where 37 flat Jack test has been conducted is presented. The 9.5 m diameter
HRT runs through a complex topography and the rock mass was found to be consisted
of massive and jointed varieties of Compact Basalt and Volcanic Breccia. In tunnel
sections beyond Ch. 1200 and up to CH. 3500 in HRT, good quality Compact Basalt
was observed above spring level (SPL) i.e. when Flat Jack tests were conducted at the
Heading. After completion of benching, i.e. after full excavation of the same sections ,

the rock mass below SPL was found to be volcanic breccia. Beyond CH.3500 and up
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to CH. 4000, volcanic breccia was found to be predominant including some section
where it extends up to full section of the tunnel. The overburden was also found to vary
considerably along the tested length of the tunnel. At some reaches it is more than 111
m and at some other reaches the rock cover is around 37 m only.

S.G.SHAFT
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|
I 103 .OSI 1097.00 | l .
CH
009
CH. CH. CH. CH. CH.
0.00 130.00 1928.682 3457 81 4572.73
TOTAL

LENGTH

Fig.14 Flat Jack Test zone along extended HRT

The summarized results of the Static Modulus of Deformation(Ey ),measured Induced
Stresses tangential to the boundary of the opening ( Py ),Induced Stresses parallel to

the axis of the opening (Py ), In-situ Vertical Stress (cy ) and Horizontal Stress(cy )
including the stress ratios Findings of the study is presented vide Table-2

Table-2
Modulus of Induced Stress In-situ Stress
Location Rock | Deformation (MPa) (MPa)
type En (GPa) | |
Range Py Py (e 2V} OH K=oyloy |
Basalt 22.6 - 65 1.72-578 | 147-324 |12 - 36 |17 — 38| 1.0-14
Extended p— |
c
HRT clean 25-294 1.03-458 | 070-3.14 |04 — 29| 08— 39 | 1.3-20
Breccia

Typical stress-deformation plots from flat jack test data for very good quality basalt and
poor quality volcanic breccia rock mass from Koyna H.E.Project, Maharashtra with Ey
values of 42.2 GPa and 5 GPa respectively are shown in Fig.15.
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Fig15. Typical stress Vs deformation envelopes from flat jack tests

5.Shear Strength Parameters

For gravity dams on rock foundations, beside normal load from the self weight of the
structure, many of the loads on the dam are horizontal or have horizontal
components(Fig.16). These are resisted by frictional or shearing forces along horizontal
or nearly horizontal planes in the body of the dam, on the foundation or on horizontal or
nearly horizontal weak planes in the foundation. Thus for a realistic assessment of the
stability of the structure against sliding, estimation of the shear resistance of rock mass
along any desired plane of shear or along the weakest discontinuity is essential. Since
laboratory tests on small specimens do not reflect the influence of seams, fissures and
local alterations on behaviour of in-situ rock, large scale in-situ shear tests are
conducted under anticipated stress range. To ascertain stability of gravity dam against
sliding, measurement of shear strength parameters i.e. cohesion (c) inherent in the
materials and at their contact and angle of internal friction (¢) of the material at the
surface of sliding for the following are essential.
a. for normal foundation with soft or hard rock variety- shear strength parameters
for the dam-foundation rock interface ( concrete to rock )
b. for stratified/laminated formation- shear strength parameters need to be
measured along the discontinuity plane
c. for foundation with joints/weak seam/alternate hard and soft layer etc- along
discontinuity plane, weak seam , interface of hard and soft layer
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Fig16. Forces acting on a gravity dam

One of the primary design requirements in case of concrete or masonry gravity dam
built on rock foundation is to ensure adequate factor of safety for shear and sliding
failure at the dam-foundation interface. In its simplest form, the friction factor criterion
used for evaluating the factor of safety against sliding (FS) is as follows:

2(N ;U)mnﬁ + ﬁ
~ F Fe

2 H

where N=downward vertical force, U=uplift force , H=horizontal forces

FS =

¢=friction angle for plane XX’, c=cohesion on plane XX’, L=base width of dam,
Fy =partial factor of safety in respect of friction

Fc =partial factor of safety in respect of cohesion

In-situ direct shear tests are carried out to determine values of ¢ and ¢ from the peak
and residual direct shear strength. The factor of safety is then determined and

compared with the values specified in BIS 6512-1984 for different loading conditions
and shall not be less than 1.0.

In-situ Shear Test
The test is carried out to measure Peak and Residual direct shear strength as a function

of the stress normal to the plane to be sheared as per IS 7746,1991.For measuring
shear strength parameters at dam-foundation interface, at least 5 to 6 concrete blocks

of 700mmx600mm x 600mm (size can vary based on the availability of space at test
location and magnitude of normal load to be applied) are casted on the foundation rock
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mass after leveling of the surface by chiseling and keeping sufficient gap on each side
of test block as well as in between two blocks to facilitate arrangement for testing. For
determining shear strength parameters along any discontinuity plane or weak seam or
in case of stratified rock mass, rock block is carved out from the parent rock mass by
careful chiseling up to the plane of weakness and cement slurry capping is applied on
all sides keeping the plane of interest open. Anchoring and girder arrangements are
made to apply normal loading whereas a concrete reaction wall is built for applying
shear load. View of test blocks with anchoring and girder arrangement is shown vide
Fig.17. The testing procedure consists of applying a predetermined normal load on the
concrete test block and while maintaining this load constant, the shear load is applied
on the desired plane in small increments till the block fails. The hydraulic jack/jacks of
capacity 200T for applying the shear load is/are so positioned as to ensure that the
resultant of the normal and shear stresses passes within the middle third of the base of
the test block. Single 100 T capacity (capacity may vary based on requirement)
hydraulic jack is used for applying the normal loads and roller is introduced below the
normal load to facilitate smooth movement of the test block during application of shear
load. View of in-situ shear test setup is shown vide Fig.18.

Fig.18 In-situ shear test setup

& - e
2 <

Fig.17 Shear test blocks with
anchoring and girder arrangement

Horizontal displacement corresponding to each increment of shear load is recorded
using two dial gauges of sensitivity 0.01 mm. After reaching peak failure stress, each

test block is tested under several normal stresses to obtain corresponding residual
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shear stresses. After completion of each test, the test block is upturned and the failure
surface is examined to determine the mode of failure. A sketch showing the application

of normal and shear forces on the test block including the prepared wooden wedge is
shown in Fig.19.

M
Shear Plane Wedge Plate
P sina

Fig.19 Application of Normal and Shear forces on the test block

P Ppat+Pgacosa
A A A
Where
P

s = total shear force, Py, = total normal force, Ps, =applied shear force,
Pna =applied normal force, Ps,cosa= tangential component of applied shear force

Psasino = normal component of applied shear force

o= inclination of applied shear force to the shear plane, A= area of shear surface

Using the above relationship, both normal and shear stress values for peak shear (at
failure) and residual shear(after failure)have been computed. Values of shear stress and
corresponding shear displacements are obtained after averaging the displacement
réadings of two dial gauges and a combined plot for all blocks is presented. Peak direct
shear strength corresponds to the maximum shear stress in the shear stress vs.
displacement curve whereas the Residual shear strength is the shear stress at which no

further rise or fall in the shear strength is observed with increasing shear displacement.
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Case Studies: Upper Tunga Project, Karnataka

A 26.2m high and 770m long composite dam is under construction across river Tunga
at about 100m downstream of the existing Anicut at Gajanur village of Shimoga district,
Karnataka. The dam consists of 15.20m high and 177.50m long Earthen dam with
central puddle core at the left flank, a Power block of length 52m to generate 19.5
megawatts power, on-overflow sections of length 18.50m on the left flank and 126m on
the right flank and 321.50m long high co-efficient weir type concrete Spillway at the
center portion comprising of 22 numbers of radial crest gates of size 11.75mx4.74m to
discharge design flood of 2,60,000 cusecs. Following a request from the project
authority, field studies were conducted by CWPRS to determine the in-situ shear
strength parameters for foundation- rock interface at the downstream of Spillway Block

No.14,18 and 20(Fig.20).The general rock mass forming the dam foundation consists of

good quality granites with occasional schistose zone. The foundation rock mass,

exposed as outcrop, has been found to be fresh and hard rock of Schistose variety
(Fig.21).

Fig.20 In-situ Shear Test location in front of Fig.21 Schistose rock mass as

Spillway block no.14 outcrop at test location
In—situ shear tests were carried out on six concrete blocks, of sizes 60cm x 70cm
casted on foundation rock. For each block, the test procedure consisted of applying a
pre-determined normal stress on the test block and then applying shear stress in small
increments till the failure of the block. All six blocks were tested under different normal
load conditions to evaluate the shear strength parameters for the dam-foundation

interface. The study of failure surface from the upturned views of the blocks after failure
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Shear Stress (Kg/sq.cm)

revealed that out of six blocks, only two blocks have failed along the contact whereas
the others have failed mostly through rocks and partly through contact. The estimated
values of Cohesion (c) and Friction angle (¢) were found to be 10 kg/cm? and 59°
respectively. Plot of normal stress vs. shear stress under peak and residual condition
and shear stress vs. displacement plot for one of the test block is shown vide Figs. 22
and 23 respectively.

- UAL SHEAR 3990 7 Shear Test Block No.4
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Fig.22 Normal stress Vs Shear Stress Plots Fig.23 Shear Stress Vs
under Peak and Residual condition Displacement for a block

5.Foundation Permeability

The permeability of dam foundation refers to the overall permeability characteristics of
foundation rock mass which is in true sense heterogeneous and anisotropic. Almost all
rock foundations are not watertight and some are highly pervious. The foundation rock
mass with its system of discontinuities in the form of persistent joints, bedding planes,
weak seam, shear zones, fault planes etc. including stratification and weathering of
rock strata, helps to aggravate seepage or passage of water under hydraulic gradient
through foundation. Seepage, if not controlled, may attribute to the loss of reservoir
storage, weakening of foundation by weathering and piping action over a long period of
time causing subsidence/settiement as well as adding of uplift pressure at the toe
portion of the dam. Dam must always be designed keeping in view of the effects of
Seepage flow after the reservoir is filled. Measurement of permeability of foundation
rock mass helps to ascertain the nature of flow and quantum of seepage through the
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foundation rock mass which further act as guide to undertake foundation improvement

measures like grouting etc. for controlling seepage flow through foundation.
In-situ rock permeability test

Although permeability of a rock material can be determined at laboratory,
Ewert(1985,1992) concluded that these values cannot be correlated to rock mass
because of presence of anisotropy and heterogeneity nature of rock mass, due to
unknown type and distribution of flow paths as well as factors such as hydraulic friction
in the rock mass. Field permeability test in exploratory boreholes, conducted either
simultaneously during drilling or even after completion of drilling operations, can assist
engineers to have a fair understanding of the overall permeability characteristics of
foundation rock mass and can help to undertake various remedial measures for
controlling seepage flow through foundation. The tests are also of significance in
interpreting the drilling data and in supplementing the information obtained from visual
examination of the cores. The value of coefficient of permeability from the test is the
overall value for rock mass including losses into cracks, features, joints etc. and
provides an approximate estimate of possible leakage which may take place through
specific zones of rock in foundation upon impoundment of reservoir in case of dams or
from any nearby groundwater source.

Pumping in Test using Single or Double Packers

Water percolation test or pumping in test using single or double packers, conducted
in bedrock as per Indian Standard Code of Practice 1S:56529- Part Il (1973,1985), is a
relatively low cost method to determine variations in hydraulic conductivity with depth
and also in different strata. The test is based on the measurement of amount of water
which is pumped under pressure into uncased and un grouted test section of the
bedrock in drill holes separated by single or double packers. Single packer method is
best suited for tests during drilling, on completion of each drill run and is essential when
the rock mass is weak or intensely jointed and the hole is likely to collapse if it is kept
uncased/ungrouted. Here, the hole is first drilled to a particular depth and after removal
of core barrel, the hole is thoroughly cleaned with fresh water until clear water returns.
The packer is then fixed at the desired level above the bottom of the hole and the test is
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performed. After completion of test, the entire assembly is removed and the drilling
operation is proceeded till the next section has been drilled for performing the next test.
In this manner, entire depth of the borehole is tested side by side with the drilling. In
cases, where rocks are sound and the entire length of the hole can stand without
casing/grouting, double packer method is adopted. The specific advantage of double
packer method is that, critical rock zones can be tested by confining them alone with
packers and the disadvantage is that leakage through the lower packer can go
unnoticed and lead to overestimation of water loss. In double packer method, the hole is
first drilled up to the final depth desired and two packers connected to the ends of a
perforated drill rod of a length equivalent to the test section is then fixed in the drill hole.
The bottom of the perforated rod needs to be plugged before the tests are proceeded
with. The test may be conducted from bottom upwards or from top downwards.

However it is usually convenient to start the test from the bottom of the hole and then
gradually working upwards.

For both methods, the borehole under test shall be drilled using diamond core rotary
driling and properly capped immediately after drilling to protect the same from entry of
dirt, muck or other objects. Before commencing the packer test, the groundwater level
(G.W.L) in the borehole needs to be accurately measured since it is required to
determine the hydrostatic pressure in the test zone. If this measurement indicates that
there is no water table or piezometric head, then this needs to be mentioned in the
réport. Before testing, the holes should be thoroughly flushed with clear water free from
siit. For boreholes in good quality rock mass, hole needs to be flushed with water under
Pressure till clear water returns whereas for boreholes in poor quality rock mass and
also for the holes which are liable to collapse by disturbance caused by washing, the
holes can be cleareg by gentle surging(by moving a rubber block up and down the hole)
followed by gentie flushing. The test length should not be less than 5 times the diameter
of the bore hole and the length of the test section usually varies between 1.5 to 3 m.
This test can be made both above and below the water table provided the hole through
the rock formation stands intact and in no case the applied pressure shall exceed the
overburden pressure above the length of the test section. Maximum pressure to be
applied for a particular section depends mainly the amount of rock cover available for
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that section. In certain formations, it may not be possible to use the packer or there is a
danger of the packer being stuck in the hole. In such cases, a better method will be to
grout the earlier stage, extend the borehole and carry out the test. The water swivel in
the test assembly shall have a small uniform inside diameter to minimize loss of head
and the pressure gauge is to be located between the swivel and the packer.
Unnecessary bends in the pipe line from the pump to the swivel needs to be avoided
and all joints and connections between the water meter and the packer should be
watertight so that no water loss occur between the water meter and the test section.
Water is then pumped into the section under pressure and each pressure is maintained
till the readings of water intake at that particular pressure for a fixed time interval of 5 to
10 minutes remain constant. Maximum pressure to be used for a particular section
depends mainly on the amount of rock cover available for that section to prevent any
upheaval and based on rock types of the bed rock strata and is termed as H(pressure)
or Hp. Now the water column pressure due to gravity H(gravity) or Hq is determined
separately for single as well as double packer as

1)For test section below G.W.L., Hq = Height of swivel from G.W.L and
2)For test section above G.W.L., Hg =Height of swivel from middle of test section.

The value of H(gravity) or Hy to be taken for single and double packer test for different
ground water level condition is detailed vide Fig.24. The total pressure is then computed
as P = Hp + Hg . Mostly cyclic tests are performed to evaluate the permeability since
these are useful in interpreting test results and computing lugeon values. Generally 5
sequences of pressure applications for each stage are performed starting with the
lowest. Based on the computed maximum allowable pressure P, actual pressures are
applied in sequence as P/3,2P/3,P,2P/3,P/3 each for time interval of 5 {010 minutes i.e.
starting at the lowest pressure, the maximum applicable pressure is built by increments
and decreased in the same order till the original pressure is reached and the amount of
water intake is recorded. During the test, the packers should not be leaking since, this

may cause rise of water level in the borehole or even the water may start flowing from
the nipple.
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