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ABSTRACT

The Ghazi-Barotha Hydropower Project with a generation capacity o f about 1450 MW is being constructed on river Indus in the north

western part o f Pakistan.

The powerhouse for the project will be founded at about 70 m depth below the existing ground level, on thick deposits of variably 

cemented sandy gravels. This material is generally dense and is found in conglomerate form, when well cemented.

The engineering characteristics o f these gravel deposits have been evaluated for the design of foundations of the power complex and as 

well as for the design of temporary and permanent cut slopes. At the location of the power complex, the gravel deposits exist at a 

depth of about 48 m below the existing ground level. A crosshole seismic survey was carried out at the proposed location of the 

powerhouse. Due to deeper depth of the of the sandy gravel stratum, it was not possible to carry out some of the desired in-situ tests at 

the location of the powerhouse. However, these deposits are exposed on the left bank of river Indus, at about 1.5 km from the 

powerhouse location. A number of in-situ tests were carried out on this exposure for evaluation of engineering characteristics o f the 

sandy gravel deposit. The in-situ tests included field density tests, Becker penetration tests, plate load test, and direct shear tests.

In order to carry out slope stability analyses o f the cut slopes, and estimation of allowable bearing pressures for the foundations of the 

power complex, various engineering parameters including modulus of subgrade reaction, angle o f internal friction, density, equivalent 

standard penetration resistance and shear wave velocity were deduced from these in-situ tests. All the in-situ tests are described in this 

paper along with a discussion on engineering characteristics o f the tested sandy gravel material.

INTRODUCTION

The Ghazi-Barotha Hydropower Project is a run-of-the river 

hydroelectric project, which is being constructed on river 

Indus downstream of Tarbela Dam. The project will utilize 

water releases from Tarbela Dam and the hydraulic head 

between Tarbela and the confluence of Indus and Haro rivers 

for power generation. The project comprises the following 

three main components;

- a barrage located 7 km downstream of Tarbela Dam (near 

the Ghazi town) forming a pond and diverting flows into,

- a 52 km long concrete lined power channel with a discharge 

capacity of 1,600 cumecs, located on left bank of Indus 

river and following a uniform gradient to,

- a power complex, located near the confluence of rivers 

Indus and Haro (near a town called Barotha), comprising a 

forebay, spill way, two headponds, intake, penstocks, 1450 

MW capacity powerhouse, and a tailrace channel.

The powerhouse is to be founded at about 70 m depth 

below the existing ground level, on a thick deposit o f variably 

cemented sandy gravel. A number o f boreholes were drilled at 

the location of the powerhouse for delineating the stratigraphy. 

A crosshole seismic survey was also conducted at this location 

up to maximum depth of 95 m. The variably cemented sandy 

gravel stratum exists about 48 m below the existing ground 

level and extends to maximum explored depth o f 200 m. At 

the location of the Powerhouse, the sandy gravel stratum is 

overlain by about 15 m thick deposit o f weekly cemented 

sandstone underlying a layer o f clayey siltstone which extends 

to the ground surface. The water table generally exists at 

about 24 m depth.

Due to the gravelly nature o f the deposit, existing below the 

proposed foundation level o f the powerhouse, it was neither

possible to obtain undisturbed samples for laboratory testing, 

nor the routine in-situ tests viz-a viz SPT could be performed. 

Therefore, in order to evaluate the geotechnical design 

parameters required for the design of the foundations and also 

for slope stability analyses of the permanent and temporary 

slopes, some special in-situ tests were proposed in an 

investigation shaft, which was initiated at the proposed 

location of the powerhouse. However, for some reasons, the 

shaft could not be excavated to desired depth into the sandy 

gravel stratum. It was, therefore, decided to carry out the 

proposed in-situ testing in one of the exposures of the sandy 

gravel, located close to confluence of the rivers Indus and 

Haro, about 1.5 km away from the proposed location o f the 

powerhouse. At the proposed testing location, the weathered 

material was removed with the help of a bulldozer and the in- 

situ tests were carried out on relatively unweathered deposits 

o f the sandy gravels. Visual observations o f the exposed 

stratum indicated variation o f cementing material from one 

location to another. These observations were supplemented by 

petrographic analyses of the various samples collected from 

the exposed surfaces.

The testing programme included Becker penetration test, 

plate load test, in-situ direct shear test, density test and 

laboratory gradation tests. The test results and interpretation 

of the results are discussed in this paper.

TESTING OF SANDY GRAVELS

In order to establish the engineering characteristics o f the 

variably cemented sandy gravels, the following in-situ tests 

were carried out on the deposit;

- Field Density Test

- Becker Penetration Test

- Plate Load Test
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- Direct Shear Test

- Crosshole Seismic Tests

All these tests were performed in the exposed sandy gravel 

deposit except the crosshole tests which were conducted at the 

proposed location of the powerhouse. The test locations are 

indicated on Fig. 1. At the location o f the exposed sandy 

gravel, three samples of the sandy gravels were also collected 

for evaluating the particle size distribution characteristics of 

the deposit. The gradation curves of the tested samples are 

shown on Fig. 2. The testing procedures and results o f the in- 

situ tests are briefly described in the following sections.

1000 100 10 1 0.1 0.01 
GRAIN SIZE IN MILLIMETERS

Fig. 2 Particle size distribution o f sandy gravel

In-situ density o f the deposit was determined using sand 

replacement method. Two such tests were performed resulting 

in in-situ dry densities o f 22.11 and 21.81 kN/cu m with 

corresponding natural moisture content values of 2.22 and 

2.21 percent respectively.

For evaluation of compactness and shear strength 

characteristics o f the outcropping sandy gravel stratum, 

Becker Penetrations were performed to a depth of 40 m below 

the existing ground level. A Becker drilling rig equipped with 

a Model 440, diesel hammer was used for driving a double 

tube casing which was provided with a 250 mm outer and 150 

mm inner diameter, 5 tooth, crowd-in bit. For each test, the 

number of blows of the diesel hammer were recorded for each 

foot of penetration and designated as the observed Becker 

penetration resistance. During these observations, an average 

value of the bounce chamber pressure, developed in the 

cylinder o f the diesel hammer, was also recorded with the help 

o f a special pressure gauge. The observed penetration 

resistance values were corrected for bounce chamber pressure 

and atmospheric pressure. These corrected values were then 

converted to equivalent Standard Penetration Test (SPT) 

values in accordance with the procedure given by Harder and 

Seed (Ref. 1). Profiles o f observed Becker penetration 

resistance and equivalent SPT values are shown on Figs. 3 and

4 respectively.

The plate load test was carried out at about 1 m below the 

ground surface using a 760 mm diameter and 25 mm thick

circular steel plate. To stiffen it, two smaller concentric plates 

of 450 and 300 mm diameter were placed on top. A kentledge 

made up of a I-section beam, cross girders, wooden planks and 

loaded with sand bags was used to provide vertical reaction. 

The test was conducted in four cycles o f loading and 

unloading. Maximum load intensity on the bottom plate in 

each cycle was 454 kPa, 908 kPa,

Blows per foot

(N1)60 (blows per foot)

Fig.4 Equivalent SPT values determined from 

Becker penetration test

1,454 kPa, and 2179 kPa respectively. Maximum gross 

settlement of 6.277 mm and net settlement o f 4.590 mm were 

observed during the final loading and unloading cycle. Load 

settlement curves for the test are shown on Fig. 5.

Three direct shear tests were performed on the exposed 

sandy gravel consolidated to different normal loads. For each 

test, the sample was prepared by trimming the in-situ strata 

such that the final dimensions of the sample were 700 mm x 

700 mm in cross-section and 350 mm in height. After 

trimming, the sample was encased with a reinforced cement 

concrete pad leaving a small gap near its base which was intact 

with the natural soil. The sample was prepared in accordance 

with the guidelines provided by the Commission on 

Standardization of Laboratory and Field Tests, International 

Society for Rock Mechanics. For carrying out the test, the 

sample was first allowed to consolidate under a fixed normal
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Fig. 5 Load-settlement curves for plate load test

Fig. 6 A typical time-displacement relationship for the 

consolidation stage o f direct shear test

Horizontal Strain (%)

Fig. 7 Stress - strain curves for direct shear tests

Normal Stress (KPa)

Fig. 8 Normal stress vs shear maximum shear stress 

from direct shear tests
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Fig. 9 Shear wave and compression wave velocities 

at the powerhouse

load and then sheared with the application of incremental 

horizontal force. The normal load for consolidating the 

sample was applied through the kentledge. Vertical 

deformation o f the test specimen was recorded with time 

during the consolidation stage. A typical time-deformation 

relationship of a tested sample is shown on Fig. 6.

During test No. 1, first the sample was consolidated under a 

normal stress o f 627 kPa and then sheared, corresponding to a 

horizontal strain of about 5 percent. The sample was again 

consolidated under a normal stress of 920 kPa and then 

sheared to determine the residual shear strength of the sample 

at this higher consolidation pressure. For the second test, the 

sample was consolidated under a normal pressure of 1225 kPa 

and then sheared to failure. Similar to the first test, the third 

test was also conducted in two stages. During the first stage, 

the sample was consolidated to a normal pressure of 335 kPa 

and then sheared. After shearing, the sample was 

reconsolidated at a normal pressure of 920 kPa and again 

sheared.
The stress- strain curves for all the three tests are shown on 

Fig. 7, whereas the normal stress versus maximum shear stress 

for each test is plotted on Fig. 8.

The crosshole tests were carried out in a linear array of 

three boreholes. The inclinometer survey of all the boreholes 

was carried out at a spacing of 0.5 m. The crosshole tests were 

performed at a depth interval o f one meter. The interval times 

of compression and shear waves were read from the seismic 

records taken at each meter depth. The shear wave and 

compression wave velocities obtained at the powerhouse 

location are shown on Fig. 9 along with the soil profile. For 

the sandy gravel material below the depth of 49 m, the shear 

wave velocity ranges from 1028 m/sec to 1759 m/sec. The 

average shear wave velocity in this stratum is about 1400 

m/sec, indicating compact and cemented nature of the sandy 

gravel.

INTERPRETATION OF TEST DATA

The penetration resistance observed during the Becker 

penetration tests were converted to equivalent SPT values by 

using procedures given by Harder and Seed which is based on 

a number of test parameters including bounce chamber 

pressure, atmospheric pressure at the test location, effective 

overburden pressure, type of casing and drilling bit used for 

the test, and type of hammer used for driving the casing. The 

purpose of converting the observed Becker penetration
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resistance to equivalent SPT values was to provide means for 

evaluation of allowable bearing pressure and shear strength 
parameters from the available SPT based correlations. On the 

basis o f correlation provided by Bowles (Ref. 2), the tested 

sandy gravel material close to the ground surface is classified 

as medium dense with an angle o f internal friction ranging 

from 37 to 40 degrees. The material becomes very dense with 

increasing depth and interpreted value of angle o f internal 

friction ranging between 40 to 45 degrees.

The location at which the plate load test was conducted 

appeared to have relatively high degree of cementation as 

compared to the material existing at the location of other in- 

situ tests. A value of modulus o f subgrade reaction of 370,000 

kN/ cu.m was estimated from the plate load test for the loading 

cycle and 800,000 kN/cu.m for reloading. However keeping 

in view the variability o f cementing agent in the sandy gravel 

stratum, a value of 200,000 kN/cu.m was recommended for 

the design purposes for the loading conditions.

The shear strength o f the tested sandy gravel from the direct 

shear tests can be represented with a curved envelope passing 

through the origin as shown on Fig. 6. The shear strength 

parameters corresponding to appropriate stress range can be 

determined in two ways. Firstly, the best fit straight line at the 

appropriate stress level can be extended to the ordinate thus 

producing a cohesion intercept. Secondly, the shear strength 

can be represented by a secant drawn through the normal 

effective stress o f interest thus resulting in some value of angle 

of internal friction and no cohesion intercept. The shear 

strength parameters corresponding to a range of effective 

normal stress levels are given in Table-1.

Table-1:
Shear Strength Parameters Interpreted from Direct Shear 

Tests

The following parameters were deduced from the in-situ 

tests;

Effective Tangent Method Secant Method

Normal Stress C' Phi (C' = 0)
(kPa) (kPa) (Deg.) Phi (Deg.)

0 -  200 5 43 45

200- 400 40 38 42.5

400- 600 80 34 40

600- 800 120 32 38

800- 1000 150 30 35

In-situ bulk unit weight 

In-situ moisture content 

Cohesion, C

Angle of internal friction 

Modulus of subgrade 

reaction

- for loading

- for unloading/ 

reloading

Shear wave velocity 

Shear modulus

21.11 to 21.81 kN/cu.m 

2.22 to 2.21 percent 

See Table-1 

See Table-1 

for 760 mm test plate

370.000 kN/cu.m

800.000 kN/cu.m

1400 m/sec 

4000 MPa

As all the tests (except the crosshole survey) were 

conducted on the sandy gravel deposit which exists at or close 

to the ground surface, it may thus be expected to be more 

weathered as compared to the material present at the 

powerhouse foundation level. It was, therefore, postulated that 

the actual foundation material would have even better shear 

strength characteristics as compared to those which have been 

estimated from the testing of the exposed deposit. This 

apprehension is also supplemented by the results o f the 

crosshole survey.
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The normal loads used during the direct shear tests were 

selected on the basis o f loading conditions expected under the 

Power House. At these high stresses, bonding existing in the 

sandy gravel due to cementation o f particles may have broken 

during the consolidation stage o f the test resulting in 

elimination of peak in the stress-strain curves. Test No. 3 was 

(Fig. 7), conducted at the lowest normal stress, is the only one 

which shows any sign of peak.

An analyses of the seismic crosshole survey data indicates 

that the average shear wave velocity in the sandy gravel 

material is about 1400 m/sec. The dynamic shear modulus 

corresponding to this shear wave velocity works out to be 

about o f the 4000 MPa. This deduced value of sandy gravel is 

considerably higher than the values quoted in the literature 

(Ref. 3) for similar materials. The high value indicates the 

high degree of compactness and cementation present in the 

stratum.

RESULTS AND CONCLUSIONS

The sandy gravel materials in which it was not possible to 

obtain undisturbed samples and ordinary in-situ tests could not 

be conducted , specialized in-situ tests were performed 

successfully and provided means for estimation of engineering 

characteristics required for the analyses.
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