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ABSTRACT - The new emerging trend
tests. These tests can be effectively used
presents four different types of advanced
of such advanced in-situ tests _ static cone

I INTRODUCTION

1.1 Geotechnical Investigations _ The Need
Geotechnical engineers have a vital role to play in
some of the world's most pressing problems ofutilization, transportation ,.rtor, construction in di
soil conditions, etc. (Gopal Ranjan, 1996). Geotecinvestigations provide the n.".Jrury inpui fo, J*j
foundations, which is of puru-ounr';
rel iable performance of civil engineering,t*rtu..r.

A carefully planned and properly ex(
investigation can result in a greater degree oi confi
in - the design and in addition to cost effective
Advance ,geotechnical testing technique, piuy
important role in generating hifh qualrry d;u d;.
and increasing the reliability of the f:oundation system.

. A thorough geotechnical investigation with
interpretation of data is the basis for safe and
structures (Sanjay Gupta, 1993). With the current tren
$t track projects, the thrust is on superior, mainten
free perfolrlance, stringent d.gsign criteria unO tight
schedules for completion.

1.2 The C_hallenge

It is becorning increasingly important to relate engine
solutions nol,o,ly based upon overall stab-ility, bu-t al
an acceptance / serviceability criterion based
anticipated performance.

For adequate performance of such sffuc
geotechnical investigations play a vital role. There
greater responsibility on the geotechnical engine
develop reliable and economic designs involving t.
loads and difticult soil conditions. The need is ti
the behaviour / perforrnance of foundations / structu
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to predict
m-srtu

' s t , t tc t t t ,c t /  Develop, tent '  Dec.  Ig-20,  2 t )03,  R, , r .kee

-CTJRRENT TRENDS IN
L INVESTIGATIONS

vmg
pace
icult
ical

geotechnicar investigation is to prace a greater emphasis on in_situloundation behaviour with a trigh", a.tJr of ..li;tii;. The paperrg techniques with three case histories to a.*onri."# effective usepenetrati tests, pressuremeter tests, geophysical tests ."J 
"qrii., 

*".

of
for

ted

ftigher degree of reliability. This necessitated new trendsin advanced in-situ tesiing methods ," 
-pr.air, 

thebehaviour more rationally uid u"*.atery for developing
most suitable stabre / economicar fo'ndati"" o.rig"r.

It is in this context that a carefully planned siteinvestigation is an important pre-requisite for an civilengineering projects. In-situ tesis strould form un i,rt*g.utpan of a modern geotechnical investigation progru_ ,oenhance the revel of reliability of geoteihnical^prJtiction.
Sufficient fierd tests. ba$e{ up by a deta'ed'laboratory
testing program on disturbea ana undisturbeo ,oii ru*pr.,
are essential to develop soil parameters that r"n."iir,. *_
situ condition of the substrata.

2 INVESTIGATIONS TECHNIQUES

Deve-loping a geo{echnical investigation program that
simulates the project requirements is more 

"r.1" 
art than

an exact science- To select a soil profile and parameters
for foundation design requires a lot of ingenuity, tempered
by field experience and understanding of soil uehaviour.

The most commonly used method of site
investigation is to drill boreholes, conduct dynamic cone
penetration tests, plate load tests. Standard penetration
Tests (sPT) are conducted at every 1.5 to 3.0 m depth
intervals in the boreholes and undisturbed soil samples are
collected at every 2 to 3 m depth intervals. the analysis is
performed based upon spr value and laboratorv test
results.

In situ tests can provide a hetter insight to soil
behavior and should-be relied on to a greater extent. Some
in-situ tests that can improve the quarity of prediction of
foundation behavior are discussed below
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2.1 PressuremeterTests

Ilt: 
tr an advanced. state-of-the-art test. A probe

rubber membrane is lowered, into the

Figure 3 presents [pical results of thepressuremeter tests. The fierd curve and caribration data(air calibration and pipe calibrati*; *. presented together
with the corrected pressure versus volume curve.

a
and

Iume
les

expanded under pressure. The pressure_
re^lationship is correlatid to various engineering pr<
of the soils. The prediction of soil bJaring fip"a,
settlement from pressuremeter data is ,o.J ,.uUJ

and
thanother available methods. Figure I presents a

the control panel and probe of a Urnurd?s or
ph of
ter.

Figure I : Pressuremeter Test Setup

Figure 2 presents a flow chart explaini
pressuremeter test set up.
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Figure 3 : Typical Results of pressuremeter Test

The pressuremeter data may be correlated to the
vllious soil properties. Table I presents the typical values
of limit pressure for different types of strata.

Table I : Range of Limit Pressure for Different Soils

Soil Classification ps m (kN/m2)

Clay

silt

Firm Clay or Marl

Compressible Sand

Compacted Silt

Soft on Weathered Rock

Sand and Gravel

Rock

Very Compacted Sand and Gravel

The advantages of the pressuremeter tests are:

In-situ stress-strain behavior of soil and rock can be
evaluated

the

0 - 1200
0 700

r800 - 4000
400 - 800

r200 - 3000

1000 - 3000
1000 - 2000

4000 - 10000
3000 - 6000

Figure 2 : Pressuremeter Test Schematic



There is minimum disturbance to in_situ
hence quality of results is superior

In weathered rocks, where core recovery
pressuremeter test is the only test, which
realistic data . .
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The disadvantages of this technique are:

In sandy strata, where boreholes collapse, it
difficult to conduct the test

Test cannot be conducted in bouldar,r strata

In fractured rocks, the membranes may get da
if the membranes get stuck between the fissures.

Figure 4 : Static Cone Penetration Tests

Typical results of static cone tests resul
presented oR Figure 5. The data includes
resistance, friction resistance on the jacket and
ratio.

Figure 5 : Typicar Resurts of Static cone penetration
Tests

with SPT values.
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sPr (N)
Value

Static Cone Tip
Resistance
(kg/sq.cm)

Very Loose
Loose

Medium Dense

Dense

Very Dense

0 t o 4

4 t o  l 0

l0  to  30

30 to  50
> 5 0

< 2 0

20 ta 40

40 to 120

120 to 200

> 200
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The advantages of SCpT are:

It gives a continuous profile of ponetration resistance
with depth

The cone is hydraulically pushed, hence human effors
such as problems in borehole cleaning, improper
stroke of SPT hammer, etc. are eliminated

The equipment can be used together with electrical
cone / piezo cone with data logger for digitized data
collection

The test can be effectively used for compaction
control and quality control of embankment



construction, fill placement and ground im

The data can be used directly for geol

:::y::_:f 
bearing capacity unJrJtir.nent anopen foundations, pite founA;;;;;r..

2.3 Geophysical Tests

The disadvantage of the technique is that isuitable for bouldary stata and shallow rocks sincewill be met.

Geophysical tests such as elechical resistivity teseismic refraction tests are being increasingly tsupplement the borehole autu.- ff;.se tests can (continuity of ,h.. various ,r.uru, depth ofgroundwater conditions etc. I" ;;;" containing bror rock, substantial savings in-lrort and time :achieved by judiciou, ir.iurio" li .t..t ical restests in the eeotechnical investilation programSundaram & sinjay cuptu, 2;;i;.'t'

analysis of resistivity tests to assess the
3:_':::lldop:. T:!l"d p,";;;'by Sanker NaraRamanujachary eg67) i, ur.A. inlhis method, theplotted as a graph of ,.a,, versu s ,,ilp^,, (a : eltPu:ing, pa = apparent resistivity). The plot is analvper the inverse slope method to ij*tiry ih;l;;;. "

The resistivity data is analyzed in conjunctio

*:, *::Y:-*q :: 
;s se ss the p.Ju uu r. strat i graphyrequired points. Using the resisiivify data from the vIocations at which the tests ^;; conducted, adimensional picture of the stratigraptry is visualized

to interpolate the soil profile a"t tie required I

3.n l:lltis.anatysid, a- geo-erectric ritholog that,  ^ . r . r v r v c

with the anticipated strati[raphy ir;;;;;;:

2.4 Aquifer pump-out Tests

Aquifer tests (full scale pump_out tests) are in_sitr
methods used to determine hydraulic pu.u*.trr, ,udrawdown-time relationships, Transmissiviry, hVO,
conductivify, well storage coefficient, specific
well efficiency, etc. Hydro_geologic parameters
from the test, averaged over it . ,futiui zone of infl
of the test, are used to design dewatering system a
develop a hydro-geological ,*A.t.

2.4.1 Step Drowdown Test (SDD Test)

Step drawdown test is used to establish short_term y
drawdown relationship. Stage pumping is aone
approach the estimated maximum yield of the well.

Ground water level measurements are take
pump well and observation wells close to the pump we

ical

frequent time intervals. The avestep is ,rrordra. ii"',.1:,,1j:"":l:119: discharge ror each
vs rime ., .*J*;'illi'"il:;rotted u' 

",p-a,u"*down(BS 63 16). 
q'tr urscllarge vs' step drawdown

The data, is also plotted as specific drawdown(drawdown/ discharge) ur.'o-it.i*ge at the end of eachstep. The retationship is *.J 
-rol 

;r";H;-thT *.rr
ffi??:T::jfi:,;,!", 

formation lo,s .oefticielnt and (b)

The test 
^results iue analyzed to estimate thedischarge varue for steady srurJ.inr*t discharge test soas to stress aquifer for proper response.

2.4.2 Constant Discharge Test (CD Test)
Constant discharge test provides data on hydrauliccharacteristics of the aquife.'*irrrit the radius of influenceof the pump well. The o*o *;lli, continuously pumpedat constant discharge rate so as to ensure the desireddepression of water level at ,i.uay state. water levelreadings are recorded at 

$e pump well and observationwells at regular time intervals t'l the n.*--rtluoystate/equilibrium is reached. The test is continued over aperiod of about 72-96 hours aep"nJing 
"p";A;;;;;"r..

The test results are plotted as corrected drawdownvs'.time on log'log scale ior pumpwell and observationwells. Analysis is performed by rrr.i, method ;; c;;p".Jacob's method, as applicable, to compute variousparameters.

2.4.3 Recovery/Recuperation Test _
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Atter completion of pumping out test, the pump is shut
dOWi fOr the recrrven/ rpcr r\,.-i-dowi for the recovery test. DLing,*"rp.ru,l'"", irr" *.,.,
leVgl  measl r rernpnfe qro rann-)^ , t r  : - -  . lrcvel measurements are recorded in the same sequence a3
that Of dt lr ino nrrrnninc o,.ann .rrr^^ , .of during pumping stage. fn. ...ou.ry;;;;;;;
used to compute aquifer parameters based upon ih.ir,recovery method.

After

equilibrium methods
and fully penetrating

are applicable for confined aquifer
wells.

ulic
2.4.4 Concepts of Analysis

ity, The various analysesapproaches of unsteady flow and
ived

The analyses assume unifornn, homogeneous soilmass with uniform properties. It is further isumed that
the.permeability of stratl below the well tip is very-ro*, u,
such data is analyzed con-sidering fully p.n.tuii"g *.rr.Further, if the bottom of welr iasin! ;r prffii *irr,sufficient bottom blank casing portion, onty .iEiur no*
will occur. The verrical flow striil be negligibie.



' 
.te observed drawdown is corrected for confined

condition as per Jacob using the equation:

From the analysis, aquifer parameters
Coefficient of Transmissivity (T), Coefficier
Permeability I Hydraulic Conductiviry (K) and S
coefficient (S) for cD test and recovery rest are con
by Theis method and Cooper-Jacob method (Todd, I

As per Cooper_Jacob analysis, the
expressions are: -

s '
, ' = S- 2 b

r (n-'f aay) =

K (m1sec) =

e _ 2 .25 ' [  to
U

2r

Complex A

Complex B

Complex C

The Nishan-e-Khalsa

2.3 Q
4tr As

includes library and
facilities

a pedestrian bridge
Complexes A and C

exhibition halls, theaffe
related units

a tall tower strucfure

T
b

where corrected drawdown, m
observed drawdown, m
aquifer thickness, m
constant discharge, m'/day
change in drawdown, m
extrapolated time at
drawdown, days
radial distance of ob
well from pump well, m

3 CASE STUDY I: ANANDPUR SAHIB

3.1 Project Details

The Khalsa Heritage Memorial Complex (also
"Ajooba"), commemorating 300 years of the Khalsa
is planned to be a grand monumental strucfure,
with classical architectural features and traditional
elegance. Planned on a plot of 70 acres area, the
will have about 25000 mt built up area. The v
facilities planned include the following:
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Figure 6: The Kharsa Heritage ivlemoriar comprex at
Anandpur Sahib punjab

A layout plan illustrating the field investigation
locations is strown in Figure 7.

zero 3.2 Site Conditions

A lake is planned between Complexes A and C.For architecturar reasons and to generate the required floorspace, the hills *i! 
!: cut by neirly l0 to l g m to achievethe required final finished t.u.tr.-- 

-'

Complex D, the Nishan_e-Khalsa is planned onanother hill on the northem side. Figure 6 is an aftist,simpression of the project.

Anandpur sahib is located on the bank of River Sutlej.
The soils deposited in this area are alruvial deposits 

"irrri,river. The river has changed course over the millennia
resulting in erosion and subsequent deposition. This
grobably resulted in the formation of valLy flanked by
hills on either side. The alluvium to about a io 5 m depth
is of recent origin and is underlain hy soils of pleistocene
Age.

The site is in the foothills zone
The soils consist of sand mixed with
(varying from 20 to 200 mm size) with
sand layers.
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of the Himalayas.
pebbles / cobbles
intermediate clay I

3.3 Scope of the Geotechnical Investigation

since the founding level at complexes A and c were
planned to be in the range of l0 to 20 m below the
existing ground level, it was decided to start the detailed
investigation from below the founding level. This meant
that a blank borehole was drilled to the founding level and
the various tests were started below this level. This
included SPT and sample collection in boreholes, the
pressuremeter tests as well as the static cone penehation
tests.
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3.4 Presentation of Results

Typical borehole data from Complex
Fig. 8. It can be seen that the soils are
and contain pebbles / cobbles / gravel
clay layer at about RL 304 m.

C is presented on
primarily granular

w i t h a l - 3 m t h i c k

le Profi les - Complex C

640

Figure 8 :  Bore



Figure 9 shows^ the interprered profile o[ tiri,pressure and modurus of erasticity with depth uur.ofon tt .pressuremeter tests conducted at different depths in an Nxsize borehole. 
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Figure 9 : Profile of pressuremeter param
Anandpur Sahib

3'5 Analysis of Resurts and Foundation Scheme
Proposed

The settlenrent analysis for open foundations was
four alternative methods. Theie include:

o ]rf - values
r Static cone penetration test results
o Classical theory (elastic + consolidation
o Pressuremeter test results

Based on a detailed analysis of the resu
bearing pressures for the various facilities or trrr-
were worked out. Due to the high quarity of the ouhu. it
was possibre to j^ustig a safe net beaiing ptmr*u aslrrigtr
as 35 to 40 T/m2 for the various facilit[i. The estin[ated
settlement under the design bearing pressure was ,
out to be in the range of 15 to 35 mm, which is well
the tolerable limits for adequate performance o
proposed strucfure.

Results of,a typical analysis for a found
Complex C by the various approaches is presented

Foundation Size

Net Bearing Pressure

Computed Settlement

N Value
SCPT Data
Classical Theorv
Pressuremeter
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It was demonstrated that whire substantiar savingwas achieved in costs..and time by eliminat.g-iir. n.ed forpiles (as was originaty pranned'i,n view ofihr-"..y rrigr,column loads), a highei soil bearin;,";;il .lura u.used in design.

The settlements under the design bearing pressureswere rhen conf'med by plare road re; 
", 

f;H; lever.The test was conducted on a 75 x,Z5 cm ,ir. ,quurl plate.The evaluation of the test resurts matches well with thesettlement predictions as worked out by static- conepenetration tests and pressuremeter test results.

4 CASE STUDY 2: BRIDGE IN NEPAL
4.1 Project Details

Geotechnicar investigations for several bridges on theKohalpur-Mahakali Highway in Disrrict ru'uii orlouttr-
eastern Nepal revea-led the presence of layers or uoutoarystrata in the foothills zone of the Hi*uilyas.-porJrror.,
through such strata containing large sizei pebtiles anaboulders were too expensive ana lime .onri,*ing.- oo"case study pertaining to the bridge across river charaila ispresented here. The bridge is 96.6+ rnn long with i spans.

4.2 Investigationprogram

Six boreholes were planned to be drilled, two at abutment
locations, two at pier locations and two for the approaches
on either side. However, at the project site, tfr. forrnof"
progress was very slow_due to the presence of large sized
boulders and cobbles. chiselling as well as ,otury?ili";
were attempted however, the progress that could b;
achieved was very slow.

The boreholes were drilled upto the depths of l5 m
to 40 m at various locations. Since itt. otitnn! process of
the borehole resorted to chiseling to break larger size
boulders / cobbles to smalrer pieJes for progresiing the
boreholes, the stratigraphy cbuld not b. 

-*rrrtiin.o

properly.

To evaluate the stratigraphy to the required depth
of 30 m at pier locations and 40 m at abutnent locations
(as per the project specifications), it was decided to
conduct electrical resistivity tests. The tests were
conducted in accordance with IS 3043-19g7 at several
locations along the bridge aligrunent as weil as at
upsheam and doumsffeam locations. The tests were
conducted using the wenner electrode configuration.
Eleven resistivity tests were conducted across the iver.

4.3 Analysis and Interpretations

The stratigraphy has been interpreted based on the
evatuation of the electrical resistivity tests results as well

0 t t o t 5 ' o

LXr FRSES|RF ( 8r/R3 )

3 m x 8 m

30 T/m2

33.6 mm
27.0 mm
31.3 mm
13.6 mm

ithin
the



as visual observations. Typical results fromfuver Charaila are presented on Fig.l0.
test at approach was usefur since 

$e .segrgev and deta's of rayerspresent were known from limild #.h;L. From rhegeo-erec*ic rithorog, geotechnic"i rr;;";ri., or variouslavers can be estim':te? u*.1,n"" rh.;;;t;;iity varues ofdifferent bpes of strata- Th. ii*frofog."ufro helps inestabrishing continuif of variour r"*?i""s arong thebridge axis' rhe mo.e rearistic *r;;;.#;;r paramererscould thus be selected for the f"*d"-ti"n #"i;,

r-l-"h---

0.35

o

€ o.s
e
o

! 
o'o

5

# 0 ,
I
t:

i 0.1s
i

!  o t -
C

t
![ '*,
< l

o l

.A_r.J
. r  :

l-t/l\r
i-i:ih:  :  - :  ' \ l ' -

f-.t -t lJ
t ,

n 3 0
Ecctoesprr*rgl m

Figure l0 : Interp*"rilil:Layers by Inverse

It. may please be noted that the inter
llltirynnv ir- -u geo-electric lithotog and is an aover the width investigated. The maximum slbetween the cunent eleclod., ** 120 m in thisthus. the. interpreted 

-profile- is lrobably an astratigraphy over the l2d m sfietch.

Since resistivity ranges for the different soiloverlap,.carefur judgment I requi..o to assess themet. This was done. by.comp*i"g th, ;;r;il'*irfir,n.borehole data and resistivity r.rutitlt nearby locationis.

A generalized subsurface profile / geo_e
Iitholog along the centre line of tire bridge over
Charaila is presented on Fig.l l. The stratigraphy is s
Tlq"O . lhr . depth investgateo iv the boreholt
obtained by interpolating aid prolelting the g"o-e-
profiles along the centre line of ih.eiridge ariffient.

Although analysis using resistivity is
economical and time saving, it should be realized
test has its inherent limitations. However, at this

Figure ll : Interpreted Geo-electric Litholog

5 CASE STUDY_3 : AeUIFEIR TEST rN DELHr

Deep excavations 
lgrlnlanned below groundwater levelat some sites in Delhi. This necessitated i rt orougt ir*_geological study of the *r. .uuiuation of the aquiferpararneters for a detailed and realistic ;;rr* li,fr"dewatering system. In view of the presence of existingbuildings in the vicinity, it *a, o*..rr*y to contol thedrawdown in the zone blyond the excavation limits.

^ .For a geotechnical and hydrological study of theformation, aquifer tests were coniu,cted. The statification
for aquifer tests over Derhi area .* u. classified under 3
q-oupr viz. - (a) Soit / Alluvium, (b) Rock *A frl-r"if Ialluvium and rock.
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Figure l2 : Pumpwell Installation



5.1 Details of Wells

In general, for conducting test in the all
purnp well of 400 mm diameter with MS casing
mm diameter and in rock formation, the pumf
diameter 300 mm with MS casing of 150'mrn di
were installed. Figure l2 show, u pu.p*ell instal
progress. The observation wells were 150 mm in di
with 100 mm diameter MS casi
pumpwell in alluvium is presented in Fig.l3.

Figure 13 : Pumpwell in Alluvium

In the wells, MS casing as Blank and slotted]with
pea gravels in annular space are provided. The s
section is suitably provided as per project
and aquifer conditions.

The pump wells and
developed for free flow of water.

The contol valve and flow meter are

I

the delivery line. The water is discharged by hosepi
a silt nap tan( prior to discharging the-same ir
storm water drain/discharge point away from
section so that test section of aquifer does
recharged by the pumped out water.

Slotted
Ca*U
200 mm

vium,
200

l l  of
ter

lon m
ter
of

In the case of soil_rock fonnation, where pump_outtest is to be carried out in rock formation, i.e. water fromrock formation is to be pumped out during p*fii.,!'rrug",the test set up has to be modified t' suit the requirements.

The Delhi euartzite is highry fractured ar inrerfaceof alluvium and rock. Hence, *;;;, inflow *"r*n ,*nfracfured zones may occur Due to this, hydrostaticpressure is generated in rock formation. ifr"..fo.., ,n.testing procedure was to be modified to simulate theacfual conditions during construction.

mg. The rypical s

Litholog

prye

observation wellsl ar€

For this purpose, the
pumpwell and the rock portion
were grouted. A typical section
rock deposit is presented in
pumped out from the pumpwell
drawdown was observei in
observation wells.

alluvium portion in the
in the observation wells
of'pumpwell in the soil_
Fig.l4. The water was
in the rock mass and the

tltre alluvium at the

EhnkG*lng
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Figure 14 : Pumpwell in Soil-Rock Formation

5.2 Presentation of Results

Typical results of step drawdown tests are
presented in Fig.l5.



Strata

Alluviurn Strata
(Delhi Sitt)

Rock Strata in
Soil- Rock Formation

(Delhi euartzite)
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Tab 3 : Aquifer parameters

Aquifer Parameters

f.r K.u
"/day) (cmlsec)

65 3.5 x lo-3 
.5 x lo-3

7 1  4 . 0 x 1 0 - 3  4 x l 0 - 3

3 8 5  2 . 0 x 1 0 - 2  g x l 0 - 3

4 2 0  2 . 2 x 1 0 - 2  9 x l 0 - 3

Coeffi cient of permeabil ity
from Packer permeabiliw

Method

Theis

Cooper-Jacob

Theis

Cooper-Jacob

Suu
test in boreholes, cmlsec.
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Figure l5 : Time vs. Step Drawdown

The discharge vs. step drawdown as obtainedstep drawdown tests are piesented in Fig.l6. F;resurtsorstef a,u-#ofr ;,ff tL:iril,ir-;,'"X;51,1
value is selected for steady state tlst; ;,;;;;

TIME, min

Figure 17 : Typical Result of CD Test

. ^Table 3 presents_ the typical resurts for Ailuviumand fractured rock fo.mution (Delhi euartzite) inAlluvium rock formation with a .;;;;;;;" tocoefficient of permeability as obtained from boreholepacker test (pump-in-test).

It can be observed that in_situ coefficient ofpermeabirify as obtained from pump-out test is about fwoorders of magnitude more t'han that comput;; fromborehole packer test (pump in test).

CONCLUDING REMARKS

The projects, today demand stable, safe structures
with high degree of perform ance / serviceabitity Jt tnerninimum cost. Advanced in-siru testing techniques
provide more realistic parameters with higi'er deg;e ofreliability for foundation analysis.

In the new millennium, the thrust is on the use of
better equipments and mechanization fo. 
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production and perforrnance. On fast '.ack pio1.ri, fo.
better infrastructure facilities, of course, one requires
superior technorogies for effective imprementation. 

-

from
r the

for proper response.

Figure 16 : Discharge vs. Step Drawdown

The qvpical results of CD test are present
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geotechnicalenglneers are now in
phase, mo{ing away from conventional in
methods to
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