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ABSTRACT: Soft under-consolidated clay is encountered to substantial depth in the Godavari Delta of coastal Andhra 

Pradesh. Constructing foundations in such weak deposits needs careful assessment of the geotechnical properties. This paper 

presents details of geotechnical investigations carried out for an onshore gas terminal project in such strata, an evaluation of the 

ground improvement methods employed at the site, and details of the selection and testing of the foundation system adopted 

for statically and dynamically-loaded facilities. 

 

 

INTRODUCTION 

 

Project Details 

An onshore gas terminal is being constructed on the coast of 

Andhra Pradesh in the Godavari Delta (Fig.1). The area 

acquired by the owners for the project was originally a low-

lying, water-logged area, covered with fish ponds and marshy 

soils. 

 

 

Fig. 1 Site Location 

 

Various facilities are planned to be constructed at the site, 

including a captive power plant, cooling tower, gas 

dehydration unit, microwave tower, Nitrogen plant, pipe 

racks, control room, sub stations, treated water reservoir, 

DM/CPU plant, administration buildings, canteen, fire 

station, etc.   

 

Scope of Investigation  

1.1 The site preparation and geotechnical investigation at the 

project site was carried out in three stages:  

 

Preliminary Investigation (Phase-I) 

A preliminary investigation (Phase-1) consisting of 24 

boreholes drilled to 60 m depth, 16 static cone penetration 

tests (CPT) and 4 electrical resistivity tests (ERT) was carried 

out by the authors on the virgin ground in 2007. The results 

of the preliminary investigation revealed the presence of soft 

clays to about 40 m depth, which would have been difficult, 

expensive and risky to construct upon. 

 

Ground Improvement 

Preloading was carried out at the project site by dumping 4-

4.5 m thick dredged sand across the site. Prefabricated 

vertical drains (PVD) or band drains were also installed at 

closely-spaced intervals to 12 m depth to accelerate the 

consolidation process (Fig. 2). 

 

 

Fig. 2 PVD installation equipment 

 

Post-Improvement Investigation (Phase-II) 

The authors carried out a comprehensive geotechnical 

investigation (Phase-II) about 8-9 months later to verify the 

effectiveness of the ground improvement works and to 

evaluate relevant geotechnical design parameters for 

foundation design. The scope of the Phase-II investigation 

included 47 boreholes drilled to 55 m depth, 18 CPT’s, 3 
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Fig. 4 Generalized subsurface profile (Post Improvement) 
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cross-hole seismic tests (CHST), 4 electrical resistivity tests 

(ERT) and 2 Casagrande piezometers. The site layout plan 

and test locations are illustrated on Fig. 3. 

 

 
Fig. 3 Site Layout Plan 

 

SITE CONDITIONS 

 

Geological Setting 

The Godavari Delta is the third largest delta in the country, 

and receives its sediments from a variety of geological 

formations ranging in age from Archaean to Mio-Pliocene 

[1]. The Godavari river with three distributaries forms a 

symmetrical delta. Evidence of palaeochannels draining south 

and east are observed west and north of Gautami-Godavari 

distributary.   

 

Amongst the geomorphic units identified in the Krishna-

Godavari delta area, landforms corresponding to the bay-

estuary-lagoon complex are dominant.  Such features are 

predominant even in the present day progradation of the 

Krishna-Godavari delta.   

 

Site Stratigraphy (Post Improvement) 

The surficial soils at the site consist of granular fill to about 

4 m depth below existing ground level (EGL). This is 

underlain by a thick stratum of marginally under-consolidated 

to normally-consolidated, soft to firm clay to about 39~46 m 

depth. The clay is highly plastic and exhibits expansive 

characteristics, with free swell index values typically ranging 

from 85 to 138 percent. Below this, very dense cemented 

sand is encountered at all borehole locations to the final 

explored depth.  

 

Table 1 summarizes the general variations in the engineering 

characteristics of this stratum with depth. Typical borehole 

data (post ground improvement) is presented on Fig. 4. A 

contour plot indicating the variation of the depth of the 

cemented sand stratum across the site is presented in Fig. 5. 
Table 1 Engineering Properties of Soil (Post Improvement) 

Depth 
EGL, 

m 

Strata 
Descrip-

tion 

SPT 
N-

values 

Cone 
Tip 

Resis
-tance 
(qc), 
MPa 

Un-
drained 
Shear 
Stre-
ngth, 
(qu)  

Angle 
of 

Internal 
Resist-
ance 
( ), 

degrees 

0-4 
Dredged 

Sand (Fill) 
5-40 2-16 0 28-35 

5-10 Silty Clay 2-8 1-2 30-60 - 

10-13 
Silty Sand  

(disconti-

nuous) 

5-20 2-15 0 29-34 

13-25 Silty Clay 4-12 1-3 40-100 - 

25-44 Silty Clay 10-28 - 60-160 - 

44-55 
Cemented 

Sand 
50-

100+ 
- 0 32-40 
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Fig. 5 Contours of Depth of Cemented Sand Stratum 

 

Groundwater 

Based on our measurements in the completed boreholes, 

groundwater was met between 0.0 to 2.9 m depth [MSL (+) 

2.9 m to MSL (+) 0.1 m] at the time of our field investigation 

(April-July, 2010). Two (2) piezometers installed at 15 m 

depth indicated a 0.5 m increase in groundwater levels 

between May’10 and Aug’10, largely on account of increase 

in the water level in the nearby Godavari Delta due to 

monsoons, and tidal fluctuations in the KG Basin.  

 

EFFECT OF GROUND IMPROVEMENT 

There has been marginal improvement in the ground 

conditions at the site, as assessed by the second investigation 

8-9 months after installation of the PVD.  

 

However, the authors are of the opinion that the improvement 

in the clay characteristics (owing to the installation of band 

drains and provision of fill surcharge) is still ongoing on the 

site. The poor improvement is probably due to limited 

drainage path and smear effects. It is likely that further 

consolidation shall take place over time, as the soft clay 

stratum consolidates under its own weight, as well as under 

the imposed fill and structure loads. 

 

Standard Penetration Test Results 

Comparison of SPT values before and after improvement 

(Fig. 6) indicates considerable improvement (60-80%) in the 

SPT values to about 10-15 m depth, and marginal 

improvement (<20%) to about 18-20 m depth. There is no 

observable improvement in the SPT values below about 20 m 

depth.  

  

Static Cone Penetration Test Results 

Similarly, good improvement (80-100%) was observed in the 

cone tip resistance (qc) values in the clay stratum to about 

10~12 m depth below EGL, as illustrated on Fig. 6 below.    
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Fig. 6 Extent of Ground Improvement 

 

FOUNDATION SYSTEM 

 

Foundation Type and Depth 

In view of the difficult strata conditions at the site, loading 

requirements and other considerations, the design team 

decided to go for driven pre-cast piles for the medium to 

heavily-loaded plant structures. Small-sized open foundations 

bearing on well-compacted sand stratum were suggested for 

minor or lightly-loaded structures.   

 

Driven Pre-cast Piles  
Concrete pre-cast square piles of 300-400 mm size were 

driven minimum 1-1.5 m depth into the underlying cemented 

sand stratum to mobilize the necessary end-bearing to support 

the medium to heavily-loaded plant structures. The 

generalised design profile used for the analysis is shown 

below (Fig. 7). 

 

 

Fig. 7 Design profile 
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Fig. 9 Cross-hole Seismic Test Results 
 

Negative skin was considered in the soft clay to about 25 m 

depth to account for the long-term down drag forces. The 

following pile capacities were computed for 400 mm square 

piles driven minimum 1-1.5 m into the sand stratum and 

meeting refusal as per the set criterion for the pile driving 

hammer used: 

Compression: 420 kN 

Pullout: 210 kN 

Lateral: 34 kN 

 

The above capacities include a safety factor of 2.5. Pile load 

test results (Fig. 8) conducted on the site confirmed these 

capacities. 

 
 

 
Fig. 8 Routine and lateral pile load test results 

 

Open Foundations 

Open foundations (not exceeding 1.5 m width) were provided 

for minor or lightly-loaded structures such as pipe supports, 

boundary wall, small pumps etc. The foundations were 

constructed at 0.5~0.75 m embedment depth below FGL on a 

well-compacted sand pad of minimum 2 m thickness. In 

places, a 0.5~1 m thick sand pad was used instead, along with 

a biaxial geogrid of sufficient tensile strength. 

 

DYNAMIC CHARACTERIZATION 

Results of three (3) cross-hole seismic tests (CHST) indicate 

low shear wave velocities ranging from 80 to 150 m/sec in    

the clay stratum to 20 m depth. The measured compression 

wave velocities (Vp) are 

generally in the range of 1400~1800 m/s, which may be 

attributed to the saturation of strata owing to the shallow 

groundwater table at the site [2]. Hence, design compression 

wave velocities (Vp) were interpreted from the measured 

shear wave velocities, based on an assumed Poisson’s Ratio.  

 

Dynamic soil parameters like dynamic Young's modulus (E), 

dynamic shear modulus (G), coefficients of elastic uniform 

compression (cu), elastic uniform shear (c ), elastic non-

uniform compression (c ) and the coefficient of elastic non-

uniform shear (c ) were also computed based on the 

relationships given on IS 5249-1992 [4] using the interpreted 

compression wave velocities and the measured shear wave 

velocities. The selection of parameters for design would be 

based on the guidelines given in IS 5249:1992. 

 

ELECTRICAL RESISTIVITY 

Due to the shallow water table and high salinity of 

groundwater, the electrical resistivity of the ground is very 

low. The mean apparent resistivity value ranges from 0.5 

ohm-m to 2.1 ohm-m, indicating high corrosion potential. 

 

CONCLUSIONS  

Soft clays extend to substantial depth in the Godavari Delta. 

Successful construction of industrial facilities in such areas 

requires thorough investigations and careful planning, 

coupled with sufficient in-situ testing. 
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