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ABSTRACT: Being an in-situ test, the pressuremeter provides a reliable assessment of soil parameters, eliminating the 
influence of sample disturbance. The paper outlines analysis of pressuremeter data to interpret parameters such as 
undrained shear strength, pre-consolidation pressure, over-consolidation ratio and in-situ horizontal stress. The test was 
used effectively in conjunction with borehole data to assess the geotechnical parameters for design of a metro tunnel. 
Data from two locations along the metro tunnel alignment are presented here. 
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1. Introduction  
The alignment of a tunnel of the Delhi Metro in old Delhi 
area is in the vicinity of a heritage structure. The 
stratigraphy along the alignment is primarily medium 
dense Delhi Silt.  

Geotechnical investigation for design of the tunnel 
included pressuremeter tests in addition to boreholes. The 
pressuremeter data was used to generate important design 
parameters such as undrained shear strength, pre-
consolidation pressure, in-situ horizontal stress, etc. 

The parameters have been correlated to various 
laboratory tests such as triaxial tests and consolidation 
tests. 

The paper presents data from two borehole locations 
along the alignment. A layout plan showing the locations 
investigated along the metro alignment is illustrated on 
Fig. 1. 

 
Fig. 1 Metro Alignment showing test locations 

2. Site Conditions  

2.1 Geology  
The deposits along the alignment belong to the “Indo 
Gangetic Alluvium” and are river deposits of the 
Yamuna, and its tributaries (Krishnan, 1986). The 
Pleistocene and Recent Deposits of the Indo-Gangetic 
Basin are composed of gravels, sands, silts and clays with 
remains of animal and plants. 

The older alluvium is rather dark colored (locally called 
“Bhanger”) and consists primarily of silts and clays of 
low to medium plasticity and silty sands. It is generally, 
rich in concretions or nodules of impure calcium 
carbonate. The age of the “Bhanger” alluvium is Middle 
to Upper Pleistocene. 

The newer alluvium (locally called “Khadar”) is light 
colored and poor in concretions. It contains lenticular 

beds of sand and gravel. It is merged by insensible 
gradations into the Recent or deltaic alluvia and its age is 
Upper Pleistocene to Recent. 

 
Fig. 2 Geotechnical investigation in progress 

2.2 Stratigraphy  
In general, sandy silt of low plasticity is encountered 
from the ground level to 30 m depth with intermediate 
minor zones of clayey silt and silty sand.  

Groundwater was met at 3.3-4.6 depth during the 
investigation. 

SPT values range from 12 to 22 to about 6-9 m depth, 
from 26 to 38 to 18-22 m depth and from 36 to 53 to 30 
m depth. 

2.3 Soil Properties  
The soil properties based on laboratory tests conducted 
on the soil samples collected from the boreholes are 
presented on Table 1 below. 

Table-1 Properties of Delhi Silt in project area 

Parameter Typical Range of Values 

Gradation: 
Gravel 
Sand 
Silt 
Clay 

 
0-4% 
21-44% 
49-70% 
4-13% 
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Parameter Typical Range of Values 

Liquid Limit 27-32% 

Plastic Limit 
Plasticity Index 

15-19% 
10-13% 

Moisture Content 16-21% 

UU Triaxial Test  
(Undrained) 

 
c = 60-90 kPa φ = 5-7˚ 

CU Triaxial Test  
effective stress parameters 

 
c’ = 25-30 kPa φ = 29-30˚ 

Consolidation test 
OCR 

 
2-3 

 
The soils are locally called Delhi Silt and classify as clays 
of low plasticity (CL). 

3. Pressuremeter Tests 
Pressuremeter tests were done at 5 m depth intervals in 
NX diameter boreholes. The pressure versus volume 
change was recorded to assess the limit pressure and 
deformation modulus. A photograph of the test in 
progress is presented on Fig. 3. 

 
Fig. 3 Pressuremeter test in progress 

Typical result of the test is illustrated on Fig. 4. 

The limit pressure and deformation modulus interpreted 
from the test results are plotted on Fig. 5 and 6. 

 

 
Fig. 4 Typical pressuremeter test result 

 
Fig. 5 Limit Pressure and deformation modulus versus 

depth – PMT-1 
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Fig. 6 Limit Pressure and deformation modulus versus 

depth – PMT-2 

4. Strength and Consolidation Parameters 
Various correlations are available in literature to calculate 
the undrained shear strength and pre-consolidation 
pressure of cohesive soils using the pressuremeter results. 
The values from different correlations vary by ±20% and 
may be moderated based on data from laboratory test 
results. 

Based on the cavity expansion theory, Baguelin et al 
(1978 proposed the following correlation to assess the 
undrained shear strength of cohesive soils: 

p

L
u N

pps )( 0−
=  

where 

su = undrained shear strength (= 2c) 
pL = limit pressure 
p0 = in-situ horizontal stress 

)3/(1 ump sEnN +=  
Em = pressuremeter deformation modulus

 

Typical values of Np range from 5 to 12. The authors 
have used an average value of 8.5 in the calculations. 

Fig 7 presents plot of undrained shear strength (su) 
interpreted from the pressuremeter tests versus depth for 
one typical borehole. The su values from UU triaxial tests 
are plotted alongside for comparison. 

 
Fig. 7 Undrained shear strength versus depth 

Clarke (1995) has combined the theory of critical state 
concept with the cavity expansion theory to develop the 
following correlation between pre-consolidation pressure 
and undrained shear strength of clays: 

M
sp u

c
4

=   

where 

pc = pre-consolidation pressure 
su = undrained shear strength 
M = critical state parameter = 6 sin φ / (3 – sin φ) 
φ = effective angle of shearing resistance, taken from CU 
triaxial tests 

Fig. 8 presents plot of pc and OCR versus depth. 
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Fig. 8 Consolidation parameters versus depth 

It may be seen that the undrained shear strength from the 
pressuremeter test compares well with the laboratory 
values. 

The pre-consolidation pressure assessed laboratory tests 
is about 20% lower than that interpreted from 
pressuremeter data. Over-consolidation ratios interpreted 
from laboratory data is also somewhat lower than that 
obtained from pressure. 

5. In-Situ Horizontal Stress 
The in-situ horizontal stress may be assessed by plotting 
the creep volume (volume change between 30 seconds 
and 60 seconds under constant pressure in the 
pressuremeter test) versus the corrected pressure. The 
point where the creep volume is minimum corresponds to 
the in-situ horizontal stress. The value also corresponds 
to the lift-off point on the pressure versus volume curve 
(Clarke 1995). 

Fig. 9 presents a typical plot of creep volume versus 
pressure. 

At the point of contact of the pressuremeter probe with 
the soil and expansion of cavity after overcoming the ih-
situ horizontal stress, the creep volume is small. The 
creep volume again increases as the pressure in the soil 
approaches failure.  

Plots of in-situ horizontal stress versus depth as 
interpreted from the pressuremeter tests at the two test 
locations are presented on Plates 10 and 11. 

 
Fig. 9 Creep volume versus pressure 

The in-situ horizontal stress computed as equal to 
overburden pressure multiplied by the coefficient of earth 
pressure at rest, k0 (taken as equal to 0.5) is also 
presented on these graphs. 

 
Fig. 10 In-situ horizontal stress – PMT-1 

It may be seen that the in-situ horizontal stress interpreted 
from pressuremeter is substantially higher than that 
conventionally computed considering k0 as 0.5. The k0 
from the pressuremeter is in the range of 2.2 to 2.5 at 5 m 
depth, 0.90-0.93 at 10 m depth below which k0 is in the 
range of 0.63 to 0.68. 
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Table 1 below summarizes the results of analysis. 

Table-1 Pressuremeter data analysis for shear strength, consolidation parameters and in-situ horizontal stress 

Test 
Desig-
nation 

Test 
Depth, 

m 

Soil 
Classifi-
cation 

N-
values 

Limit 
Pre-
ssure 
(bars) 

Deforma
tion 

Modulus 
(kg/cm2) 

Undr-
ained 
Shear 

Strength  
(kg/cm2) 

Precon-
solidation 
Pressure, 
pc, (bar) 

Over 
Conso-
lidation 
Ratio, 
(OCR) 

In situ 
Hori-
zontal 
Stress, 
(bar) 

PMT-1 

5.0 Sandy silt 12 10.6 102.6 1.06 3.7 4.7 1.8 

10.0 Silty sand 20 12.1 63.5 - - - 1.3 

15.0 Sandy silt 38 11.9 156.1 1.24 4.0 2.5 1.6 

20.0 Clayey 
silt 

16 12.4 281.8 1.27 4.1 2.1 1.8 

25.0 Sandy silt 20 17.8 472.3 1.91 6.0 2.5 2.0 

PMT-2 

5.0 Sandy silt 20 12.4 234.1 1.32 4.6 6.5 1.5 

10.0 Sandy silt 14 10.8 152.8 1.16 4.0 3.6 1.2 

15.0 Sandy silt 27 15.0 203.4 1.62 5.3 3.5 1.6 

20.0 Sandy silt 30 19.4 446.5 2.16 7.1 3.7 1.5 

25.0 Sandy silt 36 19.7 524.4 2.13 6.7 2.9 2.0 
 

 
Fig. 11 In-situ horizontal stress – PMT-2 

6. Concluding Remarks 
Pressuremeter test is a reliable in-situ test to assess the 
geotechncal parameters for design. The interpreted shear 
strength and consolidation parameters for Delhi Silts 
(clay of low plasticity) show a good match with 

laboratory tests. The metro tunnel was designed 
effectively using these parameters. 
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