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1 INTRODUCTION 
 
The development of the Second Avenue Subway on 
the East side of Manhattan, New York City, in-
volved a cut-and-cover section constructed in a bur-
ied valley of thick soft soil deposits. The soil stratifi-
cation at the site included fill, organics, silty sands 
and a thick layer of glacial deposits reaching to as 
least 60m deep below ground surface. The glacial 
deposits comprised of an alternating sequence of 
varved silts and clays.  

The construction involved an 18m deep excava-
tion supported by diaphragm walls embedded up to 
12m below the base of the excavation. The excava-
tion was carried out below the elevation of the gla-
cial deposits. An accurate determination of the prop-
erties of the glacial deposits was therefore of utmost 
importance for proper design of the excavation sup-
port system.  

The glacial deposits were highly sensitive and 
prone to sample disturbance, rendering great diffi-
culty in obtaining samples for testing the material in 
the laboratory. In situ testing was therefore necessary 
to obtain more reliable soil data. This paper presents 
the results of pressuremeter testing in the varved silts 
and clays. Practical issues that were encountered on 
site during drilling and testing are highlighted. The 

results of both self-boring and pre-bored pressure-
meter tests are discussed. 

 
2 PRESSUREMETER TESTS 

2.1 Test Conditions 

Three locations were initially identified for testing 
using self-boring pressuremeters. Available refer-
ence borings had indicated that the ground condi-
tions at SBP-94-5 were suitable with clays and silts 
having standard penetration test (SPT) blow counts 
less than 20 blows/0.3m. However, during actual 
testing operations, the soil was found to be too hard 
to penetrate. Three initial attempts were unsuccess-
ful and testing was ultimately abandoned at this lo-
cation.  

At the second test location (SBP-97-5), four self-
boring pressuremeter tests were successfully con-
ducted.  

A third location at BP96-13 was attempted. The 
self-boring pressuremeter test at the upper level of 
the test zone was successfully completed at this loca-
tion, however shells and wood were found lodged in 
the cutting shoe. To avoid potential problems with 
self-boring operations at the deeper levels, it was de-
cided to replace the subsequent testing with a pre-
bored pressuremeter. The first attempt to form a pi-
lot hole in BP96-13 was unsuccessful. The hole was 
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over-sized and unsuitable for testing. After appropri-
ate drilling procedures were established, there was 
no further difficulty in forming the pilot hole close 
to the correct size. However, the hole was slightly 
under-sized so that the soil was hard against the 
membrane at the start of the test. Four pre-bored 
pressuremeter tests were subsequently completed in 
BP96-13.  

Table 1 summarizes the conditions under which 
the tests were conducted. The SPT values provide an 
indication of the relative density of the soils tested.  
 
Table 1.  Soil conditions at pressuremeter test locations   

Location Instrument Depth SPT N  Test No. 

  m blows/0.3m  

SBP-94-5 Self-boring 16.4  Abandoned 

SBP-94-5 Self-boring 18.2  Abandoned 

SBP-94-5 Self-boring 23.9  Abandoned 

SBP-97-5 Self-boring 16.2 10 NYC1 

SBP-97-5 Self-boring 19.3 7 NYC2 

SBP-97-5 Self-boring 22.3 14 NYC3 

SBP-97-5 Self-boring 25.3 10 NYC4 

SBP-97-5 Self-boring 27.3  Abandoned 

BP96-13 Self-boring 7.2 60 NYC5* 

BP96-13 Pre-bored 10.5  NYC6 

BP96-13 Pre-bored 12.3 36 NYC7 

BP96-13 Pre-bored 18.4 45 NYC8 

BP96-13 Pre-bored 20.1  NYC9 

BP96-13 Pre-bored 22.9  NYC10 

 
*Shells and wood lodged in cutting shoe of pressuremeter 

2.2 Test Procedure 

All tests were carried out in accordance with the rec-
ommendations of ASTM D4719 (1994). The read-
ings were electronically captured in real-time and 
input into a computer for processing. A plot of pres-
sure versus cavity strain, c (defined as the radial de-
formation, r divided by the original radius of the 
borehole, ro) was continuously displayed on the 
computer screen for control of the test (Fig. 1).  

 
 
 
 
 

 
 

 
 
 
 
 
 

 
 
 

  

Figure 1. Typical expansion curve in pressuremeter test 

Attempts were made to ensure all tests were 
completed in about the same time, so that influence 
of creep and consolidation was similar for each test. 
Unfortunately at this site, the strength of the tested 
materials varied considerably (ranging from 30 to 
365 kPa). Hence, the choice of pressure increments 
had to be selected based on the operator’s apprecia-
tion of the initial stages of the pressuremeter curve 
to try and determine the full pressuremeter curve as 
completely as possible. The maximum test pressure 
was usually limited by the maximum extension of 
one of the three electronic displacement sensors. 
Three unload-reload loops were conducted at each 
test zone to check for repeatability of the results. 

3 INTERPRETATION OF SOIL PARAMETERS 

3.1 Soil shear strength and limit pressure  

Using the cavity expansion theory and assuming a 
linear elastic perfectly plastic soil model, Gibson and 
Anderson (1961) showed that the cavity pressure (P) 
for an undrained soil response in the plastic phase 
can be expressed as 
    
P = PL + su ln (V/Vo)                                          (1) 
 
where PL = limit pressure, su = undrained shear 
strength and V/Vo = volumetric strain. su can be 
obtained from the slope of the plastic zone in a semi-
logarithmic plot of P versus V/Vo. PL is defined as 
the maximum cavity pressure that can be sustained 
at infinite expansion. For practical purposes, PL is 
commonly assumed to be reached when the volumet-
ric expansion (V) is equal to the initial volume of 
the cavity (Vo).  

The volumetric strain is related to the radial ex-
tension of the displacement sensors via the relation-
ship V/Vo = (r2-ro

2)/ro
2 where ro and r are the initial 

and expanded cavity radii respectively.V/Vo = 1 
corresponds to a cavity strain c = r/ro of 0.414, 
where r = r – ro.  

Figure 2 shows the semi-logarithmic plot of P vs 
c. The pressuremeters used in this project will only 
expand up to about 20% of its initial volume before 
the displacement sensors reach their full extension. 
Hence PL was obtained by extrapolating the best fit 
line through the data points at a cavity strain of 
 

Table 2 summarizes the values of su and PL ob-
tained from the pressuremeter tests.  
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Figure 2. Semi-logarithmic plot of pressuremeter test data 

 

Table 2. Undrained shear strength and limit pressure of soils 

 
 

Yu and Collins (1998) indicated that the total 
stress approach proposed by Gibson and Anderson 
(1961) is reasonable for soils with low over-
consolidation ratios (OCR < 2) but may under-
predict su for higher OCRs. For comparison, su was 
also obtained using an alternate method proposed by 
Palmer (1972) based on the relationship between the 
shear stress at the cavity wall () and the cavity 
strain (c) given by Equation 2. 

 
= ½(1+c) (2+c) dP/dc                                       (2) 
 
For small strains, Equation 2 simplifies to 
 
= c dP/dc                                                            (3)   
 
By differentiating the P versus c curve, the peak 
shear stress (peak) and its associated shear strain ( = 
2c) can be determined. The analysis was performed 
only for self-boring pressuremeter test results as they 
were likely to be less disturbed.  

Table 3 shows that peak corresponded very closely 
to the values of su obtained from the semi-
logarithmic plot in Table 2, giving confidence that 
the results were reliable.  
 

     Table 3. Peak shear stress (Palmer’s Method) 

 
 
Figure 3 shows that undrained shear strengths 

obtained from the pre-bored pressuremeter tests were 
significantly higher than the self-boring pressure-
meter tests, with the values exhibiting a decreasing 
trend with depth. The strength results from self-
boring pressuremeter tests however, showed an in-
creasing trend with depth. These results suggest that 
the site stress history of the varved silts and clays 
can be significantly different between boreholes. La-
boratory consolidation tests had indicated that the 
over-consolidation ratio (OCR) for the varved silt 
and clay stratum ranged from 1 to 6.4, with the mean 
value at about 3. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
 

 
 

Figure 3. Shear strength profile 

 
Alternate su values were computed using the 

SHANSHEP model for over-consolidated clays 
(Ladd, 1991),  

 
su = 0.22 vo’ (OCR)0.8                                           (4) 
 
where vo’ is the effective overburden stress. 

It was assumed that total unit weight of the soil 
was 19.6 kN/m3 with the water table at 4.3m below 
ground level. The strengths obtained from the self-
boring pressuremeters were in good agreement with 

Test No. Depth Undrained Shear 

Strength, su 

Limit Pressure, 

PL 

 m kPa kPa 

NYC1 16.2 188.2 972.2 

NYC2 19.3 162.0 965.3 

NYC3 22.3 246.2 1351.4 

NYC4 25.3 256.5 1606.5 

NYC5 7.2 30.3 303.4 

NYC7 12.3 364.1 1599.6 

NYC8 18.4 275.8 1958.2 

NYC9 20.1 190.3 1248.0 

NYC10 22.9 137.9 1379.0 

Test No. Depth Peak Shear 

Stress, peak 

Shear Strain at 

Peak Stress,  
 m kPa % 

NYC1 16.2 179.3 4.5 

NYC2 19.3 165.5 4.5 

NYC3 22.3 241.3 4.0 

NYC4 25.3 262.0 3.3 

NYC5 7.2 27.6 1.0 
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the SHANSEP values for the range of OCRs report-
ed by the consolidation tests. However, the pre-
bored pressuremeter test results for the upper levels 
corresponded to OCR much greater than 6.4 and a 
trend suggesting a decreasing OCR with depth.  

Figure 4 shows the relationship between the de-
rived su and PL values summarized in Table 2. It can 
be seen that the ratio of su/PL varied over a narrow 
range between 0.1 and 0.23. The su/PL ratios ob-
tained from the pre-bored pressuremeters appear to 
be more scattered. The most consistent correlation 
was given by the self-boring pressuremeter tests with 
su/PL = 0.17. 
 
 
 
 
 
 
 
 
 
 
 
 
   

 
Figure 4. Shear strength – limit pressure correlation 

3.2 Small strain elastic shear modulus 

The response of a linear elastic homogeneous mate-
rial subjected to cavity expansion in infinite space 
can be described by Equations 5 and 6:- 

r = P ro [(1+)/E]                                                 (5) 
 
E = 2G (1+)                                                          (6) 
 
where P = pressure at cavity wall, ro = initial radius, 
r = radial deformation, E = Young’s modulus, G = 
shear modulus,Poisson’s ratio. Combining 
Equations (5) and (6), and setting c = r/ro, we have  
 
G = 0.5P/c                                                             (7) 
 

Hence, the small strain elastic shear modulus 
(Go) can be obtained from the slope (m) of an un-
load-reload loop in a P versus c plot, giving Go = 
0.5m. Table 4 summarizes the values of Go obtained 
for each loop in the tests.  

Figure 5 shows that the ratio of Go/su varied over 
a very wide range between 100 and 350. The self-
boring pressuremeter results gave lower bound Go/su 
ratios in the majority of tests. The converse is true 
for the pre-bored pressuremeter tests. The spread in 
the data points appear to be representative of the 
natural variability of the varved silt and clay material 
as evidenced by the significant difference in the SPT 

blow counts given in Table 1. The large variation in 
shear modulus may also be in part due to the sensi-
tivity of the soil to installation and testing disturb-
ance, as observed from the significant differences in 
Go values obtained from the three cycles in each test 
(Table 4). 
 
 Table 4. Elastic shear modulus of soil 

Test No. 

 

Depth 

 

Unload-reload Shear Modulus, Go  

1st Cycle 2nd Cycle 3rd Cycle 

 m kPa kPa kPa 

NYC1 16.2 12293.8 27207.7 46224.1 

NYC2 19.3 19423.2 17616.7 27455.9 

NYC3 22.3 27221.5 37619.1 37632.9 

NYC4 25.3 74328.1 87139.0 87056.3 

NYC5 7.2 2378.8 3344.1 - 

NYC7 12.3 41266.6 45562.2 46224.1 

NYC8 18.4 81374.8 91931.0 90427.9 

NYC9 20.1 57456.0 47168.7 51429.8 

NYC10 22.9 - 51133.3 48768.3 

 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 5. Elastic shear modulus – undrained shear strength rela-
tionship. 

3.3 In situ lateral earth pressure 

The in situ lateral earth pressure in the ground (ho) 
can be estimated by identifying the lift-off pressure 
(Po) near the starting of the pressuremeter test. This 
is the pressure at which the membrane first lifts off 
the pressuremeter body when the confining stress 
around it is just exceeded.  

Table 5 summarizes the in situ lateral earth pres-
sures obtained from the pressuremeter tests.  
 

Table 5. In situ lateral earth pressures 

Test No. Depth 
Lift-off 

Pressure, Po 

Marsland and Randolph 

(1977) 

 m kPa kPa 

NYC1 16.2 129.6 172.4 

NYC2 19.3 168.9 303.4 

NYC3 22.3 241.3 275.8 

NYC4 25.3 238.6 413.7 

NYC5 7.2 142.0 137.9 

NYC7 12.3 416.5 - 
NYC8 18.4 775.7 - 
NYC9 20.1 575.7 - 
NYC10 22.9 799.8  
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The in situ lateral earth pressure was also esti-
mated from the linear portion of the semi-
logarithmic plot of P versus c using the procedure 
of Marsland and Randolph, 1977 for comparison. As 
the pre-bored pressuremeter was inserted into a 
borehole with slightly smaller diameter than the in-
strument, the initial stresses in the soil immediately 
surrounding the borehole was likely to have been al-
tered to some degree. Therefore only the data from 
self-boring pressuremeter tests were considered to 
provide a reliable basis for determining ho. The cor-
responding results are tabulated in Table 5. In gen-
eral, the values given by Marsland and Randolph’s 
method were higher than the lift-off pressures. 
Hence, the lift-off pressures provide a lower bound 
estimate of the initial in situ soil stresses.   

Figure 6 compares the interpreted soil pressures 
with the theoretical at-rest states computed from Ko 
= Konc (OCR)sin' where Konc = 1-sin' (Mayne and 
Kulhawy, 1982). A total unit weight  = 19.6 kN/m3 
and ’ = 32o was assumed based on laboratory 
drained triaxial tests for the varved silt and clay stra-
tum. 

  
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

 
 
Figure 6. Lateral soil stresses interpreted from pressuremeter 
tests 

 
It can be seen that lift-off pressures (Po) obtained 

from the self-boring pressuremeter tests were con-
sistent with the hydrostatic water pressure in the 
ground. However, Po derived from the pre-bored 
pressuremeter tests were much higher than the max-
imum anticipated at-rest pressure for OCR = 6.4 (Ko 
= 1.26) for the varved silt and clay stratum. This 
suggests that the disturbance of the borehole walls in 
the pre-bored pressuremeter tests was significant. 
The estimated lateral stresses based on Marsland and 
Randolph (1977) were in general agreement with the 
range of at-rest earth pressures for OCR = 1 (Ko = 
0.47) to 6.4 (Ko = 1.26).  

The derived values of limit pressure (PL) usually 
tends to be less sensitive to the initial condition at 
the borehole wall than the in situ lateral stress (ho). 
Assuming that self-boring pressuremeter tests were 
reliable, it would appear that PL for the deeper pre-
bored pressuremeter tests were reasonable and con-
sistent with the general trend of the results obtained 
from the self-boring pressuremeter tests. However, 
the pre-bored pressuremeter tests at shallower depths 
gave much higher PL values, which suggests that 
significant disturbance was induced during insertion 
of the instrument into these boreholes.  

It was noted that the limit pressures obtained 
from both the self-boring and pre-bored pressure-
meter tests were higher than the plane strain passive 
resistance (Kp = [1+sin']/[1-sin'] = 3.25). This may 
be attributed to migration of pore water out of the 
soil when the volumetric cavity expansion is large, 
resulting in an increase in effective stress around the 
borehole. As can be seen, the PL values approach the 
ideal fully drained Kp line, when water in soil pores 
have been completely expelled (i.e. when pore water 
pressure reduces to zero and the effective vertical 
stress become equal to the total overburden stress). 
Further investigation is needed to clarify this obser-
vation.  

4 CONCLUSIONS 

The glacial deposits of Manhattan, New York con-
sists of varved silts and clays, which are highly sen-
sitive and prone to sampling disturbance, rendering 
great difficulty in obtaining high quality samples for 
testing the material in the laboratory. In situ testing 
is therefore necessary for obtaining more reliable da-
ta to characterize the soil.  

The total stress approach of Gibson and Ander-
son (1961) based on cavity expansion theory can 
provide reasonable results for interpreting pressure-
meter tests in the glacial deposits. This paper com-
pares the results obtained from self-boring and pre-
bored pressurementer tests that were carried out as 
part of the Second Avenue Subway project. It was 
observed that self-boring pressuremeter tests gave 
more consistent results than pre-bored pressuremeter 
tests due to less soil disturbance. However, tests us-
ing self-boring pressuremeters were limited to soils 
with lower strength and limited obstructions.  

Different methods for interpretation of soil shear 
strength and in situ lateral stress were used to pro-
vide guidance on the reasonableness of the results. 
Stress history and drainage condition of the soil de-
posits were considered. su/PL ratios ranged from 0.1 
to 0.23. The best correlation was given by self-
boring pressuremeter tests with su/PL = 0.17. Go/su 
ratios varied between 100 and 350, with self-boring 
pressuremeters giving a lower bound value. 
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