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Reduced pressuremeter test time procedure and new analysis method

K. Iskander

Free University of Brussels ULB, Brussels, BEGIUM.

ABSTRACT: This paper presents solutions for the drawbacks of Pressuremeter Test (PMT) concerning the
long time duration in site in comparison to the other in situ tests and the use of empirical rules to express the
medium behavior. A new definition for pressure limit is adopted. It is determined within the first few loading
steps. The proposed analysis accounts for: test rate, PMT size, volume of clay influenced by the test,
heterogeneity of strain distribution around cavity. The medium behavior is being examined by the modified
Cam Clay criterion. The medium octahedral shear stress strain relationship at the level of testing can be deduced.
An overall clay medium shear modulus at some depth underground can be estimated. The present analysis
method can be adopted for the design of tunnels and for modeling pile shaft clay medium interaction.

1 INTRODUCTION

Pressuremeter test requires long time duration in site
compared to the necessary time to carry out the other
in situ tests such as CPT and SPT. At any level un-
derground, to determine the pressure limit that would
be attained at infinite expansion of the cavity during
testing, PMT requires at least twelve minutes. This
duration differ from one test to another according to
the considered code of practice. So for ten levels un-
derground, PMT requires at least two hour time,
while, for example CPT requires few minutes for test-
ing along the same depth underground.
The reason for PMT long duration in site is the nec-
essary time to determine the pressure limit ;. Fol-
lowing French Standards NF P 94-110 (2000), P94-
250-1(1996) and the ASTM D47 (1987), this conven-
tional limit is defined by the pressure required to dou-
ble the initial volume of the membrane cell. This limit
has no solid theoretical bases and is assumed to ex-
press the clay failure state without defining a failure
criterion. J.J. Powell (1990) and other authors sepa-
rately reported the uncertainties in the methods of as-
sessing and the applicability of pressure limit as well.
To avoid the drawbacks encountered in the analy-
sis methods, Iskander (2013 &2015) adopted an en-
ergy concept taking into account: 1) Test rate: the de-
veloped excess pore pressure is sensitive to testing
rate. Thus, the developed excess pore pressure during
the test has to be measured to estimate the effective
stress and introduce it in the analysis. 2) PMT size and
type: the input energy is a function of the applied
pressure and membrane volume. 3) Reliable analysis
method: pressure limit Y, is newly defined by the ap-
plied pressure by PMT at the initiation of radial
cracks at cavity surface that occur during the first few
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loading steps. These cracks are due to the negative
stress development thereof. 4) The influenced clay
volume during the test is obtained from the equality
condition of input energy - work done across the in-
fluenced cylinder around PMT cavity. 5) Heterogene-
ity of strain distribution: to estimate the strains at any
radius across the thickness of the influenced clay cyl-
inder, that models the medium around the cavity, the
plastic strain increment can be estimated by normality
rule. These increments are assumed normal to the
modified cam clay criterion (MCC) yield surface.

2 APPLICATION AND ANALYSIS

In two and three dimensional analysis for clay hollow
cylinder that is assumed to simulate the clay medium
around PMT probe. Iskander (2013& 2015) showed
that at some pressure within the first three loading
steps, during PMT, the developed excess pore water
pressure at the inner radius surface became greater
than the created increase in the compressive hoop
stress. And, further loading increase by the probe re-
sults in further increase in the developed excess pore
water pressure.

Moreover, it was shown that the effective octahedral
stress path at the inner radius of hollow cylinder, that
is the cavity radius, crosses the critical state boundary
surface at this state of stress as well. This indicates
that at this state of stress the clay fails thereof. Fur-
ther, (Thevayanagam et al. 1994) and other authors
observed the creation of radial cracks at the cavity
surface during PMT which agrees with the results of
the proposed analysis method. Thus, further loading
results in increase in the developed negative stresses
at the cavity surface and the corresponding strain in-
crease is being due to the increase in the developed
excess pore water pressure thereof.



In conclusion, cracks started to occur during the first
three loading steps. It depends on test rate. The faster
the test rate, the sooner the clay fails at the cavity sur-
face. Further loading is time waste in site and more
cost for nothing. Therefore, it is suggested to limit
testing procedure to few loading steps.

The classical interpretation methods assume that
the evolution of the strain of the perimeter of PMT
cavity expresses the medium strains. But the hetero-
geneity of strain distribution around the cavity across
the medium makes this assumption questionable. Is-
kander (2015) adopted the Modified Cam Clay crite-
rion MCC ( Roscoe & Burland 1968) and the varia-
tion energy principle Washizu (1975) to analyze the
clay medium behavior due to cylindrical cavity ex-
pansion in three dimensions during PMT. Following
MCC, the mean strains across the medium that corre-
spond to the calculated average effective stresses can
be estimated by normality rule (Equations are written
in Appendix). So the increase in the work done by the
developed average effective stresses increase and
mean strains across the hollow cylinder must be equal
to the input complementary energy by the probe so
that:

VAY/A =330, & X AT, )]
Where V= current membrane volume during an ap-
plied pressure increase of Ay; P = applied pressure
by the probe; A = area of the hollow cylinder €'; Ag’;
= mean strains, the increase in average effective
stresses AG'g ,AG'g and AG', in hoop, radial and
vertical directions across the influenced hollow cylin-
der.

2.1 Hollow cylinder test

Anderson & Pyrah (1987) performed tests on clay
hollow cylinder of outer and inner radii of 7.5 and
1.25 cm and it was 15 cm high. This cylinder was pro-
vided by three piezometers at its mid height at 1.25, 3
and 5.5 cm measured from the axis of the cylinder.
Clay Index properties were Wy, =42%, W, =23%, I,,=
19%, Activity = 0.63, Specific volume v = 1.85. Crit-
ical State parameters 4 = 0.136 and k = 0.033. The
reported test results are summarized in Tables 1& 2.
for loading rates 30 kPa/minute and 10 kPa/minute
respectively.

Figs 1-2 show that, during PMT, the developed ex-
cess pore water pressure increases as the test proceeds
and the faster the test rate, the greater is the developed
excess pore water pressure. But the developed excess
pore water pressure decreases with distance from the
axis of the cylinder.
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Table 1 Experimental Test results, 30 kPa per minute

Developed excess pore

Applied Caylty water pressure at
pressure  radius
Cavity 3ecm 5.5cm

1/) a Uq Up U
kPa cm kPa kPa kPa
() 2 (€)] “4) &)
190 1.257 20 18 1
220 1.27 40 36 4
250 1.29 80 58 10
280 1.32 120 76 16
310 1.37 140 87 23
340 1.41 160 96 30
370 1.45 180 102. 40

Table 2. Experimental Test results, 10 kPa per minute

Developed excess pore wa-

Applied — Cavity ter pressure at

pressure radius
Cavity 3ecm 5.5cm
P a U, up U
kPa cm kPa kPa kPa
(6 ) (®) (€] 10)
160 1.252 15 10 5
210 1.261 35 18.9 9
240 1.282 60 31 10
260 1.299 75 37.8 16
290 1.317 95 52 19
320 1.37 110 63 27
360 1.454 120 68 40
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Fig 1. Pore pressure gradients across cylinder, 30 kPa / minute.
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Fig 2. Pore pressure gradients across cylinder, 10 kPa/minute
2.2. Pressure limit Yy :

The average radial and hoop total stresses across the
hollow cylinder at the PMT membrane mid height can
be obtained by integrating the equations of Lamé
(1852). To estimate the average effective stresses
subtract the average measured developed excess pore
water pressure. The vertical effective stress is equal
to overburden pressure minus the average pore pres-
sure. From equation (1), the deduced outer radii of
the hollow cylinders that model the clay medium
around the cavity during PMT and reported by Is-
kander (2015) are written in Tables 3 - 4 for the fast
and slow testing rates respectively. Following Lamé
(1852), the hoop stress at the inner radius of hollow
cylinder is obtained as follows:

0ga = (Y — 0p)R* + Y a® — 0,R*)/(R* — a*) 2
Where g;,= lateral stress at rest; R, @ = outer and inner
radii of hollow cylinder.

Table 3 shows for the faster test at the second load-
ing step, the developed excess pore water pressure
written in column (4) is equal to 40 kPa and is greater
than the created compressive hoop stress at the cavity
surface that is written in column (5). So, the total pres-
sure limit = 220 then the effective pressure limit ',
is equal to 180 kPa. The same analysis for the slower
test rate showed that at the third loading step ;=240
kPa then ¥’ = 180 kPa.

In the present work the deduced pressure limit is at-
tained at the second and the third loading steps for fast
and slow tests respectively and its effective value is
independent of test rate.

Note the effective 1’;, is more reliable than the total
pressure limit for comparisons because the developed
excess pore water pressure is sensitive to testing rate
such as stated by Powell (1990).
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Table 3 Hoop stress at cylinder inner radius 30 kPa/minute.

Applied Hollow §ylinder pore Hoop
radius pressure
pressure — . Stress
mnner outer at cavity
1!’ a R Uq O6a
kPa cm cm kPa kPa
@ 2 (€)] (C)) )
190 1.257  21.39 20 69.58
220 1.27 38.19 40 39.8
250 1.29 51.09 80 9.84
280 1.316  51.29 120 -20.26
310 1.368  60.69 140 -50.83
340 1.41 70.09 160 -80.17
370 1.45 79.89 180 -110.2

Table 4 Hoop stress at cylinder inner radius,10 kPa/minute.

Applied Hollow ?ylinder pore pres- Hoop
radius sure
pressure - . Stress
mnner outer at cavity
I»b a R Uq O6a
kPa cm cm kPa kPa
) 2 (€)] 4) )
160 1.252 18.96 15 99.74
210 1.261 26.66 35 49.64
240 1.282 41.76 60 19.79
260 1.299 43.86 75 -.228
290 1.317 48.56 95 -30.09
320 1.370 56.46 110 -60.22
360 1.454 73.66 120 -100.2

2.3. Octahedral shear stress G

The geostatic stresses are the initial state of stress.
The average effective stress in radial, in hoop and in
vertical directions are written in Tables 5 — 6 for the
fast and slow test rates respectively. The changes in
octahedral stress deviators are estimated by Equation
(3) so that:

S 77 e A= a2 2
ATper=3 (AT — AGy)? + (8Tp — AT,)? + (AT, — ATR)?) A3)

Where AG'y ,A 6'rand AG',: The change in average
effective stresses in hoop, radial and vertical direc-
tions across the thickness of the hollow cylinder.
And, the corresponding change in strains are esti-
mated following MCC from Equations (13-17) in Ap-
pendix. The octahedral change in strain deviator is es-
timated as follows:

Y
AToce == ((86z — BEg)* + (86 — D& + (A6, — A&R)?) P (4)

Where Aég, A€ and A€,: The change in average ra-
dial, hoop and vertical strains across the thickness of
the hollow cylinder respectively.
Accumulate the octahedral stress and strain change
values for the successive hollow cylinders that model
the whole medium. The medium average shear mod-
ulus at the level of the test is defined by T,q+/Voct-
(%)



Table 5. Octahedral effective stress strain relationship,
30 kPa per minute.

Hollow Cylinde1  Average Effective Average
radius Stress Octahedral
Outer  Inner Radial Hoop Vertical Stress Strain
R a OR 7 07 Toct Yoct
cm cm kPa kPa kPa kPa %
€)) 2 3 “ ©) (6 @)
2429 1257 1.90 4.33 1.05 2.57 0.10
4229 1270 1.64 0.82 1.31 0.33 0.01
4829 1290 2.60 3.61 03.1 0.41 0.02
5429 1316 2.60 3.46 3.03 0.35 0.01
60.29 1.368 3.02 3.91 3.46 0.36 0.01
62.29 1410 297 4.02 3.49 0.43 0.02
66.29 1450 437 5.65 5.00 0.52 0.02

Table 6. Octahedral effective stress strain relationship
10 kPa per minute.

Hollow Cylinder Average Effective Average
radius Stress Octahedral
Outer Inner Radial Hoop Vertical Stress Strain
R a Ady Ady Ady Toct Yoct

cm cm kPa kPa kPa kPa %
@ @ (©) “ (6) Q) @)
20.26 1.252 1.2 4.92 2.95 1.52 0.06
36.26 1.2614 0.89 2.73 1.82 0.75 0.03
40.26 1.282 -0.09 1.35 0.61 0.59 0.02
4226 1.299 255 3.55 3.04 0.41 0.02
58.26 1.317 1.71 0.95 1.38 1.18 0.05
62.26 137 3.34 4.75 4.03 0.58 0.02
66.26 1.454 5.40 7.67 6.50 0.93 0.03

The results are plotted in Fig 3 for fast and slow test
rates. It shows the evolution of medium octahedral
shear stress and strain until failure following MCC
criterion. In the present work, the medium shear mod-
ulus value is found independent of test rate. The value
of average octahedral shear modulus G, is found =
2640 and 2600 kPa for the fast and slow test rates.
Note the present analysis method is valid for linear
and nonlinear stress strain relationships as well.

Applying the present analysis method at different
depths under the ground, the shear modulus variation
with depth can be found and an overall shear modulus
across some depth in question can be estimated.
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Fig 3. Octahedral Stress Strain Relationship

3 SUMMARY AND CONCLUSIONS
a) MCC and the variation energy principal are
adopted to examine the clay medium behavior due
to cavity expansion during the PMT.

The outer radius of clay hollow cylinder influ-
enced and models the medium around PMT cavity
can be deduced.

A proposed new pressure limit is defined by the
applied pressure that initiate radial cracks at the
cavity surface during PMT.

The analysis of the hollow cylinder test results
showed that the deduced effective limit pressure
is independent of test rate and the medium aver-
age octahedral shear modulus at the level of test-
ing as well.

The present analysis method is devoted to analyze
the normally consolidated clay under undrained
conditions. It can be adopted to analyze soil be-
havior under drained conditions.

The present analysis method is applicable for the
design of tunnels and piles.

It is suggested to provide PMT probe by two pie-
zometers, one at the membrane cell, the other in
the soil against the first one at short distance far
from it but both at the membrane cell mid height.
More test data is required to confirm the conclu-
sions and to analyze other applications in geotech-
nical design.

b)

g)

h)

4 APPENDIX

4.1 The derived equations to calculate the strains

The average values of the total hoop and radial
stresses across the thickness of hollow cylinder of
outer and inner radii R and a are expressed as follows:
__ (Ya— auR)

%= R—a) (6)



__ (pa+oyR)
=TT Ry a) 7
a; =yz, the overburden pressure (8)

Where y = the applied pressure by the probe, R = outer
radius of clay hollow cylinder, a = radius of the cavity
radius that is the radius of membrane cell at its mid
height,

The corresponding average effective stresses are:

5,9:59—17. (9)
5’R=5R—ﬁ (10)
5,Z=6Z_ﬁ (11)

Where u the average developed excess pore water
pressure across the thickness of hollow cylinder.
The modified Cam Clay (MCC) expressed in terms of
(r',J, 6,) so that:
= —]2
(P'Q(HL))Z

Where p'= the current mean effective stress; p;= the

(12)

initial mean effective stress and =(c", + 0',)/3; J =\/J2;
Jo= second deviator stress invariant defined by
(S_’; +5% + S_’é) /2; §':,S'9and S', are the three deviator
normal stresses Sz = (6 —p?),

S9=(@9—p) and S, =(3';—p); Lode angle 6, =

1 3

- (%)1'5; J3

2

third deviator of stress

1 . _
—=Sin
3
(S7+5%+5¢)/3 and,
sin (]5;5

(sin ¢g sinfy)

V3
Where ¢.= the critical state angle of shearing re-
sistance.

g8(6,) = (13)

cos@; +

From normality in the m plane the strain increase is
given by the chain rule so that;

__0F 9] OF 00, ”
€= 9795, " 36, 05, (14
Where: 2 2 (15)
ere. — = PE—
U (pg(6y))
oF  2J? (cos 8, sin s )/V3 —sin 36, (16)

36,  p”g(6,) sin ¢
Hereafter the stress partial differentials for &, and the
others by cyclic rotation

) s

=t (17)
00’y  24/2]
30, —V3(25'% — 55— 5'%) +3,/,5 sin 36, a8)
00y 343 — 272
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4.2 The proposed two piezometer pressuremeter test
device (PCT/BE2011/000026; EP 0705941A41):

Description

The two piezometer PMT consists of two separate
parts: (1) the standard PMT probe equipped by a pie-
zometer at its membrane cell mid height; and (2) a
separate and movable part that is a short tube of
smaller diameter than the intermediary between the
ground surface and the probe membrane cell. This
tube contains an inclined gun. The ball of this gun is
a hypodermic needle that measures pore water pres-
sure.

Device installation

After installing the standard PMT under the ground,
the tube of the second movable part is to be intro-
duced. The hypodermic needle is inserted by shooting
it into the ground in inclined direction, almost 35 cm
to reach from just above the expanding membrane to
a point opposite the present piezometer in the mem-
brane cell but at short distance far from it.

After carrying out the test, the hypodermic needle is
to be pulled back to its initial position in the gun. Then
the tube that contains the gun is pulled up to the
ground surface. This procedure is to be repeated at
each level of testing.
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