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The cone pressuremeter -  A study of its interpretation in Holmen sand 

Le pressiometre a cone -  Une etude de Interpretation pour le sable a Holmen

John J. M. Powell & C. Hilary Shields -  Building Research Establishment, Watford, UK

ABSTRACT: The cone pressuremeter (CPM) is potentially a most powerful site investigation tool. However, little field data exists on 

which to assess its performance. This paper reports the results of a field study into its use, with particular emphasis on sands. Various 
methods of interpretation are assessed. The CPM is shown to have significant potential to determine soil parameters.

RESUME: Le CPM a le potentiel d'etre un des plus puissant des essais en place. Cependant, trfes peu de donnees in situ existe avec lequel 
on peut juger l'interpretation. Cet article donne les resultats d'une etude de son emploi, avec insistance sur les sables. Des methodes 

diverses de son interpretation sont evaluees. Le CPM est montre d'avoir de potentiel considerable de determiner les parametres du sol.

1. INTRODUCTION

The cone pressuremeter (CPM) is potentially one of the most 
powerful site investigation tools to become available to the 

industry. It combines the proven profiling capability and the 

empirical soil property assessments of the cone penetration test 
with the benefits of the pressuremeter test.

However, whilst proven methods of interpretation exist for the 

more common types of pressuremeter (pre-bored and self-boring), 

this is not the case for CPM devices because of the full 
displacement nature of the installation. Much effort has been 

given to developing interpretative methods but there has been 

little field data published with which to assess their effectiveness.

A study of the CPM, in clays, sands and silts, is underway at 

the Building Research Establishment (BRE) to resolve some of 

the questions that exist on the methods of interpretation of the 

test data and the influence of test method on the measured 

parameters. The equipment used throughout this work has been 

that discussed in Powell and Shields (1995) and will not be 

presented further here.
The preliminary findings of this study on three clay test sites 

were presented by Powell and Shields (1995). Work on additional 

clay sites is confirming that with the appropriate test procedure, 

reasonably repeatable test results can be obtained. When 

interpreted into geotechnical parameters, good agreements have 

been obtained between shear moduli derived from the CPM and 

other pressuremeter types. Very reasonable assessments of shear 

strength have been obtained for the majority of sites with less 

scatter than previously reported. However the interpretation of 
horizontal stress is still proving a problem, although for any one 

site there appears to be an essentially constant site specific ratio 

between the assessed and best estimate values.

This paper will present the findings to date from the BRE study 

of field testing in sand, where few results have been published.

2. TEST PROCEDURES

The sand tests reported here were undertaken at the Norwegian 

Geotechnical Institute's test site on the Holmen island in the 

Drammen river. The sand (Holmen sand) which is composed of 
quartz and feldspar, is uniform down to 22m and medium to 

coarse (Lunne, 1991).

At the site 17 CPM tests were carried out at 2m intervals in 

two adjacent boreholes between 3m and 19m depth. The tests 
were carried out at cavity strain rates which were mainly between 

about 2.5 to 3.5 %/min (logarithmic strain). Each test 
incorporated a first unload-reload loop with a prior hold period 

which generally varied from 3 to 9 minutes, resulting in strain

rates of 0.1 to 0.5%/min prior to the unloading (with no pattern 

corresponding to the length of hold). Some of the tests also 

incorporated a second unload-reload loop with no hold period 

prior to the loop. The loops were carried out at pressure rates of 
around 1 kPa/s and with pressure amplitudes around 0.4 times the 

initial effective cavity pressure prior to unloading. Examples of 
the test curves are shown in Figure 1. The curves have been 

corrected for membrane stiffness using the calibration for the 

expansion of the membrane in air.

To date there are no analytical or numerical solutions which 

correctly model the expansion of the CPM in sand because it has 

not so far been possible to correctly model the conditions around 

a CPM following installation. Therefore, the interpretative 

methods for soil parameters range from methods based on 

theoretical considerations, through methods which combine 

theoretical considerations and measured observations, to empirical 

methods. Whereas in clays the interpretation relies solely on the 

pressuremeter result of the CPM, all the proposed interpretation 

methods in sands, with the exception of those for CPM limit 

pressure and unload-reload modulus, involve the use of both the 

pressuremeter and the cone measurements. The methods for 

determining soil parameters examined in this paper arise mainly 

from three sources: the methods of Oxford University which are 

mainly empirical, based on a substantial programme of 
calibration chamber testing (e.g. Schnaid and Houlsby, 1992; 

Nutt, 1993); the methods of Yu et al (1996) based on theoretical 

solutions for limit pressure together with laboratory observations 

and experimentally determined material properties for the state 

parameter model; the methods derived by Ghionna et al (1995) 

based on a combination of theoretical considerations with field 

and laboratory experimental work.

Figure 1. Typical test curves at Holmen
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3. LIMIT PRESSURE, y,

There are two methods for extrapolating to the limit pressure 

(pressure at infinite expansion) from CPM test curves in sand 

(Ghionna et al, 1995). The first method is to plot log of effective 

cavity pressure, log \j/’, against log current volumetric cavity 

strain, log AV/V, and extrapolate the curve to the point 
corresponding to AV/V = 1. This method uses the procedure of 

Ghionna et al (1990), developed for self-boring pressuremeters 

and is based on the concept that after a sufficiently large 

expansion, the sand around the pressuremeter will deform at 

constant volume. To get to the total limit pressure \j/, log.log the in 

situ pore pressure u„ is added. The latter portions of these plots 

for the CPM were found to be continuously curved. When the 

method was applied to the test data at Holmen, the plots were 

also continuously curved, although it was possible to linearly 

extrapolate the latter stages to arrive at a limit pressure.

The second method is to plot total cavity pressure, y, against 
the reciprocal of cavity strain, 1/e and extrapolate the curve back 

to 1/e = 0 to obtain \y, „t. It is not certain how the curve was 
extrapolated back to 1/e = 0 as Ghionna et al do not describe any 

theory, but it appears that the method uses a linear extrapolation 

through the latter part of the test.

The resulting limit pressures at Holmen using the two methods 
are shown in Figure 2. The uniform nature of the deposit and the 

consistency of the CPM results can be seen in the almost linear 

increase in V|/, with depth below 4m. The relationship found 

between the limit pressures is \j/, / \j/, log.log = 0.91 ± 0.04. This 

is very similar to the corresponding ratio found by Ghionna et al

(1995) of 0.93 ± 0.02.

Yu and Houlsby (1991) present the first complete large strain 

closed form solution for cavity expansion in dilatant soils. It was 

found from calibration chamber work (Yu et al, 1996) that the 

CPM limit pressures could be predicted well by the cylindrical 

cavity limit pressures (CTj) from the Yu and Houlsby analysis. 
This is used in the CPM interpretation methods reported by Yu 

et al (1996) which have been investigated for the Holmen sand 

and reported in the next sections.

4. INITIAL STATE PARAMETER ^

A method for determining 4o has been proposed by Yu et al
(1996). They combined the relationship of effective cone 

resistance (qj) to spherical cavity limit pressure (cj) with the 

observation of the last paragraph, and derived the relationship:

is -  =(1 +^tan<t>ps) —  (1)
V, a c

Combining this relationship with the ratio of spherical to 

cylindrical limit pressures using the state parameter soil model,

they derived the average correlation:
/

^  = 0.4575 - 0.2966 ln —  (2)

Vi'

This relationship has been applied to the sand at Holmen. The 

results are shown in Figure 3. The mainly negative values for 

between 0.008 and -0.119 show, as expected, that the sand is 
denser than critical state. However, as ^  represents the difference 

between in situ void ratio and void ratio at the critical state, it 
can be seen that by comparison with the range ema](= 0.89 (which 

cannot be far from the critical state) to emin= 0.43 (Lunne, 1991) 
that the Holmen sand is in a loose condition. A trend can be seen 

for the values of ^  to become more negative near the surface 

and at depth, indicating, as expected from results presented in the 

following sections, that the sand is denser in these locations. For 

comparison, values of ^  found by Ghionna et al (1995) using the 

same correlation for the CPM tests in the Po river sand were 

mainly between -0.08 and -0.22, indicating that the Po river sand 

is in a denser state than at Holmen.

5. RELATIVE DENSITY, Dr (Density Index)

An expression for Dr has been derived empirically by Oxford 

University from their calibration chamber work (Nutt, 1993). 

CPM tests were carried out in three types of dry sand; Leighton 

Buzzard quartz sand, Dogs Bay carbonate sand and Hokksund 

felspathic sand. The largest investigation was carried out on the 

Leighton Buzzard sand and Nutt (1993) revised the correlations 

to also incorporate the behaviour of Dogs Bay and Hokksund 

sands. The resulting correlation for relative density is:

—— — = 3.39 + 10.4 D (3)
V,

where ah is the in situ horizontal stress

Nutt hoped that this expression, being relatively insensitive to 

chamber size effects, would be validated in the field.
The expression has been applied to the Holmen test data using 

,/e and \|/, log.,og and the results are shown in Figure 4. In doing 

so, it has been assumed that Ko= 0.4 in calculating oh, as 
discussed later. For comparison, the distribution of relative 

density estimated using by Lunne (1991) is also shown. It can be 

seen that the Dr values derived using both sets of V|/, values agree 

reasonably well with the estimated ones and exhibit broadly the 

same trend with depth.

6. UNLOAD-RELOAD SHEAR MODULUS, Gur

The values of Gur from the tests at Holmen measured as the 

secant value between apices of the unload-reload loops are shown
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Figure 2. Limit Pressure vs depth Figure 3. Critical state parameter vs depth Figure 4. Relative density vs depth.
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in Figure 5. The loops were carried out with pressure amplitudes 

around 0.4 times the effective cavity pressure prior to unloading 

for the loop. This ensures that at the bottom of the loop, a,' and 

CT0' are very close to being equal as in the CPM testing of 

Ghionna et al (1995) and in accordance with the recommendation 

of Withers et al (1989). It can be seen that, when the loops are 

carried out in this manner, the Gu[ values from the second 

unload-reload loops are very similar to those from the first. This 

is in accordance with the findings of Fahey (1991) for SBP tests, 

and may accord with the idea of 'plateau' values of Gur suggested 

by Withers et al (1989) from their CPM work. For comparison, 

the Gur values from SBP and PIP tests at Holmen reported by 

Lacasse et al (1990) are also shown. It can be seen that there is 

good agreement between the three devices, as was also found by 

Hughes and Robertson (1985).

Also shown in Figure 5 are the Gur values corrected to the in 

situ stress level, Gul0. In order to assign a stress level to an 

unload-reload loop, the reasoning of Houlsby and Schnaid (1994) 

has been used, that the unload-reload loop response is dominated 

by the maximum mean effective stress ( p'^J in the plastic zone 

ie at the soil-instrument interface. They took this stress as the 

mean octahedral effective stress p' = Va (ct,1 + c z' + <re'). Based on 

reasonable values of <|)'ps for the Holmen sand (see later 

discussion), the average expression p'^, = 0.6 \|/' has been used 

in the correction of the Holmen data. This is similar to the 

expression proposed by Robertson (1982) based on SBP tests in 

which p '^  = 0.5 y ’. In order to correct the Holmen test data to 

the in situ stress level, lanbu’s (1963) relationship has been used, 
with a value for modulus exponent, n, of 0.5, which has been 

found (e.g. Hughes and Robertson, 1985) to be a typical value. 

Therefore, the resulting expression is:

G
GurO = --------- W

(0.6y' / Po?5

Also shown in Figure 5 is a profile of G0 which represents a best 

estimate from cross-hole and seismic cone data presented by 

Lunne (1991). The ratio of Gul0/G0 from the CPM tests at Holmen 

is between 0.22 and 0.33. This is slightly smaller than the ratio 

of about 1/3 reported by Hughes and Robertson (1985) using 

P max = 0.5 \y' based on SBP results.
Figure 6 shows the variation in GUI</  G0 with strain amplitude 

for the tests below 4m. It can be seen that the trend is for a slight 

increase in corrected shear modulus with decreasing loop 

amplitude over the amplitudes concerned. The two points at 
strain amplitudes less than 0.002 correspond to two loops which 

had relatively smaller pressure drops in relation to the initial 
pressure than the other loops. The plot helps interpret some of 

the fluctuation along the profiles of Gur and Gul0 with depth in 

Figure 5. In addition, the data from the second unload-reload 

loops, which were carried out without a hold period, lie within 

the pattern for the first loops. It therefore appears that at the

strain rates used for the main test expansion and the pressure 

rates used for the unload-reload loops, it may not be necessary, 
when calculating Gur between the apices of the loops, to have 

long hold periods prior to the loops as has been the case in 

previous CPM research (e.g. Ghionna et al 1995). This has 
already been suggested to be the case for SBP tests by Bellotti 

et al (1989).

7. ANGLE OF FRICTION, 4>'

Three methods have been proposed to derive <|>' from CPM 

results.
Schnaid and Houlsby (1992) correlated values of <t>;c (triaxial 

compression) for the Leighton Buzzard sand in the calibration 

chamber with the CPM results. The resulting correlation was:

i i  = 1.45 q‘ ‘ CTh -26.5 (5)

Ghionna et al (1995) used values of ^  determined from CPM 

results using eqn 2 in the following correlation from Carriglio 

(1989), which was based on triaxial tests in Ticino sand:

33.4 -  50.78 (6 )

Yu et al (1996) derived, using the relationship between qc'A|/|’ 
and <TS’/(TC' of equation 1 and numerical analyses using the 

analytical solution of Yu and Houlsby (1991), the following 

relationship for (|)pS (plane strain):

14.7 q/ . . . .  (?)■22.7

In Is V,

where Is = G/p0'. Yu et al use an iterative procedure to solve this 
equation, using K<j = 1- sin (j)' to calculate p̂  and using Gur for G.

The results for the Holmen sand using the three above methods 

with W iog.]og are shown in Figure 7. Also shown in the Figure are 

the range of values of <|>,c' deduced from laboratory tests in 

conjunction with in situ densities interpreted from CPT (Lunne
1991). It can be seen that the <()’ values determined using \y, log.log 

agree reasonably with the triaxial data and also that the values 

using the correlations of Schnaid and Houlsby and of Ghionna et 
al appear to be more representative than those using Yu et al. 

However, it is noted that if the known G0 values are used in the 

Yu et al expression, instead of Gur, then the resulting <))' values 
agree closely with those of Schnaid and Houlsby. As Gul0 appears 
to correlate to G0 (see earlier), it may be that the method could 

be adapted to provide more representative <)>' values.
The <|>' values using \y, 1/c were found to be slightly higher for 

each of the methods used.
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9. CONCLUSIONS
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Figure 8. K() vs depth

8 IN SITU HORIZONTAL STRESS

Three methods of deriving horizontal stress have been 

investigated for the Holmen tests:

Ghionna et al (1995) investigated an expression for K0 which 

links it to y  and qc. The expression is obtained following the 

method of Manassero (1991) which uses SBP and CPT results:

V, - u 0

K
1 +2 K

(8)

where a and b are constants. Ghionna et al found the constants 

a and b (by comparison with K0 values based on the best 
estimated in situ values) to be: a = 0.33 (for both CPM limit 

pressures), b = 0.43 (for y  l0g_|0g) and b = 0.42 (for y  l/t).

In addition to the variation of ( y  - ah) / (qc - <rh) with Dr of 
equation 3, Nutt (1993) found the variation of ( y  - ah) / with 

Dr for all three sands tested at Oxford to be approximated by:

1.98 + 19.1 D. (9)

Nutt combined the expressions from equations 3 and 9 to give an 

expression for As the Oxford testing was in dry sand, the 

expression of Nutt has been rewritten by the authors to take 

account of in situ pore pressures in the form:

CT̂2 (B+AD+D-CB) + ct; (y|C -y| 2D-y|DA-q;B) + y |2 D = 0

where A and B, and C and D are the intercept and gradient of the 

linear relationships mentioned above respectively. A = 1.98, B 

= 19.1, C = 3.39 and D = 10.4 (Nutt, 1993).

Whilst the Oxford work found that the ratio (V|/l-CTh)/(qc-CTh) was 
relatively insensitive to calibration chamber size effects, the 

above expression for also involves the relationship between y  

and Dr, which was sensitive to these effects. Nutt therefore felt 

that it was possible that the expression might not describe the 

field situation very well.

Kfl =l-sin<j>’ values using the (j)' values from equations 6 and 7 

have been calculated. The use of Ko = 1 -sinc|), is thought to be 

valid because the Holmen sand is known to be geologically 

normally consolidated.

The results using the three methods described above for the 

Holmen data are shown in terms of K0 profiles in Figure 8. 
Except for the method of Nutt, results using y  ]og.log and y, ]/e 
were similar and therefore only the results of Nutt have been 

shown using both. The best estimated values of K0 are 0.4 below 

4m. It can be seen that the results of the Ghionna et al method 

and l-sin<|)' values based on both equations 6 and 7 are quite 

close to the estimated. However, the Nutt method overestimates 

the K„ and this may be related to the effect of calibration 

chamber size effects mentioned earlier.

In sands, methods of interpretation have been examined for y , 
ô, Dr, Gur, <t>', Ko and ct .̂ The determination of all these 

parameters with the exception of Gur (and y  itself) involve the 

combination of y  and qc. The Ghionna et al (1995) methods for 
y  ]og.log and y  1/e have been used throughout the work and 

therefore the use of these values is inherent in the conclusions, 
y  l/t was consistently slightly smaller than y  log_log.

Correlations proposed by Yu et al (1996) and by Nutt (1993) 

for and Dr respectively provided realistic results. Gur values 
agreed well with those from other pressuremeter devices and the 

findings from their interpretation in terms of stress level and 

stress and strain amplitude accord with the those of others 

concerning Gur values in sands from pressuremeters. The methods 

of Ghionna et al (1995) and Schnaid and Houlsby (1992) to 

determine <))' gave representative results, whilst the method of Yu 

et al (1996) is also very promising. Realistic estimates of and 

hence ct  ̂ were obtained using the procedure of Ghionna et al 

(1995) and also l-sintj)' using <j>' values from the above methods.

In summary, the CPM shows significant potential to determine 

soil parameters. However, much work is still needed to fully 

appraise the interpretation methods.
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