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USE OF FULL-DISPLACEMENT PENETRATION TESTS TO DETERMINE IN SITU 

LATERAL STRESS 
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DETERMINER LA TENSION LATERALE IN SITU
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SYNOPSIS: Full-displacement penetration tests impart large strains to the soil as the probe is installed in the ground. Initially the results from 

these tests were used to determine stratigraphic variations and soil parameters for engineering problems of similar characteristics, i.e. axial 

capacity o f driven piles. Subsequently, based on the results from calibration chamber tests, the results obtained from full-displacement penetration 

tests were interpreted to determine soil parameters characteristic o f small-strain behavior, both the lateral stress coefficient, K^, and the maximum 

shear modulus, G0, being such examples. Many of the interpretation methods to derive these small-strain parameters were based on empirical or 

semi-empirical correlations. Considering that the correlations were based on relating two opposite extremes of soil response, certain resistance to 

the use o f these methods was evident. However, recent results from experimental and theoretical studies have shown that large-strain response can 

be used to predict small-strain conditions. Furthermore, in geotechnical engineering, these type of correlations relating the extremes o f soil 

behavior are in widespread use and provide reliable results. Comments on the use of this approach to the determination o f in situ lateral stress are 

presented in this paper.
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INTRODUCTION

In situ testing has recently undergone rapid advances both in terms of 

the variety o f techniques and methods of interpretation. With the 

emphasis on evaluation of in situ soil parameters, both empirically 

and theoretically based interpretation methods have been proposed 

and used to obtain estimates o f soil behavior for engineering design. 

As the field o f in situ testing developed, it became apparent that 

whatever the testing technique used, the interpretation should provide 

the following information:

(a) identification o f soil types in the profile,

(b) details o f the in situ stress state o f the soil,

(c) information as to the stress history of the soil,

(d) deformation characteristics ( a  - e response), and

(e) flow and consolidation characteristics.

Topics (a), (c) and (e) have received considerable attention and fairly 

reliable interpretation methods exist. Topics (b) and (d) are presendy 

the subject o f intensive research and have many similar associated 

problems.

The direct measurement o f  the in situ horizontal (or vertical) stress 

and modulus is very sensitive to disturbance, whether stress or strain 

related. Errors in measurement can be crucial for both parameters. 

Equipment characteristics and method of insertion are extremely 

important and may so disrupt the initial ground conditions that direct 

measurement is not feasible. Furthermore, while specific test methods 

exist for determining both in situ stress and modulus, considerable 

discussion exists as to how best measure each one and the validity of 

what is actually being measured. The comments in this paper address 

the problem of evaluating the in situ horizontal stress.

IN SITU MEASUREMENT OF HORIZONTAL STRESS

The ideal criteria for the in situ measurement o f horizontal stress, Oj,,

would include:

- installation o f measuring apparatus with no lateral movement 

o f  soil (Eh=0), either inward or outward,

- no shear stress applied to the soil resulting from friction at 

the interface between the soil and instrument during insertion 

<*vh=0).

- no induced pore pressure during probe insertion (Au=0),

- measurement o f Oj, obtained by infinitesimal (ideally zero) 

expansion/contraction o f probe,

- no change in o v, a h or x due to measurement procedure,

- sensitive measuring system for stress and pore pressure, and

- universal installation technique applicable for all soils. 

Ideally, Kq  is a zero-strain measurement (by definition). However, 

this requirement is impossible to attain with presently available 

equipment where some minimum displacement is necessary for 

measurement. For this reason, the measurement o f Kq  can be 

considered a small-strain technique.

The importance of the above conditions on the measurement obtained 

varies according to the properties o f the soil being tested, i.e. soil 

stiffness is important in determining the effects o f stress relief due to 

probe insertion. In general, the stiffer the soil the more severe the 

effects.

It is worth considering the above ideal conditions in relation to the 

established techniques in common use for measuring <T|,. The 

following testing equipment is generally recognized as being useful 

for in situ stress measurement:

- self-boring pressuremeter

- self-boring load cell

- push-in total stress cells

- dilatometer

- hydraulic fracture

- lateral stress cone

- pre-bored and push-in pressurem eten

- full-displacement pressuremeter

- stepped blade

Various approaches also exist for evaluating lateral stress by means of 

correlations with other index parameters, i.e. electrical methods.
The main problem associated with the self-boring probes is the 

disturbance caused during installation, the effects of which are 

indeterminate. The degree of disturbance imparted to the soil is also 

very variable and not reproducible. All the other methods listed fall 

short o f  the above requirements as the probe installation is by full-
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displacement and causes considerable disturbance. However, it 

appears that the disturbance caused by full-displacement probes is 

repeatable which may provide for more consistent data interpretation 

providing the effects o f disturbance can be accounted for.

The self-boring pressurcmeter is considered by many to be the best 

small-displacement method for measuring O), in situ. However, the 

effects o f boring disturbance, equipment characteristics and variations 

in test procedure cause problems in the interpretation of CT), 

(Jamiolkowski et al., 1985; Mair and W ood, 1987). The problem is 

the determination o f the often eTTatic disturbance induced during 

probe insertion and the necessary adjustment/evaluation o f the data. 

Calibration chamber studies by Bellotti et al. (1987) show the 

importance of equipment characteristics on the results obtained with a 

self-boring pressurcmeter (SBPM). It would appear that in many 

cases, the mechanical design of the strain arms is inadequate for 

determining accurately (and consistently) the small-strain response 

required for evaluating the in situ lift-off pressure, even under ideal 

laboratory conditions. Considerable doubt must therefore exist with 

the use o f the lift-off pressure approach to determining Kq  in a field 

environment.

This is evidenced by field data presented by Robertson (1982) and 

Howie (1991) for pressurcmeter tests in sand. Values o f Oj, 

determined from lift-off pressures using both self-boring (SBPM) and 

full-displacement (FDPM) pressuremeters are compared in. Fig. 1. 

The scatter in the data with the three types o f FDPM is less than that 

associated with the SBPM and hence may provide a more reliable 

basis from which to evaluate the in situ pre-penetration lateral stress. 

The usefulness o f this approach would depend upon a link or 

interdependence between small-strain and large-strain behavior o f soil 

and the development o f interpretation procedures to provide 

repeatable and reliable estimates o f from full-displacement 

measurements.
The application of full-displacement probes to estimate Oj, has been 

developed with the idea of inducing large yet repeatable degrees of 

disturbance to the soil and then correcting for the resulting effects of 

the insertion on the measured value o f O j,. This methodology relates 

the two differing extremes of soil response according to the induced 

strain level, i.e. that the measurements o f stress and pore pressure 

during full-displacement penetration testing are controlled, inter alia, 

to some degree by the pre-penetration horizontal effective stress. 

Furthermore, depending on the loading conditions and the 

interpretation technique employed to evaluate the pre-penetration 

lateral stress, the back-calculation is  linked to both the initial stress 

state and the stress-strain response of the soil under the particular 

loading conditions applied. Since comprehensive constitutive models 

for soils are not available to represent the complex stress paths during 

full-displacement testing, much of the interpretation is based on the 

use o f semi-empirical and empirical correlations.

In any particular soil, the magnitude o f the total stress increment 

caused by insertion can be expected to be related to the induced strain 

level caused by full-displacement penetration. Schematically, the 

idealized change in the lateral stress coefficient (in terms of an 

effective stress ratio) for different types o f in situ testing probe is 

shown in Fig. 2. Although this simplified representation is 

instructive, it is, however, complicated by the fact that for each test 

method the stress/strain paths are very different and, even under 

undrained conditions, no single curve exists. Furthermore, the 

relative positions o f the tests are also very subjective and dependent 

on individual probe characteristics. These facts emphasize the need 

for standardization o f testing equipment and the inevitability of some 

degree of empiricism in the interpretation o f test data.

In the following sections, the usefulness and applicability o f various 

empirical correlations relating large-strain indices to small-strain soil 

parameters is considered with the intention of vindicating the 

approach for full-displacement penetration testing.

M EASURED TOTAL HORIZON TAL STRESS, (7̂  (k Po )

Fig. 1 Comparison of SBPM and FDPM data in sand (after 

H ow ie,1991 and Robertson, 1982).
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Fig. 2 Idealized stress changes due to probe insertion.

SO IL  B EH A V IO R  AT VARYING STRAIN LEV ELS 

In te rp re ta tio n  o f Self-Boring P ressu rem eter Data 

W ith reference to the SBPM, various interpretation techniques have 

been proposed whereby the complete pressure expansion curve is 

utilized for parameter determination. Hughes (1989) employs a four 

parameter model (G, <t>cv, O),, t>) to evaluate SBPM field data in sand 

whereby the influence o f C|, is to define the overall position o f the 

curve referenced to the stress origin (Fig. 3). Jefferies et al. (1988) 

use both the loading and unloading phases o f the SBPM test to 

interpret data in clays. The curve shape and position is determined by 

G, Su, Oh and u. These two methods, which have been reported to 

give good estimates o f the conditioning parameters, illustrate the 

effect o f o h throughout the pressure expansion curve at varying strain 

levels. Bym e et al. (1990) demonstrate the interdependence of large 

strain parameters on the initial state o f soil by linking G*, the 

pressuremeter unload-reload modulus, to the small-strain maximum 

shear modulus, G0 for a wide range of loading and unloading 

conditions. G* is measured at any particular strain and consequently
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Fig. 3 Effect of Oh on pressuremctcr expansion curve.

it depends on both the stress and void ratio changes induced in the soil 

during expansion. Similar conclusions have been presented based on 

data from laboratory triaxial compression tests (Negussey, 1984).

The cases above demonstrate various theoretical/analytical approaches 

which confirm  the interdependence between soil behavior at small and 

large strain levels. In geotechnical engineering, where the use of 

relationships based on experience is widespread, many generally held 

tenets o f soil response also demonstrate this same link between 

parameters determined at different strain levels.

Index Parameter Based Correlations

In clays, based on the results of laboratory tests, various correlations 

exist between both plasticity index (PI) and liquidity index (LI) and 

Kg. PI and LI are large strain indices in the sense that the soil is 

totally remolded. Similar correlations also exist for the angle of 

internal friction, a parameter related to the failure condition of a 

soil.

Undrained Strength as a Kg Index

The dependence o f the normalized strength ratio (SJ a \ )  on the 

overconsolidation ratio (OCR) is a further example o f the small and 

large strain relationship:

(Su/ o v)oc = v)jjC( OCR)  (1)

where A is the plastic volumetric strain ratio (Wroth, 1984). OCR is 

defined as:

OCR = o 'vm/ o 'v (2)

where o 'vm is the maximum past effective vertical pressure 

experienced by the soil and o 'v is the in situ vertical effective stress, 

o'ym can be considered as a small-strain elastic response which occurs 

during reloading to the maximum past pressure and indicates a change 

from elastic to plastic strains, whereas Su is a large-strain (plastic) 

response. A review of published field vane data by Mayne and 

Mitchell (1988) confirms that reliable estimates o f OCR can be 

obtained from in situ undrained shear strengths, even using an 

estimated value of the constant A in Eq. (1).

The undrained shear strength can also be related to Ko by several 

reliable correlations for normally consolidated (NC) soils. A typical 

exam ple is the correlation proposed by Wroth (1984):

Su/o; = Ko sin 4'p, (3)

where «ÿ'ps is the plane strain drained friction angle.

It must also be noted that the above equation is based on data from 

tests in essentially normally consolidated soils and does not reflect the 

influence of overconsolidation on the Su-Ko relationship. Equation

(3) can be modified to consider the effect of OCR as suggested by 

Sully (1991):

SuAV = K0 (OCR)sinl,> sin (D'ps (4)

The relationship in Eq. (4) was applied to estimate K0 profiles for two 

sites in the Lower Mainland of British Columbia where 

overconsolidated soils are present. Details of the variation of OCR 

and Kq at the two sites are presented by Sully and Campanella (1988) 

and Sully (1991). The results of the calculated Kg values from field 

vane strengths and how they compare with values based on in situ and 

laboratory lateral stress determinations are presented in Fig. 4 for one 

o f the sites, Lr. 232 St. The reference in situ lateral stress values at 

the sites are obtained from push-in (spade-like) total stress cells 

(K-rsc), whereas the laboratory values are those obtained from lateral 

stress oedometer tests (K ^ g ). At Lr 232 St, (Fig. 4) the Kg values 

determined from the S J a v‘ ratios correspond well with the field and 

laboratory values both in the overconsolidated crust and in the 

normally consolidated soils below 7 m.

These comparisons reinforce the stress dependency of the field vane 

measurements as postulated earlier in the paper. The results also 

suggest a useful empirical method for evaluating K0 in cohesive soils, 

based on a simple field investigation technique, which is commonly 

used at clay sites.

Calibration Chamber Studies in Sand

Calibration chamber tests have provided another means by which soil 

response at small and large strains can be compared. Results o f cone 

penetration tests in sands have shown that the tip resistance (qc) can 

be reliably correlated to the maximum shear modulus (G0) since both 

parameters are governed essentially by relative density 

(compressibility) and effective stress (Baldi et al., 1982). Field data 

has also been presented to confirm the chamber results (Robertson, 

1982; Bellotti et al., 1986).

It has also been demonstrated that the cone tip resistance in sand is 

almost completely governed by Dr and a '^  and that the relationship is 

o f the form (Houlsby and Hitchman, 1988):

qc/Pa = A(oVP.)P (5)

where A varies according to sand state and pa is atmospheric pressure. 

P en e tra tio n  P ore  P ressures in Clay.

Robertson et al. (1986) presented data from piezocone measurements 

in clay that suggested the dependence of pore pressure distribution 

around the cone on the stress history of the deposit. Sully et al.

(1988) reviewed available data and correlated the normalized 

difference (PPD) between the pore pressure measured on the tip (uj) 

and that measured behind the tip (U2) to overconsolidation ratio. The 

data, shown in Fig. 5, gave the following relationship:

OCR = 0.49 + 1.50(PPD) where PPD = (ur u2)/u0 (6)

This was later extended to evaluate a correlation between a  different 

pore pressure parameter (PPSV = (u i-u j/o 'y )  and Kg. The basis o f 

this correlation is that the measured penetration pore pressures are 

controlled to some degree by the in situ lateral effective stress (Sully
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and Campanella, 1991). Mayne and Kulhawy (1992) presented the 

results o f penetration tests in clays in large chambers. The chamber 

PPSV values calculated from the data, confirm the PPSV-KC 

relationship presented:

Ko = 0 .5 + 0.11 (PPSV) (7)

The above relationships have been applied at various sites and 

compared with both laboratory and field data with good results. 

These correlations further reinforce the controlling influence of the 

small-strain characteristics on large-strain measurements.

C O N C LU D IN G  REM ARK S

The results and comparisons presented here indicate the validity of 

using large-strain full-displacement measurements to evaluate small- 

strain parameters in both sands and clays. Several o f the many 

empirical or semi-empirical correlations have been discussed and 

shown to be promising indicators for providing reliable estimates of
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the in situ lateral stress coefficient, K0. The reliability of estimates of 

this type will depend on the correlation used to predict Kq  and the 

quality o f the field data. In any case, Kg estimates should be obtained 

from as many sources as possible and each one evaluated 

independently. Subsequent laboratory or field measurements can be 

performed if the expense is warranted to verify the estimated values.

In conclusion:

- behavior o f soil at large strain is governed to a significant 

degree by small-strain properties or conditions,

- interpretation and analytical techniques exist by which the 

large-strain measurements can be interpreted to provide 

estimates of the controlling small-strain parameters,

- data from calibration chamber tests have been instrumental in 

the development o f specific interpretation methods for full- 

displacement probes. More importantly, the idea that full- 

displacement testing could be used to obtain small-strain 

parameters developed directly as a result of chamber testing,

- available interpretation methods, irrespective of complexity, 

all rely to some degree on empirical inferences,

- much additional research is needed to evaluate the 

importance of equipment and soil characteristics on in situ 

full-displacement measurements.
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