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ABSTRACT: Herein is developed a fundamental solution to the problem of the 
expansion of a cylindrical cavity in a dilatant soil which exhibits effects of large 
strains. A result of some importance to geomechanics concerns the develop
ment of a shear stress-strain curve for the tested soil by using the measured 
pressure-cavity wall displacement response. It is shown that in order to de
velop the desired stress-strain relationship for a dilatant soil it is necessary to 
introduce a kinematic constraint which relates the finite volumetric strain in the 
soil to the components of the Lagrangian strain matrix. Particular results are 
developed for the case where the volumetric strains vary linearly with the radial 
and circumferential Lagrangian strain components. 

INTRODUCTION 

The class of problems which examines the expansion of a cylindrical 
cavity in a soil mass is of some interest to geotechnical engineering. So
lutions developed for the expansion of a cavity in an unbounded soil 
have been used quite extensively in the examination of the pressure
meter problem and in the study of the state of stress around driven 
piles. Articles by Gibson and Anderson (5), Smith (23), Smith and Kay 
(24), Ladanyi (11-13), Vesic (27), Palmer (16), Baguelin, et al. (1), Prevost 
and Hoeg (18), Banerjee and Stipho (3), and Carter, et al. (4), investigate 
the cylindrical cavity expansion problem by incorporating a diversity of 
material properties which range from ideal or work hardening plastic 
behavior to strain softening. The literature, both theoretical and experi
mental, devoted to cavity expansion problems associated with soil media 
is quite extensive and no attempt will be made to provide a compre
hensive bibliography. Accounts of such studies are given by Wroth (28) 
and Baguelin, et al. (2). 

The pressuremeter problem in in situ testing consists of the applica
tion of a uniform pressure to a section of a borehole which is either 
preformed or created by a self-boring pressuremeter. The dimensions of 
the pressurized region are arranged in such a way that an approximate 
state of plane strain exists in the central section of the pressurized length 
[e.g., Laier, et al. (14), Livneh, et al. (15)]. With currently used pres-
suremeters, the displacement of the cavity wall is measured as a func
tion of the applied pressure. The primary objective of the test is there
fore to determine the constitutive relationships for the tested soil by 
examining the pressure-cavity wall displacement response. 

In earlier theoretical developments of the pressuremeter problem, it 
has been recognized that the expansion of the cavity induces large strains 
in soil regions in the vicinity of the cavity wall. Figs. 1 and 2 show typ-
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FIG. 1.—Results of Pressuremeter FIG. 2.™Results of Laboratory Pres-
Tests Conducted In Sand [Hughes, et suremeter Tests In Sand [Jewell, et al. 
al. (8)] (10)] 

ical results obtained by Hughes, et al. (8) and Jewell, et al. (10) for the 
pressure versus cavity wall displacement during tests conducted on sands. 
It is evident that substantial displacements are induced at the boundary 
of the pressurized cavity. [Test results by Hughes, et al. (8), record cav
ity boundary displacements of the order of 14% of the cavity radius, and 
the test results by Jewell, et al. (10) record values of the order of 24%.] 
These in turn would lead to the development of large strains in the tested 
soil mass. Several authors have therefore attempted to examine the pres
suremeter problem without placing any restriction on the magnitude of 
the strains developed. Separate investigations by Palmer (16), Ladanyi 
(13), and Baguelin, et al. (1) have considered the problem related to the 
expansion of a cylindrical cavity in a clay soil mass which exhibits un-
drained or incompressible response. The assumption of incompressibil-
ity greatly reduces the mathematical analysis of the large strain problem. 
In particular, these investigations assume that the relationship between 
the stress difference, o„ - o-9e (where ati is the Cauchy stress matrix in 
the deformed state), can be expressed as a function, $(eee)/ of the cir
cumferential component, eee / of the finite strain matrix. Furthermore, 
the form of the function, <J>(T(), can be directly determined from the pres
sure ^-cavity wall displacement, i\a, relationship (in which a = the ra
dius of the cavity in the undeformed state). 

The analogous problem which relates to the expansion of a cylindrical 
cavity in a compressible or dilatant soil is particularly relevant to the 
laboratory or in situ determination of the mechanical properties of gran
ular soils. The presence of soil compressibility or dilatancy makes the 
large strain analysis of the cavity expansion problem much more com
plicated. The investigations of Ladanyi (11), Palmer and Mitchell (17), 
Wroth and Windle (29), Hughes, et al. (8), and Baguelin, et al. (2), con
centrate on the treatment of the small strain cavity expansion problem 
for compressible or dilatant soils. These articles indicate that a solution 
for the cavity expansion problem, for the small strain formulation, can 
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be attempted only by imposing certain a priori assumptions with regard 
to the constitutive behavior of the tested soil. 

This paper is concerned with the analysis of the large strain response 
of a cylindrical cavity in a soil mass which exhibits incompressible, com
pressible, or dilatant characteristics. The general form of the constitutive 
relationship is assumed to be such that the stresses in the deformed 
configuration depend on the large strains in the current configuration. 
Such an assumption seems to be appropriate for monotonic loading paths 
that are associated with the virgin or pseudo-elastic curve of a cavity 
expansion problem. 

In the first part of the paper it is shown that the undrained cavity 
expansion problem for large strains currently quoted in the literature 
(1,13,16), is mathematically similar to the finite deformation problem as
sociated with the expansion of a cylindrical cavity in an isotropic elastic 
solid treated originally in the classical studies of Rivlin (19) [see also Riv-
lin (21), Truesdell and Noll (26), Green and Zerna (6), Green and Adkins 
(7), and Spencer (25)]. The function, ^P, described previously bears a 
formal mathematical resemblance to a combination of response functions 
used to characterize isotropic elastic materials which experience large 
strains. The remainder of the paper concentrates on the development of 
a solution to the finite strain cavity expansion problem for a compress
ible or dilatant soil medium. In order to develop such a solution, a "ki
nematic constraint" is introduced in the form of a relationship between 
the large volumetric strain, A V/V0, and the components of the Lagran-
gian strain matrix. When this kinematic constraint has a linear form, the 
large strain cavity expansion problem can be solved in an exact fashion. 
In this sense, the functional relationship for $(TI) for the compressible 
soil can be derived from the pressure-cavity wall displacement response. 
The a priori assumptions with regard to constitutive behavior of the tested 
soil (i.e., the kinematic constraints) limits the scope of the pressuremeter 
test as a means for determining all possible mechanical parameters of 
dilatant or compressible granular soils. Nonetheless, the test itself is a 
useful guide for the verification of constitutive parameters derived from 
other laboratory or in situ tests. 

FUNDAMENTAL EQUATIONS 

In order to describe the large deformation, it is convenient [see e.g., 
Green and Zerna (6), Selvadurai and Spencer (22)] to introduce a system 
of rectangular Cartesian coordinates and denote by XA (A = 1, 2, 3) the 
coordinates of a generic particle in the reference configuration, and by 
xt(XA) (i = 1, 2, 3) the coordinates of the same particle in the deformed 
configuration (i.e., x, are functions of XA). The cylindrical polar coor
dinates (R, 0,Z) in the reference configuration and r, 6, z in the de
formed configuration are given by 

Xi = R cos 9; X2 = R sin 6; X3 = Z 

%i = r cos 6; x2 = r sin 6; x3 = z (1) 

For plane strain deformations which exhibit cylindrical symmetry, r 
depends solely on R and 8, z are independent of R: i.e. 
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r = r(R); 8 = 0 ; z = Z (2) 

With Eq. 2, the matrix of deformation gradients in the (R,Q,Z) direc
tions is 

F = 

~dr_ 

dR 

0 

LO 0 1. 

From the geometry of deformation and from conservation of mass 

V 

0 0 

r 

R ° 

det F = • 
V0 

(3) 

(4) 

in which V corresponds to the volume of an element in the deformed 
configuration whose initial volume is denoted by V0. The Cauchy-Green 
strain matrix refers to the r, 6, z system given by 

2 

B = FF r _ 

dr_ 

dR 
— 0 

Also B" 

0 

0 

dR 

dr 

0 

L 0 

(5) 

1 J 

The Lagrangian strain matrix, e, is related to B according to 

2e = B - I 

(6) 

(7) 

in which I = the identity matrix. In keeping with the notation in soil 
mechanics, compressive strains are taken as positive. The invariants of 
B are 

' - » — l i ) ' ^ ' 
h = t rB _ 1 = 1 + | -

dR 

~dr 

U = det B = — I - ^ 
R2\dR 

• (8) 

• (9) 

(10) 

To define the state of stress in the soil mass, the Cauchy measure of 
stress (which is given by resolving the force per unit area in the de-
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formed body referred to the r, 0, z system) is introduced. In pressure-
meter type problems, the nonzero components of the Cauchy stress ma
trix, o1, are given by 

a 

(T„ 

0 
0 

0 

Oee 

0 

0 
0 

a7 

(11) 

For consistency, compressive stresses are taken to be positive. The 
state of cylindrically symmetric deformation characterized by Eq. 2 will 
be realized only in materials which exhibit either complete isotropy or 
transverse isotropy in the Xi-X2 plane. In the following, attention will 
be restricted to isotropic soils. The state of deformation is such that there 
is no rotation of principal axes of the strain components. The elements 
of the strain matrix in the finitely deformed state can be derived from 
the summation of the strain increments taken over a history of mono-
tonic loading. Consequently, for virgin loadings associated with a pres-
suremeter test, the stress-strain relationship can be expressed in the 
functional form 

w = F(B) (12) 

From a representation theorem for isotropic functions [e.g., Rivlin and 
Ericksen (20), Jaunzemis (9), and Spencer (25)] it can be shown that Eq. 
12 has the explicit form 

<r = Xol + XiB + X-iB-1 (13) 

in which \n = X»W (" = 0/ 1/ - 1 / r = h 2, 3) = scalar functions of the 
invariants of B. 

The equations of equilibrium in the deformed configuration can be 
expressed in terms of the components of a. For zero body forces, the 
nontrivial equation of equilibrium reduces to 

dvrr + <J„ - g e 9 = Q ( 1 4 ) 

dr r 

The traction boundary conditions in the deformed configuration can 
be expressed in the form 

T = <rn (15) 

in which T = the tractions in the deformed surface which has direction 
cosines, n. 

PRESSUREMETER PROBLEM FOR INCOMPRESSIBLE SOIL 

The solution to the large strain undrained cavity expansion problem 
is presented in current geotechnical literature [Palmer (16), Landanyi (13), 
and Baguelin, et al. (2)]. The purpose of this section is to illustrate the 
fact that the derivation of the large strain undrained cavity expansion 
problem can be recovered from the formal mathematical analysis of the 
associated finite elasticity problem in nonlinear continuum mechanics. 
For incompressible soil behavior det F = det B = I3 = 1, and the re-
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maining strain invariants of B reduce to the single invariant 

*-4-'-1 + l5)' + (f (16) 

Considering plane strain deformations involving incompressible mate
rials, the nonlinear constitutive relation (Eq. 13) reduces to the form 

«r = - p i + XiB + x-iB"1 
(17) 

in which x„ = Xn(I) (n = 1, -1); and p = an isotropic stress which is to 
be determined by satisfying the boundary conditions of the cavity ex
pansion problem. From Eq. 17 

o>r - o-9e = T(I) 3-<k 
in which r(I) = xi(I) - x-i(I) 

(18) 

(19) 

The variable R can be eliminated from Eq. 18 by an integration of the 
incompressibility condition det F = 1, i.e. 

rdr=\ RdR (20) 

in which a = the radius of the cavity in the undeformed state; and t\a 
= the displacement at the cavity wall boundary (Fig. 3). 

Evaluation of Eq. 20 yields 

r 

R 
1 -

a\(2 + T,)' 
-1/2 

Using this relationship, Eq. 18 can be recast in the form 

a„ - <ree = $'*(r,T)) 

(21) 

(22) 

In Eq. 22 the superscript 'V is intended to signify the incompressible 
case and 

Ns 

x2 

\ / 

- < # • r-

\ 

~x 

2Q7} 

\ ^ - granulor sol! / 

| X 2 

/ 

A ^ — granular soi. 

FIG. 3.—Geometry of Cavity In Undeformed and Deformed Configurations 
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f «2TI(2 + Ti)[a2Ti(2 + 11)- 2r2]) 

The equation of equilibrium can now be integrated, within appropriate 
limits, to yield the following integral equation for the response function 
$'*(TI), i.e. 

fo„ = * '*(r ,Ti)- (24) 
*(TI) J(l+ri)s r 

in which "9 = the radial component of the Cauchy stress as the cavity 
wall boundary; and <rh = the horizontal component of the in situ stress 
state (Fig. 3). The analysis of the large strain undrained cavity expansion 
problem is reduced to the solution of Eq. 24 for the constitutive func
tions XK(J). If becomes clear that the determination of both these re
sponse functions, Xn(I)> from a single test observation is an impossible 
task. The equivalent response function, T(I), defined by Eq. 19 can be 
evaluated only by adopting numerical techniques for the solution of the 
integral equation 

f(1+T" ., dr 
9(i\) ~ <n> = &*(r,T\)- (25) 

J- r 
The approach adopted by Palmer (16) and others in the treatment of 

the undrained cavity expansion problem is to identify <t>'* (r, T|) as a sep
arate constitutive function which describes the "shear stress-strain" re
lationship for the tested soil. This is evident from Eq. 22. Introducing a 
change of variable defined by 

O = - - 1 (26) 
R K ' 

the response function (Eq. 25) can be expressed in the form <&'* (r, r\) = 
<J>'(ft)or 

<rn - (T89 = **(«) (27) 
Using these reductions, the result (Eq. 25) can be expressed in the form 

P $'(fl)rfn 
*(il) - oh = — 28 

v ' Jo (i(i + n)(2 + n) 
The explicit form for 4>'(TI) can be obtained by differentiating Eq. 28 with 
respect to i\, i.e. 

nn) = 1,(1 + ti)(2 + T , ) - ^ (29) 

It is important to note that currently available pressuremeter devices, 
such as the Camkometer or the Autoforeur, measure the function ^(TJ) 
directly in the test. The result (Eq. 29) is given in the geotechnical lit
erature cited previously (2,13,16). It should, however, be noted that the 
methodology adopted in the present derivation uses a rigorous formu
lation based on principles of nonlinear continuum mechanics. It illus
trates the fact that the large strain undrained constitutive property, de-
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rived from a pressuremeter test [$'('rl)] is essentially a combination of 
the response functions (x„) required to correctly describe an invariant 
nonlinear constitutive relationship applicable for isotropic soils. Such 
separate descriptions of \n a r e of course necessary for the analytical or 
numerical solution of two or three-dimensional boundary value problems. 

PRESSUREMETER PROBLEM FOR DILATANT SOIL 

When examining the pressuremeter problem for a dilatant (or com
pressible) soil it is important to realize that both the density of the soil 
in the finitely deformed state and the deformation [i.e., r(R)] constitute 
unknowns of the problem. Consequently, the large strain problem re
lated to the expansion of a cylindrical cavity in a dilatant soil cannot be 
attempted without imposing certain a priori constitutive constraints on 
the deformation characteristics of the soil. [In contrast, the stringent con
straints of incompressible behavior essentially fixes the possible mode 
of deformation, r(R), independent of the stress-strain characteristics of 
the soil.] Therefore, to examine the pressuremeter problem related to a 
dilatant soil it is, unfortunately, necessary to impose a plausible kine
matic constraint on the deformation. For granular soils such as dense 
sands which exhibit dilatancy effects, these constraints will usually be 
derived from experimental observations. For example, Ladanyi (11) in
troduces a bilinear form of the volumetric strain-shear strain relationship 
in his classical studies of the compressible small strain response of the 
pressuremeter test. Hughes, et al. (8) have assumed a linear relationship 
between the same variables in their analysis of the small strain response 
of the pressuremeter tests on cohesionless soils. The work by Wroth and 
Windle (29) employs a linearized small strain relationship between the 
volumetric strain and the circumferential strain. Any kinematic assump
tion, despite its limitations, provides an essential first approximation for 
the examination of the pressuremeter results derived from tests con
ducted on dilatant or compressible soils. In this paper these concepts 
are extended to include effects of large strains. In particular it is assumed 
that the dilatant characteristics of the soil are such that the dilatant vol
umetric strain (&V/V0) is related to the components of the Lagrangian 
strain matrix, e, in a linear fashion, i.e., 

AV 
— = -sin v(\^rr - X2eee) (30) 
Vo 

in which v = a dilatancy angle; and \t and \2 = positive constants. Hughes, 
et al. (8) have used a linearized equivalent of Eq. 30 (with \t = k2 = 1) 
to examine the results of pressuremeter tests conducted on sand. The 
approximation used by Wroth and Windle (29) essentially corresponds 
to a linearized or small strain equivalent of Eq. 30 with \j = 0 and X2 = 
1. The restrictions imposed on the constants encountered in Eq. 30 will 
be examined later (see Eqs. 34-36). In terms of the finite strain mea
sures, Eq. 30 can be written in the form 

sin v fdrY r dr 

Rd~R 
sinv (Xi - X2) + 1 (31) 
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By introducing suitable substitutions, the nonlinear differential Eq. 31 
can be reduced to an ordinary differential equation of the first order. 
The solution of Eq. 31 is 

r = R\l + 

1/2 

in which \i = 2 
1 - V l + X-iX2 sin2 v' 

Xi sin v 

R 
P = -

(32) 

(33) 

and D = a constant which can be evaluated by making use of the dis
placement boundary conditions at the cavity wall. Since r = a(l + r\) at 
R = a, it is evident that D = y\{2 + T)) (Fig. 3). 

We shall now examine the constraints imposed on the constitutive as
sumption (Eq. 30) by virtue of the deformation induced in the infinite 
soil mass containing the cylindrical cavity: 

1. We observe that in Eq. 30 kV/V0 is a volume increase, err is a com
pressive stress, eeB is a tensile strain, and Xt and X2 are considered to be 
positive constants. For the relationship (Eq. 30) to be consistent sin v > 
0, i.e. 

v > 0 (34) 

2. Since the soil mass is of infinite extent it is evident that the dis
placements derived from Eq. 32 should reduce to zero as R —> °°, i.e., 
as R -> », (r/R) -» 1. This requirement will be satisfied by Eq. 32 if and 
only if ((J, + 2) > 0. For dilatant soils this condition is equivalent to the 
constraint 

1 -
(V l + X1X2sin2v - 1) 

Xjsinv 
> 0 (35) 

The constraint (Eq. 35) is always satisfied when v - > 0 o r X 2 = 0. When 
Xj and X2 are nonzero, various combinations of X, and v are admissible 
provided Eq. 35 is satisfied. [As an example, consider the specific case 
of a dilatant soil for which v = 20°. If Xx = X2 = 0.1, the right-hand side 
(R.H.S.) of the inequality (Eq. 35) gives a value of 0.983. Similarly if Xj 
= X2 = 10, the R.H.S. of the inequality (Eq. 35) gives a value of 0.250.] 

3. For the deformation field (Eq. 32) to be physically admissible, det 
F T * 0 . Using Eq. 3 and Eq. 32, this constraint can be rewritten in the 
form of a more stringent inequality: 

l + tl(2 + ii) 
V l + \ " i \ 2 s i n 2 v - 1 

Xi sin v 
> 0 (36) 

Thus the lafge strain solution to the pressuremeter problem related to 
a dilatant soil is expected to be valid for cavity wall displacements which 
do not violate the inequality (Eq. 36). Since X, and v are considered to 
be positive, Eq. 36 will be satisfied for all choices of t] > 0. 

Following the analysis presented in the previous sections, it may be 
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assumed that the desired shear stress strain relationship for the dilatant 
soil can also be expressed in the form 

a„ - o-ee = ^ ( O ) (37) 

in which n = (j - lj = (l + -^j - 1 (38) 

By substituting the result (Eq. 37) in the equation of equilibrium, and 
performing the necessary change of variables and integrations, one obtains 

n,)-«>=f*dm2-^{2 + m<m 09) 
v " J0 0(ji + 2)(1 + fl)(2 + 0) K ' 

The explicit form for <bd("t]) is obtained by a differentiation of Eq. 39, i.e. 

i)(l + TI)(2 + TI)(A.! sin v + 1 - V l + Kik2 sin2 v) d<¥ 
a'Cn) = , -T- (40) 

[Xi sin v - (1 - V I + \i\2 sin2 v) T|(2 + TI)] *V 
The preceding result represents the large strain shear stress-strain re
lationship for a dilatant soil which exhibits volume change characteristics 
defined by Eq. 30. 

* • 25" 

V " 
i \,-ZO 

ft—VI-9 
//t X,-I.O 

///> X.-0.9 

% 

FIG. 4.—Correction Factor, CR, for Pressuremeter Response-
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LMITJNO CASES 

1. In the limiting case when the soil is incompressible, v —* 0 and Eq. 
40 reduce to the result given by Palmer (16) (see, e.g., Eq. 29). 

2. In the case when k^ -» 0, Eq. 40 gives 

*ta) = 
il(1 + ii)(4 + 2TI - 2X2 sin v - TI\2 sin v) <W 

(2 + 2TI\2 sin v + i j 2 \ 2 sin v) dr\ 
(41) 

The expression for $S(TI) given by Eq. 41 extends, to the large strain 
case, the results developed by Wroth and Windle (29) for the small strain 
response of a cavity expansion problem in which the kinematic con
straint is a linearized or small strain equivalent of Eq. 30. The result 
developed by Wroth and Windle (29) can be rewritten in the form 

*iCn) = 
i)(l + i))(4 + 2-n - 2X2 sin v) dV 

(42) 
(2 + 2 ii \ 2 sin v) dii 

3. When \ i = \ 2 = 1, the expression for ®d(i)) gives the large strain 
pressuremeter response that corresponds to a linearized volume change-
shear strain response similar to that proposed by Hughes, et al. (8) for 
the small strain domain. 

aao 0.25 aso 

lnflu@nc@ of Largs Strains and Dllatancy Effects 
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4. The individual stress components at the boundary of the cylindrical 
cavity are given by 

M*i) = v(n); tfee(n) = *Cn) - ®"W • (43) 

NUMERICAL RESULTS 

The purpose of this section is to examine the manner in which large 
strain and dilatancy effects can influence the shear stress-strain response 
of a soil as predicted from the result (Eq. 40). Usually in such an ex
amination it is desirable to use actual data derived from pressuremeter 
tests. Such results are, however, unavailable to the writer. Furthermore, 
actual pressuremeter data rather than data recovered from published pa
pers (e.g., Figs. 1-2) should be used in any mathematical computations. 
Under these circumstances it is appropriate to adopt a numerical illus
tration which is essentially independent of the measured pressuremeter 
response curve, ^(iq). We note that the work of Wroth and Windle (29) 
does take into account dilatant effects in the soil in the small strain range, 
particularly for the situation where the volumetric strain depends only 
on the circumferential strain, ee9. In the current investigation the large 
strain effects of both err and eee are incorporated. The relative influences 
of the additional variable err and large strain effects can be estimated by 
comparing Eq. 40 with the result developed by Wroth and Windle (29). 
From Eqs. 40 and 42 we obtain 

(j^-n) (2 + T))(l + TiX2 sin v)(Xj sin v + 1 - V l + \i\2sin2v) 
v ' — — c (44) 

*£0n) (2 + TJ - X2 sin v)[v, sin v + (Vl + XjXjsin2 v - 1) t)(2 + i\)] 
The preceding nondimensional expression for correction factor CR 

[= CR(\i ,X2 ,V,TI)] can be evaluated for specific choices of X,-, v, and t] 
to assess the influences of err and large strain dilatancy effects on the 
pressuremeter response. 

Figs. i(a-h) shows the manner in which the parameters X,, v, and r\ 
influence the large strain response in the pressuremeter test in which 
the volume change characteristics are defined by the kinematic con
straint (Eq. 30). When Xi = 0, the kinematic constraint (Eq. 30) takes 
into account the influence of only eee. Therefore, the curves correspond
ing to Xj = 0 give estimates of only the influence of large strains on the 
pressuremeter response. The parameter X2 sin v can be identified with 
the constant, I, used in the small strain analysis carried out by Wroth 
and Windle (29). For example, when Xi = 0; X2 = 2; v = 20° [or X2 sin 
v = 0.68; this can be compared with the value of I = 0.50 used by Wroth 
and Windle (29)], the value of CR varies from 1.00 to 0.913 for nri in the 
range 0 to 0.30. In general, the effects of large strains become dominant 
only with increasing dilatancy angle v and X,-. For values of v < 10°, the 
effects of large strains are relatively small. The incorporation of the vari
able e„ in the volume change characteristics leads to similar conclusions. 
In general, the correction factor, CR, becomes appreciable only for large 
values of A, sin v. 

CONCLUSIONS 

Experimental studies in pressuremeter testing indicate that large strain 

432 



effects are of importance to the examination of these results. The influ
ences of large strains can be examined quite conveniently in situations 
where cohesive soils exhibit incompressible or undrained behavior. This 
paper presents a theoretical assessment of the large strain response of 
a pressuremeter test conducted in a dilatant soil. It is shown that the 
mathematical analysis of the problem is facilitated by the introduction 
of a kinematic constraint which relates the finite volumetric strain to the 
components of the Lagrangian strain matrix in a linear fashion. This pro
cedure essentially extends the techniques adopted by Wroth and Windle 
(29) and Hughes, et al. (8) to include effects of large strains. Despite 
these simplifying assumptions, it is difficult to determine all the consti
tutive functions which characterize the monotonic large strain response 
of a dilatant soil from the single response measured in a pressuremeter 
test. Some limited insight to the stress-strain characteristics of the tested 
soil can be gained by restricting attention to the derivation of a shear 
stress-strain curve similar to that derived from an undrained pressure
meter test. It is shown that this shear stress-strain curve for a dilatant 
soil can be derived from a knowledge of the pressuremeter curve and 
the linear form of the kinematic constraint for the soil. The numerical 
results presented in the paper examine the influence of large strain ef
fects on the pressuremeter response in a dilatant soil. A comparison is 
made with the analytical estimates given by Wroth and Windle (29) for 
the pressuremeter response in a dilatant soil with linearized or small 
strain kinematic constraints. It is shown that the influences of large strains 
become appreciable only for soils which exhibit high (v > 20°) dilatancy 
angles or large \ , (>2). When v < 10°, the results given by Wroth and 
Windle (29) can be used, quite accurately, to examine the pressuremeter 
response for a wide range of cavity displacements (T) < 0.30). The anal
ysis presented in this paper and that given by Wroth and Windle (29) 
assume that the dilatancy angle remains constant for the entire range of 
strains considered. This is essentially an approximation of the real re
sponse in which the dilatancy angle can decrease with increasing strain. 
Therefore, the analysis presented in this paper can only be visualized 
as an upper limit for the shear stress-strain response derived from a 
pressuremeter test conducted on a dilatant soil. The factor CR can be 
applied as a correction factor to account for effects of large strains. The 
essential features of the method outlined here can be applied to examine 
other nonlinear forms of kinematic constraints. Such kinematic con
straints should be derived from experiments which involve the mea
surement of finite volumetric strains and both major and minor principal 
strains. 
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APPENDIX II.—NOTATION 

The following symbols are used in this paper: 

a = radius of cylindrical cavity; 
B = Cauchy-Green strain matrix; 

B_1 = inverse of B; 
CR = correction factor for large strain and dilatancy effects; 

F = deformation gradients; 
F(B) = constitutive functional; 

7 = invariant; 
I = identity matrix; 

h,h/h = invariants of B; 
n = direction cosines of unit normal to surface in deformed 

configuration; 
p = scalar pressure; 

R,0,Z = cylindrical polar coordinates of particle in reference 
configuration; 

r,G,z = cylindrical polar coordinates of particle in deformed 
configuration; 

T = traction vector in deformed configuration; 
V = volume of element in deformed configuration; 

V0 = volume of element in undeformed configuration; 
Xi , X2 , X3 = rectangular Cartesian coordinates of particle in refer

ence configuration; 
X1/X2/X3 = rectangular Cartesian coordinates of particle in de

formed configuration; 
T(I) = constitutive function; 
LV = dilatant volume change; 

€ = Lagrangian strain matrix; 
i)a = displacement at boundary of cylindrical cavity; 

^1/^2 = positive constants characterizing kinematic constraints; 
v = dilatancy angle; 
p = R/a: nondimensional radial coordinate; 

<T = Cauchy stress matrix in deformed configuration; 
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<T/, = in situ horizontal stress state; 
u„, (Tee ,0-zz = components of o- refer to cylindrical polar coordinate 

system; 
$'* . = constitutive function; 

< 3 > ' ( T I ) = shear stress-strain response for incompressible soil; 
<bd(i\) = shear stress-strain response for dilatant soil; 

®ir $i = shear stress-strain responses; 
Xo /Xi /X-i = scalar functions which depend on lx, I2, and I3; 

^Cn) = pressure applied at boundary of cylindrical cavity; and 
O, (x = substitution parameters. 




