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In the discipline of geotechnical Engineering the
majority of finite element program users is familiar with
the hyperbolic soil model, The input parameters are
commonly obtained from a series of triaxial tests. For

cohesionless soils however, todays sampling techniques fail
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to provide undisturbed soil specimen. Furthermore, routine
triaxial tests can not be carried out on soils with grains
exceeding 10 - 15 mm in size.

in situ tests, such as the pressuremeter test, avoid
many of the shortcomings inherent in the conventional soil
investigation methods and are very cost effective.

The initial developments towards a 1ink between high
quality pressuremeter tests and the hyperbolic finite
element input are presented. Theoretical and empirical
approaches are used to determine the entire set of
parameters from pressuremeter tests. Triaxial and
pressuremeter tests are performed on the same soil. The
proposed method is evaluated using a finite element program
for axisymetric solids modelling pressuremeter tests as well
as a model foundation. The computer solutions are compared
to the response of a physical model foundation under load
application.

Further evaluation of the proposed method is accomp-
lished using pressuremeter tests performed under field
conditions in a severly cracked earth retaining structure.
It has been shown that finite element modelling using pres-
suremeter data resulted in similar distress features as

those observed at the real structure.
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CHAPTER |

INTRODUCT ION

The widespread use of digital computers and the
development of powerful numerical schemes, such as the
finite difference method or the finite element method, has
increased the retiability of otherwise lengthy <calculations
and has provided the means to solve many probliems for the
first time. However, the precision of the computer solutions
in mechanics is dependent upon the accurate determination of
the material properties., This applies in particular to the
discipline of geotechnical engineering, where still a great

deal of empiricism is part of everyday practice.

PROBLEM DESCR{PTION

In the past two decades many formulations of

nonltinear soil behavior have been published. The most
successful being the hyperbolic soil mode | proposed by
J. M, Duncan et al. (1980), and incorporated into numerous

finite element programs solving a wide variety of geotech-
nical problems, Neverthetess, many of the shortcomings of

classical solution procedures is still inherent.

The style and format of this thesis follows that used by the
Journal of 1he Geotechnical Engineering Division, American
Society of Civil Engineers,
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The parameters describing the soil behavior are derived from
conventional triaxial tests, where scale effects and dis-
turbance of the samples may influence the reliability of the
results significantly.

Today it is widely accepted that /n-situ tests are
more applicable for the accurate determination of soil
parameters. This applies especially to granular soils where
it is generally difficult to obtain undisturbed samples for
conventional |aboratory tests. Recompaction of disturbed
samples does not necessarily model the in-situ conditions
because the /in-situ density is difficult to measure.

Among all available devices testing the soil in place,
the pressuremeter seems to be most superior since it reveals
information about the soil prior to, and at failure. The
fundamental idea of the pressuremeter is very well expressed
if an "inside-out triaxial test" is considered. In addition
to high quality design parameters, disturbed samples are
obtained allowing visual examination and identification
tests such as water content, Atterberg limits, or grain size

distribution of the encountered soil.

RESEARCH OBJECTIVE

It is relevant to note that so far only very few
attempts have been made to establish a link between the high
quality s0il information obtained from a pressuremeter test

and the sophisticated so0il model input for <finite element



programs used frequently by engineers,

This thesis reports the initial developments towards a
link between pressuremeter test results and finite element
input. Theoretical considerations are employed in c¢on-
junction with pressuremeter tests, under laboratory con-
ditions, to derive the soil parameters used in the hyper-
bolic soil model as input for the AXISYM (D.M. Holloway
1976) finite element program.

A finite element analysis of a simple foundation
problem is performed where the parameters describing the
s80il behavior are based on pressuremeter testing. The
preaicted deflections are compared to the response of an
instrumented physical model foundation tested on Willamette
River sand. Reasonable agreement is found between the
computer predicted and measured settlements., Finally, the
derived equations are then applied to pressuremeter tests
performed under field conditions, where good agreement with

standard parameters is found.



CHAPTER 11

THEORETICAL BACKGROUND

The hyperbolic, stress-dependent soil mode | proposed
by J.M. Duncan et al. utilizes a total of nine parameters to
describe the stress-strain characteristics of the soil,
Three parameters, K, Kurs and n, characterize the soil
modulus in its elastic-plastic behavior limited by a failure
ratio, Rs. Additionally, two terms, K, and m, express the
volume change characteristics of the soil medium, while
three further, more conventional parameters, namely ¢,
¢, and Ad, represent the shear and friction failure charac-
teristics of the soil. A detailed description of the entire
set of parameters is presented in Chapter il1.

According to the recommended procedures, all of the
above parameters are derived from triaxial compression
tests. In order to prepare the theoretical background for
the development of the above parameters derived from
pressuremeter tests, a theoretical study of both soil

investigation methods is presented.

TRIAXIAL TEST - THEORY

The triaxial compression test is a widely used

laboratory test to determine shear strength and friction
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parameters for soils and is certainly the most versatile
laboratory test available. Volume changes and pore water
pressure measurements are possible under a variety of stress
states shown in detail by the classic work of A.W. Bishop
and D.J. Henkel (1962).

It is of special significance to note that, contrary
to what the test name might imply, it is not possible to
induce any arbitrary stress condition to the triaxial
sample. This would be the case in a true triaxial test, as
proposed P.V. Lade (1979) or J.A, Pierce (1971), but no
apparatus has yet been developed which is unquestionable.

A specimen in a conventional triaxial compression test
is schematically displayed in Fig. 1. 0p and o3 are held
equal and constant, usually by pneumatical means, while 0Oy
is continously increased to failure. Hence measured external
principal stresses are applied to the sample. As the stress
rises, readings of the applied axial load and the sample de-
formation are taken until the specimen fails by shearing on
internal planes. The shear strength of the soil is deter-
mined from the applied axial load at failure. The maximum

soil shear strength is given by the Mohr-Coulomb equation:

Tmax = ¢° + (o - u)- -tan ¢’ B -2 D)

where ¢’ is the cohesion intercept, ¢ is the total pressure
normal to the plane in question, u is the pore pressure and

¥’ is the effective angle of internal friction (Fig. 2).



Specimen in
Triaxial
Compression

Figure 1. Soil Sample in Triaxial Compression.

T

% 14 q.
A -1

Figure 2. Mohr Circles for Triaxial Test.
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The failure planes (Fig. 1) are inclined at an angle

of

©p = 450 + /2 e e e e e e e e e e e e e 2-2)

to the maximum principal plane, as can be seen from a

typical plot of Mohr circles for a triaxial test (Fig. 2).
Conventional cohesion and friction parameters are

determined from a series of tests at wvarying confining

pressures.

PRESSUREMETER TEST =~ THEORY

The pressuremeter test is an /in-situ soil test which
was in principle presented by F., K&gler (1933), while
further development was accomplished by L. Ménard (1957).
Today, with nearly thirty years of sound theoretical and
empirical development in France, the U.K., and Australia,
where it has already found its place in routine soil
investigations, the pressuremeter test is gradually emerging
into geotechnical engineering practice of the U.S..

The pressuremeter is an inflatable probe which can be
lowered down into a prebored or selifdrilled borehole. The
test itself is carried out by applying internal principal
stresses to the cavity by inflating the probe by either
pneumatical or hydraulical means, or a combination of both,
During expansion of the membrane, measurements of volume

change and pressure are taken until the cavity has doubled



its initial volume,

Examination of the basic stress conditions in the soil
mass surrounding the probe, given in Fig. 3, reveals the
axisymetric nature of the stress field as opposed to the
cartesian coordinate system conventionally applied to the
triaxial test. Not only are different coordinates used, but
also an entirely different set of parameters is procured,
providing the basis for settliement and bearing capacity
calculations,.

For the case of a prebored test, stress relief takes
pltace upon borehole drilling and the first part of a typical
pressure-volume change curve for a pressuremeter test, as
given in Fig. 4, represents the reloading of the soil to its
initial stress condition. Further stress increase exposes a
linear, elastic response of the soil, from which the pres-
suremeter modulus, E usually is calculated by the elasticity

relationship given by Eq. 2-3.

E=2(1 + v)G T -4

where poisson’s ratio is frequently assumed to be 0.33 and G
is the shear modulus measured during the cavity expansion as
defined by Eq. 2-4.

Ap

G = Vay- Y €5
AV

In this expression Ap is the change in radial pressure, AV

is the change in cavity volume and Vpy iS the average cavity
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failure commences, ¢

Epm

initial stress condition

probe contact to cavity . -

<=z

Figure 4. Typical Pressuremeter Curve.
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volume.

Finally, upon continued <cavity expansion the soil
yields and the plastic range of the soil is reached. While
the soil particles close to the probe have failed already,
more outer particles are just becoming distorted and move
from elastic through plastic response as further expansion
takes place. For this reason, two different sets of rheo-
logical equations need to be c¢onsidered to represent the
pressuremeter test in its full range.

in most current pressuremeter theories the following
assumptions are made:

t. Distortions occur only in the horizontal plane, that
is plane strain, J.P. Hartman (1974) showed, using
C.J. Tranters (1946) closed form solution, that only
small differences exist between the expansion of a
cavity with finite and infinite length. J.-L. Briaud,
L.M. Tucker and C.A. Makarim (1985) recommend the use
of probes with a minimum L/D ratio of 6.5.

2. End effects at the membrane ends are negligible,
allowing the assumption of an ideally cylindrical
cavity.

3, The soil is assumed to be an isotropic, elastic
material.

4, Poisson’s ratio is frequently assumed as v = 0,33 and

a Menard modulus Ey = 2.66:G is obtained.
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Pressuremeter Test - Elastic Range

In the pressuremeter test, only the soil in the
immediate vicinity of the probe is stressed through its full
range of stresses, radial strains decay with the square of
the distance dramatically, F. Baguelin, J.-F. Jezequel and

D.H., Shields (1978), as can be seen from Eq. 2-5,

€p = = — N -

in which €, is the radial strain, €, is the strain at the
cavity wall, ro is the initial radius of the cavity and r is
the radial distance to a point in the surrounding soil mass.

In axisymetrical problems, any radial displacement
automatically induces strain in the circumferential di-
rection. Radial and circumferential stresses are principal
stresses by reasons of symmetry. The radial stress, op, 8
increasing as the probe expands against the borehole wall,
while the circumferential stress, og, is decreasing about an
equal amount, F. Baguelin, J.-F. Jezequel and D.H. Shields

(1978), (Eq. 2-6).

AG, = -A0g = 26 = ————— N -5 )
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So that the radial stress at a point becomes

Op = Po + 26 + ——— N € -0

where pg is the initial horizontal soil pressure. The cir-

cumferential stress then becomes

1
0
o]
|
n
®

Jg (2-8)
Mohr circles <for the stress changes in a particular
element, shown in Fig. 5, demonstrate that the average all
around stress, that is Ogo¢cts IS unchanged and hence,
Ao + A0g + A0y

Aooct - 3 [ T S S T S S Y (2-9)

where 0, is the vertical stress. Nevertheless, the principal
stress difference, (04-03), increases.

Failure planes are inclined 45°+¢/2 to the principal
stress directions where the maximum shear stress occurs as

given by Eq. 2~-10.

Or-oe
Tmax = —————— N €24 1))
2
However, it must be clearly recognized that etlastic
soil is only realistic in the range of small strains, say up

to 5% and hence, to represent the pressuremeter expansion in
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Elastic loading of soil .....

Tmox

...... up o failure.

™

Uef o} dl‘f ag

Figure 5. Mohr Circles for PMT.
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its full range, additional factors are to be considered.

Pressuremeter Test - Plastic Range

Considering a soil with cohesion and friction,
F. Baguelin J.-F. Jezequel and D.H. Shields (1978) showed
that the well understood Mohr-Coulomb failure criterion can

be written for the pressuremeter test as:

Og + ¢c-cot & = K (Op + C CcOS ¢) e e e . (2-11)
where

Ky = tan2 (n/4 - ¢/2) N 23 1)

and is the active earth pressure coefficient. The theo-

retical 1imit pressure at infinite expansion is given by
1"Ka
1 2
p = (p + c¢ccot &)-(1 + sin ¢):-|—} - ¢c cOt &
f ... (2-13)
as opposed to the practical limit pressure, p;, which is

somewhat tower than p_, since p, is, by definition, reached
when the initial cavity volume has been doubled and is

expressed by

1-Ka

1 2
p = (¢ + ¢ cot &)-j—| - c cot ¢ v e . (2-14)

f
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The almansi strain, ap in Eqgqs. 2-13 and 2-14 becomes,

o N ¢- 1)

and the stress at the onset of failure is expressed by,

Pot(PotC-coOt &) -s8in ¢ e v v e e e . (2-18)

of

Gp = Po (1+ sin d)+c-cos ¢ C e e e e e L (21T

Most of the above equations simplify considerably for
a purely frictional material because of the absence of

cohesion,



CHAPTER 111

HYPERBOLIC SOIL MODELL I NG

STRESS-STRAIN RELATIONSHIPS

R.L, Kondner (1963) showed that a two-constant
hyperbola, represented by Eq. 3-1, was most suitable to fit
to a high degree of precision the stress-strain curves of
many soils (Fig. 6). Noteworthy is that an identical
expression was proposed 110 years earlier by H, Cox (1850)
in his hyperbolic taw of elasticity for metals., Both

expressions are of the form :

€a
(04 - 03) = ————— T & R D)
a + b€,y
Where o4y is the major principal stress, g3z is the minor

principal stress, and €5 is the axial strain, while a and b
are constants. Transformation of Eq.3-1 into its linear form
yvyields Eq, 3-2, presented in Fig. 7.
€a
= a + b€,y T )
(64 - ©3)
inspection of Fig. 6 and 7 reveals that a and b are
meaningful physical parameters. R.L. Kondner and
S.S8. Zelasko (1963) showed that ‘a’ represents the reci-

procal of the initial tangent modulus, E;, while b is the



Figure 6. Real Stress-Strain Hyperbola,

Figure 7.

Transformed Stress-Strain Hyperbola.
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reciprocal of the ultimate normal stress difference, Known
as the deviator stress (04-03)y)t and serving as the
asymptote of the hyperbola.

The actual! values of a and b are coventionally derived
by plotting triaxial test data on the transformed plot,
where the best fitting straight Iinevcorresponds to the best
fitting hyperbola on the stress-strain plot.

Then (04 - 03)y1t is found to be greater than the
stress difference expressed by the Mohr-Coulomb failure
envelope (Fig. 8) and it can be shown, given by Eq. 3-3,

2 ¢c cos & + 2 03 sin ¢

(04 - O03)¢ = e e (3-3)
{f - s8in ¢

in which ¢ is the cohesion and ¢ is the angle of internal
friction. Assuming the above criterion is still valid at
failure, this difference is accounted for by introducing a
parameter called the failure ratio, Re.

(0y - O3)¢
Re = T ¢ DY)

(6y - 63)uit

Graphically the effect of this multiplier on the
modelled stress-strain curve is displayed in Fig. 9.

N. Janbu (1963) recommended the wuse of an initial
tangent modulus, as defined by Eq. 3-5, as an appropriate
measure of the compressibility of soils ranging from solid

rock to plastic clays.
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P =22}

where P, is the atmospheric pressure, K and n are modulus
number and modulus exponent, respectively, relating E;, the
initial tangent modulus, to the confining pressure, o3.
Based on triaxial tests, the actual values of both K and n
are determined by plotting the results for E; and o3 of a
series of tests on a log-log scale, as in Fig. 10. From the
best fitting straight line, K is found as the intercept on
the vertical axis, while n is the slope of the line. Both
parameters are dimensionless numbers,

while the initial tangent modulus defines the initial
portion of the stress-strain curve, the remaining part is
represented by a simple tangent modulus as given by Eq. 3-4.
which is graphically displayed in Fig. ft1.

d(oqy - 03)

Et = P & B3
3€ 5

J.M. Duncan and C.Y. Chang (1970) showed that the
tangent modulus might also be expressed independently of

stress and strain as:

Et = (1 - Rp-S)2-E; Y - 250
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03 n
fi=K P (o)

00

log (03/P,)

Figure 10. Variation of E; with Confining Pressure.

(0,-d5)

Er

S

€a

Figure 1t. Variation of Tangent Moduli.
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where S, the stress level, is expressed as:
(0 - 03)
S = e e e e e e e e e e . (3-8)
(04 - 03)¢

Substituting the expressions for S, (o4 - 03)¢, and E;
as given by Egs. 3-8, 3-3, and 3-5 into Eq. 3-7 yvields the

following expression for the tangent modulus at any stress

state.
2 n
R (1 - sin &) - (6 - 0.) o
t 2ccosd+ 20 sin altlp
3 a (3-9)

in the case of an element undergoing shear failure,
i.e. the Mohr-Coulomb strength relationship as expressed in
Eq. 3-3 is exceeded, the value of the tangent modulus is
defaulted to a very small number, being equivalent to a very
soft soil. The element has failed and for a slight increase
in stresses Jlarge deflections are observed, not unlike
"plastic" behavior.

The fact that the stress-strain relationship of the

s8oil is modelled hyperbolically shows quite readily that
soil is by no means behaving elastically. This implies that
a soil element once deformed will not recover its initial

shape if the applied load is removed. Furthermore, if the
element is reloaded, possibly beyond the previous stress

level, the unload-reload cyclte is steeper than the initial
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stress-strain response due to the first load application.
This phenomenon is shown in Fig. 12.

The expression for the unload-reload modulus, E,~ is

given by Eq. 3-10.

E =K -pP -|—3- e e e e e e e e e e . (3-10)

It should be noted that the modulus exponent is the
same as the one used in Eq. 3-5., J.M.Duncan et al. (1980)
state depending on the soil type, the actual value of Kyp
might be in the range of {.2 times the value for K, as in
the case of a stiff soil, but could climb up to three times

the value of K in the case of very soft soils.

Stress-Strain Parameters from PMT

It is clearly recognized that, especially for granular
soils, the stress-strain response is highly dependent upon
confining pressure, that is to say modulus values in an
isotropic Ssoil increase with depth, as shown in Fig. 13.
A very similar observation was made by L.D. Johnson (1986),
comparing pressuremeter moduli with first load moduli from
undrained triaxial tests on Midway clay. Both were
increasing linear with depth.

The evidence, however, is that the pressuremeter
modulus cannot be compared directly with a compression

modulus such as the Young’s modulus, since the stress paths
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Figure 12. Variation of Eypr with Confining Pressure.
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followed are different in pressuremeter and traditional
compression tests. A comparision of Ménard moduli, Ey and
soil moduli, Eg (obtained from traditional soil investi-
gation methods) indicates that Eg might be anywhere from 2
to {10 times higher than Ey (F. Baguelin, J.F. Jezequel and
D.H. Shields, 1978).

Investigating the pressuremeter modulus, Eyq at very
small strains, L. Ménard (1961) states that the so called
modulus of "micro-deformation®, En, i8 usually in the order
of 3 times Eyq (but for certain soils might be as high as 20
times Eyq). Based on the ratio Ey/p) an empirical correction
factor, « has been determined (Centre d’Etudes Ménard, 1975)
to account for the above mentioned differences as given in

Tabtle |.

TABLE |

CORRECTION FACTOR «

Type of Silt Sand Sand and
Soil Gravel
Em/Py « EmM/P) « EM/P) «
Overcon- >14 2/3 >12 1/2 >10 1/3
solidated
Normally 8-14 1/2 T7-12 1/3 6-10 1/4

consolidated

wWeathered and 1/2 1/3 1/4
Remoulded
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The modified pressuremeter modulus, Epy iS then,

EpM = EM / « B -2 A D
which is still a secant modulus rather than an initial
tangent modulus as used in the hyperbolic soil model, If the
corrected pressuremeter modulus is used, it seems

intuitively appropriate to use a modified version of Eq. 3-5

as given by the following.

= K P | —E (3-12)

. . . . . . ) . ’ . . .

where Kpy and 8 are modulus number and modulus exponent
respectively, based on pressuremeter tests. Epy is the first
loading modulus as obtained from the pseudo-elastic portion
of the pressuremeter curve. 0z’ is the effective overburden
pressure and represents a conservative estimate of the
confining pressure. The actual values of both Kpy and s are
determined by plotting the results for Epy and oGz’ for a
series of tests at increasing depth on a log-log scale,
analogous to the triaxial test procedure, From the best
fitting straight line Kpy is then found as the intercept on
the vertical axis, while s is the siope of the 1line. Both
parameters are, again, dimensionless numbers.

The above expression describes the variation of the

pressuremeter modulus with depth in terms of overburden
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pressure. A very similar relationship is proposed for the
unload-reload behavior. As in triaxial tests, an increase
of the soil modulus is noticed if an unload-reload cycle is
performed during a pressuremeter test. The variation is
similar in both pressuremeter and triaxial tests, so

Eq. 3-13 is proposed.

E = K P —t e e e e e e e e e e (3.1

The modulus exponent, s, remains unchanged from
Eq. 3-12 and the modulus ﬁumber, Kpur» i8 obtained in a
similar fashion as for the triaxial test.

In the hyperbolic soil model, the permitted range of
stresses is limited by the failure ratio, Re. This is for
triaxial tests the ratio of the measured peak strength to
the theoretical maximum strength using a hyperbolic
function.

if the Mohr-Coulomb failure criterion, as given by
Eq. 2-9, is assumed valid at failure, the radial stress, op,
becomes the radial stress at the onset of plastic behavior,
O¢. This is the point on the pressuremeter curve at which
failure commences, initiated at the wall of the cavity.
Further expansion of the cavity, up to {00 Z volumetric
strain, marks the end of the pressuremeter curve where the
practical limit pressure, p; (Eq. 2-14), is reached. The

theoretical maximum resistance the soil could mobilize, at
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infinite cavity expansion, is given by p_ (Eq. 2-13).
In direct analogy to the triaxial test, Eq. 3-14 gives
the proposed relationship for a failure ratio based on

pressuremeter tests.

P

Rpg = —— Y & BT )
PL

considering an entirely frictional material, the

expressions for p; and p_ can be simplified and substitution

of both expressions into Eq. 3-14 gives,

1‘Ka

op- (1/4ap) 2
Rpe = Y ¢ S 1))
1"Ka

op- (1/2ap) 2

In order to determine Ky, the angle of internal
friction has to be known and might be computed either by

backcalculation using p; (as measured or by interpretation)

or Og¢.
Substitution of Eq. 2-15 into the above expression
yields
1-Ka
op- [6/(20p-2pg)) 2
Rpe = e + ¢ + +« « « (3-185)
1-Ka

op- [G/(0p-Po)) 2

where the nominator might be taken as the practical limit
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pressure, p;. For a series of tests, as recommended herein,
the actual value of Rpy is determined as the average of the

calcultated values from each test.



VOLUME CHANGE RELATIONSHIPS

J.M. puncan et al. (1980) showed that a bulk modulus
as defined by Eq. 3-17 could express the volume change cha-
racteristics of a soil with good accuracy.

Acy + ACp + AC3

B = . . . . . . . . . . . (3-17)
3-€yo1

where €y,,] is the volumetric strain. For the conventional
triaxial test, this expression reduces to
(oy - ©3)

B = e e e e e e e e e e e e e e (3-18)
3-€yol

because the deviator stress increases while the confining
pressure is held constant and o = 03. Hence, B might be
calculated using any point on the stress-strain curve and
its corresponding point of the volume change curve.
Iinvestigating the effect of varying confining pres-
sure, o3, on the bulk modulus, Duncan and his co-workers
found B to be a function of the confining pressure,

analogous to the initial tangent modulus.

B =K ‘P -|—3- Y ¢ S T -3

In which Kp is the bulk modulus number and m is the bulk
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modulus exponent. The procedure for the determination of
bulk modulus number and exponent is similar as for the
determination of K and n and can readily be seen in Fig. 14,

For the use of this soil model in finite element
programs, (this is the prime reason for the development
of such a soil model), the range of the bulk modulus has to
be limited in order to avoid certain values of poisson’s
ratio. This can be visualized by substituting values of
v -> 0.5 into Eq. 3-20, which is the equation for the bulk
modulus assuming elastic behavior,

E

B = e e e e e e e e e e e e e e (3-20)
3-(1-2v)

A further, more detailed discussion on this aspect is

presented in Chapter V,

Volume Change Parameters from PMT

Soil volume changes are not directly measured during a
pressuremeter test because they occur externally, even
indirect measurements by interpretation of pore water
pressure changes during probe expansion, are not taken on a
routine basis. Therefore, no clear cut solution for the
representation of volume changes can be derived. However,
since volume changes are of significance for granular soils,
compared to clays, they can not be neglected. In fact, a
wide range of volume changes from contraction (loose

material) to expansion (dense material) has to be
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considered. For a cohesionless soil, poisson’s ratio might
be expected in the range between 0.3 - 0.4,

The significance of volume changes has been the
subject of many parametric studies by various researchers.
J.P. Hartman’s (1974) findings indicate that, for a linear
elastic material as well as for a nonlinear material obeying
the hyperbolic relationships, the calculated pressuremeter
moduli are independent of poisson’s ratio. Nevertheless, a
significant effect on the 1imit pressure is found to be
related to a change in v,

Considering the foregoing, a way out of the dilemma
might be the correlation of changes in volume to some other
relevant soil property or parameter. All indications show
that volume changes are highly dependent on the relative
density of the soil, and to a lesser extent on grain size
and shape. Based on available triaxial test data, correla-
tions of relative density to the bulk modulus exponent and
bulk modulus number have been investigated. The incorporated
data was published by J.M. Duncan et al. (1980) and H. Schad
(1979) and represents only excellent quality information,
i.e. using the hyperbolic parameters the backcalculated
stress-strain curves are in very good agreement to those
measured.

A range of bulk modulus exponent values for granular
soils, ranging from sandy gravels to silty sands, has been

established and is graphically displayed in Fig. 15 (data
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points corresponding to identical soils are connected). In
general, it can be stated that the bulk modulus exponent, m,
is decreasing with increasing density. Moreover, in densi-
ties exceeding 70 ¥ is practically zero. Hence the bulk
modulus, B, shows a linear increase at higher densities in-
dependently of confining pressures. A multiple regression
analysis of the accumulated data was performed and a cor-

relation as given by Eq. 3-21 was obtained.

m= 0.014 + 5,08 - 1/Dp e e e e e e e e e (3-2Y)

where D, is wused in %. Fig. 15 also displays the curve
representing the above equation. It should be noted that
only values of Dr > 10 % should be used.

M.G. Katona et atl. (1981) recommended in the CANDE
manual the use of a standard bulk modulus exponent of
m = 0.2 for granular aggregates with densities ranging from
21.2 - 23.6 KN/m3. Katonas recommendation is based
on an extensive collection of hyperbolic parameters given by
J.M. Duncan et al. (1980). The given range of densities
relates to a relative density of approximately 75 % to
100 Z. A fairly good correlation to the typical value of
m = 0.2 is recognized upon inspection of the graph.

A similar procedure was followed for the bulk modulus
number, Kp, for which the data base and the regression curve
is given in Fig. 16, Even though the scatter of the data

points is larger than for the exponent, it was found that Kp
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in all cases is increasing with density. The relationship is

given by Eq. 3-22.

Kp = 57 + 1.22 - D + 0.09 - D2 Coe e e e . (3-22)

The relative density is also used in %. Backcalcula-

tion of the bulk modulus parameters for most cases,

including Willamette River sand, which have not been

included in the correlation procedure gave reasonable

results.
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CONVENT | ONAL PARAMETERS

The cohesion and friction parameters are the tradi-
tional properties presented in Chapter |l. Since this study
is confined to granular soils i.e, sands, silts and gravels,
which rely entirely on friction for the mobilisation of

shear strength, only & and A$ are of significance.

Conventional arameters from PMT

————— —

The pressuremeter test is fundamentally different from
conventional soil investigation methods, so the different
set of soil parameters is not surprising. It is apparent
however, that the use of these parameters is most likely to
yield the best results. Nevertheless, correlations of
pressuremeter data to conventional parameters have been
reported (G.Y. Felio, J.-L. Briaud, 1986) and used with
success,

C.P. Wroth (1982) recommended the use of the following

equations.

(Kg+1) -8
Sin ¢’ - . . 0 . . . . . . . . (3—23)
(Ka-1) -842

sin © (3-24)

(Kg+1)
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sin ¢’ (1 +sin ©)
8 = « e e e« .+ . (3-25)
(1 + 8in ¢’)

where ¢’ is the effective angle of interna)l friction, © is
the angle of dilation, and Ky is the active earth pressure

coefficient as given by Eq. 3-26.
Kg = tan2 ( m/4 + &.y/2 ) e e e e e . .. (3-26)

and ¢,y is the angle of internal friction at the end of
the pressuremeter test at which the sand has reached its
critical state, C.P. Wroth (1982) states that if ¢,y i8S un-
Known it might be approximated by ¢., = 359,

Recognizing that the angle of repose for a granular
material is equal to the angle of internal friction at the
critical void ratio (constant volume) D.H. Cornforth (1973)
recommended the use of a diagram (Fig. 17) in which the

increase in ¢’ is given as a function of the relative dry

density. The actual value for ¢’ is calculated wusing
Eq. 3-27.
o' = °cv + Qdc . . . . . . . . . . . . . (3-27)

An empirical correlation between the practical net
limit pressure, pl’. and the angle of internal friction has

been published (Centre d’Etudes Ménard, 1978).

¢’ = 5.77-In(p*) - 7.86 (KkPa) .+« « .« . (3-28)
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Finally, it should be noted that, using Egs. 2-13,
2-14 and others a theoretically correct value for ¢ could
be calculated if ¢ is Known. It has been shown (F. Baguelin,
J.F. Jezeque! and D.H. Shields, 1978) however, that minor
errors in Og, Po and p) have a significant impact on the
computed angle of internal friction. The accumulation of
those errors might even lead to meaningless results, so that
this approach can not be recommended.

For the calculation of initial stresses due to
gravity, the lateral earth pressure coefficient at rest, K,,
and the dry unit weight, vqry, is also a frequently required
input for finite element programs.

Ko is defined as the ratio of the horizontal effective

stress, op’, to the effective vertical stress, oz’.

Ko = . 0 . . . . . . . v . . . . . . (3-29)

Theoretically, poM as shown in Fig. 4, should give
some indication of the value of K,, because it indicates the
point on the pressuremeter curve where the soil has been
reloaded to its initial stress state. However, unavoidable
borehole disturbance and membrane resistance have a strong
impact on this earty part of the pressuremeter test, so that
Ko and yqry are usually assumed, based on soil type and con-
dition or other soil tests.

T.C. McCormack (1987) showed in a parametric study for
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a retaining wall that K, has only negligible effects and
hence, it seems reasonable to Dbase K, and ygr~y On engi-
neering judgement. Typical values for various soil types can

be found in virtually any soil mechanics textbook.



CHAPTER 1V
SOIL TESTING PROGRAM
SELECTED SOIL

All tests were conducted using dry Willamette River
sand containing grains of subangular shape. The grain size
distribution curve is given in Fig. 18. According to the
unified system of soil classification, the sand is <c¢lassi-
fied as SP. The specific gravity was determined as 2.70,
the minimum and maximum densities were 1.30 g/cm3 and
1.67 g/cm3, respectively. The angle of repose was found to
be ¢oy = 31.99,

A total of twelve direct shear tests with normal
stresses ranging from 15.5 KPa to 124 KPa were carried out.
Furthermore, three pressuremeter tests at two different
depths, as well as nine triaxial compression, tests were

conducted.
TRIAXIAL TESTS

A total of nine consol idated-drained triaxial
compression tests were carried out at confining pressures of
138 KPa, 276 kPa, and 414 kPa. Failure was approached at a
constant rate of strain. Three test series in retative

densities of 50 %, 70 Z, and 95.6 % were conducted. Since
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volume changes are an important aspect of the triaxial tests
a large specimen size of 7.2 cm diameter and 14 cm height
was chosen, thus magnifying poisson’s ratio effects. The

specimen ends were not lubricated.

Sample Preparation

It is virtually impossible t0o obtain undisturbed sand
specimens for triaxial tests, but since the accompanying
pressuremeter tests were conducted in an artificially placed
soil it is now possible to reconstruct samples of equal, or
at teast similar, properties.

Two rubber membranes inside each other were mounted
in a membrane jacket, a slight vacuum was applied and a
porous stone fitted inside the membrane, forming the bottom
of the sample and allowi