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ABSTRACT: This paper presents a procedure for estimating the ¢f-
feetive stress hyperbolic stress-strain parameters for normally con-
solidated clays from the results of consolidation and direct shear lests.
The procedure for calculating Young's modulus and the modulus
number includes: (1) estimating the failure ratio from the shear stress—
horizontal displacement curve oblained from a dircet shear test; (2)
using & tangent modulus a1 the end of each normally consolidaicd
load increment in the consolidation west and the void ratio at the
beginning of each load increment to calculate Young's modulus; and
(3) multiplying the resulting modelus number by 1.9 to oblain a
reasonable estimate of the isotropically conselidated-drained triaxial
(CID) modulus aumber. The modulus cxponent was approximatcly
unity for both the consolidation and CID triaxial 1esls. A procedure
for estimating the bulk modulus number, the bulk modulus expenent,
#nd the unlead-reload modulus number is alse presented.

KEY WORDS: clays, cflective siress, Tinite element, elasticity maod-
ulus, deformation modulus

MNomenclature

@, Coefficient of compressibility
B Bulk modulus
¢"  Effective cohesion
¢, Initial void ratio
E, Initial tangent modulus
E, Tangent modulus
E, Unload-reload modulus
K  Modulus number
K, Bulk modulus number
K, Adt-rest earth pressure coefficient
K% Unloading earth pressure coefficient
K, Unload-reload modulus number
m  Bulk modulus exponent
m, Coefficient of volume change
n  Modulus exponent
P. Atmospheric pressure (101.4 kPa)
R; Failure ratio
Ag  Change in vertical strain
Ao Change in effective major principal stress
Ax  Horizontal displacement
€ Axial strain
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a, Vertical effective stress
oy Effective confining stress
{oy — i) Effective deviator stress
(o} — wy), Effective deviator stress at failure
(o), — o3)y Ultimate deviator stress
7 Shear siress
7, Shear stress at failure
T Witimate shear siress
&' Effective stress friction angle

Introduction

The hyperbolic stress-sirain relationships were developed by
Dwuncan and Chang (1970) for use in ponlincar finite element
analyses of soil stresses and deformations. The hyperbolic siress-
strain model is very popular because it can be used for both
effective stress and total siress analyses, the hyperbolic param-
eters can be easily determined from conventional triaxial
compression tests, and an exiensive database of 1otal and effec-
tive stress hyperbolic parameters has been developed by Duncan
et al. (1980). The model has been successfully applied 10 em-
bankment dams, open excavations, braced excavations, and a
variety of soil-structure interaction problems (Chang 1969 Clough
and Duncan 1969; Duncan et al. 1990; Mana and Clough 1981;
Seed and Duncan 1986).

Duncan et al. (1980} provide an extensive derivation of the
hyperbolic model and a detailed procedure for determining the
values of the hyperbolic stress-sirain parameters from conven-
tional triaxial tests. As a result, only the major features of the
maode]l will be described in this introduction in order 1o define
the various hyperbolic stress-strain parameters,

The hyperbolic model represents the nonlinear stress-sirain
curve of soils using a hyperbola as shown in Fig. 1. It can be
seen that transforming the hyperbalic equation results in a linear
relationship between e/{o; — ;) and e, where g is the axial
strain and (o — oi) is the effective devialor stress. The stress-
dependent stress-strain behavior of soil is represented by varying
the mitial tangent modulus, E;, and the ultimate deviator stress,
(o, — oila, with the effective confining pressure, o Il can
be seen from Fig. 1 that the ultimate deviator stress is the asymp-
totic value of the deviator stress and is related to the compressive
strength of the soil. The variation of the initial tangent modulus
with confining pressure is represented by an empirical equation
proposed by Janbu {1963)

E, = Kp.(“—i) )
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FIG. 1—Hyperbolic representation af o siress-sivain Curve {Duncen of al. T980).

where

K
"

P

modulus number,
modulus exponent, and
atmospheric pressure in the same units as g} and E.

L

The variation of E, with o} is linear when the logarithm of
(E/p,) and (o}/p,) are plotted against each other. The modulus
number equals (E/p,) at a value of (ox/p,) equal to one and n
is the slope of the resulting line.

The variation of ultimate deviator stress with o is accounted
for by relating (o] — 3. 10 the stress difference at failure,
(o} — o), and using the Mohr-Coulomb strength equation to
relate (o} — o), to of. The criteria used to define (o) = o)
is usually the maximum deviator stress. However, the criteria
which results in the best approximation of the actual stress-strain
curve should be used. The values of (o) — @3),, and (o —
ay), are related by

(o7 — o) = Rlo} = o) (2)
in which R, is the failure ratio as shown in Fig. 1. The value of
R, is always less than or equal to 1.0 and varies from 0.5t0 0.9
for most soils. The variation of (g} — o3), with o3 can be
expressed as follows using the Mahr-Coulomb strength equation

’ y 2¢' cosd’ + 2o sing’
Cile o 1 = sindg’

(3)

in which ¢ and &' are the effectivc stress Mohr-Coulomb cobe-
sion intercept and friction angle, respectively.

By differentiating the equation of a hyperbola shown in Fig.
1 with respect to the axial strain and substituting the expression
inte Egs 1, 2, and 3, an expression for the tangent modulus, £,
can be obtained

s [1 _ R{1 — sind')(g} - .;r;)] Kpﬂ(g’_;) @)

2¢' cosd’ + 2of sind' P

This equation can be used to calculate the value of E, for any
siress condition if the hyperbolic parameters K, #, and R, and
the Mohr-Coulomb shear strength parameters, ¢ and &', are
known.

The hyperbolic stress-strain model accounts for the nonlinear
volume change behavior of soils by assuming that the bulk mod-
ulus is independent of stress level, (o} — i), and that it varies
with confining pressure. The variation of bulk modulus, B, with
confining pressure is approximated by the following equation

B = x,,p,[%*) (5)

where
K, = the bulk modulus number, and
m = the bulk modulus exponent.

The variation of B is linear when the logarithm of {Bip,) and
{oy/p,) are plotted against each other. The bulk modulus number
equals (Blp,) at a value of (aip,) equal to one and m is the
slope of the resulting line.
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Determining Effective Stress Hyperbolic Stress-Strain
Parameters for Clays

Due 1o the low permcability of cohesive soils, isotropically
consolidated-drained (C112) triaxial tests are rarely performed
on clayey specimens. As a result, Clough and Duncan (196Y9)
developed a procedure for estimating the effective stress hyper-
bolic stress-strain parameters for clays using the results of con-
solidation and direct shear tests. The direct shear tests are used
to determine the effective stress cohesion, ¢, and friction angle,
&', and the consolidation test yields a stress-strain curve for the
primary loading (loading beyond the preconsolidation pressure)
condition. Clough and Duncan (1969) derived the following
expression for determining the initial tangent modulus, E, in
terms of E, for any load increment in a consolidation test

E = = o (6)
R{1 — Ko)
KJtan*(45 + &'12) - ]J

where K, equals the at-rest earth pressure cocfficient. The major
assumption incorporated into Eq 6 s that ¢ equals zero, which
is a typical value for normally consolidated soils. Values of
(Ep.) and (ai/p,) for different load increments arc plotted on
logarithmic scales 1o obtain a straight line from which K and »
can be determined. The average value of o} during each load
increment 1s obtained by multiplying the average vertical stress
during the increment by K. The tangent modulus can be derived
from a consolidation curve using the following equation devel-
oped by Chang (1969)

} 1 + &, 2K3
E, = = s 7
' a, [] (1 + K“J] (7)

where

g, = the void ratio at the beginning of a load increment, and
a, = the coefficient of compressibility during primary loading.

The coefficient of compressibility is assumed to be a tangent
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modulus at the end of 2 load increment when the ocdometer 1est
results are plotted arithmetically.

The bulk modulus is defined as the change in mean stress
divided by the change in volumetric strain and can be approxi-
mated from a consolidation test using the following equation

Aoyl + 2K)

B
JAx (&)
where
Ao = the change in the effective major principal stress, and
Ae = the corresponding change in vertical strain.

The variation of (E/p,) and (ci/p,) 1s again lincar when plotied
on logarithmic scales and the values of K, and m can be casily
determined. The average value of o) during each load increment
is caleulated using the average vertical effective stress during the
increment and K.

The procedure for determining the effective stress hyperbolic
stress-strain parameters for clays from the results of consolidation
and direct shear tests has been widely used. However, the ac-
curacy of the procedure has not been verified using the results
of CID triaxial tests, This paper provides a comparison of the
hyperbolic stress-strain parameters determined from CID triaxial
tests and consolidation and direct shear tests. Based on this com-
parison, a new procedure for calculating the hyperbolic param-
eters from consolidation and direct shear tests is presented.

Hyperbolic Parameters from Isotropically Consolidated-Drained
Triaxial Tests

Five CID triaxial 1ests were performed on the clayey slopewash
from the foundation of San Luis Dam. San Luis Dam is located
in the Central Valley of California approximately 100 miles
southeast of San Francisco. The slopewash is a medium 1o high
plasticity clay with liquid and plastic limits equal to approximately
40 and 20, respectively. The slopewash has an overconsolidation
ratio ranging from 1.0 10 1.5 and is classified as a CL according
to the Unified Soil Classification system. Extensive consolidation
and direct shear tests were conducted previously by the primary
authar (Stark 1987) using undisturbed block samples provided
by the U.S. Bureau of Reclamation. All the slopewash specimens
used in the CID triaxial, consolidation, and direct shear tests
were obtained from the same block sample which was obtained
from the upstream foundation of San Luis Dam.

An axial strain rate of 0.0027% per minute was used in the
CID triaxial tests to ensure drained conditions during loading.
The strain rate was determined using the methodology presented
by Gibson and Henkel (1954) and a coefficient of consolidation
equal to (.11 em¥min. The CID triaxial tests were continued
until the axial strain reached approximately 20%, which took
about five to six days. Prior 1o loading, the triaxial specimens
were back-pressured until a “*B” value, which equals the change
in pore pressure divided by the change in confining stress, of
0.97 or higher was obtained. It usually required seven 1o len
days for the specimens to obtain the desired “B" value. The
specimens were then consolidated using confining pressures, which
ensured the specimens would exhibit a normally consolidated
behavior. The resulting stress-strain and volume change curves
from the five CID triaxial tests are shown in Fig. 2. The effective
stress hyperbolic and Mohr-Coulomb strength parameters ab-
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tained from these tests using the procedure outlined by Duncan
et al. (19807 are shown in Table 1, The modulus number and
bulk modulus number were obtained from Figs. 3 and 4, re-
spectively,

Hyperbolic Parameters from Consolidation and Direet
Shear Tests

Using Eqs 6 and 7 and the results of three consolidation tests
(Fig. 5} and six direct shear tests on undisturbed slopewash spec.
imens, the hyperbolic stress-strain and Mohr-Coulomb strength
parameters shown in Table 2 were obtained. Figures 3 and 4
were also used to determine the hyperbolic stiffness and volume
change parameters shown in Table 2.

It can be seen from Tables 1 and 2 that the modulus number
abtained from the consolidation and direct shear test results
significantly underesiimated the tnaxial modulus number. The
difference in the modulus numbers is probably due to the dif-
ferent houndary conditions and stress paths inherent in these
tesis. However, the value of the modulus exponent was approx-
imately unity for both cases. It can be shown using critical state
soil mechanics that the modulus exponent should be unity for
soils undergoing primary loading, which is the case for the slope-
wash. The following sections illustrate the influence of various
factors on the modulus number derived from consolidation and
direct shear test resulis.

Effect of Friction Angle, K, and R, on the Hyperbolic
Stiffness Paramelers

A parametric study revealed that the influence of the friction
angle on E, (Eq 6) is very small. The effective friction angle for
the slopewash was measured to be 25 and 28 in direct shear and
CID triaxial tests, respectively. The values of K obtained from
Eq 6 for friction angles of 25 and 28 were 80 and 75, respectively.
The friction angle was also found to have no effect on the mod-
ulus exponent. Therefore, it was concluded that using the friction
angle obtained from direct shear tests would not significantly
affect the estimates of K or n. In fact, the direct shear friction
angle increased the value of K, which results in betier agreement
with the triaxial value of K.

The parametric study also revealed that variations in K, had
a significant effect on K and a negligible effect on n. This is due
to the importance of K;in Eqs 6 and 7, which are used to calculate
E, and E,, respectively. As a result, the value of K, should be
chosen carefully. The values of K, used in this investigation were
obtained from data presented by Brooker and Ireland (1963).

The value of R, reported in Table 2 was caleulated using the
following equation

T
R, = ;‘r‘ ()
Wl
where
7, = the shear stress at failure, and

the ultimate shear siress.

L

Both of these parameters should be determined from the shear
stress measured during the first travel of the shear box in a direct
shear test. The ultimate shear stress is the asymptotic value of
the shear stress and is calculated using the shear siress, 7, and
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FIG. 3— Hyperbalic stiffness parameters from CID riaxial and consolidation lests.

horizontal displacement, Ax, at 70 and 95% of 7, as shown in the
following equation

Ay — Aips

(10)

Tte

Axgss A X

Tosm T
Therefore Eqs 9 and 10 provide a means for estimating R, from
direct shear test results instead of assuming a value of (.85 as
suggested by Clough and Duncan (1965).

This procedure for estimating R, is similar to that outlined by
Duncan et al. (1980) for determining R, from triaxial tests except
the horizontal displacement and shear stress are used instead of
axial strain and deviator stress. Initially, efforts were made 1o
normalize the horizontal displacement using the height or length
of the direct shear specimen. This might have provided a better
correspondence between a triaxial stress-strain curve and the
shear stress-displacement curve from direct shear tests. How-
ever, if the displacements shown in Eq 10 are divided by 10.2
em, the length of the direct shear specimen, the value of 1, does
not change. Therefore, the horizontal displacement a1 70 and
95% of the peak shear stress is used in Eq 10.

It can be seen from Tables 1 and 2 that the average value of
R, from the direct shear tests, 0.98, was about 30% higher than
the average value of R, from the CID triaxial tests, 0.72. It can
be seen from Fig. 6 that increasing R, from 0.72 to 0.98 increased

the value of K from 45 to 80 and did not affect the value of n.
Thus a higher value of R, appears to provide a better estimate
of the CID triaxial modulus number. Since the direct shear test
results provide a value of R, that is higher than the value of 0.85
proposed by Clough and Duncan (1969}, it is recommended that
R, be determined directly from direct shear test results.

Effect of E, on the Hyperbolic Stiffness Parameters

Values of tangent modulus were calculated using various val-
ues of e, and a, from the consolidation test results and Eq 7. In
accordance with Clough and Duncan’s (1969) procedure, the
values of K and n shown in Table 2 and Fig. 3 were obtained
using the void ratio at the beginning of each load increment and
a langent modulus at the end of each load increment. The value
of oy used in the calculations was the average value of o} over
the load increment. The effective confining pressure was esti-
mated using an appropriate value of K.

In an effort to improve the estimate of K from the consoli-
dation test data, different values of e, and tangent and secant
moduli were used in the calculations. The tangeni modulus was
always taken at the end of the load increment, and the values
of secant modulus were determined over a particular load in-
crement in the consolidation test. Figure 7 illustrates the differ-
ence between the tangent and sccant moduli used in the calcu-
lations for consolidation test CON#3. In all cases the value of
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TABLE 1— Effective stress hyperbolic and Mohr-
coulomb parameters from C1D mriaxial resis.,

FParameter Value
Siress range 50 10 600 kPa
K 155
n 1.00
R 0.72
K, 74
m 0.53
o 0
] 28

a3 was the average value over the load increment. It can be seen
from Table 3 that a tangent modulus consistently yielded a higher
value of K than a secant modulus. For both moduli, the effect
of varying the void ratio from the beginning to the end of the
load increment did not significantly affect the value of K. The
value of 155 shown in Table 3 is the value of K determined from
the CID triaxial test results, Therefore, the consolidation test
underestimated the triaxial modulus number by a facior of 1.6
to 2.1 depending on the void ratio and the type of modulus used.

To investigate the effect of stress level on the secant modulus,
each load increment in the consolidation test was divided into
four subincrements and the secant modulus was caleulated for
each subincrement. The resulting value of K is shown at the

bottom of Table 3 and is approximately the same as the previeus
values. Therefore, it was concluded that the stress level did not
significantly affect the secant modulus, For all the combinations
of void ratio and modulus considered in Table 3, the modulus
exponent was found 1o be (.99,

Since the coefficient of volume change, m,, is defined as

; (11)

=]+L‘“

m

where g, is the initial void ratio, 1.e., the void ratio at the star
of the consolidation test was also used. The imitial void ratio is
substantially higher than the void ratio at the beginning or end
of a particular load increment during a consolidation test. As a
result, the mmitial void ratio provided a slightly better estimate of
K (Table 3) for both the tangent and secant meduli.

The secant values of E, were easier 10 calculate than the tangent
values, but they showed considerably more scatter. As a result,
more data were required to clearly define the linear relationship
between E, and o, when a secant modulus was used. The tangent
modulus was a little more subjective than a secant modulus, but
it consistently gave a beiter estimate of K.

Therefore, it 15 recommended that the value of E, (Eq 6) be
estimated using a tangent modulus at the end of the load incre-
ment and the void ratio at the beginning of the increment. The
resulting modulus number should then be multiplied hy 1.9 to
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TABLE 2— Effecrive srress hyvperbolic and Mohr-
conlomml parameters from consolidation and direct

shear esis.

Parameler Value
Slress rampe 100 to 1000 kPa

K 80

" 0.99

R, 0.98

K, 23

m 1.05

c' 0

&' 25

account for the differences between the boundary conditions and
the stress paths in the consolidation and CID triaxial tests. The
modulus exponent does not require adjustment if the soil is
undergoing primary loading. .

Determining the Bulk Modulus Number and Exponent

The values of bulk modulus were obtained using Eq & and the
consolidation test results. It can be seen from Fig. 4 that the
estimate of K, and m from the consolidation test data were also
in poor agreement with the CID triaxial values, The value of o}
used in Fig. 4 is the average value of o} over a particular load
increment. The major differences between consolidation and CID
triaxial tests are: (1) the value of lateral stress increases with
each load increment in the consolidation test and remains ap-
proximately constant in the triaxial test; and (2) the volumetric
strain in the consolidation test is egual to the axial strain, whereas
the volumetric strain in the triaxial test is the sum of the direc-
tional strains. These fundamental differences in the boundary
conditions and stress paths in these two lests are believed to
contiribute significantly to the differences observed in K, and m
in Fig. 4. To obtain a reasonable estimate of the bulk modulus

parameters determined from CID triaxial tests, it is recom-
mended that the values of K, and »7 determined from direct
shear and consolidation tests be multiplied by 3.2 and 0.5, re-

spectively.

Determining the Unload and Reload Modulus

In the hyperbolic stress-strain relationships, the same value of
unload-reload modulus, E,,, is used for both the unloading and
reloading conditions. The value of £, is related 1o the confining
pressure by an equation of the same form as Eq 1

Enr B Klmpe (Ej)

where K_ 15 the unload-reload modulus number. The value of
the exponent » is assumed to be equal to the primary loading
exponent. The value of K, is determined from a single unload-
reload curve in a triaxial test. The best fit straight line is drawn
from the unload point to the reload point as shown in Fig. 8.
The corresponding value of E,, (slope of the best fit line) is then
determined. The value of K, is calculated using E,., the value
of the confining pressure during unloading, the modulus expo-
nent for primary loading, and Eq 12.

In the CID triaxial test conducied at a confining pressure of
205 kPa, the clavey slopewash was unloaded at a stress level of
0.52 and subsequently reloaded to cvaluate K. The stress level
during primary loading in a consolidation test is determined using
the following equation

(12)

o, — @)
(o = '-'-";:Lr (13)
“ = Kn]

1) + 2¢"1an(45° + &'/2))

T K, (1lan*(85° + ¢'12)
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A stress level of 0056 was caleulated for the slopewash using Ey
13, .and as a result the triaxial specimen was unloaded at a stress
level of 0,52 for companson purpaoses.

The stress-strain and volume change eurves from the unload-
reload CID triaxial test arce shown in Fig. 8. The modulus number

TABLE 3— Effect of void ratio and modulus on the modedus member
and exponent from consofidarion fexis.

and the unload-reload modulus number for this test were cal- |
culated to be 155 and 285, respectively. This corresponds 1o g |
ratio of K, /K of 1.85. This is in good agrecment with data pre. i
sented by Duncan et al. (1980), which concludes that K /K vanieg
from about 1.2 for stff soils up 1o 3 for sofl soils, :
Clough and Duncan (1969) also proposed a procedure for |
estimating K, from the rebound curve of a comsohdation test, |
The unload-reload modulus is estimated using the Tollowing

equation

Void Ratio Modulus K 155/K*
Beginning of load increment Tangent B0 1.9 E = 1 + & .J. ﬂﬁﬂ :' 14
{Table 2) B 7 T+ K WAy
End of load increment Tangen 74 2.0 !
Imitial Tangem 94 1.6
where
Bepinning of load increment Secant 74 2.1 e : i
End of load increment Sceant yr| 2.1 €o = the initial void ratio, and
Initial Secant 83 1.9 K% = an incremental coefficient of lateral earth pressure dur-
ing unloading.
Beginning of load increment Secant® 72 2.2
Mote: i = 0.99 for all seven procedures. The value of K2 was de_riw:d from the data presented by Emol_{er
“K = 155 from CID triaxia) 1esis. and Ireland (1965) and is the slope of the tangent 1o the unloading
#*Secant over one fourth of actual load increment. curve, whereas the value of K, is the slope of the secant line 1o
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the same point. These values are not equal because the unloading
curve does nol extend on a straight line through the origin. The
values of K3 are shown in Fig. 9 as a function of the plasticity
index and overconsolidation ratio.

The tangent modulus varies throughout the length of the un-
load-reload portion of a consolidation curve with the highest
value occurring at the initial portion of the curve where o is
also the highest. The lowest value of tangent modulus occurs at
the end of the rebound curve where o is the lowest. Therafore,
Clough and Duncan (1969) recommended using a tangent mod-
ulus at the midpoint of the unload cycle and Eq 14 10 estimate
the average unload-reload modulus. The value of K, is then
calculated using Eq 12, the primary loading exponent. and o
at the midpoint of the unload cycle. Values of K, were calculated
using this procedure and the consolidation test data in Fig. 5 and
are shown in the top line of Table 4. It can be seen that the
values ranged from 208 to 125 for the three consolidation tests
considered. The average of these values, 167, underestimates the
CID triaxial value of K,,, 285, by a factor of 1.7. ]

Additional values of K, were calculated using various values
of o3, tangent and secant moduli, and the consolidation test data
in Fig. 5. It can be seen from Table 4 that a tangent modulus at
the midpoint of the reload curve also resulied in a poor estimate
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of K. In this casc the value of of was also calculated a1 the
midpoint of the reload curve. A secant modulus provided values
of K, that were in much better agreement with the CLHD triaxial
value, A sccant modulus on the unload curve and an average
vilue of of yielded the best estimate, 281, of the CH tmaxial
unload-reload modulus number. The average value of o} cquals
the average of of at the beginning of the unload cycle and at
the midpoint of the unload cycle.

Al present, it is recommended that K, be determined using
either a secant modulus on the unload curve and an average
value of o} or by multiplying the value of K, determined using
Clough and Duncan’s (1969) procedure by 1.7. It is also rec-
ommended that the consolidation specimen be unloaded such
that multiplying the vertical effective stress a1 the midpoint of
the unload cycle by the corresponding K, yields a value which
is approximately equal to the desired value of o,

Conclusions and Recommendations

This paper presenis a comparison of the effective siress hy-
perbolic stress-strain parameters determined from CID triaxial
tests and consolidation and direct shear tests. The comparison
revealed that the results of consolidation and direct shear lests
underestimate the moduelus number determined from CID triax-
ial test results. Since all the specimens were undergoing primary
loading (loading beyond the preconsolidation pressure). the
madulus exponent was approximately equal to unity for both the
CID triaxial and consolidation tests.

The following procedure is recommended for estimating the
initial tangent modulus and thus the modulus number from the
resulis of consolidation and direct shear lests. At present, this
procedure has been verified for only the medium 1o high plasticity
clayey slopewash described herein. Therefore, this procedure
should be used for normally consolidated soils with index prop-
ertics similar to the slopewash. Additional soils are being tlested
to generalize this procedure:

1. Determine the average value of the failure ratio from the
shear stress—horizontal displacement curves obtained from direct
shear tests.

2. Calculate E, for use in Eq 6 using a tangent modulus at the
end of each load increment in the conselidation test and the void
ratio at the beginning of the load increment. All values of E,
should be calculated in the primary loading region.

3. The resulting modulus number should be multiplied by 1.9

TABLE 4— Effect of modufus and fateral earth pressure coefficient on the unload-reload modulus
number from consolidaion resis.

Con #1 Con #2 Con #3
{Unload 1035 (Unload Ta5 (Unload 3640
. to 520 kPa), 1o 343 kPa). to 1820 kPa). Averape.
Curve Modulus tery K. K., X K.
“Unload Tangent Mid 208 170 125 167
Reload Tangenm Mid NiA it 18.4 43
Unload Secant Innt 134 281 175 230
Unload Secant Mid 378 454 284 in
Unload Secant Ave 289 347 207 28]

“Clough and Duncan’s (196%) procedure.

"Ave = of using average of oy at imitial and midpoint of unload cyde; Initial = oy using K, and
o, at initial unloading point; Mid = o} using K, and o) al midpoint of unloading cycle; o) = vertical

effective stress.
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1o provide a reasonable estimate of the CID inaxial modulus
number.

The consolidation and direct shear test resulls also provided
poor estimates of the bulk modulus number and exponent de-
termined from the CID triaxial test resulis. 1t is recommended
that the consolidation and direct shear values of K, and m be
multiplied by 3.2 and (.5, respectively, 1o provide a reasonable
estimate of the CID triaxial values. The differences in the mod-
ulus and bulk modulus numbers are probably due to the different
boundary conditions and siress paths inherent in the consoli-
dation and CID triaxial tests. A procedure for estimating the
unload-reload modulus number from an unload curve in a con-
solidation test is also presented.
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