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SUMMARY

The undrained response of cohesive soils is of paramount importance in geomechanics and it has been
modelled extensively for the last 50 years. In comparison, drained behaviour of clays has received only
modest attention. Drained and undrained behaviour is significantly affected by past consolidation stress
history. This paper evaluates the capabilities of the MIT-S1 effective stress model, described in a
companion paper, for predicting the anisotropic stress—strain—strength behaviour of clays. The paper
illustrates the selection of model parameters for Lower Cromer Till, using data from standard types of
laboratory tests. Comparison of model simulations with measured response for Lower Cromer Till and
Boston Blue Clay illustrate model capabilities. The work focuses initially on comparisons of model
predictions with measurements from undrained triaxial and plane strain tests on initially Ky-consolidated
specimens. Comparisons with measured data from undrained shear tests performed in different modes of
shearing for LCT and BBC show that the model: (a) gives excellent predictions of maximum shear stress
conditions and accurately describes the non-linear shear stress—strain behaviour; (b) accurately describes
the anisotropic shear stress—strain—strength conditions for different consolidation stress histories; and
(c) gives realistic description of mobilized friction angles, especially at large OCR’s. The paper then focuses
on the effects of consolidation stress history for isotropically consolidated specimens of resedimented
Lower Cromer Till and Boston Blue Clay. Finally, the paper compares model predictions for drained shear
tests on Ky and isotropically consolidated specimens with overconsolidation ratios, OCR <10, used to
evaluate particular aspects of the critical state framework of soil behaviour. Overall, the model gives
excellent predictions of the effect of initial anisotropy and overconsolidation stress history on the shear
stress—strain and volumetric behaviour of clays. Copyright © 2002 John Wiley & Sons, Ltd.
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1. INTRODUCTION

A new effective stress soil model, hereafter referred to as MIT-S1, was developed to model the
rate independent behaviour of clays, sands and silts in a single conceptual framework [1]. A brief
summary of the model formulation is presented in a companion paper and full details of the
constitutive laws are available in the literature [2]. Detailed comparisons with high-quality
laboratory test data are essential in order to establish the predictive capabilities and limitations
of the proposed model at the element level, prior to its application in numerical analyses of
boundary value problems. A companion paper demonstrates the predictive capabilities of MIT-
S1 for describing the behaviour of sands over a wide range of stress levels and densities. This
paper focuses on illustrating model capabilities to describe the rate independent behaviour of
clays through comparisons with high-quality laboratory test data for Lower Cromer Till, LCT
and Boston Blue Clay, BBC. Lower Cromer Till is classified as a low plasticity sandy silty-clay
(CL; with liquid limit, w; = 25%, and plasticity index, I, = 13%), and a 17% clay fraction
(mainly calcite and illite). The tests on LCT were all performed on specimens consolidated from
a slurry condition with an initial liquidity index, /; = 1.5 (w = 31%). The database includes both
drained and undrained triaxial shear tests on Kj-consolidated specimens with overconsolidation
ratios, OCR <10, as well as numerous special stress path (drained) tests used to evaluate
particular aspects of the critical state framework of soil behaviour [3]. The data for LCT were
not available in digital or table format and it was retrieved by directly digitizing hardcopy
graphs of all tests. Boston Blue Clay (BBC) is a low plasticity marine clay (CL; with liquid limit,
wi & 42% and plasticity index, I, & 19%) with a 53 + 5% clay fraction (composed primarily of
illite) of moderate sensitivity which was deposited in the Boston Basin during the Pleistocene
glaciation. Engineering properties of both natural and resedimented BBC have been studied
extensively at MIT and hence, there is a large database of reliable tests from which to select
model input parameters [4].

2. DETERMINATION OF MATERIAL CONSTANTS

In its most general form, the MIT-S1 model requires 16 material parameters but only 13 of those
are required to model the behaviour of clays. This section illustrates the procedure used to
determine all the model material parameters for Lower Cromer Till, LCT (cf. Table I). All the
material parameters for the model are obtained from standard laboratory data, which include:

1. One-dimensional or isotropic (e.g. triaxial) consolidation tests to stresses significantly
larger than the preconsolidation pressure with accurate volumetric measurements during
unload-reload cycles.

2. Lateral stress measurements during one-dimensional compression and swelling using high
quality computer controlled triaxial test equipment [5] or using a lateral stress oedometer
[6].

3. Undrained triaxial compression (CK(UC) and extension (CKyUE) shear tests on normally
Ky-consolidated (resedimented) clay. These tests should use SHANSEP consolidation
procedures, which ameliorate the effects of sample disturbance [7] and are consistent with
assumptions of normalized soil behaviour assumed in the MIT-S1 model formulation.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:1123-1146



EVALUATION OF A CONSTITUTIVE MODEL 1125

Table I. Input material parameters for the MIT-S1 model.

Test type Parameter/symbol Physical contribution/meaning Lower Boston
Cromer Blue Clay
Till

Hydrostatic or Pe Compressibility of normally
1-D Compression consolidated (NC) clay 0.167 0.178
(triaxial, D Non-linear volumetric 0.04 0.04
oedometer or r Swelling behaviour 0.80 0.85
CRS apparatus) h Irrecoverable plastic strain 6.0 6.0
Ky-oedometer Kone Ky for NC clay 0.50 0.49
or Uo Poisson’s ratio at stress reversal

controlling 2Gmax /Kmax 0.225 0.24
Koy-triaxial 0} Non-linear Poisson’s ratio. Stress path

in 1-D unloading 0.60 1.0
Undrained triaxial P Critical state friction angle in triaxial
shear tests: compression 30.0° 33.5°
OCR = 1; CK,UC @, Geometry of bounding surface. Stress 42.0° 46.0°
OCR = 1; CKyUE m paths of undrained CKoUTC/TE tests 0.65 0.80
(CKoUC; OCR > 1; [ON Small strain non-linearity in shear 8.0 8.0
Optional) V] Rate of evolution of anisotropy
(rotation of bounding surface) 20 15

Shear wave velocity/
resonant column Cy Small strain stiffness at load reversal 450 450

4. Measurements of elastic shear wave velocity through bender elements or similar techniques
to estimate the small strain shear modulus (and hence the parameter, Cy). These types of
tests are quickly becoming an integral part of most geotechnical laboratories.

Figure 1 shows that the behaviour of resedimented Lower Cromer Till (in both hydrostatic
and K, compression) is well described by a linear normal compression line (NCL) in a double
logarithmic void ratio-effective stress space with compression coefficient p, = 0.167 (0.16-0.17).
Pestana [1] proposes that, for mathematical purposes, the normal compression line can be
represented by the limiting compression curve, LCC, and therefore the same framework can be
used to describe the behaviour of clays and sands [8]. For the typical stress and density
conditions encountered in geotechnical practice, the location of the LCC for clays is a function
of the current void ratio and preconsolidation pressure (i.e. consolidation stress-history) and the
LCC slope, p..

Parameter Cy, controls the elastic shear and bulk modulus at small strain levels. For the MIT-
S1 model an average value of Cy = 450 (350-500) is chosen for LCT which is estimated from
measured small strain measurements (g, <0.005%) in standard triaxial tests of Ky-resedimented
LCT [9]. This parameter could be better estimated from shear wave velocity measurements using
bender elements, which are becoming more common in current laboratory testing. Parameters D
and r describe the hysteretic volumetric response. Parameter D is selected as the slope of the
unloading curve at OCR > 10, while parameter r is selected from a short parametric study to
match the stress—strain behaviour in an oedometer (or CRS test) at intermediate values of OCR.
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Figure 1. Measured compression behaviour of Lower Cromer Till.

Figure 1 shows that measured behaviour during hydrostatic and one-dimensional unloading is
well described by parameters: D ~ 0.04 and » ~ 0.80.

Gens [3] reports Kone ~ 0.50 (+/ — 0.01) for Lower Cromer Till based on one-dimensional
triaxial consolidation tests from slurry conditions. Figure 2 shows the lateral stress coefficient
during 1-D unloading for LCT as a function of overconsolidation ratio from which is possible to
estimate y; =~ 0.225 and w =~ 0.61 (describing the non-linear Poisson’s ratio during one-
dimensional unloading). The figure also compares measured LCT response with values
predicted using a constant Poisson’s ratio assumption and with a widely used empirical
correlation. The expression, Ky = Kone OCR™, gives excellent predictions for OCR <2 with an
exponent m ~ 0.4 (typically reported in the literature [10]), but significantly underestimates K
at larger OCRs. The constant Poisson’s ratio assumption gives excellent prediction up to OCR
~ 4, but overpredicts the response at larger OCRs. The nonlinear Poisson’s ratio formulation
used in MIT-S1 gives excellent prediction of Ky, and hence the swelling path, for OCR < 10.

The parameter wg describes small strain non-linearity in shear and it is evaluated through the
analysis of shear modulus degradation with strain level. Accurate measurements of soil stiffness
in the range 0.005 <&, <0.05% can be achieved using local strain measurements [11,12]. Figure 3
shows the stress—strain curves for triaxial compression and extension tests starting from a
normally consolidated condition (Ky ~ 0.5) in a modified strain space (i.e. log-strains) to
highlight the importance of small strain non-linearity. Parameter determination is more reliable
when there are large changes in stress ratio (e.g. triaxial extension tests are more useful when
Ky <1, while compression tests are preferred for K, > 1) and requires the accurate measurement
of the stress—strain curves at small strains. Note that the behaviour in compression from a
normally consolidated K| state is significantly influenced by the shape of the yield/bounding
surface at strains as low as 0.1-0.2%. On the other hand, the effective stress path of a CKj

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:1123-1146



EVALUATION OF A CONSTITUTIVE MODEL 1127

2.0 T T T T —

——  Model Prediction w=0225 '

Property Kone Mo ® , ,
Value 0.50 0.225 0.61

B Measured Response /
Lower Cromer Till (Gens, 1982)

0.8

- - -- Constant Poisson's
Ratio, u', Formulation

0.6

LA R e e L B o AR
. o
*, (5]
~
W
\

Coefficient of Lateral Earth Pressure, K

F --=— K=K _(OCR)"
0.4 0 ONC
i K ~0.50, m~04
L ONC
0.2 . . . e
1 2 3 4 5 6 78910

Overconsolidation Ratio, OCR
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Figure 3. Determination of small strain non-linearity in shear, ws.

undrained extension test closely resembles a constant mean effective stress with little influence of
the shape of the bounding surface. Alternatively, an undrained triaxial compression test on an
overconsolidated specimen may yield similar results if the initial stiffness is matched using shear
wave velocity measurements. Since ws describes the reduction in the shear stiffness as a function
of strain after reversal, it is of paramount importance to accurately determine the small strain
stiffness, Gax. The uncertainty (or error) in the value of Gy,x will introduce a consistent bias in
the value of w,. For Ky-consolidated clays, this parameter can be determined by matching the
predicted stress—strain curves for triaxial extension tests at small strains (g, <0.1-0.2%) since the
effect of plastic strains, in general, is negligible at these small strain levels. For Ky-consolidated
LCT, parameter wg ~ 8 gives a good representation of small strain nonlinearity.
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The friction angle at critical state (large strain) conditions, ¢., = 30°, is reliably estimated at
&, = 10% from undrained triaxial compression tests. Figure 4 shows the effects of selected pairs
of parameters ¢/ and m matching undrained strength in triaxial compression on model
simulations of undrained triaxial compression and extension tests (i.e. CK,UC and CKyUE),
assuming no change in initial anisotropy, (i.e. ¥ = 0). For mathematical simplicity, it is assumed
that the aperture of the bounding surface for clays does not change with changes in density and
hence ¢, = ¢, = constant (where ¢ is the aperture at a reference void ratio of one). The
three potential scenarios shown in Figure 4 give essentially the same undrained shear strength in
compression, however, as parameter m increases (and therefore ¢/ decreases), there is an
increase in excess pore pressure in extension (reduction of mean effective stress). For the
remainder of the paper, the effective stress paths will be plotted in the Mohr space (o, — a,)/2 vs
(oy + on)/2, instead of the more common p-g space. Maximum absolute values of (6, — ap,)/2
will indicate directly the values of undrained shear strength, s,. Positive values of (g, — a1,)/2
will represent compression while negative values will represent extension. Selected values of
¢!, = 42° and m = 0.65 give good predictions of the initial effective stress paths in compression
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Figure 4. Estimation of bounding surface parameters from the undrained response of Lower Cromer Till.
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and extension and are used for the remaining of the paper. The selection of parameter ws = 8
does not significantly affect the shape of the bounding surface and hence the selection of
parameters ¢ and m.

The rotational hardening parameter yy can be estimated from the simulation of the shear
induced pore pressures or stress—strain curves at relative large strains (g, = 5-10%) from the
same undrained triaxial shear tests (CKoUC, CK(UE) described earlier. Figure 5 compares
model predictions for = 0, 10, 20 and 40 with measured data on Ky-normally consolidated
LCT. The results show two key features of the model: (a) changes in ¥ do not affect the effective
stress paths in the compression mode, but are an important factor controlling shear induced
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Figure 5. Estimation of parameter { from undrained response of normally consolidated
Lower Cromer Till.
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Figure 6. Determination of parameter 4 from the unload—reload cycles in constant rate of
strain consolidation tests for Boston Blue Clay.

pore pressures in extension and thus effective stress paths; and (b) large strain conditions are
independent of rotation rate (for ¥ > 0), but these conditions are reached at lower shear strains
as Y increases. A value of y = 20 (15-20) gives good agreement with stress—strain behaviour for
&a = 5-10% in both triaxial compression and extension and it is used for all subsequent model
predictions.

The parameter ~ controls the amount of normalized residual plastic strain observed in
isotropic and one dimensional unload-reload cycles. However, limited data were available for
LCT to make a definitive estimate of 4. Pestana [1] shows results indicating that # ~ 6 provides
good description of overconsolidated response and it is used throughout the analysis. A similar
value was obtained for Boston Blue Clay based on unload-reload cycles in one-dimensional
compression and is shown in Figure 6. Two important observations follow: (a) the residual
deformation increases as the magnitude of the unload-reload cycle increases, (b) for a given
cycle of stresses, the residual deformation decreases as input parameter / increases. A summary
of all input parameters for Lower Cromer Till and Boston Blue Clay is presented in Table I.

3. UNDRAINED SHEAR BEHAVIOUR

3.1. Undrained triaxial shearing

Figures 7(a) and 7(b) show the effective stress paths and shear stress—strain response measured
in undrained triaxial compression and extension tests (CKoUC, CKyUE) for specimens with
overconsolidation ratios, OCR = O';/G(,C =1, 1.5, 2, 4, 7 and 10. Some of the tests were
performed at a relatively slow shear rate, Aé, = 0.04%/h, in contrast to the standard strain
rate of A& <0.5%/h. The strain rate has a relatively minor effect on the behaviour of

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:1123-1146
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Figure 7. Effect of overconsolidation stress history on the undrained response of Lower Cromer Till.

overconsolidated specimens, but it does affect the pre-peak shear induced pore water
pressures and undrained shear strength in tests at OCR < 1.5. Good agreement is expected for
OCR =1 since this set was used for the selection of material parameters, while results for
OCR #1 can be properly classified as model predictions. The laboratory samples were
reconsolidated following SHANSEP procedures and then rebounded to the required OCR,
while model predictions are obtained by simulating swelling from a virgin normally
consolidated condition (i.e. one in which the principal directions of stress and anisotropy
coincide for Ky-normal consolidation).
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Comparison of MIT-S1 predictions with measured data for LCT shows the following:

1. The model predictions are generally in good agreement with the measured stress—strain
behaviour for both triaxial compression and extension, but the model tends to
underestimate the stiffness in the range 0.05<¢, <0.5% for OCR >4 in compression and
for all overconsolidated samples in extension (cf. Figure 7(b)). For slightly over-
consolidated samples (e.g. OCR <4), predicted undrained strengths are in excellent
agreement with measured data, while the model slightly underpredicts measured strength
by 5-10% at OCRs = 7 and 10.

2. The model gives excellent predictions of shear induced pore pressures and stress obliquities
for CKoUC tests at all OCRs as evidenced by the agreement between predicted and
measured stress paths (cf. Figure 7(a)). The predicted effective stress paths in extension
(CK(UE) initially show positive shear induced pore pressure (tendency to contract) and
only dilate as the obliquity approaches critical state conditions. In contrast, the measured
data develops negative shear induced pore pressures throughout the entire test, leading to a
large apparent discrepancy in the effective stress paths.

Figure 8(a) compares predictions of effective stress paths for undrained triaxial compression
and extension tests with measured data for resedimented BBC with initial OCR =1, 2, 4
and 8. Figure 8(b) compares model predictions with measured shear stress—strain behaviour of
undrained triaxial tests for Ky-consolidated samples. A number of key features can be observed
in the predictions for overconsolidated BBC:

1. For specimens sheared in compression, the model predicts that peak shear strength
conditions are reached at ¢, ~ 0.05-0.06% for OCR =1 to ¢, >10% at OCR = 8.

2. The predicted behaviour is contractive at low OCR (i.e. OCR < 2) (i.e. positive shear induced
pore pressure at failure) with stress obliquities (¢} /%) at peak shear stress which are lower
than critical state conditions. At OCRs > 4 undrained shear causes negative shear induced
pore pressures and the maximum obliquity is slightly larger than that at critical state.

3. For specimens sheared in extension, the model predicts that critical state conditions are
reached at large strains ¢, > 20% with stress obliquities that are slightly higher than critical
state conditions for all values of OCR.

The model predicts that the stress—strain behaviour is non-linear over the full
range of measured strains (no ‘distinct’ yielding is observed) for both normally and
overconsolidated samples. The model gives excellent predictions of the shear stress—
strain—strength behaviour for OCR = 2, 4 and 8 for the database by Sheahan (1991). Peak
stress obliquities in compression are well described by the MIT-S1 model, especially
at high OCR and hence, improve one of the noted limitations of the MIT-E3 model [13]. In
triaxial extension, model predictions are generally in very good agreement with measured stress—
strain data for strains less than 1-2% and are in excellent agreement with mobilized friction
angles observed by Sheahan [4], but the model tends to overpredict the undrained shear strength
measured at large strains. This behaviour should be interpreted with caution as triaxial
extension data are often unreliable at axial strains &, > 5-10% due to localization/necking of
test specimen. Thus, the discrepancies between extension predictions and measured behaviour in
extension test may either reflect limitations in the model or in the test data, but cannot be
resolved successfully without obtaining reliable extension data at larger strains for
higher OCRs.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:1123-1146
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Figure 8. Effect of overconsolidation stress history on the undrained response of Boston Blue Clay.

Figures 7(b) and 8(b) show the stress—strain response of LCT and BBC in a log strain scale to
highlight the importance of small strain nonlinearity. Many applications of advanced
constitutive models for clays involving numerical tools such as the Finite Element Method,
require accurate prediction of soil deformation at small strain levels (< 1%). Figure 9 compares
the stress—strain curves for these two clays in the traditional space and show similar behaviour
as a function of overconsolidation ratio. As can be seen from the figure, Boston Blue Clay is
slightly stronger in compression for OCR <2, whereas at larger OCR the strength is
approximately the same for both soils. In extension, LCT is stronger for all OCR values. The
axial strain at failure is smaller for LCT than for BBC at all values of OCR.

Copyright © 2002 John Wiley & Sons, Ltd.
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Figure 9. Stress—strain response of Lower Cromer Till and Boston Blue Clay during
undrained triaxial shearing.

Figure 10 summarizes the predicted and measured conditions at peak shear strength as
described by the undrained shear strength ratio (s,/0?,) and Skempton pore pressure parameter
at failure, Ar [= (Au — Ao3)/(Aco — Aas)] for these two soils. The predictions follow very closely
a power law relation between the strength and overconsolidation ratios as proposed by Ladd
and Foott [7] with exponent m = 0.7-0.8 up to OCR = 10 and are in excellent agreement with
measured data. For lightly overconsolidated specimens, OCR < 1.5, the model gives predictions
of undrained strength that are higher than those predicted by the SHANSEP expression. For
lightly overconsolidated specimens (i.e. OCR <1.5-2), an exponent of 0.90 and 0.80 for LCT
and BBC, respectively, describes the measured response better but significantly overpredicts the
undrained strength for OCR > 2 (cf. Figure 10). The predicted transition from contractive to
dilative behaviour with increasing OCR is very well described by the model with the exception of
OCR = 1. Parameter 4; decreases rapidly from an initial value of 0.95-1.05 to 4¢ ~ 0.2 for an
OCR ranging from 1.5 to 1.7, while the subsequent decrease is relatively small for higher OCRs.
The discrepancy in 4¢ for OCR =1 in compression may be attributed to slight ‘apparent’
preconsolidation induced by secondary compression of normally consolidated specimens as
described by Gens [3].

3.2. Non-triaxial modes of shearing

Comparison of predictions with measured data for modes of shearing other than triaxial
provides an assessment of predictive capabilities and limitation of the proposed model.
Figures 11(a) and (b) show the effective stress paths and shear stress—strain response measured
in undrained plane strain compression tests (CKyUPSC) for specimens with overconsolidation
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Figure 10. Evaluation of model predictions at peak shear stress conditions in triaxial conditions.

ratios, OCR <7. All tests were performed at a shearing rate of Aé, = 0.04%/h. The model gives
excellent predictions of measured stress—strain behaviour at small strains and undrained shear
strength for all overconsolidated samples, but overestimates the undrained shear strength at
OCR = 1. The MIT-S1 model is rate independent with input parameters that were calibrated
with data obtained from tests at the standard shearing rate of 0.5%/h. While the differences in
behaviour due to strain rate are small for overconsolidated specimens, they are significant for
lightly overconsolidated clays (i.e. OCR < 1.5). The predicted effective stress paths and stress
obliquities are in good agreement with measured data, but the model does not describe the
negative shear induced pore pressure measured in tests at small strains. Predicted peak friction
angles are consistently at approximately 2-3° higher than those measured (i.e. 33-35° vs 30-32°).

Figure 12 compares MIT-S1 predictions with measured data for plane strain compression and
extension tests on Boston Blue Clay at OCRs = 1, 2 and 4 as reported by Ladd and coworkers
[14]. The results show the following:

1. For normally consolidated clay, the predicted peak shear strength in plane strain
compression, sypsc/d,. = 0.34, occurs at a small strain levels, &, ~ 0.2% and is in excellent
agreement with the measured data. The model predicts post-peak strain softening in
conjunction with positive shear induced pore pressures, which are in very good agreement
with the measured data for ¢, <4-5%. For strains larger than 5% the model converges
to critical state conditions with no further softening, while observed behaviour
shows increased softening. For plane strain extension, the predicted shear
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Figure 11. Comparison of predicted and measured undrained plane strain behaviour of
Lower Cromer Till.

strength, sypsg/o,, = 0.24, is mobilized at large strains (¢, & 20%) and positive shear
induced pore pressure is developed initially but then decreases as the sample tries to dilate
(cf. Figure 12(a)). The measured extension data, on the other hand, shows significant
scatter with undrained strength ranging from s, /a’,, = 0.19-0.26 obtained at large strains,
and mobilized friction angles well in excess of that predicted by the model and may be due
to difficulties in actual pore pressure measurements. The extension data, in general, are not
considered reliable for strains g, > 5% [14].

. For compression tests at OCR = 2, the undrained shear strength is mobilized at small strains

&a ~ 1% and is characterized by a reversal from negative to positive shear induced pore
pressures which is well predicted by the MIT-S1 model. In extension tests, the undrained
shear strength is mobilized at large strains, with continuous positive shear induced pore
pressure and mobilized friction angles, which exceed 50°. The model gives excellent
prediction of the measured stress—strain behaviour for ¢, <3%, but predicts that the specimen
dilates with the mobilized friction angle exceeding critical state conditions (i.e. ¢’ >37.9°).
The undrained shear strengths and the stress—strain behaviour predicted by the model are in
excellent agreement with measured data in both compression and extension modes.

. At OCR =4, the model predicts undrained shear strengths which are in excellent

agreement with measured data in both compression and extension modes of shearing
(within 5%). Peak stress obliquity is well described (within 1-2°) in plane strain
compression tests, while measurements in extension tests are not considered reliable.
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Figure 12. Comparison of predicted and measured undrained plane strain behaviour of Boston Blue Clay.

It should be noted that the MIT-S1 model predicts a unique critical state friction angle in all
modes of plane strain shearing (i.e. ¢pg = 37.9°) due to the use of an isotropic failure criterion
[15]. This is in contrast to previous developments at MIT (e.g. MIT-E3 model [13]) which
assumed an anisotropic criterion for critical state failure conditions. However, MIT-S1 does
describe differences in the peak friction angles for different shearing modes as a function of
prior consolidation stress history (e.g. CKy vs CI). This development is in contrast to the
anisotropic criterion used by previous models developed at MIT (e.g. MIT-E3 model) which
only considered anisotropy resulting from Kj-consolidation stress history. For BBC, the
MIT-S1 model predicts that ¢pgy — ¢pc ~ 4.5°, while peak and large strain obliquities in
extension mode follow ¢pgp > Prg-
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Another test routinely used in clay investigation is the direct simple shear, DSS, test. A large
number of CK UDSS tests have been conducted in resedimented BBC over the last 25 years at
MIT [16] using the Geonor apparatus [17]. In this device, the sample is confined laterally by a
wire-reinforced membrane to prevent lateral straining and undrained shearing is simulated by
conducting constant volume (height) tests such that the total vertical stress is equal to the
vertical effective stress. Experimental investigations report highly consistent measurements of
engineering properties but there is still controversy in the actual interpretation of test results.
This is due, in large part, to the fact that boundary conditions are not well controlled and that in
standard tests without measurement of the lateral traction, o7, the complete state of stresses is
not known.

The measured data are considered reliable for shear strains in the range 0.1<y<10%,
reflecting measurement limitations at small strains and the unloading that occurs at large
strains. Figures 13(a) and 13(b) compare model predictions and measured effective stress paths
(acting on horizontal planes in the sample, i.e. ¢/, vs 1) and the shear stress—strain behaviour for
CK( UDSS tests on recent resedimented BBC for nominal OCRs = 1, 2, 4 and 8. The figures

0.5 L LV - B B
- Effective stress-paths " Measured Data: BRC |
_bn. 04 _.-" : Direct Simple Shear
> L Symbol OCR |
- 03 L ol o 1 |
2 ] 2
o L . 4 J
=)
@ 02| ‘4 8
=
U_) -
=
© 0.1 |
o
0.0 L.
0.0
(@)
0.25 r T T T T T i
e C Stress-strain curves ]
© C ]
DO.ZOZ "‘....OOQQQCOQ..." 1
4 : {20¥
17} 015 L o o0 ¢ & ¢ 9 ¢ ¢ .
Iy gl R
2
=t 0.10 H AAAAAAA“‘“““ /1
,QQ) AA AA aat ]
7 a ]
0.05 -
Model Predictions ]
0.00 [ R (U R SR SRS
0.0 2.0 4.0 6.0 8.0 10.0 12.0

(b)

Shear Strain, Yy (%)

Figure 13. Comparison of predicted and measured undrained simple shear behaviour of Boston Blue Clay.
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present model predictions for Kone = 0.49 which are consistent with recent measurements in the
triaxial apparatus, however the actual K, value is not known as o, is not measured using
standard test equipment during either Kj-consolidation or undrained shearing. The undrained
strength in this device, sypss, is taken to be the measured maximum horizontal shear stress,
Thmax-

At OCR =1, model predictions are in good agreement with the measured stress—strain
behaviour (cf. Figure 13(b)) and effective stress paths (cf. Figure 13(a)) while under-predicting
the undrained shear strength by 5-10% (predicted sypss/o,, =0.18 vs measured
supss /0%, = 0.19-0.20). This difference can be explained, in part, by slightly different initial
Ky conditions as discussed by Pestana [1]. At OCR =2 and 4, the model gives excellent
predictions of undrained shear strength and maximum stress obliquities (i.e. t/¢) mobilized in
horizontal planes, but significantly overpredicts the stiffness for y<2% for OCR = 4. Measured
effective stress paths show initial negative induced pore pressure up to the peak shear stress,
after which softening occurs, which is well predicted by the model. However, the model
characteristic feature is the second reversal of shear induced pore pressure occurring at y =
8-10% (limits of reliable stress—strain data) but is not observed in measured data. Critical state
conditions are achieved at large strains, y & 20% while measured data shows increasing strain
softening resulting from the unloading that occurs at large strains [18]. For OCR of 8 the model
gives good predictions of undrained shear strength at large strains (y = 10%), but overestimates
significantly the shear stiffness throughout the test. In all cases, the undrained strength is
achieved at large strains y &~ 20%. The maximum stress obliquity, Y., (= [tn/0%]m.,) Predicted
at large strains increases with increasing OCR and is in excellent agreement with measured data
for all OCRs.
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Figure 14. Evaluation of model predictions of undrained strength of CK, consolidated
Boston Blue Clay for various modes of shearing.

Copyright © 2002 John Wiley & Sons, Ltd. Int. J. Numer. Anal. Meth. Geomech. 2002; 26:1123-1146



1140 J. M. PESTANA, A. J. WHITTLE AND A. GENS

Figure 14 summarizes MIT-S1 model predictions of undrained shear strength (s,/ad’,) for
triaxial, plane strain and DSS modes of shearing with overconsolidation ratios up to 8,
compared with measured data for resedimented Boston Blue Clay. The model predicts the
highest strengths in plane strain active tests and the lowest in DSS tests. The undrained strength
in triaxial extension is slightly higher than those from DSS for all OCRs considered. Model
predictions are in excellent agreement with measured data in compression (triaxial and plane
strain) and DSS tests with OCRs < 8. For extension tests the model gives very good agreement
with measured data, considering the scatter in some tests and the difficulties involved in
extension tests at large strains. The predictions follow very closely a power law relation between
the strength and OCR with exponents ranging from m = 0.70 in compression modes to m = 0.75
in extension modes. These results are in excellent agreement with SHANSEP parameters
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Figure 15. Effect of consolidation stress history on the undrained behaviour of isotropically
consolidated Lower Cromer Till.
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proposed by Ladd and Foott [7] for OCR<8. Undrained strength anisotropy is most
pronounced in soft normally and lightly overconsolidated clays (OCR <2.0).

3.3. Effect of stress history on isotropically consolidated specimens

Figures 15(a)-15(c) show comparison between measured and predicted effective stress paths and
stress—strain behaviour of isotropically consolidated samples of LCT with OCR < 10. Model
predictions are in qualitatively good agreement with measured data, but the model
underpredicts the secant shear stiffness for axial strains larger than approximately 1% for
both triaxial compression and extension modes. This result suggests that there are large
differences in the small strain stiffness of K, and hydrostatically consolidated specimens. The
MIT-S1 model assumes that the small strain stiffness is only dependent on the current density
and confining stress level and hence cannot describe the large differences in the shear stiffness of
CKyU and CIU tests on LCT. This issue deserves further study especially in the light of recent
measurements of small strain anisotropy reported by Jamiolkowski and coworkers [12].
Figure 16 shows the normalized undrained strength, s,/o,, (where o), is the vertical
consolidation stress) as a function of OCR. The model predicts similar trends for triaxial
compression and extension but consistently underpredicts the undrained shear strength by 10—
20% for all OCRs. Figure 16 also shows the relative change of the undrained strength as a
function of OCR when normalized by the observed value for normally consolidated samples.
The model gives similar predictions as the SHANSEP expression (i.e. sy/0% = (su/00)NnC
OCR™) with an exponent of approximately 0.8.

Figure 17 compares predictions of effective stress paths for undrained triaxial compression
tests with measured data for isotropically consolidated samples of Boston Blue Clay with initial
OCR = 1,2,4,8. The model gives excellent predictions of maximum stress obliquities for all
OCRs and of shear induced pore pressures for OCR = 1, 4 and 8. The experiment at OCR had
some technical difficulties and the stress—strain response is not considered reliable. The model
gives excellent predictions of the stress—strain curves at all OCR up to 2%, while slightly
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Figure 17. Effect of consolidation stress history on the undrained behaviour of isotropically
consolidated Boston Blue Clay.

underestimating the stiffness at higher strains. Model predictions of undrained shear strength, as
described by the undrained strength ratio (sy/0.,), follow very closely a power law relation
between the strength and OCR with exponent m = 0.725 + 0.025 and are in excellent agreement
with measured data for OCR <2 while slightly underestimating s, (by 10-20%) for OCR = 8.
The predicted Skempton pore pressure parameter at failure, 4¢ [= (Au — Ao3)/(Aoy — Ao3))st
with OCR is in excellent agreement with measured data at all OCRs as seen in Figure 18.

4. DRAINED BEHAVIOUR

This section focuses on MIT-S1 predictions of standard drained triaxial compression tests for
isotropically and K consolidation stress histories. Drained tests on clays are far less common
and a consistent database is not readily available for many clays. For BBC, some excellent
quality drained tests have been performed at MIT primarily for consulting projects. Perhaps the
most extensive and comprehensive database is that of resedimented Lower Cromer Till and
reported by Gens [3]. The test database include drained shear tests on Kj and isotropically
consolidated specimens with overconsolidation ratios, OCR <10, as well as numerous special
stress path tests used to evaluate particular aspects of the critical state framework of
soil behaviour [19]. Figure 19 compares MIT-S1 predictions with measured data from a
series of drained triaxial compression tests (CKoDC, 1.0<OCR<7.0) sheared at a strain
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rate & ~ 0.02%/h. Although the model gives excellent predictions of the measured volumetric
strains at all OCRs (and hence matches the measured critical state conditions), it slightly
overpredicts the secant shear stiffness at strains 1% <, <5%. The model correctly captures the
transition from contractive to dilative as the overconsolidation ratio increases. At OCR ~ 7,
the material shows minimal contractive response (see Figure 19).

Figure 20 compares MIT-S1 model predictions with measured data from a series of standard
drained triaxial compression tests on isotropically consolidated specimens (i.e. CIDC) with
OCR =1,1.25,1.5,2,4,10. The shear stress is normalized by the maximum mean effective
stress, o;. As the overconsolidation ratio increases, the behaviour changes from contractive to
nearly neutral (i.e. no volume change at OCR ~ 5) to dilative at higher OCRs (OCR = 10). In
general, the shear stress—strain response and volumetric behaviour are very well described by
MIT-S1 although the model slightly underpredicts the measured dilation at high OCR’s (OCR
= 10). Overall, the volumetric behaviour predicted by the model is in excellent agreement with
measured data.
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Figure 19. Effect of overconsolidation on the drained response of Kj-consolidated Lower Cromer Till.

5. CONCLUSIONS

This paper gives a detailed evaluation of the predictive capabilities and limitations of a new
constitutive model, MIT-S1 to describe the rate independent behaviour of clays. Input
parameters for the model are obtained from standard types of laboratory tests using a consistent
procedure, which is illustrated for Lower Cromer Till. Model evaluation is investigated through
comparison with results from an extensive program of laboratory element tests on Lower
Cromer Till and Boston Blue Clay. Extensive comparison of model predictions with measured
undrained triaxial, plane strain and direct simple shear stress on Kj-consolidated specimens
show that MIT-S1 describes accurately the stress—strain—strength properties for OCR < 10.
Overall, comparisons with measured data from undrained shear tests performed in different
modes of shearing and for high overconsolidation ratios show that the model: (a) gives excellent
predictions of maximum shear stress conditions and gives a good description of the observed
non-linear shear stress—strain behaviour. The model also describes the anisotropic shear stress—
strain—strength conditions resulting from different consolidation stress histories. The MIT-S1
model remedies two previously reported limitations: (1) the stress obliquity is well described,
especially at high OCR; and (2) the model simulates the measured tendency of the soil to dilate
(negative shear induced pore pressures) when sheared to large strains in extension tests.
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Figure 20. Effect of overconsolidation on the drained response of isotropically consolidated
Lower Cromer Till.

The test database for LCT also includes drained shear tests on K, and isotropically
consolidated specimens. Overall, the model gives excellent prediction of the transition from
contractive to dilative volumetric response with increasing overconsolidation ratio, OCR. The
model also gives qualitatively good predictions of the stress—strain response at all OCR for K
and isotropically consolidated samples. In general, the model slightly underestimates the
stiffness for isotropically consolidated samples at all OCR. Finally, model predictions are in
excellent agreement with measured volumetric response at all OCRs.
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