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Modelling the rate-sensitive characteristics of
the Gloucester foundation soil

Sean D. Hinchberger and R. Kerry Rowe

Abstract: Stages 1 (1967) and 2 (1982) of the Gloucester test embankment are studied using a fully coupled finite-
element model. The rate-sensitive characteristics of the foundation soil are modelled using an elastoviscoplastic
constitutive equation based on the elliptical cap yield surface and Perzyna’s overstress theory of viscoplasticity. The
aspect ratio of the yield surface for the Gloucester foundation soil is estimated using conventional laboratory shear and
consolidation test results. Calculated and measured behaviour during consolidated isotropically undrained triaxial tests
and long-term Rowe cell consolidation tests are compared and the ability of the model to describe the measured
behaviour of stages 1 and 2 of the Gloucester test embankment is studied. This paper explores the implications of
modelling the residual or restructured properties of the Gloucester foundation soil and demonstrates the ability of a
single elastoviscoplastic yield-surface model to describe the undrained and drained response of the Gloucester
foundation soil during laboratory and field loading conditions.

Key words elliptical cap, rate sensitive, elastoviscoplasticity, embankment settlements, pore pressures, field perfor-
mance.

Résumé: Les étapes 1 (1967) et 2 (1982) du remblai d’essai de Gloucester sont étudiées au moyen d’'un modele
d’éléments finis complétement couplés. Les caractéristiques de sensibilité a la vitesse de déformation du sol de
fondation sont modélisées en utilisant une loi de comportement élasto-viscoplastique basée sur la surface de limite
élastique ellipsoide et la théorie de viscoplasticité en surcontrainte de Perzyna. Le rapport de I'allure de la surface
limite pour le sol de fondation de Gloucester est estimé au moyen de résultats d’essais conventionnels de cisaillement
et de consolidation en laboratoire. L'on compare les comportements calculé et mesuré au cours des essais triaxiaux
consolidés dans des conditions isotropes et non drainées (CIU) et des essais de consolidation a long terme dans la
cellule de Rowe, et I'on étudie I'habilité du modéle a décrire le comportement mesuré des étapes 1 et 2 du remblai
d’essai de Gloucester. Cet article explore les implications de la modélisation des propriétés résiduelles et restructurées
du sol de fondation de Gloucester et démontre I'habilité d’'un simple modele de surface limite élasto-viscoplastique

pour décrire la réaction non drainée et drainée du sol de fondation de Gloucester dans des conditions de chargement en

laboratoire et sur le terrain.

Mots clés: surface limite ellipsoide, sensibilité a la vitesse de déformation, élasto-viscoplastique, tassements de rem-
blais, pressions interstitielles, performance sur le terrain.

[Traduit par la Rédaction]

Introduction curately model embankment behaviour since, they do not
consider soil rheology and consequent rate effects. Rheology
fodels such as the Gibson and Lo model (1961) enable en-
Jineers to predict rates of secondary compression (Lo et al.
b o o 976), and Redman and Poulos (1984) showed that a
embankment loads cause significant yielding within the, ;s qe|astic—plastic model could describe undrained creep
foundation soil (e.g., Bozozuk and Leonards 1972; Massagiing short-term embankment loads. There is, however, an
chusetts Institute of ~Technology 1975). Nonlinear ;5 ant need to have an integrated approach to predicting

elastoplastic yield-surface models (e.g., Roscoe an‘gmbankment - :
! 4 > performance which allows for the consider-
Schofield 1963; Roscoe and Burland 1968; Chen 1982) haVﬁtion of yielding, rate effects, consolidation, and creep and

enabled researchers to achieve considerable success in P{§test this formulation against field behaviour.
dicting embankment_behawour (e.g., McCarron and Chen The performance of stage 1 of the Gloucester test em-
1987); however, as illustrated by Rowe et al. (1996), for P 9

some soils these elastoplastic models are not sufficient to a@2nkment (constructed in 1967) has been well documented
P in the literature (e.g., Bozozuk and Leonards 1972), and sev-

eral researchers have investigated the behaviour of the Glou-

The prediction of excess pore pressures, undrained defo
mations, and long-term settlements of embankments co
structed on soft cohesive soil deposits can be difficult whe

Received September 13, 1996. Accepted June 12, 1998. cester foundation soil in undrained and drained laboratory
S.D. Hinchberger. Acres International Ltd., Niagara Falls, tests (e.g., Law 1974; Lo et al. 1976; Lerou_eﬂ et al. 1983).
ON L2E 6WI. Canada. In June 1982, the second stage of construction for the Glou-
R.K. Rowe. Department of Civil and Environmental cester test fill was commenced and the measured response
Engineering, The University of Western Ontario, London, was the subject of a Workshop on the Prediction of the Engi-
ON N6A 5B9, Canada. neering Behaviour of the Second Stage of the Gloucester
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Fig. 1. Overstress measurement and geometry of elliptical yield surface. N/C, normally consolidated; O/C, overconsolidated.
1.00

NOTE:

O'(S) VARIES WITH
my,  DEPTH (FIGURE 10)

N/C FAILURE ENVELOPE

0.75

STRAIN RATE
VECTOR (NORMALITY)

POTENTIAL STRESS PATH
RAPID LOADING RATE

DYNAMIC YIELD

O]
2\J2 / UmyA
o
(8]

o

0/C FAILURE ENVELOPE
(DRUCKER—PRAGER)

SURFACE FOR
/ PONT B —
0.25 L ELUPTICAL CAP & -
o (Chen 1982) STATIC YIELD SURFACE:
ow—1 STRESS STATE B
omRec
L STATIC YIELD SURFACE:
o INITIAL STRESS STATE A
my (d)
0.00 1 ] 1 | [ “myg
0.00 0.25 0.50 0.75 1.00 1.25 1.50

crm/c"f;)

Test Fill in 1986. Fisher et al. (1982) successfully made eelliptical cap yield function (Chen 1982) was used to define
class A prediction of the behaviour of stage 2 of the Glou-yielding in the normally consolidated range. dﬁf@, is the
cester test embankment; however, the method of analysigeld-surface intercept with the mean effective stress,
used for the prediction incorporated a great deal of engineeiaxis (O}, = (0; + 0, + 03)/3), the elliptical cap is described
ing judgement. by the location of the centre of the ellipse @lf, = | (see
This present paper has three objectiva¥:t¢ study the Fig. 1), the yield-surface intercepbﬁ)y, and the yield-
ability of an elastoviscoplastic yield-surface model to de-surface aspect ratidR,, in (2J,)*-d}, space, wherel, =
scribe the behaviour of the Gloucester foundation soil duringl/6[(g;; — 0,)? + (014 — 039% + (0, — 0397 +
long-term Rowe cell oedometer tests, and during consoli{a;,)? + (0,3)% + (031)? is the second invariant of the stress
dated isotropically undrained (CIU) triaxial constant rate oftensor. The expansion of the yield surface is a time-
strain compression testsji)( to study the ability of an dependent process which is related to the viscoplastic volu-
elastoviscoplastic yield-surface model to describe the unmetric strain that occurs during a time increment (see
drained and drained response of stages 1 and 2 of the Gloge. [A7] in the Appendix). By definition, the static yield sur-
cester test embankment; arid)(to explore the implications face defined bycﬁg) corresponds to the locus of yield
of modelling the residual or restructured properties of thestresses for infinitefy slow loading of the soil. For a nor-
Gloucester foundation soil. A new and important aspect oimally consolidated soil, any load that is not applied infi-
this paper is the demonstrated ability to describe the draineditely slow may cause the stress state in the soil to change
and undrained response of the Gloucester foundation soffom the initial stress state, such as point A in Fig. 1, to an-
during both field and laboratory loading conditions with a other stress state on the dynamic yield surface (e.g., point B
single constitutive model. in Fig. 1). The dynamic yield surface is defined 3, as
shown in Fig. 1. This point (point B) is assumed to be over-
stressed relative to the static yield surface by an amafht
which is measured in @Y% g, stress space, and the dy-
A detailed subsurface profile for the Gloucester founda-namic yield surface is used to define the potential resultant
tion soil has been presented in the literature by Bozozuk an@f the viscoplastic strain-rate vector. While a state of over-
Leonards (1972). In general, the Gloucester foundation so#tress exists, the soil will undergo viscoplastic straining and
is a very soft to firm intermediate- to high-plasticity silty consequent time-dependent deformation which is propor-
clay. In this paper, the rate-sensitive characteristics of théional to the amount of overstress{y, relative to the static
Gloucester foundation soil were modelled using Perzyna'®r long-term yield curve. Given sufficient time, the full plas-
(1963) theory of elastoviscoplasticity wherein the yield tic strains associated with conventional plasticity theory will
function of classical plasticity is coupled with a time-rate be achieved.
rule. The theoretical basis for elastoviscoplastic constitutive
The theoretical formulation adopted is summarized in thanodels has been described extensively in the literature (e.g.,
Appendix and the basic concepts are illustrated in Fig. 1. ArAdachi and Okano 1974; Adachi and Oka 1982; Katona

Elastoviscoplastic elliptical cap model
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1984; Kavazanjian et al. 1985; Oka et al. 1986; Desai andfig. 2. Typical oedometer consolidation behaviour of Gloucester
Zhang 1987). Only basic concepts with respect to the constifoundation soil. Bilinear approximation in normally consolidated
tutive model used are provided above to allow for morestress range.

complete comparison of calculated and measured soil behav ; — . — . —

iour. The elastoviscoplastic elliptical cap model used in this Preconsolidation Pressure, o
paper most closely resembles the constitutive models o l ’
Adachi and Oka (1982) and Katona (1984). However, in the Or , 1

present formulation, an elliptical yield surface (Chen 1982)
has been used to define the stress states at yield rather th:
the Original Cam-Clay yield surface adopted by Adachi and
Oka (1982). This modification was introduced to accommo-
date the fact that the yield surface of clayey soils tends tc
vary from soil to soil (see Mitchell 1970; Tavenas and
Leroueil 1977; Lew 1981, Folkes and Crooks 1985). The as-&
pect ratio of the elliptical yield surface can be changed tov
account for this variability. An elliptical yield surface was
also used by Katona (1984), but the viscoplastic flow rulec’,‘,
adopted for the present formulation (see eq. [A6]) is closerg 20 |
to the flow rule proposed by Adachi and Oka (1982) than§
that adopted by Katona. For the present formulation, the
flow rule of Adachi and Oka was modified to better suit the
elliptical yield surface based on laboratory studies of the
yielding behaviour of natural soils (Hinchberger 1996).

The elliptical cap elastoviscoplastic model described in OVER GONSOLIDATED ,’
the Appendix was coupled with Biot consolidation theory STRESS RANGE \
and incorporated into the finite-element program AFENA / |
originally developed by Carter and Balaam (1990) and sub-
sequently modified by the authors to allow modelling of
elastoviscoplastic behaviour. Details of the finite-element 44 S T S S i
implementation are summarized in the Appendix and are de 1 10 100 1000
scribed in more detail by Hinchberger (1996). In addition, . .

Rowe and Hinchberger (1998) have demonstrated the ability Vertical Effective Stress (kPa)
of the elastoviscoplastic constitutive model to describe the
rate-sensitive behaviour of the Sackville foundation soil.  tests were modelled using the elastoviscoplastic model (see
Appendix) by discretizing the soil sample using cubic strain
. triangles and assuming axisymmetric conditions.
Laborat?ry be_haVIour of Gloucester The hydraulic conductivityk, of the Gloucester founda-
foundation soil tion soil was considered to be dependent on the void ratio as
follows:

10

Oedometer Resuits
3.45-3.9 metres
(Leroueil et al. 1983)

train (9

e — Approximation

TRANSITION RESTRUCTURED

One-dimensional consolidation

Figure 2 shows a typical consolidation curve for the Glou- _
cester foundation soil. The Gloucester foundation soil has afil] k =k, eXp%bJH
overconsolidated range and a relatively well defined precon- k
solidation pressure that is dependent on strain rate during
testing (Leroueil et al. 1983). The normally consolidatedwhereg, is the reference void ratid, is the hydraulic con-
range may be divided into two distinct phases as suggestedlictivity at the reference void rati@, is the void ratio, and
by Silvestri (1984) and shown in Fig. 2. The first phase is a Cy is the slope of the — log (k) plot. Equation [1] was also
transitional phase where the natural cemented structure efsed by Mesri and Choi (1979) to describe the change in hy-
the Leda Clay is broken down. The second phase is the ratraulic conductivity with void ratio for the Gloucester foun-
structured phase. For the purpose of modelling the deformadation soil usingC, = 1.0. A value ofC, = 0.25 estimated
tion characteristics of the Gloucester foundation soil thefrom the results of hydraulic conductivity tests at depths of
normally consolidated phase was considered to be bilinea?.13, 2.74, and 3.96 m (summarized in Table 1) was adopted
(see Fig. 2). This will be discussed further when comparingn this paper. The hydraulic conductivity test results listed in
the calculated and measured behaviour of stage 2 of th&able 1 were obtained at the National Research Council of

Gloucester test embankment. Canada (NRC). The value & was found to be highly vari-
able below 5.2 m; however, the hydraulic conductivity tests

Behaviour during long-term Rowe cell consolidation at 2.13, 3.74, and 3.96 m are more applicable to the long-
term laboratory consolidation tests on soil from a depth of

Selection of material properties 4.2 m. In addition toC, = 0.25,k, = 2.5 x 10° m/s was se-

Lo et al. (1976) published the results of long-term Rowelected for both test simulations so that the calculated time to
cell consolidation tests for Gloucester foundation soil from90% dissipation of excess pore pressures was 350 min as re-
depths of 2.4 and 4.2 m, respectively (see Fig. 3). Thesported by Lo et al. (1976). This initial hydraulic conductiv-

© 1998 NRC Canada
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Fig. 3. Comparison of calculated and measured compressive strains during long-term Rowe cell oedometer tests.
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Table 1. Hydraulic conductivity test results at initial and final in situ stresses for stage 1 of the Gloucester test embankment (data
supplied by NRC).

Initial Final
Hydraulic Hydraulic
Depth Water content Void conductivity k Water content Void conductivity
(m) w (%) ratio e (x10° m/s) w (%) ratio e k (x10° m/s) C
2.13 88.5 2.39 2.7 76.4 2.06 0.9 0.30
2.74 4.7 2.02 2.0 62.6 1.69 0.4 0.21
3.96 85.4 2.31 2.0 66.5 1.80 0.1 0.19
5.18 64.4 1.74 1.1 61.5 1.66 0.9 0.54
5.64 59.0 1.59 0.6 56.8 1.53 0.6 0.54
7.38 101.6 2.74 2.5 97.8 2.64 1.8 0.29
8.53 94.0 2.54 1.4 91.3 2.47 1.3 1.11
10.36 94.2 2.54 1.6 91.9 2.48 0.9 0.11
12.19 82.8 2.23 1.2 82.1 2.21 0.9 0.07
13.41 47.2 1.27 1.6 46.0 1.24 1.3 0.15
15.24 56.7 1.53 1.4 55.7 1.50 0.8 0.06
17.68 64.3 1.74 1.8 62.7 1.69 1.7 0.73
20.73 30.6 0.82 2.7 29.6 0.80 2.7 0.0

Note: Hydraulic conductivityk was derived using eq. [1], an@, is the slope of thes — log (k) plot.

ity also compares favourably with the results of hydrauliccept of ¢, = 0 based on the failure envelope obtained by
conductivity tests (see Table 1) for soil from these depths.Law (1974) for the Gloucester foundation soil. The aspect

The recompression indek, was estimated to be 0.025 for ratio, R, = 1.65, of the elliptical yield surface was selected
the Gloucester foundation soil based on consolidation curvesn the basis of both long-term consolidation tests and CIU
published by Leroueil et al. (1983). The compression indextriaxial tests which will be discussed in more detail in a later
A, was selected to be 0.65 based on the results of convesection. Table 2 contains a list of all material constants used
tional oedometer consolidation tests on soil from comparato calculate the long-term Rowe cell consolidation behaviour
ble depths(see Fig. 4). The slope of the failure envelopeof the Gloucester foundation soil, and Table 3 summarizes
((23)Y*~a,,' stress space) in the normally consolidatedthe stress increments used by Lo et al. (1976) and sample in-
stress range was taken to be= 0.9, with a cohesion inter- formation.
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Table 2. Assumed material properties for long-term Rowe cell consolidation simulations.

Poisson’s ratioy 0.3
Viscoplastic fluidity constanty’? (s 1.67 x 1010
Strain-rate exponent) 30.0
Reference or initial void ratiog, 1.8
Hydraulic conductivty at reference void ratik, (m/s) 2.5 x 10°
Slope ofe — log (k) plot, C, 0.25
Recompression index based en- In o curve,k 0.025
Compression index based @ In o curve, A 0.65

Table 3. Sample information and stress increments for Rowe cell consolidation tests.

Sample Sample size Depth Natural moisture Preconsolidation pressure, Stress increment
type (mm) (m) content,w,, (%) g, (kPa) (kPa)

Block 150 x 50 2.4 66.1 62.0 42.9-90.0
Osterberg  112.5 x 50 4.2 70.6 69.0 48.2-92.3

Fig. 4. Compression index\, versus depth. Data supplied by
the National Research Council of Canada (NRC). iour for soil from a depth of 4.2 m, indicating that the differ-

ence between calculated and measured behaviour for soil

0 ' ' ' ' ' from 2.4 m may also be the result of soil variability.
o The yield-surface interceptsy), which resulted in the
2 Qd%8 7] best fit to the measured behaviour were 54 kPa for soil from
hd ° 2.4 m and 62 kPa for soil from 4.2 m. A fluidity constant,
4+ o I° ®  Oedometer (NRC) - VP, of 1.67 x 10'%s was inferred for soil from both depths
® cedoe Assumed based on the fit of Rowe cell consolidation test data and CIU
6L o d _ triaxial shear test results that will be discussed in a later sec-
e tion. The strain-rate parametar, was selected so that the
calculated rates of secondary compression matched the mea-
_ 8r ° 7 sured ratesr(is inversely proportional to the rate of second-
E ary compression). Furthermore, the yield-surface intercepts
£ 10 ‘. ., of 54 and 62 kPa are less than the preconsolidation pressures
2 of 62 and 69 kPa reported by Lo et al. (1976) for conven-
12 L ° . tional oedometer consolidation on soil from 2.4 and 4.2 m,
respectively. This is consistent with the concepts of overstress
1a | | viscoplasticity, since the field preconsolidation pressures
generally correspond to infinitesimal or very slow strain rates,
e o whereas laboratory preconsolidation pressures are typically
16 - 7 measured at higher strain rates.
e Leroueil et al. (1983) established that the measured pre-
18 < - consolidation pressure of the Gloucester foundation soil was
< strain-rate dependent, and the results published by both Lo
20 ! ! ! | ! et al. (1976) and Leroueil et al. (1983) show that rate effects
00 05 10 15 20 25 3.0 are less significant for stress states below yield. For stress
. states that exceed yield, the behaviour of the Gloucester
Compression Index, 4 foundation soil during long-term consolidation tests was

found to be dominated by secondary compression (Lo et al.
1976). Furthermore, the yield pressure of the Gloucester
Comparison of calculated and experimental behaviour foundation soil was found to be strongly influenced by strain
Figure 3 illustrates the general ability of the elastovisco-rate (Leroueil et al. 1983). This provides some justification
plastic elliptical cap model (withR, = 1.65) to describe the for the use of elastoviscoplastic theory to describe the be-
secondary compression behaviour of the Gloucester soil duhaviour of the Gloucester soil.
ing long-term Rowe cell consolidation tests. At a depth of The analysis of long-term Rowe cell consolidation tests
2.4 m, the elliptical cap constitutive model predicted moreusing the elliptical cap elastoviscoplastic constitutive model
delayed compression in the early stages of the long-terrsuggests that the field yield-surface intercept of the Gloucester
Rowe cell consolidation test than that of the measured refoundation soil is marginally less than the preconsolidation
sponse. This difference in the early stages of the test is smatiressure measured during conventional oedometer consoli-
and may be the result of differences between the assumathtion. On average, the preconsolidation pressure obtained
and actual yield-surface shape for the Gloucester soil, anffom conventional incremental oedometer consolidation tests
the calculated and actual stress path during the test. Therevgs found to be approximately 14% greater than the static
better agreement between calculated and measured behaield-surface intercept back-calculated using the elliptical

© 1998 NRC Canada



774 Can. J. Geotech. J. Vol. 35, 1998

Fig. 5. A comparison of the preconsolidation pressures measured by Leroueil et al. (1983) and Lo et al. (1976) with the field (static)
yield-surface intercept for the Gloucester foundation soil.
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cap elastoviscoplastic model witR, = 1.65. Figure 5 shows to the laboratory oedometer preconsolidation pressure to es-
the apparent preconsolidation pressure versus strain ratinate the field yield-surface intercept. It is now necessary
measured by Leroueil et al. (1983) for soil from a depth ofto justify the use of an aspect ratiB,, of 1.65 for the ellip-
4.05-4.15 m. Also included in Fig. 5 is the preconsolidationtical cap model.

pressure reported by Lo et al. (1976) for soil from a depth of

4.2 m which lies within the range of preconsolidation pres- : : = P
sures obtained by Leroueil et al. (1983) for incrementaIBeha‘"our during undrained triaxial shear

oedometer consolidation. The strain-rate dependency of théirain-rate behaviour during undrained unconsolidated
Gloucester foundation soil during laboratory consolidationyjaxial shear
tests is evident in Fig. 5 and the position of the field yield-  Figure 6 shows the measured peak and postpeak strengths
surface intercept for the elliptical cap constitutive modelpf the Gloucester foundation soil during unconsolidated un-
(R, = 1.65) is also indicated in Fig. 5. Silvestri (1994 drained (UU) triaxial tests at different strain rates (Law
showed that a simple power law (Norton 1929) could be1g74). The figure illustrates two important properties of the
used to correct preconsolidation pressures measured @loucester soil, namelyi)(the dependency of both the peak
higher strain rates during constant gradient and constant raggq postpeak strength on the axial strain rate, aidttfe
of strain consolidation tests back to the preconsolidatioﬁransition from a Strain_soﬁ:ening to a Strain_hardening be_
pressures obtained from conventional oedometer consolid&myiour as the axial strain rate is reduced. The increased
tion at lower strain rates. Figure 5 suggests thalshear strength with increased strain rate illustrates the con-
preconsolidation pressures obtained during incrementalept of overstress viscoplasticity. As the strain rate in-
oedometer consolidation may also require a correction fogreases, the amount of overstress above the long-term
the difference between laboratory strain rates and field strai(lstatic) shear strength increases. The shear strength of the
rates. Gloucester foundation soil decreases with diminishing strain
The foregoing discussion and comparisons provide someate to a value of 13 kPa at a strain rate of 0.0001%/min.
basis for using the elliptical cap elastoviscoplastic constituStage 1 of the Gloucester test embankment was constructed
tive equation to model the long-term behaviour of the Glou-to a height of 2.4 m above the original ground level during a
cester test embankment. The model can adequately descritté day period (Bozozuk and Leonards 1972). Leroueil et al.
the secondary compression behaviour of the Gloucest€l983) estimated from field data that the in situ strain rate
foundation soil during long-term Rowe cell consolidation within the foundation soil at the end of construction was ap-
tests. Recognizing that the elliptical cap elastoviscoplastiproximatey 2 x 10°%%/min, and abou2 x 10%%/min at 1.5
constitutive model implies the presence of a fieldyears after the end of construction. The low in situ strain
preconsolidation pressure that is marginally lower than theates combined with Fig. 6 make it reasonable to assume
preconsolidation pressure measured during incrementdhat the strain-hardening range of behaviour is operative in
oedometer consolidation, a factor of 1/1.14 will be appliedthe field during construction of the Gloucester test embank-
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Fig. 6. The effects of strain rate on the peak and postpeak shear strength of Gloucester foundation soil (Law 1974); constant rate of
strain UU triaxial testswy, natural moisture contenty,, liquid limit; 15 index of plasticity.
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ment. The strain-softening behaviour of the Gloucester founwheren is the strain-rate exponent (see Fig. &} is the
dation soil appears to be strain-rate induced and Glouceststrain-rate-dependent undrained shear strengthg&hid the
soil from a depth of 2.4 m tends towards the residual stateindrained shear strength corresponding; o= y'P. It is im-
(exhibiting no peak—postpeak response) during UU triaxiaportant to note that the strain-rate parameters 30, re-
tests at axial strain rates less than approximately 0.01%/mirguired to fit results of the long-term Rowe cell consolidation
Lo and Morin (1972) found that Leda clay from Saint from a depth of 2.4 m is the same as the strain-rate parame-
Vallier and Saint Louis also tended toward the residual otter, ng = 30, obtained using Norton’s law (1929) to fit the re-
restructured state as strain rates became small during consaidual undrained shear strength versus strain-rate data (see
idated anisotropically undrained (CAU) and consolidatedFig. 6). Hinchberger (1996) showed that eq. [2] may be used
isotropically drained (CID) triaxial tests. to estimate the viscoplastic constants for the elliptical cap
The intercept of the elliptical yield surface (wiRy = 1.65 elastoviscoplastic constitutive equation using the plot of un-
and off), = 54 kPa) with the failure envelope is plotted in drained shear strength versus strain rate.
Fig. 6. The static yield-surface intercepf), = 54 kPa, was
inferred from the long-term Rowe cell consolidation test for ] ] o
soil from a depth of 2.4 m (see Fig. 3). The measured residBehaviour during CIU triaxial shear
ual undrained shear strengths during UU triaxial tests tend Figure 7 shows the comparison between CIU triaxial com-
toward the theoretical long-term shear strength corresponddression test results for the Gloucester foundation soil from
ing to the intersection of the elliptical caR(= 1.65) with ~ a depth of 2.4 m with the calculated behaviour using ellipti-
the failure envelope. Based on the case records reported @l cap viscoplasticityR, = 1.65). The consolidation phase
Bozozuk and Leonards (1972), Lo et al. (1976), and Fisheef the CIU tests was 24 h (Law 1974) and the consolidation
et al. (1982), the range of in situ mean effective stress at aressures exceeded the measured preconsolidation pressure
depth of 2.4 m is approximately 20-30 kPa. The ellipticalof the Gloucester soil. Compression occurred at an axial
yield surface R, = 1.65 andal§), = 54 kPa) intersects the strain rate of 0.017%/min. The consolidation phase of the
failure envelope at a mean effective stress of 21.7 kPa. ThusIU tests was modelled numerically for axisymmetric con-
it is reasonable to assume that the effective stress path duglitions with radial drainage. The slope of the failure enve-
ing UU triaxial tests at a depth of 2.4 m will tend toward a lope, M, in (2J)2- g, stress space was taken to be 0.9 with
stress state at failure which is similar to the intersection ofa cohesion o, = 0 based on the results of Law (1974). For
the yield surface with the failure envelope. each CIU triaxial compression test, the initial position of the
Lastly, the measured residual shear strength versus stragiatic yield surface was taken to be 54 kPa based on the re-
rate data in Fig. 6 was also fit with Norton’s (1929) law, sults of fitting the long-term Rowe cell consolidation test re-

viz., sults for soil from a depth of 2.4 m. The positions of the
yield surface, void ratio, and stress state at the end of the
@ 24 h consolidation phase were calculated and then used as
[2] &, =y"P %E initial input parameters for the CIU triaxial test simulations.
G Modelling the consolidation phase of the CIU triaxial com-
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Fig. 7. Comparison of calculated and measured behaviour duringcess of the failure strains (see Fig. 7) cannot be predicted
CIU triaxial shear. using the elliptical cap viscoplastic model.

100 T T T T

Stage 1: Gloucester test embankment

80 |- - Finite-element discretization
The finite-element mesh used to model stages 1 (1967)
/L’ """""""""" 6,=103 kPa and 2 (1982) of the Gloucester test embankment consisted of
60 4 800 six-noded linear strain triangles (each with three inte-
————————— = 6.=83kPa gration points) and 1702 nodes. Figure 8 shows the geome-

try and finite-element mesh used to model stages 1 and 2 of

i the Gloucester test embankment. As previously noted, the
1 Failure detailed subsurface profile may be found in publication§ by
Bozozuk and Leonards (1972), Lo et al. (1976), and Fisher

A T 165 i et al. (1982). The foundation soil was modelled as an elasto-
e viscoplastic material coupled with Biot consolidation theory

under plane-strain conditions. Based on field data, a rigid

0 ! . ) | permeable boundary condition was assumed at a depth of

0 2 4 6 8 10 20.2 m. The foundation soil was modelled 75 m beyond the
embankment centreline, and at this location a smooth rigid
Axial Strain (%) permeable boundary was assumed. The interface between
120 : : : : the foundation and embankment soils was considered to be
purely cohesive and modelled using six-noded zero thick-
ness joint (or slip) elements. The finite-element analysis of
100 - l Failure T the Gloucester test embankment, however, showed that slip
at this interface did not occur.

The excavation portion of stage 1 construction was simu-
lated by removing excavated elements from the finite-element
mesh and incrementally removing the nodal forces associated
60 e o . with the internal stresses and unit weight of the elements.
....... — Similarly, construction of the embankment was simulated by
a0 | A i adding rows of elements and incrementally increasing the

body forces due to gravity within these elements. The time
Y/ ¢ Law 1974 increments used to march the solution forward in time
20 —-— Caloulated ranged from 0.25 h during the short-term undrained condi-
j tions to 10 h near the end of stage 1 monitoring.

40

64 - 03 (kPa)

20 |

80

Excess Pore Pressure (kPa)

0 1 1 1 i
0 2 4 6 8 10
Axial Strain (% Embankment fill ' -
(%) The embankment fill was modelled as an elastoplastic
(inviscid) material with a Mohr—Coulomb failure criterion
pression tests using the elliptical cap elastoviscoplastic corgnd & flow rule of the form proposed by Davis (1968).
stitutive equation accounts for the effects of secondaryased on the results of Bozozuk and Leonards (1972), the
compression and aging on the position of the yield surface dill material was assumed to be cohesionless with an effec-
the end of the 24 h consolidation phase. tive friction angle¢ = 35° a dilation anglep = 0°, and a
Referring to Fig. 7, it can be seen that an elliptical capunit weight equal to 18.4 kN/# The Young's modulus of
with an aspect ratioR,, of 1.65 adequately describes the be-the fill was assumed to be dependent on the minor principal
haviour of the Gloucester foundation soil during CIU triaxial Stress and described using the equation of Janbu (1963), viz.,
compression tests. The calculated axial stress versus axial m
strain response for tests corresponding to consolidation pre?é EE = Ke 3%
a

Material properties

sures of 83 and 1