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Geosynthetic reinforced embankments on rate-sensitive cohesive soil deposits 
Les digues armées géosynthétiques sur dépôts de sols cohésifs

R.Kerry Rowe & Sean D. Hinchberger - Geotechnical Research Centre, Department of Civil Engineering, University of Western Ontario,
London, Ont., Canada

ABSTRACT: M any soft c layey foundation so ils exhibit strain rate dependent behaviour to varying degrees during laboratory and fieid loading 

conditions. Strain rate effects can in som e cases be quite significant. In this paper, the Sackville test embankment is used to highlight the importance 

of considering strain rate effects when designing and m odelling reinforced em bankments on soft rate sensitive clayey foundation soils. Furthermore, 

calculated embankment behaviour using a coupled elasto-viscoplastic finite elem ent model is compared with measured embankment behaviour and 

the effects o f reinforcem ent stiffness on embankment behaviour are studied.

1. INTRODUCTION

Natural soft cohesive soil deposits have been known to exhibit 

significant time dependent behaviour during laboratory and field 

loading (eg. Leroueil et al., 1983; Folkes and Crooks, 1985 etc.). 

Researchers have demonstrated (eg. Adachi and Oka, 1982; 

Katona, 1984; etc.) the ability o f elasto-viscoplastic constitutive 
models based on Perzyna’s theory of viscoplasticity (Perzyna, 

1966) to describe some of the rate dependent responses o f soil and 

rock during laboratory loading. In general, these types of models 

provide a good opportunity to describe much o f the strain rate 

dependent behaviour of clayey soils; however, there is a paucity 

of documented case histories showing the ability o f these models 

to describe field behaviour.

In 1989, a geotextile reinforced test embankment was 
constructed to failure in Sackville, New Brunswick, Canada. A 

relatively stiff (J = 1920 kN/m) woven geotextile was used for 

reinforcement. Details o f the case history are reported elsewhere 

in the literature (eg. Rowe et al., 1995; Rowe and Hinchberger,

1995) and only the details relevant to the work presented in this 

paper will be discussed. This paper has two objectives; namely, to 
discuss the behaviour of reinforced embankments constructed on 

rate-sensitive cohesive soil deposits and to show comparisons of 

calculated (F.E. methods) and measured embankment behaviour 

for the Sackville test embankment (Rowe et al., 1995.)

2. STRAIN RATE EFFECTS

2.1 F oundation Y ielding and E mbank ment R esponse

During construction o f the Sackville test embankment, the fill 

thickness and vertical displacements beneath the embankment 
centreline were monitored (settlement plate 8S). Using these 

measured parameters, the net embankment height (defined as f i l l  

thickness less vertical displacement) versus fill thickness curve 

was constructed and is plotted in Figure 1.

It is evident in Figure 1 that during periods o f constant fill 

thickness (eg. 16 hrs at 5.7 metres, 61 hrs at 8.2 metres, etc.), the 

embankment continued to deform in a time dependent manner. 

The time dependent behaviour was observed to occur in the 
absence of pore pressure dissipation (see Rowe et al., 1996) and 

has since been shown to be the result o f time dependent plasticity 

(see Rowe and Hinchberger, 1995).

To substantiate this point, note that the time dependent 

deformations generally occur during construction stoppages at fill 
thicknesses of 3.4 metres and greater (see Figure 1); however, the 

time dependency is negligible or absent during construction 

stoppages o f similar duration at fill thicknesses less than 3.4 

metres. Using (i) the measured excess pore pressures, Au, at

piezometer locations beneath the embankment centreline, and (ii) 

the calculated change in vertical stress, Act, the pore pressure 

parameter, B=Au/A<r, was found to change from approximately 

0.3 for fill thicknesses less than 3.4 metres to approximately 1.0 

for fill thicknesses equal to or greater than 3.4 metres. Based on 
the yield criterion proposed by Leroueil et al. (1983), yielding of 

the foundation soil occurred during advancement of the fill from a 

thickness of 2.4 metres to 3.4 metres. This apparent yielding also 

coincides with the increased time dependency o f the deformations.
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FIGURE 1 Calculated and Measured Net Embankment Height 

versus Fill Thickness Response.

2.2 The M obiliz ed U ndrained S hea r S trength, cu.

To gain insight into the behaviour of the Sackville test 

embankment, an elastoplastic finite element analysis was 

performed (see Hinchberger, 1996, for details) using a model 
similar to that successfully used by Rowe and Soderman (1984) 

for the Almere test embankment. The calculated net embankment 

height versus fill thickness response for the Sackville test 

embankment was obtained by applying reduction factors, jj., of 

0.75, 0.8 and 0.85 to the field vane shear strengths and is plotted 

in Figure 1 for comparison with the measured response. The 
reduction factor, j_l , was assumed to be constant with depth. 

Referring to Figure 1, the calculated failure height of the Sackville 

test embankment was found to be in close agreement with the 
measure failure height for a vane reduction factor, |i, o f 0.8.
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2.3 Discussion

Figure 2 shows the measured undrained shear strength versus 

strain rate relationship during CAU triaxial shear tests on 

Sackville foundation soil from a depth of 3.65-3.85 metres. Based 

on settlement augers beneath the embankment centreline and 
construction records, it was possible to estimate the axial 

compressive strain rates in the field during construction. The 

range of in-situ strain rates observed during construction o f the 

Sackville test embankment is shown on Figure 2 in addition to the 

estimated range o f strain rates during field vane tests. The strain 

rate range for field vane tests is expressed as an equivalent axial 
strain rate range estimated from the time to failure during field 

tests.

Strain Rate (%/min)

FIGURE 2 Undrained Shear Strength versus Strain Rate during 

CAU Triaxial Shear for soil from a depth of 3.65-3.85 metres.

It is evident from Figure 2 that the undrained shear strength of 

the Sackville foundation soil is strain rate dependent. 

Furthermore, the ratio between the laboratory undrained shear 

strengths: (i) at strain rates similar to the in-situ strain rates (~ 
0.01%/min.) and (ii) at strain rates comparable to those operative 

during field vane tests is approximately 0.8. Based on the above 

comparison, it appears that strain rate effects at failure can account 

for much of the observed difference between the mobilized or 

apparent undrained shear strength (back calculated using F.E. 

analysis) and the undrained shear strength measured during field 
vane tests. Furthermore, the above discussion and comparisons 

illustrate the importance o f considering the effects o f strain rate on 

the behaviour o f the Sackville foundation soil and the potential 

impact on embankment design and performance. This is 

particularly important for embankment designs where low factors 

of safety (eg. F.S. = 1.3) are adopted. It is interesting to note that 

using the Canadian Foundation Engineering Manual (3"1 Edition, 

1992), Bjerrum's (1972) correction for the Sackville foundation 

soil was found to range from 0.96 to 1.

3. MODELLING STRAIN RATE EFFECTS

Hinchberger (1996) and Rowe and Hinchberger (1995) have 

shown that an elasto-viscoplastic constitutive equation based on 

Perzyna's (1966) theory of viscoplasticity and the elliptical cap 

yield surface described by Chen (1982) can describe much of the 

observed strain rate behaviour of the Sackville foundation soil. 
The elliptical cap yield surface was adopted since the aspect ratio 

of this yield surface can be varied to account for variability of 

yield surface shapes from soil to soil (see Mitchell, 1970; Tavenas 

and Leroueil, 1977; Lew, 1981 and Folkes and Crooks, 1985). 

The model incorporates a modified method of overstress 
measurement which was adopted based on experimental data 

obtained during a laboratory investigation into the rate sensitive 

characteristics o f the Sackville foundation soil (Hinchberger,

1996) and the experimental data of other researchers (eg. Lo et al., 

1976; Folkes and Crooks, 1985; etc.). A hardening law based on 

the void ratio, e, compression index, X, and the recompression

index, k , was adopted. Elasticity was assumed to be non-linear 

and dependent on the mean effective stress, a ’m. The elasto- 

viscoplastic constitutive model was coupled with Biot 

consolidation theory and the hydraulic conductivity o f the soil 

was allowed to vary with the void ratio. Details regarding the 
formulation, implementation, and validation o f the model are 

described by Hinchberger (1996), Rowe and Hinchberger (1995) 

and Hinchberger and Rowe (1996).

4. MEASURED AND CALCULATED BEHAVIOUR

4.1 CAU Triaxial Shear

Figure 3 shows the comparison of measured and calculated 

stress path response during CAU triaxial shear tests at axial strain 

rates o f 0.012%/min. and 1.14%/min. for Sackville foundation 

soil from a depth of 6.65-6.85 metres. The agreement between 
theoretical and measured behaviour is good. In addition to soil 

from a depth of 6.65-6.85 metres, the agreement between 

calculated and measured behaviour during CAU triaxial shear was 

also found to be good at depths o f 2.3-2.5 metres, 3.65-3.85 
metres, and 5.6-5.8 metres. The model adopted for the analysis 

presented in this paper was found to adequately describe the 

effects o f strain rate on the undrained shear strength and stress 

path response of the Sackville foundation soil during CAU triaxial 

shear tests and the behaviour o f the Sackville foundation soil 

during CAU triaxial creep tests (Hinchberger, 1996).

4.2 Vertical Displacements during Construction

Figure 4 shows the comparison o f measured vertical 

displacements at settlement plates beneath the embankment 

centreline (8S), crest (7S) and midpoint between the crest and toe 

(6S) with the calculated finite element response. The foundation 
soils were modelled using the elasto-viscoplastic constitutive 

equation coupled with Biot consolidation theory and the hydraulic 

conductivity o f the Sackville foundation soil was allowed to vary 

with the void ratio as discussed in Section 3. Full details 
regarding the finite element model and the assumed material 

properties can be found in Rowe and Hinchberger (1995).

Referring to Figure 4, the general trend of calculated vertical 

displacements with time compare favourably with measured 
displacements. Three dimensional effects, variability of the 

foundation soils, and uncertainties associated with the 

embankment geometry can account for some o f the differences 

between the calculated and measured behaviour.
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FIGURE 3 Calculated and Measured Response during CAU 

Triaxial Shear Tests for Soil from a Depth of 6.65-6.85 metres.
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FIGURE 4 Comparison o f Calculated and Measured Vertical 

Displacements at settlement plates 6S, 7S and 8S.

4.3 Horizontal Displacements during Construction

I I I 1 

F IE L D  D A TA

’4

_
O 8 .8  m etres from  em bankm ent toe 

(Row e and G nanendran , 1994)

C A L C U L A T E D

i

A .

_
--------8 .8  m etres

(1.25:1 E m bankm ent side slopes) i .

,'b

_ r
'  o _

. .
................o °

o
__ L P.__________ 1______________ L.-------- 1----

-2  0  2 4  6  8 10

Fill T h ickness (m )

FIGURE 6 Calculated and Measured Reinforcement Strains at a 
Distance of 8.8 metres from the Embankment Toe.

In the past, researchers have had difficulty simultaneously 

predicting both horizontal and vertical deformations for 

embankments constructed on clayey foundation soils using 
methods of analysis based on conventional elastoplastic theory 

(eg. Tavenas et al., 1979; Rowe et al., 1996). Figure 5 shows the 

comparison of measured and calculated horizontal displacements 

at an inclinometer located at the midpoint between the 

embankment toe and crest. The agreement between calculated 

and measured behaviour is good, and in general, it was found that 
both vertical and horizontal deformations could be simultaneously 

calculated with adequate accuracy. The good agreement between 

both calculated and measured horizontal displacements indicates 
that some of the difficulties predicting both horizontal and vertical 

displacements in the past may be due in part to neglecting the 

viscous or time dependent properties of the foundation soils.

4.5 Discussion

It was generally found that much of the Sackville test 

embankment behaviour could be described using the elasto- 

viscoplastic constitutive model described by Rowe and 

Hinchberger (1995) and Hinchberger (1996). In addition to the 

demonstrated agreement between the calculated and measured 

displacements and reinforcement strains, good agreement between 
calculated and measured excess pore pressures was also obtained. 

A single elasto-viscoplastic yield surface model coupled with Biot 

consolidation theory can adequately describe much of the 
measured time dependent behaviour of the Sackville test 

embankment illustrating the importance of modelling the rate 

sensitive characteristics o f the Sackville foundation soil.

4.4 Reinforcement Strains during Construction

To conclude the comparison o f calculated and measured 

behaviour, Figure 6 shows the calculated and measured 

reinforcement strains versus fill thickness at a distance o f 8.8 
metres from the embankment toe. Rowe and Gnanendran (1994) 

describe in detail the methods used to monitor the reinforcement 

strains during construction. In general, the measured 

reinforcement strains tend to increase during periods o f constant 

fill thickness. This is a direct result o f the time dependent 

increase in both vertical and horizontal displacements which 

occurred during construction stoppages. For example, during the 
construction stoppage at a fill thickness o f 5.7 metres, the 

measured reinforcement strains increased from approximately 2.4 

percent to 4.1 percent. The calculated reinforcement strains 

increased from 2.4 percent to 4 percent over the same period of 

time.
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FIGURE 5 Calculated and Measured Horizontal Displacements 

at Inclinometer 241.
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5. THE EFFECT OF REINFORCEMENT MODULUS ON 

EMBANKMENT BEHAVIOUR

To conclude, the effects o f reinforcement modulus on the 
behaviour o f the Sackville test embankment was investigated. 

Figure 7 shows the comparison o f calculated vertical 

displacements at 6S, 7S and 8S (locations described previously) 

for reinforcement moduli, J, o f 1440 kN/m and 1920 kN/m, 

respectively. The calculated response is also compared with the 

measured response. Figure 7 shows that a 25% reduction in the 
reinforcement modulus has a significant effect on the calculated 

rates o f displacement at fill thicknesses of 5.7 metres and 8.2 

metres. As the reinforcement stiffness is decreased, the 

embankment response becomes less time dependent indicating 

that a portion o f the measured time dependency of the Sackville 
test embankment results from the relatively high stiffness (J = 

1920 kN/m) o f the geotextile.

T im e (hrs)

FIGURE 7 The Effects o f Reinforcement Modulus on 

Embankment Behaviour.
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Additional support for the observation that high modulus 

reinforcement results in a more viscous response can be found in 

the data from the Almere test embankment (Rowe and Soderman, 

1984) where unreinforced and reinforced (J=1200kN/m) 

embankments were constructed to failure on a soft organic clay 

deposit. Rowe and Soderman (1984) noted that the reinforced 
embankment experienced a relatively ductile failure at a fill 

thickness o f 2.75 metres while the unreinforced embankment 

experienced a more rapid or plastic type failure at a fill thickness 

o f 1.75 metres.

6. CONCLUSIONS

The Sackville test embankment (Rowe et al., 1995) has 

been used to illustrate some important aspects o f reinforced 

embankment behaviour on soft rate-sensitive cohesive soils. Field 

data from the Sackville test embankment (Rowe et al., 1995) was 
used in conjunction with both elastoplastic and elasto-viscoplastic 

constitutive models to gain insight into reinforced embankment 

behaviour on these types o f soil deposits and to study the 

influence o f reinforcement stiffness on embankment behaviour. It 

was found that a single elasto-viscoplastic yield surface model 

coupled with Biot consolidation theory (Rowe and Hinchberger, 
1995, and Hinchberger 1996) could describe much o f the time 

dependent behaviour o f the Sackville test embankment. The 

importance o f considering the effects o f strain rate on the 

behaviour o f soft rate-sensitive clayey foundation soils has also 

been highlighted.
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