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Abstract

The behaviour of geosynthetic reinforced embankments constructed on soft cohesive founda-
tions under undrained and partially drained conditions is examined using an elliptical cap soil
model. Consolidation is modelled using Biot theory. The effects of reinforcement stiffness,
partial consolidation of the foundation soil during embankment construction and foundation
soils with different initial undrained strength profiles are examined. Particular attention is
focused on the strains in the geosynthetic reinforcement at working conditions and at embank-
ment failure. The effect of reinforcement on the deformation of the foundation soil is evaluated.
It is shown that reinforcement can significantly reduce the maximum lateral deformations,
vertical deformation and foundation soil heave during embankment construction. For the
conditions examined, partial drainage during construction provides an 11-38% increase in the
factor of safety against failure of reinforced embankments relative to that expected under
perfectly undrained conditions. © 1999 Elsevier Science Ltd.
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1. Introduction

The undrained behaviour of reinforced embankments constructed over soft clay
foundations has been extensively investigated using the Mohr—Coulomb and Modi-
fied Cam—clay models to describe foundation soil behaviour (Rowe and Soderman,
1987a, 1987b; Hird et al.,, 1990). In addition, several researchers (e.g. Chai and
Bergado, 1993; Litwinowicz et al., 1994; Rowe et al., 1996) have used effective stress
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analysis methods to model the behaviour of several case histories. However, the effect
of reinforcement on the construction of embankments over foundations under par-
tially drained conditions has received very little attention. The objective of this paper
is to theoretically investigate the behaviour of embankments during both undrained
and partially drained construction to identify and highlight the effect of geosynthetic
reinforcement and partial consolidation of foundation soils during embankment
construction. Particular attention will be given to the effect of partial consolidation on
the expected stability of geosynthetic reinforced embankments.

2. Numerical model and problem considered

The finite element program AFENA (Carter and Balaam, 1990) was modified to
incorporate a soil model with an elliptical cap (see Fig. 1; Chen and Baladi, 1985; Chen
and Mizuno, 1990) for both undrained and transient conditions, using coupled Biot
consolidation theory for the transient case. The elliptical cap undrained model has
been applied to describe the undrained behaviour of Boston blue clay under an MIT
test embankment loading (McCarron and Chen, 1987). Rowe and Hinchberger used
an elasto-viscoplastic cap model to successfully predict the time-dependent behaviour
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Fig. 1. Elliptical cap soil model adopted (see also Table 1) (modified from Chen and Mizuno, 1990).
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Fig. 2. Reinforced embankment and foundation.

of both the reinforced Sackville test embankment (Rowe and Hinchberger, 1998) and
unreinforced Gloucester test embankment (Hinchberger and Rowe, 1998).

In this present study, the construction of a four-lane highway embankment (see
Fig. 2) with 27 m crest width and 2(horizontal): 1(vertical) side slopes was examined.
The soft foundation was taken to be 15m deep and underlain by a relatively
permeable layer. The water table was assumed to be at ground level and the initial
pore pressures prior to embankment construction were taken to be hydrostatic. The
centreline of the embankment (a line of symmetry) and the far field lateral boundary
were taken to be smooth and rigid with the lateral boundary located 100 m from the
centreline. The bottom of the finite element mesh was assumed to be rough and rigid.
A total of 19609 linear strain triangular elements (4357 nodes) were used to discretize
the embankment and foundation soils. Two noded bar elements were used for
modeling the reinforcement and two noded joint elements were used for both the
embankment fill/reinforcement interface and the embankment fill/foundation inter-
face (Rowe and Soderman, 1987a). Embankment construction was simulated by
placing 0.75 m thick lifts such that the body forces were applied using between 200 to
600 incremental load steps depending on the stage of construction.

3. Model parameters
3.1. Selection of foundation soil properties

Two typical soft clays were examined. Soil A has a liquid limit of 76% and
a plasticity index of 40% while Soil B has a liquid limit of 48% and a plasticity index
of 30%. The preconsolidation pressure, o, profiles are shown in Fig. 3. Soil B has
a higher preconsolidation pressure than Soil A. Both clays were slightly overcon-
solidated with an OCR of 1.1-2.6 and 1.1-2.9, respectively below the first two
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Fig. 3. Preconsolidation profiles of foundation soils A and B.

metres. Soil B has 2 meter crust that is heavily overconsolidated. Other soil para-
meters are summerized in Table 1. The aspect ratio of hardening elliptical cap, R, was
based on typical limit state curves for natural soft clays (Leroueil, 1997). The initial
void ratio and unit weight of this clay deposit at ground surface was taken to be 2.5
and 14.7 kN/m? for Soil A, and 1.5 and 16.5 kN/m? for Soil B. The variation in unit
weight and void ratio with depth were taken to be consistent with the initial void ratio
and unit weight at the ground surface, the preconsolidation pressure profile and the
compression and the recompression indices. Thus the calculated saturated unit weight
increased with depth from 14.7 kN/m? to 15.6 kN/m? for Soil A and from 16.5 kN/m?
to 16.9 kN/m?® for Soil B. Using these parameters, for the first soil profile the
undrained shear strength s, at surface was 5 kPa and the rate of increase in undrained
strength with depth, p., was 1.5 kPa/m. For the second soil profile s,, was 20 kPa at
surface, decreased to 10 kPa at 2 metre depth, and then increased with depth at a rate
of 2.0 kPa/m. Soil A has an undrained shear strength profile similar to that of a soft
clay in Queensland, Australia (Litwinowicz et al., 1994), while Soil B has an undrained
shear strength profile much like that of Malaysian Muar clay (Chai and Bergado,
1993).

Consolidation of soft clays involves a decrease in void ratio and hydraulic conduc-
tivity and they can be related by

k, = Ak, exp (" - e°>, (1)

k
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Table 1
Elliptical cap soil model parameters (see also Fig. 1) and constants to describe the variation of hydraulic
conductivity with consolidation and loading in Eq. (1)

Soil A Soil B

Elliptical cap model parameters:
Failure envelope M, 0.874 0.91
Friction angle (N/C) 27° 28°
Cohesion intercept for N/C clay ¢, 0.0 0.0
Failure envelope M. 0.63 0.75
Cohesion intercept for O/C clay ¢, (kPa) 2.7-4.7 3.4-6.3
Aspect ratio R 0.7 1.25
Compression index 4 0.3 0.15
Recompression index 0.03 0.025
Coefficient of earth pressure at rest K{ 0.6 0.6
Poisson’s ratio v' 0.35 0.35
Hydraulic conductivity parameters:

kyo (m/s) 1x107° 1x107°

e, 2.5 1.5

Cy 0.5 0.5

Ay 1 1

Aoje 10 10

kn/k, 3 3

where k,, is the reference hydraulic conductivity; Cy is the hydraulic conductivity
change index; e, is the reference void ratio; 4 is hydraulic conductivity factor; and the
values adopted for these parameters are summarized in Table 1. A value of 4 = 10 in
the over consolidated stage reducing to 4 = 1 in the normally consolidated state
reflects the fact that in the over consolidated portion of loading the hydraulic
conductivity may be substantially higher than in the normally consolidated state
(Leroueil et al., 1978a, 1978b). The ratio of horizontal to vertical hydraulic conducti-
vity ky,/k, = 3 was selected to consider anisotropy of the hydraulic conductivity as
observed by Tavenas et al. (1983) and noted by Terzaghi et al. (1996).

3.2. Embankment fill parameters

The embankment fill was assumed to be a purely frictional granular soil with
a friction angle ¢’ = 37°, dilatancy angle iy = 6°, and a unit weight y = 20 kN/m>. The
non-linear elastic behaviour of the fill was modelled using Janbu’s (1963) equation:

(E/P,) = K(as/P,)", 2

where E is the Young’s modulus of the soil; P, is the atmospheric pressure; g5 is the
minor principal stress; and K and m are material constants selected to be 100 and 0.5,
respectively based on tests on sandy fill material used in a reinforced embankment
(Rowe et al., 1984).
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3.3. Interface parameters and reinforcement stiffness

Elastoplastic joint elements (Rowe and Soderman, 1987a) were used to model the
fill/reinforcement interface and fill/foundation interface. The fill/reinforcement inter-
face was fictional with ¢’ = 37°. The fill/foundation interface had the same shear
strength as that of the foundation soil at the ground surface (e.g. s,, = 5 kPa in
undrained analyses and ¢’ = 0, and ¢’ = 27° in coupled analyses for Soil A). Rein-
forcement with tensile stiffness, J, varying from O (no reinforcement) to 8000 kIN/m
was examined.

4. Results and discussion
4.1. Effect of reinforcement for undrained conditions

The undrained elliptical cap soil model was used to examine the behaviour of
reinforced embankments over two soft foundations (A and B) for undrained condi-
tions. The calculated variation of the embankment failure height with reinforcement
stiffness for embankments constructed over foundation Soils A and B is presented in
Fig. 4 and the corresponding calculated maximum strains in the reinforcement are
given in Fig. 5. The failure height, Hy, is defined as the fill thickness corresponding to
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Reinforcement tensile stiffness J (kN/m)

Fig. 4. Embankment failure height vs. reinforcement tensile stiffness: undrained conditions.
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Fig. 5. Reinforcement strain at embankment failure: undrained conditions.

the maximum net embankment height (Rowe and Soderman, 1987a). The unreinfor-
ced embankment failure height was 2.1 m and 3.45 m for foundation Soils A and B,
respectively. For Soil A, a change of reinforcement stiffness from 500 kN/m to
8000 kN/m resulted in an increase in failure height by between 0.68 m to 1.44 m
relative to the unreinforced case. The effect of reinforcement on the embankment
failure height was most significant where J increases from 500 kIN/m to 2000 kN/m.
Within this range of reinforcement stiffness, the embankments were under-reinforced.
For J greater than 2000 kN/m, the embankments were over-reinforced and increasing
reinforcement stiffness no longer influenced the stability. For Soil B, the change of
reinforcement stiffness from J = 500 kIN/m to 8000 kN/m resulted in an increase in
failure height by between 0.79 m and 3.41 m relative to the unreinforced case. The
embankments were under-reinforced up to J = 4000 kN/m and hence the effect of
increasing reinforcement tensile stiffness was significant up to J = 4000 kN/m. The
results indicated that the effect of reinforcement was substantially greater for the
embankments over the stronger foundation than for those over the weaker foundation
under the ideal undrained conditions considered. These findings are consistent with
earlier finding by Rowe and Soderman (1987b).

Supposing that the analyses reported in Figs. 4 and 5 were conducted using the
expected (unfactored) soil parameters, then, H; shown in Fig. 4 represents the failure
height as controlled by the foundation and foundation-reinforcement interaction
assuming that the reinforcement has sufficient strength to sustain the tensile force
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developed in the reinforcement. This force can be related the strain in the reinforce-
ment at failure of the embankment, &, which was up to 6% and 10.5% for Soils A and
B, respectively. The effect of limiting the allowable strain in the reinforcement to either
4% or 6% are shown for soil profiles A and B, in Figs. 6 and 7. For soil profile A (Fig.
6), the strain ¢ was less than or equal to 6% for all J and hence the embankment
height H, is the same as the failure height for this case. Adopting a limiting strain of
4% reduces the embankment height H, for J < 2000 kN/m. For soil profile B (Fig. 7)
limiting the strain to either 4% or 6% reduced the height H, to which the embank-
ment could be constructed for J < 8000 kN/m (i.e. most practical cases).

Under working conditions embankments will typically have a factor of safety
greater than one and the reinforcement strain will be significantly lower than the
strain at embankment failure given in Fig. 5. Assuming a factor of safety of 1.3 against
foundation failure for undrained conditions, Fig. 8 shows the variation of calculated
maximum reinforcement strain, ey, under working conditions for a range of reinforce-
ment stiffnesses, J. The reinforcement strain was below 5% for both soil profiles
examined. Although the embankments have the same factor of safety of 1.3, the
mobilized reinforcement strains tended to increase with tensile stiffness when embank-
ments were under-reinforced (see Fig. 4) and to decrease with J when embankments
were over-reinforced. However, the mobilized reinforcement tensile force increased
monotonically with increasing embankment height under working conditions.
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Fig. 6. H, vs. J for soil A under undrained conditions.
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Fig. 7. H, vs. J for soil B under undrained conditions.
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Fig. 8. Reinforcement strain ¢r under working conditions (undrained).
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4.2. Effect of reinforcement for partially drained conditions

Recognizing that most real soils are initially overconsolidated and that the soil
layers near the ground surface and any underlying permeable deposit will experience
some consolidation during embankment construction, the analyses reported in the
previous section were repeated using a fully coupled analysis to examine the behav-
iour of embankments under partially drained conditions using a single stage construc-
tion sequence. A construction rate of 0.85 m/month was used and the upper and lower
surfaces of the clay layers were assumed to be free draining boundaries. The effect of
the partial consolidation during construction can be partly assessed by examining the
embankment settlement and excess pore pressures. For example, for Soil A,
J = 8000 kN/m and a fill thickness of 3.6 m, the calculated immediate undrained
settlement was 9.3 cm while the total partially drained settlement was 21.8 cm at
the end of construction. Fig. 9 shows pore pressure ratio B = Au/Ac (where
Ac = (Agy + Ao, + Aai)/3) for Soil B with J =4000kN/m at fill thickness
H = 1.5m. This also represents the ratio of excess pore pressure under partially
drained conditions to the excess pore pressure under undrained conditions. As can be
seen significant partial consolidation of the foundation soil occurred during the first
1.5 m embankment construction and this is consistent with field observation (e.g.
Leroueil et al., 1978a, b; Rowe et al., 1996). Of even greater interest is the effect of the
increase in shear strength due to the consolidation on the stability of the reinforced
embankment to be discussed below.

Fig. 10 shows the calculated embankment failure heights under partially drained
conditions for Soils A and B. The unreinforced embankment failure height of 2.44 m
and 4.2 m for cases A and B respectively were 16% and 22% higher than that for the
undrained case. A change of reinforcement stiffness from 500 kN/m to 8000 kN/m
resulted in an increase in failure height by between 0.71m to 2.36 m relative to the

H=15m
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08 /
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0.6

Distance from the embankment centre (m)

Fig. 9. The contour of ratio B = Au/Ac,,.
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Fig. 10. Embankment failure height vs. reinforcement tensile stiffness: partially drained conditions.

unreinforced case for Soil A and the increase in reinforcement stiffness had a signifi-
cant effect on the embankment failure height up to J = 2000 kN/m. For Soil B, the
change of reinforcement stiffness from J = 500 kN/m to 8000 kN/m resulted in an
increase in failure height by between 0.53 m 5.29 m relative to the unreinforced case
and the increase in reinforcement tensile stiffness had a significant effect on stability
up to J = 6000 kN/m. Comparing Fig. 4 and Fig. 10, it can be seen that reinforcement
has a greater effect for partially drained cases than for undrained cases. Similar to the
undrained cases, the reinforcement has a greater effect for the stronger foundation
than the weaker foundation.

Fig. 11 shows the calculated maximum reinforcement strain at embankment failure,
&, for both soils and a range of tensile stiffness, assuming that the reinforcement can
sustain these strains without reinforcement failure. For Soil A, & was between 3.2%
and 6.5%. For Soil B, much higher reinforcement strains were mobilized at embank-
ment failure (3.1% and 14.7%) because substantially higher embankments were
constructed. If one was to limit embankment height, H,, based on an allowable
reinforcement strain ¢ of 4% or 6%, then the maximum embankment height would be
as given in Figs 12 and 13 for Soils A and B, respectively. For Soil A, the effect of
limiting the reinforcement strain is modest, however, for Soil B the embankment
height is controlled by the permissible strain. Nevertheless, even for the most conser-
vative case (¢ < 4%) comparison of Figs. 6-12 and Figs. 7-13 shows that partial
drainage during construction still considerably increases the height to which the
embankment can be constructed.
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If the design of embankment was based on undrained conditions (without any limit
due to permissible strain) using a factor of safety of 1.3 against foundation failure, the
reinforcement strain at working condition (er) allowing for partial consolidation
during construction were less than 2.5% for both soil profiles as indicated in Fig. 14. If
the permissible reinforcement strain was 6%, the reinforcement strain at working
condition (erp) were less than 1.9% for both soil profiles shown in Fig. 14 (note that
the strain epg = ¢p for Soil A). Consequently, the mobilized reinforcement tensile
forces would be relatively small. This, in part, shows why the observed field strains
under working condition are typically so low (e.g. Fowler and Edris Jr., 1987;
Fritzinger, 1990; Litwinowicz et al., 1994). Fig. 14 also shows that the maximum
reinforcement strain &, if the embankments were constructed to the height at which
undrained failure would be predicted (but allowing for partial dissipation of pore
pressure during construction). In this case, the maximum reinforcement strain was in
the range of 1% 4% and 3%-6.5% for Soils A and B, respectively. Thus even at the
undrained failure height these embankments would be expected to be stable provided
that the reinforcement can sustain these strains.

4.3. Distribution of reinforcement strain and deformation under partially drained
conditions

Fig. 15 shows the variation in calculated reinforcement strain with distance from
the centre of embankment at the point of embankment failure for Soil A. For
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J = 500 kN/m, the maximum strain was located at 9.2 m away from the centre of the
embankment. The location of maximum reinforcement strain gradually moved to-
wards the centre line as J increased from 500 kN/m to 8000 kN/m. This reflects
a change in failure mechanism. A similar trend was found for Soil B.

Fig. 16 shows the calculated maximum deformation at the end of construction for
embankments under partially drained conditions. The change of stiffness from
500 kN/m to 4000 kN/m significantly decreases the maximum horizontal displace-
ment, maximum vertical displacement and heave. The effect of reinforcement was
more significant for the stronger foundation, especially the reduction in heave.

5. Implications

From the undrained and fully coupled analysis of embankments constructed over
the two soft foundations, it can be seen that partially drained conditions may
substantially increase the failure height of reinforced embankments due to the shear
strength gain of the foundation soil during embankment construction. This is parti-
cularly noteworthy when high stiffness reinforcement is used. In many field cases
(Leroueil et al., 1978a, b) it has been shown that the foundation soil will experience
significant partial consolidation during the early stage of embankment loading. Thus
the assumption of undrained conditions is potentially quite conservative for soils that
are even slightly overconsolidated prior to loading.

If the embankment design is based on undrained analyses, the factor of safety is
underestimated for these soils. Comparing Figs 4 and 10, it can be seen that the ratio
of failure height H; under partially drained condition to the failure height H; under
undrained conditions (for both soil profiles examined and a range of tensile stiffness
for the reinforcement) is similar and varies between 1.1 to 1.4. Thus the partially
drained condition inherently provides a factor of safety 1.1 to 1.4 relative to undrained
failure heights for these soil profiles and construction conditions. As indicated in
Fig. 14, the maximum reinforcement strain at working conditions for the cases
considered, &rpm,,, Was below 2.5% for embankment designed based on undrained
stability.

6. Conclusions

The results from both an undrained analysis and fully coupled analysis that
accounts for partial dissipation of excess pore water pressure during construction
have been presented. These results suggest that for the range of conditions and soils
examined:

1. Geosynthetic reinforcement can substantially increase the stability of embankments
on the soft foundations under both undrained and partially drained conditions.

2. When typical construction rates and partial pore pressure dissipation during
construction were considered, the excess pore pressure developed in the foundation
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soil at the end of construction was substantially less than that expected under
undrained conditions.

3. The effect of stiff reinforcement was greater under partially drained conditions than
under undrained conditions. This was, in part, due to the increase of strength near
the soil reinforcement interface allowing greater mobilization of the reinforcing
force.

4. Partially drained conditions inherently provide a factor of safety 1.1 to 1.4 against
undrained failure of the reinforced embankments examined. Under partially
drained conditions the reinforcement strain at the failure height predicted for
undrained conditions was less than 7%.

5. Reinforcement was predicted to reduce the vertical and lateral shear deformations
beneath the embankment crest and reduce the heave at the toe during embankment
construction.
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