Numerical Analysis of Reinforcement Strains at Failure
for Reinforced Embankments over Soft Soils
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Abstract. The use of geosynthetics as basal reinforcement in embankments constructed over soft soils provides technical
and economic benefits by improving the stability of the structure, reducing horizontal displacements, homogenizing
differential settlements, and reducing time of construction. An adequate design should include, however, more than routine
limit equilibrium analyses, and should focus on understanding the soil-reinforcement interaction and mobilization of
reinforcement strains during construction and with time, aspects that can be assessed with the use of finite elements
simulations. This article presents the results of finite elements simulations for a hypothetical embankment over soft soil,
applying the conceptual framework developed by Rowe & Soderman (1987), Rowe et al. (1995) and Hinchberger & Rowe
(2003). Two approximate methods for obtaining the reinforcement allowable compatible strain at failure without the need
for numerical simulations also are compared and discussed. The results in this article highlight the importance of assessing
the mobilization of reinforcement strains during construction and taking into account soil-reinforcement interaction, given
that reinforcement strains must be compatible with the soil system. An important implication, often overlooked in the past,
is that the specification of geosynthetic materials for this application should be based on a minimum reinforcement

stiffness modulus, i.e., the ultimate strength of the material may not suffice as a specification parameter.

Keywords: embankment on soft soil, geosynthetic, numerical analysis, reinforcement strain mobilization.

1. Introduction

Limit equilibrium methods have become widespread
as a technique for assessing the undrained stability of rein-
forced embankments on soft soils (Jewel, 1982; Rowe,
1984). However, the application of this approach requires a
certain assumption on the reinforcement strain at failure.
Using the ultimate tensile strength of the geosynthetic rein-
forcement in limit equilibrium analyses (e.g., Michalowski,
1992) can lead to an overestimation of the short-term em-
bankment stability, since reinforced embankments usually
would have failed due to excessive displacements before
the ultimate tensile strength of the reinforcement could be
mobilized (Hinchberger & Rowe, 2003). This article pres-
ents a case study of evaluation of undrained stability for a
hypothetical geosynthetic-reinforced embankment on soft
soil where the shear strength increases with depth. The sim-
ulation of the ultimate limit state response is carried out by
using numerical modeling (Bergado et al., 1994, Palmeira
et al., 1998) with the finite elements method, following the
conceptual framework presented by Rowe & Soderman
(1987), Rowe et al. (1995) and Hinchberger & Rowe
(2003).

A simplified methodology to ensure adequate end-
of-construction (short term or undrained) stability by esti-
mating the required minimum reinforcement stiffness mo-
dulus, J . is also described. Attention is given to the
mobilization of reinforcement strains under this condition.

Numerical results in terms of net embankment height, the
development of contiguous plasticity of the soft soil, and al-
lowable compatible strain are discussed. The objectives of
this study are to develop comparisons between numerical
results and two current approximate methods for obtaining
reinforcement compatible strains, to develop a comparison
between numerical results and traditional limit equilibrium
results, and to discuss the implications of adopting an arbi-
trary reinforcement strain at failure on the stability of the
embankment.

2. Materials and Methods

2.1. Embankment geometry

Figure 1 depicts the geometry adopted for this case
study, representing a typical road embankment fill with de-
sign height, 4 = 2.30 m, crest width, b = 28.8 m, and side
slopes 2(H):1(V), constructed over a soft clay foundation of
D = 8.0 m depth, with undrained shear strength at the sur-
face, S, and a rate of increase of undrained shear strength
with depth, p,. An underlying permeable rigid stratum is as-
sumed to occur below the soft clay layer.

2.2. Mesh discretization and initial conditions

Version 8.6 of the finite elements program PLAXIS
(Plaxis, The Netherlands) (Brinkgreve & Vermeer, 2004)
was adopted in this study to simulate the construction and
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Figure 1 - Adopted embankment cross-section and foundation soil stratigraphy for the case study.

short-term stability of the reinforced embankment. A small
deformation and plane-strain finite elements analysis was
conducted for the assumed embankment cross-section
(Fig. 1).

A typical unstructured finite element mesh (Fig. 2)
with fifteen-node triangular elements with fine global coar-
seness was selected to discretize the embankment fill and
foundation soil. Five-node PLAXIS line elements with in-
put elastic axial stiffness were used to model the geosyn-
thetic reinforcement. Appropriate mesh size and boundary
conditions (i.e., standard fixities option) were used to de-
fine the limits of the model and displacement restrictions
around the cross-section.

Initial geostatic state of stresses was numerically cal-
culated by adopting the K, procedure. Since a phreatic level
was defined at ground surface, the hydrostatic initial pore-
water pressures were assessed automatically by the pro-
gram. A rapid embankment construction was simulated by
gradually turning on gravity on consecutive embankment
layers in automatically defined thick lifts at a rate corre-
sponding to instantaneous embankment construction (con-
struction time is neglected). Due to the consideration of
instantaneous construction, and short-term stability simula-
tion, no soil water drainage was regarded in this case, i.e.,
the foundation soil was assumed to undergo undrained
loading.

The model lateral extension was defined based on a
PLAXIS recommendation that the model should extend lat-
erally a distance (each side) equal to four times the total em-
bankment width (in this case, 4 x 38 m = 152 m to each
side).

2.3. Constitutive models and soil parameters

The mechanical behavior of the foundation soft soil
was modeled by using the Mohr-Coulomb constitutive mo-
del. Hence, it was assumed a soil with linear-elastic per-
fectly plastic stress-strain behavior, with fixed yield surface
and non-associated plasticity rule. Anisotropy, progressive
failure and more complex responses of the foundation soil
were not modeled. The analyses were carried out in terms
of total stresses, whereby the development of excess pore-
water pressures is not calculated by the program. The set of
undrained soft clay parameters adopted for this study is pre-
sented in the top part of Table 1. The parameters were se-
lected on the basis of typical values for Baixada Santista’s
(Sao Paulo state lowland) hollocenic alluvial normally to
slightly over-consolidated soft clays (Massad, 2009),
which are similar to parameters in other studies (e.g., Cap-
padoro et al., 2007, Moraes, 2002). Also, the parameter set
is similar to that used by Hinchberger & Rowe (2003).

Aratio E /S, =125 was selected for estimating the un-
drained Young’s modulus of the soft clay, in agreement
with the range reported by Duncan & Buchigani (1976), af-
ter a laboratory study carried out for a number of soft soils
(125 < E/S, < 500). The lower-end value chosen corre-
sponds to a critical condition in terms of deformability.

Purely frictional granular soil was assumed to model
the embankment fill, i.e., the fill material was considered as
being a pure sand. In order to represent the behavior of the
sandy soil (i.e., stress-strain hyperbolic relation, stress-
level dependency of soil stiffness, shear and compression
hardening), the Hardening soil model available in PLAXIS

ARTARNIARNRKIAS

Figure 2 - Finite elements mesh based on triangular elements adopted for the numerical simulations.
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was chosen (Schanz et al., 1999, Brinkgreve & Vermeer,
2004). The assumed properties for the soil representing the
embankment fill are shown in the bottom part of Table 1.

2.4. Interface parameters and reinforcement stiffness

The considered position for the geosynthetic rein-
forcement was 0.40 m above the fill/soft soil interface. For
modeling, the interface elements representing the fill/rein-
forcement interface were assumed to follow an elastic per-
fectly-plastic model (Mohr-Coulomb criterion), and the
interface parameter R, was chosen as being equal to 1.0,
meaning that the interface fill/reinforcement was assumed
to exhibit the same shear strength as the fill soil immedi-
ately surrounding the interface. The shear resistance of the

soft soil-fill interface was assumed to be equal to the un-

Table 1 - Geotechnical parameters assumed for the soft clay and
the sand fill material.

Foundation soil

Undrained shear strength at surface (S,,) 5.0 kPa
Rate of increase in undrained strength with 1.50 kPa/m
depth, (p,)

Total friction angle (¢) 0°
Saturated unit weight (y,) 15 kN/m’
Undrained Poisson’s ratio (v,) 0.43
Undrained Young’s modulus (E,) E/S, =125
Coefficient of lateral earth pressure at rest (K’ ) 0.65
Embankment fill

Effective internal angle of friction (¢’) 37°
Effective cohesion intercept (c’) 1.0 kPa
Compacted unit weight (y,,,) 18 kN/m’
Poisson’s ratio for unloading-reloading (v,,) 0.20
Secant triaxial stiffness modulus (E,) 25,000 kPa
Unloading-reloading stiffness modulus (E,) 75,000 kPa
Oedometric stiffness modulus (£, ) 25,000 kPa
Coefficient of lateral earth pressure at rest (K’,) 0.47

Power for stress-level dependency of stiffness (;m) 0.50

drained shear strength of the foundation at the ground sur-
face. The simplification R, = 1.0 has been used in Rowe &
Soderman (1984), for example, and agrees with guidance
from the PLAXIS manual.

The axial tensile stiffness (J) of the slender bar ele-
ments used to model the elastic behavior of the geosyn-
thetic reinforcement was varied in different simulation
cases, i.e., from the value J = 0 (unreinforced embankment)
to varying J values in different simulation cases, 300, 800,
500, 1000, 2000, 4000, 6000 and 8000 kN/m.

2.5. Definition of the ultimate limit state

Ultimate limit states are associated with rotational
and overall instability (as focused in this study), but also
with other failure mechanisms, as depicted in Fig. 3 from
the BS-8006 (2005).

These states are attained, for each specific mecha-
nism, when disturbing forces or moments equal restoring
forces or moments (available resistances). Margins and
global factors of safety against attaining any limit state are
provided by the use of partial load factors and partial mate-
rial/resistance factors, producing design loads and design
material parameters (BS-8006, 2005). For the case of rein-
forced embankments on soft foundation, Hinchberger &
Rowe (2003) and Rowe & Taechakumthorn (2011) suggest
the use of specific values for the partial factors, as shown in
Table 2. Based on these partial factors, modified material
parameters adopted to represent the ultimate limit state are
also presented in Table 2.

3. Results and Discussion

3.1. Collapse height for the unreinforced embankment,
H

c

By performing a conventional limit equilibrium anal-
ysis (slip circle, modified Bishop method) using the soft-
ware GGU Stability (Civilserve GmbH, Germany), the col-
lapse height for the embankment shown in Fig. 1 without
reinforcement (J = 0) was estimated. In limit state design,
the collapse height H, corresponds to the height at which
the overturning moment is equal to the restoring moment
for factored soil parameters (i.e., safety factor = 1.0). The
collapse height, H , for the unreinforced embankment was

Table 2 - Ultimate limit state design parameters considered for this study.

Material parameters

Partial factors Design values considered

Foundation soil

Undrained shear strength at surface - S, = 5.0 kPa f=13 S ,*=3.85 kPa
Rate of increase in undr. strength w/ depth - p, = 1.50 kPa/m fi=13 p.*=1.15 kPa/m
Embankment fill

Effective internal angle of friction - ¢’ = 37° fi=12 @ *=32°
Compacted unit weight - y, , = 18 kN/m’ f=11 ¥, = 20 KN/m’
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Figure 3 - Ultimate limit states for embankments on soft soils (modified from BS-8006, 2005).

found to be equal to 1.4 m. Since H_ is less than the required
design height, 4 = 2.3 m, the use of a geosynthetic rein-
forcement is necessary in order to attain the additional fill
height.

Figure 4 shows the critical failure circle from limit
equilibrium superimposed to the displacement vector field
from a complementary finite elements simulation of the

same case.

3.2. Collapse height for the perfectly reinforced em-
bankment, H

The theoretical maximum possible fill thickness for
this case study, obtained for a perfectly-reinforced embank-
ment (heavy reinforcement), H, , was estimated based on
plasticity limit analysis considering the problem of a rigid
plate on soft foundation, as described by Almeida (1996).
This maximum collapse height was estimated as being
H, = 2.50 m, for factored soil parameters. Since the re-
quired design height (2 = 2.30 m) does not exceed H,
(h < H,), the design embankment height may be achieved
using embankment reinforcement. If 7 > H , soft soil im-

provement (e.g., cement injection and mixing) or the use of
a structural solution would be warranted.

3.3. Net embankment height and reinforcement allow-
able compatible strain

The instantaneous construction of the embankment
was numerically simulated until collapse using the ultimate
limit state design parameters in Table 2. The undrained sta-
bility of an embankment can be analyzed in terms of failure
height of the structure. The failure height of a reinforced
embankment can be defined as the height of fill at which the
net embankment height ceases to increase. The net em-
bankment height is defined as the fill thickness minus the
vertical displacement caused by the undrained settlement
of the soil (i.e., fill height above the original ground sur-
face). Thus, the failure height was obtained by plotting the
net embankment height (i.e., applied fill thickness minus
the undrained vertical displacement of point “A” indicated
in Fig. 1) vs. the total applied fill thickness. Figure 5 illus-
trates this plot, for the case study with a reinforcement
J =500 kN/m.
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Figure 4 - Assessment of the embankment collapse height without reinforcement, H, = 1.40 m, using limit equilibrium, superimposed to

finite elements vectors.
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Figure 5 - Maximum net embankment height obtained by finite
elements simulation of the case study with J = 500 kN/m.

As can be observed, the failure of the reinforced em-
bankment due to excessive subsidence occurs at a fill
thickness of about 1.98 m. Therefore, any additional fill
placement beyond a thickness of 1.98 m will reduce the
embankment performance without increasing the height
of embankment fill above the original soft soil. For this
reason, it is important to define the failure thickness of a
reinforced embankment as the fill thickness correspond-
ing to the maximum net embankment height. The degrada-
tion of the embankment performance can be explained as
additional submersion of fill material into a plastic-state
soft clay, with additional shearing and lateral movement
(see Fig. 6). Rowe & Soderman (1987) defined contiguous
plasticity as the point where there is general plastic failure
within the soft soil in the region of a potential collapse
mechanism (i.e., the shear strength of the soil is fully mo-
bilized along the potential collapse surface). For the
unreinforced embankment, the maximum net fill height
occurs at the onset of this limit. However, as indicated in
Fig. 5 (see the contiguous plasticity point), for a rein-
forced embankment, the development of contiguous plas-
ticity is only the first step towards failure, since some fill
thickness can be supported by the reinforcement. Bergado
et al. (2002) refer to the point of contiguous plasticity as
primary failure. In Fig. 5, the fill thickness at the point of
contiguous plasticity is ~ 1.64 m, which, in agreement
with Bergado et al. (2002), occurs prior to failure due to
excessive vertical displacement and complete degradation
of performance.

In this study, the simulated zones of soft-soil plas-
tification beneath the embankment were observed, particu-
larly near the state of contiguous plasticity. The different
configurations of soft-soil plasticity zones depend on the ri-
gidities of both embankment/reinforcement and foundation
soil, and the constitutive models (hardening soil for the em-
bankment, in particular). For the condition of contiguous
plasticity indicated in Fig. 5, the plastic zone within the
foundation soil has become continuous resulting in an ini-
tial development of a potential failure plane.

Soils and Rocks, Sao Paulo, 36(3): 299-307, September-December, 2013.

Figure 6 shows the results of the numerical simula-
tion in terms of the maximum mobilized reinforcement
strains during embankment construction. At embankment
failure, i.e., a fill thickness of 1.98 m (Fig. 5), the maximum
reinforcement strain (g,) is equal to 3.54% for J = 500 kN/m.
The works of Rowe & Soderman (1987), Rowe et al.
(1995) and Hinchberger & Rowe (2003) provided a quanti-
fiable framework for recognizing the fact that in most cases
(as shown here for the case study) the mobilized reinforce-
ment strains are still low (e.g., 3.54%) when the soil mass is
already reaching failure. Several reinforcement geosyn-
thetics have a similar stiffness, but significantly higher ten-
sile strains at failure (> 3.54%), meaning that these
reinforcements would not be fully loaded in the field before
significant degradation of the soil.

Significant strains in the reinforcement only begin to
accumulate after a significant plastification of the founda-
tion soil, as indicated by the abrupt change in the slope of
the curve of Fig. 6 after the point of contiguous plasticity.
Beyond the point of contiguous plasticity of the soil, the re-
inforcement becomes the element that prevents collapse
from taking place. Conversely, for low levels of embank-
ment loading and soft soil in an elastic state, reinforcement
strains are extremely small. The strains developed in the re-
inforcement for a given embankment height will largely de-
pend on the height of embankment relative to that height at
which contiguous plasticity occurs (Rowe & Soderman,
1987).

Past the maximum embankment height (failure, in
Fig. 6), the placement of additional fill thicknesses will in-
crease the plastification and degradation of the foundation
soil, and be supported by additional elongation of the rein-
forcement, until a point of reinforcement collapse (9.76%,
collapse point in Fig. 6).

The analyses were repeated for embankments with
different reinforcement stiffness moduli, in three simulated
cases, for J =500, 1000 and 1500 kN/m, as shown in Fig. 7.
From these results, the maximum net embankment height
was found to increase with increasing the reinforcement
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Figure 6 - Mobilized maximum reinforcement strains during em-
bankment construction obtained by finite elements simulation of
the case study with J = 500 kN/m.
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Figure 7 - Effect of varying J from 500 kN/m to 1000 and
1500 kN/m on the maximum net embankment height obtained by
finite elements simulation of the case study.

stiffness modulus, for a given soil profile, with maximum
net embankment heights of 1.98 m,2.33 m, and 2.41 m, for
J =500, 1000, and 1500 kN/m, respectively. The effect of
increasing J on the increase in maximum net embankment
height diminishes with the magnitude of J, which is com-
patible with the existence of an H,,.

In addition, Fig. 8 presents the results in terms of mo-
bilized reinforcement strains during embankment construc-
tion considering the three different reinforcement stiffness
moduli, J = 500, 1000 and 1500 kN/m, for the simulated
case. From the results, it is possible to observe that for the
soft soil before contiguous plasticity the embankment
strains are low and independent of reinforcement modulus.
After contiguous plasticity, the reinforcement stiffness mo-
dulus becomes important, and different net embankment
heights at failure are obtained for different values of J
(Fig. 7). As shown in Fig. 8, the mobilized reinforcement
strains decrease slightly with increasing values of J, from
500 to 1500 kN/m, for this case study. Hinchberger &
Rowe (2003) identify two different ranges of behavior, a
first “under-reinforced” embankment range characterized

12.0
E\i 10.0 A Embankment failure: .
i Max. net embankment heigth &
& Reinforcement strain at failure, £,(%)
£ 80 '
£ J=500 kN/m
27
= 6.0
b5y J=1000 kN/m
g
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&
£ 20
~ J= 1500 kN/m
0.0 r L L L
0.0 0.5 1.0 1.5 2.0 2.5

Fill thickness (m)

Figure 8 - Effect of varying J from 500 kN/m to 1000 and
1500 kN/m on the mobilized reinforcement strains obtained by fi-
nite elements simulation of the case study.
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by mobilized reinforcement strains at failure (determined
for the maximum net embankment height) that remain es-
sentially constant for different values of J, and a second
range of behavior characterized by reinforcement strains at
failure that decrease with increasing reinforcement stiff-
ness (J), such that the mobilized reinforcement force
(F =J x €) approaches a constant value.

The results in Fig. 8 indicate that varying J from 500
to 1500 kN/m includes both ranges of behavior, i.e., first
“under-reinforced” behavior, and the second range of be-
havior. In order to better distinguish these two ranges, addi-
tional simulations were performed, extending the range in J
from 300 up to 8000 kN/m. The obtained results are synthe-
sized in Fig. 9. As expected, the maximum fill thicknesses
at failure converge to the bearing capacity value given by
plastic limit analysis. Based on the results, the range of “un-
der-reinforced” embankment behavior was found to extend
from J = 300 to 1000 kN/m, as indicated in Fig. 9.

Hinchberger & Rowe (2003) defined a reinforcement
allowable compatible strain, €, as being equal to the essen-
tially constant strain occurring in the first range of behav-
ior, i.e., under-reinforced embankment. Since the reinfor-
cement strains in the first range are assumed to be constant,
the allowable compatible strain for the embankment in this
case study was calculated as being equal to the average
value of the strains obtained for J = 300 to 1000 kN/m,
shown in Table 3.

3.4. Comparison with approximate methods

Generally, finite elements analyses remain costly as
routine design procedure, which warrants the convenience
of analytical calculations and charts. Hinchberg & Rowe
(2003) introduced a chart for estimating the reinforcement
allowable compatible strain simply, without requiring fi-
nite elements simulations to be performed.

For the unreinforced collapse height H = 1.40 m, and
factored rate of increase in undrained shear strength
p. = 1.15 kPa/m, the allowable compatible strain for this

H,, (plasticity solution)

(%)
=
S

2.5

4.0l Under reinforced range

Allowable compatible strain, &, = 3.44%

Applied fill thickness at failure (m)

Reinforcement strains at failure, &

T = - 0.5
Lo T M :
0.0 q 2000 4000 6000 80000'0

Reinforcement tensile stiffness, J (kN/m)

Figure 9 - Effect of varying J from 300 to 8000 kN/m on the mo-
bilized reinforcement strains at failure (closed circles, see left-
hand side scale) and applied fill thicknesses at failure (open cir-
cles, see right-hand side scale) obtained by finite elements simula-
tion of the case study.
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Table 3 - Calculation of a reinforcement allowable compatible
strain for the embankment in this case study.

Stiffness modulus (“un- Reinforcement strain at failure

der-reinforced” range) J €, (%)
(kN/m)

300 3.51

500 3.54

800 3.59

1000 3.12

Allowable compatible strain, ¢, = 3.44%.

case study results equal to 3.9% using the chart depicted in
Fig. 10.

Also, Futai (2010) proposed, on the basis of numeri-
cal simulations, analytical correlations for estimating the
reinforcement allowable compatible strains at failure for
different scenarios. This proposal was developed by con-
sidering a proportional variable for the undrained shear
strength of the foundation soil as the main parameter
(Su, + 7.5p). The validation of the method was performed by
comparing the calculated values and the measured strains of
different instrumented embankments brought to failure.

For the factored soft-soil shear strength parameters in
this study,

S, +75p. <16.2 kPa )

and the correlation for allowable compatible strain to be
used is (Futai 2010):

S, +75p"

g, =08
9

2
which results in an estimated value of reinforcement allow-
able compatible strain of 2.2%.

Thus, for this case study, estimation of the reinforce-
ment allowable compatible strain using the simplified pro-

14 T T T T T T

H,=140m p.= 2.0 kPa/m
12} | &,~3.9%

p.= 1.5 kPa/m

& p, =125 kPa/m
6F

p.= 1.0 kPa/m
Ak . p.=0.5 kPa/m

o i For p, < 0.5 kPa/muse |
i Rowe & Soderman, 1985

o 1 2 3 4 5 6 7 8 9 10

Unreinforced embankment collapse height, H,. (m)

Allowable compatible reinforcement strain, ¢, (%)

Figure 10 - Estimating the reinforcement allowable compatible
strain for this case study using the chart by Hinchberger & Rowe
(2003).
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cedures resulted in either 15% overestimation (Hinchberg
& Rowe, 2003) or 35% underestimation (Futai, 2010) with
respect to the €, evaluated based on numerical analyses, as
shown in Table 4.

3.5. Minimum secant reinforcement stiffness modulus

The required reinforcement force, for the design fill
thickness of 2.30 m, can be evaluated using limit equilib-
rium for a factor of safety of 1.0 for factored soil parameters
as being equal to 7, = 50 kN/m (modified Bishop method,
software GGU Stability), as shown in Fig. 11.

Considering the reinforcement allowable compatible
strain, €, as being constant along the reinforcement length
(i.e., the reinforcement as being uniformly pulled), it is pos-
sible to evaluate the minimum required secant reinforce-
ment stiffness modulus for design, as follows:

o r Tm

min

=115x50 kK/m/0.0344 =1672kN/m (3)
€

a

Adopting a reinforcement force correction factor,
o, = 1.15 (according to Hinchberger & Rowe, 2003).

Thus, the reinforcement minimum required secant
stiffness modulus results from the combination of results
obtained from limit equilibrium analyses and finite ele-
ments analyses (or the approximate methods shown in 3.4).
The geosynthetic reinforcement to be considered for the
embankment in this case study must meet the requirements
of minimum secant stiffness modulus of 1672 kN/m over a
strain range of 0 to 3.44%, and nominal ultimate strain
greater than 3.44%.

3.6. Implications for design

Often, the necessary reinforcement force (7)) is
known from limit equilibrium analyses but the magnitude
of reinforcement strain is unknown. The fact that the rein-
forcement strain at which 7 is mobilized must be also
compatible with the deformation of the soft soil, is some-
times disregarded. The requirement for geosynthetic rein-
forcement selection must be a minimum secant stiffness
modulus, and not a minimum tensile strength. Assume that
for the case study described in this article an arbitrary rein-
forcement strain of 10% was considered, without taking
into account strain compatibility with the soil, for the T of
50 kN/m obtained from limit equilibrium for fill thickness

Table 4 - Comparison of reinforcement allowable compatible
strain with approximated values obtained using two simplified
procedures.

Approach Allowable compatible
strain, €, (%)

Finite Elements 34

Hinchberger & Rowe (2003) 3.9

Futai (2010) 22
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Figure 11 - Limit equilibrium stability analysis for factor of safety 1.0, allowing to estimate the required reinforcement force, 7, (GGU

Stability).

Table 5 - Differential behavior between ‘minimum’ and ‘arbitrary’ reinforcement stiffness.

Stiffness modulus, J Applied fill thickness Mobilized force Global factor of safety (LE)
at failure (FEM) at failure (FEM), T,

J .. =1672 kN/m 2.28 m 45.9 kKN/m 1.21

J =500 kN/m 1.98 m 17.7 kN/m 1.02

arbitrary

FEM: finite elements method.
LE: limit equilibrium.

of 2.30 m. An arbitrary reinforcement stiffness modulus
would be obtained, 500 kN/m.

As shown in Table 5, finite elements analysis of the
embankment with a reinforcement with J = 500 kN/m indi-
cates a mobilized reinforcement force at failure of only
17.7 kN/m. This force introduced into the limit equilibrium
stability analysis results in an insufficient factor of safety
(1.02).

Magnani et al. (2010) also described a similar type of
behavior for the case study of a test embankment in Floria-
népolis, SC, Brazil, where the mobilized force in the rein-
forcement at failure was monitored by field instrumenta-
tion. The study verified that assuming a constant
reinforcement force at failure and ignoring reinforcement
strain may lead to an unconservative assessment of em-
bankment stability.

4. Conclusions

Limit equilibrium analyses of the overall stability of
reinforced embankments over soft soil can provide an esti-
mate for a required reinforcement force for satisfactory fac-
tor of safety. However, an understanding of the soil-rein-
forcement interaction and mobilization of reinforcement
strains during construction is critical for the correct defini-
tion of the geosynthetic reinforcement to employ. For a
hypothetic embankment over soft soil considered in this
study, the net embankment height, point of contiguous
plasticity and reinforcement allowable compatible strain
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were studied following a previously defined theory. In ad-
dition, approximate methods for predicting the allowable
compatible strain without the need for numerical simula-
tions were verified, and one of the procedures overesti-
mated the strain by 15%, whereas the other underestimated
the strain by 35%. Finally, this article discussed the fact that
the specification of geosynthetic materials for this applica-
tion should be based on a minimum reinforcement stiffness
modulus, instead of solely the ultimate strength of the mate-
rial.
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