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Abstract

This study investigates the behavior of four unreinforced embankments on soft soils through
numerical and parametric analyses. The embankments, composed of granular material,
are 3.5 m in height and 17 m in width, and are modeled over a clay layer extending 30 m
horizontally, with thicknesses of 5, 10, 15, and 20 m. The soft soil was simulated with the
modified Cam Clay model, and the embankment fill with the Mohr—Coulomb criterion.
Forty Abaqus simulations were performed, varying soil thickness, overconsolidation ratio
(OCR), recompression index («), and critical state line slope (/). The analyses evaluated
settlement, horizontal displacement, pore pressure, effective vertical stress and mobilized
soil volume, applying multiple normalization approaches. Results highlight the strong
influence of soil thickness and x on deformation and pore pressure, the limited effect of
M and OCR for thicker layers and confirm the usefulness of mobilized volume criteria

for stability evaluation.

1. Introduction

Embankment construction on soft soils remains a
key academic and practical concern due to urbanization,
infrastructure demands, and land reclamation in densely
populated areas. These projects involve low-strength
and compressible soils, requiring a mix of construction
techniques, design strategies, and monitoring systems to
ensure stability, predict settlements, and assess performance
during and after construction.

Numerous studies have investigated the stability and
settlement behavior of embankments on soft soils. Predictive
methods typically assess embankment performance based
on stability, as well as on the evolution of settlement, lateral
displacement, and pore pressure over time (Brugger, 1996;
Massad, 2021). Settlement is traditionally estimated using
Terzaghi’s (1925) one-dimensional consolidation theory, later
extended by Terzaghi & Frohlich (1936). This theory describes
consolidation as the time-dependent volume reduction of
saturated soil caused by the dissipation of excess pore water
pressure under self-weight or external loading (DNER, 2022)
and relates variation in excess of pore pressure to effective
stress and void ratio (Budhu, 2010).

According to the effective stress principle, embankment
construction induces excess pore pressure in the soft soil,
thereby modifying effective stress. Evaluating pore pressure
and effective stress supports the control of embankment

elevation rates and enhances the interpretation of soil strength
and safety factors over time (Coutinho, 1986; Ortigao, 1980).
Depending on soil properties and elevation rate, consolidation
may begin during construction, as pore pressure dissipates
and strength progressively increases.

Several researchers have studied the performance
of instrumented embankments through the analysis
of volumetric, horizontal and vertical displacements.
Tavenas et al. (1979) investigated the relationship between
the maximum horizontal displacement (9, ,,,,) and settlement
(Pmax) noting that values of &y yux / Prmay between 0.09
and 0.27 correspond to approximately elastic behavior in
overconsolidated clays, while ratios between 0.71 and 1.31
reflect the elastoplastic behavior of normally consolidated
clays. Ratios consistently in the range of 0.14 to 0.18 were
associated with the consolidation phase. Loganathan et al.
(1993) proposed the Field Deformation Analysis (FDA)
method, introducing parameters that describe vertical and
horizontal displacement relationships.

Sandroni et al. (2004) proposed an empirical method
to assess stability based on the ratio between horizontal and
vertical volumes (V, / ;) and its rate of change (dV, / dV})
over time (¢) and embankment height (/). During loading,
values above 3 indicate stability, while values near 1 suggest
failure. In the consolidation phase, under constant loading
and undrained conditions, values exceeding 5 denote stability,
whereas lower values warrant caution.
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Finite element methods (FEM) have become increasingly
prominent in evaluating the stability, settlement, and
performance of embankments on soft soils, especially for
complex geometries or parametric studies. They have been
widely used to complement limit equilibrium methods by
predicting deformation, stress, pore pressures, and safety
factors (DNER, 2022).

To further the understanding of embankment behavior
and address existing gaps in numerical modeling, this study
presents numerical and parametric simulations conducted
in Abaqus, investigating the influence of OCR, x, M, and
H on settlement, horizontal displacement, pore pressure,
effective stress and mobilized volume of four unreinforced
embankments.

2. Methods

Numerical analyses were performed in Abaqus
under plane strain conditions, using four symmetric
two-dimensional models of unreinforced embankments.
Abaqus was selected due to its robust implementation of the
modified Cam Clay model, its capability for fully coupled
pore pressure-deformation analysis, and its flexibility in
defining complex boundary and loading conditions under
plane strain. Each model consisted of a granular embankment
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Figure 1. Half-domain of the numerical model, in m.

with a height of 3.5 m and a base width of 17 m, constructed
over a homogeneous soft clay layer with thicknesses of
5 to 20 m, and a horizontal extension of 30 m. To reduce
computational cost, only half of the domain (Figure 1) was
modeled, exploiting its symmetry.

2.1 Geotechnical parameters

The embankment fill was modeled as a dry, homogeneous
material using the Mohr-Coulomb failure criterion. The
clay layer was represented as a homogeneous elastoplastic
material governed by the modified Cam Clay model. Table |
presents the parameters adopted for both materials, based
on typical values for soft clays in Floriandpolis, as reported
by Oliveira (2006) and Baran (2014).

2.2 Simulation steps

The simulations followed a three-step procedure,
representing embankment construction in a single stage. The
first step established the initial geostatic stresses by applying
gravity loading using the “body force” function. In the second
step, the embankment was constructed incrementally up to a
height of 3.5 m over one month. The third step simulated the
consolidation of the clay layer over a period of 48 months.
Throughout all stages, the evolution of settlement, mobilized
soil volume, horizontal displacement, excess pore pressure,
and effective stress were monitored.

2.3 Boundary conditions and finite element mesh

The model employed physical and hydraulic boundary
conditions representative of field conditions under plane
strain assumptions. Vertically and horizontally fixed boundary
conditions were applied at the model base, while horizontal
displacements were restrained on the lateral edges. Pore
pressure at the ground surface was set to zero throughout
the simulation to represent free drainage.

Table 1. Geotechnical parameters of the soft soil and granular material.

Granular material Clay
Parameter Value Parameter Value
Initial void ratio - €, 0.65 Initial void ratio - €, 2.5
Bulk unit weight - 7 (kN/m?) 20 Bulk unit weight - 7 (KN/m?) 15
Cohesion - ¢ (kN/m?) 2 Recompression index - 0.065
Internal friccional angle - ¢ (°) 30 Poisson’s ratio - v 0.33
Dilatancy angle - ¥ (°) 0 Compression index - A 0.65
Elastic Module - £ (kN/m?) 1000 Slope of the critical state line - M 1
Poisson’s ratio - v 0.3 Overconsolidation ratio - OCR 0.75,1.0, 1.5,3.0
Permeability coefficient - & (m/s) 0.01 Size of the yield surface in the wet side - § 1
Ratio of the flow stress - K 1
Permeability coefficient - & (m/s) 2.50E-08
Lateral earth pressure at rest — K, =1—sen¢ 0.57
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The embankment was discretized with CPESR elements,
and the foundation with CPESRP elements. Figure 2 shows
the mesh configuration and boundary conditions for the
model with a 5 m thick soil. The mesh was refined in regions
expected to experience high stress and deformation gradients.

2.4 Parametric analyses

To assess the influence of soil parameters on embankment
performance, 10 parametric analyses were conducted for
each of the four models, totaling 40 simulations. Parameters
varied included M, x, OCR, and H..

Figure 2. Boundary conditions and finite element mesh for model
with H, =5 m.
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Figure 3. Location of observation points and lines, in m.

Table 2 presents the values used in each parametric
analysis. Analysis 1 was the reference case with standard
values, while the remaining analyses altered only one
parameter at a time, keeping the others constant. No changes
were made to the embankment filling properties. Except for
OCR =0.75, all parameter values are consistent with typical
ranges reported for Floriandpolis clays (Oliveira, 2006;
Baran, 2014). The OCR of 0.75 was considered to investigate
the response of clay undergoing consolidation, rather than
for practical application.

Results were exported from Abaqus to Microsoft Excel
for graphical representation and interpretation. To support
the analysis, 11 observation points (A to K), three horizontal
lines (LH1 to LH3), and six vertical lines (LV1 to LV6) were
defined within the model to examine temporal and spatial
variation of key response variables. Figure 3 shows the
locations of these points and lines within the model domain.

3. Results

This section presents the results of the 40 numerical
simulations, focusing on the effects of soft soil H,, OCR, x,
and M on settlement, horizontal displacement, excess pore
pressure, effective stress and mobilized soil volume. Due
to space limitations, only representative results and figures
are included; however, the discussion encompasses trends
observed across all analyses.

3.1 Settlement

Figure 4 illustrates the spatial distribution of settlement
for the reference model (H =5 m) at the end of embankment
construction (1 month) and after the consolidation phase
(48 months). Areas of greater settlement are shown in blue,
while positive values indicate upward ground movement.
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b I e
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Figure 4. Spatial distribution of settlement: (a) 1 month and (b) 48 months.
Table 2. Parameters and values used in parametric analyses.
Analysis M Analysis K Analysis OCR
1 (reference) 1.0 1 (reference) 0.065 1 (reference) 1.00
2 1.1 5 0.050 8 0.75
3 1.2 6 0.080 9 1.50
4 1.3 7 0.095 10 3.00
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Downward displacements occur beneath the embankment
crest, while upward movements near the embankment toe
may result from lateral soil displacement.

Normalized settlement (p / H) was evaluated over the
square root of time (/¢) at key points (A, B, D, E, G, and H),
as well as along horizontal lines LH1 and LH2, at 1 month and
48 months. As expected, and shown in Figure 4, settlements
within the clay layer (points C, F, I, and K and LH3) are smaller
than the total layer settlements; therefore, they were not evaluated
individually due to this behavior and space limitations. Effective
normalized settlement ( p/ I-Is).(o"va / q) was also assessed
using the average geostatic stress and embankment surcharge
along the lines LH1 and LH2 for the same periods of time.

Figure 5 presents the variation of p/ H at points B
and H. At point B, settlement increases nonlinearly with
time until reaching stability. At point H, initial upward
movement is later reversed in most cases (except in analyses

Figure 6 shows normalized curves accounting for the
average geostatic stress (o ') and the embankment surcharge
(q = yH, =70kPa). The results are unaffected by H, due
to the inclusion of ¢',,. The influence of M and OCR on

(p/]—[s).(a’va/q) is evident only for /=5 m, while an

increase in x slightly reduces (p / Hs).(o"v/ ¢ ) for H;>10 m.
3.2 Horizontal displacement

Figure 7 shows the spatial distribution of horizontal
displacement, at 1 month and 48 months. The ratio 6, / p
is crucial for assessing slope performance, as excessive
horizontal movement relative to settlement (red area) can
generate shear stress zones and lead to failure.

Table 3. Percentage range of p / H for analyses with different /.

with H,=5m and OCR =0.75 and 1'.0), possibly resulting , ' Percentage of p / H,
from c;onspliQation e?ﬁects or num.erlcal modelmg. Further ~ Parametric analysis (1 month) (48 months)
investigation is required to determine the underlying cause. H —5m
Regardless of the value of H, increasing the x parameter s
reduces p / H,. The maximum value of p / H tends to occur M (5.0-5.1) (10-10.8)
near the toe of the embankment for H, > 10 m. On the axis k (4.7-6.6) (10.2-12.8)
of symmetry, p / H varies between 1.91% and 3.56% for H, OCR (4.1-6.8) (4.2-15.0)
of 20 m, between 2.25% and 4.22% for H of 15 m, between H, =10m
4.39‘73 and 7.99% for H, of 10 m, and between 4.22% and M 4.1) (5.5)
15.00% for H of§ m. X (3.3-5.5) (4.4-8.0)
In general, increasing H reduces the settlement OCR @n (5.5-7.9)
stabilization time (7},,), which is below 9.5 months in all ’ H =15 o
analyses. Analyses with H, =5 m do not show significant s =M
influence of M and « on T,,,. Contrarily, T,,, decreases as M (2.3) (2.9)
OCR increase from 0.75 to 3. k (1.8-3.1) (2.3-4.2)
Table 3 provides a summary of the percentage range of OCR 2.3) (2.9)
p/ H The consolidation process causes ground heave near the H, =20m
slope toe, followed by a marked reduction post-construction.
) . . M (1.9) (2.5)
The results confirm that thicker soil layers reduce p / H, with i e 1936
OCR and M having minor effects for H,> 10 m. For H, = (1.5-2.6) (1.9-3.6)
5 m, variations in x produce more pronounced differences. OCR (1.9) 23)
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Figure 5. Variation of p/ H ; versus (\/; ): (a) Hy =5 m with varying OCR and (b) OCR = 0.75 with varying H.
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Figure 6. Variation of (p/ Hy).(c"o/ ¢) along LH2: (a) Hg = 5 m with varying OCR and (b) OCR = 0.75 with varying H .
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Figure 7. Spatial distribution of the horizontal displacement: (a) 1 month and (b) 48 months.

&/H, 8y/H,
0 005 01 015 02 025 0 005 01 015 02 025 02 025
0.0 - 0.0
{IRY i
0.1 £ g 0.1 3
1R %
0.2 ; 4 02 §
$ 4 &
1 q
0.3 : g 03 3
H %
4 [
0.4 4 0.4
Tos 4 T o5 Toos ;
$ d 4
06 . } @ J‘ 06 @ J
[ 1f 1]
0.7 ¢ 0.7 1 ¢
058 : P 08 -
j ' F’
09 £ 7 0.9 " ¥
A H,=5m H,= 10m 3 I OCR=(.75
1.0 1.0 1.0
---8--- LV5-1M (OCR=0.75) ---a--- LV5-1M (OCR=1.00) | =~=---LV5-IM (OCR=0.75) ---2---LV5-IM(OCR=1.00) | ---s--- LV5-1M (Hs=5m) -=-4==- LV5-1M (Hs=10m)
==-e==- LV5-IM (OCR=1.50) ---=---LV5-IM (OCR=3.00) | ---*---LV5-1M (OCR=150) ~---s---LV5-IM(OCR=3.00) | ---e--- LV5-1M (Hs=15m)  ---s--- LV5-1M (Hs=20m)
—a— LV5-48M (OCR=0.75) —+—LV5-48M (OCR=1.00)| —*—LV5-48M (OCR=0.75) —+—LV5-48M (OCR=1.00)| —=—LV5-48M (Hs=5m) —+— LV5-48M (Hs=10m)
—+— LV5-48M (OCR=1.50) —&— LV5-48M (OCR=3.00)| —+—LV5-48M (OCR=1.50) —&— LV5-48M (OCR=3.00)] —+—LV5-48M (Hs=15m) —— LV5-48M (Hs=20m)
(b) (©)

(a)

Figure 8. Variation of 0, / H, versus z / H: (a) H, =5 m with varying OCR, (b) H = 10 m with varying OCR, and (c) OCR = 0.75

with varying H.

Figure § presents the typical variation of 6, / H_ along
z/ H for LV5 in analyses with /7, of 5 m and 10 m, varying
OCR values. In models with H, = 5 m, 6, / H, increases
after embankment construction, as was observed by Brugger

(1996). Models with H,=10, 15, and 20 m show the opposite
trend, consistent with Loganathan et al. (1993). Further study
is needed to clarify this reversal, although Brugger (1996)
attributes it to limitations in numerical modeling approaches.
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The (8, / H, ), typically occurs at the soft soil surface
(z/ Hy=0), except for LV3 in some H =5 m cases, where
values remain nearly constant from z/H, = 0.1 to 0.7,
then drop to zero at z/ H = 1. In most cases, the profile is
curvilinear, although some display an almost linear decrease
from maximum at the surface to zero at the base.

The boundary condition at z / H =1 constrains horizontal
displacement at the model base. Given that analyses with
H =20 m show &, / H, extending to greater depths, it is
reasonable to infer that, base values for H,=5, 10, and 20 m
could exceed zero if unconstrained. This suggests that all
tested soft soil thicknesses are inadequate in fully restraining
horizontal displacement at the base.

Parametric studies showed that increasing x raises
o, / H, for all H values. For LVS5, (é'h / H, )max ranged
from 7.7 - 12.5%, 6.5 - 12.7%, 3.7 - 7.3%, and 3.1 - 6.3%
for H, =5, 10, 15, and 20 m, respectively. Changes in
M and OCR affected &), / H, only for H,=5 m. For LV5
with H, = 5 m, varying M yielded (5h / H, )max between
5.5-9.5%, while OCR variation gave (8, / H, ) between
4.6 - 21.0% for H, =5 m, and from 4.2% - 8.4% for H =10,
15, and 20 m.

In most cases, (511 / H, )max was below 10%, except
in the critical case with OCR = 0.75 and 5 m thick, where
it reached 21%. For H; = 10 m, changes in M and x had
little effect, while OCR variation had the greatest impact on
displacement reversal, followed by M and then «.

The Oy, ax / Prmax @t 1 month ranged from 0.318 - 0.652
(Hy=5m),0.459 - 0.561 (H =10 m), 0.328 - 0.409 (H =
15 m), and 0.275 - 0.341 (H, = 20 m). After consolidation,
these values dropped to 0.184 - 0.474,0.234 - 0.274,0.197 -
0.212, and 0.164 - 0.169, respectively. The & nax / Pmax
decreased with increasing H According to Tavenas et al.
(1979), 4 max / Pmax between 0.09 and 0.27 indicates
approximately elastic behavior, while values from 0.71 to
1.31 reflect elasto-plastic behavior.

3.3 Mobilized soil volume

The mobilized volumes above the embankment provide
a more realistic assessment of embankment behavior on
clays (Brugger, 1996) and allow stability to be monitored
through limit ratios of vertical and horizontal volumes
(Sandroni et al., 2004).

This study analyzes the vertical volumes V'v1 and Vv2, and
the horizontal volume (1}, ), using the ratios Vv2 / Vo, Vi / Vin
and Vi / V2. Here, V1 is the vertical volume mobilized beneath
the embankment, V'v2 is the vertical volume mobilized near the
toe, and Vi is the horizontal volume mobilized along line LV5.

Figure 9 shows the effect of parameters on V31 and
Vva / V. Variations in M and OCR have no effect on Vvi or
V2l Vi for H;>10 m. The V,, / V., is unaffected by x after
consolidation but is slightly influenced by x immediately
after embankment construction. In contrast, V,,; increases
with higher «x. The ranges of ¥, and V,, / V,, for each H..
are summarized in Table 4.

Figure 10 shows the effect of pameter variations on
Vi, !V, and Vy /V,,. Both 6, and ¥}, decrease with distance
from the slope crest, with ¥}, highest for LV3, followed by
LV5 and LVé.

The trend in ¥}, mirrors that of &,. For H,=5m, V},
increases after embankment construction; for H = 10, 15,
and 20 m, it decreases during consolidation. For H, = 10
m, both V} and V, slightly decrease with increasing / and
remain relatively stable with variations in M, x, and OCR.
In contrast, for H, =5 m, V}, and V; decrease with higher
M and OCR and increase with higher «.

The ranges of V}, /V,, and W}, /V,, for each H at 1
month and 48 months are presented in Table 5. The V}, /V,
results indicate stable conditions, with values below 0.33
(orV,, /V, > 3) at 1 month and below 0.20 (or V,; / ¥}, > 5)
at 48 months, in agreement with the stability limits proposed
by Sandroni et al. (2004).

Table 4. The range of V,; and V,; / V., for analyses with different H .

Range of V
Parametric analysis
Y H,=5m H,=10m H, =15m H,=20m
IM 48M IM 48M IM 48M IM 48M
M 3.8-52 6.3-8.9 8.9 8.8-8.9 7.8 7.1 9.0 7.9
k 4.4-6.5 7.1-9.4 6.9-12.7 6.9-12.7 6.0-11.1 5.5-10.3 7.0-12.9 6.1-11.4
OCR 3.3-8.7 3.3-13.0 8.8-9.0 8.8-11.3 7.8 7.1-7.3 9.0 7.9
Range of V,,, / V,,,
P tri lysi
ArAmeTtie ahaysis H, =5m H,=10m H, =15m H, =20m
M 48M IM 48M IM 48M IM 48M
M 0.11-0.18  0.04-0.10 0.21 0.06 0.20 0.06 0.21 0.04
k 0.17-0.20 0.09-0.10 0.19-0.30 0.06 0.19-0.22 0.06 0.20-0.22 0.04
OCR 0.05-0.21 0.10-0.33 0.21 0.06-0.07 0.20 0.06 0.21 0.04
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Figure 9. Influence of the parameters k', M and OCR on V,,; and V,

®

2 Vi (8) M versus V| (m¥), (b) K versus V,; (m?), (¢) OCR versus

Vi, (m?), (d) M versus V,, / V., (e) k versus V,, / V,,, and (f) OCR versus V,, / V..

3.4 Excess pore pressure and effective vertical stress

Figure 11 shows the spatial distribution of excess
pore pressure. Red regions indicate maximum values. After
1 month, the peak excess pore pressure was 32.16 kPa near
the base at the axis of symmetry. By 48 months, the excess
pore pressure had almost dissipated, approaching zero.

Excess pore pressure was normalized by the embankment
surcharge at the soft soil surface (¢ =y,H, =70kPa)
and analyzed along LV1, LV2, and LVS5. Four additional
normalization methods were applied along LH3.

Figure 12 shows normalized pore pressure (Au / q)
versus normalized depth (Au / ¢) and illustrates the influence

of k and H, on (Au / q) along lines LV1, LV5, and LV2.
(Au / q) values are highest along LV1.

In all lines, (Au/¢q) increases with depth. The
variation of (Au / g) along LV1 and LV5 display similar
trends, differing from LV2. On LV1 and LVS, values rise
nearly linearly at shallow depths before stabilizing; LV2
shows a nonlinear increase before leveling off. At shallow
depths, LV2 values are generally lower than LV5; at greater
depths, the opposite occurs.

Increasing H, shifts the z/ H, where (Au / q) values
along LV2 and LV5 converge. For M -variation analyses,
z/ Hj rises from 0.55 to 0.79 as H, increases from 5 to
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Figure 10. Influence of the parameters &, M and OCR on V; /V, and V}, / V.5 (a) M versus V, / V,,; (m?), (b) & versus V}, / V,; (m?),
(c) OCR versus V,, /V,; (m?), (d) M versus V}, / V5, (¢) k versus ¥y / V5, and (f) OCR versus V; / V5.

20 m. For x variation, it rises from 0.45 to 0.84; for OCR
variation, from 0.60 to 0.78.

For a given z / H and vertical line, (Au / q) increases
with H, due to longer drainage paths. x has the largest
influence: higher x yields higher (Au / q), with stronger
effects for larger H. M has negligible influence on (Au / )
for any H,, and OCR affects (Au / g) only for H, =5 m,
where higher OCR reduces (Au / q).

Figure 13 presents four different normalization methods
of pore pressure. First Au/ o', , excess pore pressure
divided by the effective vertical stress after embankment

construction. Second Au / & "o excess pore pressure divided
by the initial effective vertical stress. Third Au /Ao 'V,
excess pore pressure divided by the change in effective
vertical stress during construction. Fourth U=l —Au/ g,
degree of consolidation.

For Au/ o' (Figure 13a), pore pressure decreases more
slowly beneath the embankment than outside it. Aut / o' yalues
drop from maximum at the axis of symmetry to minimum at
the right boundary. Au / O"VO (Figure 13b) shows a faster
decrease along LH3. Most results of Au/ o', are below
0.84, but some exceed 1 for H; =5 m and for H; =20 m
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Table 5. The range of V}, / V,,; and V} / V,,, for analyses with different /.

Range of V}, /1,
Parametric analysis H,=5m H,=10m H,=15m H,=20m
M 48M M 48M M 48M M 48M
M 0.07-0.12 0.04-0.09 0.11 0.08 0.09 0.08 0.07 0.06
k 0.11-0.12 0.08-0.1 0.11-0.12 0.08 0.09-0.1 0.07-0.08 0.07-0.08 0.06
OCR 0.06-0.18 0.05-0.13 0.11 0.08 0.09 0.07-0.08 0.07 0.06
Range of V}, / V5
Parametric analysis H,=5m H,=10m H,=15m H, =20m
IM 48M M 48M M 48M 1M 48M
M 0.61-0.65 0.9-1.02 0.53-0.54 1.31-1.33 0.45 1.35 0.35 1.36
k 0.61-0.67 0.88-0.93 0.52-0.55 1.32-1.35 0.45-0.46 1.34-1.37 0.35 1.36-1.39
OCR 0.56-0.65 0.61-1.12 0.53-0.54 1.15-1.34 0.45-0.46 1.31-1.35 0.35 1.36

POR
. 4.0e-11
. 3299 Min: 0.00 13.053-11
27.00 +3.0e-11
24.00 +2.5e-11
. fégg +2.0e-11
l 15.00 +1.5e-11
135 +9.7e-12
9.00 +4.7e-12
I 6.00 ‘ 4.0e-13
3.00
0.00
(@) (b)
Figure 11. Spatial distribution of excess pore pressure: (a) 1 month and (b) 48 months.
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Figure 13. Variation of normalized excess pore pressure and degree of consolidation along LH3: (a) Au /o', for H =15 m with varying
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with OCR = 0.080 - 0.095. For H,> 10 m, Au /o', and

Aulo 'vo nerally decrease with increasing H,. M and OCR
have minimal influence except at H, = 5 m, where higher
values reduce Au/ o',. Higher « increases Au /o', but
decreases Au / &' beneath the embankment. In this region,
Au/ o' tendsto exceed 1, particularly for H;=5and 10 m.

High Au / Ao”'vindicates low consolidation and possible
instability under the slope. Au / Ao’y values (Figure 13c,
Figure 13e, Figure 13g) increase with H, especially beneath
the embankment. M and OCR have little influence on
Au/Ac’y, and M, OCR, and x changes have no impact
on Au / Ao’y in the unloaded soil near the right boundary.
Higher x increases Au / A’y beneath the embankment.
Along LH3, two patterns of Au / A’y emerge: constant
values below 3 under the crest and outside the embankment;
and peaks above 10 beneath the slope, suggesting shear zone
formation and potential instability.

During consolidation, excess pore pressure dissipation
corresponds to increased effective stress. Beneath the crest,
the increase in effective stress can be up to three times
greater than during construction; beneath the slope, it can
exceed ten times.

For degree of consolidation (U), M and OCR have
minimal influence. U increases as H decreases, particularly
near the right boundary. Along LH3, U rises from 0.35 - 0.45
near the symmetry axis to 0.8 - 1.0 at the right boundary.
Values near 1 indicate complete dissipation of excess pore
pressure.

4. Conclusion

This study evaluated the combined influence of soft
soil H, OCR, x, and M on the performance of unreinforced
embankments through forty finite element simulations. The
results demonstrate that embankment behavior results from
the interaction among these parameters, with H; exerting
primary control and the others modulating its effects.

H  governs both deformation and drainage mechanisms.
Increasing H, reduces p/ H,, On/ He, and excess pore
pressure, producing faster stabilization for the same
embankment height. Thin layers (4, = 5 m) show more
complex displacement patterns, such as upward movement
at the toe followed by reversal. In these cases, OCR, k', and
M interactions become more evident, jointly influencing
stiffness recovery, volumetric change, and shear redistribution.

The OCR and « interaction plays a central role in defining
time-dependent compressibility and consolidation. Higher x
increases settlement and excess pore pressure (Au / g), while
higher OCR enhances stiffness and accelerates consolidation.
Their combined effect governs both the rate and the magnitude
of settlement stabilization. Low OCR with high x yields slower
consolidation and higher Au / &' , whereas high OCR with low
x promotes faster stress redistribution and lower settlements.

The parameter M affects the stress-strain path and the
extent of plastic zones. Although compared with H_, OCR
, and x, M influences horizontal deformation trends and
displacement reversal in thinner layers, but has negligible
impact for H;> 10 m.

Interdependence among H, OCR, and « is also reflected
in the mobilized soil volumes. Higher x increases both vertical
and horizontal mobilized volumes (¥, and }},), while higher
OCR reduces them, producing more stable configurations.
The ratios V,,, / V., and V}, / V| remain within the stability
limits proposed by Sandroni et al. (2004), confirming the
adequacy of the mobilized volume approach to capture
coupled deformation and drainage mechanisms.

Although the assumption of a homogeneous clay
layer limits direct generalization to stratified profiles, the
normalized response patterns derived here provide valuable
guidance for preliminary assessments. They clarify the
mechanical coupling among OCR, x, M, and H, establish
consistent behavioral trends, and support the interpretation
and prediction of embankment performance on soft clays in
early design stages prior to detailed site-specific modeling.
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List of symbols and abbreviations

c Cohesion

€ Initial void ratio

k Permeability coefficient

q Embankment surcharge

t Time

x Horizontal distance

z Depth

E Elastic Module

H, Embankment height

H, Thickness of the soft soil

K Ratio of the flow stress

K, Lateral earth pressure at rest

M Slope of the critical state line

OCR  Overconsolidation ratio

Tt Stabilization time of the settlement

U Degree of consolidation

"y Horizontal volume

v, Vertical volume

Vo Vertical volume mobilized below the embankment

Vo Vertical volume mobilized near the toe of the
embankment

p Size of the yield surface in the wet side

v Bulk unit weight

oy Horizontal displacement

Opmix  Maximum horizontal displacement

K Recompression index

A Compression index

v Poisson’s ratio

P Settlement

Pmix  Maximum settlement

@ Internal frictional angle

v Dilatancy angle

Au Variation in excess pore pressure

Ao’y Variation in effective vertical stress

o', Effective vertical stress

o Average geostatic stress
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