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ABSTRACT: This study, the third in a series of three, examines the behavior of excess pore pressure in four
unreinforced embankments on soft soils. To this end, numerical modeling using Abaqgus software is employed.
The embankments, comprising granular materials, have dimensions of 3.5 meters in height and 17 meters in
width. The underlying soft soil layer extends horizontally for 30 meters, with thicknesses varying from 5 to 20
meters. The investigation assesses the influence of overconsolidation ratio, recompression index, and critical
state slope on excess water pressure behaviors through four different normalization methods. The results
indicate that variations in recompression index exert a more significant impact on excess pore pressure
behaviors compared to those of overconsolidation ratio and critical state slope. The implications of these
findings on slope performance and stability are discussed. Additionally, the study underscores the efficacy of
Abaqus software in modeling geotechnical problems.
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1 INTRODUCTION

Numerous investigations have explored the impact of pore pressure on the stability and compressibility
of embankments on soft soils (De Freitas, 2019; Baroni, 2016; Dominoni, 2011, and others). One-dimensional
consolidation theory, pioneered by Terzaghi (1914, 1925) and further developed by Terzaghi and Fréhlich
(1936), postulates linear stress-strain relationships to elucidate consolidation phenomena. This theory
correlates variations in pore pressure, effective vertical stress, and void ratio (Budhu, 2010).

The construction of embankments over soft soils requires continuous monitoring of excess pore
pressure, especially during the loading phase. According to the principle of effective stress, raising the
embankment generates excess pore pressure in the soft soil, thus changing the magnitude of the effective stress.
The excess pore pressure can be positive or negative, depending on the degree of overconsolidation of the soil.
Therefore, the assessment of excess pore pressure and effective stress during and after embankment
construction can guide the rate of embankment elevation and provide a more accurate analysis of the change
in strength and factor of safety over time (Coutinho, 1986; Ortigdo, 1980; De Freitas, 2019).

Depending on the rate of embankment elevation and the properties of the soft soil, consolidation may
begin during the embankment construction phase as excess pore pressure is dissipated, increasing strength. As
a result, stability analyses of embankments on soft soils performed in terms of effective stresses require both
the effective soil strength parameters (¢’ and ¢') and pore pressure values. Pore pressures generated during
and after construction are more difficult to estimate accurately in field, even when piezometers are used in
instrumented embankments.

In recent decades, the use of numerical modeling for the analysis of geotechnical engineering problem
has increased significantly. This includes the analysis of settlements in embankments on soft soils, with an
emphasis on the dissipation of excess pore pressure and the increase in effective stress. This paper evaluates
the influence of variation in overconsolidation ratio (OCR), recompression index (x), and critical state slope
(M) on pore pressure and effective stress during and after the construction of four unreinforced embankments.

1922



XXI Congresso Brasileiro de Mecanica dos Solos e Engenharia Geotécnica

X Simposio Brasileiro de Mecanica das Rochas

X Simposio Brasileiro de Engenheiros Geotécnicos Jovens

24 a 27 de setembro de 2024 — Balneario Camboril/SC COB MSE 2924

2 Models Description

The numerical analysis of four unreinforced embankments on soft soils was performed using Abaqgus
software and assuming the plane strain condition. The 2D models consisted of a 3.5 m deep and 17 m long
embankment of granular material with a slope of 1:2 (vertical to horizontal) over a soft clay layer 30 m long
and 5 to 20 m thick. Due to the symmetry of the model, only half of the domain was simulated, as shown in
Figure 1, where H represents the thickness of the soft soil layer.
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Figure 1. Half-domain of the numerical model of the embankment on the soft soil, in m.

2.2 Geotechnical Parameters

The soft clay was modeled as a homogeneous solid with elastoplastic behavior using the Modified Cam
Clay plasticity criterion. Conversely, the granular embankment material was simulated in a dry state as a
homogeneous solid body using the Mohr-Coulomb criterion. The geotechnical parameters for both the granular
material and the clay soil are given in Table 1, where the clay parameters are typical of certain regions in
Floriandpolis, Brazil, as presented by Oliveira, 2006 and Baran, 2014.

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

Granular material of the embankment Clay soil
Parameter Value Parameter Value
Initial void ratio - e, 0.65 Initial void ratio - e, 2.5
Bulk unit weight - y (KN/m3) 20 Bulk unit weight - y (KN/m3) 15
Cohesion - ¢ (KN/m2) 2 Recompression index - k 0.065
Internal friccional angle - ¢ (°) 30 Poisson’s ratio - v 0.33
Dilatancy angle - ¢ (°) 0 Compression index - A 0.65
Elastic Module - E (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 - k (m/s) 0.01 Size of the yield surface in the wet side - 8 1
Ratio of the flow stress - K 1
Permeability coefficient - k (m/s) 2.50E-08
Lateral earth pressure at rest — 057
Ky=1-—sen¢ '

2.3 Simulation Sequences

The numerical simulations consisted of three stages, reflecting the sequential construction process of
the single-phase embankments. The first stage involved the application of the Body Force option to stablish
the initial geostatic stresses within the soft soil. The second stage then involved the gradual construction of the
embankment to a height of 3.5 meters over a period of one month. Finally, the third phase involved monitoring
the embankment's performance, including measuring vertical and horizontal displacements and excess pore
water pressure, over a period of 48 months (4 years).
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2.4 Boundary Conditions and Mesh Discretization

Physical and drainage boundary conditions were set to accurately simulate real embankment conditions
under plane strain. For the physical boundary conditions, horizontal (U1=0) and vertical (U2=0) displacements
were fixed at the bottom, while horizontal displacement (U1=0) was constrained at the right and left sides.
Throughout the simulation, the soft soil surface maintained a zero-pore pressure (U8=0) as part of the drainage
boundary conditions.

Figure 2 illustrates the physical boundary conditions and mesh configuration of the numerical model
with a 5 m thick layer of soft soil. The mesh has been refined particularly in areas where significant stresses
and strains are expected.

)

Figure 2. Boundary conditions and mesh discretization.

The numerical model used finite elements of type CPES8R (a quadrilateral flat deformation element with
8 nodes, bi-quadratic displacement, and reduced integration) for the embankment domain, and CPE8RP (a
guadrilateral flat deformation element with 8 nodes, bi-quadratic displacement, bilinear pore pressure, and
reduced integration) for the foundation domain.

2.6 Parametric Analysis

To investigate the effect of soil parameter variation on embankment performance, 40 analyses were
performed, with 10 analyses for each numerical model. The parameters varied included the slope of the critical
state line (M), the recompression index (x), the overconsolidation ratio (OCR), and the soft soil thickness (Hy).
Table 2 shows the parameters varied for each analysis and their respective values. Analysis 1 used parameters
set to reference values, while subsequent analyses varied individual parameter values while holding others
constant.

Table 2. Parametric analysis.

Analysis M | Analysis K Analysis  OCR
Analysis 1 (reference) 1.0 [Analysis1 0.065 | Analysis1 1.00
Analysis 2 1.1 | Analysis5 0.050 | Analysis8 0.75
Analysis 3 1.2 | Analysis6 0.080 | Analysis9 1.50
Analysis 4 1.3 | Analysis 7 0.095 | Analysis 10 3.00

The effective stress and pore pressure results were evaluated over time, depth, and width. Figure 3 shows
11 designated points (A, B, C, D, E, F, G, H, I, J, and K) along with three horizontal lines (LH1, LH2, and
LH3) and six vertical lines (LV1, LV2, LV3, LV4, LV5, and LV6) where data extraction from Abaqus to
Excel was performed. Point data analysis was performed over time, horizontal line data analysis was performed
over width, and vertical line data analysis was performed over depth.
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Figure 3. Points and lines of interest for data extraction, in m.

3 RESULTS AND DISCUSSION

This section examines the effect of the overconsolidation ratio, recompression index and slope of the
critical state line on pore pressure and effective vertical stress along the vertical lines LV1, LV2 and LV5, and
the horizontal line LH3 at 1 month and 48 months. Figure 4 shows the spatial distribution of excess pore
pressure across the model domain for Analysis 1 (the reference case). The red regions indicate areas of
maximum pore pressure values. At 1 month, the maximum excess pore pressure was 32.16 kPa near the base
of the symmetry axis. By the 48 months mark, the excess pore pressure had completely dissipated, with values
approaching zero, as shown in Figure 4b. Consequently, the results shown in the following figures correspond
to a period of 1 month. On the other hand, it is important to emphasize that the bottom of the model is
impermeable.

Due to space limitations, only selected typical figures are presented. However, the discussions cover the
behavior observed in all 40 analyses performed.

Min:-0.00

(a) 1 month. (b) 48 months.
Figure 4. Spatial distribution of excess pore pressure.

Figure 5 shows the normalized pore pressure (Au/q) as a function of soil depth (z/H), where q
represents the embankment surcharge at the soft soil surface (yH, = 70 kPa). Figures 5a and 5b show the
influence of the parameter x on Au/q along the lines LV1, LV5 and LV2 for analyses with H; = 20 m. In
addition, Figure 5b shows the influence of Hg on Au/q along the lines LV1 and LV5 for analyses with k =
0.095.

For all vertical lines, Au/q increases along the depth, with lines LV1 and LV5 showing a similar trend
that differs from that of line LV2. Additional analysis is required to understand the differences in the behavior
of the Au/q-curves along the LV2 line compared to the curves on the LV1 and LV5 lines, given the
intermediate position of LV2 between LV1 and LV5. In lines LV1 and LV5, the Au/q tends to increase
linearly with shallower depths and stabilize at greater depths. In contrast, in line LV2, Au/q exhibit a non-
linear increase with depth before stabilizing at greater depths. As expected, all analyses showed higher Au/q
values along the LV1 line (symmetry axis).

At shallower depths, most analyses indicate that the Au/q values on line LV2 are lower than those on
line LV5. Conversely, the opposite behavior is observed at greater depths. In analyses varying M, an increase
in Hg from 5 m to 20 m results in the normalized depth (z/H,) at which the Au/q values on lines LV2 and
LV5 become equal increasing from 0.55 to 0.79. Similarly, in analyses where k is varied, increasing Hg from
5 m to 20 m leads to the normalized depth (z/H,) at which the Au/q values on lines LV2 and LV5 become
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equal increasing from 0.45 to 0.84. Additionally, in analyses varying OCR, an increase in Hg from 5 m to 20
m causes the normalized depth (z/H) at which the Au/q values on lines LVV2 and LV5 become equal to
increase from 0.60 to 0.78.

The variation of parameter M has practically no influence on pore pressure for any soil thickness, and
the effect of OCR on pore pressure is only detectable for H; =5 m, where an increase in OCR causes a decrease
in pore pressure. The primary factor influencing the variation of Au/q along z/H, is k, with increasing k
corresponding to increasing values of Au/q. Moreover, the effect of k variation on Au/q tends to increase
with increasing H,. In all analyses, for a given z/Hg and vertical line, the Au/q values exhibit an increasing
trend with increasing H,. This pattern is attributed to the drainage path.
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Figure 5. Variation of Au/q versus z/H.

Figure 6 illustrates four distinct normalizations used to assess the effects of varying x, M and OCR on
pore pressure along the horizontal line LH3 at the end of embankment construction (1 month). The first
normalization (Au/a’y) consists of dividing the excess pore pressure by the vertical effective stress at the end
of embankment construction. The second normalization (Au/c’y) divides the excess pore pressure by the
initial vertical effective stress (geostatic condition). In the third normalization (Au/Ad’,), the excess pore
pressure is divided by the change in vertical effective stress during the embankment construction. The fourth
normalization examines the degree of consolidation (U) defined as 1 — Au/q. It is important to note that the
discussion includes the results of all simulations, although the figures only show the results of analyses with
Hg of 15 m.

Normalization curves of Au/c’, show a slower rate of decrease for Au/a’, in the soil region beneath
the embankment compared to the soil region outside the embankment. The Au/a’,, values decrease from their
maximum near the symmetry axis to their minimum near the right side of the model. A similar pattern is
observed in the curves of Au/a’,, albeit with a higher rate of decrease along the horizontal line compared to
the curves of Au/a’,

For Hg > 10 m, both Au/a’, and Au/a’y values tend to decrease with increasing Hg, especially in the
soil region below the embankment. Except for analyses with H; = 5 m, variations in M and OCR have minimal
effect on Au/o’, and Au/c’,, values. However, for analyses with H; = 5 m, increases in M and OCR lead to
decreases in Au/a’y, and Au/a’, values. Conversely, an increase in x results in an increase in Au/c¢’, and a
decrease in Au/a’y, in the soil region beneath the embankment. Most analyses show Au /g’ values below
0.84, but higher values exceeding 1 were observed in some analyses with H, =5 m, as well as in some analyses
with H, = 20 m and OCR values of 0.080 and 0.095. In the soil region beneath the embankment, Au/ad’,,
tends to exceed 1, particularly in analyses with Hg of 5 m and 10 m. It is important to note that higher Au/g’,,
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values indicate a lower degree of soil consolidation and, depending on where they occur, instability may be
present in these areas (beneath the embankment slope).
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Figure 6. Variation of normalized excess pore pressure and degree of consolidation along the LH3 line.
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The variation of Au/Ac’,, along the horizontal line LH3 exhibits two distinct patterns. Firstly, relatively
constant Au/Ac’,, values below 3 were observed along the LH3 section beneath the embankment crest and
outside the embankment. Secondly, peaks in Au/Ad’,, values greater than 10 were observed along the LH3
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section beneath the embankment slope. It can be postulated that elevated values of Au/Ac’, may indicate the
formation of a shear zone, which is linked to instability and significant deformation. Consequently, these
regions demand careful monitoring and attention.

In all analyses, Au/Ad’, tend to increase with increasing Hy, especially in the soil region beneath the
embankment. Variations in M and OCR have minimal effect on Au/Acd’, values. The variation of these
parameters (M, OCR and k) does not impact the Au/Ac’,, values in the unloaded soil region near the model's
right boundary, as expected. An increase in k results in an increase in Au/Ac’,, in the soil region beneath the
embankment.

In theory, the dissipation of excess pore pressure during the consolidation process results in a
corresponding increase in effective stress. Based on that, it can be concluded that in the soil region beneath the
crest of the embankment, the increase in effective stress during the consolidation phase can reach up to three
times the value of the increase in effective stress during embankment construction. In contrast, in the soil
region beneath the embankment slope, the increase in effective stress during the consolidation can surpass ten
times the value of the increase in effective stress during embankment construction.

Along the LH3 line, the degree of consolidation (U) increases as it moves away from the axis of
symmetry (between 0.35 and 0.45), reaching values between 0.8 and 1.0 at the model's right boundary. It is
noteworthy that consolidation degrees close to one indicate complete dissipation of excess pore pressure or the
end of the consolidation process.

In all analyses, U values tend to increase with decreasing Hs, especially in the soil region near the right
boundary. Variations in M, k and OCR have minimal effect on U.

4 CONCLUSIONS

The study conducted 40 numerical simulations on 4 unreinforced embankments on soft soils to
investigate the influence of parameters M, OCR, and k, as well as the thickness of the soft soil on the variation
of pore pressure, effective vertical stress, and degree of compaction. The key conclusions are presented below:

o the behavior of the Au/g-curve along the depth changes according to the position of the analyzed
vertical line. The Au curves for lines LV1 and LV5 display similar trends, which contrast with the
behavior observed in line LV2, located between them;

e the variation in M has negligible impact on pore pressure across any soil thickness, while the effect
of OCR on pore pressure is only notable for H; = 5 m, where higher OCR leads to reduced pore
pressure. The primary factor affecting the variation of Au/q along z/Hy is k, where increasing «
leads to higher Au/q values;

o for H; > 10 m, Au/c¢’y and Au/a’y, values decrease with increasing H, especially beneath the
embankment. Variations in M and OCR minimally impact these values, except in analyses with
H, = 5 m, where increases in M and OCR reduce Au/a’, and Au/a’,,. Conversely, increasing k
increases Au/a’, and decreases Au/a’, beneath the embankment;

e Au/Acd’, tend to increase with increasing H, especially in the soil region beneath the embankment.
Variations in M and OCR have minimal effect on Au/Ac’,, values. The variation of these parameters
(M, OCR and k) does not impact the Au/Ad’,, values in the unloaded soil region near the model's
right boundary, as expected. An increase in x results in an increase in Au/Ad’, in the soil region
beneath the embankment;

e U values tend to increase with decreasing H, especially in the soil region near the right boundary.
Variations in M, k and OCR have minimal effect on U;

o the quality of the analysis underscores the capability of Abaqus software in assessing the
performance of geotechnical structures that require monitoring of excess pore pressure.
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