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Finite element prediction of long-term behaviour of a test 
embankment based on back-analysis of early stages
Fernando da Silva Oliveira1# , Francisco de Rezende Lopes2 

1. Introduction

An embankment was needed to raise the grade of the 
construction site of the Athletes’ Village of the 2016 Olympic 
Games in Rio de Janeiro, Brazil. There were concerns 
about both the long-term settlements of the embankment 
and the horizontal displacements it could induce on nearby 
foundations. A test embankment was raised over 6 weeks to 
a height of 6.7 m and was monitored during construction and 
in the subsequent month. Due to the construction schedule 
of the entire project, monitoring could not be extended 
further. Instrumentation consisted of electric piezometers, 
settlement plates and inclinometers. The local ground 
conditions featured a pack of sedimentary soils, including 
soft clays. Firstly, field and laboratory tests were evaluated 
for numerical modelling parameters; secondly, a sensitivity 
study of the various parameters was carried out with a 2D 
model with program PLAXIS. Third, a 3D model was run 
with the average parameters, and the most sensitive of 
them were further adjusted to match measurements in the 
monitoring period (2.5 months). With these parameters, a 

long-term (3D) analysis was performed in order to predict 
the long-term behaviour of the embankment.

The time-dependent behaviour of clayey soils is related 
to two phenomena: consolidation (of hydrodynamic nature) 
and creep (of viscous nature). The first rational approach to 
the consolidation phenomenon was proposed by Terzaghi 
(1923), for 1D strains and constant excess pore pressure with 
depth. In the following years, different authors proposed 
extensions of this theory, such as 3D conditions, excess pore 
pressures not constant with depth, coupling pore-pressure 
dissipation with stresses, large strains etc., but respecting 
the effective stress principle – i.e., not considering creep. 
However, a few years after the publication of Terzaghi’s 
theory, experimental results began to reveal that an additional 
phenomenon existed, the most evident indication being a 
straight slope of the ε vs. log t curve – instead of a horizontal 
asymptote – at the end of the load stages in oedometer tests. 
This additional phenomenon was termed as “secular effect” 
(Buisman, 1936) or “secondary time effect” (Gray, 1936) 
and, in fact, is a manifestation of the viscous nature of soils. 
The most widespread theory for the prediction of viscous 
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strains is based on Buisman’s formulation, which requires 
the secondary compression index Cα. Other insights and 
formulations were put forward by Taylor (1942) and Leonards 
& Girault (1961), to mention just a few, and, more recently, 
in the works of Martins and colleagues (e.g., Martins, 2023; 
Oliveira et al., 2023; Santa Maria & Santa Maria, 2018).

PLAXIS solution for time-dependent deformation 
of clayey layers – Soft Soil Creep model – couples strain 
due to consolidation (strains associated with pore pressure 
dissipation) and due to creep (viscous strains). Consolidation 
strains follow Terzaghi’s consolidation theory for pore 
pressure dissipation and creep strains are derived from a 
Buisman (1936)-type solution extended to three-dimensional 
conditions (Stolle et al., 1999). This is a model based on the 
isotache concept of Suklje (1957), and can be categorized 
under Hypothesis B of Ladd et al. (1977).

Although some numerical analyses of test embankments 
have been published (e.g., Huang et al., 2006; Mirjalili et al., 
2012; Chai et al., 2013; Muthing et al., 2018), the present paper 
presents a 3D analysis of an embankment on heterogeneous 
ground, designed to induce large horizontal displacements, 
and includes a sensitivity study of the overall behaviour due 
to the parameters of the clayey layers.

In a case study, it is not possible to predict which 
contribution, between pore pressure dissipation (consolidation) 
and viscosity, is the most important, especially with layers at 
different depths. A sensitivity study such as the one presented 
here is necessary.

2. The test embankment

2.1 Location and geology

The test embankment was built in the Athletes’ Village 
of the 2016 Olympic Games, in the Jacarepaguá Lowland, 
Rio de Janeiro. The local subsoil is characterized by a 
package of Holocene and Pleistocene sediments, originating 
from continental, sea, and lagoon deposits, consistent with 
the history of sea level variations. These deposits led to the 
formation of spits in this region, composed of low-density 
sands, peat, and soft plastic clays (Maia et al., 1984).

2.2 Geometry and instrumentation

Figures 1 and 2 show the embankment, geotechnical 
investigations and instrumentation in both plan and cross-
section.

Before constructing the embankment, a geogrid was 
placed over the ground. The embankment had different 
slopes, with a steeper side reinforced with woven geotextile, 
in 0.5m thick layers. The purpose of this steeper slope was 
to induce high horizontal deformations in the ground, as 
part of a study of the effect of the embankment on nearby 

foundations. The material used was a sandy silt, with a natural 
unit weight of 19.5 kN/m3 after compaction.

The instrumentation installed for monitoring the 
test embankment, shown in Figures 1 and 2, consisted of: 
(a) 3 settlement plates at the base of the embankment; (b) 
4 electric vibrating wire piezometers installed in 4 verticals 
(totaling 16 piezometers) under the embankment and around 
it; (c) 2 inclinometer tubes.

3. Geotechnical investigation and 
geomechanical model of the ground

Field tests (SPT, CPTu, vane) and laboratory tests 
(oedometer, UU, CIU, CAU triaxials) were performed. 
Deformed samples extracted from the SPT sampler tip were 
subjected to lab tests for natural water content, fines content 
(passing through the No. 200 sieve), LL and PL. The location 
of the investigations can be seen in Figure 1.

The definition of stratigraphy – or geomechanical model 
of the ground – followed: (1) analysis of field and laboratory 
tests; (2) division of the subsoil into layers based on the results 
of these tests; (3) evaluation of the quality of the test results, 
where the good quality ones were selected to estimate the 
necessary parameters for the chosen soil behaviour models.

Based on the results of SPTs and CPTus, the subsoil was 
divided into 9 layers, up to the bedrock. Figure 3 shows the 
division of the profile based on SPT-03, while Figure 4 indicates 
the division based on Robertson’s (1990) normalized parameters 
Qt, Fr and Bq from CPTu-01, and also Su values from vane test 
VT-01, corrected for field conditions according to Bjerrum (1973).

The average points corresponding to the pairs (Qt, Fr) 
and (Qt, Bq) of each layer, obtained in CPTu-01, were taken 
to Robertson’s (1990) charts for soil behaviour classification. 
Overall, this classification was in good agreement with the 
tactile-visual descriptions of the SPT samples. However, 
Layer 3 of peat could not be distinguished from Layer 4 of 
silty clay by CPTu-01. Its delimitation and classification as 
“peat” came from the tactile-visual descriptions of the SPT 
samples. Although the water content of Layer 3, around 
100%, is low when compared to that of superficial peat in 
the Jacarepaguá Lowland, which can exceed 600% (Baroni, 
2010), this difference can be explained by the compression 
of the peat caused by the 4m thick layer of sand overlying 
it, existing in the location for centuries according to the 
geological history of the region (Roncarati & Neves, 1976).

Figure 5 presents two sections, one across and the other 
along the axis of the embankment, showing the adopted 
division into layers.

As seen in Figure  1, the available geotechnical 
investigations are concentrated in the central region of the 
embankment and in front of its steepest slope, not covering its 
entire plan projection. As shown in the sections of Figure 5, 
in the space between the geotechnical investigations an 
interpolation of the geometry of the layers was carried 
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out, and externally a horizontal extrapolation was made as 
detected in the extreme investigation holes. On the one hand, 
the area of the natural ground subjected to greatest stress 
increases and where the instrumentation was installed is 
well defined by the geotechnical investigations. On the other 
hand, 4 CPTu profiles distant between 60m and 240m from 
the embankment indicate some heterogeneity of the ground, 
although in most of them soft clay layers (4, 5 and 7) and 
sand layer 6 were detected. Therefore, some heterogeneities 
where geotechnical investigations were extrapolated may 
occur, mainly variations in the location of free-draining 
layers, influencing the rate of pore pressure dissipation and 
settlements; the final settlements would be less affected, 
given the very similar thicknesses of the compressible 
layers. Horizontal displacements tend to be more affected 
than settlements by these possible inaccuracies.

To generate the volumes that model the soil layers 
in PLAXIS 3D, the option of providing the program with 
separation surfaces between the layers was used. Each 
surface was generated in the AutoCad Civil 3D software, 

with interpolation between points corresponding to the layer 
divisions of the cross and longitudinal sections shown in 
Figure 5. Some adjustments were necessary, through the 
addition of more interpolation points, in order to obtain a 
more realistic surface from a geotechnical viewpoint.

4. Soil models and parameters

For each soil layer, the most appropriate constitutive 
model was chosen, and a range of most likely values was 
defined for the necessary parameters. These ranges were 
defined after interpretation of field and laboratory tests 
and, in their absence, from correlations in the literature. 
Sensitivity studies were carried out, varying the parameters 
to the bounds of these ranges.

4.1 Soft clay layers

For the soft clay layers, the Soft Soil Creep model – SSC 
(described, for instance, in Stolle et al., 1999) was chosen 

Figure 1. Plan view of the test embankment with investigations and instrumentation.
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Figure 2. Cross-section AA indicated in Figure 1.

Figure 3. SPT-03 profile with indication of main soil layers.
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as it allows the analysis of both primary and secondary 
consolidation (creep), important aspects in the present case.

Initially, the available oedometer tests were evaluated 
regarding the quality of the samples, based on the proposals of 
Lunne et al. (1997) and Coutinho (2007). Of the 16 available 
tests, 6 were classified as produced by good quality samples, 
all from Layer 5, with their curves e vs. σ’v shown in Figure 6. 
The curves are similar, indicating very close values for CC 
and CS, which were assigned to Layer 5.

For the other clay layers, CC was estimated from the 
correlation with the natural water content, wnat, for soft clays 
of the Brazilian coastal region presented by Silva (2013), 
shown in Figure 7. In this figure, points from the 6 tests of 
the Athletes’ Village fit well with local data by Baroni & 
Almeida (2017) and Almeida et al. (2013). For the definition 
of CS, the same average value for CS/CC of 0.08, obtained in 
the Layer 5 tests, was considered.

The oedometer tests and the geological history of the 
region indicate that the soft clay layers present overconsolidation 
due to aging, and an OCR of 1.6, typical of the local soft 
clays (e.g., Baroni & Almeida, 2017), was adopted.

For the value of νur, related to the elastic behaviour in 
the unloading/reloading domain, there is little information 
in the literature (Kulhawy & Mayne, 1990), and the default 
value of PLAXIS equal to 0.15 was adopted.

The SSC model requires the use of the critical state friction 
angle ϕ’cv. Triaxial test results on a normally-consolidated 
specimen that reached the critical state indicated ϕ’cv = 32º, 
which was adopted for all clayey layers. As the clays are 
only slightly overconsolidated, c’ = 0 was adopted.

As for the dilatancy angle ψ, for slightly overconsolidated 
soils, it can be considered equal to 0º.

For the earth pressure coefficient at rest, Jaky’s (1944) 
expression for normally-consolidated soils was used, which, 
for the friction angle of 32º, led to K0

nc = 0.47.
The initial values of the permeability coefficients in 

the three coordinated directions are necessary, in addition to 
the coefficient ck, which defines their variation with the void 
ratio. For Layer 5, the values of kz,init = 1.0 x 10-9 m/s and ck = 
1.80 (einit = 3.20) were defined in order to have a reasonable 
adjustment to the cv values obtained in the oedometer tests 
shown in Figure 8 for the expected σ’v range (~ 50 to 220 kPa).

To estimate k in the horizontal direction, CPTu dissipation 
tests were used. In Layer 5, the average ch value estimated 
using the method of Houlsby & Teh (1988) was 8.8 x 10-7 m2/s. 
Danziger & Schnaid (2000) suggest that the ch value obtained 
through this methodology corresponds to the material in the 
recompression domain. When comparing this average value of 
ch with the average value of cv at recompression in oedometer 
tests, a ratio ch/cv = 2.2 is obtained, indicating kx = ky = 2.2 kz.

For the other clayey materials, the k and ck values were 
estimated based on the mean ch values of the piezocone 
dissipation tests and on the following approximate relationships 
obtained for Layer 5:

/ 2.2v hc c≅ 	 (1)

, ,13v recompr v virginc c≅ 	 (2)

0.6k cc C≅ 	 (3)

Figure 4. CPTu-01 and VT-01 results with indication of main soil layers.
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The modified creep index μ* can be obtained from 
the secondary consolidation (creep) index Cα with equation:

( )* / 1 10initC e lnαµ  = +  	 (4)

A Cα/CC ratio equal to 0.05 was adopted for all clayey 
materials based on the results of oedometer tests and on 
typical values presented by Terzaghi et al. (1996).

Table 1 shows, for the clayey layers, the ranges of the 
parameters of the Soft Soil Creep model.

PLAXIS 3D has the SoilTest tool that allows the 
simulation of some laboratory tests with the specified 
parameters. Oedometer tests were simulated to check 
the e vs. log σ’v curves, as exemplified in Figure 9a for 
Layer 5. It was observed that the simulated CC values 

Figure 5. Ground profiles: (a) cross section and (b) longitudinal section.
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Figure 6. Oedometer compression curves of 6 good quality samples collected from Layer 5.

Figure 7. CC vs. wnat relation for high quality soft clay samples from the Brazilian coast (adapted from Silva, 2013).

Figure 8. cv vs. σ’v data from oedometer tests on the best quality soft clay samples collected from Layer 5.
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were consistent while simulated CS values were double 
the specified. This can be explained by the fact that the 
conversion from CS to κ*, which is the parameter effectively 
used by the program, is not exact. For the program to 
consider the correct CS value, it was necessary to specify 
half of the values in Table 1.

The results of the triaxial tests – in which the critical 
state was reached – were compared with those simulated 
with the program, as exemplified in Figure  9b, with the 
following results:

-	 The σd vs. εa and σ’1/σ’3 vs. εa simulated curves matched 
reasonably well with measurements; however, for 

Table 1. Parameters of the Soft Soil Creep model for the clayey materials.

Parameter
Layer 3 Layer 4 Layer 5 Layer 7

min. aver. max. min. aver. max. min. aver. max. min. aver. max.
γ (kN/m3) 14.2 15.9 13.5 14.9

einit 2.6 1.6 3.2 2.1
CC 2.10 2.35 2.60 1.20 1.50 1.70 2.70 3.00 3.20 1.30 1.60 1.90
CS 0.17 0.19 0.21 0.10 0.12 0.14 0.22 0.24 0.26 0.10 0.13 0.15

OCR 1.3 1.6 1.9 1.3 1.6 1.9 1.3 1.6 1.9 1.3 1.6 1.9
νur 0.05 0.15 0.25 0.05 0.15 0.25 0.05 0.15 0.25 0.05 0.15 0.25

c’ (kPa) 0 0 0 0
ϕ’cv 24º 32º 40º 24º 32º 40º 24º 32º 40º 24º 32º 40º
ψ 0° 0° 0° 0°

K0
nc 0.36 0.47 0.59 0.36 0.47 0.59 0.36 0.47 0.59 0.36 0.47 0.59

kx = ky (10-9 m/s) 9.3 37.4 112.2 6.6 26.4 79.2 0.5 2.2 6.6 0.3 1.2 3.6
kz (10-9 m/s) 4.2 17.0 51.0 3.0 12.0 36.0 0.2 1.0 3.0 0.1 0.6 1.8

ck 0.19 1.41 2.35 0.12 0.90 1.50 0.24 1.80 3.00 0.13 0.96 1.60
Cα 0.12 0.14 0.16 0.06 0.08 0.09 0.12 0.15 0.18 0.06 0.08 0.10

Figure 9. Comparison between experimental and simulated results using the PLAXIS 3D SoilTest tool for Layer 5: (a) oedometer test 
and (b) CAU triaxial test.
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some tests, they did not produce the peak observed 
in the measurements;

-	 The excess pore pressures simulated were underestimated 
by around 20%.

4.2 Sandy and silty layers

For the sandy and silty layers, the Hardening Soil 
model - HS (described, for instance, in Schanz et al., 1999) 
was chosen. Although not all parameters could be obtained 
directly from the appropriate tests, the HS model was 
considered the most suitable due to its consideration of the 
change in soil stiffness with the stress level and modeling of 
the loading history and also to the availability of correlations 
and typical values in the literature.

Layer 1 is a silty clay, compacted fill, classified as 
SM-SC by the Unified Soil Classification System, with an 
average NSPT value equal to 15, in which no field tests were 
carried out. Its parameters were estimated after the table 
of typical hyperbolic parameters for compacted Brazilian 
soils of Ehrlich & Becker (2010). For Layers 2, 6 and 8 the 
parameters were estimated mainly from correlations for 
granular soils with results of CPTu-01.

Layer 9 is a silty residual soil and was only reached 
by the SPT. After an estimate of qc values based on the 
correlations between SPT and CPTu results by Danziger 
& Velloso (1986), the same correlations of Layers 2, 6 and 
8 were used.

For the HS model, the peak ϕ’ is specified. The correlation 
of ϕ’ with qc by Robertson & Campanella (1983) was used. 
A cohesion intercept c’ = 0 was adopted for all materials. 
As for the dilation angle ψ, the following expression suggested 
by PLAXIS was adopted

30ºψ φ= − 	 (5)

The proposals of Kulhawy & Mayne (1990) and 
Eslaamizaad & Robertson (1996) were used to estimate the 
tangent modulus Eoed for the initial vertical effective stress, 
σ’v0, from the cone resistance qc. Subsequently they were 
converted to the values of Eoed

ref relative to σ’v equal pref = 
100 kPa with an expression of the HS model.

Regarding the parameter Rf, which varies in a relatively 
narrow range, in the absence of CD triaxial tests, the typical 
value of 0.9 was adopted for all layers.

Although the original hyperbolic model uses the initial 
tangent modulus Ei, for PLAXIS, the equivalent parameter 
is E50. These two parameters are related by the following 
equation:

50 1
2

f
i

R
E E

 
= −  

 
	 (6)

The relation of Ei to the confining stress (in the test) 
σ3 follows (Janbu, 1963):

3
n

i a
a

E KP
P
σ 

=  
 

	 (7)

The K values were estimated through correlation with 
the friction angle proposed by Kulhawy & Mayne (1990). 
It was observed that the values of E50

ref thus estimated and 
Eoed

ref had approximately the following relationship between 
them: E50

ref = 1.1 Eoed
ref, which agrees to the recommendation 

of PLAXIS to use E50
ref ~ Eoed

ref.
As for the Eur

ref modulus, PLAXIS manual suggests 
Eur

ref = 3 E50
ref. Duncan & Chang (1970) state that the Kur/K 

ratio ranges from 1.2 to 3.0, which, for Rf = 0.9, corresponds 
to the ratio Eur

ref/E50
ref ranging between 2.2 and 5.5. Based 

on these two indications, it was adopted for all layers: 
Eur

ref = 3.5 E50
ref.

Regarding the exponent m, which defines the dependence 
of stiffness (Eoed, E50, Eur) in relation to the confining stress 
level, the typical value for sands 0.5, was adopted for all 
layers in the absence of laboratory tests.

In the absence of laboratory tests, νur = 0.2 was adopted 
for all layers, following suggestion in the PLAXIS manual.

For the coefficient of earth pressure at rest in the 
normally consolidated condition, K0

nc, the Jaky’s expression 
(Jaky, 1944) was used. All silty and sandy materials were 
considered normally consolidated, except for Layer 1, which 
is a compacted material.

The mean values of k were estimated from the grain size 
distribution, according to Cedergren (1967) and Robertson 
(1990).

Table 2 shows, for the sandy and silty layers, the ranges 
of the parameters of the Hardening Soil model.

4.3 Embankment

The focus of the analyses is on the subsoil’s response to 
the applied surcharge, with no interest in the behaviour of the 
embankment body itself. Therefore, the simplest option would 
be to model the embankment as a distributed load applied to 
the ground surface, with the load value proportional to the 
embankment height at each point. However, the more rigid 
and resistant the embankment is in relation to the subsoil, the 
more the load distribution deviates from this pattern, tending 
to concentrate stresses in some regions. A more realistic 
option would be to separately model the compacted soil as 
an elastoplastic material, and the reinforcement elements 
(geotextiles and geogrids) using a specific model provided 
by PLAXIS 3D. The disadvantage of this option would 
be the likely occurrence of localized soil failures, which 
would make numerical convergence of the entire model 
difficult. Considering that these localized failures would 
not represent a general failure of the embankment due to 
the presence of reinforcement elements, it was considered 
an adequate option to model the embankment, together with 
its geotextiles and geogrid reinforcements, as an equivalent 
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linear elastic material, with the parameters in Table 3. This 
approximation was considered satisfactory, bearing in mind 
the uncertainties of the stiffness and strength parameters of 
the compacted soil, on which no specific tests were available.

5. Parameter sensitivity studies with 2D model

PLAXIS 2D was used in the sensitivity studies due to its 
much shorter computation time compared to PLAXIS 3D (about 
100 times less). In these studies, one parameter was varied at 
a time, the other parameters maintaining the average values 
of Tables 1 and 2. The parameter evaluated in an analysis was 
modified in all layers that had the same soil model. Two analyzes 
were performed for each parameter, one with the minimum, and 
the other with the maximum value of the range.

Figure 10 shows typical results of the sensitivity studies 
in the form of tornado-type graphs. They show the degree of 
relative influence that each parameter has on a given analysis 
result, ordered from top to bottom, from the most influential 
to the least influential, which is quantified by the length of 
the variation range of the specific result. The parameters in 
black correspond to layers with SSC model and the ones in 

red, to layers with HS model. The empty circles correspond 
to the lower value of the parameter range.

It can be observed that the parameters of layers with the 
HS model have little influence on the results when compared 
to those of the layers with the SSC model. The SSC parameters 
that most influence the results are, in order of importance:

-	 settlement at the end of monitoring: kinit, ck, OCR
-	 horizontal displacements at the end of monitoring: 

OCR, K0
nc, kinit, ck, νur

-	 excess pore pressures: OCR, kinit, Cα, ck
In a similar sensitivity analysis, Muthing et al. (2018) 

verified the dominant influence of OCR on settlements. Here, 
the greatest influence of the permeability parameters is due 
to the fact that the settlements were compared at the end of 
the monitoring period, when not all excess pore pressures had 
dissipated, and not at the end of the consolidation process, when 
the influence of permeability would certainly be much less.

6. 3D modeling of the embankment

Figure 11 shows the 3D model created in PLAXIS 3D, 
with the embankment at its maximum height. The ground 

Table 3. Parameters for the embankment.
Parameter Value Source
γ (kN/m3) 19.6 Average of in-situ tests
E’ (MPa) 15 Estimated, considering little compaction control

ν’ 0.3 Estimated
k (cm/s) 1.0 x 10-3 Estimated, considering a sandy silt

Table 2. Parameters of the Hardening Soil model for the silty and sandy layers.

Parameter
Layer 1 Layer 2 Layer 6 Layer 8 Layer 9

min. aver. max. min. aver. max. min. aver. max. min. aver. max. min. aver. max.
γ (kN/m3) 20.0 19.6 19.3 19.2 19.0

einit 0.50 0.60 0.60 0.68 0.71
Eoed

ref (MPa) 30 40 50 35 50 60 30 45 55 20 30 40 30 40 55
E50

ref (MPa) 33 44 55 39 55 66 33 50 61 22 33 44 33 44 61
Eur

ref (MPa) 116 154 193 135 193 231 116 173 212 77 116 154 116 154 212
m 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75 0.25 0.50 0.75
Rf 0.70 0.90 0.98 0.70 0.90 0.98 0.70 0.90 0.98 0.70 0.90 0.98 0.70 0.90 0.98

OCR 2.0 1.0 1.0 1.0 1.0
νur 0.10 0.20 0.30 0.10 0.20 0.30 0.10 0.20 0.30 0.10 0.20 0.30 0.10 0.20 0.30

c’ (kPa) 20 30 40 0 0 0 0
ϕ’ 33º 36º 39º 39º 42º 44º 32º 38º 42º 27º 32º 37º 32º 35º 40º
ψ 0º 6º 9º 0º 12º 14º 0º 8º 12º 0º 2º 7º 0º 5º 10º

K0
nc 0.34 0.41 0.48 0.28 0.33 0.40 0.31 0.38 0.50 0.37 0.47 0.58 0.33 0.43 0.50

k (10-6 m/s) 0.2 2 20 5 50 500 1 10 100 50 500 5000 1 10 100
ck 1015 1015 1015 1015 1015
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was modeled with 120 x 100m plan dimensions, 36m deep. 
These dimensions were considered to be large enough to 
avoid the influence of prescribed boundary conditions (e.g., 
the maximum increase in vertical stress at boundaries is 
about 2% of the applied surface pressure).

The finite element mesh was generated by the software, 
resulting in the division of domain into 94630 ten-node 
tetrahedral elements, with average size around 2.3m. 
The prescribed boundary conditions were: on the four 
vertical faces, perpendicular displacements were prevented, 

Figure 10. Sensitivity analysis: (a) settlements, (b) maximum horizontal displacements at the end of monitoring, and (c) excess pore 
pressures in Layer 5 at the end of embankment construction.

Figure 11. PLAXIS 3D model with the embankment at its maximum height.

https://creativecommons.org/licenses/by/4.0/
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and pore water could flow across; for the bottom, the 
displacements in the three directions were prevented and 
water flow was null.

6.1 Analysis sequence

Initial stresses were calculated through the PLAXIS 
K0-Procedure, based on the prescribed values of K0

nc, OCR, 
and unit weight of each layer, considering the configuration 
that the ground presented before the construction of the 
Athletes’ Village, which is presumed to have been the 
condition in which the site was for centuries, according to 
the history of the region.

For a more realistic simulation of the ground effective 
stresses states at the beginning of the test embankment, the 
modeling also included past earthworks carried out at the site 
and surrounding areas, which began approximately 16 months 
before the first raising of the embankment. These past stages 
were simulated using Consolidation type analyses, since the 
time elapsed until the beginning of the test embankment was 
not sufficient for the complete dissipation of excess pore 
pressures in the clayey layers, making it not possible to use 
a Drained type analysis.

The placing of layers of the test embankment were 
spaced from 2 to 5 days. These time intervals were not small 
enough to consider an undrained behaviour of the clay layers, 
which was confirmed by piezometers readings. Therefore, 
the process of raising the embankment was modeled in a 
Consolidation type analysis.

Since the number of readings on the inclinometers is 
very large (53 readings), comparisons between measured 
and computed horizontal displacements were made only for 
the following four dates/events:

-	 04.Jul.2013: 4.5 days after the embankment reached 
3.1 m;

-	 15.Jul.2013: 5.5 days after the embankment reached 
4.7 m;

-	 31.Jul.2013: immediately after the embankment 
reached 6.7 m;

-	 02.Sep.2013: last measurements.
In addition to raising the test embankment itself, 

other earthworks were carried out in its vicinity during the 
monitoring period, which were also considered in the model 
for more realistic results.

6.2 Final adjustment of parameters

After a 3D analysis with the average soil parameters, 
analyzes were performed again varying the parameters 
of the clay layers (the more influential parameters by the 
sensitivity studies). The analyses sought to improve matching 
of settlements measured by the settlement plates, which 
were underestimated, as well the horizontal displacements 
measured by inclinometers, which were overestimated.

In soft clays, the relationship between horizontal 
displacements and settlements in a 2D or 3D problem is strongly 
influenced by drainage conditions during load application: 
predominantly undrained loadings tend to generate greater 
horizontal displacements for a given value of settlement (due to 
the incompressibility of the soil in this condition) than drained 
loadings. Undrained displacements are directly derived from 
loading but may be increased by undrained creep, which is 
more significant the lower the factor of safety (Foott & Ladd, 
1981). This behaviour can be observed in the sensitivity 
analysis presented in Figure 10b, where the lowest hydraulic 
conductivity value tested is associated with the greatest horizontal 
displacement. Therefore, the hydraulic conductivity of the 
clayey layers was the parameter that underwent the greatest 
adjustment. Furthermore, the pore pressure measurements (by 
piezometers) served to adjust parameters related to the rate of 
excess pore pressure dissipation.

The parameter adjustment was carried out by trying 
different values, guided by the sensitivity analyses, not using 
more advanced back-analysis techniques, as performed, for 
example, by Muthing et al. (2018).

Figures 12 to 14 show comparisons between measurements 
and analysis results, the initial analysis with average parameters 
in gray lines and final adjusted analysis in black lines. Due to 
similar behaviours, only the results of one settlement plate 
and one piezometer are presented.

The following observations can be made about the 
adjusted analyses:

1)	 Field measurements showed that the 3 settlement 
plates, despite being in different positions under the 
embankment, presented quite similar settlements (46, 
45 and 44 cm on the last day of monitoring). The 
results of the adjusted analysis showed less uniform 
values, with settlements of 49, 39 and 41 cm on the 
last day. Nevertheless, for PR-1, central plate, the 
adjustment was quite satisfactory, with the difference 
between the calculated and the measured settlement 
of a maximum of +1 cm until 13.Aug.2013 and of 
+3 cm on the last day of monitoring (difference 
of + 6.5%). For PR-2 and PR-3, settlements were 
underestimated by the analysis.

2)	 The adjustment of the ground horizontal displacement 
profile was reasonable, since most profiles were within 
the uncertainty range of inclinometer measurements. 
For ground above Layer 7, there was no pattern 
in the deviations of the analysis in relation to the 
measurements: for certain depths/dates, horizontal 
displacements were overestimated and, for others, 
underestimated. From Layer 7 downwards, there 
was a general tendency to underestimate horizontal 
displacements, especially in the last monitoring dates.

3)	 As for excess pore pressures, it was observed that 
in absolute terms the results of the analysis were 
greater than those measured. In relative terms, it was 
observed that the difference between the computed 
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Figure 12. PR-1 settlement plate: measurements and results of both initial and adjusted analyzes.

and the measured values is approximately constant 
from 8.Jul.2013 onwards, which shows that the 
absolute differences observed are either due to the 
excess pore pressures values calculated before this 
date, or to the poor response of the piezometers due 
to a possible lack of saturation.

4)	 Despite the limited monitoring period, the model’s 
ability to capture the field behaviour was on a 
par with other studies (e.g., Huang  et  al., 2006; 
Chai et al., 2013; Rezania et al., 2018), where good 
agreement is seldom obtained at the same time for 
settlements, horizontal displacements, and pore 
pressure development.

Table 4 shows the adjusted parameters of the clay layers 
in bold, with others initially defined. For a better adjustment 
of the settlement curves over time, the hydraulic conductivity 
values of Layers 5 and 7 were increased (6 and 3 times greater 
than the initial value). To reduce the horizontal displacements 
obtained in the initial analysis, in addition to increasing 
permeability, the νur and CS values were also reduced.

For the other layers, the average parameters of Table 2 were 
maintained, with the exception of the strength parameters of 
Layer 1, that had to be increased to c’ = 50 kPa and ϕ’ = 38º 
due to local failures that interrupted the numerical solution.

7. Long-term prediction

The test embankment was monitored up to 32 days 
after reaching its maximum height. In order to predict its 
long-term behaviour, the analysis was continued for another 

50 years. Neither the reduction in the drainage distance of 
the clay layers (the option of updating the finite element 
mesh was not used) nor the load relief by submersion of the 
embankment were taken into account.

7.1 Long-term pore pressures and settlements

In the authors’ understanding, the deformation process 
during clay consolidation is a visco-elasto-plastic phenomenon, 
as indicated by the mechanism devised by Terzaghi (1941) 
to explain the secondary effects of time. This secondary 
effect has a viscous nature and is an additional mechanism 
to Terzaghi’s (1923) classical theory for one-dimensional 
consolidation. The mechanism suggests that film bonds are 
present in the contacts between the grains, made of viscous 
absorbed water, delaying the particles approximation, and 
that the deformations cease only after all contacts have 
transformed into solid bonds, which occur between the solid 
portions of the absorbed water layers.

As discussed by Oliveira  et  al. (2023), considering 
valid this mechanism, the distinction between primary 
compression and secondary compression only makes sense 
in the case of thin layers, such as in the oedometer test, where 
high strain rates mobilize a significant amount of viscous 
resistance during the so-called primary consolidation. This 
viscous resistance delays the compression process, and its 
demobilization occurs mainly after the excess pore pressure 
is essentially dissipated (which occurs in a short time due to 
the small thickness), generating the strains corresponding to 
the so-called secondary consolidation. In the case of thicker 
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Figure 13. Measurements and results of both initial and adjusted analyzes: (a) Inclinometer IV-13; (b) Inclinometer IV-12.

Figure 14. Piezometers at vertical PZE-01: measurements and results of both initial and adjusted analyzes.
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layers, such as those found in the field, the strain rates are 
very low, mobilizing little viscous resistance, so that there 
is practically no delay in the compression, which will occur 
during the pore pressure dissipation process (which develops 
slowly due to the great thickness). Thus, it is not divisible 
a period of primary compression and another of secondary 
compression, i.e., in field conditions, secondary consolidation 
occurs together with the primary consolidation.

In PLAXIS 3D, the soil model that comes closest to 
the behaviour described above, and that was adopted for 

clayey layers, is the Soft Soil Creep, which considers the 
occurrence of secondary consolidation (or creep) together 
with the primary consolidation, although it does not consider 
a final strain value for a given load (i.e., creep strains reduce 
logarithmically with time, but never cease).

Bearing in mind these considerations, which are 
important for simulations of long-term events, the model 
results follow.

Figure 15a presents the excess pore pressure profiles 
computed at the vertical of PZE-01 piezometers at different 

Table 4. Adjusted parameters of the clay layers.

Parameter
Layer 3 Layer 4 Layer 5 Layer 7

initial adjusted initial adjusted initial adjusted initial adjusted
γ (kN/m3) 14.2 14.2 15.9 15.9 13.5 13.5 14.9 14.9

einit 2.6 2.6 1.6 1.6 3.2 3.2 2.1 2.1
CC 2.35 2.35 1.50 1.50 3.00 3.00 1.60 1.60
CS 0.19 0.22 0.12 0.05 0.24 0.07 0.13 0.13
Cα 0.14 0.14 0.08 0.060 0.15 0.165 0.08 0.096

OCR 1.6 1.6 1.6 1.6 1.6 1.6 1.6 1.6
νur 0.15 0.05 0.15 0.05 0.15 0.05 0.15 0.15

c’ (kPa) 0 0 0 0 0 0 0 0
ϕ’cv 32° 32º 32° 32º 32° 32º 32° 32º
ψ 0° 0° 0° 0° 0° 0° 0° 0°

K0
nc 0.47 0.47 0.47 0.47 0.47 0.47 0.47 0.47

kx = ky (10-9 m/s) 37.4 37.4 26.4 26.4 2.2 13.3 1.2 4.0
kz (10-9 m/s) 17.0 17.0 12.0 12.0 1.0 6.1 0.6 1.8

ck 1.41 1.41 0.90 0.90 1.80 1.80 0.96 0.96

Figure 15. Excess pore pressures: (a) profiles at the vertical of PZE-01 and (b) development at piezometers’ positions over time.
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times after the end of the construction. Figure 15b shows the 
decrease of excess pore pressures over time in 3 piezometers. 
It is observed that, in the region of these piezometers, from 
4 to 7 years after the last rise, 90% of excess pore pressures 
would have dissipated, and that 20 years later they would 
be practically null.

Figure 16 shows settlements of plate PR-1 over time, 
where it can be observed that, unlike excess pore pressures, 
there is no stabilization even after 50 years. This is due to 
the consideration of secondary consolidation in the Soft Soil 
Creep model adopted in the clay layers. Settlements after 

50 years are about 2.5 times greater than those at 1 month 
after the final embankment rise.

7.2 Long-term horizontal displacements

Figure  17a shows horizontal displacement profiles 
at the inclinometer IV-13 position, on the last monitoring 
date (02.Sep.2013) and at the end of the 50-year analysis. 
Figure  17b shows the development of the maximum 
horizontal displacement, where it can be noted that it would 
quadruple in relation to those after 1 month of completing 

Figure 17. Horizontal displacements in the IV-13 position: (a) profiles at different times and (b) development of the maximum horizontal 
displacement.

Figure 16. Settlement at the position of plate PR-1.
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the embankment. And, as is the case of settlements, the 
horizontal ground displacements after 50 years would not 
be fully stabilized, due to creep.

8. Conclusions

1.	 The geotechnical investigations carried out at the 
test site allowed a good definition of the geometry 
of the subsoil layers, at least in the area subjected 
to the greatest stresses increase, consistent with 
the local geological history.

2.	 The sandy and silty layers were modeled in PLAXIS 
as Hardening Soil and the clayey layers as Soft Soil 
Creep. The former had their parameters estimated 
mainly from SPT, CPTu and correlations, while 
the latter from vane, oedometer and triaxial tests.

3.	 Sensitivity studies indicated that the parameters 
of the clayey layers were the ones that most 
influenced the analysis results, mainly the OCR 
and the permeability parameters.

4.	 The results of the initial 3D analysis of the 
embankment with the values for the parameters 
taken as the average of the probable range, 
agreed to some extent with the measured ground 
displacements. However, adjustments in the 
parameters of the clayey layers produced better 
predictions to both horizontal displacements, 
which had been overestimated, and settlements, 
which had been underestimated. Quantitatively, 
the average error in the settlements of PR-1 plate, 
for example, went from 12% in the initial analysis 
to 6% in the adjusted analysis, and the average 
error in the horizontal displacements in INC-13 
inclinometer went from 214% to 169%.

	 Regarding the excess pore pressures, although a 
good match with the piezometer measurements in 
absolute values was not achieved (analysis results 
being always higher than those measured), after a 
certain time, the incremental values came close, 
suggesting that the differences are due to the values 
calculated at the beginning of the monitoring, perhaps 
due to model inaccuracies, or possibly due to a lack 
of saturation of the piezometers.

5.	 Regarding the long-term behaviour, the analysis, 
extended to 50 years, indicated that:

(i)	 after 20 years, excess pore pressures would be 
practically dissipated;

(ii)	 even after 50 years, settlements and horizontal 
displacements would not be fully stabilized due 
to creep;

(iii)	at 50 years, settlements would be about 2.5 times 
greater than those at 1 month after the end of 
construction, and maximum horizontal displacements 
of the ground would be about 4 times greater.
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List of symbols and abbreviations

c’	 Cohesion intercept
ch	 Horizontal coefficient of consolidation
ck	 Coefficient of change of permeability
cv	 Vertical coefficient of consolidation
einit	 Initial void ratio
fs	 Unit sleeve friction resistance
k	 Hydraulic conductivity
m	 Power for confining stress dependency of stiffness
n	 Modulus exponent
pa	 Atmospheric pressure
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pref	 Reference stress for stiffness
qc	 Measured cone resistance
qt	 Corrected cone resistance
wnat	 Natural water content
Bq	 Pore pressure parameter, (u2-u0)/(qt-σv0)
CAU	 Consolidated anisotropically, undrained triaxial test
CC	 Compression index
CIU	 Consolidated isotropically, undrained triaxial test
CPTu	 Cone Penetration Test with pore water pressure  
	 measurement
CS	 Swelling/recompression index
Cα	 Secondary compression index
E’	 Effective Young’s modulus
E50	 Secant stiffness in standard drained triaxial test
Ei	 Initial Young’s modulus
Eoed	 Tangent stiffness for primary oedometer loading
Eur	 Unloading/reloading stiffness
Fr	 Normalized friction ratio = fs/(qt – σv0)
G0	 Initial shear modulus
Gs	 Secant shear modulus
K	 Dimensionless stiffness modulus
K0

nc	 Coefficient of earth pressure in normal consolidation
Kur	 Dimensionless unloading/reloading stiffness modulus
LL	 Liquid limit
NSPT	 Blow count in the SPT
OCR	 Overconsolidation ratio
PL	 Plastic limit
Qt	 Normalized cone resistance = (qt – σv0)/σ’v0
Rf	 Failure ratio qf/qa
SPT	 Standard Penetration Test
Su	 Undrained shear resistance
UU	 Unconsolidated, undrained triaxial test
γ	 Unit weight
εa	 Axial strain
κ*	 Modified swelling index
μ*	 Modified creep index
ν’	 Drained Poisson’s Ratio
νur	 Poisson’s Ratio for unloading/reloading
σ’1	 Major principal effective stress
σ’3	 Minor principal effective stress
σd	 Deviator stress
σ’v	 Vertical effective stress
ψ	 Dilatancy angle
ϕ’	 Peak effective friction angle
ϕ’cv	 Critical state effective friction angle
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