
INTERNATIONAL SOCIETY FOR 

SOIL MECHANICS AND 

GEOTECHNICAL ENGINEERING 

This paper was downloaded from the Online Library of 
the International Society for Soil Mechanics and 
Geotechnical Engineering (ISSMGE). The library is 
available here: 

https://www.issmge.org/publications/online-library 

This is an open-access database that archives thousands 
of papers published under the Auspices of the ISSMGE and 
maintained by the Innovation and Development 
Committee of ISSMGE.   

https://www.issmge.org/publications/online-library


Road embankment behavior on loessic sandy silts 
Comportement d'un terre-plein sur limons sablonneux loessic

M.E.ZeballOS -  Geotechnical Laboratory, National University of Cordoba, Cordoba, Argentina 

M. Giacchino — ISIT, University of Cordoba, Cordoba, Argentina.

ABSTRACT: Superficial deposits of sandy silts and clayed sits are typical of the central region of Argentina. These soils make the 
Argentinean loessical formation. The materials are of eolic origin, mostly. They are characterized by the low unit weight. They pres
ent a high sensibility to the action of water, due to their open structure. In some cases these are autocallapsible. The problem presented 
consists in the study of the foundation of a road embankment on sandy silts deposits. This paper presents the experience carry out by 
the authors in the design of road embankments with soils of loessical formation, in road of the San Luis Province, Argentina. The be
havior of unsaturated soil components of the system has been studied. The deformability and resistance properties of these materials 
have been related to the soil-water characteristic curve. The characteristics of the materials have been employed as inputs in numerical 
models of unsaturated soils.

RÉSUMÉ: Les terrains qui caractérisent la région centrale de l’Argentine sont des limons sablonneux et des limons argileux. Ces sols, 
d’origine notamment éolienne et de faible densité, constituent ce qu’on appelle la Formation de Loess d’Argentine. Sa structure peu 
comprimée la rend très sensible à l’action de l’eau. Le problème se pose de savoir le comportement des fondations d’un terre-plein 
d’une voie publique construite sur cette sorte de sols. Cette publication vous offre les expériences effectuées par les auteurs lors du
dessin des structures possibles sur ces terrains dans la province de 
du sol lorsqu’il n’est pas saturé.

I INTRODUCTION

The foundation of roads on soils with high sensibility to action 
of water implies the consideration of strengths on the structure, 
added to those caused by traffic. These actions are more impor
tant when total traffic of design is reduced. To avoid these ef
fects, different solutions can be considered, such as the replace
ment of sensitive soils, over dimensioned of the structures, the 
modification of these soil characteristics or even change in the 
location of the road (Houston, et al, 1993). From the economic 
point of view, these alternatives are justified more easily when 
the road presents an important amount of traffic.

Evidently, in the same proportion as the traffic is reduced, a 
reduction in the size of the structure and its cost is also intended.
As a consequence, the reduction in the thickness of the layers 
forming the structure determines a higher incidence in the volu
metric changes present in the foundation. Some deterioration ef
fects are the appearance of longitudinal fissures on the borders of 
roads, settlements in the center parts of the cross sections, etc.

The volumetric variations are produced as a consequence of 
modifications in the moisture state of the soils. The interpreta
tion of this phenomenon may not be explained through the 
analysis belonging to the classic soil mechanics. Some simple 
interpretations for these phenomena have been presented by Pid- 
geon (1980) or Rao and Fredlund (1987), among others. The de
velopment of the unsaturated soil mechanics has permitted a 
wider range of interpretation of these phenomena affecting soils 
with a high sensibility to the action of water.

The stress - strain models employed are based in the use of 
the three variables: the total stresses in the soil, the volumetric 
variations and the matric suction. The first two variables have 
been employed in the traditional studies. The relationships be
tween pressure, suction and volumetric changes constitute a con
stitutive model (Alonso et al, 1990; Lloret et al, 1995; Zeballos 
and Redolfi, 1999). At the same time, suction has been related 
with the moisture of the soil or with the saturation degree, by dif
ferent authors (for example, Fredlund and Xing, 1994; Zeballos 
and Goio, 1997).
This report presents an application of the numeric models,

San Luis, en Argentine. Il a été proposé l’étude du comportament

which permit the determination of the settlement effects in the 
foundation soil on paved roads, and on its surface. The studies 
has been carried out from the building of road in the Central Re
gion of Argentina. These constructions are located on collapsible 
or potentially collapsible soils.

The effect of the variation in the average position of the 
groundwater has been evaluated. The model developed is simple 
enough to allow frequent applications in the design of roads. It is 
based on the combination of hardness models and functions of 
suction equilibrium under impermeable surfaces. The latter have 
been modified according to the effects observed in situ.

2. VOLUME VARIATION MODELS

The mathematical representation of volumetric change phenom
ena in unsaturated soils is a topic developed by different authors 
(Fredlund and Rahaijo, 1990).

One of the alternatives to work with them is through the em
ployment of models based on the generation of "state surfaces". 
Detailed studies of this model have been present by Alonso et al 
(1990). This model defines the basic stress and strain relations of 
the soil analyzed. In this way, its inclusion in numeric models 
allows the treatment of an important variety of problems.

Some simplified application have been developed in the case 
of construction of impermeable layers on the field surface. These 
models can be adapted to the phenomena of moisture modifica
tion generated by the construction of the road. Some simplified 
models applicable to these cases have been developed by Jime
nez Salas (1990).

For the applications presented here, the stress path can di
vided in two components: the stress and volumetric variations 
produced by the constructions of the road (under almost constant 
suction) and the processes of suction equilibrium (with constant 
external pressures).

To evaluate the first component of stresses and strains a 
model of finite elements with constitutive equations of the type 
soft soil has been employed. In the moisture procedure certain 
models generated in the field of unsaturated soils have been ap
plied and adapted specially for this case.
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IMPERMEABLE MEMBRANE Table 1. Average o f  physical parameters for the extracted samples.

n - l i
VARIABLE SUCTION AREA

: : i i 7CERO SUCTION AREA
GROUNDWATER LEVEL
(SATURATION LINE)

Properties Unit Value
Dry Unit Weight KN/m3 13,5
Specific gravity 2,683
Liquid Limit % 23,5
Plastic Index % -

P#4 % 100
P#200 % 98,5

Figure 1. Scheme of the soil foundation.

2.1. Model o f slate superficies.

The model proposed by Alonso et al (1990) has been developed 
for unsaturated soils (slightly to moderately expansive). It has 
been applied to sands, silts, clays, sandy clays and low plasticity 
clays). This model has been created to be used in the field of 
plasticity with hardness.

The model allows the presentation of the majority of the fea
tures corresponding to unsaturated soils, in a consistent and uni
fied way. The elastoplastic model presents two well-defined ar
eas: in one of them, deformations are reversible and in the other 
one they are irreversible. Two yield lines called LC and SI di
vide these areas.

The study of this model has been done in two parts. Firstly, 
the parameters relating the volumetric changes with the stress 
variables have been analyzed. Secondly, the parameters defining 
the yield lines have been defined. The model developed by 
Alonso refers to the compressibility of unsaturated soils by 
means of slopes, in the elastic field as well as in the plastic field. 
The parameters of this model are: k (the slope that represents the 
variation in the v with p in the elastic field), X.(0) (the slope that 
represents the variation v volume with respect to p in the plastic 
field), X{s) (the slope that represents the variation in v with re
spect to the variation p in the plastic flied). X̂ ) is related to X.(o) 
through the equation that controls the shape of the transition of 
slopes. >Mw) (it represents the variation in v with respect to the 
variation s in the plastic flied, it is a process of increase in suc
tion, dryness).

2.2. The model o f suction equilibrium

The variation of matric suction in the soil are closely related to 
the speed of modification of the border conditions. When these 
variations occur slowly and gradually along the time, it can be 
considered that the phenomenon is independent of time. The 
model that reproduces the distribution of suctions is called sta
tionary. In this case, the distribution of suctions in the soil and 
under a structure depends exclusively on the border conditions.

Mitchell (1980) has presented a calculation scheme with two 
possible boundary condition. Impermeable layer: there is an im
permeable layer on the surface of the soil; this layer hinders the 
water flow through it. The humidity modifications in the soil are 
produced by movements of the fluids in the extension parallel to 
the layer. The scheme of humidity variations is presented in Fig
ure I. Permeable layer: there is a permeable layer on the surface 
of the soil. This layer allows the water flow through it. The sur
face allows the movement of fluids permitting the wetness and 
dryness processes.

The representation of the road through the previous model 
corresponds to the case of a problem with a symmetry axis in the 
center of the road. The road foundation is the soil located di
rectly under the membrane. In this sector, the soil presents vari
able moisture states and matric suctions. The modification of 
these variables is produced gradually between the symmetry axis 
(the center of the membrane) and the free border of the mem
brane (shoulders). The distribution of the matric suction in each 
of these vertical borders is conditioned by different factors, such 
as the seasonal moisture variations, the evaporation or infiltra

tion of different sources and the position of the groundwater 
level.

The definition of the suction distribution in this sector can be 
established through the continuity differential equation in the 
distribution of the hydraulic pressure energy.

The simplified model which only includes the water move
ment and based on the hypothesis of constant permeability, is the 
equation (1):

d2u d2u 
—r + — r = ° 
dx dy ( 1)

For the problem presented, the boundary conditions which 
permit the resolution of the previous function are the following:
a) 5u(x,0)/5 y=0, on the border corresponding to the imperme
able membrane; b) 5u(0,y)/3x=0, on the symmetry axis; c) 
u(x,a)=Ue, on the "a" depth in which the suction is constant; d) 
u(L/2, y)=f(y), in the vertical of the free border of the membrane. 
The boundary conditions adopted allow the presentation of a 
solution for the differential equation through the formulation of 
an expansion applying a Fourier series (Mitchell, 1980). This 
model has been adapted to represent the real location of the shear 
strains on the surface border. The adaptation used has been the 
application of an attenuation function of the border suctions to 
reach a gradual transition among the zones under the imperme
able surfaces and those outside these surfaces.

Finally, the model is completed in its development if the suc
tion values in the vertical of the free border are known. The 
variation is produced between the suctions derives from the 
moistures levels recorded on the surface of the soil and in the 
position corresponding to the groundwater level. The moistures 
has been related with the suctions through the soil - water char
acteristic curve.

3. DESCRIPTION OF THE PROBLEM PRESENTED.

The studies carried out have attempted to show the way to tesi 
the road behavior in the processes of volumetric modifications 
originated by the construction of the road structure and the 
variation in the initial conditions of matric suction and moisture.

For the characterization of the foundation soil some tests of 
identification have been performed. The results of these tests al
low the classification of the affected soils as sandy-silts, with the 
denomination ML, according to the unified classification of 
soils. These soils are located on deposits near the hill formations. 
These materials are mainly of volcanic origin, transported by the 
wind and deposited on valleys and plains. These formations pro
cedures determines the generation of an open structure, highly 
sensitive to action of water. The characteristic parameters in the
ses soils (based on over 20 samples) are indicated in Table I.

For the calculation of the parameters of the elastoplastic 
model used in the calculations of the settlement, the results of 
tests carried out on similar soils have been employed as a refer
ence, these soils belong to the Central Zone in the Pampean 
Plains (Zeballos et al, 1999). To establish the relation between 
suction and moisture, a cell suction test was performed. To per
form this test, a suction cell of low suction (400 kPa) was de
signed and built, following the basic requirements for this type 
of equipment. The results of these tests have been represented 
trough the employment of the classic model by Brook and 
Corey. This model identifies the parameters correspondent to air 
entrance pressure (pa), the shape parameter (b), and the satura-
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Table 2. P aram eters  o f  th e  so il ch a rac te ris tic  cu rv e  o f  so il
Parameters Unit Value

Air entrance pressure kPa 1,00
Shape parameter 0,6

Saturation Moisture 0,31
Residual Moisture 0,05

Table 3. Parameters of the state surfaces soil model.
Parameter Unit Value

K 0,030
X 0,300

Xw 0,025
pc kPa 40

Pressure (kPa)

1 10 100 1000

Figure 3. Edometric test in sandy silt soil.

tion (ts) and residuar(tr) moistures. These characteristic values 
have been identified in Table 2.

For the definition of the stress field, ten edometric tests were 
performed. Different stress paths have been follow in these tests. 
Most of the tests ware performed applying edometric pressures 
from the initial moisture state. Later the samples have been satu
rated at a variable pressure between 50 y 100 kPa, to continue 
with the process of charge. The typical results of these tests in 
the field of constant suction are presented in Figure 3. Through 
the application of the typical parameters of the model of state 
surface, the characteristic values of the soil have been identified, 
which are shown in Table 3.

The previous results show some particular aspects of these 
soils. The development high preconsolidation pressures on the 
surface, specially if the possible overcharge during its formation 
has been considered. Previous tests show that this values are re
lated to dryness and wetness phenomena of the different superfi
cial layers (Nunez et al 1982). In spite of this overconsolidation 
state of the soils the wetness processes present settlements phe
nomena as a result. This behavior has already been observed by 
Redolfi et al (1997). This is attributed to the combined effects of 
modification of the internal suction in the structure, the softness 
of internal stresses generated by the water and the dissolution of 
chemical links.

The position of the groundwater level is variable along the 
road. The average depth have been 2 and 4 meters under the 
level of the surface. The evolution studies of moisture in deep 
show gradual variations from the surface to the groundwater 
level. The value on the surface are variable according to the po
sition of the groundwater level. For the case of the groundwater 
level at 2 meters, the volumetric moisture on surface has been 
established at 0,18, at 4 meters the assigned moisture is 0,14. 
According to this values and through the soil water characteris
tics defined the suction profile has been identified.

For the characterization of structure built on the foundation 
soil, identification tests of the component layers has been per
formed. The computation processes applied on the materials of 
the embankment, as well as on the layers of base and subbase 
determine permeability conditions inferior to the existent on the 
soil in natural condition. In this sense, the component layer of 
the structure have been considered, together with the upper layer
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Figure 4. Modeled settlements.

of asphalt concrete, as the only impermeable membrane. The 
structure presented is 1 meter higher than the natural field, and it 
presents a ditch of 0,50 meters depth.

The analysis performed intends to identified and compared 
the settlements derived from different sources. On the one hand, 
the settlement generated by the processes of the excavation of 
the foundation and the building of the road structure, on the 
other hand those generated by the processes of reaccommodation 
of the moisture under the road structure. The firsts are almost in
stantaneous, and they are compensated with the material of the 
structure during the construction. The seconds start to develop 
ones the structure has been built, for which its identification is 
important to evaluate the effect generated on the surface layer.

For the first of the processes, a finite element model has been 
employed, whose constitutive equation is based on the soft - soil 
model. The studies of the modification effect of the moisture 
equilibrium imply a number of actions which as been ordered in 
the following way: a) identification of the boundary conditions 
according to the distribution of moisture; b) the moisture - suc
tion relation through the soil water characteristic curve; c) the 
model of distribution of suction under the impermeable mem
brane; d) the assessment of the volumetric changes through the 
unsaturated constitutive model; e) the integration of volumetric 
changes for the identification of expansions and contractions on 
the surface; f) the calculation of shear strains.

4. RESULTS

The results of the modelations carried out allow the analysis of 
the behavior of some interesting variables in the road designs. 
Some of these results are presented here.

The results of the generated settlement for both modeled pro
cesses have been compared. The references level employed is 
the corresponding to the foundation of the road structure. This 
has been placed in that position to allow a better comparison in 
the magnitude of the results. Even it is expected to find bigger 
settlements on the surface layer, its has been observed that the 
increase is inferior to those generated on the natural surface. The 
results obtained which are expressed as settlement, are presented 
in Figure 4.

The results obtained show the development of settlement 
generated by the construction with variable maximum values 
between 43 mm and 51 mm. Considering that these settlement 
are produced almost instantaneously, these do not show at the 
level of the surface of the structure. The most important settle
ment are produced in the case of the location of the groundwater 
level nearest to the field level. The relations of settlement for 
both state of charge is 87%.

The variations of suction show settlements similar to the ones 
generated by the construction. In the axis of the section they 
have values between 27 mm and 34 mm. These settlements are a 
67% of the generated during the construction, for the case of the 
groundwater level at 2 meters, and they decreased at a 62% 
when the groundwater level is at 4 meters. The compared effects 
of these settlements show that the generated with the groundwa
ter level at 4 meters are of about 80% of those develop for posi-

DISTANCE TO AXIS ROAD (mts)
0 2 4 6 8

Construction. GW=2mts 
Construction. GW=4mts 
Moisture equilibrium GW=2mts 
Moisture equilibrium GW=4mts
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Figure 5. Horizontal traction stresses on the surface of the road.

tions of the groundwater level at 2 meters. Besides, it is observed 
that the functions proposed show gradual attenuation of the set
tlements while one gets nearer the border of the impermeable 
surface. Considering that these settlements do not suffer an im
portant increase in the layers of the structure, the values can be 
applied directly on the surface of the road. The most interesting 
ones are those produced on the border of the road, to evaluated 
the strains and stresses generated on the asphalt concrete. The 
generated settlements in the axis of the section imply losses in 
the transversal profile of about 30%. This modification of the 
section derives in losses in the efficiency in the transversal 
evacuation of water, increasing the possibility of water infiltra
tion to the inferior parts of the structure, specially through fis
sures in the upper layer.

The settlements produced can be analyzed through the spe
cific strains produced on the road surface. These strains can be 
transformed in stresses through an average value of the elastic 
module of asphalt concrete. It is necessary to consider that the 
process of variation of moisture and settlements is sufficiently 
slow to have a static behavior of the superficial layer. Consider
ing a static elastic module for the upper layer of 10 Mpa, the 
distribution of traction stresses on the surface of the road is indi
cated in Figure 5.

The results obtained show the generation of traction stresses 
increasing from the axis of the section to the border. The highest 
stresses reach values between 40 and 60 kPa, approximately. 
These values are produced near the borders of the road, and they 
are directed to the axis when the groundwater level is nearer the 
surface of the soil. The development of these stresses show that 
the cohesive material of the surface layer is under additional 
stresses to those generated by the traffic. These can cause the 
formation of longitudinal fissures parallel to the border of the 
road, according to the observations in situ.

6. CONCLUSIONS.

Even when the road design in areas with collapsible soils tend to 
the reduction of the harmful effects of this phenomenon, there 
are budget and circulation conditions which limit the possibili
ties of application of the conservative classic solutions. The in 
situ observations show the development of settlement on the sur
face of the road and fissures near the border of the upper layer.

The reproduction of this phenomenon is intended to identify 
the values of equilibrium moisture generated under the road 
built. This moisture adaptation produces volumetric variations 
affecting the surface layer. In general, the phenomena depend on 
the position of the groundwater level. This study shows the or
ganization of the calculation processes which can applied to this 
topic at present.

The functions of suction equilibrium originally developed by 
Mitchell have been adequate to reach a better reproduction of the 
effect observed.

The total settlements generated by the processes of reorgani
zation of the moisture equilibrium derives in an important modi
fication of the transversal profile of the road, which affects the 
capacity of the superficial evacuations of water.

The modelations carried out have allowed the calculation of 
the tension stresses developed longitudinally near the borders of 
the impermeable layer. This disposition of stresses explains the 
formation of fissures on the upper fibers of the surface layer. The 
coupled models (suction equilibrium and constitutive relations) 
applied in the way presented, allow its use in the different stages 
of the road design. Finally, it is considered that the process in d i 

cated can be applied simply by the different public administra
tions. In these cases, it is possible to evaluate the environmental 
impacts generated by the construction and the vulnerability of 
the road in collapsible and potentially collapsible soils.

REFERENCES

Alonso, E.E.; Gens, A. & Josa, A. A constitutive model for par
tially saturated soil. Goetechnique 40, N°3, 405-430. (1990). 

Fredlund, D.G. & Raharjo, H. (1990). Soil Mechanics for Un

saturated Soils. Ed. J. Wiley & Sons. New York. (1990). 
Fredlund, D.G. & Xing, A. (1994). “Equations for the soil -  wa

ter characteristic curve”. Canadian Geotechnique, J 31, 521 - 
532.

Houston et al. (1993). State of the art report on foundations on 
unsaturated soils. Part one: collapsible soils". Unsaturated 
soils. Pp 1421-1439.

Jimenez Salap, J.A. (1990). Notas de curso sobre suelos no 
saturado^ Universidad Politécnica de Madrid.

Llorent, A, jet al (1995). “Flow and deformation analysis of par
tially saturated soils”. Proc. ICSMFE. Rio de Janeiro. Pp 565 
-568.(1995).

Mitchell, (1980) The structural analysis of footing on expansive 
soil. Kenneth, WG. & Associates research report N° I. 
Printed b l Weeb & Son.

E. Núñez - C.A. Micucci - O.A. Varde - A.J.L. Bolognesi -
O.Moretto (1982), Contribución al Conocimiento de los 
Suelos Loesicos - Estabilización de Depositos Naturales. 
Reunión Argentina de Mecánica de Suelos e Ingeniería en 
Fundaciones.

Pidgeon, J.T. (1980). “A comparison of existing methods for the 
design of stiffened raft foundations on expansive soils”. 
Proc. 7“ Regional Conference for Africa on Soil Mechanics 
and Foundation Engineering. Accra. Pp 227 -  290.

Rao, R. & Fredlund, D.G. (1987). Proc. 6“ Conference on Ex
pansive Soils. Nueva Delhi, India. Pp 207 - 210.

Redolfi, E; Blundo, M. Y Zeballos (1997) . Estimación de asen
tamientos inducidos por variaciones del nivel freático. Se
gunda reunión de geotécnicos argentinos. GT’97. Córdoba. 
Argentina. (1997).

Zeballos, M. & Goio, M.G. (1997). “Estudio racional de las cur
vas características suelo agua”. Segunda reunión de 

geotécnicos argentinos. GT’97. Córdoba, Argentina. (1997). 
Zeballos, M. & Redolfi, E. Setlemment of loessical soil by 

fluctuation in the freatic level. XI Panamericano de M e 

cánica de Suelos. Brasil, pp 999-1010. (1999).

2198


