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Abstract: ideni §
i beﬁcmxnmd:uriufmdgnbmﬂqnm anlclayxsneessary_whmmcasphahlanmufroads
= iy . It is required that the widening construction does not deform the initial
s b'almﬂﬂdina]‘mcmlsgfm. F;rak road embankments a large deformation is visible in the form of
D il aspl lpavm.hpmmoe_nwasfoundﬂmthewidmhgnw&odtendsm
it rrnau‘;nel:le!)akur. To mYmgale d'us phenomenon under better defined conditions,
) s m  in the geotechnical centrifuge of the Delft University of Technology. The
2 2 centrifuge testing is thata go_od control can be obtained over the preparation of the model.
womﬂ?ermtmdmmgmahodswcresunuhred:dwhoﬁmnmlmcﬂwdmdﬁmgapmﬂhod The
ficfonnanun of_‘ the grid copied on the clay layer of the sample model is analyzed by means of digital
Image-processing, where pore pressures in the clay body were measured by means of small
transducers.

The experimental test results were compared with numerical results of the computer program
PIAXIS, which is based on the finite element method. Since the input of the progmmpls xmp;;nam a
great deal of attention is paid to the determination of the soil parameters.
| It appan_ad that the numerical results show a similar deformation mechanism to the centrifuge tests,
ie. _cracks in the asphalt pavement occur due to a gradient in the vertical displacement and not due to
hgnzonlnl displacements in the clay layer. However, the numerical calculations did not show a
significant difference between the different widening methods.

Key Words: deformation embankment, widening procedure, centrifuge tests, finite element calculation,
soft soil.

Introduction

In several countries, the capacity of highways has become insufficient due to increasing traffic
intensity. The capacity can be increased by widening the existing roads by adding new asphalt lanes.
‘Where the road is founded on soft soil, sand embankments are used as a base for the asphalt pavement.
Widening of the asphalt pavement means in the first instance widening of the sand embankment. In
practice longitudinal cracks appeared in the existing asphalt pavement after widening of the sand
embankment. Since the road is still in service during the widening procedure, cracks can lead to
dangerous situations. In practice, the observed tendency was that the intensity of the cracks depended
on the method of widening. In one case, the sand is supplied layer by layer, where the waiting time
between the layers can be varied. In another method, an embankment is constructed at some distance
fmmﬂaeiniﬁalanbanhnent,wheret}wgapisﬁﬂedatalawrsmge, Since the differences in
deformation are small, it is difficult to examine this phenomenon with prototype tests. Furthermore
prototype tests did not clearly visualize what mechanism is responsible for forming cracks in the
asphalt pavement, so that no useful data could be obtained for comparison with the predictions of
calculation methods.

Much better control over the different parameters can be obtained in small scale tests in a
geotechnical centrifuge. In a geotechnical centrifuge the same shear stresses can be realized as in
reality, so that the stress dependent behaviour of the soil can be modelled con'ectly. This ls‘particu!ally
important if models of clay are used. The tests are performed in the geotechnical centrifuge of the
University of Delft. This centrifuge is a relatively small device, which can accelerate models with a
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[image: image3.jpg]Figure.1 The geotechnical centrifuge at the Delft University of Technology.

weight of 400N up to 150g. Since the models are small it is easy to change soil type, and several tests
on the same basic configuration can be performed for examining the influence of the procedure of sand
suppletion. _The widening of embankments can be constructed in a flexible way by use of a computer
mmﬂed in-flight sand pouring device. In the past (Allersma, 1994b), a number of centrifuge
experiments were performed for the purpose of investigating the stability of the embankment and the
behaviour during its widening. It was found that the widening method influences the deformation of the
embankment significantly. In the previous research projects, the stability of the embankments was
analyzed by simple analytical calculations, such as the method of Fellenius. A good fit was found
between the experiments and the calculations. The analytical methods, however, are not suitable for
predicting the behaviour of the embankment during its widening. In the test program described in this
paper, attention was focused on analyzing the experimental results with numerical calculations. In
order to obtain a good connection between experiments and calculations special attention was paid to
the determination of the parameters of the soil used in the centrifuge tests. The embankment - soil
interaction has been studied using Finite Element Methods. For this purpose, computer programs such
as PLAXIS are available. In this program, staged construction of the new embankment can be
simulated with different kinds of soil models.

Experimental test method

Equipment . {
The experimental widening tests were carried out using the small geotechnical centrifuge (Allersma,

1994a) of the Delft University of Technology (figure 1). The diameter of the centrifuge is 2.5 m., where
samples and equipment with a total weight of 400 N can be accelerated up to 150g. The weight and
size of the test models (200N; 400x150x160mm) in this test program are so small _that they can be
conducted by one person. The advantage of a small device is that the costs of operation are relatively
Jow and that the preparation of a test takes relatively little time. Several tests can be performed in the
same day, and 20 to 30 tests are performed in a project. | g

The tests are controlled by a PC-compatible computer, which is locatéd in the spinning part of the
centrifuge. Thanks to this layout, only a few slip rings are required, _and little noise is picked up by the
amplifiers. In this test program, a sand pouring machine and an in-flight vane apparatus was controlled
by the computer. | iy \

The amplifiers of the sensors are connected to the board computer via a data acquisition boar

During the centrifuge test the signals of two installed pore pressure transducers were recorded and
Plordspzr;i:lc rt:‘t;uc of the small centrifuge is that the onboard video camera is connected to an image
processing station (Allersma, 1990 and 1991). By means of software, it is possible to digitize the nodes
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Test procedure
Ampmmmn\:asmimedo\nm invsﬁganedweﬂ"ectsqfdiﬁu_'mwidming methods of an existing
i3 : wgreperfcnnedonaclaylayermmaﬂuchmsome.Anartiﬁcia]gmvily
8 was supplied to simulate the same shear stress level as in a clay layer of 8 m. In this project,
two clay types were used: the artificial Kaolin clay and a Dutch natural remoulded clay, the
I(')lostvaardcrsplassen (OVP) clay. In both cases, the clay was made from a homogeneous clay sl’u.rry.
order to obtain a nomglly consolidated clay layer, with a realistic gradient of the undrained shear
m_gth over the height, it was necessary to consolidate the clay in the centrifuge. For this purpose an
additional ommﬁ:ge is available, which is only used for consolidating clay layers. Comparing with
prototype Oon_dmons, the consolidation time in the centrifuge models is reduced by the square of the
artificial gravity. The consolidation process was monitored with an onboard camera, by observing the
clay slurry surface during time. Consolidation of the Kaolin clay took approximately 8 hours and more
than 30 hcgrs were needed to consolidate the natural remoulded OVP clay. Special attention was paid
1o preparation techniques, which facilitates good reproducibility of the samples. This was essential to
enable the visualization of slight differences between the different widening methods.

At 1 g, the initial embankment was manually constructed with a height of 2.5 cm, a length of 14 m
énd a slope of 30°. After construction of the initial embankment the model must be increased carefully
in _or_der 1o prevent a too large excess pore pressure. Too large pore pressures can cause failure of the
existing embankment.

The widening of the initial sand embankment was performed in flight by means of the sand pouring
device. The position of the hopper and the amount of sand to be sprinkled during translation of the
hopper was controlled in the control room via the onboard computer. During the test, the excess pore
pressure in the clay was registered at two positions in the model, one under the existing embankment
and one below the newly constructed embankment. The visible behaviour of the clay sample was
recorded during pouring. The deformation of the clay layer and sand body was digitized by means of
digital image processing. A special technique was used to copy a grid onto the surface of the clay
without the need of removing the transparent boundaries. Thanks to this technique, the clay at the
boundary behaves in the same way as the clay at the centre of the model.

Centrifuge test results

Two widening methods were used, the horizontal method and the gap method. With the horizontal
method (figure 2) the new embankment was built up in horizontal layers. In the gap method (figure 3),
first 2 new embankment was constructed at a certain distance from the existing embankment. Later,
after sufficient consolidation, the gap was filled in stages.

The widening tests were performed on both Kaolin and a typical Dutch natural remoulded (OVP)
clay. The geometry of the clay layer and constructed embankment were similar in all tests. !-‘rgm
earlier research it was known that the gap method resulted in smaller deformations of the existing
embankment (Allersma, 1994b). The formation of cracks in the cohesionless sand of the existing
embankment had not yet been demonstrated in detail. In later tests, the asphalt l@yer on top of the
existing embankment was simulated by treating the sand surface with hair spray. ‘This substance gave a
thin and brittle layer with limited strength. In this way, it was possible to visualize that the deformation

causes cracks.

Tests on Kaolin clay :
Thestast was carried out using the horizontal widening method. Five layers of 5 mm each were supplied
over a length of 14 cm. Intermediate consolidation between two layers resulted in a strength increase of
the clay and thus smaller deformations. The signal of the pore pressure transducers was used to

observe whether or not the process of consolidation of the clay was complete. With image processing, it
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Figure 2 The horizontal layer by layer ‘widening method used for constructing new embankments.
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Figure 3 Schematical presentation of the gap method for constructing a new embankment.
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Figure 4 Example of the measured surface deformation of the clay layer resulting from the layer by
layer widening method.

was possible to digitize the geometry of the model as well as the coordinates of the grid lines. The
displacement field of the clay can be visualized by comparing two stages (figure 4).

A maximum displacement of 2.5 mm was found under the new embankment. It was clear was that
the gradient in vertical displacement causes a rotation angle of 1.5° near the existing embankment.
However, in this case no cracks appeared on the upper side of the existing embankment. No horizontal
displacements were found, neither in the clay nor in the black markers placed in the existing sand
embankment.

Using the gap method, the new embankment was constructed at a distance of approximately 8 cm
from the top of the existing embankment. Displacements were smaller than in the horizontal method,
and the rotation angle ofdwc;dsﬁngembanhne\'nwasfoundtobemallsrduninme horizontal
widening method. The data of these tests are summarized in Table 1.
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Owing to the high coefficient of compressibility, the absolute displacements of the OVP clay were
much larger than Kaolin clay. Generally speaking, cracks did occur in most of the tests, which means
that the gradient in vertical displacement was larger than in the tests with Kaolin clay (Table 1). Cracks
in the initial embankment were always observed close to the former slope. This corresponds closely
with practical cases. A diagrammatic representation of the cracking mechanism is shown in figure 5. A
rotation angle is caused by a horizontal gradient in the vertical displacements.
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Figure 5 Diagrammatic representation of the cracking mechanism as a result of a gradient in the
vertical displacement in the sub soil.

Numerical analysis

The finite element method is a generally accepted tool for the analysis of defomtiom and
stresses. PLAXIS is a convenient special purpose finite element package for geotechnical
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Clay parameters for the Mohr-Coulomb model and the Soft Soil model.
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applications. It is frequently used in research institutes as well as in civil engineering projects for
the analysis of soil and structural behaviour.

Finite element model

In the framework of the current research project, the recent Version 6.31 of PLAXIS was used to
simulate the widening of the embankment. Therefore, a finite element model was generated based
on prototype dimensions, as presented (deformed) in figure 6. High order 15-node triangular
elements were used to enable the accurate modelling of the stress distribution and the deformation
mechanism in the soil. The prototype embankment height is 2.5 m. The embankment is
constructed on a clay layer with a height of 9 metres. A total length of 40 m was included in the
model to eliminate the influence of the boundaries. The bottom boundary was fully fixed and the
vertical sides were fixed horizontally and free to move vertically, allowing undisturbed one

dimensional compression.

Soil modelling
For the simulation of the clay behaviour, tw
elastic perfectly-plastic Mohr-Coulomb model
the PLAXIS code.

The Mohr-Coulomb model was used as
known soil parameters. However, it is always difficult to determine an ap)
stiffness module because of the stress-dependency of the real soil stiffness.

o different soil models were used: The well known
] and the so-called Soft Soil model, as available in

a first order approach. It allows for the input of well
propriate (constant)
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Figure 6 Deformed PLAXIS finite element mesh after calculation.

The Soft Soil model (PLAXIS Cap model) (Brinkgreve 1994) is a Cam-Clay type model that
better describes the highly non-linear behaviour of soft soils, such as normally consolidated clays
and peat. The model distinguishes between primary loading and unloading / reloading. It obeys
Terzaghi’s logarithmic compression law. The stiffness parameters A* (modified compression
index) and x* (modified swelling index) can be well determined from compression test results
(Brinkgreve 1994). The influence of the stress history (pre-load) on the initial stress state can be
adjusted using a pre-overburden pressure (POP), which results in a decreasing over-consolidation
ratio (OCR) with depth.

The parameters used for the Kaolin clay and the OVP clay are listed in Table 2. The listed
stiffness parameters represent the fact that the Kaolin is much stiffer than the OVP clay.

In addition to the clay layer, the embankment consists of sand, which was modelled with two
different soil models. In the first approach, where the clay layer was modelled with the Mohr-
Coulomb model, the sand behaviour was also simulated by this basic soil model, using a different
set of model parameters. In the second approach, where the clay was modelled with the Soft Soil
model, the sand behaviour was simulated by the Hard Soil model (Schanz and Bonnier 1997).
The latter model is a type of hyperbolic model, formulated in the framework of (friction)
hardening plasticity. As a result, this model does not suffer from the disadvantages that classical
hyperbolic models have. The model distinguishes between primary loading and unloading /
reloading and allows for stress-dependent stiffness behaviour in primary loading using a simple
power law.

Results numerical simulation

The embankment widening was simulated numerically as a staged construction process. Two
different construction methods were applied: The conventional method of horizontal vembankmem
construction and the gap method. In the initial situation, the elements representing both the
existing embankment and the embankment widening were ‘smtchgd—o_fi‘ , which means the their
stiffness and weight was not taken into account. For this stage, Lh_e initial stresses were calculated
by means of a Ko-procedure. In the situations where the Soft Soil model was used, a small POP
value was entered to simulate the crust effect in the upper part of the clay layer. § I
After the generation of initial stresses, the existing e_mbankme‘nt was cnnst‘mc}ed using firmned
soil behaviour in all layers. The embankment construction was simulated by ‘switching-on’ the
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Figure 7 Vertical displacements as a function of the horizontal position as given in figure 6.
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Figure 8 Horizontal displacements plotted as a function of the horizontal position.

elements corresponding to the existing embankment and calculating until a new state of
equilibrium was reached. Since this situation is considered to be the starting point of the analysis,
the displacements were reset to zero while the stresses remained.

The embankment widening was constructed using undrained behaviour in the clay layer, as
indicated in Table 2. This was done in several stages by ‘switching-on” the elements according to
the various construction stages as used within the two different construction methods. After each
construction stage, a consolidation analysis was performed for a period of 300 days in order to
reduce the excess pore pressures and to let the shear strength increase The various stages of the
two construction methods are presented in figures 2 and 3 respectively.

Numerical results iy !
Figure 6 shows the deformed mesh on an exaggerated scale after full consolidation according to

the horizontal construction method and using the Soft Soil model for the modelling of the clay
behaviour (Kaolin). The plot shows that the top of the existing embankment displaces in vertical
as well as in horizontal direction, but the horizontal displacements are relatively small. Figures 7
and 8 present the vertical and horizontal deformation due to the embankment widening of certain
cross sections. A vertical displacement gradient is clearly visible near the existing embankment.
The displacement mechanism according to the gap method does not differ significantly. The
total vertical displacements are approximately equal, but the horizontal displacements and the

vertical displacement gradient are clearly smaller.

1016



[image: image10.jpg]Similar results were found for the OVP i
t clay. Obviously,
Em}hn the stiffness of the OVP clay is smaller than the
vertical displacement gradient is larger.

the displacements are larger due to the
stiffness of the Kaolin. As a result, the

Conclusions

With the small centrifuge at the Delft University of Technology, it was possible to simulate the
construction of a new embankment with different profiles. The reproducibility of the tests was good.
'I'hemod:l!lmlswuldbemedmsimulmmabinﬁwasphahpavanmtofamadduﬁng widening of
mefvundanoqunbanhnmt. With the gap method the deformation of the existing embankment was
Sma“Bmedlemseofthclayerﬂby—layerWidcrﬂngnmthod.Thismbecxplainedduem
consolidation (strength increase) of the clay after suppletion of the first embankment. The layer by
layer_ method causes a significantly larger gradient in the vertical displacement. This is visible in a
rotation of the initial embankment. A rotation angle of 3° resulted in all cases in longitudinal cracks.
The cracks were tension cracks.

The uncertainty of the image-processing program was one screen pixel, approximately 0.4 mm in this
case. It is assumed that the horizontal deformation was in the order of the range of error.

The numerical results were in agreement with the experimental tests according to a qualitative
examination of the cracking mechanism. However, the numerical calculation shows more horizontal
deformation in the clay and in the embankments than observed in the experiments. The calculated
rotation angles seem to be somewhat smaller compared with the experimental tests, which can be
explained by slight differences in the clay parameters used in the experimental tests with those found
from laboratory tests. The difference in rotation angle as a result of the different widening procedures
as monitored in the tests, was not predicted clearly by the calculations.
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