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ABSTRACT: This paper presents the findings of numerical analyses to predict the vertical and horizontal
displacements of closed landfills under surcharge load with and without treatment by chemical admixtures.
The finite element program, PLAXIS, has been used to evaluate the settlement of a landfill model. The soft soil
creep model is used for this analysis. Five layers of solid waste are considered for the landfill to evaluate
the effect of depth of stabilisation on settlement of landfill model. Treated and untreated municipal solid waste
(MSW) parameters are obtained from the results of an extensive laboratory program performed on MSW
samples in this research. The settlement of the landfill model 10 and 20 years after applying the surcharge load
for different fly ash-quicklime contents and various depths of improvement is estimated. Results indicate that
treatment of MSW reduces the vertical displacement of the landfill model under surcharge load significantly.
This reduction is more with higher depths of improvement. The finite element results have been validated based
on results of triaxial tests conducted in the laboratory on the treated municipal solid waste.
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1. INTRODUCTION is smaller in MSW compared to cohesionless soils. In
addition, the settlement caused by DDC depends on

Landfill design and construction technology has the applied energy and it is in the range of 5% to 25%
progressed rapidly during the past two decades in of the MSW thickness. With deep dynamic
reaction to more strict controlling requirement and compaction large voids reduce and afterward other
demands. However before any construction on top of technique such as fly ash-lime grouting can further
landfills, properties of decomposed waste materials reduce the remaining smaller voids. Moreover, the
should be improved as required. Whether lime/fly ash slurry injection has significant effects on
immediately or long time after construction, damage protecting groundwater, neutralising leachate, and for
and cracks in structures are a challenging issue for placing curtain walls to prevent leachate migration.
organisation that design and construct foundations on Replacement of cement with by-product materials
improved landfill sites. Generally, clients require a such as fly ash can decrease the stabilisation
maximum post construction settlement less than a expenses. Many researchers reported the application
certain value over the structure’s life-time, and limit of fly ash in geotechnical projects (e.g. [2]-[4]).
the differential settlement to a certain change in the According to [5], from an economic and
grade. environmental viewpoint, rich materials in slaked
lime (Ca(OH),, calcium hydroxide), can be treated

2. IMPROVEMENT TECHNIQUES together with pozzolanic materials, such as fly ash, to

develop a cementitious material.
The stabilisation of landfills and waste disposal
sites for structural and environmental purposes has 3. ACTIVATION OF FLY ASH WITH LIME
been performed through the application of current soil

stabilisation and ground improvement techniques. The reaction of fly ash (FA) with lime results in
The deep dynamic compaction (DDC) technique is a an immediate improvement of the soil’s mechanical
common ground improvement technique due to its properties during stabilsation. It reduces the moisture
relatively economical and easy application. The deep content of the soil, which has a fast stabilising effect,
dynamic compaction technique has been carried out increases soil pH, preparing a condition for secondary
with success in a large range of soils including MSW. pozzolanic reactions and also it produces heat, which
Reference [1] reviewed 64 case histories regarding accelerates the chemical reactions [6]. Many
the effectiveness of the DDC on MSW landfill sites. activation methods have been suggested by
Their results indicated that the depth of improvement researchers to treat unstable soils with fly ash. The

700


http://email.itd.uts.edu.au/webapps/directory/browse/unit.mason?unit_ou=neo_924

Int. J. of GEOMATE, Dec, 2013, Vol. 5, No. 2 (SI. No. 10), pp. 700-705

main purpose of these efforts was to improve the
reactivity of the pozzolan, in order to enhance the
mechanical and stability characteristics of the mixed
product. Extended grinding proposed by [7], curing at
high temperatures suggested by [8], alkali activation
considered by [9] and [10] and chemical activation
procedures presented by [11] are some approaches,
which have been practiced to attain that goal.

4. FINITE ELEMENT MODELING

The finite element program PLAXIS version 9 has
been used to evaluate the settlement of stabilised
landfill. The cross-section utilised for the numerical
analysis is presented in Fig.1l. Five layers of solid
waste were considered for the landfill to estimate the
effect of depth of stabilisation on landfill settlement.
All the dimensions for model are given in Fig.2.
Accordingly, the solid waste properties need to be
adjusted to consider various improvement options.
The landfill is modeled as a two dimensional plane
strain model.

6m =

ll.’l 3
oy

Tam T F

Ge ||
|

" am e
13m
+v3m
v3m

24m ‘

Vel -
VT
B 30m 36m 30m

Fig.1 Dimensions of the model.

4.1 Mesh Generation and Boundary Conditions

The 15 nodded triangle elements were employed
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powerful 15-node element provides an accurate
calculation of stresses and failure loads. The two
vertical boundaries on both sides are free to move in
vertical direction, whereas the horizontal boundary at
the base is considered to be fixed in both vertical and
horizontal directions as presented in Fig.1. The
foundation soil was considered to be stiff soil and its
stability and deformation were not considered
directly in this analysis. Cross-sections of generated
mesh have been shown in Fig.4.

stress points

Fig.3 The 15-nodded triangle elements used in
modeling.
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Fig.4 Cross-section of generated mesh.

4.2 Adopted Material Models

All soils exhibit some creep, and primary
compression is thus always followed by a certain
amount of secondary compression. The secondary
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Fig.2 Cross-section of the numerical model.

in the modeling as shown in Fig.3 and the mesh
generation algorithm of PLAXIS version 9.0 was
used in this study. It provides a fourth order
interpolation for displacements and the numerical
integration involves twelve stress points. The
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compression (for instance during a period of 10 or 30
years) can be a certain percentage of the primary
compression. This is for instance the case when
constructing embankments over closed landfill sites.
Indeed, the primary settlement of footings and
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embankments are usually followed by a substantial

creep settlement in later years. In such cases it is

desirable to estimate the creep from FEM-

computations. The soft soil creep model was used for

this analysis due to several characteristics such as:

e Stress-dependent stiffness

e Distinction between primary
unloading-reloading

e Secondary compression

e Memory of pre-consolidation stress

e Failure behaviour according to the Mohr-
Coulomb criterion

loading and

4.3 Material Parameters

Municipal solid waste parameters used in FEM
analysis for different contents of stabiliser are
presented in Table 1. In addition, parameters used for
compacted clay as a cover layer of closed landfill
model and road embankment are summarised in
Table 2.

Some of the important waste properties required
for the analyses are the unit weight, the shear strength,
the permeability, the primary compression index and
the secondary compression index. These parameters
were obtained from the results of the extensive
laboratory program performed on the MSW samples.
The unit weight of solid waste is an important factor
in evaluating the settlement of landfills. The unit
weight values of MSW specimens changed slightly
for specimens mixed with different fly ash-quicklime
(QL) contents.

The results obtained from consolidated drained
(CD) triaxial tests confirmed that the shear strength
parameters are strongly influenced by the fly ash-
quicklime content mixed with MSW. The shear
strength parameters of solid waste estimated in this
study at different fly ash-quicklime content also
presented in Table 1. It reveals that ¢ and ¢ values of
MSW specimens increased with increasing the fly

Moreover, from consolidation test performed it
has been demonstrated that the value of C. decreased
by 30%, when the fly ash-quicklime content
increased from 0 to 26.7%. By increasing the fly ash-
quicklime content, the treated specimens indicated
more resistance against the compressive loading and
less compressibility characteristics. Furthermore, the
creep results clearly shows that the value of the
secondary compression index, C,, for MSW
specimens decreased from 0.052 to 0.033, while fly
ash-quicklime content increased from 0 to 26.7%.
This means that, for any given time period, the
volume change during secondary compression is
more for untreated specimens than treated with fly
ash-quicklime. Hence, fly ash-quicklime admixture is
effective in reducing the volume change during the
primary consolidation as well as the secondary
consolidation. The corresponding values for the
compression index and the secondary compression
index are also reported in Table 1.

4.4 Analysis Type

The settlement of proposed landfill model in
PLAXIS was computed using ‘consolidation
analysis” as a calculation type and ‘staged
construction’ as a loading input. Based on Table 3 the
effects of various fly ash-quicklime contents and
different depths of improvement were examined. The
model presents 30 years old closed landfill and
selected MSW materials are decomposed waste. In
the first stage of modelling, the filling process of
landfill was completed in 4 stages (each stage
consisted of 4 metres over 30 days). After filling the
site with decomposed waste material, in landfill
model, the waste was then covered with a 0.5m layer
of compacted clay. After this the model evaluated the
settlement of the landfill after 30 years of self weight
of MSW. In the next stage a 1m thick road
embankment was constructed on the closed landfill

Table 1 Parameters for soft soil creep model in FEM analysis

FA-QL Unit  Void Cohesion Friction permeability Recompression Compression  Secondary

Content  Weight ratio C abgle K index index compression

% Ysat kN/m? ¢° m/day Cr Cc index
kKN/m® e Cq

0%-0% 146  0.63 11 29 0.012 0.075 0.33 0.052
5%-1.7% 148 061 20 33 0.0092 0.07 0.29 0.045
10%-3.3% 15 0.59 26 36 0.0088 0.068 0.28 0.04
15%-5% 152 0.57 29 38 0.0088 0.064 0.24 0.036
20%-6.7% 154  0.56 30 39 0.0082 0.061 0.23 0.033

ash-quicklime content to MSW specimens.

In addition, the results from permeability tests
indicated that with an increase in fly ash-quicklime
content in the MSW specimen, the coefficient of
permeability reduced. The corresponding numbers
presented in Table 1.
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model over a 6 month period, and then a traffic
loading of 20 kPa with a reduction factor of 0.5 was
applied on to the road embankment. In the final step,
the vertical and horizontal displacement of the landfill
model 10 and 20 years after applying the traffic load
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for different amounts of fly ash-quicklime and
various depths of improvement were calculated.

5. RESULTS AND DISCUSSION

5.1 Vertical Settlement 10 Years after Applying
Traffic Load

The results of the numerical predictions of the
model were estimated in PLAXIS. Table 3 presents
the vertical displacements of the landfill model 10
years after applying the traffic load at the midpoint
below the embankment. These numbers reported
based on different depths of treatment and various fly
ash-quicklime contents.

The results predicted that the vertical settlement
of untreated landfill model is about 370 mm 10 years
after applying traffic load. In addition, the result
illustrated that treating MSW with fly ash-quicklime
reduced the vertical displacement of the model
significantly. This reduction is more with higher
depths of improvement. It revealed that for 3m
improved landfill with 26.7% fly ash-quicklime the
vertical settlement reduced 20% (from 370 mm to 296
mm) and this reduction for 6m, 9m, 12m and 24m
improved landfill was 32%, 40%, 46% and 58%,
respectively.

Table 2 Model parameters used for cover layer and
road embankment.

improved landfill is 29%, 37%, 43%, and 55%,
respectively.

Furthermore, Fig.5 and Fig. 6 indicate the effects
that the amounts of fly ash-quicklime have on the
vertical displacement versus time for 3m and 9m
improvement depths at the midpoint below the
embankment. These figures clearly indicated that
increasing the amount of fly ash-quicklime reduced
vertical settlement to a large extent. It can also be
inferred that increasing the depth of improvement
significantly decreases vertical settlement in model.

Table 3 Vertical displacement of the landfill model
10 years after applying traffic load.

Vertical displacement for

various treatment depth (mm)

Treatment
Depth
(m) 6 9 12 24
FA-QL (%)

Untreated 370 370 370 370 370
5%FA+1.7% QL 328 309 283 271 248
10%FA+3.3% QL 312 277 255 239 207
15%FA+5% QL 301 258 232 213 172
20%FA+6.7% QL 296 251 221 201 154

ID Vi c E
kN/m3 kPa (00 l/f) kPa

Cover 175 10 25 0 2.5E4 0.35

Road 18 5 30 5 6.5E4 0.3

5.2 Vertical Settlement 20 Years after Applying
the Traffic Load:

The outcomes of the numerical estimation of the
model are predicted in PLAXIS. Table 4 shows the
vertical displacement of the landfill model 20 years
after applying the traffic load at the midpoint below
the embankment. These numbers are based on
different depths of treatment and various amounts of
fly ash-quicklime. The results showed that the
settlement of the untreated landfill model is about 536
mm 20 years after applying traffic load. Moreover,
these result indicated that treatment of MSW with fly
ash-quicklime reduced vertical displacement of the
model significantly, and this reduction was more for
higher depths of improvement. It showed that 20
years after applying traffic load on 3m improved
landfill with 26.7% fly ash-quicklime the vertical
settlement reduced by 19% (from 536 mm to 444
mm) and this reduction for 6m, 9m, 12m, and 24m
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Table 4 Vertical displacements of the landfill model,
20 years after applying the traffic load.

Vertical displacement for various
treatment depth (mm)

Treatment
De('[r’:)’ 3 6 9 12 24
FA-QL (%)

Untreated 536 536 536 536 536
B%FA+L7%QL 486 451 426 408 372
10%FA+33%QL 466 419 387 363 311
15%FA+5% QL 451 394 356 327 262
2006FA+6.7%QL 444 383 330 308 244

5.3 Horizontal Displacement 10 Years after
Applying the Traffic Load

The result showed that the treatment of MSW with
fly ash-quicklime reduced the maximum horizontal
displacement of the model, and this reduction was
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more for higher depths of improvement. Figure 7
shows the horizontal displacement versus depth for
landfill treated with 26.7% fly ash-quicklime with
various depths of improvement in a section below the
toe of embankment. It can be seen that at any specific
depth below the toe of embankment, with increasing
depth of improvement, the horizontal displacement
was reduced and maximum horizontal displacement
occurred at higher depths. Moreover, Fig.8 shows the
horizontal displacement versus depth for 9m
improved landfill treated with various amounts of fly
ash-quicklime below the toe of embankment. This
proves that increasing the amount of fly ash-
quicklime reduced the horizontal displacement at any
specific depth, and also that maximum horizontal
displacement occurred at higher depths.
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Fig.5 Vertical settlement versus time for 3-m
improved landfill.
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Fig.6 Vertical settlement versus time for 9-m imroved
landfill.

6. VALIDATION

Finite element results are validated based on results
of triaxial tests conducted in the laboratory on the
treated MSW. Finite element analysis of triaxial
model (for treated MSW treated with 15% fly
ash+5% quicklime and dimensions of 100 mm height
and 50 mm diameter) was carried out using PLAXIS
2D. The problem was considered as an axi-symmetry
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model and the nodes on left vertical boundary was
restricted to displace horizontally (horizontal fixity)
but allowed to undergo vertical displacement whereas
all the displacements of the nodes at the bottom
surface was arrested (total fixity). A typical
axisymmetric model under triaxial loading condition
is shown in Fig.9. The treated MSW material was
simulated with soft soil creep model with 15 node
triangular elements. The material properties used in
the finite element analysis are given in Table 1.
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Fig.7 Horizontal displacement versus depth for the
landfill treated with 26.7% fly ash-quicklime
content.
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Figure 10 shows the comparison between the
laboratory measurement and finite element
predictions. As indicated the selected soft soil creep
model (which is based on modified cam-clay model)
incorporated in the finite element solution, results in
reasonable agreement between the measurements and
predictions.
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Fig.10 Comparison between the laboratory
measurements and finite element predictions.

6. CONCLUSIONS

A finite element program, PLAXIS version 9, was
used to evaluate the settlement of the landfill model
under traffic load, with and without treatment by fly
ash-quicklime. The soft soil creep model was used for
this analysis. Five layers of solid waste were used for
the landfill model to evaluate how the depth of
stabilisation affected the vertical and horizontal
displacement of the model. Treated and untreated
MSW parameters used for the model were obtained
from the results of the extensive laboratory program
performed on treated and untreated MSW samples.
The wvertical and horizontal displacement of the
landfill model 10 and 20 years after applying the
traffic load, and with different amounts of fly ash-
quicklime and various depths of improvement, were
estimated. The results of the model analyses with
PLAXIS showed that treating MSW with fly ash-
quicklime reduced the vertical displacement under
traffic load at the midpoint below the embankment.
Horizontal displacement of the landfill model at a
specific depth in a section below the toe of the
embankment under traffic load was also significantly
reduced. These reductions in vertical and horizontal
displacement were greater with higher depths of
improvement. For 3m improved landfill with 26.7%
fly ash-quicklime, the vertical settlement 10 years
after applying traffic load below the embankment was
reduced 20% (from 370 mm to 296 mm) and this
reduction for 6m, 9m, 12m and 24m improved landfill
was 32%, 40%, 46% and 58%, respectively.
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