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PREDICTION OF STRAIN STATE OF LANDFILL
CONSIDERING SOIL FOUNDATION AND ANGLE OF SLOPE

H.C. Pemes, T.4 Ocinosa. IIpornozyBanHsi 1e)0OpMOBAHOI0 CTaHY MOJIroHa TBepAHX MOOYTOBHX BiIX0AiB 3 BpaxXyBaHHSIM
IPYHTOBOI OCHOBH i KyTa Haxmiy cxuiy. CbOroHi cepiio3HO0 MpoOIEMOI0 CBITOBOrO MacIiTady BUCTYMAE 301IbLUICHHS OOCSTIB HAKOMH-
4JeHHs! TOOYTOBUX BiIXOAiB. YKpaiHa 3aiiMae ofHe 3 HepIINX MICIb B CBITi 3a KiJIBKICTIO CMIiTTS Ha OJHUHHIIIO HAaceNleHHS. B xpaiHi Bixke
O6m3pKk0 7 % TepUTOpii 3HAXOAUTHCS MiJ] TBEPAUMH IIOOYTOBIMH BiIXOJaMH, KPIM TOTO IIOPOKY YTBOPIOEThCS MOHAM 52 MIIH. TOHH IOOYTO-
BOTO CMITTA. Y 3B'3Ky 3 IIUM TOCTPO IOCTA€ NMUTAHHS MPO CTIHKICTh MOMNITOHIB ITiCHA X 3aKPUTTA I BUKOPHUCTAHHS B MOAAJBIIOMY SK
OCHOBH JUISl IH)KEHEPHUX CIOPY[ i KOHCTpYKLiH. Mema: MeToro poOOTH € BCTAHOBIICHHS 3aJISKHOCTI OCITAaHHS 3aKPHUTOrO MOJIIrOHA TBEp-
JIIX TOOYTOBUX BiIXOJIB Bil BIACTHUBOCTEH MiJCTENBHUX IPYHTIB, a TAKOXK BiJ] KyTa HAXIIy CXWIy ITOJIrOHA IS IPOTHO3YBAHHS MOJKIIH-
BOCTI BHKOPHCTaHHsI HOTO sIk OCHOBHU criopyau. Mamepianu i memoou: 1lix yac nociimkeHHs: OyJ0 BpaxOBaHO MOETAITHE HABAHTAKCHHS
TIOJIiTOHA IIapaMH BiIXOMIB, a TaKoX KyT Horo Haxmry. [TokpuBatounit 1 mincrensHuil mapu onrca€o Mopeiutio Kynona-Mopa. Tino momiro-
Ha OyJI0 3MOJENHOBAHO SIK CIA0KMIl IPYHT 3 ypaxyBaHHSM HOro MOB3ydOCTi, AT IBOTo BHKOpUcTaHO Moxenb Soft Soil Creep (SSC). dus
YHCENFHOTO PO3B’S3aHHS 3aa4i BUKOPUCTAHO METOJ CKiHUCHHUX eneMeHTIB. Pesynibmamu: B poboti Boepiie moOyIoBaHO MaTEMAaTHIHY
MOJIeNb OCiIaHHs HOJIIrOHA TBEPIUX NOOYTOBHX BiIXOMIB 3 BpaXyBaHHIM reOMETPHYHUX 1 (Di3HKO-MeXaHIYHHUX apaMeTpiB IOJIroHa i IpyH-
TOBOI OCHOBH, II[0 JO3BOJHUTH y IOJAIBIIOMY IIPOTHO3YBAaTH MOJKIIMBICTH BUKOPHCTAHHSI IOJIrOHA JUIsl OyIiBHHUITBA Ha HOMY CIIOPY[ Pi3-
HOTO TpU3HA4YeHHS. B pesynbrari AOCIIIXKEHb BCTAHOBJICHO, IIO 3i 3MEHIICHHSAM KyTa HaXHIy CXHIy BifOyBa€ThCs 3HAUHE 3MCHIICHHS
ocimanHs momirona. Tak, mpu 3MeHImeHHi kyTa 3 75° no 30° ocimaHHS 3MeHIIyeThCs Ha 5...22 % B 3a€XHOCTI BiJ THITy IPYHTIB OCHOBH.
Haiibinpliie 3MEHIIIEHHSI OCiTaHHS CIIOCTEPIraeThesl y HAHMEHII IITbHOTO IPYHTY — Y TICKY.

Kmiouoei croea: ocinanss, TBep/i MoOYTOBI BiIX0u, AedopMallisi, MAaTeMaTHIHE MOJICTFOBAHHSL.

N.S. Remez, T.A. Osipova. Prediction of strain state of landfill considering soil foundation and angle of slope. Today increase in
volumes of accumulation of a household waste acts as a global serious problem. Ukraine occupies one of the first places on the list in the
world by garbage quantity per capita. Already about 7 % of the territory in the country are under municipal solid waste, besides more than 52
million tons of household waste are annually formed. In this regard, sharply raises the question of the stability of landfills after their closure
for further use as a basis for engineering constructions and designs. Aim: The aim of this research is to establish the dependence of settle-
ment of the closed landfill on the properties of the underlying soil, as well as the landfill slope angle to predict the possibility of using it as a
basis for construction. Materials and Methods: The phased load of landfill by waste layers and angle of inclination were taken into account
during the research. The covering and underlying layers are described by Coulomb-Mohr model. The body of landfill was modeled as a weak
ground considering its creep. The Soft Soil Creep (SSC) model was applied for this. The finite elements method was used for numerical
solution of the problem. Results: In this work the mathematical model of sedimentation of municipal solid waste constructed for the first
time, taking into account geometrical and physical and mechanical parameters of landfill and soil base, which will allow further prediction
the use of landfill for building structures on it for various purposes. As a result of researches was found that with decreasing of inclination
angle of the landfill slope there is a significant decrease in settlement. Thus, while reducing the angle from 75° to 30° the settlement is
reduced by 5...22% depending on the type of soil foundation. The largest landfill reduction is observed for the least dense soil (sand).

Keywords: landfill, municipal solid waste, strain, mathematical modelling.

Introduction. Today increase in volumes of accumulation of a household waste acts as a global
serious problem. Ukraine occupies one of the first places on the list in the world by garbage quantity
per capita. Already about 7 % of the territory in the country are under municipal solid waste, besides
more than 52 million tons of household waste are annually formed. In this regard, sharply raises the
question of the stability of landfills after their closure for further use as a basis for engineering
constructions and designs.

Ukraine has about 6 thousand dumps and landfills of 7.4 thousand hectares total area, 32
thousand illegal dumps, 15 sorting lines and only two waste incineration plants. Very often landfills
(about 5 %) are overloaded or they do not meet the standards of environmental safety (about 16 %). It
should also be noted that in Ukraine, unfortunately, no waste treatment plants, common in
economically developed countries [1].

In this connection the question arises about firmness of landfills after their closure for use as a
basis for engineering buildings and structures in the future.
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To predict the firmness of the landfill is necessary to study its settling considering angle of land-
fill and stress-strain state of the underlying soil base.

Often, to assess the stability of the landfill the experimental techniques are using, namely the
method of inverse analysis, laboratory tests and more. Analysis of the literature showed that the
experimental methodology for assessing of the stability of the landfill is financially costly and
effective only for specific conditions. For example, the method of inverse analysis is based on
consideration of the properties already destroyed landfills. This method is not satisfactory for other
landfills due to the difference of waste, environmental conditions, properties of landfill body and
underlying soil mass. In turn, through laboratory tests the landfill conditions can’t be displayed — to
capture in one sample all the layers of waste and take into account the geotechnical, physical and
mechanical properties. Therefore, to consider the stress-strain state of the polygon layers and
underlying soil mass and its characteristics the mathematical modeling is advisable to apply.

Applied mathematical models for the prediction of settling can be divided into the following classes:
rheological; empirical; models based on soil mechanics; models that take into account biodegradation.

Park and Lee [2] proposed a model of settling, taking into account the time-dependent biodegra-
dation of waste: sedimentation rate is expressed through plurality of settlings directly proportional to
the amount of solids that decompose; and the process of dissolving of organic materials can be
described by equations of the first order kinetics.

Note that the definition of kinetic coefficients and/or hydrolysis constants with the possibility of
monitoring of their changes in the environment in a real time is a non-trivial task.

Empirical models predict a total waste behavior by adjusting of empirical parameters for a
specific site.

Marques et al. [3] have developed the rheological model to account the primary and secondary
compression mechanisms that governed by the rheological parameters that is also included in the bio-
degradation of waste. Note that the primary compression does not depend on time.

The common feature of these and other models [4...7] is that they just adapted to model the
behavior and properties of solid waste, ignoring such an important part of the landfill as soils that lie at
its core. Exactly the type, strength, geotechnical properties of the underlying soil affect on the stability
of the landfill, because the ground has the greatest burden.

Given the fact that some steep slopes of dumps remain stable, we can conclude that the focus in
the analysis of the landfill firmness should be given to materials that are the basis of municipal solid
waste (MSW). Therefore, to forecast the estimation the landfill firmness in this paper first studied the
settling as well as the stress-strain state of the underlying soil base.

The aim of this research is to establish the dependence of settlement of the closed landfill on the
properties of the underlying soil, as well as the landfill slope angle to predict the possibility of using it
as a basis for construction.

Materials and Methods. During the study we will take into account the phase loading of landfill
waste layers and angle of inclination. To predict the settling of closed landfill MSW the following
mathematical models were used.

Covering and underlying layers described the Coulomb-Mohr model [8].

The body of landfill was modeled as a weak ground considering its creep for this a model uses
Soft Soil Creep (SSC). Currently, this model more fully describes the properties of weak soil as stress-
dependent stiffness and compression based secondary creep. It should be noted that the SSC model
takes into account both physical and geometric nonlinearity of soil deformation process.

Total volume deformation ¢, , caused by the growth of effective stress from the initial value p,
to p' for the period of time T (T =t, +t") consists of an elastic ¢ and viscoplastic & components.
Viscoplastic component is the amount of deformation during consolidation . and after consolidation

v e

e’ . Rangeard [9] showed that the relationship between the deformations is expressed as follows:

v ac "
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where p* — modified creep factor;
7, — time of consolidation that depends on the geometry of the sample under study;

t" — time pass from the start of loading of landfill;
k" — modified swelling ratio;

*

A" — modified compression ratio;
t. — completion of primary consolidation;
p, — initial effective stress;
p’ — effective stress;
p,. — effective pre consolidation pressure.

The ratio of model parameters with internationally standardized parameters as follows:
. _ C, = Ce = 2C, ;
2.3(1+e,) 2.3(1+e,) 2.3(1+e,)
where C.— compression ratio;

Cg — swelling ratio;
C,, — creep factor.

As noted above, the underlying soil is described by the Coulomb-Mohr model. Full yield condi-
tion of Coulomb-Mohr model consists of six functions (surfaces yield f), which are formed as follows:

where

h

fia :%(0’2 —oy) +%(G’2 +03)sing—ccosp <0,

1 1 ,

f :E(Gg —0'2)+§(G'3 +0,)sinp—ccosp <0;
Lo oo o

f,. :E(G3 —-0o;) +E(G3 +0o})sing—ccosp<0;
1 ! ! 1 ! ’ H

fo :E(csl—cs3)+E(csl+c53)sm(p—ccos<p§0;
1 ! ! l ! ! H

f., :E(Gl —02)+§(61+GZ)Sln(p—CCOS(pSO;

1 1 .
f,, :E(G'z -o;) +§(G'2 +0o;)sing—ccose <0,

where ¢ — clutch;
o), G5, G, — normal stresses;
¢ — angle of internal friction.

In addition to the yield surface a Coulomb-Mohr model presented by six plastic potential
functions g:
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1 ’ ’ 1 ’ ’ H .
O = E(Gs —0;)+ 5(63 +0o3)siny;
1 ’ ’ 1 / ! H .
9, = E (63 - c31) + 5(03 + 61) sinwy;

1 ’ ! 1 ! ’ H .
U, == (0] —0%) +E(01 +o5)siny;

2
1 ’ ’ 1 ’ ! H .
Osa :E(Gl _02)"'5(01 +05)siny;
1 ! ! 1 ! ! H
O3 25(52 _61)"'5(02 +oy)siny,

where y — angle of dilation.

Hydrodynamic aspects consist in the account of seepage forces acting on the skeleton of the soil
environment and interaction parameters of liquid and solid phases of soil (pressure, tension and
porosity) in the process of consolidation. Assuming the vortex seepage flow and distribution of the
resistance element evenly over the section we will use the generalized Darcy law and equation of
continuity. We assume that the compressibility of the skeleton and pore fluid is low, which leads to a
linear dependence of the porosity of the soil pressure.

The interaction of soil skeleton and fluid characterize by volume force which proportional to the
pressure gradient.

According to [10], the equation of continuity we supplement with the initial and boundary conditions.

For numerical solution of the problem finite element method was used. Estimated area was
divided into 265 finite elements.

Landfill for which was conducted simulation consists of ten layers of waste, thickness of 3 m
each. Subsidence was defined based on incremental load of landfill in 30 years after its closure. The
basis of Landfill is clay, sand and loam.

Simulations were conducted at three slopes angle of the polygon 30, 60 and 75°. Linear dimen-
sions of polygons with different angles of slopes chosen so that the volume of landfill body remained
unchanged. Settings of underlying soils are presented in Table 1. Parameters of waste are presented in
Table 2 (Layer Nel — latest, Layer Ne10 — first of underlying polygon).

Table 1
Physical and mechanical parameters of soils
Parameter Soils

Sand Loam Clay
Deformations module E,e, kN / m 18000 10000 9000
Poisson’s ratio v, units. 0.34 0.36 0.37
Soil specific weight Yyusa, KN/M® 18.0 13 19.0
Specific weight of water-saturated soil e, KN/m° 20.7 14.6 21.8
Filtration coefficient in the horizontal direction k,, units. 0.5 0.006 0.004
Filtration coefficient in the vertical direction k,, units. 0.5 0.006 0.004
Module of deformation E, MPa 50 33 28
The specific adhesion c, kPa 3 34 81
The angle of internal friction ¢, degrees 31 14 13
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Table 2
Physical and mechanical parameters of waste

Parameter Values
Specific weight yysan, KN/m® 7.504
Specific weight of water-saturated soil vy, KN/m® 10.0
The specific adhesion c, kPa 25
The angle of internal friction ¢, degrees 20
The initial coefficient of porosity e, units. 0.4268
Compression ratio C¢, units. 0.3987
Swelling ratio Cs, units. 0.0394

Creep factor C,, units :

Layer Nel 0.0615
Layer Ne2 0.0474
Layer Ne3 0.0448
Layer Ne4 0.0429
Layer Ne5 0.0414
Layer Ne6 0.0402
Layer Ne7 0.0391
Layer Neg 0.0382
Layer Ne9 0.0374
Layer Ne10 0.0367

Results and Discussion. In [11] the calculations of landfill strain at the slope angle of 75° was
conducted. They amounted to 4.95 m for landfill with sand base, with clay base — 3.83 m, with loam
base — 4.47 m.

Deformed estimated area of landfill with clay base and with his body angle of 60° shown in
Fig. 1. An analysis of numerical calculations shows that vertical deformation of landfill totaled 3.8 m.

As a result of numerical calculation found that at the same angle the maximum vertical
deformation was: for landfill of sand — 4.34 m (Fig. 2), with loam — 4.27 m. A comparison of these
results shows that the angle of inclination of the landfill body significantly affects the vertical
deformation, decreasing the angle from 75° to 60° deformations decreased by 1...12 % depending on
the type of soil base.

To establish the impact of slope angle of landfill on its settling the simulations for landfill with
angle of 30° was conducted. As a result of studies it was found that with decreasing of slope angle of
landfill the impact on the underlying soil subsidence reduced and the difference between the values of
deformation decreases.

Thus, if the underlying layer is sand, it can be observed that the vertical deformation reaches 3.94 m
(Fig. 3), if the loam —3.89 m (Fig. 4). If we use clay as underlayment then vertical deformation is the least
compared to the previous two ver-
sions— 3.63 m (Fig. 5). &M 1000 10.00 30.00 5000 7000 90.00 x,m

Comparing the value of 4000 \ 7
settling showed that decreasing of
the angle from 60° to 30° deformity
decreased by 5...9 % depending on
the type of soil base.

With decreasing of angle from 4440
75° to 30° vertical deformation
reduction was greatest for sand 0.0
(20.4 %), while the same value for
loam is 13 % and for clay is 5.22 %.

30.00

20.00

Fig. 1. Deformed calculated area of landfill with clay soil
underlying (slope angle of landfill 60°)
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Fig. 2. Vertical deformation of landfill with sandy soil  Fig. 3. The vertical deformation of landfill with sandy
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Fig. 4. Deformed calculated area of polygon with Fig. 5. Deformed calculated area of polygon with clay
loam, as the underlying soil (angle of landfill 30°) as underlying soil (angle of landfill 30°)

Fig. 6 shows the dependence of landfill settling from the slope angle of ground for three types of
underlying soil.

Conclusions. The modeling of strain state of landfill in view of soil foundations and angle of
landfill using finite element method was held. As a result of studies we found that with decreasing of
slope angle of landfill the settling is significant reduce. Thus, decreasing the angle from 75° to 30°
settling decreases by 5...22 % depending on the 46
type of soil base. The largest decrease is observed
in less dense soil — sand.

£

We have got the dependencies of settling s ,, ~a—Clay
from the angle of slopes for different soil founda- = —=—1 0am
tions as a second-degree polynomial. They are @ +—Sand
as follows: e

— Forclay — y=-0.07x* +0.18x +3.72 ; 34

- FOI’ |Oam — y = —009X2 + 007X + 449 , Landfill 5|0';'Ie‘ ang|e’ deg "

— 2 _
—-For sand — y =0.105x 0'925)(_+ S.77. Fig. 6. Dependence of settling from the angle
Using these dependences can be defined the of slopes for MSW landfill

settling for intermediate values of slope angles.

With decreasing of slope angle the difference

between settlings of landfill on different bases is

decreasing. The results can be used in predicting of landfill settling with different geometric, physical
and mechanical parameters for assessing the possibility of further exploitation of landfill as the
foundation structures for various purposes.
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