] DE GRUYTER
OPEN

G CIVIL AND ENVIRONMENTAL ENGINEERING REPORTS

ISSN 2080-5187 CEER 2014, 15 (4): 127-137
DOI: 10.1515/ceer-2014-0039

NUMERICAL MODELLING OF SOIL ARCHING
INA SHALLOW BACKFILL LAYER

Waldemar St. SZAIJNA
University of Zielona Gora, Institute of Buildinghgineering, Poland

Abstract

The paper presents the application of the finiseneint method into the modelling of soil
arching. The phenomenon plays fundamental role aitskell flexible structures
behaviour. To evaluate the influence of archingaopressure reduction, a plain strain
trapdoor under a shallow layer of backfill was dimed. The Coulomb-Mohr plasticity
condition and the nonassociated flow rule were usedhe soil model. The research
examines the impact of the internal friction angtel the influence of the backfill layer
thickness on the value of soil arching. The caraatlanalyses indicate that the reduction
of pressures acting on a structure depends on ahe of the internal friction angle,
which confirms the earlier research. For a shalaekfill layer however, the reduction
is only a local phenomenon and can influence omdgra of the structure.

Keywords: arching, soil-shell structure, trapdoookgem, stress redistribution, FEM,
Mohr-Coulomb model

1. INTRODUCTION

A rapid development of transport and community daefructures makes soil-
shell flexible structures more and more common.yTére used to build small
bridges, passages for animals or culverts. Thecl@siment of such a system is
a flexible shell structure (e.g. a thin steel ghddackfilled with compacted soil.
The soil transfers the loads onto the shell and plovides a support for it.
A characteristic feature of a soil-shell flexiblérusture is a reduction of
pressure induced by soil acting on the structwmpared to the pressure acting
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on an analogous stiff structure. The reductionrssalt of a phenomenon called
arching. Unfortunately, due to the interaction efatmable elements of the
system (the structure and the soil), arching idiadift to characterize by
analytical models which impedes taking it into agtioin rational design.
Terzaghi [8] defined the arching phenomenon assster of pressure induced
by deforming soil masses onto adjacent stable Jd¢ik idea of arching is
explained in Fig. 1. The dashed line indicatesittigal configuration of the
system. The flexible structure, shown in Fig. lapegiences displacements
caused by the weight of the backfill or/and by exaé vertical loads. The crown
of the structure (point A) moves downward. Simu#tamsly, the shell's arms
(points B and C) move outward compacting the sunding soil and thus
increasing mean stresses inside it. Shear stiffoeseil above the shell causes
that its downward movement creates shear stress@sh veounteract these
displacements. They are schematically shown oncaéglanes D-E and F-G in
Fig. 1b. As a result, stresses are transferred frmrarea to be lowered (block
D-E-G-F) onto the neighbouring soil which consttutouter zones of the
backfill.
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Fig. 1. A draft of an arching phenomenon: a) disphaents of a flexible structure
and the surrounding soil backfill, b) shear stressduced by displacements

In soil-shell systems, alterations in mutual intdians between the structure
and the soil play important roles. The alteratioesult from deformations and
the changes in stiffness of the system componehishvarise both at the stage
of their installation and during operation. Issuekted to modelling of the
installation process of a soil-shell structure, mheubsequent sand backfill
layers are placed and compacted, are discusséfl in [

The hereto paper presents the analysis of loadtramition caused by the
system deformations, focusing on arching in a shabackfill layer. To discuss
the essence of soil pressure reduction and stedistnibution, a simplify
geometry is investigated i.e. a flat structure mguwlownwards (a trapdoor) in
plane strain conditions.
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The influence of arching on the behaviour of sbils structures was
extensively discussed in [1]. According to the aushof the book, the ratio
between the recorded lo&dacting on a selected part of a flexible structumd
the value of geostatic loadirfg, (resulting exclusively from the thickness and
the unit weight of the volume of the soil overburden the non-flexible
structure) is a measure of the arching effect. As ds Polish-language
publications are concerned, the extensive reviewnethods of considering
loads acting on a soil-shell structure is presemeffl], whereas engineering
methods of culvert designing are described in [9].

Soil arching was the subject of laboratory testsied out by numerous authors.
The results pioneering tests, published in 1936, mesented in Fig. 2 [7]. A
draft of the experiment, consisting in loweringrapdoor over a sand layer, is
show in Fig. 2a. During the experiment, the valokegertical displacements and
the loads acting on the trapdoor were recorded. Higreveals that arching
results in a considerable reduction of loads aatimghe trapdoor (a small value
of ratio P/P, indicates a considerable reduction of pressuee,an essential
arching effect). The scale of the reduction depesmdshe compactness of the
examined soil and on the value of the trapdoorldégments. It can be expected
that the thickness of the soil layirin relation to the width of the trapdoor D
will also be an influential factor.
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Fig. 2. The trapdoor test [7]: a) a layout of thstt b) the reduction of lodlgenerated
by soil on the trapdoor in the function of its d&sgementsv

Arching phenomenon, in plane strain state conditiovas subject to analytical
investigation in work [5]. Work [3] presents theatyses of arching in the flat
strain state and in axial symmetry conditions pentd with the use of the
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finite element method. Both papers applied the Mobulomb plasticity
condition to model soil behaviour while loaded. Themnerical results obtained
in [3] allowed formation of an approximate analgti@xpression enabling the
determination of the value of the reduction of qmissure in relation to the
thickness of a backfill and to the angle of intérfniation.

The results of physical modelling tests of theuial mechanism of sandy soil
over a deep trapdoor carried out in a centrifugeewgiscussed in [2]. The
obtained results indicate an essential role oftiditain the process of soil
deformations. Additionally, the index of densityddfil (I5), which is correlated
with an internal friction angle, influenced sigedintly the magnitude of the
surface displacements.

The discussed papers refer mainly to the investigat of an arching
phenomenon in soil over a trapdoor with a thickelagf backfill. They do not
refer to the pressure distribution along the trapdinstead they use resultant
values. In practice, there are also instances sifjde of structures with shallow
backfill layers. This paper focuses on the studgrohing in a shallow soil layer
(H/D < 1) and the consequent distribution of pressure.

2. NUMERICAL MODEL

The assumed numerical model of the task includestiad discretization of the
problem, elastic-plastic constitutive soil modeatdathe finite element method
solution procedure. In order to simplify the tasK]at strain state was assumed.
The task was solved with the use of Abaqus comprtegram.

Due to the practical importance of the investigaigzlie, the analyses were
carried out for the commonly applied Mohr-Coulomlagticity soil model,
parameters of which are easily readable for engindéleanks to their clear
physical interpretation. Additionally, their valuean be determined in standard
tests. For the main directions of the stress stae,failure envelope of the
model is given in the following form:

%sim)—%—cmoqﬁo (2.1)

where @ is the angle of internal friction, and is the soil cohesion (for
engineering calculations, it is assumed tt¥ for sands, but in a damp media,
the water meniscus generates the cohesion of agr afdseveral kPa). To
provide stabilization of the solutions in the dissed modelc=0.01 kPa was
assumed.
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Compacted sands, used for backfilling, show difatisphenomenon while
shearing, i.e. the increase in its volume causedth®y growth of shear
deformations. Taking into account the results aeeech presented in [2], the
hereto paper assumes dilation anglalifferent from zero, and the flow rule
non-associated with the plasticity condition givsn(2.1).

The geometry of the system similar to the one miteskin Fig. 2a (a soil layer
over the trapdoor) is analysed at various valuesbadkfill thickness i.e.
different valuedH/D. The solution takes advantage of the symmetry veisipect
to the vertical plane passing through the centtb®trapdoor (A-F — Fig. 3).

|
S L2 |
F= >IE X
H
1>
Al A A BC 2 A D
z D/2

Fig. 3. The model of the task: a zone of inducespldicements (a trapdoor) A-B,
basic dimensions, FEM discretization and boundandiions

Fig. 3 shows an exemplary finite element mesh feysdem with the proportion
H/D = 1. In the spatial discretization process, eigtde finite elements were
used. Due to the adopted elastic-plastic model aif, she elements are
integrated in a reduced way. The layout of thegrggon points is shown on a
selected finite element.

Soil deformations, caused by the structure's fiéigitare modelled by induced
displacements of the mesh nodes on the section(RieB 3). In order to avoid
singularities in the stress distribution in theiwnity of point B, resulting from
the discontinuity of displacements, a transitiomeoof linear variation of
movements was applied along section B-C, as in B#jundary conditions
applied to the remaining edges are shown in Fig. 3.

In all the analysed examples, the load is excligiireduced by the soil dead
weight, calculated for the unit densiggz 20 kN/ni. The stresses generated by
dead load in stationary conditions, where all eleimeare at rest, is called
geostatic initial condition.
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The model takes into account the non-linearityhaf fjeometric equations. To
solve the non-linear problem, a method with a amstincrement of
displacements was applied.

The paper presents the analysis of the influenabethickness of the backfill
layer as well as the influence of the values ofpaaters of the soil strength on
the stress distribution in the basement of therlay&o volumes of soil of
dimensionsH/D=1 andH/D=1/2 were examined. In the subsequent tests, a
constant value of dimensiohs10 m andd=2 m were maintained, but the layer
thicknessH was changed.

In the following examples, the values of interrdtfon and dilation anglesg
/) were assumed as follows: (a5, (357 20), (40 25°). Moreover, the
following values of sand elasticity parameters wassumed: Young modulus
E=100 MPa, the Poisson ratis0.3.

3. RESULTSAND DISCUSSION

Fig. 4a depicts the distribution of vertical compots of stress tensor in the
geostatic state. For homogeneous soil, a horizdayalut of contour lines is
characteristic. Fig. 4b presents distribution okstes induced by downward
movement of the trapdoor (section A-B) i1 mm. The negative values of
stresses visible in the figure refer to compressidre task was solved with the
following data setH/D=1, ¢= 35 andy = 2.

The reduction of stresses, shown in fig. 4a, okerdection A-B is connected
with their transfer towards stationary boundaryditians, which is revealed by
a strong concentration of stresses on the riglet sighoint B. An inconsiderable
reduction of stresses is observed in the centralgbdhe model.

The paper examines arching induced redistributioredical stresses acting on
the trapdoor, and not only the load resultant,hgoraitio of the current vertical
stresses to the geostatic stresgiégH) was calculated as a measure of arching
(yis the soil unit weight), instead &P,. In order to examine the influence of
the values of internal friction angleg and the dilation angley/on arching,
calculations of the problem were performed for gfgmetry as presented in
Fig. 3,H/D=1 and three various sets of parameteasd . Valuesa/(yH) were
determined in each analyses in integration poio¢sited in the middle of the
section A-B. The obtained results are presentd@ign5. The horizontal axes,
upper and lower, indicate absolute values of indugertical displacement of
section A-B and relative displacements referredtite trapdoor lengthD,
respectively. The vertical axis presents the valofethe ratio of the current
vertical load to the load on the trapdoor generatedeostatic stresses.
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Fig. 4. Redistribution of vertical stresses in sajlinitial geostatic statept35°, ¢=20°%,
b) state after the trapdoor A-B is loweredvisyl mm
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Fig. 5. Reduction of stresses over the trapdbdD€1) in the function of vertical
displacementw for various friction and dilation angle@/(y)
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The shapes of the curves presented in Fig. 5 shatvat zero displacement of
the trapdoorw=0), there is no arching effeat’/()H)=1). In the initial phase of
inducing vertical displacements until reaching tatiew~0.3 mm, the effect of
stress reduction (arching) is independent of thié sanditions, i.e. of the
internal friction angle. Above this value, the sge@eduction is the greater the
larger is internal friction angle of the sand.

Inducing displacements above the valrel mm results in the growth of
arching, which is observed for all three curved-ig. 5. At this stage, small
areas of soil under tension begin to develop orughper edge of the left part of
the finite element mesh (Fig. 4a). It seems thatesithen the model does not
describe the real behaviour of the material.

It is also interesting to study the distribution stfesses along the base of the
model at different ratiogd/D. Calculations were performed fét/D=1 and
H/D=0.5. The results of calculations are presenteldign 6, where the dashed
line refers to stresses induced by geostatic skateboth solutions, a relief of
load is observed over the zone of induced displacésn(over the trapdoor).
Simultaneously, there is a transfer of stressethéoarea of fixed boundary
conditions. The stress distribution along the tmgdis not uniform and
depends on the ratid/D. With a small thickness of backfilH{D=0.5) there is
no arching effect in the vicinity of the axis ofnnsgetry of the trapdoor
(x=0+0.25 m).
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Fig. 6. Normalized vertical stress distributionrajche trapdoorge35’, y=20)

Fig. 6 shows that vertical stress concentratioruscin the stationary support
zone k=1.25 m). A comparison of the curves shows thattgrearching effect
along the trapdoor results in a greater stressesuration. In addition, there is a
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fluctuation of stresses in the transition zorel(1l m) caused by a considerable
gradient of displacements and coarse finite elemmexsth in the area.

4. SUMMARY AND CONCLUSIONS

The article analyses soil arching over a soil-sfielible structure or
a trapdoor with shallow layer of backfilin this kind of objects, a soil
backfill surrounding the shell provides both a seuof loading and a support
for the structure. As a result of the shell flekipi and its deformation,
rearrangement of mutual interactions is observetiensystem. The measure of
arching is the ratio of the current vertical stessgto the vertical geostatic
stressey’H, wherein the low value afi(yH) refers to significant arching. The
redistribution of interactions is possible thankshe soil ability to convey shear
stresses.

The paper investigates the influence of the intefriation angle and the

dilation angle as well as the influence of thekhizss of the backfill on the size

of arching and the redistribution of pressures fithim soil onto the structure.

The research has been limited to the cases withioshdackfill layers

(H/D <1).

The carried out analyses lead to the following tusions:

» An important factor influencing the size of archisghe soil strength. Since
noncohesive soils are usually used as backfilerivdl friction anglepis a
decisive parameter. The increase in the strengtheobackfill (the increase
in the sand compaction) results in the reductionitefpressure on the
flexible structure. This conclusion confirms allrifiter experiences. The
influence of the soil dilation, as a factor indegent from the friction angle
should be additionally verified. The values of tdigation angles were
arbitrarily assumed for particular values of angies

= The thickness of the backfill layer, and consedlyetite proportion of
dimensiondH/D, is the second important factor influencing thlugeaof the
reduction of stresses over the flexible structiitee thicker the backfill, the
larger the relative arching effect (at constantugal of soil strength and
stiffness). Obviously, the thicker backfill layehet greater its absolute
weight.

» Reduction of stresses in one part of soil inducgdhie system flexibility,
results in the increase in stresses in another phrsoil, thus the
phenomenon should be referred to as arching-resdteds redistribution.

» The value of redistribution of interactions ovee tihexible structure varies
along its length. Moreover, the reduction is ofcgdl character and is
limited to the soil adjacent to the one overtakimg loads from the unloaded
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zone. In the case of a shallow backfill layer (imgiderable value ofi/D
ratio) it may indicate that the pressure reductione does not include the
desired part of the flexible structure.

The coupling of the above factors influencing tladue of arching (strength
and stiffness parameters, variability of which weot tested in this article,
and the analysed proportions of dimensions H/DJgests that in order to
design properly, the interaction between the stinecend the adjacent soll
should be taken into account. Treating the loadilags flexible and
independent from the deformation state is a conaslde simplification.

Further research should consider the influencehefdensity of the mesh of
elements on the obtained results. In addition, penomenon of stress
fluctuation in the zone of considerable displaceimgradients should be

examined. Another factor which should be verifiadd which may influence

the value of arching is the condition of the cohtaetween the structure and the
soil. Moreover, the influence of the constitutivedrdel of soil on the aching

should be tested.
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MODELOWANIE NUMERYCZNE PRZESKLEPIENIA GRUNTU W PLYKIEJ
WARSTWIE ZASYPKI

Streszczenie

W artykule przedstawiono prébmodelowania numerycznego zjawiska przesklepienia
gruntu w plytkiej warstwie zasypki. Zjawisko to madstawowe znaczenie w podatnych
konstrukcjach gruntowo-powtokowych. W wyniku przlegkenia parcie gruntu na
konstrukcg podatrm jest znacznie mniejsze miparcie na analogicankonstrukcg
sztywra. Redukcja parcia nad poddej sie obciazeniom wiotky konstrukcyj wiaze si

z redystrybucj napezen w gruncie na strefy zasypki, ktére nie podlagdg¢formacjom.

W celu zbadania istoty zjawiska redystrybucji rapfi analizowany jest uktad o bardzo
uproszczonej geometrii — tzw. problem zapadni. Aalaozwhzano z wykorzystaniem
metody elementéw skezonych. W rozwizaniu przygto warunki ptaskiego stanu
odksztatcenia. Zalmno spezysto-plastyczny model zasypki gruntowej z warunkiem
plastycznéci Coulomba-Mohra i niestowarzyszonym prawem pigisi. Jako miar
redukcji parcia wywotanego przesklepieniem pgiayjstosunek aktualnego parcia do
parcia geostatycznego dziajleggo na konstrukejniepodata. Badano wptyw kta tarcia
wewretrznego i grubéci warstwy zasypki na warké redukcji parcia. Wzrostdka tarcia
skutkuje weksz redukcp parcia gruntu, co potwierdza wéneejsze wyniki bada Przy
matej grubdci warstwy zasypki efekt redukcji parcia ma chagakbkalny i mae by
ograniczony jedynie do matych obszaréw gruntu rejmupc swym zasigiem calej
konstrukcji podatne;j.

Stowa kluczowe: przesklepienie, konstrukcja grumtgoowtokowa, problem
zapadni, redystrybucja nagen, MES, model Coulomba-Mohra
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