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ABSTRACT

The earliest known use of gabion type structﬁres wés
for bank protection along the Nile RiverAduring the era of -
the Pharaohs of Egypt. In the subsequent 7000 years éince
its initial use by the Egyptians, the gabion has been imple-
mented into the construction of many different £ypes of
structures. Recently the use of gabions has been extended -
to the construction of gabion retaining walls.

The conveqtional design method presently useditol'
analyze the stability of a gabion.retaining wall considers
it as a rigid mass gravity structure. The;convéntiona;.deeA
sign method is limited in that it doéé_not consider the
flexibility of the gabion wall nor doés it provide an analysis
of the soil-structure interaction between the wall»ahd back-
£fill and also within the gabion box itself{ The finite
element method provides a means by which these soil—strucfure
interaction problems can be analyzed.

The finite element method was first used to anélyze  ‘
the anisotropic nonlinear stress-strain bBehavior of thé7~’"‘
gabion's hexagonél wire mesh. A.straiﬁ locking effect was
observed in the wire meshes' nonlinear stress-strain curve.
The nonlinear stress-strain curves were thén representéd

mathematically.
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A single gébign box was also modeled and analyzed
to observe its load-deformation behavidr and the develop-
ment of stresses in its wire mesh énd connecting wires.
Following this analysis, 12 ft. and 45 ft. gabion retaiﬁ-
ing walls :were analjzed. ‘ | |

The 12 f£t. gabion wall had both the wall and back-
fill modeled while the 45 ft. gabion wall was so large that
only the wall could be modeled due to computer core meﬁory
limitatidns. An attempt wés made to model the ba;kfill of
£he'45 £t. gabién wall with bars having properties of the
4horizontal subgrade reaétion. Due to the unorthodox manner
“bj which_the backfill was modeled, the results arejquestion—
"ab‘ln.e‘. o

.Condensed five node gquadrilateral "Duncan and Chang
nonlinear soil model" elements were used to mbdel the 12 ft.
wéll‘s béckfill soil and gabion wall filler material (cobbles),_
The wire mesh was modeled as a nonlinear ba; element while
the connecting wires were modeled as linear bar elements..
A no-tension provision was included in the quadrilateral-ele-
ment while a no-compression provision was incorpo;ated into
£ﬁe bar eiément. | | | | | |

The results of the 12 ft. g;bion wall's analysis were
as expected. TheAwall movements and stress contours showed

an active stress state in the backfill soil immediately
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behind the wall. This stress redistribution was not the
result of arching but the result of a load transfer through
vertical shearing brought on by differential movements.

The stress distribution along the back aﬁd base of
the 12 ft. gabion wall was determined from the results of
the finite element analysis. Using these results, the sta-
bility of the 12 ft. wall was analyzed and compared with a
stability analysis of the wall using the conventional méthod
of‘analysis. It was generally found that therfactors of
safety of the fini£e element stability analysis Were less
than th% factors of safety determined from the conventional
stability analysis; this indicates that thé finite element
stability an;lysis is more conservative.

In an attempt to define the behavior of the gabion
mathematically, a set of constitutivé.equations were devel-
oped for a gingle gabion box. In the future these eguations
may possibly be used to develop a gquadrilateral finite ele-

ment which would represent one gabion box.



CHAPTER 1

INTRODUCTION

]

In recent years there has been a rénewed inferest

in gabion structures. Né dbubtrsbme of this interest has.
been generated by the gabioﬂ's,environmentally_aesthetic
features but adaitionalrinterest is being developed by the
_ vérsatility and advantages 6f gébion Structu;es., This
renewéd interest is ironié in that the gabion‘brinciple has
existed for over 7000 years.

| _ -_The Pharaohs:of;Egypt‘uséd‘éabion—like structures
to buil& dikeé'along the'Nilé’about,5000 B;C;" Chinese
‘uséd similar stfuctures aiong the Yellow River about 1000
B.C. fhe Roman Architectus Vitruvius, in‘his ten books of
architecture, written about 20 B,Cf,_describéd.their ﬁse as
cofferdams. Julius Caesar used them for temﬁorary fortifi-
éatibns during his campaién in Gaul. 'Later_feferences showed
them to be used extehsively by thé military for such uses as.
bunker and gun:impléqement fqrtifiéatiépé (Te;ra_équa1CQn—“ w_~
4servation, 1976) . o | | ‘

The early gabions{ woven from plant fiber, were

»not véry:dﬁréble; They ﬁére adeqﬁéte for tempora;yrihstalla—
“tions, such as field fortificafions, buf fequired frequeﬁt

1
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replacement and repair in river control programs. However,
because of their versatility and the ease of construction
with locally available mater{als, the gabion principle per-
sisted through the centuries. .Once the metal wire mesh
gabion was developed the durability and therefore life
expectancy was increased siénifiCantly. Gabions utilizing
galvanized wire mesh can have a life expectancy of 40 years
or more. A gabion structure built in 1894 on the River Reno
at{Casalecchio, Italy is still functioning adequatély‘
(Agostini et al., 1971). This shows_that a gabion structure
properly maintained can'have a long life expeétancy.

Today engineers are being forced to use sites with
less than desirable topogfaphical and geoloQicai'éonditions.'
The gabion unit provides an attractivé alternative for con-
struction on such undesirable sites. Currently there exists
a trend in using these-units to support increasingly higher
loads and to build them into increasingly higher structures.
This trend is approaching the limits of tﬁe empirical knowl-
edge that is currently available and mayvsoon feach the'pOint
of danger. Therefore a fundamental understanding of thé'_L 
basic behavior of these units is needed. This study will
involve an analyses of the soil;structure interaétion'between
the wiré‘meéh and soil ih thé gabibn uhiﬁlbok‘and1ih the case
" of fhe‘retaining‘wali ﬁhe additional soil—stfucﬁure inteface

tion between the soil backfill and the gabion retaining wall.



Description of Gabion Box

The gabion'boX‘unit‘is-a'rectanguiar cage or basket,

.divided by diaphragms inte celle,‘and formed‘of heXagonal “
-tripie.twisted.galvanized steel wire mesh-(Figc i 1). A
polyv1nylchlor1de ¢oating is used to cover the wire mesh on
4gablons in water environments where the pH level is below 6
or greater than 12 or where a hlgh concentration of organic
A_ac1ds are presént. The polyv1nylchlor1de coatlng also pro—
‘i.vides greeter resistenee to abra51on._ | | ‘

The gabion box is fabricated with a front, back, 1id,
base, diaphragms and two ends (Fig. 1.2). The gabions are
generally received from the manufacturer inAbundles with each
gabion folded flat. At the job site the gabions are unfolded
and the edges‘are laced together with 3 mm steel wire to form
the rec-box (Fig. l,l); ‘The boxes are then laced to each
other as they4are placed to form oneAcontihuoﬁs tied—together
structure. A

‘Typical dimensions-for‘the hexagonal wire mesh are
shoWnAin Fig. 1.3.. A typical Wire diameter for the wire mesh
~ is 3 mm although other wire sizes are available. Aall the
| edgee‘ef the mesh> iﬁclﬁdihg these of the“end and diaphragm
panels are reinforced w1th galvanlzed w1re of a greater dlam—
'eter, These selvedge wires, in addltlon to strengthenlng
‘the‘basket;'faeilitate its assembly and assist in keeplng 1t

sguare.
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The material used to £fill the gabion boxes is usually
a cobble sizedAstone fanging from 4 to 8 inches in diameter.
Cobbles of this size are too large to pass through the open-
~ings in the wire mesh. It is normally suggested to use
rbunded cobbles for the filler material. This is not neces-
sary but it will allow for more flexibility in the structure.

The cells inAthe gabion boxes are filled in one foot
| layers. This allows for proper(compacfién and also the
installation of 3 mm connecting wires whiéh tie the front of
the box with the back of the box{(}Fig° 1.4). .Thé’use of con-
nécting wires reduces the amount of bulging in the gabion |
box itself. Therefore the use of the connecting wire is most
u.effeCtiQe in those boxes which will have fheAgréatest ten-
dency to bulge such as boxes located on the exposed vertical
face of a gabion structure. ' The connecting,wires are nor-
mally installed in one foot vertical inﬁervals and one foqt

horizontal intervals using a 3 mm diameter wire.

Versatility of Gabion Boxes

Gabion box units are very versatile and have been
used to construct many differéntifypés of structures. This
versatility can be attributed to mainlj two gualities the
gabion box unit has, flexibility and permeability. "These

two qualities will be discussed later in more detail.
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9
Typical gabion box uses are as follows: stream bank
revetments, channel linings, weirs, groins,bridge abutments
and wingwalls, culvert headwalls and outlet aprons, offshore
breakwaters and beach protection, and retaining walls. It
is obyious that the majority of gabion uses havé been in

water related areas such as stream and ocean structures.

Description of Gabion Retaining Wall

The gabion fetaining wall (Fig. 1.5) is normally con-
sidered as a rigid mass gravity structure in conventional
design procedures. The flexibility of the cobble-wire meéh
arfangément is not.included in the conventional design.con—'
siderations. Since all Fhe gabion boxes in the retaining'
wall are tied with lacing wire to adjoining gabion boxes,
the entire gabion wall behaves as a flexible monolithic
gravity'structure.

Generally two types of wall configurations have been
used in the design of mass gravity gabion retaining walls.
One wall configuration is vertical with a stepped exterior
face (Fig. 1.6) while a second possible wall configuration
ié inclined at an angle of approximately 6 degrees and has
a flat exterior facé (Fig. 1.7). Tilting the wall 6 degrees
towards the backfill moves. the resﬁltant of the earth pres-

sure and wall weight away from the toe of the wall and

towards the center of the base'of‘the’wall; This results
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13
in a more uniform pressure on the base of the wall plus an
increase in the overturning resisting moment.

When designing gabion walls to retain clay slopes,
a system of gabion counterforts is normally recommended. The
counterforts serve as drains and as structural members that
support the slope by the frictiqn of the bank material against
the sides of the counterforts. Hydrostatic pressure in the
bank is reduced by the natural permeability of the‘cobble
filled gabions,

Soil-structure Interactions of
the Retaining Wall

The soil-structure interaction problem is a very old
problem when comparéd with the.relatively short life of geo-
technical engineering. The interaction of a retaining wall
with a frictional material was treated by Coulomb (1776) and
Rankine (1857), and the theories they develpped havé beeh
continuallyrused with remarkable success in the design of
retaining walls.

| Wheﬁ utilizing these fwo tﬁeories in the design of a
retaining wall only the resultant of the earth pressure acting
on thé wall or some limiting condition can be determined.
These classical earth pressure theories give no information
on the deforﬁation of the wall.aﬁd backfill which ié especial-
ly important in the analysis of a flexible structure such as

a gabion retaining wall.



14

The finite element method is ideally suited to deal
with the soil-structure interaction problem of the gabion
retaining wall. It'provides the opportunity‘fo not only
determine the stresses throughout the wall_ana backfill but
also the defofmationS-(Clough, 1972). Even thoﬁgh there are
no known fihite~element analyses of a gabioh retaihing wall
“there are é4number of soil-structure interaction finite ele-
ment analyses of rigid concrete retaining walls (DeSéi and
Christian, 1977). Girijavallabhan and Reese (1968). first
demonstrated the successful simulation of a geﬁaining.wall
problem‘by finite element technigues. They éomparéd model
tests with finite element results of a wall andAbackfill in
a passive state. The effects of foundation déformations and
.excavation on retaining wall behavior was illustrated in
analyses by Morgenstern and Eisenstein (1970). Clough and
Duncan (1971) ‘performed a finite element analysis in which
the one-dimensional element of Goodman, Taylof, and Brekke
(1968) was employed to represent the interface‘between the

wall and backfill.

Objective and Scope of Reseafch
The overall aim of this study is to ﬁodel and ana-
lyze the soiléstructure interaction<within the.gabion box
and the soil—strﬁctﬁreAinteraction betweén the gabion re-

‘taining wall and backfill utilizing the fihite element



method.
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The following is a sequential deScription of the

objective and scope of this study:

1.

Describe the conventionai method used in designing
gabion retaining\mallsand diséuss its limitatiomns.
Model the material characteristics of the_Soil and
wire mesh such as: hon—linear stress-strain, no-
tension in soil, 'and no-compression in the wire mesh.
Model with finite elements the wire mesh, gabion
box ., énd retaining wall. Anélyzevthe results of
this finite element study.

Compare the cbnvehtional stability analysis of the
gabion retaining wall versus the finite element
anélysis.

Develop a set of constitutive eguations for the'

gabion box unit.



CHAPTER 2

REVIEW OF EXPERIENCE WITH
GABION RETAINING WALLS

Even though the use of gabion retaining walls is
not very common in the United States; they are more widely
found in Europe (Agostini et al., 1971). Very few articleé
have been written on gabion retaining walls and in only one
instance has a wall's behavior been mdnitored;'

A 45 foot gabion‘retaining wéll built in theVl
Snoqualmig Pass area east of Seattle, Washington, was moni-
tored for deflection and stress distribuﬁion.» Movement of
the wall was monitored both by measuring coordinate changes
of targeté mounted on the face of the wall, using terres-
trial photogrammetry (Veress and Sun, 1978), and by two
inclinometers installed in the gabion retaining wall (LeClerc
and Jaékson, 1976) . Vertical and latefal pressures were mea-
sured within the wall and at the back of the wall using total
pressure cells.

The celi_pressure data was éuSpeét'duefto many incon-
sistencies. LeClerc ana Jackson (1976) suggested that some
of these inconsistéﬁciésﬁwere-ﬁue to arching preblems around
the pressure cells. The inclinometer deflection data was of
no value when cdmparing actual wall movéments with the finite

16
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element deflections because the inciinometér data only Showed.‘
deflections which bécurred'after'completioh of the construc-
tion for the entire 45 foot!éabionrretaining wall. The
finiﬁe element analysis showed:deflectidns which 6ccurred
throughout the construction sequence of the wéll. A |

The best source of information for gabion retaining
wélls is from the manufacturers of the gabions. éhey provide
publications and pémphlets which Aescribe the various uses
and advantages of designing and constructing with gabions.
These publications also describe how to éesign various struc-
tures, ‘including retaininé walls, utilizing gébions.

Most Qf‘thé éébions used in the Uﬁited States are
- manufactured by three companies: - Terra Agua Conservation,
Division of Békaert Steel Wire Corporation with offices and
a plant in Reno, Nevada; Cape Gate Fence and'Wire Works (PTY)
LTD., Johannesburg, South Africé,Awifh an office in Palo
Alto,'California (CALA? Metals) ; énd Maccéferri Gabions
headquartered in New York City with piants in Williamsport,
Maryland, and Toronto, Ontario.

Very little other information is available on gabion
retaining walls. Blackburn (l973)_discusses the use of
gabion retéining walls to stabiliée slide-prone areas on
Inferstate 40 near Rockwood,-Tenﬁesseé. inAfhis case a
gabion retaining'wall was chosén over a concrete retaining

wall because of possible differential settlement of the
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foundation material (ﬁeathered shale). The fléxible gabion
retaining wall could withstand the differential settlement
whereas the concrete’retaining wall would behave too rigidly
and crack.

Aﬁother feference to gabion retaining walls waé made
by the Califbrnia Builder and Engineer (1978). 1In an article
concerning the evolution of the gabion, there was reference
to a gabion retaining wall built on the Almaden Expressway in
Santa Clara, California. No detailé»were given but the
article did mention that 13,600‘cubi§‘yards of gabions were
placed to form a retaining-wall along‘the realigned banks of

the Guadalupe River.

Advantages of Gabion RetaininqAWalls

The two most significant édvantages‘in the use of

' gabions and gabion retaining walls are £heir fiexibility and
‘ permeability, The flexibility'of.the gabion is attributed
to’the rolling and sliding of the cobbles with respect to
each other combined with the tension load carrying capabili-
ties of the triple twist hexagonal wire mesh. - These guali-
ties permit the gabion structure to deflect and deform in
any éirection without fracture.  These are propefties which
~ enable it to be built with a minimum foundation depth and

in areas where differential settlément may occur or areas

where scour from waves or currents can undermine it.
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The property of permeability is just as important -as
flexibility in the gabion retaining wall. Hydrostatié heads
do not develop behind a gabion wall. The wall ié pervious to
water and stabilizes a slope by the combined acfion éf drain-
lng and retaining. Drainage is accomplished by»graQity énd
by evaporation as the porous structure permits an active air
circulation through it. Moreover, as plant growth invades
the structure, transpiration further assists in removing
moisture from the backflll; This system is much'more effi-~-
cient than weep holes in standardvmasonry wallsl |
Other advantages of gabions include dqrability} pos-
sible lower coéts, landscaping possibilities and a more
environmentally aesthetic structure. Durability can best be
attributed to the fact that fhe triple twisted hexagonal wire
mesh. will not unravel if cﬁt° 'No special treatment is nec-
essary when the wire is cut for the purpose of threading a
pipe culvert through a gabion'wéll (Terra’Aqua Conservation,
1976) . |
The economical advantages of the gabidn cah best be
summarized as follows:
Little,maintenance is required.
Gabion éonstruction is simple, and does notlrequire
| skilled labor. -
Suitable gabion fill material is generally available

on site or from nearby quarries.
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Preliminary féundation preparation is unnecessary; the
surface needs to be only reasonably'level and smooth.
No costly drainége provision is required; gabions are

permeable.

The environméntal advantages of the gabion wall are
obvious in that the structure is built with materials
(cobbles) which will more.closely maintain ﬁhé natural en-
vironment of the area. It should also be added that the
gabion permits growth of vegetation on its>sufface which
adds eveﬁ more to the mnatural aesthetiqs of the structure
(Terra Aqua Conservation, 1976). |

Description of Conventional
Design Method

The conventional design method considers the gabion
wall as a mass gravity structure. The gabion wall's flexi-
bility resulting from the gabion fillef.matefial being con-
tained by a wire mesh is not considered in the conﬁentional
design analysis.  The active soil pressure behind the wall
is c¢alculated using the Coulomb Wedge theory. Additional
design cdﬁsiderationsufor hYdfostéfic water preésure build‘
up behind the gabion wall is eliminated dﬁe té the permeabil-
ity of the gabion. The mass and orientation of the wall is
then designed to balance the force exerted by‘that soil

wedge.
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The following three modes of failure are checked by
the conventional meth@d to determine the stability of a
gabion retaining wall: overfurning about the toe of the
wall, sliding along the base of the wall,’and bearing capa-
¢ity failure under the base of the wall. A sample calcula-
tion for a conventional stability analysis of a 12 foot
gabion retaining wall is given in Appendix A.

Limitatiohs of Conventional
Design Method -

The conventional design method-is basically a limit
equilibrium analyéis° The COnventionai method cannot show
or analyze the soil-structure interac¢tion between the gabion
retaining wall and backfill nor can it analyze the soil-
vstructure interaction within the gabion box unit itself,
that is between the wire mesh and filler material (cobbles).
" Because of these limitations it is not possible to determine
stress levels and stress distributions throughout the rétain—
ing wall. Therefore it is also impcséible to determine the
stresses iﬁ the components of the gabion box unit such as
the wire mesh, connecting wiée,and filler material. |

Another limitation of thé conventiénal method is
that wall deflections cannot be determined. Due to the
flexible nature of a gabion retaining wall, wall deflections

~can be of importance in determining the final location or

.orientation of the wall.



CHAPTER 3
FINITE ELEMENT PROGRAM

The nonlinear finite element program used in this
study was a modified ve:sion of a two-dimensional program
writtén by nggé (1974) for an anchored'bulkhead-behavior
analysis. - Modifications of this program were-neceSSary for
its use in the gabion retaining wall-problem° HoWever,
many attributes of Sogge's program made it well suited for

the gabion wall study.

Capabilities

AThe plane strain analysis capabilities of Sogge's
program are well suited for the gabion retaining wall study.
The gabion retaining wall can be idealized as a plane strain
problem since the relative strain along the length of the
gablon wall is generally very small when compared with the
strain in the wall perpendicular to the length of the wall.

The sequential constfuction capabilities of Sogge's

-pfogram are>very useful in simulating the construction of"
the.gabion retaining wall. Simulation of the constrﬁction
éequence will more closely determine the soil-structure
interaction of the:gabion’wall and therefore more ciosely
deﬁefmine the stresées and deflectidns in the gabién'wall.

22
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Ciough and Woodward (1967) found the deflections to.be sig-
nificantly affected when analyzing earth fill in a sequential
construction manner versus analyzing the entire earth fill
in a single step load inqrement,

‘The construction seqguence in the program is accom-
plished by activating only those elements in the wall or back-
£fill which already have been c¢onstructed. - For example, after
construction of the gabion boxes in the first courses of the
gabion wall only those elements for these constructed courses
are activated in the finite element analysis. Next the back-
"£i11 is placed and another analysis is initiated with these
backfill elements activated along with the previousiy écti—
vated eleménté.{ This is continued as each newkcourée bf
gabions or backfill layer is added until the entire wall and
backfill has been activated. The last step would be to apply
any surcharge load if such ldad éXisted,A

Another feature of Sogge's program that was of Qalue
in the gabion retaining wall problem was the ipcremental load
capability which was necessary to model the nonlinear charac-
teristics of the gabion (wire mesh and filler material). This

feature will be discussed in more detail in Chapter 4.

Modifications and Additions
Certain modifications and additions were needed to

utilize Sogge's finite element program for the analysis of
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the gabion retaining wall. The most significant of these
changes will be noted here. | |

The first problem encounferéd was to accurately
develop a method to siﬁulate the construction of the gabion
wall. In the construction sequence of\Soggé's program only
the geometry of the original mesh was considered and any new
layer depth could be added. ﬁsing this method the elevation
of each new layer is fixed (original finite,elément mesh
geometry) when initially activated. This_méans that when
fhe last layer of the wall is activated the elevation of the
‘tpp of tha£ layer will already be established°'~This procedure
~is valid and commonly used when analyzing most earth fills.
However, this method is of no use wheh anélyiing'the'gabion
wall problem duerto the fact that the Height of each newly
activated layer of gabions is fixed by the vertical dimen-
sions of the gabion boxes used. Therefbre the elevation of
each newly activated layer of gabions caﬁnot‘be fixed by ‘the
original mesh geometry of thewall because of the previous
defofmation of the underlying gabions.

"~ Due to the fixed_dimensions_of the gabion box and
the need.for a new mesh éeometry for each incremeﬁt of the
analysis, modifications of Sogge's prog.ram‘were“necessary°
Thé ﬁodifications consisﬁed of activating all the elements
in the mesh at once and giving very small stiffnesses to

the elements which have not as yet been constructed. Because
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of.thé very small stiffness in the elements of the uncon-
structed portionvof the wall,‘these eléments do not interfere
with thevmovements of the constructed,portion‘of the wall.

At the same time the movements in the unconsffuctedvportion
of the wall are compatible with and follow those movementsv
of the constructed portion of the wall. This allows the un-
constructed gabions to maintain their original dimensions
until that moment in the analysis at which time they are con-
sidered constructed,_’At this moment in_the'analysis the
newly constructed elements are given the actual stiffness of
their material. The overall effect is that the unconstructed
portion of the wall follows' the movement-of the constructed
portion of.the wall Without developing‘any'feSistance'ﬁo this
movement. Therefore as each new layer of gabions is added
the ﬁimensions of these gabions are very close to their origﬂi
inal dimensions° |

.Two modifications of the triangle element (TRIM3) was
undertaken. The first modification deleted the unloading-
‘reloading stiffness characterization ofbthebtriangular soil
_elemehts (Duncan and Chang,'l970),“bThis'qu”ngcessary because
£he load increments were not small enoughband the elements
wﬁich were either being unloaded or reloaded had stiffnesses
‘which‘were véry large; Thé large ioad incfemenis'and large
stiffnesses produced exceedingly large étresses. The in-
creased costs of increasing the number of load increments

would have been prohibitive.
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The other modification of the triangle element
involved the ﬁo—tension capabilities of this element. This
modification will be discussed in more detail in Chapter 4.
The addition of no—compressionvin the bar element will also
be discussed in Chapter 4 and a no-tension bar element for
modeling soil as a horizontal subgrade reaction spring will

be discussed in Chapter 5.



CHAPTER 4

MATERIAL CHARACTERIZATIQN
FOR ANALYSIS
To analyze the gabioﬁ retaining wall problem ade-

guately, it is necessary to model the nonlinear stress-strain
properties of the gabion's wire mesh4and fiiier:méterial
(cobbles), and the backfill soil. .The‘nonlinear behavior of
the wire mesh‘éhd cobbles weré characterized‘by using'an‘
‘incremental analysis° | -

| Duriné_each load increﬁeﬁﬁ of each interval of the
constructipn éequence-a new}taﬁgent;modulus.is determined.
for each element conéistent wiﬁh tﬁe Qalués of‘stress or
strain in that element. Within each ioad increment of the
construction sequence the relationship between stress and"
strain for eaéh element is assuméd’to be linear.A.Thé non-
linear stress;strain behavior is apbroximated in the analyses
by making appropriate changes in the value of the tangent
modulus during each successive stage or increment of the
analyses. The constitutive models used to charactérize the
nonlinear behavior of the wireAmesh, cobbles and backfill

will be discussed in the.folloWing séctions.‘,

Soil Model

The basic constitutive model used to characterize
the nonlinear stress-strain behavior of the gabion cobbles

.27
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and the retaining wall backfill was developed by Duncan and
Chang . (1970) . Duncan and Chang utilized concepts proposed
by Kbndner and his co-workers (Kondner; 1963; Kondperiand
Zelasko, 1963a, i963b; and Kondner and Horner, 1965), Janbu
(1963), and the Mohr-Coulomb strength criterion to develop
a constitutive model for soil.

"Kondner represented the nonlinear stress-strain reia—
tionship of soil by a hyperbolic eqﬁéﬁion of the fdrm

€
a

— (4.1)
a+bf~:a

01 — 02 =

in which (607 - o3) is the principal stress difference, €y
is axial strain, and_»aw and b fare,pa:ameters whqse,values
are‘defermined empirically. The value 6f a corrésponds to
the inverse of the initial tangent modulus, Ei , and b cor-
responds to the inverse of the asymptotic or ultimate stress
difference, (o1 - ég)ult.

With a hyperbolic relationship it is commonly found
that the asymptotic value (o0 - cg)ult is larger.than the

compressive strengthAof the soil by a small amount. This

difference is accounted for in the following relationship.
; (o7 - Og)f = Rg (o1 "_(_33)u1_t - (4.2)

(61 - 03)f = the compressiVe'strength;-or stress difference

at failure; (o, - 03)ult = the asymptotic value of stress
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difference; and Rf = +the failure ratio, which always has a
value less than unity. By expressing the parameters a and

b in terms of the initial modulus value and the compressive

strength, Egs. (4;l)vand (4.2) may be rewritten as

. e
0y - 03 = N e Rg (4.3)

ea |5

(o7 - 63)f

This hyperbolic representation of stress-strain
curves developed by Kondner and his co-workers has beenrfound
to be a convenient and usefui means of reﬁresenting the non--
linearity of soil stress-strain behavior, andris the basis
for the development of Duncan and Chang;s nonlinéar stress--
strain'relationShip for. soil.

From experimental studies, Janbu (1963) found a rela-
tionship betﬁeen £he initial tangent modulus and thé cohfining
preséure. This relationship may be expressed by the following
équation°

B, = KP_ (03/P,) | | (4.4)

in which Ei = the initial tangent modﬁlus;rog = the minor
principél stfess; Pa = atmospheric pressure expressed in

the same pressure uhits as Ei and o3; K = . a modulus number;
and n = the exponent determining the,réte of variation of_
Ei with o3; both K and n are pure numbers. The.param—

eters K and n may be determined from the results of a
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series of tri-axial testsbby prlotting the values of Ei
'against o3 on log-log scales. By fitting a straight line
through thie datal K will equal the Ei axis intereept
while n will egual the slope of the straight line.

Duncan and Chang ﬁext utilized the Moht—Coulomb fail-
ure criteria to relate compressive strength'and confining
pressure. AIt was assumed that failure will -occur with no

change in the value of o3.-

_ . 2ccos¢ + 203sing
1 - sin¢

{0y - 03)¢ (4.5)

 The parameters c and ) are'cohesion‘and-angle of internal
friction, respeetively. .

When-utilizing an incremental nonlinear analysis it
is_ﬁecessary to use a tangent modulus in this analysis. If
the value of o3 is asSﬁmed to be constant, the tangent

- modulus may be expressed ih,the form:

E - d(Gl —703) o -(4.6)
t de ‘ .

Performing this differentiation on Eg. (4.3) results in the

following equation:
| R, € -2
R N I B S
E. = % [E + (61 = 03)f] o (4.7)

The strain (€) may be eliminated from Eg. (4.7) by re-

-writing Eq. (4.3) as
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01 — 03
Ro(op - o')
E. |1 - £ _®

(4.8)

’and substituting this éxpression for strain into Eg. (4.7).

This results in a tangent modulus expressed in terms of

stress diffefenge instead of strain. This is a better expres-

sion because the reference state for'étrain is arbitfary. |
Duncan andAChang arrived at their final relaﬁionships

by utilizing the Mohr-Coulomb failufe criteria with Egs.

(4.7) and (4.8) to form

Rf(l - sing) (o7 - o3)?2 n
By = 1~ 2ccos¢ + 203sing ' Kpa(é3/Pa)
(4.9)
This tangent modulus expression may be employed very conven-—

iently in incremental stress analyses} and can be utilized

in either effective stress or total stress analyses.

No Tension Characteristics

A tensilé‘loading state cannot be sustained by a
granular soil material. This applies>to the gabion filler
B , , , T . O ,
material (cobbles) as well as the backfill soil behind the
gabion retaining wall. Therefore a né;tension capability had
to be included in the soil model.

A state of tension develops in the soil element when

the confining pressure (average of the principal confining
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stresseé) becomes tensile. To handle this soil tension prob-

lem, a no-tension provision was added to the program's soil

model.

The no-tension condition was managed as follows:
Each soil element was checked for tension state by
calculating the average confining‘stress state and

determining if the element is in tension.

If the soil element was found to be in tension, then

a vertical stress was assigned to this element equal

to the unit weight of the overburden times the

height of that overburden above the soil element

(cv = YH) . This requires that the location of the
present ground surface must always be monitored:
throughout the construction seguence. Next the

soil element's horizontal stress was given a value

- equal to the vertical stress times the at rest earth

pressure coefficient (oh = Kocv).' The at rest'earth

pressure cogfficient (KO = 1 - sin¢) used in. this

. no-tension analysis was deveioped by Jaky (1944).

~Adjusting the vertical and horizontal stresses in

a soil element, which is initially in tension, satis-

fies two conditions. First, it gives the element a

" stress condition which is closer to the actual field

stress condition. Second, it allows for a more rea-
sonable determination of the tangent modulus fqr

1
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that soil element in the next increment of the
analysis. This is due to thé fact that in the
Duncan and Chang constitutive model the tangent
modulus is directly proportioﬁél to the confining

stress.

Wire Mesh Model

To deVelop a model for the Wire mesh'stress—Stfain
behavior, it was necessary to'modelband analyze the wire
mesh using the finite element method as described in Chap-
“ter 5. Pre#iously léboratory‘tension tests were conducted
on a gabion wire ﬁeéh-by the Experimental Laboratdry of thé
Univetsity(éf Bolééna{'ltaly, and’Testhg~Consﬁ;tantSA:Ian,
of Denver, Colorédo, both clients of Maccéferri éabions;

In neither of these tension tests was £he stress-strain
behavior of the wire mesh determined;‘only the wire mesh
failure stress was determined.

When éonsidering the geoﬁetry of the hexagonal wire
mesh (Fig. 4.l1) it was obvious that the wire mesh has an
anisotropic material behavior. Theréfore the nonlinear
stress-strain behavior of the wire mesh was determined for
:both principal dimensions of the hexagonal wire mesh (major
. énd minor)f ‘The,nonlinear streés—étréin relationship_for a
rloading COndiﬁion parallel»to the major principél dimensibn

of the hexagonal mesh is shown in Pig. 4.2, while Fig;'4.3
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shows the nonlinear stress-strain relationship for a loading
condition parallel to the minor principal dimension of the
hexagonal mesh. Both of these curves exhibit a strain lock-
ing effect. |

The wire mesh nonlinear streSs—strain.rélationships
were then represented mathematically by fitting an elastic-
plastic stress-strain expression to the nonlinear stress-
strain curves developed from the finite element analysis.
The elastic-plastic expression.used for this curve fitting
method was developed by Richard and Abbott (1975). The
Richard and Abbott expressionvis a three-parameter stress-
-stréin relationship which gives stress explicitly in terﬁs

of strain.-

-1
Eije | n E
o = (BEi1e) |1 + + E g ' (4.10)
o . P
where: Ep = the plastic modulus; E; = E - Ep; E = Young's
modulus; n = the shape parameter of the stress-strain curve;
and o, = @& reference plastic stress. A detailed description

of the method used to fit Eg. (4.10) to the nonlinear stress-
strain curve of the wire mesh,(Fig. 4;2),is.déscribed’in
Appendix B. |

| To utilize Richard and Abbotts' relationship in the
incréﬁental nonlinear finite element analysis it was necessary

to differentiate Eq. (4.10) with respect to strain so that
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the tangent modulus of the nonlinear stress-strain curve can

be determined.

E =

£ tangent

No—-compression

In the

gabion retaining.wéll the two dimensional wire mesh was

Eie
do
de = (El) 1 +
(o]
modulus
Characteristics

n,.—(n+l)/n'
| R

E
b

(4.11)

plane strain finite element analysis of the

modeled as a one-dimensional bar element. Since the wire

mesh has no compression load carrying capabilities,

it was

necessary to provide a no-compression provision for the bar

element.

The following,discussién‘describes in general the

procedure used to implement the no-compression provision of

the bar element into the finite element program.

1. The deflections were determined for each increment

in the finite element analysis.

2.  New bar element lengths were determined from the

deflections.

3. These new bar length were then cbmpared with the

original bar 1ength for each bar element in the

finite

element model.

4. If the new bar length was shorter than the'original

bar length  then the bar would be in compression.

All bar elements in the model which were found to
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be in compression were deactivated in the finite
element analysis and therefore could contribute no
stiffness to the structure and as a conseguence no
load could be carried.in compression by these same
bar elements. In addition, all baf elements which
had already been deactivated in a preceding incre-
ment but wererfound to berin a state of tension in
the current increment were reacti\}ated°

5. After deactivating the barvelements Which were in
compression and'also zeroing'duadeflections for the
last increment, this same increment was Feanalyzed.
This time no bar elements, or very feﬁ at 1east{
would go into cbmpression;' After‘defefmiﬁing the
deflectiens and-stresses in this inc:ement,~the
next incremeﬁt in the analysis were iﬁitiated and

the same no-compression procedure was followed.

The shortcoming of this no-compression procedure
is that it is necessary to go threugh the simultaneous eque—
tion solving subroutine twice for eech increment in the
analysis. This almost doubles the amount of'computer time.
It woula be less expensive but alse less accurate to go
through the equation solving subroﬁtine just once and, after
the deflections and new bar lengths were determined,vactif

vate or deactivate the bar elements according to whether
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they were in compression or tension. After the stresses
are calculated this same procedure is initiated in the next

increment.

Connecting WirevModél

The connecting wire as described in Chapter 1 is a
3 mm singleAstrand steel wire which is tied to the front
and backnof the gabion box to keep it from bnlging due tn
the latefa; force of the cobbles within the gabion box.
This wire is mndeied in the finite.element'analysis éé a
linear'elastic bar element. Since the connecting wire cané
not carfy a load in compression the no—compréésion procedure
descpibed“previQuSLy for the_wiré‘mesh«barﬂe;ement4is alsov

used for this bar element.



CHAPTER 5
FINITE ELEMENT MODELING

Four different cases were modeled for amalysis by
the finite element method. These four cases included the
hexagonal wire mesh, gabion box, 12 ft.'gabion’retaining

wall, and a 45 ft. gabion retaining wall.

Wire Mesh Modeling

As'deécribedrin Chapter 4 the wire mésh was modeled
'to determine.its nonlinear stress-strain behavior. Beam
elements were used ﬁo model the individual wife strands- of
the wire mésh.- |

Due to.possible largé defiections in the wire mesh,
a geometric nonlinear épalysis.was used. This geometrfc
nonlinear analysis only considered new mesh geometry in
each increment of the analysis and did not continue with a
series of iterations until the sum of the external and in-
ternal forces in the structure approabhed zero or became
sufficiently small (Zienkiewicz, 1971, pp. 413-417). There-
fore, this analysis can be'consiaered aé a first order -
approximation of the geometric nonlinearity of the stress-

strain behavior in the hexagonal wire mesh.

41
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To determine the nonlinéar stress—Strain behavior
of the anisotropic hexagonal wire mesh adequately, it was
necessary to consider two separate loading casés, In the
first case the loading was appliéd in 3 direction parallel
to the major principal dimension of the.hexagonal wire mesh
(Fig. 5.1), while in the second case the loading was applied
in a direction pérallel to the minor principal dimension of
the hexagonal wire mésh (Fig. 5@2)? In both loading cases.
the boundary conditions can be seen in Figs. 5.1 and 5.2.
Tt should be noticed from Fiés° 5.1 and 5.2 that the
. loading and'boundary cqnditions of the finite element modéi
simulate a laboratory test in whicﬁ the wire mesh is clampéd
~at two opposite ends and then loaded'in tensior. This dup-
licates the loadingvtests‘conducted on a gabion wire mésh
by theiExpérimental Laboratofy of the University Qf Bologna,

Italy and Testing Consultants Inc., of Denver, Colorado.

Single Gabion Box Modeling

The single gabion box was modeled for the purpose of
deﬁermining.the load-deformation response of one gabion box
" under different confining stress conditions. The soil- B
structure interaction between the wire mésh, connecting
wires, and gabion filler materialr(cdbbles) was_also analjzed.
The finite element model showing both‘loading and
boundéry conditions for the gabion box is illustrated in

Fig. 5.3. Due to horizontal symmetry in the gabioh box, it
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is possiblerto model only one half of the gabion box by sup-
porting the plane of symmetry with rollers.

As illustrated in Fig. 5.3 the lateral confining
stress (oh) is a fraction of the appliedrvertical‘stress
(ov)° This fraction can be considered as the lateral earth
pressgfe coefficient (K). Thfee different lateral earth
pressure coefficientsrwere considered in the analysis
(K =0, 0.2, and 0.4).

The finite element model of the gabion box consisted
of nonlinear condensed five node quadrilateral.elements,
nonlinear bar elements, and lineaf bar elements. The gabion
filler matérial (cobbles) was modeled withAno—tension non-
linear condensed five node quédrilatéral'elements.v-The Dun-~
" can and Chang nonlinear stress-strain soil model parameters
used in .the quadrilateral_élement were found in arclassifi-
cation table bublished in a publication by Kulhawy, Duncan,
and Seed (1969),' The classification table reiated various
soil types described in terms of soil gradation, dry unit
weight; wvoid ratio, and relative density, to the Duncan and
Changrmmlihearstress—strain parameters determined ffpm‘
triaxial lébbratory £ests. The nonlinear parameters and
méteriél propefties used in modeling the cobblesrin the
gabion box are described as féliows: | |

Y = 0.105 K/ft>

c = 0.
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¢ = 42

v = 0.4

K = 390

Rf = 0.87 -
n = 0.21

The gabion's hexagonal wirexﬁesh was modeled as a
nonlinear bar element. The nonlinear felationship shown

in Eg. (4.11)

+ B 4.11)
o ( )

was fitted to the nonlinear stress-strain curve in Fig. 4.2
and used in the bar element to model the geometric non-
linearity of a unit width of wire mesh. The nonlinear
parameters of Eq. K4.ll) found when fitted with the non-

linear curve in Fig. 4.2 are as follows:

E, = 3.9%x 10° K/£t2

E = 5 x 10% r/£tc?

E} = E-Ej

n = 1.777

o, = -2.6084 x 104 k/ete?

Usingythe above paraméters in Eqg. (4.11) produces the fol-

lowing relationship in K/ft2: ' SR . .
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.=1.5627

+ 3.9 x 10°

B, = (-3.4 x 10°) (1 + (13.035 e)l°777)
(5.1)
Eguation (5.1) applies only to a stress-strain con-
-dition parallel to the major principal dimension of the
hexagonal pattern in the wire mesh. This is the case that
applies for the plane strain analysis which was utilized
in the analysis of the gabion box as shown in Fig; 5.3.
The connecting wires shown in Fig. 5.3 were modeled
as linear elastic bar elements with a Young's modulus eqgual

6

to 4.176 x 10 K/ft2 and a cross sectional area of

5 2

4.09 x 10 -~ ft”.
It should also be mentioned that both the nonlinear
wire mesh bar element and the linear connecting wire bar

element have a no-compression provision included in their

models.

Modeling 12 ft. Gabion Retaining Wall

A 12 f£t. gabion retaining wall and its adjoining
backfill (Fig. 5.4) was modeled to analyze the soil—structure
~interaction between the gabion wall and’backfill‘kFig. 5.5).
The gabion's wire mesh, connecting wires, and filler mate-
~rial (cobbles), were all modeled with the elehents, linear
or nonlinear parameﬁers, and material properties as were
described in the pfevious section (Single Gabion Box Model-

ing) .
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The soil backfill elements were modeled with the
same no-tension nonlinear guadrilateral element used to
model the cobbles.in the gabion box. - In. some cases indivi-
dual triangleAelements were also used for modeling>the soil
packfill. Since the qguadrilateral element consists of’four
trianéle elements, the same material properties and non-
linear parameters were used for both the individual triangle.
backfill element and the guadrilateral backfill élement.
The only differences between the cobble qgadrilat-
- eral element and the‘soil backfill quadrilqteral element
were the material properties and noniinear paraﬁeters used
to model these materials. The material properties and non-=
linear parameters for. the soil backfill elements are repre-

sentative of a granular material and are as follows:

y = 0.120 K/ft>
c = 0.8 K/£t2
l¢ = 38°

v = 0.35

K = 500

R, - 0.8

n = 0.4

Originally, the ' use of the interfacé element was
considered for modeling the interface between the gabion
wall and the surrounding'soil and backfill (Sogge, 1978).

It was decided that the interface element was not absolutely
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neceésary since there was no distinct diséontinuity between
the gabioﬁ boxes and backfill soil. The backfill soil wouid
£ill the voids between the cobbles in the gabions adjacent
to the béckfiil. This f£illing action results in more of a
transition at the interface instead of a distinct discontinu-
ity, as 1s found between a concrete wall and its adjoining
backfill soil. Therefore the interface element was not used
to model the transitiénal discontinuity between the gabion
wall and the adjacent backfill. |

The model dimensidns and boundary conditions used to
modei a soil system of infinite extent is shown in Fig. 5.5. -
The lower boundary was pihned while rolleré were ﬁsed on
both vertical side boundaries. Studies'conducﬁed”bY’Morgen;'
stern and Eisenstein (1970? showed the impprtance of pinning
the lower boundary. | - |

The overall dimensions of the entire model were
determined after considering the previous experience of
Morgenstern and Eisenstein (l970),vClough‘and Duncan (1971),
and Sogge (1974); ail three analyzed retaining walls util-
izing the finite element analysis. The most significant
contribution to the determination.of the model's lateral
dimensions came from Clough and Duncan (l97l).i They found
thatbthe major moveméntsrwithin:ﬁhe backfill occufred with—'
in a éone between the backfill and a line extending from

the base of the retaining wall at an angle of 45 + ¢/2 from
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the horizontal. These findings seem to be in agreement
with the 45 + ¢/2 rupture surface of the active plastic.
eguilibrium state. The lateral dimensiéns of the model
illustrated in Ficj° 5.5 exténds bejond ﬁhe,45 + ¢/2 minij
mﬁm dimension limitation.

The relative coarseness and fineness of the model's
mesh, as illustrated in Fig. 5.5, was designed with fespect
to the expeéted stress gradients within the model. Areas
of higher stress gradients were modeled with é finer.mesh>
while areas'of lower stress gradients were modeled with a
coarser mesh.

Modéling thé retaining wall as described previously
does allow for the greatestlaccuracy“whilé~utilizing*the
least number of elements.,FIn th;s particular retaining wall
problem there was a limitation on the coarsenesé of the mesh
in the wall itself. This was due to the fact that the wire
'mesh and connecting wires of each gabion box in the retain-
ing wall must be modeled. Figures 5,5 and 5.6 show how
modeling the wire mesh and coﬁnecting wires in each gabion
boxAlimits the magimum size of the quadrilateral cobble
elements. | |

Tﬁe model shown in Fig.‘5,5 Was activated in a man-
ner.that wbuld simulateAsequential ébnStruqtibn. The soil
elements below the retainihg wall wére‘first activated in

three consecutive layers. After the soil elements below
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the wall were activated their aeflections were zeroed. This
was necessary since this analysis is concerned only with de-
flections due to the construction of the retaining wall and
backfill. The stresses in the elements below the wall were
not zefoed'beéause their in-situ stress state must be known
before construction of the wall and‘backfill. Knowledge of
these stresses was also necessary for properly mgdeling the
nonlinear stress-strain behavio? of the soil.

Next the'wali construction is simulated by activating
the first course of gabion boxes in ﬁhe wall. Inithis case
elemént activation_is initiated by applying gravity loading to
thgse elements which are being activated.. Then the sdil ele- -
ments in the backfill behiﬁd the first layer bf gabions in -
the wéll are aétivated to simulate the backfilling sequence
behind the wall. Folloﬁing this another layer of gabion
boxes is constructéd iﬁ the wall'followed by another back-
£ill layer. Thié construction sequence is continued until
the model is completely activatéd.

- As préviously described in Chapter 3,. those elements
in thé_retaihingﬁwall and backfill,_which és ofvﬁhat mqment
in the anaiysis have not as yet been coﬁstrﬁcted_or acti-
véted, are given verj small stiffnesses. These small stiff;
hesses in the untohstructed¥élemen£s Will have no influence

on the deflections of the previously constructed elements, .
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while at the same time the‘movement or defiéctions of the un—.
constructed elements will be compatible with and follow those
movements of theAconstructed elements. By_approaching the
modeling problem in this manner the originél'dimensions of
the gabion boxes in the unconstructed portion of the wall will
be more. closely ﬁaintained resulting in a better simulation

of the wall construction.

Modeling 45 ft. Gabion Retaining Wall

in an attempt to verify the validity of a finite ele-
ment analysis of a gabion retaining wall, a 45 ft. gabion
retaining wall (Fig. 5.7) built in the Snogualmie Pass area
east of Seattle,»Washington, was modeled and analyzed usiﬁgr
the finite element method. 'As previously discussed in Chap-
ter‘2 this wall had beén monitored for deflections and stress.
A comparison was attempted bétweén theldeflections and stress-
es found with the finite element analysis with those obtained
from the field monitoring of the 45 ft. gabion wallf'~ |

In the Fig. 5.8, the finite element mesh used to
model the 45 ft. gabion retaining wall is shown. It can be
seen iﬁ this illustration that the wall has a flat exterior
face inclined towards the backfill at a slope of 8.84° or
about 1:6% (horizontal to vertical). The base of the wall
also has a slopé of about l:6%‘(yertical to horizontal).
figure 5.7 also shows that the backfill behind the wéll ex—

tends 1% ft. above the top of the wall while the £ill in
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front of the wall extends 12 ft. up from the base of the
wall. | |
In actuality the wall was construéted in the field

with a gradually stepped exterior face which resulted in a
slope of 1l:6% (Fig. 5;7). To simplify the modeling of the
wall, a flat exterior face inclined at 1l:6% was used to
model the wall. This is a reasonable éimplification since
the étepping was so gradual.

| The e;ementsrused to model this wall were the same
size and type as used for modeling the 12_ft° wall. _The‘
material.properties and nonlinear parameters were also the

same as those used for modeling the 12 ft. wall.
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The material ﬁropertiesvand nonlinearvparaméterstfor'

the gabion cobbles quadrilateral element are restated as

follows:

y = 0.105 K/ft>
c = 0.

¢ = 42°

v = 0.4

K = 390
Re = 0.87

n = 0.21

The material properties and nonlinear parameters for

the gabion's wire mesh bar element are restated as follows:
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5 x 102 K/ft2

E =
'Ep = 3.9 x 10° K/ft?

E, = -3.4x 10° K/ft2

n o= 1.777

o, = -2.6084 x 10% k/£t?

The connecting wire bar element llnear materlal prop-
erties are restated as follows.

E

I

4.176 x 10° k/£e?

-5 2.2

13

A area = 4.09 x 10 ft

Due to computef storage limitations, the backfill
rbehlnd the wall and the fill in front of the wall could not
be modeled. . ThlS was. due to’ the maximum size llmltatlons of
- the quadrilateral element in the retaining wall as dlscussed-
in the previous sectionf This size limitation fixes the num-
ber of two dimensional soil elements (quadrileﬁerals) in the =
gabion‘retaining wall. Since the number of qﬁadrilateral |
. elements in the wall combined with the wire mesh and connect-
ing wire bar elements were so large and utilized so muchicore
memory, there was not“enoggh computer storage remaining to
model the backfill soil with two dimensional~qusdrilateral4
or triengle elements. .

It is hot possible to analyze‘the soil—structure‘

interaction between the retaining wall and backfill without



61
modeling-the backfill. Therefofe it was neeessary to find
‘a means of handling the size limitations of the core memory.

Twe possible approaches were conside;ed. Modeling
the entire backfill with two dimensional elements and then
ueilizing'a procedure called substructuring to analyze fhe
wall and backfill was first considered. This approach was
discarded since the substructure procedure would require
significént modifications to the finite elemenﬁ program and
this would be beyond the scope of this research (Richard,
1978). Therefore an alﬁernate approach ﬁas taken. The
alternate approach consisted of modeling the backfill with
horizontdl subgrade reaction'bar elements. |

TerZaghi-(l955i diseuseed in defail the‘conCept of
subgrade reaction. He defined subgrade reaction as "the
pressure, P, per unit of area of the surface of contact
between a loaded beam or slab and the subgrade on which it
rests and on to which it transfers the loads". He defined
the coefficient of subgrade reaction, KS, as "the ratio
between this pressure at any given point of the surface of
contact and the settlement A produeed by}the load application
at that point“. The relationship is

- = | ' o
The value of Ks‘depends on the elastic properties of the
subgrade and on the dimensions of the area acted upon by the

subgrade reaction.
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The coefficient of horizontal subgrade réactioﬁ for |
a cohesionless soil was presented by Terzaghi:(l955) in the
fqllowing relationship: |
P

/.
D = A , I (5.3) -

K = 'n
The value of the coefficient zh depends only on the relative
~density of the cohesionless soil. The relationship in Eq..

(5.3) also shows that fof'anyjdepth Z below the groundvsur—

face, Kh varies in a direct proportion to a ratio of the

':v~depth, Z, to the total depth, D, of the structure below the

ground surface.
| The concept andvrelatioﬁshipAas expressed in Eg. (5.3)

was used to model the behavior of thé’backfill}behind the .
,45 ft.‘gabion rétéininngall énd also the fill in front of
the wali° This was acéomplished by modeling the backfill
soil with horizontal no-tension bar elements which Would
behave as springs. These bar elements were placed horizon-
4tally on the sides of the retaining wall (Fig. 5.8) and
modeled the pressure-deformation behavior of thé backfill
-soil iﬁ a manner as expressed in Eqg. (5.3). A no-tension
'-provision was developed for these bar élements due to the
_ fact'that soil can take very little ﬁehsion,énd these.bar
.elements,were mddeling soil behavior. o

‘The constructioh sequeﬁce in the analysis of the

45 ft. wall was initiatéd by first activating the gravity
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loading of all the gabions in the first course or layer-of
the wall. After analyzing the first sequence in the éonstrucf
tion of the wall, the no-tension bar elements representing
the solid backfill behind and in front of the fifst layer of
the wall were activated. As these horizontal no-tension bar
elements were activated, their end furthest from the retain-
ing wall was supported both horizontally and vertically. Fol-
lowing this the construction sequence is continued with more
layers of gabions being activated followed byrmére horizontal
no-tension bar eleménts until'the construction'sequence is
—eompleted:&m:the entire wall.

- As the wall was constructéd and each new layer of
horizontal no-tension bar elements activated,'itrwas,néces;
sary torimpose an initial horizontal displacement at the
supported end of these horizontal.no—tenSiQn bar'elements,
Actually all of the previously activated no-tension bar ele-
ments would reguire additional imposed horizontal displace-
ments for each increase in the heightfﬁfthe backfill. For
each increase in the height of the backfill the imposed
horizontal displacements in all of the previously and newly
activated no-tension bar elements,can:be determiﬁéd.by the-

following relationship.

po= B oo Ky 2Z _KyH L (5.4)
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y = 0.12 K/ft> = unit weight of backfill.

H = the present height of the bagkfill at that
moment in the coﬁsfruction sequencé° For newly
activated no-tension bar elements the total
existing height of backfill is used, while for
previously activated no-tension bar eiements
only the height of the last increment or layer
of backfill is used.

Z = distance of ho—tension.bar element below the
- present backfill ground’surface°

8. = 20 K/ft3‘=Aa subgrade constant which iS depen-

dent on the“relativeidenSity of thé'soil
(Terzaghi, 1955; p. 319). Lo

K = 0.5 = lateral earth pressure.coefficient which
is used to approximate the latgral pressuré
at any point on the side of the wall due to

each additional increase in backfill height.

Besides imposing displacements in the no-tension bar
elements to simulate the horizontal subgrade reaction between
the retaining wall and backfill, gravity loading was applied
‘to the horizontally stepped surfaces on the back face of the
reﬁaining wall (Fig. 5.8). This loading requifement was neces-

sary due to the weight of the overlyihg backfill soil.
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The material properties of the horizontal ﬁo-tension
bar element are as followé;
A=1 £t% = cross sectioﬁal areé of the soil backfill

that the bar element represents.

"% = 1 £t = the unit length of the activated bar ele-

E = Kh —_Ei zh the modulus of the 5011,

The relationship for E

- x =2, (5.5}
E = Ky = 4%y ‘(5,5),
can be developed in the following manner:
E VIR _(5,_6)
Now combining Eg. (5.3) with Eq. (5.6) results in.
. _ K , , ,
- "h A
E = I i (5.7)
band
E = K 2 : | (5.8)
but for & = 1 ft (unity), then
E =K = 2 g (5.9)
h g “h ° , S .

Equation (5.9) shows that the modulus of the horizontal no-
tension bar element will increase with depth from the top of
the backfill surface. This concept isicompatible with_Janbu?s

(1963) relatiohship as exptessed in Eq. (4.4) which relates
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the initial tangent modulus with the confining préssure in
the soil. Since iﬁ-is known that confining pressure increases
with‘depth, it is ﬁherefore recognized that Egs. (4.4) and
(5.9) are common in that both of these equations relate a soil

modulus to a depth below the ground surface.



CHAPTER 6

PRESENTATION AND DISCUSSION OF FINITE
ELEMENT ANALYSIS RESULTS
In the following presentation the results of the
finite element analyses of the gabion wire mesh, single
gabioh box, 12 ft. gabion retaining wall, and 45 ft. gabion
retaining wall will be discussed. In addition a comparison
"will be made between a conventional stability analysis of the
12 ft. gabion retaining wall versus a>stability analysis of
the same wall utilizing the results of the finite element

analysis.

Wire Mesh

Due to the anisotropic Stress—strain behavior of the
gabion's hexagonal.wire mesh, two separate loading conditions
of the wire mesh were analyzed as described in Chapters 4
and 5 and illustrated in Figs. 5.1 and 5.2. Both of these
analyses produced material properties and nonlinear param-
eters for the wire mesh relative to the major or minor prin-
>cipal dimensions in théthexagéncﬁfthé wife mésh;; Figures
4.2 and 4.3 indicate thé geometric nonlinear streSs—st:ain
behavior of the wire mesh under both loading conditions. As
previously mentioned in Chapter 4, the nonlinear stress-
strain behavior for both loading conditions in the wire mesh
exhibited'a strain locking condition.

67
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The strain locking result was expected due to the
hexagonal geometric pattern of the wiré mésh. It can be
observed in Figs. 5.1 and 5.2 that for both loading conditions
the initial hexagon geometric pattérn.has mény steel wires at
an angle of 45 degrees with respect to the direction of load-
ing. As the load is applied and subseguently increased,
strains begin developing in the wire mesh, and the wires
which were originally at an angle of 45 degrees with respect
to the direction of loading are now at an angle_less.than 45
degrees. ' The reorientation of these wires’towards an orien-
tation which approaches the'direction of loéding can occur
’initially without signifiéantly increasihg the strains in
eéch-wire element, but as these wire elements become more
oriented paralleirto each other there is less allowance for
displaéements without strain and therefore any further dis-
plaéements will be resisted by a stiffer structure resulting
in a strain locking condition.

As previously described in Chapter 4 the non-linear
stress~stra%n behavior of the wire mesh was represented mathe-
matically by fitting an elastic-plastic stress-strain expres-
sion, developed by Richard‘andAbbott(l975), tb'the nonlinear'
stress-strain curves of Figs. 4.2 and 4.3. A detailed de-
scription of the developmeﬁt of thé wire mesh's elastic- |
‘plastic nonlinear stress-strain model [Eq. (4.10)] is given

in Appendix B.
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Due to the hexagonal geometric pattern of the gabion
wire mesh, the Poissbn's ratio of the wire mesh should Varyr
with'respect to strain. Because of the geometric anisotropic
properties in the wire mesh this‘variation will be different
for both loading conditions illustrated in Fiés° 5.1 and 5.2.

The nonlinear variation of Pbissonfs ratio with re-
spect to strain is illustrated in Figs. 6.1 and 6.2. Figure
6.1 is for a condition in which strain is in a direction
parallel tovthe major principal dimension in the hexagonal
wire meshwhileFig. 6.2 is for the condition in whi¢h strain
is parallel to the minor principal dimension in the hexagonal
wire mesh. It can be seen in both céses that.theiPoisson?s.
ratio increases with strain.

The determination of the wvariation of éoisson’s ratio
with sﬁrain was of no consequencé'in tﬁé finite element
analysis utilized in this research to study thé behavior.of
the gébion box and gabion retaining wall. The variation of
'Poisson}s ratio withistrain Will becxfmoré importance during
the development of'constitutive equations for the gabion box.

Gabion Box

\

As previously described in Chapter 5 and illustrated

in Fig. 5.3 the‘gabion box was analyzed to study the load-
deformation behavior of a single gabion box under different
P

confining preséures. The tesults of these analyées are shown

in Fig. 6.3.
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From Fig. 6.3 it can be seen that for all three con-
fining cases (K = 0, 0,2,>0.4) there was initially a'streés—_
: Strainicurve similar to what may be expected ffom the gabion
filler material (co:bbles)f° Then as the stress and strain.
increased the curve exhibited more of a strain locking beha-
vior similar to the behavior observed in thé wire mesh.

This 1is basically the stress-strain behavior which
was expected. As the load was first applied to the gabion box
the filler material (Fig. 5.6) initially carried all the load.
During'this;period of initial loading, vertical deformation
occurred while accompanied by an outﬁard lateral deformatibn
of the gabion box. As the lateral deformation increasedvthe
stresses in the horizontal wire mesh and connecting wires
(Pig. 5.6) began to increase resulting in a greater lateral
confinement (confining pressure) on the gabion filler mate-
rial. As the stresses in the horizontal wire mesh and con-
necting wires continued to increése, additional lateral
cqnfinement was developed on the gabion fillef material with
a resulting overall increased stiffness for the entire gabion

~box as observed in Fig. 6.3 for all_thﬁee initial confinement
conditidns. It can also be seeh in Fig. 6.3 that'as the
lateral earth pressure loading coefficient (K) was decreased,
the gabion box:réqﬁired a gfeateriamoﬁnt oL vértical strain

to develop an adequate confining pressure in the gabion box
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fillef material to increase the stiffness of the entire gabion
"box resulting in the strain locking behavior. -

The fact that any increase in lateral confining pres-
sure in the gabion filler material resulted in a greéter
stiffness in‘the entire'gabioﬁ box,Acan be explained~by an
examination of the Duncan and Chang (1970) soil model [Eq.
(4.9)] which was used to model the gabion filler material.

In this model the tangent modulus of thergabion filler mate-
rial»islproportional to the confining pressure on the filler .
méterial. Since ﬁhe stiffness of the gabion filler material
inecreases with any increase in its tangent'modulus,>it'can
therefore be ;ealized that any increase in the gabion filler
material's'confining‘pressure will result ih an increased
stiffness for the entire gabion box. This increase is par-
tially balénced by the decrease in_theltangent modulus with
strain.

The variation of connecting wire stress in the gabion
box with increased applied vertical stress is illustrated in
Fig. 6.4. As expected, the connecting wire stress is great-
est for the K = 0 appliéd confining condition. For this con-

‘fining.condition there is'the greatest lateral déformation in
the gabion box.

Figure 6.4 also illustrates the'various.levels of
étress atvwhich failure can occur in the connecting wires.

It should be added here that even if failure occurs in the
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connecting wires it will not be very significant on the o&er—
all stability of a gabion structure such as a retaining wall.
If the connecting wires fail, the gabion box will bulge more .
in the middle and a small additional stress will be trans-
fefred to the wire mesh. The main function of the connecting
wires is to prevent the expoéed faces of the gabion box from
bulging outward. A bulge should not produce any stability
problems but by preventing any bulging of the éxposed faces
will provide a more aesthetic structure. |

The maximum stress developed in the wife meShvwas

2207 K/ft?

which is much less than the wire mesh failure
stress of 5552 K/ft2° The failure stress of 5552 K/ft2 was
found in wire mesh tension tests conducted at the Experimental

Laboratory of the University of Bologna, Italy (Masetti, 1978).

12 ft. Gabion Retaining Wall

fhe 12 ft. gabion retaining wall and backfill illus-
trated iniFig. 5.4 and modeled in Fig.'5,5 was analyzed to
determine the soil-structure interaction between the rqtain—
ing Wali and backfill and also the soil-structure interaction
 within the gabion box itself. Various aSpects‘of the wall
behavior were analyzed, such as wall‘deflections and stress
distributions throughout the wall and bac¢kfill.

Thé‘hofizontal'deflectidné of tﬁe retaining’wall

exterior face are shown in Fig. 6.5. Two results are plotted
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on this graph, one curve represents the displacement of the
wall relative to its original designed spatial location and
orientation, while the other curvé represents the aétual dis-
placements at different elevations on the wall which occurred
during and after construction of that ievel or_eievétion of
wall. | |

Both curves in Fig. 6.5 show that the exterior face
of the wall is moving in a direction away from the backfill°
When conéideripg the displacement of thé wall relati?e to its
original designed location it‘Can be seen that the ﬁall move-—
ment was mostly translational with a slight amount of rota-
tion abou£ the base of the wall. It can also be seen from
Fig. 6.5 that the deflections of the wall relative to its
original designed spatial location was normally greater than
the deflections incurred at various elevations of the wall
after construction of these corresponding elevations. _This
was expected since movements  and tiltingkof previously con-
structed layers of gabions.will affect the location of gabion
layers which have as yet not been constructed in the wall.

The horizontal deflections of the back face of the
12 £t. retaining wall are illustréted in Pig. 6.6. Thevback
face of the wall also shows a movement éway from the backfill
which resﬁlts-iﬁ an acti?e loading condition én the back of
the wall. The same mode of wall movement is seen‘in.Fig. 6.6

as was seen in Fig. 6.5 with translational wall movement
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being most significant combined with a small amount of tilting
along thecbase of the wall. Aé expected, once again the de-
flections of the wall relative to its original designed spa-
tial location were normally greater than.the deflections
incurred at various elevations of the wali after construction

of these corresponding elevations.
| It was also recognized from Figs. 6.5 and 6.6 that the
exterior face of the retaining wall had a slightly greater -
movement away from the backfill as compared with the movement
of the béck‘face of the wall. This was thé result of an out;
ward bulging of the gabion wall itself due to gravity loading
of the»gabiohs themselves. Sinée the exterior~faée of the
retaining wall was-éxposed.and,not confined, its outward
deflection was a combination of a small amouht of wall bulging
plus a much greater»amoﬁnt of translational wall ﬁovément°

A contour map illustrating the vertical stresses
developed in the gabion retaining wall, baékfill, and under-
lying soil is shown in Fig. 6.7. A simulaf contour map show-
ing the horizontal stresses is illuétratedvin Fig. 6.8. Due
to the gniformity and flatness_of thg stress coptours near
thé outer lateral boundaries as seen ih both‘fiéures, it can
be concluded that the lateral dimensions of the model were

of adeguate extent to negate any boundary influence.
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When examining the wall in Figs. 6.7 and 6.8 it can
be seen that both the vertical aﬁd horizontal stresses ini-
tially increase when moving from the exposed exterior face
of the wall towards the back of the walliA The stresses
(especially horizontal stresses) near the exposed exterior
face will always be'smaller due to the lack of confinement.
Between the middle and back of the wall the stresses seem
to reach a peak and then begin to decreése as_the back of the
wall is approached.

In the backfill behind the wall the stresses decrease
sharply followed by a gradual increase to an in-situ stress
state at a point located halfway between the wall and>the
lateral boundary. The sudden sharp dip in the stress conQ.
tours behind the wall can be attributed tO'the‘outward mOQe—
ment of the wall resulting in an active stress condition in
the backfill soil as illustrated in Fig. 6.9.

Figure 6.9 shows the horizontal pressure on the back
face of fhe wall to be less than the in~sitﬁ triaﬁgular earth
pressure distribﬁtion. This horizontal pressure distribution
- was not triangular as would be in the éase when a rigid’wall
rotatesvoutwérd along its base nor was it parabolic'as would
be expected from an outward translational movement of a rigid
wall along its base as déscribed by Terzaghi (1941),

Tschebotarioff (1951, 1962).
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Due to the oufward rotation of the 12 ft. gabion wall
a triangular horizontal pressure distribution would be‘ex—"
pected on the back of the wall, but Fig; 6.9 éhows that the
resulting pressure distribution was not exactly triangular.
Two possible explanations can be given for this difference
in horizontal pressure distribution. It should first be
pointed out that Coulomb's triangular pressure distribution'
was originally developed for a rigid wall rotation about the
toe while in this case the gabion wall is a more flexible
- structure with bending included in its rotation. Secondly,
shorter rigid walls are often constructed entireiy before the
‘backfilling is initiated,4whiie the;gabibn.wall iS‘éohétruCted
in a sequence with baCkfilling folibwing eéch course Qf
gabions. fhis difference in construction seguences .can affect
the horizontal pressure distfibution,on the back of the wall. -

From Fig. 6.7 it can be seen that the vértical
stresses in the backfill immediately behind the wall aré re-
duced and these stresses are redistributed into the gabion
wall. This redistfibution of stress can be seen in the peak-
ing of ve;tical stresses ih the wéll itself. This is‘ﬁot an .
a:ching action but a load transfer through verticél shearing
brought about by thevrelative differentiai moﬁements between
the gabion wall and backfill. ‘The wall is}mOQiﬁg outwara.

while the backfill is moving outward and downward.
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Tschebotarioff (1951, 1973) diséussed the difference
between a true archiﬁg and the transfer of pressures by shear.
He explains that the terms “arching”vand "transfer of pres-
sures by shear stfésses” are not synonymous. He suggests
that arching does involve some transfer of pressures by sheér,
but pressures can be trapsferred by shear witﬁout any arching
being involved. Tschebotarioff feels that a stable true arch
can dévelop.only if the walls forming-an abutment for the
arch are unyielding and if_the individual soil grains are
hard and nondeformable; thus it cannot develop in.plastic
clays. If these conditioné for a true arch exist then~it
would be expected that the lateral earth pressure coeffi-
cient, K, would be locally greater than one, which would
reflect the progressive wedging and jamming of individual
sand grains, i.e., a process which is the revérse of .sliding.

It can be seen in Figs. 6.7 and 6.8 that no unyield-
ing abutment conditions exist and in no area of the wall and
backfill is K 2 1, therefore it canrbe concluded that no
arching condition developed in the backfill. This is é
reasonable conclusiqn since arching is more:qommonly found
in active conditions where wall movemenﬁs are ﬁranélatiénal
or rotational about thé top of the wall (Tschebotarioff,
1951). o | |

The location of two cross sections (A and B) taken

through the 12 f£t. gabion wall are shown in Fig. 6.10.
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Through both cross sections the connécting wire stress versus
wali elevation is plotted in Fig. 6.11 while the wire mesh
stress versus wall elevation is plotted in Fig. 6.12.

As éxpected the connecting Wire stress is greatest
in the gabions near the bottom of tﬁe wall (Fig. 6.11). The
gabions near the bottom of the wall have higher overburden
pressures and therefore exhibit greater bulging resulﬁiﬁg in
increased connecting wire stress. The decrease in connect-
ing wire stress at the 1 ft. wall elevation cén be explained
by the restrainment of the lowest course of gabions by'the
soil beiow these gabions. It should also be noticéd in Fig.
6.11 that the stresses in the'cohnecting wireé are greatest
near the exposed face of the gébioh retainingAwall. This is
a reasonable result since the gabions on the exposed face
will exhibit the greatest amount of bulging énd therefore
higher c¢onnec¢ting wire stresses.

The résults of the wirelmesh stress vérsus wall ele-
vation as illustrated in Fig. 6.12 are comparable with the
résults found for the connecting-wire stress in Fig. 6.11.
~The brevious<section's description of the results and be-
havior of,thé'connecting wires.are juét as valid for . ,
describing the results and behavior of the wire meéh. ‘There-
fofe i£ will not be necessary to redescribé the behavior of

the wire mesh with'respect to its results.
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Finite Element Versus Conventional
Stability Analysis

An ettempt is ﬁade here to compare the finite element
" stability analysis of the 12 ft. gabion retaining wall with
the conventional stability analysis of this same wall. The
conventional stability analysis of the 12 ft..gabion retain-
ing wall'was previously described in Chaﬁter 2 and is present-
ed in Appendix A. The finite element stability analysis of
this same wall is presented in Appendix C. The results of
both analyees are summarized in Table'6,l. |

From Table 6.1 it can be seeﬁ that there seems to be
a sigﬁifiéant difference-in the factofs of safety between the
two methods of analysis. The factors of safety determined in
the finite element stability analysis are less-thah those
}determined from the conventional stability analysis. One
exception to this is the factor of safety of the well in
bearing capacity stability with respect te sheaf strength.
In this case the conventional analysis had the:higher factor
of séfety. Actually the factor of safety of bearing capacity
with respect to shear strength is probably meaningless in
this problem since the footing is so wide and therefore
allowable settlement will probably be the limiting condition

for bearing capacity stability.



Table 6.1. Factors of Safety (F.S.) for Conventional and Finite Element
-Stability Analysis of the 12 ft. Gabion Retaining Wall.

Conventional Analysis Finite Element Analysis

Factor of Safety ’ of Wall of wall
Overturning about

toe of wall , 7.8 3.7
Sliding along the

base of the wall 17 ) 11
Bearing capacity with

respect to shear

strength 14 : 21

6
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45 ft. Gabion Retaining Wall

The results of the finite element analysis of the
45 ft. gabion wall illustrated in Fig. 5.8 were very dis-
couraging and are no doubt unreliable° Thefe seemed to be
no continuity or ﬁniformity inithe stress distribution
throughout the entire wall. Because of the nonuniformity
of stress distribution throughout the wall it was impossiblé
to plot stress contours. |
_ The nonuniformity of the stress distribution can no
doubt Ee attributed to the»attempt to model the backfill with
horizontal subgrade reaction bars.» The ahalysis of the prob-
lem was compl;cated by the seduential cohstrﬁctién reguire-~
“ments of the.wall~and'backfill.' Since horizental subgrade
reaction bars were used to model thé backfill, the successive
- backfilling operations had to be simulated in the horizontal -
:.vsubgfade reaction bars by imposing successive‘horizontal dis-
plaéements in these bars to account for each backfilling_
sequénce°

It was not possible tg establish exactly what pro-
duced the nonunifdrmity of the stress distribution in the
wall‘but it is thé writer's opinion thatvthe‘inadequacy of
the analysis can be attributed to the attempt to model the
sequentialAbackfillipg by imposing successive'displééeménts
on ﬁhe horizontal éubgrade reaétion.bars and at the same time
altering the stiffness of thesevelements at éach‘sequence of

backfilling. -
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Even though the stress results are considered inValid,

the wall's displacement results illustrated in Fig. 6.13 seém
plausible. These displacements should still be questioned
but at least they show a Wail movement which is reasonable.

An active condition was developed by the displacements shown

in Fig. 6.13.
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CHAPTER 7

DEVELOPMENT OF CONSTITUTIVE
EQUATIONS FOR A GABION BOX

A setiof cohstitutive equations for a single'gabion
box will be developed in this chapter. The detailed develop-
ment of these eéuations is given in Appendix D, |

The development of thesé eQUationsAwill allow for the
future development of one gquadrilateral finite element?repre—
senting a single gabion box. The utiliZaﬁion of.thisAelement
will have a significant effect on deCreasiﬁg the number of
elements and also the. total numbef_of degréesuof-freedom«ip'
the modél° This will reéult in dec:eaéed core-memory require—
ments and also probably smaller computer costs. |

The déveiopment of thevconstitufive équations,for the
gabion box paralleled the development of constitutive equa-
tioné for.reinfOrced éarth as formulated by Romstad, Herr-
mann, and Shen (1976). The gabion box was_first éharacterized
as a composite material. Next a unit cell concept was util-
ized to relate the behavior of the gabion'compdsite with the
‘7 material properties and geometric arrangement of the indivi-
dual componentg withiﬁ the gébion composite (cobbles, wire

mesh, and connecting wires).

96 .
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For a structure that has a regular reinforcing pattern

such as the gabion retaining wéll exhibits, it is possiblerto
isolate a small unit of thié structure (gabion box) which
completely exhibits the composite characteristics of the
structure and gabion box; this fundamental building block is
called the unit cell or representative volume. The following
description by Romstad et al. (1976, p. 457) mOre-cléarly de-~
fines the unit cells application to composite méteriéls.

The average values of the stresses distributed
over the cell faces are egual to the stresses in the
eqguivalent composite material, and the average values
of strains for the cell are those of the composite.
Thus, the average response of the unit cell to a
homogeneous state of composite stress or strain is the
same as the composite response of the material. There-
fore, the desired composite properties may be calcu-.
lated from a detailed consideration of the behavior
of the unit cell. These composite properties may then
be used in a structural analysis of the complete struc-
ture. Such an analysis yields the composite stress
and strain throughout the structure; once the compo-
site stress state is determined at a particular point
in the structure, the corresponding constituent stress
state may be determined by returning to the analysis
‘of the unit cell. ' '

A diagram showing the gabion box unit cell is illus-
trated in Appendix D, Fig. D.l. The stresséstrain matrix
Eqg. (D.2)ris alsb shown in Appendix D. The constitutive
equations for the gabion box are developed by solving for
the cij parameters in the matrix.: It should be noted that

the stress (Gj), strain (aj),‘and matrix parameters (cij)
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are all incremental values resulting from the incremental
application of loading oﬁ the structure or unit cell. This
incremental analysis is necessary to adequately consider the.

- nonlinear behavior of the unit cells individual components.



CHAPTER 8
CONCLUSIONSVAND.RECOMMENDATIONS

Conclusions

The conclusions pertaining torthe wire mesh, gabion
box, and gabion retéining walls will all be discussed sep-
arately. The following concluéions were developed from the
résults of the analysis of the wire mesh:

l. The gabion's hexagonal wire mesh exhibited aniso-
tropic material pfoperties due to the hexagonal
geometric pattern,inrthe wire mesh.

- 2. 'Because of this geometric pattern in the wire mesh,

a geometric nonlinearity was produced in the stress-

strain 5ehavior of the wire mesh.

3. It is also considered that the strain locking

| exhibited by the stress-strain curve of the wire
mesh was also a result of the hexagonal geometric
pattern in the wire mesh.

4." The nonlinear’increase in Poisson's ratio With strain
for the wire mesh can be once again attributed to
the hexagonal geometric'pattern of the wire mesh and
the resulting strain lbckiﬁg effect which is devel-

oped.

99
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1.
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The following conclusions wéere developed from the
of the analysis of the single gabion box:
The stiffness of the gabion box increased as the
applied confinement loading was increased. This wasv
expected since the stiffness of the soil as repre-
sented in the Duncan and Chang soil model is propor-
tional to the confining stress in the soil.
The nonlinear stress-strain curve of the gabion box
initially exhibited a strain hafdéning behavior.as
might be expeéted ffom a cohesionless soil, but sud-
denly the gabion box stiffened and a strain locking
behavior-developed. The strain locking behavior can
be attributed to the lateral deformation of the
gabion box which allowed for the stiffening of the
gabion box through the contribution of the wire mesh
and connecting wires. As lateral deformation in-
creased the wire mesh.and connécting wires developed
greater stresses which‘in turn produced'more confine-
ment in the cobbles resulting in a stiffer gabion box;
The failure of the connecting wires in the gabion
box were directly reléted to the amount of applied
confinement loading on the éabion box. This means
that as the applied confinement loading wasrincreésed,
the vertical loading on the top of the gabion could

also be increased without failing the connecting



101
wires in the gabion box. The additional cdnfinement
allows‘for less lateral deformation in  the gabion box
and therefore less stress build up in the connecting
wires. The applied confinemeﬁt loading affects tﬁe
wire mesh in the same manner as was previously de-

scribed for the connecting wire.

The following conclusions were developed from the

results of the finite element analysis of the gabion retain-

ing walls:

1.

The wall movements for both the 12 ft. and 45 ft.
gabion retaining walls resulted in an active Stréss
condition in the soil immediately behind the walls. .
The 12 ft. wall had a tranélational movemen£ plus a
small outward rotational movement while the ‘45 ft.
wall also had a translational movement but its wall
rotation was opposite to that of the 12 ft. wall.

The horizontal pressure distribution on the back face
of the 12 ft. gabion wall also showed én active

stress condition.

" Both the 12 and 45 ft. gabion walls exhibited outward

bulging;

The 12 ft. gabion wall had a reduction and redistribu-
tion in the vertical and horizoﬁtal:sfresses in the
soil immediately behind the wall. This étress reduc—

tion was attributed to a load transfer through
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vertical sheafing; Arching was not the mechanism
producing the stress reduction and redistribuﬁion.

5.A The-connecting wire stresses énd wire mesh stresses
were greatest in the gabions near the béttom of the
wall and closest to the exterior féce of the gabion
wall. |

6. When comparing the results of the conhventional stabil-
ity analysis of the-wall ﬁith the finite element
stability analysis of the wall it was found that the
finitevelement analysis in general:gave lower factors
of safety and'thérefore was more‘COnsérVative.

7. The invalid stress results from the.45 ft. gabion
réﬁaihing wall Wére,attributed to the atfempt to
model the backfilling sequence with a éequential

activation of horizontal subgrade reaction bars.

Design Applications

The finite element analysis can provide a valuable
tool in the design.of gabion retaining walls. The conven-
tional stability analysis which is most commonly used today
for the design of gabion rétainihg walls has many limitations -
brought on by the assumptions made in this analYéis. Tﬁe
first assumptibn~made in tﬁe'conventional analysis is to
design the gabioh wall as a rigid mass gravity structure with
an active tfiangular Coulomb eartﬁ pressuré distribution

acting on the back of the wall. The gabion wall 'is not
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actually rigid and the earth pressure distribution may not
necessarily be triangular. - The wire mesh and conhecting wires
~are not considered in the conventional analysis, their effect
is only considered as an additional safety'factof.

The following description will proyide an outliné of
the finite element déaign applications in the gabion retain-
ing wall which are not possible when utilizing the conventional
meﬁhod of analysis and design:

1. The stress dzstribution can be datermined throughout
the wall and backfill. The stresSesrin the-component
'parts of the gabion such as the‘wire.mesh and connect-
ing wires can also be determined.
2. By knowing the stress distribution in the backfill,
the earth pressure on the back of the wall is known.
3. The maximum wall heiéht capable of producing a fail-
ure in the wire mesh or connecting wire can be deter-
- mined. |
4. Wall movements can be determined. This determination
is important for construction projects where it is
necessary to know the f%nal.spatial location and
orientation of the wall after construction.
5. 'The optimum wall inclination which will produce the

’desired wali moveménts and allowablevwall stresses

can also be determined. Too much inclination could

possibly produce a backward rotation of the wall
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resulting in a éaséive-stress state in the backfill'
near the top of the wall;v

6. The effect of seqﬁential wall construction and back-
 £illing can be studied with the finite element
analysis.
7. Various possible wall shapes and configurétions plus

gabion box distributions can -be more adequately

studied with the finite element analysis.

Recommendations for Further Research

Very little research has been déne with gabions.

. Previously many of»the gabion uses, capabilities, limitations,
and designs were baséd on past expefience.throﬁgh trial and
error. The finite element,method.prdvideska meaﬁs of more
adequately analyzing the gabibn box and gabion structures.

The following summary outlines areas of possible»further re-
search with gabions:

1. Develop'stress—strain curves for the wire mesh from
laboratory testing and compare with those developed
from a finite element analysis of the wire mesh as
described in Chaptef 5.

2. Determine the stress-strain behavior of a gabion box
from laboratbry testing and compare with the finite

‘element analysis of the gabion(box as deécribed in

Chapter 5.°
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Compare the stability of a vertical stepped exterior-

faced gabion retaining wall as shown in Fig. 1.6

~versus the inclined flat exterior-faced gabion retain-

ing wall as illustrated in Fig° 1.7,

Determine the optimum angle of inclination of the
inclined gabion retaining wall illustrated in Fig.
1.7 with respect to the wall's stability and the

stress distribution throughout the wall and backfill.

~Analyze the 12 ft. gabion retaining wall illuétrated

in Fig. 5.5 with interface elements included along
the back and base of'the>Wall.' Compare these results

with those presented in Chapter'S,_

" The constitutive equations devéloped in Chaptéf 7

could be used to develop a single four node quadri-

lateral finite element which would represent and model

a gabion box. The use of this element in modeling a

gabion retaining wall could then be compared with the
method described in Chapter 5 to model the retaining

wall illustrated in Fig. 5.5.



APPENDIX A

CONVENTIONAL STABILITY ANALYSIS
OF A 12 FT. -’GABION RETAINING WALL
" The gabion‘retaihing'wallbis normally analyzed as a
rigid mass gravify structure in the conventional stability
analysis (Maccaferri Gabions Publications, 1974 and 1977).
Figure A.l illustrates a 12 ft. gabion retaining wall and
shows the internal‘and éxtefhal forces Which are>appliCable
to a conventional stability anaiysis of this wall. As with
most convéntional stability analyses of mass gravity walls,
_threé poséible'modés of failure are-anaiyzed:"overtufning
about toe, sliding along the base, énd4a bearing éépacity
failure of the foundation. The conventiohal analysis proceeds
as follows: A
1. Determine the active earth pressure (Pé) acting on
the Sack of the gabion wall utilizing Coulombs wedgeAA

method analysis.

_ 2
P, = /2K vH
K, = lateral active earth pressure coefficient
= unit weight of backfill = .12 K/ft>
H = wall height = 12 ft.

106
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K = csc & sin(6-¢) 2.

a \Vsin (855) Sin (6+6)sin (0-8)

| 51n(e+6)v4-\/ sin(6-8)

¢ = angle of internal friction for backfill
soil = 38°

§ = angle of wall friction = .9¢ =.34.2°

B =. angle of top surface of backfill w1th respect
to the horizontal = 0

8 = angle between back of wall and the horizontal

= 84.29°

csc(84.29)sin(84.29-38)

a
— sin (38+34.2)sin (38-0)
Jsin(84.29+34.2) + \/5 TN L))

K =  0.1815

o 0 | .
P_ = (0.5)(0.1815)(0.12 K/£€3) (12 £t)2(1 f£t)
P = 1.568 K

a .
P, = (1.568 K) sin 28.49° = 0.8813 K
P, = (1.568 K) cos 28.49° = 1.297 K

Analyze overturning sﬁability of wall.

a. Determine the gravity weight (W) of the wall.

‘Area of wall = 58.5 f£t2

Unit.weight of cobbles in the gabions = 0.105
K/ £t

W= (0.105 K/ft3) (58.5 £t2)

W 6.143 K



X

Factor of Safety = F.S. =

109

- b. Determine the hdrizontal/cehter of gravity of

the wall from Fig. A.l.
X = 3.115 ft.
c. Determine the surcharge loads on the horizontal

steps of the gabion wall's back face.

s, = (0.12 K/£t7)(6.525 £t) (1.5 f£t) (1 £t) =
©1.175 K |
s, = (0.12 K/£t3)(3.375 ££) (1.5 £t) (1 £t) =
0.6075 K

d. Determine the horizontal distance from the toe of

the wall at which the resultant of W, Sl’ and 52
act. -
E _ WX + Sle‘+ 82X2 _ -WX + Sle + SZXZ:
r
Wr ) W + S1 + S2‘

r =

(6.143K) (3.115 £t) + -(1.175K) (5.85 ft) + (0.6075K) (4.65£f¢)

6.143K + 1.175K"+ 0.6075K

W 7.926 K

r

X 3.638 ft.

r‘
e. Factor of safety must be greater than or equal
to 1.5.

’ZMr _ summation of resisting moments

ZMO summation of overturning moments
He¥y ¥ PV(6°4 £e) ~ (7.926K) (3.638ft) + (.8813K)(6.4ft)
Py (3.4 £t) ‘ ‘ (1.297K) (3.4 £ft)

7.82 2 1.5
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Analyze sliding stability of wall.
a. Determine the normal (N) and tangential (T) load
components on the base.
N = (Wr+PV)cos(5.7l ) + Phsin(5,7l )
N = (7.926 K + .8813 K)cos (5.71°) + 1.297 K sin(5.71°)
N = 8,893 K
T = Ph cos(5.71°) - (Wr+Pv)sin(5.7l )
T = 1.297 K cos(5.71°) - (7.926 K + .8813 K)sin(5.71°)
T = .4143 K
"b. Factor of safety must be greater than or equal to
1.5. Along the base of the gabion wall the wall
friction angle is.assumed to be equal to the soil's
angie of internal friction.
_ zFr _ summation of shear resisting forces
EFS summation of tangential driving forces
N_tan _ (8.893 K)tan(38°)
T .4143 K
F.S. = 16.77 > 1.5
Analyze for shear strength bearing capacity stability

of the wall.
a. Determine from Fig. A.l if the resultant of the
forces.passes through the base within its middle
_third. If the resultant passes through the middle
third of the base then it can be assumed that the
foundation loading is distributed linearly over

the entire base width.
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b.

111
Determine the eccentricity (e) of the resultant

force with respect to the middle of the base.

gabion wall base width = 6 ft.

u - B/2 =u - 6 ft/2

Mr-Mo

(7.926K) (3.638ft)+(.8813K) (6.4£t)-(1.297K) (3.4ft)

N.

3.381

. 3.381

£t - 3 ft = .381 ft.

8.893 K

ft.

The eccentricity shows-ﬁhat the resultant of the
fprces intersecté the base within its middle
third. | |

Determine thelliﬁear pressure distribution along
the base. Thé minimum stress (02) acts at the
toe of the base while the maximum stress_(cl)
acts at the heel of the base.

_ N [ +.é4§]
B - B

[8.893 K]~[l-; (6)4.381;ft)]

6 ft 6 ft

2.047 K/ft?

_ [esozx [, _ (6230381 £0)]
- 6 ft - 6 ft

L9175 K/ft?
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Calculate factor of safety

L B
Quit ~ ¢ Ncq Ty 2 Nyq
c = cohesion = .8 K/ft2
Ncq = 4.9 (for inclined footing)
vq = .70 (for inclined footing)
: _ 2 v 2.3 6 Fty o
A1t = (.8 K/ft°) (4.9) + (.12 K/ft )(“E“—)(70)
. 2
du1e = 29.12 K/ft
= — 2
4., = 05 = 2.047 K/ft
rs. o Juie | 20.12 K/gE
Tnax 2.047 K/ft2

F.S. = 14.23



APPENDIX B

WIRE MESH NONLINEAR STRESSQSTRAIN
ELASTIC-PLASTIC FITTING METHOD

Nonlinear Stress-strain Fitting Method
for Loading Parallel to Major Principal
Dimension of Wire Mesh

A hypothetical curve of Richard and Abbott's (1975)
nonlinear elastic-plastic stress-strain relationship

nl oL
Ele n
o

o

o = (Eqe) |1 +

+ E e (4.10)
S )

is illﬁstrated'in Fig. B.l. .Referring to Fig. B.1l, Ep = the
plasticxmodulgs; El = E - Ep; n = the shapefparaméter of the
stress-strain curve; and Oy = a,referenée plastic stress.
Richard and Abbott (1975) explain that the shape'
parameter n may be obtained by forcing the analytical expres-
sion [Eg.(4:10)] through two points on the stress-strain
curve (ea,oa) and (eb,ob),‘where, for convenience, éb = 2Vea.

The resulting eguation is

A" 1oL ey =0 . . (B.1)

2n

in which A = El/(Eé'Ep)7 B = El/(Eb—Ep); Ea = oa/sa; and
E, = Gb/sb°' The shape parameter is then obtained by numeri-

is obtained

cal iteration of Eg. (B.l). The parameter, 0o

from
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(B.2)

The wire mesh's nonlinear stress-strain curve (Fig.

4.2) is reillustrated in Fig. B.2. This figure serves as a

working graph for determining the nonlinear stress-strain

parameters of the wire mesh. The determination of these

parameters proceeds as follows:

E, =. 3.9x10° K/ft?
E = 5x10% k/£t?
By = E-E, = 5x10% K/£t2 - 3.9x10° K/£t? =
~ 3.4x10° K/ft?
e_ = 2.4x107° and o = 1.73x10° R/£t%
e, = 4.8x107% and o, = 5.4x10° K/ft?
o 3 2 ‘
B, = -2 = IO KA - g 5083x10% k/£t?
fa 2.4x107 .
o 3,2
B, = —2 = 2460 RAL 3555107 k/gt?
o 4.8x10~ :
B L 3.4x10° k/ft2 |
A = g E. T 5 2 5 2
a”Fp 1.125x10° K/ft% - 3.9x10° K/ft
= 1.0695
By 345102 k/FE?
B = ¥ T T .....5 2 5 2
p~Bp  1.125x10° K/f£t% - 3.9x10° K/ft

a1 - L (8Pl = o
2n

(B.1)
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1.0695% - 1 - & (1.2252B%_1) = 0
n
2 B
n=1.777
_ Ey €4 _ (=3. 4x10° K/ft ) (2. 4x10” 2) (B.2)
o= Taryi/m [1 0695)1 777 ] 1/1.777

= _2.6084x10% x/£t?

(@]
Ele ni-1l/n
= (ElE) 11 + [— + B & - (4.10)
. b
O .
| - , 1.777 -1/1.777
= -3.4x10° k/fel e |1 + |{=3-4x10 flft -
. - ~2.6084x10% K/ft
+ (3.9x10° K/ft2) ¢
| . , ' 1,777 —-5627
= -3.4x10° K/ft2 ¢ {1 + |13.035¢
+ 3.9x10° K/ft2 ¢
N (n+l)
n
E. e
- G _ 1 ‘
£ = ds“(E) 1+ 5. +Ep (4.11)
1.777+1
L 7o 1.777

_3.4%10° K/ft% ¢

_2.6084x10% K/£t?

= 23.4x10° K/ft2 |1 +

+ 3.9x10° K/ft?

- | 4 ‘ } -1.5627
- -3.4x105 x/e¢? [1 4 (13.035 £)1-777]

+ 3.9x10° K/ft? o “ (5.1)
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Nonlinear Stress-strain Fitting Method
- for Loading Parallel to Minor Principal
Dimension of Wire Mesh

The same basic procedure was followed for this cu?ve
fitting method as was followed in the previous section. The
wire mesh's nonlinear stress-strain curve for.loading»barailel
to the hexagohal's minor principal dimension (Fig; 4.3) is
re-~illustrated in Fig. B.3. This figure éerves as a working
graph for determining the nonlinear stress-strain parameters
of the wire mesh under a leoading condition parallel to the
hexagonal's minor principal dimeﬁsion. The determination

of these parameters proceeds as follows:

E, = 3.00x10% K/f£t?
CE- = 1.36x10% K/ft?
E, = E - E = 1.36x10% K/£t% - 3.09x10% K/£t?
= - 1.73x10% k/£t?
_ _ 3 2
e = -1 o, = 1.67x10° K/ft
_ _ 3 2
ey, = .2 Op = 4.,29x10~ K/ft
o, 3 2
g - b 4.20x10° K/£L2 | o o008 o2
b €h .2
o 103 w2 - TS
p - oa_ 1.67x10° K/£e? | o042
a > o1 :
a
By _1.73x10% ky£t?
A= g g % 4 2 4 2 = 1.2183
a~Fp  1.67x10% K/£t? - 3.09x10% rR/ft
E 4 2
B _1.73x10% k/ft _
B = == » 5 = 1.8307

b Pp  2.145x10% K/£E2 - 3.090x10% K/ft
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An—l—-%(Bn—l)=O
2
(1.2183)" - 1 - == (1.8307"-1) = 0
2
n = 2.45
E., ¢ 4 2
6g = =2 = L=lT3KL0_K/ot YERT: - 2099.7K/£t?
(a"-1) ((1.2183)%- %21t/
-1/n o
c = (Ele) 1+ T + Eps 7 (4.10)
- R
L 2.45 2-1/2.45
o = -1.73x10% k/£e? |1 (=1.73x10% K/ft )e
~2099.7 K/ft?
+ 3.09x10% K/ft
. ; 5 45 —.408
o = -1.73x10% x/£t% ¢ |1 + |8,239a|
+ 3.09x10% K/£E? € |
<n+l>
- nhl " \n /
B, =922 - (g) |1+ ok + E (4.11)
t de 1 .o p ° -
' 0 45+
12.45 2.45
E, = -1.73x10% k/£e% | 1 + (=1.73x10 K/ft )e

—2099.7K/ft

4+ 3.09x10% K/ft2

!2°45] -1.408 -

E, = - 1.73x10% k/£t? [1 + |8.2393¢ + 3.09x10%k/£¢2



APPENDIX C

i)

FINITE ELEMENT STABILITY ANALYSIS

OF A 12 FT. GABION RETAINING WALLV
Distributions of normal and shear stresses along
the back face and base of the retaining wall are
shown in Fig. C.l. The material properties of the

wall and backfill are as follows:

Y unit weight of wall = .105 K/ft3 

¢ = angle of friction for backfill soil = 38°

¢ = cohesion of backfill soil = .8 K/ft’
A =-areaAof wall = 58.5 £t2

W = gravity weight OEYWall :

W= ya = (.105 K/£t3) (58.5 £t2) = 6.143 K

Analyze. the factor of safety against overturning

about the toe of the wall. |

a. Resisting moment due to weight of wall = (6.143K)
(3.115 £ft) = 19.14 K ft

b. Reéisting moment dué to shear stress on back'of’
wall
= (.0207 K) (3 ft) = .0621 K ft

(.03 K) (3 £t) .09

(.0304 K) (3 £ft) .0912

n
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(.00613 K) (4.5 £t) = .02759
(.0506 K) (4.5 £t) = .2277
(.o72§ K) (4.5 £t) = .3263
(.0742 K) (6 £t) = .4452
(.107 K) (6 £t) = .642
(.132 K) (6 ft) = .792
(.0647 K) (6 £t) = .3882
(.101 K) (6 £t) . = .606

(.12 K) (6 £t) = .72

|  4.418 K ft

Reéisting moment due to the-nofmal stresses on

" the horizontal étepped portions of  the walls

5ack face. |

= (.481 K/££2) (1.5 ££2) (5.25 £t) + (.176 K/ft2)
(1.5 £t%) (3.75 £t) |

4.78 K ft

Overturning moment due to the normal stresses on

the back face of the wall

= (.0349 K) (11.5 f£t) = .4014 K ft
(.0397 K) (10.5 £t) = .4169
(.0371 K) (9.5 ft) = .3525
(.0762 K) (8.5 ft) = .6477
(.054 K) (7.5 £t) = = .405
= .3712

(.0571 K) (6.5 £t)
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(.128 K) (5.5 £ft) = .704
(.16 K) (4.5 ft) = .72

(.228 K) (3.5 £t) = .798
(.427 K) (2.5 £t) = 1.068
(.398 K) (1.5 ft) = .597
(.416 K) (.5 ft) = _.208

6.689 K ft
e. Overturning moment due to the shear stresses on

the horizontal stepped pbrtions of the walls

back face. | _

= (.0304 K/£t%) (1.5 £t°) (9 £t) + (.0725 K/£t?)
(1.5 £t2) (6 £t)

1.063 K ft

f. Factor of Safety = F.S. = v

_ sum of resisting moments
sum of overturning moments

_19.14 K ft + 4.418 K ft + 4.78 K ft
T 6.689 K ft + 1.063 K ft

F.S. = 3.66

3. Analyze the factor of safety against sliding along
. the base of the wall.
a. Shearing force-along base of wall.

F (.0901 K/ft® + .138 K/ft2 + .169 K/ft2

S

+ .292 K/ftz)(1,5 ftz)

F_ = 1.034 K
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b. _Resistingkshear force along base of wall.

F.= 1A = CA + (otand)A-

F_= (.8 R/Et%) (6 £t%) + (1.4 K/ft?

+ 1.37 K/Ft%r 1.33 K/££2 4+ 1.19 K/£t2)

(1.5 £t%) (tan(38°))
F. = 11.0 K
. . zFr
c. Factor of sSafety = F.S. = EE—.
S
_ 11.0 K
F.S. = 770341 10.64

4. Analyze the factor of safety agaihst a shear strength

bearing capacity failure.

, _ : B
Qure = C Neg ¥ ¥V 3 N g
Ncq = 4.9 (for inclined footing)
NYq = 70 (for inclined footing)
dge = (-8 K/Et2) (4.9) + (.12 K/£t3) §7§§ (70)
- 2 '
dQuie = 29.12 K/ft
dpax = l.4-K/ft2 (Fig. C.1)
: a1t
Factor of Safety = F.S. =
Imax

29.12 K/ft2
1.4 R/££2

F.S. = 20.8



APPENDIX D

DETAILS OF CONSTITUTIVE EQUATION
DEVELOPMENT FOR GABION BOX
To determine the Cij parameters of the stress-strain
matrix in Eg. D.2, a unit strain (e) was applied to each
"principal direction of the unit cell as illustrated in Figs.

D,l and D.2Z.

€p =& 7 gy =T ez = 812 = €74 €53 f 0 (D.1)
~ 9 €12 C12 C13 | T e
o €
2 Cy; Cpp Cuz 2
o £
> 1 _ | %1 %32 S 3
o) ) €
12 C44 12
o €
13 ) Cg5 13
o £
23 C 23
_ 4 L ¢4 L
(D.2)
‘ o
_ 1 .
Cll = " B ) : | . (D. 3)
. : '
- 2 -
C,y = = | , (D.4)
" ’ o} . . .
_ %3 A
C31 = = (D.5)
. _ s _ W _ M1 _ M2
e, = e,f ey = €1 = &4 = gy (D.6)

126



% " "&9
%™ % "+9 |
+ &

I$

1G3



1GJ

Y\

+’ ’G’



Since A~ =
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0 I (D.7)

0 | ‘ . (D.8)
_ 8.8 W. W M1 M1 M2 M2
= olAl + clN A+ cl 2 C.A1 + Gl 2 b Al

(D.9)

number of connecting wires in the box

area of soil

area of one connecting wire
area of.wire mesh per foot of length perpeh—
dicﬁlar to the major axis of the hexagonal mesh.
area of wire mesh per féot of length perpen-

dicular to the minor axis of the hexagonal mesh. -

= composite area

_8,C W W 2M1 M1 3M2 M2
= olAl + ol N & + cl 2 C Al + Gl 2 b Al
(D.10)
_ s,c . 3Ml M1 1M1 M1 _
= 02A2 + o5 2 a A2 + o5 2 C A2 (D.11)
_ s.cC 2M2 M2 1M2 M2
= 03A3 + o3 2 a A3 + 03 2 b A3 (D.12)
OS . GS‘ lecS' QSGSZ
e = 1 _ vS €S B vS €S _ L ‘272 373
' (D.13)
W .
Gl 7
e = (D.14)

.
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2ml ‘ ,2M1  M2_2M2
M1 _ _ 1 . M2 M2 ‘1 3 "3 (D.15)
€1 T & 7 ML T V3 &3 7 ML g2 .
1 | 1 3 |
3IM2 : M1 3M1 o
(M2 _ o _ 21 o Ml oMb M2 Yy o (D.16)
1 = = M2 2 2 EM2 EMl T
- El 1 -T2
S _ .S s .
o, = E2 V] € (D.17)
3M1L _ M1 M2 ' - -
o5 = E2 vy € (D.18)
IMIL _ _Ml1 S o I B .
g5 = E2 vy € (D.19)
s_ .s s | S .
o5 = B v « (D.20)
2M2'_ M2 M1 . I
o3 .—vE34 Vi e ~ : : (D.21)
1IM2 _ M2 S
o3 = E3 vy € 4 v o (D722)

Substituting Eqs. (D.17) through (D.22) into Egs. (D.13)

through (D.16) results in:

S S .S S S .S .S
s _ _ Si v2 E2 vy € v3 E3 vl €
€] = &= g - - - - (D.23)
E E> - ES
'l 2 3
P . L
SW = g = —i (D.24)
¥1 EW
62Ml M2 EM2 le' e 5
M1 _ _ -1 3 3 1 (D.25)
f1 T ¢ gl M2 )
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S3M2 ML oMl M2
M2 %1 0 P2 T2 Vi (D.26)
1 TOEM2 CgML :
1 2

Reorganizing the above three equations results in:

oi = E? e + Ei vg vi e + Ei v§ vi € (D.27)
c? = EW £ 7 a v ’ (D.28)
UiMl = E?lsk+ E%lvﬁz v?l € (D.é9)
N2 g2 gh2 w2 a0

Substituting Egs. (D.25) through ‘(D.28)'into'Eq° (D.10)

results in:

_ SsS..C. W W
AT = (E e+E 3vle)Al + E ¢ NA

S
1 1 1V

l\)U)

1

M2 M2 Ml M2

+ (El e+El v3Tvy g) 2 C Al + (El +El 5V le)
2 b ATZ ~ (D.31)
Subétituting Egs. (D.17) and (D.18) into Eg. (D.1ll) results
in:
c_ .8 s .C M1 M2 M1 M1_S M1
02A2 = E2 1€ A2 + E2 1 2 a AZ +.E2 vle 2 C A2
| (D.32)

Substituting Egs. (D.19) and (D.20) into Eq. (D.12) results
in:

s _.C M2 M1 M2 _M2 S M2
1 e 2 a A3 + E3 vls 2 b A3

(D.33)
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Using Egs. (D.3) through (D.5) and Egs. (D.29) through (D.31)

the composite material properties may then be solved.

il

21

!

€

Q
[\

W

, S 88 S. _SSS..C _W. W,,.Ml _MI M2 M1l M1l
_(El+Elv2vl +Elv3vl)Al+E NA f(El.+El v3tvy )2CAl
- —

_ Ay
(E¥2+E¥2v%lv¥2)2 bAlf2
+ = ‘ (D.34)
Re
1
ESvSAC+EMlvM2 2 aaMl gML Sy AMl
e v i e 2 2 71 2
= S (D.35)
A .
2
ESvSAC+EM2le 2 a AM2+EM2vS 2 b AM2
3173773 Ma 3 3 V1 3
= = (D. 36)
N
3:
€] T e3 T €y T gy3 T €53 =0
S _ 8.8 _
ol = Elv2 €
W _ _W.S.
Ol = B v2 e
2M1 _ M1 S
92 1 V2 ¢
3M2 EM2§M1'
- 71 Y2
s _ .S s
03 = E3v2 >

2M2 _ _M2 S

03 —'E3 V2€
CGiM2 M2 M1
3 3 72
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= : GS 5,5 . s.S

s _ _ _ °2 S S ss _ %2 1°%1 393

€. = g = —/—/ = V_.E, — V,.E., =™ =/ — - -

2 ES_ 171 373 ES Es- Es
2 2 1 3
oML glMl M2 1M2

M1 _ 2 M2_M2 _ _2 3 3

2 M1 3 03 EML M2

2 2 3
53ML ,3ML M2 3M2
ML 2 JM2 M2 72 191
2 - - _M1 T Yi*1 M1 M2
Ey Ey Es
55  SES,S LSES,S
S oL .l2 Vi1®1V2 £ _ V3®3¥p ¢

2 - - .S S ‘ S
By Ey . Es

s .5 S s S S S s

02 vi E2 € + Ezvlvz e + E2v3v2 €
1Ml M2 M2 M1
Moo %2 0 Y373 Yo
2 M1 M2
E, - Eq
1Ml _Ml M1 M2 M1
02 --NE2 e + E2 v3 v2
53Ml JM2oM2 M1
ML T2 1 1 Y2
2 T _M1 T M2
: Ea B3
3M1_ M1 . .Ml M2 Ml
02 = E2 e_+ E2 vl v2
Ag = Eivi e 2% + S e v+ M5 oot & Eszgle:szfz,f

1752 1 V2 1 1
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S. S S s sSs ,.C M1 MlMZMl M1
e+ E2v1v2‘8+ E2v3v2 e)A2 + (E2 ,€+ E2 ViV )2aA2
M1 M1 M2 M1 M1l

(E2 € + E2 V3TV, s)_2cA2
S C 2 S M2 M2 M1 M2
> EA3 + E3 v2 e 2 aA3 + E3 v2 2 bA3
S 8. C W S W M1l S M1 M2 M1 M2
EleAl + E \)2 NA + El \)2 2 CAl + El \)2 2 bAl
C
-A.l
S, .85 S S S S M1l _M1 M2 Ml M1
(Ezfgzvlvz + E2 vz)A + (E +E2 1 Vs )2 aAz
C
A
M1l _Ml M2 M1, . M1
-, \Ep By vy vy ) 2 oky
AC
2
S S.C M2 S M2 M2 M1l M2
3 2A3 + E3 Vo 2 aA3 + E3 Vo 2 bA3
C
A3
€1 T 85 T 815 T 813 T €53 =0
Gi =.?iv§ £
0? = vas €

oML _ M1 M2

J3M2 _ oM2S



s .S S
02 —.E2v3 €
01M1 _ gMl M2
2 2 7’3
3ML _ M1 S |
92 2 V3
S , oS V545 S5
o .% _ sss_.s;s_%3 M%1 2%
T g T Yit1 T Y272 T _s 5] S
ES E3 E] Eo
g1M2 5 1M2 ML 1M1
.= 3 M1 _M1 3 2 "2
- M2 T Y2 T2 M2 Ml
E E E,
2M2 2M2 ’leOZMl
e - 3 VMlSMl 171
RM2 1 -1 M2 M1
3 « 3 Ey
oS, VSESLS . VSgS,S8
e = -3 _ 17173 2723
S S S
E3 By 2
3 - S S s 5.5 8
E3 € -+ E3vlv3 e + E3v2 3 €
1M2 MlEMl M2
_ . 213 2 72.°3
M2 M1
Eq Ey
M2 M2 M1 M2
E3. e + E3 v2 v3
2M2 M1_M1 M2
e.;03 __vl‘ElVB” €
El\?fz EMl

1
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2M2 _ _M2
03 = E3
- C _ _S
olAl = El
c _ _S
02A2 = E2v
c_ ,.S
03A3 —A(E3
+ |
_ 01
13 e
9]
_ 2 _
C23 “ e
o
- -3 _
C33 T e

Since only
applies:

£ 09,
€12

C
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M2 M1 M2
+ E3 vl v3
S C W_S W M1 M2 C M2 S M2
3 € Al + E v3 e N A + El v3 £ 2 cAl + El v3z:2bAl
S c M1l S M1 M1 M2 M1
3 EAQ + E2 v3 €2 aA2 + E2 v3 e 2 CA2
S S S S 5 8 C M2 M2 M1 M2 | M2
e + E3vlv3.€+ E3v2v3 e)A3 + (E3 e + E3 viTvy e)2aA3
M2 M2 M1 M2 M2
E + B0 TvST e) 2 bay
S s.C W S W M1 M2 C M2 S M2
El\)3Al + E V3 N A" + El V3 2 cAl + El Vs 2 bAl
C
A
S. S, C M1l S M1 Ml M2 M1l
E2v3A2 + E2 v3 2 aA2 + E2 v3 2 cA2
C
A2
(E§ + E§v§v§_+ Eivivi)Ag + (El\g2 + E¥2M¥1v§2)2éA§2
A3
M2 M2 M1 M2 M2
N (E3 + E3 v2 v3 ) 2 bA3
. AC
3

the so0il can resist shear strains, the following

’

G5 g.;Ei_;y_
2(14+v7)

G
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66

' S
13 _g=of - —E
€13 2(1+v7)
o JP : s
-—2—§=6=GS=—"§——S_
23 2(1+v7)

If plane strain is assumed €3

C1; Cip . 0 €
Chry Cop O €5
0 0o c

€13 T %23
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