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PREFACE

The study reported herein was conducted at the U. S. Army Engineer

Waterways Experiment Station (WES ) under the sponsorship of the Office ,

Chief of Engineers , Project 14A1611O2AT22 , “Theory and Principles of Re-

inforced Earth,” Task A2 , Work Unit O01t .

The finite element and parametric studies described were performed

during the period July 1975 through February 1977 by Drs. M. M.

Al—Hussaini and L. D. Johnson , assisted by Mr. Y. S. Jeng,  all of the

Soil Mechanics Division (SMD), Soils and Pavements Laboratory (S&PL).

This report was written ‘by Dr. Al—Hussaini , assisted by Dr. Johnson ,

under the general direction of Mr. C. L. McAnear , Chief, SMD , and

Mr. J. P. Sale, Chief , S&PL.

Directors of WES during the investigation and the preparation of

this report were COL G. H. Hilt , CE, and COL J. L. Cannon , CE. Techni—

cal Director was Mr. F. B. Brown.
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CONV ERSION FACTORS, U.  S. CUSTOMAR Y TO METRIC (SI )
UNITS OF MEASUREMENT

U. S. customary units of measurement used in this report can be con—

verted to metric (SI) units as follows:

Multiply By To Obtain

inches 25.4 millimetres

feet 0.30148 metres

square inches 6. 14516 square centimetres

square feet 0.092903014 square metres

pounds (mass) 0.145359214 kilograms

pounds ( force)  per
square inch 689)4 .757 pascals

pounds (force) per
square foot 147.88026 pascals

kips (force) per
square inch 689 14.757 kilopascal s

pounds (mass)  per
cubic foot i6.oi8146 kilograms per cubic metre

inches per minute 25.4 millimetres per minute

degrees ( angle) 0.011145329 radians
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V [N I TV Vi i1MF1NT ANALYh 1, - 01 A U1’~ I NF’OR CFS EARTH WALL

PART I: INTRODUCTION 0

Background

1. Reinforced earth consists of a soil mass whose engineering

characteristics and performance have been improved by the introduction of

small quantities of frictional material that possess a relatively high

tensile strength. Many reinforced earth walls are designed as gravity

structures , the stability of which depends on the frictional stresses be-

tween the reinforcing elements and the surrounding soil and the strength

and elastic properties of the reinforcing material. The basiL design

concept of a reinforced earth wall assumes that the soil mass is in ac-

tive failure governed by Rankine earth pressure theory . The developed

lateral pressure is assumed to be counterbalanced by the friction force

that develops between the reinforcement and the surrounding soil.

2. An instrumented reinforced earth wall was constructed at the

U. S. Army Engineer Waterways Experiment Station (WES ) to determine the

performance of such a wall during construction and surcharge loading .~
The wall, shown in Figure 1, was reinforced with galvanized steel strips ,

14 in.~ wide, 0.0214 in. thick , and 10 ft long, spaced at intervals of

2 and 2.5 ft in the vertical and horizontal directions , respectively.

Three galvanized strips along the center line of the wall, located at

elevations 1, 5, and 9 ft above the bottom of the wall (Figure 2 ) ,  were
• instrumented with full SR—14 strain gage bridges at points 1, 2.5, 5, and

7.5 ft from the face of the wall. At the elevation of each instrumented

tie and 1 ft away from the face of the wall (i.e., skin element), two

pressure cells were placed to measure the induced vertical and horizontal

pressures within the fill material.

* A t able of  factors for converting U. S. customary units of measure-
ment to metric (SI) units is shown on page 14.

5
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Figure 2. Schematic showing the location of the electric
strain gage bridges along the center line of the retain-

ing wall

3. The skin element , which comprised the exposed surfac e of the
wall, was made of Alcoa Tll high—strength aluminum panels normally used

in the expedient construction of a irf ields. Each panel was 2 ft wide ,

12 ft long , and 1.6 in. thick and can be connected lengthwise to other

panels by integral hinge—type connections , Figures 1 and 2. The rein-

forcing elements were fixed to the skin element by double angle con—

nectors , Figure 1. Further details of these components are discussed

later. A full description of the reinforced earth wall is presented by
1Al—Hussain i and Perry.

7
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14. The r a ’ i n t e r i e i  ear th ot r t o ’t i ir i  Wa.: i’( , r iot rur ’te-t  o a h. cii ’ ~~~
‘

12 f~ and ~~~ led by a un i fo rm o -~r ’ h i a r ~~a f r ao su r e  to  f a i l u re .  Ir ::trur,i n_

a~ ion reaJ iri~ s and analyses Jur~ ri 1~ C a r l O  t ~‘ - l - .’t ior i  ~ nd : - i r ’har ~:e I

are civen in Reference  1. The exact cause and prittern of f’aiiluro ‘ire

a t  known s ince  f a i l u r e  was ca tas t roph ic ;  however , it is probable tha

fal lure was in i t i a t e-I  ei ther by f rac ture  of one of the connect ions  which

j o i r i e J  the reiri fi rc’iri~ str ips to the skin element , by “allure  of the

skin e~ emer:t due to bucklin~ and shear , or by fai lu re  -of ~h. r e i n f o r c i n g

stri hoc .

Purpose and Scope

Accurate analysis of a system incorporat ing r e i n f o r c i n g  s t rip s

Lia c e , 1  at  k n o W n  intervals  in the ver tical  and t ransverse  J i r ec t i c n o

wi~~h~ : the soil mass poses a ~h i’ ee— i imens iona l  (~~D) r r ob ]em . Proper

rnocielino -of’ a re inforced  earth wall also involves reasonable siatiation

~-f ( a )  the mechanical  behavior of the earth fi~~J , skin  elertent , and r e in—

f-o r-:intr strops , and (b) the interaction merhanicrss between these co-a la—

nents of the wa i l .  Field observations during and s .bsequent t
O the

constr ’~ction a-f the re inforced earth wall at WES w :e not in complete

ao:reemen t with the theoretical method proposed cri~~ir ~aily by Vidal
2 

ant
3later by Lee.

(. The f i n i t e  element (FE ) method was consequent ly  proposed ‘to-

s i m u la t e  as closely as possible various sequences of cons t ruc t ion  of the

F reinforced earth wall constructed at l’TES and to predict the distribution

of stresses and deformations within  the re inforced  earth mass.  Although

3D fo rmula t ions  and codes based on the FE method are possible , their  use

for re in forced  earth walls would involve Creat amounts of human and com-

puter  e f fo r t . The 3D problem is there fore  approximated by a s t ructur -

ally equivalent two—dimensional  (2D ) system.

7. The so i l—struc ture  plane s train 2D FE code originally de’~’ai1 —

aped by Clough and Duncan 14 
for analyses of Port Allen and Old Rive r

Locks and subsequently modif ied  by Radhakr ishnan and Jones 5 was adop te d

for use in t h i s  a~~i o1 y .  This code (see Appendix A ) .  w h ic h  uses t ha

8
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5-sole isoparametric quadrilateral element , is capable of simulation of

the incremental buildup of the wall and the concentrated loading con-

s t ruc t ion  sequences needed for th i s  study . The nonlinear behavior of

the earth fi J l of th~ reinforced wall is simulated by a hyperbolic for-

mulation developed by Duncan and Chrtn~~.
6 

The behavior of the metal ckir~

element and reinfor cing strips is assumed linear elastic until the yield

stress is reached ; thereafter , these metal components are assumed to

fail plastically .

• 8. Interface elements available in the FE code were also used to

accommodate slippage between and separation of the components of the re—

- 

- 
inforced wall. The interface elements are especially important in

separating the ends of the reinforcing strips from the original in situ

earth face which supports the back of the reinforced earth mass , thereby

permitting the stresses in the reinforcing strips to approach zero at

F the ends.

9. FE analyses of the reinforced wall were performed for the con-

struction of the wall and surcharge loading to failure. The numerical

predictions of the FE analyses are compared with field observations , and

conclus.~.ons regarding design analyses are presented.

9
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PART II: MODELING THE MATERIAL BEHAVIOR OF

THE REINFORCED EARTH WALL

10. Because of the composite nature of the reinforcea ~arth wall,

it is essential that the stress—strain i , ’lationships for the foundation

soil , fill material, reinforcing strips, arti skin element are accurately

defined . It is also essential that the interaction between th~se com-

posite materials within the reinforced mass be considered.

• Stress—Strain Behavior of Foundation Matérial

11. The stress—strain relationship for the foundation material

was approximated by the hyperbolic formulation , summarized in Appendix B,

and stated by the following expressicns :*

E
t 

= (l — X
1
)
2
E. (la)

E. = j~,
a(?)

r

~ (1b )

R (a — a ) ( i  — sin ~ )

1 
— 

2c cos ~ + 20
3 

sin ~

- 
• - where

E
t 

= tangent modulus
E. = initial modulus
1

K = hyperbolic loading parameter

= atmospheric pressure

0
3 

= minor principal stress

n = pure number

= failure ratio

* For convenience , symbols and abbreviations used herein are listed and
defined in the Notation (Appendix C).

H 10
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o~, 
= major principal stress

= angle of internal friction

c = cohesion
12. Laboratory tests were not conducted on the fi’e:roiation rriaterial

because these tests were not required in the conventional desii’ai analysis

of the wall. However , several triaxial Q tests previouiTly c- ’ r i d u’t e r on

soil specimens with similar characteristics were used in the FE analysis.

The stress—strain curves and Mohr—Coulomb criteria of the ML soil cool

in the FE analysis are presented in Figures 3 and 14, respectively. The

stress—strain data were replotted in the linear form , Figure 5, which

shows that most of the data points of each test fell on a st raight line ,

indicating that the shape of the stress—strain curve of the ML material

conforms with the hyperbolic representation . From Figure 5, the value

of the initial modulus E. , represented by the inverse of the intercept

on the ordinate , and the value of (°l 
— 0
3) 

, represented by the

inverse of the slope of the line , were obtained. The failure ratio R
f

is equal ‘to (o~ — 0
3) / (o~ 

— 0
3) 

where 
(°i 

— 0
3) 

is the princi—

pal stress di f f erence at failure, as illustrated in Figure 3. A summary

of the ML soil parameters needed for the hyperbolic stress—strain repre—

sentation is tabulated below .

0
3 

E. (°l 
- 0
3) (~~~~ 

- 0
3) 

R (?)
psi psi psi psi a

6.95 3,700 27.78 29.85 0.93 0.1473

20.8 14 5,550 62.51 70.142 0.89 1.1418

141.67 8,000 111.12 125.00 0.89 2.835

69.145 12,500 168.75 188.70 0.89 14.790

Average 0.90

13. The values of the loading stiffness K and the exponential

constant r~ needed to incorporate the effect of the confining pres sure
0
3 

in the hyperbolic constitutive model are obtained by plotting E.

versus (0
3
/Pa) as shown in Figure 6. The best fit line was used for the

11
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Figure 3. Stress—strain curves for the ML soil
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Figure 5. Linearized stress—strain curves for the ML soil
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3
,’P ) ~

‘or the
ML soii 

a

analysis. Since adequate information on the volumetric behavior of the

ML soil was not available, Poisson ’s rat io v was assumed constant at
0.33. Poisson t s ratio at failure was assumed to be 0 . 148 .

Stress—Strain Behavior of Sand Fill

114. The fill material used in the construction of the reinforced

earth wall was clean concrete sand with particles ranging from subangu-
lar to angular. More detailed physical properties of the sand fill used

1 .
are presented in an earlier report . The same procedure of hyperbolic

stress—strain analysis, presented previously in describing the behavior

of the foundation soil , was used to obtain the constitutive equations
for the sand fill. The hyperbolic parameters and other properties

adopted for the FE analysis were as follows :

15
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R 

‘rd C

K n ~~~~ 
v ~~~ ree s

0.85 580 0.5 97.2 0.30 36 0

Poisso& s ratio at failure was assumed to be 
0.148.

Stress-Str~ ifl Behavior of Reinforcing St~~~~

15. The steel reinforcing strips used in the 
earth wall were mau f

from 5alvanized zinc—coated , 214—gage steel
. Each strip was 0.025 in.

th ick , 14 in. wide , and 10 ft long . The stress—strain curve for a

l/2—in.—wide strip is shown in Figure 7. This curve shows the classical

60

50

— 40
U~)

U.,

E = 3 11 x 106 PSI

10

0
0 5 10 IS 20 25

AXIAL STRAIN , %

Figure 7. Average stress—strain relationship for

the galvanized steel strips
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stress—strain curve with modulus of elasticity E = 31.1 x 10
6 psi an d

yield stress a = 51 ksi. The Poisson ’s ratio v needed for the FE
y

analysis was assumed equal to 0.28.

Elastic Behavior of Skin Element

16. The skin element was made of Alcoa Tll high—strength aluminum

panels , 2 ft wi le , 12 ft long, and 1.6 in. thick , connected lengthwise
to each other by a hinge connector. The physical and elastic properties

of the panels are shown below.

Moment of inertia per foot of panel width = l~ 368 in.
3

Sect ion modulus per foot of panel width = l.’~96 in.3

Modulus of elasticity 10 x 106 psi

Weight per square foot = 14.61 lb

Poisson ’s ratio = 0.33

Thickness of the panel = 1.6 in.

Thickness of the sheet = 0.1 in.

Yield stress = 35,000 psi

17. The reinforcing elements were fixed to the skin element

through a connector as shown in Figure 8. The connector consisted of

double angles , each of which was 1—1/2 by 3 by 1/14 in. and 12 in. long ,

used to grip the reinforcing strip and tie it to the skin element by

two l/14—in . bolts. This type of connection was simple and adequate as

long as the skin element exhibited very small or no bending deformations .

Behavior of Interface Elements

18. The interface element formulation introduced by Goodman and

his coworkers7 was incorporated in the FE program used in this study.

The constitutive behavior of the interface elements was based on the

hyperbolic shear stress—displacement model originally formulated by

Duncan and Chang
6 

(Appendix A) and summarized by the following equations:

17
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Figure 8. Details of the connector tying the reinforcing strip to
the skin element

K
t 

= (1 — x)2K (2a)

m

K. = K~~~
(
~~
) 

(2b)

R
f
T

A
2 

= 

~ 
a tan ~ 

(2c )

where
K
t 

= tangent shear stiffness

K. = initial shear stiffness
i
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dimensionless number

= unit weight of wct ’ r’

a = normal st r e ssn
m = exponential riumb r

T = shear st r ess

C = adhesion
a

= angle of f r i c t i o n

The normal s t i f f n e s s  of the i n t e r f a c e  element is assumed to behave elas-

t ically and , given a high value ~f 108 psf , to inhibi t  mutual penetra-

tion of the materials adjacent to the interface element . The tangent

shear and normal stiffnesses were each set to a small residual value K
r

of 10 psf if the normal stress of the interface element became tensile ,

permitting voids to develop in the interface. The shear stiffness is

also reduced to the residual shear stiffness K if the shear stress at
r

the interface equals or exc eeds the Mohr-.Coulomb strength.

Interface behavior
between reinforcing strip and sand

19. The nonlinear shear stress—displacement relationship between

the sand and the reinforcing was determined , pr ior to the field test ,

using a specially designed shear box . The testing device , shown in Fig-

ure 9, is similar to the direct shear box except that the lower frame

was replaced by a sheet of the galvanized steel glued to a wooden block.

NORMAL FORCE
- . UPPER FRAME

E
R

A
C

R
E 

_______________________ ______

- WOODEN BLOCK

7// // /// // / // /////
Figure 9. Modified shear box for determining skin friction angle

between the sand and the reinforcing material
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The sari-i w i:; co itao te~ t i  a dry density of 101.7 pcf. Three di reet

shear ‘~eot s  were conducted wi t h normal stresses of 10, 50, and 100 ~~~~

respect ively,  at. a shear de fo rmat ion  rate of 0 .5 in .  per m m .

20. The shear stress—deformation relationship between the sand

and the galvanized steel is shown in Figure 10; these curves provide a

reasonably accurate de terminat ion  of the i n i t i a l  shear s t i ff n e s s  K .

The u l t imate  shear stress T
ult 

was obtained from the inverse of the
slope of the linearized shear stress—deformation relationship as shown

in Figure 11. The failure ratio R
f 

was obtained by dividing the  peak

shear stress T max , as measured from Figure 10 , by the u l t imate  shear

stress T it ; for these tests the value H
f 

was approximately equal to

u n i t y .  The angle of f r i c t ion  6 and the adhesion Ca were obtained by

plotting the shear stress at failure T versus a as shown in Fig—max n
ure 12. A summary of the parameters needed for the hyperbolic shear

stress—displacement behavior of the interface elements between the sand

f i l l  and the galvanized steel is presented below.

a T K.  C
n max i a 6 Hpsi ~~~~~ ,p~~~ degrees f

10 3.06 81 0 18 1.0

50 11.95 141414 0 18 1.0

100 32.09 1020 0 18 1.0

21. The influence of stress level was accounted for by plotting
the initial shear stiffness K . versus (a /F ) as shown in Figure 13.

i n a
The experimental data fell on a straight line on the logarithmic scale,

thus enabling accurate determination of the exponential parameter m

and the dimensionless number K~ defined in Equation 2b . For the in-

terface element between the steel strip and the surrounding sand , m is

equal to 1.1 and K~ is -equal to 3280.

Interface behavior
between skin element and sand

22. No direct shear test was conducted to examine the interface

behavior between the skin element and the sand fill . However, the non—

linear parameter obtained previously for the sand on galvanized steel

20
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Figure 11. Linearized shear stress—deformation relationship for  sand
on galvanized steel
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Wa;; used t -s  descr ibe the interface behav ior between the sk i : ;  , l e r r ; er ;t ‘,j’~

the sand.

[nt-erta ~ e behavior
be twee~ sand and natural soil

23. The nonlinear constitutive equation presented in Equatiar1 2

was used to describe the interface behavior between the sand fill ar;i

the surrounding natural ground. Three direct shear tests in which ~ne

lower part of the shear box was filled with the ML soil and the upper
part was filled with compacted sand were conducted , and the linearized

shear stress—displacement relationship is presente.l in Figure i14. The

t ig.ure sh- w.-; that the experimental points deviate slightly from the

straight line , which indicates that the hyperbolic representation is
only an approximation for the behavior of this material. The Mohr—

Coulomb failure envelope for sand on silt , presented in F igure 15,

showed an angle of friction of 314 deg and a small adhesion of 0.05 psi .

214. The influence of the stress level on the behavior of the in-

terface elements between the sand and the natural ML soil was accounted

for by plott ing th e in it ial shear s t i f f ness K . versus (a
n

/Pa) as shown
in Fig; re 16. The I irure shows that the experimental points deviate

significantly from the ideal straight line ; however , the best f i t  line

was used for evaluat ing m and K . . A summary of the parameters
needed for the  nonlinear constitutive equation for the interface element
between the sand and the natural ML soil is presented below.

Ca 6 B K
degrees 

_______ _____

0.05 314 0.86 114,523 0.68

25. Comparison between the shear stress—deformation curves ob—

tam ed by experimental tests and those generated by the hyperbolic formu-

lation , shown in Figure 17, indicates a reasonable agreement between the
two respective curves.

25
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FtiH i I I I  : IDEALL~AT 1 )N OF THE R~~[ h1kD EARTH WALL

The re i :i t’- rce-i ~art.h wall i S r i  rum p 1 r at _ e l  3D r euti C!:; , the

us d-Ie xi ty of which is compounded by the  i t i t _ r o - i u e t i o n  )f the steel

s t r i ps as a r e in fo rc ing  element.  The solution of such a prubiem re-

quires a substantial amount of human effort and computer t ime . ir , -ri -c

to ar r ive  at a solution wit- h reasonable time and cost , it is r i e c i s s a r y

t o  introduce a certain amount of ideal i zat ion and s i m p lif ic at i ~~r wit. h

respect tu geometry and modeling of :riaterial properties.

-
‘ Ideal izat ion as 1?i Problem

Modeling of re inforc ing  strip

27. The 3D re inforced  earth wall was ideal ized as a 2D plane

s t ra in  problem by assuming that the r e i nf r e i n g  s t r i p s  (see Figure 1)

are replaced by a plate extended to the  full  w i d t h  a r d  breadth of the

wall.  These plates are i l lustrated in mesh I (Figure 18) and mesh II

(Figure 19) which were developed for this study. Assuming that t h e

r i a jor  response of the  s tr ips is provided by an axial s t i f f n e s s , the

tetal axial stiffness of the reinforcing strips S of the w all is:

~ A .E . A E
(3 )

where

n total  n umber of s t r ips  in each row

A = cross—sect ional  area uf  the reinforcing strip

E modulus of elasticity of the galvanized steel

L length of the reinforcing strip

28. The equivalent s t i f f n e s s  of the plate that subs t i tutes f~r

each row of steel s t r ips  S may be defined as
-4

PiE
S = — ~--~ ( 1~ )

30
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Figure 18. FE mesh I employed in the analysis of the reinforced
earth wall
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Figure 19. FE mesh II for the reinforced earth wall
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where

A = equivalent cross—sectional area of the steel strips

E = equivalent modulus of the steel s t r ips

L = equivalent length of the steel strips

28. Because the stiffness S and the equivalent s t i f fness  S

should be the same and also because the length L and the equivalent

length L remain the same , thus by equating Equations 3 and ~4, the

equivalent st iffness E
e 

can be determined as

nA E
E = A: 

S ( 5 )

29. For the prototype reinforced earth wall the cross—sectional

area of the re inforc ing strip was 0.096 sq in., the modulus of elastic-

ity of the galvanized steel was 31.1 X 10 psi , and the number of strips
in each row was 6. The thickness of the equivalent reinforcing strip

elements , as shown in mesh I (Figure 18), was 6 in. and as shown in
mesh II (Figure 19), 0.02I~ in. The width of the equivalent plate for
both meshes (i.e. length of the reinforced earth wall) was 16 ft. Sub—

stituting the appropriate values in Equation 5, the magnitude of E
e

can be determined.

Mesh I: E
e 

= 
6 X 0.096 x 31~l X ~o

6 
= 2.2~ x 10

6 psf

Mesh II: E
e 

= 6 
x O.096 x 31.1 X 10

6 
= 5.598 X ~o

8 psf

The unit weight of the equivalent reinforcing strips of mesh I was as—

suined identical with that of the sand backfill because of the very small

cross—sectional area of the actual reinforcing strips. The unit weight

of the equivalent reinforcing strips in mesh II was taken as 1192 pcf,

which is the unit weight of the actual strips; the very small area of

these strips should cause little additional contribution to the stresses

from gravity using mesh II.

33
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Modeling of skin element

30. The behavior of the skin element , like that of the rest of

the r e in fo rced  earth mass , was treated as a plane s t ra in  problem whose

major response is provided by bending . The aluminum panels that repre—

sent the skin element , as shown in Figure 1, were replaced by an equiva-

lent beam element of similar deflection response depending on the diinen—

sions of the skin element in the FE meshes , Figures 18 and 19. The

equation used to sati sfy equal bending deformat ion re sponse between the

prototype and the model was :

E l  E la a _ e e
L 

— 
L

a e

where

Ea = modulus of elasticity of the aluminum panel

‘a = moment of inert ia  of the aluminum panel per unit width

L = length of the beam ( 5 )  between any two rows of r e in fo rc ing
strips (see Figure 1)

E = equivalent modulus of elast ici ty

I = equivalent moment of inert ia  per unit width

Le = equivalent length of the beam

31. Since the beam lengths of the skin element and i ts model are

the same (i.e., L
a 

= L ) ,  the equivalent modulus of e las t ic i ty  for the

skin element can be expressed by :

I
E = E ’ ~~~~~

From paragraph 16, the modulus of elast icity and the moment of iner t ia
6 .  . 11are 10 x 10 psi and 1.368 in.  , respectively. The depth of the equiva-

lent beam , as shown in Figure 18 for mesh I, is 6 in.; therefore , the

equivalent moment of inertia I is equal to 216 in.
11 Substituting the

values of E
a 

t
a 

and ‘e 
in Equation 7, the magnitude of E

e 
for

mesh I can be obtained as follows :

E
e 

= 
10 x l06

6
x 1.368 

= 6.33 x 1011 
psi (9.13 x 106 

psf)

311
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The magnitude of H for mesh II (Figure 19) with skin element thick-

ness of 1.6 in. was 3.311 x 10
6 1 , ..i (l~~8 ~o8 

psf).

32. The a luminum panels of t he  ski!; elo”mer;t were hin ge- I  rather

than bonded l ogether into an “lastically rigid unit; the actual modulus
ct ’ the skin element may c u:rs€’quently have been substantiall7y less than
that assumed for the FE analyses using meshes I and II.

33. Two iterations were made for computation of stresses during

each construction and loading sequence. The :‘irst iteration indicated

the appropriate modulus (based on input material properties) to use for

computation of the stresses during the second iteration.

FE Mesh Design

In addi t ion  to ideal izing the re inforced earth wall as a 2D

problem , there are a number of other factors which af fect  the design of

the FE mesh. Some of these factors are :

a. Design of elements required to obtain a sat isfactory
result.

0 1. Boundary condit ions .
c . Number of construct ion and loading sequences .
d. Location of interface elements.

Design of elements

35. It. is always desirable to use a minimum number of elements
that achieve a sat isfactory degree of accuracy so that the computer time

and hence computation cost are minimum . However , for a given number of
element s, the degree of accuracy in simulating a particular behavior de-
pends upon the correlat ion between the displacement pattern as sumed and
the displacement of the actual events. Because of the uncertainties re-

garding the assumed displacement and the prelim inary nature of this
study, simple meshes using re1ative1~ L arge numbers of rectangular ele-

ments , as shown in Figures 18 ani 19, were developed to improve accuracy .

36. The elements in mesh I, Figure 18, were square to minimize
distortion of results that might occur if the aspect ratio is different

from unity. The elements in mesh II were reduced in total. number

35
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c-cml’ared to mesh I to increase computat ion c f f i c ie n c y  and dimensions

W , ’re  adjusted to ci- ’oely simulate actual  dimensions of the components of

the wall .

Boundary condit ions

37. The boundaries should be located so that they will have neg-

ligible effect on the main structure to be analyzed. In view of the pre-

liminary nature of this analysis , the boundaries were kept at a distance

of 2 ft from the reinforced earth mass. No calculation was used to de-

termine the influence of the boundary conditions on the FE results.

38. The left and right vertical boundaries were confined-later-

ally and the bottom horizontal boundary was confined both laterally and
vertically . During each construction sequence of the wall , the lateral

displacement was set to zero to simulate actual construct ion in which

the lateral displacements of the skin element were restricted .

Construction and loading sequences

39. Twelve buildup increments 1 ft high each were used to con-

struct the wall described by mesh I, while six buildup increments 2 ft
high were used to construct the wall described by mesh II. Concentrated

loads following construct ion were placed on each nodal point at the top
o~ the wall mesh to cause surface pressures of 250 psf per increment .

Six increments were applied to reach the failure condition of 1500 psf

observed with the actual wall.

Location of interface element s

110. The interface elements within the FE meshes are presented in

Figures 18 and 19. These interface elements increase f l ex ib i l i ty  in ac-

counting with the interaction effects between the different components
of the wall such as slippage and separation between the different corn—

ponents. Mesh I contains vertical interface elements between the skin

element and backfill material and between the back fac e of the wall and
the original in situ earth. Horizontal interface elements are located

between the reinforcing strips and backfill material and between the

backfill and original ground surface of the wall. Mesh II contains

vertical interface elements between the back face of the wall and the

36
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original in situ earth and horizontal interface elements between the

reinforcing strips and backfill material.

Examination of the FE Mesh

111. Two FE analyses were performed using mesh I and mesh II in

order to determine the influence of the shape of the FE mesh on the

results. The results of the FE analyses obtained from both meshes were

compared and correlated with field measurements at the end of construc-

tion as well as prior to failure. End of construction (EC) refers to

completion of construction of the reinforced earth wall ; prior to fail-

ure (PF) refers to placement of 1500 psf of surcharge load on the top

surface of the wall.

Tensile stress distribu-
tion in reinforcing strips

112. The tensile stress obtained by the FE method , which is based

on a reinforcing plate covering the entire area at a given reinforced

elevation of the wall, was converted to tensile stress carried by the

reinforcing strips as actually placed in the field by the following

expression:

t we e  In— 

N tW 0te ko)

where

= tensile stres s in the reinforcing strip

t = equivalent thickness of the reinforcing tie in the FE mesh

W = equivalent width of the reinforcing tie in the FE mesh
N = number of reinforcing ties in each reinforced elevation

t = actual thickness of the reinforcing tie
W = actual width of the reinforcing tie

0te = equivalent tensile stress computed by the FE analysis

The parameters expressed in Equation 8 for mesh I and mesh II are:

37
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Parameter Mesh I Mesh II

t 0.0211 in. 0.0211 in .

W 11.oo in. 11.00 in.

N 6 6
t 6.oo in. 0.0211 in.
e

W 192.0 in .  192.0 in .
e

113. Comparisons of tensile stresses obtained from the FE rr.ethod

using mesh I and mesh II and those obtained from actual measurement at

the end of construction and prior to failure are shown in Figures 20

and 21, respectively. Figure 20 shows little difference in results be-

tween mesh I and mesh II at the end of construction. The tensile stress

distribution from the FE analysis assumes a parabolic shape similar to
that obtained from actual measurements for the tie at elevation 1 ft

above the b-ase of the wall. The locations of the maximum tensile stress

as obtained from the FE analysis agreed well with those measured in the

field.

1111 . The tensile stress distribution along the reinforcing ties

prior to failure , Figure 21, indicates that the FE results of mesh II
are slightly higher than those from mesh I. However , the shapes of the

tensile stress distribution curves for mesh II are much closer to actual
field data than those obtained for mesh I. These results indicate that

the square elements as represented in mesh I reduce the maximum tensile

stress as well as the curvature of the tensile stress distribution
curve.

Lateral pressure distribution

115. The lateral pressure distributions along a vertical plane

1.25 ft from the skin element as obtained from the FE analyses of mesh I

and mesh II are shown in Figure 22. These results indicate that while

the lateral pressures at the end of construction are slightly higher for
mesh I than for mesh II, the trend reverses itself prior to failure.

The results of the FE analyses for both EC and PF cases are approxi-

mately similar but somewhat higher thar. those obtained from the Rankine

active earth pressure theory . The PF lateral pressure near the top of
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Figure 20. Influence of FE mesh on tensile stress distribution along
the instrumented reinforcing strips at end of construction
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the wall as obtained from the FE analysis is l~reut1y increased for

mesh I, a weakness in the FE program .
he . From the foregoing, it appears that both mesh I and mesh ~I

prov i ded approximately the same resul ts , i n d i c a t i ng that the use of

- 

. 

square elements of aspect ratio of 1.0 did not significantly improve ~~~~.
-

results. Furthermore , fewer elements are cont ained in mesh II , sir—

nificantly reducing computation and increasing accuracy . Therefore ,

mesh II was adopted for the actual FE analysis of the reinforced earth

waLL.
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PART i’; FE ANAIY 1 .‘ hE THE kl’:T ”hh °i-J; EARTH WA : l ,

-
. 
. Rd i-al l .‘ FE an alys i s  -1 ’ 1 ’  re i r I ’ ed - a r ’  1. ‘,i’ll r ’—~ .i r ”r

O, ’O ra~ e i:. ’ rmat i - s  ~u mat  t r i a l  1 - 1 . - I - e r ’ ‘ - ‘ , r ’j  or r n - i  . ‘i : : . r  - ~
‘ - 1 ’ ’ ~ ’

S ‘t al fai I-jr.’ rne.’Sar; i sins, as-I i -r -p er rflc :t’lir,~ I’ ‘ I.’ jr- I ~-rr ~ ’ ti~ s

t’ffects to- ’ we ’r.  the .‘- r.e erlt ’!;t S - 1 ’ 
~h(’ Wa . The !‘eV~ -u ; ’l y i ’- .’ - ’ril

~.-Jei ot’ material belriv : r ~~~~~~~~ i i )  a~~- I i - I t - a d  i : s t t  i or of P’ w ’d

he c- m; at.’r Colt ’ ( h a r t  I I I )  p r o v i d e  - r i y  a r -~gh  
~ 

r- -xirm.t I’ s of the

i- .’~~’ ,:L , t ’ i e l d  sj t u , t t i - r ; .  Tl~e res ~l t S  - i ’ this ‘u;-a~~,’0 l 5 ’ i r ,1 - ‘ -nr ’t r ; ’ a:

w - h :‘ 1. ’ - - I observati ri wil l  Con :e -p. t ’ r : t l Y  i— - ’ used o hel p i.’ ’ ‘r n ir. ’ more

i r ~~e l—~ir’js;eters t’ir m,.t t’rial pi’’-pe~’’ des n~ ’ ’h’ ’  ‘‘— r ,~ o -r, .- r ~ of the

w:. ~i aa.i improved rn- led s tha t  may be t t”r  rt- ; reseat t h e l d  behavi~~r.

ht . Ar import ant assuinl i ~r i n.-’eded to obtain the FT plar.e st so a

s o lu t i o r  is that the reiaforcir.g strip s cover the entire length of the

w i l .  ‘uch an assumption increases the shear resistance between the re—

iriforc jag ~‘J emer t and t h e  sur rounding  sand by a magr.i fica t ion  faotrr

where m f (see Figure 1) is the ratio of the hor izontal  cross—

sectiLsal area of the wall to the total area of the reinforcing strips

a ’. ‘ha ’ e lev at i o n . Thus ,

L . L ’ 10 x 16= 
:1 L w = 6 x 10 0.333 = 8 (9)

Therefore , the increase in the shear stress at the in terface  element of

mesh II due to the computer code is compensated for by reduc ing the
shear s tresses in Equation 2 by m f . Thus , the cons t i tu t ive  equation

for the interface element used in the actual FE analysis is:

= (1 — A 0 ) 2K.  (bOa )

n

K . = ‘l’w (~::) 
(lob)
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: l . t ’ e r ’oI’ ( ’, the ma tt’r iad ,oram, ters i n j - u t  in the ‘ode ore K.  = L. ~0 ‘i n - :

= 3 (leg.

9. It must be noted that  Fqwit. 1 -a j (  c i i  only -ru/i :e a :r~~ie

simplification of the l ea], behavior between the r i  n fc-rv jar .:trij - ‘ irS:

the surrounding soil. t~ore study is needed to I rc’Ji ie a better cor sti—

tutive model to describe the behavior of the intei’frxoe ed°merits. Ir

Equation 10 the tangent shear stiffness is set to a small r es i - -iu fd

value K of 10 psf whenever the shear stress at the in te r face  element

exceeds a Mohr—Coulonib strength envelope wi th  cohesion equal to fl /s.
- and an angle of friction equal to ólm f

50. The ribs of the skin element , Figure 8, are extended Ot .i~~

along the length of the wall; thus , they con tri bute very l i t t le to the

bending resistance of the skin element in the vertical direction . The

moment of inertia used in the calculation is that for the aluminum sheet

of 0.1—in, thickness rather than that of the integral aluminum panel.

FE Analysis

51. Two FE analyses were performed using mesh II. In the first

analys is, case C
1 , 

the toe of the wall represented by point A of Fig-

ure 2 was assumed fixed. In the second FE analysis, case C2 , point  A

was as sumed fr ee to move in any -d i r e c t i o n .  It must be noted that under
fielc condit ions point. A is nei~ i’er fixed nor free and the true answer

may be between the tw- ex r ’rne cases. The lateral pressur es exerted by
the backfill and surohorgo l -:-a-flr:g t ’ - I owi rg construction , la tera l  ins’: - —

ment of the sk ir. e t ‘~m”rh , ar -i P.’ ensile stress and deformation be—

havior o f ’  t h e  r ’ ’ i r : f ’ - sn ag St r’i ~-s are given below. Comparisons are m ale

w i t h  F l o l  I observ it-lons t ’- - r ~he EC and PF cases.

D i s t r ] , b u t , i - r  l- ’ i~~’r ’i1 i 0 . 55:15 ’

52. The - l i st rita ’ inns 1’ l at e r a l  pressure along a vert ical  i-lane

1, b
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1 ft from the  wail face d e t e r m in e d  from the FE analysis  for t i e  I r e—

ari l f ixed—end oases are ‘omp are c i wi th  f i e l d  observat ions .  Figure 23

, :hows the variation f’ the lateral pressure as a func t ion  of the hei ’Pt

• o f ’ the  wail it the end of’ cons t ruc t ion . The -ii f’f’erences in results be—

tween cases C1 and C2 at the end of cons t ruc t ion  are negl igib le  ox—

sept at the base of the wall where the fixed end , case C~ , showed

higher lateral pressure than the free end , ca se C
2 

. The results of

the FE analysis at the end of cons truction for C
1 

and C
2 

cas es are

so~oew }jaL higher than those determined by Rankine theory and those ob—

tain ’.I by f ie ld measurements .

12 —

\ LEGEND

\ 3 0 F I N I T E  ELEMENT IFREE END , C A S E  C 2 )

t o — A A F IN ITE  ELEMENT F I X E D  END , C A S E  C . )

‘ 0 F IELO MEAS I, J R E M E N T ) P R E SS U R E C E L L S )

— — R A N K I N E  THEORY

\
\
\z

UI

UI
j
UIz 6 —

U,

I 

I
0 100 200 300 400 500 600

L A T E RA L  PRESSURE , PSF

Figure  23. Pressure d i s t r ibu t ion  at vertical plane 1 ft  from
skin  element at end of construction
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53. Field measurements for lateral pressures, Figure 23, were

obtained directly fr om readings of earth pressure cells placed along the

center line st the wall 1 ft from the skin element , and also from those

stresses generated in the instrumented reinforcing strips within a seg— p
meat  of the wall bounded by , Figur e 1, surrounding the strip.

The excessive lateral pressures dr~ ermined by the FE analysis may be at-

tributed to deficiencies in the computer code and to the poor modeling
of the skirt element. It must be noted that the panels of the skin ele-

ment were connect ed together by hor izontal hinged joints , Figure 1,
rather than continuous bonded joints as assumed in the FE analyses. The

crude approximation of the tangential shear st iffness in the interface
elements between the reinforcing str ips and backfill material could also
have contributed to the difference in the results.

~L . Figure 214 shows the FE results for lateral pressures along

a vertical plane 1 ft  from the skin element prior to failure. The re—

suIts indicate that the lateral pressures obtained for the fixed end ,

case C1 , arts s i gn i f i can t ly higher than those obtained for the free end,
case C2 - Both analyses deviated signif icantly from the linear distri-

but ion of Rankine  act ive earth pressure theory but agreed well with f ie ld

measurement at the upper portion of the reinforced earth wall. It is

very difficult to tell which FE analysis agrees with field conditions at

the middle portion of the wall since the pressure cell reading agreed

very well with case C
1 

while lateral pressure calculated from the ten—
s i le stress of the instrumented strips agreed with case C

2 
. At the

lower part of the wall it is clear that the FE analysis of case C
1

provides better agreement with field measur ement than does that of
case C

2
55. Significant scatter in the results of the FE analyses was

observed from one vertical plane to the other; the scatter became ap—

precia’bly worse closer to the skin element. The scatter in results is

not well understood but was probably influenced by the interaction ef—

fects between the reinforcing strips , skin element, and the backfill

material.
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Figure 211. Pressure distribution at vertical plane 1 ft
from skin element prior to fai lure

Distribution of tensile
— - strain in reinforcing strips

56. The reinforcing strips located at elevations of 1, 5, and

9 ft along the center line of the wall were instrumented with full SB—14

bridges on both surfaces at po ints 1, 2.5, 5, and 7 .5  ft from the face

of the skin element. The measured strains at the top and bottom of each

instrumented point were averaged to eliminate the effect of bending

strains ; the average strain was considered equal to the tensile strain

at that point in the reinforcing strip. Only the strains at the end of

construction and prior to failure are presented. For the FE analysis

147
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t h e  ct-ru i as wer e calculated from the tv ’l’age fe formations f t h n’ fit I

p:  in t s  o t ’ each element in t i r e  in s t r u m ented s t r i p s .  I ‘ Pa.” beer . T O ’ I “‘‘ 1

Isit in ce. ’t . i i r i  oases the  deformat ion for the tw-~- r od ] ; ‘ it : ‘ a t  t r . t ’

oW= r la ce of ’ the element were  urrbearabl y excessive;  i t  :;ush case , -i:

t he i t s I  o rm at i o n s  of the two nodal ~o i t r t s  at the uj  per face  of the ‘~l e —

m i n t  were considered .

57. Comparisons of t ens i l e  s trains from the FE nof:,’oes fO r ‘h i ”

free—end and fixed—end cases and the actual strain gage mea.:un’s’r:€-ats of

the  f ie ld  test at the end of cons t ruc t ion  are presented in F i g u r e  25.

The f i gure indicates that the FE results For the free—end c-on -Ii ti~~n ,

case C
2 , 

are s l ight ly  higher  than those for the f ixed—end cor fit i - o n ,

case C
1 , 

but much closer to actual field measurements.  The FF7 ~naI ”-

sis indicated that the maximum strain in each r e i n f o r c i n g  strip occurr of

at points  closer to the skin element than those obtained from ac tu ’:

It oast iren tont . It. general , the maximum tensile strains at the end of

i i t r u c t  i cr: for case C 2 are in better agreement with f i e l d  results ~.i ,..r

those obtained from case C
1

of- . The trend of the resul ts  at the end of construction differed

significantl y fr om those obtained prior to fai lure  of the wall .  -i r a i m s

-ietermirie-i fr-sm the FE analysis prior to failure , sho~m in Figure 26,

indicated a maximum strain value close to the skin element that de-

cr eased gradually until it vanished at the free end of the re in t ’ sn’ci r i ’

stri ps. The results, unlik e the end of construction cond it ion , sh:-we-i

higher  s tr ~- ‘ as for case C2 than for case C1 • For the s t r ips  at eli:- —

vation 5 ft above the base, both C
1 

and C
2 

cases showed s imi la r

values and their maximum values were in good agreement with that ob-

tained from field measurement .

Distribution of tensile
stress in reinforcing strips

59. The in situ tensile stress distribution along the reinforcing

s t r it s  of the reinforced earth wall was calculated from the strain rage

4 readings and the  modulus of e las t ic i ty  of the galvanized ~te~ l us ing

modulus of e las t ic i ty  F = 31.1 io6 
rsi. Therefore, the v.~n ’int IOn in

t i e  f i e ld  t e n s i l e  stress d i s t r ibu t ion  is similar  to the var :’It.sn in
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tensile strain distribution as long as the :~tri’:~::es in the r e i n f or c i ng

s t ri p s  ar~ w i t h i n  the e las t ic  range. The t e n s i l e  stress it ~ry po irt

for the FE ana lys i s  was obtained from the equivalent  tensi le  s t r esses

using Equation 8. Comparisons of the tensile sl,ress distribution along

the instr ’uj nented s t r ips  at the end of construct ion between the FE o n l y—

sis and field test results are presented in Figur e 27 . The figure shows

that the FE r e s i L t s  for the free—end case and the fixed—end case are

identical , but somewhat d i f f e r en t  from f i e ld  measurements .  The max imum
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Fi gure 27. Tensile stress dis t ribut i on along in st r lment. r— I

t ies  at end of cons t ruc t ion
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i ’nr ; i le s t ress  t ’ a’ t ire  FE a r ia I ysi s occurred : rt  a to1  at mat h c J o ~ er ’ ~
the sk in  element than that  observed i n  the t ’ i e I - i .  Both the FE r’ e-. ; i I  ¶ ‘

and the f ie ld  data show a gradual decrease in t i re  t e ns i l e  :;tr sr t’ r ’~~ . t i~-

maximum until it reached zero at the free end of the r e in f o r c i ng  s t r i r

60. Comparisons of results between the tensile stress prior to

fai lure m ’ox’ the FE analysis  and actual f ie ld  observat i ons are pr’eser:tc”f

in Fi gure 28. The f igure shows that the t ens i l e  stresses o b t a i m i ’  I fr ’s.
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Figure 28. Tensile stress distribu ti - i. along ras trumented
t ies  pr h r  to f - i t o ’ ,-
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‘ , . FE 1’ ’ : , ‘ - j :~

s’ - :1’ . also - : . ,~ ‘~~~~ t i e  ‘ . ‘ t X I O t i T I i  ‘ ‘ -n ~~i le  st : ’ :, t l l - . l ‘ - ‘ - ‘ t  I ’ l l  lit a I

1 , - il - ‘ I  ‘i t s  ‘ -- ‘ ‘ - -  skin ‘1e~ ’-n ’ ‘Pa rr ‘ l i i : ’ ’ - t ’ ’ iino- t I ron f’of of

meri t. R e ’n t o r r s  i t ’ t h e ’  l i l ’ l ’c ’r ’ i ’ r r ’ ’es t e ( w , - ’ r  ~~~~~~ FE ‘ - c o l t : ’ i t ,  I 1 ’ ’ - , : —

, cT”,”,’Ior: .- : r s ’ - l - t~~~: ,’ , s n ,  o f t,l~ ‘un ” ’ r in ~ j; F: w ’ - j ’ - t ’ , - I ’ - f ’ i ’ . ’ r - ’ i ’ o s I n  , : ‘ -

i - Lao , - r i ’ l ’ i - ’ : i ’.; in I . .- ’ ’m’:: I o f m : c o  t i ’ -  ‘t - :tu’ l ;‘ifO ’—

ness 01’ ‘ 1 . ’ - t I l l .  t’l’ ’t’ :crrt , ‘ i l l 1  l a r k  of r e t i r e  - r -  :,. ‘ of - ~oj v e  ‘ -~~,a ’

f e c - t t ’ i i  :~~- - n ’ ’ I : ’ t ’,’ i - - r  I t ’  t h ~ ~~‘ t t & ’ i ’ j t t I . ’- are  “or:. ’ i - i ’ - : ” -  1 t a . :1 ‘ r . ’ S i t  I t , , ’

f’ic t -om’ .;.

Lat e I ’ Ll 00 , ’i ’lict:t -of skin c- LI ots eor it

The m e l  lrfor- :’C-i e a rt r i  wall was const ru~ t i~ i t o t ,  t ta t ca- i - -

t i o n  1’ :tI r:. L r rw:t  ~tirie1irio a ide-i to toss the skin elemc’r t was hel l it ,

re lace to t rev ’or it la teral  movement while the ccl ’ ” - .: I o r i - I i n , ’ lal,’er -I ’ : a

i ’ ll was a- ld ~ d .  Field uh ,’ie r vt t t , i o n : -; indicated negligi. n i i ’ -  l e f u~’~ ’ tt  I

t h e ~ end of construct ion , but t i n e  skin element - l e f o r r a t i o r i s  becassc-

stantial prior to failure , as shown in Figure  29, w it h  r:.a:’:ima~ 
t ion  of 3. l~ in .  at the  top  of the  wall .  Comparison Letwc”-a the F E  a:

ses and the f i e ld  observations , based on the accumulatIve of fot ’~ , ’ i ’

from one panel to the next , shows good agreement betw m en the t i ]  oh —

servations and FE results for the f ixed—end condition , S’ iSC  ‘
1

the free—end condit ion , case C 2 , the FE analysis showed exce l lent

agreement w i t h  f ie ld observations at the lower hal f of tbo ’~’ L I ]  ; owe’,’et’ ,

at the upper half of the wall the FE resubt s deviated significant in’ fr-or,

actual observations and indicated compression .

ConcludinC Remarks on the FE Analysis

o f .  I < e c re i s r : ; e  of the prel iminary nature of th is  study and the 501’. —

plex interact ion between the various components of the re inforced earth

wall , it is considered unlikely that total agreement between the FE

analyses and f ie ld  mea surements  coul d be o t t r i r r i ’t I .  However , it is sh- ’wmt

that the boundary condit  on ; of t ,he wall p1-ay a r’i -ni ti cant. r o l e ’ in th ’ -r
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I
FE results .  In certain asra’ct :’ such as the deformation of the skin

element , the f ixe  i—end cond i t i on  show” I b o f - t  or agr ’eerr ,ent -,nth field colt-—

servations , while in other  aspec ’ - - t o o l ’: as the  to-n i I ‘ - strain ir , the

r e in fo rc i r i co  s t r ips , the fr ’ ’~’— ’ ’ r , . i  c - - I  l i t  i sa  P s ” - i  l~ ’~~” n~’ - - “e - e ~
Other problems , -such as imIro’,’in ’ ‘he ‘ - - t ’ . t a ’ o r ’  - ‘ -n - i” , o b t a i n i r r - ’ be t t o r ’

con st it ’it  1Vo’~~~-p i t t  lo t , for  modellir 1 ’ m a t e ’r i  I I  propert ies. t i n i 1 ~- t ter

representat ion of the  s k i n  l i ’m ,o n r s t i t t n ’ - , ’ . r ; ~” I  i r .  ‘ t ; ’ - ’ ’ r  i cu i ’ t t i o n ,

need fu rther’ - I t ” ,” : 1 - t I  ~~j ’ t i i, I t I ’  - r i ’ ’  a .  a -  ‘ t ” ” - I ’ : ’ - F ’ “ IF  I - ” ac’}i ii ”,’e-l .
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PART ‘,‘ : PAI ’l Ictl l - t i l - I l’ ’ I ’’

f l I I i e : ’ t l  t d ij ec  f _ lIL t

I . In the I - r e - v i a: i - n i t ’ S  of t in s r i o t ’ s  i t  war rh -t wa h n ’. ‘ t i’ ’ -

i i i ’ ‘ Inc Li i  I ’t ’ ‘‘ r ’ ,’ rr :’e: 1 - c  Sw e ‘c-ri results of the FE analysts - tn-i . h— 5 - :  ol- —

S t  I l e I  l ’siJn i’I , ~l ,i obs e ’r’ v t i t  I t o .  The ; l i f r ’et-sen ces were attri ’bu ’ ed ‘

S ’ u 1 : ~~ f a c t o r : , one - : 1 ’ w h i c h  WeO ’ i’ discurrc”.l previously. S - ’ t i ’ i ah] Os wt , i -Th

i n f luence  t h e  L - e l ’ f - -i’nntr r lc ’ e of a r e i n f o rr e t  earl  i-i w a l l  tum’ a] so r u —

‘ne r o - u s .  l i ne  ~~‘ l u e e c e  of tint fol lowing var iables  on the t ens i l e  st r e s s

Ii ~ t r i t at i o r r  along the ins tr umented r e i n f o r c in g  st r i  I -s  was evaluate]

usir ;g the FE ana lys i s :  ( a )  f r i c t i o n  between the r e i n f o r c in g  st r i p s  an-i

the t i l l  m a te r i a l ; ( b )  end condi t ions of the skin element ; ( c )  r n i f f r , ’-::

of tb~- skin ‘- l e mon s ;  and (d) length of the reinforcing rtrit r.

In f lu en c e  of friction between
reinf n’o log strip and fill mater ia l

614. Equation 2 represents  the c o n s t i t u t i v e  e q u a t i on  w h i c h  is

used to descr ibe the s t r e s s—defo rma t ion  r e l a t i onsh ip  between the g a l  —

vanized steel and the concr’ete sand used.  .ofaiys-is  of the a’ st r e su l ts

presented in Figures 12 ari d 13 indicated that 6 = 18 deg and

K . = 3280 . These parameters were reduced by a m a g n i f i c a t i on ta -nt -on’

m f = 8 when used in the FE code to o’h t r m i n  t e n s i l e  s t r e s s  d i rt r i l r~t i c-s

for  cases C
1 

and C
2 , 

shown in Figures 27 ‘ira - I 28. ‘Is: ‘ r -ler n o  ti e—

termine the in f luence  of fr i  ct i o r :  1 et ,w e e r ,  the r e i n f o r c i n g  s - t r ips art -ti

the f i l l  material , FE runs were performed i1 : i r a ~ tine nos e t a m  me-~~et ’r’ s

eml :l-oyed in cases C
1 

and C
2 

except that 6 and El. w’~” rr’ t vu - —

-laced . The tensile stress distributions for t h e  f i x e  — e r , ’ - ‘~~n t i ’  ~~~~~

car e C
3 

, and the free—end condit ion , case C 1 , sire- Ir eoer :lel in

Figures 30 and 31, r e spec t i ve ly .  CoO l -0i ’ ison h etwec t -r ,  F ir ir ’ : 30 ‘ I d  31

f’ -°s th e  unreduced in t e r f ace  f r i c t i o n  ‘ m d  F i g i r e o s L7 a r i d  f r ’  t in t 5 - c’—

lose - I i n t e r f a c e  f r i c t i o n  ind ica tes  that  the increase in the irc~ e - r’ l”
‘ fr l - s t, i - t n :ndr r’onis e t c  ~ }i ~ ‘c-r :rile stress i t ;  t h e  r ’ ’ i r C ’- n’ c in ~co ntrtn n; ‘ in’ -

increase I r : t t r ’ e ’ :’ ;: I maci h ighc ’r ’  for ’  ‘h o -  I ’ ’’ ’’ — - n - I  c~ I t  I I  t i  s-n

hon  ‘ r’ ‘ h~ ‘ 1  :‘ : - -  — ‘ - : ,  - , l I t  I -I l , C i t ’  (I . 0 . 1  i C r  ‘ a ‘ ‘ ‘~~i i l ’ ’ i - s  I I
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Figure 31. Tensile stress distribution along instrwnc’nte-i
reinforcing strips nit end of construction and prior to

failure for case C 1 (free—end condition )
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can be concluded that the increase in the int c-r ’l ’ac t ’  f r i c t  i-s n b€ - t w c ’e : r

l i i i -  t’ e ’i I - -r’c log stri ps u n  I Iv ’ at i i ’ r’ c -ur ;litig I !  1 1 ir v ’r e ’a s e s  I E~u ’ t o x i n-cr :

t 0115110’ Str’essc ’S.

I n f l ue n c e  n t ’
c o n d r t i o n s  of s k in  element

t-5. ‘Iwin boundary c o n d i t i o n s  of the r E i n  element w a r -  inv est 1gr~’ e : -3

to det e r ’l nj f l e  their influence on the tensi le  stress d ist r i b u t i o n  w i t i n i r~

the r e i n f o r c i n g  s t r i p s .  In the f i r s t  analys i s  the lower point of She

skin element was assumed f ixed , cases C1 and (‘
~ 

, and in the rei’Lod

analysis the lower point was assumed free, cases C~ and C .

par isor i  between cases C1 and C2 , shown in Figure 28, indicates that

the f ixed—end  condi t ion  yielded higher tensi le  stresses in t ine r e in -

fo rc ing  c - t r i p s  than that for the free—end c o n d i tio n .  however , oorat - ao’i—

son between cases C
3 

and C14 , where the in te r face  f r i c t i o n  between,

the reinfoccing strips and the fill material was not reduced , shows

that the free—end condition induced higher tensile stresses than the

fixed—end condition . Therefore, it is not possible to draw definite

conclus ions Oil the basis of boundary condit ion of the skin element al one
since the interface stress between the reinforcing strirs and the sur—

rounding fill plays a major role in dictating the magnitude and dic~ ri-

butic-n of the tensile stresses.

Influence of skin element stiffness

66. In the prev ious FE runs the s t i f fness  of the skin element was

based on the moment of inertia I of the metal sheet at the back of
x

the aluminum panel , on the assumption that the T ribs (see Figure 2),

wh ich were p lac ed in the horizontal direction , did not inf luence the

stiffness of the skin element . Knowing that the thickness of the metal

sheet is 0.1 in., the moment of inertia I per foot of the skin element

is 0.0022 in.3 To evaluate the influenc e of skin element stiffness on
the tensile stress along the reinforc ing strips , another FY analys is,

case C
5 

, was conducted. Case C
5 

was similar tc -  case C in c-very

resi-ect except that the moment of inertia in case C was l. 5-6l~ in .,~
which is the rn-omenS of inertia per foot of panel as shown in para—

g r aI n  16- , rather than 0.0022 in. 3, which is the for the aluminum
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sheet  only. The tensile ci recs distribution along the ir .rtr’urnente’i

~t Si ps at the end of cons t ruc t ion  and j t ’ ~ ‘or L u  - I n t l  l iv ’- for cn:re C
5

is shown in Figure 32. (‘it-mp ;irison between r esul ts  for case aria

those of care C , shown in Fi gur e 31, ind ica te s  that the magnitudes

of’ the maximum tensile stress are not s i g n i f ic an t l y  i nf lu e n c e d  by the

stiffness of the skin element. However , rrr~ ximuxn tensi le  st resses for

tOW ski n element sti f f nes s, case C14 , occurred at points  much closer

LEGEND

END OF C O N S T R U C T I O N
12 — - 30

— — PRIOR TO F A I L U R E

— — —
- 20

10 - - 10

T I E A T EL 9 FT

— — 
— — —

I-
U-

~~ 30

- 2 0

_ _ _  

\ 1:

DISTANCE FROM SKIN ELEMENT , FT

Figure 32. Tensile s t ress  d i s t r ibu t ion  along instrumented
re in fo rc ing  s t r i ps at- end of cons t ruc t ion  and Pr ior  t o

failure for case C
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to the face ot the wall than t h o s e -’ for high skin element s t i ffn e s s ,

c ar e  C , . Therefore, it COIl be concluded I ,h : j t ,  the s t i f f r i e r i t  eat the
a

skin element slightly vlinuiges the s h ai e  of the t ens i le  stress - I i r t r i b u —

tion a l o ng  the reinforcing strip but not the magnitude of the maximum

stress.

Inf luence  of length
of r e in fo rc ing  strips

67. The in f luence  of the length of the r e in fo rc ing  s t r ips  -a -n t ine

magni tude  and distribution of tensile stresses was examined by increas-

ing the length of the r e in fo rc ing  strips and the depth of the wall from
10 f t  for case C

3 
to 20 f t  for case C 6 (Figure 33). All other

parameters between cases C
3 

and C
6 

were identical. Comparison be-

tween Figure 33, case C
6 , 

and Figure 30 , case C
3 , 

indicates that the

increase in the length of the tie influenced the distribution but not

the magnitude of the maximum tensile stresses along the reinforcing t i e r

at the end of construction . However , for the prior to failure case,
maximum tensile stress along the re inforc ing  str ips showed a subs tan t ia l

decrease with increasing length of the strips. Therefore, it can be

concluded that the increase in the length of the re in forc ing  strips

tends to decrease the magnitude of tensile stress, and thus less cress—

sectional area of s tr ips may be required for design purposes.

Concluding Remarks on the Parametric Study

68. It has been shown that reinforced earth is a complex problem
whose complexity arises from different materials with different proper—

ties that constitute the reinforced earth mass. The influence of only

a few variables was considered in the parametric study. For the cases

considered , the magnitudes and locations of maximum tensi le  stresses are

summarized and compared with field data in the following tabulation . It

can be seen that none of the FE analyses actually duplicated field con-

ditions. While the magnitude of the tensile stress in case C
3 

is

closest to the field observation , the location of the maximum stres ses
in case C

5 
correlates most favorably with the actual field dat a.
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Si  F I cvii i I ~iYC Ah~- v - the Fe - - ,, - IcC -e -
1.0 rt 5, 0 ft. T1 ,~ cc

Maxi mum Max lme~zn Mcix i c .rI

Frli ’t I i’z :sii1 F ‘IOu - i t e -  -I ‘‘c cc i -n~ 5’o : tO -
A e g : e l e - i g n  h :~r ,- . - - ‘ * : - 1~ cat - - - :, - - - ‘ - i ’ ’ -

~~~~ L~
_L _ ,Li~~~~ j~~ 

, j -3,J~~ ft I ’

Field test — — 10 u-I , i ta  2.00 30,0- - n i ,5 0  .9,1 1 .- m~ 50

Case C
1 

3 10 :e,700 0.75 29,1 1 - a l,so 17,22( 2.51’

Case C , 3 10 2’,iIiO 0.75 5 C , t , ito 1,50 6 , ’ ’a-  0.25

Case C
3 

18 i~- 31 ,01 (1 0.’(’- - 314 ,980 2.50 t( ,, (i 2.50

Case C~ 18 10 31 , 0:- I 1,50 1414,280 2,50 2u, (-50 14.50

Case C
5 

18 10 37,600 2.50 39,760 3.50 23,670 2.50

Case C
6 

18 20 22,260 1.50 214,510 5.00 17,01 5.00

The location of the maximum tensile stress was measured r ela t i v e  to the skin element .
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PART VI :  CONCLUSIONS AND REC0I~4ENDATI0NS

Conclusions

69. An FE study was performed on a reinforced earth wall to in—

ves tignut e  the feasibil i ty of using numerical methods in p red ic t ing

s t r e s s es  a o l  deformations of the various elements of the wall . The wal l

used in the FE analyses was 16 ft long, 10 ft  deep , and 12 ft  high ; the

earth back f i l l  was re inforced with galvanized steel strips 14 in .  wide ,

0.025 in. thick , and 10 ft long , spaced at 2— and 2.5—ft intervals in

the vertical and horizontal directions , respectively . Based on the re-

sult s of the FE analyses of this study and results collected from labora—

tory -‘tn-i f ie ld tests , the following conclusions are drawn :

a. The one—dimensional interface elements vertically in-
serted between the foundation soil and the back of the
reinforced earth wall are necessary to permit separation
between the reinforcing strips and foundation soil such
that the tensile stress es developed in the reinforcing
strips decrease to zero at the back of the wall as ob-
served from field measurements. Interface elements
horizontally inserted between the reinforc ing strips and
backfill of the wall are necessary to model the slippage
and friction forces between the reinforcing strips and
t’tckfill.

b. The assumption of using the FE plane strain analysis to
solve the 3D problem of a reinforced earth wall by in—
creasing the area of the reinforcing strip, to cover the
ent i re  length of the wall , and decreasing the shear re—
sistance between the f i l l  and the reinforcement by the

- ,  same proportion is a practical and satisfactory
assumption .

c. The FE analyses of both fixed-end and free—end skin ele— - r
ments are nece ssary to obtain good correlation with field
data. It is observed that the FE results of tensile
stresses along the reinforcing strips and the lateral de-
formation of the skin element showed better agreement
with field observation for the fixed—end condition than
for the free—end condition. However, field measurements
of strains along the reinforcing st rips agreed bet te r
with the FE results of the free—end condit ion than with
those obtained from the fixed—end condition . While
lateral pressure cell measurements agreed better Wi ll FE
results of the fixed— end rather than free—end conditions ,
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the opposite wa t t  observed when e - ’o r n t p l L r i s o n  was ant- I ’ : t~’ to
1 ‘ct,eral ea r t h  tjl’e:;u; ’or’e “ 1 ‘ t i  ated front t~ ris ii e ::tre::se::

In the r ’einforc i  no st 1, 1 J I : ; .

J. The t gn i t u i l e  and dis t r ibut i on of tensi  1’~ :; tr e  roes u t f o r i ’
the r e i n f o r c i ng  s t ri  pa’ inc r€- -a::c w i th  inc r’c’o:: I no it. erf : tu ’o
f r ict i o n :  h c t w i c e n r i  the strip and surrounding fill tauteri -ni ,
decrease with  increasing rd ni l ’or c i r i g  s t r ip  l :noth , an I
show no s iglil f icant  change wi th  charigeo in :;k In -cl croent
s t i f f n e s s .

Rec omrne nd at i o na

— 70. E1ased on the f indings  of t}iis stu—Iy , it is reconro enued tinat

the study be e:-oaan-ied as follows

a. f t  is desirable to improve the coranou te r  code an-i nake it
more accurate and e f f i c i en t  by intro 0:-ic irt o ele~ ents- that
better simulate actual events. The variable node of b-en-i—
ing element is recommended beca -~::e fewer el uomts r:. ’g.’
needed and oscillation observed in r e s ult s  u s i a . - t h e
isoparametric elements stay be reduced or e l i sin a t e d .

Ii. Better const i tut ive equations that not —a no l~
,’ : : i nau ln it e  tine

behavior of each material in t I e  r e in fo rced  0:15th gas:-a
but also -describe the in terac t ion  Eet w ’e a d i f f e r e n t  :aa te —
rials should be developed.

I-lore studies are needed to model and iapro’J e? the behav ior
of in te r face  elem ents between :  the r e i . n f o r c i n . ’ :~:t n ’ i r s  and
surrounding soil.

I .  J lf lc tj S between panels that  for::, the skin element need to
‘be considered in the FE code.
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APPENDIX B: NONLINEAR STRESS-STRAIN BEHAVIOR FOR SOIL 
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1. A .; l l 1111c and UI~~
”t t i  cal P X  z’ P ’ c  sjr ,r1 for ‘~c’~ cribing the nonlinf?ar

8*coil  beh avior has been u~’’ p..’cted by Kondner who assumed that  the

s t r es c— ct r a i n  curve as obtained from t r i ax ia l  compression tests is the

fo1lowin~ hyperbola:

— 
a 

(si)

where — 0
3
) is the principal stre ss difference , is the axial

strain, and a and b are parameters that can be determ ined by
experiment .

2. The physical meaning attached to a and ii can be seen in

Figur e Bi in which a is equal to the reciprocal of the initial  tangent

modulus E . and b is equal to the asymptotic value of the stress

~PSV MPTOTE

Ui
0 /z

Ui I _ I P A
S I— c~__,1 , j
‘ 1 / 

(Q . U ) E l

~ 
I

E = TAN ~~~~~-1
”a

0 A X I A L ~~ S T R A I N  € p

Figure Bi. Kondner hyperbola for representation of
stress—strain

* Raised numerals refer to similarly numbered items in the References
at the end of the main text .
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difference called the ultimate stress difference (01 — c3~~1t 
. Equa-

t ion Bl can be simplified by expressing c1/ ( o 1 
— 0

3
) as a linear fun c-

tion of’ , which would enable direct evaluation of the parameters a

and b as depicted in Figure B2. The linear form of Equation Bl may be

written as :

__________ 
1 

_____________= a + b e  = — +  (B2)
— 0

3
) 1 E. (c~ 

— 0
3)

3. Duncan and Chang 6 expanded Kondner ’s hyperbolic stress—strain

relationship and util ized it for incremental FE analysis by expressing

the tangent modulus Et 
as a function of — 0

3
) , E~, , and the

Mohr—Coulomb strength parameters c and ~ as:

I R(1 - sin~~~)(a )]
2

t 2c cos~~~~+ 2 c
3

sin 4 i

in which R f is the ratio of — 0
3

) at failure to the asymptotic

value of the stress difference (01 — 
03)ult 

P

A X I A L  S T R A I N  (p

Figure B3. Linear representation of’ the
hyperbolic stress—strain funct ion

-
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14~ Another characteristic of many soils is the dependency of the

initial tanct~nt  modulus E. upon the confining pressure 0
3 

Janbu9

,~u,- ct’ste-j and Duncan and Chang have employed the following exponen-

t i a l  relation between the confining pressure 0
3 

and E.

n

E. = 

~~a(~~~~) 
(BI~)

where P is the atmospheric pressure expressed in the same units as

- - 0
3 

, K is a dimensionless number, and n is a dimensionless exponent .

- 
‘ 5. The hyperbolic stress—strain relationship as expressed by Equa-

tions B3 and B14 is useful and simple.’ The parameters K , n C ,

and R
f 

are all readily determined by conventional triaxial compression

tests.

Interface Soil Elements

6.’ Although the stress—displacement curve from direct shear tests

cannot be used directly for determining the stress—strain relationship

for soil , it seems likely that a curve for such a test is indicative of
the form of the stress—strain relationship.’ A comprehensive study b ,’

Clough and Duncan has sho~m a resemblance of the shear stress relative
to the displacement to the hyperbolic form suggested by Kondner ,

8 which

is appropriate for characterization of the behavior of interface

elements.

T. Typical shear stress ‘r versus displacement for a direct

shear test is presented in Figure B3a, where K. and K
t 

are the
initial and tangent shear ztiffnesses , respectively . The hyperbolic

form for the shear stress as a function of the relative displacement is:

(B5)
5

where a and b are parameters that can be obtained from laboratory
tests. Equation B5 may be transformed to a linear form as shown in

Figure B3b:

B14

Ia 
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A S Y M P T O T E  
~oIt

R E L A T I V E  DISPLACEMENT , A~

a .  CONVENTIONAL SHEAR STRESS-DISPLACEMENT

RELATIVE DISPLACEMENT , A~

b. TRANSFORMED SHEAR STRESS-DISPLACEMENT

Figure B3. Hyperbolic representation of the
variation of shear stress with relative

displacement
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(B6 )
S

8. It has also been suggested by Clough and Duncan~ that it is

desirable to determine the straight line for the test data by connecting

points on the curve corresponding to TO and 95 percent of the shear re-
sistance mobilized. The constants a and b are related to the ini-

tial shear stiffness K. and the ultimate shear resistance -r as:
i alt

a~~~~,—’ (B7 )

b =  
1 

(B8)

The relationships expressed by Equations B7 and B8 can be used to deter-

mine K
~ 

and T lt from the transformed linear hyperbolic plot shown

in Figure B3b by simply evaluating a and b

9. The tangent shear stiffness K
t 

at any point on the hyper-

bolic curve may be obtained by differentiating Equation B5 as:

K
t 

= 

~~s 
= 

(a +b ~ 5
)
2 (B9 )

From Equation B5 it is possible to obtain an expression for 
~ 

by re—

arranging terms to read :

— 
ar

S 1— b r

By substituting a , b , and as expressed in Equations BI, B8, and
B1O, respectively , in Equation B9, an expression for K

t 
can ‘be

obtained:

2
K = K. fl — 

,...L..,
’
\ (Bn )

St i\ T
ultJ

Experiments have shown that 
ult 

overestimates the actual value of the

shear stress at failure -r
f , and the ratio between two shear stresses

B6
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B1 
does not vary significantly for a given soil. By introducing the

failure ratio R
f 

into Equation Bll, the following may be obtained :

2I R ’t\
K = K.I1 — ... !_~~ (B12)st 1\ T

f /

10. From Mohr—Coulomb failure criteria, presented in Figure B~4,

NORMAL STRESS O~

Figure Bl~. Variation of friction resistance
with normal stress

the shear stress at failure may be related to the normal stress 0
n 

by

the following expression :

r C + a  tan d (B13)f a n

where C is the adhesion and t~ is the angle of skin friction.’ There—
a

fore , by substituting Equation B13 in Equation B12, the following is

obtained:

/ 2
j  R’r

K K.I1 — ~
‘ 

(B114 )
st i i  C + a  tan ô

\ a n

11.’ Laboratory studies by d ough and Duncan~ have shown that the

initial shear stiffness K. may be related to the normal stress o
1 n

B?

• 
‘ ...~~~~~~~ -. ~~~~at~~~~~~ 

-



by the following exponential relationship:

I m

K. = K
~Y

(t) 
(B15)

where y is the unit weight of water , 
~a 

is the atmospheric pressure,

and K~ and in are parameters that can be determined from laboratory

- tests.’ Equations B114 and Bl5 define a simplified and practical relation—
- 

ship which describes the nonlinear shear stress—displacement relation—

ship for the interface elements.’

P 

1 B8
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_ _ _ _ _ _ _ _ _ _ _

a,b Experimental parameters

A Equivalent cross—sectional area of r e in fo rc ing  strips

A Cross—sectional area of reinforcing s tr ip

c Cohes ion
C Adhesion

Modulus of elasticity of aluminum panel

E
e 

Equivalent modulus of elasticity

E. Initial modulus

- -‘ E Modulus of elasticity of galvanized steel reinforcing
~~ strips

E
t 

Tangent modulus

‘a 
Moment of inertia of aluminum panel per unit width

‘e 
Equivalent moment of inertia per unit width

I Moment of inertia of metal sheet at back of aluminum
X panel per unit width
K Hyperbolic loading parameter

K .’ Initial shear stiffness
1

Dimensionless nuinber

K Residual shear stiffness
r

K
t 

Tangent shear stiffness
L Length of beam (si) between any two rows of reinforcing

strips

Le Equivalent length

L Length of reinforcing strip

mf. Magnification factor

n Pure number ; also total number of strips in each row

I:” N Number of reinforcing ties in each reinforced elevation

‘
~a 

Atmospheric pressure
H
f 

Failure ratio
S Total axial stiffness of reinforcing strip

3
e 

Equivalent stiffness of plate substituting for reinforc-
ing strips

t Actual thickness of reinforcing tie
‘4 t

e 
Equivalent thickness of reinforcing tie in FE mesh

w Water content of soil

C2
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tJ Actual width of re inforc ing  t i

W
e 

Equivalent width of reinforc ing tie in F’~’.

Dry density of soil

Unit weight of water

ó Angle of skin f r ic t ion

A Shear deformation or displacement
A Displacement

Axial strain

A 1, A 2 
Stress levels; see Equations ic and 2c , respectively

‘v Poisson ’s ratio
o Normal stress
in

Tensile stress in reinforcing strip
o Yield stress
y

0
te 

Equivalent tensile stress in reinforcing strip computed
by FE analysis

0
1 

Major principal stress

0
3 

Minor principal stress

0
1 

— 0
3 

Principal stress difference

(01 
— 0

3~ 
Principal stress difference at failure

(o
~ 

— 0
3) 

~~ 
Ultimate principal stress difference

ult
‘r Shear stress

Peak shear stress
max

Ultimate shear stressult
~ Angle of internal friction

C3
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