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SYNOPSIS: R esults o f a param etric study to investigate the applicability o f  the finite e lem ent m ethod and to exam ine the effect of reinforcem ent 

m odulus on the behavior of a reinforced em bankm ent are presented. T he various com ponents o f a reinforced soil system  w hich include soil, 

interface and re in fo rcem en t are presented  and m odeled  by the fin ite  e lem ent m ethod. T he resu lts show  that both vertical and horizontal 

displacem ents in the em bankm ent and foundation  soil decrease w ith the increase in rein forcem ent m odulus, and the overall stability  o f the 

em bankm ent is im proved. F or the typical range o f geotextile strength m odulus o f  818 to 3500 kN /m , the reduction o f horizontal disp lacem ent is 

as high as 47 percent whereas the reduction of vertical displacem ent is only about 13 percent.

IN T R O D U C T IO N  T H E  F IN IT E  E L E M E N T  M O D E L

A param etric study to investigate the applicability of the finite elem ent 

m ethod and to exam ine the effec t o f rein forcem ent m odulus on the 

behavior o f re in forced  earth  em bankm ents is reported  in this paper. 

The finite e lem ent analysis o f reinforced earth em bankm ents has been 

conducted  prev iously  by Row e (1982), S chaefer and Duncan (1988) 

and o thers. T he creep  inclusive elasto -p lastic  constitu tive m aterial 

m odel for soil, and som e o f the elem ents used in this finite elem ent 

study have n o t been app lied  p rev iously  to m odel the behav io r of 

reinforced earth em bankm ents.

A typical em bankm ent reinforced w ith a single layer o f geotextile 

and constructed  over a very soft foundation soil is considered  in this 

study. T he entire  analyses w ere perform ed using the nonlinear plane- 

strain fin ite  e lem en t com pu ter program  T U SP IN  (Tavassoli 1991). 

This p rog ram  w as d eveloped  a t T u lane  U niversity  by ex tensively  

m odify ing the com p u ter program  SPIN 2-D  (B orja 1984) to include 

new types o f e lem ents and m aterial m odels for soil, reinforcem ent and 

interface. T he B orja  and K avazanjian  (1985) creep inclusive elasto- 

p lastic so il m odel, a d erivative  o f the C am -C lay m odel capab le o f 

m odeling soft clays under undrained, drained and consolidation is used 

to model both the em bankm ent and the soft clay foundation soil. In the 

absence o f creep , seven m aterial param eters are required to define this 

constitutive m odel. T hese param eters are virgin com pression index X, 

recom pression index k, slope M of the critical state line, reference void 

ratio ea at un it p reconso lidation  pressure and hyperbolic stress-strain  

param eters a, b and Rf. The value o f these param eters can be obtained 

from  the results o f  isotropic triaxial tests. TTie interaction betw een soil 

and reinforcem ent is m odeled by interface elem ents placed above and 

below  the re in forcem ent. T he param etric  study w as conducted  by 

using the control param eters based on an unchained loading condition in 

the foundation soil and a drained loading condition in the em bankm ent. 

In the p a ra m e d ic  study repo rted  in th is paper, only  the value  o f 

re in fo rcem en t m odu lus w as changed  w hile keeping the rem ain ing  

param eters at their control values.

T he general layout o f the typical em bankm ent used in the param etric 

study is show n in F igure 1. T he em bankm ent under consideration is 3 

m eters high with sym m etrical side slopes o f 1 vertical on 2.1 horizontal 

and is reinforced with a single layer o f geotextile placed on the original 

ground surface beneath  the em bankm ent. T he em bankm ent has a 6.1 

m eters w ide crest and is constructed in five lifts o f 0.6 m eter high each. 

T he foundation  soil is assum ed to be a thick deposit o f soft clay with 

the w ater tab le  located  at the ground surface. Due to the sym m etry o f 

the em bankm ent and the foundation soil, only one half o f the problem  

is m odeled in the finite elem ent analyses.

F ig. 1. G eom etry  o f  the contro l em bankm ent.

F in ite  E le m e n t M e sh

T he fin ite  e lem en t m esh used to m odel the typical em bankm ent is 

show n in F igure 2. T he geom etry o f the m esh is selected to assure the 

accurate  m odeling  o f  the em bankm ent, to m inim ize the effect o f  the 

boundaries on the behav ior o f the em bankm ent and to m inim ize the
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com putational cost. T he bottom  boundary o f  the m esh is located at a 

dep th  o f  6.1 m eters below  the ground surface o f the foundation soil. 

T h is  d ep th  w as se lec ted  from  the resu lts o f  a param etric  study 

(Tavassoli 1^91) w hich consisted o f  varying the foundation depth until 

little  o r no d isp lacem ent in the v icin ity  o f the bottom  boundary was 

obse rv ed . T h e  le ft side  boundary  o f  the m esh is ex ten d ed  to 

approxim ately  %6.5 m eters beyond the toe o f the em bankm ent and the 

r igh t side boundary  o f  the m esh is aligned along the centerline o f  the 

em bankm ent to reflect the effect o f  symmetry.

T he fin ite  e lem en t m esh consists o f  803 nodes o f  w hich 196 are 

pore p ressu re  nodes to m odel the undrained loading condition  in the 

foundation soil at the end o f the em bankm ent construction. The mesh 

consists o f  268 elem ents and is divided into 9 elem ent groups. These 

elem ent g roups represen t foundation  soil, low er interface, geotextile 

re in fo rcem en t, upper in terface  and the em bankm ent. T he elem ent 

group rep resen ting  the foundation  soil consists o f 162 eight-noded 

quadrilateral isoparam euic elem ents each with four pore pressure nodes 

at the four corners. T w o other elem ent groups contain the upper and 

low er in terface  e lem en ts . Each o f  these in terface elem en t groups 

consist o f  16 six -noded  isoparam etric  interface elem ents w ith zero 

th ickness and is p laced  betw een  soil e lem en ts and re in fo rcem en t 

elem ents. Sixteen three-noded isoparam etric bar elem ents are included 

in an e le m e n t g ro u p  to m odel the b eh av io r o f  the g eo tex tile  

reinforcem ent. Each of these bar elem ents is attached to an upper and a 

low er in terface elem ent. The rem aining five elem ent groups w hich 

consist o f  58 eight-noded isoparam etric elem ents with no pore pressure 

cap ab ility  m odel the  five  lifts  used in the co n stru c tio n  o f  the 

em bankm ent.
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------------------------------26 m ------------------

NO. OF DISPL. NODES =  803 

NO. OF PRESSURE NODES =  196 

NO. OF ELEMENTS =  268 

EMBANKMENT HEIGHT =  3 m

Fig. 2. F inite elem ent mesh o f  the control em bankm ent.

M a te r ia l  M o d e l F o r  F o u n d a t io n  Soil

T he foundation  soil is assum ed to be a thick deposit o f soft clay with 

unit w eight o f 17.3 kN /m ^ and an overconsolidation ratio o f 1.5. It is 

m odeled in the analyses with an elasto-plastic Cam-Clay material model 

using control properties established from  the published literature for the 

B oston B lue C lay (B orja 1984). T he control m aterial param eters for

th e  fo u n d a tio n  so il are  v irg in  co m p ress io n  index  X = 0 .15 , 

recom p ress io n  index k  = 0 .06, slope o f critical sta te line M =1.05, 

re fe ren ce  vo id  ra tio  e a = 1.74 a t a preconso lidation  o f  1 kP a and 

hyperbolic stress-strain  param eters a = 0.0062, b= 2.73 and R f = 0.9. 

T he undrained  shear strength  o f the foundation soil is assum ed to be 

6.7 kPa a t the ground surface, and to increase linearly with depth. T he 

horizon ta l perm eab ility  (K x = 0 .002 m /day) is assum ed to be four

tim es higher than the vertical perm eability (Ky = 0.0005 m /day) which 

is a typical condition for such a thick deposit.

M a te r ia l  M o d e l F o r  E a r th  E m b a n k m e n t

The earth  em bankm ent m aterial is a silty sand with a unit w eight of 

17.3 kN /ni^ . T he em bankm ent is m odeled as a drained elasto-plastic 

C am -C lay  m aterial using  the con tro l p roperties reported  by B orja  

(1984). T he contro l param eters for the em bankm ent m aterial are X =

0 .025 , k  = 0 .005, M =1.5, ea = 2.5 at preconsolidation pressure o f 1 

kPa, a = 0 .0 0 1 2 , b= 0 .77  and R f = 1.0. T he em b an k m en t is 

constructed  in five lifts using forty  load increm ents for each lift to 

ensure convergence. T he em bankm ent is assum ed to have a drained 

loading condition  since no significant excess pore pressure develops in 

the em b an k m en t du ring  the construction  due to its relatively  high 

perm eability.

G e o te x l i le  R e in fo rc e m e n t

T he sing le  layer o f geo tex tile  rein forcem ent is m odeled as a linear 

elastic m ateriel with failure assum ed to occur at Five percent strain level. 

T h is stra in  level is com m only  used by the U .S. A rm y C orps o f 

E ng in eers  (U S A C E  1989) in d es igns as the fa ilu re  crite rion  for 

geotextile. The reinforcem ent is assum ed to have a thickness o f 0.3 cm 

and a strength m odulus that varies from  0 to 3500 kN/m. T he control 

p a ram eter fo r the  g eo tex lile  m odulus is set at 1600 kN /m . T he 

re in fo rcem en t m odu lus is eq u iv a len t to Y oung 's m odu lus o f  the 

geotextile reinforcem ent m ultiplied by its thickness which is used in the 

com putation  o f  the tensile force in the reinforcem ent in term s of force 

per unit width. A reinforcem ent m odulus o f zero represents the case o f 

a conventional unreinforced em bankm ent.

In te r f a c e  B e tw e e n  Soil A n d  G e o te x lile

The m aterial m odel for the in terface betw een the geotextile and soil is 

assum ed to be governed by a hyperbolic m odel (C lough and Duncan 

1971). T he bond sueng th  o f the interface is governed by the M ohr- 

C oulom b slip crite rion , and once the bond strength is exceeded, the 

shear stiffness o f  the interface is autom atically reduced to a value close 

to zero  to m odel a slip  condition . T he bond strength  betw een the 

foundation  soil and the rein forcem ent is governed by the undrained  

shear streng th  a t the foundation  soil surface w hile the bond strength 

betw een the  re in fo rcem en t and em bankm ent is governed by friction  

angle o f  the em bankm ent m aterial (Rowe 1984). T he low er interface is

assum ed to have a  (j> = 0 ° , adhesion C  = 6.7 kPa and a failure ratio  R f 

= 0 .9  w hile the contro l param eters for upper interface are <j) = 37°, C  = 

0 kPa and R f  = 0.9. T he con tro l values o f  the shear stiffness and 

norm al stiffness o f  the interface a ie  9420 kN /m 3 and 1.5x10^ M N /m -l

respectively. A high norm al stiffness is used to prevent any significant 

vertica l defo rm atio n  in the in terface . T he con tro l value o f  shear 

stiffness o f  the interface resulted in no significant relative m ovem ent in 

the interface.

B o u n d a ry  A n d  L o a d in g  C o n d itio n

T he bottom  boundary o f  the finite elem ent m esh is located far enough 

fro m  th e  su rface  o f  the  fo u n d a tio n  so il to be a ffec ted  by  the 

c o n s tru c tio n  o f  th e  e m b a n k m e n t, as d isc u sse d  p re v io u s ly . 

A ccord ing ly , it is restrained  in the horizontal and vertical directions 

throughout the analyses. T he left and right side boundaries o f  the mesh 

are fixed in the horizontal direction only. T hese boundary conditions 

m odel the infinite extension o f the foundation soil on the left hand side 

o f  the em bankm ent, and the condition o f sym m etry along the centerline 

o f  the em bankm ent. In addition, no drainage is allowed at the bottom  

boundary  o f  the foundation  soil (im pervious). H ow ever, d rainage is
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allow ed at the surface  o f the foundation  soil. T he em bankm ent 

construction is sim ulated by placing five lifts in five construction days 

and by applying 40 load increm ents for each lift. Although drainage is 

allowed at the ground surface boundary, the low perm eability o f the 

foundation soil and the rapid construction period of five days model the 

undrained loading condition  that exists during and at the end of the 

em bankm ent construction.

E F F E C T  O F  R E IN F O R C E M E N T  M O D U L U S

Four different analyses are perform ed on the typical em bankm ent using 

rein forcem ent s treng th  m oduli ranging from  0 to 3500 kN /m . A 

co nven tional em b an k m en t w ith the con tro l param eters  and no 

re in fo rcem en t (stren g th  m odu lus o f 0) w as m odeled  in case 1. 

Analyses o f cases 2 through 4 represent em bankm ents reinforced with 

geotextile m oduli o f  818, 1600 and 3500 kN /m , respectively . A 

reinforcem ent m odulus o f 818 kN /m  is within the range of strength 

modulus for Advance T ype I geotextile (613-818 kN/m), reinforcem ent 

m odulus o f  1600 kN /m  is close to value o f strength  m odulus of 

Stabilenka 200 (1900 kN /m ), and a reinforcem ent m odulus o f 3500 

kN/m  is sligh tly  h igher than the strength m odulus o f high tenacity  

woven p o lyeste r g eo tex tile  (3360 kN /m ). In each of the analyses, 

horizontal d isp lacem ent along profile A-A located at distances o f 6.7 

m eters aw ay from  the cen terline  o f the em bankm ent and vertical 

disp lacem ent at the em bankm ent centerline at the ground surface are 

com pared (see Fig. 1). In addition, tensile force and tensile strain in 

the reinforcem ent are com pared.

T he pattern  o f  vertical d isp lacem ent along the ground surface is 

sim ilar in all cases w ith a sm all heave occurring im m ediately beyond 

the toe o f  the em bankm en t and a m axim um  vertical d isp lacem ent 

occurring  beneath  the cen terline o f the em bankm ent at the ground 

surface. A m axim um  vertical d isp lacem ent o f 13.5 cm  occurs at the 

centerline o f the unreinforced em bankm ent. T he m axim um  vertical 

displacem ent decreases to 11.7 cm  at the centerline o f the em bankm ent 

as the reinforcem ent m odulus increases from  0 to 3500 kN/m resulting 

in a 13 percent reduction.

The pattern o f  horizontal d isp lacem ent along profile A-A is sim ilar 

in all cases w ith the m axim um  horizontal disp lacem ent occurring near 

the ground surface and the m in im um  displacem ent occurring close to 

the base o f the m esh. A m axim um  horizontal displacem ent o f 18.1 cm 

occurs a long  pro file  A -A  a t a depth  o f  0.9 m eter below  the ground 

surface o f  the conventional em bankm ent. The m axim um  horizontal 

displacem ent decreases to a m inim um  of 9.5 cm  at the sam e location as 

the re in forcem ent m odulus increases to 3500 kN /m  for a 47 percent 

reduction.

M axim um  horizontal displacem ent along profile A-A near the toe is 

norm alized by the width o f the em bankm ent. In addition, m axim um  

venical displacem ent at the centerline o f the em bankm ent is normalized 

with respect to height o f the em bankm ent. The norm alized ratios give 

the percen t o f d isp lacem ents that have taken place with respect to 

d im ensions o f the em bankm ent. Table 1 lists the m axim um  horizontal 

displacem ent, vertical displacem ent and the resulting normalized ratios. 

In this table L  is the m axim um  horizontal displacem ent at profile A-A, 

D is the m axim um  vertical displacem ent at centerline, W  is the width of 

the em bankm ent (19.5 m ), H is the height of the em bankm ent (3 m) 

and F is the m axim um  tensile force at the centerline o f the embankment.

T a b le  I .  C alculated  response for various reinforcem ent m odulus.

M odulus

(kN/m)

L

(cm)

D

(cm)

L/W

(%)

D/H

(%)

F

(kN/m)

0 18.1 13.5 0.94 4 .4 0

818 15.2 13.2 0.8 4 .3 20

1600 12 12.7 0.63 4.2 32

3500 9.5 11.7 0 .49 3.8 46.7
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Fig . 3. E ffect o f  rein forcem ent m odulus on horizontal displacem ent.

D evelopm ent o f the tensile force is sim ilar in all cases, nam ely the 

tensile fo rce  in the re in fo rcem en t increases w ith d istance from  the 

em bankm ent toe tow ard its centerline. A m axim um  tensile force o f  20 

kN/m  occurs in the reinforcem ent at the em bankm ent centerline in case

2 w here a re in fo rcem en t m odulus o f 818 kN /m  is used. A s the 

reinforcem ent m odulus increases from 818 to 3500 kN /m  in case 4, the 

tensile force in the rein forcem ent at the centerline o f the em bankm ent 

increases to 47 kN/m . T he tensile strain in the geotextile also increases 

gradually from  zero at the em bankm ent toe to a m axim um  value a t the 

centerline o f  the em bankm ent. However, as the reinforcem ent m odulus 

increases, tensile strain  decreases in the reinforcem ent. Case 2 with a 

reinforcem ent m odulus o f  818 kN/m  results in a m axim um  strain o f 2.4 

percent in the reinforcem ent at the centerline o f the em bankm ent. The 

strain  d ec reases  g rad u a lly  to a m in im um  o f 1.25 p ercen t at the 

centerline o f the em bankm ent in case 4 where a reinforcem ent modulus 

o f 3500 kN /m  is used. A ccordingly, a reduction o f 48 percen t in the 

m axim um  tensile strain is achieved by about a four fold increase in the 

geotextile m odulus. In addition, the strain com puted in all cases are 

well below the five percent strain typically used in designs as the failure 

criterion  fo r geo tex tile  re in fo rcem en t. T he m axim um  horizon tal 

displacem ent, m axim um  vertical displacem ent, tensile force and tensile 

strain versus reinforcem ent m odulus for analyses o f  cases 1 through 4 

are plotted in F igures 3 through 6, respectively.
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Fig . 4. E ffect o f  reinforcem ent m odulus on vertical displacem ent.
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Fig. S. E ffec t o f  rein forcem ent m odulus on tensile force.

REINFORCEMENT MODULUS (kN/m)

F ig . 6. E ffec t o f  re in forcem ent m odulus on tensile strain.

C O N C L U S IO N S

P aram etric  study reported  in  th is paper show s that fo r an undrained 

lo ad in g  co n d itio n  in the  fo undation  so il, horizon ta l d isp lacem en t 

d ecreases as the re in fo rcem en t m odulus increases. For the typical 

ran g e  o f geo tex tile  m odulus o f  818 to 3500 kN /m , the reduction  o f 

m axim um  horizon tal disp lacem ent is about 47 percent. H ow ever, for 

very high reinforcem ent m odulus, the effectiveness o f reinforcem ent in 

increasing the stability o f the em bankm ent m ight dim inish if slip in the 

in te rface  takes place. T he m agnitude o f  vertical d isp lacem en t also 

decreases as reinforcem ent m odulus increases. H ow ever, the reduction 

o f  vertica l d isp lacem en t is on ly  abo u t 13 percen t fo r the range o f 

geo tex tile  m odulus d iscussed  above. In addition, tensile force in the 

reinforcem ent increases as the reinforcem ent m odulus increases.
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