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ABSTRACT: The case of a rigid wall retaining :I reinforced cohesillIlless fill ttLlt r the research coHries;\ lIIlif')[lll sllreh;llge In ;,,1 li;lS heen :lIl;li\7ed based on !he lilni! cl]lIilillrill!l1 
, R oorkoc and "1'1'1'O;\cll. The rcinforCCIJlCIlt Illay he in tilc forlll of q~ ips or Illats tilat ;lIe not
. 11ulnks are 

connected to the w:l11. This aIlah'sis considers the stahilitv of :In elemellt of the r on. word­
failun: wedge. which is assumed t'o devdop ill the reilliorced earth Illass adjoining 
the back face of the wall. Nondimensional design char:s have been developed for 
computing the resulting lateral earth pressure on the wall and the height of ils point 
of application abovc the base of the wall. The theoretical findings have been verified

~Wn.J. Odord 
in two different sets of mod el tests o n a rigid wall that is retaining a dry sand fi ll ~83, pp. 235­
and that is reinforced by aluminium and bamboo strips, Experimental results are 
in good agreement with the theoretical predictions. An applied exar.lple for an 8­

Non-Indus­ m high wall illustrates the design procedure., New Delhi , 

d Roof Sec­ INTRODUCTION 
rUlii Environ-' 

Reillforced earth wall construction 	is becoming popular in many coun­'eriodic Heal 
;pIng andAir 	 tries. In this type of cOllstruction, the reinforcing strips are cOllnected to 
• 18, (l 9l46) the wall [Fig. 1 (a)]. The lateral thrust on the wall is almost eliminated due 

to the development of soil-reinforcement interface friction and bearing. mal Perform­
I Climatic Therefore, a thin wall element known as skin is found adequate to retain 

ks7. Central the backfill resulting in considerable ecollomic savings. However, in India,
1987. the technique has not yet found acceptance due to limited awareness of the 

approach among practicing engineers, as well as the high cost of reinforcing 
geoeous con- materials. An alternative technique is a rigid wall in which the backfill is 

reinforced with strips IlOt tied to the wall [fig. l(b)]. This technique is 
construction considered appropriate and acceptable to 1 ndian conditions. III this type of 

construction , the earth pressure on the wall is reduced significantly . Further, 
there arc economic benefits due to the elimination of fixtures, the use of 
cheaper reinforci ng materials such as bamboo strips, anel a reductIon in the 
level of skilled labor required. 

Some studies on the performance of rigid walls with reinforced backfi ll 
od) (i.e., reinforcing strips not attached to the wall) are reported in the liter­

ature. On the basis of model test results, Hausmann and Lee (1978) reported 
about a 40% reduction in the moment at the base of the wall by reinforcing 
the dry cohesionless backfill soil. Nondimensional design curves were pro­
vided by Talwar (1981) fer computing the resulting lateral earth pressure 
and ' the height of its point of application above the base of a rigid wall 
retaining a reinforced cohesion less fill. 

These studies illustrate the effectiveness of unattached reinforcement in 
red'Jcing the lateral earth pressure on a rigid wall. However, the effect of 

lProf., Ci\,. Engrg. Oer!.. Univ. of Roorkee , Roo rkee 247 667. India. 
lSci .. Central Bldg. Res. Inst.. Roorkee 247 667 . India.	 , 
'(' hf T r , . II :III " ,C; r F II !-O I ~: ;\ " \ i r;, lJ ' , I' N(' I I ( I I; d 1i ! ; I t) NIl H (). (' " I" 111 \"l (1, Sri 

Ldtlk:t. 
Note . Discussion open ulltil May 1. 19<)3 . To extellu the closing dale aile month, 

a written request must be filed with the ASCE ~1 al1ager of Journals . The manuscript . 
for this raper was submitted forre\ 'iev," and rossihle publication on Februar\' 1-: 1<)S)O, 
This paper is part of the Journal of Geu{echnical EIlRineerillR. ~H..:.~ l.L 12. 
Dccember:, I YSQ ~, A SCE, ISSN 07:1:1-Y'+)()C)2,'()OI2-1K6Y/SiI.(){) + $.1) per page. 
Papl.'t No. 27()OO. 

1869 



R, info r cem,nt notRei nlorc' ''' ,nt att acned 
a tt a c hed to .... allto Ikin 

~-- Wall ---4 

(b1 

FIG. 1. Sections: (a) Reinforced Earth Wall; (b) Rigid Wall with Reinforced Backfi" 

external loading on the surface of the backfilled earth was not considered 
in these studies . In practice, the backfill often must support external load­
ings. Thus, there is a need to develop an analysis for the design of rigid 
walls that retain reinforced fill while supporting external loading on their 
surfaces. An attempt has been made to develop an analysis applicable to 
both strip and mat-type reinforcements. 

T HEORETICAL ANA LYSIS 

The following assumptions were made in order to proceed with the anal­
ysis of a rigid wall retaining reinforced fill: 

1. The backfill is homogeneous, isotropic, and cohesionless. 
2. The coefficient of friction between the soil and the reinforcement is 

Independen t of the overburden pressure and the dimensions of the rein­
forcement. 

3. The failure surface is a plane passing through the heel of the retaining 
\vall. 

4. The frictional resistance offered by each reinforcing strip to the lateral 
movement of the wedge is uniformly distributed over a fill height equal to 
the vertical spacing of the reinforcement encompassing that fill layer. 

. S. Only the part of the strip that experiences movement of soil , relative 
to itself. will be assumed to be contributing frictional resistance. 

6. The retaining wall rotates about its base and away from the fill suf­
ficiently to cause mobilization of full soil-strip frictional resistance . 

7. No water pressures develop within the reinforced backfill. 

This analysis is for a reta ining wall of height H with a vertical back face. 
The wall retains a cohesion less backfill that has a dry density -y and an angle 
of internal friction ¢ . The backfill carries a uniform surcharge of intensity 
q. The backfill is re inforced with unattached horizontal strips of length L 
and width w. placed at a vertical spacing of S:: and a horizontal spacing of 
5,. A failure plane Be. making an angle 8 with the vertical. passes through 
the heel of the retaining wall (Fig. 2). 

The frictional resistance offered by a reinforcing strip will he located in 
the sho rter portion of the strip. which moves relati\e to the failure plane. 
The shorter portion of the strip is referred ,I S the effective length. For 
e\~\l11ple. it strir Of is cut by failure plane at E. thell the effective lellgth 
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Failure Wedge and Various Intensities of Forces Keeping .Element IJKM 

will be either DE or EF. In the case in which the portion of the strip length 
within the wedge DE < EF, then EF will not move out of the soil mass . 
DE will come out of the wedge as the latter moves away from the stationary 
portion of the backfill. If EF < DE, the strip will move with the fa ilure 
wedge, pulling length EF out of the stationary mass of backfill. Therefore, 
the effective length of the strip will be the smaller of DE or EF. A reinforcing 
strip, located completely within the moving wedge, will not contribute any 
frictional resistance to the movement of the wedge . 

An element IJ KM (Fig. 2) of the failure wedge of thickness dy, located 
the top of the wedge, is in equilibrium under the 

following intensities of forces: P,· = pressure intensity acting uniformly on 
IJ in the vertical direction due t6 the self-weight of the backfill lying above 
11 and to the uniform surcharge q; (P, + dpJ = uniform reaction intensity 
acting upward on KM in the vertical' direction; pfJ = reaction-intensity on 
JK acting at an angle <t> to the normal on JK; p = pressure-intensity on 1M 
acting at an angle 0 to the normal on 1M; an = vertical stress due to the 
weight of an element lJKM acting downward, or 

....... . ............ .. .. . .................. . .... . (1) 


(TlSJ = intensity of tension in the reinforcing strip, which· is 
assumed to be transmitted uniformly to the soil layers of thickness S: en­

Neglecting second-order and higher orde; terms, the static equilibrium 
f an element IJKM ('2.H = O. '2. V = 0, and '2.M = 0) of failure wedge 

ABC (Fig. 2) yields the foJJO\ving relationships: 

p cos 0 + ( 
. . ..... ... ... . ... , . . .. .. ... .. . , . ..... . .. (2)


<b )sec 8 

+ -y (H - y) 
H - \' (H 

p sin 0 
- yltan U 

Po sec tJ sin( tJ + eI») 

(H _ Ll
rltan v 

" .... (3) 
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ell), 2p sin & 
= 'Y -	 .... . .... . ............. . .. . .......... (4)


dr (1-/ - y)tan 0 

;\]1 notations used are explained as shown in Fig. 2. Substituting PII from 
(2) 	into (3). equating it with (4). and solving for p. we get 


p\ tan 0 r tan(8 + ¢) 

jJ = 	 ........ (5) 


cos 8 tan(8 + cb) - sin 8 cos 8 tan(8 + <1» - sin 8 

011 differentiating (5). substituting for (dp ) dy) from (4). and using trig ~ 
.onometric identi~ies . 

dp 	 P dr
J;, = - C H _ y + C2 'Y - CJ dy .. .. .... ... ... . .......... . ... (6) 


where 

2 sin 8 cos(8 + ¢)
CI = -----'------' ­

sin(8 + <I> - 0) 


tan 8 cos(8 + <1»
C, == 

sin(8 + <I> - 0) 

sin(8 + <1» 
CJ = sin(8 + <I> - 8) ........ ... . ... .. . .. ........ ......... .. . (7) 

Tension T at the limiting equilibrium can be taken as 

T = 2wf;(J)' .. ..... ........ ................. ..... ...... .. . (Sa) 
x 

where [' = effective length of strip, and 

(J,. = (Y + d;) 'I + q . .. .. .... .... . ...... . .. .. .. . ....... (8b) 


where q = uniformly distributed external loading on the surface of the 
retained soil. l' will vary for each reinforcing strip, depending on the wedge 
angle 8 and the length L of the strip as shown in Fig. 3. 

1. Case 1: H tan 8 < (LI2) 

/' = (H - y)tan 8 .... . ...................................... (9) 

2. Case 2: (LI2) s; H tan (1 s; L 

L 
. ...... .... . .. . . ... . ... .. .. .. .. . . .. ... . . (l Ua)
(H 

2 

or 

L
Z I = 1-/ - --:;- cot (3 .. ..... . . ... .. ... . ...... .. . ... ..•. . ...... (I Uh) 

/' = L - (1-/ - \')t~ln O. . ........... . . ... .. .. .. (llk) 
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3. Case 3: I-I tan 0 ::::: 

(/1 - Z 2) tan 0 

or 

22 H -

alld 

or 

L 
Z) = H -

therefore Z:J = 

/' - (), lor y 

/' = L (1-/ 

/' (1-1 -

L1, 

, " •••••••••••••••• ••••• • t • ••• • 

3. Effective Length Criteria of Reinforcing Element 

y)tan 0, for y > 21 ( II ) 

L 

= L ( 12a) 

L cot 8 .......... . ... . ... .. ............. .... .... (12b) 


L
2 ................................ . ....... (12<.:) 


2' cot 0 ......................................... (12d) 


Z 1 

~:; L2 ....................................... ([]) 


- y)tall 0, lor L2 :'5 Y :'5 Zl ............. . ..... (14) 


y)tan U, 1'0 r y > 2:J ........ .. ....... . ....... . ... (15) 


Z2, and Zl arc shown in Fig. 3. 

Dillerclltial cquatioIl ((l) is solved for thesc thrce casessepara tLiy. BO ll lld ­
:I!\' co nditiolls lor the tllf'.~e c:.tses are as follows: 

Htan 8 H tan 9 
f-----j ~ ~I 

Tro­
':::-::;~----F

( 
I 

Ii I 

1 
°~ ' -ci 
3: 

k-- L 
( u) ( b) 

( c) 
Cose3 : Htonl9>L 



: 

' 

l. C ase 1: /J t a ll 0 <: L 12; [see Fig. 3(a ) ] 

1) '1 = Cj, at y = 0 . . .. ................ .... ..... ......... . . (lo) 


Pressure intensity fJ in this case is represented by PI ' 
2 . Case lL: LI2 < H tan 0 <: L ; [see Fig. 3(b)]. Pressure illtensi~ies ill 

this caSe are represen ted by fJ2 andp 2 in zo ne Z I and H - Zl, respectively. 
3. C ase Ill: J1 tan 0 > L ; [see Fig. 3(c)] . Pressure intensities ill this case 

are represented by p ), p ;, a nd p~ in zones Z2, Z3 - Z2, and H - 2), 
respectively. 

The procedure for de riving e xpressio ns for pressure intensity, resultant 
earth pressure, a nd the he ight o f the po int of application of the resultant 
earth pressure above the base o f the wall is discussed for case I o nly. Similar 
procecJul cs have been adopted for cases II and Ill. 

In case I, tension stress t is 

[ .(y + dY) J2wf*(H - y)tan 0 "'{ 2 + q 

= -------------------------------- ..................... (17) 

D ifferentiating (17) and omitting slllall quantities of second order gives 

cit = 2wf* tan 0 [(H _ 2y))' i q] ... . ........ .. .. . ... . ..... . . (18) 
dy SxSz 

dI = K [_(f_I_2---=-y--,-)--~qJ ....... .... .. ... .. ... .. .. .. ........ (19)

(Iy )' 

where 

K = 2wf*"'{ tan 8 Dp . 2"'{ ~n 8 ... .. . .. ........ .. .... .. . .. . (20a)

SJ. Sz 

where 

D = f*wH 
p SxSz .. .... ....... ... .. ... .. ... .... ... . ... .... .... . (20b) 


11 may be noted that Dp is a nondimensional coefficient. For a given 
height of wall H and rei nforcing material (f* and w), Dp is controlled by 
the horizontal and vertical spacings of the reinforcement and is termer! the 
spacing coefficient. Eq. (6) now becomes 

:i; = -c (f/~ y) + C,'Y - C,k [( H - 2y) - ~J ... ...... .. (2l) 


Substituting C4 [or C] K 

dfJ - _ C P [ q]ely - I H y + C2"'{ - C4 (H -:- 2y) - ~ . .. ........ . ... (22) 


The clifferential equation (22) is solved for the relevant boundary con­
dition, i.e., VI' = {f at y = 0, and yields the following solution: 
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PI 


:; ) 

+ [(I
In 

se 
I. 	 (1 ­
-')., 

where 

is -(I - :J'J 
L \ CI] + (1 _L)CI [q tan 0 - lqo tan«(:) +. <1» ]I 	 ....... (23) 

Hj 	 H cosatan(8 + <?) - sma 

2wf* Hq tan ()mt 
ICI l! = S S .... . .... . . . ... ..... . ....... . ... ......... (24) 

lIlt x z 

lia r For presenting the results in nondimensional form, lateral earth pressure 
PI is considered to consist of the following two parts: (1) Latera l earth 
pressure due to backfill earth PI-y; and (2) lateral earth pressure due to 
surcharge load Plcl; i.e. 

PI = PI-y + Plq ............................................. (25) 

l17) 

wile re 

ves 
1I'"~ ~ - [ (\ :J ( ~) e,] [(lC~~~,)

(1 8) 

. .. ................... (20)
+ [(1 - ~r -(1 ~rJ( 19) 

and 

(20a) 
1'", ~ ~(~~~,) [(1- ~)" (1 --~)] + (1- ~r 

q tan e - tqv tal1(8 + ¢)] 
................................ (27) 


. , [cos 8 tantO + ¢) - sin 8(20b) 

Expressions for pressure intensities Ph' P2'j' P2'1' 3nu Pl.'1 [fig. 3(6)] for 
given case 2 (lnu Pl-y, V1-y, p~-y, P:\ 'I ' pi ]'1' p\ lFig. 3~c)] for case 3 were obtainet.l 
ed b y by the same approach (Garg 1(88) . 
trl the The nondimensional expressions for rressure intensities were o btaincu 

by dividing the terms P l-y' P2-y, fJ;-y, Pl-y ' P~ -y , (lnu p~-y by -yll and P lcl' P2 cl' 
I I • 1 1/ l 

/) 2'1' /)\'1' Pl'I' ,1l1u P:\ cl )Y (I· 
Expressions for pressure intensities are integrated over their respective 

. (21) 	 uO l1lail1s to obtain the resultant pressure . The distance of the point of ap­
plication of the resultant earth pressure is first obtained from the top of 
wall by integrating the moment of pressure intensity in each case and t.lividil1g 
it by the respective resultant earth pressure. The height of the point of 
application of the resultant earth pressure above the base of wall is obtain:d 

. (22) by subtracting this distance from the total bei6ht of the wall . 
The resultant e,lrtll pressure and the height of its point of application 

~ CO[1­
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d S loll(Jws: 

t l H e lse l: 

K-.( == 
f " jJ1 'f ely

il 
.. . . . ... .. .. . ........ . . .. . . .... . . (28) 

. ... . ........ . .. . .. ... . .. . . .. ... ... . . . (29) 

. ....... .... .... . ... . . . ..... . ... .. . .. . (30) 

.. . . .. .. .. ..... . ...... . . .. . .. . . . .. .. . (31) 

j ZI fH 
p;-y dy

II Z, 
........ .. . . . .. .... .. . (32) 

fI (1" p" dv + J~: Po, dY) 

... . ......... .. ...... . .. (33) 

qH 

H (f' p", ,iI 

(34) 

. . . .. .. . . . . . . .. .. ... .... (35) 

+ r (J~ " ell') 

1 ­

P1q 
qH 

Hq 
1 ­

H 

fo r case II: 

Jf! P . V· dv
U 1'1. • 

H 1"/ Pl 'f ((v
0 

IHpl q dY ' 
o . 

qH 


IH P ·y·dv
o lq • 

H IH Plq dr o . 

P2 'f dy + 

1 -

Pey 

qH 

1­

for case Ill: 
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I lor!ll 

K.., = 

1­ .. ... .. . . . .. (37) H 

· (28) 

H ( (22 P3'f dy + J2) P~'f dy + J. P~'f dY)Jo Z2 Z ) 

ZL2 P3" dy + J: ) P~q dy + J~: P~" dy 
. . (29) 	 2 

. (38) 
qH 

...... . .. .. . (34 ) 


. . (30) 

It should be mentioned that the closed-form solutions of these equations 
have been obtained. The details of the derivations are available dsew her~ 
(Garg 1~8H) . 

. . (31 ) 	 PARAMETRIC ANALYSIS 

Eqs. (28)-(39) were solved using the following runges of the listed pa­
rameters: c!> has a range of 300-400, at So intervals (w here 8 = 2/3«» ); /)" 
has a range of 0.2-2.0, at variable intcrvals; and LlH has a runge of (),I I ­
1.0 o f in tervals of 0.2. 

A typical plot of nondimensicnal pressure-intensity coefficients with the 
height of the wall is shown in Fig . 4. It is ohserved that the pressure il1tensity 
becomes negative somewherc along the height of the wa ll, depending u po n 

· . (32) 	 the angle of internal friction c!> of the soil and the amount of reinforceme nt 
(0 " and U H) in the fill. The resultant earth pressure is ohtained hy inte­
grating the positive earth-pressure intensity diagram and then maxi mizing 
it with respect to the wedge angle 6. This leads to the critical wedge angle 
8". Resultant active earth-pressure coefficients and the corresponding po ints 
of application were obtained using 6u in (28)-(39) . They are shown in Figs. 
5-7. 

It may be noted from Figs. 5-7 that the nondimensional coefficients, K
· . (33) and K'I' diminish sharply with an increase in the LlH ratio up to aruunJ 

0.6, and thereafter either become constant or decrease marginally depending 
on the values of D I and ¢. Further, K'f and K" diminish with an increase 
in the spacing coe(ficient f),,; this redu,ction in thei_r values heCOllle insig­
nificant wht:n [),I > 1.0 . The plots of (/I'flll) and (1/)/1) \Figs . 5(/J)-7(/J ) \ 
show that tile points of application of the resultant earth prt:ssurcs sh ilt 
sharply downward toward the base of wall for LI H 2' 0 .6 . 

. . (34) 
MODEL TESTS 

Verification of the analytical findings was attempted using model t::<.per­
illlents on a 12-mm thick mild steel wall (L = 865 I11Ill and If = l)l)() mm ) 

.. (35) 	 1877 



~ yI J'H l-y/rH h/rH 

0,12 0 ·12 0 ·24 012 0 ·24 O·H. 


030 

0 · 40 

1. ().50 
H 

Dp =1·0 
LI H=O-2 =Jet 

D;=O''5 

FIG. 4. Infl uence of ¢, LIH, and Spacing Coefficient Dp on Pressure Distribution 
Pattern behind Wall 

~: JO· 

o· 5 ~--r----r---.----r----" 0 ' 5 ,----r-"7'*'...::---r---r----, 


K -.!L 

(a)o· a L-_L--_-'--_!-_!-_____' 

Kq:~ ' 
qH D :0-0 

~~~==_--!--.--:;..J:....:~~ 

O' J 
fu 
H 
0 · 2 

0 , ' 

( b)
0 .0 '--_~_.L--_'--_'--~ 

(}4 

Kg 
H 
02 

FIe
'r - ' /2tHl0 · 4 Ap 

Op: 0 ·0 = 
0· 3 ~~=------:--~ 


Kr 0 ·2 
 sa 
O· 2 34 

0 ·5 en 
1' 0 12O' , 
10 10 

b e. 

bl 
O· J th 

oi 
cI 

Itq 

0 ' 2 
gl 
II' 

0·' () 

a 
o a L..----JL..----JL-l..:~~_____'_----l 0 ·0 L...-._-'--_.L......l..-'-'--_'-----< It 

0-0 0· 2 04 0-6 O' 10 0 '0 02 04 0·6 O. 1·0 
fI 
-I 
s 

L/H L/H 

FIG. 5. Nondimensional Charts for Resultant Pressure and Height of Point of a 
Application: (a) a and b Due to 8ack1ill; (b) c and d Due to Surcharge Loading (¢ 
= 30°) r 

I 

in a tank with dimensions shown in Fig . 8. A loca ll y available uniform sand 
(Di ll = 0.09 mm. Un ifi ed Soil CIJ ss ifica tio n Sys tem (USCS) gro up sy mbo l 
= SP . en"" = 0.<)9 , ell • II , = 0.535, DR = 7Ylc. -y = 16 kN /m-' . anu <b = 
39°) \V a 5 use u . Stri ps of aluminium (width = ~ . OO em. thickn ess = 0.03 cm) 
anu b,lrn boo (width = 2.2 cm. thi ckne ss = 0. 103 cm) were useu as rein­
fo rcem en t. T he '\Il g. l ~s l) f slidin g. fr ic tion be t\vee n the reinforce ment and the 
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sand determined from laboratory hox shear tests were found to be ]00 a nu 
34°, respectively. The intensity o f normal stress was varied fro m 0. 2) kg/ 
cm2 to 2.0 kg/cm2 . A section of one side of the tank was col1'structcd nf a 
l2-mm thick glass sheet to allow observation of the rupture surface . The 
lower end of the wall was ground to a knife edge and WilS fixed to the tililk 
base through hinges . 

The lateral thrust on the wall was measured hy a horizolltally helLl cali­
brated proving ring attached to a screw jack at a height of 4S0 mm above 
the base of wall. The lateral displacement of the wall was reco rded us ing 
dial gages at three difkrcnt heights on the wall. The wall was in itiall y 
clamped in a vertical rosition, and fill was placed by a rainfall tcchnique to 
give an average ury density III I (,.() kN /Ill' (f)/i = 7YYr, ) . The lill was pl;lcnl 
ill layers, anu the top surlace 01 e;lch layer was leveled prillr tt) the plaeL'IllL' nl 
of reinforcing slrirs al Ihe srecified horizonlal sracing. The stri p" were 
aligned rerrendicularly to the wall, just touching its inner fan.'. Su rcharge 
loading was arrlied by cast-iron weights rlaced over a mild skd shL'd tll;lt 
rested directly on Ihe surface of the fill reinforced wilh alulll ini um slrirs . 
Tests wilh surcharge loading onlhe surface of the fill reinl()rced with 1) ; llllh()(1 

strirs could not he perlorllled uue to lack of time . The w;dl W;IS UIlC\;lIl1pL'd 
alter the full height of the backfill was attained and surcharge IOdd was 
arrlied (if aprlicahle). The thrust correspol1dil1g to these conditi(Hls W;lS 
recorded. Subsequel1lly, the wall was allowed tll rolale gradually ahllut its 
hase hy operaling till: scrl:W jack. Thl: force corresponding to e;lcll positi (lll 
or till: Willi was recorlied as till: rotation of Ihe wall was contilllled hl:yond 
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FIG. 8. Dimensional Sketch of Test Tank A1 

that ne~ded fo r the ac ti ve sta te. The shape LIn d size of the failure wedge in 
~ach tes t was obse rve d by breaks in bands of co lo red sand through the glass 
piette. 

Detalls o f the te sts pe rfor med o n the mode l retaining wall in th e la bo ­
r,lt ory are prov id~ J in T abk 1. As evid~n t fro m thi s ta ble, th e test co nditions 
\\e re \ ar ied to sh ow th e intlue l1c t? s o t' D" . th e L f-I rati o , and the surcharge 
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TABLE 1. Details of Model Tests 

Test Details Intensity of 
surcharge 

loading 
Test number 

5, 5: 
(kN m2)(cm)Reinforcement LH (cm)Dr 

(1 ) (3) (4) (5) (6) (7)(2) 
, ,- . - .- -I None 

02 Bamhoo 0.2 1.0 21 3:' 
21 14 03 Bamhoo 0.5 1.0 

4 
5 
6 
7 
8 
9 

10 
II 
12 
13 

Bamboo 
Bamboo 
Bamboo 
Bamboo 
Non'e 
Aluminium 
Aluminium 
Aluminium 
Aluminium 
Aluminium 

0.5 
0.5 
0.5 
0.5 .
-

0.2 
0.5 
0.5 
0.5 
0.5 

O.S 
0.6 
OA 
0.2 

a-
1.0 
1.0 
1.0 
0.6 
0.4 

21 I 14 0 
21 14 0 
21 14 0 
21 14 0 
- . . 10.0 

22.00 52 0 
21.75 21 0 
21.75 21 10.0 
21.75 21 10 .0 
21.75 21 10.0 

'Unreinforced fill. 

intensity q on the resulting lateral pressures. A typical set of results is shown 
in Fig. 9. and a summary of all the results is given in Tables 2 and 3. It mayof 
be noted that the results are presented in the form of moments . obtained (Ij> 
by mUltiplying the observed lateral thrust by the moment arm of 450 mm 
(the height of the screw jack above the base of wall). Details of the test 
setup and procedure are gi\"en elsewhere (Garg 1988). 

In the preliminary eyaluations. the measured moments were found to be 
significantly lower (40%-50%) than their respective theoretical values. Thus. 
a method to correct for end effects was needed. 

The height of the test wall (99 cm) was slightly more than its length (86 .5 
cm). A common observation in almost all the model experiments was that 
during the initial stages of the outward movement of the screw jack. which 
resulted in reduced earth pressure on the wall, the wall either did not move 
at all or moved insignificantly, confirming that the resisting frictional forces 
on the two sides of the test tank were at least partly responsible for the 
experimental values of the active earth pressure being lower than the the­
oretical ones . Side frictional force could be estimated by assuming an ap­
propriate angle of wall friction for steel and for glass . The value for steel 
01 was taken equal to 2/3<h. the same as for the test retaining wall. and that 
for glass &~ equal to 1I3<h. 

The area on the two opposite sides of the tank that contributed to the 
resisting frictional force was assumeL W be bounded by the triangular failure 
wedge in the active condition. Mathematical expressions derived to compute 
the frictional forces and their moments are as follows: 

Ph = (;
1 

[Ku'YH ' tan 8(tan 01 + tan ( 2) ] • • ••••••• • . .• • •• •• •• •. • • (40) 

A1 f ,( . . (<4 1 ) 

In 
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FIG. 9. Typical Results of Model Tests for Reinforced Backfill with Surcharge 

PFfl ~ [K"qH~ tan 8(tan 61 + tan 8J] .. .. . .. . ... . . . ... . . ... . . (~2) 


. 1 
IHffl = (; [KuqH' t:-ln 8(t:-ln 8, + t:-ln 8~)J . . .. . ...... " . . ,." .. ,. (4J) 

where Ph and Phi = side frictional forces due to backrill ~Ind surcharge 
10:-ld, re spectiwly : ,HF) and "'/"'1 = moments about base or the side rrictional 
rorces Ph and Pf 'I ' respectively: K" = (l - sin J»: 6 , 2·JJ> = ~Ingk of 
\\'all tril' til)11 bd\\cen the sand anJ the mild steel: and 0. = I _'J> = :I!1!lk 
or \\all rrictH)n bet\\een the sand and the glass piaie' - ­

The e\perime!1t:1I :tnd the net theoreti c:tI mOlllents (ne t thL'tnetical nw­
ment = tllt;t! theorL' ticti mom t'nt - tot;1I frictio!1al 111ll11lL'!1t ()11 tilL' t\\\) 
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TABLE 2. Summary of Model Test Results Using Aluminium Strips as Reinforce-­
ment 

Angle of Reinforcing 
Sur- Measured Rotation of ruptureDetails 

forceTest charge, q wall top plane. tl Moment 
(kN m<) (kN)number (%H) (deg) (kN-m)LHD,. 

(1) (3) (4) (6)(5) (7) (8)(2) 
..,'- 0.62 1.50 0 .28 I - - -.' 

0.31 1.24 0.140.2 1.0 209 -
0.17U.S 1.25 14 0 .08 1.0 -10 

- 0.7410 1.64 31U6~ -
0.32 240.5 1.0 10 1.20II 0. 15 
0 .29 12 0.5 0.6 10 1.30 26 0.13 

' 1.34 1.000 .5 0.4 10 27 04513 

TABLE 3. Summary of Model Test Results Using Bamboo Strips as Reinforce­
ment 

Reinforcing Details 
Measured Rotation of 

Angle of 
rupture 

force wall top plane, 8 Moment 
Test number Dp UH (kN) (%H) (deg) (kN-m) 

(1 ) (2) (3) (4) (5) (6) (7) 
.., 
- 0.2 1.0 0.33 1.30 18 U.15 
.J 0.5 1.(1 0 . 14 1.25 13 0.06 
4 O.S 0.8 0 .18 1.25 13 U.06 
.5 0.5 0.6 0.14 1.28 14 0 .07 
6 0.5 0:4 0.32. 1.40 23 0.15 
I 0.5 0.2 0.60 US 23 0.27 

MQ J =Mom C' n t d u ~ to b a c kf ill 

MOr+q EMomC'nt du~ to ~urchorgC'd backfill 

1·2 Pr~dict~d E~p.rimC'ntal 1 
E • 

o
I 

:z 0.8 .... 
... 
t: 

" E 
~ 0·4 

---.- - - ~-- -.-­
---4-

o~__~____~____~____~____~____~ 
o 0.2 0.4 0.6 0.8 1.0 

L/H 

FIG . 10. Comparison of Analytical and Experimental Results 
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\\ell (r:lg 1()) . \u ggcs tlng that the rrorose u analyticli approach is \.allu tor 
d~signing rigiJ \valls vvith reinforceu fill that supports surcharge loading on 
its surface. 

G UIDELINES FOR PRACTICAL ApPLICATION 

The follo,.,ving steps may be adopted for desiglling a retaining wall using 
the proposed theory: 

1. Collect the data for which the wall is to be designed: the height of the 
\v a ll H. and the density -y and the angle of internal fricti0n cb of tl1e fill 
material; the coefficient of base friction ~; the allowable soil pressure quo 
and the intensity of the surcharge load on the fill q . 

2. Select the reinforcing material and obtain its frictional characteristics 
[' and permissible tensile stress a l • 

3. Assume suitable values of LIH and Dp. For economical design. it is 
recommended to adopt L I H = 0.6, and_ Dp between O.? and 1.0. 

4. Using Figs. 5. 6. or 7. obtain K-y, H)H. Kq, and HqlH for the appro­
priate value of cPo and the assumed values of LIH and Dp. 

5. Select suitable reinforcing strip dimensions, band w. The horizontal 
and vertical spacings of the reinforcing strips, i.e .. St and S~, may be kept 
equal. Note that 

5 5_ = f*wH 
x_ 

... . ...................... . .. . ............. .. . (44) 
D 
p 

By solving (44) for given values of f* and H and assumed values of Dp and 
IV, values for St and S~ are obtained. 

6. The tension in the bottommost strip T 8 will be the maximum and is 
given by 

TB = bH(K-yo - K-y) + q(Kqo - Kq)]St'S~ .................... (45) 


where K-yo and Kqo are earth-pressure coefficients for unreinforced backfill 
obtained from Figs. 5. 6. or 7 for LIH = 0.0. For safe design. T8 ~ the 
allowable tensile strength of the reinforcing strip, i.e . . T8 < aI · b·~v. 

7. The section of the wall is then checked for sliding. overturning. and 
bea ring failure using the resultant earth-pressure values P-y(-yH2K-y /~) and 
~'i(qf!Kq). and their corresponding points of application defined by H-y and 

H'I' 

It may be noted that the proposed method is also applicable for mat-type 
reinforcement. i.e . , using geotextile or geogrid . In the case of m~lt-type 
reinforcemen t 

.. .................. (46) 


alld 

To = bH(K-yo - K-y) + q(K"u - K'i)l'S~ ...................... (47) 

Therefure. values of S~ llltlY be obtained directly by comparing Tn \\ilh lhe 
tensile slrenoth of the geotextile or ~eogrid. Usuallv in this else. the \~due::::- ...... ...... '-- ." 
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of Dp will be more than 2.0. \'alues of earth-pressure coefficients (Figs. 5­
7) may be obtained using the curves corresponding to Dp = 2.0 . since values 
of Dp higher than 2.0 do not siRnificantly affect the earth-pressure coeffi­
cients . 

DESIGN EXAMPLE 

1. Take the following data as given: H = 8 m, -y = . 1.61Im~. d> = 30°. fl. 
= 0.5, qa = 30tlm 2 , and q = 3tlm 2 • These are galvanized iron (GI) strips 
with f* = 0.75 and (J", = 14,OOOtlm2. 

2. Assume LlH = 0.6 (L = 4.8 m). and Dp = 1.0. from fig . 5. . 
). for <t> = 30°_, Dp = 1.0 and LlH = 0.6, K'I = 0.105., K'Io = 0.30, 

(H'IIJ--!) = 0.18, H.., = 1.44 m. Kq = 0.16. Kqo = 0.30. (He/H) = 0.71. 
and Hq = 5.6 m. 

4. Selecting 3-mm thick and 100·mm wide !"~inforcing strips of galvanized 
iron and taking 5.. = 5: 

D == 1 0 = rwH = 0.75 x 0.10 x 8.0 
p • s...sz 5 : .. . ...... . ... . ...... ... (48) 


and 5: = 0.775 m. Adopt 5.. = S. = 0.75 m. 

.,,:uJ
Hq : 5.60 mr!JH~=1.44m 

. .. . . . . . . . . .. .. (~ <) (l) 

and 



Til = [l.A >< X(O:J - O.IOS) -"- 3(0 .3 - !J.lh)jlJ.7S x 0.75 = I.()-l{ 
......... ... . . .. . .. .. . .. . .. . . ........... . ........ . ..... .. (-llJb) 

T he a llowable tensile st rength = 14.000 x 0. 10 x 0.003 = -l.ll. Since TR 
< -l .2l. it is therefore safe . 

6. A trial wall sect io n as shown in Fig. II was chosen for checking its 
stab ilit y for pressures: P.., = (1I2J'yH2. K-y = (li2) x 1.6 x 8~ x 0.105 = 
S.38{lm . acting at 1.44 m from the base: and Pq = q' H · Kq = 3 x 8 x 
0 . 16 = 3.84, acting at 5 .6 m from the base. 

By checking the sta bility of the wall in the conventiorlal way. we obtained 
a factor of safe ty agai ns t sliding = 1. 51, a factor of safety against overturning 
= 2.2. and a maximum base pressure = 15llm2

• 

C ONCLUSIONS 

The following major conclusions have been determined from this study: 

1. Unattached reinforcing strips, embedded in the cohesionless backfill 
behind a rigid retaining wall, are effective in reducing the lateral earth 
pressure on the wall. 

2. The exten t of red uction in the resultant pressure will depend on the 
amount of reinforcement present in the backfill. Pressures due to both 
backfill and surcharge loading are reduced about 50% for all practical values 
of the spacing coefficient Dp. 

3. A ltho ugh the point of applicat ion of the resultant of lateral earth 
pressures (due to both fi ll and surcharge loading) moves above the one­
third height of the wall only for certain combinations of values of <P. Dp. 
and LlH. the overturn ing moment is less than the moment from pressure 
due to unreinforced fill. 

-l . The op ti mum length of reinforcing strips is found to be around 0.6 
times the height of wall for most practical cases. 

5. The results of model tests show the credibility of the analytical ap­
proach. 

6. While the assumption of a coefficient of soil-reinforcement interface 
friction f* independent of the influence of the height of overburden and 
the length of the reinforcing strip is in accord with the experimental data. 
further investigation is needed to establish a simple procedure for evaluating 

r 
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ApPENDIX II. N OTATION 

The following symbols are IIsed ill {his paper: 

b = thickness of reinforcing element: 
Cu = uniformit\' coefficient: 

C\. C;:. 	C~ = constants depending upon d>. e. and &: 

C~ = KCJ : 


Dp = spacing coefficient: 

DR = relative density:
f* = coefficient of apparent soil-reinforceme nt 

friction: 
H = height of wall: 

Hq = height of point ·Jf application of earth p res­
sure due to surcharge load abO\'e base : 

H-y height of point of application of earth pres­
sure due to backfill above base: 

K = 2.... j·"'{ tan eIS ..5:: 
Ka = coefficient of active earth pressure: 
Ko = coefficient of earth pressure at rest: 
Kq = coefficient of active earth pressure for sur­

charge 	loading in case of reinforced backfill: 
Kqo = 	coefficient of active earth pressure for sur­

charge loading in case of unrein forced back­
fill : 

K-y = coefficient of active earth pressure for re in­
forced backfill; 

K-yo = coefficient of active earth pressure for un ­
reinforced backfill: 

L = total length of reinforcing strip: 
/' = effective length of reinforcing strip: 

M Fq = moment due to the side frictional force PFq' 

on tank side. about base; 
M F-y = moment due to side frictional force PF-y' on 

tank side. about base: 
= moment of pressure due to surcharge load in 

active condition about base: 
= moment due to backfill pressure in active con­

dition about base: 
= moment of pressut' due to backfill plus sur­

charge load in acti\'~ condition about base; 
= frictional force on tank sides adjoining wall 

due to surcharge loading; 
= frictional force on tank sides adjoining wall 

due to backfill: 

PI' Pc· P, = resultant active earth pressure: 

Pier P2er P:'q resultant acti\e earth pressure due to sur­
charge loading: 

PI,. P>.. P resultant active earth pressure due to hackfill:
" 
jJ {J . ..J... {J ,,: 



I 

\ 
f p , = press ure acting on eleme nt of soil in vertical 

direction; 

P~ intens ity of reaction on failure surface; 
PI' P> p~ . P,· p;. p~ = latera l earth pressure intensity on wall; 

= lateral earth pressure intensity on wall due to 
surcharge loading : 

= lateral earth pressure intensity on wall due to 
backfi ll : 

q = intensity of su rcharge loading: 
qa = allowable soil pressure: 

= horizontal spacing A reinforcement;S" 
S~ = vertical spacing of reinforcement; 
T8 = total te nsion in bottommost strip ; 

[ = unifonnly distributed tensile stress; 
W = weight of sl ice or element of soil; 
w width of reinforcing strip ; 
y = distance along wall from top: 

Z. ZI' Z2' Z) = depth from top; 
-y unit weight; 
0 = angle of sliding friction /angle of wall friction; 

01 angle of wall friction between steel and sand; 
O2 = angle of wall friction between glass and sand; 
S = wedge angle with vertical; 

Scr = cri tical wedge angle with vertical; 
coefficien t o f friction: fJ.. = 

at = pennissible tensile stress in reinforcing strip; 
a :, = vertical stress in soil: and 

d> = angle of internal friction of soil. 
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