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SYNOPSIS 

In the current Specifications for Highway Bridges of Japa.n, no pile-soil-pile interaction is 

consiciered in the design of pile groups when the ratio of pile sparing, sf n, is larger than 

2.5. An average value of the lateral load is taken as the load acted on each pile. However, 

the in-situ test results show that, as the lateral load acted on pile groups increases and 

large deformation occurs, strong interaction appears and the load acted on each pile is far 

from mean distributed. In this paper, a new concept that the stiffness of:<oil in the regions 

be tween the rows of piles degrades during c-lcform;~lion has been proposed. In-cooperating 

with Poulos' definition of interaction coefficient of piles and Ranrlolph's equa tions, the new 

method gives satisfactory agreement of the load dis tributions with measured data. 

INTRODUCTION 

In recent years, tht>re has a remarkable in

c rl'asing tendency of the u~e of pile~ in civil 

l'n ~ i nPeri ng as I he drvrl o pml'nt in traffic sy~ 

tl'm, ('SpPrially the ('ll'vat('d PXpr('~sways in 

urban area" whl'fP foundations ;~re usuall y 

rr latively poor. /\s t.hc fo undation of th" 

P~'" rs of c!Pvat.ed exprP:<swap, pilrs <HI' us u

ally used in ~-;rnups. Tlu• important rnll's 

t ilkPn hy pil• ~s in tltl' hi~hwa_y sysll'm ntilkP 

1~ 1 S ll ' li 

th<~t not only the he11ring capaci ty but also 

the lateral lo<~rling n('havior of piles need to 

0(' widely undnstood. ft is wdl known that, 

whrn the pill's <Hr usPd in groups , their bc

ha\·iors ilrl' rrl a tivrl_r diffrrPnt from that. of 

sin~l e piiP>' if th e pilr !<pilring is not IMf;<'r 

Pnnugh. Thr drrrra.~r of hraring capil<ity 

a.nd l;tf.r•ral rrsisli"lrH'<' of pilr groups is usu

ally rall!'d a.-< group dfirirnry. 

T IH' rlt il r iiC t r ris t ic s 1 ,f I a I<' rally ]o;l< l<·d pi],. 

fredyi
Highlight
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groups have been investigated by individ

uals (Poulos, 1971; Tamaki, et al., 1971, 

Randolph, 1981, Shibata, et aL, 1989). Al

though these researchers have paid atten

tions to the group efficiency, no special at

tentions have been paid to the redistribu

tion of load of laterally loaded pile groups. 

Researches by Poulos (19il) and Randolph 

(1981) based on the assumption that soil 

was an ideal, elastic, homogeneous, isotropic 

semi-infinite mass gave symmetric distribu

tion of load in the loading direction among 

piles. In the current Specification! for High

way Bridge! (1990) of Japan, an average 

value of the lateral load is taken as the load 

acted on each pile when the ratio of pile 

spacing, s / D, is larger than 2.5. The group 

efficiency also does not considered in this 

spacing condition in the design of pile groups. 

However, both in-situ (Hanko, et a/., 1992) 

and laboratory (Shibata, eta/., 1989; Takaki, 

eta/., 1991) test results of pile groups showed 

that even at the ratio of pile spacing of 2.5, 

strong group effect occurred. Loads acted 

on each pile are far from mean distributed. 

As the lateral load increases, the distribu

tions of load in the loading direction change 

from symmetric to asymmetric. Loads acted 

on first row of piles were several times larger 

than that on last row of piles when the pile 

groups were near the state of yielding. This 

means that, if the pile groups are designed 

ba.;;;ed on the current specifications, dam

ages are possihle to occur when the lateral 

loi!ils acted pile groups arc large enough, 

for instance, in ca.."e of large carthr)ltakc. 

Tlwreforc, it is necessary to study the rc-
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distribution of loacis among piles and make 

design according to this redistribution. 

In this paper, a simple method for com

puting the load redi.-tribution of pile groups 

ha.~ been proposed based on the assump

tions that I) the stiffness of soils in the re

gions between the rows of piles degrades 

during deformation, 2) the definition of in

teraction coefficient of Poulos is suitable and 

3) the equations of Randolph are condition

ally usable. It is presented by first, review

ing the elastic theory of t.he deformation of 

laterally loaded piles; second, extending the 

theory to elasto-plastic conditions; and fi

nally giving the comparison of the predicted 

and measured data. 

2. RANDOLPH'S ANALYSIS 

2.1 Deformntion of Single Piles 

According to I he theory of elastic beam, 

for a pile of bending rigidity (EJ)p, embed

ded in soil with coefficient of horizontal sub

grade reaction kH 1, there i>< a critical length 

of pile beyond which the pile behaves as if 

it is infinitely long. This critical length is 

given as 

1 -·1 __ P 
(

(Ef) ) tfl 

c- len (1) 

Het.enyi (I!JG·I) has given a solution, for a 

pile longer than t.he critical lrngth anclloaclcd 

by a lateral Ff ilnd bendin~ moment ,\f, a.~ 

r.;/1 ({")-l ·"('r)-2 
IL= V.!- - +- -

k11 ·I k ·I 

1 ku is <kfi net! h•.· re "-' th•: mti0 o f tho; (o;ul 
per ••nil lcn~o:th c; f pi( •. l0 lh·· (.-.r·J d··!l ··ct inn, i. ,., 
.V/m/m 
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9=- ~ +v'i- ~ H (l )_, M (l )-3 

kn 4 k 4 
(3) 

Dimensional analysis shows that, if the 

pile length is unimportant, any particular 

influence factor will be a function solely of 

the stiffness ratio E"/G, where E" is the 

effective Young's modulus of the pile 

E = (E/)" 
" 1rr3/4 

(4) 

and the Poisson's ratio v for the soil (ro is 

pile radius). For a soil of shear modulus G, 

the effect of the variation of Poisson's ratio 

v can be taken account by the use of a new 

parameter o· which is defined as 

o· = G ( 1 + ~v) (5) 

For homogeneous soil profile and soil de

posits with stiffness proportional to depth, 

the responses of a single pile loaded by lat

eral load H and moment M have been an

alyzed by Randolph (1981) by means of fi. 

nit.e element method. According the results 

of FEM analysis, the deformation of pile 

at ground level was modeled by Randolph 

(1981) a.s 

u = 

(6) 

(7) 

whrrc 

ISLS!l '1\ 

and 

o;.,. 
Pc=-

Gc 

(
E )l/7 

lc = 2ro i 

(9) 

(10) 

The definition of Gc and Pc are as shown in 

Fig. 1. 

fc 

tj_ 
l 

z 

Figure 1: Definition of Ge and Pc 

Eqs. 6 and 7 are the deformations of piles 

had general headed conditions. For free

headed pile, the deformation at ground level 

may be readily calculated by these equa

tions for any comhinations of II and M. For 

fixed-headed piles, the rotational angle at 

pile head is 0. Thus, the fixing moment is 

gotten from Eq. 7 iiS 

2. Dcfnrrnntion of Gronp Piles 

TIH• solution of single pilrs was extended to 

closrly spaced ~roup piles hy the use of in

tcr<~dion factors (Poulos, 1~71) . The intcr

ilr.l icm f<~dor is dl'fi nrd "" !.he rat.in of ad

.Jil i<Hiill dt·form;lii<•ll .l11 c to <~dj<~cent. jtilt~ to 

(;OSE. Y \:\1.-\1>·\. SAITO. llt\NKO & Yl 
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the deformation of pile due to its own load

ing. If k represents the stiffness (load di

vided by deformation, Hfu) of a single iso

lated pile, the deformation of the ith pile in 

a group of n piles may be expressed as 

1 " 
6; = k ?:a;i~ (12) 

J•l 

where a;i is the interaction factor between 

jth and ith pile and Pj is the load on jth pile 

(lateral load or moment). If j = i, a;;= 1. 

For different headed conditions, the interac

tion factors are 

<Dopn: the interaction factor to deflection 

of free-headed piles subjected to 

lateral load 

@apM: the interaction factor to deflection 

of free-headed piles subjected to 

moment loading 

@r.ren: the interaction factor to rotation 

of free-headed piles subjected to 

lateral load (apM=a9H from the 

reciprocal theorem) 

@aeM: the interaction factor to rotation 

of free-headed piles subjected to 

moment loading 

@apF: the interaction factor to deflection 

of fixed-headed piles subjected to 

lateral load 

According to the results from FEM anal

y~is of fixed-hearled piles, the interaction 

factor to deflection of fixed-headed piles may 

be expre~sed as 

O'pf"::::! 0.6pc ( EP) 
117 

ro ( 1 + cos2 1/J) (I.J) 
Gc S 

where sis the pile spacing and 'Pis the angle 

between the line joining the pile centres and 

GOSE. YAMADA. SAITO. HANKO & Yl 

the direction of loading (Fig. 2). 

Fiture 1: Definition of • anti 1/1 

IC the value given by Equation 13 is larger 

than 0.5, it is necessary to replace apF by 

1-( 4apF )-1
• For free-headed piles, there has 

(
E )1/7 r 

crpH::::! O.Spc 2 ~(1 + cos2 1/J) (14) 
Gc S 

For other three int.eraction factors, the fol

lowing relations exist 

OpAl = crm = cr!n ( 15) 

crRM = o!11 (16) 

3. EXTENSION OF RANDOLPH'S 
METHOD 

In Randolph's method, the consideration of 

the interaction of pile groups followed the 

ideal of Poulos (l!Jil). While Poulos' the

ory is based on the assumption that soil is 

elast.ic material or the deformation of pile 

groups is so small that soil hehaves as elas

tic material. Ther<'fore, the method gives 

the symmetric dist.rihut.ion of loads in load

ing rlirect.ion . This is olwiously shown in the 

int.Naction factors r:rpF or r:rpH that gives the 

same values in pull direction (r/1 = 0") and 

push direction (t/1 = 180"). However, the in

situ test result.s (Silitou, rt rzl ., l'l'):l) show 

ISI.SI> 'I I 
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that the load distribution of pile groups in 

loading direction changes from approximately 

symmetric to asymmetric as the applied load 

increases from small to large. The loads 

acted on the first row of piles were as large 

as several times of that acted on the last row 

of piles when the laterally loaded pile groups 

came to yielding state. The asymmetric dis

tribution ofloads in loading direction is con

sidered as the change of resistance from soil. 

When the pile groups bear a large amount 

of load and the deformation of group piles 

is large enough, there yields a certain range 

near ground surface in which soil behaves 

as plastic material. While below this zone, 

soil is still in elastic state. Therefore, soil 

profile is separated into plastic range and 

elastic range. The movement of soil around 

pile in different zone is as shown in Fig- 3. In 

Figure 3: Movement o/1oi/ around pile 

the plastic range, soil deforms a.s a wedge

shaped mass (Fig. 4a). The ultimate re

sistance from soil is equal to the passive 

earth pre~sure from the wedge-shaped mass. 

It can be seen from Fig. 4a that, if the 

pile spacing is not large enough, the wedge

shaperl soil ma."s,A' B'C' D' E' F', before pile 

i partly heaps with that, ABC DE F, before 

pile j. In most of the ca.«e, the heads of piles 

ISLSD 'J\ 

(•) Plellic zone 

Pilei rD, 

I~ ~ni 
1~1 ·~ 
~~ -·c -~-- ~~ ~R • . ~,,._ -- CfiOnJ 

(6) Elslfic zone 

Figure ~: Failure pattern 

in the group are connected by a rigid foot

ing. Therefore, the head and near head de

formations of each pile in the group are the 

same. In other words, the deformations of 

wedges A' B'C' D' E' F' and ABCDEF can be 

considered as the same. Because AB JG HI 

laps over ABC DE F, the ultim<~te resistance 

of soil deposit to pile i will be lc~s than that 

topilej. 

On the other hand, in the elastic range, 

the ultimate state of deformation of the soil 

in front of the pile is similar to that of in

finite long lo;uling plate in vertical direc

tion as shown in Fig. •lb. Similarly, _if the 

pile spacing is not large enough, the failure 

zon<'s will pilrt.ly lap. If the (!<'formation of 

CiOSE. YAMADA. SAITO. HANKO & Yl 
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soil does not reach the ultimate state, the 

resistance to pile j will come from semi

infinite space (region j in Fig. 46). While 

the resistance to pile i comes from region i 

as in Fig. 46. No matter in what case, the 

resistance to pile i will be less than that to 

pile j. 

The above discussion shows that, no mat

ter it is in plastic zone or in elastic zone, the 

resistance of soil, or in other words the sub

grade reaction, to the first row of piles will 

be larger than that to the next row of piles 

in the loading direction. In other words, the 

subgrade reaction degrades among the rows 

of piles against loading direction. This con

sideration of the difference of subgrade reac

tion for different piles may be in-cooperated 

in the Randolph's met.hod by reducing the 

shear moduli of the soil in the regions be

tween the rows of pii<'S. 

By use of Eqs. 6 and i, Eq. 12 can be 

rewritten, for free-headed piles, as 

1 n 

8, = (k)" "'J crm ),1 H1 
911 • J=l 

1 n 

+ (k) 2) rr~ .lf ),1 1\if1 ( 18) 
9M , J=l 

For fixed hc;~de<i piles 

(I 9) 

8, = 0 (20) 

(iOSE. Y Ai\·IMH. SAITO. IIA'.KO & Yl 

where 

(k,u ), = (kp.u ), (23) 

and 

[
(Ep/Gc)tfr ( 

-(k ) = G 0.27 
pF i Pc c 

0.112.5) (/c)-l] ---r;:r- ? ( 25) 
Pc - . 

In the 11bove ('(]ll<~tions, the stiffness of 

each pile is the function of shear modulus of 

soil in the region in front of that pile. The 

interaction factors arc also the function of 

shear modulus of soil. For the influence of 

pile j to pile i, the shear modulus in inter

action factor o:;1 should be taken as the one 

corresponding to pile i because this influ

ence is caused by the deformation of pile j . 

While the deformation of pile j depends on 

the stiffness of soil corresponding to pile j 

as well as the its own stiffness. If i f= j, 

r:rr1 -:/= Ct1 i-

For pile groups, if the h<'ad~ of the piles 

<H<' connected. I he head d<'fnrma t ion of each 

pil<' will he t.hf' sant(' . If f> r<'pr!'Sf'nt;; the 

g<'rl!'ralload, i.e., li!lrrallnilcl If or mornr.nt 

,If . ilnd ,) tlw grrwral dr·form;,tion . i. ••. , d r~-

lSI Sl> 'H 
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flection u or rotation of pile 8, there has 

5 = 5; = :. (/'; + E a;jPj) (i = 1, 2, · · · n) . .. .. 
J'i-i 

(26) 

The total load P acted on the group piles is 

distributed to each pile, 

(27) 

Eqs. 26 and 27 given+ 1 equations for n+ 1 

unknown variables as 

1 Q'll crl,. pl 

kl kl kl 
-1 

Ct:zl 1 a:~,. 
P, 

k, k:z k, 
-1 

cr,.1 o:,.2 1 

T.:' T.:' k,. 
-1 P,. 

1 1 1 0 6 

= { 0 0 · · · 0 p } T (28) 

The n + 1 unknown vari~bles can be ob

tained by solving these equat.ions. In a real 

calculation, measured soil stiffness, usually 

shear modulus, is usually inputted. The 

degradation of soil stiffness in different re

gion is obtained by multiplying the mea

sured soil stiffness profile by a coefficient. 

The effect of the ratio of soil stiffness on 

load distribution is illustrated in Fig. 5 for 

a 3 x 3 pile groups. In the figure, the piles 

that the line joining their centres paralleled 

load direction are called a.-; Line piles, rep

resented by L. While Row piles mean that 

the line joining their centres is perpendicu

lar t.o load direction . It is obvious that the 

degraciation of !'oil stiffness affects the lo<~ci 

distrihution significantly. 

ISLSD lJ.I 

R1tio of soil stiffness 

1. 0~1. 0 1.0 1. 0 1. 01.~ 0 0. 98 0. 7 o L .. L. 

·= 0 Lt 
~ 0. 5 0. 5 
"i o L .. L. 
.... o L. 

low! Row2 Row3 low! Row2 Row3 
(1) H•1570kN (b) H•1570kN 

Fi111rt: S: Effut of 1oil lliffnell ratio on loatl tli1· 
lri6ulion 

4. COMPARISON OF COMPUTED 
AND MEASURED DISTRIBUTION 
4.1 Comparison with test results 

An in-situ prototype 3 x 3 group pile test 

reported by Hanko, et al., (1992) will be 

studied here to illustrate the applicability 

of proposed method. The piles used in this 

test were steel pipe piles with external di

amet.er 318.5mm and wall thickness 6.9mm . 

They were driven int.o a deposit with sandy 

and clayey layers to a penetrat.ion of 14.4m. 

The Young's modulus of pile was E = 2.06x 

108 kPa. Pile heads were connected by a 

O.Bm thick and 2.4 x 2.4m reinforced con

crete footing. The arrangement of piles is 

shown in Fig. Ga. The simplified profile of 

soil stiffness based on penetration tests is 

shown in Fig. 6b. 

The loads acted on each pile head were 

back-calculated at each load step based on 

the rriea..-nred axial strains on both sides of 

piles. The typical results arc shown in Fig. i 

that illn!itrates the average loa~:!!' in each row 

normalized to t.hat in the first row. It is ob

vious that the di!'tribnt.ion of loads at pile 

heads changes from approximately symmet

ric t.o a.c;ymmetric a.-; the deformation of pile 

GOSE. YAMADA. SAITO. HANKO & Yl 
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1}u 
Lt L, Ll • • .Routt 

• • .Row2 

12.9 • • .Row3 14.4 
z(m) 

(a) (b) 

Fi1ure 6: (a). Arnanfement of pile• and {6). Pro· 
file of ESIJ 

1.4~---T----~--~~---r--~ 

~ 1. 2 
-; 1. 0 

j 0. 8 

:0.6 

·= 0. 4 ... 
.... 0. 2 .. .! 0..._ __ __, _______ ...._ __ ...__-J 

0 10 15 20 25 
Di sp I. at pile head/D (%) 

Figure 1: Load dillri6ution along loading direction 

head increases to a large value. 

The load distribution on pile heads may 

be calculated based on Eq. 28. The dis

tribution of soil stiffness ~hown in Fig. fib 

is used. For the pile groups were loaded 

till an ultimate state of deformation, strong 

nonlinearity was shown in soil properties. 

This nonlinearity shouiJ be conl'idercrl in 

the computation. Because the stress strain 

relat.ionships of the soils do not known, the 

nonlinearity of soil stiffness is considered by 

multiplying a factor to the stiffness shown 

in Fig. 6b. For each loading step, the mag

nitude of the factor is sur.h chosen, by try 

and error, that t.he calculated deform<~tion 

of pile head agrees with that ohtai ned from 

in-situ test . The calculatr.cl load di::;t rihu-

(iOSE. Y AM1\DA. SAITO. HANKO & Yl 

tions at JoMis 392, 78!1, 1177 and 1570 kN 

are illustrated in Fig. 8. It can be seen that, 

although divergence exists between theoret

ical results and test data when the applied 

loacls are not large enough, the computation 

generally can give satisfactory predictions 

to the loaci distribution, especially at large 

deformation (ultimate state). It is consid

ered that the clivergence is caused by over

consideration of the interaction of piles at 

elt\.<:tic condition . On the view point of de

sign, the loatl 11ist.rilmtion of pile groups at 

small and middle level deformation will not 

be "-~ important as that at large deforma

tion. Tht'refore, the above method will be 

good enough for computing the load distri

bution of pile groups at limited state. 

The change of the ratio of soil stiffness 

as a function of applied load is illustrated 

in Fig. 9. It is obvious that the degradation 

of soil stiffness between the rows of piles in

cret\.<:es as the applied load increases. This 

is h<'cause that. the larger the applied loads 

or the larger the deformation, the deeper 

the plastic zone anrl I he larger the plastic 

wedge, further the larger the lapped area 

and t.he larger the clcgradat.ion of soil resis

tance to the ~>('hind rows of piles. The fact 

tltilt at load ratio H / Ff,$0.8i5 (where H, 

is yielding load), the ratios of soil resistance 

of I :0.98:0.7 Ciln sat.isfilcf.orily predict the 

te~t. results, inrlic;~t.es that it is nece~sary to 

consider the degrMiil t.ion of !'oil sti ffncss in 

the regions lwtwern rows of pile,; when con

sirlrr the group effrct of pile groups at. large 

deformation state. 

ISI.Sil '' i 
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Ratio of soi I stiffness 
1.0 1.0 0.9 

1. 01 .... ~-.,.--~-
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legend 
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o L, ••thod 

• l'] • La Measured 
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0 L----:-1~-~ 
Row1 Row2 Row3 

(a) Ho:39ZkN 

legend 

~ 0. 5 o l .. l•J Proposed 
o l. •ethod .... ... 

0 _. 
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• l'] • L. Measured 
6 lo (IS /0=5. 2") 

0 L----:-1~-~ 
Row1 Row2 Row3 

(b) H•785kN 

legend 

~ 0. 5 0 L •• L.] Proposed 
0 L. method ... .. l'] 0 • _. • L. Measured 

( IS /0= 11. 8") • Lo 
0 '------'------' 

Row! Row2 Row3 
(c) H=1177kN 

soi I stiffness 
0. 9 8 0. 7 

Legend .. 
~ 0. 5 o L ,, lo] Proposed 

L. method .. 
0 _. • L,J L. Measured 

• lo (~/0=21. 2%) 

0 '----..1.---.....1 
Row! Row2 Row3 

(d) H=1570kN 

Figure 8: ~oad di•lri6ulion rnlio 
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:c: 1.0~~~~~;;~~~~~~~~ .. ( O) {fO) v----v ·--v----v ---v 
; o. 9 iL.""" c8o> 
:: 0. 8 · .... '6..~ (100) (120) 

·--·-·6.,~ (160) 
:; 0. 7 ·--·-·4 

-

., O. 
6 

o Row, (140) 
o Row. 

: 0. 5 4 Rowo ( ) : load (ttl. 1tf•9. &kN 

·= 0. 4 
.: o.L-2..-~0.~3-o .... -4 -o"". s __ o ..... 6-0.L..7.......1o.~a-o .... -9 -,"". o-J1. 1 

load ratio (H/H.). H.•1570kN 

Fi1ure 9: Claan1e ofllae ralio o/ 111il lli/Jneu 

4.2 Comparison with FEM results 

Three dimensional finite element analysis 

has been done at a load 1570/cN (yielding 

loacl). In the analysis, it is a.c;sumed that 

soils are elastic materials but with zero ten

sile strength. Soil moduli used are corre

sponding to Er,o. The outcomes together 

with test data and the results from above 

proposed met.hod are illustrated in Fig. 10. 

It can be seen that, with the consideration 

... .. 

Ratio of Soil Stiffness 
1. 0 0. 98 0. 7 uo.:..--.;.;.,.;..;...... _ __, 

legend 
o L,, L.] Proposed 
o L. 111ethod 
• l, ] 

~ 0. 5 ... .. 
0 ..... • L. Measured 

H=1570 kN • lo 
o L,, lo] 3-D 
o L. FEM 

0 L---.J---....J 
Row1 Row2 Row3 

(IS /0=21.2%) 

Figrtre tO: Compari.•on wilh FE.\1 re•ult3 

of zero tensile strength of soil, the load dis

trihution of pile groups shows asymmetric 

along loading direction. This means that 

the anisotropic feal.ure of soils in compres

ston and ten~ion is one of the main fac-

GOSE. YAMADA. SAITO. HANKO & Yl 
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tors affecting the load distribution of pile 

groups. It also gives the reason that why 

even at relatively small load the load dis

tribution of pile groups is not symmetric 

(Fig. 8a) in loading direction. However, it 

is obvious that, although the zero tensile 

strength of soils has been considered, the 

analysis still could not satisfactorily predict 

the test results. This means other factors, 

which influence the load distribution of pile 

groups at large deformation, exist. One of 

the factors is the degradation of soil stiff

ness in compression region as shown in the 

proposed method. 

5. CONCLUSIONS 

A simple method for prediction of load dis

tribution of pile groups has been propol'ed 

in this paper. It was considered that the 

load distribution of pile groups was caused 

by both the interaction between piles and 

the degradation of soil stiffness in the re

gions between pile rows in lo;1ding direction 

as well as the nonlinearity of soils. With 

this approach, very satisfactory agreement 

of load distribution with measured results 

at ult.imate state was obtained. Compar

ison also showed that the present method 

gives better prediction of the load distribu

tion than three dimensional finite element 

analysis which a.~sumf's that. soils are ela$l.ic 

materials but with zero ten~ile strength. 
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LSD Code for Bridge Foundations 

Roger Greco, Civil Engineering, University of Waterloo, Canada 

SYNOPSIS 

A method for proportioning bridge foundations and retaining walls of bridges is described. The 

method, a limit states design method (LSD), replaces a factor of safety design method to attempt 

to ensure compatibility between structural and geotechnical design procedures. LSD, of the 

Ontario Highway Bridge Design Code (OHBDC), clarifies the calculation procedures describing 

the interface between the soil and the structure. No new technical procedures are required of the 

geotechnical engineer. However, continuing communication between geotechnical and structural 

engineers is required if LSD is to be success Cui. 

1. INTRODUCfiON 

Limit State Design (LSD) procedures for 

bridge superstructures and substructures were 

introduced as part of a new Ontario Highway 

Bridge Design Code (OHBDC, 1979). 

Design methods prior to 1979 were based on 

working stress design (WSD) methods. The 

new Code addressed the design of 

substructures and retaining walls, and the 

communication and coordination between 

geotechnical and structural engineers. Neither 

geotechnical engineers nor structural 

engineers accepted the new terminology, the 

new technology, and LSD ideas. In addition, 

questions arose about the codification of 

geotechnical design procedures. The 

perception within the geotechnical profession 

in Canada was that LSD is statistical in nature. 

ISLSD 'J .l 

This negative reaction was unexpected. 

Changes in the design process from 

working stress design to limit states design, 

problems of code writing, the selection of 

earth pressures, and the design of shallow 

foundations and deep foundations are 

discussed here. 

2. THE DESIGN PROCESS 

The final design, including both the structure 

and supporting soiVrock, must have an 

acceptable level of reliability and should 

minimize any loss of function. Uncertainty is 

present because of the variability of load, 

material characteristics, resistance predictions, 

imperfections of analysis and an incomplete 

knowledge of the system. There is a 

perception that structural design is an "exact" 

(iREEN 
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