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ABSTRACT 

In recent years the need for deep excavations 

with steep side slopes has become increasingly important. 

Design criteria for support of the slopes include a balance 

between safety-flat slopes, functional performance - unob- 

structed working area and mlnimum cost - steep slopes. 

Elimination of convention internal struts and re- 

placement with ground anchors formed in the retained soil 

mass is becoming a more common support system for deep urban 

excavations. Responsibility is heightened in urban centres 

where the integrity of adjacent buildings, transportation 

routes and services must be maintained. 

This system of construction using ground anchors 

as support for retaining walls is referred to as a tied- 

back wall. 

The factors affecting the performance of a tied- 

back wall are outlined in the following chapters. 

A review of the literature on research work, case 

histories and current design techniques on tied-back walls 

has enabled the development of a suggested design procedure. 



CHAPTER 1 

INTRODUCTION 

A v a r i e t y  of e a r t h  r e t e n t i o n  schemes a r e  c u r r e n t -  

l y  employed by d e s i g n e r s  t o  permit  deep excava t ions  i n  

s o i l s  and s o f t  rocks .  I n  most c a s e s  t h e s e  a r e  composed of 

a  wa l l  and a  suppor t  system. 

The common w a l l s  i n  use  a r e  o f  two types :  

1. S t i f f  - conc re t e  w a l l s  formed by s l u r r y  

t r e n c h  techniques .  

2 .  F l e x i b l e  - s o l d i e r  p i l e s  o r  s t e e l  s h e e t  

p i l e s .  

Support  may be o f f e r e d  t o  t h e  w a l l s  by: 

I .  I n t e r n a l  s t r u t s  and wale rs .  

2 .  C ros s - lo t  b r ac ing .  

3 .  Cons t ruc t ion  of upper f l o o r s  wi th  sub- 

sequent  excava t ion .  

4 .  Tie-back w a l l s .  

I n  r e c e n t  y e a r s  wi th  t h e  development of  more 

s o p h i s t i c a t e d  c o n s t r u c t i o n  m a t e r i a l s  and techniques  t i e -back  

w a l l s  have gained inc reased  acceptance a s  a suppor t  system. 

I t s  v e r s a t i l i t y  a l lows  a p p l i c a t i o n  i n  a v a r i e t y  of geo log ic  

c o n d i t i o n s ,  h y d r a u l i c  c o n d i t i o n s ,  and excava t ion  techniques .  

C o n t r a c t o r s  have found t h e  r e l a t i v e l y  s imple  and 

f l e x i b l e  system o f  ground suppor t  p rov ides  a  c l e a r  unobstruc  

t e d  working space .  I n  a d d i t i o n ,  f l e x i b i l i t y  i s  a l lowed i n  

c o n s t r u c t i o n  procedure  and machinery t o  be used. 



Designers have also found the system to be advan- 

tageous because: 

1. Pre-stressing of the tie-backs allows 

one to control settlements by reinstating 

the original stress conditiors. 

2. Lighter wall sections may be employed 

since wall stresses can be controlled by 

the application of more anchors. 

3. The wall is constructed from the top down, 

hence, the insitu strength of the soil may 

be employed, not that of a remolded compac- 

ted soil. 

4. The need to underpin adjacent structures may 

be eliminated as a result of settlement con- 

trol. 

5. The tie-back stresses can be controlled. 

6. Blasting may be carried out relatively close 

to the anchored wall without damage to 

either the anchor system ar  the sheet pile. 

7. Positioning of anchors to meet local condi- 

tions is possible. 

8. Tensioning of the anchors provides informa- 

tion on existing ground conditions behind 

the wall. 

Disadvantages in the use of this type of Support 

system also exist which include: 



1. The need f o r  competent workmanship t o  en- 

s u r e  no damage t o  a d j a c e n t  underground 

s e r v i c e s .  

2 .  Containment and d i s p o s a l  of  d r i l l i n g  water. 

This  water  may a l s o  weaken t h e  conta ined  

s o i l .  

3 .  D i f f i c u l t i e s  i n  d i f f e r e n t i a t i n g  between 

anchor c r e e p  and anchor f a i l u r e .  Replace- 

ment o f  h igh  l e v e l  anchors i s  expensive and 

d i f f i c u l t .  

4 .  Methods o f  moni tor ing performance may cause  

problems. For example, j ack ing  of anchors  

i s  d i f f i c u l t  a t  high l e v e l s .  

5 .  The v e r t i c a l  r e a c t i o n  induced on t h e  wa l l  

by i n c l i n i n g  t h e  anchor p r e s e n t s  t h e  need 

f o r  a good founda t ion .  

6 .  I n  congested a r e a s  anchorage beneath a d j a c e n t  

s t r u c t u r e s  may be e s s e n t i a l .  Lawsuits  may 

fol low as a r e s u l t  of  t r e s p a s s i n g .  

Technological  advances which have a ided  i n  t h e  

development of  t i e -back  w a l l s  i nc lude  high e a r l y  s t r e n g t h  

cement g r o u t ,  expanding a g e n t s ,  a c c e l e r a t o r s ,  r e s i n  g r o u t ,  

g r a n u l a r  anchorage systems and p re s su re  g r o u t i n g  t o  i n c r e a s e  

t h e  anchorage c a p a c i t y .  I n  a d d i t i o n ,  b e t t e r  q u a l i t y  s t e e l  

t o  reduce anchor rod c r eep  and co r ros ion  and u t i l i z a t i o n  of 

c a b l e  s t r a n d s  i n s t e a d  o f  rods  t o  i n c r e a s e  c a p a c i t y  h a s  a ided  



in the development of high quality, high capacity, versa- 

tile anchors (12, 25, 83). On Figure 1 is shown a typical 

configuration of a tied-back retaining wall 

GROUND LEVEL 

- . OVERBURDEN (GRAVEL SAND 
OR CLAY) 

' . -  
I . \ . .  

. , \  - I -  

ANCHOR CABLE 
' .  . _ _  , , 

(FIXED ANCHOR) 

F i g u r e  1: I ' r i n c i p l e  o f  t i e -Back  w a l l .  'This method of wal l  suppor t  ellmi- 
n a t e s  s t r u t s  which i n  t u r n  b r i n g s  l a r g e  economic and c o n s t r u c -  
t i o n  a ~ i v a n t a g e s .  

From its first use as a pre-stressed rock anchor 

at the Cheurfas Dam in Algeria, anchorage systems have deve- 

loped to include support to prevent flotation of structures 

while unloaded such as dams, cofferdams and dry docks, tun- 

nel support, support of excavations in restricted areas, un- 

derground storage tank design, reduce overturning moments 

in tall buildings, anchorage for thrust blocks, pre-loading 

to reduce settlements and anchorage for pile and plate bear- 

ing tests (25). 



Extensions of rock anciiorage systems to soil an- 

chorage systems was a natural process. Morrison and Coates 

( 5 7 )  demonstrated that rock mechdnics principles are merely 

an extension of soil mechanics principles. In discussing 

factors which affect rock slope stability Muller (58) sug- 

gests that material properties, geometry, ground water ef- 

fects, internal structure and effect of adjacent structures 

are the predominate factors. To this list Lambe (44) adds 

time effects, support system used, construction technique 

and transient load effects as further factors affecting 

braced excavation stabjlity in soils. While the mass struc- 

ture is very important to rock slope stability (59) it is 

of lesser importance in soils unless one is dealing with fis- 

sured cl$ys (63). Stiffness of the unstable mass, however, 

is important to the stability of both materials (25, 54, 63). 

The normal sequence of construction of a multi- 

anchored tied-back wall in soil or soft rocks is initial 

placement of the wall in the ground to the desired depth 

followed by excavation to the first anchor level. This row 

of anchors is installed, prestressed and the excavation pro- 

cess is repeated. 

The mechanics of wall performance, if one neglects 

the effects of wall translation and anchor wire interaction, 

has been explained by Hanna and Matallana (32). As excava- 

tion proceeds, earth pressure acts on the wall. This re- 

sults in a shear stress being set-up at the soil-wall boun- 

dary along with a stress change in the surrounding soil due 



t o  s t r e s s  r e l i e f .  I n s e r t i o n  and s t r e s s i n g  of anchors  modi- 

f i e s  t h e  e a r t h  p r e s s u r e  a c t i n g  on t h e  w a l l .  I n c l i n e d  an- 

cho r s  w i l l  magnify t h e  shear  s t r e s s e s  se t -up  a t  t h e  s o i l -  

w a l l  s u r f a c e .  Manna ( 2 9 )  sugges t s  t h a L  t h e s e  shear  s t r e s s e s  

mig ra t e  down t h e  w a l l  dur ing  t h e  process  of excava t ion  and,  

hence,  a  l a r g e  t o e  load i s  developed i n  a  manner s i m i l a r  

t o  t h a t  of f r i c t i o n  p i l e s .  The combination of cont inued ex- 

c a v a t i o n  and anchor s t r e s s e s  a t  lower l e v e l s  adds t o  t h i s  

base  load .  Excess ive  s e t t l e m e n t s  and bear ing  c a p a c i t y  f a i l -  

u r e  may fo l low.  

The f a c t o r s  which a f f e c t  wa l l  performance inc lude  

excava t ion  dep th  r e l a t i v e  t o  w a l l  embedment, wal l -base  

f o r c e s ,  wall-ground movements, anchor f l e x i b i l i t y ,  de s ign  

assumptions ,  s o i l  c h a r a c t e r i s t i c s ,  s t r e s s  s t r a i n  h i s t o r y  of 

t h e  s o i l ,  c o n s t r u c t i o n  technique  and workmanship. 

The des ign  of an excava t ion  suppor t  system i s  

unique i n  t h a t  c o n s t r u c t i o n  of t h e  system must be from t h e  

ground s u r f a c e  down a s  excava t ion  p rog res se s ,  an a u x i l l i a r y  

w a l l  aupport  system i s  r e q u i r e d ,  t he  wall. i s  u s u a l l y  made up 

of a  number of i n t e r connec t ing  p r e f a b r i c a t e d  s t r u c t u r a l  rnem- 

b e r s  and a l thouyh  one knows t h a t  due t o  t h e  f l e x i b l e  n a t u r e  

of t h e  w a l l ,  d i sp lacements  w i l l  o ccu r ,  t h e  a c t u a l  magnitudes 

a r e  d i f f i c u l t  t o  p r e d i c t  ( 6 3 ) .  

The use  of a  t i e -back  system i s  p a r t i c u l a r l y  ad- 

van tageous  i n  t h i s  r ega rd  s i n c e  c a s e  h i s t o r i e s  ( 6 4 )  have 

shown t h a t  r e d u c t i o n  of wa l l  movements and corresponding 



ground loss can be controlled by limiting vertical strut 

spacing and prohibiting excavation below the support level 

until all supports are installed and pre-stressed. Since 

the tie-backs are installed at the excavation level no 

overexcavation occurs. 

However, it must be noted that pre-stressing of 

the wall by an anchorage system to a stress level equiva- 

lent to the 'at rest' stage will not provide a 'no movement' 

condition because the release of vertical pressures during 

excavation has not been balanced and this change in loading 

along with instantaneous movements before pre-stressing 

produce horizontal movements which are not completely rever- 

sible (31, 32, 56, 63). 

As implied above, the movement of soil adjacent 

to a deep excavation is responsible for ground loss at the 

surface. To preserve the status quo of existing structures 

and services an estimate of the magnitude of these settle- 

ments and their pattern of distribution is required. 

Of the factors mentioned above which affect wall 

performance, workmanship is the most critical. Hence, theo- 

retical solutions to these problems while being a valuable 

tool to aid one's engineering judgement, are not reliable 

since a mathematical simulation of workmanship is not possi- 

ble. On the other hand, improved workmanship will not im- 

prove the performance if a theoretical solution indicates 

large movements, bottom heave or base failure. Alteration 



of the complete design is then required (63, 64). 

Observations of wall movement have shown that 

the volume of settlement surrounding the str~cture is ap- 

proximately equal to the volume of lost ground associated 

with inward movements of the vertical walls (63). Hence, 

surface settlement control implies control of lateral wall 

movements and bottom heave. While these movements cannot 

be eliminated entirely a judicious choice of anchor inclini- 

nation, level, spacing and wall flexibility will keep them 

to a minimum (31, 67). Peck (63) suggests practical innova- 

tive construction techniques which, while being more expen- 

sive to use, may result in better performance. 

One may obtain a feel for the expected movements 

if a high quality soils investigation is performed to deter- 

mine the soil profile and its variation along the proposed 

excavation as well as ground water conditions. 

In cohesionless sands, negligible movements may 

be expected if adequate pre-stressing is performed (71). 

Relatively small movements may be expected in cohesive 

granular soils (79). In soft to medium clays large move- 

ments rnay be expected (22, 25, 59, 72) especially if ovor- 

excavation is permitted and the anchors are not pre-stressed. 

Peck (62) and Ward (88) suggest that the maximum overexcava- 

tion depth should not be greater than F. In stiff clays 
unless high lateral stresses exist (21) small movements may 

be expected since reduction of vertical pressure is also 



impor tan t  i n  caus ing  s e t t l e m e n t s  a s  s t r e n g t h  and s t i f f -  

n e s s  i n c r e a s e .  I n  f a c t ,  ground rise due t o  elast ic 

unloading has  been observed ( 6 3 ) .  



CHAPTER 2 

ANALYTIC AND LABORATORY STUDIES O F  MODEL WALLS 

The u s e  of an anchorage system t o  suppor t  rock 

masses has  been common p r a c t i c e  f o r  a  number o f  yea r s .  

The behaviour  of  t h e  anchor under s t r e s s  may be 

p r e d i c t e d  wi th  some degree  of conf idence ( 3 2 ) .  The be- 

hav iour  o f  a  w a l l  under stress may a l s o  be p r e d i c t e d .  How- 

e v e r ,  when t h e  w a l l  and t h e  anchorage u n i t  a r e  connected t o  

perform a s  a  u n i t  t h e  performance of t h i s  system i s  n o t  a s  

e a s i l y  determined.  The mechanics of  t h e  i n t e r a c t i o n  between 

t h e  wa l l  and t h e  anchor under s t r e s s  has  n e i t h e r  been w e l l  

de f ined  nor  documented. 

I n  an e f f o r t  t o  remedy t h i s  obvious gap i n  s o l 1  

mechanics t h e o r y ,  a  l a r g e  amount of  r e sea rch  has been con- 

ducted i n  r e c e n t  y e a r s  by t h e  use of bo th  f i n i t e  element 

t echn iques  and f i e l d  or l a b o r a t o r y  t e s t i n g .  The f a c t o r s  

which were found t o  a f f e c t  t h e  performance of t h e  wall and 

des ign  c r i t e r i a  a r e  o u t l i n e d  below: 

1. The shape of t h e  e a r t h  p re s su re  d i s t r i b u t i o n  

envelope i s  governed by t h e  wa l l  f l e x i b i l i t y  

and k inemat ics .  I f  t h e  wa l l  i s  r i g i d  and 

f i x e d  a t  i t s  base an e s s e n t i a l l y  h y d r o s t a t i c  

t r i a n g u l a r  d i s t r i b u t i o n  r e s u l t s .  For t o p  

f i x i t y  a  p a r a b o l i c  o r  t r a p a z o i d a l  d i s t r i b u -  

t i o n  occu r s .  Rotat ion about  t h e  t o p  sup- 

p o r t  l e v e l  f o r  excava t ion  dep ths  exceeding 



one half the wall height is usual and, 

hence, within the range of engineering 

interest a trapazoidal distribution 

occurs. 

The amount of strain required to mobi- 

lize active earth pressures is a function 

of the stress strain history of the soil, 

the geometry of the wall and history of 

wall movements. Stress redistribution 

occurs as a result of wall movements. 

Reverse wall movements result in passive 

pressure mobilization at the top of the 

wall while the outward wall movements at 

the wall base mobilize partial active 

pressures. 

The mobilized pressures are time dependent, 

a function of construction techniques and 

workmanship and anchor inclination. How- 

ever, in design for minimum wall movements 

the suggested empirical lateral earth pres- 

sure coefficient is Ko+Ka , which is insen- 
2 

sitive to anchor inclination, stiffness or 

wall stiffness. The effect of adjacent foun- 

dations is to intensify the magnitude, not 

the distribution, of the earth pressure en- 

velope in a manner which conforms qualitati- 

vely with the predictions of Coulomb. The 



actual increase in total pressure on the 

wall is governed by the proximity of the 

foundation to the wall ( 5 ,  7, 9, 10, 3 0 ,  

3 2 ,  6 7 ,  7 2 ) .  

2. The design anchor loads were mobilized 

for the trapazoid shaped earth pressure 

distribution whether the anchors were pre- 

stressed or not. However, load loss in 

inclined anchors cannot be prevented ( 3 0 ,  

32, 6 7 ) .  

3. Wall movements were sensitive to design 

assumptions. Minimum movements were at- 

tained when the Ko+Ka , coefficient was 
2  

used. Use of KO alone resulted in large 

passive pressures at the top of the wall 

for horizontal anchor installation. For 

inclined anchors a larger ground loss oc- 

curred if Ko were used. 

Initial wall movements were basically hori- 

zontal followed by settlement of the wall. 

Settlement of walls with inclined anchors 

was an order of magnitude higher than those 

with horizontal anchors and increased with 

depth of excavation for both support systems. 

The location of the maximum movements is a 

function of wall rigidity. 



(a) Rigid wall - at the base. 

(b) Flexible wall - in the spans be- 

tween anchor levels. 

Note that for stiff walls smaller movements 

were experienced above and at the excava- 

tion line but greater deflections were ob- 

served immediately below excavation line 

than for flexible walls because flexible 

walls mobilize greater passive pressures 

at the excavation line. Wall movements in- 

crease rapidly with increase of excavation. 

Anchors will control the movements to a 

depth of .2H below the anchor level (10, 19, 

3 0 ,  3 2 ) .  

Ground loss is insignificant if the depth of 

the excavation is less than one half the 

wall height. For greater depths of excava- 

tion the walls supported by inclined anchors 

experienced ground loss two orders of magni- 

tude greater than horizontally supported walls. 

The zone of influence behind the wall extended 

to a distance 2 / 3  the wall height and was in- 

sensitive to anchor inclination although mea- 

sured movements may occur up to a distance of 

twice the wall height from the excavation (10, 

19, 3 0 ,  3 2 ,  67). 



5. The magnitude and distributiot- of the wall 

base force is unknown (32) . 
6. The mobilized wall-soil friction which is 

proportional to wall flexibility is consider- 

ably less than @ peak but the actual value 

is unknown (30, 32, 78). 

7. Wall movements are a function of the soil 

load-deformation response and the interaction 

with the anchors. The tools for analysis 

are not known although Hanna (28) suggests 

some simple approximations (19, 32, 67) . 
8. The performance of tied-back walls is genera- 

lly superior to braced walls due to design 

and construction techniques (10). 

9. Excavation beyond the support level before 

support installation may result in deflec- 

tions twice as high as those which would oc- 

cur if overexcavation were not allowed (10, 

19). 

10. Pre-stressing limits movements. The effect 

on the earth pressure distribution is a func- 

tion of wall stiffness. Stress concentrations 

occur at the anchor points in flexible walls 

and is generally uniform for stiff walls (10, 

19, 32). 

11. Wall deformations and settlements are inver- 

sely proportional to (a) wall rigidity 
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( i n c r e a s e  wa l l  r l g i d i t y  by a f a c t o r  of 32 

reduces  movemf n t s  by a f a c t o r  of 2 )  (10,  

1 9 ) ;  and ( b )  t ie-back s t i f f n e s s  ( i n c r e a s e  

s t i f f n e s s  by a f a c t o r  of 10 and reduce  move- 

ments by a f a c t o r  of 2 )  (10,  1 9 ,  3 0 ) .  

1 2 .  Wall anchors  s i g n i f i c a n t l y  reduce t h e  maxi- 

mum bending moments i n  t h e  wa l l .  The 

p r a c t i c e  of d e s i g n e r s  t o  use  des ign  bending 

moments based on e a r t h  p re s su re  envelopes  

irrespective of t h e  v a r i o u s  parameters  in -  

volved is a v a l i d  assumption on t h e  s a f e  

s i d e  due t o  s t r e s s  r e d i : c r i b u t i o n .  The e f -  

f e c t  of h iqh lv  s t r e s s e d  widely spaced an- 

cho r s  i s  smal l  and may be iqnored (10,  3 0 ) .  

13.  Wall bendinq moments a r e  i n v e r s e l y  pro- 

p o r t i o n a l  t o  wa l l  f l e x i b i l i t y .  

Wall bending moments a r e  i n v e r s e l y  propor-  

t i o n a l  t o  anchor i n c l i n a t i o n  a l though  t h e  

e f f e c t  i s  smal l  on s t i f f  w a l l s  o r  when t h e  

excava t ion  approaches t h e  f u l l  wa l l  h e i g h t  

on f l e x i b l e  w a l l s ,  due t o  movements ( 1 0 ,  3 0 ) .  



CHAPTER 3 

CASE HISTORIES OF TIED-BACK-WALL USE 

Anchors have been used f o r  a  number of y e a r s  a s  

a  suppor t  mechanism. However, o l d e r  ca se  h i s t o r i e s  a r e  

l a c k i n g  i n  bo th  des ign  d e t a i l s  and performance d a t a .  Be- 

cause  o f  i n c r e a s i n g  importance o f  t i e -back  supported w a l l s  

i n  t h e  s o l u t i o n  of temporary and permanent excava t ions  and 

t h e  f a c t  t h a t  w a l l s  a r e  r e l a t i v e l y  f l e x i b l e ,  de s igne r s  

have been i n  cons ide rab le  doubt a s  t o  t h e  approach t o  follow. 

I n  a d d i t i o n ,  documented exper ience  on which t o  base des igns  

o r  a s s e s s  f i e l d  performance i s  minimal. 

Some progress  i n  t h i s  d i r e c t i o n  has  been accom- 

p l i s h e d  i n  r e c e n t  y e a r s  s i n c e  t h e  need t o  a s s e s s  t h e  pe r fo r -  

mance of t h e  suppor t  system a s  we l l  a s  ga in  more conf idence 

i n  t h e  use  of c u r r e n t  des ign  techniques  and c o n s t r u c t i o n  prac- 

t i c e  was recognized.  

I t  i s  q u i t e  e v i d e n t  from a n a l y s i s  of  c a s e  h i s -  

t o r i e s  t h a t  des ign  p r a c t i c e  and c o n s t r u c t i o n  technique  i s ,  

i f  one accounts  f o r  l o c a l  exper ience  and des igne r s  p re fe rence ,  

q u i t e  s i m i l a r .  A summary from case  h i s t o r i e s  of  t h e  s a l i e n t  

f e a t u r e s  of c u r r e n t  des ign  p r a c t i c e  and performance of t i e d -  

back r e t a i n i n g  w a l l s  fo l lows .  

1. Anchors a r e  t y p i c a l l y  i n s t a l l e d  i n  i n c l i n e d  

p r e - d r i l l e d  h o l e s  ranging i n  diameter  from 

3 inches  t o  2 4  i nches .  Anchor i n c l i n a t i o n  

on t h e  o r d e r  of  20° i s  usual  wi th  s t e e p e r  



i n c l i n a t i o n s  i n  t h e  t o p  row t o  c l e a r  ad- 

j a c e n t  s e r v i c e s .  

P r e - s t r e s s i n g  of each anchor t o  1 2 0 %  of 

t h e  des ign  load  i s  common t o  a l low f o r  

c r e e p  and r e l a x a t i o n .  I n  a d d i t i o n ,  a  

s e l e c t e d  number of anchors a r e  s t r e s s e d  

t o  150% of t h e  des ign  load  t o  confirm i n i -  

t i a l  des ign  assumptions and a s  a subsequent 

l oad  t e s t  ( 3 ,  11, 18 ,  4 7 ,  50,  6 1 ,  6 2 ,  80, 

8 9 ) .  

2 .  The r e q u i r e d  anchorage l eng th  which may be 

i n i t i a l l y  determined by a n a l y t i c a l  t ech-  

n iques  i s  always confirmed by load  t e s t s .  

F i f t e e n  f e e t  i s  accep ted  a s  t h e  minimum 

l e n g t h  and i s  te rmina ted  a minimum o f  5 

f e e t  beyond t h e  assumed f a i l u r e  s u r f a c e .  A 

v a r i e t y  o f  anchorage mechanisms a r e  a v a i l a b l e  

( 3 ,  11, 18 ,  25, 4 7 ,  5 9 ,  6 2 ,  80, 8 9 ) .  

3 .  The p r e - s t r e s s e d  load  on t h e  anchor i s  

u s u a l l y  c o n s t a n t  w i th  t ime.  However, some 

r e l a x a t i o n  (up t o  75% of des ign  load)  may 

occu r  i f  t h e  anchors  a r e  s t e e p l y  i n c l i n e d .  

These l o s s e s  a r e  a func t ion  of anchor l e n g t h  

and s o i l  type  wi th  performance being s i g n i -  

f i c a n t l y  b e t t e r  i n  s t i f f  c l a y s  (11, 34, 5 0 ) .  

4 .  The wa l l  is u s u a l l y  embedded 5 t o  15 f e e t  

below t h e  maximum excava t ion  depth by d r i v i n g ,  

p r e - d r i l l i n g  o r  s l u r r y  t rench  techniques .  I f  



s o l d i e r  p i l e s  a r e  p laced  i n  p r e - d r i l l e d  

h o l e s  they  a r e  b a c k f i l l e d  w i t k  a  l e a n  

sand cement mixture  ( 3 ,  11, 5C, 6 1 ,  80 ,  

89 ) .  

5 .  For s o l d i e r  p i l e  i n s t a l l a t i o n s  cover ing  

of  t h e  exposed s u r f a c e  by g u n r i t e  o r  a s -  

p h a l t  mix i s  common p r a c t i c e  ! 2 4 ,  8 0 ) .  

6 .  Wall d e f l e c t i o n s  a r e  a  func t ion  of w a l l  

s t i f f n e s s ,  o t h e r  t h i n g s  be ing  equa l  ( 4 5 ) .  

7 .  The magnitude of anchor l oad  d i c t a t e s  t h e  

type  of c a b l e  and g rou t ing  techniques  t o  

be  employed. Mul t ip le  c a b l e  s t r a n d s  may 

be used t o  c a r r y  l a r g e r  l oads  than  an i n -  

d i v i d u a l  rod.  High e a r l y  s t r o n g t h  con- 

c r e t e ,  expanding a g e n t s ,  p r e s s u r e  g r o u t i n g ,  

a c c e l e r a t o r s  and r e s i n  g r o u t s  a r e  o p t i o n a l  

m a t e r i a l s  t o  be used i n  developing anchorage. 

The c u r i n g  por iod v a r i e s  wi th  t ho  above 

o p t i o n s  between 3 and 7 days (18 ,  5 0 ,  6 1 ,  

6 9 ) .  

8 .  The choice  of t h e  assumed f a i l u r e  s u r f a c e  

i s  q u i t e  v a r i a b l e .  I t  may o r i g i n a t e  a t  

t h e  t o e  of t h e  w a l l ,  a t  t h e  c a l c u l a t e d  mini- 

mum d r i v i n g  depth o r  a t  t h e  base  of t h e  

excava t ion .  The i n c l i n a t i o n  i s  governed by 

t h i s  cho ice  - t h e  c l o s e r  t h e  base of t h e  ex- 

c a v a t i o n ,  t h e  s t e e p e r  t h e  i n c l i n a t i o n  of 



Figure 2: 

t h e  assumed f a i l u r e  s u r f a c e  a s  w e l l  a s  

be ing  in f luenced  by Rankine's  45+g/2 

f a i l u r e  c r i t e r i a .  Figure  2 shows some of  

t h e  common assumed f a i l u r e  p l anes  ( 3 ,  11, 

18 ,  4 7 ,  5 0 ,  8 0 ,  8 9 ) .  

GROUND SURFACE 
/A\Y 

Assutned failure surfaccs used in practice. The choice of 
orlgi~r and inclinatro~r of failure surface is governed by 
individual designer prcfercncc. 

9 .  The des ign  e a r t h  p re s su re  d i s t r i b u t i o n s  

were u s u a l l y  t r a p a z o i d a l  whi le  some rec t an -  

g u l a r  d i s t r i b u t i o n s  were employed. I t  i s  

i n t e r e s t i n g  t o  no te  t h a t  l a t e r a l  e a r t h  pres- 

s u r e  c o e f f i c i e n t s  used were q u i t e  v a r i a b l e  



and t h e  v a r i a n c e  was n o t  n e c e s s a r i l y  d i c -  

t a t e d  by s o i l  p r o p e r t i e s  (11, 47,  50 ,  6 7 ) .  

The f a c t o r  o f  s a f e t y  u s e d  f o r  '111 d e s i g n  

components  w a s  between 1 . 5  and 2 i f  a  tem- 

p o r a r y  scheme. Permanent  s u p p o r t  s y s t e m s  

t y p i c a l l y  employed h i g h e r  f a c t o r s  o f  

s a f e t y  w i t h  some means o f  c o r r o s i o n  resis- 

t a n c e  employed (11, 1 8 ,  4 7 ) .  

The use  o f  f i n i t e  e l e m e n t  t e c h n i q u e s  i s  

becoming more p o p u l a r  a s  a  d e s i g n  t o o l  es- 

p e c i a l l y  i n  complex d e p o s i t s  and ove rcon-  

s o l i d a t e d  c l a y s  where e x p e r i e n c e  is l i m i t e d .  

W a l l  p e r fo rmance  i s  u s u a l l y  b e t t e r  t h a n  pre- 

d i c t e d  by t h i s  a n a l y s i s  s i n c e  t h e  a n c h o r  

p r e - s t r e s s i n g  a c t i o n  r e i n f o r c i n g  l o c a l  

s h e a r  zones  r e s u l t s  i n  a  s t i f f e r  s y s t e m  (11) 



CHAPTER 4 

MAJOR CAUSES OF TIED-BACK WALL FAILURE 

Research and development of tied-back retain- 

ing wall systems has not kept pace with increased con- 

struction requirements of recent years. This results in 

a neglect of soil mechanics principles, hence, excessive 

settlements or even complete failure may occur. 

Planning of and design of anchored bulkheads to 

support soil masses requires more than a knowledge of 

earth pressure mechanics and design of structural systems. 

Consideration of the soil and support system as a structu- 

ral entity is essential. The load and deformation charac- 

teristics of the soil must be evaluated as accurately as 

possible using existing theory. However, since mobilized 

earth pressures are a function of construction technique, 

which is further governed by workmanship, a rigorous appli- 

cation of the theory would not be useful. It merely serves 

to aid one's engineering judgement in developing a support 

system which will allow for construction blunders and un- 

known loadings. This will include selection of the correct 

geometry for anchorage, stressing members to realistic 

levels and limiting movements to acceptable levels ( 8 2 ) .  

The basic failure mechanisms (27, 6 5 )  shown in 

Figure 3 are: 

1. Bearing capacity failure may occur if 

weak cohesive material exists at depth 
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below t h e  w a l l .  

2 .  Anchor f a i l u r e s  due t o :  

( a )  underes t imat ion  of rod f o r c e s .  

( b )  ove re s t ima t ion  of anchor r e s i s -  

t ance .  

( c )  anchorage w i t h i n  t h e  f a i l u r e  

wedge. 

3 .  Base s l i p  o u t  a s  a  r e s u l t  of  i n s u f f i c i e n t  

embedment of  t h e  wa l l  which r e s t r i c t s  pas- 

s i v e  p r e s s u r e  mob i l i za t ion .  

The causes  of f a i l u r e  may be summarized a s :  

1. exces s ive  l a t e r a l  e a r t h  p re s su re .  

2 .  inadequa te  anchor suppor t  and p i l e  

embedment. 

3 .  inadequate  c o n s i d e r a t i o n  of o r  al low- 

ance f o r  d e f l e c t i o n s .  

4 .  poor des ign  d e t a i l s .  

5.  c o r r o s i o n  of components. 

6 .  l a c k  of c o n s i d e r a t i o n  o f  c o n s t r u c t i o n  

o p e r a t i o n s  and r e l a t e d  s t r u c t u r e s .  

I t  i s  e v i d e n t  from t h e  b a s i c  causes  o f  f a i l -  

u r e  t h a t  inadequate  e a r t h  p re s su re  t h e o r i e s  

a r e  n o t  a t  f a u l t .  I t  i s  t h e  n e g l e c t  of  back- 

f i l l  l o a d s ,  c o n s t r u c t i o n  o p e r a t i o n s ,  de f l ec -  

t i o n s ,  co r ros ion  and des ign  and c o n s t r u c t i o n  

d e t a i l s  which a r e  u s u a l l y  a t  f a u l t .  



.Sowers and Sowers (82) report several case 

histories to support this statement. 



CHAPTER 5 

DESIGN MECHANICS 

A. Introduction 

The performance of a tied-back wall in resisting 

lateral pressures and minimizing displacements is highly 

dependent on the excavation process. The fundamental con- 

cept of the design process is the minimization of lateral 

movements by pre-stressing the anchors prior to full load 

application ( 2 7 ,  30, 3 2 )  . 
Unfortunately, a 'feel' for the adequacy of the 

design process could not be attained from older case his- 

tories (18, 20,  2 4 )  since details of wall stress, anchor 

stresses and displacements were omitted. Recent studies 

tend to be more thorough ( 3 ,  11, 47,  5 0 ,  61, 62 ,  80 ,  8 9 ) .  

In practice a wide variety of soil conditions 

exist. This coupled with local construction practice makes 

it important that a flexible design scheme be available 

and for it to be applicable. A review of the case histories 

demonstrates the variation of construction techniques, mate- 

rials, excavation and anchor geometry, assumed failure 

surface and magnitude of earth pressures which are in com- 

mon use. 

The basic requirements of any design scheme are 

to: 

l. Load members to economic levels - wall 



member i s  s i z e d  by assuming a r  e a r t h  p re s -  

s u r e  envelope whi le  t h e  anchor l oad  i s  

based on a  f a c t o r  of  t h e  p u l l o u t  c a p a c i t y  

of an i n d i v i d u a l  anchor .  

2 .  L i m i t  movements t o  t o l e r a b l e  Levels.  In- 

s t an t aneous  e l e s t i c  deformat ions  which 

occu r  upon unloading p r i o r  t o  anchor pre-  

s t r e s s i n g  cannot  be c o n t r o l l e d .  Tools t o  

e v a l u a t e  t h e  magnitude and d i s t r i b u t i o n  

of t h e  movements a r e  poor a l though  Tsche- 

b o t a r i o f f  was q u i t e  s u c c e s s f u l  i n  a  s p e c i f i c  

ca se  ( 8 2 ) .  F i n i t e  element t echniques  pro- 

v ide  reasonable  e s t i m a t e s  o f  wa l l  movement 

(11, 5 6 ) .  

Cont ro l  o f  movements which r e s u l t  from t h e  

c o n s t r u c t i o n  p roces s  may be r e s t r i c t e d  t o  

n e g l i g i b l e  amounts. 

3 .  Maintain o v e r a l l  s t a b i l i t y .  I t  has  been 

common p r a c t i c e  of d e s i g n e r s  t o  cons ider  

t h e  wa l l  member, ground anchor and o v e r a l l  

system s t a b i l i t y  a s  s e p a r a t e  e n t i t i e s .  

C l e a r l y  it i s  t h e  i n t e r a c t i o n  of t h e  va r ious  

components which d i c t a t e s  t h e  behaviour of 

t h e  system. An a p p r e c i a t i o n  o f  t h i s  may 

be ob ta ined  by a n a l y s i s  o f  t h e  c o n s t r u c t i o n  

sequence which r e s u l t s  i n  p rog res s ive  load 



changes and subsequent wall movements. In 

addition, the stress relief results in 

changes in mobilized shear resistance of 

the soil and compressibility characteris- 

tics due to pore-water redistribution. 

Hence, time dependent soil properties re- 

sults in time dependent load changes (9, 31, 

63, 64). 

Because the interaction mechanics of the various 

members is not well understood at the present time, a com- 

ponent design scheme coupled with engineering judgement is 

required. 

. The performance of the wall support system will 

reflect the designers ability within the framework of engi- 

neering judgement to incorporate: 

1. The response of the soil to stress changes 

and deformations as a result of excavation. 

2. The mobilized earth pressures. 

3. The interaction between the anchor, wall 

and retained ground. 

4. A reasonable estimate of the failure sur- 

face into the design process. 

Lambe (44) points out the need to look more closely 

at stress paths as a useful design tool since an understanding 

of the design assumptions may be more easily understood. 

Larrsen et al (47) suggests that due to anchor pre-stress of 



t h e  s o i l  mass t h e  s o i l  s t r e n g t h  c o n d i t i o n s  a r e  changed and 

t h e  a c t u a l  f a c t o r  of  s a f e t y  i s  unknown. I n  f a c t  it i s  

l i k e l y  t h a t  t h e  p r e - s t r e s s e d  s o i l  w i l l  behave as a  g r a v i t y  

mono l i t h i c  r e t a i n i n g  s t r u c t u r e  of l a r g e  dimensions f o r  a l l  

p r a c t i c a l  purposes .  

In  summary c u r r e n t  des ign  p r a c t i c e  i s  adequa te  

a s  c a s e  h i s t o r i e s  i n d i c a t e  b u t  ref inement  o f  t h e  des ign  

t echn ique ,  p o s s i b l y  r e s u l t i n g  i n  more economical d e s i g n ,  i s  

r e q u i r e d .  The most impor tan t  des ign  v a r i a b l e s  i n c l u d e  an- 

chor geometry, p i l e  embedment, excava t ion  geometry and 

e a r t h  p r e s s u r e s  a l l  o f  which a r e  a s s e s s e d  s e p a r a t e l y .  A 

b a s i c  assumption i n  t h e  des ign  p roces s  i s  t o  base  t h e  dis- 

t ance  between a d j a c e n t  anchor l e v e l s  on w a l l  stresses i n -  

duced by e a r t h  p r e s s u r e s .  

However, one must be  c a u t i o u s  when p r e d i c t i n g  

t h e s e  l o a d s  due t o  o n e ' s  l ack  of knowledge of s o i l  proper-  

t i e s ,  boundary c o n d i t i o n s ,  c o n s t r u c t i o n  d e t a i l s  and t h e i r  

v a r i a t i o n  wi th  t ime .  

The coupl ing  of l a t e r a l  w a l l  movements and t h e  

development of t h e  f r i c t i o n a l  f a r c e  on t h e  wal l  r e s u l t s  in 

an i n c l i n e d  w a l l  f o r c e  a t  t h e  p i l e  base  of unknown magni- 

t ude  and d i r e c t i o n  ( 3 2 ) .  

The anchor l oads  and subsequent  wa l l  movements are 

ve ry  s e n s i t i v e  t o  des ign  assumptions.  I n  a d d i t i o n ,  t h e  re- 

duc t ion  of upper anchor l oads  du r ing  i n s t a l l a t i o n  of lower 

anchors  i s  n o t  n e c e s s a r i l y  t h e  r e s u l t  o f  c r eep  bu t  a  measure 



of  t h e  s o i l - w a l l  i n t e r a c t i o n  (32)  t h e  mechanics of which 

a r e  n o t  w e l l  understood.  

The bea r ing  c a p a c i t y  of tile wa l l  i s  o f t e n  over-  

looked.  Wall movements which a r e  bo th  i n s t an t aneous  and 

t ime  dependent a r e  a  func t ion  of s o i l  t ype ,  s t r e s s  h i s t o r y ,  

excava t ion  geometry and des ign  assumption.  I f  movement can- 

n o t  be t o l e r a t e d  then  t h e  KO p r e s s u r e  c o e f f i c i e n t  may be 

used.  But a s  s t a t e d  i n  t h e  s e c t i o n  on l a b o r a t o r y  t e s t i n g ,  

it may be uneconomic and unwise t o  use t h i s  c o e f f i c i e n t  a s  

some movement w i l l  occur  anyway. The average of t h e  a c t i v e  

and a t  r e s t  c o e f f i c i e n t  i s  suggested f o r  b e s t  performance. 

While l o c a l  s t r e s s  concen t r a t i ons  a r e  o f t e n  i g -  

nored,  al lowance must be made f o r  c o r r o s i o n ,  su rcha rge ,  i c e  

p r e s s u r e s ,  water  p r e s s u r e s ,  machinery v i b r a t i o n s ,  ea r thquakes  

and t ime of a p p l i c a t i o n .  I f  t h e  s t r u c t u r e  i s  permanent a  

h i g h e r  f a c t o r  o f  s a f e t y  i s  r e q u i r e d  and e f f e c t i v e  stress para-  

meters should be employed ( 9 ,  23, 2 7 ,  53,  7 9 ) .  

Broms ( 6 )  s u g g e s t s  t h a t  good r u l e s  of thumb t o  

fo l low a r e :  

1. Anchorage must be  behind t h e  assumed f a i l u r e  

s u r f a c e .  

2 .  Anchorage must be a t  l e a s t  25 f e e t  below 

ground s u r f a c e .  

Lambe ( 4 4 )  and Peck ( 6 5 )  s t r e s s  t h e  need f o r  one 

t o  look a t  t h e  s t a b i l i t y  number ( Y H) i n  t h e  des ign  of t h e  
c  u  



suppor t  system e s p e c i a l l y  i n  c l a y s .  Redl inger  and Dodson 

( 7 0 )  p r e s e n t  a  g r a p h i c a l  s o l u t i o n  based on t h e  work of  

John (40)  f o r  use  i n  h e a v i l y  j o i n t e d  rock masses. 

Bre th  and Wonaschuk ( 5 )  were n o t  s a t i s f i e d  wi th  

t h e  p r e s e n t  p r a c t i c e  of cons ide r ing  founda t ion  weights  a s  

a d d i t i o n a l  e a r t h  p r e s s u r e s  and by s u p e r p o s i t i o n  adding t o  

e x i s t i n g  e a r t h  p r e s s u r e s .  A t echnique  t o  c a l c u l a t e  e a r t h  

p r e s s u r e s  imposed by a d j a c e n t  founda t ions  was developed.  

Bukovansky ( 8 )  developed techniques  t o  determine des ign  

parameters  i n  s o f t  rock .  Okusa (60)  has  shown t h a t  t h e  maxi- 

mum p r e s s u r e  e x e r t e , i  on t h e  wa l l  by a  bedded s o f t  rock mass 

w i l l  n o t  be g r e a t e r  t han  t h e  a c t i v e  e a r t h  p r e s s u r e  o f  a  homo- 

geneous s o i l .  

I n  a d d i t i o n ,  developments i n  f i n i t e  element ap- 

p l i c a t i o n  have been o u t l i n e d  p rev ious ly .  

B. The Wall 

The a c t u a l  wa l l  Lo be used a t  a p a r t i c u l a r  s i t e  

i s  governed by l o c a l  c o n d i t i o n s  and p r a c t i c e .  Conventional  

w a l l s  a r e  of  two b a s i c  t ypes  ( 2 5 ,  3 1 ) .  

( a )  F l e x i b l e  - v e r t i c a l  s h e e t  p i l i n g ,  i n t e r -  

l ock ing  s t e e l  s h e e t  p i l e s ,  s o l d i e r  p i l e s  

wi th  lagg ing .  

(b) S t i f f  - diaphragm w a l l s ,  bored p i l e s .  

The s t i f f  w a l l s  a r e  u s u a l l y  i n s t a l l e d  by s l u r r y  

t r e n c h  techniques  whi le  f l e x i b l e  w a l l s  a r e  u s u a l l y  d r iven .  



S o l d i e r  p i l e s  may be p laced  i n  pre-bored h o l e s  and back- 

f i l l e d  w i th  a  weak sand-cement mix i f  d r i v i n g  i s  t o o  d i f f i -  

c u l t  (18,  25, 31, 8 0 ) .  Lagglng i s  no t  always e s s e n t i a l  i n  

s o l d i e r  p i l e  i n s t a l l a t i o n s .  Spraying of t h e  r e t a i n e d  s o i l  

s u r f a c e  wi th  an  a s p h a l t  mix o r  g u n i t e  (25 ,  80) may be su f -  

f i c i e n t  t o  main ta in  t h e  i n t e g r i t y  of  t h e  s o i l  by p reven t ion  

o f  s u r f a c e  dry ing .  

I t  has  been shown t h a t  w a l l  d e f l e c t i o n s  a r e  i n -  

v e r s e l y  p r o p o r t i o n a l  t o  w a l l  s t i f f n e s s .  However, t h e  e f f e c t  

is very sma l l  a s  t h e  behaviour  o f  t h e  combined mass of s o i l  

and w a l l  i s  p r i m a r i l y  i n f luenced  by t h e  stress deformat ion 

c h a r a c t e r i s t i c s  of  t h e  s o i l  (63,  6 4 ) .  

, In  mult i-anchored w a l l s  embedment from 5 f e e t  t o  

1 /3  t h e  w a l l  h e i g h t  has  been employed t o  improve system 

performance ( 3 ,  10 ,  11, 1 6 ,  18 ,  20, 24, 4 7 ,  6 9 ,  7 1 ,  8 9 ) .  

A n a l y t i c a l  t e chn iques  t o  determine t h e  r equ i r ed  embedment 

a r e  very  d i f f i c u l t  f o r  t h i s  ca se .  In  s i n g l y  anchored w a l l s  

t h e  depth of embedment i s  e a s i l y  c a l c u l a t e d .  

The two accepted  a n a l y t i c a l  procedures  t o  be  used 

i n  s i n g l e  anchor w a l l  de s ign  a r e  t h e  f r e e - e a r t h  suppor t  

method and t h e  f i x e d - e a r t h  method. Figure  4 shows t h e  de- 

f l e c t i o n  c h a r a c t e r i s t i c s  of  t h e  w a l l  f o r  both  methods o f  

a n a l y s i s .  

The f r e e - e a r t h  suppor t  method o r  t h e  method of 

minimum p e n e t r a t i o n  r e s i s t a n c e  is t h e  o l d e s t  and most con- 

s e r v a t i v e  des ign  procedure  ( 8 7 )  and i s  accepted i n  p r a c t i c e  



because of its simplicity and success (16, 31, 84). 

Figure 4: Two methods for anchored sheet-piling analysis 

a) Free Earth Support I b)  Fixed Earth Support 

For this approach the wall is assumed to be in- 

flexible. Thesefore, no pivot point exists below the ex- 

cavation depth (41) and passive pressures are mobilized on 

the excavation side OF the pile only ( 9 0 ) .  Due to the Panla11 

embedment, no fixity of the pile occurs. 

The depth of embedment will be that required to 

develop sufficient passive pressures to equilibrate the 

active pressure moments about the anchor point. Classical 

Rankine Theory is used to calculate these pressures. Jumi- 

kis (41) and Tschebotarioff (87) provide equations to be 



used i n  c a l c u l a t i n g  bo th  t h e  depth of embedment and m0-  

ments and s h e a r s  imposed on t h e  wa l l .  This  d r i v i n q  depth 

i s  based on a  f a c t o r  o f  s a f e t y  of u n i t y  t o  p reven t  l a t e r a l  

t o e  y i e l d .  According t o  Danish Rules (16)  f o r  a  f a c t o r  

o f  s a f e t y  of 1 . 7  and 2 one must d r i v e  t h e  p i l e  t o  1 . 4  and 

1 . 7  t imes t h e  c a l c u l a t e d  depth r e s p e c t i v e l y .  

I t  should be  noted t h a t  ove rd r iv ing  t h e  p i l e  i n -  

v a l i d a t e s  t h e  c o n d i t i o n s  upon which t h e  t heo ry  i s  based 

( t h a t  t h e  s o i l  below t h e  dredge l i n e  has  reached i t s  limit- 

i n g  shea r  s t r e n g t h  throughout  t h e  depth of embedment) ( 8 7 ) .  

Therefore ,  some f i x i t y  w i l l  occur .  Tschebota r io f f  s u g g e s t s  

t h a t  f o r  c l a y s  t h e  f a c t o r  o f  t h e  c a l c u l a t e d  depth by which 

t h e  p i l e ' i s  overdr iven  i s  t h e  a c t u a l  f a c t o r  o f  s a f e t y  s i n c e  

t h e  s t r a i n s  r e q u i r e d  t o  gene ra t e  a c t i v e  p r e s s u r e s  a r e  i n -  

h i b i t e d .  

The s i z i n g  of t h e  wa l l  i s  based on bending mom- 

ments and s h e a r  f o r c e s  imposed by t h e  l a t e r a l  e a r t h  p re s -  

s u r e s  which a r e  dependant on wa l l  t ype  aria c o n s t r u c t i o n  

technique  f o r  any given s o i l  c o n d i t i o n s .  The maximum mobi- 

l i z e d  bending moments are a  func t ion  of t h e  p i l e  f l e x i b i -  

l i t y  and s o i l  r e l a t i v e  d e n s i t y  ( 7 4 ) .  The bending moments 

c a n  be kep t  t o  a  miminum by a  j ud i c ious  choice  of anchor 

l e v e l  i n  m u l t i p l e  anchor wa l l s .  

For s i n g l e  anchor w a l l s  a n a l y t i c a l  t echniques  

f o r  e v a l u a t i n g  t h e  maximum bending movements have been de- 

veloped ( 4 1 ,  7 4 ,  87) which inc lude  t h e  r educ t ion  of  t h e  



free-earth support bending moments at the ex-avation line 

which are overly conservative. Stroyer (84) suggests 

2 K  that- a moment reduction factor = may be employed. 

Rowe (73, 74, 75) has developed design charts for use in 

calculating the bending moments as a result 3f the reduc- 

tion which occurs. In the discussions to Rowe's original 

paper (73), Terzaghi, Tschebotarioff and others caution 

the designer when using this technique which oversimplifies 

the situation. Subsequent work by Hanna and Matallana (32) 

and Casagrande (9) support this conclusion. 

The reason for the moment reduction is not clear. 

Kanna and Littlejohn (31) and Tschebotarioff (87) suggest 

that it,occurs as a result of redistribution of earth pres- 

sures and subsequent soil arching around the anchor level. 

Rowe (73) feels it is a result of small passive pressure in- 

creases since tho moment is proportional to the cube of the 

span. Therefore, small passive pressure changes result in 

large moment changes. 

For complex soil conditions, over-consolidated 

soils and multiple anchorage systems where experience is 

limited and case histories scarce, finite element techniques 

have been very useful (11, 77). Usually performance is 

better than expected as a result of a stiffening of the re- 

tained soil mass upon pre-stressing. 

The fixed-earth support method is based on complete 

fixity of the toe to the embedment depth (31, 41, 87) and 



t h e r e f o r e  must be d r iven  t o  g r e a t e r  dep ths  than f o r  t h e  

f r e e - e a r t h  suppor t  des ign  (73,  85, 8 7 ) .  The p i l e  i s  a s -  

sumed f l e x i b l e  ( 4 1 )  and l a r g e  p a s s i v e  p r e s s u r e s  a r e  mobi- 

l i z e d  on bo th  s i d e s  of t h e  s h e e t  p i l e  ( 9 0 ) .  

A complete s e t  o f  equa t ions  f o r  s o l u t i o n  of t h i s  

des ign  approach a r e  p re sen ted  by Jumikis  ( 4 1 ) .  

Because of t h e  t ime consuming n a t u r e  and t h e  d i f -  

f i c u l t y  i nvo lved ,  t h i s  approach is n o t  o f t e n  used i n  prac-  

t i c e .  Blum (25, 4 1 )  has  s i m p l i f i e d  t h e  procedure somewhat 

i n  developing t h e  ' e q u i v a l e n t  beam' approach. Tschebota- 

r i o f f  (87)  f u r t h e r  modified t h i s  approach i n  developing 

t h e  ' h inge  a t  t h e  dredge- l ine '  technique b u t  sugges t s  t h a t  

it i s  a p p l i c a b l e  on ly  i n  sands .  Tschebota r io f f  a d v i s e s  

one t o  use  t h e  f r e e - e a r t h  suppor t  method i n  c l a y s  ( 8 7 ) .  

I t  should be no ted  t h a t  much sma l l e r  bending mom- 

e n t s  a r e  exper ienced  us ing  t h i s  des ign  procedure and they  

do n o t  conform t o  Danish p r a c t i c e  (73,  85, 8 7 ) .  

C.  The Anchor 

The w a l l ,  whether s t i f f  o r  f l e x i b l e ,  d e r i v e s  i t s  

suppor t  from t ied-back anchors  whose func t ion  it i s  t o  re-  

s t r i c t  w a l l  and ground movements t o  t o l e r a b l e  l e v e l s .  To 

p rov ide  suppor t  t h e  anchorage zone must be complete ly  ou t -  

s i d e  t h e  assumed f a i l u r e  wedge and, i n  a d d i t i o n ,  e q u i l i b r a t e  

t h e  system from a  s t a b i l i t y  c r i t e r i a  (13, 2 5 ) .  

A s  mentioned p rev ious ly  t h e  v i r g i c  s t r e s s  s t a t e  

canno t  be  r e s t o r e d  by p r e - s t r e s s i n g  b u t  movements and f r a c -  

t u r e  g e n e r a t i o n  can be c o n t r o l l e d  (10 ,  4 2 ) .  



A v a r i e t y  of anchor t ypes  a r e  c u r r e n t l y  used and 

inc lude  t h e  tamanchor, underream anchor ,  SIF-TM anchor ,  

Bauer anchor and t h e  but tonhead anchor ( 6 ,  18 ,  2 5 ,  4 7 ,  61,  

68, 69, 76 ) .  

Anchor h o l e s  a r e  advanced by d r i l l i n g  - p r e f e r a b l y  

d ry  d r i l l i n g  a s  wet d r i l l i n g  reduces  anchorage c a p a c i t y ,  

e s p e c i a l l y  i n  c l a y ,  and containment o f  c i r c u l a t i o n  wa te r  i s  

always a  problem. The ho le  diameter  w i l l  v a ry  between 3 

i nches  t o  2 4  i nches  depending upon equipment and ground con- 

d i t i o n s .  Coates  and Sage (10)  sugges t  t h a t  t o  f a c i l i t a t e  

anchor g r o u t i n g  t h e  minimum ho le  diameter  should be a t  l e a s t  

1 inch  g r e a t e r  than  t h e  anchor .  Casing o f  t h e  ho le  i s  o f t e n  

r e q u i r e d '  i n  g r a n u l a r  d e p o s i t s .  Hanna ( 2 7 )  o u t l i n e s  a  genera l  

approach which may be foLlowed when i n s t a l l i n g  anchors .  

The spac ing ,  i n c l i n a t i o n  and anchor l eng th  a r e  

governed by ground c o n d i t i o n s ,  excava t ion  geometry and 

des ign  working load .  Excavation dep th ,  wa l l  f l e x i b i l i t y ,  

a l l owab le  stresses and a n t i c i p a t e d  e a r t h  p r e s s u r e s  d i c t a t e  

anchor  spacing.  The t o p  anchor i s  u s u a l l y  1/3  t h e  depth of 

t h e  exaavs t ion  from tht3 Lop o f  the wal l  (20, 2 5 ) .  

The usua l  range of anchor i n c l i n a t i o n  i s  20° t o  

45O wi th  some as h igh  a s  6!ia ( 6 ,  2 0 ,  2 7 ) .  The s t e e p e r  i n -  

c l i n a t i o n s  a r e  used i f  economic anchorage i n  rock may be ob- 

t a i n e d  o r  i f  it i s  necessary  t o  avoid a d j a c e n t  s t r u c t u r e s .  

The choice  o f  i n c l i n a t i o n  i s  governed by a  d e s i r e  

1. t o  anchor i n  s u i t a b l e  m a t e r i a l  



2 .  have s u f f i c i e n t  cover  over  t h e  anchor ,  

3 .  n o t  t o  have i n t e r f e r e n c e  i n  t h e  zone of  

i n f l u e n c e  of a d j a c e n t  anchorages ,  

4 .  avo id  underground s e r v i c e s  and,  

5 .  n o t  impose t o o  l a r g e  a v e r t i c a l  f o r c e  on 

t h e  p i l i n g .  

Hence, t h e  t o p  row of anchors  i s  u s u a l l y  i n c l i n e d  g r e a t e r  

t h a n  succeeding rows. Swedish p r a c t i c e  ( 6 )  d i c t a t e s  t h a t  

t h e  d i s t a n c e  between anchorage zones f o r  a d j a c e n t  anchorage 

l e v e l s  s h a l l  n o t  be l e s s  than  2 . 5  meters .  

Poor performance o f  a r e t a i n e d  wa l l  i s  o f t e n  t h e  

r e s u l t  of l a r g e  anchor i n c l i n a t i o n s  ( 6 ) .  P l a n t  ( 6 7 )  has  

shown t h a t  s i g n i f i c a n t  advantages  can be gained i f  lower an- 

cho r  l e v e l s  a r e  l e s s  s t e e p l y  i n c l i n e d  than  upper l e v e l s .  Fur- 

t h e r ,  i f  t h e  w a l l  r e s t s  on a r i g i d  s t r a t u m  it may be advan- 

t ageous  t o  i n c l i n e  t h e  anchors  s l i g h t l y  upwards. 

The l e n g t h  o f  t h e  anchor t o  be  used i s  u s u a l l y  

based  on an assumed p r e - e x i s t i n g  f a i l u r e  s u r f a c e  which ex- 

t e n d s  from t h e  w a l l  base  i n c l i n e d  a t  an angle  o f  45+0/2 

degrees  t o  t h e  h o r i z o n t a l  a s  showh i n  Figure 5 (10, 25, 31, 

8 0 ,  8 9 ) .  Th is  l e n g t h  is confirmed adequate by o v e r a l l  s t a b i -  

l i t y  c a l c u l a t i o n s .  The anchor  u s u a l l y  ex tends  a minimum o f  

5 f e e t  beyond t h i s  l i n e  t o  ensure  it i s  founded on m a t e r i a l  

o u t s i d e  t h e  f a i l u r e  zone. 
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F i g u r e  5: Method o f  deter l t l in ing anchor  l e n g t h .  'This method assumes 
t h a t  f a i l u r e  of  t h e  w a l l  would t a k e  p l a c e  a long  a failure 
p l a n e .  
The s t r e n g t h  of t h e  anchor i s  developed by grou t -  

i n g  techniques  o r  an appa ra tus  a t  t h e  base of t h e  anchor 

which expands i n t o  t h e  surrounding s o i l  o r  rock. 

Grout ing t e rkn iques  such a s  high p re s su re  g r o u t i n g ,  

expanding a g e n t s  and a c c e l e r a t o r s  a r e  used t o  i n c r e a s e  t h e  

c a p a c i t y  of t h e  anchor.  The use of r e s i n  g rou t  ( 2 5 ,  6 6 )  i s  

becoming a popula r  a l t e r n a t i v e  t o  t h e  t r a d i t i o n a l  cement 

g r o u t  a s  a means t o  develop anchorage.  Stagg ( 8 3 )  r e c e n t l y  

demonstra ted t h a t  i n t r o d u c t i o n  o f  g ranu la r  m a t e r i a l  i n t o  



the hole to provide anchorage is a practical alternative to 

grout. Use of high grade steel will aid in minimizing 

cable creep and reduce corrosion (20). 

The anchorage length is dictated by the ultimate 

capacity of the anchors. In granular materials, the capa- 

city is a function of grain size, grain size distribution, 

grout composition, injection pressure and geometric confi- 

guration of the hole. In cohesive materials the adhesion of 

the soil to the anchor is the governing factor (31, 32). 

While the anchorage capacity can be predicted 

with some degree of confidence pull out tests should always 

be conducted. Because of this more sophisticated analytical 

procedure's for determining capacity are not required. Cul- 

ver and Jorstead (14) suggest that an anchor is assumed to 

perform satisfactorily if a minimum of relaxation occurs. 

Anchor relaxation is the result of elastic defor- 

mation of the free length of the rod, elastic deformation of 

the retained length of rod in the grout, soil deformation on 

loading and rod grout slip. 

Failure in a n f t  rock is usually a savsrs locaLtso8 

crushing of the rock in the immediate vicinity of the anchor 

with anchor relaxation or bleed-off being the result. Large 

inelastic tensile strains at the base of the anchor indicates 

large single fractures may propogate out from the anchor 

and affect the strength of the entire rock mass (14). In 



a d d i t i o n ,  a  c a t a s t r o p h i c  f a l l u r e  w i l l  probably occur  a long  

a zone of w e a k n ~ s s  whether it i s  p a r a l l e l  o r  pe rpend icu la r  

t o  t h e  d i r e c t i o n  of anchor p u l l .  

A n a l y t i c a l  t echniques  a r e  a v a i l a b l e  t o  c a l c u l a t e  

s t r e s s e s  around an anchor ( 1 4 ,  4 3 ) ,  anchor load  r e l a x a t i o n  

wi th  t ime ( 1 5 ) ,  optimum anchor l e n g t h  ( 3 9 ) ,  r e l a t i o n s h i p s  

between anchor spac ing ,  l eng th  and des ign  l o a d s  ( 4 6 )  and 

how t o  t r e a t  dynamic l o a d s  ( 7 9 ) .  

The a c t u a l  d e t a i l s  of  aitchor proof t e s t i n g  vary  

w l t h  t h e  des igne r  and l o c a l  conditions. The t e s t  procedures  

a r e  d i c t a t e d  by homogeneity of s o i l  c o n d i t i o n s ,  t i e -back  

spac ing ,  t i e -back  l o a d s ,  consequence of f a i l u r e  and exper-  

i e n c e  i n , t h e  a r e a .  The usua l  procedure i s  t o  s t r e s s  each 

anchor t o  115% of t h e  des ign  load .  A minimum of 5% o f  t h e  

anchors  a r e  p r e - s t r e s s e d  t o  150% o r  even 200% of t h e  des ign  

l o a d  be fo re  r e l a x a t i o n  t o  t h e  des ign  load t o  ensure  adequate 

performance.  

I n  a d d i t i o n  it i s  d e s i r a b l e  t o  check randomly 5 %  

o f  t h e  anchors two weeks a f t e r  i n s t a l l a t i o n  t o  ensure  load  

l o s s  does n o t  occur  ( 2 2 ,  4 7 ) .  

I t  may be po in t ed  o u t  t h a t  adequate  anchor per-  

formance does n o t  imply a c c u r a t e  p r e d i c t i o n  of mobi l ized 

e a r t h  p r e s s u r e s  (11, 6 4 ) .  I t  merely i n d i c a t e s  t h a t  t h e  an- 

c h o r s  have s u s t a i n e d  t h e  a p p l i e d  load wi th  no d i s t r e s s  and 

t h e  l a t e r a l  e a r t h  p r e s s u r e s  were n o t  g r e a t e r  than  t h e  pre- 

s t r e s s  load.  In  terms of movements p r e - s t r e s s i n g  t o  t h e s e  



des ign  l o a d s  g r e a t l y  i n h i b i t s  movements ( 4 7 ,  7 1 ) .  I n  f a c t ,  

Rizzo e t  a 1  ( 7 1 )  r e p o r t s  on t h e  reduc t ion  of w a l l  movements 

by an  o r d e r  o f  magnitude by p r e - s t r e s s i n g  t h e  anchors  t o  

110% of des ign  load  r a t h e r  than  50%. 

I t  may be b e n e f i c i a l  t o  a l t e r  c u r r e n t  p r a c t i c e  t o  

p rov ide  anchorage a long  t h e  complete l eng th  o f  t h e  cab le .  

Th i s  n o t  on ly  improves co r ros ion  r e s i s t a n c e  b u t  p rov ides  ad- 

d i t i o n a l  s t r e n g t h  by i n c r e a s i n g  t h e  s t i f f n e s s  of  t h e  assumed 

f a i l u r e  mass and, hence,  enhance i t s  a b i l i t y  t o  r e s i s t  move- 

ments. In  a d d i t i o n ,  t h e  anchors  should n o t  be tens ioned  t o  

l o a d s  h ighe r  tllan t h o s e  r equ i r ed  t o  suppor t  t h e  s t r u c t u r e  

s i n c e  t h i s  w i l l  produce h igh  t e n s i l e  s t r a i n s  a t  t h e  anchor 

and p o s s l b l e  f r a c t u r e  ( 1 4 )  a s  we l l  a s  p l a s t i c  zones a t  t h e  

anchor  wa l l  i n t e r f a c e  ( 5 6 ) .  Anchor wedging a c t i o n  may be 

reduced i n  bedded d e p o s i t s  by o r i e n t a t i n g  t h e  anchors  s o  

t h a t  t h e  d i r e c t i o n a l  normal i s  p a r a l l e l  t o  j o i n t i n g .  This  

w i l l  a l s o  r e s u l t  i n  a  s t i f f e r  system a s  t h e  j o i n t s  c l o s e  up  

( 1 4 ) .  

Methods f o r  t h e  des ign  o f  e a r t h  anchors have been 

developed by Broms ( G )  , Hanna (27) , Jackson et: a l  ( 3 7 )  , and 

L i t t l e j o h n  ( 4 9 ) .  They a r e  a l l  s i m i l a r  i n  t h a t  semi-empirical  

r e l a t i o n s h i p s  r e l a t i n g  s o i l  t y p e ,  s h e a r  s t r e n g t h ,  geometry, 

anchor  s o c k e t ,  g rou t ing  and overburden p r e s s u r e s  a r e  deve- 

l oped  and a  l i n e a r  s h e a r  s t r e s s  d i s t r i b u t i o n  a long  t h e  f a i l -  

u r e  s u r f a c e  i s  assumed. 



The c a p a c i t y  o f  t h e  a n c h o r a g e  s y s t e m  must  b a l a n c e  

t h e  e a r t h  p r e s s u r e  d i ag ram and t h e  v e r t i c a l  component o f  

t h e  a n c h o r  l o a d s  must  n o t  impose a  w a l l  f o r c e  which would 

r e s u l t  i n  e x c e s s i v e  d e f o r m a t i o n .  

I t  h a s  been  t h e  p r a c t i c e  o f  t h e  Committee f o r  

W a t e r f r o n t  s t r u c t u r e s  i n  Germany t o  u s e  t h e  fo rmula  a n d  

c h a r t s  d e v e l o p e d  by Blum t o  d e t e r m i n e  a n c h o r  l o a d s  a n d  t h e  

method o f  Kranz t o  e v a l u a t e  t h e  a n c h o r  l e n g t h  r e q u i r e d  t o  

e q u i l i b r a t e  t h e  s y s t e m  ( 2 5 ,  4 8 ,  4 9 ) .  The e f f e c t  o f  a  convex 

f a i l u r e  s u r f a c e  was i g n o r e d  s i n c e  t h e  e f f e c t s  were s m a l l  ( 6 )  

I n  Nor th  America,  t h e  r e q u i r e d  a n c h o r  loitd i s  

t a k e n  a s  t h a t  r e q u i r e d  t o  s a t i s f y  h o r i z o n t a l  e q u i l i b r i u m  

o f  t h e  s y s t e m  ( 4 1 ,  7 3 ,  8 5 ,  8 7 ,  9 0 ) .  Hence, f o r  s i n g l e  an- 

c h o r e d  w a l l s  t h e  h o r i z o n t a l  component o f  t h e  a n c h o r  f o r c e  

mus t  b e  t h e  d i f f e r e n c e  be tween t h e  p a s s i v e  ar<d a c t i v e  e a r t h  

p r e s s u r e s .  

I n  o r d e r  t o  maximize a n c h o r  u s e  Bar ron  (1) h a s  

s u g g e s t e d  t h a t  t h e  optimum a n c h o r  i n c l i n a t i o n  f o r  a  f a c t o r  

o f  s a f e t y  o f  u n i t y  i s  g i v e n  by :  

t a n  u = t a n  ( i r k )  

u  = a n g l e  of i n t e r n a l  f r i c t i o n  o f  r e t a i n e d  

m a t e r i a l  

i = i n c l i n a t i o n  o f  f a i l u r e  s u r f a c e  

k = a n c h o r  i n c l i n a t i o n  

T h i s  fo rmula  i s  b a s e d  on r o c k  mechanics  p r i n z i p l e s  where 



l i m i t  equ i l i b r ium a n a l y s i s  wi th  a  f a c t o r  of  s a f e t y  equa l  t o  

one and cohesion assumed zero  i s  accep ted  p r a c t i c e  (1, 2 5 ) .  

Hence, it s e r v e s  a s  an a i d  t o  eng inee r ing  judgement f o r  use 

i n  f r i c t i o n a l  m a t e r i a l s  b u t  is no t  a p p l i c a b l e  t o  f r i c t i o n -  

less s o i l s .  Anchor i n c l i n a t i o n  must be determined on t h e  

b a s i s  of  exper ience  and r e s e a r c h  and common p r a c t i c e ,  a s  

s t a t e d  p r e v i o u s l y ,  i s  t o  i n s t a l l  them a t  a n g l e s  between 0 - 
20°. 

An i n t e g r a l  p a r t  o f  t h i s  a n a l y s i s  is t h e  assump- 

t i o n  t h a t  a l l  m a t e r i a l  behind a  p lane  of maximum s h e a r  s t r e s s  

a s  c a l c u l a t e d  by Barron (1) behaves a s  a  r i g i d  s o l i d  mass. 

T h i s  i s  t r u e  i f  t h e  s l o p e  of cont inuous d i s c o n t i n u i t i e s  i s  

g r e a t e r  than  i. I f  l e s s ,  t han  t h e  p lane  o f  winimum excess  

s h e a r  s t r e n g t h  may govern and t h e  anchor should ex tend  beyond 

t h e  d i s c o n t i n u i t y  which d a y l i g h t s  a t  t h e  base o f  t h e  c u t .  

The des ign  mechanics o f  t h e  anchorage system a r e  

n e i t h e r  we l l  understood nor  supported by exper imenta l  work 

( 3 ,  11, 1 4 ,  8 5 ) .  T h e o r e t i c a l  s t u d i e s  have shown t h a t  t h e  

mobi l ized  shea r  stress i s  a  func t ion  of t h e  r e l a t i v e  magni- 

t u d e  o f  t h e  modul i i  o f  deformation of t h e  r e t a i n e d  s o i l  or 

rock and t h e  anchor. However, e m p i r i c a l  des ign  assumptions 

a r e  made r ega rd ing  t h e  p ropor t ions  of load taken  i n  s i d e  

s h e a r  and end bea r ing  and a  c o r r e l a t i o n  between u l t i m a t e  

r e s i s t a n c e  and i n d i v i d u a l  anchor c a p a c i t y ,  s o i l  p r a p e r t i e s ,  

and anchor geometry (25)  i s  made. For t h e  engineer ing  racge 

o f  modulus r a t i o s  t h e  load  c a r r i e d  i n  end bear ing  i s  s m a l l .  



The t e n s i l e  s t r e s s e s  induced by t h e  anchorage system a r e  

s i g n i f i c a n t  w i t h i n  one anchor diameter  of  t h e  anchor and 

a r e  independent of t h e  modulus r a t i o .  Tens i l e  s t r e s s e s  

produce t e n s i l e  s t r a i n s  which induce crack propogat ion and 

some anchor c r eep  when t h e  load  is a p p l i e d  ( 1 2 ,  1 3 ) .  

The o v e r a l l  s t a b i l i t y  of  t h e  suppor t  system i s  

a t t a i n e d  through t h e  placement of  t h e  anchors  o u t s i d e  t h e  

f a i l u r e  wedge. 

For rock s l o p e  eng inee r ing  t h i s  f a i l u r e  s u r f a c e  

is given by cot a = cot i + l - '  (sin 2i- u cos 2i 

f o r  a  f a c t o r  of s a f e t y  o f  u n i t y .  

a  = i n c l i n a t i o n  of s l o p e  

i = i n c l i n a t i o n  of t h e  f a i l u r e  s l o p e  

u  = f r i c t i o n  developed on t h e  f a i l u r e  s u r f a c e  

Barron e t  a 1  (1) gave a  g r a p h i c a l  s o l u t i o n  t o  t h i s  equa t ion .  

I n  s o i l  mechanics t h e  assumed f a i l u r e  s u r f a c e  i s  i n c l i n e d  

a t  45+$/2 t o  t h e  h o r i z o n t a l  wi th  t h e  o r i g i n  of t h e  s l o p e  

b e i n g  a t  t h e  c a l c u l a t e d  maximum d r i v i n g  depth from f r e e -  

earth suppor t  c o n s i d e r a t i a n s  ( 2 7 ,  3 2 )  . 
The u l t i m a t e  anchor c a p a c i t y  must always be con- 

f i rmed  by f i e l d  tests. Procedures t o  p r e d i c t  t h i s  c a p a c i t y  

have been developed based on t h e  Mohr-Coulomb f a i l u r e  c r i t e -  

r i a  ( 2 5 ,  27 ) .  

I n  f i n e  sands  and cohes ion le s s  s i l t s  t h e  anchor 

c a p a c i t y  i s  developed by f r i c t i o n  and t h e  u l t i m a t e  load  i s  



given by 7 = KO G, tan ~3 

= mobilized anchor-soil side friction. 

KO = factor based on relative density of soil. 

= . 5  for low relative density soils. 

= 1 otherwise. 

TV = overburden pressure. 

0 = frictional resistance of the retained soil. 

KO is usually taken as unity due to stress concen- 

trations and disturbance induced by drilling and injecting the 

grout under pressure. 

For cohesive materials 7 - a cu where s is a 

factor depending on conditions. In stiff clays the capacity 

is generally low due to poor adhesion and structure. In addi- 

tion, if wet drilling is used cU is greatly reduced. 

Hence, use = 1 for soft to medium clays ( s, less 
2 than 5T/M ) or when dry drilling. 

2 = .5 in stiff fissured clays ( q,  greater than 5T/m ) 

or when wet drilling (28). 

For long term loading effective stress parameters 

must be used. Tho factor of safety to be ueed in coherianlese 

materials and soft-medium clays is 1.5-2. For stiff clays 

a minimum value of 2 is recommended and allowance should be 

made for structure. 

Techniques which increase the effective anchor dia- 

meter have been developed to improve the capacity in clays 

such as gravel injection and multi-underreamed fixed anchor 

(25, 83). 



In addition to anchor-soil failure, grout-rod 

slip may occur. The shear stress is assumed uniformly dis- 

tributed on the rod and allowable values of = 2.4 

less than 160 psi (smooth rod), = .lfc' greater than 

350 psi (rough rod) are commonly used with a factor of 

safety of 2. 

The rod itself must not be overstressed. 

D. Earth Pressures 

The design load acLing on a retaining wall is 

calculated using simplified assumptions and experience. The 

range of earth pressure distributions which may act on the 

wall are a function of design assumptions based on varying 

degrees df strength mobilization (33). 

During excavation the walls deform and translate 

in characteristic fashions which have no resemblence to theo- 

retical distributions based on Rankine or Coulomb Theories. 

Deformations at the top of the wall are less while those at 

the base of the wall are greater than those required to 

mobilize these theoretical pressures. Hence, the active pres- 

sure is not realized and the pre~aure distribution is not 

triangular. In fact, it has been shown (32, 87) that only 

if the wall rotates about its base will the earth pressure 

distribution be triangular. 

If rotation occurs about the top or, as in the case 

of tied-back retaining walls and braced excavations, about 

the uppermost support level then a parabolic pressure 



distribution will result (32, 8 7 ) .  

Various authors (6, 16, 45, 50, 63, 65 ,  9 6 )  have 

suggested trapazoidal earth pressure distribution which may 

be used in design of braced excavations. Figure 6 shows the 

commonly accepted envelopes. The diagrams are essentially 

the same except for differences to account for local soil 

conditions and workmanship. 

These earth presslire diagrams are an envelope to 

cover maximum anchor loads which may be expected over the 

life of the structure and are not necessarily the earth pres- 

sure at any one construction stage. In traditional braced 

excavations the decision to use active or at rest pressures 

is governed by tolerable ground movements. Hence, if late- 

ral movements are tolerable then the structure may be design- 

ed using active earth pressures. However, in tie-back 

installations sufficient support is given so ae to restrict 

the strains necessary to develop active earth pressures ( 6 5 ) .  

An analysis of the mechanics of movement is re- 

quired in order to assess the magnitude of lateral stresses 

which mdy be mobilized. The pressure distribution is not 

'at rest' due to yiold an excavation and is not activ@ due 

to anchor restraint (32). The actual distribution is a func- 

tion of soil properties and construction technique. 

Larson et a1 (47) suggests that wall pressures 

should be based on 'partially mobilized active' since under- 

estimation of pre-stress forces would be dangerous while 
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overestimation would be uneconomical. He suggests the use 

of Ka' = .8 Ka. Even though performance of the structure 

involved was good, design based on these earth pressures is 

too small. 

Hanna and Matallana (32) suggest the use of 

Ko+Ka as the earth pressure coefficient in order to obtain 
2 

minimum movements. They conducted a number of experiments 

to confirm this. 

In addition to earth pressures which may act on 

the structure water pressures, freezing pressures, surcharge 

load, swelling pressures and pressures from adjacent foot- 

ings must be considered (23, 31, 53, 55,  87). Prediction of 

the seasonal variation of these pressures while important 

is not possible due to the lack of data and the many varia- 

bles involved. The structure of the retained mass may also 

be an important factor in evaluating earth pressures (63, 

64). It is common practice to overdrive the wall by 20% (31, 

86, 87) in order to avoid overexcavation and the resultant 

excessive stresses which would otherwise occur at the base 

of the wall. Peck (63, 64) re-analyzed tho earth pressure 

diagramtii as they ore used today and introduced the stability 

number to account for the effects of deep soft clay deposits 

when choosing the lateral earth pressure coefficient in 

design. 

Recent studies of mobilized earth pressures show 

that the construction sequence may be simulated quite well 



by finite element techniques (11, 31). 

E. Factor of Safety 

The factor of safety against failure must be 

chosen after consideration of the time of installation, 

whether permanent or temporary, the consequences if failure 

occurs and the knowledge one has of the desiqn parameters. 

The literature (6, 18, 24, 25, 30, 80) shows that 

the factor of safety is relatively constant for various de- 

sign techniques if one accounts for local conditions. How- 

ever, the actual definition of the factor of safety used is 

never given. Broms (6) suggests a modified version of the 

traditional definition: 

F = Sum of Passive Forces 
Sum of Active Forces 

However, in recent years a new more consistent 

definition has emerged which applies a reduction factor to 

the strength parameters themselves, In terms of friction: 

tan J3 mobilized = :an 
Factor of Safety 

A similar eqaation can be written for cohesion. 

The accompanying table gives various factors of 

safety in current uso. For a site with variable soil condi- 

tions stiff clays or soft rocks, these values are increased. 

Clay shales are particularly troublesome due to swelling 

characteristics, low residual strengths, slickensides, ubi- 

tiquous shear zones, variability, fissures and poor adhesion 

( 5 5 ) .  



TABLE 1 

Component 

FACTOR OF SAFETY USED I N  PRACTICE 

S o i l  C o n d i t i o n s  F a c t o r  of  S a f e t y  

Permanent  Temporary 

Anchor 

Rod S t r e n g t h  

G r o u t  - c a b l e  
bond 

G r o u t  - s o i l  
bond 

Wall stresses 

B e a r i n g  capa -  
c i t y  

o v e r a l l  
s t a b i l i t y  

C o u r s e ,  G r a n u l a r  2 . 5  1 . 5  

F i n e  t o  Medium 2 1 . 5  

Sand 

S t i f f  C l a y  2 .5  2 

S o f t  C l a y  
" - 2 



The f a c t o r  o f  s a f e t y  f o r  o v e r a l l  s t a b i l i t y  

b a s e d  o n  s o i l - w a l l ,  a n c h o r a g e  s y s t e m  i n t e r a c t i o n  i s  t y p i -  

c a l l y  1 . 5  f o r  t empora ry  i n s t a l l a t i o n s  and  2  i f  permanent  

( 2 6 ,  3 1 ) .  

I n d i v i d u a l  a n c h o r s  s h o u l d  have a  minimum f a c t o r  

o f  s a f e t y  o f  1 . 5  b a s e d  3n p u l l o u t  t e s t s  t o  a c c o u n t  f o r  l o a d  

d e c r e a s e  w i t h  t i m e ,  g round v a r i a b i l i t y ,  r e p e t i t i v e  l o a d i n g  

a n d  g r o u p i n g  a c t i o n .  

L i t t l e j o h n  ( 2 6 )  s u g g e s t s  t h a t  i n  m u l t i - a n c h o r e d  

s y s t e m s  t h e  p o s s i b i l i t y  o f  p r o g r e s s i v e  f a i l u r e  e x i s t s .  

Hence, a  minimum f a c t o r  o f  s a f e t y  o f  1 . 6  s h o u l d  be u s e d  t o  

a l l o w  f o r  stress r e d i s t r i b u t i o n  i f  a n c h o r  f a i l u r e  o c c u r s .  



CHAPTER 6 

D E S I G N  EXAMPLE 

A search of the literature on current design 

procedure for single anchored walls as listed in Chapter 5 

reveals that a basic design technique is prevalent. A stabi- 

lity check of the system as a whole is either expressed or 

inferred in most cases. liowever, a definite procedure is not 

presented although Warsser ( 8 9 )  does suggest treating the 

retained soil mass as a retaining wall of large dimensions 

is practical. 

The following design example is presented to over- 

come these shortcomings based on the geometry and soil proper- 

ties shown in Figure 7. The active earth pressure coefficient 

Ka is used for simplicity. 

G W N D  SURFACE 

&'a 120 PCF 

0 :  35O 
C: 0 

1 b 
BASE CF EXCAVATION 

WATER TABLE LOCATED WELL 
BELOW THE BASE OF EXCF.- 
VATION 

H : 30 FEET 
d a H / 3  = 10 FEET 
cr : 20'7 
b = 10 INCHES 0 AND R ARE UNKNOWN 

Figure  7 :  Geonietry of dcs ign  example. 



1. C a l c u l a t e  Depth - o f  Embedment and Anchor Load 

Using F r e e  E a r t h  S u p p o r t  Method. 

T h i s  i s  a  1 i m i . t  e q u i l i b r i u m  method of  a n a l y s i s ,  

t h e r e f o r e ,  t h e  f u l l y  m o b i l i z e d  a c t i v e  p r e s s u r e s  w i l l  a c t .  

However, t h e  s t r a i n s  r e q u i r e d  t o  m o b i l i z e  p a s s i v e  p r e s s u r e s  

a r e  a n  o r d e r  o f  magni tude  h i g h e r  t h a n  t h o s e  r e q u i r e d  t o  mobi- 

l i z e  a c t i v e  p r e s s u r e s ,  h e n c e ,  a  f a c t o r  o f  s a f e t y  o f  2 w i l l  b e  

a p p l i e d  t o  t h e  m o b i l i z e d  p a s s i v e  p r e s s u r e  c o e f f i c i e n t .  

T h i s  d e f i n i t i o n  o f  F a c t o r  o f  S a f e t y  r e s u l t s  i n  a  

d e p t h  o f  embedment which i s  s l i g h t l y  more t h a n  t h e  Danish 

r u l e s  r e q u i r e  and s l i g h t l y  less t h a n  T s c h e b o t l r i o f f  ( 8 7 ) ,  

J u m i k i s  ( 4 1 ) ,  o r  Peck e t  a l  ( 6 5 )  s u g g e s t .  Then a c c o r d i n g  t o  

R a n k i n e ' s  t h e o r y  t h e  e a r t h  p r e s s u r e  c o e f f i c i e n t s  a r e :  

K a  = t a n 2  (45-8/2)  = t a n 2  ( 2 7 . 5 )  = . 271  

t a n  p'mob = t a n  p' = t a n  35 = - 3 5  -- 
F 2 

The r e q u i r e d  d e p t h  of  embedment i s  t h a t  which 

m o b i l i z e s  s u f f i c i e n t  p a s s i v e  p r e s s u r e  moments t o  e q u i l i b r a t e  

the  a c t i v e  p r e s s u r e  moments a b o u t  t h e  anchor  p o i n t .  



Using the equation of Jurnikis (41) the required 

depth D is given by: 

- 3 H (t-I-d) Ka D - % H2 (2~-3d) Ka = 0 - 
3-N Kp-Ka 2 

3-N Kp-Ka 2 

For H = 30'; d = 10' Kp = 1.99 

Ka = .271 

F = Factor of Safety = 2 

To take into account the variations of strength 

and compreesibility of the retained soil as well as allow 

for overexcavation it is good practice to overdrive the piles 

by 20% of this computed depth. 

D = 1.2 x 13.1 = 15.72 ft. 
req 

The required anchor force is that required to 

satisfy horizontal force equilibrium. According to Jumikis 

(41) 



To account for the flexibility of the wall, stress 

concentrations, setting of the anchor and initial creep the 

anchors should be pre-stressed to 120% of this value 

T = 10,345 x 1.2 = 12,415 - ib. 

2. System Stability . . 

In order to obtain a measure of the interaction 

behaviour of the wall anchor-sol1 system the system stability 

must be analyzed. The factor of safety will be 1.5, there- 

fore. 

tan g mobilized = tan 35 = .467 - - 

jil mob = 25 0 

then : 

Note that tha factor of safety is applied to 

both pressure coefficients so that p3 mob is consistent on 

all surf aces. 



The s t a b i l i t y  of t h e  system must be analysed i n  

two s t e p s :  o v e r a l l  s t a b i l i t y  and block f a i l u r e  by r o t a t i o n .  

The l eng th  of anchor r e q u i r e d  t o  e q u i l i b r a t e  t h e  system 

s t a b i l i t y  from e i t h e r  approach i s  determined and t h e  longer  

anchor l e n g t h  i s  s e l e c t e d .  For o v e r a l l  s t a b i l i t y  a n a l y s i s  

t h e  boundary of t h e  system i s  shown i n  F igure  8 and a  f o r c e  

GROUND SURFACE 

(BLOCK ROTATION ONLY I ---=-+I 

Boul~dary f o r  a r l a l y s i s  o f  o v e r a l l  s t a b i l i t y  

-- - -- - Boundary f o r  a n : ~ l y s i s  of b lock  r o t a t i o n  

W = Weight of r e t a i n e d  s o i l  b lock 

Ea = A c t i v e  e a r t h  p r e s s u r e  on deadnlan 

lip = P a s s i v e  e a r t h  p r e s s u r e  on t h c  wall 

I? = R e s u l t a n t  f o r c e  a c t i n g  011 t h e  assumed f a i l u r c  s u r f a c e  

.c = I n c l i n a t i o n  of r e s i l l t n n t  f o r c e  t o  t l ~ c  normal t o  t h e  f a i l u l - c  
s u r f a c e  

Ea' = A c t i v e  e a r t h  p r e s s u r e  e x e r t e d  on t h e  wall  

Ap = Anchor loud 

F i g u r e  8: Force systcln t o  be  c o n s i d e r e d  i n  Systcm S t a l ~ i l i t y .  



system i s  drawn. When t h e  r e s u l t a n t  f o r c e  on t h e  f a i l u r e  

s u r f a c e  i s  i n c l i n e d  a t  mobi l ized t o  t h e  s u r f a c e  normal 

then  t h e  r e q u i r e d  l e n g t h  of anchor has  been a t t a i n e d .  The 

o r i g i n  of t h e  f a i l u r e  s u r f a c e  o r i g i n a t e s  a t  t h e  minimum 

p e n e t r a t i o n  depth of 13 .1  f e e t .  

A g r a p h i c a l  procedure i s  suggested us ing  t h e  

f o r c e  system shown i n  F igure  8 .  The s o l u t i o n  i s  presen ted  

i n  F igu re  9 .  

a )  Assumed f a i l u r e  geometry b) Force Polygon 

From Figure  8 

W = Area of  block x u n i t  weight of s o i l  

Ea = 1 / 3  Kay h 2 

~p - 112 ~p Y D~ 

P "a, W U S  OF HllNlS WHERE MCBILIZED FRICTION IS 25 

WHERE THESE TWO LINES lNTERSECT TNE MOBILIZED 
PRI TlON iS 2S0 ON ALL WRFACES OP THE ASSUME0 
w L i R E  BLOCK 

See page 59 f o r  t h e  g r a p h i c a l  p rocedure  t o  u s e  t o  determine t h e  r e q u i r e d  
anchorage leng t l l .  

F i g u r e  9 :  Ana lys i s  o f  Ove ra l l  S t a b i l i t y .  



G r a p h i c a l  P rocedure  f o r  t h e  s o l u t i o n  of F i g u r e  9 and F i g u r e  10 .  

1. C a l c u l a t e  t h e  magni tudes  o f  a11 f o r c e s  f o r  each assumed 

f a i l u r e  b lock .  

2 .  Draw t h e  polygon of f o r c e s  and l o c a t e  a a t  t h e  i n t e r -  
1 

s e c t i o n  o f  t h e  n e t  e a r t h  p r e s s u r e  f o r c e  and r e s u l t a n t  

f o r c e  on t h e  f a i l u r e  s u r f a c e .  

Through 0 draw t h e  p c r ~ ~ e n d i c u l a r  t o  t h e  assumed f a i l ~ l r e  

s u r f a c e  arid t h e n  l a y  o f f  a  l i n e  i n c l i n e d  a t  fl m o b i l i z c d  

t o  t h i s  l i n e .  7'he i l i t c r s e c t i o n  o f  t h e  l a t t e r  l i n e  wi th  

t h e  e x t e n s i o n  of t h e  n e t  e a r t h  p r e s s u r e  l i n e  l o c a t e s  b  1 '  

Choose a n o t h e r  f a i l u r e  s u r f a c e  and r e p e a t  1 ,  2 ,  3 .  

Draw t h e  ' b '  l i n e  t o  o b t a i n  t h e  l o c u s  of  p o i n t s  where 

t h e  r e s u l t a n t  f o r c e  i s  i r rc l jned  a t  fl a o b i l i z e d  t o  t h e  

normal t o  t h e  f a i l u r e  s u r f a c e .  

Draw t h e  ' a '  l i n e  t o  o b t a i n  t h e  l o c u s  of p o i n t s  o f  n e t  

u n r t h  p r e s s u r e  wtict'e+ 1.he r e s u l t a n t  f o r c e  is . inc l ined  a t  

0 t o  t h e  normal t o  t h e  f a i l u r e  s u r f a c e .  

'The i n t e r s o c t i o n  o f  t h e s e  two l i n e s  d e t e r m i n e s  t h e  o r i g i n  

of t h e  r e s t i l t a n t  f o r c e  which i s  i n c l i n e d  a t  0 ~ r ~ o b i l i z e d  

t o  t h e  c r i t i c a l  f u i l u r o  s u r f a c e .  

Large e x t r a p o l a t i o n  i s  n o t  recommended due t o  t h e  non- 

l i n e a r  n a t u r e  of  t h i s  a n a l y s i s .  



I n  o r d e r  t o  i ; ? v e s t i g a t e  t h e  f a i l u r e  by  b lock  

r o t a t i o n  t h e  w a l l  i s  no? inc luded  i n  t h e  f o r c e  system. 

Therefore ,  t h e  anchor f o r c e  must be inc luded  i n  t h e  ana- 

l y s i s .  Again a  g r a p h i c a l  procedure  i s  suggested us ing  t h e  

f o r c e  system of F igure  8 .  The s o l u t i o n  i s  shown i n  F igure  

1 0 .  Note t h a t  t h e  p a s s i v e  f o r c e  a c t i n g  on t h e  wal l  i s  ex- 

c luded from t h i s  c a l c u l a t i o n  and r ep l aced  by t h e  a c t i v e  

e a r t h  p r e s s u r e  which a c t s  on t h e  wall.. 

i V ,  = I of I~ loc l \  x 1 1 1 1 i t  of w c i  
so i  1 

I . '  = 1 / 2  'bKn (11+1)) 2 
il 

1' = Anchor fo rce  

g h t  of' 'I \ 
t a u 9  OP N t f  earn" mesURa -4 \'%\_ 
LOCUS Of POlNTS WHFHl  I M M I I  IZFDS 
W0 ON ALL SURFiiCEg Of THE ASSUMED FAILUR t Y a b  

L , , 

WHERE THESE TWO LINES INTERSECT T I E  MOBILIZED FRICTJON 
19 25- ON ALL 9URFACES ff THE FACLURE BLCCK 

i r e  1 0  Al ra ly s i s  o f  block r o t a t i o n  



From b o t h  g r a p h i c a l  s o l u t i o n s  it i s  a p p a r e n t  t h a t  

t h e  s y s t e m  s t a b i l i t y  f a c t o r  o f  s a f e t y  i s  v e r y  s e n s i t i v e  t o  

t h e  a n c h o r  l e n g t h .  

The above  a n a l y s i s  i n d i c a t e s  t h a t  t h e  r e q u i r e d  

a n c h o r  l e n g t h  i s  36.5 f c i : ? .  ( F i g u r e  9 )  

3 .  Root Design 

From above  t h e  computed a n c h o r  f o r c e  i s  10 ,345  l b s .  

F o r  a f a c t o r  o f  s a f e t y  o f  1 . 5  t h e  r o o t  must  be  c a p a b l e  o f  

c a r r y i n g  1 .5  x 10 ,345  = 15520 l b s .  

A. G r o u t - S o i l  I n t e r a c t i o n  

The d e p t h  o f  embedment o f  t h e  r o o t  f rom 

t h e  s t a b i l i t y  a n a l y s i s  i s  2 3  f e e t .  

The p u l l o u t  r e s i s t a n c e  i s  m o b i l i z e d  by t h e  

g r o u t  s o i l  f r i c t i o n .  

T h e r e f o r e ,  T  = ndlT 

7.' =; f r i c t i o n a l ,  r e s i s t a n c e  a t  g r o u t - s o i l  

i n t e r f a c e  

- t a n  @ mob 

= 120 x 23 x t a n  25 

= 1286 p s f  

1 = r o o t  l e n g t h  

d = root d i a m e t e r  = 5" ( c o n s t r u c t i o n  

t e c h n i q u e )  



B. GrOut-Rod I n t e r a c t i o n  

The g r o u t - r o d  a d h e s i o n  o f f e r s  t h e  resistance 

t o  r o d  s l i p ,  t h e r e f o r e ,  1.5T = 7-n d 1 

FOE smooth r o d  'T = .25fh = 25 x  3000 = 

750 p s i  

For  a  1 . 0 "  d i a m e t e r  r o d  G = - F  = 10 ,345  
A 1.0x3.14 

= 13 ,170  p s i  which i s  less t h a n  36000 p s i  

T h e r e f o r e ,  I = .55 f t .  

The r e q u i r e d  r o o t  l e n g t h  i s  6 .2  f t .  from A. 

The f i n a l  c o n f i g u r a t i o n  of t h e  w a l l  i s  shown i n  F i g u r e  11. 

Wall Embedment = 15.75'. 
Anchor b o d  1120% ,of r M l n g  lorm)-l(i.be K / f t  of Noll 
Anahor LQ l h  8q 0 
Re01 ~ena% * 6,s. 
nml Dlomstsr = 5: 

Figure  



CHAPTER 7 

TIED-BACK WALLS I N  BEDDED DEPOSITS 

In  bedded d e p o s l t s  a  pre-determined p lane  o f  weak- 

n e s s  e x i s t s  a long t h e  bedding p l anes .  Hence, n e i t h e r  t h e  

a c t i v e  e a r t h  p re s su re  nor  conven t ion11  f a i l u r e  geometry w i l l  

e x i s t .  The p a s s i v e  p r e s s u r e  a c t i n g  on t h e  wa l l  w i l l  be  much 

h i g h e r  than  f o r  homogeneous d e p o s i t s  a l s o .  

In  o r d e r  f o r  one t o  ga in  an a p p r e c i a t i o n  f o r  t h e  

e f f e c t  of  d i s c o n t i n u i t i e s ,  t h e  v a r i a t i o n  of t h e  anchor  l oad  

r e q u i r e d  t o  e q u i l i b r a t e  t h e  system i s  p l o t t e d  a s  a  func t ion  

o f  t h e  i n c l i n a t i o n  o f  t h e  d i s c o n t i n u i t y .  I n  t h e  f r e e  e a r t h  

suppor t  method of a n a l y s i s ,  a  known a c t i v e  e a r t h  p r e s s u r e  is 

r e q u i r e d  t o  c a l c u l a t e  t h e  depth of embedment o f  t h e  wa l l .  

However, due t o  t h e  p r e - e x i s t i n g  f a i l u r e  p lane  t h e  magnitude 

o f  t h e  l a t e r a l  e a r t h  p r e s s u r e  i s  unknown. 

Hence, f o r  t h e  purposes o f  t h i s  a n a l y s i s  t h e  a c t i v e  

and pas s ive  p r e s s u r e  c o e f f i c i e n t s  w i l l  be used t o  c a l c u l a t e  

t h e  r e q u i r e d  dapth o f  embedment. The f a c t o r  o f  s a f e t y  w i l l  

be  taken a s  u n i t y  t o  account  f o r  t h e  unknRwn pas s ive  resik- 

t a n c e  which w i l l  be l a r g e r  than f o r  homogeneous s o i l s .  

Using t h e  equa t ions  a s  o u t l i n e d  i n  Chapter  6 ,  t h e  

r e q u i r e d  dep th  of embedment t o  e q u i l i b r a t e  t h e  system is 5.7 

f e e t .  F igure  1 2  shows t h e  v a r i a t i o n  between r e q u i r e d  anchor 

l o a d  and i n c l i n a t i o n  o f  d i s c o n t i n u i t y .  It i s  i n t e r e s t i n g  

to  n o t e  t h a t  t h e  maximum anchor load occurs  where t h e  l a t e -  

ral e a r t h  p r e s s u r e  is e s s e n t i a l l y  e q u i v a l e n t  t o  t h e  a c t i v e  



earth pressure of a homogeneous soil. Hence, the effect of 

the discontinuity is negligible. 

This confirms the findings of Okusa ( 6 0 )  that the 

mobilized active (passive) pressures will not be greater 

(less) than those active (passive) pressures exerted by a 

homogeneous soil. 

a )  C o n f i g u r a t i o n  of  1V;11 I I ) )  !Force Polygon 

INCL&NAT$M~ OF RE~ULTANT FORE 
ON OllCWTiNUm FON 0 MOBILlZEU.40' 

c )  Var i ; i t ion  o f  anchor  load  w ~ t h  r n c l i ~ i a t l o ~ l  o f  
d l s c o t ~ t i n u l t y .  

l:igure 1 2 :  E f f e c t  o f  c o n t i n u o u s  d i s c o n t i ~ r c ~ i t y  on n e t  c:il-tlr p r e s s u r e .  
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