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PREFACE 

This  t e c h n i c a l  r e l e a s e  is  intended t o  develop an understanding of t h e  

phys i ca l  concepts  of la tera l  e a r t h  p re s su re  theory and t o  p re sen t  recom- 

mended c r i t e r i a ,  procedures,  and examples f o r  determining l a t e r a l  e a r t h  

pressures  f o r  t he  des ign  of SCS s t r u c t u r e s .  

A p re l iminary  paper on t h i s  sub j ec t  was presented a t  t h e  Western S t a t e s  

Design Engineers Workshop, September 1974, by Greg Cunningham, WTSC Engi- 

neer ing  S t a f f ,  Design Sec t ion ,  Por t land ,  OR. That paper incorpora ted  

bas i c  concepts wi th  some of t h e  pre l iminary  c r i t e r i a  and des ign  a i d s  de- 

veloped by Messers. Harry Firman, J i m  Talbot  and Dave Rals ton ,  a l s o  of 

t h e  WNTSC Engineering S t a f f ,  Design Sec t ion ,  Por t land ,  OR. 

The need t o  cont inue  t h e  s tudy  and f o r  t h e  development of n a t i o n a l  guide- 

l i n e s  was subsequent ly  i d e n t i f i e d  and concurred i n  a t  t h e  Nat ional  Design 

Engineers Conference, Oct. 6-10, 1975, a t  Por t land ,  OR. It was t h e  

consensus of t h e  conference t o  a s s ign  t h i s  r e s p o n s i b i l i t y  t o  Greg 

Cunningham of t h e  WNTSC Engineering S t a f f ,  Por t land ,  OR. 

The o u t l i n e  f o r  t h i s  t e c h n i c a l  r e l e a s e  was reviewed and approved by the  

Engineering Div is ion  i n  March 1977. The f i r s t  d r a f t ,  da ted  October 1979, 

was c i r c u l a t e d  through the  Engineering Div is ion ,  t h e  NTC s t a f f s  and se- 

l e c t e d  s t a t e s  f o r  formal review and comment. Addi t iona l  e d i t o r i a l  com- 

ments have a l s o  been received from many u s e r s  of t h e  d r a f t  throughout t h e  

country over t h e  p a s t  s e v e r a l  years .  This  t e c h n i c a l  r e l e a s e  i nc ludes  t h e  

input  from these  s e v e r a l  so.urces. 

(210-VI, TR-74, J u l y  1989) 
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NOMENCLATURE 

AP Force in anchor rod or tie, pounds 

C Unit cohesion, pounds/ feet 

c Effective unit cohesion, poundslfeet 2 

d Vertical distance from concentrated load to point of inspection, feet 

EFP Equivalent Fluid Pressure, pounds/feet 2 

EFPH Horizontal component of Equivalent Fluid Pressure, poundslfeet 
2 

EFPV Vertical component of Equivalent Fluid Pressure, pounds/feet 2 

F Load Factor, dimensionless 

FS 
Factor of safety againet sliding, dimensionless 

Fh Factor of safety againet uplift or overturning, dimensionless 

H Height of backfill, feet 

H1 Height of sloping backfill surcharge above or below the top of a wall, feet 

Height of anchor or thrust block, feet 

 eight of backfill for stability analysis, feet 

Height of water in backfill, feet 

Head differential or potential head drop, feet 

Height of isolated soil element, inches 

Hydraulic gradient, dimeneionless 

Seepage force, pounds 

Vertical component of seepage force, pounds 

Lateral earth pressure coefficient, dimensionless 

Ka Active lateral earth pressure coefficient, dimensionless 

At-rest lateral earth pressure coefficient, dimensionless 

Passive lateral earth pressure coefficient, dimensionless 

Length and width of a flow net element, feet 

(210-VI, TR-74, July 1989) 



Li Length over which a hydraulic  gradient  is  assumed t o  a c t .  Measured 

p a r a l l e l  t o  flow l i n e s ,  f e e t  

MA Moment i n  wall  due t o  point  o r  l i n e  load,  poundslfeet 2 

11 Base length of heel ,  f e e t  

P Resultant force  of s o i l  pressure ,  pounds 

Pa Resultant force  of a c t i v e  pressure,  pounds 

Resultant force  of a t - r e s t  pressure ,  pounds 

Resultant force  of passive pressure,  pounds 

Resultant force  of s o i l  pressure f o r  s t a b i l i t y  ana lys i s ,  pounds 

Resultant force ,  hor izonta l ,  of s o i l  pressure f o r  s t a b i l i t y  

ana lys i s ,  pounds 

Resultant  force ,  v e r t i c a l ,  of s o i l  pressure f o r  s t a b i l i t y  ana lys i s ,  

pounds 

Pressure due t o  new b a c k f i l l  load,  poundslfeet 2 

Pressure a t  heel  of foot ing ,  pounddfee  t 2 

Seepage pressure,  poundslfeet 2 

Ver t i ca l  component of seepage pressure ,  poundslfeet 2 

Pressure a t  toe  of foot ing ,  poundslfeet 2 

Ver t i ca l  pressure on hee l  due t o  l i n e  surcharge loads,  pounddfee t  2 

Unit bearing pressure,  pounddfee t  2 

Allowable u n i t  bearing pressure ,  poundslfeet 2 

Footing pressure a t  toe  of foot ing ,  poundslfeet 2 

9 2 Footing pressure a t  heel  of foot ing ,  poundslfeetz 

Q 3 Foundation pressure under b a c k f i l l ,  pounds/feet 2 

N e t  footing pressure a t  toe  of foot ing ,  poundslfeet 2 4 t  

qh N e t  footing pressure a t  heel  of foot ing ,  poundslfeet 
2 

(210-VI, TR-74, Ju ly  1989) 



iii 

S o i l  r e s u l t a n t  force ,  pounds 

Radial d is tance  t o  concentrated load from point  of inspect ion ,  f e e t  

Horizontal d is tance  from concentrated load t o  point  of inspect ion ,  

p a r a l l e l  t o  wall ,  f e e t  

Thrust fo rce  (change i n  momentum force)  i n  a pipe bend, pounds 

Thickness of wall ,  f e e t  

Thickness of footing,  f e e t  

Excess pore water pressure,  pound.s/feet 2 

Hydrostatic water pressure ,  pounddfee t  2 

Shear i n  wall  due t o  point  o r  l i n e  load,  pounds 

Weight of wall,  pounds 

Weight of footing,  pounds 

Weight of b a c k f i l l ,  pounds 

Moisture content of s o i l ,  percent  of dry weight 

Horizontal d is tance  t o  concentrated load o r  fo rce  from point  of 

inspect ion ,  measured perpendicular t o  wal l ,  f e e t  

Ver t ica l  d is tance  of r e s u l t a n t  fo rce  P, above the  base of the wal l ,  

f e e t  

Horizontal projec t ion  of a 1 f t .  v e r t i c a l  increase  on a s ides lope ,  

f e e t  

Angle of i n c l i n a t i o n  of shear plane from the  hor izonta l  i n  a s o i l  

element, degrees 

Angle from the hor izonta l  i n  a seepage force  ana lys i s ,  degrees 

Buoyant un i t  weight of s o i l ,  pounds/feet 3 

Moist un i t  weight of s o i l ,  pounds/feet 3 

Saturated un i t  weight of s o i l ,  pounds/feet 3 

Unit weight of water, 62.4 pounds/feet3 
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Oh 

'ha 

Oh0 

O ~ P  

- 
'h 
- 
'ha 

'hc 

ZhL 

6ho 
- 
0 
hp 

=v 

" v  

Surcharge l i n e  load,  poundsl l inea l  f e e t  

Surcharge point  load,  pounds 

Surcharge uniform load, poundslfeet 2 

Rebound pressure on foot ings ,  poundslfeet 2 

Angle of i n c l i n a t i o n  of s loping b a c k f i l l  above wa l l ,  degrees 

S t r a i n  i n  s o i l  element, dimensionless 

Major p r inc ipa l  s t r e s s ,  poundslfeet 2 

Intermediate and minor p r inc ipa l  s t r e s s e s ,  ~ o u n d d f e e t  2 

Unit s o i l  pressure ,  poundslfeet 2 

E f f e c t i v e  u n i t  s o i l  pressure,  poundslfeet 2 

Tota l  l a t e r a l  e a r t h  pressure ,  poundslfeet 2 

Active t o t a l  l a t e r a l  e a r t h  pressure ,  poundslfeet 2 

At-rest t o t a l  l a t e r a l  e a r t h  pressure ,  poundslfeet 2 

Passive t o t a l  l a t e r a l  e a r t h  pressure ,  poundslfeet 2 

E f fec t ive  l a t e r a l  e a r t h  pressure ,  poundslfeet 2 

Active e f f e c t i v e  l a t e r a l  e a r t h  pressure ,  pounds/feet 2 

Ef fec t ive  l a t e r a l  e a r t h  pressure due t o  poin t  surcharge load,  pounds/feet 2 

Ef fec t ive  l a t e r a l  e a r t h  pressure due t o  l i n e  surcharge load,  pounds/feet 2 

At-rest e f f e c t i v e  l a t e r a l  e a r t h  pressure,  pounds/feet 2 

Passive e f f e c t i v e  l a t e r a l  e a r t h  pressure,  poundslfeetz 

Tota l  v e r t i c a l  e a r t h  pressure ,  poundslfeet 
2 

Effec t ive  v e r t i c a l  e a r t h  pressure,  poundslfeet 
2 

Normal stress on a plane a degrees from t h e  hor i zon ta l ,  

poundslfeet 2 

Shear s t r e s s  a t  f a i l u r e ,  pounds/feet 2 

Maximum shear s t r e s s ,  T~~~ = 1 / 2  (5, - Gh), poundslfeet 2 
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ult Ultimate shear stress from stress strain curve, pounds/feet 2 

' a  Shear stress on a plane a degrees from the horizontal, pounds/feet 2 

#J Angle of internal friction of soil, undrained or total strength, 

degrees 

4 Angle of internal friction of soil, drained or effective strength, 

degrees 

+f  Angle of friction between concrete and foundation soil, degrees 

X Horizontal wall deflection, expressed as a percent of the initial 

horizontal dimension of the involved soil wedge against the wall 

(active or passive) and taken along a horizontal plane at any point 

of interest vertically up or down a wall 
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TKPRODUCJ! TON 

Anchored bulkheads, r e t a in ing  wal ls ,  and o ther  s t r u c t u r e s  t h a t  r e s i s t  e a r t h  

movement, have been i n  use s ince  pre-Roman t i m e s .  The f i r s t  rigorous analy- 

sis of the  problem of l a t e r a l  e a r t h  pressures was published by Coulomb i n  

1 7 7 6 . ~ ~  Coloumb's theor ies  were subsequently studied and supported by 

Rankine i n  1857.~' These theor ies  and the  f i e l d  of s o i l  mechanics i n  gen- 

e r a l  were dramatical ly advanced by Karl Terzaghi 's publicat ion on consolida- 

t i o n  using e f f e c t i v e  s t r e s s  concepts i n  1 9 2 5 , ~ /  and i n  h i s  l a t e r  research on 

l a t e r a l  e a r t h  pressure measurements i n  1934. 4 / 

In  the  ensuing time, numerous papers have been wr i t t en  on the  subject .  Sev- 

e r a l  of the  papers have advanced new methods of ana lys i s ,  yet  none have 

improved o r  a l t e red  the  basic concepts o r ig ina l ly  s e t  f o r t h  by Terzaghi. 

Because of the  multitude of publicat ions now ava i l ab le  on t h i s  subjec t ,  

t he re  e x i s t s ,  i n  some areas ,  considerable confusion on the  theor ies ,  methods 

of analys is  and basic concepts f o r  re ta in ing walls.  Some of the  more recent  

methods of analys is  t r e a t  the subject  with such g rea t  d e t a i l  and theory, 

tha t  even the basic concepts, assumptions, and laws of nature which must be 

dea l t  with, a r e  not recognized o r  evaluated by the user. In  many instances,  

re ta in ing wal ls  and other  s t ruc tu res  have f a i l e d  simply because over-riding 

basic considerat ions and assumptions were t o t a l l y  overlooked. These consid- 

e ra t ions  usually become very obvious during an inves t iga t ion  o r  re-evalua- 

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

When a c l e a r  understanding of the basic concepts p reva i l s ,  a r e l a t i v e l y  

straight-foward design procedure based on experience and judgment can be 

used with confidence. It is  t o  t h i s  end t h a t  t h i s  technical  re lease  has 

(21041,  TR-74, July 1989) 



been prepared. 

summary review 

procedures and 

tu re s .  

This t e chn ica l  

Nothing new i s  presented; t h i s  t e chn ica l  r e l e a s e  i s  simply a  

t h a t  emphasizes bas ic  concepts a long with r e l a t i v e l y  simple 

c r i t e r i a  which a r e  recommended f o r  the  design of SCS s t ruc-  

r e l ea se  includes : 

1. A bas i c  review of e a r t h  and water p ressures  i n  v e r t i c a l  and ho r i zon ta l  

d i r e c t i o n s  and t h e  e f f e c t s  of var ious  types of surcharges (Sect ions I1 and 

2. A review of s o i l  s t r eng th  concepts,  t he  r e l a t e d  s t r e s s / s t r a i n  r e l a t i on -  

sh ips ,  and t h e  development of Mohr stress c i r c l e s  up t o  f a i l u r e  a s  a  wal l  is  

phys ica l ly  de f l ec t ed  i n t o ,  o r  away from, an e a r t h  f i l l  load (Sect ion IV). 

3. A review of t h e  types and e f f e c t s  of b a c k f i l l  ma te r i a l s ,  how they re- 

l a t e  t o  t he  s e l e c t i o n  of appropr ia te  l a t e r a l  e a r t h  pressures  o r  pressure 

c o e f f i c i e n t s ,  and recommended procedures f o r  s e l e c t i n g  design e a r t h  pressure  

c o e f f i c i e n t s  o r  Equivalent F lu id  Pressures  (Sect ion V ) .  

4. A b r i e f  d i scuss ion  of s t r u c t u r e  s t a b i l i t y  a n a l y s i s  t o  h igh l igh t  common 

app l i ca t i ons  and s p e c i f i c  a r ea s  of s t a b i l i t y  a n a l y s i s  where d i f f i c u l t i e s  i n  

design f requent ly  occur (Sect ions V I  t h r u  IX). 

5 .  Several  example problems on the  use of t h i s  t e chn ica l  r e l e a s e  

(Sect ion X). 
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The use r  is  s p e c i f i c a l l y  cautioned of t he  following before  applying t h i s  

t e chn ica l  r e l ea se :  

1. The included design a i d s  i n  Sect ion V should not  be used d i r e c t l y  o r  

hu r r i ed ly  without f i r s t  reviewing and understanding t h e  bas i c  concepts,  and 

t h e  assumptions and l i m i t a t i o n s  on which they a r e  based. This  i s  t h e  primary 

reason f o r  inc lud ing  Sect ions I - I V  and Sect ions V I - I X  i n  t h i s  t echnica l  

re lease .  

2. Basic assumptions, such a s  type of s t r u c t u r e ,  type of s t r u c t u r a l  de- 

f l e c t i o n ,  type and p rope r t i e s  of b a c k f i l l  s o i l s ,  drainage needs and provi- 

s i ons ,  and the  geologic s e t t i n g  of the  s t r u c t u r e  s i t e  - must be reviewed on a 

s i te -by-s i te  ba s i s .  These bas i c s  a r e  f requent ly  overlooked and a r e  t he  most 

common causes  of r e t a i n i n g  wal l  f a i l u r e s .  I f  any one, o r  a combination of 

t h e s e  bas i c s  a r e  overlooked or  improperly evaluated,  no amount of t e s t i n g  o r  

r e f ined  t h e o r e t i c a l  ana lys i s  w i l l  compensate f o r  them i n  design. Modern 

re inforced  concre te  design procedures and codes no longer  inc lude  s a f e t y  

f a c t o r s  t o  compensate f o r  erroneous loads o r  s i t e  condi t ion  assumptions. 

They a r e  gradua l ly  being reduced and they should no longer  be depended on t o  

account f o r  u n c e r t a i n t i e s  i n  load eva lua t ions .  Proper assumptions and 

r e a l i s t i c  eva lua t ions  of t he  a c t u a l  s i t e  condi t ions  a r e  a must. 

3. The pressure  diagrams i n  t h i s  t e chn ica l  r e l e a s e  depic t ing  v e r t i c a l  

p ressures  have arrow heads on ho r i zon ta l  l i n e s  ( a s  do those f o r  ho r i zon ta l  

pressures) .  This is  done only t o  r e l a y  t h e  concept t h a t  i t  i s  a pressure 

diagram; they do not i n d i c a t e  t he  pressure d i r e c t i o n .  This user  must ob- 

s e rve  the  l abe l ing  of each pressure diagram ca re fu l ly .  (av,  ah ,  e t c . ) .  

(210-VI, TR-74, J u l y  1989) 



EARTH AND WATER PRESSURES 

A. Vertical Earth Pressures 

1. Total Vertical Pressures: Total vertical pressure, o,, (on a 

horizontal plane of unit area) consists of the total weight of the material 

directly above the plane of unit area. If the material is water, the total 

vertical pressure, a,, is the weight of water above the plane, CJ,, = Hy,. 

Since hydrostatic pressure, Uo, acts with equal force in all directions, 

a,, = u,., = Uo = Hy,. This Is graphically shown in Figure 1. 

FIGURE 1 - TOTAL HYDROSTATIC PRESSURE 

If the material is moist soil, the total vertical pressure, %, is the total 

weight of moist soil directly above the plane of unit area, u,, = Hym. This 

is graphically shown in Figure 2. 

(210-VI, TR-74, July 1989) 



FIGURE 2 - TOTAL VERTICAL PRESSURE, MOIST 

If the soil is saturated, the total vertical pressure, a,, is the total 

weight of saturated soil directly above plane of unit area, a, = HySat. 

This is graphically shown in Figure 3. 

FIGURE 3 - TOTAL VERTICAL PRESSURE, SATURATED 

(210-V1, TR-74, July 1989) 
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2. Effective Vertical Pressures: A distinction is made for saturated 

soils in that a part of the total vertical pressure, u,,, is considered to be 

an "effective" or integranular (grain-to-grain) pressure, $; the remaining 

portion of the total pressure is in the form of hydrostatic pressure, Uo, 

due t o  the water within the voids of the saturated soil mass or, in other 

words : 

a = HySat = uv + Uo. This is graphically shown in Figure 4. v 

Total - - Effect ive  + Hydrostatic 
- 

v + "0 

FIGURE 4 - EFFECTIVE VERTICAL PRESSURES 

- 
The value of the effective vertical pressure, a,, is determined by subtract- 

ing the known hydrostatic pore pressure, U,,, from the known total pressure, 

a,. Since ov = av + Uo we can rearrange the terms to solve for 5"; 

(210-VI, TR-74, July 1989) 



UV = uv + Uo 
- 

By rearranging: uv = av - Uo 
By. ,substituting: uv = HySat and U, = HY,: 

- 
We get: av = ( H Y ~ ~ ~ ) - ( H Y ~ )  

By factoring H: < = H(ySat - Y,) 
By definition : (ySat - Y&) is the buoyant unit weight of soil or Ysub. 

- - 
By substituting: ysUb - (ySat - Y,) we have: 0, = HYsub. 

This equation expresses the basic concept of effective vertical pressure in 

saturated soil in terms of the buoyant weight of the soil. This is graphi- 

cally shown in Figure 5 .  

Total  - hydrosta t ic  = e f f e c t i v e  

v  - - 
"0 

- 
5" 

FIGURE 5 - EFFECTIVE VERTICAL PRESSURES 

(210-VI, TR-74, July 1989) 



If the soil is not saturated (e.g., moist or dry) the total vertical pres- 

sure is equal to the total effective pressure; or, in other words, all of 

the weight is carried by the soil grains in contact with one another. This 

is graphically shown in Figure 6. 

FIGURE 6 - PRESSURES IN MOIST FILL 

B. Lateral Earth Pressures 
- 

Effective lateral earth pressures, ah, are determined by transferring a 

- 
portion of the effective vertical pressure, av, horizontally. The amount of 

transfer is dependent on a number of factors; the most important being the 

type, weight and strength of the soil behind the wall and the direction and 

amount of wall movement. The amount of transfer is expressed in terms of a 

lateral earth pressure coefficient, K. K is the ratio of horizontal to 

Gh vertical effective pressures (K = =--), or, one might think of it in terms of 
=v - 

a percent, where Sh is a percentage, K, of av, (oh = KG,,) . 

(210-VI, TR-74, July 1989) 



Lateral earth pressure coefficients can only be applied to effective verti- - 
cal pressures. They cannot be applied to total pressures (or stresses) of a 

saturated soil. This is an often misunderstood concept. It is frequently 

confused with the condition of dry or moist soil where the effective and 

total vertical pressures are equal, and, in which case, the lateral earth 

pressure coefficients can be applied directly. 

In saturated soils the hydrostatic pore pressure, Uo, is equal in all direc- 

tions (K = 1.0). The lateral hydrostatic pressure is the same as the verti- 

cal; it is not changed by the lateral earth pressure coefficient of the 

soil. This is the primary reason for determining the effective vertical 

pressure, \. When zv is known, the effective lateral earth pressure, %, 
can be determined by multiplying i?,, by the lateral earth pressure coeffi- 

cient, IC, (5j, = K3v). The hydrostatic pore pressure, Uo, is then added to Bh 

t o  obtain the total lateral earth pressure, uh, (uh = Zh + Uo). In equation 

form: 

ch = % + u0 where: 
- - - 
q, = Ka;, Uo = Hy, and cc,, = HysUb or: 

% = Ysub + Hyw 

q, is the total lateral earth pressure which must be used to determine the 

load on earth retaining structures. This is graphically shown on Figure 7. 

(210-VI, TR-74, July 1989) 



Vertical Pressures Horizontal Pressures 

FIGURE 7 - PRESSURES IN SATURATED BACKFILL 

C. Water Pressures 

1. Hydrostatic Pressure: Hydrostatic pore pressure, Uo, has a sig- 

nificant effect on the total lateral earth pressure. In many cases it may 

double it when compared to the total lateral earth pressure of moist fill. 

All possible sources of water which will develop hydrostatic pressures must 

be considered. These include natural water tables, surface runoff, rain- 

fall, seepage flow around a hydraulic structure, and so on. 

Hydrostatic forces should never be considered negligible unless it can be 

conclusively shown that there are no possible sources of water, or that 

sufficient drainage will be provided to relieve all hydrostatic pressures. 

Drainage systems frequently include filter materials, drain fill materials, 

perforated drain pipes and weep hole outlets. Drain outlets must be located 

(210-VI, TR-74, July 1989) 



so  t h a t  complete dra inage  of t h e  b a c k f i l l  is  assured  and so  t h a t  t he  hydrau- e l i c  func t ion ing  of a  s t r u c t u r e  does no t  unnecessar i ly  s a t u r a t e  t h e  f i l l .  

This  cond i t i on ,  during long d u r a t i o n  f lows,  could,  i n  some c a s e s ,  develop 

unan t i c ipa t ed  h y d r o s t a t i c  p r e s su re s  i n  t h e  b a c k f i l l .  

2. Excess Pore Pressure :  Water p r e s su re s  which a r e  g r e a t e r  than ,  o r  

i n  "excess" of h y d r o s t a t i c  p r e s su re s ,  a r e  termed excess  pore p re s su re s ,  U. 

They can be developed s e v e r a l  ways. They a r e  p r i n c i p a l l y  caused by loading  

a  s a t u r a t e d  s o i l  a t  a  r a t e  t h a t  i s  so  f a s t ,  t h a t  t h e  permeabi l i ty  of t h e  

s o i l  w i l l  not  a l low t h e  e x t r a  ( o r  "excess") water  p r e s su re  t o  d i s s i p a t e  a s  

r a p i d l y  a s  i t  is  being produced by t h e  weight of t h e  l oad  being appl ied .  I n  

t h i s  ca se ,  t h e  load i s  temporar i ly  c a r r i e d  by t h e  excess  pore water pres- 

sure .  This  f r equen t ly  occurs  when l a r g e  surcharge  o r  ear thquake loads  a r e  

r a p i d l y  app l i ed  t o  s a t u r a t e d  o r  near ly-sa tura ted  f i n e  grained s o i l s .  It 

a l s o  occurs  du r ing  normal conso l ida t ion  of any f i n e  gra ined  s a t u r a t e d  s o i l .  

These p re s su re s  a r e  d i scussed  i n  g r e a t e r  d e t a i l  i n  Sec t ion  111. 

3. Seepage Pressure :  The downward p e r c o l a t i o n  of su r f ace  water o r  

d ra inage  of groundwater toward a  s t r u c t u r e  can in t roduce  seepage f o r c e s  

t h a t  may a l s o  s i g n i f i c a n t l y  i nc rease  w a l l  load ings  .~1Q1'~1'81 

I f  t h e  groundwater l e v e l  and o t h e r  cond i t i ons  t h a t  a f f e c t  t h e  seepage flow 

a r e  known, a  f low ne t  can be drawn and an a n a l y s i s  made t o  determine the  

seepage fo rces .  

(210-VI, TR-74, J u l y  1989) 
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Depending on the location and configuration of the backfill drainage system, 

the effect of seepage forces, laterally on a structure, can vary from essen- 

tially zero to a relatively large amount. Measures which may be taken to 

control and/or reduce seepage pressures to zero or insignificant values are 

recommended and discussed in Section VI. 

When the above measures cannot be taken, seepage pressures are normally 

accounted for in one of two approaches: 

a. By graphical methods using total soil weights and accounting for 

the change in hydrostatic pressure (seepage force) along assumed trial fail- 

ure planes in the backfill. Figure 8 shows the general schematic for this 

analysis. The designer should refer to "Fundamentals of Soil Mechanics" by 

Taylor, or consult a qualified soils engineer for assistance before per- 

forming this analysis. 

/ Trial Failure Plane (Stem) 

FIGURE 8 - HYDROSTATIC PRESSURE & SEEPAGE FORCE, J, 

ON A TRIAL PLANE FOR STEM LOAD 

(21041, TR-74, July 1989) 
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b. By reso lv ing  the seepage pressure  and adding it t o  t h e  pre-exist-  

ing v e r t i c a l  e f f e c t i v e  pressure,  and then t r a n s f e r r i n g  the  sum of t h e  two 

i n t o  a new 

f i c i e n t  of 

e f f e c t i v e  l a t e r a l  p ressure  using the  l a t e r a l  e a r t h  pressure coef- 

t h e  s o i l .  

When seepage pressures  a r e  accounted f o r  i n  t h i s  manner, t he  following con- 

cept  of seepage pressure eva lua t ion  must be understood: 

Consider t he  flow n e t  element "abcd" of Figure 8, bounded by t h e  equipoten- 

t i a l  l i n e s  "ab" and "cd" and the flow l i n e s  "ac" and "bd," (enlarged i n  

Figure 9).  The equ ipo ten t i a l  l i n e  "ab" has  a head, Ah g r e a t e r  than t h a t  a t  

"cd," and the  d i r e c t i o n  of flow i s  from "ab" t o  "cd." 

FIGURE 9 - FLOW NET ELEMENT 

(210-VI, TR-74, J u l y  1989) 
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The seepage f o r c e  exerted on the  s o i l  g r a i n s  i n  t he  d i r e c t i o n  of flow is  

J = Ahy, L i  (Li  being the  d i s t a n c e  shown). The hydraul ic  g rad i en t ,  i, is 

Ah Ah 
i = --. The seepage pressure  on cd is Ps = - 

L i L i  Yw = iyw, and its v e r t i c a l  

component i s  Psv = iywsinB. Note t h a t  t h e  seepage pressure  is i n  terms of 

f o r c e  per u n i t  volume; i t  must be mu l t i p l i ed  by t h e  l eng th ,  ti, over which 

t h e  g rad i en t ,  is  a c t s ,  i n  order  t o  ob t a in  t he  seepage pressure  i n  terms of 

fo rce  per u n i t  a r ea .  This length ,  Li, i s  measured p a r a l l e l  t o  t he  flow 

l i n e s .  

The v e r t i c a l  seepage pressure,  Psv, can be added t o  t h e  e f f e c t i v e  v e r t i c a l  

p ressure  t o  ob t a in  t h e  new e f f e c t i v e  v e r t i c a l  p ressure .  

- 
I n  equa t ion  form: a v  = HysUb + iywLisinB 

- 
oh = K(HySUb + iywLisinB) 

oh = K(HYsub + iYwLisinB) + %YW 

I n  e i t h e r  approach, t h e  u se r  should consu l t  wi th  an accepted r e f e r ence  such 

as "Seepage, Drainage and Flow Nets" by Cedergren o r  consu l t  a  q u a l i f i e d  

s o i l s  engineer  f o r  a s s i s t a n c e  before  performing t h i s  ana lys i s .  This  s e c t i o n  

i s  presented f o r  conceptual awareness only s o  t h a t  i t  i s  not  overlooked; i t  

i s  not  intended a s  an in-depth t reatment .  

D. Equivalent  F lu id  Pressures:  

The term "equiva len t  f l u i d  pressure ,"  is o f t e n  used i n  two, t o t a l l y  d i f f e r -  

e n t  con tex t s ,  which f r equen t ly  causes  confusion. These a r e :  (1) where a  

uniformly changing pressure  diagram ( t r i a n g u l a r )  is  assumed t o  be approxi- 

mately c o r r e c t ,  r ep re sen t a t i ve  o f ,  and a  func t ion  o f ,  a given type of 

s o i l u ;  and (2 )  where a  mathematical procedure is used t o  simply r ep l ace  a  e 
(210-VI, TR-74, July 1989) 



15 

more complex pressure diagram with a t r i angu la r  one (equivalent  f l u i d  pres- 

sure) .  I n  t h e  latter context ,  t h e  moment a t  t h e  base of a wall  is  determined 

from the  a c t u a l  pressure diagram and then used t o  determine the  t r i angu la r  

diagram (equivalent  pressure)  t h a t  would c r e a t e  the  same moment. 

The advantage of using equivalent  f l u i d  pressures i n  the f i r s t  context i s  

t h a t  one can quickly and very simply obta in  the approximate l a t e r a l  e a r t h  

pressures i f  a reasonably good desc r ip t ion  of the  s o i l s  i s  avai lable .  The 

disadvantages a re :  (1)  i t  is l imi ted  t o  wal ls  t h a t  can y ie ld  s u f f i c i e n t l y  

t o  develop a c t i v e  pressures ,  ( 2 )  only eloping surcharges can be accounted 

f o r ,  (3) t h e  b a c k f i l l  must be reasonably uniform with depth and ( 4 )  the  

e f f e c t s  of b a c k f i l l  zoning, water pressures and de f l ec t ion  cannot be ac- 

counted for .  These equivalent  f l u i d  pressures should be used only when the  

above f a c t o r s  have been f u l l y  considered. They should not be used care- 

l e s s l y  o r  i n  l e i u  of t h e  a c t u a l  pressure diagrams (using l a t e r a l  e a r t h  pres- 

sure c o e f f i c i e n t s )  f o r  wal ls  t h a t  a r e  g rea te r  than about 8 o r  10 f e e t  i n  

height.  

The advantage of using a mathematically equivalent  f l u i d  pressure i n  the 

second context  i s  t h a t  during s t r u c t u r a l  design the  t h e o r e t i c a l  cutoff  

points  f o r  re inforc ing s t e e l  can be located more simply with an "equivalent" 

t r i a n g u l a r  pressure diagram. The primary disadvantage i s  t h a t  f o r  l a r g e r  

s t r u c t u r e s ,  g r e a t e r  than 10 o r  12 f e e t  i n  he ight ,  the  e f f e c t s  of b a c k f i l l  

zones, water pressures,  and de f l ec t ions  can become very s ign i f i can t .  For 

example, a p a r t i a l l y  sa tu ra ted  zoned b a c k f i l l  may give  a s imi la r  t o t a l  pres- 

sure and maximum moment a s  t h a t  obtained by such a equivalent  f l u i d  pres- 

sure  diagram, but the  a c t u a l  loca t ion  of i t s  r e s u l t a n t  force  may be 

(210-VI, TR-74, J u ly  1989) 
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considerably higher or lower on the wall than is indicated by the triangular 

(equivalent fluid pressure) diagram. This could result in excessive moments 

in portions of the wall. 

Figure 10 shows the sketch and procedural steps in the solution for a mathe- 

matically equivalent fluid pressure diagram in the second context for a 

12-foot-high wall with a partially saturated homogenous backfill, Ka = 0.5. 

It can be seen that the differences between the pressure diagrams and the 

location of the reactions (3.65 ft. ve. 4.0 ft.) are quite small and that 

either method is probably adequate in this particular case. For a zoned 

backfill, or one with surcharges, the situation can be considerably differ- 

ent and significantly in error, however. Designers need to be cognizant of 

this. 

FIGURE 10 - EXAMPLE OF DETERMINING EFP 

(210-VI, TR-74, July 1989) 



Calculation of actual pressures and forces: 
- 

Calculation of Moment at base of wall from actual forces: 

CMo = Plyl + P2Y2 + P3Y3 = (900)(8) + (1800)(3) + (1662)(2) 

EMo = 15,924 ftllbs 

Calculation of Moment at base of wall from EFP diagram: 

CMo (for EFP) = 
(EFP) (Ill3 (EFP) (12)~ 

3 

6 6 
= 288(EFP) 

Set Moments Equal: 

15,924 = 288 (EFP) 

.*. EFP = - 15,924 = 55.3 ib/ft2/ft 
288 

Max EFP = (12)(55.3) = 664 lb/ft2 

(210-VI, TR-74, July 1989) 



111. SURCHARGE LOADS 

A. Static Loads 

1. Uniform Loads: Surcharge loads can add significantly to both the 

vertical and lateral earth pressures and must be considered in design. Nor- 

mally, in well-drained backfill materials, surcharges are carried by the 

intergranular structure of the soil. For this case, both the total stresses 

and effective stresses are equally increased by the surcharge with little 

effect on the hydrostatic pressure as shown in Figure 11. 

FlGURE 11 - SURCHARGE IN MOIST OR DRY SOILS 

The situation can be quite different, however, when rapidly applied 

surcharges are added to saturated soil materials that are not free-drain- 

ingg'. In this case, the surcharge is at first carried by the pore water 

pressure (frequently termed excess pore pressure, U), which is in addition 

to the hydrostatic pressure, Uo. Since the water in a saturated soil trans- 

(210-VI, TR-74, July 1989) 
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fers its pressure equally in all directions, (K = 1.0), the initial effect 

is that all of the surcharge load, APU, is exerted laterally to the wall in 

addition to the already existing total lateral earth pressure,uh. Figure 12 

shows these pressure diagram components for rapidly applied surcharge. Note 

that the total pressure, ah, differs from that in Figure 7 (no surcharge) by 

the amount APU. 

V e r t i c a l  Pressures Horizontal  Pressures 

FIGURE 12 - EFFECTS OF SURCHARGE BEFORE RELIEF 
OF EXCESS PORE PRESSURE 

Eventw&ly, the excess pore pressure, U, dissipates through the soil or 

drain system and returns to zero leaving only the original hydrostatic pore 

pressure, Uo, that existed before the surcharge was applied. As this dissi- 

pation occurs, the surcharge is gradually transferred from the pore water to 

the soil structure (intergranular or effective vertical pressure). When 

this transfer is completed, the surcharge is then carried entirely by the 

soil structure, increasing the effective vertical stress by the amount ApU. 

(210-VI, TR-74, July 1989) 



This increased effective vertical stress, ov + APU, can then be multiplied 

by the lateral earth pressure coefficient, K, and added to the hydrostatic 

pressure, Uo, to obtain the total lateral earth pressure, oh. 

q, = K( zv + NU) + Uo 
This is a lesser earth pressure than immediately after the surcharge load is 

applied which could be as high as: 

ah = + APU + Uo (ApU at a max = U) 

This is diagramatically shown in Figure 13. The difference can be seen by 

comparing Figure 13 to Figure 12. In comparing these figures, it can be 

seen that after the excess pore pressure, U, is relieved, the total lateral 

earth pressure, ah, is increased by KAPU rather the full value of AP,. 

The significance of this concept is that it explains how stationary or re- 

peated surcharge loads on a saturated fine-grained fill may eventually jack 

a wall out of place, or break it, even though it is thought to be adequately 

designed for surcharge loads. 

FIGURE 13 - EFFECTS OF SURCHARGE AFTER RELIEF OF EXCESS PORE PRESSURE 

(210-VI, TR-74, July 1989) 
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A s  shown i n  Figure 14, most uniform surcharge loads  on r e l a t i v e l y  low wa l l s  

are assumed t o  be d i s t r i b u t e d  uniformly with depth. This  v e r t i c a l  surcharge 

s t r e a s  is t r a n s f e r r e d  l a t e r a l l y  i n  t he  s a w  r a t i o ,  K = 2 , a s  a r e  the  
=v 

s t r e s s e s  i n  t he  s o i l  mass i t s e l f .  This  i s  shown i n  Figure 15. This i s ,  of 

course,  f o r  slowly appl ied  surcharges o r  f r e e l y  d ra in ing  b a c k f i l l ,  where t h e  

surcharge is  not c a r r i e d  by excess  pore pressures .  

FIGURE 14 - EFFECT OF SURCHARGE ON VERTICAL STRESS 

Horizontal Pressures 

FIGURE 15 - SURCHARGE TRANSFER TO HORIZONTAL STRESS 

(210-VI, TR-74, Ju ly  1989) 



22 

The effective vertical pressure, including surcharge, also acts as a down- 

ward force on the heel of the structure and should be considered when evalu- 

ating structural stability and settlement. 

It is common practice to assume a minimum uniform surcharge load of 2 feet 

of soil on a level backfill unless there are clear restrictions which make 

this assumption invalid or larger surcharges are anticipated. Many SCS 

engineers include this to account for surcharge loads that commonly occur 

during operations, maintenance, etc., along most of our structures. 

Uniform surcharge loads on sloping backfills can be handled in the same 

manner as indicated for level backfills. The effects of sloping backfill 

surcharges are discussed separately in Sections 111 and V. 

It is also common practice to disregard the effects of surcharge loads if 

the load is far enough away from the top of the wall so that a line pro- 

jected downward at approximately 40' from the horizontal does not strike the 

wall.51 This is graphically shown in Figure 16. 

/ Surcharge e f f e c t s  minor beyond t h i s  

FIGURE 16 - SURCHARGE BEYOND ZONE OF INFLUENCE 
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2. Sloping E a r t h f i l l  Loads: Sloping e a r t h f i l l  l oads  a r e  probably one 

of t h e  more common types  of surcharges  encountered. A u sua l  p r a c t i c e  i s  to :  

(1 )  i n c r e a s e  t h e  l a t e r a l  e a r t h  p re s su re  c o e f f i c i e n t  a s  app rop r i a t e  f o r  t he  

geometry of t h e  f i l l  s l ope  and the  type  of b a c k f i l l  m a t e r i a l  f o r  non-yield- 

i n g  w a l l s ,  o r ,  ( 2 )  t o  use app rop r i a t e  equ iva l en t  f l u i d  p re s su re s  where 

y i e l d i n g  w a l l s  a r e  involved. When increased  l a t e r a l  e a r t h  p re s su re  c o e f f i -  

c i e n t s  a r e  used f o r  non-yielding w a l l s ,  a f a c t o r ,  F, is  used t o  account f o r  

t h e  i nc rease .  When equ iva l en t  f l u i d  p re s su re s  a r e  used f o r  y i e l d i n g  w a l l s ,  

h igher  equ iva l en t  f l u i d  p re s su re  va lues  a r e  ob ta ined  from t h e  c h a r t s  which 

inc lude  t h e  e f f e c t s  of t h e  s lop ing  surcharge.  These va lues  a r e  dependent on 

t h e  geometry of t h e  b a c k f i l l  s l ope  and t h e  m a t e r i a l s  involved. I n  both 

methods of a n a l y s i s ,  a t r i a n g u l a r  e a r t h  p re s su re  diagram i s  assumed, a s  

shown i n  Figure 17 (F igure  17 is  f o r  stem des ign  only) .  Design procedures 

and c h a r t s  f o r  both of t he se  methods a r e  included i n  Sec t ion  V. 

f o r  sl oping 
backf i  11 
(h igher  K)  

FIGURE 17 - EFFECT OF SLOPING SURCHARGE ON PRESSURE DIAGRAM 

(STEM DESIGN) 
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For stability analysis with a sloping surcharge load, one should also evalu- 

ate the external forces on a vertical plane at the heel and their directions 
e 

as closely as possible. Figure 18 shows the appropriate geometry to be used 

when evaluating stability of a wall with a sloping surcharge load with ei- 

ther method of analysis (coefficients or EFP). Note that the parameters P 

and H are subscripted as Ps and Hs to indicate they 

for stability analyses only. 

are values to be used 

U, ' iv x K ' i h  

FIGURE 18 - EFFECT OF SLOPING SURCHARGE ON PRESSURE DIAGRAM 
(STABILITY DESIGN) 

Pvs is the vertical component of the soil load resultant, Ps, which is as- 

sumed to act at a slope parallel to the surcharge slope. Phs is the hori- 

zontal component of Ps and is equal to the area of the effective horizontal 

pressure diagram, or: 
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and: Pvs = Phstan6 = 1/2(ah)HS(tan6)  

where: t an6  = 112 

When equiva len t  f l u i d  p re s su re s  a r e  used, t h e  r e s p e c t i v e  va lues  become: 

2 Phs = Pa = 112 (EFPh) H 

and : 

EFPh and EFPv a r e  t h e  h o r i z o n t a l  and v e r t i c a l  equiva len t  f l u i d  p re s su re  

e va lues  i n d i c a t e d  i n  Figure 46 of Sec t ion  V. 

The use r  is caut ioned t h a t  t h e  v e r t i c a l  f o r c e  component should not  wholely 

be  r e l i e d  on f o r  s t a b i l i t y  a n a l y s i s .  It i s  recommended t h a t  minimum s t a b i l -  

i t y  s a f t e y  f a c t o r s  of about 1.2 o r  1.3 be maintained without  assuming t h e  

r e s i s t a n c e  of t h e  v e r t i c a l  f o r c e  a t  t h e  hee l .  

3. Line and Po in t  Loads: Line o r  po in t  surcharge l oads  can cont r ib-  

u t e  s i g n i f i c a n t l y  t o  t h e  l a t e r a l  e a r t h  p re s su re  a g a i n s t  a wal l .  Not only do 

they  add numerical ly  t o  t h e  l a t e r a l  e a r t h  p re s su re  va lues  caused by b a c k f i l l  

p r e s su re s ,  they  can a l s o  s i g n i f i c a n t l y  change t h e  e a r t h  p re s su re  diagram and 

the  l o c a t i o n  of t h e  r e s u l t a n t  f o r c e s .  The r e s u l t a n t  f o r c e s  a r e  

t h e  w a l l  and consequent ly  may s i g n i f i c a n t l y  i n c r e a s e  t h e  shear  

e moments i n  t he  wal l .  

h igher  up on 

and bending 
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The significance of line or point surcharge loads depends on the size of the 

load, the type of backfill, the distance between the load and the top of the 

wall, x, the depth of inspection below the top of the wall, d, and, in the 

case of a point load, the distance away in a direction parallel to the wall, 

S O  This is diagrammatically shown in Figure 19. Specific recommenda- 

tions and procedures for these types of loads are included in Section V. 

FIGURE 19 - EFFECT OF POINT OR LINE LOADS ON PRESSURE DIAGRAM 

B. Dvnamic Loads 

1. Seismic Loads: Normally, seismic loading is not a serious consid- 

eration for SCS hydraulic structures unless they are relatively tall or 

cannot tolerate minor movements or deflections. 

At the present state of the art, the effect of seismic earth loads on struc- 

tures cannot be readily or directly determined for routine design proce- 

dures. Consequently it is a common practice to replace the seismic load 

with a static surcharge load that is roughly equivalent. Considerable expe- 

rience and judgment are needed for this estimate. 
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Another common approach is to add a pseudo-static horizontal force equal to 

the weight of the soil mass above an assumed failure plane times an empiri- 

cal seismic coefficientu. The coefficients that are used in stability 

analysis for earth dams in TR-60 may be appropriate for this approach. 

Walls with saturated backfills are more susceptible to overstressing during 

seismtc loading than are those with moist or dry backfills and should be 

given more serious attention in active seismic areas. There have been very 

few instances, however, of structural overstressing by seismic loads where 

the backfill has been dry and well compacted. 

In addition to the above, a few other important seismic considerations need 

to be made. These are: 

a. Seismic loading normally increases the unit weight of most back- 

fills, particularly noncohesive soils when they are initially placed or are 

naturally at dry densities less than about 70 percent relative density. 

Where this potential exists, the design of the structure should also be for 

loads resulting from backfill in a denser state that could be achieved by 

seismic loading. 

b. Seismic loading can bring about a rapid bearing capacity failure of 

the supporting soil. Certain clays and silts may be sensitive to shocks and 

liquify leading to a rapid loss of strength (e.g.,when natural moisture 

contents are greater than the Liquid Limit). Low density sands and fine 

non-plastic silts may be susceptible to collapse (liquification) when loaded 

in a loose state, saturated, and then shocked with a seismic load. 
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When the potential for any of the above problems is suspected,or seismic 

loading needs to be a consideration, consultation with a qualified soils 

engineer is recommended. 

e 
2. Construction and Traffic Loads: Two of the most common and 

ignored external surcharge loads that are applied to retaining structures 

are those related to over-compaction and traffic. 

Compaction loads are created by the compactive effort of heavy mechanical 

tamping or rolling of backfill adjacent to a structure. Large scale tests 

have indicated that very large lateral earth pressures can be "locked into 

the soil structure" by over-compaction; in some cases this can be many times 

greater than the assumed active or at-rest design pressures. 

Because of this potential, it is generally recommended to limit the compac- 

tion of the backfill near the structure to a maximum of about 90% or 95% of 

the maximum standard proctor dry density (ASTM D-698) or about 85 to 90% of 

relative density. Higher densities in local areas may be desired, however, 

to reduce seepage or for other reasons. Compaction, in these instances, 

should still be limited to not more than 100% of the ASTM D-698 maximum dry 

density or 90% of relative density. 

Horizontal struts or braces should never be used to prevent wall movement of 

cantilever walls during backfilling or compaction. This practice will re- 

sult in a redistribution of wall pressures and moments up the wall and can 

lead to serious distress and displacement of the wall. 
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29 
T r a f f i c  loads t y p i c a l l y  vary g r e a t l y  i n  magnitude, frequency, and point  of 

appl ica t ion .  For normal minor t r a f f i c  loads  within a  d is tance  of 112 t he  

wall  height  from the  top of the  wall ,  an equivalent  minimum surcharge of 2 

f e e t  of s o i l  i s  normally adequate. (e.g., maintenance roads, farm roads, 

e tc . ) .  Larger o r  unusual loads requi re  ind iv idua l  evaluat ion and a r e  out- 

l ined  f u r t h e r  i n  Section 111 and V. 
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IV. SOIL STRENGTH AND STATES OF STRESS IN A SOIL 

MASS DURING WALL MOVEMENT 

A. Principal Stresses and Shear Stresses 

Consider an isolated element in a typical backfill without any movement or 

strain in the soil mass. Figure 20 shows such an element and the principal 

effective stresses acting on it. 

-& Vertical plane 

h zh = KC, = K(KV,) 

Horizontal plane 

- 
These principal stresses, ah and a,, are defined as the normal stresses 

- 
acting on perpendicular planes which have no shearing stresses on them. o h  

- 
acts on the vertical plane, u, acts on the horizontal plane; .r = o on both 

planee. 

In triaxial shear testing, these planes are purposely orientated horizon- 

tally (for Gv) and vertically (for Gh) for convenience in testing and plot- 

ting of the test data. 
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B. Stress/Strain Relationships 

If a wall is allowed to deflect away from the fill and develop some strain 

in the soil mass, the element also undergoes some strain, e. In its strain- 

ing, the element develops shear stresses, T,, and normal stresses, <, which 
act on the potentially developing shear plane at an angle u from the hori- 

zontal. Figures 21 and 22 show the straining element and the related 

stresses. 

FIGURE 21 - SHEAR PLANE DEVELOPMENT BEHIND A WALL YIELDING 
AWAY FROM BACKFILL 
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FIGURE 22 - STRESSES ON AN ISOLATED ELEMENT, SOME STRAIN, E 

These conditions are simulated in the triaxial shear test by keeping the 

surrounding confining pressure, ah, constant, and by increasing the vertical 
- 

pressure, a,, on the horizontal plane until failure. During the test, the 

strain, 8, and shear stress, T, are measured as they develop, and are plot- 

ted as shown on Figure 23. 

Stress s t r a i n  curve 
while a t  constant ah 

B; s t r a i n  

FIGURE 23 - TYPICAL STRESS/STRAIN RELATIONSHIP 
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C. Mohr Circle Theory and Shear Strength Envelopes 

a - - 
When failure of a test specimen occurs, ah and uv are plotted on what is 

- 
called a Mohr strength circle diagram, as shown on Figure 24. Since ah and 

are measured in the test on vertical and horizontal planes which have no 

shear stress, they are each plotted at r = 0 and a Mohr strength circle 

(half circle) having a diameter equal to 4 - is drawn. 

I = EV - 
E ,  E f f e c t i v e  Pr inc ipa l  Stresses 

FIGURE 24 - TYPICAL MOHR STRENGTH CIRCLE 

This procedure is then repeated at at least two additional higher confining 
- - 

Pressures, ah2 and 0h3 for second and third strength circles as shown on 

e Figure 25. 
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8 ,  E f f e c t i v e  P r i n c i p a l  Stresses 

FIGURE 25 - mPmL MOHR STRENGTH DIAGRAM 

A l i n e  i s  then drawn tangent t o  the  three  c i r c l e s  and i t  is  ca l led  the shear 

s t rength  envelope. It lays  a t  an angle $ ,  the e f f e c t i v e  shear s t rength  

f r i c t i o n  angle, and in te rcep t s  the  shear s t r e s s  a x i s  a t  a value C, the ef- 

f ec t ive  cohesion. The shear s t r eng th  envelope represents  the maximum 

s t rength  a s o i l  can mobilize when i t  is  confined by any given confining 

- - 
pressure,  o . Note t h a t  b = ua tan $ + 6 is  the  equation f o r  the  shear 

a 
- 

s t rength  envelope and tha t  ua is  the  confining pressure on the  shear plane 

which i s  or ienta ted  a t  an angle a i n  the  s o i l  mass. 

Figure 26 shows a typ ica l  shear s t r eng th  envelope and a Mohr s t r e s s  c i r c l e  

f o r  a s o i l  element i n  a f i l l  behind a wall. The s t r e s s  c i r c l e  i s  not yet  a 

s t rength  c i r c l e  s ince T, has not yet  reached i t s  maximum value before f a i l -  

- 
ure. The p r inc ipa l  s t r e s s e s  ah and av a r e  p lo t t ed  a t  r = 0. The shear 

- 
s t r e s s ,  T,, and normal s t r e s s ,  u , within the  s o i l  element can be obtained 

a 

from the s t r e s s  c i r c l e  a t  a plane a t  any angle a from the  horizontal .  The 

in te rcep t s ,  and ?fa on the  c i r c l e  a r e  the  s t r e s s e s  ac t ing  i n  the s o i l  
a 



- - 
element at the same angle a from the horizontal. If the stresses Oh and a, 

in an actual soil mass were developed to the point where failure occurs, the 

circle would become a strength circle and the failure angle, a ,  shear 
- 

strength, Ta, and normal stress, o,, could be determined. Most stability 

analyses use the equation form of the strength envelope and measure 

graphically or calculate it in order to use it as input to the equation. 

Shear Strength Envelope 

- 
a, E f fec t ive  Principal  Stresses 

Stress C i  r c l  e 

FIGUIE 26 - M O W  STRESS CONDITION SHOWN ON MOEIR STRENGTH DIAGRAM 
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D. Retaining Wall Movement and Related States of Stress 

With the previous concepts in mind, we will first consider a wall that is 

not allowed to deflect (non-yielding or "at-rest"). Then we will consider a 

wall at various stages of deflection away from the backfill, and, finally, 

we will consider a wall that  deflects toward the backfill. Figure 27 de- 

picts the deflection considerations we will make. 

vrr .r ,e&&. 
-:.I - , 7 /M+ 

'/ ' L ~ e f l  ect ion  toward backf i  11 D e f l  ec t ion  away 2' ~ - . ~  ~- 

from backfill 

" .  ',,'.' 4. 
d .  : .'. b'.. .. ' 

FIGURE 27 - POSSIBLE WALL DEFLECTION AND RELATED RANGE OF 
LATERAL EARTH PRESSURE COEFFICIENTS 

1. Non-Yielding Walls - At-Rest Condition, KO: Figure 28 shows a 

typical "at-rest," non-yielding condition. Since the "at-rest" condition is 

defined as a state of zero lateral yielding (Donath, 1981), there is no 

lateral strain in the soil ( E =  0 ) .  

(210-VI, TR-74, July 1989) 



FIGURE 28 - TYPICAL AT-REST BACKFILL (NON-YIELDING) 

Figure 29 shows typical "at-rest" principal stresses on the Mohr stress 

diagram for a normally consolidated soil (a soil that has not been loaded by 

greater stresses than its OM weight and is no longer consolidating from its 

own weight). Also shown is the strength envelope for the same soil in Fig- 
- 

ure 29. Note that oho and Gv are plotted at r a 0 .  

Shear Strength 
L Envelope 
C, 
V) 

t r e s s  C i r c l e  

E ,  E f f e c t i v e  Pr inc ipa l  Stress 
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2. Walls Yielding Away From Fill - "Active Condition," Ka: If a wall 
is allowed to yield away from the fill, as depicted in Figure 30, a poten- 

tial shear plane begins to develop. As the element continues to strain, 

greater shear stresses ( - r a )  begin to develop on the failure plane. As this 

progresses, the shear strength of the soil begins to mobilize itself on the 

potential shear plane to resist sliding. Deflection must occur for this 

mobilization to take place. 

Shear Plane 

FIGURE 30 - FAILING BACKFILL BEHIND OUTWARD YIELDING WALL 

As the wall yields more and more, the soil on the developing, shear plane 

undergoes more and more strain. This, in turn, develops greater shear 

stresses (T~.) on the potential shear plane, until finally the shear stresses 

on the failure plane equal the maximum shear strength that the soil can 

mobilize. The stress/strain relationship for such a process is shown in 

Figure 31. 
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Stress S t r a i n  Curve 
While a t  Constant Z,, 

E, S t r a i n  

FIGURE 31 - DEVELOPMENT OF STRESS / STRAIN CURVE DURING PROGRESSIVE 

OUTWARD WALL DEFLECTION 

This progressive increase  i n  shear  s t r e s s  up t o  f a i l u r e  of the  b a c k f i l l  can 

a l s o  be represented on a  Mohr s t r e s s  diagram. Figure 32 shows the  progres- 

s i v e  growth i n  s t r e s s  c i r c l e s  toward the  f i n a l  f a i l u r e  c i r c l e  ( s t r eng th .  

c i r c l e ) .  It can be seen t h a t  a s  t he  wall  p rogress ive ly  y i e lds ,  the  e f  fec- 

- - 
t i v e  l a t e r a l  e a r t h  pressure ,  ah, reduces from i t s  "a t  r e s t "  value,  ahos t o  a  

minimum value ,  5ha, whereupon the  b a c k f i l l  f i n a l l y  f a i l s  i n  shear .  A t  t h i s  

po in t ,  the s t r e s s  c i r c l e s  have developed i n t o  a  s i n g l e  s t r eng th  c i r c l e  which 

i s  tangent t o  t he  s t r e n g t h  envelope. During t h i s  same y ie ld ing ,  t he  shear  

s t r e s s ,  T progress ive ly  increases  u n t i l  i t  equals  the  maximum shear  
a 

s t r eng th  a v a i l a b l e  i n  t he  s o i l  on the  f a i l u r e  plane ( T ~  = Tf). A t  t h i s  po in t  

t he  shear  s t r e n g t h  of t h e  s o i l  is  f u l l y  mobilized and the  l a t e r a l  e a r t h  

- 
pressure  is  reduced t o  t h e  a c t i v e  l a t e r a l  e a r t h  pressure ,  aha. This i s  the  

0 a c t i v e  condi t ion ,  and represents the  minimum poss ib l e  e a r t h  pressure .  
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Further y ie ld ing  w i l l  reduce the  l a t e r a l  e a r t h  pressure no more. Note 
- 

t h a t  the shear  s t r e s s  a t  f a i l u r e  T~ occurs on a  plane a t  a = 45 + 9 / 2  

from the  ho r i zon ta l  and t h a t  i t  is less than t h e  maximum shear  stress, 
- 

max = l / 2 ( v  - oh), which occurs on a  45' plane wi th in  the s o i l  mass. 

=ma x- Intermediate Stress 

T 
f -  

At-Rest Stress C i r c l e  

6, E f f e c t i v e  P r i n c i p a l  Stresses 

FIGURE 32 - DEVELOPMENT OF MOHR STRENGTH DIAGRAM DURING PROGRESSIVE 

OUTWARD WALL DEFLECTION 

In  p rac t i ce  t he re  a r e  varying degress of wal l  de f l ec t i on ,  which, a t  equi l ib -  

rium, may reduce the  i n i t i a l  l a t e r a l  e a r t h  pressure  t o  something less than 

the  a t - r e s t  pressure (zho), but perhaps not a s  low a s  t he  minimum l a t e r a l  

- 
a c t i v e  e a r t h  pressure ,  aha. Recall  t h a t  aha is a minimum pressure where the  

s o i l  i s  exe r t i ng  i t s  maximum r e s i s t i n g  shear  s t r eng th  on i ts  developed shear  

plane. 

The minimum a c t i v e  e a r t h  pressure ,  zhar may be used f o r  design - only i f  the  

wal l  is  capable of y ie ld ing ,  i f  t he  y ie ld ing  is acceptable ,  and i f  t h e  back- 

f i l l  materials a r e  capable of permanently maintaining t h i s  s t a t e  of s t r e s s .  

Most s o i l s  w i l l  eventua l ly  f a i l  by creep o r  v i b r a t i o n  e f f e c t s  and s l i d e  on 

the  f a i l u r e  plane toward the  wal l ,  thus increasing the  e a r t h  pressure again 
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above the minimum. This, in turn, causes the wall to once again deflect 

e until the soil remobilizes its full shear strength. This process may con- 

tinue repeatedly until the wall tilts or slides sufficiently to be rendered 

unserviceable or until the wall deflects sufficiently to develop its own 

elastic stiffness and resistance to a higher equilibrium earth pressure 

(greater than aha). 

It is therefore recommended that walls be designed for active pressure - only 

if they are certain to yield, if the yielding is acceptable, and if they are 

backfilled with coarse cohesionless soil that can permanently maintain their 

mobilized shear strength. If wall yielding is in question, "at-rest" pres- 

sures should be used regardless of the backfill materials. Evaluations of 

intermediate conditions are impractical for most design procedures because 

of the indeterminate stress-strain 

e and the many dependent variables of 

relationships between concrete and soil 

soil materials and soil conditions. 

3. Walls Yielding Toward Fill - "Passive Condition", : Let us now KP 
coasider a wall yielding toward the backfill, as shown in Figure 33. 

FIGURE 33 - FAILING BACKFILL BEHIND INWARD YIELDING WALL 
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As  wi th  t h e  case  of a wa l l  y i e l d i n g  away from the  f i l l ,  a p o t e n t i a l  shea r  

p lane  begins t o  develop here  a l so .  The i n c l i n a t i o n  of the  f a i l u r e  p lane  i s  
- 

a t  a f l a t t e r  angle ,  however, than f o r  the  a c t i v e  case  (45' - 4 / 2  vs. 45' + 
- 
$ 1 2 ) .  A s  t h e  element s t r a i n s  i n  h o r i z o n t a l  compression, shear  s t r e s s e s ,  'a, 

begin t o  develop along the  p o t e n t i a l  f a i l u r e  plane.  A s  t h i s  p rogresses ,  t h e  

shear  s t r e n g t h  of t h e  s o i l  begins t o  mobil ize i t s e l f  t o  r e s i s t  s l i d i n g  on 

t h e  shear  plane. A s  the  wa l l  cont inues  t o  d e f l e c t  more and more i n t o  the  

s o i l ,  more and more s t r a i n  develops. Th i s ,  i n  t u r n ,  develops g r e a t e r  shea r  

s t r e s s e s  (T,) on the  p o t e n t i a l  shear  p lane  u n t i l  f i n a l l y ,  t h e  s o i l  f a i l s  

when t h e  shear  s t r e s s  on t h e  f a i l u r e  p lane  equa l s  t h e  maximum shear  s t r e n g t h  

t h a t  the  s o i l  can mobil ize.  The wa l l  has now developed the  maximum pass ive  

e a r t h  pressure .  Th i s  p rogress ive  inc rease  i n  shear  s t r e s s  u n t i l  f a i l u r e  can 

a l s o  be represented on a Mohr s t r e s s  diagram a s  shown on Figure 34. Begin- 

ning wi th  t h e  "a t - res t "  s t r e s s  c i r c l e  we can see  t h a t  a s  t h e  w a l l  progres-  

- 
s i v e l y  moves toward the  b a c k f i l l ,  t he  e f f e c t i v e  l a t e r a l  e a r t h  p ressure ,  a h ,  

- 
i n c r e a s e s  u n t i l  g = a, ( t h e  s t r e s s  c i r c l e s  become smal ler  and smal ler  u n t i l  

t h e  c i r c l e  becomes a po in t  a t  a h  = 5, and r,= 0). A s  t h e  wa l l  cont inues  t o  

move i n t o  t h e  b a c k f i l l ,  t h e  s t r e s s  c i r c l e s  begin t o  en la rge  i n t o  t h e  pass ive  

- 
range where ah > u .  During t h i s  movement, t h e  shea r  s t r e s s e s  r everse  d i -  

r e c t i o n  and aga in  develop on t h e  p o t e n t i a l  shea r  plane.  Eventual ly ,  the  in-  

c r e a s i n g  shear s t r e s s  equa l s  t h e  maximum shear  s t r e n g t h  t h a t  t h e  s o i l  can 

mobi l ize  on the  f a i l u r e  plane.  A t  t h i s  p o i n t ,  t h e  s t r e s s  c i r c l e s  have devel- 

oped i n t o  a s t r e n g t h  c i r c l e  which is  tangent  t o  the  s t r e n g t h  envelope. The 

s o i l  has now developed i ts  maximum pass ive  l a t e r a l  e a r t h  p ressure ,  5 hp' 

Continued d e f l e c t i o n  of t h e  wa l l  w i l l  on ly  s l i d e  t h e  s o i l  wedge on t h e  f a i l -  

u r e  plane and w i l l  not develop g r e a t e r  p ressures  on the  wall .  Again, i t  can 

be seen t h a t  i n  p r a c t i c e  t h e r e  a r e  varying degrees of d e f l e c t i o n  which, a t  

equi l ibr ium,  w i l l  produce l a t e r a l  e a r t h  p ressures  g r e a t e r  than the  "a t - res t "  

- - 
value ,  uho, but poss ib ly  l e s s  then the  fully-developed pass ive  va lue ,  ahp.  
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FIGURE 34 - DEVELOPMENT OF MOHR STRENGTH DIAGRAM DURING PROGRESSIVE 
INWARD WALL DEFLECTION 

One may ask, "How can passive earth pressures be developed on a retaining 

wall?" 

There are several ways. One of the more common, but unsuspected ways, is by 

overcompacting the backfill near the wall. "More" is not necessarily bet- 

ter, in this case, since overcompaction can create and "lock in" very high 

stresses; well into the passive range. Unfortunately, most dpecifications 

do not require an upper limit on compaction and consequently this possibil- 

ity gets overlooked and some walls become damaged. In extreme cases, walls 

have been broken after temporary struts were placed at the top of them to 

stop the excessive deflection during heavy overcompaction. Additional guid- 

ance on this problem is contained in Section 111. 

(210-VI, TR-74, July 1989) 



Two other ways are graphically shown in Figure 35 and 36. These can be 

easily overlooked during a routine stability analysis where only sliding and 

overturning are checked. Figure 35 shows possible differential settlement 

of the foundation created by the added weight of the backfill or surcharge. 

This type of movement is actually simple foundation settlement which com- 

monly occurs at pressures that are much lower than the allowable bearing 

capacity of the soil! This type of movement can also be brought about by 

wetting of collapsible sands and silts or liquefaction of sensitive fine 

silts and clays during dynamic loading. 

/- Surcharge, AP, 

L i  nes 

FIGURE 35 - DIFFERENTIAL FOUNDATION SETTLEMENT BENEATH FOOTING AND FILL 

Figure 36 shows the elastic rebound which can develop in medium to fine 

grained elastic soils or in overconsolidated silts and clays. A wall, for 

example, may be installed in a recent excavation. Long term rebound of the 

overconsolidated soil in the excavated area may break the footing or tip the 

structure and load the wall into the passive range. 

(210-VI, TR-74, July 1989) 
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FIGURE 36 - ELASTIC REBOUND OF FOUNDATION EXCAVATION AFTER 
CONSTRUCTING WALL 

4. Wall Movement Effect on Pressure Diagram: An important considera- 

t ion to  be made i a  the type of wall movement which may occur. If a retain- 

ing wall rotates about i ts  base, the earth pressure diagram can be 

reasonably assumed to  be triaugular as shown in  Figure 37. 



* 
//MA- 

FIGURE 37 - PRESSURE DIAGRAM: WALL ROTATING ABOUT BASE 

If, however, a wall moves laterally by sliding, the pressure distribution 

changes to an arched or parabolic shape as shown in Figure 38. The resul- 

tant force, Pa, is essentially unchanged, however, its location changes 

considerably and may significantly affect the shear and bending moment dia- 

grams of the wall. 

FIGURE 38 - PRESSURE DIAGRAM: WALL SLIDING ALONG BASE 

(210-VI, TR-74, July 1989) 
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If a wall should rotate about its top (because of anchors, struts, soil 

rebound, etc.) the pressure diagram changes to a modified parabolic shape, 

as shown in Figure 39. Again, the resultant force, Pa, is essentially un- 

changed; however, the location of the resultant is considerably higher on 

the wall which significantly changes the walls' shear and bending moment 

diagrams. 

FIGURE 39 - PRESSURE DIAGRAM - WALL ROTATING ABOUT TOP 

Most SCS structures are designed against sliding and overturning, thus, in 

most cases, lateral movement or rotation about the top of the wall is not 

usually encountered. 

5 .  Anchor Movement and Related States of Stress: Most anchors, such 

as anchor walls and anchor plates, depend entirely on developing passive 

earth pressures for stability. Consequently, it is very important that the 

state of stress be considered in design. 

(210-VI, TR-74, July 1989) 
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One of the most commonly overlooked considerations when designing anchors is 

shown in Figure 40. In order for the full passive resistance of the anchor 

to develop, the shear plane of the passive resistance of the anchor must not 

be interrupted. Interruption can be caused by the intersection of the ac- 

tive shear plane of the wall, a change of soil type, etc. 

I Active Shear / Passive Shear Plane 

FIGURE 40 - ANCHOR PLACEMENT AND RELATED SHEAR ZONES 

Another commonly overlooked consideration when designing anchors or thrust 

blocks is that considerably more movement is necessary to mobilize full pas- 

sive pressures than is required to mobilize active pressures. The tolera- 

bility of the structure to the required movement must be considered. In the 

case of thrust blocks, cutoff walls, shear keys, etc., the horizontal com- 

pression and stress-strain response of the resisting soil must be consid- 

ered. Xn the case of tied back anchors, for example, this compression 

(required to mobilize the anchor blocks' assumed passive pressure) is deliv- 

ered to the anchored wall directly by the tie rods, and, the wall itself 

will deflect accordingly. Generally a larger safety factor (such as 2 or 3) 

is and should be used for anchors because of this. If a structure is sensi- 

tive to such required movements, and is dependent on passive pressures for 

stability, consultation with a qualified soils engineer is recommended. 

(210-VI, TR-74, July 1989) 
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When anchors extend downward from the ground surface the passive and active 

shear sdrfaces extend to the ground surface on nearly plane surfaces as 

shown in Figure 41a. For this case, full active and passive pressure dia- 

grams can be assumed. The anchorage or thrust force should be located near 

the 113 point ot the wall in order to assure hydrostatic shaped pressure 

diagrams. 

When anchors are buried, the stress distribution and shear surfaces change 

dramatically as shown in Figure 41b. Experience has shown, however, that so 

long as the anchor is not buried deeper than twice its height (H 5 2HA), 

full passive and active pressure diagram (to the ground surface) may be 

y,w assumed with reasonable accuracy. 

Deep anchors (.H , ZH,,,), however, must be expected to yield by shearing 

through the soil without developing a shear failure plane up to the ground 

surface as shown in Figure 41c. This displacement occurs along curved sur- 

faces of sliding toward a zone of expansion above and behind the anchor. 

The resisting force for this type of anchor is approximately equal to the 

"A 
bearing capacity of a footing whose base is at a depth B - - below the 2 

ground surface. Appropriate bearing capacity equations can be used for this 

approximation so long as due attention is also given to the footing shape 

and water table conditions. 

(21041, TR-74, July 1989) 



FIGURE 41 - ANCHOR DEPTH AND RELATED STATES OF STRESS 
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V. EARTH MATERIALS AND RELATED EARTH PRESSURES 

This section explains and contains the recommended earth load design values 

for the design of SCS structures. The selection of the appropriate lateral 

earth pressure coefficient, or equivalent fluid pressure, is dependent on: 

(A) the type of backfill materials, and (B) the amount and direction of wall 

movement. Lateral earth pressures are to be determined by the procedures 

and figures referenced in Figure 42. The designer is cautioned, however, to 

review other portions of this technical release as appropriate before pro- 

ceeding. 

A. Type of Backfill Materials 

1. Clean coarse sands and gravels having less than 5% fines are de- 

fined in the Unified Soil Classification System as SW, SP, GW, and GP. Also 

included in this grouping are manufactured backfill materials such as 

crushed rock, furnace slag, etc. These soils normally have shear strength 

angles, 3 ,  greater than 27 degrees. In determining the lateral earth pres- 

sure coefficients for these materials, effective shear strengths, ( q ) ,  from 

consolidated drained shear strength tests (direct or triaxial) should be 

used. Specimens for these tests should be remolded and compacted at the 

density and moisture content that will be specified for the backfill and 

should be saturated before the consolidation phase of the shear test. In the 

absence of shear test data, or with very coarse materials, judgement and 

experience must be used to estimate $; consultation with a qualified soils 

engineer in this case is recommended. 

These backfill materials do not normally require a significant amount of 

compaction. Compaction is usually controlled by relative density tests or 

equipment methods. In most instances, they should not be compacted to more 

(210-VI, TR-74, July 1989) 



than about 85 t o  90% of r e l a t i v e  d e n s i t y ,  i f  r e l a t i v e  d e n s i t y  t e s t i n g  is 

used,  o r ,  wi th  a moderate amount of r o l l i n g  wi th  l i g h t  t o  medium weight 

equipment, i f  an equipment method is used. Heavy equipment r o l l i n g  is usu- 

a l l y  not  necessary  and could damage t h e  s t r u c t u r e  by o v e r s t r e s s i n g  i t s  

w a l l s  . 

Figures  43, 44, and 45 a r e  intended f o r  use wi th  these  types  of m a t e r i a l s ,  

depending on t h e  type of wa l l  y i e l d i n g  a s  ind ica ted  on each of t h e  f i g u r e s .  

2. The "other"  s o i l s  inc lude  a l l  b a c k f i l l  m a t e r i a l s  wi th  more than 

5% f i n e s  such a s  SC, SM, GC, GM, CL, and ML, i n  accordance wi th  the  Unified 

S o i l  C l a s s i f i c a t i o n  System, and those  coarse r  s o i l s  wi th  s t r e n g t h s  l e s s  than  
- 
$ = 27'. F igure  44 i s  used t o  determine l a t e r a l  e a r t h  p ressure  c o e f f i c i e n t s  

f o r  t h e s e  m a t e r i a l s  a g a i n s t  a non-yielding w a l l  ( a t - r e s t  cond i t ion) .  A s  

- 
with  t h e  c l e a n  coarse  sands and g r a v e l s ,  e f f e c t i v e  shea r  s t r e n g t h s ,  4 , from 

consol idated dra ined t r i a x i a l  shear  t e s t s ,  o r  consol idated undrained shear  

t e s t s  with pore p ressure  measurements, can normally be used. However, i f  

s a t u r a t i o n  of t h e  b a c k f i l l  w i l l  be allowed, o r  can poss ib ly  occur ,  t h e  use 

of the  t o t a l  shear  s t r e n g t h  ( $ )  from consol idated undrained t r i a x i a l  shear  

t e s t s  may be more appropr ia te .  The p o s s i b i l i t y  of sizemic loading,  r a p i d l y  

app l i ed  surcharges ,  o r  a very  f l e x i b l e  wa l l  ( s h e e t  p i l i n g ,  e t c . ) ,  t h a t  re-  

sponds t o  loads  qu ick ly ,  i n c r e a s e s  the  appropr ia teness  of using t h e  

undrained s t r e n g t h  parameter,  4 . I f  t h i s  p o s s i b i l i t y  e x i s t s ,  t h e  des igner  

should use t h e  t o t a l  shea r  s t r e n g t h  ($1, o r  consu l t  wi th  a q u a l i f i e d  s o i l s  

engineer  before  using g r e a t e r  values .  Specimens should be remolded and com- 

pacted a t  t h e  d e n s i t y  and mois ture  content  t h a t  w i l l  be s p e c i f i e d  f o r  t h e  

f i l l  and should be s a t u r a t e d  before  conso l ida t ion  t o  s imula te  a s a t u r a t e d  

cond i t ion  i n  t h e  b a c k f i l l .  I n  t h e  absence of shear  t e s t  d a t a ,  judgment and 
- 

exper ience  must be used t o  es t ima te  $ o r  4 ;  c o n s u l t a t i o n  wi th  a q u a l i f i e d  

s o i l s  engineer i s  recommended. 
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Figure 46 is used to determine equivalent fluid pressures for these materi- 

als against a yielding wall (active condition). Sufficient field and/or lab 

data, including Unified Soil Classifications, should be obtained to verify 

the assumed type of backfill when using these equivalent fluid pressures. 

Normally, compaction of these materials is controlled by compaction tests. 

These materials should not be compacted to more than about 90 to 95% of 

maximum standard Proctor dry density (ASTM D-698) except when they are in- 

tended as relatively thin impervious zones to minimize seepage around cutoff 

walls, headwall extensions, antiseep collars, etc. In these areas, compac- 

tion should still be limited to not more than 100% of the ASTM D-698 maximum 

dry density, however. 

3.  Materials which are highly organic, OL, OH, and PT, or have moder- 

ate-to-high swelling potential (LL > 50 such as CH and MH) should not be 

used as backfill or be allowed to remain in the backfill prism defined on 

Figure 42. 

B- Amount and Direction of Wall Movements 

Figure 42 indicates three types of wall movement: (1) yielding away from 

fill, (2) non-yielding, and (3) yielding toward fill. 

1. Walls Yielding Away from Fill: Walls can yield outward by four 

separate mechanisms: (a) sliding, (b) overturning, (c) rotation of the toe 

due to erosion, bearing capacity failure, or settlement, and (d) deflection 

of the stem. Most walls are designed against movement away from the back- 

fill by the first three mechanisms with a significant safety factor (usually 

(210-VI, TR-74, July 1989) 
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1.5 to 3 ) ,  consequently, the type of movement is usually restricted to (c) 

deflection of the stem. ~esearchers?!Z! have found that the wall deflec- 

tion required to fully mobilize the shear forces in the backfill (such that 

active pressures are achieved) varies from about 0.5 to 1%. depending on the 

soil type, density, and a number of other variables. Because of the complex- 

i ty and number of variables involved, and the indeterminate dependent rela- 

tionship between the moduli of elasticity of the concrete and that of the 

backfill along a potential shear plane, further refinement is not practical 

for most design problems. An evaluation of the typical range ot lateral 

earth pressures commonly encountered on SCS structures indicates that if the 

ratio of wall thickness to height of wall is equal to or less than about 

0.085 (Ec = 50,000,000 psi) the deflections at the top of the wall will be' 

in the order of 1% or more. Consequently this has been established as a 

recommended limit ( t / ~  5 O.O85), below which adequate stem deflection can be 

relied on to develop active pressures. 

Figure 43 is used for clean coarse backfill in the yielding condition; Fig- 

ure 46 is used for all other soils in the yielding condition. 

2. Nonyielding: These walls are defined as walls with a stiffness 

such that the outward deflection is less than that required to fully mobi- 

lize the active shear strength in the backfill (t/H > 0.085), or are other- 

wise restrained against deflection. Because of the minimum section 

thickness required for placement of two mats of reinforcing steel, small 

overall proportions, and restraint by headwalls, wingwalls, etc., a great 

number of SCS structures fall into this category. 



3. Walls Yielding Into Fill: These walls are defined as walls that 

At-rest lateral earth 

grained cohesionless 

Figure 44.131 This 
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pressure coefficients for normally consolidated coarse 
- 

soil are represented by the KO = 1 - sin $curve in 
relationship is based on triaxial shear tests under 

conditions of zero radial strain. Recommended at-rest lateral earth pres- 

sure coefficients for soil not meeting the requirements for the above are 

represented by the "at-rest" curve in Figure 44. This curve is based on 

experience and reviews of available research data.!! While it is recognized 

that these are somewhat emperical data, these values are recommended for 

non-yielding walls until methods are developed to fully evaluate the equi- 

librium stress and deflection condition between soil backfill and concrete 

structures. 

Since Figure 44 does not include the effects of a sloping earthfill sur- 

charge, Figure 47 has been included for that purpose. 

have sufficient inward deflection to develop passive pressures. The actual 

amount of inward deflection required to develop passive pressure is vari- 

able. It is known, however, that it is several times greater than that re- 

quired to develop active pressures. The maximum passive pressure does not 

develop until the wall has moved enough to develop a shear plane upward 

through the backfill. This requirement and the acceptability of movement of 

a structure should be considered before assuming that full passive pressure 

will be developed. 

Figure 45 is used to determine passive lateral earth pressure coefficients. 

The curves are extrapolated for values of $ less than 27' for use in evalu- 

ating existing structures and for the design of anchor thrust blocks where 

better backfill mterials cannot be economically used. 

(210-VI, TR-74, July 1989) 



C. Hydrostatic Loads 

These loads a r e  t o  be included unless pos i t ive  measures a r e  taken t o  insure 

t h a t  sa tu ra t ion  of the  b a c k f i l l  cannot develop. Pos i t ive  measures include 

f r e e  draining b a c k f i l l  zones, weep holes,  d ra in  pipes,  impervious zones a t  

the  top of the  b a c k f i l l ,  e t c .  Unless weepholes and d ra ins  a r e  f a i r l y  la rge ,  

some l o c a l  head buildup w i l l  occur a t  the  base of the  walls  s ince  they re- 

qui re  some head t o  operate. The amount of head w i l l  depend on the  s i z e  of 

the  d ra in  zones, the s i z e  and number of weep holes, the  d r a i n  pipe perfora- 

t i o n  and/or screen s i zes ,  seepage o r  groundwater q u a n t i t i e s ,  e t c .  These 

fac to r s  should be ca re fu l ly  evaluated and conservatively estimated i f  uncer- 

ta in .  SCS So i l  Mechanics Notes 1, 3, 5 and 7 contain he lpful  guidance i n  

the proportioning of dra ins  and estimating the heads and seepage through 

d ra in  zones, pipes,  e t c .  

D. Surcharge Loads 

Surcharge loads add s i g n i f i c a n t l y  t o  the l a t e r a l  e a r t h  pressure against  

wal ls  and may change the  locat ion  of the  r e s u l t a n t  e a r t h  pressure force. 

1. Sloping Backf i l l  Surcharge Loads: These a r e  assumed t o  be applied 

t o  compacted e a r t h  placed under nonsaturated condit ions and a t  a  r a t e  t h a t  

allows d i s s ipa t ion  of excess pore pressures. If  a  rapid ly  applied surcharge 

load on a sa tura ted  b a c k f i l l  is  possible,  see Section I11 on how it  may 

a f f e c t  the t o t a l  wall pressure. 

The computation of sloping backf i l l  surcharge loads depends on the type of 

wall  de f l ec t ion  and the type of b a c k f i l l  material :  
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a. For clean, coarse backfill materials having less than 5% fines 

placed against yielding walls, the effects of sloping surcharges are in- 

cluded in the lateral earth pressure coefficients, Ka or % in Figures 43 
and 45, respectively. 

b. For backfill materials having more than 5% fines placed against 

yielding walls, the effects of sloping surcharges are included in the lat- 

eral Equivalent Fluid Pressures (EFPh) in Figure 46. 

c. For either type of backfill material placed against non-yielding 

walls Figure 44 and 47 should be used. The effective lateral earth pressure 

for level backfill from Figure 44 must be multiplied by a load factor, F, 

obtained from Figure 47 ( = ) This is necessary since the non-yield- 

ing earth pressure coefficients (KO) on Figure 44 are independent of any 

surcharge loads. (KO = 1 -sin* and "At-Rest" curves, respectively.) 

2. Line and Point Surcharge Loads: These can be estimated from the 

procedures shown in Figure 48. UV These procedures are for surcharge loads 

that are applied relatively slowly. Rapidly applied loads to saturated 

soils (especlally fine-grained saturated soils) can result in considerably 

different lateral earth pressures. See Section I11 or consult with a quali- 

fied soils engineer in this case. 

Figure 49 provides a procedure to account for the effects of a line load on 

a heel. - 16' The assumption of the presence of a line load is not recommended 

for stability analysis unless the line load is permanent. Stability should 

also be assured for the condition when a line load is not present. 

(210-VI, TR-74, July 1989) 



3. Uniform Surcharge Loads: For most s i t u a t i o n s ,  t h e  uniform sur -  

charge i s  assumed t o  a c t  uniformly w i t h  dep th  a long t h e  h e i g h t  of t h e  w a l l .  

The surcharge  is  simply added t o  t h e  v e r t i c a l  e f f e c t i v e  e a r t h  p r e s s u r e  and 

then  m u l t i p l i e d  by t h e  a p p r o p r i a t e  l a t e r a l  e a r t h  p r e s s u r e  c o e f f i c i e n t  (See 

Sec t ion  111).  

I n  t h e  even t  t h a t  a uniform surcharge  must be considered a long wi th  equiva- 

l e n t  f l u i d  p r e s s u r e s  ( a s  i n  F igure  46 where equ iva len t  f l u i d  p r e s s u r e s  a r e  

used r a t h e r  than l a t e r a l  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 ) ,  t h e  p r e s s u r e  a g a i n s t  

t h e  w a l l  a t  any dep th  i s  i n c r e a s e d  t o  account f o r  t h e  su rcharge  by an amount 

KAP,, where APu i s  t h e  uniform surcharge  p r e s s u r e  and K i s  f o r  s o i l  types  1 

through 5 a s  a p p r o p r i a t e  and l i s t e d  on F igure  46. 

E. Heel Length Es t imates  f o r  Re ta in ing  Walls 

F igure  50 p rov ides  a method t o  make a f i r s t  e s t i m a t e  of t h e  base  l e n g t h  of 

t h e  h e e l .  It i s  no t  in tended f o r  f i n a l  des ign .  

F. F r i c t i o n  Between S o i l  and Concrete 

F igure  51 i n d i c a t e s  ranges  of probable  c o e f f i c i e n t s  of f r i c t i o n  between 

s o i l  and c o n c r e t e  which can be used i n  s t a b i l i t y  a n a l y s i s .  These v a l u e s  have 

been taken from s e v e r a l  sources  and have been summarized 

181 191 2 0 / , ~ /  here.- 3- 9- 

G. Typica l  E a r t h  P r e s s u r e  Diagrams 

F igure  52 shows s e v e r a l  t y p i c a l  e a r t h  p r e s s u r e  diagrams which a r e  commonly 

encountered i n  p r a c t i c e .  
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MINIMUM LATERAL EARTH PRESSURE COEFFICIENTS 
AND 

EQUIVALENT FLUID PRESSURES ( E. F. I?) 

BACKFILL MATERIALS* 

Clean, coarse sands and 
g rave ls  w i t h  l e s s  than  5% 
f i n e s  (SW,SP,GW,GP) and 

- - 

NON-YIELDING 

TYPE OF WALL DEFLECTION 
' YIELDING AWAY 

FROM FILL 

A c t i v e  e a r t h  pressure 
c o e f f i c i e n t ,  Ka, from 
F igure  43 

A l l  o t he r  s o i l s  w i t h  more 
than 5% f i n e s  o r  - 
4 < 27' ** 

At Rest ear th  pressure 
coefficient, KO ,from the 

A c t i v e  equ iva len t  f l u i d  
pressures, EFP, f rom 
F igure  46 

- 
KO= I - sin 5 curve shown 

on Figure 44. 

At R e s t  e a r t h  pressure 
coefficient, KO, from the 

KO= a t  rest curve shown 
on Figure 44. 

YIELDING INTO flLL 

Passive e a r t h  pressure 

c o e f f i c i e n t ,  Kp, f rom 

F igu re  45 

Not recommended f o r  des i  gr 
o f  w a l l s .  May use dashed 
curves on Fig.  45 f o r  K 
t o  eva lua te  e x i s t i n g  s i?u-  
a t i o n s  o r  des ign o f  anchor 
b locks  only, 

* W i th i n  a  pr ism def ined by a  0 .5 : l  s l o p i n g  l i n e  p r o j e c t i n g  upward from a  p o i n t  2 f e e t  o u t  f rom t h e  
base o f  t he  w a l l  t o  w i t h i n  2 feet  o f  t h e  b a c k f i l l  surface. 

**Swel l ing s o i l s ,  s o i l s  w i t h  LL > 50, and o rgan ic  s o i l s  (OL,OH,Pt), cannot be used f o r  b a c k f i l l  and must 
be removed from t h e  pr ism area de f ined  above. 

Y i e l d i n g  wa l l s  a re  de f ined  as hav ing a  th i ckness- to -he igh t  r a t i o  l e s s  than 0.085 ( t / H  I 0.085). Flon- 
y i e l d i n g  w a l l s  a re  de f ined  as hav ing a  th i ckness- to -he igh t  r a t i o  g rea te r  than  0.085 (t/H > 0.085) o r  

o therwise res t r a i ned .  

FIGURE 42 



ACTIVE CONDITION: t / h  5 0.085 ; Wal l  deflects away f r o m  f i l l ;  clean coarse sands and 
gravels wi th  less than 5% f ines (SW,SP,GW, GP)and $2 27O 

Coef f ic ient  K, 

2 Kg Coefficient of passive pressure 

Y = Moist unit weight of soil 
m 

y = Bouyont unit weight of sail to be 
Oub used in place of y,if soil is 

saturated. 

#I : Consolidated undrained shear 

strength angle for a l l  other 
backfi l l  where water is present 
and soil will not droin upon loading. - 

$I = Consolidated drained shear strength 

anqte far clean caarse grained 

backfill 

8 = Surcharqe slope 

Z - Surcharqe slope ( coiangent of 8 1, 
See narrat ive fa r  appropriatness 

o f  + vs 6. 

COEFFICIENT OF ACTIVE L A T E R A L  EARTH PRESSURE 

FIGURE 43 
(210-VI, TR-74, July 1989) 



6 1 
NON -YIELDING CONDlT ION : 
t /h  >O. 085 or otherwise rest~,ained; useUl - sin $if 4 5 %  fines and 9 > 2 7 O  

use ' ~ t  ~es t * i f  >5% fines or + t27O 
<,; Bouyant unit weight of soil - to be used 

in place of y, i f  soil is saturated. 

&= Moist unit weight of-soil. 
Y H~ 

F$ K,,* = Consolidated drained sheor strength angle 
for clean coarse grained backfill. 

- 9 = Consolidated undained shear strength 

c,,= KO% H 
angle for all other bockfill where water 

o IS present and soil will not readily drain 
upon loading. 

See Figure 47 to correct for sloping backfill 
surcharge. 

See narrative for appropriatness o f  + v s  6. 

Coefficient K O  

COEFFICIENT OF AT REST LATERAL EARTH PRESSURE 

FIGURE 44 

(210-VI, TR-74, July 1989) 



6 2 
PASSIVE CONDITION : Wall deflects into f i l l  

..= [ Cos 4 Kg Coefficient of passive pressure 
I - d ~ i n  $(sin $ + cos $ Ton 6 ) 

Y = Moist unit weight of soil 
Y H' 

Pp.KP* 

m 

y=Bouyon t  unit weight of soil to be 
used in place of y,if soil is 
saturated. 

9; K ~ < H  # = Consolidoted undroined sheor 
strength angle for a l l  other 
backfil l where woter is present 
and soil will not drain upon loading. - 

$ = Consolidated drained sheor strength 
angle for clean coorse grained 

backfil l. 

8 = Surcharge slope 

Z = Surcharge slope ( cotangent of 8 ), 
See narrat ive for o ~ ~ r o ~ r i a t n e s s  

COEFFICIENT OF PASSIVE LATERAL EARTH PRESSURE 

FIGURE 45 
(210-VI, TR-74, July 1989) 



When f / / /  wrface Is be/ow these 

//2 EFC H z  levels for the uppropiate ana/ysis 
w€S OF BACKFlLL 

I. Chon sand or gmve/s, KsO.27 
i! Coots8 polned soil of W pumwbIity, K=O.J 
3. Fine silty sond, and gmnular molerials 

with conspicuous clay contenl, K -- 0.39 

4. Soft clay, organic silt, or si l ly clays Kr l .  0 
5. Medium or s t i f f  clay deposited in chun4s and 

protected /n such a way /hot o negligible 
omwnt of water enters the voids. K--/.O 

(Suggested K volue for transfer of 
other surcharge loads. 

EQUIVALENT FLUID PRESSURE. EFF FOR MOIST SOILS 
IN THE ACTIVE CONDITION AGAINST YIELDING WALLS 

(t/h<0.085) (Hydrostatic pressure not Included) 
FIGURE 46 

(210-VI, TR-74, July 1989) 



- Scale - b 
Change F 

Example : 
Enter with4=37O 
Hori z. to Z = 2.5 :I (surcharge slope) 
Vert. to -0.6 
Horiz. to F =  1.17 

q= KO FF" 

8"- Effective vertical stress 
for level backfill. 

K,- Lateral earth pressure 
coefficient f r level 
backfill. see figure 44 

PRESSURE FACTORS FOR COMPUTING AT- REST LATERAL EARTH 
PRESSURE INCREASE DUE TO SLOPING SURCHARGE LOAD 

FIGURE 47 
(210-VI, TR-74, July 1989) 



Pressure Distribution 

,ood dish 

,Zone of 
influence 

.i bu t ion 

stress 
! 

- - 

NOMENCLATURE 

AP =Point load in Ibs. 

~ [ = U n e  bad ib/f+. 
X=H ark. distonce from wall in fthin2.C 
S =Lat. distance pt. to load in f t. 
d=Vert distance pt. to load in ft. 

r = d X 2 +  s2+ d2 
Zh,=Lateral effective prebsura in 

Ib./ft.L due to point surcharge 
- load. 

=Lateral effective pressure in Ib./fi 
Oh' due to line rurchar~e load. 

- - 

Line Load 

d 
M,,=0.635 A?( d -xtori1 - ) X 

d ... I--- * - - - I  , 
IS expressed in rodions - L wnere ran 

=hL = 1.27 7 
. . 

n rodions = ?30° 

surcharge 

u 
POINT 

(210-VI, TR-74, July 1989) 



P Vertical Pressure on Heel Ib. per sq.ft. 
V L  - IV 

0 0 
0 0 



Adjustment to charts 9 value : 

I. Without toe -- ------------- Ee O D s  A 

APPROXIMATE BASE LENGTH FOR 
RETAINING WALL ( ~ o t  for Finol Design)  

FIGURE 50 
(210-VI, TR-74, July 1989) 



MATERIAL +f range 

Clean. hard rock . . . . . . . . . . . . . . . . . . . . .  0.6  . 0.7 

Clean gravels. angular. well-graded . . . . . . . . . . .  0.5 . 0.6 

Sandy gravels. angular. well-graded . . . . . . . . . . .  0.4 . 0.5  

. Sandy gravels. rounded. poorly-graded . . . . . . . . . .  0.3 0.4 

. Silty. sandy gravels . . . . . . . . . . . . . . . . . . .  0.3 0 .5  

Silty sands . . . . . . . . . . . . . . . . . . . . . . .  0 .3  . 0.35 

. . . . . . . . . . . . . . . . . . . . .  Fine sandy silts 0.27 . 0.35 

Dry clays. medium to dense . . . . . . . . . . . . . . . .  0.4  . 0.5 

Wet clays. medium to dense . . . . . . . . . . . . . . . .  0.25 . 0.35 

. . . . . . . . . . . . . . . .  Stiff clays. clayey silts C (cohesion) 

Soft clays. clayey silts. organic soils . . . . . . . . .  Not recommended 

Interpolations must be made giving consideration to moisture conditions. 

gradations. angularity of particles. density. cementation. etc . 

FIGURE 51 . rnPIcAL COEFFICIENTS OF FRICTION BETWEEN 

CONCRETE AND SOIL 

(210.VI. TR.74. July 1989) 



TYPICAL LATERAL EARTH PRESSURE DIAGRAMS 

VERTICAL PRESSURES HORIZONTAL PRESSURES 

MOIST FILL: 

PARTIALLY SATURATED FILL: 

". 

DRAINED FILL : 



V I *  GEOMETRIC AND DRAINAGE CONSIDERATIONS 

Poss ib ly  t h e  most b a s i c  of a l l  assumptions made when des ign ing  e a r t h  r e t a i n -  

i n g  s t r u c t u r e s  a r e  those r e l a t e d  t o  t h e  m a t e r i a l s  which w i l l  load the  wal l .  

When a s s ign ing  parameters  t o  b a c k f i l l  o r  i n s i t u  m a t e r i a l s  t h e r e  i s  an  im- 

p l i e d  assumption t h a t  t he  assumed s o i l  parameters p r e v a i l  throughout t h e  

zone of f a i l u r e  ( f a i l u r e  plane)  a s  w e l l  a s  next  t o  t h e  s t r u c t u r e  i t s e l f .  I f  

t h i s  assumption i s  no t  assured ,  t h e  e n t i r e  a n a l y s i s  i s  i n  e r r o r .  This  is  why 

t h e  b a c k f i l l  m a t e r i a l  d e s c r i p t i o n s  must i nc lude  those m a t e r i a l s  w i th in  a  

prism defined by a  0.5:1 s lop ing  l i n e  p r o j e c t i n g  upward from a  po in t  2  f e e t  

ou t  from t h e  base of t h e  w a l l  t o  w i th in  2 f e e t  of t h e  b a c k f i l l  sur face .  

This  is  recommended i n  Figure 42 and g r a p h i c a l l y  shown i n  Figure 53. This  

zone, i n  most i n s t a n c e s ,  encompasses t h e  probable zone of f a i l u r e .  

I f  t h e r e  is  a  good reason to  extend t h i s  zone, t h e  des igner  i s  ob l iga t ed  t o  

f u r t h e r  eva lua t e  t h e  cond i t i ons  and make t o  adjustments  a s  necessary.  

f Assumed 
rameter s 

Soi 1 

FIGURE 53 - BACKFILL ZONE OF PROBABLE FAILURE FROM DEFLECTION 

(210-VI, TR-74, Ju ly  1989) 



In regards to drainage considerations, probably some of the most overlooked 

assumptions are the potential sources of water which may enter the back- 

fill .5/al 

Potential sources of water which must be considered include: 

1. Natural groundwater tables, springs, etc. 

2. Seepage around the structure or changes in saturation due to operation 

of the structure. 

3. Surface runoff directed toward the structure. 

4. Irrigation practices near the structure site. 

5 .  Effects of other structures on the groundwater regime in the area of the 

structure. 

Drainfill zoning is the most common practice used in controlling hydrostatic 

pressures and seepage forces. For backfills that have moderate permeability 

rates (such as SM, MI,) and seepage problems 2 and 5, a drainfill zone such 

as shown in Figure 54a is usually effective and relatively easy to con- 

struct. Heights in the order of 1/3H are usually necessary to effectively 

reduce hydrostatic and seepage pressures. Heights less than this may re- 

quire an additional analysis of the hydrostatic forces. Zones such as shown 

in Figure 54b are recommended for fine, low permeability soils, and poten- 

tial seepage problems such as 1, 4, and 5. This is usually quite effective 

in controlling seepage forces and/or to intercept groundwater flow, particu- 

larly from stratified soils. Vertical drain zones next to the wall are 

commonly employed for potential seepage problems such as 2 and 3, particu- 

larly where surface runoff and shrinkage of fine plastic soils may lead to 

(210-VI, TR-74, July 1989) 
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water i n f i l t r a t i o n  through cracks  near  the  wal l .  Frequent ly,  i t  is  des i r -  

a b l e  t o  take  s t e p s  t o  minimize t h i s  type of i n f i l t r a t i o n ,  such a s  a t  t h e  t o p  

of a drop s t r u c t u r e  headwall. Configurat ions such a s  shown i n  Figure 54c a r e  

sometimes used i n  t h i s  case.  

I n  cons ider ing  such problems, i t  i s  wel l  t o  keep i n  mind the  func t iona l  

d i f f e r ences  between bedding ma te r i a l s ,  f i l t e r  m a t e r i a l s ,  and d r a i n  materi- 

a l s .  The fol lowing c l a r i f i c a t i o n s  should a s s i s t :  

Bedding: A m a t e r i a l  provided p r imar i ly  t o  support  a coa r se r  mater ia l .  

Without i t ,  t h e  c o a r s e r  m a t e r i a l  would s i n k  i n t o  t h e  base m a t e r i a l  because 

of inadequate bearing capac i ty .  I f  seepage is  expected up through t h e  

bedding, i t  must a l s o  then  be designed a s  a f i l t e r  f o r  t h e  base ma te r i a l .  

Frequent ly,  t h e  g rada t ion  of t h e  bedding is a l s o  designed so  it w i l l  no t  

r e a d i l y  move up through the  coa r se r  ma te r i a l .  

Drain: A m a t e r i a l  provided p r imar i ly  t o  c a r r y  a given amount of seepage 

without developing h y d r o s t a t i c  pressure  wi th in  i t s  th i ckness ,  o r  h y d r o s t a t i c  

heads next  t o  a s t r u c t u r e  t h a t  cannot be t o l e r a t e d .  I f  a d r a i n  is placed 

aga ins t  s o i l  m a t e r i a l s  emi t t i ng  seepage water ,  i t  must e i t h e r  meet t h e  

f i l t e r  requirements of t he  base s o i l  m a t e r i a l  o r  have a f i l t e r  m a t e r i a l  

between t h e  base s o i l  and t h e  d r a i n  mater ia l .  

F i l t e r :  A m a t e r i a l  provided to pr imar i ly  f i l t e r  f i n e r  s o i l s  so they w i l l  

not  move through i t .  I n  some cases ,  a f i l t e r  can be made t o  be a d r a i n ,  

a l s o ,  i f  i t s  propor t ions  and permeabi l i ty  a r e  adequate t o  a s su re  non- 

pressure  flow a s  descr ibed f o r  a dra in .  

(210-VI, TR-74, Ju ly  1989) 



4. . / ~ ~ ~ M ~ ~ ~  
Drain or fi lter 

?Moderately Permeable S o i l  

7: 
Weep holes 

(a )  

///MA- 

*sin or filter 

Weephol es, 

Impervious Zone 

Filter or fi lter cloth 

FIGURE 54 - METHODS OF DRAINING BACKFILLS 

l e  So i l  

p ,  e t c .  

(210-VI, TR-74, July 1989) 



VII. INSITU MATERIALS 

The effects of insitu materials normally do not become significant when 

appropriate backfill is placed within the prism defined- in Figure 42. If 

this is not possible, an engineering geologist or qualified soils engineer 

should be consulted during early phases of design. 

One problem area which has created excessive insitu pressures is where sub- 

tle inclined stratificatione or seams are weaker than the sampled "average" 

soil and end up dictating the locatlon and strength of the failure plane 

much differently than anticipated. This is graphically shown in Figure 55. 

B a c k f i l l  
f a i l u r e  p lane 

along weak seam o r  zone. 

Probable f a i l u r e  p lane 
w i t h o u t  weak seam o r  zone. 

FIGURE 55 - POSSIBLE EFFECT OF WEAK INSITU ZONES 

(210-VI, TR-74, July 1989) 



Another problem a rea  which has c rea ted  excessive i n s i t u  pressures  i s  where 

t h e  n a t u r a l  s o i l s  have been previously overconsolidated. This i s  graphi- 

c a l l y  shown i n  Figure 56. The geologic  s t r e s s  h i s t o r y  of t he  depos i t  must 

be analyzed i n  order  t o  q u a n t i t a t i v e l y  design f o r  t h i s  problem. I n  heavi ly  

overconsolidated s o i l s ,  i t  i s  common t o  experience l a t e r a l  pressures  many 

t i m e s  g r e a t e r  than t h e  a t - r e s t  pressure of t h e  same s o i l ,  had i t  been nor- 

mally consol idated o r  remolded and compacted. 

Excavation 

. . 
: b . .. . . . 

I .. 

. . . . .  
A f t e r  Before 

Excavation Excavation 

FIGURE 56 - POSSIBLE EFFECTS OF OVERCONSOLIDATED INSITU MATERIALS 

(210-VZ, TR-74, July 1989) 



VIII. EFFECTS OF FROST AND ICE LENSES 

Where climatic conditions include freezing temperatures, there is a poten- 

tial for frost and ice problems, which may lead to structural damage or per- 

manent displacements. Obviously, this is also dependent on the type of 

soil in the backfill and the availability of water. Those soils which are 

considered most susceptible to these problems are silts (ML), fine silty 

sands (SM), silty gravels (GM), organic soils (OL, OH, Pt), and highly plas- 

tic clays (CH, CL). 

The effects of freezing can lead to two categories of problems: (A) in- 

creased pressures, and (B) decreased stability.' Following are two types of 

problems in each category. 

A. Increased Pressures 

1. Vertical ice lens development can occur adjacent to the earth side 

of a structural wall. This is a result of the cold surface of the concrete 

and the attraction of capillary water to ice lenses or infiltration of sur- 

face water into shrinkage cracks during freeze thaw cycles. 

2. Perched groundwater and horizontal ice lens development can occur 

within the backfill when lower zones remain frozen and upper ones thaw dur- 

ing the freeze-thaw cycles. The potential for this occurrence is increased 

with low permeability backfill, a high groundwater table and surface inflow 

(local melting and drainage) onto the backfill. 

(210-VI, TR-74, July 1989) 



B. Decreased Stability 

1. If the surface of the backfill is exposed or in contact with a 

cold surface (concrete slab, etc.) there exists a potential for horizontal 

ice lens development near the surface, ice heaving, and subsequent loss of 

bearing strength upon thawing. This becomes particularly critical if a 

footing or slab is supported by the backfill. 

2. Supporting soils beneath structural footings, especially retaining 

walls, may be very vulnerable to heaving (possibly subjecting a wall to 

passive earth pressures). They are also vulnerable to subsequent loss of 

bearing capacity upon thawing. Figure 57 shows that while a commonly used 

wall drain may be effective in keeping hydrostatic pressures from loading 

the wall directly, it may not prevent development of ice lenses. 

/ 
Horizontal  Lenses 

C - . .pX?k- on- .- - 

FIGURE 57 - ICE LENS DEVELOPMENT WITE A COMMONLY-USED DRAIN 

(210-VI, TR-74, July 1989) 



Figure 58 shows one scheme that reduces hydrostatic pressure on a wall and 

minimizes the potential for ice lens development. This is often termed a 

"closed system." 

Perforated Drainpipe 

4 > Depth of Freezing 

FIGURE 58 - CLOSED SYSTEM DRAINAGE I N  FROST-HEAVE AREAS 

(210-VI, TR-74, July 1989) 



IX. STRUCTURAL STABILITY CONCEPTS 

A. Overturning 

Retaining walls should have a minimum factor of safety of 1.5 against over- 

turning; higher safety factors may be justified in some cases, depending on 

the uncertainties of the soils and site conditions. 

The loads and footing reaction involved in this analysis for a moist soil 

backfill are graphically shown in Figure 59. 

FIGURE 59 - LOADS AND FOOTING REACTION FOR OVERTURNING ANALYSIS 

(210-VI, TR-74, July 1989) 
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The forces, pressures and dimensions in Figure 59 are: 

Phs = Total lateral earth pressure force as appropriate for type of wall 

movement and backfill materials for sliding analysis, lbs 

Wbf = Weight of moist soil above heel, lbs 

Ww = Weight of wall, lbs 

Wf = Weight of footing, lbs 

R = Resultant Vertical Reaction, lbs 

H = Height of wall above footing, ft 

Hs = H + tf 

Pp = Passive earth pressure force at toe of footing (frequently neglected 

in design because of potential erosion, etc., along toe), lbs 

x = Distance from point 0 to respective forces (L, Xs, Xf, XR), ft 

y = Distance above point 0 to resultant force of Phs, ft 

14~ = Coefficient of friction between heel and soil, degrees 

C = Cohesion of soil, lbslft 2 

tf = Thickness of footing, ft 

The proportions of the footing must be such that there are positive contact 

pressures across the footing (Pt and Ph positive) and the net reaction R 

falls within the middle third of the footing. Generally speaking, a footing 

width of about 0.4 to 0.6 times the height can be used for the preliminary 

analysis. Figure 50 can be used to obtain a trial footing length. 

Two conditions are assumed for stability computations; they are: (1) the 

summation of vertical forces equal zero, CFV = 0, and (2) the summation of 

moments about point 0 equal zero, EMo = 0. 

(210-VI, TR-74, July 1989) 



81 

Two simultaneous equations can be written, one for each condition of stabil- 

ity, in order to solve for the two unknowns, Pt and Ph. 

These are: 

1. C F V = O  

2. CMo = 0 (counterclockwise assumed positive) 

Ph and Pt are solved by substitution. 

The location of the resultant R can be determined by EMo = 0 in the reaction 

diagram and solving for ItR. 

3. CM, = 0 of reaction diagram 

The safety factor against overturning is simply the ratio of resisting mo- 

ments to the overturning moment or: 

CM resisting > 
CM overturning - 1.5 

or, in reference to Figure 59, 

(210-VI, TR-74, July 1989) 



Note that the reaction pressures Ph and Pt are not involved in the factor of 

safety computations. If surcharge or hydrostatic uplift effects are in- 

volved, they must be considered accordingly. 

B. Sliding 

The loads and footing reaction pressures involved in this analysis are es- 

sentially the same as for overturning as shown in Figure 59. 

Retaining walls should have a minimum factor of safety against sliding of 

1.5. Because of the long term life normally associated with water control 

structures, cohesion is usually neglected in the resistance to sliding. If, 

for shorter life structures, it is deemed justified to use cohesion as a 

resistance to sliding, a minimum factor of safety of 2 should be used: 

Resisting Forces ? 1.5 or 2 (or refer to Figure 38) 
Driving Forces 

As with overturning, the effects of surcharge or hydrostatic uplift must 

also be considered in sliding analysis, as appropriate. 

(210-VI, TR-74, July 1989) 



C. - Bearing Capacity and Settlement 

1. Bearing Capacity: Once the overturning analysis is made and the 

structure is determined stable from overturning and sliding, .a check should 

be made of the maximum pressure, Pt, versus the allowable bearing capacity 

of the supporting soil, qa. 

The minimum factor of safety against failure in bearing capacity should not 

be less than 3. 

Allowable bearing capacity determinations are beyond the scope of this pa- 

@ 
per. Articles 33 and 53 of "Soil Mechanics in Engineering Practice," by 

5 1 Terzaghi and Peck,- , are recommended for this. 

2. Settlement: Settlement is purposely distinguished from bearing 

capacity analysis because it is a totally different mechanism and problem, 

and very often overlooked in design. Two settlement considerations may be 

necessary for a retaining structure: 

a. Amount of settlement. 

b. Location of settlement and effect on wall rotation and sub- 

sequent pressures. 

(210-VI, TR-74, July 1989) 
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If the structure or backfill is supporting anything that has limited 

tolerances for settlement or rotation, these tolerances should be identi- 

fied. The amounts of settlement and rotation should then be estimated and 

compared to the acceptable values. 

To check the settlement profile and possible rotation effects on the struc- 

ture, an imaginary plane along the base of the footing should be extended 

horizontally out under the backfill (see Figure 60). The pressure diagrams 

of the footing reaction (Ph and Pt) and the pressure diagram caused by the 

backfill load, Pbf, along the same plane are superimposed. If the pressure 

of the backfill Pbf or Ph are greater than Pt, (Pbf or Ph > Pt), rotation 

of the wall toward the fill is likely. In this case, passive earth pres-' 

sures for the design of the wall stem will likely develop and should be 

used. 

The amount of settlement can be determined using standard procedures in 

several soil mechanics texts; Articles 13, 14, and 39 through 41, of "Soil 

Mechanics in Engineering Practicen by Terzaghi and ~eckz', are recommended. 

Consultation with a qualified soils engineer is suggested if the user is not 

familiar with differential footing settlement analysis. 

(210-VI, TR-74, July 1989) 



If (Pbf orPh) > Pt ,  r o t a t i o n  toward the b a c k f i l l  
may occur and passive e a r t h  pressures should be 
used f o r  stem design. 

f Imaginary hor izontal  plane o f  foot ing 

FIGURE 60 - ItOTATION INTO BACKFILL DUE TO DIFFERENTIAL FOUNDATION 
SETTLEMENT 

@ D. Mass Movements 

Considerable care must be exercised when installing retaining structures on 

naturally sloping surfaces. In most cases, earth is either removed on the 

downslope side or added on the upslope side, or both. These operations, in 

most instances, decrease the overall mass stability of the slope. Potential 

failure planes may circumvent the entire structure and not be involved in 

the detailed stability analysis of the structure itself, unless the designer 

is suspect of a potential mass movement and checks for it. 

If there is reason to suspect this potential, an engineering geologist or 

soils engineer should be consulted as early as possible in the preliminary 

design phase. 
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Two mechanisms which can lead to mass instability as a result of retaining 

wall installations are shown in Figures 61 and 62. In Figure 61 a retaining 

wall has been added to level the downslope area of a fairly gentle slope. 

The structure extends below the natural water table. A nominal drain has 

been included to reduce hydrostatic pressure on the wall. In this case, 

unless the drain and the weep holes through the wall have a combined capac- - 
ity greater than the quantity of groundwater flow coming toward the wall, 

seepage and uplift pressures will build up around and beneath the structure. 

In this setting, there is an increased potential for overturning and sliding 

of the structure and for piping in the leveled area. 

A piping potential in the leveled area may still exist, even if the drain 

behind the structure has adequate capacity for the groundwater flow. This 

potential should be checked with a flow net analysis to identify critical 

exit seepage gradients. 

O r i g i n a l  Ground1 i ne 

Excavat ion L i n e  

FIGURE 61 - POSSIBLE INSTABILIT?! DUE TO EXCAVATION BEYOND TOE OF 

STRUCTURE 
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In Figure 62 a retaining structure has been added to level the downslope and 

upslope area of a fairly steep slope. As shown in Figure 62, the driving 

forces and resisting forces on a potential sliding surface have been seri- 

ously altered. 

In this case the new normal forces, N1, in the fill area, are increased. 

This increases the frictional resistance (Nltand) but not enough to offset 

the effects of the increased driving force, R1, and the loss of frictional 

resistance (N2 tan$) and resistance (R2) in the cut area. 

\y *- 
1 , / =  O r i g i n a l  Ground1 i ne 

FIGURE 62 - ROTATIONAL SLOPE INSTABILITY DUE TO EXCAVATION AND BACKFILL 

(210-VI, TR-74, July 1989) 
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B. Anchors and Anchor Blocks 

The required safety factor for anchors and anchor or thrust blocks is highly 

dependent on the reliability of the load assumption, soils data, method of 

analysis, use of the structure, and consequences of failure. 

For most SCS structures, with reasonably good data, a safety factor in the 

order of 2 to 3 is adequate. If failure of an anchor could cause loss of 

life or serious damage, detailed site specific data is needed or a signifi- 

cant increase in the safety factor is justified; e.g., cable anchors for a 

cable suspension crossing for people. 

The earth pressures and allowable anchor pull for a wall extending from the- 

ground surface downward are shown in Figure 63 2% (see also Section IV). 

FIGURE 63 - EARTH PRESSURES ACTING ON AN ANCHOR EXTENDING FROM GROUND 

SURFACE DOWNWARD 

( 2 1 0 - V I ,  TR-74, July 1989) 
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The allowable anchor pull,Ap, is the difference between the active pressure 

on the anchor and the passive resistance offered by the soil, adjusted by 

the desired factor of safety. 

Passive Resistance, Pp 

P~ 
= 1 / 2 ( K p H H  - 1/2K$12Yrn 

Active Pressures 

Anchor Pull 

This approach is also approximately valid for buried anchors so long as the 

anchor is not buried deeper than twice its height. For deeper anchors, a 

bearing capacity analysis should be made assuming a footing depth ae 

mid-height of the anchor below the ground surface. Articles 33, 53, and 54 

of "Soil Mechanics in Engineering Practice" by Terzaghi and Peck is recom- 

mended for this analysis. 

(210-VI, TR-74, July 1989) 



X. DESIGN PROCEDURES, USE OF DESIGN AIDS, AND EXAMPLE PROBLEMS 

A. Clean, Coarse Sand and Gravel B a c k f i l l  ( l e s s  than 5% f i n e s  and > 2 7 :  

EXAMPLE A . l :  Wall Yielding Away from F i l l  ( t /H <0.085): 

Given: A 12-foot high wal l  i s  des i red .  Back f i l l  w i l l  be a  mixture of 

c lean  angular  sands and grave ls  compacted t o  80% r e l a t i v e  dens i ty  of about 

110 l b / f t 3 .  Back f i l l  i s  l e v e l  a t  the top  of t he  wall .  4 a t  t h i s  dens i ty  

i s  est imated a t  about 34'. 

The foo t ing  w i l l  be s i t t i n g  on s imi l a r  ma te r i a l  i n  a  very dense s t a t e ,  no 

n a t u r a l  water t a b l e  i s  present .  A 10-inch wal l  th ickness  i s  the  minimum de- 

s i r e d  th ickness  f o r  two mats of r e in fo rc ing  s t e e l .  

Determine: 

a .  The l a t e r a l  e a r t h  pressures  f o r  stem design and s t a b i l i t y  ana lys i s .  

b. Check t h e  s t a b i l i t y  f o r  overturning and s l i d i n g .  

Procedure: 

a .  Check type of wal l  d e f l e c t i o n  (Figure 42): 

. ' .wa l l  i s  considered y ie ld ing  - and the  a c t i v e  e a r t h  pressure 

c o e f f i c i e n t s  from Figure 43 can be used. 

b. using Figure 43 and a = 34' f i n d  Ka = 0.28. 

(210-VI, TR-74, Ju ly  1989) 



91 
c. The active lateral earth pressure for the stem design at the base 

d. Using Figure 50 estimate the footing length. For a height of 12 

feet and K = 0.28, find = 6.5 feet (use 7 feet; 1.5-foot toe, 5.5-foot 

heel). Assume a footing thickness of 10 inches. 

of the wall is aha = KaHym = (0.28)(12)(110) - 369.6 lb/ft2. For stability 

design it is ah = (0.28)(12.83)(110) = 395.2 lb/ft2. 

e. Check sliding and overturning: 

(210-VI, TR-74, July 1989) 



(1) sliding: 

Driving force, Pa = 1/2(395.2)(12.83) = 2535.2 lbs 

0.83 Resisting force: Wbf = (12)(5.5 - 2) (110) = 6712.2 

Wf = (7)(0.83)(150) 871.5 
Ww = (12)(0.83)(150) = 1494.0 

Total Weight = lbs. 

Neglecting Passive Resistance at Toe: 

resistance = (9077.7)(ta114~) 

= (9077,7)(0.5) = 4538.8 lbs. 

taken from Figure 51) 

4538.8 .'.Factor of safety against sliding = Fs - - = 1.8. 2535 2 

(2) overturning: Solve for Pt, Ph, R, location of R, and Safety 

Factor. Write simultaneous equations for CF, = 0 and CMo = 0, and solve for 

Ph and Pt . 
CF, = 0. 

ww + wf + Wbf = Ph(R) = 112 (Pt - ph)(R) = R 

(1494) + (871.5) + (6712.2) Ph(7) + (Pt - ph)(3-5) 
9077.7 = 3.5 (Pt + Ph) 

2593.6 = Pt + Ph. (Equation 1) 

(210-VI, TR-74, July 1989) 



This resolves to: 

24.5 Ph + 8.16(Pt - Ph) = 24,375 - or Pt = 2987.2 - 2Ph. (Equation 2) 

Substitute equation 2 into equation 1: 

2593.6 (2987.2 - 2Ph) + Ph 
Ph = 2987.2 - 2593.6 = 393.6 lb/ft2. 

Using equation 1 and P, = 393.6: 

2593.6 = Pt + 393.6 
P = 2200 lb/f t2. -t 

Solving for R: 

R = zPv P WW + Wf + Wbf 3 9077.7 lbs. 

Solving for location of R: 

g2(2p, + P,) (712 2(393.6) + (2200) 
X R a  m 

6R 6(9077.7) = 2.69 ft from 0 .  

This is just within center 1/3 of footing. 

Check the overturning factor of safety: 

Fs = 3.25 OK. 
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EXAMPLE A.2: Non-Yielding Wall (t/H a 0.085 or otherwise restrained): 

Given: Headwall for a drop structure is 12 feet high and 10 inches 

thick. The top of the wall is restrained by a reinforced concrete catwalk 

which supports a gate stem that should not be allowed to deflect. Backfill 

3 will be a mixture of clean angular sands and gravels compacted to 110 lb/ft, 

Backfill is level, 4 is 34'. The top of the backfill has a thin impervious 

clay blanket to minimize seepage into the backfill; weep holes and drain 

pipes have been installed to relieve all hydrostatic pressures. Since this 

is for flood control and there i a  no natural water table, a saturated condi- 

tion will not likely develop (short duration flow). 

Determine: The at-rest lateral earth pressures for structural design 

and stability that are caused by the restraint of the catwalk. 

Cat 
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Procedure: Assume t h a t  the  e f f e c t s  of t h e  1-foot impervious zone a r e  

n e g l i g i b l e  and t h a t  t h e  g r a v e l s  e s s e n t i a l l y  extend t o  t h e  top  of t h e  w a l l  

(probably  OK s i n c e  t h e  w a l l  i s  f a i r l y  high compared t o  t h e  t h i n  1-foot c l a y  

zone). 

At-Rest L a t e r a l  E a r t h  Pressure  f o r  S t r u c t u r a l  Design: 

Figure  42 recommends t h e  use  of KO = 1 s i n  $from Figure  44 i n  t h e  equat ion:  

Uho = KoYmH, 

where: KO = 0.45 from Figure  44. 

Ohn = f o r  S t r u c t u r a l  Design: 

'ho = (0.45)(110)(12) = 594 l b / f t 2 .  

Note t h a t  t h i s  compares t o  aha = 395 l b / f t 2  f o r  a  w a l l  of t h e  same 

h e i g h t  and b a c k f i l l  bu t  i n  t h e  y i e l d i n g  a c t i v e  c o n d i t i o n  - s e e  example A.1. 

Oh0 f o r  S t a b i l i t y  Analysis :  

63 5 
The l i n e a r  load  diagram changes a t  t h e  r a t e  of - 49.5 l b / f t 2  per 

f o o t  depth. The s t r u c t u r a l  des igner  should be aware t h a t  t h e  load  d i s t r i b u -  

t i o n  i s  no t  n e c e s s a r i l y  t r i a n g u l a r .  A p a r a b o l i c  d i s t r i b u t i o n  having t h e  

same t o t a l  l a t e r a l  f o r c e  wi th  t h e  r e s u l t a n t  near  mid-height should a l s o  be 

considered p o s s i b l e  when developing the  shear  and bending moment diagrams. 
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EXAMPLE A.3.: Wall Yielding Toward F i l l :  

Given: A 12-foot high wal l  i s  t o  be placed on a norm 

clay foundation with new b a c k f i l l  cons is t ing  of c lean angular sands and 

grave ls  compacted to  110 lb / f t 3 .  f o r  the  b a c k f i l l  mater ia l  is about 34'. 

A water t ab l e  does not  e x i s t ;  weep holes and t h e  coarse  f i l l  w i l l  prevent 

hydros ta t ic  pressures.  It i s  not economical t o  replace the  c lay  t o  get  a 

b e t t e r  foundation. 

Determine: The probable e a r t h  pressures  f o r  s t r u c t u r a l  design and 

s t a b i l i t y .  

Since the c l ay  is  normally consolidated and a new load of (12)(110) = 1329 

l b / f t 2  w i l l  be added onto the hee l  it i s  l i k e l y  t h a t  some r o t a t i o n  of the 

s t r u c t u r e  i n t o  t he  f i l l  may occur. Since t h i s  w i l l  be c r i t i c a l  from the  

standpoint of s t r u c t u r a l  loading, assume t h a t  f u l l  l a t e r a l  passive pressures  

may develop. 

From Figure 42, we f i nd  t h a t  the  passive l a t e r a l  e a r t h  pressure c o e f f i c i e n t s  

from Figure 45 should be used i n  the equation: 

Where: 

Kp = 3.3 (from Figure 45) 

and: 

(210-VL, TR-74, Ju ly  1989) 



I f  t h e  load can be assumed t o  be l i n e a r ,  t he  load w i l l  i nc rease  a t  t he  r a t e  

4356 363 l b / f t 2  per  f o o t  of depth.  of - = 12 

This  a n a l y s i s  r ep re sen t s  t he  extreme load condi t ion  f o r  tension-producing 

moments on t h e  b a c k f i l l  s i d e  of t h e  wal l  and t h e  top f ace  of t h e  h e e l  wi th in  

the  b a c k f i l l .  If t h i s  i s  thought t o  be too conserva t ive ,  a  consol ida t ion  

t e s t  and se t t l emen t  a n a l y s i s  of t h e  foo t ing  foundat ion can be made and 

t r a n s l a t e d  i n t o  percent  r o t a t i o n  of t he  top of t he  wal l .  I f  t h i s  percent  i s  

i n  t h e  o rde r  of 3 t o  5%, o r  more, t he  use of t h e  f u l l  pass ive  pressures  a r e  

confirmed and recommended. 

I n  the  event  t he  c l a y  foundat ion s e t t l e s  uniformly and does not  r o t a t e  the  

wal l  i n t o  t he  f i l l ,  c r i t i c a l  p ressures  Pt and Ph on the  foo t ing  may develop 

a and should be checked. 

To address  t h i s  p o s s i b i l i t y ,  a c t i v e  pressures ,  a, = KaymH, should be checked 

t o  determine maximum probable values  of Pt and Ph. (Example A . 1 .  has done 

t h i s  f o r  the  same b a c k f i l l  and wal l  he igh t ;  Pt = 2200 l b / f t 2  and 

Ph = 393.6 l b / f t 2 . )  

These va lues  should then be checked aga ins t  the  al lowable bear ing capac i ty ,  

qa,  of t he  c l ay  foundation. This may d i c t a t e  a  l a r g e r  foo t ing  than t h a t  

requi red  f o r  s l i d i n g  o r  overturning.  
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EXAMPLE A.4.: Anchors and Anchor Blocks: 

Given: A 30-inch pipe has a sharp bend that causes a change in momen- 

tum thrust of 16,000 lbs. A reinforced concrete thrust block is required to 

prevent pipe over-stress and pulling at the joints. The soil in the area is 
- 

a clean sand; 4 30' and the in-place density is Ym = 100 lb/ft3. 

It is desirable to encompass the pipe in the block, therefore, a &foot 

block height will be used. The bottom of the block will be set at 6 feet 

below the ground surface. 

Determine: The earth pressures on the block and the required length of 

block perpendicular to the direction of thrust. 

Procedure: In accordance with Section IV.D.S., (FIG 40 and 41) full 

active and passive pressures can be assumed if the anchor is not deeper than 

twice its height. 

(210-VI, TR-74, July 1989) 
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A summation of the horizontal forces is T + Pa s P where T is the thrust P 

I and Pa and Pp are the respective available active and passive soil pres- 

sures. 

Check Pa: 

According to Figure 42, Ka can be determined from Figure 43. Using Figure 
- 

43 and 4 = 30°, find Ka = 0.36 (level backfill) and the active pressure: 

. . = (0.36)(100)(6) = 216 lb/ft2 and Pa = 1/2(216)(6) = 648 lbs. 

Check P : 

According to Figure 42, K can be determined from Figure 45. Using Figure 
P 

45 and ? = 30°, find K = 2.9 and the maximum available passive pressure: 
P 

a hp = (2.9)(100)(6) = 1740 lb/ft2 and Pp = 1/2(1740)(6) = 5220 lbs. 

The maximum net passive earth pressure available to resist thrust after 

correcting for the existing active earth pressures is P - Pa = 5220 - 648 = 
P 

4572 lbs. 

The minimum required length of anchor block is then: 

minimum length = T = 16s000 = 3.5' ( F ~  = 1 ) .  
Pp - 'a 45 7 2 

If a safety factor of 2 is acceptable, a length of 7 feet should probably be 

used. 

(210-VI, TR-74, July  1989) 
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B. Other Mineral S o i l s  (more than 5% f i n e s  o r  $ <27 ): 

EXAMPLE B.1.: Wall Yielding Awav From F i l l  ( t /H  < 0.085): 

Given: A 10-foot high wal l  i s  des i r ed  wi th  a th ickness  of about 8 

inches.  It i s  not  r e s t r a i n e d  i n  any way. The b a c k f i l l  w i l l  be mostly SM 

s o i l s .  There i s  some p l a s t i c i t y  but very few samples i n d i c a t e  SC-type of 

ma te r i a l .  The f i n e s  a r e  g r e a t e r  t han  5%, and t h e  b a c k f i l l  w i l l  be l e v e l .  

The b a c k f i l l  w i l l  a l s o  have d r a i n  f i l l  and weep holes  t o  prevent s a t u r a t i o n .  

Assume a 10-inch t h i c k  h e e l  a l s o .  

Determine: The e a r t h  pressures  f o r  s t r u c t u r a l  des ign  and s t a b i l i t y  

ana lys i s .  

8/12 
Procedure: Check y i e ld ing  condi t ion:  t / H  = - = 0.067 < 0.085. 10 

Therefore the  wa l l  i s  considered y i e ld ing .  

Figure 42 i n d i c a t e s  t h a t  f o r  t h i s  cond i t i on  and more than 5% f i n e s ,  f i g u r e  

46 and t h e  equiva len t  f l u i d  pressure  method can be used. 

I n  Figure 46, so i l - type  3 most nea r ly  r ep re sen t s  t h e  type of b a c k f i l l  being 

used. Enter ing the  s e t  of curves  f o r  so i l - type  3 and H 1 / ~  = 0 ( l e v e l  back- 

2 f i l l )  f i n d  EFPh = 46 l b / f t  per f o o t  and EFPv = 0 -  

(210-VI, TR-74, J u l y  1989) 



The pressure diagram can be assumed to be triangular with a total pressure 

2 of Qh = (46)(10) = 460 lb/ft at the base of the wall for structural design 

and ah = (46)(10.83) = 498 lb/ft2 at the base of the footing for stability 

design. 

EXAMPLE B.2.: Non-Yielding Wall (t/H > 0.085 or otherwise restrained): 

Given: A 10-foot high wall is desired. It is also desired to have it .- 

non-yielding because of its visibility and the critical alignment of pumps 

and screens that will be mounted on the top of the wall. Anchors or but- 

tresses cannot be readily used at this site. 

- 
The backfill will be mostly SM soils, with some SC's also; 4 = 30' and 

4 = 20'. The backfill will be level with the top of wall and has consider- 

able drainage and weep holes. Moist unit weight will be about 100 lb/ft3. 

Determine: The wall proportions and the earth pressures for structural 

and stability design. 

(210-VI, TR-74, July 1989) 
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Procedure: Since it i s  des i red  t o  have the  wal l  non-yielding, de te r -  

mine t he  approximate minimum wal l  th ickness  t h a t  w i l l  a s su re  t h i s  condi t ion  

f o r  the  s t r u c t u r a l  designers  (wi th in  about 1% d e f l e c t i o n  a t  t he  top  of the  

wal l ) .  

t / H  L0.085; :. t L(0.085)(H). 

t 2 (0.085)(10)(12) = 10.2", Use 11" minimum. 

Assume a s l i g h t l y  t h i cke r  foo t ing ,  say 12 inches.  

For the des i red  non-yielding condi t ion  and the  type of b a c k f i l l  de- 

sc r ibed ,  Figure 42 recommends us ing  t h e  K = a t - r e s t  curve shown on Figure 44. 

Since the f i l l  w i l l  be wel l  drained by a d r a i n  and weep hole  and the  

f i l l  w i l l  not become sa tu ra t ed ,  $ r a t h e r  than 4 may be used. 

Using the  K = a t - r e s t  curve and $ = 30' i n  Figure 44, f ind  KO = 0.6. 

Note: I f  the  f i l l  was not wel l  drained and s a t u r a t i o n  was poss ib le ,  a 

value KO = 0.75 would be appropr ia te  ( f o r  ( = 20') s ince  the  opera t ion  of 

screens,  pumps, e tc . ,  can cause dynamic loads and t h e r e  is  a l s o  a l i k e l i -  

hood of o ther  temporary surcharges i n  t h i s  a r e a  (equipment, ma te r i a l s ,  e tc . )  

The pressure a t  the base of t he  wal l  w i l l  be a h  = (0.6)(100)(10) = 600 

2 l b l f t  f o r  s t r u c t u r a l  design, and %0 = (0.6)(100)(11) = 660 l b / f t 2  a t  the  

base of the  foo t ing  f o r  s t a b i l i t y  ana lys i s .  

(210-VI, TR-74, Ju ly  1989) 



Q 
h 

I I 

. .. 

. . 
:r  . 

lo f t  .. . . 
: ..I: . . :.: . . . 
.. + 12 in. 

EXAMPLE B.3.: Wall Yielding Toward Fill: 
-. . 

If a wall (or anchor) is to be. installed, and indications are that the 

wall could possibly yield into the backfill (EG - example problem A . 3 . ) ,  

backfill materials containing more than 5% fines are not recommended. 

If the problem is one of evaluating an existing wall that is already 

backfilled with this type of soil and it is deflecting in this mode, the 

following procedure can be used to - check its structural capacity and poten - 

tial for failure: 

Given: A 15-foot high wall has been backfilled to the cop with a fine - 
silty clay. The backfill is level and the wall and footing have both ro- 

tated such that the wall is pressing into the backfill. The wall has con- 

siderable drainage and there are no probable sources of water that will 

develop hydrostatic pressure. $ is estimated at 20' and the moist unit 

weight is about 100 lb/ft3. 
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Determine: The lateral earth pressures that should be ueed in evaluat- 

ing the wallb existing structural capacity. 

In this case, the dashed portion of Figure 45 (below the 5 = 27' line) can 

be used. 

Using 5 = 20" in Figure 45, find I$ = 2.0. The earth pressure at the base 

of the wall could be as high as U = I$ymH = (2)(100)(15) - 3000 lblf t2. If 
P 

the deflectlon at the top of the wall is in the order of 3 to 5% the maximum 

possible passive pressures probably are present. 

%D C. Organic Soils (- < 0.7) and High Shrink Swell Soils (LL > 50): 
L L ~ ~  

The use of these soils is not recommended for backfill. Also, analysis 

of existing walls under these conditions is not readily available with the 

currently available techniques and state of the art. Therefore, no examples 

are given. 

D. Effects of Saturation: 

EXAMPLE D.1.: - Hydrostatic pressures: 

Given: A 12-foot high box inlet structure. The backfill materials are 
- 

clean sands, ( = 30' and ( - 18' when compacted to ym - 110 lb/ft3 at an op- 
timum moisture of 15%. The fill will be saturated to within 4 feet of the 

top by the permanent pool level. Several weep holes and drains control the 

hydrostatic pressure in the fill to a maximum depth of about 8 feet above 

the base. Lower drainage of the backfill is not desirable due to critical 

water losses. 

(210-VI, TR-74, July 1989) 



Determine: The lateral earth pressures for design. 

Procedure: Since part of the soil will be saturated, it will be nec- 

essary to determine the saturated unit weight of soil. In doing this, the 

following equations will be employed: 

Ow 
, GY = Se, and e - - -  Yd = - l+w Yd 

Where: e = void ratio - w = moisture content w = 62.4 lb/ft3 

G = specific gravity yd 5 dry unit weight 

S = saturation Y, = moist unit weight 

110 
Caluclate: Yd = + 0.15 95.6 lb/ft3 

e Assuming G ~2.7, calculate: e - 12*7)(62*41 - 1 = 0.76. 
95.6 

Assuming 100% saturation below the water table, calculate w when the soil is 

saturated: 

The saturated unit weight is then ysat = Y d(l + w) = (95.6)(1 + 0.28) = 

3 122.4 lb/ft and the buoyant unit weight is ysub = ySat - yw (122.4 -62.4) 

= 60 lb/ft3. 
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Figure 42 indicates that for a structure that is "otherwise restrained" the 

KO - 1-sin; of Figure 44 should be used for clean soils. 

8 can probably be used here since the soil is free-draining and it is un- 
likely that a rapidly applied surcharge can occur. 

- 
Using Figure 44, 5 = 30°, and the KO - 1-sin 4 curve find KO = 0.5. 

The procedure can best be explained by referring to the sketch while review- 

ing the following computations to develop the earth pressure diagrams. 

av - u, = Zv x K = 5ho + U, ah, 
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3, = U, - Uo = 1419.2 - 499.2 - 920 lb/ft2. 
- 
ahor effective horizontal pressures: 

Uv,total vertical pressures: 

@ 4' depth: 

cfv = Hym - (4)(110) - 440 lb/ft2. 
@ 12' depth: 

0" = 440 + HYsat = 440 + a(122.4) - 1419.2 lb/ft2. 

Uo, hydrostatic pressures: 

@ 4' depth: 

uo = 0. 

@ 12' depth 

Uo = HYV = 8(62.4) = 499.2 lb/ft2. 

- 
uv, effective vertical pressures: 

@ 4' depth: 
2 5, = aV - Uo = 440 - 0 = 440 lb/ft . 

@ 4' depth: 
- 2 ah0 = K ~ <  = (0.5)(440) - 220 lb/ft . 
@ 12' depth: - 
oho = (0.5)(920) - 460 lb/ft2. 

aho, total horizontal pressures: 

@ 12' depth: 

%o - %o + Uo = 460 + 499.2 = 959.2 lb/ft2. 
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EXAMPLE D.2.: Seepage Pressures:  

Given: A 12-foot high headwall of a  drop s t r u c t u r e  is  back f i l l ed  with 

a moderately permeable SC-SM mate r i a l  compacted t o  a  moist dens i ty  of 110 

3  3 l b l f t  (ySat = 122.4 l b / f t  and ysub - 60 l b / f t 3 ) .  5 = 28'. Drainage i s  

required t o  c o n t r o l  u p l i f t ;  t he re fo re ,  a  4-foot-high coarse  d r a i n  i s  used, 

which i s  r e l i eved  through weep holes .  The f i l l  i s  always s a tu ra t ed  t o  t he  

top. During design flow, a  flow depth (and head) of 4  f e e t  develops over 

t he  top of t he  wal l .  

3 The assumed p rope r t i e s  of the  d r a i n  f i l l  a r e  = 35O, Y m  = 100 l b / f t  , Y s u b  

3 = 50 l b / f t 3  and Ysat = 112 l b / f t  . 

Determine: The l a t e r a l  e a r t h  pressures  f o r  s t r u c t u r a l  design of t h e  

headwall. 

Procedure: A review of t h e  flow ne t  sketched f o r  t h i s  problem ind i -  

c a t e s  t h a t  t h e  s t e e p e s t  g rad ien t  f o r  t h i s  conf igura t ion  i s  v e r t i c a l ,  next t o  

the  wal l .  Consequently, t h e  a n a l y s i s  w i l l  include the  e f f e c t s  of seepage 

fo rces  v e r t i c a l l y  and t r a n s f e r  them l a t e r a l l y  us ing  t h e  app rop r i a t e  l a t e r a l  

e a r t h  pressure  c o e f f i c i e n t s .  

I n  c o n t r a s t ,  i f  a  t h i n  d r a i n  zone extended v e r t i c a l l y  up the  face  of the  

wal l  and the  source of water was groundwater flow, t he  flow l i n e s  would be 

o r i en t a t ed  more o r  l e s s  ho r i zon ta l l y  and the  ho r i zon ta l  component of t he  

seepage fo rce  (una l te red  by l a t e r a l  e a r t h  pressure  c o e f f i c i e n t s )  would 

probably be more c r i t i c a l .  
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For the example problem, Figure 

e and materials with more than 5% 

should be used. Using Figure 44 
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42 indicates that for a non-yielding wall 

fines, the KO = at-rest curve on Figure 44 

and i - 28O for the SC-SM material, find 
KO = 0.63 and for 5 -  35' for the drain material, find KO - 0.53. 
This problem and the accounting for vertical seepage forces can probably be 

best handled by calculating the pressures and sketching all of the involved 

pressure diagrams. 

The following computations serve to explain the components of the earth 

pressure diagrams,which lead to the one used for structural design (aho 

diagram). 
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%r, total vertical pressures: 

@ top of wall: 

a v " dyw = (4)(62.4) = 249.6 lb/ft2 (the water pressure from the design 

flow is a part of the total). 

@ 8' depth: 

@ 12' depth: 

0, = 1228.8 + 4(ym) = 122.8 + (4)(100) = 1628.8 lb/ftL. (Note that 

since the drain is free of hydrostatic pressures and not saturated, the 

moist unit weight is used). 

Uo. hvdrostatic Dressures: 

@  to^ of wall: 

@ 8' depth: 

uo = 0. 

Since the drain relieves all hydrostatic pressure, the hydrostatic 

pressure in the soil must also drop to 0 at the contact with the drain. 

@ 12' depth: 

Uo = 0 .  (Assumes that there is little or no head build-up through the 

weep holes; that is to say that the assumed weep hole sizes have a far 

greater capacity than the drain). 

- 
%- effective vertical Dressures: 

@ top of wall: 
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Note: If the 8 feet of soil were simply saturated without the 4 foot depth - 
of flow or any downward seepage, the effective vertical stress would only - 
amount to the buoyant weight of soil, Uv = H(Ysat - );) = 8(122.4 -62.4) = 

480 lb/ft2. The seepage pressure downward to the contact of the soil and 

drain is operating under a total head loss of 12 feet or a unit seepage 

pressure of Ps = h(Yw) = (12)(62.4) = 748.8 lb/ft2. This, when added to the 

static effective vertical pressure, verifies the 1228.8 lb/f t2 pressure 

calculated above when using the pressure diagrams (1228.8 lb/ft2 = 748.8 

lb/ft2 + 480.0 lb/ft2). 

@ 12' de~th: 

- 
Uho, effective lateral pressures: 

@ top of wall: 

@ 8' depth (within SC-SM material) : 

@ 8' depth (within drain material): 

@ 12' depth: 

Gho = KO = (0.53)(1628.8) = 863.3 lb/ft2. 

Uho, total lateral pressures: 

@ top of wall: 
- 

oho =ah0 + UO = 0 + 249.6 = 249.6 lb/ft2. 

@ 8' depth (within SC-SM material): 
- 

u 
ho = uho + Uo = 774.1 + 0 = 774.1 lb/ft2. 
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@ 8' depth (within drain material): 

Oh0 = 4, + Uo - 651.3 + 0 = 651.3 lblft2. 

@ 12' depth: 

Note: A 0 or negligible hydrostatic pressure is assumed at the drainfill - 
for convenience of demonstrating the seepage pressures. In reality, some 

pressure will likely exist to create'the seepage through the drainfill and 

outlets. This should be considered and probably verified and disregarded 

if negligible. 

EXAMPLE D.3.: Excess Pore Pressures: 

Given: A 16-foot high retaining wall is desired; the thickness will be 

assumed to be 17 inches. Backfill is a low to moderately permeable SC mate- 

rial, $ = 26O, ( - 15'. It will be compacted to about Y, = 110 lblft3 at w 

= 20%, ysat = 126 lb/ft3. 

The backfill is wet most of the time; however, a drain has been provided to 

minimize hydrostatic and seepage forces. The backfill is normally level at 

the top of wall. 

A gravel operation nearby will be stockpiling materials near the top of the 

wall from time to time to a height of about 6 feet (Ym = 100 lb/ft3). This 

load will be added and removed quickly by modern equipment. 

Determine: The maximum lateral pressures that may occur on the wall. 
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Procedure: 

t 17/12 ... . Check Yielding: = - = 0.088 ' 0.085. = *wall is non-yielding. 
16 

Figure 42 indicates that for non-yielding walls and more than 5% fines in 

the backfill the KO = at-rest curve on Figure 44 should be used. 

Using Figure 44 and ) - 15' find KO - 0.8 (note that 

since the rapid loading of surcharge is assumed to c - ~  

- 
rather than 4 is used 

ause temporary undrained 

strength conditions or, in other words, excess pore pressures). 

Uv, total pressure: 

@ 16' depth: 

0 v = HYsat - (16)(126) = 2016 lb/ft2. 
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Note: Normally a moist unit weight might be used, but when the soil is - 
very wet or near saturated and a surcharge load is rapidly applied, satura- 

tion will temporarily increase due to the compression. Therefore, saturated 

unit weight is considered an applicable assumption for this condition. 

Uo, hydrostatic pressures: 

@  to^ of wall: 

@ 16' depth: 

U, excess pore pressures: 

The excess pore pressure, U, will develop and will be temporarily carried by 

pore water, since the load is applied faster than the pore water can relieve 

itself into the drain (due to the low permeability of the soil it is in). 

The vertical surcharge = 6(100) = 600 lb/ft2 and temporarily acts equally in 

all directions uniformly throughout the soil by way of the excess pore pres- 

sure. This is a uniform lateral pressure. As the drain begins to relieve 

this excess pore pressure, it will return to 0 near the drain first, and 

then gradually return to the original hydrostatic value up through the soil 

structure. Eventually, the excess pore pressure will return to zero every- 

where throughout the soil and the surcharge will then be carried fully by 

the soil grains themselves (the pore pressure will have returned to its 

original hydrostatic pore pressure). 
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- 
w ,  effective vertical pressures: 

@ top of wall: 
- 2 a, = av - Uo - U = 0 - 0 - 600 = -600 lb/ft . 

Note: This may cause a temporary loss of local (unconfined) shear strength - 
(bearing capacity) in the surface of backfill, possibly soft quick condi- 

tions near the fill edges, and even free water in some cases. 

@ 16' depth: 
- 

= - UO - U = 2016-998-600 = 418 lb/ft2. 

The location where the effective vertical stress, Fv,  returns to 0 can be 

determined by the slope interception method: 

slope = 600 + 418 = 63.6 lb/fr2/ft; 16 

600 
interception = - = 9.4' from top. 63.6 

- 
uho, effective lateral pressures: 

@ top of 'wall: 
- 

Here, a, is -600; however, soil is not assumed to have any tensile 

strength; therefore, for purposes of determining lateral earth pressures, a, 

will be assumed as 0. 

Zh = K~~ = (0.8)(0) = 0. 

@ 9.4' depth: 
- - 
aha = KOav = (0.8)(0) = 0. 

@ 16' depth: 

oh, - K,;,, = (0.8)(418) = 334.4 lb/ft2. 
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Uho, total lateral pressures: 

@ top of wall: 

@ 9.4' depth: 

@ 16' depth: 

u ho =; + Uo + U = 334.8 + 998 + 600 = 1932.8 lb/ft2. ho 

EXAMPLE E.1.: Effects of Surcharge Loads: 

1. Uniform Loads: 

Given: A 12-foot high wall will be backfilled with clean sands 

and gravels, 8 = 32O, Y sat = 125 lb/ft3, compacted to Ym = 115 lb/ft 3 at w = 

15%. The wall is the side of a box drop inlet and therefore non-yielding. 

Backfill will be to the top of the wall; however, it is likely that up to 

2 1000 lb/ft uniform surcharge may occur near the wall. 

The backfill is not drained; however, the surcharge will be added gradu- 

ally over a prolonged period. A permanent groundwater table is 4 feet 

below the ground surface. 

Determine: The lateral earth pressures for structural design. 

Procedure: Figure 42 indicates that for non-yielding conditions 

and clean backfill the KO = 1-sin* curve on Figure 44 should be used. Using 
- 

Figure 44, $ = 32O, and the KO = l*sin$ curve, find KO = 0.48. 
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- 
a, ,  total vertical pressures: 

@  to^ of wall: 

@ 4' depth: 

0 v = 1000 + 4(115) = 1460 lb/ft2. 

@ 12' depth: 

0 v = 1460 + (8)(125) = 2460 lb/ft2. 

Uo, hydrostatic pressures: 

@ top of wall: 

Uo = 0. 

@ 4' depth: 

uo = 0. 
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@ 12' depth: 

- 
av, effective vertical pressures: 

@ top of wall: 
- - 0, - av - UO = 1000 - 0 = 1000 lb/ft2. 

@ 12' depth: 
- 2 a, = a, - Uo = 2460 - 499.2 = 1960.8 lb/ft . 

, effective lateral pressures: 

@ top of wall: 

@ 4' depth: 

@ 12' depth: 

ah,,, total lateral pressures: 

@ top of wall: 
- 

'ho 'ho + Uo = 480 + 0 = 480 lb/ft2. 

@ 4' depth: 

a = + uo = 700.8 + o = 700.8 1b/ft2. ho ho 

@ 12' depth: 

q,o = k0 + UO = 941.2 + 499.2 = 1440.4 lb/ft2. 
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EXAMPLE E.2.: Sloping Earthfill Loads: 

Given: A 12-foot high wall will be backfilled with clean sands and - - 
gravels, 4 = 32'. 1,  = 115 lb/ft3 at w - 15%. The wall is restrained from 

yeilding. The backfill will slope at 2:l from the top of the wall to a 

height of 4 feet above the wall and then become level. 

The backfill is well drained and there is no source of water to develop 

hydrostatic pressures. 

Determine: The lateral pressures for structural design and stability 

analysis. 

Procedure: Figure 42 indicates that for clean soils and non-yielding 
- 

conditions the KO = 1-sin+ curve on Figure 44 should be used. 

- - 
Using Figure 44, 4 = 32' and the KO = 1-sin 4 curve, find KO = 0.4%. Also, 

note the reference to Figure 47 for correction for the sloping backfill. 

- H1 Using Figure 47, 4 = 32'. Z = 2, H = 4 and ( )  = 4/12 = 0.33, find F = 

Note: These values of H, H1, and P are for structural analysis only. For - 
purposes of stability analysis, H is the distance from the bottom of the 

footing to the surface of the sloping earthfill, and H1 is the vertical 
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distance above this point, to where the sloping surcharge levels off. There- 

fore, an estimate of footing length and a new F factor will be necessary 

when determining pressures for stability analysis. 

- 
i.-. 
: -.! 
:. ? . . 
P'. 
.:. 

a'.? . .. -. - - 

a. Structural design pressures: 

ov, total vertical pressures: 

@ top of wall: 

a, = 0. 

@ 12' depth: 

Uo, hydrostatic pressures: 

Uo 0 at all depths. 
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ov, effective vertical pressures: 

@ top of wall: 

@ 12' depth: 

a = a - Uo = 1380 - 0 = 1380 lb/ft2. v v 

- 
Qho, effective lateral pressures: 

@ top of wall: 

@ 12' depth: 

who, total lateral pressures: 

@ top of wall: 
- 

ah, = ah0 + UO = 0. 

@ 12' depth: 
- 2 

aha = aha + UO = 781.6 lb/ft . 

b. Stability Analysis Pressures: Find the estimated footing length 

using Figure 50, H = 12', and K =0.48; find a = 8.5'. Correct for sur- 

charge; .'. k=(1.1)(8.5) = 9.35'. use 9.0' as an estimate. Determine H = 

15' and HI = 1' from sketch. 
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- H1 Using Figure 47, 4 = 32O, Z = 2, HI = l', and (- = 1/15 = 0.067) find F = 
H 

4v, total vertical pressures: 

@ fill surface: 

a = 0. v 

@  to^ of wall: 

av = 3(115) = 345 lb/ft2. 

@ bottom of footing: 

a = 16 (115) = 1840 lb/ft2. v 

Uo. hvdrostatic Dressures: 

Uo = 0 throughout the drained fill. 

- 
Uv, effective vertical pressures: 

@ fill surface: 
- 
a = a  - U o = O - O = O .  v v 

@ top of wall: 

@ bottom of footing: 

a = 1840 - 0 = 1840 lb/ft2. v 

- 
Qho, effective lateral pressures: 

@ fill surface: 
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@ top of wall: 

aho = (0.48)(1.04)(345) = 172.2 lb/ft2. 

@ bottom of footing: 

oho = (0.48)(1.04)(1840) = 918.5 lb/ft2. 

"ho , total lateral pressures: 

@ fill surface: 

@ top of wall: 

2 aho = 172.2 + 0 = 172.2 lb/ft . 
@ bottom of footinn: 

EXAMPLE E.3.: Line Loads: 

Given: A 14-foot high wall that should not be allowed to deflect since 

a 2000 lb/ft2/ft line load (warehouse footing) will be placed about 6 feet 

from the top of the wall. 

The backfill material will be a mixture of sands and gravels with silt and 

clay fines. i = 25' to 30°, Ym ' 120 lb/ft3. It will be well-drained with 

a filter, drain material, and weep holes. The fill surface will be asphalt 

covered and a separate surface storm drainage system will be installed; 

therefore, hydrostatic pressures should not be a problem. 

Determine: The lateral earth pressures for design. Since it is desir- 

able to not have the wall yield, a conservative safety factor for sliding 

and overturning should be used and a wall thickness selected that will not 

allow detrimental stem deflection. 
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Procedure: Check minimum wall thickness; t/H2 0.085; tmin = 0.085(14) 

= 1.19 ft. :. Use 15 inches. 

Using Figure 42 for non-yielding walls and materials with more than 5% fines 

we find that the KO = at-rest curve on Figure 44 is recommended. Using the 
- 

KO = at-rest curve and 4 = 25' on Figure 44, find KO = 0.67. 

- 
Referring to Figure 48 for line load surcharges, find the relationship ahL = 

1.27 w h e r e  the parameters are defined by the sketch on Figure 48 and: 
r 4 

x = 6 feet and constant, 

P, = 2000 lb/ft2/ft and constant, 

d = variable depth to be considered, 

r = x2+s2+d2 (S = 0 for line loads). 

- 
The procedure here will be to tabulate the 0 hL values, say at depth 

increments of 2 feet, and then to add these increments to the lateral earth 

pressure from the fill. 

Example computations follow for a depth 2 feet below the fill surface; the rest 

of the computations are not shown but are included in the tabulation. 

Uo = 0 (throughout the fill), 
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Where : - 
K = (0.67)(240) = 160.8 lblft2 and: 

- 
a h o  = 160.8 + 114.6 = 275.4 lb/ft2 and: 

aho = Gho + Uo = 275.4 + 0 = 275.4 lb/ft2' 

Depth 

Note: The combined earth pressure diagram is not a linear ("hydrostatic") - 
relationship; the resultant force is not at the 1/3 point of the wall 

height. This must be taken into consideration during structural design. 

EXAMPLE E.4.: Point Loads: 

Given: A 14-foot wall with a desired thickness of about 12 inches will - 
have a 5-ton concentrated load placed about 6 feet from the edge of it. The 

backfill material will be clayey silts and silty clays level to the top and 

will be well-drained with filters, drains, and weep holes. 

(210-VI, TR-74, July 1989) 



Determine: The l a t e r a l  e a r t h  pressures  f o r  design. 

Procedure: 

12/12 
Check y i e ld ing  condition: t / H  = - = 0.071 < 0.085,  .'. wall  i s  

14 

yielding.  

Figure 42 recommends using the  equivalent  f l u i d  pressures  on Figure 46. 

Figure 46 ind i ca t e s  t h a t  s o i l  type 4 is  probably appl icab le  and, with 

H 1 / = O ,  EFPh = 100 l b / f t 2  i s  recommended. 

2 APpx d 
Figure 48 recommends the  r e l a t i o n s h i p  ah, = 0.95 - where t he  va r i ab l e s  

r 5 

a r e  defined i n  the  sketch on Figure 48. 

I n  t h i s  procedure, a t abu la t i on  w i l l  be made of t he  e a r t h  pressure and sur- 

charge pressure vs .  depth. Since the  surcharge pressure i s  a l s o  a func t ion  

of s ,  the  d i s t ance  away from the  point  load p a r a l l e l  t o  the  wal l ,  tabula- 

t i o n s  must be made f o r  d i f f e r e n t  values  of s a l so .  Computations a r e  in- 

cluded f o r  the  f i r s t  depth increment only (2 f o o t )  t o  demonstrate the  

procedure. 

@ 2 '  depth: 

aho = H(EFP) = 2(100) = 200 l b / f t .  
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- 
for  s = 0 :  dhc = 0.95 = 6 7 . 5  l b / f t 2  and 

[ (6)2+(0)2+(2)2]  5/2 

- 
for  s = 2 ' :  ahc = 0.95 (10,000)(6)'(2) 

a 53.0 l b / f t 2  and 
[ ( 6 1 ~ + ( 2 > ~ + ( 2 > ~ 1  5/2 

and e t c . ,  t o  complete the tabulated values for  the t o t a l  l a t era l  earth pres- 

sures.  
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Depth 

0  

2 

4 

6 

8 

n 
N 
I-' 

1 0  
0 
I 
3 1 2  

9 14 
I 
4 * . As can be seen f rom t h e  tabu la ted da ta  t h e  combined t o t a l  l a t e r a l  e a r t h  pressure does n o t  v a r y  l i n e a r l y  
4 

E 
Y w i t h  detph. 
r 
w 
OD 
w 
V 

Also, @s = 0, t h e  r a p i d  d i s s i p a t i o n  of surcharge pressure w i t h  depth can be observed even when inspec t i ng  

the  zone a t  t h e  minimum h o r i z o n t a l  d i s tance  frm t h e  surcharge. 

The r a p i d  d i s s i p a t i o n  can a l s o  be observed a t  d i f f e r e n t  v e r t i c a l  sec t ions  (e.g., a t  8 f e e t  a long the w a l l  

away from t h e  load, t h e  g rea tes t  e a r t h  pressure increase i s  9.5 1b/ f t  and occurs between t h e  depths o f  4-6 f t . )  
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