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FOREWORD 

?h i s  design manual f o r  So i l  Dynamics, Deep S tab i l i za t ion ,  and Special 
Geotechnical Construction is  one of a series tha t  has been developed from an 
e x t e m i v e  re-evaluation of the re levant  port ions of So i l  Mechanics, 
Eoundations, and Earth St ructures ,  NAVFAC DM-7 of March 1971, from surveys - 
cf avai lable  new mater ia ls  and construct ion methods, and f ran  se lec t ion  of 
the beet design prac t ices  of the  Naval F a c i l i t i e s  Engineering Cornmand, o ther  
Covernrpent agencies, and pr iva te  indust r ies .  This manual includes a 
andernizat ion of the  former c r i t e r i a  and the maximum we of nat ional  
~ l ro fees iona l  socie ty ,  associa t ion  and i n s t i t u t e  codes. Deviation6 from 
these c r i t e r i a  ohould not be made without the  p r i o r  approval of the Naval 
E a c i l i t i e s  Engineering Canmand Headquarters (MVFAC HQ). 

Ilesign cannot remain s t a t i c  any more than can the  naval functions i t  serves ,  
cr the  technologies i t  uses. Accordingly, t h i s  design manual, - Soi l  
I p a m i c s ,  Deep S t a b i l i z a t i o n ,  and Special Geotechnical Construction, NAVFAC 
IM-7.3, along with the  companion manuals. So i l  Mechanics. NAVFAC DM-7.1 and 
l'oundations ind Earth s t ruc tu res ,  NAVFAC-DW~. 2 ,  cancel and supersede - Soi 1 
Ilechanics, Foundations, and Earth St ructures ,  NAVFAC DM-7 of March 1971 i n  
i t s  e n t i r e t y ,  and a l l  changes issued. 

'hi4 publ ica t ion  i s  c e r t i f i e d  a8 an o f f i c i a l  publ ica t ion  of the  Naval 
l ? a c i l i t i e r  Engineering Comnand and bar been reviewed and approved i n  
i~ccordance with the  SECNAVINST 5600.16. 

Rear h m i r a l  CEC, U. S . Navy 
' C o m n d e r  / 
Naval F a c i l i t i e s  Engineering Cormnand 
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W T E R  1. DYNAMIC AND SEISMIC ASPECTS 

Section 1. INTRODUCTION 

I SCOPE. This chapter is concerned with geotechnical problems associated 
with v ibra tory  loads and seismic forces. Dynamic response of foundations and 

, rltructures depends on the magnitude, frequency, d i rec t ion ,  and locat ion  of the  
clynamic loads o r  ground motions ; t he  geometry of the  soil-f oundat ion contac t  
slystem; and the dynamic proper t ies  of the  supporting s o i l s  and s t ruc tures .  
Dynamic ground motions considered i n  t h i s  chapter are  those generated f ran  the  
f'ollowing sources: 

a. Machine Foundations. Machine foundations on which the operation of 
avrchinery causes v ibra tory  motions i n  the  foundations a d  so i l s .  These loads 
elre general ly assumed t o  p e r s i s t  during the design l i f e  of the s t ruc tu re  (Type 
c.  and/or d, Figure 1). 

b. Earthquake Ground Motions. Earthquake ground motions which cause 
clynamic loads i n  the  foundations and s t ruc tures .  Earthquake ground motions 
trre t r ans ien t  and may o r  may not occur several  times during the  design l i f e  of  
!:he s t r u c t u r e  (Type a ,  Figure 1).  

c.  Impact Loading. Impact loading generated t r ans ien t  type motions s'wh 
s~e  those generated by p i l e  dr iv ing and b las t ing  ( T y p  b, Figure 1).  C r i t e r i a  
f o r  b l a s t  loadings on s t ruc tu res  i s  covered i n  NAVFAC DM-2. Empirical e s t i -  
lmtes fo r  ground motion ve loc i ty  due t o  b las t ing  i s  covered i n  DM-7.2, Chapter 

2. RELATED CRITERIA. Additional c r i t e r i a  r e l a t i n g  t o  dynamic problems 
chppear i n  the  following sources: 

Subject Source 

: l a s t  laadlng on S t ruc tu res  ............................ .NAVFAC P-397 

k i e m i c  Design f o r  &rildings............................NAVFAC P-355 

Section 2. MACHINE FOUNDATIONS 

1. ANALYSIS OF FOUNDATION VIBRATION 

a. Charac te r i s t i c s  of Ver t i ca l  Osci l la t ions .  Ordinari ly,  v ibra t ions  a r e  
produced by v e r t i c a l l y  o r  hor izonta l ly  o s c i l l a t i n g  loads of two types: (1) 
the force produced depends on t h e  angular ve loc i ty  of movement of the unbal- 
anced mars, such a s  those fram ro ta t ing  machinery; (2) the force  i s  independ- 
e n t  of frequency of o s c i l l a t o r ,  such a s  those fo r  periodic impact v ib ra t ion  
produced by hammers. See Figure 2. 



Wave Po- of ~ ibrat ions  from Varime Sources 
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b. Analysis of Foundation Vibration. Analyze foundation v ibra t ion  as  
f 0 3 . 1 0 ~  : 

(1)  Simplify the  ac tua l  foundation geomctry and s o i l  properties i n t o  
a oingle degree of freedom rystem, involving a spring coustant K and damping 
ra1:io D. Caopute rpr ing  constants  K and dtmping r a t i o  D f o r  ant icipated modes 
of vibration.- See Pigure 3 (Reference 1, soils-and Geology, ~ rocedbres  f o r  
Fotmdation Design of Buildings and Other Structure8 (Except Hydraulic Strut- - 
tu1~e8) by the  Departments of the  Amy and Air Force). --* 

(2 )  Specify the  type of exci t ing  force. For a constant amplitude 
exc:iting force the  motion is  expressed by: 

F = Fo s i n w t  

where: w -  operating frequency ( radlsec)  = 2wf 

f = operating frequency (cycle lsec)  

Fo = amplitude of exci t ing  force  (cons tant )  

F = exci t ing  force  

t = time ? 

The exci t ing  force  F may depend on the  frequency w and the eccen t r i c  
1 

mass. In t h i s  case: t 

F, = me ew* 

where : me - eccen t r i c  mass 

e = eccen t r i c  radius from center  of ro ta t ion  
t o  center  of gravi ty  

( 3 )  Compute the  undamped na tu ra l  frequency, fn ,  i n  cycleslsecond 
o r  un i n  radlsecond 

where : K * h f o r  v e r t i c a l  mode, Kx f o r  hor izonta l  mode, 
K q f o r  rocking mode and Kg f o r  to r s iona l  mode 

m = mass of foundation and equipment f o r  v e r t i c a l  and 
hor izonta l  modes 

IJI = mass moment of i n e r t i a  around a x i s  of r o t a t i o n  i n  
rocklng modes 

Ig = mss moment of i n e r t i a  around axis  of r o t a t i o n  i n  
to r s iona l  modes. 



FIGURE 3 
Moder of Vibration 
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thus f o r  v e r t i c a l  mode f n  2, 

fo r  horizontal  mode f n  - @- 

f o r  to r s iona l  (yawing) lode f n  = & {% 
f o r  rocking mode f n  = - 2'7 

(4) Compute the  mass r a t i o  B and damping r a t i o  D f o r  modes analyzed 
lasing the  formulas i n  Figure 3. 

(5 )  Calculate S t a t i c  Displacement Amplitude, As 

Fo As =-  
K 

( 6 )  Compute the  r a t i o  f / f n  (same as  w/wn). I 
A 

( 7 )  Calculate magnification f a c t o r  M = from Figure 4. - 

(8 )  Calculate maximum amplitude Amax = Me%. 

( 9 )  I f  amplitudes a r e  not acceptable, modify design and repeat Steps 
:I through 8. 1 

(10) See Figure 5 for  example ca lcula t ions  i l l u s t r a t i n g  the calcula- .. 7 
t i o n  of v e r t i c a l  amplitude, horizontal  amplitude alone and rocking amplitude 
t Lone. 

c. Dynamic S o i l  Propert ies .  Guidance on dynamic s o i l  propert ies  and 
t h e i r  determination is given i n  DM-7.1, Chapters 2 and 3. 

2 .  DESIGN TO AVOID RESONANCE. Settlements from vibra tory  loads a r e  accen- 
tuated i f  imposed vibrations a r e  resonant with the  na tu ra l  frequency of the  
foundation s o i l  syetem. Both the  amplitude of foundation motion and the 
tmbalanced exc i t ing  force a r e  increased a t  resonance, and even compact cohe- 
s i o n l e s s  s o i l s  w i l l  be densif led t o  eome degree with accompanying settlement. 
I,voidance of reronance is pa r t i cu la r ly  important i n  cohesionless materials ,  
but  should be considered f o r  all s o i l r .  Analyze foundations f o r  vibrat ing 
nuchincry t o  avoid unacceptable amplitude by methods given previouely. In  
c rde r  t o  avoid resonance, the  following guidel ines may be considered f o r  
i n i t i a l  design t o  be ve r i f i ed  by the previous wthods .  

a. High-Speed Machinery. For machinery with operat ing speeds exceeding 
about 1,000 rpm, provide a foundation with na tu ra l  frequency no higher than 
one-half of the  - o h r a t i n g  value, a s  follows : 

(1) Decrease na tu ra l  frequency by increaeing the  foundation block . -- 
weight, analyze v ib ra t ion  i n  accordance with the  methods diacuesed pre- 
viouely. 





A. VIBRATION IN VERTCAL MOM 

EQUIPMENT DATA 
UVEN A HlW SPEED QNERATOR WITH A FREQUENCY #PENDENT WPLIlU# F o r m  Lb. 
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SOIL PIK#RtlES 
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R)(SS0N1S RATIO v 0.35 
SHEAR YOWLUS G WOO PSI 

EDUVWNT RADlUS re )(Yawn 
SPRING CONSTANT 

MASS RATIO 
b , u u  

4 P 

FIGURE 5 
Example Calculation of Vertical, Horizontal and Rocking Motions 

7.3-8 



FIGURE 5 (continued) 
-pLe Calculation of Vertical,  Horizontal and Rocking Motione 
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NAxlYUM rrrur. -1 
80.4 X lo-6 RAD 

m m T A L  WTWN AT MXHlWE CUJ'fER LINE a 4  X 04 X OX 12 a x lod INCH 

NOTE : 
ABOVE ANALYSIS IS APPROXIMATE SINCE HORIZONTAL AND ROCKING MODES 
ARE COUPLED. SEE TEXT FWI GUIDANCE ON MTAl LED ANALYSIS. A UWER 
BOUND ESTIMATE OF n m  MODE FREOUENCY MAY BE CALCULA~ED BASED ON 
NATURAL FREQUENCIES Wn R)R ROWINO MOW ALONE, AND HORIZONTAL 
TRANSLATm MOM; LUONE (SEE TEXT 1. 

- - 

FIGURE 5 (continued) 
Example Calculation of Vertical,  Horizontal and Rocking Motion8 



(2 )  During s t a r t i n g  and s topping,  the  machine w i l l  opera te  b r i e f l y  
a t  resonant frequency of t h e  foundation. Compute probable amplitude a t  both 
reisonant and opera t ing  f requencies ,  and compare them wi th  allowable values t o  
determine i f  t h e  foundat ion arrangement m e t  be a l t e r ed .  

b. Lou-speed Machinery. For machinery operat ing a t  a speed l e s s  than  
almut 300 rpm, provide a foundation wi th  a n a t u r a l  frequency a t  l e a s t  twice 
t h e  opera t ing  speed, by one of t h e  following: 

(1) For spread foundations, i nc rease  the  n a t u r a l  frequency by 
i l lcreasing base a r e a  o r  reducing t o t a l  s t a t i c  weight. 

( 2 )  Increase  modulus of shear  r i g i d i t y  of the  foundation s o i l  by 
c a p a c t i o n  o r  o the r  means of s t a b i l i z a t i o n .  See D+7.2, Chapter 2. 

(3)  Consider t h e  use of p i l e s  t o  provide t h e  requi red  foundation 
s t i f f n e s s .  See example i n  Figure 6 (Reference 2 ,  Foundation Vibrat ions,  by 
Richart) .  

c. Coupled Vibrat ions.  Vibrat ions a r e  coupled when t h e i r  modes a r e  not  
independent but i n f luence  one another.  A mode of v i b r a t i o n  is  a cha rac t e r i s -  
t i c  p a t t e r n  assumed by the  system i n  which the  motion of each p a r t i c l e  i s  
simple harmonic wi th  the  same frequency. In most p r a c t i c a l  problems, the  uer- 
t i c a l  and t o r s i o n a l  mode can be assumed t o  be uncoupled ( 1  .e., independent of 
each o the r ) .  However, coupling e f f e c t s  between the  ho r i zon ta l  and rocki-g . 
a ~ d e e  can be s i g n i f i c a n t  depending on the  d i s t ance  between t h e  cen te r  of 
g rav i ty  of the  foo t ing  and the  base of the  foot ing .  The ana lys i s  f o r  t h i s  
case  i s  complicated and time consuming. 

A lower bound es t imate  of t h e  f i r s t  mode, f,, of coupled rocking 
and ho r i zon ta l  v i b r a t i o n  can be obtained from 

Ex and f J I  a r e  t h e  undamped n a t u r a l  f requencies  i n  t h e  ho r i zon ta l  and 
rocking mode respec t ive ly .  For f u r t h e r  guidance s e e  Reference 3, Vibrat ions 
3f S o i l s  and Foundations, by Richart, et al.  and Reference 4 ,  Coupled Hori- 
zonta l  and Rocking Vibra t ions  of Embedded Footings, by Beredugi and Novak. 

d.  E f fec t  of Embedment. S t i f f n e s s  and damping a r e  genera l ly  increased 
with embedment. However, a n a l y t i c a l  r e s u l t s  ( e spec i a l ly  f o r  damping) a r e  
s e n s i t i v e  t o  t h e  condi t ibns  of -  the  b a c k f i l l  ( p r o p e r t i e s ,  contac t  wi th  the  
foot ings ,  etc.). For foot ings  embedded i n  a uniform s o i l  with a Poisson 's  
r a t i o  of 0.4, t he  modified s t i f f n e s s  parameters a r e  approximated as follows 
(Reference 5, S t i f f n e s s  and Damping Coef f i c i en t s  of Foundations, by Roesset):  

- 
d ( K t ) d  % Kt  ( I  t0.4-) 
'0 



( K , ) ~ ,  ( K ~ ) ~ ,  (K+)d and a r e  sp r ing  cons t an t s  f o r  depth of 
eahedment d. 

Increases  i n  damping a l s o  occur with embedment d ,  but t h e  r e s u l t s  a r e  
bel ieved t o  be more s e n s i t i v e  t o  condi t ion  of b a c k f i l l .  For foo t ings  embedded 
i n  a  uniform s o i l ,  t h e  approximate modif icat ions f o r  damping c o e f f i c i e n t  C ( i n  
Figure 3) a r e :  

when (C,ld and ( C g j d  a r e  t he  damping c o e f f i c i e n t s  i n  v e r t i c a l  and tor-  
s i o n  modes f o r  embedments d. The expression f o r  rocking and s l i d i n g  a r e  
complicated, see Reference 4 f o r  f u r t h e r  guidance. 

e. Proximity of a  Rigid Layer. A r e l a t i v e l y  t h i n  l a y e r  of s o i l  over 
r i g i d  bedrock may cause s e r i o u s  magnif icat ion of t h e  v e r t i c a l  amplitude of I= 
v ib ra t i on .  In gene ra l ,  t h e  sp r ing -cons t an t s  i nc rease  wi th  decreasing thick-  m 

ness  of s o i l  while damping c o e f f i c e n t s  decrease sharp ly  f o r  t he  v e r t i c a l  modes 
and t o  a  lesser ex t en t  f o r  ho r i zon ta l  and rocking modes. Use the  fol lowing 1. 
approximate r e l a t i o n  f o r  ad jus t i ng  s t i f f n e s s  and damping t o  account f o r  ; I 
presence of a r i g i d  l a y e r  (from Reference 6 ,  S o i l s  S t ruc tu re  I n t e r a c t i o n  by 
Richart  and Reference 7,  Dynamic S t i f f n e s s  of C i r c u l a r  Foundations by Kaueel 
and Roesset) : I 

where ( K , ) ~ ,  ( K , ) ~ ,  (K+)L a r e  s t i f f n e s s  parameters i n  case  a  r i g i d  
l a y e r  eldsts a t  dep th  H below a foo t ing  with r ad ius  ro. 

The damping r a t i o  parameters D a r e  reduced by t h e  presence of a  r i g i d  
l a y e r  a t  depth 8. The modified damping c o e f f i c i e n t  ( D ~ )  i s  1.0 D, f o r  
~ / r ,  =a, and approximately 0.31 D,, 0.16 D,, 0.09 D, and 0.044 Dz 
f o r  H / r o  = 4, 3 ,  2 and 1 r e spec t ive ly  ( s e e  Reference 6) .  

f .  Vibra t ion  For P i l e  Supported Machine Foundation. For p i l e s  bear ing 
on r i g i d  rock with n e g l i g i b l e  s i d e  f r i c t i o n ,  use  Figure 6 f o r  e s t a b l i s h i n g  t h e  
na tu ra l  frequency of t h e  p i l e  s o i l  system. Tip d e f l e c t i o n  and l a t e r a l  s t i f f -  
ness can have s i g n i f i c a n t  e f f e c t  on n a t u r a l  frequency of t h e  p i l e  s o i l  system. 
(See Reference 8, Responae of P i l e s  t o  Vibratory Loads by O w e i s ) .  A d e t a i l e d  - 
~ n a l y s i s  of t h e  p i l e  problem is complex and r e q u l r e s  t h e  use of t h e  canputer  
€o r  t h e  l eng th ly  ca l cu l a t i ons .  Reference 9 ,  Impedence Functions of P i l e s  i n  
'Layered Media, by Nova  and Aboul-Ella, p resen ts  s o l u t i o n s  f o r  simple but 
: p r ac t i ca l  ca se s  f o r  s t i f f n e s s  and damping c o e f f i c i e n t s .  A l t e rna t ive ly ,  and 
for important i n s t a l l a t i o n s ,  such c o e f f i c i e n t s  can be evaluated from f i e l d  
p i l e  load tests. - - .  
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FIGURE 6 
Natural Undamped Frequency of Point Bearing Piles on Rigid Rock 



3. BEARING CAPACITY AND SETTLEMENTS. Vibrat ion tends t o  dens i fy  loose non- 
p l a s t i c  s o i l s ,  causing se t t lement .  The g r e a t e s t  e f f e c t  occurs  i n  loose ,  
coarse-grained sands and gravels .  These ma te r i a l s  must be s t a b i l i z e d  by com- 
pact ion o r  o ther  means t o  support  spread foundations f o r  v ib ra t ing  equipment; 
s e e  pethods of DM-7.2, Chapter 2. Shock o r  v ib ra t ions  near a foundation on 
loose ,  s a t u r a t e d  nonp la s t i c  s i l t ,  o r  s i l t y  f i n e  sands,  may produce a quick 
condi t ion  and p a r t i a l  l o s s  of bearing capaci ty.  In these  cases ,  bearing 
i n t e n s i t i e s  should be l e s s  than those normally used f o r  s t a t i c  loads. For 
severe  v i b r a t i o n  condi t ions ,  reduce the  bearing pressures  t o  one-half allowa- 
b l e  s t a t i c  values. 

In  most app l i ca t ions ,  a r e l a t i v e  dens i ty  of 70% t o  75% i n  t h e  foundation s o i l  
i s  s a t i s f a c t o r y  t o  preclude s i g n i f i c a n t  compaction se t t lement  beneath the  
v ib ra to ry  equipment. However, f o r  heavy machinery, l a r g e r  r e l a t i v e  d e n s i t i e s  
may be required.  The following procedure may be used t o  eva lua te  the order  of 
magnitude of compaction se t t lement  under opera t ing  machinery. 

The c r i t i c a l  acce l e ra t ion  of machine foundat ions,  (aIcr i t ,  above which 
compaction is l i k e l y  t o  occur may be estimated based on 

where : ( a )  crit = c r i t i c a l  acce l e ra t ion  expressed i n  g 's 
1 

(Dr), i n i t i a l  ( i n  s i t u )  r e l a t i v e  dens i ty  a t  zero 
a c c e l e r a t i o n  expressed i n  percent 

i 

p = c o e f f i c i e n t  of v ib ra to ry  compaction, a parameter 
depending on moisture content ;  v a r i e s  from about 

7 
A 

0.8 f o r  dry sand down t o  0.2 f o r  low moisture 
contents  (about 5%). It inc reases  t o  a maximum 
value of about 0.88 a t  about 18% moisture content .  
Thereaf te r ,  i t  decreases.  

(See Reference 10, Dynamics of Bases and Foundations, by Barkan.) 

When compaction occurs  a s  a r e s u l t  of v ib ra t ions  the re  w i l l  be an increase  i n  
r e l a t i v e  dens i ty  ADr, and f o r  a sand l aye r  with a th ic lmess  H, t he  s e t t l e -  
ment would be A H .  The s t r a i n  AWH can be expressed i n  terms of ADr as :  

where: ydo i s  the  i n i t i a l  dry dens i ty  of t h e  sand l a y e r  ( lb /cu  f t )  . 
The above equat ion is  based on t h e  range of maximum and minimun dry d e m i t i e s  
f o r  sands repor ted  i n  Reference 11, F i e ld  Tes t ing  of S o i l s ,  by Burmister. 

The change i n  r e l a t i v e  dens i ty  AD, due t o  v i b r a t i o n s  i s  defined a s  



whelre: (D,), = i n i t i a l  i n  s i t u  r e l a t i v e  densi ty which may 
be estimated from the  standard penetrat ion 
res i s t ance  (see  DM-7.1, Chapter 2). 

( D r l f  f i n d  r e l a t i v e  dens i ty ,  which may be conserva- 
t i v e l y  estimated based on 

(DrJf = 100 l-e I - ' p ~ ) c r i t + ~ i  for  a t  > (ai)c.it I 
(Dr)f - (Drjo for  a i  (ailCrit 

a j  = accelera t ion  expressed i n  g ' s  

The! above equation i s  based on the  work reported i n  Reference 10. 

In the  above equation (ai)Crit and (ai)  a r e  the  c r i t i c a l  accelera t ion  
ant1 accelera t ion  produced by equipment i n  each layer  i. 

The accelera t ion  a i  produced by equipment may be approximated using the 
fo1.lowing: 

a i  = a. @ f o r  d > ro 

ai ' fo r  d = ro 

a, = accelera t ion  of v ibra t ions  i n  g l s  a t  foundation l e v e l  

d = distance fram base of foundation t o  mid point 
of s o i l  layer  

ro = equivalent  radius of foundation 

I f  maximum displacement, &=, and frequency of v ibra t ion ,  ~ ( r a d l s e c ) ,  a r e  
knl~wn a t  base of foundation then: 

An example i l l u s t r a t i n g  the  use of the  above pr inc ip les  is  shown i n  Figure 7. 

4 .  VIBRATION TRANSMISSION, ISOLATION, AND MONITORING. 

a. Vibration Transmission. Transmission of v ibra t ione  f ran  outside a 
s t r u c t u r e  o r  from machinery within the  s t r u c t u r e  may be annoying t o  occupants 
and damaging t o  the  s t r u c t u r e ,  o r  may i n t e r f e r e  v i t h  the  operat ion of semi- 
t i v e  instruments. See Figure 8 f o r  the  e f f e c t  of v ib ra t ion  amplitude and 
frequency. Tolerable v ib ra t ion  amplitude decrearar, a8 frequency increarer .  
For methods of reducing amplitude of v ibra t ions  transmitted i n t o  a s t ruc tu re  
or  away from a v ibra t ing  source, see  the  following paragraphs. For approxi- 
mate estimates of v ib ra t ion  amplitude transmitted away from the  source use the 
following re la t ionship:  
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FIGURE 8 
Allowable Amplitude of Vertical Vibrations 
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where: Al = computed o r  measured amplitude a t  d i s tance  r l  
from v i b r a t i o n  source 

A2 = amplitudes a t  d i s t ance  r 2 ,  r22 r l  

4 = c o e f f i c i e n t  of a t t enua t ion  depending on s o i l  p roper t ies  
and frequency. Use Table 1. 

b. Vibrat ion and Shock I so l a t ion .  

(1)  General Methods. For general  methods of i s o l a t i n g  v i b r a t i n g  
equipment o r  i n s u l a t i n g  a  s t r u c t u r e  from v ib ra t ion  t ransmission,  s e e  Table 2. 
These methods inc lude  phys ica l  s epa ra t ion  of t he  v i b r a t i n g  u n i t  from t h e  
s t r u c t u r e ,  o r  i n t e r p o s i t i o n  of an i s o l a t o r  between the v ib ra t ing  equipment and 
foundation o r  between the  s t r u c t u r e  foundation and an outs ide  v ib ra t ion  
source. Vibrat ion i s o l a t i n g  mediums include r e s i l i e n t  mater ia l s  such a s  metal 
spr ings ,  o r  pads of rubber,  cork,  f e l t ,  o r  lead and asbes tos  i n  combination. 

F 
I 
I 

(2)  Other Methods. Addit ional  methods ava i l ab l e  inc lude  t h e  i n s t a l -  
l a t i o n  of open o r  s l u r r y - f i l l e d  t renches,  shee t  p i l e  wal l s  o r  concrete  wal ls .  
These techniques have been appl ied with mixed r e s u l t s .  Analy t ica l  r e s u l t s  1 
suggest  t h a t  f o r  t renches  t o  be e f f e c t i v e ,  t he  depth of the  t rench  should be 1 
0.67X o r  l a r g e r ,  where A i s  wave length  f o r  Rayleigh wave and is approximately- 
equal to*; when X i s  the  frequency of v i b r a t i o n  i n  rad ian /sec ,  V s  i s  the  1 

shear  wave v e l o c i t y  of t h e  s o i l .  Concrete core  walls may have i s o l a t i n g  
1 

A 
e f f i c i e n c y  depending on the  th ickness ,  l eng th  and r i g i d i t y .  (See Reference 
12, I s o l a t i o n  of Vibra t ions  by Concrete Core Walls, by Haupt). 

c. Vibrat ion Monitoring. Control of ground v ib ra t ions  is  neceseary t o  
ensure the  acceptab le  l e v e l  of v ib ra t ion  amplitudes f o r  s t r u c t u r a l  s a f e t y  a r e  
not exceeded. The sources of v ib ra t ions  which may a f f e c t  nearby s t r u c t u r e s  
a r e  those generated by b l a s t i n g ,  p i l e  d r iv ing  o r  machinery. Acceptable vibra- 
t i o n  amplitudes a r e  u sua l ly  s e l ec t ed  based on condi t ions  of t h e  s t r u c t u r e ,  
s e n s i t i v i t y  of equipment wi th in  the  s t r u c t u r e ,  o r  human tolerance.  See 
DM-7.2, Chapter 1 for s e l e c t i o n  of b l a s t i n g  c r i t e r i a  i n  terms of peak p a r t i c l e  
ve loc i ty  t o  avoid damage t o  s t r u c t u r e .  

For s t r u c t u r e s  which may be a f f ec t ed  by nearby sources of v ib ra t ions  
(e.g., b l a s t i n g ,  p i l e  dr iv ing ,  e t c . )  seismographs a r e  u sua l ly  i n s t a l l e d  a t  one 
o r  more f l o o r s  t o  ensure the  s i t e  v ib ra t ion  l i m i t s  a r e  not  exceeded. A s e i s -  
umgraph usua l ly  c o n s i s t s  of one o r  -re t ransducers  which a r e  e i t h e r  embedded, 
a t tached  o r  r e s t i n g  on the  v ib ra t ing  s t r u c t u r e ,  element, o r  s o i l ,  connected by 
a  cable  t o  t h e  recording uni t .  The recording medium may be an osc i l loscope  o r  
a  magnetic tape. The a c t u a l  d e t a i l s  of i n s t a l l a t i o n  depend on the  type of 
equipment, na tu re  of v ib ra t ion  su r f ace ,  and expected amplitudes of not ion.  
For f u r t h e r  guidance s e e  Reference 13, Some Current Methods i n  Vibrat ion Mea- 
surements, by Pre t love ,  and Reference 14, Measurement of Blas t  Induced Ground 
Vibrat ions and Seismograph Ca l ib ra t ion ,  by Stagg and Englor. Spec i f i ca t ions  
of a v a i l a b l e  c o m ~ l r c i a l  seisumgraphs a r e  given i n  Reference 14. . - 



TABLE 1 
Attenuation Coeff ic ients  for Earth Materials 

L Materials 

Loose, f i n e  
Dense, f i n e  

Clay 
S i l t y  ( l o e s s )  
Dense, dry 

* tr i s  a function of frequency. For other frequencies,  f ,  
compute of  = ( f / 50 )  x a 50 

1 'OCk 

** Hertz - one cyc le  per second. 

Weathered volcanic 
Competent marble 

0.02 
0.00004 



TABLE 2 
Vibration and Shock I so la t ion  
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TABLE 2 (continued) 
Vibration and Shock Isolation 

L klETHOD OF ISOLATION I APPLICATIONS 1 
MINIMUM 6" REIN- m E  
#O OVER TOP IrHnVleRAlW MAT I 

LW-IUBESTOS 
PNTIVIeRATK)( MAT ON 
704 OC GRILLAGE 

WOO0 THS . 

I 
FOR INSULATION OC SRUCTWUL FRAME AGAINST WBRATlOlJS 
TRANSMITTED FROM TIE OUTSID€, INSULATING eYOS MAY # 
IN-TED IN THE MlNGS.ONE S U I T .  METHOO 
UT ILlZES FABRiCATU) #DS W W AND ASBESTOS. IN SPOClAL 
aacuMsTAwzs IT m y  E FWXICAL TO ~souf~ m  TIRE 
BUILDING BY SURROUNMNG IT BY A MTCH. THIS SHOULD BE AT 
L E M  12 f€El D€EP WITHOUT CROSS 8AACING BETWEEN S#S. 
SHOULD CROSS BRAaNG BE NECESSARY IT WOULD BE AFIRANOU) 
WITH VIBRATION ISOLATIW MATERIAL I-TED IN THE 

L E m  -AS#STOS PYDS W E  m 
UTILIZED FOR HEAVY INDIVIDUIL 
COWMN r#nlNGsToFKWCET)IE 
VlBRATKm FROM RAlUKMD -BY. 
THE PAOS ARE EFFECTIVE BECAUSE 
VIBRATIONS RESIST BEING TRILNS- 
MlTTED THROUGH USSIMILW 
MATERIALS IN CONTACT. 



Section 3. SEISMIC ASPECTS 

1. DESIGN EARTHQUAKE 

a. Design Parameters. In evaluat ing the  s o i l  behavior under earthquake 
motion, it  is necessary t o  know the  magnitude o r  i n t e n s i t y  of the earthquake, 
a s  w e l l  a s  s o i l  s t r eng th  i n  terms of peak accelerat ion.  The most r e l i a b l e  
method f o r  accomplishing t h i s  is  t o  f ind  another s i t e  s imi la r  i n  geologic and 
seismic s e t t i n g  where ground motion was measured during a design l e v e l  magni- 
tude earthquake. However, t h i s  w i l l  usual ly not be possible,  and est imates of 
ground motion based on correlations and geologic and s e i s m l o g i c  evidence f o r  
the  s p e c i f i c  s i t e  become necessary ( see  Reference 15, state-of-the-Art f o r  
Assessing Earthquake Hazards i n  the  United S ta tes ,  by Slemmons). 

b. S i t e  Speci f ic  Studies. In areas  where f a u l t s  a r e  reasonably mapped 
and s tudied ,  s i t e  s p e c i f i c  inves t iga t ions  can assure t h a t  such f a u l t s  a r e  not 
trending towards the  s i t e  and t h a t  the  f a c i l i t y  i e  not on an ac t ive  f a u l t .  
Studies may involve trenching and mapping, geophysical measurements, and other  
inves t iga t ion  techniques ( see  Reference 15). The extent  of the  area  t o  be 
inves t iga ted  depends on geology and the type and use of the s t ruc tu re .  In 
some l o c a l i t i e s ,  s t a t e ,  o r  l o c a l  building codes e s t a b l i s h  minimum setback dis- 
tances from ac t ive  f a u l t s .  The minimum dis tance  from a f a u l t  s h a l l  be 300 
f e e t  and f o r  important s t ruc tu res  t h e i r  distances should be increased aRpro- 

I. 
pr ia te ly .  

In se ismical ly  ac t ive  areas where f a u l t s  a r e  not w e l l  mapped, s i t e  
s p e c i f i c  inves t iga t ions  and regional  inves t iga t ions  may a l so  be required. 

I 
Other hazards t o  be considered by a s i te  inves t iga t ion  include the  po ten t i a l  
fo r  l iquefac t ion ,  s l id ing ,  lurching, and flooding. f 

S i t e  s tud ies  a r e  being made f o r  Naval a c t i v i t i e s  located i n  s e i s d c  f 
zones 3 and 4. These s tud ies  plus the  s o i l  da ta  f o r  the  projec t  w i l l  usual ly  
be adequate t o  a s sess  the  seismic hazard. Individual  s tud ies  have been made 
f o r  ex i s t ing  hospi ta ls  and drydocks located i n  seismic zones 3 and 4. A s i te  
study may occasionally be warranted f o r  a very important e t ruc tu re  t o  be 
located i n  seismic zone 2 ,  i f  the  mission is  s e n s i t i v e  t o  earthquake damage. 
A c r i t i c a l  s t r u c t u r e  (where earthquake damage could c r e a t e  a l i f e  endangering, 
secondary hazard) requi re  spec ia l  considerat ion i n  a l l  earthquake zones. 

c.  Earthquake Magnitude. Ground motion parameterr have been corre la ted  
with magnitude and d is tance  by severa l  inves t iga tors .  The cor re la t ion  i n  
Fjgure 9 (Reference 16, Acceleration i n  Rock f o r  Earthquakes i n  the  Western 
United S ta tes  by ~ c h n a b e l  and Seed) is based on ground motion records from 
western United S t a t e s  and is  believed more applicable t o  rmall and moderate 
earthqualrcs (magnitudes 5.5 and 6.5) fo r  ro&- and s t a t i s t i c a l l y  applicable f o r  
s t i f f  sites (e.g., where overburden i s  of s t i f f  clays and dense sands less 
than 150 f e e t  th ick) .  For other  s i te  condit ions,  motion may occur a s  
i l l u s t r a t e d  i n  Figure 10 (Reference 17, Relat ionship Between Maximum Accelera- 
t i o n ,  M a x i m u m  Velocity, Distance from Source and Local S i t e  Conditionr f o r  
Moderately Strong Earthquakes, by Seed, et al.). 



FIGURE 9 
Example of Attenuation Relationships in Rock 



MAXIMUM ACCELERATION IN ROCK I 
FIGURE 10 

Approximate Relationship for  Maximum Acceleration i n  
Varfous S a i l  Conditions Knowfng Maximum Acceleration i n  Rock 



Magnitude may not be the parameter cont ro l l ing  ground motion i n  the  
near f i e l d  and large  Lariat ions of accelera t ion  fo r  the  same magnitude nay be 
e~rpected (see Reference 18, Fa l l ac ies  i n  Current Ground Motion Predict ions,  by 
Bolt). The user  should a l so  be aware of new re la t ionships  appearing i n  the  
l i t e r a t u r e  a s  more data  become available.  See f o r  example Reference 19. Peak - -  
~ c c e l e r a t i o n ,  Velocity and Displacement f o r  Strong ~ o t i b n  Records, by Boure, - 
el: al., and Reference 20, Attenuation of Strong Horizontal Ground Acceleration 
i l l  the  Western United S ta tes  and Their Relationship t o  Local Magnitude, by - 

d. In tens i ty .  In areas  where ac t ive  f a u l t s  a r e  not del ineated,  the  
s t r eng th  of the  design earthquake is  usually estimated on the  basis  of the  
Modified Mercalli  (MM) In tens i ty  sca le .  The MU sca le  is  a number based on - -  

mostly subjec t ive  descr ip t ion  of the  e f f e c t s  of earthquakes on s t ruc tu res  and 
pt!ople. The MU ~ n t e n s i t y  sca le  has been corre la ted  with peak accelera t ion  by 
sovera l  inves t iga to r s ,  a s  i l l u s t r a t e d  i n  Figure 11. See Reference 18, Refer- 
ence 21, Earthquake In tens i ty  and Related Ground Motion, by Neumann, Reference 
2;!, On the  Correlat ion of Seismic In tens i ty  Scales with Peaks of Recorded 
S1:rong Ground Motion by Trifunac and Brady, and Reference 23, Correlat ion of - 
Pt!ak Ground Acceleration Amplitude with Seismic In tens i ty  and Other Physical - 
Pz~rameters, by Murphy and O'Brien. - 

e. Peak Horizontal Ground Acceleration. NAVFAC has conducted seismic 
i r ~ v e s t i ~ a t i o n s  of a c t i v i t i e s  located i n  seismic zones 3 and 4. The seismic 
i rwest iga t ions  include a s i t e  se ismici ty  study. Where such s tudies  have- been 
completed, they s h a l l  be used t o  determine the  peak horizontal  ground accel- 
e ra t ion .  Where a s i t e  se ismici ty  study has not yet been completed, i t  may be 
wc~rranted i n  connection with the  design and construct ion of an important new 
f t r c i l i ty .  Consult NAVFAC f o r  the  s t a t u s  of s i t e  se ismici ty  invest igat ions.  
Irl connection with s o i l  r e l a t ed  ca lcula t ions ,  the  peak horizontal  ground 
acce le ra t ion  f o r  seismic zone 2 may be taken a s  0.17g and f o r  zone 1 a s  O.lg. 
Lclcatione of seismic zones 1 through 4 a r e  given i n  NAVFAC P-355. 

f .  Magnitude and In tens i ty  Relationships. For purposes of engineering 
arlalysis i t  may be necessary t o  convert the  maximum MM i n t e n s i t y  t o  magnitude. 
The kost  cammo61y used formila i s  t h a t  i n  Reference 24, ~ e i s m i c i t ~  of the  
Etrrth, by Gutenberg and Richter.  -- 

The above formula was derived t o  f i t  a l imited da ta  base primarily 
ctwposed of western United S ta tes  earthquakes. It does not account fo r  the  
d i f fe rence  i n  geologic s t r u c t u r e s  o r  f o r  depth of earthquakes which may be 
inkportant i n  the  magnitude - i n t e n s i t y  re la t ionship .  For other  re la t ionships  
st!= Reference 25, state-of-the-Art f o r  Assessing Earthquake Hazards i n  the  'L 

Ur~ited S t a t e s  - Report 13, by Yegian. - 
g. Reduction of Foundation Vulnerabil i ty t o  Seismic Loads. In cases 

where po ten t i a l  f o r  s o i l  f a i l u r e  is not a f a c t o r ,  foundation ties, and spec ia l  
pLle requfrements can be incorporated i n t o  the  design t o  reduce the vulnera- 
b: i l i ty t o  seismic loads. Deta i l s  on these a r e  given i n  NAVFAC P-355 and i n  
Rtrference 24. In cases where the re  is a l ikel ihood f o r  s o i l  f a i l u r e  (e.g., 
l : lquefaction), consider employing one o r  a combination of the  s t a b i l i z a t i o n  
tt!chniques covered i n  Chapter 2 and i n  DM-7.2, Chapter 2. 
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FIGURE 11 
Approximate Relationrhipr Betwcen Maximum Acceleration and 

Modified Mercalli Intensity 



2. SEISMIC LOADS ON STRUCTURES. Earthquake e f f e c t s  from ground shaking pri- 
mar-ily depend on the  ground motion and l a t e r a l  res is tance  of the  s t ruc ture .  
Barlic c r i t e r i a  f o r  s t ruc tu res  is given i n  NAVFAC P-355. In a few cases, i t  
mas1 be appropriate t o  inves t iga te  so i l -s t ruc ture  in terac t ion .  

a. Foundation Loads. The s o i l  pressures r e s i s t i n g  combined s t a t i c  and 
seismic loadr can usually exceed- the normal allowable pressure f o r  s t a t i c  
l o t d s  by 1/3. However, a s  explained i n  NAVFAC P-355, the  various types of 
s o i l s  reac t  d i f f e r e n t l y  t o  shor ter  term seismic loading, and any increase over - n o ~ m a l  allowable s t a t i c  loading is  t o  be confirmed by s o i l  analysie. In many 
cauea, s o i l  analys is  is  des i rable  where foundation s o i l s  cons is t  of loose 
sartds and highly s e n s i t i v e  clays. In addit ion t o  s t a t i c  s t r e s s e s  ex i s t ing  
p r i o r  t o  earthquake motion, random dynamic s t r e s s e s  a r e  exerted on the founds- 

- t i o n  s o i l s .  The shear  s t r eng th  of some sa tura ted  s e n s i t i v e  clays may be 
reduced under dynamic s t r e s s e s ,  and loose t o  medium dense sa tura ted  granular  
s o i l s  may experience a s u b s t a n t i a l  reduction i n  volume and s t rength  during an 
eal-thquake. Special considerat ion should be given t o  the  po ten t i a l  l o s s  of 
bearing capacity o r  set t lement of foundations on loose granular s o i l  o r  highly 
serrsi t ive clay. 

b. Wall Loads. See DM-7.2, Chapter 3 f o r  analys is  of wall prer rures  t o  
acc:ount fo r  earthquake loading. Allowable s t r e s s e s  i n  w a l l s  o r  re ta in ing 
s t r u c t u r e s  a r e  increased f o r  t r ans ien t  shocks per  NAVFAC DX-2 aeries.  

3. LIQUEFACTION POTENTIAL,. The reported damage t o  l i g h t  buildings on s o f t  
o r  loose s o i l s  has not been caused by seismic building loads but by differen- 
t i r r l  set t lement of the  surface  caused by ground shaking combined with the 
n a t u r a l  v a r i a b i l i t y  of subsoils .  Considerable damage of t h i s  s o r t  may a180 
occur t o  buildings founded on f i l l s .  In se ismical ly  a c t i v e  regions, every 
e f f o r t  should be made t o  compact any f i l l s  used fo r  s t r u c t u r a l  foundation sup- 
pol:t. In sa tura ted  loose t o  medium compact granular  s o i l s  seismic ehocks may 
prc~duce unacceptable shear  s t r a i n s .  In such carer  the  high rhearing deforma- 
t ions  and decreared rhear  r t r eng th  is  the  consequence of the  progrerr ive 
buj.ldup of high pore prer rure  generated by reiroric shaking and reirmic build- 
iq: loadr.  With no o r  l imi ted  drainage, c y c l i c  rhear  r t r e r r a r  can produce a 
prc~grerr ive  buildup of pore m t e r  prerrurer  r i g n i f i c a n t l y  reduciag the effec-  
t i v e  e t r e r e  which contro l r  the  s t rength .  For p r a c t i c a l  purporer, the effec- 
t iw  strerr a f t e r  seve ra l  cycler of ahear a t t a i n i n g  may ul t imate ly  be reduced 
t o  zero with t o t a l  l fquefact ion.  The progreseive weakening leading t o  lique- 
f ac t ion  i s  ca l l ed  c y c l i c  mobility. 

a. Factors  Affect ing Liquefaction. Character of ground motion, s o i l  
tyl#e, and i n  s i t u  s t r e s s  conditions a r e  the  three  primary fac to r s  cont ro l l ing  
the  development of cyc l i c  m b i l l t y  o r  l iquefact ion.  

The character  of ground motion (accelera t ion  and freqtrncy content )  
colitrols the  development of shear s t r a i n s  causing l iquefac t ion .  For the  same 
acc:eleration, higher magnitude e a r t h q u a k e  a r e  m r e  damaging because of the  
hillher number of appl ica t ions  of c y c l i c  s t r a i n .  

Rela t ive ly  f r e e  draining s o i l s  such a s  GW, GP a r e  much less l i k e l y  t o  
l iquefy than SW, SP o r  SM. Dense granular s o i l s  a r e  less l i k e l y  t o  l iquefy  



than looser  s o i l s .  Granular s o i l s  under higher  i n i t i a l  e f f e c t i v e  confining 
pressures  (e.g., lower water t a b l e  beneath su r f ace ,  deeper s o i l s ,  l a rge r  p a s t  
p ressure)  a r e  less l i k e l y  t o  l iquefy .  Case h i s t o r i e s  i n d i c a t e  t h a t  the  l ique.  
f a c t i o n  has occurred wi th in  a depth of SO f e e t  o r  l e s s .  

b. Evaluat ion of Liquefact ion Po ten t i a l .  With the  present s t a t e  of 
knowledge the  p red ic t ion  of l i que fac t ion  is an approximation. Two bas ic  
approaches a r e  used: 

( 1 )  Pmpirical methods baaed on eva lua t ion  of l i que fac t ion  case h is -  
t o r i e s ,  and i n  s i t u  s t r e n g t h  c h a r a c t e r i s t i c s  such a s  measured by the  Standard 
Penet ra t ion  r e s i s t a n c e  N, as out l ined  below: 

( a )  Compute t h e  c y c l i c  stress r a t i o ,  Ri, developed i n  t h e  
f i e l d  during design earthquake: 

where: = average c y c l i c  shear  s t r e s s  produced by design 
ground motion 

~b = i n i t i a l  s t a t i c  e f f e c t i v e  overburden s t r e s s  on sand 
l a y e r  under cons idera t ion  

no = t o t a l  overburden s t r e s s  on sand l a y e r  
under cons idera t ion  

'max = peak su r f ace  acce l e ra t ion  i n  g'a 

r d  = a s t r e s s  reduct ion f a c t o r  varying from a value 
of 1 a t  ground su r f ace  t o  a value of 0.9 a t  a 
depth of about 30 f e e t .  

( b )  Knowing the  value of s tandard pene t r a t ion  r e s i s t a n c e  N, 
c o r r e c t  N f o r  overburden us ing  Figure 12. Note t h a t  N is  s e n s i t i v e  t o  type of 
equipment used f o r  t he  s tandard penet ra t ion  t e s t ,  and o the r  f a c t o r s  ( s ee  
DM-7.1, Chapter 2).  

where CN i s  a c o r r e c t i o n  f a c t o r  based on the  e f f e c t i v e  overburden s t r e s s .  

( c )  Knowing magnitude M, and N1, e s t imete  c y c l i c  s t r e s s  r a t i o  
Rf required t o  cause l i q u e f a c t i o n  from Figure 13. 

( d )  Ca lcu la t e  f a c t o r  of s a f e t y  a g a i n s t  l i que fac t ion  Fs f o r  
each l aye r ,  t o  o b t a i n  an  appropr ia te  f a c t o r  of s a f e t y  compatible wlth t h e  type . 

of s t r u c t u r e .  



FIGURE 12 
Correlation Between CN and Effective Overburden Pressure 
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FIGUEU 13 
Correlation Between Field Liquefaction Behavior 

of Sand8 for Level Ground Conditioas and Modified 
Penetration Rerietance 



C o , ~ s u l t  NAVFAC HQ f o r  s e l e c t i o n  of app rop r i a t e  f a c t o r s  of s a f e t y  fo r  design of 
c r l t i c a l  s t r u c t u r e s .  Use of the  above procedure may be considered s a t i s f a c -  
t o r y  f o r  sand d e p o s i t s  up t o  40 f e e t .  For depths  g r e a t e r  than 40 f e e t ,  i t  is 
recommended t h a t  t h i s  procedure be supplemented by method (2)  below. 

(2)  Procedures Based on Laboratory Tes t s  and S i t e  Response Analy- 
sio. These procedures eva lua te  c y c l i c  stress condi t ions  l i k e l y  t o  develop i n  
t he  s o i l  under a s e l e c t e d  design earthquake and compare these  s t r e s s e s  with 
those observed t o  cause l i q u e f a c t i o n  of r ep re sen t a t i ve  samples i n  the labora- 
t o r y  (i .e.  r a t i o  Rf ). Laboratory test r e s u l t s  should be cor rec ted  f o r  t h e  
d i f f e r e n c e  between l abo ra to ry  and f i e l d  condi t ions.  For f u r t h e r  guidance see 
ReEerence 26, S o i l  L iquefac t ion  and Cycl ic  Mobi l i ty  Evaluat ion f o r  Level 
Ground During Earthquakes,  by Seed. - 

c. Slopes. Re l a t i ve ly  few massive s lope  f a i l u r e s  have occurred during 
earthquakes.  Many s u p e r f i c i a l  (shallow) s l i d e s  have been induced by seismic 
loads.  The performance of e a r t h  s lopes  o r  embankments subjec ted  t o  s t rong  
ground shak i r a  i s  b e s t  measured i n  terms of deformation, see Reference 27, - 
Simpl i f ied  procedures f o r  Est imat ing Dam and Embankment Earthquake Induced - 
Deformations. bv Makdisi and Seed. Sa tura ted  loose t o  medium dense cohe- - . . 
s i o n l e s s  s o i l s  a r e  sub jec t  t o  l i q u e f a c t i o n  and these  s o i l s  deserve s p e c i a l  
cons ide ra t i on  i n  design. Ext ra -sens i t ive  c l ays  a l s o  r equ i r e  spec i a l  t r e a t -  
me'lt . 

(1 )  Pseudos ta t ic  Design. See DM-7.1, Chapter 7 f o r  procedure.- 
P s~ tudos t a t i c  design,  inc lud ing  a l a t e r a l  f o r ce  a c t i n g  through the  cen t e r  of 
th~:  s l i d i n g  mass cont inues  t o  be used i n  p r a c t i c e  today. Acceptable f a c t o r s  
of s a f e t y  aga ins t  s l i d i n g  gene ra l l y  range from 1.0 t o  1.5 according t o  d i f f e r -  
e n t  codes and regula t ions .  The most important and most d i f f i c u l t  ques t ion  i n  
thLs type of a n a l y s i s  d e a l s  .with t he  shear  r e s i s t a n c e  of t h e  s o i l .  I n  many 
cases ,  t he  dynamic shear  r e s i s t a n c e  of t he  s o i l  i s  assumed equal  t o  t h e  s t a t i c  
shtsar s t r eng th ,  p r i o r  t o  t he  earthquake. This would no t  be a conservat ive 
assumption f o r  s a t u r a t e d  loose  t o  medium dense cohes ionless  s o i l s .  I n  ca se s  
of high embankments where f a i l u r e  may cause major damage and/or l o s s  of l i f e ,  
t h e  p suedos t a t i c  des ign  should be v e r i f i e d  by d e t a i l e d  dynamic ana lys i s  ( s e e  
Reference 28, Analysis  of S l i d e s  i n  t he  San Fernando Dams During the  Earth- 
s a k e  of February 9, 1971, by Seed). 

( 2 )  S t r a i n  p o t e n t i a l  design ( s ee  Reference 28). The a x i a l  s t r a i n  
which occurs  i n  t r i a x i a l  compression tests during undrained c y c l i c  shear  has  
a l s o  been used f o r  a n a l y s i s  and design,  e s p e c i a l l y  f o r  e a r t h  dams. The s t r a i n  
p o t e n t i a l  is only a measure of f i e l d  performance and is not assumed t o  w e l l  
r ep re sen t  permanent deformations. A two-dimensional f i n i t e  element model is  
normally used t o  c a l c u l a t e  seismic s t r e s s  h i s t o r i e s .  These s t r e s s e s  a r e  then 
s imulated,  as w e l l  a s  pos s ib l e ,  using e x i s t i n g  c y c l i c  shear  equipment i n  t h e  
labora tory .  The performance of t he  l abo ra to ry  specimens ( including l i que f  ac- 
t i o n )  is  then  assumed t o  be a measure of t he  performance of t he  f i e l d  con- 
s t r u c t i o n .  Correc t ions  may be appl ied  t o  c o r r e c t  l abo ra to ry  r e s u l t s  t o  b e t t e r  
r ep re sen t  f i e l d  condi t ions.  

4. SLOPE STABILITY. Well compacted cohes ionless  embankments o r  reasonably 
f l a t  s lopes  i n  i n s e n s i t i v e  c l ay ,  which a r e  s a f e  under s t a t i c  condi t ions a r e  
u n l i k e l y  t o  f a i l  under moderate seismic shocks (up t o  0.15 g o r  0.20 g accel-  
e r a t i on ) .  Embankment s lopes  made up of i n s e n s i t i v e  cohesive s o i l s  founded on 



cohesive s o i l  o r  rock can withstand higher seismic shocks. For ear then  
embankments i n  seismic regions,  provide i n t e r n a l  drainage and s e l e c t  core  
ma te r i a l  bes t  r e s i s t a n t  t o  cracking. In regions where embankments a r e  made u 
of s a t u r a t e d  cohesionless  s o i l ,  t h e  l i k e l i  hood f o r  l i que fac t ion  should be 
evaluated using d e t a i l e d  dynamic ana lys i s  ( s e e  Reference 28). Slope mate- 
rials vulnerable  t o  earthquake shocks a re :  

( a )  Very s t e e p  s lopes of weak, f r ac tu red ,  and b r i t t l e  rocks o r  
unsaturated l o e s s  a r e  vulnerable  t o  t r a n s i e n t  shocks due t o  opening of tension 
cracks. 

(b) Loose, s a tu ra t ed  sand may be l i que f i ed  by shocks with sud- 
den co l l apse  of s t r u c t u r e  and flow s l i d e s .  

( c )  S imi la r  e f f e c t s  a r e  poss ib le  i n  s e n s i t i v e  cohesive s o i l s  
with n a t u r a l  moisture exceeding the  l i q u i d  l i m i t .  

( d l  Dry cohesionless  ma te r i a l  on a s lope a t  the  angle of repose 
w i l l  respond t o  seismic shock by shallow sloughing and s l i g h t  f l a t t e n i n g  of 
t he  slope. 

t 
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CHAPTER 2. DEEP STABILIZATION AND GROUTING 

Section 1. INTRODU(X1ON 

1 SCOPE. Materials, procedures, and a p p l i c a b i l i t y  of methods f o r  s t a b i l i z -  
i x ~  s o i l  o r  rock a r e  described i n  t h i s  chapter. b t h o d s  include densif ica-  
t i o n ,  drainage, changing s o i l  proper t ies  a t  depth by grouting,  in jec t ion ,  
djaamic consolidat ion,  surcharging aud freezing. 

2, RELATED CRITERIA. For de ta i l ed  c r i t e r i a  concerning s t a b i l i z a t i o n  fo r  
s p e c i f i c  purposes, see  the  following sources : 

Subject Source 

Ma!thods of Decreasing o r  Accelerating Settlements......DH-7.1, Chapter 5 
&!servoir bpe~abilization...........................D7.19 Chapter 6 
Sl.ope Stabilization....................................DM-7.1, Chapter 7 
St .abi l iza t ion  by Drainage.............e..e.............D*7.1, Chapter 6 
&:ns i f i ca t ion  by Surface Compaction....................DM-7.2, Chapter 2 
S t a b i l i z a t i o n  by Relnforcemnt.........................DM7.2 Chapter 3 
St .abi l iza t ion  f o r   roads................................^^-5.4 

3 ,  APPLICATIONS. If  the s o i l  conditions a t  the  s i te  a r e  poor f o r  the  pro- 
posed s t r u c t u r e ,  i n  place t r e a t m n t  can be used t o  improve propert ies  such a s  
ixccreasing shear s t rength ,  increasing res i s t ance  t o  dynamic loading, decreas- 
ing expected settlemat, and decreasing seepage loss .  Improvements may be 
nc!cessary f o r  foundations of embankments and s t r u c t u r e s ,  or  where unsuitable 
sc~ils, such a s  co l l ap r ing  r o i l s ,  waste f i l l r  of dredged mater ia ls ,  o r  mine 
tccilings, a r e  encountered. These methods can a l s o  be used t o  s t a b i l i z e  elopes 
arcd a ides  of excavations. The re lec t ion  of a p a r t i c u l a r  mthod of s t a b i l i z a -  
tl.on o r  grouting i s  d ic ta t ed  by the  s o i l  o r  rock proper t ies ,  intended purpose, 
a l d  economics. The range of p a r t i c l e  s i z e s  f o r  which some methods of s t a b i l i -  
zcction a r e  appropriate is shown i n  Figure 1 (Reference 1, Improving So i l  Con- 
dl.tions by surface  and Subsurf ace Treatment Methode - Overview, by Mitchell) . - 

Section 2. DEEP STABILIZATION 

1 ,  PROCEDURES. Several mtbods  a r e  avai lable  f o r  improving the proper t ies  
0:: s o i l s  a t  depth. The choice of method depends upon the  type of s o i l  t o  be 
ilaproved (rand, c lay ,  e t c ) ,  type of s t r u c t u r e  t o  be b u i l t ,  a rea  and depth of 
t s rea taent  required,  ma te r i a l  avai lable  f o r  use i n  the  treatment, e f f e c t  of 
t::eatnent on the  enviroanant and adjacent r t ruc tu ree ,  time avai lable ,  and the  
cos t .  

2. DENSITY CONTROL. The r e l a t i v e  increase i n  s o i l  dens i ty  a t  depth due t o  
ally of the  t r ea tnan t s  can be a p p r o x h t e d  by c o r r e l a t i o n  with Cone Penetrat ion 
Tlsste, Standard Penetrat ion Tests ,  prersuremeter and o ther  i n  s i t u  probes ( see  
D157.1, Chapter 2). Tests  muat be performed before and a f t e r  s o i l  treatment. 





3. VIBRO-DENSIFICATION. S t a b i l i z a t i o n  by dens i fy ing  in -p l ace  is  used pr i -  
marl ly  f o r  g r anu la r  s o i l s  where excess  pore water may d r a i n  rapidly.  It i s  
e f f e c t i v e  when t h e  r e l a t i v e  dens i ty  is less than 70%. A t  h igher  d e n s i t i e s ,  
compactloa may not  be needed and may even be d i f f i c u l t  t o  achieve. By proper 
t rea tment ,  t he  dens i ty  of t he  s o i l  i n  p l ace  can be increased considerably t o  a  
s u f f i c i e n t  depth s o  t h a t  most types of s t r u c t u r e s  can be supported s a f e l y  
without undergoing unexpected se t t l ements .  Table 1 summarizes t he  procedures 
and a p p l i c a b i l i t y  of t he  most commonly used i n - p l a c e  d e n s i f i c a t i o n  methods. 
Figure 2 (Reference 1 )  i n d i c a t e s  t he  range of g r a i n  s i z e  d i s t r i b u t i o n  f o r  
s o i l s  amenable t o  vibro-densif icat ion.  Ef fec t iveness  i s  g r e a t l y  reduced i n  
p a r t l y  s a t u r a t e d  s o i l s  i n  which 20% o r  more of the  material passes  a  No. 200 
s ieve.  

a. Vibra t ing  Probe (Terraprobe). A 30-inch O.D., open-ended pipe p i l e  
wi th  318 inch  wall th ickness  is suspended from a v i b r a t o r y  p i l e  d r i v e r  operat-  
ing a t  25 Hertz (Hz). Use a probe l e n g t h  10 t o  15 f e e t  g r e a t e r  than the-  s o i l  
dep th  t o  be s t a b i l i z e d .  Vibrat ions of 318 t o  1 inch amplitude occur i n  a ver- 
t i c a l  mode. Space probes a t  3 t o  10 f e e t  i n t e r v a l s .  Af t e r  sinkage to  the  de- 
s i r e d  depth, hold t h e  probe f o r  30 t o  60 seconds before  e x t r a c t i o n  i n  1.5 t o  3 
minutes. Back f i l l i ng  is not required. E f f ec t i ve  t reatment  depths  range from 
12 t o  60 f e e t .  Areas i n  t h e  range of 450 t o  700 square  yards  may be t r e a t e d  
per machine pe r  8-hour s h i f t .  Es t ab l i sh  test s e c t i o n s  about 30 t o  60 f e e t  on 
a  s i d e  t o  eva lua t e  e f f e c t i v e n e s s  and required probe spacing. Consider a  
square p a t t e r n  with a  f i f t h  probe a t  t h e  cen t e r  of each square. Sa tura ted  
s o i l  condi t ions  a r e  necessary. Underlying s o f t  c l a y  l a y e r s  may dampen v ibra-  
t i a n s .  

b. Vibrodisplacement Compaction. The methods i n  t h i s  group a r e  s i m i l a r  
t o  those descr ibed  i n  the  preceding sec t icn .  The v i b r a t i o n s  a r e  supplemented 
by a c t i v e  displacement of t h e  s o i l  and, i n  t h e  case  of v i b r o f l o t a t i o n  and 
coupact ion p i l e s ,  supplemented by b a c k f i l l i n g  t he  zones from which the  s o i l  
has been displaced.  

(1)  Compaction P i les .  P a r t l y  s a t u r a t e d  o r  f ree ly-dra in ing  s o i l s  can 
be e f f e c t i v e l y  dens i f i ed  and strengthened. Drive displacement p i l e s  a t  3  t o  6  
f e e t  cen te rs .  Use e i t h e r  an impact hammer o r  a  v ib ra to ry  d r ive r .  Introduce 
sartd o r  o ther  b a c k f i l l  material i n  l i f t s  wi th  each l i f t  compacted concur ren t ly  
w1t.h withdrawal of t h e  p ipe  p i l e .  The r e s u l t i n g  compacted column expands 
1 a t : e r a l l y  below t h e  p ipe  t i p .  

( 2 )  Heavy Tamping. Drop a  heavy weight (10-40 tons  o r  more) from a 
he ight  of 50 t o  130 f e e t  a t  p o i n t s  spaced 15 t o  30 f e e t  a p a r t  over t h e  a r e a  t o  
be dens i f ied .  Apply a t o t a l  energy of 2  t o  3  blows per  square  yard. I n  sa tu-  
r a t ed  g ranu la r  s o i l s  t he  impact energy w i l l  cause l i q u e f a c t i o n  followed by 
se1:tlement a s  t h e  water  drains .  Radial  f i s s u r e s  t h a t  form around t h e  impact 
p o i n t s  w i l l  f a c i l i t a t e  drainage. The method may be used t o  t r e a t  s o i l s  both 
abtwe and below t h e  water t ab le .  I n  g ranu la r  s o i l s ,  t h e  depth t o  which densi- 
f  i c a t i o n  is  s i g n i f  i c a n t  is  con t ro l l ed  mainly by t h e  energy per  drop. Use t h e  
f  o:llowing r e l a t i o n s h i p  t o  estimate e f f e c t i v e  depth of compaction: 
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TABLE 1 (continued) 
S t a b i l i z a t i o n  i n  Depth by Vibro-Densitication 

2 

Modif icat ion of 
S o i l  P rope r t i e s  

Re la t i ve  dens i ty  may be 
increased  t o  70 t o  90 per- 
cent.  Re l a t i ve ly  uniform 
inc rease  i n  densi ty .  Maximum 
depth of improvement about 90 
f ee t .  

Re l a t i ve  dens i ty  i nc rease  t o  
70% o r  higher  depending upon 
s o i l  and spacing of v ib ra to r .  
Improvement t o  a  maximum depth 
of 100 f t .  Uniform inc rease  i n  
r e l a t i v e  dens1 ty. Allowable 
bear ing  pressure  3 TSF o r  more 
depending upon the  t reatment  
received. 

Appl ica t ions  and 
Limi ta t ions  

Can be used both above 
and below the  ground- 
water l eve l .  In  granular  
s o i l s  high energy impact 
causes  p a r t i a l  l iquefac-  
t ion.  Low frequency 
v i b r a t i o n s  a r e  produced 
which make t h e  use of 
t h i s  method less desir-  
a b l e  i n  urban a r e a s  and 
near  e x i s t i n g  s t ruc tu re s .  
Not a proven technique 
i n  s a t u r a t e d  fine-grained 
s o i l s .  

Grea tes t  e f f e c t  i n  
r e l a t i v e l y  uniform 
coarse-grained s o i l s  
with less than about 20 
percent  pass ing  the  No. 
200 sieve.  I n  d i r t i e r  
ma te r i a l  wi th  more f i n e s ,  
t he  excess water cannot 
be expel led t o  permit 
dens i f i ca t i on .  Sui tab le  
above o r  bt-low the  ground 
water table .  

Met hod 

Heavy Tamping 

Vib ro f lo t a t i on  

Procedure Used 

Heavy weights ( t y p i c a l l y  
10-40 tons)  a r e  dropped 
repea ted ly  from he igh t  of 
50 t o  130 f t  on p o i n t s  
15 t o  30 f t  apar t .  
Tamper mass times t h e  
he ight  of f a l l  should be 
g r e a t e r  than the  square  
of t he  thickness  of t h e  
l a y e r  t o  be densif ied.  A 
t o t a l  energy of 2 t o  3 
blows per square yard is 
considered adequate. 

Large v ib ra t i ng  spud is  
j e t t ed  i n t o  the  ground. 
Duringwithdrawl,  water 
jets d i r ec t ed  downward 
from t h e  spud combined 
with v i b r a t i n g  a c t i o n  
c m p a c t  mater ia l  below 
poin t  of spud while sand 
i s  fed around spud from 
surface.  It may be used 
f o r  d e n s i f i c a t i o n  of an  
e n t i r e  a r e a  o r  under 
i s o l a t e d  foot ings.  
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S t a b i l i z a t i o n  i n  Depth by Vibro-Densif i c a t i o n  

Met hod 

V i b r o f l o t a t  i o n  
w i t h  

S t o n e  Columns 

? 

-I 

W 
I * 
0 

Procedure  Used 

Holes a r e  j e t t e d  i n t o  
t h e  s o i l  us ing wa te r  o r  
a i r ,  and b a c k f i l l e d  with 
dense ly  compacted c o a r s e  
gravel .  

A p p l i c a t i o n s  and 
L i m i t a t i o n s  

Used i n  s o f t  f i n e  g r a i n e d  
s o i l s  ( c l a y s  and s i l t s ) .  
F a s t e r  than  pre loading.  

Modif ica t ion of S o i l  P r o p e r t i e s  

Increased a l l o w a b l e  b e a r i n g  
c a p a c i t y  and reduced settle- 
ment. Maximum d e p t h  of improve- 
ment about 65 f t .  The p r o p e r  
t i e s  of s o i l  a r e  r e l a t i v e l y  
unchanged. 





D = depth of in f luence ,  i n  f e e t  
W = f a l l i n g  weight i n  tons  
h = height  of drop i n  f e e t  

Re la t ive  d e n s i t i e s  of 70 t o  90 percent  can be obtained. Bearing capac i ty  in- 
c reases  of 200 t o  400 percent a r e  usua l  f o r  sands. A minimum treatment a r ea  
of 4 t o  8 ac re s  i s  necessary f o r  economical use of t he  method. This method is 
1 , r e~en t ly  considered experimental i n  s a t u r a t e d  clays.  Because of t he  high- 
irmplitude, l o r f r e q u e n c y  v i b r a t i o n s  ( 1  t o  12Hz), maintain minimum d i s t ances  
:!ran adjacent  f a c i l i t i e s  a s  follows: 

P i l e s  o r  br idge abutment 15 - 20 f e e t  
Liquid s to rage  tanks 30 f e e t  
Reinforced concre te  bui lding 50 f e e t  
Dwellings 100 f e e t  
Computers (not  i s o l a t e d )  300 f e e t  

(3)  Vibrof lo ta t ion .  Vibrof lo ta t ion  is  used t o  densify granular  
s o i l s .  For t he  optimum s o i l  g rada t ion  f o r  d e n s i f i c a t i o n  s e e  Figure 2. A 
crane-suspended c y l i n d r i c a l  pene t ra tor  ahout 16 inches i n  diameter and 6 f e e t  
long,  c a l l e d  a v i b r o f l o t ,  is  a t tached  t o  an adapter  s e c t i o n  containing lead  
wires and hoses. E l e c t r i c a l l y  dr iven  v ib ra to r s  have RPM1s i n  the  o r d e r  of ? 
1,800 t o  3,000. Hydraul ical ly  dr iven  v i b r a t o r s  have v a r i a b l e  frequencies .  1 
Total  weight is  genera l ly  about two tons. Power ranges between 30 and 134 Hp 
a r e  a v a i l a b l e  wi th  corresponding c e n t r i f u g a l  fo rce  ranging from 10 t o  31 tons A w 
and peak-to-peak amplitude ranging from 3 t o  10 inches.  To s i n k  the  v i b r o f l o t  

.a t o  t he  des i r ed  t reatment  depth,  a water j e t  at the  t i p  is opened and a c t s  i n  
c ~ n j u n c t i o n  with t h e  v ib ra t ions  so  t h a t  a hole  can be advanced a t  a r a t e  of 18 
inches per  minute. The bottom j e t  i s  then closed and the  v i b r o f l o t  is with- 
drawn a t  a r a t e  of about one f t l m i n  f o r  30 Hp v i b r o f l o t s  and approximately 
t q i c e  t h a t  r a t e  f o r  v i b r o f l o t s  over 100 Hp. Concurrently,  a sand o r  grave l  
b a c k f i l l  i s  dumped i n  from the  ground su r f ace  and dens i f ied .  Backf i l l  con- 
s ~ m p t i o n  is  a t  a r a t e  of about 0.5 t o  1.5 cubic yards per  minute. In p a r t l y  
s # ~ t u r a t e d  sands,  water jet's a t  t h e  top of t he  v i b r o f l o t  can be opened t o  
f a c i l i t a t e  l i q u e f a c t i o n  and d e n s i f i c a t i o n  of the  surrounding ground. Most of 
t h e  compaction takes  place within the  f i r s t  2 t o  5 minutes a t  any e l eva t ion .  
See Figure 3 (Reference 1)  f o r  guidance on the r e l a t i o n s h i p  between v i b r a t i o n  
c e n t e r  spacing versus r e l a t i v e  densi ty .  For guidance on t h e  r e l a t i o n s h i p  
between spacing and al lowable bearing pressure  with respec t  t o  se t t lement  s ee  
Reference 1. E q u i l a t e r a l  g r id  probe pa t t e rns  a r e  bes t  f o r  compacting l a r g e  
a::eas, while  square and t r i a n g u l a r  pa t t e rns  a r e  used f o r  compacting s o i l s  f o r  
i r ~ o l a t e d  foot ings.  See Table 2 ( a f t e r  Reference 1 )  a s  a guide f o r  p a t t e r n s  
and spacings required f o r  an allowable pressure  of 3 t s f  under square foo t ings  
usling a 30 Hp un i t .  

( 4 )  Vibro-Replacement (Stone Columns). The vibro-replacerpent method 
i t \  a modif icat ion of t h e  v i b r o f l o t a t i o n  method f o r  use i n  s o f t  cohesive s o i l s .  



FIGURE 3 
Relat ive  Density vs. Probe Spacing for S o i l  S tab i l i za t ion  

by Three Methods 



TABLE 2 
Examples of Vibroflotation Patterns and 

Spacings for  Isolated Footings 

I Desired allowable bearing pressure = 3 TSF I 
Square Footing C ( s i z e  - f t . )  

--- 
Line 

Number of 
Vibroflotat ion Points 

c-c Spacing 
( f e e t )  

1 Square I 

Pattern 

7 * 5  I Square plus 
one @ center 



Use a v i b r o f l o t  t o  make a c y l i n d r i c a l ,  v e r t i c a l  hole  by j e t t i n g  t o  the des i red  
depth. Dump i n  0.5 t o  1 cubic yard of coarse granular  b a c k f i l l  (wel l  graded 
between 1/2 and 3 inches) ,  l e t  the  v i b r o f l o t  compact the grave l  v e r t i c a l l y  
and. r a d i a l l y  i n t o  t h e  surrounding s o f t  s o i l .  Continue the process  of back- 
f i l . l i n g  and compaction by v ib ra t ion  u n t i l  the  dens i f ied  s tone  column reaches 
the: surface.  The diameter of the  r e s u l t i n g  column w i l l  range from about 2 
fedit f o r  s t i f f e r  c l ays  (undrained shear  s t r e n g t h  g r e a t e r  than 0.5 t s f )  t o  3.5 
f e e t  f o r  very s o f t  c l ays  (undrained shear  s t r e n g t h  l e s s  than  0.2 t s f ) .  The 
bout s o i l  surrounding the  dense grave l  columns is  r e l a t i v e l y  unaffected by the 
a c t i o n  of t he  v ibra tor .  Space s tone  columns on 3 t o  9 f e e t  on centers ,  i n  
square o r  t r i a n g u l a r  g r i d  p a t t e r n s  under mat foundations. Cover the  e n t i r e  
fotmdation area with a blanket of sand o r  grave l  a t  l e a s t  one foot  t h i ck  t o  
he:.p d i s t r i b u t e  loads and t o  f a c i l i t a t e  drainage. Calculate  the  al lowable 
s t r e s s  on a s tone  column qa by: 

258, 
qa '- 

s 

where : su = undrained shear  s t r e n g t h  of surrounding s o i l  

Fs = f a c t o r  of s a f e t y  

A f ac to r  of s a f e t y  of 3.0 i s  recommended. 

( 5 )  Vibro f lo t a t ion  and Vibro-Replacement. Where both cohesive and 
granular  s o i l s  e x i s t ,  vibro-compaction is combined with vibro-replacement 
us ing  granular  f i l l  (1/2 t o  2 inches).  I n  add i t i on  t o  compaction of n a t u r a l  
s o i l  between probe p o s i t i o n s ,  a s tone  column is  a l s o  formed a t  po in ts  of 
pene t ra t ion .  Where layered sands and silts occur ,  such a s  e s tua r ine  depos i t s ,  
t h i s  method is usefu l .  

( 6 )  Figure 3 (Reference 1 )  p re sen t s  a comparison of var ious  methods 
of v ib rodens i f i ca t ion  i n  regard t o  r e l a t i v e  dens i ty  and probe spacing. 

4. DRAINAGE. A s o i l  mass can be s t a b i l i z e d  by drainage,  reducing the  water 
cclntent, o r  increas ing  e f f e c t i v e  s t r e s s .  Methods inc lude  drawing down the  
ws.ter t a b l e ,  reducing excess  pore water pressures  b u i l t  up under load, and 
drainage by electro-osmotic fo rces  ( see  Table 3). Further  guidance on drain-  
ag;e is  given i n  DM-7.1, Chapter 6. 

a. Gravi ty Drainage. Mater ia l s  s t a b i l i z e d  range down t o  s i l t  s i z e s ,  but 
a:.so inc lude  s t r a t i f i e d  sand-si l t -c lay,  o r  c l ay  and rock with water-bearing 
f~ : ac tu re s ,  f i s s u r e s ,  o r  lenses.  

b. Reduction of Excess Pore water Pressures.  Surface load is appl ied  a t  
the   round su r f ace  i n  t h e  form of an e a r t h  f i l l  o r  water f i l l .  This r e s u l t 8  
i.1 bGildup of excess  pore water pressure.  Drainage of pore water is acceler-  
a t e d  by v e r t i c a l  d r a i n s  o r  sanded wellpoints .  A l t e rna t e ly ,  a vacuum may be 
appl ied  t o  the  s o i l  causing t h e  atmospheric p re s su re  t o  a c t  a s  load. These 
methods a r e  used i n  compressible,  fine-grained s o i l s  inc luding  organic  mate- 
r i a l s .  
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S t a b i l i z a t i o n  by Drainage 

f- 

Me thod 

S t a b i l i z a t i o n  
by Wells 

Reduct i on  
o f  Excess 
Pore  water  
P re s su re s  by 
Drainage 

Procedure Used 

Grounduater l e v e l  is drawn down 
by flow t o  deep wells, w e l l  
p o i n t s , o r s u m p s w h i l e \ J e t e r i s  
pumped from them. 

V e r t i c a l  sand dra ins  ( s e e  
DM-7.1, Chapter 5 )  o r  sanded 
wel lpo in t  ho l e s  under 
superposed load ,  o r  sanded 
wel lpo in t  ho l e s  with vacuum 
s e a l  a r e  i n s t a l l e d  i n  
compressible stratum. Pore 
pressures  exceeding boundary 
pressures  i n  t h e  d r a i n  ho l e s  
cause  dra inage  of pore water. 

Applicat ions and 
Limi ta t ions  

Modif icat ion of 
S o i l  P rope r t i e s  

Generally e f f e c t i v e  i n  mate- 
r i a l s  with no more than about 
25 p e r c e n t s m a l l e r t h a n 0 . 0 5  
mm. I n  laminated o r  varved 
f i n e  sandy s i l t s  o r  varved 
sand-si l t -c lay mixture ,  draw- 
down may be e f f e c t i v e  with a s  
much a s  50 percent  of t h e  
average mater ia l  sma l l e r  than 
0.05 mm. 

S e l e c t i o n  of method depends 
on arrangement of permeable 
s t r a t a ,  t o t a l  dep th  of 
drawdown requi red ,  and 
cha rac t e r  of excava t ion  t o  
be protected. 

Applicable t o  s o f t  and 

Increases  r i g i d i t y  and 
s t r e n g t h  of ma te r i a l  by 
i n c r e a s i n g e f f e c t i v e  
stresses a c t i n g  i n  t h e  
s o i l .  Prevents  e ros ion  
and piping from breakout 
of seepage i n  t he  excava- 
t ion .  I f  suff  i c i e n t  t i m e  
is a v a i l a b l e ,  drawdown 
w i l l  conso l ida t e  compres- 
s i b l e  s i l t - c l a y  s t r a t a .  

Acce le ra tes  dra inage  of 
compressible,  uns t ab l e  f i n e  pore water pressure by 
grained s o i l s  wi th  h igh  void 
r a t  10, including o rgan ic  
mater ia ls .  

providing c l o s e l y  spaced 
d r a i n s  a t  atmospheric o r  
less than atmospheric 
pressure.  This  speeds 
consol ida t ion  and increase 

I 1 i n  shear  s t r eng th .  

I 



c. Drainage by Electro-osmosis. Soi ls  t rea ted  include s i l t  and clay too 
f:.ne to  be drained by gravi ty  wlth a coe f f i c i en t  of p e r ~ w a b i l i t y  i n  the range 
o:C 2x10'4 t o  2xl0'~fpm. Electro-osmosis develops tension i n  pore water, 
c r ~ w i n g  coaro l id r t ion  and gain i n  s t r eng th  of compressible so i l s .  Careful 
r1:udy of r o i l  c h a r a c t e r i s t i c s  i r  required t o  evaluate s u i t a b i l i t y  of electro-  
or~moaim. EIighly p l u t i c  c layr  requi re  approximately ten  times the energy 
input  of nonplar t ic  silts. Method is  usually expensive. ' In  many caser ,  other  
s l : a b i l i u t i o n  mthade a r e  more cos t  e f fec t ive .  

5 ,  SPECIAL METHODS 

a. Inundation of Foundation Soils.  This method is used p r i ~ ~ l r r i l y  i n  two 
r:Ltuationr , ar follows : 

(1) In  conjunction with pumping from wellpoints t o  densify loose, 
c~,arre-grained f i l l s .  Seepage d i rec ted  downward towards wellpointo applies  a 
clmsolidating force.  

(2)  For prewetting l o e s s i a l  s i l ts  and other  co l l aps ib le  s o i l s  and 
f.Lne sands of low densi ty and low na tu ra l  moisture content.  Inundation may 
r e s u l t  i n  a compression of about 4 t o  8 percent of the o r ig ina l  thickness of 
loose  silts. Inundation of clayey loess  may not be e f f e c t i v e  unless a sur-  
charge is applied i n  conjunction with the wetting. The purpose of t h i s  t r e a t -  
mtnt is t o  induce col lapse ,  thus increasing the  densi ty of the  foundation s o i l  
f 3 r  support of a s t r u c t u r e  o r  f o r  excavating (see  DM-7.2, Chapter 1). Current 
mtthods of treatment of co l l aps ib le  s o i l  a r e  described i n  Table 4 (Reference 
2 ,  S o i l  Improvement, Hlatory, Capabil i ty and Outlook, by the  American Society 
o E ?2ivil Engineers ) . 

b. Balancing Pressure of Compressed M r .  Compressed a i r  is  applied t o  
s t a b i l i z e  excavations f o r  tunnels and deep v e r t i c a l  shaf ts .  The following 
s hould be noted : 

(1) The method is  e f fec t ive  over a wide range of s o i l  types but i s  
most f requent ly  applied t o  silts and clays near the l iqu id  l i m i t ,  o r  t o  f i n e  
sandy si l ts  tha t '  a r e  d i f f i c u l t  to  dra in  by gravity.  

( 2 )  In coarse sand and gravel ,  c lay  blanketing of open faces may be 
necessary t o  avoid a i r  l o s s  o r  blowouts. 

(3 )  Generally, compressed a i r  is not applied f o r  hydrostat ic  heads 
exceeding 50 ps i .  

c. Freazin . Stab i l i za t ion  by freezing has been performed au a con- 
s t r u c t i o n  + cxpe i e n t  i n  excavation and sha f t  sinking where compressed a i r  is 
ao t  p rac t i ca l ,  o r  where s o i l r  a r e  too fine-grained t o  be drained by gravi ty  o r  
s o  pervious t h a t  the  flow cannot be control led.  Methods include c i r cu la t ion  
c b  ch i l l ed  calcium chlor ide  br ine  i n  boreholes, expaneion of carbon dioxide 
i n t o  a c i r c u i t  of f reez ing piper ,  o r  d i r e c t  appl ica t ion  of s o l i d  carbon diox- 
i.de and alcohol. Freezing 18 r e l a t i v e l y  cos t ly  and is  general ly u t i l i z e d  only 
where conditions a r e  d i f f i c u l t  f o r  a l t e r n a t i v e  procedures and a r e  conducive t o  
freezing. For f u r t h e r  guidance see Reference 3; Late ra l  Support System and 
Ihderpinning, Vol. 111, Conrtruction Methods, by Goldberg, e t  al. - 



Table 4 
Methods of Treating Collapsible Foundation So i l s  

0 t o  5 f e e t  

- 

5 t o  30 f e e t  

Depth of Subsoil - Treatment Desired 

1. Moistening and compaction (conven- 
t iona l ,  extra-heavy, impact, o r  
v ibra tory  r o l l e r s )  

Foundation Treatment Method 

1. Overexcavation and recompaction (with 
o r  without s t a b i l i z a t i o n  by addi t ives  
such a s  lime o r  cemcnt) 

1 2. Vibroflotat ion ( f ree-dra in ing s o i l s )  I 
4. Displacement p i l e s  I 

1 5 .  In jec t ion  of s i l t  o r  llme I 
6 .  Pondlng-or flooding ( i f  no impervious 

l aye r s  e x i s t  ) I 
Over 30 f e e t  

1. Any of the  above o r  combination of 
the above methods, where applicable I 

1 2. Ponding and i n f i l t r a t i o n  wells I 



Section 3. STABILIZATION BY GROUTING 

1. APPLICATION. Grouting i s  done t o  increase shear s t rength ,  to  deneify, t o  
s t i f f e n ,  o r  t o  decrease the  permeability of s o i l  o r  rock. It is of ten  used as  
a ramdid expedient i n  construct ion,  t o  deal  with unanticipated problew of 
flowing water, o r  l o s s  of formation strength.  The process is a l s o  gaining 
acceptance a s  a preconstruction procedure t o  eliminate problems t h a t  might 
otherwise occur during the  construct ion phase. 

The use of grouting,  e i t h e r  a s  a planned pa r t  of construct ion procedure o r  a s  
a remedial measure, i s  dependent upon i t s  being cos t  e f fec t ive  compared t o  
o the r  a l t e rna t ives .  In general ,  grouting is  most l i k e l y  t o  be cost  e f f e c t i v e  
i n  t r e a t i n g  tones of l imited volume a t  sube tan t i a l  distances f r an  an acces- 
si b l e  locat ion.  

Al.1 grouting i s  done f o r  one o r  more of the  following reasons: 

a. Impermeabilization and Water Cutoff. Reduction of seepage o r  l a rge r  
fl.ows i n t o  excavations is general ly done with chemfcal grouts. Required pres- 
srlres vary with formation and depth, and locat ion  with respect  t o  the  excava- 
t ion.  Grout cur ta ins  around and under dam a r e  general ly la rge  operat ions,  
ttroroughly preplanned. Three o r  more rows of grout holes may be used with 
ccinter row serving the  addi t ional  function of monitoring grouting r e s u l t s  i n  
the  outer  rows. 

b. Strengthening Formations and Reducing Settlements. Strengthening is 
of ten  done with chemicals, sometimes with cemnt  grouts ,  i f  those w i l l  pene- 
t r a t e ,  and usually a t  low~pressures  t o  avoid f rac iur ing .  Reducing set t lements 
1 8 1  done with e i t h e r  chemicals .or cement grouts. In some cases,  f rac tur ing  may 
b~ de l ibe ra te  t o  cause excursions of lenses o r  f inger s  of s o l i d  grout and thus 
doneify the  formation. Strengthening is of ten  required under ex i s t ing  founda- 
t:.ons where nearby cu t s  a r e  being made, o r  where scour, e ror ion ,  o r  r e t t l e -  
w!nt has reduced the  o r i g i n a l  bearing capacity of the  s o i l .  The purpose of 
the  grouting i s  t o  increase  the shear s t r eng th  by increasing the cohesion com- 
ponent of s trength.  Grouting, when properly done around underground excava- 
t:lons, can reduce surface  settlements. 

c. F i l l i n g  Voids. Generally done with cement based grouts.  Sealing 
foundation s t r a t a  near the  surface  i s  termed a rea  o r  blanket (low pressure) 
gs:outing. Grouting between a man-made s t r u c t u r e  and the formation (e.g., 
t imnels)  i s  termed contact  grouting. 

3 ,  FIELD INVESTIGATION. It is e s s e n t i a l  t o  know the  types of mater ia ls  
present  before planning a grouting program. Field inves t iga t ions  may be 
r lqui rmi  t o  de tera lne  the  na ture ,  scope, and cause of the  problem fo r  which 
grouting is being considered and to  evaluate g r o u t a b i l i t y  of the  formation. 

S s i l  boring and sampling should be used t o  def ine  the  locat ion  of the  s t r a t a  
o r  mss t o  be grouted. Samples should be c l a s s i f i e d  f o r  gra in  s i z e  and plan- 
t l c i t y  ( f o r  grouting purposes, f i e l d  c l a s s i f i c a t i o n  by a qua l i f i ed  s o i l s  engi- 
nser  o r  geologist  is  general ly adequate). Laboratory pe r~reab i l i ty  tests a r e  
genera l ly  of l imited addi t ional  value i f  gra in  s i z e  information is  available.  



Fie ld  permeabil i ty  t e s t s ,  p a r t i c u l a r l y  those which a r e  packer i so l a t ed  ( see  
DM-7.1, Chapter 2 ) ,  a r e  highly des i rab le .  A f a c t o r  of major importance i n  
such t e s t s  is t h a t  they must be continued u n t i l  f i e l d  equi l ibr ium condit ions 
a r e  e s t ab l i shed .  

The most meaningful t e s t  f o r  determining formation g r o u t a b i l i t y  i s  a f i e l d  
pumping t e s t .  In such t e s t s ,  a f l u i d  with a v i s c o s i t y  s imi l a r  to  t h a t  of the 
proposed grout  is  pumped d i r e c t l y  i n t o  the  formation a t  r a t e s ,  pressures ,  and 
volumes cons i s t en t  wi th  the  proposed f i e l d  work. These t e s t s  should be per- 
formed with t h e  equipment t h a t  w i l l  be used f o r  t he  a c t u a l  grouting. A suc- 
c e s s f u l  pumping t e s t  is  v i r t u a l l y  always i n d i c a t i v e  t h a t  the  formation is 
groutable .  

3. EVACUATING FORMATION GROUTABILITY. The economic f e a s i b i l i t y  of grout ing  
depends t o  a l a r g e  ex ten t  upon the  r a t e  a t  which the  formation w i l l  accept  
grout.  The following broad gene ra l i za t ions  can o f t en  a i d  preliminary evalua- 
t i ons .  

a .  Grain Size. Granular depos i t s  c l a s s i f i e d  a s  f i n e r  than coarse sand 
o r  equivalent  rock f i s s u r e  openings cannot be grouted with suspended s o l i d s  
type of grouts .  Granular depos i t s  c l a s s i f i e d  a s  f i n e r  than medium sand ( o r  

t 
equivalent  rock f i s s u r e  opening o r  sandstone) cannot be grouted with the  more 
viscous chemical grouts .  Mater ia l s  c l a s s i f i e d  a s  c l ay  cannot be grouted. C 

b. Permeabili ty.  Formations with pe rmeab i l i t i e s  of 10-I cmlsec and 
more w i l l  accept  suspended s o l i d s  grouts.  Formations with permeabi l i t i es  more I 
than  10'~ cm/sec w i l l  accept  t he  more viscous chemical grouts .  Formations 

. 
with permeabi l i t i es  more than  10-4 cmlsec w i l l  accept  t he  l e s s  viscous 
chemical grouts .  Formations with penneab i l i t i e s  of 10'5 cmlsec and l e s s  a r e  
genera l ly  ungroutable. 4 I 

c. Viscosi ty .  Coarse sands and grave ls  w i l l  accept  ( i n  addi t ion  t o  sus- -- 
pended s o l i d s  g rou t s )  chemical grouts  with v i s c o s i t i e s  up t o  50 cen t ipo i se s  
per second (cpa) .  Medium sands-wi l l  accept  up t o  15 cps. Fine sands w i l l  
accept  up t o  5 cps. S i l t s  w i l l  accept  up t o  2 cps. 

d. Grouting Mater ials .  Cement grouts  a r e  s u i t a b l e  f o r  coarse sands and 
gravels .  The Joosten process and most o ther  high s t r e n g t h  s i l i c a t e  formula- 
t i o n s  a r e  s u i t a b l e  f o r  medium sands. Medium v i s c o s i t y  (and low s t r eng th )  
s i l i c a t e  formulat ions,  t h e  aminoplasts and the  phenoplasts a r e  s u i t a b l e  f o r  
f i n e  t o  medium sands. The polyacrylamides a r e  s u i t a b l e  f o r  f i n e  sands and 
coarse  silts. None of t he  grouts  w i l l  pene t ra te  clay.  

4. MATERLALS, EQUIPMENT, AND PROCEDURES. Table 5 descr ibes  t h e  m a t e r i a l s ,  
procedures and a p p l i c a b i l i t y  of t h e  most commonly used grout ing methods. 

a.  Se l ec t ion  of Grouting Mater ials .  The choice of a grout ing material 
depends upon t h e  s i z e  of the voids and t h e  purpose of grouting. For f i l l i n g  - 
l a r g e  void., o r  grout ing  formations of coarse sand o r  l a r g e r  p a r t i c l e s ,  o r  
grout ing rock f i s s u r e s  ha l f  a m i l l i n e t e r  (0.02 inch)  o r  l a r g e r ,  suspended 
p a r t i c l e  grouto such a s  cement, bentoni te  and sanded cement may be used. 
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TABLE 5  (continued) 
S i a b i i i a a i i u ~ ~  by ZruuL;u6 

Appl i cab i l i t y  

U t i l i z ed  t o  decrease permea- 
b i l i t y  i n  sands wi th  D1O s i z e  
a s  small  a s  about 0.1 om. 
Increase  i n  s t r e n g t h  is  re la -  
t i v e l y  i n s i g n i f i c a n t .  Current ly  
very l im i t ed  use i n  t he  U.S. 

Used t o  decrease permeabi l i ty  i n  
sands with Dl0 s i z e  a s  small  
a s  about 0.008 nun. Compressive 
s t r e n g t h  of grouted sand is  very 
low. Not a permanent grout.  

Used pr imar i ly  f o r  increas ing  
s t r e n g t h  of g ranular  depos i t s .  
W i l l  p ene t r a t e  sand down t o  Dl0 
s i z e  of 0.08 mm. W i l l  give 
s t r e n g t h s  up t o  200 p s i ,  and 
decrease permeabi l i ty  t o  
10-4 - 10-5 cm/sec. 

Procedure 

In jec ted  by grout ing  system. 
Speed of coagula t ion  may be 
g r e a t l y  inf luenced by chemical 
composition of s o i l  o r  ground- 
water so t h a t  c a r e f u l  con t ro l  
i s  necessary t o  o b t a i n  des i red  
penetrat ion.  

Sodium s i l i c a t e  and s e t t i n g  
agent a r e  premixed i n  pro- 
por t ions  t o  o b t a i n  s e t t i n g  t i m e  
i n  a  range from a  few minutes 
t o  severa l  hours. Mixture is 
in j ec t ed  i n  d r iven  p ipes  o r  
p ipes  i n  boreholes. 

May be premixed a s  a  s i n g l e  
so lu t ion  o r  pumped by sepa ra t e  
pumps and hoses t o  t h e  grout  
pipe. A wide range of 
v i s c o s i t i e s ,  s t r e n g t h s  and 
s e t t i n g  times may be a t t a ined .  

Process 

Bituminous 
Emulsions 

S ing le  So lu t ion  
Sodium S i l i c a t e  
Grouting 

S ingle  So lu t ion  
o r  Two Solu t ion  
Sodium S i l i c a t e  
Grouting 

Mater ia l s ,  mixtures  
and admixtures 

Bitumen p a r t i c l e s  
wi th  diameter bet- 
w e n  0.001 and 0.005 
mm a r e  dispersed i n  
water. Before i n j e c -  
t i o n ,  a  substance 
s u c h a s a n e s t e r o f  
formic ac id  is added 
which hydrolyzes t o  
a c t  a s  a  coagulant. 

Sodium s i l i c a t e  wi th  
a  s e t t i n g  agent such 
a s  sodium biocar- 
bonate i n  water 
so lu t ion .  

Sodium s i l i c a t e  with 
organic  and inorganic  
acce l e r a to r s  and 
hardeners,  sometimes 
with Portland cement. 

* I 



TABLE 5 (continued) 
S t a b i l i z a t i o n  by Grouting 

Process 

Two-St age 
Sodium S i l i c a t e  
Grouting 

Ac rylamide 

Mater ia l s ,  mixtures  
and admixtures 

Two mater ia l s  c o n s i s t  
of sodium s i l i c a t e  
and calcium chlor ide.  

Generally used a s  7 
t o  10 percent  solu- 
t i o n  i n  water with 
c a t a l y s t  c o n t r o l l i n g  
ge l  time such a s  
ammonium persu l fa te .  

Procedure 

Two f l u i d s  a r e  i n j ec t ed  succes- 
s i ve ly .  Reaction between them 
is almost instantaneous and 
calcium s i l i c a t e  is prec ip i -  
t a t e d  i n  s o i l  voids. Rapidi ty  
o f  t h e  chemical a c t i o n  r equ i r e s  
c a r e  i n  t h e  i n j e c t i o n  t o  avoid 
premature contac t  of the chemi- 
ca l s .  

Always pumped by separa te  pumps 
and hoses  t o  t h e  grout pipe. 
Lowest v i s c o s i t y  of a l l  t h e  
chemical g routs .  G e l  times 
from s e v e r a l  seconds t o  srany 
hours may be used. Grout may 
be used t o  c o n t r o l  t he  s e t t i n g  
time of cement mixtures. Powder 
and eo lu t ion  a r e  neurotoxic. 
F i n a l  g e l  is  innocuous. 

J 

A p p l i c a b i l i t y  

Penetrates  sands wi th  D10 s i z e  
a s  small a s  0.08 mm. Permea- 
b i l i  ty is reduced. Compressive 
s t r eng th  of grouted sand raeges 
from about 500 t o  1,000 ps i .  

Pene t ra tes  s i l t  and sand wi th  
Dl0 s i z e  a s  small a s  0.013 mm. 
Applicable t o  grout ing  i n  moving 
groundwater because g e l l i n g  time 
can be made very sho r t .  COP- 
p ress ive  s t r e n g t h  of grouted 
sand ranges from 50 t o  100 ps i .  



TABLE 5 (continued) 
S rab i i i zac ion  by Grouring 

. 

Appl i cab i l i t y  

Used t o  decrease permeabi l i ty  i n  
sands wi th  Dl0 s i z e  a s  small  
a s  0.08 mm. Compressive 
s t r e n g t h  of grouted sand ranges 
from 20 t o  SO ps i .  Limited use 
i n  t h e  U.S. due t o  t o x i c i t y  of 
dichromates. 

Pene t ra t ion  and s t r e n g t h  s i m i l a r  
t o  two-solution sodium sili- 
ca tes .  S e t s  on t h e  acid s i d e ,  
s o  is p a r t i c u l a r l y  usefu l  i n  
c o a l  mines. Cannot be used 
a f t e r  cement in jec t ions .  Limited 
use i n  t h e  U.S. due t o  h e a l t h  
hazard. 

Pene t ra t ion  and s t r eng th  ranges 
between acrylamide and two 
s o l u t i o n  s i l i c a t e s .  Limited use 
i n  U.S. due t o  hea l th  hazard. 

- 

Process  

Chrome Lignin . 

Aminoplasts 

Phenoplasts 

Ma te r i a l s ,  mixtures  
and admixtures 

Various combinations 
of a l ignosufa te  and 
a hexavalent chromium 
s a l t ,  usual ly  i n  com- 
b ina t ion  with an a c i d  
s a l t  and other  
reagents .  Available 
i n  preblended and 
proportioned formu- 
l a t i o n s  f o r  ease  of 
appl ica t ion .  

Urea formaldehyde ( o r  
o t h e r  formaldehydes) 
genera l ly  s e t  by an 
a c i d  o r  acid s a l t .  

Phenolic r e s in s  
genera l ly  containing 
150-cyanates, s e t  by 
var ious  s a l t s .  

Procedure 

Pumped through i n j e c t i o n  poin ts  
e i t h e r  a s  a s i n g l e  s o l u t i o n  o r  
a s  two so lu t ions  blended i n  a 
mixing manifold a t  one po in t  of 
i n j ec t i on .  S e t t i n g  time from 
one minute t o  s e v e r a l  hours 
var ied  by a d j u s t i n g  water 
content .  S t rength  i nve r se ly  
propor t iona l  t o  water content .  

May be premixed a s  a s i n g l e  
s o l u t i o n  or  pumped by sepa ra t e  
pumps and hoses t o  grout  pipe. 

Generally handled a s  two 
so lu t ions .  Formulations f o r  
low v i s c o s i t y  and high s t r eng th  
a r e  avai lable .  



Cement and bentonite  grouts  a r e  used successful ly  i n  s l i g h t l y  f i n e r  forma- 
t ions .  However, i n  f i n e  and medium sands, a s  well a s  i n  sandstones and 
s i l t s t o n e s  and f i n e  rock f i s s u r e s ,  these grouts  w i l l  not penetrate, and 
chemical grouts must be used. 

(1) Cemnt and Sanded Cement Grouts. Cement and sanded cement 
grouts ,  when in jec ted  i n  s u f f i c i e n t  quant i ty ,  w i l l  add s ign i f i can t ly  t o  the 
s t r eng th  of a f rac tured  formation. They a r e  considered permanent grouts.  
Bentonite, on the other  hand, does not contr ibute s ign i f i can t ly  to  the long 
term s t r eng th  of a grouted formation. Small quan t i t i e s  of bentonite increase 
the  s e t t l i n g  t i m e  of the  cement p a r t i c l e s .  Further,  i t  is subject t o  removal 
by flowing water within the  formation. 

( 2 )  Chemical Grouts. With the  exception of sodium s i l i c a t e  with 
sodium bicarbonate so lu t ions ,  chemical grouts  a r e  considered permanent. A 
wide range of v i s c o s i t i e s  and s t rengths  a r e  available.  Table 6 lists some of 
the  commercial products and general property ranges. For addit ional  guidance 
s e e  Reference 4, Chemical Grouts f o r  So i l s ,  Volume 1,  Available Materials ,  by 
the  Federal Highway Administration, and Reference 5,  Chemical Grouting 
Technology, by Karol. F 

Except fo r  the  s i l i c a t e s ,  all chemical grouts a re  to  some degree 
tox ic  and hazardous. Use i n  the f i e l d  must be i n  compliance with common 
sense,  and good prac t ice  i n  handling hazardous materials .  

9 
b. Grouting Equipment. Suspended so l ids  grouts  a r e  almost always 

applied by a batch system, i n  which the ingredients  a r e  mixed with water i n  a 
r 

tank and then pumped d i r e c t l y  i n t o  the  f o r k t i o n .  In hatching, the tank must ' 
be emptied before the  grout begins t o  s e t .  Since cement grouts  have long 
s e t t i n g  times, batch systems a r e  adequate. However, chemical grouts a r e  of ten  ' 
used a t  shor t  g e l  times, and requi re  a t  l e a s t  two separa te  tanks each with - 
i ts own pump. h e  components of the  grout a r e  pumped separa te ly  t o  the  point 
where the grout  e n t e r s  the  formation. Mixing occurs i n  the  formation, 
permitting very shor t  ge l  times. 

Grouting of both cement grouts and chemical grouts  is  often done 
through open-ended grout  pipes. More and more chemical grouting is  now being 
done with s p e c i a l  grout pipes (tube-a-manchete) which permit close cont ro l  of 
the  stratum being grouted a t  any given t i m e ,  thus r e su l t ing  i n  increased 
cost-ef fect iveness.  

c. Pressures and Volumes. Grouting pressure must be careful ly  control-  
led.  Safety considerat ions normally impose a grouting pressure l imi ta t ion  
t h a t  i n  tu rn  llmlts pumping volume. In theory, a l iqu id  in jec ted  i n  a hori- 
zonta l  sheet  between two s t r a t a  can cause u p l i f t  i f  the  l iqu id  uni t  pressure 
exceeda the  un i t  weight of overburden. In prac t ice ,  a conservative r u l e  of 
thumb i s  t o  limit grouting pressures t o  314 t o  1 p s i  f o r  each foot  of over- 
burden depth. This is applicable t o  using large  volumes of cemnt  grouts i n  
f rac tured  rock under dams. For w e t  other  cases,  higher grouting pressures 
a r e  reasonable and safe .  Such pressures vary with the  formation and job, and 
whether f r ac tu r ing  may be permitted. 



TABLE 6 
Chemical Grouts 

SILICATES 
Joos t e n  Process  
S i roc  
S i l ica te -Bicarbonate  

I Viscos i ty  

high 
medium 
medium 

Strenjcth 

high 
medi um-high 
low 

LIGNOSULFITES 
Terra  Firma 
Blox-all 

medium 
medium 

low 
1 ow 

PHENOPLASTS 
Ter ran ie r  
Geoseal 

medium 
w d  ium 

1 ow 
low 

AMINOPLASTS 
Herculox 
Cyanaloc 

medium 
medium 

high 
h igh  

POLYACRYLAMIDE S 
AV-100 
Rocagel BT 
N i t  t o-SS 

1 ow 
lov  
low 

1 ow 
low 
low 



d. F i e ld  Control.  Control of a f i e l d  grout ing  opera t ion  is l a r g e l y  done 
on t h e  bas i s  of d e t a i l s  of volume and pressure a t  each grout ing loca t ion .  
Assuming adequate equipment, whose volume and pressure  ou tputs -a re  v a r i a b l e  
during pumping, t h e  on ly  r egu la r  f i e l d  check which must be made is of t h e  
g rou t  i t s e l f .  

There may be no immediate way t o  measure t h e  e f f ec t i venes s  of the  
g rou t i ag  opera t ion ,  which must then be i n f e r r e d  from t h e  degree t o  which t h e  
planned volume of g rou t  was placed i n  t he  proper loca t ion .  Adequate, d e t a i l -  
ed f i e l d  records  a r e  mandatory f o r  such infe rence .  Where t h e  purpose of 
g rout ing  is  t o  reduce permeabi l i ty ,  t h e  e f f e c t i v e n e s s  may be obvious i f  
seepage o r  flows are reduced o r  shut  o f f ,  o r  i t  may be poss ib le  t o  install 
piezometers i n  some ins tances .  
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CHAPTER 3. SPECIAL GEOTECHNICAL CONSTRUCTION 

Sect ion 1. INTRODUCTION 

1. SCOPE. This chapter  addresses  problems r e l a t e d  t o  spec i a l i zed  types of 
coae t ruc t ion  inc luding  tunnel ing ,  dredging, underpinning, and offshore p la t -  
forms; problems r e l a t e d  t o  s p e c i a l  s o i l  and rock types; and some spec i a l  . s t r u c t u r e s .  

2. RELATED CRITERIA. Many of t he  c r i t e r i a  appl icable  t o  cons t ruc t ion  and 
s t r u c t u r e s  r e f e r r ed  t o  i n  t h i s  chapter  a r e  addressed i n  o ther  chapters  of t h i s  
Manual and o ther  publ ica t ions .  

Sect ion 2. TUNNELING 

1. CONTROLLING FACTORS. Factors  which genera l ly  con t ro l  design and con- 
s t r u c t i o n  of tunnels  include:  

( 1 )  Overal l  geologic  s e t t i n g ;  
(2)  S o i l  and/or rock ma te r i a l ;  
( 3 )  Groundwater regime; 
( 4 )  Proximity and types of adjacent  overlying s t r u c t u r e s  ; 
(5)  Consequences of ground l o s s  (subsidence);  
( 6 )  Type of tunnel ing equipment; 
( 7 )  Rate of tunnel  advancement. 

2. LOADS ON TUNNELS. Refer t o  DM-7.1, Chapter 4 f o r  c r i t e r i a  and procedures 
f0.r determining design loads  on tunnels .  Design of tunnel  l i n i n g s  (primary 
and/or  permanent) i s  dependent on the  type of l i n i n g  and method of construc- 
t i o n  employed. See Reference 1,  Tunneling i n  Sof t  Ground, Geotechnical Con- 
s i l i e r a t i o n s ,  by Peck; Reference 2 ,  S t a t e  of t he  A r t  of So f t  Ground Tunneling, - 
by Peck, e t  al.; Reference 3,  Deep Excavations and Tunneling i n  Soft  Ground, 
by Peck; Reference 4,  The Uncertain Equation Between Design and Construction 
i n  S o i l  Engineering f o r  Excavations, Deep Foundations, and Tunnels, by - 
Mlkligan; and Reference 5, Rock Tunneling with S t e e l  Supports,  by Proctor  and 
Whtte. 

3. SOFT GROUND TUNNELING 

a. Tunneling Methods. Tunneling methods can be broadly categorized a s  
f 0 llowe : 

( 1 ) Hand mlned method , 
( 2 )  Shield method, 
( 3 )  Machine method. 

Mechanized f a c e  excavating and s p o i l  removal equipment is becoming 
.more f requent ly  used, u sua l ly  with s h i e l d  tunnel ing methods, t o  replace hand- 
labor .  Many v a r i a t i o n s  i n  cons t ruc t ion  techniques can be appl ied t o  each 



nethod. See Reference 6 ,  Earth Tunneling with Stee l  Supports, by Proctor and 
White, and Reference 7 ,  The Role of the  Tunneling Machine, by Hamilton fo r  
guidance. The need f o r  compressed a i r  depends on s o i l  and groundwater con- 
d i t ions .  

b. Key Considerations 

(1) Subeurface Conditions. Detailed subsurface fnves t iga t iom along 
proposed tunnel routes  must be performed t o  define s o i l ,  rock, and groundwater 
conditions. These fac to r s  a f f e c t  the  tunnel design, methods and e q u i p ~ s n t  
required,  and economics. Such inves t iga t ions  should attempt t o  define problem 
soil /groundrater  a reas  so a s  t o  plan spec ia l  procedures for  t r e a t i n g  problem 
e o i l  o r  groundwater conditions p r i o r  t o  s t a r t  of construction. 

Procedures f o r  t r ea t ing  s o i l  and groundwater problems should 
consider : 

(1) Dewatering 
( 2 )  So i l  freezing 
(3 )  Grouting 
(4)  Use of compressed a i r .  

A s  unexpected problems i n  tunneling can occur, which no 
reasonable subsurface inves t iga t ion  could have ant ic ipa ted ,  the  engineer and 

C 
contrac tor  must be prepared t o  respond rapidly t o  such problems and implement 7 
appropriate solut ions.  Select ion of the  eolut ion depends on the  nature and d 
extent  of the problem condit ion,  proximity of the tunnel t o  above s t ruc tu res  
o r  u t i l i t i e s ,  and the  l ikel ihood of encountering s imi la r  conditions elsewhere a w 

along the  tunnel.  (See References 4 and 6.) 
a 

( 2 )  Loss of Ground-Subsidence. A l i k e l y  consequence of tunneling is  -.. 
some loas  of ground o r  subsidence of overlying s o i l .  This i s  a r e s u l t  of one 
o r  more of the  following: 

( a )  Deformations due t o  s t r e s s  re lease  which develop i n  the  
s o i l  ahead of the  tunnel  a s  the  supporting s o i l  is  excavated a t  the  tunnel 
face.  

(b)  Radial deformations a s  the surrounding s o i l  moves i n t o  the  
annular spaces be twen  the  excavated s o i l  and the  tunnel sh ie ld  o r  t h a t  l e f t  
by the  t a i l p i e c e  clearance. 

( c )  Deformations re la ted  t o  the  qua l i ty  of workmanship; such as  
the  timeliness and adequacy of grouting and f i l l i n g  t h e  annular spaces around 
the  s h i e l d / t a i l p i e c e ,  cont ro l  of pi tching and yawing of the  tunneling machine, 
e t c .  

(d)  Deformations r e su l t ing  from large  ground movemnt a t  the  
tunnel face,  usual ly  due t o  unexpected changes i n  e o i l  o r  groundwater con- 
di t ione.  See Reference 4 f o r  guidance on surface  settlenrcnt and volume of 
set t lement trough above tunnel. 



(3)  S t a b i l i t y  of Tunnel Face. Factors a f fec t ing  face s t a b i l i t y  
include : 

(1)  Shear s t r eng th  and s o i l  s t r e s s - s t r a in  re la t ionship;  
(2) Overburden pressure ; 
3 Groundwater regime; 
(4) Tunnel geometry and cross-section; 
( 5 )  T i m  dependent s o i l  s t r eng th  l o s s  and delayed s o i l  

deformation; 
(6) Construction techniques. 

In cohesive s o i l s ,  face s t a b i l i t y  is  general ly r e l a t ed  to  undrained 
shear s t r eng th  ( c )  and overburden pressure ( Y  Z), where Y is  the  s o i l  u n i t  
weight and Z is  depth. Typical l iml t ing  values, o r  the  threshold of ser ious  
face  i n  s t a b i l i t y  problems, i s  YZ/c > 6 f o r  open a i r  tunnels,  and f o r  com- 
pressed a i r  tunnels  ( Y Z - P,)/c - > 6,-where Pa = a i r  pressure. (See 
Reference 4.) 

As the  value c i s  t i m e  dependent, the  r a t e  of tunnel advance must be 
considered i n  determining s t r eng th  values fo r  ca lcula t ing  face s t a b i l i t y .  
Face s t a b i l i t y  can be improved by the  use of one o r  more of the techniques 
l i s t e d  i n  paragraph 3.b.(l). For guidel ines and case h i s t o r i e s  on tunnel face  
s t a b i l i t y  problems, see  Reference 4. 

4. ROCK TUNNELING. 

a. Tunneling Methods. Methods employed depend on rock behavior and the 
geometry and s i z e  of the  tunnel excavations. For d e t a i l s  on some of the  
ccmmn tunneling methods f o r  manually advanced tunnels ,  see  Reference 5. 

Mechanized tunneling methods a r e  becoming more common a s  technology 
axld equipment improve. Systeme include f u l l y  mechanized tunnel boring 
mc~chines and mechanical face  excavating equipment t o  replace the standard 
dl:il l ing and b las t ing  operations. 

b. Key Conriderations. 

(1)  Subeurface Conditions. Detailed geotechnical inves t iga t ions  
s'xould address : 

(1)  Geologic conditions along tunnel route e spec ia l ly  s t r i k e  
and dip of geologic f ea tu res  such a s  f a u l t s ,  f r ac tu res ,  
bedding, and i n  s i t u  s t r e s s e s ,  

(2)  C las r i f i ca t ion  and extent  of defec t ive  rock i n t t u s i o n s ,  
(3) In  s i t u  stress s t a t e  of the rock formations, 
. ( 4 )  Zones of r o f t  o r  squeezing ground, 
( 5 )  Groundwater regime, 
(6 )  Poten t i a l  tunneling problems, 
(7 )  Procedurer f o r  t r e a t i n g  ant ic ipa ted  problems. 

( 2 )  Tunnel Eazards. Potent ia l  tunneling hazards pecul iar  t o  c e r t a i n  
geologic formations, include the following: 



(1) Limestone - c a v i t i e s  containing water and/or sand, crushed 
zones, poss ib le  presence of C02 o r  H2S gas. 

( 2 )  Sandstone - crushed zones, poss ib le  presence of C02 o r  
H2S gas.  

(3 )  Shale - presence of methane gas i n  coa l  bearing sha l e ,  high 
swell ing pressures  where l a y e r s  of anhydr i te  a r e  present ,  calcium s u l f a t e  
( a t t acks  concre te ) ,  and hydrogen s u l f i d e  i n  i n f i l t r a t i n g  water which flows 
across  anhydr i te  l aye r s .  

( 4 )  Sch i s t  - heavy squeezing and swell ing pressures  i n  chemi- 
c a l l y  a l t e r e d  s c h i s t s ,  poss ib le  l a r g e  water inf low e s p e c i a l l y  where f r ac tu red  
o r  folded. 

( 5 )  Extrusive Igneous - Unconsolidated s t r a t a  of decomposed 
t u f f  and b r e c c i a s ,  water from f a u l t  zones, poss ib le  harmful gases.  

For a d d i t i o n a l  information on rock tunnel ing p r a c t i c e s ,  s ee  Reference 
E 

Sect ion 3. DREDGING 
7 
1 

1. INTRODUCTION. Dredging i s  normally used t o  e i t h e r :  ( 1 )  provide f i l l  a - 
mate r i a l  f o r  water f ront  cons t ruc t ion ,  o r  (2 )  deepen shipping l anes  o r  harbors.  
Per iodic  dredging is  necessary i n  many a reas  because of s i l t i n g  (maintenance 4 

dredging).  

2. FIELD INVESTIGATION FOR DREDGE OPERATIONS. Both the  a r e a  t o  be dredged 
and the  d i sposa l  a r e a  must be thoroughly inves t iga t ed  by borings and hydro- 
graphic  surveys. The spacing and depth of borings is  dependent on the  speci-  
f i c  p ro j ec t  requirements;  borings spaced a t  200 t o  300 f e e t  a r e  t yp ica l .  

3. ENGINEERING ASPECTS OF DREDGE OPERATIONS. 

a. Mater ial .  The type of ma te r i a l  ava i l ab l e  and i ts  pos i t i on  must be 
considered when planning a dredging operat ion.  Dredging of s o f t  s o i l s  can 
cause environmental problems with t u r b i d i t y ,  while dredging of b las ted  rock 
may cause d i f f i c u l t i e s  with dredge production. Granular ma te r i a l  may run ( o r  
flow) i n t o  a point  of excavation allowing s u b s t a n t i a l  excavat ion without mov- 
ing the  dredge. Excavation of s t i f f  cohesive ma te r i a l  w i l l  r e q u i r e  near ly  
constant movenrent of t h e  in take .  The depth of t he  ma te r i a l  ae w e l l  as t h e  
type of material t o  be dredged w i l l  in f luence  t h e  s e l e c t i o n  of dredge type as 
well as t h e  r a t e  of production. 

b; Dredging Equipment. Dredges are of two types: mechanical and 
hydraulic.  Hydraulic dredges a r e  most commonly used i n  t h e  United S ta t e s .  
'Pable 1 lists t y p i c a l  types of dredges and t h e i r  most f requent  app l i ca t ions .  



TABLE 1 
Dredge Types 

- Type 

Pipe Line - P l a i n  
suc t ion  

Pipe Line - 
Cutterhead 

Pipe Line - Dust 
Pan 

Hopper 

S idecas t i n g  

I f  
1: 
(; 

11 
11 

I i 

Sui t ab le  Mater ia l  

So f t  - loose  s o i l  

Ripper 

Bucket 

:[ 

2 
I 4 
u 

Sof t  s o i l  t o  
b l a s t ed  rock 

Ladder 

S o i l  only 

S o i l  only 

S o i l  only 

Sof t  s o i l  t o  
b l a s t ed  rock 

Sof t  s o i l  t o  
b las ted  rock 

Sof t  s o i l  t o  
b l a s t ed  rock 

Spec ia l  Cha rac t e r i s t i c s  

Cutterhead can be varied t o  s u i t  
c h a r a c t e r i s t i c s  of mater ial .  

Espec ia l ly  s u i t a b l e  f o r  removing 
sand bars. 

Se l f -propel led ;  e spec i a l ly  
s u i t a b l e  f o r  excavating 
channels while underway without 
anchor o r  mooring. 

Se l f -propel led ;  e f f e c t i v e  where 
l i t o r a l  cu r r en t s  do not r e t u r n  
dredged mater ial .  

Mechanical dredges normally used 
i n  conjunct ion with barges,  
t he re fo re  smaller  d i sposa l  a r ea  
is  requi red ,  l e s s  t u r b i d i t y  
during excavation and f i l l i n g ,  
and l e s s  p a r t i c l e  separa t ion  by 
s i ze .  



c. Length of S lu i ce  Line. The loca t ion  of the  d isposa l  a r ea  r e l a t i v e  t o  
the  point of dredging w i l l  determine i f  i t  is p r a c t i c a l  t o  t r anspor t  t h e  mate- 
r i a l  by s l u i c i n g  through a p ipe l ine .  The length  of the  p ipe l ine  and required 
pumping can be t h e o r e t i c a l l y  e s t ab l i shed ,  but due t o  the leakage, s p e c i a l  
elbows, and pipe wear, t he  maximum leng th  of p ipe l ine  may best be determined 
empir ica l ly  from t h e  past  performance of dredge equipment. The maximum eco- 
nomic d i s t ance  f o r  hydraul ic  s l u i c i n g  depends on many f a c t o r s ,  including 
ava i l ab l e  equipment and type of ma te r i a l  (1.e. fine-grained s o i l s  can be 
s lu i ced  f u r t h e r  than coarse-grained mater ia l  with same input  of energy); how- 
ever ,  t h e  l i m i t  f o r  economical hydraul ic  s l u i c i n g  i s  considered t o  be typi-  
c a l l y  about f i v e  miles  (Reference 8, Personal Cormnunication with Great Lakes 
Dredge and Dock Company). 

d. Disposal of "Deleterious" Dredge Material .  Deleter ious dredge mate- 
r ia l ,  derived from the  maintenance dredging of shipping channels,  is usua l ly  
disposed of i n  diked s e t t l i n g  basins.  Design of t he  impoundment must consider  
t h e - r a t e  a t  which the  s o i l  p a r t i c l e s  w i l l  s e t t l e  out o f -  the pumped l i q u i d  and 
t h e  depth of water requi red  f o r  t h i s  act ion.  The following " ru l e s  of thumb" F 
a r e  o f t e n  used t o  determine the s i z e  of the  required d isposa l  area.  An I 

example of t h e  s i z i n g  of a d i sposa l  a r e a  by t h i s  method is  shown i n  Figure 1. - 
Further  guidance can be found i n  Reference 9, Analysis of Dredging P r o j e c t s ,  
by Pearce. I 

(1 )  Sandy ma te r i a l s  r e q u i r e  1-112 times the  volume they occupied 
p r i o r  t o  dredging. 

f 
a 

( 2 )  So f t  silts and o the r  "maintenance" removed ma te r i a l s  r equ i r e  a k 

about 3 times t h e  volume they occupied p r io r  t o  dredging. 
A 

( 3 )  Approximately th ree  t o  f i v e  f e e t  f o r  pooled water a t  t h e  - 
impoundments su r f ace  should be added t o  the  above volume, and about two t o  
t h r e e  f e e t  of dike free-board above the  pool of water. 

e. Dredging and Placing Mater ia l  f o r  use  as a S t r u c t u r a l  F i l l .  See 
Table 2 (from Reference 10, Hydraulic F i l l s  t o  Support S t r u c t u r a l  Loads, by 
Whitman) f o r  desc r ip t ion  of t h e  na ture  of hydraul ica l ly  placed f i l l s  der ived 
from d i f f e r e n t  borrow sources.  I f  the  mater ia l  i s  t o  be used a s  s t r u c t u r a l  
f i l l ,  t h e  following guide l ines  should be considered: 

(1 )  Borrow ma te r i a l  being dredged hydraul ica l ly  should genera l ly  
have l e s s  than 15% f i n e s  (passing No. 200 s ieve) .  

( 2 )  Discharge of ma te r i a l  wi th in  the  f i l l  a r ea  should be i n  a manner 
t h a t  prevents t h e  f i n e s  from s e t t l i n g  out i n  pockets o r  l a y e r s ,  l e e . ,  ponding 
should be minimal wi th  f i l l i n g  done i n  a manner t h a t  c a r r i e s  t he  f i n e s  t o  a 
waste area.  

( 3 )  The he ight  of t h e  mound a t  discharge should be r e s t r i c t e d  t o  
minimize segrega t ion ,  thus  allowing the  f i l l  t o  be wel l  graded. The s teepness  
of t h e  mound i s  con t ro l l ed  by t h e  shear  s t r e n g t h  of t h e  f i l l  and the  d i s t ance  
water can ca r ry  the  s o i l  p a r t i c l e s  before s e t t l i n g ;  f o r  g rave l ly  f i l l s ,  s lopes  
a r e  t y p i c a l l y  3 ho r i zon ta l  t o  1 v e r t i c a l .  For f u r t h e r  guidance, s e e  Reference 
9. - - 



Example : 

Find s i z e  of impoundment requi red  f o r  t he  d i sposa l  f o r  100,000 c.y. ( i n  
s i t u )  of o rganic  silt. 

S i l t s  r e q u i r e  about 3 times the  volume i n  s i t u  f o r  d i sposa l .  

Volume of S o i l  Af t e r  Dredging = 3 x 100,000 
= 300,000 c.y. 

Area a v a i l a b l e  f o r  impoundment about 1,000 f e e t  by 1,000 f e e t ;  allowing 
5& f e e t  on a l l  s i d e s  f o r  r e t a in ing  dikes.  Assume ne t  a r ea  of 900 
f e e t  by 900 f e e t  a v a i l a b l e  f o r  impoundment 

300,000 x 27 c f / cy  
Depth of dredged s o i l  impoundment ( f  t )  = 

900 x 900 

Increase  depth 5 f e e t  t o  a l low pooled su r f ace  water ,  p lu s  an a d d i t i o n a l  
3 f e e t  of d ike  f r e e  board. 

Required s i z e  of impoundment ( i n t e r i o r )  : 

900' by 900' i n  p lan ,  15' deep. 

Adjustments i n  s i z e  could be made by consider ing exact  c ros s  s ec t i ons  of 
conta in ing  dikes.  

FIGURE 1 
Calcu la t ion  of Required S ize  of Disposal Area f o r  Dredged S o i l s  



TABLE 2 
General Characteristics of Hydraulically Placed Fills - 

I 
- Nature of Borrow Material 

Fairly clean sand (less than 15% 
passing No. 200 sieve) 

Silty or clayey sand 

Stiff cohesive soil 

Soft cohesive soil 

Characteristic of Fill Placed 

Reasonably uniform fill of 
moderate density 

Very heterogeneous fill of large 
void ratio 

Skeleton of clay balls, with 
matrix of sand and clay 

Laminated normally consolidated 
or underconsolidated clay 



4 .  IMPROVEMENT OF DREDGED MATERIAL DISPOSED AS WASTE FILL. The most common 
techniques f o r  improvement and s t a b i l i z a t i o n  of fine-grained hydraul ic  f i l l s  
include the  use of a surcharge, g rav i ty  drainage,  and dess ica t ion .  Other 
p o t e n t i a l  techniques inc lude  chemical t reatment ,  and electro-osmosis. Addi- 
t i o n a l  information may be found i n  Reference 11, P rope r t i e s ,  Behavior, and 
Treatment of Waste F i l l s ,  by Bramwell . 

Sect ion 4. UNDERPINNING 

I .  PURPOSE. Underpinning is u t i l i z e d  t o  t r a n s f e r  a load ca r r i ed  on an 
m i s t i n g  foundation from its present  bearing l e v e l  t o  a new l e v e l  a t  a lower 
depth. This opera t ion  may be necessary t o  prevent continuing se t t lement ,  t o  
i nc rease  foundation load capac i ty ,  o r  t o  permit adjacent  excavation without 
damage t o  e x i s t i n g  s t r u c t u r e s .  Underpinning elements may be e i t h e r  temporary 
c l r  permanent. For d e t a i l e d  treatment of the  subjec t  s e e  Reference 12, La te ra l  
tiupport Systems and Underpinning, Volumes I, 11, and 111, Goldberg, e t  a l e ,  
Keference 13, Foundation Construction, by Carson, and Reference 14, - Under- 
 inning, by White. - 
! INVESTIGATIONS. Determine by explora t ion  t h e  mater ia l s  through which 
underpinning must be ca r r i ed  and the f i n a l  bearing stratum. Where se t t lement  
of e x i s t i n g  s t r u c t u r e s  has occurred, eva lua te  t h e  subsurface condit ions t h a t  
rlre responsible .  

: I .  PROCEDURE. Underpinning should be performed with a c a r e f u l l y  planned 
rlequence of operat ions.  Several  common methods of underpinning a r e  i l l u s -  
t r a t e d  i n  Figure 2 wi th  a br ie f  desc r ip t ion  of each. 

a. Load Rel ie f .  Careful ly  examine the  s t r u c t u r e  f o r  i nd ica t ions  of 
ciettlement o r  weakness t h a t  may be accentuated during underpinning. Before 
ckxcavation , reduce load on e x i i  t i n g  wal l  o r  foundation a s  much a ~ - ~ o s s i b l e .  

b. Excavation. L i m i t  excavation t o  the  minimum s i z e  necessary f o r  
underpinning i n  s tages .  Sheet and brace the  excavation as necessary to  pre- 
-rent ho r i zon ta l  movement of surrounding ground. Provide f o r  dewatering a s  
~ i e c e s s a r y  f o r  the  work t o  avoid piping o r  dis turbance of bearing mater ia l s .  

c. Temporary Support. Provide support of t he  s t r u c t u r e  over s ec t ions  of 
the excavat ion by means of needles  passing through, i n t o ,  o r  under the  e x i s t -  
Lng s t r u c t u r e ,  and support  on c r i b s ,  g r i l l a g e s ,  pos ts ,  o r  p i l e s .  Load bearing 
sur faces  must be kept  i n  c lo se  contact  by the  use of wedges o r  jacks.  

d. Underpinning Members. Commence underpinning cons t ruc t ion  a s  soon a s  
prac t icable  a f t e r  excavation subgrade has been exposed. Underpinning may be 
formed of concrete  wa l l s ,  p i e r s ,  and ca issons ,  o r  bored p i l e s ,  s t e e l  p i l e s ,  o r  
precast p i l e s  placed i n  sec t ions .  

( 1 )  Foundation. Before f i n a l  underpinning i n  concrete ,  t he  lower 
s ec t ions  of the  underpinning should be allowed t o  complete t h e i r  s e t .  F ina l  
contact  with s t r u c t u r e  i s  made by wedging between s t e e l  bearing p l a t e s  o r  by 
dry-pack concrete.  



F'IT OR PIER UNDERPINNING - 

\ 

PLAN 

Excavate approach p i t  under t he  
foo t ing ,  excavate t h e  underpinning 
-*t t o  adequate bearing ma te r i a l ,  
f i l l  t h e  p i t  with concre te  and t r a n s f e r  
t h e  foundation load. 

DRY PACK OR PLATES 
AND WEDGES 

CONCRETE 
UNOERPlNNlNG 

ELEVATION 

Excavate approach p i t ,  hyd rau l i ca l l y  
jack p ipe  segments t o  required depth 
o r  load r e s i s t a n c e  using foundation a s  
r e a c t i o n  load ,  remove s o i l  wi th in  p ipe  
( i f  open-ended), f i l l  pipe with 
concre te ,  pre- tes t  t o  150% of design 
load ,  t r a n s f e r  load t o  p i l e  using 
wedging beam, p l a t e s  and wedges, and 

JACKED OWN PILE remove jack. Frequent ly ,  wedging beam, 
INSTALLED IN M N T S  p l a t e s  and wedges a r e  encased 

i n  concrete.  

FIGURE 2 
Common Underpinning Methods 



1 

PILES AND SUPPORT BEAMS 

TYPICAL DETAIL 

COLW N FOOTING 
r 

E A M  1 - PILE 

P i l e s  may be dr iven  o r  jacked, 
c losed o r  open-ended. Excavate 
ad jacent  t o  foot ing  t o  about 
t h e  foot ing  bottom, i n  sequence, 
excavate under t h e  foot ing  (may 
r equ i r e  shee t ing)  and i n s t a l l  
support  beams, t r a n s f e r  t he  
foot ing  load using p l a t e s  and 
wedges, drypack o r  jacks a t  t h e  
foot ing  bottom and/or tops of 
p i l e s .  

-- -- 

FIGURE 2 (continued) 
Common Underoinning Methods 



- 
EIRACKET PILE OR BRACKET CAISSON - 

PILE. - 

M S  AND 

Support by dr iven  s t e e l  H-pile 
o r  augered caisson.  A steel o r  
conc re t e  bracke t  is welded o r  

TEEL formed a t  t h e  top  of t h e  support  
OFllVEN extending under t h e  foo t ing ,  load 

mBEMiNG is t r a n s f e r r e d  t o  t h e  bracket  - using p l a t e s  and wedges o r  dry- 
PlLE - pack. Excavation loading of t he  

support  p i l e  o r  ca i sson  must be 
considered. 

REINFORCED 
(BNCRETE BRACKET 

nN COIYCRETE 
(REINFORCED) 
CAISSON TDEMING 

FIGURE 2 (cont inued)  
Common Underpinning Methods 



CCI EM ICAL ,GROUT OR FREEZE STABILIZATION - 

COLUMN JACKING - 

The r e q u i r e d  s o i l  mass i s  e i t h e r  
chemica l ly  s o l i d i f i e d ,  t h e  voids  i n  
mass f i l l e d  wi th  p ressur ized  g rou t  
(pe rv ious  s o i l s ) ,  t h e  mass d e n s i f i e d  
by compaction g rou t ing ,  o r  t h e  mass 
frozen.  For d e t a i l s  on chemical  
g rou t  and f r e e z e  s t a b i l i z a t i o n  s e e  
Chapter 1. Note: p r e s s u r e  g rou t ing  
may a l s o  be used t o  r a i s e  o r  r e l e v e l  
s t r u c t u r e s  o r  s t r u c t u r a l  e lements  
which have undergone s e t t l e m e n t .  
Caut ion must be e x e r c i s e d  i n  us ing  
g rou t ing  o r  f r e e z i n g  t echn iques  t o  
avoid undes i red  u p l i f t  p r e s s u r e s  on 
w a l l s  wi th in  t h e  zone of f r e e z i n g  
in f luence .  

FOOTING CAN 
MOVE 

c FOOTING 

Brackets  a r e  welded t o  column, anchor  
b o l t s  a r e  loosened o r  removed, j acks  
a r e  i n s t a l l e d  t o  compensate f o r  sub- 
s i d e n c e  of foundat ion,  shim i n s t a l l e d  
between base p l a t e  and f o o t i n g ,  j acks  
and b r a c k e t s  removed and anchor b o l t s  

I 

FIGURE 2 (con t inued)  
Canmon Underpinning Met hods 

r e i n s t a l l e d .  Brackets  can be l e f t  i n  
p l a c e  when repeated a p p l i c a t i o n s  a r e  
a n t i c i p a t e d .  F requen t ly  u t i l i z e d  
where one-time subsidence due t o  

w 

ad jacent  o r  under lying c o n s t r u c t i o n  
( t u n n e l s )  i s  an t i c ipa tc r? .  

AFTER JACKING 

:.. , '  ' . . 
- / INSTALL sH'Ms 



ROOT PILES - 

Generally i n s t a l l e d  by d r i l l i n g  
through e x i s t i n g  foundations. D r i l l  
ho les  can be  cased o r  uncased de- 
pending on s o i l  type. P i l e  ho les  
a r e  d r i l l e d  t o  obta in  required load 
capac i ty  i n  f r i c t i o n  and/or end 
bearing,  r e in fo rc ing  bars  o r  cages 
i n s t a l l e d ,  concret ing with mortar 
i s  performed from t h e  bottom of t he  
hole  (compaction of t he  mortar can 
be accomplished using compressed . a i r  
b l a s t s )  as t h e  casing ( i f  any) is 

COLUMN OR WALL withdrawn. Load t r a n s f e r  is by bond 
shear  between p i l e  and foundation. 
Set t lement  due t o  e l a s t i c  shortening 

FOUNDATION OR of roo t  p i l e s  must be considered. 

FIGIIRE 2 (continued) 
Canmon Underpinning Methods 



(2) I n s t a l l i n g  Pi les .  Piles a r e  i n s t a l l e d  i n  sect ions and jacked 
down against  a reac t ion  provided by the ex i s t ing  s t ruc ture .  In t h e i r  f i n a l  
po~r i t ion ,  underpinning p i l e s  a r e  general ly pretested with jacking loads of 1.5 
tiraes the  intended working load. Movement under pre tes t  load should be negli-  
g i l ~ l e .  

e. O t h e r  Techniques. Some less common r t h o d s  of underpinning include 
chtmical s t a b i l i z a t i o n ,  grout  s t a b i l i z a t i o n  (pressure/compaction), and s o i l  

. freezing. Descriptions and d e t a i l s  of these methods can be found i n  the pre- 
vitnrsly c i t ed  references. 

4. DESIGN. Design of underpinning elements must take i n t o  consideration the  
fol.lowing: 

(1) Loads on ex i s t ing  foundations - v e r t i c a l  and horizontal ;  
(2 )  S e n s i t i v i t y  of ex i s t ing  s t ruc tu res  t o  t o t a l  and d i f f e r e n t i a l  

set t lement;  
(3)  So i l  and/or geologic conditions; 
( 4 )  Groundwater conditions; 
(5)  Proximity and depth of planned adjacent excavations; 
(6 )  Latera l  loads on underpinning elements; 
(7)  Duration of t i m e  the  underpinning i s  required. 

Foundation loads f o r  recent  s t ruc tu res  can general ly be found i n  the  design 
docuppents. For o lder  s t ruc tu res ,  it may be necessary t o  analyze the s t ruc-  
t u r e  t o  approximate these loads. Sens i t iv i ty  t o  set t lement should be evalu- 
a t cd  v i t h  the  a s s i s t ance  of a s t r u c t u r a l  engineer, considering the  type of 
coilstruction and age of the  ex i s t ing  s t ruc tu re .  A de ta i l ed  inventory of the 
8tl:uctural condition, including ex i s t ing  cracks and other  damage, should be 
matie p r io r  t o  the s t a r t  of underpinning. 

A de ta i l ed  geotechnical inves t iga t ion  should be performed t o  evaluate subsur- 
faze condit ions,  the  e f f e c t s  of planned excavations ( i f  any), s o i l  bearing 
values,  appropriate depths t o  which underpinning must extend and l a t e r a l  loads 
on underpinnings. 

Actual design of underpinning elements should follow standard design proce- 
dures f o r  p i l e  o r  spread foundations subjected t o  the  v e r t i c a l  and horizontal  
loadings ant ic ipa ted .  S t a b i l i t y  and set t lement of the  s t ruc tu re  and pressures 
on the  braced excavation during construct ion may be evaluated. For underpin- 
ning p i l e s  the  p o s s i b i l i t y  of eventual removal of s ide  f r i c t i o n  r e s t r a i n t  
should be considered. R e t e s t  loads must be increased to  allow f o r  s ide  f r i c -  
t i o n  t h a t  may be removed with completion of adjacent work. See DM-7.2, Chap- 
t e r s  3, 4 ,  and 5 f o r  standard design procedures. 

Section 5. OFFSHORE PLATFORM FOUNDATIONS 

1. GENERAL. Many offshore f a c i l i t i e r  require e i t h e r  s t r u c t u r a l  platforms 
supported by c l u s t e r s  of steel pipe p i l e s ,  o r  gravity-type platforme supported 
by mats res t ing  on the  sea f loors .  



Pi l ed  template platforms have tubular  subs t ruc tu re  prefabr ica ted  on land and 
towed t o  t he  s i t e .  Af te r  placing on the  sea f l o o r ,  open end steel p i l e s  a r e  
dr iven  through the  columns. 

Gravi ty  s t r u c t u r e s  a r e  u sua l ly  made of concrete.  Construction begins i n  dry 
dock, and is  completed i n  deep she l t e r ed  waters  from where the  s t r u c t u r e  i s  
towed t o  t h e  s i te  and placed on the  sea  bottom by s e l e c t i v e  flooding. The mat 
foundations usua l ly  include perimeter s k i r t s  and dowels which pene t ra te  t h e  
upper s o i l s  10 t o  12 f e e t .  

2. SITE INVESTIGATION. The i n v e s t i g a t i o n  program i s  s i m i l a r  t o  t h a t  used on 
land,  except t h a t  t he  equipment used f o r  ob ta in ing  samples i s  d i f f e r e n t .  See 
DM-7.1, Chapter 2, and Reference 15, Underwater Sampling and Tes t ing ,  by 
Noonary. Reliance i s  placed on i n  s i t u  measurements such a s  vane shear  t e s t s  
and cone pene t r a t i on  tests, and geophysical t e s t i n g .  Geophysical measurements 
a r e  co r r e l a t ed  with boring da t a  t o  b e t t e r  de f ine  the  s o i l  p r o f i l e .  See 
DM-7.1, Chapter 2 f o r  d e t a i l e d  methods of o f f shore  explorat ion.  

Geophysical surveys should cover t he  e n t i r e  a r e a  of i n t e r e s t  with d e t a i l s  a t  
t he  a r e a  where t h e  s t r u c t u r e  i s  t o  be b u i l t .  These should include echo sound- 
i ngs  f o r  t h e  bottom, and boomer-sparker p r o f i l i n g  f o r  de t ec t i ng  the  depths  t o  

1 
t he  var ious  s t r a t a .  Gravity s t r u c t u r e s  r equ i r e  a  l a r g e  a r ea  survey, perhaps a  
ha l f  mile square,  because the  p o s s i b i l i t y  f o r  modif icat ions a f t e r  cons t ruc t ion  
s t a r t s  i s  very l imi ted .  Template s t r u c t u r e s  u sua l ly  requi re  only adjustment 
of p i l e  l ength  i f  t he re  i s  some e r r o r  o r  change i n  loca t ion .  The d e t a i l e d  

I 
explora t ion  must be done from d r i l l i n g  sh ips ,  and i s  cos t ly .  It should 
inc lude  s e v e r a l  deep borings,  t h r ee  or  fou r ,  supplemented by cone pene t r a t i on  
tests. Borings f o r  p i l e  supported s t r u c t u r e s  should extend a t  l e a s t  t o  a  II 

J 
pile-group diameter below the  a n t i c i p a t e d  t i p  e leva t ion .  I n  many cases ,  t h i s  1 
w i l l  exceed 300 f e e t .  Borings f o r  g r a v i t y  s t r u c t u r e s  might include two bor- 111 
ings t o  a  depth of 1.5 times the  base diameter with o the r  borings and cone 
pene t r a t i on  t e s t s  t o  i nves t i ga t e  t he  upper 100 f e e t  of s o i l .  7 

-- 
Obtain continuous samples of t he  ma te r i a l s  t o  a depth of 40 f e e t  o r  g r e a t e r  
below mud l i ne .  Thereaf te r ,  sample a t  s i g n i f i c a n t  changes i n  s t r a t a ,  a t  
approximately 10 f e e t  i n t e r v a l s  t o  200 f e e t  and approximately 25-foot i n t e r -  
v a l s  below 200 f e e t  Perform standard pene t r a t i on  t e s t s  o r  equiva len t  on 
s i g n i f i c a n t  sand s t r a t a ;  r e t a i n  and c a r e f u l l y  package samples f o r  l abo ra to ry  
t e s t .  Use vane shear  t e s t s  f o r  s o f t  t o  s t i f f  c l ays  and a l s o  ob ta in  "undis- 
turbed" samples f o r  l abora tory  t e s t i ng .  The cone penetrometer is ex tens ive ly  
used f o r  determining i n  s i t u  s o i l  s t r e n g t h  c h a r a c t e r i s t i c s .  The q u a l i t y  of 
the  "undisturbed'  samples using nonproprietary samplers is  much poorer from 
of fshore  samplers than from t e r r e s t r i a l  samplers. 

a. Scour. The p o t e n t i a l  f o r  scour may be g r e a t  where sand and si l t  com- 
p r i s e  t h e  sea  f l o o r ,  and per imeter  s k i r t s  a r e  usua l ly  provided on g r a v i t y  
s t r u c t u r e s .  Some use fu l  guidance is given i n  Reference 16, Scour a t  Bridge 
Waterways, by t h e  Highway Research Board. 

b. Seaf loor  I n s t a b i l i t y .  Large movement of sea  f l o o r  may r e s u l t  from 
wave a c t i o n ,  earthquakes,  etc. Detai led information such a s  s ea  bottom topog- 
raphy, r a t e  of depos i t ion ,  and gas conten t  a r e  required f o r  the eva lua t ion  of 
a r e a s  suspected f o r  sea  f l o o r  movements. Large fo rces  on foundation elements 



call r e s u l t  from sea f l o o r  movements. For fu r the r  guidance, see Reference 17, 
Wave-Induced Sl ides  i n  South Pass Block 70, Mississippi  Delta, by Bea, e t  a l .  - 
3. SWL(IW FOUNDATIONS. The pr inc ip les  of design f o r  shallow foundation a r e  
given i n  DM-7.1, Chapter 5, and DM-7.2, Chapter 4. Additional f ac to r s  tha t  
mulit be considertd f o r  offshore s t r u c t u r e s  include: predict ion of skirt and 
dowel penetrat ion a t  emplacement; r e s i s t ance  t o  overturning and s l id ing;  
i m i t a b i l i t y  due t o  scour; and pore water pressure build up due t o  construct ion 
procedures, c y c l i c  loading, earthquakes; e t c .  For de ta i led  design procedures ' 

sea  Reference 18, Recommended Pract ice  f o r  Planning, Designing and Construct- 
in15 Fixed Offshore Platforms, by the  API, and Reference 19, Design and Con- - 
e t ruc t lon  of Drv Docks. bv Mazurkiewicz. 

4. PILe FOUNDATIONS. See DM-7.2, Chapter 5 f o r  design of deep foundations. 
The loads car r ied  by p i l e s  supporting offshore s t ruc tu res  a r e  many times those 

on land; working loads o n  the  order of 3,000 tons i n  compression, 1,000 tons 
i n  tension a r e  q u i t e  normal. In addit ion,  the  p i l e s  must r e s i s t  la rge  l a t e r a l  
forces. The s u s c e p t i b i l i t y  of the  foundations t o  corrosion should be consid- 
ered,  and appropriate precautionslcompensation must be taken. In addit ion,  
see Reference 18 for  methods of designing and i n s t a l l i n g  p i l e s .  

Section 6. SPECIAL PROBLEM SOILS 

1. SANITARY LANDFILLS 

a. Introduction. Sanitary l a n d f i l l s  a r e  becoming the  major s i t e s  f o r  
s o l i d  waste disposal .  The geotechnical engineer's r o l e  i n  s o l i d  waste dis-  
posal includes: 

(1 )  Evaluation of physical and chemical material  propert ies;  

( 2 )  Design and supervision during construct ion of disposal  f a c i l i -  
t i e s ;  

( 3 )  Monitoring of f a c i l i t i e s  during operation t o  ensure sa t i s fac -  
t o ~ y  performance; and 

( 4 )  Evaluation of po ten t i a l  land uses a f t e r  completion of d isposal  
ope ra t ions .  

b. Composition of Material.  The engineering proper t ies  of san i t a ry  
l a r ld f i l l  a r e  l a rge ly  influenced by the  composition of the  refuse. Reference 
11 presents  the  r e s u l t s  of numerous determinations of refuse composition. 

c. Settlement Character is t ics .  

( 1 )  Unit Weights. Table 3 (Reference 11) presents  typ ica l  un i t  
ue:Lghts of municipal ref  use. 

( 2 )  Subsidence of Refuse F i l l  Under Self-weight. 



TABLE 3 
Typical Unit Weights of Municipal Refuse - 

I 1 

Household Trash Can 

Delivery Truck 

Sanitary Landfi l l :  Not Shredded 

- poor canpaction 

- good compaction 

- best  compaction 

Sanitary Landfi l l :  Shredded 

High-Pressure Baling (3500 p s i )  

- during compaction 

- a f t e r  volume expansion 

Canplet e Elimination of Voids 

Unit Weight ( 

Total (YT ) 

7 

15 

Dry (YD )* 

5 

* Calculated for moisture content of 42% (dry weight bas i s )  



(a) The following mechanisms can lead to surface subsidence: 

(1) Movement of particles into large voids; 

(2) Biological decomposition of organics; 

(3) Chemical reactions, including oxidation and 
ccmbustion; 

(4) Dissolving of soluble substances by percolating 
groundwater or leachate; 

(5) Change in deformation properties with time; 

(6) Plastic flow or creep. 

(b) The time-settlement relationship of subsidence under self 
weight is analagous to the secondary compression of soils after a short period 
of pseudo-primary (mechanical) settlement typically 1 to 4 months long. Mea- 
surements indicate a coefficient of secondary compression ranging from 0.1 to 
0.4. Thus, settlement of the fill under its own weight after completion can 
be estimated by: 

where: (AH) = settlement at time t2 (length unit) 

H = thickness of fill (length unit) 

tl = time pseudo-primary (mechanical settlement) 
to occur after completion of fill 

t2 = time after completion of fill 

C, = coefficient of secondary compression 
(any mathematically compatible units acceptable) 

(3) Subsidence of Refuse Fills Under External Loads. 

(a) The time-settlement behavior of old refuse fills under an 
applied load is analagous to the behavior of peat. Primary settlements will 
likely occur as the load is applied. Secondary compression occurs over a long 
period of time and the amount of long-term settlement is determined by envir- 
ormental conditions (i.e. humid environment is more conducive to decomposi- 
tjon) as well as the composition of the refuse. Reported primary compreeeion 
indexes (Cc/l+eo) ranged from 0.1 to 0.4 and the coefficient of secondary 
cclmpression (Ca ) from 0.02 to 0.07. These values are for fills which have 
undergone decomposition for some time prior to loading (10 to 15 years, typi- 
cally). Higher compressibility is usually associated with high organic con- 
tent and/or advanced degree of decomposition. 



d. Construction Over Sanitary Landfills. Any foundation investigation 
for a structure being built over a sanitary landfill should include the 
evaluation of the f oilowing potential problems : 

(1) Differential settlement of floor slabs, walls, and utilities; 
(2) Irregular subsidence due to highly variable composition; 
(3) Corrosion of concrete foundations and pipe utilities; 
(4) Generation of methane gas (see DM-7.1, Chapter 2); 
(5) Slope stability; 
(6) Effect of construction on leachate control. 

e. Methods of Treatment for Foundation Support. 

(1) Control and compaction during placement. Compaction and shred- 
ding of refuse as it is being placed in the landfill will greatly increase its 
suitability for later use. The typical unit weights of municipal waste pre- 
sented in Table 3 give an indication of the reduction of voids and volume by 
such treatment. 

(2) Proofrolling of fills and replacement of soft pockets with com- 
pacted soil will reduce irregular settlements. 

1 
(3) Use of surcharge fills where refuse is thick. I 
(4) Deep foundations founded below the refuse fills. If piles are 

used provisions must be made for the corrosive environment and possible damage 
during driving, as well as re-sealing any holes created in leachate cutoffs. 

1 

(5) Grouting of refuse fills to stabilize voids. 1 
(6) Use of flexible connections for utilities. -. 

-- 
Further guidance on construction over sanitary landfills is given in 

Reference 20, Design and Construction of Covers for Solid Waste Landfills, by 
Lutton et al., and Reference 21, Development of Construction and Use Criteria 
for Sanitary Landfills, by the County of Los Angeles and Engineering-Science, - - 

2 . COLLAPSING SOILS. 

a. General. The distinctive characteristics, geographic distribution 
and m e t h o ~ d e n t i f y i n g  collapsing soils are given in DM-7.1, Chapter 1. 

b. Foundation Difficulties. The problem of sudden settlements results 
from the loss of capillarity, cementation, or bonding as water comes in con- 
tact wfth soil. Wetting may result from landscaping, leakage through water 
pipes, drains, and reservoirs. 

The conventional methods of sampling, where water is used for clean- 
ing bore holes, are uneultable for collapsing soils. For shallow depths trim 
specimens manually from test pits. For deep sampling, use air for cleaning 
bore holes and obtain undisturbed specimens using thin walled tubes. 



c. Suitable Foundations. As i n  any other  type of unsuitable foundation 
material,  replace the  co l l aps ib le  s o i l  with a noncollapsing s o i l  o r  provide a 
deep foundation t o  bypass i t .  Alternate methods of e i t h e r  precollapsing by 
rsetting o r  preventing water inflow a r e  described i n  Reference 22, Classes of 
Problem Soi ls ,  by Murphy, and Reference 23, So i l  Improvement, History, 
' b p a b i l i t i e s ,  and Outlook, by the  American Society of C iv i l  Engineers. 

3. SWELLING AND SHRINKING SOILS. 

. a. General. These s o i l s  have grea t  po ten t i a l  fo r  volume change with 
change i n  water content. Clay s o i l s  with high co l lo ida l  contents ,  such a s  
montmorillonite, found i n  regions where high-rainf  a l l s  a r e  followed by long 
periods of l i t t l e  o r  no r a i n f a l l ,  exhibi t  high volume increases and decreases. 
fie geographic d i s t r i b u t i o n  and methods of iden t i f i ca t ion  and c l a s s i f i c a t i o n  
are given i n  DM-7.1, Chapter 1. Laboratory t e s t  procedures f o r  determining 
the swell po ten t i a l  a r e  described i n  DM-7.1, Chapter 5. 

b. Foundation Problems. Problems associated with swelling and shrinking 
s o i l s  a r e  t o t a l  and d i f f e r e n t i a l  set t lements o r  heave, excessive pressures on 
re ta in ing s t ruc tu res ,  and cracking of embankments. 

c. Suitable Foundations. Suitable foundations can be provided by remov- 
ing and replacing the undesirable s o i l ,  i s o l a t i n g  the  s t r u c t u r a l  element of 
foundation from the  s o i l ,  designing a s t ruc tu re  capable of r e s i s t i n g  heave 
pressures,  o r  preventing heave from occurring by prewetting. prevention of 
water access can be accomplished by membranes and s u r f i c i a l  grading. 

Methods of est imating heave and procedures fo r  treatment of heave a r e  
given i n  DM-7.1, Chapter 5. Estimating swell using the South African method 
is i l l u s t r a t e d  i n  Figure 3 (Reference 24, The Predict ion of Heave from the  
P l a s t i c i t y  Index and Percentage of Clay Fract ion,  by Van der Merwe). This 
method i s  usually conservative. Swelling pressures a r e  usually re l ieved with 
l i t t l e  displacement. It is  advantageous-to i s o l a t e  the  f l o o r  from the s o i l  by 
using co l l aps ib le  cardboard forms o r  leaving a s imi la r  void space. Further 
i s o l a t i o n  is  achieved by lubr ica t ing  deep foundation sha f t s  o r  i n s t a l l i n g  them 
i n  pre-bored holes f i l l e d  with vermiculite o r  bentonite. For backf i l l  of 
re ta in ing s t ruc tu res ,  swelling s o i l s  should not be used. See Table 4, (Refer- 
ence 25, So i l s  and Geology, Procedures f o r  Foundation Design of Buildings and 
Other Structures (Except Hydraulic St ructures) ,  by the  Departments of the  Atmy 
and M r  Force) f o r  recanmended foundation systems, Table 5 fo r  methods of con- 
t r o l l i n g  heave, and Table 6 f o r  remedial measures f o r  exis t ing  foundations on 
swell i< s o i l s .  For fu r the r  guidance, see  Reference 26, Foundations on Expan- 
s ive  S o i l s ,  by Chen. 

d. Design Guidelines. See References 25 and 26 f o r  guidance on design 
of foundation element i n  expansive s o i l s .  Mat foundations are usually appro- 
p r i a t e  i f  expansive s o i l  extends t o  g rea t  depths t h a t  precludes economic use 
of d r i l l e d  p ie r s  founded i n  a constant moisture zone. In cases where the  
po ten t i a l  heave is estimated a t  one inch o r  less, continuous wall  footings and 
individual  spread footings may be used i n  conjunction with a s l a b  on grade. 
Ribbed mats ( s l a b  on grade with thickened edge and i n t e g r a l  i n t e r i o r  beams) 
may be used ins tead  of continuous w a l l  footings. 



Procedure 

1. C la s s i fy  swe l l  p o t e n t i a l  of s o i l  using cha r t  i n  DM-7.1, Chapter 1  
(Very high, high medium o r  low). 

2. Aeeign p o t e n t i a l  expamion (P.E.) a s  i n . / f t .  of th ickness  based 
on 

Swell P o t e n t i a l  P o t e n t i a l  Expansion (P .E. ) 

Very high 
'High 
Medium 
Law 

3. Assume depth of lowest l e v e l  of t h e  groundwater t a b l e  = 20 f t .  Divide 
t h i s  th ickness  of 20 f e e t  t o  severa l  s o i l  l aye r s  with va r i ab l e  
swell po ten t i a l .  Assume th ickness  of ind iv idua l  l aye r  = AD. 

4. Calcula te  the  f a c t o r  F - log'(-@ - l o & - p )  f o r  each s o i l  layer .  
D in depth i n  f e e t  t o  mid point  of each ayer. 

5. Campute expansion f o r  each ind iv idua l  l aye r  A, = (P.E.) (AD) (F)  

6 .  Compute t o t a l  expansion (AH), 
n 

(AH)sr o -I A. where n  is  number of s o i l  l ayer .  

FIGURE 3 
Estimating Swell Using t h e  South African Method 
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EXAMPLE : 

OEPTH 
(n) RATING F-FACTOR 
0 

LAYER I LOW 

13 
LAYER 3 HIGH 

I5 

b 

FIGURE 3 (continued) 
Estimating Swell Using the South African Method 
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- 
Predi  cted 

Di f fe ren t i a l  
Movement . . .  - inches 

H:.gh swelling 
p o t e n t i a l  

TABLE 4 
Recommended Foundations f o r  Expansive S o i l s  

~ o u n d a  t i o n  Syr t em 

Shallow; standard 

Reinforced and 
s t i f f ened  waffle 
mat 

Light 
Medium 
Heavy 

Thick, reinforced 
mat 

Grade beam6 on 
concrete p i e r s  

Description 

Continuous wall ,  individual  spread 
footings. 
-- 

Residences and l i g h t l y  loaded s t ruc tures ;  
on-grade 4-inch reinforced concrete s l a b  
with s t i f f e n e d  berms; 0.5 percent 
reinforcing steel; 10 t o  12 inch th ick  
beams; external  beams thickened and ex t ra  
steel s t i r r u p s  added t o  t o l e r a t e  high edge 
forces. Dimensions adjusted t o  r e s i s t  
loading. 

Beam Beam 
Depth, in. Spacing, f t .  

18 15 
2 4 12 
30 10 

Large, heavy s t ruc tures ;  thickness of more 
than 1 f t .  

Suspended f l o o r s  or on-grade f i r s t  f l o o r  
i so la ted  from grade beams and walls; grade 
beams span between p i e r s  about 12 inches 
above ground level.  Reinforced cast-in- 
place concrete p i e r s  cont r ibute  anchorage 
agains t  u p l i f t  forces due t o  heave of 
s o i l s  surrounding the s h a f t ;  re inforc ing 
should resist t e n s i l e  forces  applied t o  
the  shaf t  by f r i c t i o n  i n  the  ac t ive  zone; 
t e n s i l e  force may be assumed equal t o  the  
circumferential  a rea  times the  d i f ference  
between the  average swelling prersure 
above and below the  point  under conridera- 
t ion;  s leeve of bitum s l i p  layers ,  roofing 
f e l t ,  PVC, o r  polyethylene may be applied 
around the  sha f t  t o  reduce skin f r i c t i o n  
and u p l i f t  forcer  on the sha f t  and i n h i b i t  
moisture migration down the  concrete 
shaf t. 



S o i l  S t a l  

Method 

-- 

Lime, cement, and f l y  ash 

I 

Compaction c o n t r o l  

I 

Moisture con t ro l  

Removal and replacement 
b f i  t h nonexpans i ve  ba ckf ill 

TABLE 5 
l i z a t i o n  Methods t o  Control Heave 

Remarks 

Two t o  f i v e  percent lime thoroughly mixed i s  
the  most success fu l  chemical agent. In-place 
mixing by sca r i fy ing  f e a s i b l e  up t o  36-inch 
depth. Montmorillonites should be conditioned 
with lime i f  cement i s  a l s o  added. Fly ash  
may be added t o  improve s t rength .  

Compact by kneading (sheepsfoot r o l l e r )  t o  90 
t o  95% standard - Proctor  optimum dens i ty  a t  
water cont'ents from 2 t o  5% g r e a t e r  than 
optimum. 

Horizontal p l a s t i c  membranes of c o n t r o v e r s i a l  
value due t o  poss ib le  punctures and leaks.  
C a t a l y t i c a l l y  blown a spha l t  membranes e f fec-  
t i v e  i n  minimizing pene t ra t ion  of moisture  
below membrane from surface.  Ve r t i ca l  mem- 
branes may minimize ho r i zon ta l  moisture  flows. 
Ground su r f ace  should s lope s l i g h t l y  from - 
s t ruc tu re .  Add d r a i n s  f o r  downspouts and 
f auce t s  and discharge away from foundation 
s o i l .  Provide subdra ins  i f  perched water 
t a b l e  o r  f reef low of subsurface water a r e  
prohlems. Provide wa te r t i gh t  u t i l i t y  connec- 
t ions .  Drains should no t  be i n s t a l l e d  i n  
desiccated s o i l s  a s  moisture  from d ra in s  w i l l  
be drawn i n t o  s o i l .  

Useful f o r  rep lac ing  su r f ace  expansive s o i l s  
t o  about 4- t o  6-foot depths. Back f i l l  should 
be impervious. Replacement s o i l  may be i n  
s i t u  s o i l  t r ea t ed  with lime o r  o the r  chemical 
agent. Use compaction con t ro l ;  avoid low 
water contents and high dens i t i e s .  



TABLE 6 
Remedial Measures f o r  Exis t ing  Foundations on Swelling S o i l s  

E r u c t w e  E l e m n t  Treated I Descript ion 1 
Supers t ruc ture  

- 
Sp::ead foot ings  and deep 
foundations 

- 
Cor~tinuous w a l l  foundation 

- - 

Reinforced and s t i f f e n e d  
sl&b-on-ground 

Free s l a b s  from foundation by cu t t i ng  along 
foundation wal l s ;  provide s l i p  j o i n t s  i n  
i n t e r i o r  w a l l s  and door frames; r e in fo rce  
masonry and concrete  block w a l l s  with horizon- 
tal and v e r t i c a l  t i e  bars  o r  re inforced  
concrete  beams; provide f a n l i g h t s  over doors 
extended t o  ce i l i ngs .  

1 

Decrease foot ing  s i z e ;  underpin with p i e r s ;  
mudjack; recons t ruc t  void beneath grade beams; 
e l imina te  mushroom a t  top o r  adding shims; 
increase  foot ing  o r  p i e r  spacing t o  concen- 
t r a t e  loading and t o  reduce angular d i s t o r t i o n  
from d i f f e r e n t i a l  heave between adjacent  
foot ings and p ie rs .  

Provide voids beneath port ions of wall  founda- 
t i o n ;  post  tension;  r e in fo rce  with hor izonta l  
and v e r t i c a l  t i e  bars  o r  re inforced  concrete  
beams. 

Mudjack; underpin with spread foot ings  o r  
p i e r s  t o  jack up the  edge of s labs .  



Deep foundations (e.g., d r i l l e d  p ie r s )  should extend below the ac t ive  
zone of swelling ( t y p i c a l l y  20 fee t ) .  Dri l led p ie r s  a re  belled to  provide 
anchorage t o  resist u p l i f t  forces ,  and reinforcement is  provided t o  car ry  
l ip l i f t  t e n s i l e  force. Upl i f t  forces can be minimized by using the smallest  
appropriate sha f t  diameter. In computing magnitude of u p l i f t  use an adhesive 
fac to r  of 1.0 (1.e. Ca = C). 

Section 7. SPECIAL GEOTECWICAL ENGINEERING STRUCTURES 

1. CONCRETE DIAPHRAGM WALLS. 

a. Introduction. A diaphragm w a l l ,  o r  s l u r r y  w a l l ,  r e f e r s  t o  a continu- 
ous concrete wall b u i l t  below ground using a f lu id - f i l l ed  trench. The general 
c:onstruction mcthod includes (eee Figure 4): excavation of the  trench with 
:.ntroduction of bentonite  s l u r r y  a s  the  digging proceeds; inse r t ion  of s t e e l  
::einforcement; placement of the  tremie concrete which displaces the  s lu r ry .  
Walls a r e  typ ica l ly  24 t o  36 inches vide and constructed i n  10 t o  20 foot  
r~ect ions.  Fluid pressure and s o i l  arching a r e  the  primary fac to r s  providing 
<:rench s t a b i l i t y .  Construction of walls is  general ly done by the contractors  
rrpecializing i n  t h i s  work, and the design i s  often based on experience and the  
~:onstruct ion of t r i a l  panel sect ions.  Detailed guidance on diaphragm walls is 
given i n  Reference 12, - Reference 27, Diaphragm walls  and Anchorages, published 
l ~ y  the  I n s t i t u t e  of Civi l  Engineers and Reference 28, A Review of Diaphragm 
l l a l l s  ublished by t h e  I n s t i t u t e  of C iv i l  Engineers. -, p 

b. Application. Diaphragm walls can be used a s  re ta in ing w a l l s  and/or 
t rs  load bearing walls  and f o r  seepage control  beneath o r  around water re ta in-  
ing s t ruc tu res  and fo r  s t a b i l i z i n g  potent ia l ly  unstable slopes. 

c. Subsurface Conditions. Diaphragm walls have been constructed i n  v i r -  
t u a l l y  a l l  types of s o i l .  However, some subsurface conditions may induce pre- 
ndum cos ts  making construct ion impractical.  Table 7 ( a f t e r  Reference 12) 
presents  some conditions which may present problems f o r  construct ion of s l u r r y  
rralls. 

d. Construction Procedures. 

(1) Method of Construction. Trenching i s  the  usual technique f o r  
construct ing c a s t  i n  place diaghragm walls.  Excavation should proceed with 
adaimurn disturbance of the  s o i l  a t  the  cut t ing  face and slowly enough t o  
r e m i t  the  s t a b i l i z a t i o n  of the  trench walls with the bentonite s l u r r y  ( t h e  
r a t e  of axcavation of ten  determined by construct ion of trial sect ion).  Exca- 
va t ion  can be done by augers, clam s h e l l  o r  spec ia l  trenching machines. 
Notary a d  percussion too l s  a r e  used fo r  excavating rock o r  hard formations. 
Guide w a l l s  a r e  b u i l t  a t  the  surface t o  a l ign  the trench, contain the  s l u r r y ,  
and support re inforc ing o r  precast elements i f  used. Alternate panels a r e  
excavated and concreted between s top  tubes ( see  Figure 4). Another j o i n t  
construct ion technique is  t o  use a s t r u c t u r a l  eect ion (precas t  I-beam) t o  
rrovide a j o i n t  capable of t ransfer r ing  shear and providing v e r t i c a l  
reinforcing.  



CONSTRUCTION PROCEDURE 
TREMlE HOePER 7 

ROUND JOINT, USING STOP-END TUBE 

PRIMARY WNEL S E C O N M  

PRIMARY RPNEL 
CONCRETED 

------- 

1 STOP-END REMOVED 

------- 

PRIMARY W E L  AND 
SECO)JMRY M E L  
COWRETED 

FIGURE 4 
Diaphragm Wall: General Construction Method 



TABLE 7 
Construction of Diaphragm Walls i n  D i f f i c u l t  Subsoil Conditions 

b 

Soi l  Type 

IUghly Pervious Soi ls  

Soft Clays 

Calcium Laden Soi ls  

Peat and Organic Soi ls  

Residual So i l s  Containing 
Iron Oxides 

S t i f f  Fissured Clays 

Loose S i l t s  

S o i l  Containing Boulders 

Sal ine So i l s  

Artesian Conditions 

i 

Poten t i a l  Construction Dif f icul ty  
a 

I n f i l t r a t i o n  of groundwater within trench 
decreasing wall  s t a b i l i t y  (can sometimes be 
solved by thickening bentonite and adding 
plugging agents).  - 
W a l l  s t a b i l i t y  may be a problem with clay 
having a shear s t rength  less than 500 psf. 
(Test sec t ions  a r e  recommended t o  detennlne 
panel length and construct ion procedures.) 

Calcium contamination from lime s o i l s ,  gypsum,. 
anhydrite may lead t o  f loccula t ion  of s l u r r y  
and an ine f fec t ive  mudcake on the  trench wall. 

d 

Peat may overbreak causing an i r r egu la r  w a l l ,  
i n  addi t ion  t o  s t a b i l i t y  problems caused by 
low shear s trength,  It may a l so  f l o a t  f r e e  and 
become embodied within concrete. Adverse pH 
of undecayed organic mater ia l ,  i n  some cases,  
makes construct ion impractical.  

Severe pH contamination causing adverse 
thickening of s lur ry .  

Severe overbreaks and l o c a l  col lapses causing 
problems with w a l l  s t a b i l i t y .  

Local l iquefac t ion ,  perhaps i n i t i a t e d  by 
construct ion equipment, causing i n s t a b i l i t y  of 
trench walls.  

D i f f i c u l t i e s  i n  excavation wil l  incur  premium 
cos t s  i n  addit ion t o  possible s t a b i l i t y  
problems o r  i r r e g u l a r l y  shaped wall. 

Sea v a t e r  a c t s  a s  f loccula t ing  agent i n  s l u r r y  
(by mixing s l u r r y  with f r e sh  water, s a l t  water 
contamination is typ ica l ly  l imited t o  5% t o  
10% and does not adversely a f f e c t  conetruc- 
t ion )  o r  use sodium bentonite. 

This will cause d i l u t i o n  of bentonite and 
trench s t a b i l i t y  problems. (Such condition 
must be suppressed by pumping o r  by wercoming 
with pos i t ive  head of bentonite.) - 



The d e t a i l e d  method of cons t ruc t ion  is usua l ly  s t a t e d  by the  
cont rac tor  a t  t h e  time of bidding. Of primary s ign i f i cance  i n  any technique 
is the  need t o  avoid damage t o  panels  a l ready  ca s t .  Ridges and abrupt  changes 
in  t h e  w a l l  f a ce  a r e  u sua l ly  not acceptable .  A t y p i c a l  s p e c i f i c a t i o n  c a l l s  
€or  no more than 3 / 4  i nch  v a r i a t i o n  i n  10 f e e t  of p r o f i l e .  Exposed wal l  f aces  ' 
~t t h e  end of panels  should be v e r t i c a l  (a to le rance  of 1:80 can be accom- 
plished with good technique).  

( 2 )  Mater ia l s .  

( a )  Bentoni te .  The bentoni te  s l u r r y  i s  normally mixed a t  a 4% 
to 6% concent ra t ion .  The s l u r r y  forms a mudcake on t h e  s i d e s  of t he  t redch  
which a i d s  s t a b i l i t y ,  It must be dense enough t o  provide s t a b i l i t y  ye t  be 
Fluid enough t o  allow c i r c u l a t i o n  and concret ing,  The height  of t h e  bentoni te  
w i th in  t h e  t rench  i s  gene ra l l y  kept a t  l e a s t  4 f e e t  above the  groundwater 
.Level, t o  i n s u r e  a p o s i t i v e  f l u i d  pressure on the  wal ls  of t he  excavation. 
:)epending on p ro j ec t  requirements t he  dens i ty ,  v i s c o s i t y ,  shear  s t r e n g t h ,  and 
pH of t he  bentoni te  s l u r r y  should be spec i f i ed .  k 

(3 )  Reinforcement and Concrete. S t e e l  reinforcement of wal ls  may 
:.nclude a rebar  cage, wide f lange  s e c t i o n s ,  o r  a combination of both. The 
tiesign of reinforcement of load bear ing wal ls  which r equ i r e  a s u b s t a n t i a l  
ilmount of s t e e l  must be c a r e f u l l y  done t o  prevent t he  t rapping of s l u r r y  and 

P 
rlud during concre t ing .  Concrete i s  placed by one o r  more tremie p ipes  Tn each 9 
] ,anel.  Concrete t y p i c a l l y  is  designed f o r  a 7 t o  8 inch  slump with a water ill 
c:ement r a t i o  less than 0.6. General p r ac t i ce  limits the  ho r i zon ta l  flow of 
concre te  t o  less than 10 f e e t  t o  prevent segregat ion.  11 

;r 
( 4 )  Other Typical Walls. The s l u r r y  excavat ion technique has been 

used f o r  cons t ruc t ing  wal l s  of p recas t  concrete  panels ,  w a l l s  of p r e se t  steel -. 

s ~ o l d i e r  p i l e s  with in te rconnec t ing  concrete  wa l l s ,  and wal l s  of bored p i l e s .  
l k r t h e r  information may be found i n  t h e  re fe rences  previously c i t e d .  

;!. GROUND ANCHORS. 

a .  In t roduc t ion .  There a r e  two genera l  ca t ego r i e s  of anchors:  

( 1 )  Grouted anchors when load i s  t r ans fe r r ed  from tendon to  grout  
then from g rou t  t o  s o i l .  Load t r a n s f e r  i s  by e i t h e r  f r i c t i o n  along a s t r a i g h t  
s h a f t  o r  by bear ing aga ins t  an underream o r  both. 

( 2 )  Mechanical anchor where load i s  t r ans fe r r ed  t o  s o i l  by an  
expanding b i t  o r  o t h e r  means. 

The bas i c  c m ~ o n e n t s  (Finure 5. from Reference 29. Tenta t ive  Recom- - w 

n~endat ions f o r  ~ r e s t r e i s e d  Rock and ~ o i i  Anchors, by t h e  p i e s t r e s s e d  Concrete 
1 :ns t i tu te )  of a grouted ground anchor a r e :  ( a )  t h e  p re s t r e s s ing  s t e e l ,  which ' 

nlay be one o r  more wire cab le s  o r  bars ;  t h e  bond l eng th  of t h e  s teel  is t h e  
grouted po r t i on  of t h e  tendon which t ransmi ts  fo rce  t o  t h e  surrounding s o i l  o r  
rock; t h e  s t r e s s i n g  l eng th  of t he  tendon i s  t h e  por t ion  which is  f r e e  t o  
e longa te  during s t r e s s i n g ,  (b )  t h e  s t r e s s i n g  anchorage, which permits t he  
s ' t r e s s ing  and anchoring of t h e  steel under load ,  and ( c )  t he  grout  and vent 
p ipes  required f o r  i n j e c t i n g  t h e  anchor grout .  Secondary grout ing  of t h e  
s t r e s s i n g  l eng th  is  o f t en  done f o r  cor ros ion  pro tec t ion .  



PRESSURE GROUTED SOlL ANCHOR 

SIRES ANCHORAGE 8 BEARING PLATE 

SHEATHING 8 PRESTRESSING STEEL 

G R W  (WITHDRAW CASING Of? 
AUGER SIMULTANEOUSLY) 

ROCK ANCHOR 

STRESSING ANCHORAGE 
8 BEARING PLATE 

PRESTRESSING STEEL 

SECONDARY GROUT / CORROSION Ff?OTECTlON (WnOMAL) 

PRIMARY GROUT 

FIGURE 5 
Basic Components of Ground Anchors 



b. So i l  Anchors. 

(1)  Introduction. Soi l  anchors can be i n s t a l l e d  i n  nearly all  type. 
of s o i l .  Types of anchors and applicable s o i l s  a r e  presented i n  Table 8 
(Reference 12). Anchor capacity depends on various f ac to r s ,  including s o i l  
type and grout penetration. Eatinrate of anchor capacity should consider past  
experience, p u l l  out  t e s t ing  of anchors, s o i l s  da ta  and consequences of f a i l -  
ure. In some cases,  f i e l d  t e s t i n g  of all anchors is  necessary. Anchors i n  
coarse sands and gravels  have had working loads up t o  80 tons ( f a c t o r  of 
sa fe ty ,  Fs = 1.5) where the  f ixed anchor has had about 40 f e e t  of over- 
burden on it. Anchors i n  medium sands, with the  fixed anchor below 20 t o  30 
f e e t  of overburden, have been i n s t a l l e d  with working loads up t o  40 tons (FS 
= 2). Anchors with working loads up t o  60 tons (Fs = 3) have been i n s t a l l e d  
i n  s t i f f  clays. For fu r the r  guidance, see  Reference 30, Ground Anchors, by 
Jackson, e t  a l .  

( 2 )  Design. 1" 

( a )  Anchors i n  Granular Soils .  The anchorage is formed by 
I 

i n j ec t ion  of grout under high pressure so t h a t  a grout bulb forms along the  ~r 

bond length of the anchor. Figure 6 (see ~ e f e r e n c e  31, Construction, Carrying 
Behavior and Creep Character is t ics  of Ground Anchors, by Ostermayer) presents  
a graph of anchor capacity versus bond length f o r  granular  s o i l  types of vari-  

r 
- 

ous dens i t i e s  and may be used fo r  pre-test est imate of bond length ( f r e e  o r  ? 
s t r e s s ing  length of anchor i s  normally a minimum of 20 t o  25 f e e t ) .  I 

Because of the  la rge  number of var iables  a f fec t ing  anchor w 

performance, anchors a r e  normally proof loaded t o  a t  l e a s t  115% t o  125% of $1  
design load with se lec ted  anchors tes ted  t o  higher loads and f o r  long-term 
creep charac te r i s t i c s .  Permanent anchors should be t e s t ed  t o  150% of design -. 
load. Guidelines f o r  t e s t i n g  may be found i n  the references. 

( b )  Anchors i n  Cohesive Soils .  Guidance is given i n  Figure 6 
for  pre-test est imating and p u l l  out capacity of anchors i n  cohesive s o i l s .  

c. Rock Anchors. 

(1)  Introduction. Rock anchors have a wide va r i e ty  of appl ica t ions  
and may be i n s t a l l e d  i n  most rock types. Figure 5 shows the  basic components 
of a rock anchor. 

(2)  Design. Anchor design must consider the  following f a i l u r e  
modes : 

( a )  Fai lure  of Stee l  Tendon. Design s t r e s s  within the  s t e e l  is 
usually l imited t o  50 t o  60% of the  ul t imate stress (50% fo r  permanent i n s t a l -  
l a t ions ) .  

(b) Fai lure  of Grout-steel Bond. The bond capacity depends on 
the number and length of tendons, o r  s t e e l  bars  (p la in  o r  deformed) and other  
fac tors .  See ~ e f e r e n c e  32, Rock Anchors, S t a t e  of the  A r t ,  by L i t t l e john  and 
Bruce f o r  guidance. 



TABLE n 
Types of Soil Anchors 



TABLE 8 (continued) 
Types of S o i l  Anchors 

nethod 

2. HIGH PUSSURE - SHALL 
DIAMETER 

Non-regroutable (2)  

Regroutable (3)  

(1) Grout pressures  are typ i ca l  

( 2 )  F r i c t i o n  from compacted zon: having locke$ i n  stress. Mass pene t r a t i on  of grout  i n  h igh ly  
pervious sand/gravel  f o m s  bulb" anchor. 

(3) b c a l  pene t ra t ion  of grout w i l l  form bulbs which a c t  i n  bear ing o r  i nc rease  e f f e c t i v e  diameter.  

A - Applicable 

NA - Not app l i cab l e  

Gravi t y 
Concrete 

M 

NA 

Diameter ( inches)  

Grout 
Pressure  

( p s i )  (1) 

150 

200 - 500 

Shaft  
5 ~ e  

3 - 8" 

3 - 8" 

B e l l  
Type 

M 

NA 

Su i t ab l e  S o i l s  
f o r  Anchorage 

Hard c l ays  
Sands 
Sand-gravel 
formations 
Glacial till o r  
hardpan 

Same s o i l s  as 
f o r  non- 
regroutab le  
anchors p lus  : 
a )  S t i f f  t o  very 

s t i f f  c l a y  

b) Varied and 
d i f f i c u l t  
s o i l s  

J 

Load Transfer  
Mechanism 

F r i c t i o n  o r  
f r i c t i o n  and 
bear ing i n  
permeable 
s o i l s  

F r i c t i o n  and 
bear ing  
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I PLAN - 
do= DEPTH OF PENETRATION REQUIRED FOR 

STABILITY (SEE DM 7.2,CHAPTER 3 ) 

FT MIN. EST1 MATE b FROM 

b= /E 
0.78 Lo 

b Vg = VOLUME OF GROUT IN LENGTH La 
Lo = ACTUAL BOND LENGTH 

ANCHOR CAPACITY - GRANULAR SOIL 

FOR A GIVEN La ESTIMATE ULTIMATE CAPACITY FROM FIGURE "A': THE ESTIMATED VALUE SHOULD 
NOT EXCEED 

Tult = 1.5 (LaTAN + ) w b  Po 
WHERE Po = VERTICAL EFFECTIVE !STRESS AT MID POINT OF La. 

\DRILL CASE EMBED#O TO FORM SEAL 

A D H E W  ON SHIFT- WEIR IN CLAY - UND€RREAM 
(11) 

ANCHOR CAPACITY -COHESIVE SO1 L 

Q,, :0.75r B L ~  c + F ( B ~ - ~ P )  C+wdLl ca 

- WHERE Ca =ADHESION RELATION TO C (SEE FIGURE 2, DM Z2,CHAPTER 5 ) 

FIGURE 6 (continued) 
Est h a t e  of Anchor Capacity 



( c )  F a i l u r e  of Grout-rock Bond. The bonding capac i ty  between 
the rock and t h e  grout  may be determined from t h e  following formula: 

wheae: Pu = load capac i ty  of anchor 

ds = diameter of d r i l l e d  s h a f t  

Lo = l eng th  of grout-anchor bond 

8 sun = grout-rock bond s t r e n g t h  

Typical grout-rock s t r e s s e s  f o r  var ious rock types a r e  
prctsented i n  Table 9 ( a f t e r  Reference 12). 

(d)  F a i l u r e  of Rock Mass. The c r i t e r i o n  f o r  f a i l u r e  i n  rock 
ma118 is  based on t h e  weight of rock contained wi th in  a cone emanating from the  
bonded zone. Figure 7 shows design c r i t e r i a .  Actual f a i l u r e  of anchor i n  
th:;s mode would be con t ro l l ed  by d i scon t inu i ty  pa t t e rns  and weathering of t h e  
rock. 

(3) Factor  of Safety and Testing. Anchors i n  s o i l  should be 
dersigned using a mininum f a c t o r  of s a f e t y  of 2.0; a higher  f a c t o r  of s a f e t y  is  
usrid f o r  permanent o r  c r i t i c a l  s t r u c t u r e s .  A l l  production anchors should'be 
proof loaded t o  115% t o  150% of t he  design load. Addit ional  t e s t i n g  t o  higher  
c a p a c i t i e s  and t o  determine creep c h a r a c t e r i s t i c s  may be j u s t i f i e d  f o r  perma- 
nent  i n s t a l l a t i o n s  o r  where t h e  design condi t ions  warrant. Guidelines f o r  
t e s t i n g  a r e  found i n  t h e  re ferences  previously c i t e d .  



TABLE 9 
Typical Values of Bond S t r e s s  f o r  Selected Rock Types 

Grani te  6 Basalt 

r 
Limestone (competent) 

Rock Type 
(Sound, Non-Decayed) 

Dolomitic Limestone 

Ultimate Bond S t r e s ses  Between Rock 
and Anchor Plus ( 8 s u n ) ,  p s i  

So f t  Limestone 

S l a t e s  and Hard Shales 

So f t  Shales 

Sandstone 

Chalk 
(va r i ab l e  p rope r t i e s )  

Marl 
( s t i f f ,  f r i a b l e ,  
f i s s u r e d )  

Nate: It i s  not  genera l ly  recommended t h a t  design bond s t r e s s e s  exceed 200 
p s i  even i n  t he  most competent rocks. 1 



COMPUTE ALLOWABLE PULL-OUT CAPACITY 

BASED ON Toll = 

% = WEIGHT OF CONE 

F+ = SHEARING RESISTANCE 
ALONG THE S U R W  OF THE W E  

o t e :  This a n a l y s i s  i s  not  app l i cab l e  i f  blocky j o i n t s  a r e  predominant. 
I n  such case  use t h e  weight of j o in t  block and ava i l ab l e  s i d e  shear  
which may be n e g l i g i b l e  depending upon t h e  j o i n t  f i l l i n g .  

For shallow anchors i n  ord inary  f r a c t u r e d  rock, compute al lowable 
pu l lou t  based on u l t imate  rock shear  s t r e n g t h  of 900 p s f ,  cone of 
60° ,  and ignore  weight of rock i n  cone ( s ee  Figure 16, DM-7.2, 
Chapter 4 f o r  example). 

FIGURE 7 
Pul lou t  Capacity - Shallow Anchors i n  Rock 
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APPENDIX A 
L i s t i ng  of Computer Programs 

Topic 

Dynamic and Seismic 
(Chapter 1) 

Descr ipt ion 

Computes dynamic s t i f f n e s s  and 
damping cons tan ts  f o r  p i l e s  
embedded i n  a multi-layered 
v i s c o e l a s t i c  medium. P i l e  
d e f l e c t i o n s  and i n t e r n a l  fo rces  
a r e  a l s o  provided. 

Computes dynamic responses  of 
r i g i d  foo t ing  t o  harmonic loads  
i n  a l l  s i x  degrees of freedom. 
E f f ec t  of embedment can be 
included. 

A gene ra l  program f o r  dynamic 
response of a r i g i d  foo t ing  
supported by s o i l ,  p i l e s  o r  
o the r  mans .  

A f i n i t e  element program f o r  
se i smic  two-dimensional 
s o i l - s t r u c t u r e  i n t e r a c t i o n  by 
t h e  complex response method. 

Program 

PI LAY 

R IGDF 

DYNA 

FLUSH 

4 

A v a i l a b i l i t y  

SACDA - Facul ty  of 
Engineering Sc iences ,  
Universi ty  of Western 
Ontario,  London, Ontar io ,  
Canada N6A 5B9 

" 

Professor J. Lysmer 
435 Davis Hall 
University of Ca l i fo rn i a  
Berkeley, CA 94720 
( ava i l ab l e  on NAVFAC 
CADLOG) 



GLOSSARY 

Electro-osmosis - A method of dewatering, typica l ly  used fo r  fine-grained 
x i s ,  i n  which an e l e c t r i c  f i e l d  i s  established i n  the  s o i l  mass t o  cause the  
movePent by electro-osmotic forces of pore water t o  wellpoint cathodes. 

Liquefaction - The sudden, large decrease of shear s t rength  of a cohesionless 
s o i l  caused by col lapse  of the  s o i l  s t r u c t u r e ,  produced by shock o r  small 
shear s t r a i n s ,  associated with sudden but temporary increase of pore water 
pressures. 

Loess - A wind deposited s i l t  with high porosi ty and low un i t  weight which i s  -- 
extremely suscept ib le  t o  collapse of i t s  granular s t ruc tu re  upon wetting. 

Vibrodensification - The denei f ica t ion  o r  compaction of cohesionless s o i l s  by - 
imparting wave energy t o  the  s o i l  mass so a s  t o  rearrange s o i l  p a r t i c l e s  
r e su l t ing  i n  less voids i n  the  overa l l  mass. 



SYMBOLS 

Designation 

t s f  
t , t l ,  

t 2  * t n  
W 

Y D 
Ysue (Ye 
Y T 
Yw 

Croes-sectional area;  a l s o  amplitude. 
Width i n  general ,  o r  narrow dimension of a foundation uni t .  
Unit adhesion b e t e e n  s o i l  and p i l e  surface o r  surface of 

some other  foundation material .  
Coefficient  of uniformity of gra in  s f  ze curve. 
Coefficient  of secondary compression. 
Cohesion in te rcep t  fo r  Mohr's envelope of shear s t rength  based on 

t o t a l  s t r e s ses .  
Cohesion in te rcep t  f o r  Mohr's envelope of shear s t rength  based on 

e f f e c t i v e  s t r e s ses .  
Depth, diameter, o r  distance;  a l s o  damping coeff ic ient .  
Relat ive density. 
Grain s i z e  d iv is ion  of a s o i l  sample, percent of dry weight 

smaller than t h i s  gra in  s i z e  is indicated by subscript .  
Modulus of e l a s t i c i t y  of s t r u c t u r a l  material .  
Modulus of e l a s t i c i t y  o r  "modulus of deformation" of s o i l .  
Void r a t i o .  
Safety f a c t o r  i n  s t a b i l i t y  or  shear  s t r eng th  analysis .  
Frequency. 
Shear modulus. 
In general ,  height o r  thickness. 
Moment of i n e r t i a .  
Coefficient  of permeability i n  general.  
Kip8 per sq f t  pressure in tens i ty .  
Kips per sq i n  pressure in tens i ty .  
Length i n  general o r  longest  dimenoion of foundation un i t .  
Density i n  pounda per cubic foot. 
b i r t i n g  e f f e c t i v e  overburden presrure ac t ing  a t  a opeci f ic  

height i n  the  r o i l  p r o f i l e  o r  on a r o i l  sample. 
Inteno i t y  of applied load. 
In ten r i ty  of v e r t i c a l  load applied t o  foundation uni t .  
Unconfined colpprerrive s t r eng th  of s o i l  sample. 
Radiua of p i l e ,  caisron,  w e l l ,  o r  other  r i g h t  c i r c u l a r  cylinder. 
Percent sa tu ra t ion  of r o i l  mass. 
Shear s t r eng th  of s o i l  f o r  a s p e c i f i c  s t r e s s  o r  condition i n  s i t u ,  

used ins tead  of s t r eng th  parameters c and 4. 
Thickness of s o i l  s tratum, o r  r e l a t i v e  s t i f f n e s s  f ac to r  of s o i l  

and p i l e  i n  analys is  of l a t e r a l l y  loaded p i l e s .  
Tons per sq f t  pressure in tens i ty .  
Time i n t e r v a l s  from s t a r t  of loading t o  the points  1, 2,  o r  n. 

Moisture content of s o i l .  
Dry un i t  e i g h t  of s o i l .  
Submerged (buoyant) u n i t  weight of s o i l  mass. 
Wet un i t  w i g h t  of o i l  above the  groundwater table .  
Unit weight of water,  varying from 62.4 pcf f o r  f r e s h  water t o  64 
pcf fo r  sea water. 

Unit s t r a i n  i n  general. 



SYMBOLS 

Symbol Designation 

Magnitude of set t lement f o r  various conditions. 
Foundation mass density. 
Angle of i n t e r n a l  f r i c t i o n  o r  "angle of shearing res is tance ,"  

obtained from Mohr's f a i l u r e  envelope f o r  shear s trength.  
Total major pr inc ipal  stress. 
Total  minor pr inc ipal  s t r e s s .  
Effect ive major pr inc ipal  stress. 
Effect ive minor pr inc ipal  stress. 
Normal s t r e s s e s  i n  coordinate d i rec t ions .  
Poisson's Ratio. 
In ten r i ty  of shear s t r e s s .  
In tens i ty  of maximum shear s t reee .  
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