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Disclaimer 

The c o n t e n t s  of  t h e  r e p o r t  r e f l e c t  t h e  
views of t h e  au tho r s  who a r e  r e s p o n s i b l e  f o r  
t h e  f a c t s  and t h e  accuracy of t h e  d a t a  pre-  
s en t ed  h e r e i n .  The c o n t e n t s  do n o t  n e c e s s a r i l y  
r e f l e c t  t h e  o f f i c i a l  views o r  p o l i c i e s  of  t h e  
Iowa Department o f  T ranspor t a t i on  o r  t h e  Fede ra l  
Highway Adminis t ra t ion .  This  r e p o r t  does n o t  
c o n s t i t u t e  a  s t a n d a r d ,  s p e c i f i c a t i o n ,  o r  regu- 
l a t i o n .  



TABLE OF CONTENTS 

Page 

I n t r o d u c t i o n  

S tone  Columns 
Reinforced E a r t h  Wall 

Cons t ruc t i on  

Eva lua t ion  

Se t t l emen t  P l a t e s  
S lope  I n d i c a t o r  ( Inc l i nome te r )  
Reinforced E a r t h  Wall 

Conclus ion 

In s t rumen ta t i on  Diagram 

Appendix A-Settlement P l a t e  Readings 
Appendix B-Inclinometer  D e f l e c t i o n  P l o t s  
Appendix C-Reinforced E a r t h  Wall  N o .  4 

Movement Diagram 
Appendix D-Construction Photos  



REINFORCED EARTH AND STONE COLUMNS 

FOR WEAK SUBSOIL CONDrTIONS - 
THE IOWA EXPERIENCE 



lNTRODUCTION 

Reinforced Earth i s  a French development t h a t  has been used i n  the United 

States  for  approximately ten years. Virbro-Replacement, more commonly referred 

t o  as stone columns, i s  an outgrowth of deep densification of cohesionless 

s o i l s  or iginal ly  developed in Germany., 

Reinforced Earth has appllcabi1i;ty wRen wall height i:s greater  than about 

twelve f ee t  and deep-seated foundation f a t l u re  is not a concern, Stone columns 

are applicable when s o f t ,  cohesive subsoil conditions are  encountered and bearing 

capacity and shearing resistance must be increased. The conditions in Sioux 

City on Wesley Way can be summarized as: ( I )  r es t r ic ted  r ight  of way, (2) f i l l  

height i n  excess of 25 f ee t  creating unstable conditions, ( 3 )  adjacent s t ructures  

t ha t  could not be removed, After analyzing a l te rna t ives ,  i t  was decided tha t  

Reinforced Earth walls constructed on top of stone columns were the most practical  

approach. 

Stone Columns 

As previ:ously reported, stone column cons.truction was c~mpleted on September 

21, 1979, The following i s  a summary of cons,tructi:on ol jser~at ions  and performance 

t o  date:. 

1. Contractor cooperation was excellent,  Th,etp personnel were well trained; 

proper equipment was avatlable;  and productton capabi l i t i es  were as advertized. 

2.. Minor problems were experienced wi'th the worktng base provided. The A-3(0) 

and A-2-.4(0) sands which were speci'fted became l'qui:ck'i under high flow 

conditions, The contractor elected t o  s t ab i l i ze  the surface by usi.ng the 

column aggregate a t  his own cost .  This item should be c l a r i f i ed  i n  future  

contracts.  

3, Probe vibrattons were transmitted f o r  considerable distances,  but were of 

a nondamaging magnitude. A badly cracked concrete block wall ,  supported by 



spread foo t ings ,  and loca ted 15 ft. from the  columns has shown no apparent 

chanoe i n  crack w id th  o r  p a t t e r n  s ince  the  pro, ject  began. A  hardware s t o r e  

l oca ted  100 f t .  from the  p r o j e c t  repor ted  moving i tems on t h e  d i sp lay  f l o o r  

b u t  again no apparent damage occurred the s t r u c t u r e .  

4. The " j e t t i n g "  method o f  d r i l l i n g  w i l l  n o t  advance t h e  v i b r o f l o t  probe through 

ma te r ia l  which cannot be washed up the  hole o r  pushed t o  the  side. Auger 

d r i l l i n g  equipment, a t  t h e  cos t  o f  $1,000 per  f o o t  o f  obs t ruc t ion ,  was used 

t o  advance se lec ted  holes which cou ld  n o t  be j e t t e d .  Because o f  cos t  con- 

s idera t ions ,  i t  was decided t o  remove obs t ruc t ions  on l y  i f  t h e  column area 

reduct ion  r e s u l t e d  i n  a  safety- f a c t o r  below 1.3. 

Determinat ion o f  ma te r i a l  changes are  e a s i l y  observable by  t h i s  d r i l l  i n g  

method w i t h  r a t e s  o f  probe penet ra t ion  changing d ramat i ca l l y  according t o  

ma te r i a l  type. Very l i m i t e d  t r a i n i n g  a l lowed our  f i e l d  inspectors  t o  p i c k  

t h e  foundat ion l a y e r  des i red  and t o  e a s i l y  recognize any change i n  ma te r i a l  

types. 

I n  the area where column lengths were s i g n i f i c a n t l y  reduced, a  number o f  

the probe holes could n o t  be advanced t o  the  expected e leva t i on .  The 36 i n .  

auger equipment obta ined e x c e l l e n t  samples which v e r i f i e d  a  4 t o  8 ft. t h i c k  

boulder  l a y e r  under la in  by weathered shale. Design changes thus were made 

w i t h  confidence and w i t h  minimal p r o j e c t  delay. 

When changed cond i t ions  a r e  encountered w i t h  t h i s  system, i t  i s  des i rab le  

t o  no t  b a c k f i l l  the ho le  w i t h  column aggregate u n t i l  the e x t e n t  o f  the  con- 

d i  t i o n  i s  known. On t h i s  p r o j e c t  these "quest ionable" holes were b a c k f i l l e d  

w i t h  sand which cou ld  e a s i l y  be , jet ted. This was n o t  covered as a  con t rac t  

i tem, and f u t u r e  p ro jec ts  should conta in a  b i d  i t e m  f o r  uncompleted column 



5. As noted by the  reduction of actual pay quant i t ies  fo r  aqgregate, the 

planned s i z e  of column was not t o t a l l y  achieved. Based on stone "take",  

hole s ize  may vary considerably according to the strength and cohesive 

properties of the  so i l  as well as the  nature of the  foundation s o i l s  

located a t  the base of the column. Columns which d i d  not have a good base 

from which t o  s t a r t  were d i f f i c u l t  t o  compact throughout their en t i r e  length 

6 .  The stone columns apparently essen t ia l ly  eliminated settlement of the Rein- 

forced Earth wall and the i n t e r io r  sand f i l l .  Our estimated settlements 

f o r  t h i s  30 f t .  high f i l l  were in excess of two f e e t  had the  column system 

not been used. 

7. The i nab i l i t y  t o  control column s ize ,  the economic considerations for  the 

clearing of obstructions and the inclinometer movements observed, support 

the  1.5 safety  fac tor  design used fo r  t h i s  project .  

Reinforced Earth Wall 

1 .  Again, contractor cooperation and a b i l i t y  was excel lent .  Some ear ly  mis- 

understandings as t o  the application of our standard specif icat ions  f o r  the 

manufacture of concrete items became controversial .  This was resolved and 

concrete face panels delivered t o  the  project  were of outstanding qua l i ty .  

2. The project  soecifications required the wall backfill  be compacted with 

moisture density control. Density was t o  exceed 95% of standard proctor 

density and moisture l imi t s  were s e t  a t  -1% t o  +3% of optimum standard 

proctor l im i t s .  The sand used f o r  backfill  was dredged t o  the project  and 

stockpiled. To meet the moisture l im i t s ,  the contractor attempted t o  d r y  

the material by spreading. This resulted in variable moisture contents and 

variable dens i t i es .  Early i n  the project  the upper  l im i t  was raised t o  6% 

over optimum. This resulted in a considerable reduction in contractor e f f o r t s  

and a more uniform backfill  density. A d r a i n  system had been designed fo r  the 

wall footing which eas i ly  control led excess water. 



Page 4 

3 ,  The only real problem encountered durwg the, cons.tructi:en of the Reinforced 

Earth system resulted from th,e necessary s:ystem moyements, These internal 

!tact?vati:onll' mvvements di;d not stop when the wall was completed, as. ex- 

pected, b u t  continued fo r  a pe:riod of about one month, 

Bridge abutment p?li:ng were. placed i n  several of th.e wall systems, 

These were encased with a l j gh t  tub.ing which was maintained i:n a lEcentered'l 

pos i t ion  as the walls  were bui ' l t ,  Thes-e t u b e s  tipped outward (:toward the 

wqll face) a s  much a s  6 i n ,  from the constructed positi:on., ln one case the. 

movement conti:nued u n t i ' l  a f t e r  the  abutmentwas constructed and the bridge 

beams. had been placed,, Fortunately. movement stopped before damaging the 

s t ructure  ,, 

This same problem resul ted i n  sowe sectirons of the Rei'nforced walls 

eventually obtaining an outward lean o f  1 i.n, t o  3 i n .  from the desired 

ver t ical  alignment. Wall 4 ,  which. was bu i l t  i n  con junc t~sn  with the stone. 

columns and 'had only m?nor se t t l even t ,  presented the most "vpyement!' problems, 

This wall was b u i l t  i n  several stages in addition t o  the  two which were designgd. 

The wall was b u i l t  wi:th, a one-half inch per panel  construction^' ba t t e r  which 

proved t o  be insuf f ic ien t  t o  mai,nta?n ver t ica l  alignment,, Differential move- 

ments occurred between the  varlous stages and a t  one point the  c o n s t r u c t i ~ n  

csntractor  yt i lded t o  temptation and attempted t o  s t ra ighten a section of wall 

by pushing inward, T h i s  only resulted i:n breaklng several panels.. The 

only other panel breakage, noted t o  date,  has occurred a t  corners and i n  two 

cases alignment rods have broken out of the inside of panels, Th.ese breaks 

have occurred i n  the  lower portion of wall 4 wh.ere. wood "aljgnment!' wedges 

were l e f t  in place during second and l a t e r  stage additi;ons, Addi:tional driving 

of these wedges, may have occurred as an e f f o r t  t o  maintain ver t ical  alignment.. 



The wall misalignment i s  not noticeable t o  the casual observer and 

since a l l  movements have apparently stopped, does not appear t o  be de t r i -  

mental t o  the s t ructure .  

I f  t h i s  project  i s  representative,  these walls should have a minimum 

completed bat ter  of one-half inch per panel t o  avoid l a t e r  outward lean. 

CONSTRUCTION 

Construction photos of both the Reinforced Earth wall and stone column 

in s t a l l a t i ons  are included as Appendix D.  

EVALUATION 

Settlement plates and slope indicator (inclinometer) wells were ins ta l led  

before construction. In addition, reference marks were placed on the Reinforced 

Earth wall number 4 to monitor horizontal movements. A diagram locating the 

instrumentation in re la t ion to survey and wall and column in s t a l l a t i ons  i s  in- 

cluded (page 8 ) .  

Settlement Plates 

The settlement plates were monitored during f i l l  construction and ju s t  before 

pavinq. They were destroyed during paving operations. The most settlement oc- 

curred in the high part of the mainline f i l l  behind wall 4 .  That settlement was 

approximately 0.5 f t .  Design estimates f o r  t h i s  area were 0.8 f e e t .  Settlement 

pla te  readings versus f i l l  height are included as Appendix A .  

Slope Indicator (Inclinometer) 

Slope indicator  wells were i n s t a l l ed  before construction and have been 

monitored a t  regular in tervals  throughout. There was more o r  l e s s  uniform 

s t r a in s  occurring in the subsoils approximately unti l  completion of Reinforced 

Earth wall number 4 .  A t  t ha t  time, deflections on the order of one-half inch 

s ta r ted  t o  appear a t  the surface of the  reworked shale. The manufacturer of the 

instrument s t a t e s  t ha t  the  magnitude of deflection i s  not an accurate measurement 

b u t  t ha t  the shape of the deflection curve i s  of significance.  The system of 

stone columns was, therefore,  reanalyzed. 



Both experience w i t h  other landslides . i n  rows as, well as other ye:~earch 

had sh.own tha t  reworked sha le  has a very. low residual s t rength,  b towa, this 

strength i:s about 200 psf d t h .  an i'nternal fr?cti:on of O", Th?s was the s:trength 

used i:n the analysis,  Other so i l  properties used i n  the analysis were based on 

Shelby tube cores. i n  the  area,  

The analysis used was a computer ve.rs:ton of the  Si:mpli:fied Bishop Meth~d of 

S l tces ,  The results were t h a t  fatlure could be expected and thi's f a i l u r e  would 

indeedoccur tn the  reworked shale,  T h ,  stone column strength., cohes:ton equal 

0 psf and angle of internal  fri:ction equal 38', was then added t o  th.e analysis.  

The fac tor  of safety  i:ncreased t o  almost 1,4,  The weakest plane was s t i l l  in  

the reworked shale,  

The angle of in ternal  fr?cti:on of a so i l  contributes nothing to  the  overall 

system unt?l some s t r a i n  has taken place, RI vtew of t h i s ,  and the  f ac t  t h a t  

stone columns a re  constructed wfth an aggregate of three inch top s t z e  and three- 

fourths inch m i n i m u m ,  the  deflections bei,:ng experienced were not excessive, Con- 

s t ructfon was allowed t o  proceed, 

Subsequent inclinometer reading9 h.ave shown t h a t  movement has vi,rtuqlly ceased 

since f i l l  completton. Excess pore pres;s.ures have probably been relieved,  and the  

system has s tab i l t zed .  

Appendix B contains summary plots  of inclinometer deflections and a schematic 

of the  worst case computer analysis.  

Reinforced Earth Wall 

Reference marks were placed on Reinforced Earth wall number 4 as construction 

proceeded, Most of the  deflection occurred during construction and probably can be 

a t t r ibu ted  t o  a l e s s  t h a n  optimum staging of construction. 



Loess h i l l s ,  as dccur i:n western TeN$,, qui:teoften have a &ale o r  1i:mestone 
. . 

"dome1' i:n them, The. rowa Department of Transportati,on was able t o  fi:nd the 

approximate elevation of the  shale under the  loess h t l l  t o  the west of Wesley 

Way, The stabi:lity of the bluff towards Wesley Way was checked, Thcl results. 

show. t h a t  a 10,ng-term s1i:de was dccurri;ng towards the road, This w.as evidenced 

in  the fireld by the quanttty and sh.ape. of both. th,e colluyium a t  the base of the 

bluff and the  nature of the slope on the lee  s ide  of the  bluff ,  

The new Wesley Way i:s cons t~u r t ed  an a sand f i l l  retained by a Rei,nforced 

Earth wall, Mi:nor s t r a i b ,  a s  sh.own by wal-I mgvement readings, @ere t o  be expected. 

The everall  factor  of safety of the  bluff and the  road together i:s i:n excess of 

1 ,8 ,  The movement can be expected t o  ceas:e as the long-term bluff fai:lure i s  

eventually s tabf  l ized,  Appendi:~ C shows the appli'cable Bishop ana1ysi:s and wall 

movement t o  date,  

GrcrawsroN, 
rowa has 1imi:ted experience i n  i:ns.tiumentati:on, lns.trume.ntati:on can be 

very important i:n he1pi;ng t o  understand the behavior of materials in the f i e l d ,  

T t  a lso i:s beneftcial i:n helping t o  spat  potential  problems and e f f ec t  necessary 

changes before f a i l u re  i:s encountered, 

Both Rei'nforced Earth and Yi:bro-Replacement are, an effect ive,  practical  

means of solving weak foundation/restri:cted are.& problems, They b o t h  can work 

well i n  conjunction and can be constructed wfth no special problems.. As more 

experience. i s  gained i:n using these too ls ,  even the mi.nor problems tha t  occurred on 

this project  wtll  eventually be foreseen and avoided, 
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SETTLEMENT PLATE READINGS 
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APPENDIX D 

CONSTRUCTION PHOTOS 



Pho to  S h e e t :  1 

B e g i n n i n g  
P i l e  c o v e r i n g  c a n  b e  s e e n  (Page  4 )  

R e i n f o r c e d  E a r t h  W a l l  No. 4 
A d d i t i o n a l  S t a g i n g  (Page  4 )  



P h o t o  S h e e t :  2 

Completed R e i n f o r c e d  E a r t h  Wal l  No. 1 
(Top o f  W a l l  2 is i n  f o r e g r o u n d )  

Chipped  R e i n f o r c e d  E a r t h  W a l l  P a n e l  ( T y p i c a l )  
( P a g e  4) 



Photo Sheet: 3 

Wall distortion-Reinforced Earth Wall No. 3 
West End (Page 4 and 5) 

Stage Construction-Reinforced Earth Wall No. 3 



Photo  Shee 

S i t e  C o n d i t i o n  showinq r e s t r i c t e d  R i g h t  o f  Way - 

and a d j a c e n t  s t r u c t u r e  

S t o n e  Column I n s t a l l a t i o n  



P h o t o  S h e e t :  5 

R e i n f o r c  W a l l  N o .  3 
S t r i p  Ex 

be tween  S t a g e s  



Beginning of construct~on-EeEnforced Earth ,Wall No. 4 
Pile caveri,ng can he :seen (Page -4) 

. -. 

Reinforced Earth Kall No. 4 
addEtiona1 FtagPng @age 4 )  



Completed Retnforced Ea r th  W a l l  No. 1 
(Top of Wall 2 i s  i n  foreground) 

Chipped Retnfoxced Earth. W a l l  Panel  CfPyptcal) 
@*ge 4)- 



Kest End (Page 4 and 

Stage Construct~an..Re~nfa~cad Earth Wall No, 



and adi acent structure 

Stone Column rnstallation 



R e i n f o r c e d  E a r t h  Wall No. 3 
S t r i p  Exposure  f rom E r o s i o n  

be tween  S t a g e s  of C o n s t r u c t i o n  




