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Panel discussion on R&D challenges in soil reinforcement 

Débat de spécialistes sur les défis de la recherche et des mises au point en renforcement des sols

llan Juran -  Department of Civil Engineering, Polytechnic University, N.Y., USA

IN TRO D U C TIO N

In the field  o f  so il reinfo rcem ent p ractice has trad itionally 

preceded  theo retical co nsid eratio ns and research. 

Techno lo g ical inno vatio ns put fo rw ard  by the co nstructio n 

industry and new  co nstructio n materials made available by the 

manufacturing industry have co ntinuo usly challenged  the 

infrastructure ag encies and the engineering com munity w ith the 

critical need s fo r establishing relevant engineering guidelines 

and quality co ntro l standards. Effectiv e co o p eratio n am o ng the 

manufacturing industry, the co nstructio n industry, the 

infrastructure agencies and the research com munity has o ften 

been a m ajo r facto r in the d evelopm ent o f  so il reinfo rcem ent 

techno lo g ies and engineering p ractices.

W hile a w ide variety  o f  questio ns are yet unreso lved  and raise 

m ajo r challenge to  research and d evelopm ent, it is believed  that 

so il reinfo rcem ent techniques have matured  and becam e reliable 

and co st effectiv e engineering to o ls fo r geo technichal 

co nstructio n in d ifficult site and soil co nd itions. The increasing 

amo unt o f  full scale experim ents and perfo rm ance m o nito ring 

o f  actual structures has provided  a significant d atabase fo r the 

d evelopm ent and evaluation o f  design m etho ds, and 

Engineering  guide lines.

H o w ever, am o ng the m ajo r issues to  be addressed  o ne can 

identify: ( I)  issues pertaining to  the engineering use and quality 

co ntro l o f  innovative materials such as the engineering use o f  3- 

D  fiber reinfo rcem ent w hich gains significant interest regard ing 

the po tential use o f  recy cling  w aste pro d ucts as shredded tires 

in so il reinfo rcem ent, (ii) long term  perfo rm ance assessm ent o f  

vario us reinfo rcem ent types and particularly g o esy nthetics,( i.e. 

chem ical and m echanical durability and in so il confined  creep ), 

(iii) chem ical co m patibility  o f  g eo synthetics w ith co ntam inants 

fo r environm ental applicatio ns, (iv ) new  fields o f  engineering 

app licatio ns and in particular the gro w ing  use o f  so il 

reinfo rcem ent system s fo r g eo technical co nstructio n in 

earthquake zones, (v ) reinfo rcem ent o f  fine grain so ils, and (v i) 

the po tential use o f  inno vative co nstructio n techno lo g ies, 

specifically  fo r in-situ ground  reinfo rcem ent.

It is anticipated  that future d evelopm ents in co nstructio n and 

installation techno lo g ies w ill co ntinue to  raise challenging R& D  

need s pertaining to  their reliable engineering use in co nstructio n 

practice. This panel d iscussion w ill attem pt to  briefly highlight 

so m e o f  the R & D  challenges in so il reinfo rcem ent. In o rd er to  

co m ply w ith sp ace limitation it w ill be limited  to  so m e 

co m m ents on:

(0 Durability o f Reinforcements.

(ii) Seismic performance o f reinforced soil systems.

D U R A BIL IT Y  O F REIN FO RC EM EN TS

C o rro sio n o f  m etallic reinfo rcem ent under vario us site 

co nd itions has been extensively  investigated  and results 

inco rpo rated  in vario us engineering manuals and design cod es. 

PTI ‘ 96 pro v ides guide lines fo r co rro sio n p ro tectio n w ith 

ground ancho rs, and A A SH TO  fo r m etallic reinfo rcem ents. 

H o w ever, chem ical and m echanical d egradation o f  

geo synthetics is still no t clearly understo od  and no  generally  

accepted  testing  p ro to co ls have yet been established . W ith this 

regard  it is o f  interest to  summarize at this po int the main 

co nclusio ns o f  a m ajo r 6 year study cond ucted  by the FH W A  

on the developm ent o f  testing  p ro to co ls to  m easure the 

d egradation o f  vario us types o f  po lyesters by hydro lytic 

reactio n and po lyo lefins by therm o -o xidation. Po lytechnic 

University  co nd ucted  the labo rato ry  testing  pro gram fo r this 

study. (Salm an et al, 1997)

Fo r po lyesters the labo rato ry  stud ies illustrate that kinetics o f  

hydro lysis in so lutions o f  d ifferent pH, can be d escribed  w ith an 

A rrhenius model to  estim ate strength degradation rate at 

ambient temperature. H o w ever pred icting degradation o f  

po lyo lefins is still a m ajo r challenge since it is a function o f  the 

manufacturing p ro cess, antioxid ants used  and partial o xygen 

pressure.

Figure 1. illustrates the results o f  o ven aging testing  o f  

po lyo lefins w ith co ntro lled  o xyg en partial pressure. The results 

clearly suggest that it is quite d ifficult to  extrapo late the 

degradation rate established  under accelerated  o v en testing 

co nd itions to  ambient co nd itions o f  tem perature and o xygen 

partial pressure w ith regard  to  bo th, (i) the induction period  (a 

period  o f  no  strength lo ss), and (ii) the d egradation rate o f  the 

lo ss in strength.

Further, the test results ind icate that coupled  mechanisms 

intervene in the thermo  o xid ation pro cess. Fig. 2 illustrates an 

initial increase in strength w ith time. SEM  d em o nstrated  that 

due to  d iffusion p ro cess under high tem peratures, “ self healing”  

o f  initial surface fissures may explain this initial gain in strength. 

In co nclusion, o ven aging changes the structure o f  a product 

w ith initial surface fissures typical o f  type pro ducts.

The main co nclusio ns o f  the study fo r po lyo lefins d egradation 

can be summarized  as fo llow s:

1 The use o f  o ven aging and kinetic mo dels fo r durability 

assessm ent requires a special precautio n as the effect o f  

the m anufactured  state o f  the p ro d uct, initial cracks may 

significantly depend upon the o ven testing  co nd itions, 

particularly temperature.

2. Effectiv e antioxidant increases induction time,
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Figure 1. Tensile strength fo r co ntinuo us filam ent g eo textile. 

(Salm an et al. 1997)

Figure 2. results o f  o ven aging testing  o f  p o lyo lefin w ith 

co ntro lled  o xygen partial pressure. (Salm an et al. 

1997)

eventually in excess o f  the design serv ice life. H o w ever, 

relevant testing  p ro to co ls need  to  be developed  to  

assess induction time under rep resentative design 

serv ice cond itions.

3. SEM  d em o nstrates the effect o f  manufacturing p ro cess 

such as cracks on fiber surface, w hich may significantly 

affect induction tim e and d egradation rate.

4. Fo r pro d ucts w ith no  initial cracking , kinetic  mo dels 

(Basic  A uto -o xid atio n Schem e) can be useful to  assess 

d egradation rate. This is typical o f  m o no filam ent 

pro ducts.

5 O xygen partial pressure significantly affects the rate o f  

the m echanical d egradation. N o te that in the gro und , 

the o xygen co ntent is significantly smaller than under 

atm o spheric co nd itions. A lternative d egradation testing 

method  using high o xygen partial pressure co uld  be 

investigated  to  address the lim itations o f  the o v en aging 

technique.

It is therefo re anticipated  that the d egradation m echanics o f  

po lyo lefins w ill co ntinue to  raise R & D  need s in the years to  

co m e. Further research should  fo cus no t only o n mechanical 

strength but also  on o ther m echanical p ro p erties depending 

upon the specific use in civil and environm ental applicatio ns. O f  

a particular interest should  be an attem pt to  establish 

co rrelatio ns betw een the d egradation rate o f  mechanical 

p ro perties and relevant chem ical d egradation ind ices This 

research should  also  pro vide reliable testing  p ro to co ls fo r long 

term  perfo rm ance assessm ent and quality contro l.

SEISM IC PERFO RM A N CE OF REIN FO RCED  SO IL SYSTEM S

During the past d ecad e po st-earthquake o bservatio ns on 

reinfo rced  so il retaining structures consistently  dem onstrated

Figure 3. Reinfo rced  earth structures after the Hanshin 

earthquake.

that due to  their co m p o site behav io r and energy abso rption 

capacity  these structures present high resistance to  earthquake 

load ing, the fo llow ing  com m ents w ill share so m e o bservatio ns 

o n (i) engineered  fills, and (ii) in-situ ground reinfo rcem ent

(i) Engineered  Fills

Figure 3. illustrates a typical example o f  the seism ic 

perfo rm ance o f  reinfo rced  earth structures During the Hanshin 

earthquake, Japan, 27 km fro m  the ep icenter the reinfo rced  

earth structure has no t suffered  any damage w hereas 200 m eter 

aw ay the road has co m pletely  co llapsed .

Fo r reinfo rced  earth w alls extensive research has been 

co nd ucted  o n red uce scale models and full scale mo nito red  

structures to  pro vide seism ic design guide lines and pred ict 

structural d isp lacem ents. The initial seism ic design method  

pro po sed  by Seed  and M itchell, (1981) , w as modified  by Bastic  

and Seg restain, (1989)  fo llow ing finite element sim ulatio ns and 

incorp o rated  in design guide lines.

The seism ic perfo rm ance o f  Texso l w as investigated  in Jap an by 

Fukuo ka, (1990) , o n (i) a series o f  shaking tab le tests on 

m o dels o f  earth dam w ith reinfo rced  facing , and (ii) a ten m eter 

high test w all instrumented  fo r p erfo rm ance mo nito ring under 

earthquakes. D uring the February  19, 1989 earthquake, 5.7 on 

the Richter scale, measured  acceleratio n at the ground  surface 

reached  95 gal w ith frequency spectrum  fro m  2 to  8 Hz. Site 

o bservatio ns illustrated  that w hile the static  safety  o f  the w all 

w as alread y at the critical state no  d amage w as observed . 

Fig ure 4. illustrates the instrum entatio n o f  the w all and 

measured  earth-p ressure due to  the seism ic load  com p ared  w ith 

pred icted  values o btained  fro m  the M o no no be-O kabe formula. 

These results as w ell as the results o f  the mo del scale shaking 

table tests d em o nstrated  the effectiv eness o f  Texso l fo r 

earthquake design.

1000 D i s t a n c e  b e t w e e n  e a c h

Figure 4. M o d el retaining w all and o bservatio n po ints: 

maximum increm ents o f  earth pressure due 

to  earthquake. (Fukuo ka, 1990)
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It is o f  interest at this po int to  share few  co m m ents on the 

po tential use o f  3-D  fiber reinfo rcem ent. Texso l represents an 

industrialization o f  the fiber reinfo rcem ent co ncep t, w here 

co ntinuo s p o lyester thread 0.1 %  to  0.2 %  by w eight, is 

injected  to gether w ith sand in o rd er to  create in situ co m p o site 

material w ith a friction angle o f  the native sand and “ co hesio n”  

due to  the sand encapsulation by the co ntinuo s filament. W ith 

100 to  250 kilo m eters o f  co ntinuo us thread  per cubic m eter, 

Texso l yields a substantial co hesio n to  the co m p o site material 

M ajo r issues co ncern: d efo rm atio n resp o nse, long term 

perfo rm ance and, Q C. It is o f  interest to  ind icate that in Japan 

tests have been co nd ucted  to  assess the feasibility  o f  using low  

level cem entation (up to  4% ) fo r a better co ntro l o f  

d efo rm atio n resp o nse o f  Texso l.

3-D  fiber reinfo rcem ent o f  bo th sand and clays have been 

repo rted  in the literature as po tentially  effectiv e to o l fo r vario us 

civil engineering app licatio ns, including retaining structures, 

engineered  fills, pavement d esign, vo lum e chang e co ntro l o f  

expensive clays, increasing  liquefaction resistance o f  lo o se 

sands, and improving dynamic resistance and shear mo dules 

(N o o rany  et al, 1989, M ahar &  W o o d s, 1990). H o w ever the 

m echanics o f  interactio n betw een the fiber and so il particles is 

still a sub ject o f  research and no  co nsensus has yet been 

reached  w ith regard  to  the optimal asp ect ratio  in d ifferent 

types o f  so ils. Furtherm o re the use o f  fibers to  iso to p ically  

reinfo rce so ils raises significant co ncerns w ith regard  to  the 

unifo rmity o f  co m p actio n and quality  co ntro l.

Fiber reinfo rcem ent has gained  a significant interest w ith the 

current investigation and thrust on the po tential use o f  recycled  

w aste pro d ucts such as shredded tires in high-w ay co nstruction. 

It is believed  that in the next d ecad e the use o f  recycle pro d ucts 

o ften mandated  in d ifferent co untries, w ill raise new  R & D  

challenges in m aterial design and quality co ntro l. The past 

exp erience w ith manufactured  g o esythetics that in the 8 0 ’ s has 

escalated  to  a billion d o llar industry could  set fo rth a relevant 

mo del fo r turning pro cessed  w aste m aterials into  eco no m ically  

v iable reso urce fo r infrastructure co nstructio n materials. 

N um ero us exam p les alread y attest to  this end raising 

challenging R& D  needs as the em erging industry o f  p ro cessed  

w aste m aterial co ntinues to  g ro w  and faces new  engineering 

applicatio ns.

(ii) In-situ Gro und  Reinfo rcem ent

Fo r so il nailing the site o bservatio ns by Fellio  (1990)  raised 

significant interest in the po tential use o f  the techno lo g y fo r 

co nstructio n in earthquake zones. H o w ever only limited studies 

have to d ate been co nd ucted  to  investigate the seism ic respo nse 

o f  so il nailed  structures and evaluate the available p seud o -static 

limit equilibrium design methods. O f  particular interest w ith this 

regard  is the centrifugal model study co nd ucted  by Pro f. 

V ucetic  fro m  U .C .L.A . (V ucetic  et al, 1993). A t this po int it 

should  be emphasized  that w hile the centrifuge o ffers effective 

to o ls fo r m o deling actual w o rking load co nd itions it raises 

significant R& D  challenges w ith regard  to  the d ifficulties 

invo lved  in com plying w ith scaling requirem ents, co ntro lling  the 

effect o f  boundary co nd itions fo r seism ic load ing, and 

simulating in flight co nstructio n p ro cesses and installation o f  

reinfo rcem ents. Several papers to  this session present 

inno vative ap p roaches to  address such limitations. H o w ever, at 

this stag e further centrifugal model stud ies o n instrumented  soil 

nailed w alls as w ell as perfo rm ance mo nito ring o f  full scale 

structures are required  in o rd er to  establish a relevant d atabase 

fo r the d evelopm ent and evaluation o f  reliable seism ic design 

m etho ds fo r soil nailed  structures.

In particular the seism ic load ing effect o n nail pull out 

resistance needs to  be investigated . The po tential use o f  

innovative nail installation techno lo g ies in earthquake zo nes 

raises pertinent questio ns w ith this regard . Recent exam ples fo r 

such innovative co nstructio n techno lo g ies include Jet N ailing 

(Lo u is 1986) w hich co m bines v ibro -p urcussio n driving w ith 

high pressure je t gro uting, and Nail Launching (Ingo ld  &  M iles 

1989). The use o f  such innovative techno lo g ies raises the need 

to  investigate the effect o f  the installation p ro cess on soil nail 

interactio n under bo th static and seism ic load ing in d ifferent 

types o f  so ils. Further, the use o f  these techno lo g ies fo r the 

reinfo rcem ent o f  clayey so ils, raises vario us questio ns regard ing 

creep  po tential at the interface and the effect o f  bending 

stiffness o n structural d isp lacements

M icro p iles have been repo rted  (Bru ce  and Juran 1997) to  be 

successfully  used fo r seism ic retro fitting . H o w ever, the 

engineering use o f  m icro p ile system s in earthquake zo nes 

requires better understanding o f  the seism ic resp o nse o f  

micro p iles gro ups and netw o rks as w ell as the d evelopment o f  

relevant m etho ds to  pred ict the effect o f  seism ic load ing on 

structural d isp lacem ents. A  national research p ro ject 

“ FO R EV ER ”  is presently  being cond ucted  in France in 

co o p eratio n w ith the U S Fed eral Highw ay A dministration to  

investigate the behav io r o f  the m icro p ile gro ups and netw o rks, 

and establish engineering guid elines fo r their use in civil 

engineering applicatio ns. W ithin the fram ew o rk o f  this p ro ject a 

co o p erativ e study is co nd ucted  to  evaluate the seism ic response 

o f  m icro p ile system s invo lving cy clic  and dynamic calibration 

cham ber tests by the EN PC  in Paris, 1-G  shaking table model 

tests co nd ucted  by the University  o f  Canterbury, N ew  Z ealand , 

and centrifugal mo del tests cond ucted  by p o lytechnic Univ . in 

the U SA . The prime o b jectiv es are to  evaluate the seismic 

resp o nse o f  micro p ile gro ups and netw o rks to  earthquake 

loading.

It is anticipated  that this co o p erative research pro gram will 

pro vide the necessary  d atabase fo r the d evelopm ent and 

evaluation o f  seism ic design m etho ds fo r micro p ile gro ups and 

netw o rks fo r infrastructure applicatio ns.

Figure 5 sho w s the microp ile model system tested  by 

Po lytechnic University  in the centrifuge. The instrumentation 

involved accelero m eters to  measure the pile head and free field 

acceleratio ns in o rder to  characterize the structural respo nse o f  

so il-m icrop ile system , transd ucers (L V D T ’ s) to  m o nito r soil 

surface settlem ents, vertical and lateral pile cap d isp lacem ents, 

and strain gauges to  m o nito r bo th axial fo rces and bending 

m o m ents and to  assess seism ic loading and vibratio n effect on 

the so il-m icrop ile interactio n.

Figure 5. The m icro p ile model system tested  by

Po lytechnic University (Fro m  Juran et al., 1997)

2 4 6 9



( a )  B e n d in g  M o m e n t ( N m )

( b )  D is p la c e m e n t (m m )

Figure 6. Co m pariso n o f :(a) Reco rd ed  Bend ing  M o m ent 

Pro files fo r (2x 1) and (2x 2) V ertical Pile Gro ups 

During Stead y  State Shaking. ( a/ g = 0.3 - s/ D = 3 - 

L/ D = 32) (b ) Co rrespo nd ing D isp lacem ent Pro files 

(Fro m  Juran et al., 1997)

Co m p ariso n betw een the acceleration time histo ries ind icates an 

am plificatio n o f  the base input acceleratio n to w ard s the ground 

surface, w hich is similar to  the behavio r observed  by o ther 

centrifuge investigato rs fo r co hesio nless soils.

Based  on the bending strain gauges reco rd ings, bending 

mo ment pro files o f  the instrumented micro p ile in the vario us 

co nfigurations fo r each event w ere derived and gro up  and 

netw o rk effect investigated . A  co m pariso n o f  the d istributions 

o f  the bend ing mo ment pro files and the asso ciated  pile 

d isp lacements fo r 2x1 and 2x2 vertical pile gro ups sub jected  to  

d ifferent loading levels (i.e. cap alone and 0 9 FI w here FI is the 

failure load derived  from 1 -g  static load ing test, is d isplayed on 

figure 6(a) and 6(b ) respectively. Fo r the case o f  a (2x 2)  pile 

gro up  (cap  o nly), the bending moment d istribution sho w s a pile 

respo nse w hich is similar to  that fo r a single free-head ed  pile. 

Fo r the case o f  static loading o f  0.9 FI on the pile cap, 

simulating the effect o f  a superstructure, the bending moment 

d istributions and the asso ciated  d isplacement pro files illustrate 

the gro up  effect. The apparent group effect appears to  

significantly affects the pile superstructure interactio n and the 

asso ciated  restraint o f  the pile cap against ro tatio n, the 

maximum bending moment generated  in the pile and the 

maximum lateral pile d isp lacements. H o w ever, the co m plex 

so il-p ile-superstructure interactio n under seism ic load ing fo r 

micro p ile gro ups and netw o rk system s needs to  be further 

investigated  in o rd er to  develop  reliable design guid elines fo r 

m icro p ile system s in earthquake zones.

C O N C LU SIO N S

The most significant co ntributio n o f  the past ten years to  the 

current state o f  p ractice has undoubtedly been the full scale

experiments and m o nito ring o f  in-serv ice structures that have 

dem o nstrated  the perfo rm ance o f  reinfo rced  so il system s under 

a variety o f  static and seism ic load ing cond itions.

It is anticipated  that m o nito ring o f  the lo ng-term  perfo rm ance 

o f  structures, d evelopm ent o f  reliable quality  co ntro l 

p ro ced ures, testing  o f  w itness inclusio ns fo r d egradation 

stud ies, and basic research o n so il-inclusion and so il structure 

interactio ns under bo th static  and seism ic lo ad ing, will 

significantly co ntribute to  further impro ving the state o f  design 

and practice. This may substantially  enhance techno lo g ical 

inno vatio ns and co st-effec tiv e use in m o re aggressive 

environm ents and in a w ider range o f  fine-grained  so ils, 

providing effective means to  address new  engineering 

app licatio ns such as brid ge abutm ents, structural retro fitting  

and g eo technical co nstructio n in earthquake zones.

In co nclusio n it should  be emphasized  that effectiv e techno lo gy  

transfer to o ls are required  in o rd er to  support w orld  w ide 

through info rm ation exchang e and exp erience sharing the 

d issem inatio n o f  research results and the inco rp o ration o f  

innovative techno lo g ies in co nstructio n practice. This is the 

main go al o f  T C -17, the ISSM FE technical co m m ittee fo r 

gro und  impro vement reinfo rcem ent and gro uting. During the 

past few  years the co m m ittee has w o rked  o n the developm ent 

o f  techno lo g y transfer to o ls including:

1. A n international Kno w led ge D atabase o n ground 

impro vement techno lo g ies.

2. Gro und  impro vement Jo urnal w ith an ed itorial board  w hich 

represents a blend o f  the m ajo r industries, the Infrastructures 

agencies and, the acad em ia fro m  d ifferent co untries members o f  

T C -17, and

3. Series o f  International C o nferences o n ground  impro vement 

g eo system s co - o rganized  w ith the national m em bers so cieties 

w ith the next o ne being scheduled  fo r 2000 in Finland .

These to o ls are designed  to  serve the international g eo technical 

com munity, not only in p ro m o ting techno lo g y transfer and 

kno w led ge exchang e, but ultimately in fo stering  co o p erative 

research and d em o nstration p ro jects and facilitating  the 

integratio n o f  inno vative techno lo g ies thro ugh international 

standard ization. The ISSM FE T C -17 lo o ks fo rw ard  to  co ntinue 

w o rking w ith the International G eo technical Community 

to w ard s these go als.
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