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Design, construction and performance of a soil nailed excavation in Hong Kong 

Dessin, construction et accomplissement d’une excavation cloutée au sol, à Hong Kong

Y. K. Shiu, P.C.Y.Yung & C. K.Wong - Geotechnical Engineering Office, Hong Kong

A B S T R A C T  : S o il N a ilin g  is an  in situ  g round im provem en t techn ique. For the  last decade , th is techn ique  has b een  w idely  used  in H ong 

Kong a s  a n  econom ic , effec tive  and  sim p le  m eans for stab iliz in g  cut slopes and re ta in in g  excavations. T h is p a p e r describes the  design , 

construction and perform ance o f  an instrum ented soil nailed excav a tio n  in H ong  K ong. In terpre ta tion  and analysis o f  field  m onito ring  resu lts 

are also  p resen ted . T he b eh av io u r o f  the  nailed  excava tion  derived  from  num erical m od ellin g  is com pared  to  th e  fie ld  m easurem ents.

RESUM E: Le c lou tage  du  terra in  est une techn ique d ’am élio ra tion  du  sol su r le site. D uran t la dernière , décen n ie , cette  techn ique a  été 

amplement utilisée à H ong K ong, com m e étant les m oyens économ ique, efficace e t sim p le  de  s tab ilisation  des p en tes coupées e t de re ten tion  

des e x c a v a tio n s . C e p ap ier décrit le dessin , la co nstruction  e t l ’exécu tion  d ’une excav a tio n  de  sol clou té , au  tru ch em en t d ’équ ipem en t; à 

Hong K ong. Les résu lta ts d ’in terp ré ta tion  e t d ’analyses de  con tro l du  terrain  son t aussi présentés. La co n d u ite  de  l ’excava tion  c lou tée  

dérivée d u  m odelage  n um érique  e s t com parée  aux m esurages du  cham p.

1 IN TR O D U C TIO N

An excav a tio n  in to  the  toe o f  a  natural h illside  w as necessary  for 

the purpose o f  constructing a large pum p in g  station . T his involved 

forming steep  cu t slopes up to 13.5m  in height. T he techn ique o f  

soil na iling  w as used  to p rov ide perm an en t lateral support to the 

deep excavation .

In strum en ta tion  w as in sta lled  fo r m o n ito ring  the perform ance 

of the nailed  excav a tio n  bo th  du ring  and after construction . T he 

field m o n ito ring  w as carried  ou t du ring  the  period  betw een  A pril 

1993 an d  Ju ly  1994. In o rd er to gain  understand ing  o f  the  basic 

m echanics o f  th e  behav io u r o f  the nailed  slope, num erical 

m odelling w as also  perform ed  using  the  exp lic it fin ite  difference 

code ca lled  FL A C  (Fast L angrang ian  A nalysis C ontinua). T his 

modelling m ethod  w as deve lo p ed  by C undall (1976).

This paper sum m arises the design and  construction  o f  the  nailed  

excavation, and  d iscusses the  resu lts o f  the  field  m onitoring . The 

results o f  the n u m erica l m odellin g  are com pared  w ith  the  field 

m onitoring data.

2 D E SC R IPTIO N  O F T H E  SITE  A N D  G E O L O G Y

The site is located  at the  toe  o f  a natural slope at the  northern  part 

of H ong  K ong  Island. T he natural slope stands at an average 

angle o f  33°. B ased  on  in fo rm ation  ob ta ined  from  a deta iled  site 

investigation, the  geo logy  o f  the site com prises up to 15m o f  

com pletely decom posed  granite  (C D G ) overly ing  a th in  layer o f  

highly decom posed  gran ite  (H D G ) w h ich  in turn  grades into 

m oderately to sligh tly  decom posed  granite  (M /S D G ) at d ep ths o f  

about 12m to 20m . T he ground  w ate r tab le  w as b elow  the base o f  

the excavation .

The excav a tio n  w as m ain ly  carried  ou t in C D G . T he effective 

shearing streng th  p aram eters o f  th is m aterial are c ’ =  16 k P a  and 

<p’ = 37°.

length  into a  100m m  d iam eter p re-drilled  hole. T he holes w ere 

fo rm ed  by percussive  dry d rilling  w ithou t steel casing. T he nails 

w ere  p laced  a t an in c lina tion  o f  10° to  the  horizon tal. T he 

d iam eters  o f  the  steel bars are e ither 32m m  o r 40m m . For 

corrosion  p ro tec tion  pu rpose , all the  steel bars w ere hot-d ip  

galvanized. A lso , a  sacrific ial th ickness o f  2m m  on the  bar radius 

w as a llow ed  for in th e  design  to  accoun t for p robab le  loss o f  steel 

w ith  tim e. T he final ex cav a tio n  face w as p ro tec ted  by a  100m m  

th ic k  sho tc re te  facing  rein forced  w ith  a  layer o f  steel m esh. T he 

typical d e ta ils  o f  the  so il na ils are show n  on F igure 2.

3 D ETA ILS O F T H E  SO IL  N A IL E D  C U T  SLO PE

The soil nailed cut slope  w as form ed at ang les up to  80°. T he nails 

were generally  in sta lled  a t a  horizon tal spacing  (Sh) o f  lm  and  a 

vertical spacing  (Sv) o f  1.5m. T he leng ths o f  the  soil na ils vary 

between 6m  and 1 lm . The m ost critical section  o f  the nailed  slope 

is show n o n  Figure 1. In th is  section , the  nails on  row s 1 to  4 are 

10m long and the  o thers are 1 lm  long.

Each nail consists o f  a h igh  y ield  steel bar grou ted  over its full F igure 2. Typical d e ta ils  o f  soil nail

Legend
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Figure 1. C ritical sec tion  o f  the  soil n a iled  slope.
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4 DESIGN M ETHOD OF SOIL NAILS 6 INCLINOMETER M ONITORING RESULTS

In H o n g  K ong , a  force lim it eq u ilib rium  approach  is com m only  

used  for so il nail design . Full d e ta ils  o f  th is design  approach  are 

d escrib ed  by P ow ell and  W atk ins (1990). B oth  external and 

in te rn a l s tab ility  m ust be  considered  in the  so il nail design. T he 

e x te rn a l stab ility  checks con sid er the bearing  failure, and slip  

failures bo th  w ith in  and  o u tside  the  nailed  soil m ass.

T h e  in ternal s tab ility  check s consider the  pu ll-ou t and tensile 

failu res o f  the  soil nails. T h is requ ires the know ledge o f  the 

so il/nail in terac tion  m echan ism  w hich  at p resen t is still poorly  

understood . In H ong  K ong, Janbu 's S im plified  o r R igorous 

M ethod is norm ally used to calculate the to tal horizon ta l force that 

w ill be requ ired  to increase the  factors o f  safety o f  the  poten tial 

slip surfaces to the required value. T he soil na ils are then  designed  

to provide this force. The d istribu tion  o f  th is horizon tal force along  

th e  s lid in g  p lane  has been  a  m atter o f  som e debate. It is often 

assum ed that the  force is d istribu ted  even ly  am ong  the  nails.

In th is  pro ject, the  design  o f  the  nailed  slope w as m ore o r  less 

based on the  force lim it eq u ilib rium  approach  b u t the  sequence o f  

excava tion  w as also  taken  in to  co nsidera tion  in the  design  o f  nail 

loads . P articu la r regards w ere g iven to  the  spacings o f  the  nails. 

Close vertical and horizontal spacings w ere  p rov ided  to ensure tha t 

the nailed  soil body  w ou ld  behave as a  m ono lith ic  body.

5 FIELD  IN S T R U M E N T A T IO N  SY STE M S

S ev era l field  in strum en ta tion  system s w ere used  for m onito ring  

slo p e  deflec tions, nail loads, g roundw ater tab les and  ground 

settlem ents. In th is  paper, on ly  the system s re lating  to  slope 

deflec tion  and  nail load  m o n ito ring  are discussed .

5.1 Slope deflection monitoring system

A n inclinom eter casing w as in sta lled  a t the  m ost critical sec tion  o f  

the nailed  slope  fo r m on ito rin g  lateral d isp lacem en ts o f  the  nailed  

slope du ring  and  after construction . T he inc linom eter casing  w as 

located  at about 1 m  from  th e  crest o f  th e  slope . R ead ings w ere 

taken  a t w eek ly  in tervals du ring  and after construction .

5.2 Soil nail load  m onitoring systems

N in e  soil na ils  in the  m ost critical section  o f  th e  slope w ere 

instrum ented to  m easu re  the  d istribu tion  o f  nail forces. A long the 

length  o f  each  nail, six  v ib ra ting  w ire  strain  gauges w ere installed  

■to the steel bar. T he a rrangem en ts o f  the  strain  gauges are show n 

o n  F igu re  1. A s on ly  sing le gauge w as used  a t each  location , 

b e n d in g  m o m en t o f  the  bars cou ld  no t be m easured . T he strain  

gauges w ere generally  read  w eekly  th roughou t the  m o n ito ring  

period.

L atera l d isp lacem en ts  o f  the  inc linom eter recorded  during  and 

a fte r  the excav a tio n  are show n on  F igure 3. T he following 

o b servations can  be m ade from  th is d isp lacem en t plot:

1. T he lateral d isp lacem en t increased  as the excava tion  depth 

increased.

2. A t each lift o f  excavation, the m ax im um  lateral displacem ent 

w as at the to p  o f  the  nailed  slope.

3. T h e  d isp lacem en t pa ttern  w as sim ilar at each  lift of 

excavation .

The m axim um  d isplacem ent a t the  to p  o f  the nailed  slope at the 

en d  o f  co n s tru c tio n  w as 13m m  w hich  is equal to 0.1 %  o f  the 

heigh t o f  excava tion . T h is is com parab le  to  the  range o f  typical 

va lues (0 .1%  - 0 .3% ) reported  by d ifferen t researchers in 

co n n ec tio n  w ith  n ailed  excava tions. F igure 4 show s the 

m onito ring  resu lt o f  the  sub jec t slope and  o th er pub lished  data on 

horizon tal d isp lacem ents.

N o  apprec iab le  fu rther m ovem en ts w ere m easured  after the 

com pletion  o f  construction .

7 STR A IN  G A U G E  M O N IT O R IN G  R E SU LT S

The strain gauge m onitoring data provided v aluab le  inform ation  on 

th e  b ehav iou r o f  the  nailed  excava tion . T h is included  the 

dev e lo p m en t and  d istribu tion  o f  load  a long  nail length, and 

responses o f  the  so il na ils to  each  excav a tio n  lift. Such behaviour 

cannot be p red ic ted  by the  force lim it eq u ilib rium  analysis.

He igh t o f  Nailed S lopes  (m )

Figure 4. Published data on  horizon ta l d isp lacem en ts o f  so il nailed 

slopes/w alls.

7.1 Responses o f  soil nails to excavation

Figure 5 show s the strain m easu rem en ts (expressed  as forces) from 

the nail on row  7 over the m o n ito ring  period . T h e  responses o f  the 

strain  gauges to the  tw o  subsequen t lifts o f  excava tion  are 

in d ica ted  clearly  as rap id  increases in  forces. F o llow ing  the 

com pletion  o f  co nstruction , there  w as a slow  increase in force for 

a short period o f  tim e and no  fu rther n o ticeab le  changes thereafter. 

T h is  w as p robab ly  re lated  to the construction  o f  the  shotcrete 

facing.

T he d istr ib u tio n  o f  nail forces a long  the nails on  row s 3 and 7 

and their responses to excav a tio n  lifts are show n on  F igure 6. The 

e ffe c t o f  advan c in g  ex cav a tio n  w as sign ifican t on  row  7 bu t was 

m uch less noticeable on row  3. The stress d istribu tion  in row  3 was 

rather un ifo rm  and  d id  no t increase appreciab ly  w ith  depth  of 

excavation . S im ila r o b se rvations can  be  m ade on  o th er nails at 

the upper part o f  the  slope , in d ica ting  tha t the  upper na ils (row s 1 

to 4) did not have  substan tial co n tribu tion  to  the re ta in ing  force of 

th e  n ailed  slope. U n like  the  upper nails, row  7 carried  a  distinct 

peak  force. T he fo rces deve lo p ed  in th is  nail w ere sm all initially 

b u t they  increased  substan tia lly  w ith  subsequen t lifts of

Horizontal 
(mm) Displacement 
14 12 10 8 6 4 2 0

Inclinometer 
casing

Row

Row 9

Figure 3. Lateral displacem ents o f  the nailed excavation.

13 40



excavation. O ther na ils in th e  low er part o f  the  slope  also  show ed 

the sam e pattern  o f  changes in forces. T h is illustra tes that they 

contributed sign ifican tly  to  the  stab ility  o f  the  nailed  slope.

Legend̂

©  Excavation lift 4
(also see Figure 3)

1993 1994
Figure 5. N ail fo rces agains t tim e fo r row  7.

Length of Noil (m)

m obilised  in the nails w ere not constant bu t they varied with depth. 

T h e  m ax im u m  forces increased  m ore o r less linearly  w ith  depth 

dow n to row  7 below  w hich  they  sta rted  to decrease  w ith  depth. 

T h e  nails in the  u pper row s co rresponded  to a lateral p ressure 

above the active ( K a )  state o f  stress. T he m easured  m axim um  nail 

fo rces fo r the low er part o f  the  slope  com pare  well w ith the 

em pirica l stress en v e lo p e  fo r b raced  excava tions, as show n in 

F igure 8.

Fn

0 .0 5  0.10 0.15 0 .2 0
j _________ I_________ I_________ I

Figure 6. R esponses o f  so il n a ils  (row s 3 &  7) to  excavation .

7.2 Distribution o f  nail forces

Figure 7 p resen ts the  d istribu tion  o f  axial fo rces along  each soil 

nail at the end o f  construction . T he tensile  fo rces m o b ilised  w ere 

different in d ifferent nails. T h e  h ighest fo rce  w as recorded  by the 

nail on row 7. T he top tw o row s o f nails show  co m press ive  forces 

at the fron t o f  the bars. T hey  m ay be  related  to bending  forces 

caused by the w eight o f  the  shotcrete facing hanging from  the nails 

during excava tion  o f  the u nderly ing  lifts.

The m ax im um  tensile  fo rces on the nails are located  at som e 

distance from  the  sho tc re te  facing . T hey  form  the  locus o f  

m axim um  stra in  in the  so il m ass. T h is shou ld  co incide  w ith  the 

critical fa ilu re  surface  p red ic ted  by the force lim it equ ilib rium  

analysis.

7.3 M aximum nail fo rces in vertical profile

In o rder to  analyse the  d istribu tion  o f  m ax im um  nail forces in 

vertical profile, the m axim um  force at each nail level is represented 

as a non-dim ensional param eter (FN = Tmax/(yH-SvSh)) at relative 

depth z/H. T he  variation o f  the n o rm alized  m ax im um  forces w ith 

the relative dep th  is p lo tted  on F igure  8. T h e  m ax im um  forces

Figure 8. D istribu tion  o f  n o rm alized  m ax im um  nailed  forces.

T he m o n ito ring  resu lts illustrate  that the d evelopm en t and 

d istribu tion  o f  nail fo rces are d ifferen t from  those  assum ed in the 

fo rce  lim it eq u ilib riu m  m ethod  d escribed  in Section  4. T h is is a 

shortcom ing  o f  the  fo rce lim it eq u ilib rium  m ethod  in respec t o f  

s im ulating  the  so il/nail interaction .

8 N U M E R IC A L  M O D E L L IN G

8.1 Approach used in the numerical modelling

N um erica l m od ellin g  w as p erfo rm ed  on the nailed  excavation  

using  FLA C . T h e  approach  adopted  in the m o delling  w as to 

s im u la te  the  excava tion  sequence  to obtain  a reasonab le  fit 

betw een  the  com p u ted  and the  field  m easured  p ro files o f  lateral 

displacem ent. T he com puted  nail loads w ere then  com pared  w ith 

the fie ld  m easurem ents .

T he soil m ass w as m odelled  as a linear e lastic -p lastic  m aterial 

w ith  a  M ohr-C ou lom b  fa ilu re  crite rion . T he soil stiffness was 

found to be a param eter that s ign ifican tly  affects the ou tcom e o f

Row 1

Row

Row

Row

Row

Row

Row

Row 8

Locus of 
maximum 
nail forces

Row 9

Figure 7. D istribu tion  o f  nail fo rces a t the  end  o f  construction .
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the num erica l analysis. B ased  on the  site  investigation  resu lt and 

the  construction  sequence , the  values o f  the Y o u n g ’s m odulus o f  

the so il m ass w ere  ad ju s ted  w ith in  the range from  3N  to 5 .5N  

(M Pa) w here  N  is the  S P T  b low  count.

8.2 Comparison o f  the analytical results and monitoring data

F igure  9  show s the  analy tical lateral d isp lacem en ts o f  the nailed 

s lo p e  a t the  en d  o f  co nstruction . It can be seen tha t this 

d isp lacem en t pa ttern  m atches fairly  w ell w ith  the m onito ring  

results.

F ig u re  9. C o m p ariso n  o f  the  analy tical and  m easured  horizontal 

d isp lacem ents.

Both the analytical and the m easured  axial forces along the nails 

are show n on F igu re  10. T h e  analy tical nail forces on the upper 

na ils are generally  larger than those  ob ta ined  from  the field  

m easurem ents. T h e  pattern  o f  force d istribution  derived  from  the 

num erical m o delling  is sim ilar to that ob ta ined  from  the 

instrum enta tion . T h e  shape o f  the locus o f  m axim um  nail forces 

generally  com pares w ell w ith  the  m easured  data.

T h e  n o rm alized  m ax im um  nail fo rces derived  from  the 

num erical m odelling  are show n on Figure 8. T hey follow  the sam e 

trend o f  the m o n ito ring  results.

T here  are  a  n u m b er o f  u n certa in ties such as the assumed 

geological m odel, so il b ehav iou r, so il/nail bond  and  excavation 

sequence  w hich  shou ld  be b o rne  in m ind  w hen considering  the 

re su lts  o f  the  n u m erica l m odelling . T h e  un iqueness o f the 

com bination  o f  variables that produce a good fit to the field data is 

therefore d ifficu lt to verify.

9 C O N C L U SIO N S

T h e  fie ld  m on ito rin g  resu lts have  p rov ided  a fundamental 

understan d in g  o f  the  behav io u r o f  the  nailed  excavation . The 

forces observed in the instrum ented  nails and those  ob ta ined  from 

the force lim it equ ilib rium  w ere quite  different. T h is  poin ts to the 

need fo r a  m ore co m p reh en siv e  design  m ethod  that can  simulate 

the actual behav io u r o f  na iled  excava tion .

R esults o f  the num erical m odelling  o f  so il nail fo rces generally 

com pare  w ell w ith  fie ld  m easurem ents.
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Figure 10. C om parison  o f  the  analytical and m easured  forces along 

soil nails.
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