
CHAPTER IV

APPLICATION OF THE FINITE ELEMENT METHOD TO THE PROBLEM 

OF PILE-GROUP SETTLEMENT

In tro d u c tio n .

Settlement p re d ic tio n  is  an im portant p a rt fo r  the design o f a 

p ile  foundation, e sp e c ia lly  fo r  mat foundations o r p ile  groups w ith  a 

number o f p ile s  in  a group. The settlem ents o f these foundations may 

be excessive and d if fe re n tia l settlem ents may occur. In  the fo llo w in g  

section , the su ita b le  parameters to  be used in  the analysis w i l l  be 

discussed and then the settlem ents o f the square-configuration p ile  

groups w il l  be investiga ted  by the proposed method. The behavior o f 

these p ile  groups w il l  be discussed and the re s u lts  w il l  be compared 

w ith  those pred icted by Poulos’ s method. For the v e r if ic a tio n  o f the 

proposed method, the observed settlem ents o f a h ig h rise  b u ild in g  

constructed in  Bangkok are used in  comparison w ith  those pred ic ted  by 

the proposed method.

Determ ination o f Parameters.

1. In tro d u c tio n .

The computer program developed in  th is  research w il l  be 

used to  analyse the id e a lize d  f in i t e  element model o f the  p ile - s o il 

in te ra c tio n s . The m a te ria l parameters to  be considered are only
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Young’ s modulus and Poisson’ s ra tio . In  the fo llo w in g  sectio n , the 

m a te ria l p rope rties o f the p ile  and s o il mass are considered and th e ir  

parameters are discussed.

2. P ile  Parameters.

The Young’ s modulus and Poisson’ s ra tio  o f p ile s  depend on 

the type o f m ateria l o f the p ile . In  th is  research, only the  concrete 

p ile  w i l l  be considered and it s  parameters can be found from those o f 

the concrete p ro p e rtie s . From ACI 318-83 (17), the Young’ s modulus o f 

the concrete can be re la te d  to  concrete’ s compressive s tre ng th  by the 

fo llo w in g  form ula:

Ec = 4270 พ1' 5 J"f 0 ’ (4 .1)

= 15210 X fc ’ (4 .2)

where พ = u n it weight o f concrete (t/m 3)

f  * = u ltim a te  compressive streng th  o f concrete (kg/cm2)

Ec = Young’ s modulus o f concrete (kg/cm2)

E quation(4.1) is  fo r  the values o f พ between 1.45 to  2.48 t/m 3, and 

equation(4.2) is  fo r  normal weight concrete. Normally, the value o f Ec 

ranges from 2x10s ksc to  3x10s ksc.

Poisson’ s ra tio  o f concrete is  usu a lly  found to  be in  the
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range between 0.15 to  0.20. The lower value is  fo r  the h ig h -s treng th  

concrete.

3. S o il Parameters.

The a p p lica tio n  o f the th e o re tic a l so lu tio n  to  p ra c tic a l 

problems genera lly  requ ires a knownledge o f the representa tive  values 

o f the deform ation parameters, they are Es and Vs o f the s o il.  

Although s o il is  not an id e a lly  e la s tic  m a te ria l in  th a t i t s  stress 

and s tra in  are not lin e a r ly  re la te d , and s tra in s  are not fu l ly  

recoverable on reduction in  stresses and s tra in s  are not independent 

o f tim e as w e ll. However, s tra in s  in  s o il increase as stresses 

increase. To avoid unduly com plicated theory, a lin e a r e la s tic  theory 

which is  s u ff ic ie n tly  accurate can be used fo r  engineering purposes, 

provided th a t e la s tic  constants are selected app rop ria te ly  to  th a t 

p a rtic u la r problem. The methods o f determ ining s o il parameters 

presented here c lo se ly  fo llo w  those appearing in  references (4 ,18 ,19), 

there appears to  be three means to  ob ta in  these parameters.

(a) From labora to ry te s ts

(b) From p ile -lo a d in g  te s ts

(c) From em p irica l co rre la tio n s

3.1 Laboratory Tests. G enerally, the deform ation 

param eters'' are determined in  labora to ry t r ia x ia l te s t, the stress 

paths o f ty p ic a l elements in  the f ie ld  are reproduced in  the 

labora to ry te s t and the re s u ltin g  s tra in s  are measured. The procedure

o f the te s t can be found in  reference (20).
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The other labora to ry te s t which can be used to  

approximate the deform ation parameters is  the oedometer te s t, o ther 

names fo r  th is  te s t are the one dimensional compression te s t, the 

confined compression te s t and the conso lida tion  te s t. Once the  values 

o f mv and v j  have been determined, the drained s o il modulus £3’ fo r  

th ree  dimensional ana lysis can be approximated as fo llo w s :

Em* = (1 + v j )  (1 -  2vs ’ ) (4 .3)

mv (1 -  V3’ )

where v ' 1 = Poisson’ s ra tio  o f s o il in  drained co n d ition

mv = C o e ffic ie n t o f volume co m p re ss ib ility

By assuming th a t the s o il is  an id e a l two-phase 

e la s tic  homogeneous is o tro p ic  m a te ria l, the undrained s o il modulus Eu 

can be re la te d  to  the drained s o il modulus £3’ as fo llo w s :

Eu = 3ES’ (4.4)

2(1 + v j  )

The ranges o f values o f V3 have been suggested in  Table 4.1 .

The se le c tio n  o f drained and undrained parameters fo r  

the settlem ent analysis can be c la s s ifie d  in to  two cases. F ir s t ,  fo r  

p ile s  in  sand or unsaturated s o il,  the f in a l settlem ent may be 

considered to  occur immediately on a p p lica tio n  o f the load, so th a t 

the values o f Es and V3 used in  c a lc u la tin g  the settlem ent o f the p ile
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should be the drained values, th a t is  the moduli o f the s o il ske le ton, 

Es ’ and v j .  Second, fo r p ile s  in  saturated c lay , an immediate 

se ttlem ent, p 1 , occurs under undrained conditions fo llow ed by a 

time-dependent conso lida tion  se ttlem ent. A fte r d is s ip a tio n  o f the 

excess pore pressures re s u ltin g  from loading o f the p ile s  is  complete, 

the to ta l settlem ent o f the p ile  is  p^. The immediate settlem ent p 1 is  

ca lcu la ted  by using the undrained s o il modulus, Eu, and the  undrained 

Poisson’ s ra tio , V , which is  0.5 fo r  a saturated s o il.  The f in a l 

settlem ent p is  ca lcu la ted by using the drained s o il modulus, Es ’ , 

and the  drained Poisson’ s ra tio , Vs ’ .

However, fo r  p ile  foundation ana lys is, such te s ts  are 

not possib le  to  measure the accurate value o f Es because o f the 

d if f ic u lty  in  the de term in ina tion o f the appropriate s tre ss  path 

during in s ta lla tio n  o f the p ile  and th a t re s u ltin g  from the  applied 

load on the p ile  as w e ll. Poulos (4) has found th a t the values o f Es 

determ ined from labora tory te s t are much lower than the backfigured 

values obtained from m odel-p ile te s ts , he then concluded th a t more 

appropria te  forms o f labora tory te s tin g  remained to  be explored.

3.2 P ile - loading Test, since many u n ce rta in tie s  may be 

associated w ith  labora tory te s ts , i t  is  desirab le  where possib le  to  

deduce the deform ation parameters from a fu ll-s c a le  p ile -lo a d in g  te s t. 

Such fa c to rs  as the method o f in s ta lla tio n  o f the p ile  and la ye rin g  o f 

the s o il p ro file  are then la rg e ly  taken in to  account. The appropria te  

th e o re tic a l so lu tions to  backfigure these parameters can be found in  

references (4 ,18,19). However i t  is  probably s u ff ic ie n t e ith e r to  

estim ate the value o f v>s or to  derterm ine i t  from a lab o ra to ry
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t r ia x ia l te s t.

For settlem ent ana lysis o f p ile  group, Poulos (4) 

s tro n g ly  recommended th a t in  founding la ye r, the value o f Ea should be 

backfigured from p ile  load te s t. For the values o f Es in  underlying 

la ye rs , they should be determ ined from labora to ry t r ia x ia l te s ts .

3.3 E m pirica l C o rre la tio n , when p ile -lo a d in g  te s t data 

are not a va ila b le , the  values o f Es in  founding la ye r may be 

approximated by the  em p irica l c o rre la tio n  based on the previous 

experience. The ranges o f values o f Es have been summarized as fo llo w s :

3.3 .1 P ile s  in  c la y : Poulos suggested th a t the

values o f drained s o il modulus, E ’ , can be co rre la ted w ith the

values of undrained cohesion, cu , o f the c lay . For driven  p ile , two

trends have been observed;

(a) For s o ft to  medium c la y . <CU < 12 t/m 2) 

The values o f EJ1’ range from 300 Cu to  400 Cu, the lower values 

tend to  be associated w ith  very s o ft c lay and the  higher values w ith  

medium c lay .

(b) For s t i f f  c lays. E * appears to  reach a 

lim itin g  value about 4000 t/m 2.

To p re d ic t the  immediate se ttlem ent, the 

undrained s o il modulus, Eu , determ ined from the re la tio n s h ip  as shown 

in  equation (4.4) can be used.

3 .3 .2  P i l e  i n  S and : F o r  d r iv e n  p i l e ,  t h e  s u g g e s te d
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ranges o f average values o f Es are summarized in  Table 4.2.

Behavior o f S quare-configuration P ile  Groups.

1. In tro d u c tio n .

The group e ffe c t among p ile s  which are re la tiv e ly  c lo se ly  

spaced and loaded v e r t ic a lly  is  m anifest in  two main ways; the 

u ltim a te  load capacity and the settlem ent o f the group. In  the 

fo llo w in g  section , the settlem ent o f the  group which is  not necessary 

the same as th a t o f a s in g le  p ile  ca rry ing  the same average load as a 

p ile  in  the group w il l  be considered. The e ffe c t o f group ac tio n  on 

settlem ent is  most conveniently considered in  terms o f a group

settlem ent ra tio , Rs , which is  the ra tio  o f the average settlem ent

o f the group to  the settlem ent o f a s in g le  p ile  a t the same average 

load as a p ile  in  a group. G enerally, Rs is  g rea te r than u n ity .

2. Method o f ana lys is .

The developed computer program fo r  nonlinear s ta t ic  f in te  

element analysis which accounts fo r  la rge displacement and la rge 

s tra in  has been employed in  the an a lys is . The s o il mass and the  p ile  

are id e a lize d  using 8 node isoparam etric hexahedral element as shown 

in  Figure 2.2.

The plan and e le va tion  o f a 2x2 p ile  group are shown in

Figure 4 .1 . The plan o f 3x3 and 4x4 p ile  group are shown in  Figures

4.2 and 4.3 re sp e c tive ly . A ll p ile s  in  the group are loaded equa lly
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w ith  the load o f 80 ton per p ile . The f in ite  element models accounted 

fo r  the  symmetry in  X and y axes o f these p ile  groups are shown in  

Figures 4 .4 , 4.5 and 4.6 re sp e c tive ly .

As shown in  Figures 4.4 , 4.5 and 4.6 the boundary o f the 

e n tire  model is  located a t a d istance o f 15.5D, where D is  the  w idth 

o f the p ile  group. The e ffe c t o f the v a ria tio n  in  p o s itio n  o f the 

ou ter boundary has been inve stiga te d  by Pressley and Poulos (9 ), and 

can be concluded th a t the re  is  l i t t l e  e ffe c t in  increasing the 

distance from 4D to  8D in  most cases. However, in  th is  research the 

distance o f 15.5D is  recommended because the mesh o f the presented 

model is  re la tiv e ly  coarse.

For the analysis o f a s in g le  p ile , the outer boundary o f 

the  e n tire  model is  located a t a d istance o f 31.5d, where d is  the 

w id th  o f the s in g le  p ile  which is  in  agreement w ith  P ressley’ s model 

where the outer boundary o f the e n tire  model is  located a t a radius 

o f 35 p ile  diam eter. The f in i t e  element model fo r  a s in g le  p ile  w ith  

the  symmetry in  X and y axes is  shown in  Figure 4.7 .

3. P ile  and S o il Paremeters.

A summary o f the p ile  and s o il parameters chosen fo r  the 

ana lys is is  given in  Table 4 .3 . These s o il parameters are good 

representa tive  o f the Bangkok s o il p ro p e rtie s . In  founding la ye r, the 

undrained s o il modulus is  assumed to  be the value which backfigured 

from p ile  load te s t. Thanin (19) has analysed the settlem ents o f th ree  

d riven  p ile  foundations constructed in  Bangkok area and the
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backfigured values o f undrained s o il modulus o f these foundations are 

1600 t/m 2, 2900 t/m 2 and 4450 t/m 2 re sp e c tive ly . For th is  ana lys is , 

the  average value is  se lected. In  underlying laye rs, the s o il moduli 

are assumed to  be the average s o il moduli o f Bangkok s o il which 

obtained from labora to ry te s ts . Only immediate settlem ent has been 

considered in  the ana lys is, as a re s u lt, fo r  cohesive s o il,  

a tte n tio n  is  confined to  the case o f undrained co n d itio n . For the 

proposed method, the Poisson’ s ra t io  o f cohesive s o il is  taken as

0.49 ra th e r than the co rrec t value o f 0.5 in  order to  avoid numerical 

d if f ic u lt ie s .  For Poulos’ s method, i t  should be noted th a t when th is  

method is  applied to  the settlem ent problem o f p ile s  in s ta lle d  such 

th a t the p ile  t ip  bears on to  a s o il stratum  th a t is  s t i f f e r  than the 

s o il along the sha ft o f the p ile , the  ra tio  o f s o il modulus between 

base laye r and founding la ye r, Eb/Es , w i l l  be an im portant fa c to r in  

the an a lys is . This e ffe c t has been stud ied by Thanin (19) and he 

suggested th a t fo r driven p ile  groups, constructed in  Bangkok area, 

w ith  p ile  t ip  embedded in  the f i r s t  sand la ye r, the value o f Eb/Es 

should range from three to  f iv e . For th is  ana lys is , the value o f 

Eb/Es equals f iv e  is  applied .

4. Comparisons w ith  Poulos’ s Method.

Comparisons are made between the f in i t e  element so lu tio n s  

and the e la s tic  so lu tions obtained by Poulos method (3 ,4 ). F igure 4.8 

shows values o f the sette lm ent ra tio , Rs , o f th ree p ile -g ro up  

con figu ra tion s from both analyses. The agreement is  genera lly  good a t 

c lo se r spacing, although the f  in ite  element analysis p re d ic ts  sm aller 

values o f Rs. The so lu tions  tend to  diverge a t la rg e r p ile  spacings,
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probably because o f the re la tiv e  coarseness o f the f in i t e  element 

mesh. Both so lu tions show th a t the values o f group settlem ent ra tio  Rs 

tend to  increase as the number o f p ile s  increases and these values 

tend to  decrease as the p ile  spacing s /d  increases. The p ile  spacing 

e ffe c t fo r  4x4 p ile  group is  more pronouced than th a t fo r  2x2 p ile  

group. The comparisons fo r  re la tiv e  settlem ent o f p ile  w ith in  3x3 and 

4x4 p ile  group are a lso made. The general behavior is  found to  be 

s im ila r, th a t is  sm aller settlem ents occur in  the corner p ile s  and 

la rg e r settlem ents occur in  the m iddle p ile s . However, the average 

settlem ents should be the best representa tive  o f p ile -g ro up  

settlem ents. The average settlem ents o f these p ile  groups are 

sumarrized in  Table 4 .4 .

In  th is  comparison, both methods use the same parameters 

in  the analysis and i t  is  obvious th a t the proposed method tends to  

g ive  lower values o f settlem ents than those obtained by Poulos’ s 

method. There are th ree reasons , f i r s t ly ,  the proposed method is  

based on the f in ite  element method which gives lower bound to  

displacement s o lu tio n . The s o lu tio n  w i l l  converge to  the exact one i f  

the s u ita b le  element is  used and the mesh o f the model is  more 

re fin e d . Secondly, Poulos’ s method uses an assumption th a t a l l  p ile s  

are c irc u la r p ile s  w h ile  the proposed method considers them to  be 

square p ile s . I f  the w idth o f the p ile  considered is  the same, the 

p ile  used in  the proposed method w il l  be stronger and the settlem ent 

o f th is  p ile  should be sm alle r. T h ird ly , the presented f in i t e  element 

model has been considered a f in i t e  laye r depth o f s o il mass w hile  

Poulos’ s method applied to  th is  case by considering a s o il mass o f 

in f in ite  depth. The presence o f the f in ite  laye r depth tends to  reduce
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the  settlem ent o f p ile  group and th is  e ffe c t is  more pronouced as the  

s ize  o f the  group increases.

I llu s tr a t iv e  A pp lica tion .

1. In tro d u c tio n .

To show the e ffectiveness o f the proposed method, the 

settlem ent analysis o f a h ig h rise  b u ild in g  in  Bangkok has been

inve s tiga te d . The Tower c B u ild in g  has 26 s to rie s . I ts  p ilin g  

foundation consists o f a mat foundation fo r  the service  core and

combined foo ting s fo r  the columns arranged as shown in  Figures 4.9 and

4.10. The number o f p ile s  in  th is  foundation system is  272. They are

prestressed concrete p ile  w ith  I  shape cross section , the w id th  o f the 

p ile  is  0.40 meters and i t s  length  is  25 meters. The p ile  t ip  and 

p ile  top  are a t the le ve ls  o f 29 meters and 5 meters below the  ground 

surface. At the end o f the  con struc tio n , the to ta l load on th is  

foundation is  approximated to  be 11,500 tons. The other e sse n tia l 

d e ta ils  o f the foundation and the  observed settlem ent data can be 

found in  reference (19).

2. Method o f A nalysis.

In  the previous sections, the settlem ents o f 

a square-con figuration p ile  group have been analysed in  such a way 

th a t a l l  p ile s  in  the group are represented e x p lic it ly  in  the  model. 

Herein, the same method w il l  be performed w ith  some m o d ifica tio n . For 

mat foundation o r p ile  groups w ith  a la rge number o f p ile s  in  a group,
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i t  is  more appropria te to  subdevide the whole group in to  sm alle r p ile  

groups and then replace each sm alle r p ile  group by an equ iva lent 

s in g le  p ie r th a t s e ttle s  equa lly . Each sm aller p ile  group is  analysed 

sepera te ly to  f in d  the  w idth o f an equivalent s in g le  p ie r, Ba. This 

arrangement has been suggested by Poulos (3 ,4) as w e ll. The equ iva lent 

s in g le  p ie rs  w ith  c irc u la r  shape cross section  are performed in  the 

Poulos’ ร method w h ile  those w ith  square shape cross section  are used 

in  the proposed method. By th is  method o f id e a liz a tio n , the  whole 

groups are analysed w ithou t com putational d if f ic u lty  and th e ir  

settlem ents are determ ined.

Figure 4.9 shows the ty p ic a l f lo o r  p lan o f the b u ild in g  

w ith  the po in ts  to  observe settlem ent, F igure 4.10 a lso shows the 

plan o f the  p ilin g  arrangement. To analyse th is  foundation, the 

equiva lent p ile  group method has been performed. The subdevided p ile  

groups and the equivalent model o f these groups are shown in  Figures

4.11 and 4.12 re sp e c tive ly . The sm alle r subdevided p ile  groups, i.e .  

5x6, 6x7, 6x8 numbers o f p ile , have been analysed seperate ly to  f in d  

the  equivalent w idth o f them. Then the  equivalent s in g le  p ie rs  w ith  

the  v a ria tio n  in  w idth have been analysed and the re la tio n s  between 

the  immediate settlem ents and th e ir  w idths a t s p e c ific  load have been 

shown in  F igure 4.13. The equivalent p ie r w idth o f the p ile  groups are 

in te rp o la te d  by using these curves and the re s u lts  are summarized in  

Table 4 .5 . Then the complete model conta in ing the equivalent groups 

has been analysed to  determ ined the settlem ents o f th is  b u ild in g .
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3. P ile  and S o il Parameters.

The parameters Ep, V , £3, are summarized in  Table 

4 .6 . I t  should be noted th a t the value o f Eu in  founding laye r 

( la ry e r 1 and 2) is  backfigured from p ile  load te s t and the value 

o f £3’ is  ca lcu la ted  by using equation (4 .4 ). For underlying laye rs , 

the  values o f £3 are approximated from oedometer te s t using equations 

(4 .3) and (4 .4 ). Both immediate and f in a l settlem ents are considered 

in  th is  case. For cohesive s o il,  the  immediate settlem ent p re d ic tio n  

is  based on undrained cond ition  w h ile  the  f in a l settlem ent p re d ic tio n  

w i l l  be associated w ith  drained co n d itio n . For cohesionless s o il,  only 

drained cond ition  is  app licab le , as a re s u lt, both settlem ent 

p re d ic tio n s  are dependent upon the same parameters.

4. Comparisons w ith  F ie ld  Measurements and Poulos’ s Method.

Comparisons between the re s u lts  from the  proposed method, 

those o f Poulos’ s method and observed settlem ent data have been shown 

in  Table 4 .7 . I t  is  obvious th a t the p red ic ted  settlem ents by 

the  proposed method are in  good agreement w ith  the observed data and 

the  re s u lts  obtained by Poulos’ s method. I t  should be noted th a t the 

e ffe c t o f p ile  cap r ig id it y  which tends to  reduce the  settlem ent has 

been considered in  the Poulos’ s method. The proposed method does not 

consider th is  e ffe c t, th e re fo re , the comparisons o f settlem ents fo r  

th is  foundation tend to  be b e tte r than the  comparisons o f those o f 

p ile  groups which have been stud ied in  previous section . However, the  

settlem ents p red icted  by the proposed method are s t i l l  less than those 

obtained by Poulos’ s method.
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