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SYNOPSIS The piers o f a bridge w ere to be founded on a group of driven steel p ipe piles. The estim ated bearing capacity of 

these p iles w as counterchecked by separating the point bearing and skin friction through instrumentation. Strain gauges w ere w elded  

to the inner surface of one pile at seven  locations, along the pile length. The pile w as subjected to cyclic load test in  steps upto the 

ultim ate load. At each step , the load w as m aintained constant and all the strain gauges w ere read. The axial loads corresponding  

to the strain readings, w ere calculated and analysed. From this it w as concluded  that w h en  the axial load w as sm all, skin friction 

form ed about 80 % of the total load. A s the loading increased, this proportion started falling, and reached a more or less constant 

value of 65 %, near the ultim ate bearing capacity.

IN TR O D U C TIO N

Instrum entation provides a direct m eans of verifying design  

assum ptions and m onitoring actual performance of structures. O ne  

such "m ade to m easure" schem e w as tailored to the n eed s, and  

w as successfu l. There w ere no casualities, all instrum ents 

functioned w ell, each reading had a m eaning, and the system  

provided reliable information. Instrum entation not on ly  served its 

purpose, but also gave som e additional interesting information as 

detailed here.

T he piers of a bridge w ere to be founded on a group of driven  

piles. The estim ated bearing capacity o f these p iles w as to be 

counterchecked by tw o independent means: (i) by conducting a 

cyclic load test, w ith  m easurem ent of load and settlem ent by 

conventional m eans; (ii) by instrum enting the sam e p ile along its 

length, and taking readings sim ultaneously w ith  the cyclic load  

test. In both cases, it is  possib le to separate the point bearing  

and skin friction by different m ethods. These operations have been  

carried out on one of the piles below  the m ost critically loaded  

pier.

O nly the instrum entation part is  presented in this paper.

AIM

The aim of the present work w as to study (through  

instrum entation) the developm ent o f skin friction along the pile  

length, and to find out the proportion of skin friction to the total 

load.

SOIL C O N D ITIO N S

At the location of the test pile, the soil strata consisted  o f  

soft clay from ground level to about -  17.5 m  R.L., w ith  N  values

2 to 3 on ly. Below that, there w as a sand layer, w h o se  density  

increased w ith depth , categorised as m edium  d en se  sand.

PILES

The p iles consisted of steel p ipes, 812.8 mm. O .D . and

787.4 m m  I.D . The bottom of the pipe w as to be closed w ith  a 

flat plate w eld ed  around. W hile driving, the pile w ould  go on  

com pacting the sand till m eeting w ith  refusal at about 25 m  depth. 

The w orking load w as 1570 kN.

IN STRUM ENTATIO N SCHEME

In the soft clay layer, no skin friction w as expected. Skin 

friction could develop  from near about the clay sand interface, and  

m ost o f the skin friction and the total point bearing had to com e  

from the m edium  d en se  sand layer only. For these reasons, 

it w as decided  to locate the instrum ents m ostly in the sand layer, 

instead of at "equi-distance".

Instrum ents w ere placed at seven  locations, v iz., SI to S7. 

SI w as to give the total load on the top of the pile. S2 and S3, 

located in the soft clay layer, w ere to give an idea of the small 

am ount o f friction developed  in that layer and also to give conti­

nuous distribution. S4 to S7 w ere to give the actual distribution of 

skin friction in  the sand layer. The distances betw een  locations 

SI to S7 w ere carefully determ ined, taking into account thicknesses 

of different soil layers, as revealed by the bore log.

S7 w as located at 80 cm  above the p ile bottom . By 

extrapolating the strain distribution curve (SI ... ST) to the pile 

bottom , the point bearing could be arrived at. Placing S7 at any 

low er location w ould  have endangered the instrum ents w hile  

w eld in g  the thick bottom plate or w hile driving. (This consideration  

ensured  n o  dam age to any of the instrum ents and they functioned  

in  the elastic range.)

STR A IN  G AUGE INSTRUM ENTATION

Instrum ents chosen for this w as foil resistance strain gauge, 

that could be spot w elded  to steel. Since the inside surface of the
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p ile  w as far safer than the outer surface, it w as on ly  a natural 

choice to w eld  them  to the interior. A t each location, four gauges 

w ere w eld ed  w ith  their lengths parallel to the p ile axis.

The gauges and cables w ere thermally com pensated . W hile

SI w a s slightly above water table, 52 ... S7 w ere below  it. For 

these  reasons a separate gauge tor thermal com pensation  w a s not 

provided . Leads o f all 28 strain gauges w ere anchored to  fixtures 

w eld ed  to the p ipe so  that they w ould  not dangle in sid e  the ho llow  

p ile  and get dam aged w hile  driving. The leads w ere brought out 

through a hole below  the top, and connected to the strain bridge 

through a channel selector.

Installation of these instrum ents w as carried out w ith  the 

p ile o n  the ground, and thoroughly checked before driving the  

p ile. Even heavy driving did not dam age the installation.

b e  le ss  than the load applied on  top, the difference being due  

to the skin friction along the buried length o f  the pile.

iii) A t any interm ediate section, the axial 6tress is  proportional 

to the total load on top of the pile, le ss  the skin friction from ground  

level to that section.

T hus at any stage of loading, the m agnitude of skin friction 

and its distribution along the length of the pile could  be arrived 

at from the m easured strain versus the depth curve. For different 

stages o f loading, the developm ent of skin friction and the 

transm ission of point bearing could be studied . From that, the 

proportion of skin friction to the total load, at any desired  level 

o f loading could be deduced.

LO A D  TEST

B ASIS OF INTERPRETATION

It is to be noted here that w hat w as directly m easured  

w ith  the help  of the strain gauges w as only the axial com pressive  

strain at the cylindrical inner surface o f the hollow  steel p ip e pile, 

superim posed  by the effect o f any bending. The average o f the 

strain readings m easured at the four cardinal points cancel out the 

effect o f any such bending, leaving only the axial strain. From  

these  average strain readings, the axial load at any stage o f loading  

for any location can be readily calculated. The other desired  

quantities could  be sim ply derived from the actual loads w ith  sim ple  

relationships

Axial com pressive load at any interm ediate station S, is

T he upper portion of the test pile (from top to 11.2 m) w as  

en closed  in  an em ptied  out casing and w as not in  contact w ith  the 

soft d a y , to prevent the negative skin  friction from affecting the 

results.

T he p ile wa6 subjected to cyclic load test as per usual 

procedure adopted for separating out the point bearing and skin  

friction. The load w as applied on top of the pile by m eans of 

hydraulic jacks in  steps, upto about 3/4 of the design  load and then  

released , com prising cycle I. Then the step loading w a s taken upto  

about tw ice the design  load and then the load released com prising  

cycle II. This w ay, the load test w as continued further to cycle ID 

about 3 tim es the design  load, and to cycle IV w ith  3 .5 tim es the 

d esign  load.

Q i

n

4
( D 2 -  d2 ) • E • X. w here

In cycle I, num ber of steps w ere 4, (including loading and  

unloading); in  cycle n , 6 ; cycle ID, 6 ; and in  cycle IV, 5 ; (21 steps 

in  all).

D  = Outer diameter o f the hollow  p ip e pile  

d = Inner diameter of the hollow  p ipe pile  

E = Young's M odulus o f steel p ipe and

Xj = M easured strain at Sj

W ith D 0.812 m, d = 0.787 m , and

E = 200 • 10 kPa, and X being m easured  in  

micros trains (i.e.,10"  ̂ cm/cm), this relation becom es

= 6.5345 • 10-6 • X. kN

If Q t denotes the load applied on  p ile top, the skin friction 

d evelop ed  upto Sj

= Q t -  Qj kN

A t the bottom  o f the pile,

Point bearing = (total load on  top) — (skin friction on the total 

buried length of the pile).

In the conventional test, the applied load w as d educed  from 

the pressure gauge o f  the hydraulic jack and the settlem ent o f the 

top o f  the p ile  w as directly read by dial gauges. The readings 

w ere later analysed to separate point bearing and skin friction.

In the instrum ented test how ever, settlem ent observations 

w ere not m ade. O nly strain gauge readings w ere taken, from  

w h ich  the loads w ere com puted. This paper is based entirely on  

the strain gauge m easurem ents, including the load on  the top 

of the pile.

M EASUREM ENTS

Each strain gauge w as read individually, directly in  

m icrostrain, after accounting for the gauge factor, cable length, 

initial im balance, etc. A t each step of loading, the load w as  

m aintained constant and all the 28 strain gauges w ere read 

autom atically in  sequence and recorded w ithin  a short interval, 

constituting on e round of m easurem ent. Like this, 4 rounds w ere  

m ade to ensure repeatability o f readings. Thus in  all nearly 2500 

readings w ere taken (21 steps x 7 locations x 4 gauges x 4 rounds).

This information can be further analysed on  the follow ing  

principles :

i) At the top section  of the pile, the p ile material is  subjected  

to an axial stress, w hich  is proportional to the total load applied .

ii) A t the bottom  section of the pile, the axial stress o f  the 

material is  proportional to the point bearing o f the p ile. This w ill

GENERAL O BSERVATIONS

It w as gratifying that no strain gauge installation w as  

dam aged; and n ot a single reading w as out of the w ay.

A  careful scrutiny of the strain readings sh o w s that at any  

load step  and location, (a) the readings are m axim um  im m ediately  

on application of the load, and dim inish w ith  time, com ing  

to a steady value. This is because, as the pile settles, the applied
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lo ad  is so m e w h a t re leased , the  red u c tio n  bein g  too sm all to be  

se e n  o n  the  p re ss u re  gauge, b u t fa ithfu lly  reco rd ed  by  th e  m o re  

se n sitiv e  electron ic system . So ignoring  su c h  tran sien ts , th e  6 tead y  

(fo u rth  ro u n d )  read in g s w ere  taken  for analysis, (b) T h e  stra in  

re a d in g s  in  th e  four card inal d irec tions a re  d iffe ren t from  each  

o th e r , reflec ting  th e  com bined  effects of th e  eccen tric ity  in  sea tin g  

th e  jacks, an d  n a tu ra l he te ro g en e ity  of th e  soil s tra ta  in  th e  

h o rizo n ta l p lan e , aggravated  by  d riv ing  th e  p ile  w ith  b o tto m  

closed , (c) T he valu es in  an y  o n e  d irec tion , say  A , d im in ish  

w ith  d e p th , a n d  in  p ro p o rtio n  to th a t s te p  o f load ing . So a re  th e  

cases w ith  th e  o th e r  d irec tions B, C, a n d  D. H en ce  th e  av erage  

o f A , B, C , a n d  D  for th a t location  a n d  load  s te p  w a s  tak en  

fo r an alysis, e lim inating  th e  effects o f b e n d in g  a n d  h e te ro g en e ity .

H ereafter s tra in  read in g s m eans su ch  averaged  o u t read in g s . 

A N A LY SIS O F RESULTS

T h e  s tra in  read in g s w ere  first p lo tted  to a co m m o n  axis of 

e lap sed  tim e (F ig .l), an d  th en  w ere  p lo tted  ag a in s t d e p th  (top  

to  bo ttom ) for cycle after cycle, s te p  after s te p  (Figs.2 a n d  3). E ven 

a  cu rso ry  g lance a t th e  fam ily o f g rap h s  sh o w s rem ark ab le  

co n sisten cy  in  each  g rap h , a n d  cogency  from  g rap h  to g ra p h , 

th u s  co n firm ing  the  h ig h  d eg ree  of reliability . T he p a tte rn  o f th ese  

fam ily  of cu rv es p ro v ed  th a t the  stra in  read in g s follow ed th e  logical 

p a tte rn  w ith  resp ec t to all th e  variables: (1) tim e (2) sp a ce  a n d  (3) 

load .

Casi ng

emptied out Test pile 

0.863 OD 0.812 OD 
0.838 I D—w —0.787 I D

^♦TJm

Measured axial strain I )  *  cm/cm

joo-200. » o y o  Q iyo 4}»  sj» y

•0305tn

R.L.

cycle - 1  cyclc-II

Fig. 2 Strain gauge locations and readings 
cycles-1 and II

F ig .l sh o w s th e  varia tion  of th e  s tra in  re a d in g s  w ith  

e la p se d  tim e. All th e  cycles, s te p s, locations, a n d  load s a re  clearly  

d iscern ib le  w ith o u t an y  fu rth er exp lanations.

Fig.l Variation of strain readings with time

Fig 2. sh o w s th e  variation  of th e  m easu red  s tra in  w ith  d e p th , 

d u r in g  th e  firs t a n d  second  cycles o f load ing  for each  s te p . Since 

th e  p ile  w a s  la terally  u n su p p o rte d  in sid e  th e  cas ing  p ip e , th e  

s tra in  a n d  lo ad  rem a in  co n s tan t from  the  top  d o w n  to R .L. — 11.2 

m . T h e  location  o f S2 w as com plete ly  in  th e  soft clay layer, w h e re a s  

S3 w a s  ju s t  above th e  sa n d  layer.

T he d ev e lo p m en t of sk in  friction from  R.L. — 11.2 m  to S2 

is less, an d  from  S2 to S3 is m ore. S4 to S7, w h ich  a re  in  d e e p e r 

s a n d y  layers, sh o w  d ev e lo p m en t o f h ig h er sk in  friction.

A s th e  load ing  in creases, the  curve  sh ifts to th e  r ig h t a n d  as 

th e  lo ad in g  decreases, the  curve  re tu rn s  to th e  left, b u t n o t 

co m plete ly , sh o w in g  a  hyste ris is  sim ilar to th e  load  se ttle m e n t g ra p h  

o f cyclic lo ad  test.

S im ilarly  Fig.3 sh o w s cycles m  an d  IV. Fig. U Proportion of skin friction to total load

+ 2 

0 

-2  

1  -*

X  -10 
> 
i t

“  -12 
T3 
(I
S -K I-
T3
ac .16

Measured axia l s tra in  (10 cm/cm)

P. B.  =1753 kN 

T. L = 4524 kN

-  S3

P B. =2121 kN 

T.L. = 5524 kN

Loading

Unloadng

PB.-P o in t bearing 

T.L. -  Total load

cycle-H I 1 cycle-lY

Fig. 3 Strain readings in cycles-III and IY
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AU th ese  figu res sh o w  sim ilar p a tte rn  o f load  d is tr ib u tio n s  

w ith  d e p th . T h e  effect o f s a n d  layer in  d ev e lo p m en t o f sk in  friction 

b eco m es m o re  p ro n o u n ced  w ith  h ig h er cycles.

For w o rk in g  o u t th e  p ro p o rtio n s  o f the  sk in  friction  to  the  

to tal lo ad s , th e  p eak  lo ad in g s of each  cycle w ere  ch o sen . T h e  b o tto m  

p o r tio n s  o f th e  cu rv es a re  ex trapo la ted  to m ee t the  p ile  bo ttom  

(Figs.2 a n d  3), from  w hich  th e  co rre sp o n d in g  v a lues o f the  p o in t 

b earin g , sk in  friction  a n d  the  p ro p o rtio n s  o f sk in  friction  to total 

lo ad  a re  w o rk ed  o u t a n d  p re se n te d  in  Fig. 4.

ADDITIONAL INFORMATION

W h en  the  load  on  top o f th e  p ile  is  re lease d  a n d  the  p ile  

is  a llow ed  to  re b o u n d , it is qu ite  possib le  th a t so m e p a r ts  o f the  

p ile  in  th e  b u ried  p o rtio n s  m ay  com e u n d e r  ten sio n  d u e  to local 

v a ria tio n s in  soil friction. T his is d iscern ib le  in  s te p s  4, 10 an d  

16, w h e re  the  d is trib u tio n  g rap h s  go to the  left of the  Y axis, 

a t locations S4, S3, an d  52. But a t location 51 w h ich  w as no t 

su b jec ted  to an y  soil friction d u e  to sleeving, the  read in g s  sh o u ld  

b e  zero . T h e  m e a su re d  average  stra in  at th is  location  51 for s te p s

4 a n d  10 w ere  +18 an d  +7.5 m icrostra in s ind ica tin g  so m e tension . 

For s te p  16 it is  — 6 , in d ica ting  som e re sid u a l co m p ress io n . T h is 

an o m aly  m ig h t hav e  been  cau sed  by  an y  in ad v e rten t fixity b e t­

w e e n  p ile  top  a n d  load ing  fram e, o r d u e  to som e d isp lac em en t 

o f th e  h y d rau lic  jack. N everth less , the  loads c o rre sp o n d in g  to these  

s tra in  re a d in g s  are  too sm all to be of significance to th e  field 

en g in ee r , b u t will certa in ly  in te re s t the  d es ig n er a n d  resea rch e r.

O n  th e  o th e r  h a n d , locations S5 to S7 unm istak ab ly  sh o w  

re s id u a l co m p ress io n  in  th e  sa n d  layer, g iv ing  a v isua l ev id en ce  

to th e  co m paction  effect th a t the  p ile  cau sed  d u r in g  d riv in g  an d  

tes ting .

T hese  fine p o in ts  are  significant, b u t are  m issed  by 

co n ven tional load  tests . R easons are  obvious. T h e  s tra in  read in g s  

a re , by  far, m ore sensitive  an d  faithful to th e  ac tual load  o n  the  

p ile  m ateria l th an  w h a t can  be read  from  the  p re s s u re  gau g e  

a ttach ed  to the  h ydrau lic  jack. It is ev en  m ore so , w h e n  sm all loads 

a re  a tte m p te d  to b e  m easu red  w ith  a ro b u st p re s s u re  gau g e  a ttach ed  

to a h ig h  capacity  hyd rau lic  jack. T he stra in  g au g es h av e  a lso  b o rne  

a s  m u c h  load  as the  p iles. A n d  ev en  after th a t th ey  h av e  n o t 

lo st th e ir  sesitiv ity  o r reliability.

CONCLUSIONS

W h en  th e  axial load  w as sm all, (1080 kN  a t th e  e n d  of 

th e  firs t cycle) sk in  friction fo rm ed  abo u t 80 % of the  total load . 

A s the  load ing  increased , th is p ro p o rtio n  sta rted  falling, an d  

reach ed  a m ore o r less co n stan t value of 65 %, n ear th e  u ltim ate  

b earin g  capacity .

In s tru m en ta tio n  h a s  n o t on ly  se rved  the  in te n d e d  p u rp o se , 

b u t p ro v ed  itself as a reliable an d  sensitive tool by w h ich  the  

fu n c tio n in g  of real s tru c tu res  can  be  evaluated .
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