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FOREWORD 

I n s t r u m e n t a t i o n  f o r  use i n  p i l i n g  i s  p robab ly  sub jec ted  t o  some o f  t h e  

most severe env i ronmenta l  condi  ti ons the  average p r a c t i  c i  ng eng ineer  w i  11 eve r t  

encounter .  Impact  s t r esses  t o  700,000 PSI, a c c e l e r a t i o n s  o f  7,000 g ' s ,  a ~ ~ d  

t h e  need f o r  abso lu te  w a t e r p r o o f i n g  t o  p e r m i t  l ong- te rm measurements a re  b u t  at 

few of t h e  problems encountered. 'The consequences o f  t h i s  env i  ronment become 

obvious when t h e  l a r g e  sums o f  money needed t o  f und  exper imenta l  p i l i n g  p ro -  

grams a re  compared w i t h  t h e  l l m i t e d  amount o f  da ta  ob ta ined ,  Never the less,  

t he  n e c e s s i t y  t o  supplement, suppor t ,  and v e r i f y  ou r  eve r  i n c ~ e a s i n g  methods 

o f  a n a l y s i s  w i t h  exper imenta l  da ta  has caused r a p i d  expansion i n  t he  use o f  

i ns trumented p i  1 es . 

INTRODUCTION 

U n t i l  about  1960, a  m a ~ o r i  ty o f  t h e  d a t a  taken cen te red  around p i l e  d i s -  

placements d u r i n g  d r i v i n g ,  The equipment was u s u a l l y  q u i t e  s imp le ,  f o r  ex- 

ample, a  t r a n s i t  f o r  r e c o r d i n g  t h e  average p e n e t r a t i o n  p e r  b low,  paper taped 

t o  t h e  d r i v e n  p i l e  and marked w i t h  a  p e n c i l  moving h o r i z o n t a l l y  t o  r e c o r d  

temporary and permanent s e t  o f  t h e  p i l e  p e r  b low,  e t c ,  Th is  da ta  was, of 

course, f o r  use j n  p i l e  d r i v i n g  fo rmu las ,  o f  which ove r  400 have been p ro -  

i n  an a t tempt  t o  p r e d i c t  t h e  p i l e ' s  b e a r i n g  c a p a c i t y .  However, w i t h  

such an a r r a y  of v a r i a b l e s  known t o  a f f e c t  t h e  problem, i t  i s  no wonder t h a t  

l i t t l e  conf idence was p l aced  i n  t h e  r e s u l t s .  Even though an ex tens i ve  amount 

o f  da ta  m i g h t  be taken, every  equa t i on  ava i  1  ab le  neg lec ted  numerous i m p o r t a n t  

*Numeri c a l  s u p e r s c r i p t s  r e f e r  t o  co r respond ing  i tems i n  t he  References, 



parameters, and the complexity of the problem was so great that  elaborate in- 

strumentation was seldom considered necessary. Nevertheless, ambitious pro- 

jects were regular!y funded in an attempt to  a t  l eas t  determine a l l  the ex- 

perimental values needed for  a specif ic  area or s t a t e ,  An excellent example . 
of th i s  was the recent experimental study sponsored by the Michigan State High- 

( 2 )  way Comission , which was probably 'the most extensive (and expensive) ex- 

perimental p i le  program t o  date. The investigators hoped to  take data on a 

majori ty of the pi les , dri vi ng hammers, and soi l condi t i  ons commonly encount- 

ered in the State of Michigan, and, a f t e r  solving numerous instrumentation 

problems, were highly successful in th is  attempt Only by reading the report 

can the volume of data taken be appreciated, b u t  i t  was tremendous to say the 

l eas t .  Even so ,  thel'r w o r k  was highly cr i t ic ized  by persons who objected that  

C ' the number of problems analyzed were s t i l l  in f ac t  s t a t i s t i c a l l y  insignificant 

( 3 )  and in no way warranted the i r  conclusions or recommendations 

This same program i l lus t ra ted  that  major instrumentation problems can 

occur regardless of the e f for t s  made to  prevent them. However, t he i r  work 

should prove invaluable to future researchers, since not only final solutions 

were given--the many problems, fa i  lures ,  and d i f f i  cu! t i e s  encountered are also 

fu l ly  reported- For example, the load ce7 Is  and accelerometers used in the 

driving operations were constant sources of trouble. The placement of these 

instruments and the driving assembly employed are i l lus t ra ted  in Figure 1 ,  and 

wi 11 be discussed 1 a ter  

A surge of in te res t  i n  the instrumentation and f i e l d  tes t ing of pi les  was 

generated in 1960 when E. A .  L . Smi t h  formulated and pub1 ished the f i r s t  truly 
. . 

( 1 )  

c general and mathemati tally correct analysis for  the problem of pi le  driving 

For the f i r s t  time, questions about driving s t resses ,  what hammer i s  needed to 



t o  d r i v e  a  g i ven  pile, and even i t s  b e a r i n g  capac i t y  cou ld  be answered, How- 

ever ,  t h e  numerous v a r i a b l e s  i n f l u e n c i n g  t h e  problem cou ld  no l onge r  be ignored .  

They were r e q u i r e d  by  t h e  proposed a n a l y s i s ,  Thus g r e a t  q u a n t i t i e s  o f  e x p e r i -  

mental  da ta  were suddenly needed on e v e r y t h i n g  f rom d r i v i n g  hammers r i g h t  down 

t o  t h e  s o i l  i t s e l f ,  

Immediate ly  a f t e r  t h e  appearance of Sm i th ' s  paper i n  1960, the  Texas High- 

way Department, through Texas A&M U n i v e r s i  ty , i n i  ti a t e d  an ex tens i ve  research  

program t o  e x p e r i m e n t a l l y  determine i n p u t  da ta  needed by  Sm i th ' s  method of 

a n a l y s i s  ( g e n e r a l l y  r e f e r r e d  t o  as the  wave equa t i on ) ,  The exper ience and 

recommended procedures ment ioned i n  t h i s  r e p o r t  r e s u l t e d  l a r g e l y  f r om  these 

programs as we1 l as f rom research  p r e s e n t l y  funded by  t he  U. S, Bureau of Pub1 i c  

Roads and p r i v a t e  sources, 

I t  i s  i n t e r e s t i n g  t o  n o t e  t h a t  once t h e  needed i n p u t  da ta  was determined 

e x p e r i m e n t a l l y ,  Sm i t h ' s  wave equa t i on  s o l u t i o n  began t o  p rove  i t s e l f  as one o f  

the  most power fu l  methods o f  a n a l y s i s  a v a i l a b l e  t o  t h e  f ounda t i on  engineer .  

An a l though  t h e r e  a re  s t i l l  ques t i ons  t o  be answered, t he  wave equa t ion  has 

a l r eady  proved capable o f  answering such ques t ions  as whether t h e  s t r esses  i n -  

duced i n  t h e  p i l e  d u r i n g  d r i v i n g  w i  11 be excess ive  (')' (10 ) ,  can a  g i ven  hammer 

d r i v e  a  p i l e  t o  t h e  r e q u i r e d  p e n e t r a t i o n ,  and i f  n o t ,  what hammer shou ld  be 

used''' ) , p i  1  e  b e a r i n g  capacl  t y C 5 )  ' * I ,  and many o the rs .  The Texas Highway 

Department was so impressed by t h e  r e d u c t i o n  i n  p i l e  breakage t h a t  t h e  wave 

equa t i on  was used t o  mod i fy  ,he S t a t e ' s  p i l e  d r i v i n g  s p e c i f i c a t i o n s .  

INSTRUMENTATION SELECTION 

Because of t h e  l a r g e  number o f  v a r i a b l e s  which i n f l u e n c e  t h e  problem, p i l e  

i n s t r u m e n t a t i o n  necessar i  l y  i n v o l v e s  many d i f f e r e n t  types of i n s t r u m e n t a t i o n .  



However, a majority of these variables involve the measurement of 

1 ,  internal pi le  forces,  

2 .  applied and r e s i s t ~ n g  forces,  

3* displacements, 

4 .  accelerations, 

5 .  ve1ocities, and 

6 ,  pressures, 

Normally , equipment selection wi I 1  be greatly influenced by when the 

measurements are t o  be made, For example, measurements wi 11 comnionly be made 

during: 

1 . fabri cation of the p i l e ,  

2, transportat1 on and hand1 i ng  , 

3-  during driving, 

4 ,  immedi ately a f t e r  driving , 

5 ,  d u r i n g  long-term tes t ing ,  and 

6 ,  d u r i n g  service.  

Fortunately, except for the t h ~ r d  stage l i s t ed  above, each involves only low 

frequency phenomena. T h ~ s  greatly simp1 i f i e s  the choice of equipment since 

speci a1 high frequency response instrumentation wi 11 be necessary only i f  

measurements are to  be taken during the driving operation, 

Figures 2 and  3 are presented to i l l u s t r a t e  the types of instrumentation 

commonly employed d u r i n g  driving and durl ng  s t a t i  c t e s t s  . 

Performance Cons!deratfons 

. . 

In the selection of instrumentation for  p i l e s ,  several factors must be 

considered. In approximate order of importance, these factors include: 



1 . the  accuracy o f  t h e  u n i t  , 

2. i t s  d u r a b i l i t y ,  o r  r e s i s t a n c e  t o  f a i l u r e ,  

3. i t s  i n f l uence  on the  measured system, 

4. simp1 f c i  ty o f  ope ra t i on  under f i e l d  c o n d i t i o n s  , 
5,  ease o f  i n s t a l l a t i o n ,  

6. I-eadi l y  avail ab le  maintenance , 

7. aux i  1 i a r y  equipment necessary f o r  o p e r a t i  on, 

8. cos t ,  and 

9. salvage va lue,  

I t  i s  p robab le  t h a t  t h e  f i r s t  t h r e e  i tems a re  o f  v i t a l  importance, and t h a t  

even t h e  s l i g h t e s t  compromise i n  any one o f  them w i  11 d r a s t i c a l l y  reduce the  

chance o f  o b t a i n i n g  u s e f u l  da ta ,  

t /  The s i g n l ' f i  cance of i tems 1 and 2 above a re  obvious. As an example o f  

the  importance o f  i t e m  3, a s tudy  us ing  t he  wave equat ion  showed t h a t  i n  many ' cases, t he  mass o f  the  i n s t r u m e n t a t i o n  u t i l i z e d  throughout  t he  Mich igan P i l e  

,, Study (see F igu re  1 )  a f f e c t e d  t he  r e s u l t s  more than 40 p e r ~ e n t ' ~ ) .  Obvious ly  
I 

t h e r e  i s  li t t l e  purpose i n  t r y i n g  t o  determine any parameter exper imenta l  1y 

. . i f  t h e  equipment employed changes the  va lue  be ing  measured. 

INTERNAL PILE FORCES 

The i n s t r u m e n t a t i o n  most commonly used t o  o b t a i n  da ta  rega rd ing  t he  f i r s t  

o f  t h e  v a r i a b l e s  mentioned above i s  t h e  s t r a i n  gauge. However, because o f  t h e  

uncommon environment i n  which i t  must s u r v i v e ,  t h e  choice o f  gauge, method of 

i n s t a l  1 a t i  on, and i t s  subsequent p r o t e c t i  on f rom impact  damage and mo i s tu re  
. . 

f a i  1 u re  a re  c r i  t i ca l  . 



r 
I Concrete Pi 1 es 

Selection of gauges - A1 though standard s t r a in  gauges are often used, 

there are a  number of gauges manufactured especl a! ly for  use in con.crete. 

These 'speci a1 ' gauges wi 11 often out-perform standard gauges, and in many 

cases are even less expensive 

Probably the best k n o w n  gauge fop use i n  concrete is  Baldwin's Valore 

gauge, model AS-946, shown in F f  gure 4 ,  and pictured in I! lustration 2 .  This 

gauge consists of a  s  tandasd Constantan wire gauge wrapped in a  1-mi 1 Valore- 

Brass foi 1 enve!ope- I t  i s  extremely f lex ib le  and delicate and must be care- 

fu l ly  protected to prevent damage while pouring or vibrating the concrete in 

the forms* I n  1967 the Texas Transportation Ins t i tu te  instal led several 

hundred of these gauges in piles on various projects b u t  had quite limited 

success '5" ' 6 )  Moistuve leakage was t h o u g h t  t o  have caused the f a i lu res ,  

b u t  whatever the reason, the trouble consl'stently caused the loss of a t  least  

one t e s t  point along every p i l e ,  a n d  in many instances every gauge was los t .  

Although some good I-lrlving s t r e s s  data was obtained, the number o f  gauge 

fa i  l  ures greatly + ncreased durf  ng  the 1 ong-term load t e s t s ,  

A second type of gauge, i l l u s t r a t ed  in Figupe 4 ,  was used to  instrument . 

the remaining p i les .  This was a  polyester mold gauge manufactured by the 

Tokyo Sokki Kenkyujo C o . ,  L t d . ,  of Japan, and consisted of a  standard 300 ohm 

gauge hermet-cally sealed between two t h i n  polyester blocks- This encapsu- 

lation completely waterproofs both the gauge and lead wires, and provides an 

extremely t o u g h  protective shell  which simp11 f ied instal  lation greatly since 

there was no  need to  protect the gauge against placement or vibration of -the 

concrete- The faces of the gauge are coated with a  sand g r i t  to  insure proper 



bond w i t h  t h e  concrete whereas the f o i l - encased  gauge was s u s c e p t i b l e  t o  bond 

f a i l u r e .  These gauges proved comple te ly  r e l i a b l e  i n  every  respec t ,  and no 

f u r t h e r  f a i l u r e s  were exper ienced,  even though many of t h e  p f l e s  were d r i v e n  

f a r  below t h e  wate r  l i n e  and were n o t  l o a d - t e s t e d  f o r  months - To date,  n o t  

a  s i n g l e  gauge f a i l u r e  has been no ted -  

A l though these gauges were q u i t e  inexpensive,  t h e i r  performance proved 

t o t a l l y  r e ! i a b l e ,  As shown j n  I l l u s t r a t i o n  1,  severa l  types o f  gauges a re  

avai  1  ab l  e  , i n c l  ud i  ng b o t h  2- and 3 -ax i  s  r o s e t t e s ,  

Probably  t he  most f n t e r e s t i n g  of t h e  s p e c i a l  gauges i s  t h e  v i b r a t i n g  

w i r e  s t r a i n  gauge shown i n  F igu re  5 ,  One such gauge, d i s t r i b u t e d  by  Geo- 

measurements Southwest o f  A r l i n g t o n ,  Texas, i s  shown i n  I 1  l u s t r a t i o n  3, 

I n  t h i s  case the  a p p l i e d  s t r a i n  gauge changes t h e  t ens ion  i n  a  f i n e  

v i b r a t i n g  w i r e ,  thereby changing i t s  n a t u r a l  f requency, which i s  t r ans1  a ted  

i n t o  s t r a i n ,  A l though s p e c i a l  readout  equipment i s  r equ i red ,  and the  gauge 

i s  r e l a t i v e l y  l a r g e ,  i t s  l ong - te rm  s t a b i l i t y  makes i t  h i g h l y  u s e f u l  i n  many 

s i t u a t i o n s  , 

P o s s i b l y  t he  most h i g h l y  m o i s t u ~ e  r e s i s t a n t  gauge a v a i l a b l e  i s  manu- 

f a c t u r e d  by t h e  S t r u c t u r a l  Behavior  Eng ineer ing  Labs, Inc ,  , o f  Phoenix, 

A r i zona -  Termed t h e  "Stressmeter,"  i t  c o n s i s t s  o f  a  & f o o t  s e c t i o n  o f  de- 

formed A-432 s t e e l  reinforcing ba r ,  t u rned  down t o  accept  placement o f  a  f u l l  

4-arm b r i d g e .  The gauge j s  i l l u s t r a t e d  i n  F i g u r e  6. The t ransducer  i s  com- 

p l e t e l y  waterproofed and no spec ia l  h a n d l i n g  i s  necessary d u r i n g  t ranspor -  

t a t i o n  o r  i n s t a l l a t i o n  The s t r a i n  gauges a re  a t tached  t o  t he  b a r  by r e -  

s i s t a n c e  we1 d lng ,  i n s u r i n g  a  s t r o n g  bond and con t inued  performance i n  presence 

o f  shock and v i b r a t ~ o n .  By we ld i ng  the  gauge t o  t h e  meta l  i t  thereby  becomes 

an i n t e g r a l  p a r t  o f  t h e  t e s t  s t r u c t u r e ,  r a t h e r  than a  cemented a d d i t i o n  t o  it. 



Since these gauges are specially made to  order, they are relat ively ex- 

pensive, However, t h i s  also gjves them a number of advantages, including the 

following: 

7 .  Can be made t o  measure low and high concrete s t resses  or forces,  

2. Can  be curved to  conform to structural shape, 

3 ,  Can be lengthened and multiple-gauged along the i r  length for  

ins ta l la t ion  in areas of rapidly changing s t a t i c  or dynamic s t r e s s ,  

4, Can be shortened fo r  measurements in t igh t  and confined areas. 

The characteris t i  cs of each of the previous ly mentioned 'speci a1 ' gauges 

are summarized and compared in Table 1. 

Inter ior  instal  lation of gauges, As mentioned previously, problems in- 

herent with the use of s t r a in  gauges are magnified when they are used under 

C , f i e l d  conditions, the greatest  of which i s  probably moistureproofing the 

system. The method shown I n  Figure 7 i s  recommended for  use a t  a l l  spl ice 

points. I t  has proved ent f  rely re1 i able and highly superior to other methods 

( 5 )  attempted by the authors d u r i n g  the past 10 years 

The method of instal!atlon i s  also important, as was discovered early in 

1962 during a research project conducted a t  Texas A&M'~) ., Figure 8 shows a 

sketch of a typ;cal gauge p o i n t  ins ta l la t ion  used i n  th i s  study, Since the 

gauge connections and lead wipes were to be cast  in the pi l e ,  adequate mois- 

ture protection d u r i n g  manufacture of the pi le  was imperative. The ent i re  

system also had to  be protected from moisture until  the pi le  was driven, and 

subsequently from the time of driving until the s t a t i c  load t e s t  could be run, 

The gauges also had to  be instal led in such a manner tha t  they would not be 

damaged during the manufacture of the p i le .  I t  was found tha t  the polyester 

f mold gauge used required no add, tional waterproofing, and that  i t  was 



TABLE 1 ,  CHARACTERISTICS O F  STRAIN GAUGES FOR USE IN CONCRETE 

Baldwi n Vibrating Polyester  
Brass Foil S.B,E,L, Wire Mold 

Gauge "S t r e~sme te r "  Gauge Gauge 

1 )  Accuracy Excel l en t  

2 )  Durabil i ty - 
Moi s t u f e  

Resi s tance Poor 
Resistance 

t o  Mechani ca7 
Impact Poor 

Res i s tance 
t o  Bond 
Fai I ure Good 

3) Influence 
on System None 

4) Simplici ty 
of Operation Excel l e n t  

' 5 )  Maintenance ( a )  

6 )  Ease of 
Instal!  a t jon Fair  

7)  Aux.i I i ary 
Equi pment Standard 

8) Cost per Gauge $15,00(c) 

9 )  Avaf 1 abi 1 i ty Excel l e n t  

70) SalQage None 

11)  Application 

S t a t i  c Yes 
Dynarni c Yes 

Excel 1 ent  

Excel l en t  

Excel l e n t  

Excel l en t  

Low 

Excel l en t  

( a )  

Good 

Excellent Excell-ent 

Excellent Excellent 

Excellent Excellent 

Excellent Excellent 

Some Low 

Good Excel l en t  

( b )  ( a )  

Fai r  Excellent 

Standard Speci a1 Standard 

$102.50(d) $115.00 (d )  $3.00(c) 

Good Good Poor 

None ~ o s s i b l e ( b )  None 

Yes 
Yes 

Yes Yes 
N o Yes 

( a )  Not f e a s i b l e ,  
(b )  Feasible i f  gauge can be re t r ieved from t e s t  specimen. 
( c )  Four uni ts  required f o r  f u l l  4-arm bridge,  
( d )  Only one un i t  required. 



s u f f i ~ i e n t ~ l y  s t r o n g  t.0 w i t h s t a n d  t h e  p l a c i n g  and v i b r a t i n g  o f  t h e  concre te  

w i  t h o u t  be ing  damaged, 

I n  e a r l i e r  p r o j e c t s  a t  Texas A&M, each gauge p o i n t  was p r e - f a b r i c a t e d  i n  

t h e  l abo ra to r y  , and c o n s i s t e d  o f  a  comp le te ly  w3 te rp roo fed  module i n c l u d i n g  

t h e  gauge b r i d g e ,  majn l e a d  wlr-es, and s u r f a c e  connectors ,  Th i s  module scheme 

p e r m i t t e d  f a s t  f i e l d  installation w ? t h  a  min~mum o f  i n t e r f e r e n c e  i n  t h e  f i e l d  

t o  t he  p i l e  f a b e i c a t o r ,  Each module cou ld  a l s o  be t es ted ,  zeroed, balanced, 

e t c . ,  be fo re  l e a v i n g  f o r  t h e  j o b  s i t e ,  Th is  module i s  shown -in I l l u s t r a t i o n  4. 

The main l e a d  cables were l a i d  a long  t h e  upper s u r f a c e  o f  t h e  p i l e  and 

secured t o  t h e  r e i n f o r c i n g  s t r ands  a t  f r e q u e n t  i n t e r v a l s  w i t h  p l a s t i c  tape  as 

shown i n  F i g u r e  9, Care must be t3ken  t o  i n s u r e  t h a t  t h e  main l e a d  cables a re  

n o t  p l aced  i n  one bundle  b u t  a re  Spread u n i f o r m l y  across t h e  su r f ace .  Other-  

C , wise,  considerab!e c c o s s t a l k  between channels may r e s u l t .  A t  t h e  head o f  t h e  

p i l e  t h e  main l e a d  cables a re  bundled and wrapped w f  t h  p l a s t i c  tape  t o  fo rm a  

common e x i t .  Approx lmateTy  5 f e e t  o f  l e a d  cab le  was l e f t  exposed a t  t h e  head 

o f  t h e  p i l e ,  the  connect jons had ing  e a r l i e r  been comple te ly  wa te rp roo fed  by 

p o t t i n g  w i t h  RTV s i l G c o n e  rubber  as ~ 1 l u s t c a t e d  i n  F i g u r e  9, Th i s  p o t t i n g  

compound p roved  ccmp?ete ly  ce l qab le  and was e a s i l y  c u t  o f f  t h e  connectors  

immed ia te ly  p r i o *  t o  t e s t l n g  A f tec  t e s t l n g ,  t h e  conqectors  were again  p o t t e d  

f o r  fu tuce  zes t s .  

The gauges shou ld  be l q o s e l y  a t t ached  w j t h  l i g h t  tape o r  w i r e  t o  t h e  p re -  

s t r essJng  s t r ands  o r  r e l n f o r c - n g  bars  as shown I n  I l l u s t r a t i o n  5. S u f f i c i e n t  

space between t he  gauge and bay shou ld  be l e f t  t o  a l l g w  the  g r o u t  t o  com- 

p l  e t e l y  su r round  t h e  gauge. 

As no ted  i n  F i g u r e  9 ,  t h e  l ead  w i r e s  ex tend ing  from the  p i l e  shou ld -be  

k e p t  as s h o r t  as p r a c t i c a l ,  since very  l o n g  leads  a re  h i g h l y  s u b j e c t  t o  damage 



d u r i n g  h a n d l i n g  and t r a n s p o r t a t i o n  o f  t h e  p i l e -  Ext remely  l o n g  leads a re  a l s o  

a  g r e a t  t e m p t a t i o n  t o  workmen needing a  l e n g t h  of rope, o r  some hook-up w i r e  

f o r  t h e i r  s t e r e o  o r  e x t r a  te lephone a t  home, 

E x t e r i o r  i n s t a l !  a t i o n  of gauges + I n  some cases t h e  p i l e  t o  be t e s t e d  has 

a l r eady  been f a b r i c a t e d .  Th i s  obv ious l y  p reven ts  t h e  use o f  embedded g h g e s ,  

f o r c i n g  t h e  use o f  su r f ace  gauges? The use o f  su r f ace  gauges i s  n o r m a l l y  l e s s  

d e s i r a b l e  because b o t h  t h e  gauges and w i  r j n g  a re  fu !  l y  exposed, the reby  r e -  

q u i r i n g  e i t h e r  more e l a b o r a t e  p r o t e c t i o n  o r  extreme c a u t i o n  d u r i n g  hand l ing ,  

t r a n s p o r t a t i o n ,  and t e s t i n g  o f  t he  p i l e ,  I l l u s t r a t i o n s  6 and 7 show how po l y -  

e s t e r  mold gauges were r e c e n t l y  used t o  determine t he  impor tance o f  s t r esses  

induced d u r i n g  t h e  h a n d l i n g  and t r a n s p o r t a t i o n  of p i l e s ( 7 ) .  I n  each case a 

f u l l  4-arm b r i d g e  was employed, w i t h  t h e  mold gauges s imp l y  bonded t o  t h e  p i l e  

su r f ace  w i t h  epoxy. No w a t e r p r o o f i n g  o f  t he  gauges was necessary and t h e  o n l y  

p r e p a r a t i o n  of the  p l  l e  was t h e  removal o f  any l oose  sur face s c a l e  w i t h  a  

s t i f f  w i r e  b rush ,  

S tee l  P i  les-Gauge S e l e c t i o n  and I n s t a l l  a t i o n  

The use o f  s t r a i n  gauges on a  s t e e l  p i l e  poses many of t h e  same problems 

ment ioned f o r  concre te  p i l e s ,  However, i n  t h e  case of s t e e l  p i l e s ,  mechanical  

p r o t e c t i o n  f o r  t h e  gauges and w i r i n g  must always be p rov i ded  t o  p reven t  t h e  

s o i  1  , and hammer Impact ,  from d e s t r o y i n g  t h e  gauges o r  t e a r i n g  o u t  t he  w i r -  

i n g .  A lso ,  t h e  cho ice  o f  adhesive t o  r e s a s t  dynamic s t r esses ,  and t h e  wate r -  

p r o o f i n g  compounds empl oyed shou ld  be c a r e f u l  l y  considered. F o r t u n a t e l y ,  

gauge manufacturers  a re  f u l  l y  ab le  t o  p r o v i d e  s u f f i  CI e n t  i n f o r m a t i o n  on which 

t o  base t h e  s e l e c t i o n .  Recent t e s t s  by t h e  Texas T r a n s p o r t a t i o n  I n s t i t u t e  (8) 

happened t o  employ M i  cro-Measurement gauges, C-2 epoxy, and Gaugecoat 5 
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w a t e r p r o o f i n g  compound, from which e x c e l l e n t  da ta  was obta ined,  Because the  

p i l e  t e s t e d  was a p i p e  p i l e ,  t h e  i n s t r u m e n t a t i o n  was i n s t a l l e d  th rough  access 

p o r t s  which were l a t e r  welded back I n  p l a c e -  Asbestos wrapping was used t o  

p r o t e c t  t h e  l e a d  cables as t he  p i l e  was welded t oge the r ,  

LOAD CELLS 

As was no ted  e a r l i e r ,  t h e  l o a d  c e l l  used i n  t h e  M ich igan  P i l e  Study o f t e n  

a f f e c t e d  t h e  prob lem s i g n l f ~ c a n t l y  because o f  i t s  s i z e ,  However, t h e  t r e -  

mendous loads generated beneath t h e  d r i v i n g  hammer would n o t  p e r m i t  a  r e -  

d u c t i o n  i n  i t s  sr  ze, as was no ted  i n  t he  M ich igan  ~ e ~ o r t " ' .  However, t h e  use 

of the  l o a d  c e l l  was n o t  a b s o l u t e l y  e s s e n t i a l ,  s i n c e  s t r a i n  gauges cou ld  have 

been mounted d i r e c t l y  beneath t h e  head o f  t he  p ~ l e ,  a c t i n g  i n  e f f e c t  as a  l o a d  

(b c e l l .  Th is  o b v i o u s l y  would  be f a r  more expensive,  and c a l i b r a t i o n  m igh t  have 

c j used  problems, b u t  a1 1 f a c t s  cons idered,  the author  would  s t r o n g l y  recom- 

mend gauglng t h e  p l  l e  head r a t h e r  than  u s i n g  any equipment which so d r a s t i c a l l y  

i n f l u e n c e d  t h e  v a r i a b l e s  b e i n g  measuredo 

DISPLACEMENT TRANSDUCERS 

Probably  t h e  most common method f o r  r e c o r d j  ng dynamic p!  l e  displacements 

Ss t o  r u n  a p e n c i l  h o r i z o n t a l l y  across a  shee t  o f  paper fas tened  t o  t h e  p i l e ,  

a  method whlch i s  s t 1 1 1  f r e q u e n t l y  used, However, !f an accura te  t ime  base 

i s  needed, more e l a b o r a t e  equipment must be employed, 

A l though  research  personnel  a t  Texas A&M t r i e d  many d i  f f e s e n t  d i s p l a c e -  

ment t ransducers ,  i n c l  ud l  ng 1 1  near  w i  re-wound r e s i s t a n c e  gauges as we1 1 as 
. . 

o p t i c a l  t r a c k i n q  cameras, t h e  o n l y  s a t i s f a c t o r y  f i e l d  method d iscovered  thus - 

f a r  employed a 1 ,near v a r i a b l e  d lsp lacement  t ransducer ,  o r  L.V.D.T. 
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The L.V.D,T, 1s b a s i c a l l y  a  t rans fo rmer ,  w i t h  p r ima ry  and secondary wind- 

i ngs  coupled by a  f ree-81  o a t i n g  c y l i n d r i c a l  core o f  magneti c  ma te r i  a1 moving 

th rough t h e  cen te r  o f  t h e  i ns t rumen t ,  The u n i t  has many advantages, i n c l u d i n g :  

1. i t  w i l l  n o t  "bot tom o u t "  i f  an excess ive d e f l e c t i o n  i s  app l ied ,  

when connected as shown I n  F i g u r e  10, 

2 .  t h e r e  i s  b u t  one moving p a r t  and wear i s  min imal  , and 

3, t h e r e  are no s l i d i n g  e l e c t r i c a l  con tac ts  such as i n  wirewound 

r e s i s t a n c e  gauges, 

The o n l y  r e a l  djsadvant.age used t o  be a  l i m i t e d  s t r o k e  range ( 2  t o  3 

inches)  , b u t  new equi  pment has c o n s t a n t l y  appeared w i t h  inc reased  ' ranges. 

Crescent  East ,  I n c . ,  o f  El Monte, C a l i f o r n i a ,  makes a  heavy du t y  model w i t h  a 

l i n e a r  range o f  16 inches (Model HC-2B-16), 

I t  shou ld  be no ted  t h a t  t h e  Mich igan P i l e  Study a l s o  t r i e d  a  number of 

unsuccessful  dev ices f o r  de te rm in ing  p i l e  d e f l e c t i o n ,  and they  a l s o  con- 

( 2 )  c luded t h a t  t h e  L.V.D.T. was s u p e r i o r  . 

PRESSURE TRANSDUCERS 

Probably  t h e  mo'st i m p o r t a n t  f a c t o r  i n  s e l e c t i n g  a  p ressure  t ransducer  

f o r  measuring sof 1 pore wate r  p ressure  i s  t h e  a b i l i t y  t o  w i t h s t a n d  t he  h i g h  

a c c e l e r a t i o n s  d u r i n g  d r i  v l  ng. I n  r e c e n t  t e s t s  by t h e  Texas T ranspo r ta t i on  

~ n s t i t u t e ' ~ ) ,  pore  wa te r  p ressure  measurements were ob ta i ned  w i t h  Conso l i -  

dated Elect rodynamics Co rpo ra t i on  Type 4-326 p ressure  t ransducers.  Impo r tan t  

des ign fea tu res  Sncl uded c o r r o s i o n  r e s i s t a n t  housings , 0-100 p s i  gauge 

ranges, and t h e  a b i l i t y  t o  w i t h s t a n d  a.1000-g h a l f  s i n e  wave pu l se  f o r  one 

mi 11 i second w i t h o u t  damage. The p ressure  t ransducers  were .mated t o  . t he  p i  l e  

w a l l  as shown i n  F igu re  11 , The t r ansduce r  suppor t  was necessary t o  p r o t e c t  



the instrument from breakage through bending during dri  vi ng .  Porous bronze 

plates were employed to prevent the entry of foreign material into the trans- 

ducer diaphragm chamber. I n  order t o  lower the response time of the instru- 

ment, the pressure transducer was f i l l e d  with water before the protective . 
porous bronze plates were fastened i n  position with epoxy, The pi le  was 

transported with the porous bronze plates oriented upward and sealed to  

prevent loss of water from the transducer through seepage and evaporation. 

Upon arrival a t  the t e s t  s i t e  the ins ta l la t ion  was checked and the 

bronze plates moistened again as an added precaution. A thin layer of clay 

was applied t o  the porous bronze plates t o  minimize loss of contained water 

by seepage, and the pi le  was hoisted to  a vertical  position and driven. 

These precautions were taken i n  order t o  lower the response l ine of the in- 

C ) struments t o  the extent that  pressure measurements recorded, other than those 

due t o  shock waves during driving, were considered to be those existing in 

the soi 1 , even during rapf d pressure f l  uctuations, 

Although the pressure transducers used in th i s  study were bonded-gauge 

with a single range (0-100 p s i ) ,  the use of a variable reluctance, multiple- 

range transducer such as the Pace P-3D might be less expensive. The pressure 

range of a variable re1 uctance pressure transducer, unlike bonded gauge 

types, i s  determined by the thickness of a special plate bolted between two 

pressure sensing elements. Furthermore, the range of the transducer can be 

changed by merely purchasing a new (and re1 atively inexpensive) plate from 

the manufacturer. 

However, regardless of the transducer selected, i t  w i  11 probably require 
. . 

an external bracket support to wi thstand the driving s t resses  involved. 

t 



ACCELEROMETERS 

The selection of an accelerometer t o  withstand the environment o f ' p i l e  

driving i s  quite simple, Actually , i t  i s  probable tha t  any of the known manu- 

facturers can supply an accelerometer whi ch wi 11 prove sat isfactory , except 

for  the following: 

1 ,  The mounting studs are invariably weak. This resul ts  in rapid 

loosening of the accelerometer, which must be bolted down t igh t  for  use- 

ful readings, and often even complete fa i lure  of the mounting stud. 

2. The lead wi res to the accelerometer are e i ther  mi croscopic in 

s i z e ,  or the e l ec t r i  ca1 connector i s  made of extremely weak material. 

In e i the r  case, i t  i s  usually anyone's guess as to  whether the lead wires or 

the whole acceleronleter will be the f i r s t  t o  break of f .  This same problem 

was encountered in the Michigan Pile and no solution was reported. 

Of the several types of accelerometers avai 1 able,  the pi ezo-electri c 

type i s  probably superior as f a r  as resistance to  internal damage, having 

proven f a r  more durable than the bonded strairi-gauge type. Typical of the 

piezo-electric accelerometers, and most commonly used fo r  pi le  instrumenta- 

tion by the authors i s  the Endevco mocel 2211C. 

Speci a1 care should be excerci sed when mounting accelerometers to  in- 

sure tha t  the mounting base i t s e l f  i s  extremely r ig id ,  having a much higher 

natural frequency of vibration than that  being measured. Otherwise the 

vibrations of the base may well obscure the data being measured. 
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F i g u r e  1 .  D r i v i n g  Assembly Used i n  t h e  iblichigan P i l e  Study 



RE 2. POSSIBLE MEASUREMENTS DURING DRIVING 



TESTING 



BRASS FOIL OR PLASTIC BLOCK -7 

# 
I 
L 1 

LEADS C ) 

c 1 
L I 

> 

FIGURE 4. CONCRETE. IMBEDMENT GAUGE 

VIBRATING AND 
SENSING MODULE 

PROTECTING TUBE 

FIGURE 5. VIBRATING WIRE STRAIN GAUGE 

STANDARD 4-ARM STRAIN GAUGE 

t 
FIGURE 6. "STRESSMETER" 



SOLDER 

STEP I:.SOLDER CONNECTIONS --- 

STEP 2 :  VIlRAP \'lITkI ELECTRIC TAPE -- - - .- --. 

Step 3: Coat entire connection with Versalon XR 1165 (Polyamide 

Resin) Termo- sctting Plastic (General Mills ,2627 Kipling 

St., Houston, Texas) and Silastic 892RTV adhesivelsealant 

(Dow-Corning Co.) 

Figure 7 .  Mois tu re  P roo f i ng  Lead Wires 
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F i  yure 8.  Typical Gauge I n s t a l  1 a t i o n  



P I L E  

L TAPE EACH LEAD WIRE TO 
A DIFFERENT STRAND O R  
BAR TO PREVEiIT CROSS-TALK 

Figure 9 .  Wiring Placement and Protection fo r  Concrete Piles 
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Figure 1 1 .  Pressure Transducer Instdl 1 ation 



ll lustration 1 .  Polyester M o l d  Gauges 

l l  lustration 2. Brass Foi l  Envelope Gauge 

I l lustration 3. Vibrating Wire Strain Gauge 



l l lustration 4. Prefabricated Gauge Point 

Ready for Instal lat ion i n  Pile 

. . 
l l  lustration 5. Insta l lat ion o f  Embedded Gauges 



Il lustration 6. M o l d  Gauges Mounted on Surface of P i le  

l l  lustration 7. Full  4-Arm Bridge Mounted on Surface of Pi le 




