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4. File drivability predictions by Capwap 

I G. G. SOELE,  l-'l~E ( C l ~ ~ i t  i~iai) ,  i3epzrtt11cr;~ 0 ;  Ciuil and A r ~ i : ; ; ~ ~ i ~ j k i  

Engineering, University of Colorado, USA) and F. RAUSCHE, PhD (Prssident, 
Goble and Associates, Cleveland, Ohio, USA) 

nit CAPlVAP arznlysis is perforrticd oil data ohtrzir~erl dzrrirlg the i~?stallation of  a corzd~rctor pi;~e. Q!.nc???ic so2 prspcrt;'es are 
derived cud are used for a~ralysing the drivability o f t  he jacket piles. A case study is dcscribed iil ~i-hiciz tlzd d.ivii?; c!lrlracter- 
istics ofjncliet piles were predicted mzd C O ~ ~ J ~ T P ~  wit/z the reszclts obtuilzed durirzg platfoml ins:ci!~tiort. 

INTRODUCTION 
.4 cl~allcnging task in the design ar!cl installatjon of off- 
sllorc drilling platforms is the desig~i of tlie piling a11d the 
dri\.ing system so that the applied loads are adequately sup- 
ported and the piles can be efCicic~ltly installed. A new 
a ~ ~ ~ ~ r o a c l t  t o  t11is problem is discussed in this Paptr, with 
einphasis placed on the latter aspcct. 

2. The proble~n of analysing a pi!e and its dil:.i:~g C )item for drivability is one that has received il~creariilg 
attention in the past few years. 111 the case of offshore piles, 
the proportions of the system make the problem quite 
unusual when compared with pilcs that are used 011 land. 
Typically the ram is quite light conlpared with the weight 
of the pile, the piles are long, and they commonly have a 
variable cross-section. Generally they are driven open- 
ended, and they derive nlost of their strength from skin 
friction. Thc problem is made more difficult by the fact 
that the soil data available: at a given site is usually limited 
and frequently not particularly quantitative in character. 
And yet, structures  nus st be desig~icd and installed under 
tllese circumstances; these s i ruct~res  costing huge SVINS of 
money. 

3. The approach to  predjcting pile drivability pre- 
. .  . senled ir: tiii*, i ,>?,p ,  1:: l , , , ~ . : ~ ,  i t . )  ; I? , .  1.5;: ;I:? :,.l,.!\,:i': 
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dr i~abi l i ty  ol' tiic jachct piles. '1'112 c r ~ r ~ d u c ~ o i  pipe &ria 
w~uld be ohtailled durjrii; tlie il~s!allation of cx~,!t!:.;!io~;. 
"ell conductor pipes. If the decision was lnade to  develop 
tile area wllese the exploratory well \ilas drilled, and the 
!"-rrnalirnt piatform was not located on exactly the same 
locarioii, then a soil borirtg would be made at tile site of the 
~jatfon11 and also at the location of the exploratory well 
SO Illat compzrativc infoor~~lation' could be obtained re- ( [dil~g tlie cilaracteristics of the materials at the two sites. 

1s assumed that the platfor111 would be installed itcar 
'fioqh to the location of the exploratory well for thc soils 
to be similar. 

ANALYSIS ACCORDING TO C,kP'\i',Q 
4. During an extensive res;?arc!z project co~2uc ted  a i  

Case Western Rcserve Univcisi:~, Cleveland. OIlic, over a 
period of scveral years, the capability was Se7;c:oped to 
nieasure force and acceleraiion at the pile top during 
driving, and record this information 011 analogtie niagnetic 
tape. The accomplishment of these ii;eisurencnts had 
become a routiilc ~natter  by tl:e end of thc project. Light, 
portable tr2l:sducers wcrc developed for direct a'itaclunent 
near iile top of tile pile to measure the strain a short dis- 
tance under the Ilarnmer, and attach~nent dey-; , ,ces were 
a!so deve!oped for acce!eron?eiers that v:ere loczted nt the 
san~e  cross-section. Alternatively, in some applications, a 
large transducer was fixed to the top of the pile for the 
sarne measurements. A variety of procedures was developed 
for verifying the validity and accuracy of the ~neasuienients. 

5. The acceleration measure~~lents were accomplished 
using lovr output impedance, piezoelectric detices and the 
strain transducers were designed to acco~nnlodate the use 
of resistance strain gauges. Both of these transducers were 
reusable. After signal conditioning, this data is recorded by 
a four-challnel analogue magnetic tape recorder tagetlier 
with 2 voice record for noting the ullusual events during the 
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thci: riistribution using tile measuretl force and acceleratiori 
1e20r(I. Actc~:~lly, t l ~ e  velocity record of il!e top is Ili!: 
iwformatio~i that is used, so in tile first operation of data 
processing, the acceleration is integrated t o  obtain velocity: 
the velocity so obtained is referred t o  ~ I I  this Papcr as the 
measured velocity. It is useful t o  perform additional data 
processing in the field, and to  this end a special-purpose 
analogue computational device, known as the Pile Driving 
Analyzer, has been developed for routine fkld use. This 
device is not discussed in this Paper. Tlie computational 
procedures ernbodied in the Pile Driving Analyzer are 
quite different frorn the CAPWAP method. 

.e pilin?. ICE. I,ondon, 1980, 29--36. 2 9 
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A Slrain transtiucer 
R Accelerometer 
C 'Terrninai box 
D P~ ie  Dr~ving Anaiyzer 
E 0;crlloscope 
F Magnetrc lclpe recorder 
G ~. l~crophone 

Force 
------ Veloc!!y x EA/c 

Fig. 2. E ~ n v i , ~ l ~  n,f fwce mzd v e b  cily record 

7. The ~neasurements stored in analogue form on 
n~agnetic tape can be processed automatically by elec- 
tronic digital computer. The presence of a blow is sensed, 
and the important part of the signal is converted to digital 
form using an analogue-to-digital converter controlled by 
the c o n ~ p ~ ~ t e r .  The resulting digital record can be stcied 
on some sort of peripheral storage device such as digital 
magnetic tape, or disc, and can then be used in compu- 
tation or recreated with a digital plotter. ATI example of 
a force and velocity record plotted by digital plotter is 
show~l in Fig. 2. 

8. Ln order to perform the CAPWAP analysis the pile, 
bclow the point where the tra~lsciuczrs are at  tailhed, is mod- 
c!?c.tl i:~ !kc: form n f  n szrizs of '111np inasses IIIJ springs. :111~1 

. . .  
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i r ~  tliz uevelupn~enl of a 1iurnb2i of W ~ V Z  zq~l.ttion prugrdms 
for the analysis of pile driving." It differs from the wave 
equation models in that it does not il~clude the driving 
systems and it excludes all of the pile above the location of 
the measurements. The model is illustrated in Fig. 3. Con- 
sider now the problem which must be solved. In this 
description computational details are avoided in order that 
the larger concept of the analysis can be described. The 
measured velocity at the pile top, treated as an input 
quantity, is imposed on the top element in  the model. The 
resistance characteristics (i.e., the magniti~de of the 
damping at each element, and the two parameters required 
to  describe the elastic-plastic soil resistance at each 
element) must now be determined so that when the applied 

Dynam~c component 
o f  reslslance 

--Stat~c component 
of resrslance 

0 
- 

1 

W 

ouake I Element d~splacement 

Dashpol 

Elaslrc - plasl~c sprlng 

- (a) (c) (d) 

Fig. 3. Ilfuilletnaticnl n!otIl~! for CAl'iVA 1': (u) pile tnotiel; (0)  total soil force -displacement relutiortship; (c) pile element/soil 
nzodel; (d l  clasllpot resistance 

3 0 



I'I1.E DKIVABILITY 1'1<EllICTIONS BY CAPWAP 

is iinposed at tile top clr11lent of tllc pile tl?e force 
czlcl~lated at the top eleinent will be the same as the 
llltasure~l quantity. In the original version of this metllod, a 
p lecedur~ was developzcl for automating tlic coi-r~putational 

/1 Fro~es"" For a pile of uniform cross-section tlie force and 
must bl: prol.rortiona1 so long as tliere .Ire no 

reflt:ctions coming froin soil resistance. If the pilc is of 
variable cross-section wit]? no soil resistance, the top force 
call be calculated from the input velocity. Lil;ewise, the 
force 7,scoci2ted wit11 an input velocity, i:icli~di!lg the 
rejiecii(w~ f ~ t t l i ~  1 1 1 ~  Uifc (:nd of l:iic, ci!Il b j c o  11,; ,di~wctly 
and readily detesmincii. 'liiis quantity is ~cferreci to as the 
free pile solution. Whcrr die measured force deviates fro111 
tile 111easurcd velocity (oi the free pile solution) it must be 
co~l~luded that this difference l ~ a s  bee11 caused by tlie 
reflection of a soil resistance force. The presence of a 
deviation at sonle tima interval after impact indicates the 
location at whic1i the resistance first occurs. This type of 
lnforniatioii gave a basis for a first estimate of resistance 
distribution. Subsequent modifications of the resistance 
were based on the deviation of the calculated and measured 
force curves. An iterativc approach was used to obtain a 
solution. 

9. Tlie autolnatic computational procedure for resis- 
unce distribution was reasonably satisfactory for use with 
the relatively short piles tliat are commonly cncountered 
on larid (i.e., piles probably about 20 in long and, orily 
rarely over 35 1-n long). Wllen this co~riputational procedure 
was applied to offshore piles with thcir very great length it 
was round that the cost of performing the analysis became 
excessive. Therefore, the progranl has beell modified to 
compute the resistance forces and their distribution using 

C) an interactive mode. 111 the interactive mode the measured 
force and velocity records are Lrput and held available in 
core storage. The velocitjj is applied to the pilc togetller 
with an assumed resistance distribution. For that resistance 
distribution and nlagnitude, the force at the pile top as a 
function of time is calculated and this force record is com- 
pared with the measured force. With the calculated and 
r~~easured force on display and an understanding of one- 
dimensional wave nleclzanics it is possible to entcr a new 
resistance distribution. Thus, by successive analysis the 
resistance distribution can be found tliat gives the smallest 
difference between the measured force curve and the 
calculated force. This, then, is the correct resistance. By 
matching the calculated and measured force over 4J,/c of 

, record (where L is the pile len&th and c is t1:e stress 
wave transmissinn speed) it is ~oss jb lc  to separate 1 . 1 ~  
static an6 n \ f n ~ l n i ~  ~ ( : < i \ : x i t ~ ~ : . : .  

:,l']'Ll(;.e.T.ti J \  ( 1 1 ,  ;.,I> 1 %. , ' b t  ' 1  S: l ,, l '  j ; ' '  
k'i.SL)'s !I, 

10. j'lie list. ,>f spil c~rict,?:;!: c~l~t.?iiicd ill :! C..ir\i;.'8P 
analysis for pl.edictillg driviiig cliaracteristics call best be 
Presented by -Ihe description of a test case. In 1977 
"ditional islells were drilled on a platform that had been 
installed some years earlier in tile Gulf of Mcxico. During 
tile drivi~~g of tile conductor pipe for one of those urells 
dynamic measurements as described above werc made. A 
C A P i i l ~  a~~a!ysis was perfomled 011 those nleasuremcnts C '1 Ulree depths of pelletration to obtaiii soil p~iamct6rs. 
The boil parameters were then scaled up to apply to tile 
nluch larger jacket piles, and wave ecluation an:ilyscs werc 
"lade using the driving systelll that was actually used to 

1.91 crn 1 u lw": 

Fig. 4. Cor~ondrtcior pipe details 

drive the jacket piles. Blow counts obtained from the wave 
equation analysis for the jackct piles were con:pared with 
the diivirig record recorded during the instzllation of the 
jacket. 

11. The conductor pipe on which :he measurements 
were made is shown in Fig. 4. It was 61 cm iil diameter and 
146.3 ni long. It penetrated the ocean floor 54.9 m. When 
nleasurements were made an instrumented drive nipple was 
added at tlic pile top. The driving was accon~plisl~ed with a 
DELMAG D-30 hammer. 

12. 111 order to sllow the performmce of CAP\VAP 
SO1114 step:- are re!vodured for- one of tile 1 ~ l o a ~  th:lt w;:s 
??I?I\,W,~ ! i ~ ~ i :  i j ~ i ;  i - , i ~ I ~ , ~ ~ i ~ , ( :  ;ij ii,, P:  ( j r i \ r i [ , : .  1; ! I > ; , : :  

. . 
0. ,!I> ; j ~ i . < \ , \ ) , :  r>,,,i!-, \ x , t < r t  ! ) I :? -~~ I ! I ! . : ~ , I ,  v t . \ i \ ; ; , , ,  

! , >  '3!,,;,iy1., :<!< c;t;yl i!. ' ! ;~ i>1~:  z ~ t r :  ~ l t i >  ~ , I I I I , ! ~ ; , I . \ ~  -, 

ix~\vecn caicua1eG and nie:is\~~cd i ~ ~ r c c  ~ecord:; A I L  SI,LX 11 

in 5.q. 5. In the first trial (Fig. S(a)) t l ~ c  agrrer11ent b t . t ~ e r i i  
calculated and measured force is poor. h'liicll too largc a 
resistance has been assumed and it Iias been applied too 
far up the pile. There are also deviations between calcu- 
lated and measured forces in the early part of the record. 
Sincc there is no  soil resistance in t!lis region-aiid at later 
times the agreetilent is nearly perfect these differences 
must bc ascribed to measurement inaccuracies. I t  is inap- 
propriate to atteinpt to improve thc agreement. 

13. In trial 2 (Table 1 and Fig. 5(b)) tlie resistance 
was reduced and moved down the pile. Tlle inatch is 
substantially clianged in the region of the tip reflection. 
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Now there is too little resistance su~newhat above the tip. 
The result is a dramatic decline in the calculated force to 
where it is now too low ill the region above the tip. In 
trial 3 (Fig. 5(c)) static resistance was nloved up the pile 
with the total resistance o~ily slightly changed. The agree- 
n ~ e n t  is substantially iiilproved up to the 2L/c time. In 
trial 5 (Fig. 5(d)) further adjustments were ~nade  in the 
static resistance to try to improve the match just after 
the 2L/c time. 

14. Up to  this point a typical damping value has been 
(!\?(I :11id no altempt ]\as b e ~ n  ~iiadz to inlprove ihe agree- 
~ n e n t  after the 2L,/c time. ;2 poor ngree~nent generally exists 

, . . . 
(> : ! ;3  2 i l t  \ I f  t : 1c :  ?:LLot< i ,  .>*:to1.2 . ! i > c : i h h l o ~  ~' li.l!?;ll< 
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:.;!:~?cci hy :i:e ie~: i i :o i i s~~~;)  

Xlz (t) = Jv j t )  (1) 

where J is referred to as the viscous damping curlstant and 
niay carri the subscript s to refer to side damping or t to 
denote tip damping. This constant carries the units kN s/m. 
In work reported previously4 a damping constant j, was 
dcfined by the relatio~lship 

R D  (t) = jc (LX/c) v(t) (2) 

where E is the pile mnicrial modulus, A is the pile cross- 
sectional die?, c is the velocity of wave plopngation in the 
pile and j c  is thc Case dampifig corlstani. With this definition 
the darnping constant jc is diniensionless. ~ r n i t h '  suggested 
a dampiilg co~isiant stated as 

17'~ ( t )  = jSKi,l~(fj (3) 

where 2, i.; ihe element u!iiiilate resistance and j, is the 

Table i. C--lPic~:.lY itzlcrc;cii:,t. cisto irtprit 

Smith damping constant. The damping constant j, has units 
s/m. .Extensive experience with CAPWAP analyses shows 
that none of these relations gives fundamental soil properties. 
Additional research is necessary in this area. 

15. In Table 1 the darnping constants shown are Case 
co~istants. I-Iowever, the damping force is distributed in the 
same fashion as the static resistance. 

16. Between trials 5 and 12 the agreement between 
the two curves was not substantially changed by modifying 
the static resistance distribution. In trisl 12 the damping 
la:!gilit:rde was increased rind the distribution modified, 
giving a11 improvement in the match near the tip. Further 
t- i l t  ,C!~;';L ~ t . i o l l <  i l l  ;!.~il!piO< w?re {riatlz !.I!) ? u  k i  i:li ! , A  ,itid ;tiji.V 

2 , .  . . 
. >  : . : , , ! r , , ~ .  , : : , ,< . i , , .  ;,, .I, :, >:,i~i,g ~ . O ) I  ,q<,~~:.cl .  [tji~r:,,cr. i _,- - I 

. . 
L :  , I  L % , , ! i <  t \ > ) , ~ ; i V r :  :;o;:,,; ; I >  'ht! ::ii,~\l?Lit?\i :'>l~t ;::~1>1'ti :-.,,I- 
ti,);  <),: ' - . l i !~ii~~~izci .  1 , ~  trial 15 :I cbia~i~e ;$,IS iliLide i n  
mass distribution, with the additiorl of more pile weight 
primarily at the pile tip. In trial 15 the undesirable force 
characteristic has been eliminated. 

17. Further modifications, primalily in damping : 
magnitude and distribution, were attempted up to trial 

! 
27, the final trial. 

1 8. The final results are shown in Table 2. The results ' 

from the other two blows analysed are given in Tables 3 i 
and 4. As might be expected, the capacity increased with 
depth of penetration. The static resistance distribution is 
illustrated in Fig. 6. 

19. The conductor pipe analysed above was driven at 
an operating platform. Information is available on the ; 
driving of three of the leg piles. They were driven using a 
Vulcan 0-60 hammer with a capblock of alternating layers 
of 1 in steel cable and ?4 in steel plates. The leg pi!e charac- 
teristics are shown in Fig. '7 and the driving records in Fig. 
8. Tile driving record is shown only to somewhat below ; 
the depth penetrated by the conductor. Unfortunately a 
soil profile and other soils data is not svailable for this 

i site. 

I 
Iterz:i,>ii i 

kiV 
1 / 4248 
2 1 2825 

3 / 221 1 
I 

i 5 j 1890 

13 i 1 i o i  
I 
i 
1 

I 

Rerllarks 

Element 0--60=0; bottom trapezoidal distribution 
Element 0-60=0, 61-6544 kN, 66-70=200 kN, 71-74=345 kN, 
75=165 kN 
Element 0-47=0,48-60~93 kN, 61-6548 kN, 66-70~98 kN, 
71-75=165 kN 
Element 0-48=0,48-5349 kN, 54-58=107 kN, 59-60=18 kN, 
61-66~13.3 kN, 67-69~89 kN, 70-74~71 k?!, 7 5 ~ 8 9  kN 
Elenleiit o-4s-o, 49-54=27 kN, 55-5s=a kx. 59-70=19 W, 
71-7548 kX;  damping r~p la i ed  element 49-53=69 kN s/m, 
55 -58=7 1 kN s / ~ n ,  59-66~15 kN s / ~ n  
FI?::r!icnt 0---l:i:=fJ, 49 --54==31 !:N, .is -52::-19 !;N, 50 -71)-58 1;s: I  , 1--7?':1 Id l:!.i. 7,"t'?S=PS 1 5 ;  djr!!piny rcplxed ~'le~ri.-'nt 49--54=69.W ~jiil, 
55-5S=71 kN sjm, 59-ti6=15 k N  s/m 
Elcnient 0-48=0,49-54=36 kN, 55-58~44 kN, 59-70=53 LEI, 
71 --75=107 kN; dalnping sarlie as iteratioh 14; weight adired at clement 
5=2.8 kN, 74=4.4 kN 
Elzment 0-48=0,49-54=9 kN, 55-61=1S k ~ ,  62-65%) k ~ ,  66-75=133 kV; 
damping element 49-54=75 kN s/m, GO-6140 kN s/m, 62-65=6 kN s/m, 
66-70=79 kN s/m, 71 --74=2S kN s /n~ ,  tip=147 kN s/m 
Element 0-  -.1S=0,49-569 kN, 55.- 61=1S kN, 62-65=9 kN, 66-75=133 kN; 
darnping clement 49-54=75 kN slrn, 55-59=106 kN slm, 60-61-30 kN s/m, 
62-65=6 kN s/m, GG-70=79 kN s/m, 71--74=28 kN s/m, tip=147 kN s/m; 
added weigl~t unchanged 
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5. Cal~uIotcdancI meusiired force records: (u) triiil I ;  (0 )  trial 2;  (c )  trisl3; (d) oiiil.5; ( e )  triul12; (f) trial 14; (g)  iri[illS; 
( h )  trial 25; (i) fijrcl triul 
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I'ILII DRIVABI1,I'l'Y 1'Rl~I)lCTIONS BY CAI'WAP 

70. 7'11~ assunil>tion was ~nade  that t11c soil resistance 
forces at 3 particular depth were a fixed value rilid related 
to the pilc surface area. Tllc~.efoi-c, tile static resistance 
values were all multiplieil by the ratio of the pilc diameters 

r i . 5 ) .  The sanie values of quake that wem obtained from 
)M\I'AP were used on tlie jacket piles. 'Tlie viscous 
,la~npj~ig .i was also multiplied by tlie same ratio. Since 
tllcre wlis no scaling on pile iwpedancc this implies that 

t!le Smitll concept is rclev3lit. It seenIs reasonable 
10 assume that the damping resistance generated by the 
soil i? i!ic;?pt'~lii?:;; (21' l)i!i: ~: ) , ; I I - I~RI!{ .C.  1ro\;:<:vt-i., tllis ~ . t u [ i y  
ill 110 v,,?), SL1j l~)U~: :  i he  ~ l~ l i i ! l  c O I I L C ~ ~ ~  siiic,, hOi11 ( l l l ~ i i t i t i ~ ~  
(static and dylianlic resistance) were scaled by the same 
aniount. 

21. The wave equation atalysis was made using the 
\L'EAI' Tlie results for the tllrce penetrations are 
s]~o\v~i in Table 5. At the two deeper locations the agree- 
lllent is excellent while at tlie shallow depth the prediction 
is soniewhat high. The predicted driving characteristics are 
shown in Fig. 8. 
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a 'penetrometer' for predictins pile drivability !?as been 
demonstrated. Tlie performail.ce in this case i~ 1:2:.y good. 
However, it is easier to correlate at  t!lese r2:a;iveiy'low 
blow counts than it is with higher Slow counts. 

23. The Smith dampic9  dues obtairi;.d from the 
CAPWAP analysis are, i11 sozie cases, very l ~ r g e ;  tliey are 
co~nnlonly over 2.0 wliere expected vahcs f ~ i  r ;cZ ;;;it!: 
1iigIi damping would not nomi21!y exceed (2.2. Changes in 
damping Cali substantially sffei'ect ;he blow c o m t  and 
illerefore the problem is a se,: r l ~ ' ~ ~  o9e. 

24. No mention hzs beer! nlzde of sci-iip effects. If 
. . driving is interrupted in these soils a scbs:znr:21 strength 

increase results. An examp!e of this p:iei:oi;;cricn is seen 
in Fig. 8 where blow counts inc:ea:e substantiziiy 2r).d then 
decline with addiiiona! drivii~g. This occurred i:;i,.he:? driving . 

was iaterrupted for spiici~ig. I i  is possibls to n1easur2 tllese 
set-up effects using the systeln described her: if controlled 
interruptio~~s are used in driving ilie pe11etron:eia; pile. If 
this type of data were available it wouid be gsssible to  

1 
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_I '-. - . :- ........ ' . 
. . . .  

61 rn 
0 10 20 30 40 50 GO 

Blows oer foot 

P~le A1 

-------- Pile A2 

-.-Pile B1 

Fig. 8. Drivirzg records for jucket piles 
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engineer the driving operatioil and possibly increase the 
scculacy o f  the pile capacity determination. 

25. It scelus, based on  this study, that the approach 

r' pscsei~tcCI C:LII provide a niuch Inole rcli~blt: Inenns of 
predicting driv~bility, and furthzr study is justified. 
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