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PENETRATION RESISTANCE FOX DRIVEN PILING 
By Lawrence A. Hansen,' A. hl .  ASCE and :Y. L. S c h r o e d ~ r , ~  M. ASCE 

It is one task t o  specify length of piling that will satisfy normal design 
requirements for  adequate load bearing capacity and limited settlement. It is 
quite another t o  decide whether the piles will actually be driven to that depth, 
or beyond, and t o  determine how much time and effort will be espended in 
the process. Design requirements can be  satisfied despite recognized shortcomings 
in analytical methods because of the margin for error permitted by choice of / a suitable factor of safety. We compute ultim.ite capacity, but never approach 
it to test our predictions. With penetration resistsnce, however, we must predict 1 aresult we will encounter. lf areliable method of predicting penetration resistance 

i 
were developed, driven length and dri9ing time could be estimated, and surprises 
during construction, along with their associated costs, could be minimized. 

I 
Methods of predictingpile penetration resistxice may be analytical or empirical. 1 In the latter case a large body of experience is summarized in some form. / but without a theoretical framework that will allow its estiilpolation to  conditions 

r other than those for  which the experience was gained. Such results have limited 
application. A purely theoretical :~pproach is also deficient in that it has not 
been tested against experience. The  m'ost logical method of predicting penetration 
resistance would likely be a combined empiric:ii-;unalytical appl oach that incorpo- 

( rates field experience, but interprets it in light of a theoretic;il fmrnework which 
considers the mechanics of pile driving. / Two methods of analysis having the same geileial framework were investigated 
in this study. Basic to both methods is the assuinption that for a given pile-soil 
system, the bearing capacity of the pile a t  a given depth is the same regardless i - - 

Note.-Discussion open until February 1, 1978. Tu extend the closing date one month, 
a written request must be filed with the Editor of Technical Publications, ASCE. This 
paper is part of the copyrighted Journal of the Cunstrliction Division, Proceedings of 
the American Society of Civil Engineers, Vol. 103, No. C03, September, 1977. Mnnusclipt 

1 was submitted for review for possible publication on hfay 21, 1976. 
?-' 'Grad. Research Asst., Dcpt. of Civ. Engrg., Stiinford Univ., Stanford, Calif. 
f 2Asst. Dean for Research and Grad. Studies, School of Engrg., Oregon State Univ., 
1 Corvallis, Oreg. 



may be made of these records to assist with penetration resistance predictions. 
The availability of pile driving records precludes the need for assuming that 
calculated static bearing capacity is equal t o  dynamic capacity; the driving record 
represents dynamic capacity and may be used to advantage. The method outlined 
previously could therefore bc modified a s  follows: 

I .  Compute the dynamic bearing capacity (driving resistance) for  several depths 
using a dynamic pile driving formula and representative available historic 
penetration resistance records. 

2. A\\ume that the computed driving resistance 01 the piles to be  driven 
will be equal t o  that of piles for  which records are  available, for  equal penetration 
depths. 

3. Compute a penetration resistance curve for  the new piles from the dynamic 
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ii of ti- mmer used to drive the pile to  that depth. The first method is basec capacities calculated from historical records. M:~hc  the calculations fo., driving 
on .llt-.-,\i* for  st:ltic bc:~lii~g ~ i l p i ~ ~ i t y ,  whilil the secolid I S  based on a n a l y s i s l  equipment proposed f u r  use on the new projcct. The  same d y ~ ~ a m l c  folmulcl 

4 for dynamic bearlng capacity. or driving resistance. I 

1 I used in step 1 should be used here. 
hlethod Based 011 Static Soil Ucaring Cnpacity.-The first method proposed I 

I is outllncd as  follows: (1) Compute the bearing capacity, using conventional 
' 

This approach improves the procedure based oil static bearing capacity analysis 

A-Portland, Vulcan 50C 10-in. Stccl Pipe (25) Silt i Oreg. Vulcan 65C 10-in. Stcc.1 Plpe (167) 
B-Portland, Vulcan 50C Timber (200) Sand, Silt, 

01 cg. Vulcan 65C 10-in. StcA Pipc (23) Cl.iycy Silt 
C-Seattle, Vulcan 104C 16-1 12411. Concrete (28) Silt, Sand 

Wash. Vulcan 014 16-1 /2-in. Concrete (27) 
D-Richmond, Delrnag D30 14-in. Corlc~cte (5) Clay, Sand 

1 Calif. Delmag D36 14-in. Concrete (6) 
E-South Snn Kobe K42 I?,-ill./ 1-1-711. Conc~ctc (24) Silt, Cl.1~. /1 Francisco, Calif. Delmag DM 1Z-in./l4-~n. Concncte (107) Sand - 
"Project identificat~on py owner and specific loc:rti,~n has been omitted by rcclucst. 
Note: I in. = 25.4 rnrn. 

i ' static anLilysls, of the pile to  be driven, for  several depths within the subsurface 

A 1 profllz; (2) assrlrnc equality of  the comp~lted s t a t ~ c  capacity and dynamic c:lpacity; 
in two ways. First, it permits predictions to  bc: made without the need for 
computing the actual bearing capacity of the plllng. A bearing capacity (dnvlng 

kt8  ant1 (3) compute :~~iticipated penetrat~on re\istance at thc \ever,~l depths, Llslng 

j 
resistance) is computed which is derived from .I dynamic analysis only. It need I . ,  , a dynarr~lc pile drlvlrlg formula and the assumed dynamic capacity. The first not b e  the actual capacity. Second, the need Tor assuming eq~lallty of statlc 

stcp requlles knowledge of the engineering propcrtlcs of the soil5 to  be penetrated. and dynamic capacities is avoided. An estiln.!rz of bearlng capacity, usually 
i :  > Even with representative properties, bearing capacity calcul ,~t~ons produce better based on  static annlys~s,  may b e  requlred to  p-rform the first and third steps, 
I ,  -, I results fo r  some types of soils than ot l~ers .  In  cl:~ys, for Instnnce, it has been 

i: 1 found that estimates of static c:lp:lclty arc q i ~ ~ l c  ~cli~itrii.. In wndy  soils o r  in 
' i layered  oils, the static analysis procedure I S  lesb ~ e l l , ~ l d c .  Acco~cllngly, there 

, ; > I  1 is a weakness ~n the first step of the proposed method which mubt be overcome 
if if ~t IS to  offer a rellable approach. 
i' 
I ,  Regarding the second step, it is known that the assumption of equality of 

depending on which dynamic formula is useci. The energy losses included in 
the Hiley formula, fo r  example, are calculated using an assumed driving resistance. 
Wave equation analysis requires an estimate of the percentage resistance offered 
by the pile tip and the distribution of side resi\t.~nce. 

T h e  principal shortcoming of this method, of course, is that driving records 
for the same or similar type piling from a site having the same or  very similar 

! static and dynamic capacities is questionable. In clay soils and loose fine sands 

I soil conditions must be  available. To fully dcvclop this method would require 
u'  i 
& c C c signlflcant evcess pore pressures are developed during driving. After termination that a large enough body of historical drivi11g information be assembled so  
1 .  of driving the pressures dissipate, resulting in pile setup, as evidenced by increased that representative values for a!l conventional hammer types, soil cond~tions,  
1 , penetration resistance during redrivlng. Obviously, capacity during and following 

I and pile types are available. .4tlempts to  do t h ~ s  have been made before (8). 
-, dr iv~ng  are not the same. 5 1 *, 

:ii> I The validity of the t h ~ r d  step is dependent on  the particular dynamic formula INVE~TIGATION~ WITH FIELD DATA 
'1: ' used to relate penetration resistance to  dynamlc capacity. Conventional pile 

driving formulas, which rely on rigid body mechanics to  make dynamic calcula- 
t i / :  1 tiuns, are commonly used. It has been shown, however, that more sophisticated 
7:!31 dynamic an,~lysis based on the use of the wave equation will give mole reliable ;$ i 

?' 1 predictions of capacity in most soil types (6,lO). Some of the conventional 

I n  order t o  examine the  validity of the methods of penetration resistance 
prediction proposed, records were gathered from five projects on the Webt 
Coilst. In  each case a considerable volume of ~nformation had been obtained 
during construction. Information sources were Ilrnlted by the need for  sufficient 

: 5.  I formulas arc reasonably rcll:tblc, partic~llarly for piles driven in sands. Among information to perform wave equation analysisand conventional dynamlc analysis. 
I 1  these is the Hiley formula, which ~ncludes certain corrections for  pile, roll, 1 Adequately defined subsurface soil conditions were required to permit conven- 

I ! 
3 -  $ 1 ,  i 

i 
and hammer characteristics. Such corrections are  not included in the more ( tional static bearing capacity calculations. Mo\l important, driving records for 

m i , , ;  commonly used Engineering News formula. Wave equation analysis permits 
$ , ,  inclusion of the broadest replesentation of pile, hammer, and soil characteristics. 7 TABLE 1.-Projects Selected for Analysisa 

$!I ; Method Based on Penetration Resistance Records.-The aforementioned method 
1 . 9 1 i  8 is based on soil properties alone. If pile driving records were available from 

1.4 7 

Project 
I ! the site under study, or from a site where soil conditions wele similar, use ) desianation Pile hammers Pile types  (number) Soil prof~le 
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twc 'crent hammers used on the same projcct site, each on a representati\ 
numb-, of piles, were necessary. This w o ~ ~ l d  allow examination of the 

I predictive methods by making predictions for one hammer based on data obtained * 

for the other hammer, and then cornparing prediction with iield observation. 1 
Project Studies.-The project'; selected arc  de:;cribetl briefly in Table 1. Soil / 

profiles and engineering properties L I S ~ L I  in the analyses are includcd in Figs. I 
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FIG. 1.-Penetration Resistance Versus Depth for Project A for: (a)  Vulcan 50C; 
( b )  Vulcan 65C (Predictions Made Using Wave Equation Analysis) 
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FIG. 2.-Penetration Resistance Versus Depth for Project 8 for: (a)  Vulcan 50C; 
(b )  Vulcan 06 (Predictions Made Using Wave Equation Analysis) 

I 
for wave equation analysis, are available in thc original project rep, ,11) and - 
a thesis by the first writcr (7). 

Project A.-Ten-inch (250-mm) nominal diamcLcr, closcd-end steel pipe piling 
were driven 15 ft-30 f t  (4.5 m-9.1 m) througi~ silt fill and in-situ sandy silt 

PENETRATION RESISTANCE, BLOWS1 FOOT PENETRATICI: ECCISTANCE, BLOWS1 FOOT 

PREDICTED VALUE 014 ' 1 V 
' ~ ~ ~ ~ ~ ~ ~ c ~ ~ L ~ c  
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FIG. 3.-Penetration Resistance Versus Depth for Project C for: ( a )  Vulcan 140C; 
(b)  Vulcan 014 (Predictions Made Using.VJave Equation Analysis) 
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I FIG. 4.-Penetration Resistance Versus Depth for Project D for: ( a )  DELMAG D-36; 

Using Wave ~ c ~ u a t i o n  ~ n a l ~ s j s )  

end bearing in decomposed bedrock. The be i r0ck  surface a t  the site slopes 
one end of the project to  the other. Individual driving records were therefore 

from a specified area with average depth to  bedrock of 20 ft (6.1 

' l ~  
. -- . l__-vl- 
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I 4  9 519 b nl). 'his study was not concerned with end bearing, comparisons were ma( 

W' 
hammer. Blow c o ~ t n t s  were not recorded for the upper strata, but we +,-corded .i. 

on]! ,.,r pcnc t r~ t ion  resistance above bedrock. \ continuously after a dcpth of 40 ft-45 f t  (12 in-14 m) was reached. Though 
B.--The two of  this project, separated by a distance of 1,110 , the sot1 profiles are dlrsimilar, partial analysis was made to investigate the 

ft (340 nl),  resented the most diverse soil-pile-hammer systcm of the projects importanceof having stinilar subsurface conditlun, and pile types in the proposed 

i 
i I 

1 
I 
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FIG. 5.-Penetration Resistance Versus Depth for Project E, 12-in. piling, for: (a) 
DELMAG D-44; (b)  KOBE K42 (Predictions Made Using Wave Equation Analysis) 
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B L O W S I M C T C R  O L O W S l M E T E R  

FIG. 6.-Penetration Resistance Versus Depth for Project E, 14-in. piling, for: (a) 
DELMAG D-44; (b) KOBE K42 (Predictions Made Using Wave Equation Analysis) 

sclcctcd. The piling at both sites wcre driven through alluvial deposits of fine 
sands, silts, and clayey silts to  friction bearing in sands and silty sands. At 
one site treated timber piles were driven using a differential acting steam hammer, 
while at  the other sitc steel pipe piles were driven using a single acting steam 

1 methods of analysjs. 
Project C.-The 16.5-in. (420-mm) octagonal prestressed concrete piles were I driveil on the outboard side of a dike conrtruc:ed of medium sand. The piling 

at each of the two bents analyzed varied fro;\> 65 ft-120 ft (20 rn-37 m) in 

i length, but only piles from 102 ft-120 f t  (31 rn-37 m) in length were included 
in the analysis. Different hammers were used tor each of the bents. Driving 
logs from the two bents, which are separated b y  a distance of 100 f t  (30 m), 
were compared on the basis of depth of penetlntron rather than elevation along 
the dike slope. 

1 Project D.-The 12-in. (305-mm) square, approx 66-ft (20-m) long concrete 
i piles were driven through alternating strata of clay and sand. Only 11 driving I records were available for analysis, five for  one liammer and s i r  for the other. 

The piling were driven a t  an excavated site, t i las the excavated depth of 20 
ft (6.1 m) corresponded to zero depth on the driving records. 

Project E.-Diesel hammers were used to <!rive 12-in. and 14-in. (305-rnm 
and 360-mm) square prestressed concrete pillcg through layers of fill, loose 
silty sand, and stiff organic clay to bearing in dense d t y  sand. Depth of penetration 
varied from 58 ft-84 ft (IS m-26 m). For  an:~lysis Project E was treated as  

( two separate projects, one including 12-in. (305-mm) piling and the other 14-in. 
(360-mm) piling. Though the possibilities of anal$ sls are increased by the inclusion I of a second pile size, the available data precluded making such analyses. The 

Kobe K42 hammer was used to drive test pii;,;; only, a total of eight piles, 
including four  of each size. 

Analysis Proccdurc.-The procedure followed f o r  analysis of project records 

( was t o  summarize the driving records for  each of the hammers used on each 
of the projects. The driving records for each foot of driving were averaged / to develop a mean or  typical pile driving curve for  each hammer. The mcan 

1 length and mean driven length for each pile type was computed. A summary 
or model profile was developed using boring log\ and laboratory test data. 

In Figs. 1-6 are  shown the summary profile and the mean, maximum, and 
, minimum values of penetration resistance ob\cived for  the driving records 

analyzed. These summary records were used for  prcdictions of the performance 
of each hammer. These predictions were bnseil on the observations of the 
performance of the other hammer and static bearing capacity analysis using 
thc methods outlined previously. References to predicted values shown in Figs. 
1-6 are for  the particular case of analysis baked on driving records and the 
wave equation. The fillcd circles are values p ~ c J i c t e d  from the nieun driving 
record of the indicated hammer. Predicted values using driving records for  one 
hammer are plotted for comparison with the observed mean driving record of 
the other. In Fig. 1, for example, the driving record for  the Vulcan 50C is 

t shown along with prcdictccl points for  that recoirl rnadc  sing thc clriving record 
of the Vulcan 65C, and vice-versa. A summary evaluation of these prcdictions 
and those made by other methods is presented in following sections. 

Dynatnic Formulas for Analysis.-Either propo\ed method requires conversion 
of capacity (either static or drivingrcsistance) ver-sus depth curves to penetration 



{ l rcs ce versus depth curves. In this study conversions were made using ti, 
; I  , EngiXeering News and Hiley formulas and wave equation analysis. The  two 
: I  I 

. $  , dynamic formulas used are well known to foundation engineeis; therefore their 
formulation is not presented herein. The reader is referred to Ref. 3. A11 wave 

1 I equation analyses \\ere made using a computer program developed a t  Texas 
A & A4 Un~versi ty;  the reader is referred to  T .  C. E d w a ~ d s '  utilization manual 

P 1 ,. t (4) for a complete description of the program. 
I 

i'l ; For the dyrian~ic formulas the manufacturel's rated energy as  modified by 
an efficiency factor was used. !\here diesel hammers were employed, adjustments -. - f were not made to account for the explosive force, but the efficiency factors 

t :I , . listed by Chellis (3) were used. The ternporary compression allowance for pile 
- ' 3  

r J  head and cap and pile included in the Hiley formula were estimated using static 
& *  
I! capacity estimates. These same estimates provitled a means for eqtimating the 

percentage polnt resistance and side resistance retluircd for wave equation :;; 1 analysis. The temporary compression allowance for the soil, or quake, was 
assumed to be 0.1 in. (3.54 mm), independent in soil type or difficulty of driving. j: ; Chellis' values of coefficient of restitutiorl were assumed (3). 

For wave equation analysis hammer and pile properties corresponded to those . . used in the conventional dynamic formulas, with the exception of the diesel 
1 4  

11 hammers' explosive force. In the wave equation computer program the work 
t done on a pile by an explosive force is accounted for  by an explosive pressure. .*. 
$ ' Manufacturers' values of  explosive force were assumed for  the analyses. 

. $ 4  I . , I  , St i f fneses  of capblocks, cu\hions, and pile sections were calculated using their 
$ 4  material properties. If capblock and cushion material were not adequately . :. spec~fled in project reports, parameter studies were made. Generally, it was .; j; 

2 ,. found that the analysis was insensitive to  large variations of stiffness (two 
' 1 :t orders of magnitude) for  the low resistances encountered during driving. Coeffi- 

cients of restitution and elastic moduli were taken from tabulated values (2, 
13' 

7.: ' 5, 9) unless the information was available in project reports. 

. +I ' Soil parameters required for wave equation analysis are  not well known. 

1,:; The soil quake was assumed constant for all soil profiles. The same value 
was used for  the soil a t  both the side and tip of the pile. The  value of 0.1 
in. (2.54 mm) corresponds to  that used in Hiley formula analysis. The  value 

* !  , of the damping coefficient was assumed to be 0.1 s e c j f t  and 0.3 s e c j f t  (0.3 

!, ; s / m  and 1.0 s / m )  for sand and clay, respectively, encountered a t  the tip of 
,,- f the pile. For soil a t  the side of the pile the damping constant was assumed 

--lie to be  one-third of that a t  the point. Where the pile was driven through both 

-1 4 
sands and clays, a value of the damping constant was computed based on the 
sand and clay values and the percentage embedment in a given soil type. This 

: I: 
' j  

procedure, as well as  the sand and clay values stated, is based on the work 
- 1 '  I of Lowery, Edwards, and Hirsch (lo), and the recommendations of Smith (12). 

'3; ' 

The relative percentage of side and tip soil resistance was calculated using 
static capacity estimates. In some instances, particularly where silts were 

! I 
- 4 ,  penetrated, separate analyses were made using drained and undrained shear 

-: I strength parameters. The wave equation analysis was then made using tip 
< I 

,* I I resistance estimates based on both analyses. F o r  these cases comparison of 
$ * !  

: ; + I  
the driving resistance versus set  curves revealed n o  significant differences. Bowles 

., . i  I (2) and Forehand and Reese (6) have shown the sensitivity of wave equation 
* ' / { , I  

Ll  analysis to  the percentage tip resistance. We did not conduct parameter studies 
', : , * - 

PENETRATION RESISTANCE 

to evaluate our  assumptions concerning distrib ::ion of load in the so ld ippor t ing  
the piles. We relied on static estimates by genc!:~!ly accepted methods to provide 
useable data. 

Predictions of penetration resistance for Prvjects A, B, C,  D, and E were 
obtained using the two methods proposed. C o n ~ ~ a r i s o n s  of predicted and observed 
penetration resistance values were summarized using two statistical methods 
for all projects except B. (It was eliminated because of obvious unsuitable 
predictions resulting from soil conditions tiin: were not comparable.) First, 
predicted and observed values for the same dcpth of penetration were plotted 
on a scattcr diagram. A straight line relationsliip was fit to  the data using linear 
regression analysis (least-squares method). T tc  relative scatter of data pcints 
about this best fit relationship is expresscd t.y the correlation coefficient, r. 
Second, the ratio of predicted to  mean field penciration resistance \vns cnlculnted 
for each data point. Mean .i, coefficient of vziriation v, and range between 
maximum and minimum ratios for  a set of data points were determined. The 
coefficient of variation is the ratio of the stankird deviation, s, and the mean; 
it is a measure of the dispersion of a set of i.:;tios about their mean, relative 
to that mean. The  necessary relationships for calculating these statistics are 
found in any standard text o n  statistical rne:!.:,ds ( I ) ,  and are not presented 
herein. 

Predictions Using Static Soil Capnclt:i.-Static c a p x i t y  predictions 
were made for the piling on the projects and rh-se static capacity curves were 
converted to  predicted penetration resistance cul-vzs usins wave equation analy sis, 
the Hiley formula and the Engineering News formc~la. The  results of these 
analyses are  shown in Figs. 7(n)-7(c), respectively. On these figures the data 
points are  plotted by project along with the lenst-squares relationship for all 
projects and a given dynamic formula. A perfect fit would be represented by 
the solid line being superimposed on the dashcd line shown; in other words, 
the mean predicted penetration resistance would equal the mean observed 
penetration resistance. The  scatter of data poirlts about the best fit lines is 
large, and the slopes of the best fit lines indicate predictions are lower than 
observed values. 

These qualitative observations are  mirrored by the statistics presented in Table 
2. The  slopes of the regression lines are 0.86, 0.73, and 0.26 for wavc eclclntion 
analysis and the Hiley and Engineering Ncws fo:.mulas, respectively. Similarly, 
the mean ratios, ,T, of predicted to observed penetration resistance are 0.96, 
0.83, and 0.41. Ideal values for both these p~irameters would, of c o u ~ s e ,  be 
one. Though the mean ratio is nearly one for the wave equation :~ppronch. 
indicating its general reliability, the coefficient ol variation, v ,  of 0.48 indicates 
a given prediction is not necessarily reliab!~. From the tabulated statistics, 
however, one would conclude that the use oC wave equatipn analysis in the 
predictive method results in  more reliable prci:ictions than the use of either 
conventional dynamic formula. Also, the Hiley formula is apparently a better 
predictor than the Engineering News formula. This hierarchy of reliability-would 
be expected because of the relative degrees of rationality of the three formulas. 
All three approaches based on static capacity c:;lcnlated from soil data, however, 
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conven, i formul;is the mean ratio is somewhat larger for Projects A and 
C than for Projects D and E, though both formulas seriously underpredict the 
observed penetration resistance. An explanation for tlreseldiffercnces is not 
readily available; the number of variables is large. Inadequate static and dynamic 
capacity estimates and the inequality of static and dyn;in~ic capacities likely 
play a major role. Analysis of more projects would allow better isolation of 

BLOWS/  METER 

FIG. 8.-Predicted Versus Mean Field Penetration Resistance for All Projects, Using: 
(a) Wave Equation Analysis and Known Driving Records; ( b )  Hiley Formula and 
Known Driving Records; (c) Engineering News Formula and Known Driving Records; 
(d) Rated Energy Ratio and Known Driving Records.. 

the various elements of a hammer-soil system and investigation of their effects 
on the predictive method.. a ,  

Predictions Using Penetration Resistance Records.-The projects selected for 
analysis were also evaluated using the second procedure proposed. Dynamic 
capacity (driving resistance) of the "typical" piling was calculated from the 
mean record for one hammer with a dynamic formula. It was assumed to be 

PENETRATION RESISTki\lCE 

representative for piling driven with the seconi! hammer. The pe.&ation 7 resistance for the second hammer was then conlputed using the same formula. 
1 Wave equation analysis, the Hiley and Engineerin2 News formulas, and a scaling I - method described subsequently were ail employctl. 

[ The scaling method assumes that the hammer's energy output is the predominate 
parameter of the pile driving process. Evidence ~ ) i  this can be seen in viewing ! Figs. 1-6 presented previously. Particularly in Fig. 2, the driving records for 

I hammers used in Project B, a relationship be twc~n  a predicted record and the 
record employed to make that prediction can be seen. The two curves have 
essentially the same shape but the predicted c u ~ v e  is shifted to the right or 

I left of the corresponding observed curve. The causc for the shift is the difference 
in energies of the two hammers: if hammer A llas half the energy of ha~nmer 
B, hammer A would drive a pile at about twice rl:e penetration resistance that 

I hammer B would drive it. This neglects, of course, other factors that enter 
into the mechanics of pile driving. But using thls simple concept and knowing 
the penetration resistance for a pile driven by one hammer and the energy 

I 
of a second hammer, the penetration resistance for the same pile driven in 
the same soil profile by the second hammer coull be predicted. 

The results of an  analysis of the case histories crnploying this simple method 
are shown in Fig. 8(d). Results employing wave equation analysis, the Hiley 

! and Engineering News formulas are shown in Figs. 8(a) ,  8(b) ,  and 8(c) respec- 
tively. It is obvious that there is considerable i~nprovement in our ability to 
predict penetration resistance if records are available. Slopes of the linear 
' regression lines vary from 0.80 for the rated energy ratio approach to 1.03 

for the Hiley formula approach. Mean ratios Val]: from 1.01 for wave equation 
~nalysis to 1.05 for both the Hilcy and Engineer~i~g News formulas. 

The scatter of data points about the regression lines for predictions based 
on driving records is contained within a mucll r1:trrower band than for the 
predictions employing an estimated soil bearing capacity. Correlation coefficients 
listed in Table 4 vary from 0.90 for the rated cvergy ratio approach to 0.96 
for the wave equation approach. Similarly, coefficients of variation range from 

0.31-0.18 for the same approaches, respectively. Reliable predictions, then, can 
be made using any of the four approaches, though wave equation analysis and 
the Hiley formula result in better estimates of penct~.ation resistance more often 
than do the less rational Engineering News fo~tnula and rated energy ratio I formulation. This would be expected. The choicc of whether to use the Hiley 
formula or wave equation approach, it appears, c:~n be made according to the 

I preference of the analyst. 

I A review of the statistics presented in Table 5 i!id;cates that better predictions 
were made for Project A than for the other projeacts. The range of the predicted 
10 observed ratio is 0.79-1.29 for Project A, inclusive of all approaches, while 

!the range for the othcr projects is much highel, varying from 0.67-1.46 for 

I Project C to 0.46-2.13 for Project E. As mentio~~ed previously, this might be 
expected because of the differences in soil prof~les and driving equipment 

?associated with these projects. Compiling one representative profile for a layered 
system, particularly where strata are sloping or of nonuniform thickness, 
necessarily introduces approximations. .This is compounded by the loss of 
efficiency experienced by a diesel hammer in driving piling in soft material, 
as compared to a steam hammer. The differences niay also be statistical, since 
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4 , ' 0 1  s u r  driving records for  one hammer, were available to  make the analybwr (except Project B, as previously mentioned) prect~c$ons are within the .,?timum. 
for  Project E, and only ;I total of I I were available for Project D. 1 :~nd minimum bounds observed. 

1, 

i 1 I 
TABLE 4.-Summary of Statistics for Predictions Using Known Driving Record CONCLUSIONS i 
-- 

On the basis of case studies it has been sho:vn that where soil conditions Ratio of Predicted 
Least-Squares Fit . ' 

t o  Observed - 1  are reasonably well described and adequate ~ u i n b e r s  of driving records are 
- 

Y .  1 available, the mean penetration resistance of pilir.:; to  be driven may bc rcliably 
Dynamic formula Slope Intercept r 11 ' x 

(1) (2) (3) ' (4) (5' (6)  ' (7) 
estimated. These estimates are best bjsed on cal<i!!:~tions using historical records - : as opposed t o  analysis using estimated soil bei!ri:~g capacity. Further, wc have 

Wave Equation 0.90 0.95 75 {.(I1 0.18 shown that these estimates are best based on w:lve equation analysis, which 
Hiley Formula 1.03 0.95 74 0.27 is better representative of the mechanics of pile driving, than on more conventional 
Engineering News Formula 0.82 
Rated Energy Ratio 0.80 

0'92 74 . l . O j  0.30 dynamic formulas. such as  the Hiley or Engineering Ncws. 
0.90 74 1.04 0.31 -- -- I 

1 
The reliability of the method using drivin: records has been sufficiently 

demonstrated to allow its adoption in engineering practice. By careful selection 
TABLE 5.-Statistics by Project for Ratio of Predicted to Mean Field Penetration .of typical driving from a numbcr of p::st in which a variety 
Resistance Using Known Driving Records 

of pile and soil types were encountered, a set of standard capacity (driving 
- resistance)'versus depth curves could be dcveiuped. T o  make a prediction for 

Project n x . . . .  v Range any other site one would then need only selcct his driving formula, assume, 
(1) (2) (3) . . (4) (5) that the capacity represented by the curve is the same as  that computed by 

( a )  Wave Equation , , 
that formula, and proceed to calculate the penctrotion resistance at  that depth. 
This would serve a s  a valuable tool for both !ength estimation and hammer 

A I I 1:OI 0.09 0.87-1.16 ' .  . 
selection. C 10 1.02 ' 0.24 0.67- 1.46 

D 20 1.01 ' 0.19 0.77- 1.29 
E ( I ? ,  in.) 16 1 .OO 0.15 0.74-1.26 1, I\CKNOWLEDGMENT 

I ' 18 E (14 in.) 1.02 0.22 0.64-1.56 ' 

( b )  Hilcy Formula The study described was undertaken with t l ~ e  support of the Education and 
Research Foundation of the Associated Genes21 Contractors of America. Its 

A 10 1.01 0.13 0.79-1.29 
C 

support is gratefully acknowledged. 
10 , . ' 1.03 0.23 0.72- 1.41 

D 20 1.02 0.20 
E(12in.) ' 16 1.05 ' 0.30 0.65-1.50 , 
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I The purpose of this paper is to  investigate the optimum thickness of insulation 1 
in colder climates where heating requirements do:ninate the energy requirements ! 
for thermal space conditioning. i 

Optimization is based on cost considerations. Those considerations includc 1 I the co l t  of the insulation, cost of i n s t a l i t i o ~  and the cost  of heating, and 
! 

may be expressed in equation form a s  
I 

/ Total cost = cost  of insulation + annual cost  of heating + cost of installation I, 

i 
It will be observed that the p~eceding  e x p ~ ~ : ~ s i o n  contains a mix of present i 

costs and annual costs. T o  be meaningful all c o ~ t s  must be either present costs 5 
, or  annual costs. Rather arbitrarily, this paper bill  convert present cost to  annual j 

costs. 1 The cost of  the insulation is converted to  on  dnnusl cost by multiplying the i 
present cost by a capital recovery factor, C,,. 'To determine the npprop1,iate 
capital recovery factor. the life of the facilii) and the time value of money ! 
(or minimum attractive rate of return) must be established. If the life is t~ 

years and the required interest rate is i ,  the capital recovery factor is (from i 
any basic text in Engineering Economy) I 

I i t1 + i)" 
i CR = . . . . . . . . . . . .  

(1 + i)"- 1 
*i The present co& f o i  the insulation may be cipressed as  ox, in which .K = 
, j  the thickness, in inches; and a = the cost fo;. 1 sq ft (0.0929 m2) ,  1 in. (25.4 :: 

mm) thick. This expression is very close to  ~:~iu-ket conditions for styrofoam ' and similar board insulation. For  fiberglass a n J  other batt insulation, it is not 

! quite so  c l o s e t o  a stmight line variilfion but [he difference does not present 4 a major problem, especially since available thici.:nesses are limited for all types :; 
of insulation except spray-on and poured types. On a practical basis, one will 2 

-- $, 
Note.-Discussion open unril February 1 ,  1978. 'To extend the closing date one month, 

a written request must be filed with the Editor of 'i'echnicnl Publications, ASCE. This .; 

' 1  paper is part of the copyrighted Journal of the Cu~atructiun Divifion, Proceedings of ri. 
1 the American Socicty of Civil Engineers, Vul. 103. R.:. CO3, September, 1977. blanuscripi ;$ was submitted for review for possible publication on November 8, 1976. .$ 

iAnoc.  Prof. of Civ. Engrg., Michigan T~chnolopic:,l Uniu., Hougbton. Mich. 8' 
I !j 

3 




