this document downloaded from

vulcanhammer.info

the website about a
Vulcan Iron Works

Inc. and the pile

driving equipment it
manufactured

http:// ww.vulcunhumni

| L, — — ..-
| —

Terms and Conditions of Use:

All of the information, data and computer software (“information”)
presented on this web site is for general information only. While every
effort will be made to insure its accuracy, this information should not |
be used or relied on for any specific application without independent,
competent professional examination and verification of ifs accuracy, suit-
ability and applicability by a licensed professional. Anyone making use
of this information does so at his or her own risk and assumes any and all
liability resulting from such use. The entire risk as to quality or usability of
the information contained within is with the reader. In no event will this web
page or webmaster be held liable, nor does this web page or its webmaster
provide insurance against liability, for any damages including lost profits, lost
savings or any other incidental or consequential damages arising from the use
or inability to use the information contained within.

This site is not an official site of Prentice-Hall, Pile Buck, or Vulcan Foundation
Equipment. All references to sources of software, equipment, parts, service or
repairs do not constitute an endorsement.


http://www.vulcanhammer.info
http://www.vulcanhammer.org/

S

I St o2, AN N

NP | Y

512 -

too 1
normas-duties to gather and supply the data fequired. :

SEPTEMBER 1977

ArpEnDIX.—REFERENCES

1. Construction Review, Vol. 20, No.
zNashington, D.C., 1974, p. 19.
. Land, W. C., “‘Protection Against Trench Faj ” i
and, . 1 ailures,” Transactions i
; %?1:1510};1: \I/<ol. 8,»le.',moknal Safety Congress, Washington, D.C‘ 1;27'0;; 6C_(;nstructlon
- Terzaghi, K., -and Peck, R. B., Soil Mechanics in Engi ing Practice, ' '
4 %Iey and S, Tne. New York Nt 1967.s in Engineering Practice, 2nd ed., John
. Thompson, L. J., and Tanenbaum, R. J., “Excavations, ° i i
e on, » R J., “Excava s, Trenching, and Shoring, Th
gc:?onml?lhtyforDcmgn and Safety,” Texas A& M Research Foundation Report Cg il .
tation, Tex., Sept., 1975. tport, otk

10, United States Department of Commerce,

N

COBQ 13216

Tous to mention separately, took the time and effort away from thei

g e e

o g o,

SEPTEMBER 1977

4= co3
4

JOURNAL OF THE
CONSTRUCTION DIVISION

PENETRATION RESISTANCE FOR DRIVEN PILING
By Lawrence A. Hansen,' A, M. ASVCE and W. L. Schroeder,? M. ASCE

INTRODUCTION

It is one task to specify length of piling that will satisfy normal design
requirements for adequate load bearing capacity and limited settlement. It is
quite another to decide whether the piles will actually be driven to that depth,
or beyond, and to determine how much time and effort will be expended 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 ultimate capacity, but never approach
it to test our predictions. With penetration resistance, however, we must predict
aresult we will encounter. If areliable method of predicting penetration resistance
were developed, driven length and driving time could be estimated, and surprises
during construction, along with their associated costs, could be minimized.

ANALYTICAL APPROACH TO PeNeTRATION RESisTANCE PrepicTions

Methods of predicting pile penetration resistance may be analytical or empirical.
In the latter case a large body of experience is summarized in some form,
but without a theoretical framework that will allow its extrapolation to conditions
other than those for which the experience was gained. Such results have limited
application. A purely theoretical approach is also deficient in that it has not
been tested against experience. The most logical method of predicti'ng penetration
resistance would likely be a combined empirical-analytical approach that incorpo-
rates field experience, but interprets it in light of a theoretical framework which
considers the mechanics of pile driving. .

Two methods of analysis having the same general framework were investigated
in this study. Basic to both methods is the assumption that for a given pile-soil
system, the bearing capacity of the pile at a given depth is the same regardless

Note.—Discussion open until February 1, 1978. To-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 Construction Division, Proceedings of
the American Society of Civil Engineers, Vol. 103, No. CO3, September, 1977, Manuscript
was submitted for review for possible publication on May 21, 1976.

1Grad. Research Asst., Dept. of Civ. Engrg., Stanford Univ., Stanford, Calif.

251, Dean for Research and Grad. Studies, School of Engrg., Oregon State Univ.,
Corvallis, Oreg. ‘ =

513

7 o - - S e > -

B T o




< s o bt 1A

514 g o SEPTEMBER 1977

of th mmer used to drive the pile to that depth. The first method is basec
on anw.,sis for static bearing capacity, whilé the second is based on analysis’
for dynamic bearing capacity, or driving resistance.

Method Based on Static Soil Bearing Capacity.—The first method proposed
is outlined as follows: (1) Compute the bearing capacity, using conventional
static analysis, of the pile to be driven, for several depths within the subsurface
profile; (2) assume equality of the computed static capacity and dynamic capacity;
and (3) compute anticipated penetration resistance at the several depths, using
a dynamic pile driving formula and the assumed dynamic capacity. The first
step requires knowledge of the engineering properties of the soils to be penctrated.
Even with representative properties, bearing capacity calculations produce better
results for some types of soils than others. In clays, for instance, it has been
found that estimates of static capacity are quite reliable, In sandy soils or in
layered soils, the static analysis procedure is less reliable. Accordingly, there
is a weakness in the first step of the proposed method which must be overéome
if it is to offer a reliable approach.

Regarding the second step, it is known that the assumption of equality of
static and dynamic capacitics is questionable. In clay soils and loose fine sands
significant excess pore pressures are developed during driving. After termination
of driving the pressures dissipate, resulting inpile setup, as evidenced by increased
penetration resistance during redriving. Obviously, capacity during and following
driving are not the same.

The validity of the third step is dependent on the particular dynamic formula
used to relate penetration resistance to dynamic capacity. Conventional pile
driving formulas, which rely on rigid body mechanics to make dynamic calcula-
tions, are commonly used. It has been shown, however, that more sophisticated
dynamic anulysis based on the use of the wave equation will give more reliable
predictions of capacity in most soil types (6,10). Some of the conventional
formulas are reasonably reliable, particularly for piles driven in sands. Among
these is the Hiley formula, which includes certain corrections for pile, soil,
and hammer characteristics. Such corrections are not included in the more
commonly used Engineering News formula. Wave equation analysis permits
inclusion of the broadest representation of pile, hammer, and soil characteristics.

Method Based on Penetration Resistance Records.—The aforementioned method
is based on soil properties alone. If pile driving records were available from
the site under study, or from a site where soil conditions were similar, use
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 to dynamic capacity; the driving record
represents dynamic capacity and may be used to advantage. The method outlined
previously could therefore be modified as follows:

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

2. Assume that the computed driving resistance of the piles to be driven
will be equal to 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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capacities calculated from historical records. Muke the calculations fo. __sdriving
equipment proposed for use on the new project: The same dynamic formula
used in step | should be used here.

This approach improves the procedure based on static bearing capacity analysis
in two ways. First, it permits predictions to bc made without the need for
computing the actual bearing capacity of the piling. A bearing capacity (driving
resistance) is computed which is derived from a dynamic analysis only. It need
not be the actual capacity. Second, the need [or assuming equality of static
and dynamic capacities is avoided. An estimuate of bearing capacity, usually
based on static analysis, may be required to perform the first and third steps,
depending on which dynamic formula is used. The energy losses included in
the Hiley formula, for 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 resistance. '

The 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
soil conditions must be available. To fully develop this method would require
that a large enough body of historical driving information be assembled so
that representative values for all conventional hammer types, soil conditions,
and pile types are available. Attempts to do this have been made before (8).

=

InvesTicaTions with Fieto Data

In order to examine the validity of the mecthods of penetration resistance
prediction proposed, records were gathered from five projects on the West
Coast. In each case a considerable volume of information had been obtained
during construction. Information sources were limited by the need for sufficient
information to perform wave equation analysis and conventional dynamic analysis.
Adequately defined subsurface soil conditions were required to permit conven-
tional static bearing capacity calculations. Most important, driving records for

TABLE 1-.--Projects Selected for Analysis®?

Project
designation Pile hammers - Pile types {number) Soil profile
(1) (2) (3) {4)
A—Portland, Vulcan 50C 10-in. Steel Pipe (25) Silt
Oreg. Vulcan 65C 10-in. Steel Pipe (167)
B-—Portland, Vulcan 50C Timber (200) Sand, Silt,
Oreg. Vulcan 65C 10-in. Steel Pipe (23) Clayey Silt
C—Seattle, Vulcan 104C 16-1/2-in. Concrete (28) Silt, Sand
Wash. Vulcan 014 16-1/2-in. Concrete (27)
D—Richmond, Delmag D30 14-in. Concrete (5) Clay, Sand
Calif. Delmag D36 14-in. Concrete (6)
E-—South San Kobe K42 © 12-in./14%0. Concerete (24) Silt, Clay.
Francisco, Calif. Delmag D44 12-in./ 14-in. Concrete (107) Sand

?Project identification by owner and specific location has been omitted by request.
Note: ! in. = 25.4 mm.
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twc  ‘erent hammers used on the same project site, each on a representatis

nume-. of piles, were necessary. This would allow examination of the proposed™
predictive methods by making predictions for one hammer based on data obtained

for the other hammer, and then comparing prediction with field observation.

Project Studies.—The projects selected are described briefly in Table {. Soil {

profiles and engincering properties used in the analyses are included in Figs,
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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 B for: (a) Vulean 50C;
{b) Vulcan 06 (Predictions Made Using Wave Equation Analysis)

1-6 of the next section. As indicated by Table 1, an attempt was made to
include a range of hammer and piling types and soil conditions. A small number
of projects representing a broad range of conditions seemed the most appropriate
way to approach an investigation of the feasibility of predictive methods. Brief
descriptions of each project site follow; more complete data, including models

H‘r )

cos’ o3

i —

PENETRATION RESISTANCE 517

(1) and

—

for wave equation analysis, are available in the original project rep.
a thesis by the first writer (7).

Project A.—Ten-inch (250-mm) nominal diameter, closed-end steel pipe piling
were driven 15 ft-30 ft (4.5 m-9.1 m) through silt {ill and in-situ sandy silt

PENETRATION RESISTANCE, BLOWS/ FOOT PENETRATICH RETISTANCE, BLOWS/ FOOT

Q s 10 13 20 25 O 5 o 15 20 25
° T T T T T T T T 4
(a} (6}
- HYDIAL
* PREDICTED VALUE
USING VULCAN 04 * PREDICTED VALUE e
RECORDS USING VULCAN 140€ L
1o} - RECOROS To
da RED
7 SAND
In
w20 [ MAXIMUM  VALUE » ASSURE!
. 5 2230°
- h (2]
x 4805
& H
u -
w30 | :
z
a
I
[<]

MINIMUM
VALUE

sob

1 L
o 40 80 120 80 0 a0 80 N 120 - 150

BLOWS/ METER BLON3/METER

FIG. 3.—Penetration Resistance Versus Depth for Project C for: {a) Vulcan 140C;
{b) Vulcan 014 (Predictions Made Using. Wave Equation Analysis)
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FIG. 4.—Penetration Resistance Versus Depth for Project D for: (a) DELMAG D-36;
{b) DELMAG D-30 {Predictions Made Using Wave Equation Analysis)

to end bearing in decomposed bedrock. .The bedrock surface at the site slopes
from one end of the project to the other. Individuul driving records were therefore
selected from a specified area with average depth to bedrock of 20 ft 6.1
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g : m).  “his study was not concerned with end bearing, comparxsons were mac - hammer. Blow counts were not recorded for the upper strata, but we __:corded

3 only -or penetration resistance above bedrock. : 1 continuously after a depth of 40 ft-45 ft (12 m-14 m) was reached. Though

: Project B.—The two sites of this project, separated by .a dxst’mce of 1,110 3 the soil profiles are dissimilar, partial analysis was made to investigate the

po ft.(340 m), presented the most diverse soil-pile-hammer system of the projects importance of having similar subsurface conditions and pile types in the proposed
: _ ' methods of analysis.

=y T el w oo e owssmor Project C.—The 16.5-in. (420-mm) octagonal prestressed concrete piles were
ST ¢ i i i L— i i T ol [eon] driven on the outboard side of a dike constructed of medium sand. The piling
LF I - pneorcTeo vaLye vaLue" ot at each of the two bents analyzed varied from. 65 £t-120 ft (20 m-37 m) in
_’;-‘3;..2 0 [: RECoRDs - T b | im—':,— length, but only piles from 102 ft-120 ft (31 m-37 m) in length were included
;':,;: ; ! - ] RECORDS 4 sy | in the analysis, Different hammers were used for each of the bents. Driving

4; Lol L [J_J Ll _é:;oT" [ logs from the two bents, which are separated by a distance of 100 ft (30 m),
g < J i - _[[ ’/mww o E il were compared on the basis of depth of penetration rather than elevation along
_u : an_ K MAXIMUM VALUE ) oy :A:B the dike SlOpC.
=3 ° Jlj £ b Project D.—The 12-in. (305-mm) square, approx 66-ft (20-m) long concrete
V:_{f 8 | piles were driven through alternating strata of clay and sand. Only 11 driving
b or 1r 1 :,m: records were available for analysis, five for onc hammer and six for the other.
1} : onrer > The piling were driven at an excavated site, thus the excavated depth of 20
;3» : 50 T-LJ 1t . 7] ft (6.1 m) corresponded to zero depth on the driving records.

. S Project E.—Diesel hammers were used to drive 12-in. and 14-in. (305-mm
‘} : sob v = | + PRRRUSE B Y 257 and 360-mm) square prestressed concrete piline through layers of fill, loose
2 BLOWS/ METER BLOWS / METER silty sand, and stiff organic clay to bearing in dense silty sand. Depth of penetration
- i , varied from 58 ft-84 ft (18 m-26 m). For analysis Project E was treated as
}” : FIG. 5.—Penetration Resistance Versus Depth for Project E, 12-in. piling, for: (a) l two separate projects, one including 12-in. (305-mm) piling and the other 14-in.
;;’1:;. i DELMAG D-44; (b) KOBE K42 (Predictions Made Using Wave Equation Analysis) 1 (360-mm) piling. Though the possibilities of analysis are increased by the inclusion
;,‘f;; ; ’ of a second pile size, the available data precluded making such analyses. The
f! o _""‘f"”’“ o TTaNGE: Buoms s TaoT e R :‘:5‘”‘““';“"”5’:‘(’)” N Kobe K42 hammer was used to drive test piliig only, a total of cight piles,
% ° T ; — ‘ : T w1 ° ] including four of each size.

— * UG XORE Kar — - Analysis Procedure.—The procedure followed for analysis of project records

o} nEcoRDS | L =2 [ was to summarize the driving records for each of the hammers used on each

7 17 £y . of the projects. The driving records for each foot of driving were averaged

5 2of- MAXINUM VALUE L » pREDICTED vALUE Z'i: ‘ to develop a mean or typical pile driving curve for each hammer. The mean

:. RECORDS g Eos v length and mean driven length for each pile type was computed. A summary
§m_ iRl 7 ”‘;. 53: or model profile was developed using boring logs and laboratory test data.

N In Figs. 1-6 are shown the summary profile and the mean, maximum, and

[ o vALuE & Jad minimum values of penetration resistance obscrved for the driving records

for 1t e e analyzed. These summary records were used for predictions of the performance

o0 of each hammer. These predictions were bascd on the observations of the

sof- - 1, g:LE L performance of the other hammer and static bearing capacity analysis using

i the methods outlined previously. References to predicted values shown in Figs.

so} + Ty —k e L&) 1-6 are for the particular case of analysis based on driving records and the

BLOWS/ METER , BLOWS/METER | wave equation. The filled circles are values predicted from the mean driving

' record of the indicated hammer. Predicted values using driving records for one

FIG. 6.—Penetration Resistance VGTSUS Depth for Project E, 14-in. Pllmg. for: {a) hammer are plotted for comparison with the observed mean driving record of

DELMAG D-44; (b) KOBE K42 (Predictions Made Using Wave Equation Analysis) the other. In Fig. 1, for example, the.driving record for the Vulcan 50C is

v shown along with predicted points for that recond made using the driving record
. N . . . . . ¢ p p

sclected. The piling at both sites were driven through alluvial deposits of fine of the Vulcan 65C, and vice-versa. A summary evaluation of these predictions
sands, silts, and clayey silts to friction bearing in sands and silty sands. At and those made by other methods is presented in following sections.

one site treated Umb?" piles were d“'Veﬂ using a differential acting steam hammer, Dynamic Formulas for Analysis.—Either proposed method requires conversion
while at the other site steel pipe piles were driven using a single acting steam of capacity (either static or driving resistance) versus depth curves to penetration

bttt A bodante LAt A i e - e = T G S s TR TR T & vy s Gl s e e =N e - T e
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Enginicering News and Hiley formulas and wave equation analysis. The two
dynamic formulas used arc well known to foundation engineers; therefore their
formulation is not presented herein. The reader is referred to Ref. 3. All wave
cquation analyses were made using a computer program developed at Texas
A & M University; the reader is referred to T. C. Edwards’ utilization manual
(4) for a complete description of the program.

For the dynamic formulas the manufacturer’s rated energy as modified by
anefficiency factor was uscd. Where diesel hammers were employed, adjustments
were not made to account for the explosive force, but the efficiency factors
listed by Chellis (3) were used. The temporary compression allowance for pile
head and cap and pile included in the Hiley formula were estimated using static
capacity estimates. These same estimates provided a means for estimating the
percentage point resistance and side resistance required for wave cquation

SEPTEMBER 1977

analysis. The temporary compression allowance for the soil, or quake, was

assumed to be 0.1 in. (2.54 mm), independent in soil type or difficulty of driving.
Chellis’ values of coefficient of restitution 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
hammers’ explosive force. In the wave equation computer program the work
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.
Stiffnesses of capblocks, cushions, and pile sections were calculated using their
material properties. If capblock and cushion material were not adequately
specified in project reports, parameter studies were made. Generally, it was
found that the analysis was insensitive to large variations of stiffness (two
orders of magnitude) for the low resistances encountered during driving. Coeffi-
cients of restitution and elastic moduli were taken from tabulated values (2,
5, 9) unless the information was available in project reports. _

Soil parameters required for wave equation analysis are not well known,
The soil quake was assumed constant for all soil profiles. The same value
was used for the soil at 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 sec/ft and 0.3 sec/ft (0.3
s/m and 1.0 s/m) for sand and clay, respectively, encountered at the tip of
the pile. For soil at the side of the pile the damping constant was assumed
to be one-third of that at the point. Where the pile was driven through both
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
procedure, as well as the sand and clay- values stated, is based on the work
of Lowery, Edwards, and Hirsch (10), and the recommendations of Smith (12).

The relative percentage of side and tip soil resistance was calculated using
static capacity estimates. In some instances, particularly where silts were
penetrated, separate analyses were made using drained and undrained shear
strength parameters. The wave equation analysis was then made using tip
resistance estimates based on both analyses. For these cases comparison of
the driving resistance versus set curves revealed no significant differences. Bowles
(2) and Forehand and Reese (6) have shown the sensitivity of wave equation
analysis to the percentage tip resistance. We did not conduct parameter studies

co:-

ce versus depth curves. In this study conversions were made using th_ . ¢
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to evaluate our assumptions concerning distrib.tion of load in the somsUpporting
the piles. We relied on static estimates by generally accepted methods to provide
useable data., :

PENETRATION RESISTANCE

ResuLts oF ANnaLysis

Predictions of penetration resistance for Projects A, B, C, D, and E were
obtained using the two methods proposed. Comparisons of predicted and observed
penctration 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 that were not comparablc.) First,
predicted and observed values for the same depth of penctration were plotted
on a scatter diagram. A straight line relationship was fit to the data using lincar
regression analysis (least-squares method). The relative scatter of data peints
about this best fit relationship is expressed by the correlation coefficient, 7.
Second, the ratio of predicted to mean field penciration resistance was calculated
for each data point. Mean %, coefficient of variation 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 standard deviation, s, and the mean:
it is a measure. of the dispersion of a set of ratios about their mean, relative
to that mean. The necessary relationships for calculating these statistics are
found in any standard text ‘on statistical me:Lods (1), and are not presented
herein. ) _

Predictions Using Static Soil Bearing Capacity.—Static capacity predictions
were made for the piling on the projects and these static capacity curves were
converted to predicted penetration resistance curves using wave equation analysis,
the Hiley formula and the Engineering News formula. The results of these
analyses are shown in Figs. 7(a)-7(c), respectively. On these figures the data
points are plotted by project along with the Icast-squares relationship for all
projects and a given dynamic formula. A perfect fit would be represented by
the solid line being superimposed on the dashed line shown; in other words,
the mean predicted penetration resistance would equal the mean obscrved
penetration resistance. The scatter of data points 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 wave cquation
analysis and the Hiley and Engineering News formulas, respectively. Similarly,
the mean ratios, X, of predicted to observed penetration resistance are 0.96,
0.83, and 0.41. Ideal values for both these parameters would, of course, be
one. Though the mean ratio is ncarly one for the wave equation approach,
indicating its general reliability, the coefficient of variation, v, of 0.48 indicates
a given prediction is not necessarily reliable. From the tabulated statistics,
however, one would conclude that the use of wave equation analysis in the
predictive method results in more reliable predictions 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 calculated from soil data, however,

————
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> § ‘ , o \_/ { are not particularly reliable. The discrepancies are probably du__for the most
3 SN - - E i part, to the difference between static capucity and driving resistance (dynamic
} ’I - ° | HQLBW’IS"‘O"'E i ; capacity) mentioned earlier. :
: '~k" ' N ’_§ f . Table 3 lists the mean ratio and coeflicient of variation for each project
bar N Tz k=3 by dynamic formula. As outlined in Table ! previously, Projects A and C were
! \ Lo w . . . . .
; b ‘ in comparatively uniform strata of sands and silts, whereas Projects D and
L s\ i3 T ; |
T N\ gas ® ;
o N e~ 2 TABLE 2.—~Summary of Statistics for Predictions Using Soil Bearing Capacit
N @ ) g Capacity
! 38
o ae N ] {
RS \'\ < g ) Ratio of Predicted
ol 58 [ : Least-Squares Fit to Observed
GUGOS =t .
ol B §usyy 3 Dynamic formula Slope | Intercent r n X v
Q- glsosos 5
JTEEEE g2 - {2) (3) {4) {5 (6) (7)
sotan v 8 Wave Equation 0.86 0.4 082 |75 | 09 | 0.2
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conven: I formulas 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 these'differences is not
readily available; the number of variables is large. Inadequate static and dynamic
capacity estimates and the inequality of static and dynamic capacities likely
play a major role. Analysis of more projects would allow better isolation of
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MEAN FIELD PENETRATION RESISTANCE

FIG. 8.—Predicted Versus Mean Ficld Penetration Resistance for All Projects, Using:
{a) Wave Equation Analysis and Known Driving Records; (b) Hiley Formula and
Known Driving Records; (c¢) Engincering 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.:

el [

on the predictive method.. P

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’

Cco3 gCOS

R |
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‘representative for piling driven with the second hammer. The pe..—ation
resistance for the second hammer was then computed using the same formula.
Wave equation analysis, the Hiley and Engineerinz News formulas, and a scaling
method described subsequently were all employecd, .

The scaling method assumes that the hammer’s energy output is the predominate
parameter of the pile driving process. Evidence of this can be seen in viewing
Figs. 1-6 presented previously. Particularly in Fig. 2, the driving records for
hammers used in Project B, a relationship betwecn 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 curve is shifted to the right or
left of the corresponding observed curve. The causc for the shift is the difference
.in energies of the two hammers: if hammer A has half the energy of hammer
B, hammer A would drive a pile at about twice the penetration resistance that
hammer B would drive it. This neglects, of course, other factors. that enter
into the mechanics of pile driving. But using this simple concept and knowing
the penetration resistance for a pile driven by one hammer and the enecrgy
4 of a second hammer, the penetration resistance for the same pile driven In
the same soil profile by the second hammer could be predicted.

The results of an analysis of the case histories employing this simple method
are shown in Fig. 8(d). Results employing wave cquation analysis, the Hiley
and Engineering News formulas are shown in Figs. 8(a), 8(b), and 8(c) respec-
Jtively. It is obvious that there is considerable inprovement in our ability to

predict penetration resistance if records are available. Slopes of the linear
f regression lines vary from 0.80 for the rated energy ratio approach to 1.03
for the Hiley formula approach. Mean ratios vary from 1.01 for wave equation
analysis to 1.05 for both the Hiley and Engineering News formulas.

The scatter of data points about the regression lines for predictions based
on driving records is contained within a much narrower band than for the
predictions employing an estimated soil bearing capacity. Correlation coefficients
listed in Table 4 vary from 0.90 for the rated energy 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

PENETRATION RESISTANCE

than do the less rational Engineering News formula and rated energy ratio
formulation. This would be expected. The choice of whether to use the Hiley
formula or wave equation approach, it appears, can be made according to the
preference of the analyst, '

A review of the statistics presented in Table 5 indicates that better predictions

1o observed ratio is 0.79-1.29 for Project A, inclusive of all approaches, while
the range for the other projects is much higher, varying from 0.67-1:46 for
Project C to 0.46-2.13 for Project E. As mentioned previously, this might be
expected because of the differences in soil profiles and driving equipment
vissociated with these projects. Compiling one représcntative profile for a layered
system, particularly where strata are sloping or of nonuniform thickness,
fecessarily introduces approximations. .This is compounded by the loss of
Hficiency experienced by a diesel hammer in driving piling in-soft material,
& compared to a steam hammer. The differences may also be statistical, since

the Hiley formula result in better estimates of penctration resistance more often -

were made for Project A than for the other projects. The range of the predicted
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or._ our driving records for one hammer; were available to make the analyses!

for Project E, and only a total of 11 were available for Project D.

TABLE 4.—Summary of Statistics for Predictions Using Known Driving Record

Ratio of Predicted
Least-Squares Fit "~ to Observed
Dynamic formula Slope Intercept r not X v
(1) (2} 3 (4) (5) {6) - (7)
Wave Equation 0.90 0.7 0.96 75 1.01 0.18
‘Hiley Formula 1.03 ~0.1 .95 74 1.05 0.27
Engineering News Formula 0.82 [.3 0.92 74 1 1.05 0.30
Rated Energy Ratio 0.80 1.4 0.90 | 74 .04 | 031

TABLE 5.—Statistics by Project for Ratio of Predicted to Mean Field Penetration
Resistance Using Known Driving Records :

Project n X v Range
{1 (2) {3} . S :Y {5)

. _ (a) Wave Equation .
A i 1.01 0.09 0.87-1.16 -
C 10 .02 0.4 0.67-1.46
D ' 20 1.01 ©0.19 0.77-1.29
E (12in) 16 1.00 0.15 0.74-1.26
E (14 in.) C18 .02 - 0.22 - "0.64-1.56

(b) Hiley Formula '
A : 10 1.01 - 0.13 ©0.79-1.29
c 0. TL03 T [ 023 0.72-1.41
D 20 S0 ~0.20 0.71-1.39
E(12in) - 16 Clos 0.30 0.65-1.50
E (14 in.) 18 L 034 ©0.68-2.04
' : (c) Engineering News Formula '
A 0w . .00 0.09 0.88-1.13
C 10 1.03 0.22 0.75-1.35
D : 20 L2 ] 024 0.69-1.43
E (12in.) 16 1.06 0.35 0.61-1.65
E (14 in.) 18 1.13 0.37 .. 0.56-2.13 ~
(d) Rated Energy Ratio
A 10 . 1.00 . ©0.09 - 0.87-1.13
C 10 .02 ., 022 - 0.76-1.31
D .20 L3 . 0.27, 0.69-1.43
E(12in) 16 L6 . 035 . 0.60-1.65
E (14 in)) 18 1.08 - - 0.42 0.46-2.13

A further indication of the reliability of the wave equation approach is showﬁ
in Figs. 1-6. In these figures predicted values are shown to be very near the
heavy lines representing the observed mean driving record. For all projects

o e

{
f

i
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(except Project B, as previously mentioned) predicfions are within the ._..kimum”
and minimum bounds observed.

. Concrusions

. On the basis of case studies it has been shown that where soil conditions
are reasonably well described and adequate nuimbers of driving records are
available, the mean penetration resistance of piling to be driven may be reliably
estimated. These estimates are best based on calculations using historical records
as opposed to analysis using estimated soil bearing capacity. Further, we have
shown that these estimates are best based on wave equation analysis, which
isbetter representative of the mechanics of pile driving, than on more conventional
dynamic formulas, such as the Hiley or Engineering News.

The reliability of the method using driving records has been sufficiently
demonstrated to allow its adoption in engineering practice. By careful selection

.of typical driving records from a number of pust projects in which a variety
. of pile and soil types were encountered, a set of standard capacity (driving

resistance) versus depth curves could be developed. To make a prediction for
any other site one would then need only select his driving formula, assume -
that the capacity represented by the curve is the same as that computed by
that formula, and proceed to calculate the pencilration resistance at that depth.
This would serve as a valuable tool for both length estimation and hammer
selection. ' i

ACKNOWLEDGMENT

The study described was undertaken with the support of the Education and
Research Foundation of the Associated Generul Contractors of America. Its

( support is gratefully acknowledged.

1

AppenDIX.—REFERENCES

1. Benjamin, J. R., and Cornell, C. A., Probability, Statistics and Decision Making
for Civil Engineers, McGraw-Hill Book Co., Inc., New York, N.Y., 1970, pp. {-31
and 419-437.

2. Bowles, T. E., Analytical and Computer Methods in Foundation Engineering, McGraw-
Hill Book Co., Inc., New York, N.Y., 1974, pp. 349-386.

3. Chellis, R., Pile Foundations, McGraw-Hill Book Co., Inc., New York, N.Y., 1951,
pp. 27-33, 449-450, and 525-538. .

4, Edwards, T. C., “‘Piling Analysis Wave Equation Computer Program Utilization
Manual,” Research Report 33-11 of the Texas Trunsportation Institute, Texas A &
M University, College Station, Tex., Aug., 1967.

5. Edwards, T. C., Lowery, L. L, and Hirsch, T. J., ‘“Properties of Pile Cushioning
Materials,” Journal of the Soil Mechanics and Foundations Division, ASCE, Vol.
95, No. SM7, Proc. Paper 6663, July, 1969, pp. 1431-1441,

6. Forchand, P. W.,and Reese, J. L., “‘Prediction of Pile Capacity by the Wave Equation,”
Journal of the Soil Mechanics and Foundations Bivision, ASCE, Vol. 90, No. SM2,
-Proc. Paper 3820, Mar., 1964, pp. 1-26.

7. Hansen, L. A., **Penetration Resistance Predictions for Driven Piling,”” thesis presented
to Oregon State University, at Corvallis, Oreg., in 1975, in partial fulfiliment of the
-requirements for the degree of Master of Science.

8. Hill, W. C., “A Study of Friction Pile Resistance,” Internal Report Oregon State

1




- B L ama.

“1

[
r
"
gﬂ
r
[
[
|
%,
-
"
r,
2
i)

RIS O

9.

SEPTEMBER 1977

way Department, Bridge Division, Foundation Section, Salem, Ore 3
n rtment, B Di » Found: Sec , Si R g., Jan., 196s-
?fqrtshcch:ATt. J};( ;al.. l}lzlc Dnvhmlg{ Analysis by One-Dimensional Wave Theory: State
rt, tghway Kesearch Record 333, Highway Research B ashi
D.C. 1970, pp. 33-54. g " Board, Washingtan

. Lowery, L. L., Edwards, T. C.. and Hirsch Tv J., “Us : i
i -, Edwards, T. C., i , T. 1., e of the Wave Equat !
to Predict Soil Resistance on a Pile During Driving,”" Research Report 33-10qo} lt(l)zr; {

]Tgeggzs Transportation Institute, Texas A & M University, College Station, Tex. Aug

. Schroeder, W. L., and Hansen, L. A., “Priving Estimates for Pilc Coﬁtract Bids,”

i)gc;psartmcnt of Civil Engineering, Oregon State University, Corvallis, Oreg., Apr,

- Smith, E. A. L., “Pile Driving Analysis by the Wave Equation,” Journal of the

Soil Mechanics and Foundations Division, ASCE, Vi {
257, g Totor m 33 nd y » Vol. 86, No. SM4, Proc. Paper

v

cr-’ 13240

SEPTEMBER 1977

’ Co3
e i

. etk JOURNAL OF THE
' CONSTRUCTION DIVISION

- OrTIMUM WALL INSULATION
FOR CoLp CLIMATES
By Richard L. Hennessy, ' M. ASCE

The purpose of this paper is to investigate the optimum thickness of insulation
in colder climates where heating réquirements dominate the energy requirements
for thermal space conditioning. ’ '

Optimization is based on cost considerations. Those considerations include.

the cost of the insulation, cost of installation, and the cost of heating, and
may be expressed in equation form as '

Total cost = cost of insulation + annual cost of heating + cost of installation

It will be observed that the preceding expression contains a mix of present
costs and annual costs. To be meaningful all costs must be either present costs
or annual costs. Rather arbitrarily, this paper will convert present cost to annual
costs. ’

The cost of the insulation is converted to an wnnual cost by multiplying the
present cost by a capital recovery factor, C,. To determine the appropriate
capital recovery factor, the life of the facility and the time value of money
{or minimum attractive rate of return) must be established. If the life is n
years and the required interest rate is i, the capital recovery factor is (from
any basic text in Engineering Economy) ’

i+

R d+in-1

The present cost for the insulation may be expressed as ax, in which x =
the thickness, in inches; and a = the cost for 1 sq ft (0.0929 m?), 1 in. (25.4
mm) thick. This expression is very close to market conditions for styrofoam
and similar board insulation. For fiberglass and other batt insulétion, it is not
quite so close to a straight line variation but the differcnce does not present

a major problem, especially since available thicknesses are limited for all types
of insulation except spray-on and poured types. On a practical basis, one will

Note.—Discussion open until February 1, 1978. To 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 Cowstruction Division, Proccedings of
the American Socicty of Civil Engineers, Vol. 103, No. CO3, September, 1977. Manuscript
was submitted for review for possible publication on November 8, 1976,

'Assoc. Prof. of Civ. Engrg., Michigan Technological Univ., Houghton, Mich.
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