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Review of Methods for Estimating Pile 
Capacity 

EVERT C. LAWTON, RICHARD J. FRAGASZY, JERRY D. HIGGINS, 

ALAN P. KILIAN, AND ARTHUR J. PETERS 

The first phase of an investigation of methods for construction 
control of pile driving and determination of pile capacity has 
been completed for the Washington State Department of 
Transportation. A literature review covering the use of 
dynamic pile driving equations, wave equation methods, and 
pile analyzers bas been conducted. In addition, a survey of 
current practices by state transportation departments bas 
been completed. The literature review has shown that dynamic 
formulas provide the least reliable pile capacity predictions. or 
the numerous formulas studied, no single dynamic pile driving 
formula was found to be superipr to all others. However, the 
Hiley, Janbu, and Gates equations appear to be among the best 
in published comparisons of formula predictions versus pile 
load test results. The Engineering News. formula and its modi
fied versions were found, with one exception, to be among the 
worst predictors of pile capacity. When wave equation 
methods were included in comparisons of predicted-to-mea
sured capacity, the wave equation prediction was consistently 
equal to or better than the best formula. Pile analyzer results 
can be excellent; however, the ability of the operator is a 
crucial factor in Its successful use. Recommendations have 
been made for the improvement of current procedures used by 
the Washington State Department of Transportation for con
struction control and estimation of pile capacity. These recom
mendations also are applicable to many other state transporta
tion departments, as well as private contractors and 
consultants who are involved In the construction control of pile 
driving. 

To detennine if significant improvements can be made in the 
methods it uses for construction control of pile driving and 
estimation of pile capacity, the Washington State Department 
of Transportation (WSDOT) funded a research project entitled 
"Development of Guidelines for Conslruclion Control of Pile 
Driving and Estimation of Pile Capacity." The results of this 
research are presented in this paper, including (a) a description 
of formulas and analysis techniques currently in use, with an 
evaluation of the strength and weaknesses of the most promis
ing ones; (b) a determination of whether or not current 
WSDOT methods can be significantly improved; and (c) a 
recommendation of whether or not additional research is 
needed. To accomplish the project tasks, a survey of olher stale 
transportation departments was conducted to determine 
methods currently in use. Also, a review of the technical 
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literature concerning dynamic formulas, wave equation 
methods, and pile analyzers was conducted with the help of the 
WSDOT library. Approximately 200 references were reviewed 
Based on this literature, a discussion of dynamic methods of 
estimating static pile capacity (equations, wave analysis, and 
analyzers) is presented. The current practices of other state 
transportation departments are then described and compared 
with current WSDOT procedures. 

Published comparisons between actual pile load test results 
and pile capacity predicted by various formulas, wave equation 
methods, and pile analyzers are also presented. This informa
tion, along with the information provided by the various state 
lransporlalion departments, provides the bulk of the data used 
to formulate the conclusions and recommendations in this 
paper. Further details can be found in the final report prepared 
for WSDOT by the authors (1). 

DESCRIPTION OF AVAILABLE METHODS 

Dynamic Pile-Driving Formulas 

Dynamic pile-driving formulas have been available for more 
than 160 years to predict the static bearing capacity of piles. 
Smith (2) states that in the early 1960s the editors of Engineer
ing News-Record had 450 dynamic pile formulas on file. All 
these formulas are based on the assumption that the ultimate 
capacity of the pile under static loading is directly related to the 
driving resistance of the pile in its last stages of embedment. 

The stress-strain relationship in a pile during driving is 
extremely complicated, making on exact theoretical treatment 
impractical. A small percentage of the available pile-driving 
formulas are empirical in their entirety; however, most for
mulas are based on Newton's law of impact and conservation 
of energy principles and are modified to account for energy 
losses during impact and during the propagation of stresses. 

In 1859, Redtenbacher proposed the following formula that 
Jumikis (3) terms the "pure, classical, complete dynamic pile
driving formula:" 

eh Eh= R0 s +eh Eh [w(l - n2)/W + w] 
1 2 3 

+ [(R~L'/2A'E') + (R~L/2AE) + KR0 ] (1) 
4 5 6 

where 

1 = total applied energy; 
2 = useful work, that is, energy used to move pile a distance 

s; 
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3 = loss in impact; 
4 = loss in cap due to elastic compression; 
5 = loss in pile due to elastic compression; and 
6 = loss in soil due to elastic compression plus other losses. 

ducing different assumptions on the energy loss terms. Redten
bacher presented a simplified formula in which a completely 
inelastic impact is assumed (n::O). This formula and others are 
given in Table 1, the most important of which are discussed in 
detail below. 

The definition of individual terms is given in Table 1. Equation 
1 can be solved for the ultimate bearing capacity, Ru; the safe 
bearing capacity of the pile, Rr, can be determined by dividing 
Ru by a factor of safety, F. 

Enginuring News-Record 

Except for those formulas based entirely on empirical 
results, all other dynamic pile-driving equations are simplifica
tions of Redtenbacher's complete formula produced by intro-

This formula was published in 1888 by A. M. Wellington, 
editor of Engineering News Record (ENR), and originally was 
developed for use in measuring the bearing capacity of light-

TABLE 1 COMMONLY USED DYNAMIC PILE DRIVING FORMULAS 

Fonnula Name 

Eytelwein (Dutch) 

Wei sbach 

Redtenbacher 

Engineering News-Record 
(ENR) 

Navy-McKay 

Gates 

Rankine 

Hiley 

Jan bu 

Pacific Coast Unifonn 
Building Code 
(PCUBC) 

Gow 

e R _ h h 
u - s [ 1 + ~] . w 

ehEh 
R =---u w s+O . l W 

Equation 

(drop hammers) 

(steam hammers ) 

Ru = -s~E +/2eh~h AE + (s~E l 2 

AE ~ I 2 w 2g R = - -s + s + e E • - • ..,-u L hhW+w i<E 

Ru = 27 /eh Eh ( 1 - log s) 

eh= 0.75 for drop hammers 

eh = 0.85 for all other hammers 

Ru (kips), s (in), Eh (ft-kips) 

R = 2AEs r~- 0 
u -r ~1 ~~ J 

K • 0.25 for 
steel piles 

= 0.10 for all 
other piles 

Reference Number 

(J) 
(4) 

(J) 

(3) 
(5) 
(6) 
(3) 
(4) 

(4) 
(3) 

(3) 
(4) 

(3) 

(7) 

(4) 

(4) 
(6) 

(7) 

Year 

1820 

1850 

1859 

1888 

1957 

1951 

Recommended 
Safety Factor 

6 

3 

6 

3 

3 

3-6 

4 
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TABLE 1 continued 

Fonnul a Name 

Danish 

Rabe 

Modified ENR* 

Canadian National 
Building Code 

Equation 

E • W + n2(0 .5w) 
eh h W + w 

s + ~ [t + 0.0001) 
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Reference Number 

(7) 

(3) 

(6) 

(4) 
(8) 

Year 

1%7 

1946 

1965 

Recommended 
Safety Factor 

3-6 

2 

6 

3 

"There arc several formulas that arc modifications of the ENR formula and are known as Modified ENR. The Modified ENR presented here was proposed by 
the Michigan State Highway Commission in 1965. 
Note: To be consitent, the net hammer energy is given in all equations as e,... even though many of the formulas were developed for drop hammers where the 
hammer energy is given by Wh. No units are given for any tenns (except for empiriClll formulas) so that any consistent set of units Clln be used. 

A = cross-sectional area of pile. 
A' = cross-sectional area of cushion block. 
B = static supplement factor in Rabe's formula (10) for clarification). 
C = ~mporary c:omprcssion loss in the Clip, pile, and soil; used in Rabc's formula (see (JO) for clarifiClltion). 

C 1,C,.C3 = codficicnts tor H1ley equation. 
eh a efficiency of striking hammer (<.1.0). 
E = Young's modulus of elasticity of pile. 

E' = Young's modulus of elasticity of the cushion block. 
E,, ,. manufacturer's hammer energy rating. 
F = factor of safety. 
h = height of free fall of hammer. 
k = a coefficient to account for elastic compression plus other losses in Rcdtenbacher's classical formula. 
L = length of pile 

L' = axial length of cushion block. 
n = coefficient of restitution. 

R,, = ultimate bearing capacity of pile in soil. 
Rr = safe bearing Cllpacity of pile. 

pile penetration for last blow, also Clllled "set". 
w = weight of pile. 

W = weight of hammer. 
z • 0.1 for steam hammers; 1.0 for drop hammers. 

weight timber piles with fairly uniform penetration driven by 
drop hammers. As indicated in Table 1, the formula was modi
fied for use with steam hammers. Wellington derived the equa
tion by equating the applied energy to the energy obtained by 
graphically integrating the area under typical load-settlement 
curves for timber piles driven by drop hammers, and all the 
losses are taken into account by a single factor, z. Usually en is 
assumed equal to 1 when using the ENR formula. 

This formula probably is the most widely used dynamic pile
driving formula in the United States, mainly because of its 
simplicity. However, several investigators have noted the 
extremely wide range of safety factors determined when using 
this formula (7-10). Details of field studies that report com
parisons between pile capacity predicted by the ENR formula 
(and other formulas) and pile load test results are presented in 
the section titled "Comparative Studies." 

Modified Engineering News-Record (Michigan) 

This modified version of ENR was proposed in 1965 by the 
Michigan State Highway Department (6) as the product of an 

extensive study to compare the efficacy of several dynamic 
formulas to predict bearing capacity of piles. 

This version modifies the ENR formula by multiplying it by 
the factor, 

W +n2w/W +w 

which gives a ratio of combined ram-pile kinetic energy before 
and after impact. This factor, when multiplied by the initial 
energy, ehEh, defines the available energy after impact. 

Hiley 

Olson and F1aate (7) reported that Hiley developed his formula 
in an attempt to eliminate some of the errors associated with the 
theoretical evaluation of energy absorption by a pile-soil sys
tem during driving. The factor 1/2 (C1 + C2 + C3) is analogous 
to the factor Z in the ENR formula. C1 represents the peak 
temporary elastic compression in the pile head and cap. Chellis 
(8) has compiled values of C1. The factor Ci+ C3 represents 
the combined temporary compression of pile and supporting 
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ground and is based on field measurements. The Hiley formula 
is used extensively in Europe. 

Janbu 

This formula does not directly involve the law of impact. Janbu 
factored out of the conservation of energy equation a series of 
variables that are difficult to evaluate and combined them in his 
driving coefficient, Cd. The driving coefficient includes terms 
representing the difference between static and dynamic capac
ity, the rate of transferral of load into the soil with respect to 
depth, and hammer efficiency, and is correlated with the ratio 
of the pile weight to the hammer weight. The overall factor, Ku, 
modifies the driving coefficient by a term that includes A., 
which incorporates the length and cross-sectional area of the 
pile, Young's modulus for the pile, the hammer energy, and the 
pile set. 

Rabe 

Rabe's formula is empirical, but is more complex than other 
empirical formulas. It is a combination static and dynamic 
formula that accounts for soil conditions as well as most of the 
other factors that influence pile capacity. This formula can be 
cumbersome to use because to solve it requires extensive com
putation and several trial estimates of load. It is necessary to 
perform many of the computations before driving; otherwise, it 
becomes difficult to use in the field. 

Gates 

The Gates formula is a strictly empirical relationship between 
hammer energy, final set, and test load results. It was developed 
by applying a statistical adjustment (based on approximately 
100 load tests) to a significantly simplified form of existing 
equations. In his report, Gates (11) did not include the data on 
which his study was based and did not indicate the amount of 
scatter. It appears, however, that all soil types were included in 
the study. 

Wave Equation Analysis 

The problems associated with using dynamic pile-driving for
mulas to predict static bearing capacity of a pile are numerous. 
Many difficulties stem from the fact that pile driving is not a 
simple problem that can be solved by the direct application of 
Newton's laws (12). With the exception of Rabe's formula, 
none of the other formulas listed in Table 1 even attempts to 
account for the soil types and soil conditions into which the pile 
is being driven. Other problems develop from the simplifying 
assumptions made in accounting for energy losses in the sys
tem. Empirical formulas can only be used in restricted applica
tions because they generally are developed for specific pile 
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types, driving equipment, soil types, and soil conditions and are 
of limited general use. Evidence of this can be found in the 
"Comparative Studies" section of this paper. 

An alternate method of predicting static bearing capacity of 
piles involves analyzing the longitudinal wave transmission in 
piles by the wave equation. A wave equation computer pro
gram allows the user to predict the driving stresses induced in a 
pile for any blow of the hammer, determine the resulting 
motion of the pile during the impact, and determine the resis
tance of soil at the time of driving. This information allows the 
engineer to determine the compatibility of the driving equip
ment with the pile type, size, and soil conditions. From a 
theoretical standpoint, the wave equation models the develop
ment of bearing capacity in a pile driven into soil much more 
accurately than Newton's impact laws. However, because of 
the complex nature of pile-driving problems, the only solutions 
to this problem currently available are based on numerical 
methods. Although Isaacs (13) in 1931 and Glanville et al. (14) 
in 1938 related the wave equation to pile driving, the first 
practical form was not developed until the early 1960s by Smith 
(2). Smith's solution consists of using a finite-difference 
method to numerically model the wave equation, thereby cal
culating the pile set for a given ultimate load. Since the pub
lication of Smith's paper, a multitude of computer programs 
have been written that use a numerical model of the wave 
equation to analyze the pile-driving problem. Some of these 
programs incorporate finite-element methods rather than finite
difference methods. Two programs are of special interest in this 
paper and will be discussed next. 

A wave equation was developed by Hirsch et al. (15) in the 
mid-1970s for determining the dynamic behavior of piles dur
ing driving. This program, commonly known as the Texas 
Transportation Institute (TTI) wave equation program, was 
developed by the Texas Transportation Institute under the aus
pices of the FHWA. The TTI program was intended for general 
practical use by highway departments and was meant to assist 
them in the understanding, use, and practical application of 
pile-driving analysis by the wave equation. 

In the late 1970s and early 1980s, a wave equation program 
known as Wave Equation Analysis of Piles (WEAP) was 
developed by Goble and Rausche (16) under contract to 
FHWA. The motivation for the development of the WEAP 
program came from problems the New York State Department 
of Transportation (NYSDOT) encountered when it attempted to 
incorporate the TTI wave equation program into its pile-driving 
practice. NYSDOT experienced serious problems when TTI 
was used for piles driven by diesel hammers in that unrealistic 
values of driving stresses sometimes were obtained. The 
WEAP program improved on the TTI program by analyzing 
piles driven by diesel hammers using a thorough model of both 
the thermodynamic and mechanical hammer operation. WEAP 
also improved and refined existing techniques for wave anal
ysis of piles driven by air-steam hammers. 

Pile Analyzer 

Two major shortcomings of most dynamic pile analyses are the 
uncertainty of the actual energy applied by the hammer to the 
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pile and the distribution of soil resistance along the pile. 
Research begun in 1964 at Case Western Reserve University 
under Goble initially concentrated on using electronic equip
ment to measure force and acceleration at the top of the pile for 
each blow of the hammer so that the actual applied energy 
could be determined. Using these data, Goble et al. were able to 
relate their dynamic measurements to static bearing capacity 
using a single force-balance theory (17). Static bearing 
capacities predicted by the proposed theory were compared 
with model pile load tests, full-scale load tests, and load tests 
conducted in Michigan (17), with the results indicating that the 
method showed promise as a means of predicting static bearing 
capacity of piles. 

A later study extended the application of the force and 
acceleration methods to the calculation of the distribution of 
soil resistance along the pile (18). The prediction of the magni
tude of dynamic soil resistance is an important factor in choos
ing efficient hammer characteristics. In addition, two methods 
were used to predict static bearing capacity: (a) an improved 
version of the force-balance theory discussed earlier, and (b) a 
wave equation analysis method. The static capacities predicted 
by these two methods were compared with load test data, with 
the result that both methods yielded better correlation with the 
load test results than any of the energy formulas they used The 
best predictions resulted from the wave equation analysis 
method as a result of the inclusion of both dynamic and static 
soil resistance. 

Published in 1979 by Rausche and Goble (19) a further 
development using force and acceleration measurements sug
gested a procedure for detecting discontinuities and reductions 
in cross section at points along the pile below the ground 
surface. The theory behind this method is the use of one
dimensional wave propagation to predict the effect that stress 
waves produced by pile damage would have on force and 
acceleration records. The actual records are then examined to 
determine if evidence of pile damage exists. 

A major drawback in the early use of this electronic measur
ing equipment was that personnel well trained in electronics 
were required to operate the equipment in order to achieve 
usable results (16). In order to make this method feasible for 
routine use in the field, special-purpose computers were 
designed and constructed to perform all necessary computa
tions and display the results. This equipment has been changed 
and improved through the years and is now available from Pile 
Dynamics, Inc., a privately owned company. The proprietary 
name of this equipment is the pile driving analyzer, but it is 
more commonly known as the pile analyzer or the "Goble" 
analyzer. 

CURRENT PRACTICES OF STATE 
TRANSPORTATION DEPARTMENTS 

To assess the current practices of state transportation depart
ments, a letter was sent to each state and the District of 
Columbia requesting the following information: 

1. Method(s) used for construction control of pile driving. 
2. Any comparative studies of various pile driving formulas. 
3. Any data comparing field load test resuits with results 

predicted from formulas or wave equation analyses. 
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4. Whether a pile analyzer had been used, and if so, whether 
the department was satisfied. 

Thirty-five responses were obtained from the 50 letters sent. 
All regions of the country are represented and, although several 
replies were quite brief, it is believed that on the whole a 
reasonably detailed picture of current practice has been 
obtained. The following discussions are based on the responses 
received. 

Construction Control of Pile Driving 

Despite the multitude of dynamic methods available for estima
tion of pile capacity, only a handful appear to be used by 
transportation department engineers. Based on the responses 
received, several points are clear. First, the ENR formula, either 
in its original form or more often a modified version, is by far 
the most popular dynamic formula used. Second, wave equa
tion methods, such as the WEAP computer program, are widely 
used also. Third, use of pile analyzers is growing, but is still not 
prevalent. 

Twenty-two states replied that they use the ENR formula in 
its original or modified form and one state replied that 
"dynamic formulas" are used, but did not indicate which ones. 
No other formulas were mentioned. 

Wave equation methods are used by 11 states. However, 
Florida uses them only to size the pile driving hammer, and 
North Carolina uses them to determine drivability. Both of 
these states use an ENR formula for estimation of pile capacity. 
Wyoming uses wave equation methods only for friction piles. 
New York and Pennsylvania both have extensive experience 
with wave equation methods. Both require a wave equation 
analysis for all pile jobs. New York uses the WEAP program; 
Pennsylvania did not indicate the specific method used. Rhode 
Island and Nevada both stated that they abandoned the ENR 
formula in favor of wave equation analyses. In the case of 
Nevada, piles were being overdriven with the ENR formula 
and correlation with load tests was poor. 

New York and Wisconsin are the only two states that indi
cated that they use a pile analyzer in connection with con
struction control. On certain jobs, NYSDOT engineers perform 
their own dynamic pile load tests using the Goble pile analyzer. 
Using their own equipment, they have performed more than 
100 pile load tests with the Goble pile analyzer. They find it 
quick and relatively inexpensive compared with static load 
testing. The Wisconsin reply merely stated that a pile analyzer 
is used in addition to a modified ENR formula. 

Comparative Studies of Pile-Driving 
Formulas 

Twelve states indicated that some comparative studies have 
been made. Unfortunately, most of the studies cited were either 
quite old and no data are available, or informal. Only Michigan 
and South Dakota were able to provide reports documenting 
their work. Three states volunteered opinions based on infor
mal studies or experience. In New York's experience, WEAP is 
much better than any dynamic equation. In comparing WEAP 
predictions with the dynamic load test results, good agreement 
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is found "for certain soils and hammer types." When the 
WEAP program is inaccurate, it appears to be the result of 
either the assumed soil resistance distribution or the hammer 
model in WEAP. Diesel hammers present more problems than 
other types. 

Wyoming's comparisons have shown that the modified ENR 
formula they use is overly conservative, whereas Oklahoma 
found that ENR and "more sophisticated formulas" vary only 
"under extreme conditions." The results of Michigan's study 
will be examined in detail in the following section. 

Comparison of Pile Load Tests Results 
with Formulas and Wave Equation 

Only four states referenced published comparisons they had 
made (Arkansas, Louisiana, Michigan, and South Dakota). 
However, California, Kansas, Maryland, Mississippi, and 
Pennsylvania are currently conducting tests or analyzing old 
test results, and Kentucky is contemplating a study in the near 
future. Details of the published comparisons are presented next. 

Although the Pennsylvania study is not complete, officers 
stated that they are finding that both the wave equation and the 
pile analyzer underpredict capacity if there is no relaxation. 
The magnitude of the underprediction varies with the pile 
hammer system and appears to be greatest with light piles 
driven by heavy hammers. An example is cited of a Monotube 
driven with a Vulcan air hammer. They also stated that the 
driving stresses predicted by wave equation methods (WEAP, 
TTI) are reasonably accurate. 

Use of a Pile Analyzer 

Thirteen states indicated some experience with a pile analyzer 
and three plan to use one in the near future. Of those using an 
analyzer, New York and Pennsylvania appear to have the most 
experience. As discussed previously, New York has conducted 
more than 100 dynamic pile load tests using a Goble analyzer 
and is satisfied with the results. Pennsylvania also is satisfied 
with the analyzer but indicates that it underpredicts capacity, 
although not as much as a wave equation analysis. · 

Florida, Maryland, Idaho, North Dakota, and South Carolina 
have only limited experience with the analyzer (typically 
a FHWA demonstration project). Neither Idaho nor South 
Carolina was completely satisfied with the analyzer. Idaho 
stated that the analyzer failed to indicate damages that occurred 
to steel H-piles during driving, and South Carolina indicated 
that results were "uncertain." Maryland indicated satisfaction 
with the results from use of the analyzer, but expressed concern 
about finding trained personnel to monitor and evaluate the 
results if the analyzer were to be used exclusively. 

Washington State Department of Transportation 
Practice 

Washington State Department of Transportation (WSDOT) 
practice is similar to that in other states. For small pile-driving 
jobs the ENR formula is used for estimation of pile capacity 
and construction control of pile driving. The majority of pile 
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driving projects fit into this category. For larger projects, 
especially Interstate construction, both wave equation analyses 
and pile analyzers are used. Wave equation analyses, which are 
conducted by WSDOT personnel, are used to qualify pile
driving hammers that do not meet standard specifications and 
when problems are encountered during pile driving. When a 
pile analyzer is used, contractors are employed because 
WSDOT currently has no in-house capability for this type of 
work. 

COMPARATIVE STUDIES 

Many researchers have attempted to determine which of the 
many pile-driving formulas is best by comparing formula pre
dictions of pile capacity with pile load test results. Some of the 
more recent studies have included wave equation analyses and 
pile analyzer predictions. Because of the large number of 
formulas available, each study has concentrated on only a few 
of them. To further complicate the problem of determining the 
best formula, the method of static pile load testing used in each 
study is different. Also, the amount of information provided on 
soil conditions, type of pile-driving equipment, and selection of 
variables, such as coefficient of restitution or hammer effi
ciency, varies considerably. At best then, studies such as those 
discussed in the following paragraphs should be used primarily 
to indicate which formulas appear to be consistently among the 
better ones and to provide useful information on the variability 
of each formula. 

Comparisons between predicted versus measured pile capac
ity are cited by Chellis (8). He reports the results of com
parisons using 45 individual piles in which the static capacity is 
predicted by ENR, Hiley, a modified ENR, a modified Eytel
wein, Navy-McKay, Canadian National Building Code (Cana
dian NBC), and the Pacific Coast Uniform Building Code 
(PCUBC) formulas. The measured capacity is defined as the 
load on the net settlement versus load curve where the "rate of 
movement begins to increase sharply in proportion to the 
increase in load." The data include several different types of 
piles (thin, mandrel-driven corrugated shells, fluted steel shells, 
precast concrete, wood, and H-sections) and hammers (double 
acting, differential acting, and drop). The author used the 
ultimate capacity predicted by each formula. 

The Hiley formula gave the best results, followed closely by 
the PCUBC and Canadian NBC formulas. The average pre
dicted values of ultimate capacity were 92, 112, and 80 percent, 
respectively, of the measured pile capacities. Of equal impor
tance is the range of predicted values measured as a percentage 
of actual pile capacity. The Hiley formula produced a range of 
55 to 125 percent, the PCUBC formula range was 55 to 220 
percent, and the Canadian NBC formula range was 55 to 140 
percent. The other formulas were considerably worse. For 
example, the average for the ENR formula was 289 percent and 
the range was 100 to 700 percent, respectively. 

The author concludes that the Hiley, Canadian NBC, and the 
PCUBC formulas provide sufficiently good agreement with 
load test values to be used with a safety factor of 2.5 to 3. He 
also states "there would not seem to be much point in con
tinued use of the Engineering-News formula, except as a matter 
of interest in comparing it to results of more modern methods." 

Spangler and Mumma (JO) compared the predictions of four 
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formulas (ENR, Eytelwein, PCUBC, and Rabe) with load tests 
on 59 piles. A variety of pile types including H-piles, concrete, 
timber, Raymond step tapered. and pipe piles were included. 
The piles were located throughout the country and soil condi
tions varied considerably. The authors compared the working 
load predictf;'.d by the formula (for the PC.lJRC formula the 
predicted load was divided by 4) with the results of pile load 
tests and calculated a resulting safety factor. To obtain the 
ultimate load used in these comparisons, the authors calculated 
four failure loads for each test and averaged the results. 

An examination of the data for the ENR formula indicates 
that all the piles with safety factors under 1.0 had a set of 0.10 
in. or less, and those piles with a safety factor below 1.5 had 
sets of less than 0.25 in. The authors found no correlation 
between safety factor and type of pile material or length of 
penetration; however, friction piles tended to have higher 
safety factors then end-bearing piles. 

There was more scatter in the results predicted by the 
Eytelwein formula, compared with the other three formulas. 
Like the ENR formula, the worst predictions came from small 
sets. When the pile hammer was heavier than the pile, safety 
factors were particularly low. Again, friction piles had higher 
safety factors than end-bearing piles. 

The PCUBC formula was found to be most accurate for piles 
with deep penetration (greater than 45 ft) driven with a heavy 
hammer. For other cases, uneconomically high safety factors 
resulted. 

The Rabe formula gave the best results of the four with no 
safety factor below 1.0 and only one above 4.0. As with the 
other formulas, friction piles had the highest safety factor. 
There was no apparent correlation between safety factor and 
pile set, pile type, material, or hammer weight ratio. 

Agerschou (9) has compared load test results from 171 piles 
with predicted capacity based on 7 different formulas and the 
wave equation. The formulas used for comparison were the 
ENR, Eytelwein, Hiley, Janbu, Danish, [from Sorensen and 
Hansen (20)], and Weisbach. All of the piles extended into sand 
or gravel. The failure load was defined as the load at which the 
total settlement equals 10 percent of the pile diameter, except 
for those tests that involved hydraulic jacking, where failure 
was defined as the maximum load that could be reached by 
jacking. Three statistical evaluations of each formula were 
performed and the results are discussed in the next paragraph. 

Of the seven formulas compared, the ENR and Eytelwein 
formulas had by far the largest standard deviations, 0.78 and 
0.57, respectively. The wave equation analysis, although an 
early implementation not as accurate as current codes, had the 
lowest standard deviation, 0.23. Janbu and Hiley were also 
quite good with standard deviations of 0.25 and 0.27. 

Agerschou (9) also calculated for each formula the safety 
factor that would have to be used to ensure that no more than 2 
percent of the piles had an actual capacity less than the pre
dicted capacity. For the ENR and Eytelwein formulas the 
necessary safety factors are 26 and 17, respectively. Janbu, 
Hiley, and th~ wave equation require much lower safety factors 
(3.6, 3.8, and 3.9, respectively). 

As part of a larger scope investigation, Mansur and Hunter 
(21) compared the ultimate capacity based on pile load tests for 
12 piles with computed capacities based on the PCUBC, Janbu, 
and ENR formulas. They used the average of fotir criteria to 
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calculate ultimate capacity. The piles included four steel pipes, 
two concrete, two steel H-piles, and one timber pile. Excellent 
correlation was found between predicted loads and test failure 
loads for the PCUBC and Janbu equations. Significantly worse 
results were obtained using the ENR formula. The ratio of 
actual failure load to predicte.d failure load averaged 1.07 for 
both PCUBC and Janbu, and 0.64 for ENR. The range of ratios 
for PCUBC, Janbu, and ENR, respectively, are 0.85 to 1.34, 
0.88 to 1.43, and 0.48 to 0.93. Both PCUBC and Janbu, on the 
average, underpredict the actual failure load, whereas the ENR 
formula overpredicted in all cases by factors ranging from 
approximately 1.1 to 2.1. 

Poplin (22) studied test pile data collected by the Louisiana 
Department of Highways, concentrating on 14- and 16-in.2 

precast concrete piles. Results of 24 load tests were compared 
with allowable capacity based on the ENR formula and a static 
soil mechanics analysis. The ultimate load based on load tests 
was the "load at onset of large displacement" or the load at 
which 1 in. of settlement occurs. On the average, predicted 
capacity based on static soil mechanics techniques was close to 
actual capacity. The average ratio of predicted-to-actual capac
ity was 0.964; however, the range was 0.40 to 1.84. The ENR 
formula, in the form that includes a safety factor of 6.0, 
provided an average safety factor of approximately 2.0 (aver
age predicted-to-actual capacity = 0.506). The ratio of pre
dicted allowable load to actual failure load ranged from 0.107 
to 1.0, corresponding to actual safety factors between 1.0 and 
9.4. As with other studies, the extreme variability of the ENR 
formula is demonstrated. Poplin was unable to find any correla
tion between actual safety factor and either pile weight or pile 
size. 

Kazmierowski and Deva ta (23) report the results of a pile 
load testing program undertaken in Ontario, Canada. Five test 
piles were driven into a soil profile consisting of irregular 
cohesive layers of clayey silt and granular layers of silt to silty 
sand with some gravel. The five piles consisted of an H-section 
with a reinforced top flange, a closed-end steel pipe filled with 
concrete, two precast reinforced concrete piles, and a timber 
pile. All piles were driven by diesel hammers. 

The ultimate capacity of each pile was predicted by the.· 
modified ENR formula (Michigan equation) and the Gates, 
Janbu, and Hiley formulas. In addition, a pile analyzer was 
used to predict ultimate bearing capacity and to measure the 
stress and energy developed in the pile during driving. Static 
analyses also were conducted using Meyerhof's method for the 
portion of the pile embedded in cohesionless soil and Tornlin
son's method for the portion in cohesive soil. 

Kazmierowski and Devata (23) calculate the ultimate pile 
capacity based on three different criteria (M.T.C., Davisson, 
and Flaate). The three criteria produced reasonably good agree
ment with a maximum deviation of 31 percent. Based on these 
comparisons, the authors concluded that the Hiley, Janbu, and 
Gates formulas all give acceptable consistency, with the Hiley 
formula generally predicting the highest capacity and the Gates 
prediction generally on the low side. The Janbu formula was 
best for concrete piles, Gates was best for pipe and timber piles, 
and the Hiley equation was closest for the H-section. 

Three different estimates of ultimate capacity were made for 
each pile using the analyzer-an initial field prediction, an 
initial reanalysis before the load test, and a final reanalysis after 
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the load test. Except for the longer of the two concrete piles, the 
field predictions were very accurate. (The consultants who 
operated the analyzer attributed the large error in the longer 
concrete pile to incorrect wave speed estimates in the field.) 
However, because two reanalyses were deemed necessary by 
the analyzer consultants, it is difficult to have much confidence 
in the initial values. This illustrates an important consideration 
concerning use of a pile analyzer: the results are subject to 
interpretation and can be very sensitive to the assumptions 
made. 

Olson and Flaate (7) measured the capacities of 93 piles 
driven into sandy soils and compared these values with pre
dicted capacities using the ENR, Hiley, Gow, PCUBC, Janbu, 
Danish, and Gates formulas. Several different criteria were 
used to measure ultimate pile capacity from field tests. The 
authors state that this results in a scatter of about 15 percent in 
the results, but do not provide specific information on the load 
test results. Olson and Flaate performed linear regression 
analyses on the data to determine the slope and intercept of a 
straight line fit and calculated a correlation coefficient. Sepa
rate analyses were performed for timber piles (N=37), concrete 
piles (N=l5), steel piles (N=41), and all 93 piles combined. The 
authors found that in all cases the ENR and the Gow formulas 
were clearly inferior to the others. Janbu's formula was found 
to be most accurate for timber and steel piles, but no formula 
was determined to be best for concrete piles, probably because 
of the small number of concrete piles analyzed. The Janbu, 
Danish, and Gates formulas had the highest average correlation 
coefficients, although the PCUBC and Hiley formulas were not 
much lower. 

Ramey and Hudgins (24) compared pile load test results with 
predictions by five dynamic equations, a wave equation anal
ysis, and static soil mechanics methods. The load tests were all 
on piles located in Alabama and adjacent southeastern states. 
The ultimate capacity was defined as the load at which the 
slope of the load-settlement curve reached 0.01 in./kip. The 
formulas used were the ENR, modified ENR, Hiley, Gates, and 
Danish formulas. A total of 153 pile load tests were used with 
the following breakdown according to pile type: steel-H (48), 
steel pipe (38), precast concrete (32), and timber (35). Forty
eight of the piles were driven into clayey soils, the remaining 
105 were driven into predominately sandy soils. Statistical 
analyses were performed on the data in a manner similar to that 
done by Olson and Flaate (7). The analyses were broken down 
into different pile types, hammer energy, and soil type. In 
reviewing their results, one finding is quite surprising and 
overshadows all the others. In direct contrast to all other inves
tigations reviewed, the ENR formula was found to give the best 
overall correlation with pile load test results. The Gates for
mula was almost as good as the ENR formula, but the Hiley 
equation was found to be the worst. 

Although the results described in the preceding paragraph 
may be surprising, the comparison of pile load tests with wave 
equation predictions is in line with the findings of other inves
tigat-ors. The authors found that the wave equation gave consis
tently better predictions of pile capacity compared with 
dynamic formulas. The authors state that they had little infor
mation regarding pile-driving accessories, capblocks, or condi
tion of the hammer used, and therefore they expect that the 
accuracy of their wave equation analyses could be improved. 
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The authors concluded that the wave equation method "should 
become a valuable tool for the foundation engineer." 

Housel (25) presents the data gathered by the Michigan State 
Highway Department in its study of pile driving. The ENR 
formula and the modified ENR formula predicted capacities 
that were compared to failure loads of 19 test piles. Fourteen of 
the piles were 12-in. outer diameter (OD) steel pipes filled with 
concrete and driven closed-end; two were H-piles; three were 
open-end pipes, two of which were driven in clayey soils and 
one driven in granular soil. 

Although the results of the comparison show that the modi
fied ENR formula gives somewhat better results on the aver
age, the authors conclude that "from the standpoint of a reli
able estimate of capacity, the range of variation improved only 
slightly and there appears to be no practicable way of increas
ing the formula's accuracy in predicting pile capacity for the 
great variety of field conditions under which piles must be 
driven." 

In a study conducted in Arkansas by Welch (26), seven piles 
were tested and predictions of capacity based on a wave equa
tion analysis, and the ENR, Hiley, and Danish formulas were 
compared with pile load test results. The Engineering News 
formula consistently overpredicted capacity by as much as 900 
percent, whereas the Hiley formula and the wave equation 
predictions were quite accurate. The author recommends the 
use of both the Hiley equation and wave equation analyses. 

The literature cited clearly shows that no one formula is 
consistently better than the others. Even when specific com
binations of pile type, hammer, and soil conditions are consid
ered, it is not possible to be sure which formula will be best. It 
does appear, however, that the Hiley, Janbu, and Gates equa
tions are better, on average, than the others examined. The 
PCUBC formula also gives reasonable estimates of pile capac
ity. With a single exception, all investigators found the ENR 
and modified ENR formulas to be among the worst. 

All investigators were consistent with regard to wave equa
tion methods. A wave equation analysis of static pile capacity 
was consistently equal to or better than the best formula predic
tions, despite old versions of wave equation computer pro
grams being used in many studies in which input information 
was not always accurate. It is likely that modem computer 
codes that include accurate information on specific hammers, 

. combined with good geotechnical data, would compare even 
more favorably with dynamic formulas. 

CONCLUSIONS 

Based on the literature reviewed and the experiences of other 
state transportation departments, it appears that the current 
practice of many state transportation departments can be 
improved significantly. From a purely technical point of view, 
the use of a pile analyzer on all projects probably would be the 
best solution. The authors believe, however, that this is not 
practical for several reasons. An analyzer is expensive, difficult 
to maintain, and requires experienced personnel. For most pile 
driving jobs, the benefits would probably not justify the costs. 
Scheduling problems could occur if only one analyzer and crew 
were available and there were several pile driving projects 
spread out across the state. In those cases in which use of a pile 
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analyzer is justified, a private company specializing in pile 
analyzer work could be used. 

Expanded use of wave equation analysis is recommended 
with the goal of performing such an analysis on all pile driving 
projects. This will require training programs for project engi
neering staff and should be phased in over a period of time. 

The ENR formula has been shown to be inaccurate in most 
cases and can lead to unacceptably high and low safety factors. 
However, the use of pile driving formula as a construction 
control tool is extremely valuable in many instances. There
fore, it is recommended that all versions of the ENR be 
replaced by one or more of the following formulas: Hiley, 
Gates, Janbu, or PCUBC. Because it has been shown that the 
accuracy of any pile driving formula is dependent on soil type 
and pile type, no one formula can be recommended for all 
states under all conditions. Research and analysis should be 
done by the individual state transportation departments to 
determine which of the previously mentioned four formulas (or 
perhaps some other formula) is best for the soil conditions and 
types of piles encountered m each state. 
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