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Disclaimer 

The contents of this report reflect the views of the authors 

who are responsible for the facts and the accuracy of the data 

presented herein. The contents do not necessarily reflect the 

official views or policies of the Federal Highway Administration. 

This report does not constitute a standard, specification, or 

regulation. 
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ABSTRACT· 

A procedure for predicting the bearing capacity of an axially 

loaded pile is presented herein. Field data consisting of measured 

dynamic forces and static loads are correlated with predicted results 

obtained from wave equation analyses. The field data are obtained 

from five full-scale instrumented pile tests in clay and sand. Soil 

quake values and soil damping values are determined for both clay 

and sand. Application of wave equation analysis for predicting 

bearing capacity and driving stresses is discussed. Conclusions 

and recommendations are presented to summarize the state-of-the-art. 

KEY WORDS: Wave Equation Analyses, Predicted Bearing Capacity, 
Predicted Driving Stresses, Soil Quake, Soil Damping, 
Dynamic Pile Tests, Static Pile Tests, Piles in Clay, 
Piles in Sand 
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SUMMARY 

The information presented in this report ,,ras developed during the 

sixth and final year of Research Study 2-5-67-125 whlch was a coopera­

tive research study entitled "Bearing Capacity for Axially Loaded 

Piles" sponsored jointly by the Texas Highway Department and the 

Federal Highway Administration. 

A brief history of the one-dimensional wave equation application 

to the pile driving problem is presented in this final report. Simu­

lation techniques for the pile-hammer and pile--soil systems are dis-

cussed. 

Results of static load tests on five instrumented test piles 

are tabulated and load vs. settlement curves are plotted. Physical 

descriptions of the test piles and soil profiles at the test sites 

are given and the driving records are summarized. 

Static load test data are used to compute normalized load trans-· 

fer and tip load vs. movement curves for sand and clay, and soil 

quake values are determined for each soil type for loading and unload­

ing conditions. Dynamic force vs. time data from the head of each 

test pile were recorded during driving and redriving eight to eleven 

days later. The dynamic data are used to determine friction damping 

and point damping values for sand and clay which produce the best 

overall correlation between measured and computed pile stresses and 

blow counts. The procedure for predicting pile bearing capacity by 

wave equation analysis is described. A bearing graph is produced for 
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each test pile and the predicted capacities are tabulated and compared 

wI tli the capacities meastxe.d by load test. 

Applications of wave equation analysis to several common pile 

drlving problems are ilhistrated, Field control of dd.ving stresses, 

development of bearing capacity versus depth curves, and comparison 

of various hammer types ate considered. 
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IMPLEMENTATION STATEMENT 

The findings of this study as presented in this state-of-the-art 

report on bearing capacity of axially loaded piles are recommended for 

immediate implementation by concerned personnel. Unqualified use of 

the data given in this report should be limited to applications where­

in the soil conditions are essentially the same as those surrounding 

the piles tested during the research study. Different soil conditions 

should warrant one or more load tests to validate the adequacy of the 

findings of this report for the existing situation. 
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INTRODUCTION 

Ifistorical Background. - Over the years, the use of piles for 

foundations of heavy structures and the use of new pile driving methods 

has created more and more interest in. finding a reliable method to 

predict pile bearing capacity. Issacs (11)* is credited in 1931 with 

first noting the applicab:i.lity of the one-dimensional wave equation 

to the piling behavior problem. In 1932, Fox (6) proposed an exact 

solution for the piling behavior problem, which was later verified by 

Glanville (10) in 1938. However, the solution was very complex and, 

since electronic computers were not available, many simplifying 

.assumptions had to be made. In 1940, Cummings (3) rev:i.ewed the 

earlier work and noted the long and complicated mathematical expres­

sions involved in the solutions. Smith (19) made a real contribution 

in 1950 by developing a solution to the wave equation based on a dis·­

crete element idealization of the actual hammer-pile-soil system. 

Then, in 1960 Smith (18) published a paper which dealt exclusively 

with the application of wave theory to the investigation of piling 

behavior during driving. 

The research effort on wave equation analysis of piling behavior 

began at Texas A&M University in 1962. The Texas Highway Department 

at that time was experiencing difficulty involving the cracking of 

long prestressed concrete piles. Consequently the main research effort 

*Numbers in parentheses refer to the references listed in Appendix I. 
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during the period 1962 to 1967 was directed. towards the development of 

good driving practices which would prevent the cracking of these p Ues. 

From 1967 to the present, the ma.in research effort has been dlrected 

towards the prediction of pile bearing capacity by wave equation anal­

ysis. For the past several years a number of instrumented pile tests 

have been conducted at actual bridge sites and the field test data 

have been used to determine improved soil parameters for use in pre­

dicting bearing capacity. 

Research Objectives. - Because this is a final report covering the 

research accomplishments since 1967, it is appropriate to state the 

objectives of the study. The broad objective of the study was to 

develop a procedure using wave equation analysis whereby the bearing 

capacity of an axially loaded pile could be predicted for any hammer­

pile-·soil system. To accomplish this broad objective the study was 

divided into three phases as follows: 

Phase I - The objective of this phase was to conduct laboratory 

tests on a variety of soils in order to study dynamic soil properties, 

and to develop and test a miniature test pile in preparation for full­

scale instrumented pile tests. 

Phase II - The objective of this phase was to develop and test 

full-scale instrumented test piles at actual bridge sites, and correlate 

dynamic and static resistance using the field test data. 

Phase III - The objective of this phase was to accomplish the final 

analysis and correlation of the field test data and develop the most 

current design procedure for predicting the bearing capacity of an 

axially loaded pile by wave equation analysis. 
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This is the final state-of-the-art report for this research study. 

It contains the information necessary to satisfy the objective of Phase 

III. In addition to this report there have been seven other research 

progress reports published. Research reports 125-1 (9), 125-2 (12), 

and 125-3 (17) cover the research progress made under Phase I. Research 

reports 125-4 (16), 125-5 (1), 125-6 (20), and 125--.7 (7) cover the 

research progress made during Phase II. 
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WAVE EQUATION ANALYS i.S 

Pile-Hammer Simulation. - The accomplishments of the research 

effort on wave equation analysis during the period 1962-1967 are pub­

lished in research report 33-13 (14) . The state-of-the.,-art report 

covers in some detail the numerical solution of the wave equation, 

the recommended methods of simulation for the various pile driving 

hammers, and the recommended load-deformation properties for the 

various cushion and capblock materials. Also, research report 33-9 

contains a listing of the wave equation computer program and a utiliza-

tion manual. 

A generalized simulation of the hammer-pile system is shown in 

Fig. 1. The various computer input parameters requtred for the hammer­

pile simulation include initial impact velocity, the weights of the 

different components, the stiffnesses and coefficients of restitution 

of the various materials, and a slack parameter which equals explosive 

force for diesel hammers or is used to specify the ability to transmit 

tension for other hammers. The wave equation computer program has 

been formulated to handle drop hammers; single, double, and differential 

acting steam h:muners; and diesel hctmm.ers. The hammer-pile simulation 

would differ for each ha:rmner type and would not necessarily be the 

same as represented in Fig. 1. The simulation of the different type 

hammers is given in detail in Appendix B of research report 33-13 (14), 

The hammer-pile simulation show..1. in Fig. l is representative of the 

driving components used for a prestressed concrete pile. The instrumented 
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p U cs whtch were tested this rese~rch study Lncluded both pre-

stressed concrete and steel pipe piles. ln the case of the steel 

pl.pc pile, the hammer-pile simulation would normally involve steel­

on-steel impact between the pile cap (adapter) and the pile. The 

simulation shown in Fig, 1 would be changed by replacing the pile cap 

with an adapter and removing the cushion. Consequently, the stiffness -

K (3) of Fig. 1 would represent the stiffness of the first pile seg­

ment only. As was reported in research report 125-7 (7), it was 

necessary to make changes in the stiffness values in order to match 

measured and computed force-time data for the instrumented test 

piles. These changes in stiffness values are discussed and justified 

in research report 125-7 (7), and in this report in the section on 

analysis of test pile data. 

Pile-Soil Simulation, The state-of-the·-art accomplishments of 

this research effort on wave equation analysis during the period 1967-

present are mainly concerned with the pile-soil system. This report 

covers in some detail the methods of instrumenting the test piles and 

the procedures used to conduct the field load tests. The section on 

analysis of test pile data covers the correlation of dynamic and static 

resistance using the data obtained from the field tests. Also, the 

application of wave equation analysis for use in predicting bearing 

capacity and driving stresses is reviewed and recommended design pro­

cedures are given. 

The pile-soil system simulation used in the wave equation analysis 

is given in Fig, 2. The computer input parameters needed for the 

pile-soil simulation include the static soil resistance, the soil 

quake, and the soil da:mping. The static soil resistance is input as 
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point resistance-RUP and the side resistance-RU, which can be distributed 

uniformly or in accordance with any variation in the soil profile. The 

total soil resistance-RUT is the sum of the side resistance and the 

point resistance. Soil quake-Q, which is the amount of static deforma­

tion the soil will experience before failure as shown in Fig. 3a, is 

input both along the side and at the point of the pile. The magnitude 

of the quake can be different for different soil types, and the loading 

and unloading value can differ. The soil damping, which accounts for 

the dynamic soil behavior, is input as side damping--J I and point damp­

ing-J. The magnitude of the soil damping can be different for different 

soil types and the values of side damping and point damping can differ. 

The soil load-deformation relationship used in the wave equation 

analysis is shown in Fig. 3a, and the pile-soil model is shown in 

Fig. 3b .. The soil resistance mobilized during dynamic loading is 

determined using the equation given in Fig. 3b. The terms appearing 

in this equation are defined as follows: 

R = dynamic or static soil resistance, pounds; u 

J = a damping constant for the soil at the point of the pile, 
seconds per foot; 

J' = a damping constant for the soil along the side of the pile, 
seconds per foot; and 

V = the instantaneous velocity of a seg,Tt1ent of the pile at a 
given time, feet per second. 

As a result of the laboratory tests conducted in 1968 by Gibson (9) 

and the model tests conducted in 1969 by Korb (12), this equation was 

modified by raising the velocity term to a power N, where O < N < 1.0. 

Later studies using some of the initial field test data were made by 
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Bartoskewitz (1) in 1970 and VanReenen (20) in 1971. These studies 

8howed that, at the hJ.gher velocities e:i-:perienced in the field, the 

<lamping parameters J and J' were constant for velocity raised to 

the power N = 1.0. The,cefore, the equation shown in Fig. 3b was used 

in the wave equation analysis of all field test piles. 

It is important to note at this point in this final report that 

the reliability of predicted bearing capacity and predicted driving 

stresses is primarily a function of the correctness of the soil para­

meters used in the wave equation analysis. The main research effort 

during the past year has been directed. towards the determination of 

appropriate soil parameters. The static test data from five instru­

mented field test piles have been used to determine appropriate values 

·of soil quake for sand and clay. Using measured dynamic force-time 

data as input at the pile head from the five test pHes and the 

appropriate static soil quake values, a satisfactory combination of side 

and point damping has been determined. The correctness of the soil 

parameters has been verified by comparing computed bearing capacities 

and pile stresses with measured test pile data. These soil parameters 

are applicable to soil and driving conditions which approximate those 

which existed at the time the data were acquired from which the param­

eters were derived. For wave equation analysis of piles under dissimilar 

conditions it will be recommended that at least one load test be per­

formed to either substantiate the suitability of the parameters for 

the given conditions, or establish new parameters by correlation of 

theoretical and measured test loads in a manner consonant with the 

procedures discussed in the "Analysis of Test Pile Data. 11 section of 

this report. 
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INSTRUMENTED TEST PILES 

Port Arthur Test Piles. - During November, 1969, two instru­

mented test piles were driven and load tested at the Intra.coastal 

Canal Bridge on State Highway 87, south of Port Arthur, Texas. Both 

piles were 16-in. OD, 3/8 in. wall thickness, closed end steel pipe 

piles driven by a Link Belt 520 diesel hammer. Test pile No. 1 

(PA 1) had a total length of 67 feet and an embedded length of 62 

ft. Test pile No. 2 (PA 2) had a total length of 78 ft and was 

embedded 74 ft. Both piles were statically load tested using the 

Texas Highway Department Quick.J.oad Test Method (8). The initial 

load test was conducted within two hours after driving and the final 

load test was conducted 11 days after driving. The piles were re­

dr:lven approximately 5 ft upon completion of the 1.1 day static load 

tests. 

Strain gage bridges at the pile head and tip were used to deter­

mine the total static soil resistance (RUT) and the point-bearing 

resistance (RUP) during each load test. Dynamic force-time data 

for each strain gage bridge location were recorded during initial 

driving and final redriving. Soil profiles and locations of strain 

.gage bridges for the Port Arthur piles are shown in Figs. 4 and 5. 

The predominant soil formation at Port Arthur was Beaumont Clay 

overlain by recent river deposits. The water table was approximately 

·3 ft belowthe ground surface. 
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Blow counts of 16 blows per foot for PA l at initial driving 

(PA I-Initial) and 18 blows per foot for PA 2 at initial driving 

(Pi\ 2--Initial) were recorded for the lase: foot of driving, The 

blow counts for PA 1 Final (final redriving) and PA 2-Final (final 

redriving) were determined by averaging the relatively constant 

blow counts encountered after the piles were broken loose and moving 

relative to the soil, The redriving blow count for PA !-Final was 

72 hlows per foot and for PA 2-Final it was 200 blows per foot. The 

load settl(~mcmt curves, static load test data, dr:lving records, and 

computer input data used in wave equation analyses are g:lven Jn 

l\ppendix II. 

Corpus Christi TEst Pile, .,,,During May, 1971, a 16 in, square 

prestressed concrete pile was driven and statically load tested at 

Park Road 22 on the Intra.coastal Waterway near Corpus Christi, 

Texas. A Delmag D-22 diesel hammer was used to drive the pile to 

an embedded depth of 28,5 ft. The total length of the test pile 

was 38 ft. Static load tests were conducted using the Quick--Load 

Test Method within 1 1/2 hours after completion of initial driving, 

7 days later, and again at 10 days. The pile was re.driven approxi­

mately 4 ft upon the completion of the 10 day tesL 

The same set of measurements was obtained fo, ;::he Corpus Christi 

test pile as previously discussed for the Port Arthur test piles. 

Strain gages bridges were employed near the pile head and tip to 

measure RUT and RUP during static load tests and to obtain dynamic 

force-,time data at each gage location during initial driving 



(CC Initial) and final redriving (CC--Final). The soil profile and 

location of the strain gage bridges for c·-,e Christi are 

shown i.n Fig. 6. The soil profile shows the test pile to be entirely 

<mtbedded ln saturated sand with the water table at a. depth of 5 ft 

bolow the ground surface. The load-settlemen.t curves and static load 

test data are given in Appendix II. 

Blow counts were recorded in the field for the Corpus Christi 

test pile at initial driving and final redriving. The average blow 

count over the last foot of driving for the initial test (CC-Initial) 

was 48 blows per foot. The average blow count for the first six 

inches of final redriving (CC·-Final) was 84 blows. per foot. The 

driving records and computer input data axe given in Appendix II. 

!~rli_n&e.n .test Piles. - Two test piles were driven and stat!-

cally load t,?.s ted near Harlingen, Texas during June, 

U.S. lUghway 77 at the North Floodway. The two test 

2, along 

were 

16 in. square prestressed concrete pilE,s driven by a Link Belt 520 

diesel hammer. Test pile No, 99R had a total length of 20 ft and 

an embedded length of 14.5 ft. Test pile No. 4L had a total length 

of 24 ft and was embedded 17.5 ft. Both piles were statically load 

tested using the Quick-Load Test Method w'lthin one hour after driving 

and again 8 days later. Both piles were redriven approximately 3 ft 

upon completion of the 8-day static load test. 

Strain gage bridges were used to record. both static soil :resis-

tance and dynamic force-time data. The soil and the lac.a-

tions of the strain gage bridges for the Harlingen test 
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shown in Figs. 7 and 8. These piles were driven through clay into 

sand. The water table is located at a depth of approximately 16 ft. 

Load-settlement curves and static load test data are given in Appen­

dix II. 

The blow counts for 99R, as recorded in the field, were 85 blows 

per foot for initial driving (99R-Initial) and 120 blows per foot for 

final redriving (99R-Final). A determination of the blow counts for 

4L was a problem as the pile evidently encountered a pocket of loose 

sand during initial driving. An insepction of the driving reeord in 

Appendix II shows that for the last foot of initial driving the blow 

count dropped, while for the final redriving the blow count increased 

after the first 4 inches of redriving. As a result, the blow counts 

used for this investigation were determined to be 43 blows per foot 

for initial driving (4L-Initial) and 48 blows per foot for final 

redriving (41·-Final) based on the similarity of the initial and 

final static load tests. The driving records and computer input data 

are given in Appendix II. 

A summary of the static load test results for all five test 

piles is given in Table 1. The total soil resistance-RUT (load 

measured at pile head) for each test is tabulated in columns 2 and 

3. The point resistance-RUP (load measured at pile point) for each 

test is tabulated in columns 4 and 5. It is significant to note 

that the point resistance did not change much between the initial 

and final load tests. An increase in total soil resistance between 

the initial and final load test is indicated in column 6 as soil 
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N 
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Pile 

No. 

( 1) 

,-....__--·· ---"" 

PA 1 

PA 2 

cc 

HAR 99R 

HAR 4L 

,.__·--=--= -='""" 
~ 

IA3LE 1. 

SUMMARY OF STATIC 10P.D TEST RESULTS FOR TEST PILES 

Static Soil Resis- Point-Bearing Re- Soil 
tance (mJrr)' tons sistance (RUP), tons 

"Set-Up" 

Initial Final Initial Final ffi-ffi Test Test Test Test 2 
(2) (3) (4) (5) ( 6) 

46.0 100.0 9.0 5.0 2.17 

54.0 131.0 8.0 10.0 2.43 

134.0 157.0 106.0 112.0 1.17 

185.0 199.0 116.0 118.0 1. 07 

129.0 133.0 81.0 88.0 
I 

1.03 

=~ 

RUP 
RlJT 

-·-
Initial Final 
Test Test 

( 7) (8) 

0.195 0.050 

0.148 0.076 

0.791 0. 713 

0.627 0.593 

0.628 0.662 



"set-up 0 or "freeze". The Port Arthur , which were embedded 

enttrely in clay, a able,. ;.;mount of 

The ratio of point resistance to total resistance for each test 

pile, which is a measure of the amount of total load carried at the 

point, is tabulated ln columns 7 and 8, These ratios indicate tha.t 

the Port Arthur test piles are frict:f.on. since only 5% to 20% 

of the total load is carried at the point. However, the Corpus 

Christi and Harlingen test piles, with the point embedded in sand~ 

are point bearing piles since 60% to 80% of the total load is 

carried at the point. A complete set of static test data is 

given in Appendix II for each load test, Since these data were 

measured, the static load distribution is known an.d was with 

the plle-soil simulation for the wave <'!!quat:1.on of t~ach 

test pile. 

21 



/\NALYSIS OF TSST PlLE DAT 

General Method of Analysis. - The general method or procedure 

used in the analysis of the test pile data was similar to the pro­

cedure used by Foye (7). Known computer input parameters were used 

where possible and unknown computer input parameters were varied in 

order to obtain the best possible agreement between the measured 

and computed stresses and bearing capacity for each of the test piles. 

Unknown parameters are defined as those which are required input for 

the computer program hut for which no field data are available for 

direct evaluation. In this study, the unknown parameters are the 

side damping - J 1 and the point damping - J. 

In the initial analysis of the Port Arthur and Corpus Christi 

data, Foye used hammer input data which included computed cushion 

and pile segment stiffness values based on the geometry and mechanical 

properties of these co1:1ponents. The computed stresses were found to 

be significantly larger than the measured stresses. By adjusting the 

stiffness (AE) value at the head of each pile the peak stress at that 
L 

point was made to agree with the measured value. The adjusted stiff-

ness value was then used to determine the best value of side damping -

J' using the measured blow count as the criterion. The adjusted 

stiffness values together with the best value of J 1 required for match-

ing computed and measu::ed blow counts witl-i hamrI:'2r input data yielded 

The limiting factor throughout Faye's inves tion was the assumption 
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that, in all cases, the soil quake Q = O.J in. and point damping 

J = 0.0. During this year the work started by Foye was con· ... 

tinned ,;Jithout the constraint of a constant Q and J. 

The ba.sic for analysis of the da.tc:, was to first determine 

appropriate values for soil quake - Q from the static load test data. 

Then, having appropriate values for Q and using measured dynamic 

force time data as at the head 9 a parameter study was con--

ducted to evaluate J and J''. With Q, J, and J' thus established, 

AE 
hammer simulation data were used to determine the value of -- at 

L 

the head of the pile which yielded the best correlation between 

measured and computed stresses. Finally, beari:1.g graphs were devel­

oped to allow an assessr,ent of the correlation between computed and 

measured bearing capacity based on the previously determined values 

AE 
of Q, J, J 1 • and . 

L 

Although Faye's general data analysis procedures were used, a 

few minor changes were made in the br!.sic simulation for the hammer­

pile and ptle-·soil systems. Three of the most significant changes 

were: 

1. For each test pile, 2-ft pile segments were used, whereas 

Foye had used 5-ft 

2. The ram of the pile harc•qer was simulated by a single mass, 

or segment, whereas Foye had used three segments. 

3. For those computer analyses where haIT.mer simulation data 

were used~ the Jrogram-computed value for the critical time 

interval 1/f'.ot was used; whereas Foye had used a manual input 
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value for 1/ /\t. (The critical time interval is the time 

allowed f:or the stress wave to progress along the pile at 

the rate of one segment per time interval.) 

Dynamic Forces and Static Loads. - A previous section of this 

report (Instrumented Test Piles) gives details on the location of the 

strain gage bridges along each test pile. Also, it was noted that the 

test sequence involved initial driving of the pile; static load test­

ing as soon as possible after initial driving; static load testing 

after an elapsed time of 8 to 11 days; and redrivi.ng after the final 

static load test. Dynamic data were recorded from the strain gage 

bridge outputs during the last 3 to 5 ft of initial driving and the 

first 3 to 5 ft of redriving (until the pile was moving relative to 

the soil and/or a constant redriving blow count was ach:l..eved). A 

calibrated load cell was used for the acquisition of dynamic data 

duri.ng the Port Arthur tests only. The outputs of the strain gage 

bridges during the dynamic tests were mechanically recorded on paper. 

This provided a permanent record of the load in the pile as a function 

of time at each bridge location for every blow of the hammer through­

out the time the data were being recorded. The force-time data at 

the top of the pile are particularly valuable from a wave equation 

analysis standpoint because these data can be used as input to the 

computer program. In so doing, all the uncertainties connected with 

simulating the hammer-pile system a.re eliminated. A partial listing 

of the uncertainties thus eliminated (see Fig. 1) would include ram 

impact velocity (which is also a measure of hammer efficiency); 
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coefficients of restitution for various elements above the pile head; 

dynamic stiffness values for the hammer elements; the explosive force 

i.n the chamber for diesel hammers; and others. Wlth force--time input, 

there is no need for a mathematical model which will predict or cal-

culate the dynamic force applied to the This force is known 

with a measured degree of accuracy, Therefore any discrepancies 

between computed and measured quantities below the hammer-pile inter­

face can be charged to an inadequacy in the pile-soil simulation. 

For the static load tests the calibrated load cell was used 

for every test. The strain gage bridges were located along the pile 

at points selected to yield the desired inforroatfon. The bridge at 

the head of the pile, along with the load cell, measured the total 

static force be1.ng applied to the p:ile any load :[.ncrement, 

The bridge at the point of the pile measured the load being supported 

by the pile in end bearing. The ratio of point load to total load 

must be known for wave equation analysis purposes. Interior strain 

gage bridges were placed so that they would be as close as possible 

to the interface of major soil stratum changes at the end of the 

initial driving. In this manner it was possible to determine the 

load transfer, in tons per linear foot of pile, for each stratum. 

Again, this information is useful for wave equation analysis purposes 

since it is possible to input soil parameters in accordance with 

the actual (measured) distribution £or each layer of soil. 

The nature of the static load test is such that the load is 

applied incrementally to the pile and the corresponding settlement is 
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measured for each load increment. This incremental loading, together 

with a judicious choice of strain gage bridge locations, makes it 

possible to determine the elastic behavior, or quake, of the soil. 

Soil Quake. - The soil quake - Q has been defined earlier as 

the amount of soil deformation or movement which must occur before 

the soil reaches a state of plastic failure, This concept has been 

shown graphically in Fig. 3a. The deliberate placement of strain 

gage bridges and the incremental nature of the static load test made 

it possible to develop load transfer versus movement curves for each 

stratum between bridges. Similarly, the data were used to construct 

a tip load versus tip movement curve for the soil beneath the tip of 

the pile. The details of the procedure used to develop these curves 

can be found in a paper by Coyle and Sulaiman (2). By developi~g. 

these curves from the static load test data it is possible to evalu­

ate quake - Q. 

Basically the procedure for obtaining the load versus movement 

curves consists of first obtaining the load transfer between an 

adjacent pair of strain gage bridges at each increment of load. A 

strain gage bridge measures the total load in the pile at the loca­

tion of the bridge. The difference between the readings of two 

adjacent bridges shows the amount of load which has been removed from 

the pile and is now being carried by the soil, hence the use of the 

term load transfer. A sketch of one of the Port Arthur instrumented 

piles is shown in Fig. 9. The numbers along the side of the pile 

designate strain gage bridge locations a:cd the letters refer to pile 
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segments between adjacent bridge locations. The load transfer for 

segment A is equal to the difference in readings of bridges 1 and 3. 

For any segment the load transfer is associated with some amount of 

movement of ·the segment. For each load increment the gross settle­

ment at the top of the pile is recorded (see Load-Settlement Curves in 

Appendix 11). The elastic compression of the pile can be calculated 

from the known physical and geometric properties of the pile and the 

known load at bridge locations. The movement at any bridge location 

for a given 1oad increment equals the observed settlement at the 

top of the pile minus the elastic compression between the top of 

the pile and the bridge location. The movement associated with a 

particular segment is the movement which occurs at the mid-point of 

the segmt~nt. As1mml.ng a linear load tr.ansfc.r between adjacent brtdge:i, 

the movement at the mid-point of the segment equals the average of the 

movement at the top and bottom of the segment. 

Presented in Fig. 9 are the load transfer versus movement curves 

for the initial test on Port Arthur Pile No. 1. Fig. 10 presents 

load transfer versus movement curves for the initial Corpus Christi 

pile test. For the determination of soil quake - Q, the load transfer 

versus movement data from all pile tests were grouped into four 

categories to include load transfe:r versus movement for clay; point 

load versus movement fer clay; load transfer versus movement for sand; 

and point load versus movement for sand. The grouped data are pre­

sented in Figs. 11 through 14. 
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The ultimate load transfer or point load for a pile may not 

always be unequivocally established by the static load test data. 

Ultimate load transfer as used herein means the maximum load trans­

fer that occurred regardless of how much movement occurs. For piles 

in clay which have been loaded until a plunging failure occurs, a 

maximum calculated load transfer can be determined. The test piles 

ln this investigation which were in clay were loaded until a plung­

lng or near-plunging failure occurred, as evidenced by the load­

settlement curves given in Appendix II. For piles in sand, plunging 

failures are less common and more difficult to attain. The deter­

mination of an ultimate load under these conditions may be ambiguous. 

This was found to be especially true during this investigation for 

point loads in sand (see Fig. 14). 

The ultimate loads represented by the data of Fi.gs. 11 through 

14 vary throughout an average range of approximately 50 tons, except 

for the point load versus movement curves for clay which has an 

ultimate load range of 13 tons. For example, the load transfer 

versus movement data for clay involves ultimate loads as low as 2 

tons and as high as 62 tons. To represent all the data within a 

particular category by a. single curve, the data of Figs. 11 through 

14 were normalized with respect to load transfer and point load. 

Each load transfer and ;:ioint load value fo·.c an individual curve was 

divided by the ultimate value for that curve, and the resulting quo­

tient was expressed as a percentage. For -::he data of Fig. 14, the 

maximum observed point load value was taken to be the ultimate value 

for that curve. 



'!'he p ilea from which th1;;1 data were obtain0d were similar in the 

di.menslon perpendicular to the longitudinal axis (16-in. diam. metal 

shell or 16-in. sq concrete). Therefore, the effect of the lateral 

dimension of pile size on the tude of Q could not be studied in 

this investigation. However, the values of quake as determined in 

this investigation are considered appropriate use by the Texas 

Highway Department because all piles tested were common sizes in 

current use for bridge foundations. 

The data normalized with respect to load transfer and point load 

were then plotted. A reasonable amount of data scatter was present. 

For each of the four categories a curve similar to the static c1.irrve 

in Fig. 3a was obtained by drawing the linear elastic and linear 

plastic lines which appeared to best approximate the non-linear 

data. The linear elastic-plastic plots are shown in Figs. 15 through 

18. The intersection of the linear elastic and plastic lines 

determines the value of quake - Q which is believed to be representa­

tive for each of the four categories. These values are shown in 

Table 2. 

TABLE 2. 

SUMMARY OF LOADING SOIL QUAKE VALUES FOR TEST PILES 

Soil Side Point 
Type Quake Quake 

Q Q 

Sand 0.2 0.4 

Clay 0.1 0.1 
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The quake values in Table 2 are designated as loading quakes 

because the values were derived from loading tests on piles. From 

the standpoint of a wave equation analysis the unloading quake is also 

of significant importance because under dynamic loading the motion of 

the soil with respect to the pile may change directions several times 

before the energy causing the displacement of the pile-soil system 

has dissipated. 

In an earlier laboratory research investigation (which was not 

part of this study) Dunlap (4) conducted triaxial tests on sand 

samples using various initial relative densities and moisture contents. 

The samples were subjected to cyclic loading at constant confining 

pressure and at constantly varying confining pressure. The stress 

versus strain data indicated that the secant modulus of the unload­

ing curve is higher than the secant modulus of the loading curve. The 

unloading secant modulus was not significantly affected by confining 

pressure. For a constant confining pressure, the unloading secant 

modulus remained essentially constant tl'1roughout the cyclic loading 

although there was some tendency for the modulus to increase with 

repeated loading. From the stress versus strain data obtained from 

Dunlap's work, it was indicated that the unloading quake for the soil 

surrounding a pile may be constant though not necessarily equal to 

the loading quake. 

From the stat:(c load test data obtained throughout this study 

it was possible to obtain some indication of the unloading quake under 

field conditions. Gross settlement at the head of the pile was 
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recorded with maximum applied. The was unloaded and .allowed 

to rebound, whereupon gross settlement was ag&:t.n recorded. The dif--

ference between the from maximum load to no-load yields a 

measure of the elastic re.c.ove:ry o:t thr:; pile-soil system. The elastic 

recovery, or quake, of the soil can then b,s, deduced by subtracting 

the elastic compression of the pile from the total elastic rebound; 

in a manner similar to used for comput::tng the movement for the 

load transfer curves. 

From the data obtained during this study, an unloading quake of 

0,1 in. was determined to be represtmtative of both sands and clays. 

An unloading quake of 0.1 in. was used for analyses reported here-

in. The wave equation computer program was modified to incorporate 

the ability to use a loading quake which differs from the unloading 

quake for analyses of piles in sand. For piles in clay, the loading 

quake equals the unloading quake as had been assumed for prior inves­

tigations. 

Soil Damping. - Having established the proper soil quake values 

for each soil type, the :next step in the procedure was to determine 

the proper soil damping values. This step was accomplished by con­

ducting a parameter study using known force-time data as input along 

with the established soil quake values. All reasonable combinations 

of soil damping values were used as input to the computer program and 

. the calculated pile stresses and blow counts were correlated with the 

measured pile stresses and blow counts. 

This study was basically concerned with piles in sands because 
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there was essentially no change in the input data for clays from 

what Foye (7) had used in his investigation. However, a limited 

study was conducted in order to determine the point damping for 

piles in clays. Previously, the point dam.ping was considered to be 

zero because the measured static and dynamic forces at the point of 

the piles were essentially equal. A parameter study was conducted for 

clays using small values of point damping. Other :input values used 

in the analysis were the measured force-time data. soil quake values 

of Q-point = Q-side = 0,1 in. and side damping - J' of 0.2 seconds per 

foot. The results showed that when a point damping - .J value of 0.01 

seconds per foot was used there was a better correlation between 

the calculated pile stresses and the measured pile stresses and the 

calculated blow counts were in closer agreement with the measured 

blow counts. 

An analysis of the Corpus Christi test pile was then conducted 

to determine the side and point damping values for piles in sand. A 

parameter study was made using as input the force versus time data 

measured at the head of the pile and the loading and unloading values 

of Q determined from the static load tests (Q-side = 0.2, Q-point = 0.4, 

Q-unloading == 0.1). Having the measured force wave shape applied to 

the top of the pile, the side damping and point damping values were 

the only unknowns associated with the pile-soil system remaining to 

be evaluated. Reasonable combinations of J and J' were selected and 

used to compute the pile stresses at the location of the strain gage 

bridges and the corresponding blow count. A partial tabulation of 
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the parameter study results i• in Table 3 (see next page). 

values th~t were determined 

in sand and piles in clay 

The side damping 

to be the most 

a.re given in Table l}. T'l:1~ VLlues in Table 4 were selected 

because their use produced the best overall agreement between computed 

and measured stresses and counts. 

TABLE 4. 

SUMMARY OF SOIL DAMPING VALUES FOR 

801.l 
Type 

Itriction 
Damping 

J' 

:::: --1-- :::-

F!VE TEST P!LES 

J 

0.15 

0.01 

Pile Stresses. - The procedure for determining the side and point 

damping values utilized the measured force-time data and the measured 

static bearing capacity to compute the predicted pile stresses and 

blow count. Elimination of hammer uncertainties by use of force-time 

data allowed a better determination of damping values by resolving 

the problem to one involving only the pile-soil system, and within 

that system the damping values were the only unknowns. However, in 

most cases where wave is used the force-time data 

will not be available and the hammer·-pile system simulation must be 

utilized. For that reason, the five test piles were also analyzed 

with hammer input data along with the proper quake and damping parameters 

to ascertain the agreement between computed and measured stresses, 
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.i:,. 
~ 

~ ... G-1-; ::: . 

SUMMARY OF PILE STRESSES AND BLO~,; co-_-=;-:;:s ?OR CORPUS C:HRISTI INITIAL USL:;G 

DIFFERENT SOIL DPJ,IPING VALUES, F:JRC:s-==:E "Jii.'IA }1..=rn Q-SIDE = 0.2, Q,-POEJT = C.4 

---------·-· -·----·---·· -----------------·---·-~-----· -----------------------------------------------------
Side Point Gage 

Dam.ping Dam.ping No. 

0.40 0.15 1 

2 

3 

0.50 0.10 1 

2 

3 

---"-=--~~---------
0,50 0.15 1 

2 

3 

Experim.en~s.2.. 
dynam.ic peak 
force (kips) 

505.6 

504.4 

218.1 

~--
505.6 

504.4 

218.1 

505.6 

504.4 

218.1 

Ol::n, counts 
I. - • • ) \ 01.-:rws /in. 

4.0 

4. () 

4.0 

Force-Time Input 
dynamic peak blow counts 
force (kips) (blows in.) 

502.3 

495.1 

292. 6 

502.6 

493.6 

277. 4 

502.8 

493.7 

177. 7 

3.84 

3.E'.3 

3.95 



/\s mentloned previously, 

higher than measured stresses 

's nnnlyAes of the Port Arthur and 

that predicted stresses were much 

the stiffness values(~) were 

computed from a generally accepted ,;;alue of Young's modulus-E for the 

material and the specified cross section a.c12a-A, To obtain reasonable 

stress agreements Foye had to apply a reduction factor to the computed 

stiffness value. For this investigation, the average stiffness value 

developed by Foye of 182 k~ps for the Port Arthur piles was used 
in. 

because the soil quake and soil friction damping values for clay 

remai1wd unchanged. Table 5 presents a summary of the peak dynamic 

stresses at each gage point for the Port Arthur pile tests. In gen­

eral, a better overall stress agreement was obtained with the force­

time input data. This was particularly true for the top two gages. 

For the analysis of the Corpus Christi pile, a new stiffness value 

had to be determined because different soil quake and point damping 

values were used. The stiffness value for the cushion plus the first 

pile segment for the Corpus Christi pile was determined to be 900 

kips/in. 

For the Harlingen piles, the cushion stiffness was determined to 

be 1400 kips/in. for the pile at bent 99R and 1000 kips/in. for the 

pile at bent 4L. This difference in the two stiffness values is 
i 

attri.buted to the differences in the driving conditions at the two 

sites which were located approximately one-half mile apart. 

Tables 6 & 7 summarize the experimental, force-time input, and 

hammer input dynamic peak compressive forces for the Corpus Christi 
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Pile 

No. 

PA 1-Juiti.al 

PA 1-Final 

PA ?-Initial 

PA 2-Final 

~rADL.E 5. 

SUMMARY OF DYNAMIC PEAK COJ.VJ.PRE~)i; IVE 

FORCES FOR PORT ARTmrn PILJ"SS 

Gage Experimental 
dynamic peak 

No. force (kips) 

l 182.4: 
'2 
,) 14:7.5 
1 55.5 
5 28.5 

1 294. 4 
3 180.6 
4 82.5 
tJ 56.G 

1 215.0 
2 190.8 
4 117.8 
5 36.0 

1 240.1 
2 273.8 
1 122.3 
5 23.0 
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Force-Time Input 
dynamic peak 
force (kips) 

182.4 
142.5 

74.5 
37. C 

294.4 
208.2 

77.2 
'36.7 

215.0 
196.9 

91.5 
31. 9 

240.1 
269.8 
100.1 
36.7 

Hammer Input 
dynamic peak 

force 
AE/L = 182 

(kips) 

237.7 
176.2 

94,. 7 
46.1 

274.7 
160.4 

45,9 
22.5 

241.3 
217.7 
118.2 

:Z,9, 0 

270.2 
295.3 
123.5 

39.4 



Pile 

No. 

CC Initial 

CC Final 

'I'ABLE 6. 

SUMMARY OF DYNAMIC PEAK COMPRESSIVE 

FORCES FOR CORPUt' CrIRISTI 'I'EST PILE 

Gage 

No. 

Experimental 
dymunic peak 
force (kips) 

]'orce-T\:me Input 
d.ynrunic 
force (kips) 

Hammer Input 
dynamic pea.k 

force 
AE/L = 900 

(kipG) _____________ ,, 
1 505.6 505.6 475.7 
2 501.4 495, I+. 383.2 
3 218, 1 193,2 379,4 

1 517,2 517.2 484.7 
2 511. 6 453.7 395,5 
3 248.0 251.4 345.3 
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'l1AI3LE 7. 

SUMMARY OF DYNAMIC PEAK COMPRESSIVE 

FORCES FOR HARLINGEN TEST PILES 

pjle Gage Experimental Force-Time Input Hammer Input 
dynamic peak dynamic peak dynamic peak 

No. No. force (kips) force (kips) force (kips) 
AE/L = 1400 

99R Initial 1 507 507.0 3B5.l 
2 4-56 484.5 15:'S. 2 
'7 
• I 249 201.fl ;iiJD. 1 

99R Final 1 152G 526.0 3iH.U 
2 106 483.0 4Ml. 9 
3 203 199.0 341.3 

Pile Gage Experimental Force-'I'ime Input Hammer Input 
dynamic peak dynamic peak dynamic peak 

No. No. force (kips) force (kips) force (kips) 
AE/L :;: 1000 

tJL Initial 1 45:z; 4-53. 0 355.6 
2 366 328.9 391.5 
'7 
,) 18:'\ 178. f:i 2 :36. 1 

4L Final 1 442 442.0 354.3 
2 377 350.9 41B. 7 
'7 
,) lElO 19EJ. 9 277 .1 
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and Harlingen of the values tabulated 

in Tables 6 & 7 reveal 

gave a better force 

prop er soil 

, in , the force·-t:bne 

ictiori. than the hamrner data. 

- In the fot· 

and the 

ured static bearing capacity was used as 

program a single blow count was computed, allowed 

a comparison between predicted and measured blow counts which were 

generally in good agreement:, Howevet·, the requirement of obtaining a 

predicted bearing capacity from a measured blow count could not be met 

under those circumstances. In order to obtain a predicted bearing 

c.apaclty, a bearing graph has to be developed by assuming 

values for the bearing capacity and allowing the program to compute 

a corresponding blow count. The data are plotte.d and the· predicted 

bearing capacity obtained. by entering the bearing graph with the 

measured blow count. 

The computed blow count is obtained. by taking the reciprocal of 

the permanent set of the pile per blow. The standard method used in 

the existing computer program to compute the permanent set is to sub­

tract the soil quake from the maximum computed. displacement at the 

pile tip. An alternative method for obtaining the permanent set is 

also available in the existing cornput:er program. For each time 

interval computatim.1~ the program the displacement of the 

last segment of the pile, the program is allowed to c011tinue 

computations until the calculated displacement remains nearly 



co11~:tant, the final calculated value may be n better rcprer;eut.atton or 

the permanent set. During this past year both methods were used. It 

was found that the two methods gave appro:idmately the same bearing 

graph. The alternate :method will generally yield a slightly larger 

permanent set (smaller blow count) for the same soil resistance. The 

bearing graphs presented in this report are based on the alternate 

method. In practice, the decision regarding which method to use will 

be somewhat dependent on the degree of refinement required and the 

amount of computer time available. Generally speaking~ the alternate 

method represents a greater degree of refinement and requires the 

greater amount of computer time, 

For piles in sand, the use of a loading quake different from 

the unloading quake requires that a new interpretat:I.on be given to 

the static soil resistance symbolically denoted by RUT. Before the 

introduction of different quakes, in order to obtain a bearing graph 

several values of RUT were selected. Each value of RUT represented 

an assumed potential of the soil to resist load. When the assumed 

RUT was less than the resistance which the hammer was capable of 

overcoming, the hamm.er could cause the soil at the tip of the pile 

to fail plastically and cause some amount of permanent set. This 

is illustrated in Fig. 19a where the assUlfo:?.d load resisting potential 

of the soil is RUT 1 and the hammer causes soil deformation at the tip 

to follow the path OAB to point B, and the soil rebounds along BC to 

point C. The permanent set is then OC. When the assumed RUT was 

greater than the capability of the hammer, the hemmer could not cause 

a plastic failure at the tip, Le. " the tip displacem.ent would be 
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equal to or less than the quake at the tip. With Q loading= q unload­

ing, the soil at the tip would rebound completely, or regain all its 

elastic deformation. Consequently, no permanent set was obtainable 

and an Lnfin:itely large blow count was the result. This is illustrated 

in Fig. 19a where, with RUT 2 assumed, the hammer causes the soil to 

deform only to point G, whereupon the soil rebounds along line GO back 

to point O with no resulting permanent set. 

With the assumption of a loading quake greater than the unloading 

quake, some amount of permanent set is always obtained. RUT again 

represents the potential of the soil to resist load. When the assumed 

RUT is less than the capability of the hammer, the conditions are 

basically the same as for the previous case as the hammer can cause 

plastic fa:i.lure in the soil. When the assumed RUT fa greater than 

the capability of. the hammer the soil does not fa:ll plastically but 

FJOme permanent set is obtained. This is represented in Fig. 19b where, 

with the soil potential assumed to be RUT 4 , the soil is displaced to 

point G. Upon unloading, the soil does not rebound along the loading 

path GO, but instead rebounds along GH to point H. The resultant 

permanent set is then OH. In this case the assumed value for RUT 4 is 

not the actual soil resistance nseen 11 or overcome by the hammer. In 

fact, the resistance overcome by the hammer is only a fraction of the 

full potential of the soil, RUT 4 , the actual amount depending on how 

near the soil came toe plastic fa.ilureo In order to obtain a mean­

ingful bearing graph the computed blow count must be plotted versus 

the amount of soil resistance overcome which is RUT'. 
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To pred kt the 

tnvestI Jon the piles 'were 

Values of 182, 900, 14-00,. and 

ness at head of the and. PA2 

Harlingen 41 piles respectively, The 

of th(,, 

hammer 

in. were 

this 

as the stiff-

99:R~ and 

are preseu.ted 

in Figs. 20 through 24. Table. 8 presents a summary of the measured 

bearing capacity for each pile test and the predicted capacities 

obtained with hammer simulation It has been pointed. out than. 

USf} of force-time 

This is also true for 

yields a. better agreement between stre.sses. 

capacity pred1.ction. For exam:ple 0 wave 

equation analysis of the Port Arthur No. 1 final test with force-

time input gave a predicted bearing capacity of 105 tons. This value 

differs from the measured pile capacity by 5%, whereas a 7% difference 

was obtained when the hammer simulation data were used. Similarly, 

for the Corpus Christi final test a difference of 5% was obtained 

with force-timej as compared to 32.5% with haro.mer simulation. It 

has been stated that the use of unadjusted stiffness values at the 

head of a pile would yield higher computed stresses. As a matter 

of interest, the PAl final test pile was analyzed usirig the stiff­

ness value based on the commouly accepted modulus for the cushion 

rn.aterial and the specified cross-sectional area. This resulted in a 

bearing capacity prediction which was 53% larger than the measured 

value, as compared to the 5% error obtained with force-time input. 

It is also of interest to note in Table 8 that the predicted 

bearing capacities are larger than the load test capacities in all 
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TABLE 8. 

SUivlMARY OF PREDICTED BEARING CAPACITY RESlJLTS FOR TEST PILES 

Pile 

:No. 

PAl - Initial 
PAl - Final 
PA2 - Initial 
PA2 - Final 

CC - Initial 
CC - Final 

99R - Initial 
99R - Final 

4L - Initial 
4L - Final 

Stiffness 
value, kp 
or kc+ .P 
(kips/in.) 

182 
182 
182 
182 

900 
900 

1400 
1400 

1000 
1000 

Capacity 
by load 

test, RlJTpr 
( tons ).I..!_._ 

46 
100 

54 
131 

134 
157 

185 
199 

129 
133' 

Capacity 
by wave 
equation 

R1.J'1\m 
(to~~) 

48 
107 

55 
135 

150 
208 

189 
215 

108 
121 

/ % Error \ 
( R1JTWE - RlJ1\ 11 

1 ---.---J...,-'_L I ( 100) 
\ RUTLT / 
\ I 

+ 4.3 
+ 7 .0 
+ 1.8 
+ 3-.1 

+U.9 
+32.5 

-· -·-···--
+ 2.2 
+ 8.0 

-
-16.3 
- 9.0 



cases except for Harlingen 4L. In the case of the Port Arthur piles 

in clay the load test capacity would be higher due to additional set­

up if the piles were tested at 15 days or 30 days. The Corpus Christi 

pile and Harlingen 99R pile were not tested to plunging failure as 

indicated by the load-settlement curves in Appendix II. Therefore, 

the load test capacity could be higher. This is particularly true 

in the case of Corpus Christi Final where the percent error is +32.5. 

Fig. II-3 in Appendix II indicates that the 10-day load test could 

not be completed because of reaction beam flexure. The 157 tons 

given in Table 8 for CC-Final is based on the 7-day test and is 

obviously low. In the case of Harlingen 4L the predicted capacities 

are low compared to the load test capacities. This is probably due 

to the problem encountered in determining the proper blow count for 

these tests. If this test pile had been driven deeper until a grad­

ually increasing blow count had occurred, the predicted capacity would 

probably have been greater than the load test capacity. 
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APPLICATIONS OF WAVE EQUATION ANALYSIS 

The wave equation has been demonstrated to be a useful tool in 

the design and analysis of pile found:at:l.ons (5, 14), Piling behav­

ior, being the complex problem that it is~ necessarily involves a 

large number of var:tahleB with overall hammer-pile-

soil system. The so-called dynamic bearing capac"l ty formulac1 all 

involve simplifying assumptions concerning many of the variables 

known to affect the problem. It has been shown (13) that under 

certain specific conditions regarding pile length, pile type, depth 

of embedment, soil type~ hammer type, etc., one of the many formulas 

available will yield very good predictions of pile bearing capacity; 

however, under different conditions the formula is quite inadequate. 

The wave equation is perhaps the only method capable of accounting 

for most of the significant variables under any given set of condi­

tions. Moreover, the dynamic bearing capacity formulas were derived 

for and are capable of predicting only one major item of interest 

connected with pile driving, i.e., bearing capacity. They cannot 

provide information concerning other factors which may be of interest, 

i.e., pile stresses. 

One of the objectives of this investigation has been to deter­

mine soil parameters for clays and sands which will increase the 

accuracy and enhance the application of the wave equation method. In 

thi~ report it has been shown how the wave equation has been used to 

determine damping parameters and stiffness values from data obtained 
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dur1.ng testing of several instrumented piles. Previous tnvestigations 

(14, 15) have shown how the wave equation can he used to select the optimum 

driving accessories (cushion, capblock, etc.) for a given hamtner-pile-

soil system, and to determine the effect of various significant param­

eters on the problem> such as the effect of pile dimensions and coef­

ficient of restitution on the rate of penetration. These applications 

may be considered as part of the design and/or analysis of pile founda­

tions, but the usefulness of the wave equation does not stop at the 

design and analysis level. Beyond this, the problem of field control 

of the driving of piles is encountered. 

One of the major problem areas connected with field control of 

driven piles occurs when concrete piles are being installed. The 

Texas Highway Department had at one time been experiencing pile damage 

due to tension cracks, Because of this problem, the cooperative 

research program was established in 1962 between the Texas Highway 

Department and the Texas Transportation Institute to investigate the 

cause and find a solution. The research disclosed (14) five basic 

causes of tension cracks which are summarized briefly as follows: 

l. Stress waves of high magnitude and short duration caused 

by an insufficient amount of cushion material. 

2. High magnitude stress waves caused by high ram impact 

velocities, or a very high ram drop. 

3. Tensile strength of concrete too low. 

4. Little or no soil resistance at the point of long piles, 

causing critical tensile stresses near the bottom or middle 

of the pile. 
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5. Hard driving at the point of long piles~ causing critical 

tensile stresses in the upper half of the pile due to 

reflected tensile stresses from the pile head. 

Generally speaking~ the 

ex.is Ung in sho"J:·t 

piles. P:r:<ovided that 

able precautions are taken to 

ty of critical tensile stresses 

with long 

is used, and reason­

dri.ving stresses during easy 

driving (i.e., reducing ram veloctty or using a smaller stroke), ten­

sion cracks will generally not be much of a problem except when little 

or no res:i.stance is present at the point of a long pile. 

To illustrate how wave equation analysis can be applied to the 

problem of field control of driving stresses, assume that a 100 ft 

long concrete pile was to be driven through clay with a Link-Belt 

520 double-acting diesel hammer. This problem was chosen for illustra­

tive purposes for two reasons: (1) compared to a single-acting steam 

hammer of comparable energy rating, the double-acting diesel hammer 

produces a high-magnitude, short duration stress wave due to the 

relatively high impact velocity of the comparatively lightweight ram; 

and (2) very little point soil resistance is encountered throughout 

the entire driving operation when dd.ving through soft clay, These 

two conditions are most 

problem. 

to cause a potential tensile crack 

The problem was anaiyzed by the wave equation to determine the 

relationship between pile penetration, 'blow count, and maJdmum tensile 

stress for pile penetrations of 10 1 50 1 90 percent. At a pile 
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penetration of 10%, the ratio of point-to-total soil resistance 

(RUP/RUT) was assumed to be 90%; at a penetration of 50%, the ratio 

. was taken as 50%; and a ratio of 10% was assumed at 90% penetration. 

Maximum soil resistances of 50, 100, and 200 tons were assumed for 

penetrations of 10, 50, and 90 percent, respectively. The data 

obtained are presented in Fig. 25. The maximum tensile stress was 

plotted versus the soil resistance, and the blow count was also 

plotted versus soil resistance. The maximum tensile stress allow­

able in the concrete was assumed to be 1500 lb per sq in. To deter­

mine the .blow count at which critical tensile stresses may occur, 

the tensile stress versus blow count curve was entered with the 

allowable stress and the corresponding soil resistance was deter­

mined. The soil resistance value thus determined was used to ·enter 

the soil resistance versus blow count curve for the same penetration, 

and the corresponding blow count was determined. Proceeding in a 

similar manner for the two remaining values of penetration, three 

points were obtained which were then used to plot the curve shown 

in Fig. 26. This curve may be used to determine the blow count, for 

any penetration, below which critical tensile stresses are most likely 

to occur. For example, if the blow count becomes equal to or less 

than 23 blows per foot when the pile is 1/3 of the way into the ground, 

the' driving operation ought to be altered in some manner (i.e., reduce 

ram velocity) to prevent pile damage. 

Another application of wave equation analysis concerns the develop­

ment of a bearing capacity versus depth curve which is being used for 
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determination of pl.le length, One of the dynamic formulas is normally 

used to compute the bearing capacity of a pile at selected intervals 

of depth, the usual interval being every foot or two. It is known 

that the ratio of point load to side J.oad affects the rate of penetra­

tion of the pile into thf.! ground, due to tb,,· effect of the soil 

resistance, or lack.of it, on the stress wave, Generally speaking, 

the dynamic formulas· are not capable of accounting for this e.ff ect:, 

whereas the wave equation has such a capa.bility. The wave equation 

can be used to compute a so:K.l resistance versus blow count curv-e 

(bearing graph) for selected ::i.ntervals of depth, using the ratio of 

point to total load encountered throughout the particular stratum 

under investigation. The ratio can be predicted on the basis of soil 

shear strength data, or an approximate choice can be made from a 

knowledge of the general character of the soil profile'.down to that 

point. For each stratum investigated, a series of curves can be 

generated with a different hammer efficiency being used for each 

individual curve if it is suspected that the hammer efficiency will 

vary over a relatively large range. 

The procedure is illustrated by the curves shown in Fig. 27. 

Fig. 27 (a) shows a typical drivl.ng record for a 100 ft pile. Fig. 27 (b) 

shows the bearing graphs obtained from a wave equation analysis, where 

it has been as.sumed that the hammer efficiency is expected to vary 

between 75% and 95%. For this example~ it is further assumed that 

the variation in the ratio of poiJ.1t-to-total load during driv:lng will 

not significantly affect the bearing graph. The plot of predicted 
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bearing capacity versus depth, shown in Fig. 27{c), from Oto 60 ft 

penetration was obtained from the 75% hammer efficiency bearing graph; 

the 95% efficiency bearing graph was used to develop the curve from 

60 to 100 ft penetration. For exa.ntpl>:'>., while driving from 56 to 60 

ft of penetration, the average blow count w::ii:,: 40 'blows per foot, 

which yields a predicted bearing capacity of 160 tons with the ha.mm.er 

operating at 75% efficiency. Other points are obtained in a similar 

manner. 

Although the data of Fig. 27 are hypothetical and are not intended 

to be typical of all driving conditions, they are helpful in describ­

ing an important: detail regarding the interpretation of a driving record 

and bearing graph. A rather large increase in blow count is not nee­

essarily indicative of a correspondingly large increase in static 

bearing capacity. As shown in Fig. 27{a), the blow count increased 

from Li8 to 88 blows per foot, or nearly doubled, between 64 and 100 

ft penetration. Fig. 27(c) shows that the predicted bearing capacity 

increased by only 20 tons, from 200 to 220 tons, as the driving capacity 

of the hammer was approached. 

In cases where the ratio of point-to-total load does not change 

· significantly after the pile is driven, the bearing graph which is 

valid at the time of driving may be used to predict the bearing capacity 

after soil set-up has occurred. Set-up is not likely to occur for 

piles in sand~ but an appreciable amount of set-up may develop in some 

clays. Stiff or over-consolidated and normally consolidated clays 

may exhibit considerable set-up~ while under-consolidated clays may 
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exhibit very little, if any, set·-up. To predict an "after set-up" 

bearing capacH:y, a pile should be redr:l..ven an additional three to 

five feet, or until a relatively constant redriving blow count is 

obtained and the p:Ue is moving relative to the soil. The blow 

count then obtained is used to determine the bearing capacity from 

the bearing graph in the usua.l manner. For piles which are dri~,en 

in clay, the point generally will not vary greatly as these 

piles are predominantly friction piles. This is evidenced by the 

data obtained from the Port arthur test piles where the load at the 

tip of the piles decre(ased from 7 to 15 percent between driving and 

redriving. Data are not available for other conditions, i.e., a 

pile driven through soft clay to bearing on a dense sand or a pile 

driven through dense sand into a soft clay. For these conditions or 

others which differ from thr.llse observed :l.n this study, the "time-of­

driving" hearing graph may not be vs.lid for redriving da.ta 9 and the 

appl:kability should be verified by at least one load test. The 

wave equation should be used to determine set-up where possible, 

and especially on large jobs) as a substantial dollar-savings can 

be realized from a reduction in pile length which can be obtained 

by utilizing the iri.creased capacity due to set-up. 

Notwithstanding the simplicity and ease of operation of diesel 

hammers, the importance of the wave equation should not be overlooked 

concerning a comparison of various hammers. Considering a diesel and 

a steam hammer of near the same energy rating, the diesel hammer will 

have a comparatively lightweight ra.m operating at a higher impact 
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velocity. The two hammers may appear equivalent on an energy-rating 

basis, but the comparative operating characteristics (ability to drive 

a. pile under given conditions) may be quite different. As a general 

rule, a steam hammer will apply a str,os~:: wave of moderate intensity to 

the head of the pile. The larger mass of ram causes the stress 

wave to act on the pile a relatively long ti.me pericd, all the 

while causing the pile to penetrate further into the soil. Under 

llght to moderate soil resistance, the long duration stress wave of 

tht>. st1•am hammer causes a much larger pem~t:ration per hammer blow than 

does the diesel hammer. On the~ other hand, under hard driving condi­

tions, the magnitude of the steam hammer stress wave is insufficient 

to overcome the soil resistance, whereas the high intensity, short 

duration stress wave of the diesel hammer can overcome the soil resis­

tance and set the pile into motion. The penetration per blow will be 

relatively smaller~ but the pile can be driven against larger resis­

tances. These tendencies are evident in the bearing graphs obtained 

from wave equation analyses utilizing the two types of hammers. Con­

sequently, the wave equation can be extremely valuable in selecting a 

particular hammer for a specific job when the alternative is between 

steam or diesel hannners. 

When the alternative is solely between diesel hannners, the wave 

equation can effectively be used to evaluate or rate one hammer against 

another, or compare hanmiers of various energy ratings at different 

operating efficiencies. Ram height of fall for steam or open-·end diesel 

hammers, and bounce chamber pressure for closed-end diesel hammers, are 
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relatively good indicators of operating efficiency. With a family of 

wave equation bearing graph curves available in the field, each curve 

repreeenting a different efficiency, the driving operation can con­

stantly be assessed with regard to bearing capacity. 

The problem encountered while driving the pile at bent 4L near 

Harlingen, Texas, provides another illustration of how wave equation 

·. bearing graphs can be helpful when unusual driving conditions are 

encountered. While the pile was being driven with approximately 20 

ft of pile embedded, the observed blow count suddenly decreased from 

40 to 12 blows per foot, whereupon driving was terminated. In instances 

such as this, it would have been wise to continue driving the pile an 

additional two to three feet to ascertain whether the decreased blow 

count was due to a temporary condition, such as the pile passing 

through a very thin seam of loose material, or H the condition was 

more permanent in nature. With bearing graphs available, it would 

have been possible to obtain a good indication of the bearing capacity 

at that time, both before the blow count decreased and at the time 

the count was unusually low. The bearing graph would have been helpful 

in determining if driving could have been stopped while the blow count 

was low and still have achieved the design capacity of the pile, or if 

additional driving was in fact necessary to attain the design load. 
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CONCLUSIONS AND RECOMM:ENDATIONS 

Conclusions. - Instrumented piles were tested under three field 

conditions: (1) all in clay; (2) aI1 :Ln sand; and (3) in clay with 

tip in sand. Based on these conditi.ons the following conclusions are 

rnadc': 

1. Wave equat1on Is can be used effectively to predict 

1°,tatlc bear lng capacity of axially loaded pLles and to predict driv-

ing stresses which occur during drtvirtg. 

2.. The accuracy of the predicted bearing ct1pacity and driving 

stress is directly related to the accuracy of the computer input 

parameters used for the hammer-pile system as follows: 

a. If measured force-time data is input at the head of the 

pile, the predicted values are very accurate, 

b. If an adjusted stiffness value (~E) is input at the head 
L 

of the pile by matching computed and measured peak forces, 

the predicted values are sufficiently accurate for use in 

practice. 

c. If adjusted stiffness values are not input at the head 

of the pile, the predicted values may not be reliable 

enough for use in practice. 

3. Accurate predictions of bearing capacity and driving stress 

will be obtained by using the computer input parameters developed in 

thh~ study for the pile-soil system as follows: 

a. For piles i:r: clay use loading quake values of Q-side = Q-
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point"" 0.1; unloading quake values of Q-side = Q-point = 

0.1; and damp:Lng values of J-s:i.de = 0.2, J-point = 0.01. 

b. For piles in saturated sand use loading quake values of 

Q·-side = 0. 2, Q-poin t = 0. 4; unloading quake values of 

Q-side = Q-point = 0.1; and damping values of J-side = 

0.5, J-point = 0.15. 

4. A single bearing graph curve can be used for bearing capacity 

prediction at ini.tial driving and final redriving as long as the 

static load distribution (primarily the ratio of RUP to RUT) does not 

change appreciably. Any increase in pile capacity due to soil "set­

up" is reflected at final redriving by an increased blow count, and 

any decrease in pile capacity due to soil 11relaxation11 is reflected 

at final red.riving by a reduced blow count. 

Recommendations. ·- Based on the findings of this research study, 

the following recommendations are offered: 

1. A simple device for measuring the dynamic peak force at the 

pile head during initial driving or final redriving ts being developed 

so that an adjusted top pile segment stiffness can be determined. This 

will reduce the uncertainties associated with the present procedure for 

simulating the hammer-pile system and will insure that predicted bear­

ing capacity and driving stresses will be sufficiently accurate for 

practical usage. 

2. After the simple dynamic peak force measuring device is 

developed, it should be field tested at least one time with an instru­

mented test pile. This vJill provide a complete field verification of 

the new device. 



3. Instrumented test piles should be driven and load tested in 

other soil types, particularly silts and unsaturated sand, and when 

the soil prof differ basically from those encountered in this study, 

i.e., clay underlying sand. The tests should be conducted according to 

the procedun, developed i.11 this s This will allow the determina-

tlon of soLl and soil ing valueE, for these soil types and 

geologic 

Lf. At least one instrumented pile test should be 

conducted and dynamic force-time data recorded when the test pile 

is embedded 1/4, 1/2, and 3/4 of the total pile penetration. This 

will allow the tneasurement of reflected tensile forces and a compari­

son with wave equation computed tensile forces can be made. This 

test could be performed at the same time that the field verification 

test :i.s conducted on the dynamic peak force device. 

5. A standard procedure should be developed for determining 

blow counts in the field 0 so that the problem which occurred during 

the test at Harlingen 4L will not be repeated. This problem can 

probably be resolved by requiring that test piles be driven until a 

constant blow count or a slightly increasing blow count is achieved 

over several feet of driving. 

6. The present method of static analyses should be refined so 

that accurate determination of pile load distribution can be made 

when instrumented pile data are not available. This could be accom­

plished by establishing better correlation of penetrometer test 

data with soil strength parameters; which in turn can be used to 

establish better pile load distribution for wave equation analyses. 
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APPENDIX II - FIELD TEST AND COMPUTER INPUT DATA 
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PORT AlRTHUR TEST PILE NO. l 
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PORT ARTHUR TEST PILE NO. I 
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TABLE II-1 - PORT ARTHUR PILE tOAD TEST DATA 

'I'est Pile No, 1 Initial Test 3 Nov 69 

Jack Load Gage 1 Gage 3 Gage 4 Gage 5 
Load Cell 

(Tons) (Tons) (Tons) (Tons) (Tons) (Tons) 

10 8. '.39 10.3 5.95 2,15 .85 

20 1€3.2 17.3 11,55 5.15 1.75 

30 22.9 24.95 18. 25 9.25 2.9 

40 31.2 34.7 27, 35 15.1 4.65 

50 38,3 41.9 34.1 20.85 6.85 

57 45.8 46.15 37,65 22.9 9.05 
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Jack 
Load 

(Tons) 

10 
20 
30 
40 

50 
60 
70 
80 

ms 
90 
95 

100 

105 
110 
115 
120 

TABLE II-2 - PORT ARTHUR PILE LOAD TEST DATA 

test Pile No. 1 Final Test · 14 Nov, 69 

Load Gage 1 Gage 3 Gage 4 
Cell 

(Tons) (Tons) (Tons) (Tons) 

10,5 8.9 3.15 .8 
14.7 17.15 7. 1 1.85 
21.2 25.25 10.65 2.75 
29. 4 34.1 14.85 3. 75 

52,l 42.9 18.55 4.9 
45,4 51.05 24.45 7.5 
54.3 59.65 30.6 7.8 
63.9 67.2 35.15 9.35 

68.0 71.35 38.0 10.25 
73,6 76.05 41. 3 11.25 
78.2 79.85 43.7 12.15 
81.4 83,8 46.2 12. 75 

86.5 87.0 48.4 13,05 
91.1 91.4 51.2 14.7 
95.3 94,85 52.65 15.7 

100.0 99.99 54.6 17.15 
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Gage 5 

(Tons) 

.15 

.3 

.75 

.9 

.8 
1. 45 
1.45 
2.3 

2. 4, 
2.65 
2.75 
2.85 

3.15 
3.35 
3.65 
4.55 



Pile Tip. Depth of 
JUeva.tion Pi.le in 

(ft) Ground 
(ft) 

Energy of 
Hammer 
(f't-1.b) 

N1.Unber 
of 

Blows 

Total 
Penetration 

(inches) 

Blows 
Per 

Foot 

--------·------·----------------···--·------
:S.20 to -18.80 22 Weight of Hammer Not Within Range of Ma.nu-

-18.80 to -;\0.80 34 facturer I s Energy Ra ting Chart for P. S. I. G. 
-?\LBO ?\5 15,000 10 12 
-~2.80 ?\6 15,000 10 12 
-;,;,,80 '!i7 15,000 11 12 
-34.80 ?,8 15,000 11 12 
-?\5.80 :z,9 15,000 11 12 
-:'6.80 40 15,000 11 12 
-?-,7.70 41 15,000 11 12 
-;\8.80 42 15,000 10 12 
-?,9.80 4:, 15,000 11 12 
-40.80 44 15,000 11 12 
-41.tlO 45 15,000 11 12 
-42.80 46 15,000 10 12 
-4~.80 47 15,000 11 12 
-44.80 48 15,000 11 12 
-45.80 49 15,000 11 12 
-46.80 50 16,750 12 12 
.,..47,80 51 18,000 13 12 
-48.80 52 '18,000 12 12 
-49.80 53 18,000 12 12 
-50.80 54 18,000 12 12 
-51.80 55 19,125 12 12 
-52.80 56 19,125 13 12 
-5?\.80 57 20,250 14 12 
-54.80 58 20,250 14 12 
-55.80 59 20,250 14 12 
-56.soa 60 21,250 15 12 
-57. sob 61 21,250 15 12 
-58.80b 62 19,125 20 12 

b 63 20,250 18 12 -59.BOb 
-60.55 6:3,75 20,250 15 9 

aLast blow without cushion. Stopped 1 hour. 
bnriven with cushion, Final blow count without cushion 

extrapolated to be 16 blows per foot. 
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TABLE II-4 - PAl FINAL PILE DRIVING DATA 

Pile Tip Depth of Energy of Number Total Blows. 
Elevation Pile in Hammer of Penetration Per 

(ft) Ground (ft-lb) Blows (inches) Foot 
(ft) 

-fi0.55a Ei:i. 75 21,200 36 1 432 
-W. 72a G3.92 19,500 114 2 684 
-GO. rnb ti4. l'1 24,250 21 3 84 
-/il. 2r'.c /i4.42 24,250 18 3 72 
-!iJ.. 4 7C Ci4. G7 24,250 18 3 72 
-fil. 72C fi4. 92 24,250 18 3 72 
-1;1. ~rte G5.17 24,250 18 3 72 
-fi2. 22 65. 4.2 24,250 19 3 76 
-fi2. 47 65.67 24,250 16 3 64 
-62. 72 65. 92 24,250 18 3 72 
-62. 97 66.17 24,250 18 3 72 
-G3.22 66.42 24,250 18 3 72 
-63.47 66.67 24,250 17 3 68 
-6:i.72 66. 92 24,250 18 ;Ii '72 
-63.97 67.17 24,250 18 ?i 72 
-64.22 67.42 24,250 18 3 72 
-64.47 67.67 24,250 16 3 64 
-f34. 72 67. 92 24,250 17 3 68 
-G4.97 68.17 24,250 18 3 72 
-65.22 68.42 24,250 19 ?i 76. 

a.Driven with cushion. 

bFirst blow without cushion. 

cBlow count without cushion averaged to be 72 blows per foot. 
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TABLE II-5 - COMPUTER INPUT DATA FOR PAl INITIAL 

H~mm.er ?roperties 

Type: Link Belt 520 
Rated energy: 26,300 ft-lb 
Hammer efficiency(%): 100 
Expiosive force: 98 kips 
Ram velocity: 14.70 fps 
Ram weight: 5.07 kips 
Ram stiffness: 108~500 kips/in., 

e = 0.6 (steel on steel impact) 
Anvil weight: 1.179 kips 
Adapter weight: 1. 05 kips 
Capblock: Alternating aluminum and plastic 

disks (enclos1:1d). Kc ,.. 18,600 kips/in., e = 0.8 
Cushion: None 

Pil.e Properties 

Type~ 16 in. OD, 3/8 in. wall, closed end steel pipe 
Segment length: 2 ft 
Segment weight: 0.1252 kip 
Segment stiffness: 22,700 kips/in., e = 1.0 

Soil Distribution 

RU'r: 92.0 kips 
RUP: 18.0 kips 
Load distribution: 0.805 RUT uniform side load, 

0.195 RUT at pile tip 
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TABLE II-6 - COMPUTER INPUT DATA FOR PAI FINAL 

Hammer Properties 

Type: Link Belt 520 
Rated energy: 26,300 ft-lb 
Hammer efficiency (%): 100 
Explosive force: 98 kips 
Ram velocity: 15.92 fps 
Ram weight: 5.07 kips 
Ram stiffness: 108,500 kips/in., 

e = 0.6 (steel on steel impact) 
Anvil weight: 1.179 kips 
Adapter weight: 1.05 kips 
Capblock: Alternating aluminum and plastic 

disks (enclosed). Kc= 1?,600 kips/in., e = 0.8 
Cushion: None 

Pile Properties 

Type: 16 in. OD, 3/8 in. wall, closed end steel pipe 
Segment length: 2 ft 
Segment weight: 0.1252 kip 
Segment stiffness: 22,700 kips/in., e: 1.0 

Soil Distribution 

RUT: 200 kips 
RUP: 10 kips 
Load distribution: 0.95 RUT uniform side load, 

0.05 RUT at pile tip 
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PORT ARTHUR TEST PILE NO. 2 
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FIG. It-2- LOAD vs.SETTLEMENT CURVES FOR 

PORT ARTHUR TEST PILE NO. 2 
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1rABLE II-7 - POR'I1 ARTHUR PILE LO.AD TEST DATA 

'J;est Pile J\j(). 2 Ini.tial Test 20 Nov 69 

1 .... , ____ ..... _ 

Jack Load Gage 1 Gage 2 Gage 4 Gage 5 
Load Cell 

(Tons) (Tons) (Tons) (Tons) (Tons) (Tons) 
,: : -~. 

10 13.8 9.45 7.35 4. 3 .45 

20. 21.~ 18.5 27 .1 6.15 1.0 

30 30.3 28.3 23.2 10.15 1.85 

40 40.7 38.05 32.4 16.0 3.45 

45 44.9 :33.9 36.35 19.5 4.1 

50 49.3 46.2 40.0 20.0 5,:35 

55 54,4 50.1 44.0 24.05 8.1 
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Jack 
Load 

(T,ons) 

10 
20 
:50 
40 

50 
60 
70 
80 

90 
95 

100 
105 

110 
115 
120 
125 

130 
135 

TABLE II-8 - PORT ARTHUR PILE LOAD TEST DATA 

Test Pile No. 2 Final Test 1 Dec 69 

Load Gage 1 Gage 2 Gage 4 
Cell 

. (Tons) (Tons) (Tons) (Tons) 

6. 7'3 5. 98 4,. 26 . 67 
20, 7 17. 21 12. 71 2.56 
30.8 27.53 21.50 4.06 
39,9 37.63 29.34 6.12 

43,2 4,5. 97 36.53 8.01 
60.7 55.86 45.02 10.52 
70.9 65.69 53. 74 13.03 
80,4 74.30 61.43 15.59 

89.8 83.71 70.02 18.54 
93,4 87.88 74"23 20.53 
98.1 92 .10 78.19 22.25 

103.4 96.75 82.49 24.33 

107 .5 100. 44 85.94 26.44 
112.1 104.34 89.50 28.79 
116.8 108.83 93.86 31.34 
121.1 113. 26 98.09 33.90 

126.0 117.87 102.42 36.97 
130.8 121.45 106.18 41.31 

90 

Gage 5 

(Tons) 

.06 

. 33 

.61 

. 95 

1.23 
1.74 
2.19 
2,52 

3.03 
3.37 
3.75 
4,10 

4,49 
4,94 
5,61 
6.46 

7.63 
10.44 



TABLE II~9 - P.Ai2~INITIAL J?IL.E BRIVING DATA 

Pile Tip Depth of of Number Total 
Elevation Pile in Ham.mer of Penetration 

(ft) Ground (ft-lb) Blows (j_nches) 
( :f't) 

-·· ,,........,_,.,.,.~.--- "-~"'"""""'-·"'~-,---c, "' 

3.00 to -2E3. 00 ?il W;e;:Lght of Hammer.Not Within Range 
-28000 to -38.00 41 facturer's Energ;y Rating Clwxt. for 

-39.00 42 l.:J, 000 8 l") - (..) 

-40,00 15,000 8 12 
-41.00 44 15,000 B 12 
-42,00 IJ,5 15,000 8 12 
-43.00 46 15,000 10 12 
-44,00 47 15,000 9 12 
-45.00 48 15,000 10 12 
-4.6. 00 49 15,000 12 12 
-47.00 50 15,000 12 12 
-4Elo00 51 18,000 12 12 
-49,00 52 19,125 12 12 
-50.00 53 18,000 11 12 
-51,00 51 18,000 10 12 
-5? .. 00 55 18,000 12 12 
-fS3. 00 [')(; 16,750 12 12 
-54,. 00 5/ 15,000 16 12 
-55.00 58 16,750 14 12 
-56.00 59 18 ,ooo 16 12 
-57,00 60 16,750 15 12 
-58.00 61 16,750 14 12 
-59.00 62 16,750 15 12 
-60.00 63 18,000 12 12 
-61,00 64 20,250 12 12 
-62. 00 65 20,250 13 12 
-63.00 66 21,250 13 12 
-64.00 67 21,250 15 12 
-65.00 68 21,250 16 12 
-66.00 69 22,250 16 12 
-67.00a 70 22,250 21 12 
-68,00b 71 22,250 23 12 
-69.oob 72 22,250 23 12 
-70.00f 73 22,250 22 12 
-7L00° 74 22,250 22 12 

a1ast blow without cushion. Stopped 45 minutes. 

bDriven with cushion. Final blow count without cushion 
extrapolated to be 18 blows per foot. 

-------·--··-·----"---
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Blows 
Per 

Foot 

of Manu-
P.S.I.G. 

8 
8 
8 
8 

10 
9 

10 
12 
12 
12 
12 
11 
10 
12 
12 
16 
14 
16 
15 
14 
15 
12 
12 
13 
13 
15 
16 
16 
21 
23 
23 
22 
22 



TABLE II-10 - J?A2 ,FINAL. ,·PILEJJCDR!VING DATA 

Pile Tip Depth of Energy of Number Total Blows 
Elevation Pile in Hammer of Penetration Per 

(ft) Ground 
(ft) 

(ft-lb) Blows (inches) Foot 

-11.ooa 74.00 Stopped Here on PA2-Initial 
-71.oea 74.08 22,750 60 1 720 
-n.11b 74.17 22,750 H l 528 
-71. ;:'.~) 74.25 22,000 i[4 1 528 
- 71, ;'\?, 74. :'S?i 22,750 60 1 720 
-n.1:::: 'l4.1c>. 22, 7130 50 1 600 
-71, ~)() 74.SO 22,000 40 1 480 
-71. 75 . 74. 75 2:'i,500 9El 3 392 
-72.ooc 75.00 23,500 50 3 200 
-72.25c 75,25 23,500 50 3 200 
-72.50c 75,50 23,500 45 3 180 
-72.75c 75.75 22,750 45 3 180 
-7'3, ooc 76.00 22,750 52 3 208 
-73.25c 76,2!:;i 22,000 55 3 220 
-7'3. soc 76.50 22,000 48 3 192 
-7'3.75C 76.75 22,000 53 3 212 
-74,QOC 77.00 22,000 50 3 200 
-74,25 77.25 22,000 50 3 200 
-74,50 77.50 22,000 50 3 200 
-74.75 77. 75 21,200 54: 3 216 
-75.00 78.00 21,200 58 3 232 
-75.25 7€3. 25 23,500 50 3 200 
-75.50 78.50 2::,;, 500 25 3 100 
-75.75 78.75 23,500 31 3 124 
-76.00 79.00 23,500 30 3 120 
-76.25 79.25 22,750 31 3 124 
-76.50 79.50 22,750 35 3 140 

aDriven with cushion. 

bFirst blow without cushion. 

cBlow count without cushion averaged to be 200 blows per foot. 
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. TABLE n-n ·~ 

Non.e 

RUT: 108 
RUP: 16.0 
Load distribution: 0, 

0.15 RUT at 

itl. 0 

INI'I'IAL 

and plastic 
~600 kips/in., e = 0.8 

'" ~ waJ.1.~ end st.eel pipe 

in.je=LO 

RUT uniform side load~ 
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TABLE II-12 - COMPUTER INPUT DATA FOR PA2 FINAL 

Hammer Properties 
f! ,. 

Type: Link Belt 520 
Rated energy: 26,300 ft-lb 
Hammer efficiency(%): 100 
Explosive force: 98 kips 
Ram velocity: 15.62 fps 
Ram weight: 5.07 kips 
Ram stiffness: 108,500 kips/in., 

e = 0.6 (steel on steel impact) 
Anvil weight: 1.179 kips 
Adapter weight: 1.05 kips 

, Capblock: Alternating aluminum and plastic 
disks (enclosed). Kc= 18,600 kips/in., e = 0.8 

Cushion: None 

Pile Pro,E.erti~,!I 

Type: 16 in. OD, 3/8 in wall, closed end steel pipe 
Segment length: 2 ft 
Segment weight: 0.1252 kip 
Segment stiffness: 22,700 kips/in., e = 1.0 

Soil Distribution 

RUT: 262 kips 
RUP: 20 kips 
Load distribution: 0.92 RUT uniform side load, 

0.08 RUT at pile tip 
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CORl:US CHRISTI TEST PILE 
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-- INITIAL TEST 10 MAY 71 

- - 7 DAY TEST 17 MAY 71 

- -- - 10 DAY TEST ( TEST INCOMPLETE , 
DUE TO REACTION BEAM FLEXURE 
IN THE LOADING SYSTEM) 
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SETTLEMENT 1 INCHES 

FIG. Il-3- LOAD vs. SETTLEMENT CURVES FOR 
CORPUS CHRISTI TEST PILE 
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TABLE II-13 - CORPUS CF.iRIS'I'I PILE LOAD TEST DATA 

Initial '.t'est 10 May 71 

Jack Load Gage 1 Gage 2 Gage :3 
Load Cell 

('.:Cons) (Tons) (Tons) (Tons) (Tons) 

20 14.2 12.92 12,40 6.37 

:XO 29.5 28,80 24:. 09 17.20 

60 49.5 49.2:3 43.47 :31. 42 

80 68.6 68,43 61.10 46.09 

90 Bi. 7 80.84 73.49 56.21 

100 92.8 92.87 84.14 66.42 

110 101.8 104,04- 95.32 75.50 

120 111.6 114.34 103.52 83.01 

130 119.0 121. 68 111.20 89.64 

140 127. 7 1:31.10 119.23 98.20 

147 13:3.7 138.26 127 .26 106.40 

---
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TABLE II-14 - CORPUS CHRISTI PILE LOAD TEST DATA 

Final Test 17 May 71 

Jack .Load Gage 1 Gage 2 Gage 3 
Load Cell 

(Tons) (Tons) (Tons) (Tons) (Tons) 

20 18.0 17.18 12.89 7.34 

40 37.4 35.14 28. 82 1.8.88 

(iQ 54,8 53.88 42.25 30.88 

no 75. G 7 '1 .• 6!:i 61.40 4.4. 75 

90 85.5 tH. 31 71. 42 52.09 

100 93.8. 93. 2E'i 78. 94 58.18 

110 103.0 102.39 86.82 6~.35 

120 111.0 111,52 96.84 70.89 

130 120.0 121. 90 105.62 77.51 

140 129.5 130.50 113.13 84.49 

150 140,0 142.31 123.52 93.29 

160 149.6 152.69 131. 39 103.02 

170 157 .o 161.11 139.27 112.15 
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TABLE II-15 - CORPUS CHRISTI INITIAL PILE DRIVING DATA 

Pile Tip 
Elevation 

(ft) 

- (i. t.i 
.o 

-1G.O 
-1·1, 0 
-18,0 
-19.0 
-19.5 
-20.0 
-i:'.O. 5 
-21,0 
-21.5 
-22.0 
-22 .5 
-23.0 
··23. 5 
-24.0 
-24. 5 
-25.0 
-25,5 
-25.7a 
-26.2 
-26.6b 
-2 6, 9C 
-27 .1 
-21.5d 
-28.0 
-28.5 
-28. ge 
-29.0e 
-29. 3 
-29. 5f 
-3o.of 
-30.2f 
-:so.sf 
-30.7f 

Depth of 
Pile in 
Ground 

(ft) 

9. ::S 
lfl.O 
1\;. 0 
;>.o. o 
2LO 
22.0 
22.5 
23.0 
23.5 
24.0 
24.5 
25.0 
25.5 
26.0 
26, 5 
27. 0 
27. 5 
28.0 
28.5 
28.7 
29. 2 
29. 6 
29. 9 
30.1 
30.5 
31.0 
31.5 
31. 9 
32.0 
32.3 
32. 5 
33.0 
33.2 
33.5 
3'3.7 

Stroke of 
Hammer 

(ft) 

Number Total 
of Penetration 

Blows (inches) 

Approx:i.matel;y- 5 ft; n.Ugnment hole 

Blows 
Per 

Foot 

5.00 ~?.4 10c3 3 
4.50 
4.. 50 
4.50 
L 7Ei 
5.00 
4.50 
4.50 
5.00 
4.75 
4.75 
4.75 
4.75 
5.00 
5.00 
4.75 
5.00 
5.00 
5.00 
5.25 
5.00 
5.00 
5.50 
5.25 
5.00 
5.25 
5.50 
5.50 
5.50 
5.75 
5,75 
5, 75 
5.50 
5.50 

lf3 
ltl 
19 
19 
10 
10 
11 

9 
12 

8 
11 
11 
10 
10 
11 
10 
11 

8 
13 

7 
12 

7 
16 
18 
20 
14 

5 
12 

9 
23 
13 
11 

9 

l ~, 
C, 

12 
12 
12 

6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
6 
ti 
3 
3 
3,75 
4 
2.25 
5 
6 
6 
4.5 
1.5 
3.5 
2,5 
6 
3 
3 
2 

20 
20 
22 
18 
24 
16 
22 
22 
20 
20 

·22 
20 
22 
32 
52 
22 
36 
37 
38 
36 
40 
37 
l10 

41 

46 

______________________ , ______ _ 
astopped 33 minutes. 
bstopped 10 minutes, 
cstopped 7 minutes. 

d,stopped 6 minutes. 
estopped 2 minutes. 
fBlow count averaged to 
be 48 blows per foot. ' ________ ,._. ----0--



·rABLE II-1.6 - CORPUS CH.RIS/I'I FINAL PILE:DRIVING DA'rA 

Pile Tip Depth of Stroke of Number Total Blows 
Elevation Pile in Hammer of Penetration Per 

(ft) Ground (ft) Blows (inches) Foot 
(ft) 

-30.86 33,9 
-30.98. 33,9 6.00 18 l 216 
-31.0b 34.0 6.50 7 1 84 
-31.1 b' C 34,l 6.25 8 l 96 
-31. 2b 34.2 6.00 6 1 72 .1. 

-31. 3b 34, '.3 6.00 7 1 84 
-31. 4b :34.4 5.75 7 1 84 
-31.1 34.4 5.50 7 1 84 
-31.5 34.!S 5. 25 8 1 96 
-31. f3 34. ,c:3 5.50 9 1 108·. 
-31. 7 34,7 5.50 8 1 96. 
-31.8 34.13 5,50 8 1 96 
-31. 9 34,9 5.25 9 1 108 
-32 .1 35,l 5,50 19 2 114 
-32.3d 35 .1s 5.50 33 3 132 
-32. 6 35.6 5.50 31 3 124 
-32.9 35. !) 6.25 33 3 132 
-33.1 36.l G,25 32 3 128 . 
-33.4 36. tJ 6.00 31 3 136 
-3:3. Ge 36. E3 6.50 44 3 176 
-33.9 3£.i. \) 6.50 39 3 156 
-34.1 37,l 6,25 11 3 164 
-34.4 '37.4, 6.25 46 3 184 
-34. E:i 37,G 6,00 43 3 172 
-34.9 37. ~J 6.25 54 3 216 
-35.0 38.0 6.00 46 3 184 

a9 blows with no explosion. Stopped 2 minutes. 

bBlow count averaged to be 84 blows per foot. 

cstopped 10 minutes. 

dstopped 3 minutes. 

8Stopped 5 minutes. 
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TABLE II-1"7 - CGMPUTEI's INPUT DATA Ii'QR CC INITIAL 

Type: Delmag D-22 
e11.ergy: 39, 

Hammer efficiency (%): 
ft-lb 

100 
kips Explosive • 7 

Ram velocity: 17.1 fps 
Ram weight: ,~. 85 
Ram stiffness: 49 700 kips/in.~ 

e = 0.6 dn steel impact) 
Anvil weight: l. 576 ki.ps 
Helmet weight: 1,3 kips 
Capblock: Oak block, 18 in. x 18 in. x 9 in. thick 

(grain vertical), K~ ""23,800 kips/in., e = 0.8 
Cushion: 7 sheets of 3/ 4 in. plywood o!:ir:. Kc = 1, 705 

kips/in., K ., = 1.595 kips/in., e = 0.5 
C ,. p 

Pile Pro;ee.rt~ 

Type: 16 in. square prest.ressed concrete 
Segment length: 2 ft 
Segment weight: 0.516 kip 
Segment stiffness: 59~750 kips/in.) e = 1.0 

Soil Distribut:::l~ 

RUT: 
RUP: 
Load 

268 kips 
212 kips 

distribution: 
0.791 RUT at 

00209 RUT uniform aide load, 
tip 
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TABLE II-18 - COMPUTER INPUT DATA FOR CC FINAL 

f!ammer Properties 

Type: Delmag D-22 
Rated energy: 39,700 ft-lb 
Hammer efficiency(%): 100 
Explosive force: 158.7 kips 
Ram velocity: 17.3 fps 
Ram weight: 4.85 kips 
Ram stiffness: 49,700 kips/in., 

e == 0.6 (steel on steel impact) 
Anvil weight: 1.576 kips 
Helmet weight: 1.3 kips 
Capblock: Oak block, 18 in. x 18 in. x 9 in. thick 

(grain ve,rtical), Kc = 23,800 kips/in., e = 0.8 
Cushion: 7 sheets of 3/4 in. plywood fir, Kc= 1,705 

kips/in., K + = 1,595 kips/in., e = 0.5 
C . p 

Type: 16 in. square prestressed concrete 
Segment length: 2 ft 
Segment weight: 0.516 kip 
Segment stiffness: 59,750 kips/in., e = 1.0 

Soil Distribution 

RUT: 314 kipsi 
RUP: 224 kips 
Load distribution: 0.287 RUT uniform side load, 

O. 713 RUT at pile tip 
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HARLINGEN TEST PILE NO. 99R 
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TABLE II-19 -, HARLINGEN PILE LOAD TEST DATA 

No. 99R 22 Jun 72 IrU.t:~al Load Test 

------- ... ---=----.....-

Jack Load Gage 1 Gage 2 Gage 3 
',Load Cell 
(Tons) (Tons) (Tons) (Tons) ('rons) 

0 00 0 0 0 
10 
20 16.:3 17,l l~LO 5.3 

~::1,. D 
:30 25.8 26.3 21. 9 9.2 
40 35.0 :35,0 30. 7 1:3,2 
50 45, :; 44.7 39.5 18,0 

60 53,8 5::S,O 47,3 22. 4, 
70 65,1 65.3 57.9 28,9 
80 75.9 76, '7 68,8 35.9 

90 85,l 85,9 76. :3 tLQ, 8 
100 94.9 97.8 87.7 47,3 
110 106.5 107.8 97.:3 54,5 

120 114,7 115.7 105,2 59.6 
150 125,0 126.:3 115,3 67.5 
140 1:35.0 136.8 125.4 75.0 

150 146.0 147.:3 1:35.9 83.3 
160 155,9 156.9 146,9 92.1 
170 164.3 166.6 157.4 98.6 

180 173,9 176.7 166.6 107·.0 
185 178.6 180.6 17L9 112,2 
190 184,9 186,8 177,1 115.7 __ ,, 

- _____ ..,_..--,,,11 ... =,.,--_.,;-""""'""""~----~"""""" 
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TABLE II-20 - HARLINGEN PILE LOAD TEST DATA 

No. 99R 30 Jun 72 Final Load Test 

Jack Load Gagel Gage 2 Gage 3 
Load Cell 

(•rans) (Tons) (Tons) (Tons) (Tons) 

0 Cl 0 0 0 
10 G.78 G,l E). ZS J..8 
20 ltl, l 17.l 14.9 5.7 

30 2Ei. 9 24.6 21.0 8.8 
40 :35.5 33,3 29.8 12. 7 
50 Mi.3 42.5 36.8 16.7 

60 5~~- 3 51.3 45.2 21.0 
70 64.l 60.l 53.5 26.3 
80 75.7 72. 3 63.6 32 .o 

90 e~;. 3 02.0 73.2 '37.3 
100 9fj. 4. 92.1 82.9 43,0 
110 lOfi,6 101. 7 91.6 48.7 

120 lH,8 110.5 101. :3 54,8 
130 12Ei. 4 121.0 111,4 61. 4 
140 13'1, l 132.4 122.3 68.4 

150 146,7 141.6 151.5 74.5 
160 15~5. 8 150.8 140.7 81.5 
170 16~5 .1 161,3 150.8 88.1 

180 175.0 169.2 159.6 95.6 
190 183.0 178.9 168.8 103.5 
195 18B.5 182.8 173.6 109.2 

200 19~). 8 190.7 181.l 114.0 
205 199.0 192.5 184.l 118.4 
200 
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TABLE II-21 - HARLINGEN 99R INITIAL PILE DRIVING DATA 

... -~,-=• 
Pile Tip Depth of Energy of Nwril:Je:r Total Blows 
Elevation Pile in Hammer of Penetration Per 

(ft) Ground (ft-lb) Blows (inches) Foot 

37.31 3. 94 20 16.5 14 
35. 94 5.31 17250 20 14.5 16 
34 . 7'3 6.52 18250 20 17.0 14 
33.31 7.94 18250 20 22.0 11 
31.48 9.77 19500 20 17.0 14 
30.06 11.19 22870 20 12.0 20 
2 9. OE) 12.19 24375 20 7.5 32 
28.44 12. 81 24750 20 7 .25 33 
27.83 13.42 24750 20 7·;25 33 
27. 23 14.02 25150 20 i7.75 31 
26.58 14. (37 25150 20 7.75 31 
25. 94 15.31 24375 20 4.5 53 
25.56 15.69 24375 20 3.0 80 
25.31 15.94 24375 19 1. 75 130 
25.17 16.08 24750 20 3.25 74 
24.90 16.35 24750 20 4.75 51 
24.50 16.75 24375 20 4.00 60. 
24.17 17.08 25150 20 3.75 64 
23.85 17.40 24750 20 3.25 74 
23.58 17.67 24750 14 .75 224 
23.52 17.73 24375 12 1.25 115 
23.42 17.83 25150 20 2.25 107 
23.23 18.02 25150 20 3.00 80 
22. 98 18.27 25150 20 3.25 74 
22. 71 18.54 24750 20 2.75 87 
22.48 18. 77 24750 20 2.75 87. 
22.29 18. 96 25150 20 2.25 107 
22.00 19.85 25150 20 3.5 69 
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TABLE II-22 - HARLINGEN 99R FINAL PILE DRIVING DATA 

Pile Tip Depth of Energy of Number Total Blows 
Elevation Pile in Hammer of Penetration Per 

(ft) Ground (ft-lb) Blows (inches) Foot 

21.82 19.15 
21. 74 19, 23 24425 20 1 240 
21. 65 19.32 25500 12 1 144 
21.57 19. 40 24750 18 1 216 
21. 49 19.48 25500 15 1 180 
21.40 19.57 25125 10 l 120 
21.32 19.65 25125 10 1 120 
21. 24 19.7'3 25500 10 1 120 
21.15 19.82 25125 10 1 120 
21. 07 .19. 90 25500 10 l 120 
20. 98 19.98 25125 10 1 120 
20.90 20.07 25125 10 1 120 
20.82 20.15 25500 10 1 120 
20.57 20.40 25500 28 '.3 112 
20. 32 20.65 25125 26 3 1()4 

20.07 20. 90 25500 44 :3 H61 
19.82 21.15 25750 34 3 136 
19.57 21. 4:0 25750 34 3 136 
19.32 21.65 25750 34 3 136 
19.20 21. 77 25750 17 1.5 136 
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TABLE II-23 - COMPUTER INPUT DATA FOR HARLINGEN 99R INITIAL 

Ham1ller Properties 

Type: Link Belt 520 
Rated energy: 26,300 ft-lb 
Hammer efficiency(%): 100 
Explosive force: 98 kips 
Ram velocity: 16.35 fps 
Ram weight: 5.07 kips 
Ram stiffness: 108,500 kips/in., 

e = 0.6 (steel on steel impact) 
Anvil weight: 1.179 kips 
Helmet weight: 1.85 kips 
Capblock: Kc= 18,600 kips/in., e = 0.65 
Cushion: 2 1/4 in. of 3/4 in. x 16 in. x 16 in. Pine Plywood 

e = 0.4 

Pile Properties 

Type: 16 in. square prestressed concrete 
Segment length: 2 ft 
Segment weight: 0;534 kips 
Segment stiffness: 73,100 kips/in., e = 1.0 

Soil Distribution 

RUT: 370 kips 
RUP: 232 kips 
Load distribution: 0.043 RUT uniform side load on upper 

5 ft, 0.330 RUT uniform side load on lower 10 ft, 
0.627 RUT at pile tip 
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TABLE II-24 - COMPUTER INPUT DATA i?OR HARLINGEN 99R FINAL 

~am.~er Properties 

Type: Link Belt 520 
Rated energy: 26,300 ft-lb 
Haramer efficiency (%): 100 
Explosive force: 98 kips 
Ram velocity: 16.20 fps 
Ram weight: 5.06 kips 
Ram stiffness: 108,500 kips/in., 

e = 0,6 (steel on steel impact) 
Anvil weight: 1.1790 kips 
Helmet weight: 1.850 kips 
Capblock: Kc= 18,600 kips/in., e = 0.65 
Cushion: 2 1/4 in. of 3/4 in. x 16 in. x 16 in. Pine Plywood 

e = 0.4 

Pile Properties 

Type: 16 in. square prestressed concrete 
Segment length: 2 ft 
Segment weight: 0.534 kips 
Segment stiffness: 73,100 kips/in., e = 1.0 

Soil Distribution 

RUT: 398 kips 
RUP: 236 kips 
Load distribution: 0.075 RUT uniform side load on upper 

5 ft, 0.332 RUT uniform side load on lower 10 ft, 
0.593 RUT at pile tip 
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HARLINGEN TEST PILE NO. 41 
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'T'/\1\Lf.i: II-?~:; - HARLINGJ;:N :PILE LOAD TEST DATA 

No. 41 23 Jun 7~~ Initial Load Test 

Jack LrLoad Gage 1 Gage 2 Gage 3 
Load Cell 

('rons) (Tons) (Tons) (Tons) (Tons) 

0 0 0 0 0 
10 6.78 7.9 4.4 2.6 
?O 18.4 18.9 14.5 7.9 

?,() ;~ f i. '/ 27.2 21. 9 11.8 
tJO SI. 0 ?iG. 0 31. 6 18.0 
:JO tJ (j. 2 44.7 40.:3 23,2 

fiO 54.7 52.2 48,2 28.1 
70 Ci4 • (j 60.5 56.6 32. 9 
f:JO 7Ei .1 71.0 67.5 39.5 

90 86.5 81.1 79.8 47.8 
100 96.8 91.2 88.6 54.4 
105 101. 7 91.4 92 .1 58.7 

110 106.1 101. 7 97.8 62. 7 
115 110.7 107.0 102.6 66.6 
120 115.0 111.8 107.4 70.6 

125 119.3 116.6 112.2 74,5 
130 124.9 122 .8 115.7 78.5 
135 128. 6 127 .1 119.2 81.5 
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'.'CABLE E-2(i - HARLINGEN ELLE LOAD TEST DATA 

No. H, 1 Jul 72 Final Load. Test 

J'ack 1,Load Gage l Gage 2 Gage 3 
Load Cell 

('l'ons) (Tons) (Tons) (Tons) (Tons) 

---
0 0 0 0 0 

10 4.83 1.8 3.5 2.2 
20 15.4 14. 9 12.3 6.6 

30 25.2 25.4 21.5 11.0 
40 34.8 34.6 30.7 16.2 
50 44. 6 43.8 39.9 21. 9 

(jO 53.7 52.2 47.8 28.1 
70 (:33. 8 60.5 57.9 2~). 8 
eo 74.3 ?1.5 68.4 36.4 

90 83.8 81.5 79.4 45.6 
100 94,9 93.8 89.0 53.9 
lOE:i 9Ei. 8 99.l 93. (l 57. 4. 

110 104.5 104.3 98.2 so. r'S 
. ., 1 c.~ 
..L-,J 107.9 108.7 103.5 6•t.O 
120 112. 7 113.1 108.7 69.3 

125 118.2 118.4 112.2 72. :5 
130 12:"S,0 124,5 117.1 78.0 
135 127 .1 128.0 123.2 82.9 

140 132.8 132.8 128. 9 87.7 
137 131.1 133.3 125. 4 85.9 

llb, 



TABLE 

Pile Tip 
Elevation 

( ft) 

?,\). 0 
:',( l, 0 
'(,'/. 0 
~,; fj. () 

'.",:S.O 
:S4. U 
:,:~.() 
3~!.0 
?i.LO 
?iO.O 
29.0 
28.1 
28.0 
27.5 
27. 0 
26. 5 
26.0 
25.5 
25.2, 
25.0 
24.4 
23.9 
23.7 

23. 7 

II-27 - HARLINGEN 41 INITIAL PILE DRIVING DATA __ ,....,-
... ------.,,, 

Depth of Energy of Number 
Pile in Hammer of 
Ground (ft-lb) Blows 

(j .tl 13 
(1. tl 11 
·1. n 10 
0. fl 10 
D.8 10 

10,0 16750 9 
11.0 18125 H 
1?.. f~ 17700 9 
1'.:'i. fl 18200 9 
11,8 18200 1::'i 
15.8 20300 12 
16.4 22000 19 
16.8 22800 12 
17.3 24000 8 
17.8 24375 13 
18.3 24375 17 
18.8 24750 17 
19.3 24750 17 
19.6 24375 10 
19.8 24375 9 
20.4 24375 12 
20.9 24750 9 
21.l 24750 3 

Using last 20 blows 8 
21.l 24750 9 

3 

115 

Total 
Penetration 

(inches) 

12 
l"' {, 

12 
12 
12 
12 
12 
12 
12 
12 
12 

7.25 
4.75 
6 
6 
6 
6 
6 
3.5 
2.5 
6 
6 
3 

4 
6 
3 

.Blows 
Per 

Foot 

13 
11 
10 
10 
10 
9 
9 
9 
9 

13 
12 
31 
30 
16 
a6 
34 

-34 
34 
34 
43 
24 
18 
12 

24 
18 
12 



'I'ABLE II-·28 •· HARLINGEN 4L FTNJ.\L PILE DRIVING DATA 

-------··---·---••••--·-------•M--•-•• ----·----'1"'·---·--, .... ------------""""·--------
Pile Tip Depth of Energ)1 of Number Total Blows 
Elevation Pile :i.n Hr.,_nJmer of Penetration Perr 

(ft) Ground (ft-,J..b) Blows (inches) Foot 

23.:'59 2L41 24425 6 -, 
72 ...1... 

23.30 21.50 244{~5 6 -, 
.l~ 7"' L, 

2:3.22 21.58 ;':;4425 t3 -, 
72 J" 

23& l<I· 21. 6(5 2 4:4:c~5 6 1 72 
23.0E> 21. 75 244;),5 12 -'- 1/.i.4-. 
22. 97 2L8?1 244-1'.5 12 "I 

·'- 144 
22,89 21~91 (~ 4 <h;"~: 5 ]2 1 144 
22,/30 22"00 244?.5 12 .l 144 
22. '70 

((,1 22. on 24A:'.::5 12 1 
22. (i4 22.16 2H'.~5 12 l 14~-
2{~ ~ 55 22 ~ 2fi 244;::;5 12 1 144 
22.17 22 ,3:5 2,1,tJ25 12 
22 .2::: 2(2 I< 5[3 ?47:50 2 1t :3 96 
21, 97 22.f3:~i 244 .. ::;5 12 3 48 
21. ?'Z, 23.08 25125 12 3 48 
21.47 230 ?,:~) 24 7:'50 14 3 56 
21~ 22 23,5(3 ii".; 'l ,1•'")t:: 

c..,'z.1:.:1:::.icCJ 12 3 48 
20.97 2"'2 (")'f.! O, O,J 247"')0 11 3 
20. 72 2{.08 25125 12 0 48 
20.47 24.33 255:)0 12 3 48 , 

__ ,__.,..,.._..,..,..,,,.~.,,...__.,c.,/,<--<',......._,,,,..,,.._,... ___ ,.~--·---·,.,-, 

... - . ------·------·---,~--' 



TAI3LE II-29 - COMPUTER INPUT DATA FOR F..A:RLINGEN 4t INITIAL 

Belt 520 
26, 

Hammer 
Explosive force: 

(%): 100 
kips 

Ram veloc:lty: 16. 
Ram wei.ght: 5, 07 
Ram 

e = 0.6 
,SOO kips/in. 

(steel 011 steel impact) 
weight: 1.179 kips 

Helmet weight: 1. kips 
Capblock: Kc= 18,600 kips/in., e = 0.65 
Cushion: 2 1/4 in. of 3/4 in. x 16 in. x 16 in. Pine Plywood 

e = 0.4 

Type: 16 in. square prestressed concrete pile 
Segment length: 2 ft 
Segment weight: 0, 53fi. kips 
Segment stiffness: 73,100 kips/in., e = 1.0 

Soil Distribution 

RUT: 258 kips 
RUP: 162 kips 
Load distribution: 0.077 RUT uniform side load on upper 

10 ft, 0.295 RUT uniform side load on lower 8 ft, 
0.628 RUT at pile tip 
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TA.BLE II-30 _, CO}li?lJTER I~\JPIJT D1\T.1.\ rorr tif:r.I{LIN"G-EN l~L FINP ... L 

Rl11~ g 

RUP: 

Link Bc,lt 

sqt1ax·e 
2 :ft 
o. 

e = 0.65 
16 :tn. x 16 in.. Pine Plywood 

73,100 kips/i:i:,.,,,, e "'' LO 

Load <l:istr.':!.hution: 0.030 RUT uniform side load'. on upper 
10 ft:• 0. 308 RUT uni:fo:icm side load. on lower 8 ft, 
0.662 HJJ'i' at p:1.le 
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