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Modelling of Penetration Resistance and Static 
Capacity of Piles Driven by Vibration at the 

Pioneer Freezer Site, Syracuse, NY, and Laboratory Model Test 

INTRODUCTION 

Background 

Vibratory driving is a technique used for driving piles into the ground by imparting 

to the pile a small longitudinal vibratory motion of a predetermined frequency and 

displacement amplitude from a driving unit. The vibrations serve to reduce the ground 

resistance, allowing penetration under the action of a relatively small surcharge, or "biased" 

load, also provided by the driving unit, or "hammer." A schematic of a typical vibratory 

hammer-pile-soil system is shown in Fig. 1. Vibratory driving is especially effective in 

cohesionless soils and is favored over impact driving from the perspective of rapid and 

silent operation. However, the use of vibratory drivers has been hampered by the inability 

of inspection agencies to verify the bearing capacity of installed piles in the manner 

afforded by wave equation analysis of impact-driven piles. The current accepted practice 

requires restriking the vibro-driven piles with an impact hammer to verify the capacity by 

means of wave equation analysis or by direct dynamic monitoring. This operation 

increases the time required to install piles with the use of vibratory drivers and makes the 

process less attractive economically than it would be if some straightforward procedure 

were available to evaluate capacity from pile and hammer properties and simple parameters, 

such as rate of penetration at full penetration, that can be observed by an on-site inspector. 

The study reported herein aims to extend the one-dimensional wave equation approach to 

predict the capacity of several full-scale and model piles to demonstrate that an 

appropriately modified wave equation program can be used in certain cases. Further 

research is necessary to generalize the results of this study. 



Fig. 1. Schematic of Typical Vibro-Driver and Pile 



In rnid- 1985, the Deep Foundations Institute (DFI) issued a request for proposals 

to a wide range of organizations for assistance in developing analytical techniques for 

predicting the capacity of bearing piles installed with vibratory hammers. The original 

proposal was quite extensive in order to support fully the data needs to develop the 

prediction techniques. Unfortunately, after a year of effort by a DFI special subcommittee, 

the logistics and funding could not be developed for the major effort originally envisioned. 

At the DFI 1986 fall meeting in Houston, Texas, the decision was made to immediately 

proceed with a greatly reduced program so that access could be gained to an available test 

site at Hunter's Point in San Francisco, California, where the Federal Highway 

Administration and the US Army Corps of Engineers had just completed an extensive pile 

testing program. About three years later and also as a consequence of the DFI request, a 

work plan for field testing and data acquisition at another site, the Pioneer Freezer Plant in 

Syracuse, New York, was developed. At both test sites, work plans for data acquisition 

were supervised and executed by the Soil and Rock Instrumentation Division (SRI) of 

Goldberg-Zoino & Associates, Inc. (GZA) and DFI (4, 5). 

In July, 1989 the opportunity to obtain the above data for analytical purposes was 

presented to the University of Houston (UH) by Mr. William Loftus, representing DFI. 

Michael O'Neill of UH visited the Pioneer Freezer Site during that month, while static 

loading tests were proceeding. During the site visit geotechnical information about the site 

was acquired. During the fall meeting of DFI in October, 1989, in Baltimore, Maryland, 

DFI agreed to transmit the data to the University of Houston for analysis. UH agreed to 

work with the data at no cost on a time-available basis. This report summarizes the 

analyses that were possible to make with the data acquired. 

Scope 

The scope of UH's activities included the following: 



1. Convert 4 and 7-track data tapes provided by GZA for both test sites to floppy 

disks for further analysis on microcomputers at UH. Assistance was given by USAE 

Waterways Experiment Station in reading and converting the Hunter's Point data tapes, 

which were not compatible with tape readerlrecorders at UH. 

2. Reduce the digitized data to useful engineering units by applying appropriate 

calibration constants and correlating various sequences of data with known events (driving, 

stopping for splicing, GZA data for rate of penetration, etc.). 

3. Acquire from hammer manufacturers the necessary mechanical data to model the 

hammers used in the tests. 

4. Evaluate the data in a preliminary manner to determine if further analysis was 

warranted. At this step it was concluded that the data from the Hunter's Point Site would 

require further modification, which UH was not prepared or qualified to make. The data 

from the Pioneer Freezer Site were observed to be reasonable without further modification. 

5. Develop a computer program using the wave equation model to simulate the 

driving of the test piles. This wave equation model included a special model for the pile- 

driving hammer and an energy dissipator between the hammer and the pile head. 

6. Conduct model tests of a closed-ended steel pipe pile and a steel H-pile in 

saturated, fine sand to assess whether model testing can be used to evaluate the necessary 

parameters for full-scale installation. 

7. Using the Smith model to represent the soil, model the driving and static 

capacity of closed-end steel pipe piles and H piles at the Pioneer Freezer Site and the 

closed-end steel pipe and H model piles using the wave equation program developed for the 

project. Specifically, using measured pile-head force-time data as input, model the rate of 



penetration and pile-head velocity-time history by systematic variation of the Smith 

parameters, total static capacity and the ratio of toe to total static resistance to infer optimum 

values for these parameters. Compare the optimized Smith parameters for the model pile 

with those for the full-sized pipe piles at the Pioneer Freezer Site. 

8. Analyze the pile-soil-hammer system with the wave equation program using the 

optimized Smith parameters in order to evaluate the necessary mechanical energy 

dissipation features of the hammer and its connection to the pile. 

9. Report the results of this effort to DFI (this document). 

FIELD TESTING CONDITIONS 

GZA's work plan was aimed at the collection of data related to the readily 

measurable characteristics of piles installed with vibratory pile hammers. To accomplish 

this goal, pile testing programs were performed at Hunter's Point in San Francisco, 

California, and the Pioneer Freezer Site in Syracuse, New York. The raw data collected 

from Hunter's point were not used because of problems encountered in reducing them into 

usable engineering data. The data from the Pioneer Freezer Site were found to be usable. 

Geotechnical conditions at that site are detailed in Appendix A. 

The installation of several test piles at this site was performed from June 28 to July 

5, 1989. Test piles TP1 and TP4 were vibrated and subjected to static loading tests. 

During installation pile-head force and velocity time histories were monitored with the Pile 

Dynamics Analyzer (PDA), and rates of penetration were recorded by video camera. The 

pile instrumentation scheme was set to allow for continuous recording of the pile-head 

dynamic force and acceleration. This was accomplished with two surface-mounted piezo- 

electric accelerometers and a full bridge strain transducer. The continuous accelerations and 



force signals were recorded on a Vetter Model B 4-track FM tape recorder with calibration 

gain settings of 2.5 volts full scale. The fourth channel was used for voice input. 

Test piles denoted TP2, TP3, TP5 and TP7 were impact-driven. Production piles 

559, 6 19, 69 1, 754 and 825 were subsequently vibrodriven, with pile-head 

instrumentation similar to that for TP1 and TP4, and dynamically tested using an impact 

hammer, in which GZA determined static capacity from the PDA. Of interest are the 

vibrated test and piles. Piles TP1 and the remaining production piles were all 

closed-end steel pipe piles. Pile TP4 was a steel H-pile. The test piles and production 

piles were vibro-driven to practical refusal, although the terminal penetration rate varied 

considerably. 

To assess the wave equation computer program, Piles TP1, TP4 and 559 were 

selected for detailed analysis. Examination of the data indicated that the data for these piles 

were of the highest quality from among all of the test piles, although the data record that 

constitutes the end of driving of TP4 was lost. Some high-quality data were recovered at 

mid-depth for TP4, however. TP1 was a steel pipe pile, spiral welded, closed-end, with a 

0.75-in. flat plate welded onto the toe, an outside diameter of 12 in., a wall thickness of 

0.219 in. and a length of approximately 90 ft. The cross-sectional area of the steel was 

8.1 1 in2. TP1 was vibrated into position with an H-section welded to the head to provide 

a gripping surface for the vibrator to a penetration of 86 ft. The vibro-hammer used was an 

ICE 416 attached to the H-section by means of hydraulic clamps. A detail of that 

connection is shown in Fig. 2. The mechanical characteristics of the ICE 416 vibro- 

hammer are given in Appendix B. 

Pile 559 was a closed-ended pipe pile with similar properties to those of TP1. The 

ICE 416 vibro-hammer was used to drive Pile 559 to practical refusal to a depth of 83 ft. 

Test pile TP4 was an HP 10x49 steel H pile approximately 90 ft long and was driven with 



Top View 

Fig. 2. Pile-Vibrator Connection Detail, Pioneer Freezer Site 



the ICE 416 vibro-hammer to a penetration of about 80 ft. However, dynamic data could 

not be found on the data tapes beyond a penetration of about half of this value. 

Rates of penetration were also recorded in the field using video cameras and are 

shown partially in Figs. 3 - 5 and in Appendix C in totality in tabular form. 

It is noted that the test piles at the Pioneer Freezer Site were long and flexible and 

therefore required an analysis model that includes pile flexibility. 

LABORATORY TESTING ARRANGEMENT FOR MODEL PILES 

Two model pile tests were conducted in the UH geotechnical laboratory to 

investigate whether Smith soil parameters inferred from such tests can be applied to the 

field conditions at the Pioneer Freezer Site. An instrumented, closed-ended steel pile (per 

the pipe piles used at the Pioneer Freezer Site) approximately 95 in. long and 4.00 in. in 

diameter, was driven with a vibrator 78 in. into a pressurized sand column 30 in. in 

diameter, contained within a confining chamber located at the University of Houston. The 

test pile was made of cold drawn steel tubing and had a wall thickness of 0.188 in. Pile 

instrumentation included a strain gauge bridge and two piezoelectric accelerometers at the 

head of pile. This instrumentation and data recording systems were similar to those used 

during the vibratory installation of the test and production piles at the Pioneer Freezer Site. 

Additional instrumentation consisted of video camera monitors to record rates of 

penetration. 

A similar test was conducted on a model steel H-pile (per Pile TP4), which was 

square in cross section, with a flange width and section depth of 3.00 in. and with flange 

and web thicknesses of 0.125 in. 



Fig. 3. Rate of Penetration for TP-1 
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Uniformly graded, fine, clean siliceous sand, locally termed "San Jacinto River 

Sand," was placed in the chamber and saturated with deaired water. Drainage was 

provided at the lateral and upper boundaries of the sand. Controlled effective stresses 

were maintained at the chamber boundaries during driving and the static loading tests that 

followed driving. A schematic of the sand column is given in Fig. 6. 

To simulate approximately the Pioneer Freezer Site soil conditions, documented in 

Appendix A, the sand was deposited at 65% relative density throughout the column, and a 

lateral effective pressure of 10 psi was applied to the submerged sand column. This is not 

an exact duplicate of the ground conditions at the site. Actual relative density is estimated at 

40% above a depth of about 85 feet and 90% below that depth. At the time of the model 

test, however, methods had not been developed to deposit sand in the testing chamber 

uniformly at relative densities as small as 40%, so the 65% value represents an average of 

the relative densities in the upper and lower zones of the Pioneer Freezer Site profile. The 

mean confining pressure of 10 psi is approximately equal to the mean effective stress in the 

ground at the middepth of the piles (40 - 44 ft), assuming KO = 0.5, a total unit weight of 

110 pcf and a piezometric surface within 2 ft of the ground surface. 

The vibratory driver used in the model study operates on the counterrotating mass 

principle, as illustrated in Fig. 7. The rotating parts are impelled by hydraulic motors, 

which are in turn driven by an electric hydraulic pump. The vibrator can be operated in the 

frequency range of 5 to 50 Hz with unbalanced moments of 35 to 300 in-lb and bias (static) 

weights ranging from 380 lb to 2000 lb. For these tests the unbalanced moment was 50 in- 

lb and the biased weight was 380 lb. The theoretical performance curves of the laboratory 

vibratory driver are shown in Fig. 8. The hammer was connected to the pile head at the 

weldneck flange by means of a pin and clevice fixture that allowed 0.001 in. tolerance 
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Fig. 8. Theoretical Performance Curves for Laboratory Vibro-Driver 



between the pin and the block of the clevice. Some energy losses apparently occurred in 

this connection, and other energy losses undoubtedly occurred in the hammer itself. 

STATIC CAPACITY EVALUATION 

TP1 and TP4 were subjected to compressive static loading tests. In general, the 

test procedure goal was to conduct a 125-ton-maximum loading test (capacity of the dead 

load reaction), advancing from 0 tons to 125 tons in 10-ton increments. Each increment 

was held for 10 minutes, with deflection data recorded at the start and at the completion of 

each increment. At the conclusion of the 50-ton and 100-ton increments the load was 

dropped to zero and held for 30 minutes. The test was then restarted, the goal being to 

advance through the remaining increments to 100 or 125 tons. Upon reaching 125 tons the 

load was held for one hour and unloaded to 100,75 and 0 tons. TP1 and TP4 were found 

to have failed at 90 tons and 56 tons, respectively, according to the Offset (Davisson) 

Failure Criterion. Load-settlement relations are shown for TP1 and TP4 in Figs. C17 and 

C 18, in Appendix C. 

Production piles 559, 619,691,754 and 825 were restruck and dynamically tested 

by a PDA. They were not subjected to static loading tests. The hammer used for the 

restrike was a double acting diesel hammer (ICE 440). The maximum recorded resistance 

was based on the Case Method of capacity evaluation. 

The two model piles were also subjected to compressional static loading tests after 

they were vibrated to the penetration of 78 in. in the chamber. These tests were monotonic 

constant rate of penetration tests, conducted at a movement rate of 0.03 in./min. Capacities 

were interpreted from these loading tests, also using the offset method. Load-settlement 

curves are shown in Figs. D9 and D10, in Appendix D. 



Table 1 gives the interpreted capacities of all test piles and production piles at the 

Pioneer Freezer Site and of the two model piles tested at UH. The method of failure load 

determination (loading test or PDA analysis) is indicated. 

Table. 1 Interpreted Pile Capacities at Pioneer Freezer Site 
(compiled from data provided by GZA (5)) 

Notes: Boldface indicates piles that were driven by vibration. Only Piles TPl, TP4, 559, 
2A and 7C were analyzed. 

5 5 9  

6 1 9  

6 9 1  

754  

825  

2A - Model 

7C - Model 

TEST RESULTS 

Recorded data were reduced to engineering units after being digitized. Plots of top 

force and accelerations for small time windows, generally smaller than 1 second, have been 

Dynamic test (PDA) 

Dynamic test (PDA) 

Dynamic test (PDA) 

Dynamic test (PDA) 

Dynamic test (PDA) 

Load tested to failure 

Load tested to failure 

6 0  

6 2  

7 0  

7  5 

7 0  

7 . 2  0  

3 .75  



generated from the field or lab data for pile penetrations of less than one diameter or width 

from final penetration for lab tests. The digitized accelerations were corrected for zero shift 

and then integrated. Zero shift corrections were applied to the field accelerometer data by 

adjusting the zero until the area under the positive and negative portions of the acceleration- 

time relation were equal over the time window used. The velocity time histories obtained 

from the integration of the corrected acceleration time histories were the also corrected to 

account for the constants of integration and so that their integrals would yield displacement- 

time histories approximately equal to the displacement time histories recorded visually by 

the video camera. The trapezoidal rule was used for integration. Representative graphs 

are shown in Appendix C (for the full-sized piles) and Appendix D (for the model piles). 

As shown in Fig. C6a, the force signal was very noisy for TP4, so very small time 

windows were selected for the analysis of the data for TP4 (Figs. C6 - C8). 

The correction process yielded mean displacement time histories that approximated 

the observed rate of penetration except in the case of very slow penetration (e. g., TP1). 

For such a case, very small errors in either the acceleration readings or the zeroes for those 

readings lead to large percentage errors in computed displacement time history, and no 

further simple data manipulation can be performed. However, the effect of such errors on 

velocity time histories is small, so that the peak-to-peak velocities can be used as a checking 

parameter in the wave-equation optimization process, described subsequently. 

WAVE EQUATION ANALYSIS 

General 

The implementation of one-dimensional wave propagation theory in a finite 

difference numerical scheme to solve pile driving problems is attributed to Smith (3). 

Practical refinements of the simplified solution of Smith (e. g., 1, 2) have had a major 

impact on the state of the art of pile driving. Figure 9 depicts Smith's rheological model of 
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the problem, in which the pile is discretized into lumped masses connected by springs and 

the soil-pile interactions similarly represented by a series of (nonlinear) springs and 

dashpots. Modifications necessary to model the vibro-driving of piles were made as 

follows : 

(1) A version of the wave equation program was written in which the hammer / 

cushion system found in an impact-driven pile was replaced by a sinusoidal forcing 

function. In this way a close approximation of the measured force time history could be 

applied as a pile-head boundary condition that would allow back-computation of the Smith 

soil parameters without the need to estimate energy dissipation characteristics of the 

hammer and the hammer-pile connection. 

(2) A version of the program was also written that will simulate the mechanical 

action of the vibratory driver and connection (Fig. 9a). This version was used to reanalyze 

the field and model piles after the optimum Smith soil parameters had been developed using 

the first version of the program by freely varying the power dissipation characteristics of 

the hysteretic connector spring until close compliance was achieved between computed and 

measured pile-head forces. This exercise was conducted only for TP1. 

In this particular study, the soil model employed was the Smith model that is 

commonly used for modelling of impact driving. It is an elasto-plastic soil model 

characterized by ultimate static resistance, a quake value and a damping factor (3). Since 

this model is familiar to the engineering community at large, it will be very beneficial to 

determine whether it could in fact predict the behavior of vibro-driven model piles. 

Formulation of the Wave Equation for Cyclic Force Analysis (Mod. 1) 

A sinusoidal force generated by the vibrator acts on the head of the pile as it is 

pushed down into the ground. Because the pile response cannot be modelled correctly 



Fig. 9a. Rheological Model of Connecting Segment 



without quantifying the energy losses at the pile-vibrator connection, it is not appropriate to 

determine the Smith soil parameters from a model that includes the vibratory driver in the 

system. Instead, the sine force measured at the pile head is used as the driving input 

function. 

Forward difference integration with a small time step is started from the time the 

vibro-driven pile in its virtual final position and vibro-driving is simulated for 15 to 20 

cycles of load, or until steady state penetration is achieved. Output from this scheme, 

summarized below, includes displacement time history at the pile head, velocity time 

history at the pile head and static capacity. 

Pile-Head Velocity. The pile-head velocity is computed from Eq. 1: 

where F(i) is the applied pile-head force at time step i and Fl,i-1 is the spring force (see 

continuity calculations, below) acting on the bottom of pile element 1 during the previous 

time increment.. R 1 ,i- 1 is shaft soil resistance force (see below) developed against element 

1 at time step i-1. Note that the first computation made to initiate the solution is for V1,l. 

In that case, R1,o and F1,o are zero. At is the time increment, and M1 is the mass of 

element 1. 

Continuity Calculations. The displacements at every time increment i for every 

pile element m is given by 

The pile spring compression or tension, C, between elements m and m+l is 

calculated from: 



which in turn gives the spring force in pile, F, at the location of the spring by: 

Fm,i = Cm,t Kpm , (4) 

where AEm is the elastic where Kp, is the spring constant for pile element m = - Lm' 
stiffness of element m and L, is the length of element m. 

Velocities for elements other than Element 1. The velocity for any pile 

element other than element 1 is given by Eq. 5: 

Note that at the bottom of the pile (element M), R ~ ~ 1 - 1  is the sum of the shaft and toe 

resistances. 

Shaft Resistance. The shaft resistance force, R, at element m is given by: 

where DP is the plastic displacement of the soil (displacement in excess of the shaft quake, 
T 

Q,), Is is the side damping constant of soil in units of and Ks is the shaft soil spring 

constant (p, where Rum is the ultimate static shaft resistance assigned to element m). 
um 

Toe Resistance. The toe resistance function is given by 

RM,~  = [ D M , ~  - DPM,il Kt (1 + Jt VM,~) 9 (7) 

Qt where Kt is the soil spring constant at the toe (-, where Qt is the toe quake and Rut is the 
Rut 

ultimate static toe resistance) and Jt is the toe damping constant. 



The loading and unloading paths for the soil are depicted in Figs.10 and 1 1 for toe 

resistance and shaft resistance, respectively. Note that no negative (tensile) forces that 

might be computed by Eq. 7 are permitted at the toe. Furthermore, reloading at the toe 

cannot commence until the displacement at the end of the most recent unloading cycle has 

been reached. 

A Fortran computer code was developed that incorporates the equations given 

above through modular subroutines. The unknowns are systematically evaluated from the 

head of the pile (element 1) to the toe (element M) from time step 1 through a sufficient 

number of time steps to describe several cycles of loading. The order of solution is 

repetitively from Eq. 1 or 5 through Eq. 7 (skipping Eq. 1 and using Eq. 5 for m # 1, and 

skipping Eq. 5 for m = 1) for each time step, with allowances for the constraints on the 

soil loading paths indicated in Figs. 10 and 11. The code was tested for mathematical 

stability over as many as 30 cycles of vibration. At least 10 cycles of steady state response 

at constant rate of penetration were considered necessary for the solution to be considered 

stable. This means that 15 to 20 cycles must be simulated in order to damp out initial 

transients. An initial concern for the multi-cycle analysis was the solution stability, but the 

Eulerian integration method in the time domain, outlined above, proved satisfactory given 

an appropriate choice of the time step of integration, which, after investigation, was taken 

as one-half the time required for a compression wave to traverse the shortest pile element. 

That is, At = Lm(min), where vc is the compression wave velocity of the pile material. 
2vc 

Formulation of the Wave Equation for Analysis with Vibrator (Mod. 2) 

For this case the analysis of the pile is identical to that in the previous case except 

that Eq. 1 is not used for element 1 and Fo,~ in Eq. 5 becomes the force in the connector 

spring at time increment i. An additional mass, &, is added above element 1 to represent 
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Fig. 10. Toe Soil Loading-Unloading Pattern 



Fig. 1 1. Shaft Soil Loading-Unloading Pattern 



the mass of the hammer. Two forces, the sinusoidal force produced by the counterrotating 

masses in the hammer and a static force representing the bias weight are considered in the 

dynamic equilibrium for this new element, as follows. First, the theoretical forcing 

function for the vibrator, Fv(t), is given by 

2 
Fv(t) = m, e (2x0 sin [(2xf) t] = A sin o t  (Fig. 9), (8) 

which, because of internal energy losses in the vibratory hammer, can be modified to 

2 
Fo ,~  = 52 m, e (2x0 sin [(2xf) t] = C2 A sin o t  (Fig. 9), (8a) 

where me is the magnitude of the combined eccentric masses in the vibrator, e is the 

moment arm of these masses, f is the operating frequency of the vibrator in Hz, c2 is an 

empirical energy loss term, and the first subscript (0) represents the vibrator mass. Then 

in which Mo is the mass of the vibrator, excluding the bias weight, FB is the value of the 

bias weight and F o , ~  and V O , ~  are 0. With VO,~ known, 

C O , ~  = Do,i - Dl,i-1 , and 

In Eq. 12, a = 1 if Q , i  > Q,i-1 and C0,i is + (compressive), 

a = 51 if Co,i < C0.i-1 and CO,~  is +, 

a = 1 if Co,i < Q, i - l  and Coj is -, and 



a = k1 if Co,i > Q,i - l  and C O , ~  is -, in order to model the hysteresis 

(energy losses) in the connection. 

AE & is 7 for the connecting segment, assumed semi-arbitrarily to be a (weightless) 

two-foot-long steel rod with a cross-sectional area of 12 in2. A + value for Q , i  indicates 

compression, while a - value indicates tension in the connection. 

Energy losses in the hammer and connection in this scheme are modelled by two 

parameters, e l ,  which models empirically the hysteresis in the connector spring, and 52 

(Eq. 8a), which models empirically the internal engery losses in the hammer. As further 

research is conducted into energy losses in vibratory driving systems, more appropriate 

energy loss expressions can be developed. 

Once Fo,~ is computed in a given time step, computations proceed for pile elements 

1 - M for that time step as in Modification 1. If the toe and shaft resistance, quake and 

damping are known (as, for example, from an optimization of the parameters from the use 

of a measured forcing function at the pile head), k1 and 52 are the only free variables, and 

they can be evaluated in principle by varying k1 and 52 in a complete analysis of the pile- 

vibrator-soil system. The soil parameters are held constant and k1 and 52 are varied until 

(a) the force time history Fo (t) approximates the forcing function at the pile head that was 

measured experimentally, as indicated in Fig. 12 (which shows specific data for the 

simulation of TP1) and (b) simultaneously there is a close match in the predicted and 

measured rates of pile penetration. 





OPTIMIZATION OF PARAMETERS 

First Stage Optimization 

Systematic numerical simulation of both the field and lab tests was undertaken 

using the Smith soil model in the numerical solution (Modification 1). By considering the 

measured pilelhead driving force time history as input in the wave equation code and by 

minimizing both the error in rate of penetration vp and the peak-to-peak pile-head velocity 

1 ,PP at within one diameter of full penetration (through comparison with measured 

values), the ultimate resistance (capacity), ratio of toe resistance to total resistance and the 

Smith parameters were obtained for each pile installation that was simulated. Many 

computer runs were necessary to optimize all parameters for a given test. 

For purposes of analysis, the laboratory test piles were divided into two elements 

because the piles were short enough to behave almost as rigid bodies. TP1, TP4 and Pile 

559 on the other hand were divided into five elements to account for the greater flexibility 

of the full-sized piles. 

An optimization matrix is shown schematically in Table 2, which illustrates how the 

optimization process was carried out. Note that in this optimization procedure the 

assumption was made that the shaft resistance was constant along the pile. 

The results of this optimization procedure are given in Tables 3 through 7. It is 

noted that the solution for TP4 could not be optimized at full penetration, since pile-head 

velocity records were not found for that penetration, so that optimization was performed for 

the deepest penetration for which data were available (50 ft). As a result, no comparison 

between computed and measured capacity could be obtained for that pile. 



Table 2. Schematic Optimization Matrix for Wave Equation Analyses (Mod. 1) 

Free Variables Computed Variables 

~ u n  RUT Rt Qs Js Qt Jt v~ v l y ~ ~  

Optimum set of parameters occur where 

min { [Y - vp(measured)]2 + [Z - ~~ ,~ (measu red ) l~}05  

is obtained. 

Table. 3. Optimized Pile and Soil Parameters for TPI 

Parameter Value 

Q (shaft) 0.05 in. 

Q (toe) 0.15 in. 

J (shaft) 0.020 sec/in. 

J (toe) 0.042 sec/in. 

R,T (total ult. resistance) 12.5 tons 

Rut(toe) / Ru~(tota1) 0.50 

R,T / R U ~  (loading test) 0.14 



Table. 4. Optimized Pile and Soil Parameters for TP4 
(Based on data for 50-ft penetration) 

Parameter Value 

Q (shaft) 0.05 in. 

Q (toe) 0.15 in. 

J (shaft) 0.004 seclin. 

J (toe) 0.008 seclin. 

R u ~  (total ult. resistance) 3.75 tons 

Rut(toe) / Ru~(total) 0.30 

R,T I R U ~  (loading test) Not obtainable 

Table. 5. Optimized Pile and Soil Parameters for Pile 559 

Parameter Value 

Q (shaft) 0.05 in. 

Q (toe) 0.15 in. 

J (shaft) 0.020 seclin. 

J (toe) 0.042 seclin. 

R u ~  (total ult. resistance) 4.5 tons 

Rut(toe) I Ru~(tota1) 0.30 

R,,T I R u ~  (loading test) 0.08 



Table. 6. Optimized Pile and Soil Parameters for Pile 2A (Lab) 

Parameter Value 

Q (shaft) 0.05 in. 

Q (toe) 0.15 in. 

J (shaft) 0.021 sec/in. 

J (toe) 0.067 seclin. 

R u ~  (total ult. resistance) 2.1 tons 

Rut(toe) 1 Ru~(total) 0.55* 

R u ~  / R u ~  (loading test) 0.29 

* Note: During static loading test, this ratio was 0.38 

Table. 7. Optimized Pile and Soil Parameters for Pile 7C (Lab) 

Parameter Value 

Q (shaft) 0.05 in. 

Q (toe) 0.15 in. 

J (shaft) 0.02 1 sec/in. 

J (toe) 0.067 seclin. 

R u ~  (total ult. resistance) 1.13 tons 

Rut(toe) / Ru~(tota1) 0.30 

R u ~  / R u ~  (loading test) 0.30 

Second Stage Optimization 

Using the parameters in Table 3, TPI was analyzed again using Modification 2 of 

the wave equation program in order to evaluate the energy dissipation parameter 5 that will 



enable the entire hammer-pile-soil system to be simulated. The values of k1 and 52 that 

gave the closest correspondence between measured and predicted force time history at the 

pile head at maximum penetration in TP1 were 1.05 and 0.147, respectively. These data 

suggest little power loss in the connector but a hammer "efficiency" of only about 15%. 

SENSITIVITY STUDY 

A sensitivity analysis was conducted for Pile 2A (laboratory test pile) using 

Modification 1 of the wave equation program by changing only one optimum test parameter 

at a time, keeping the other optimized test parameters unchanged. Plots of rate of 

penetration and peak-to-peak pile head velocity versus changing quake (shaft and toe), soil 

damping (shaft and toe), ratio of toe to shaft resistance, and static pile capacity in flight 

( R u ~ )  are shown in Appendix E. Penetration rate and head velocity are both seen to be 

rather sensitive to the choice of some of the parameters. Both penetration rate and peak-to- 

peak head velocity were more sensitive to R u ~ ,  the total static capacity, and to Jt, the 

damping constant assigned to the pile toe, than to variations in the other variables, within a 

range of + 50% of the computed optimum value. The high degree of sensitivity of RUT to 

penetration rate is encouraging for the use of wave equation modelling to predict static 

capacity. However, the sensitivity of the solution to Jt suggests that more back-analyses, 

particularly of field installations, or more refined methods for predicting Jt theoretically, or 

both, will have to be acquired before wave equation modelling can be used with confidence 

for this application. 

Another variable that has a significant effect on rate of penetration, but less so for 

peak-to-peak velocity, is ratio of toe to total resistance. During the static test on 2A the toe 

resistance was measured by means of a load cell and was found to be 0.38 X total capacity. 

compared with 0.55 inferred from the wave equation optimization process. This suggests 

that a fair approximation of the R t / R u ~  can be obtained from application of static pile 



capacity theory. ( This is obviously not true, however, for the absolute value of R,T.) The 

fact that R t / R , ~  was nearly equal for Test 2A (lab) and TPl(fie1d) seems, on first 

consideration, fortuitous, since LIB for TP1 was about four times that for 2A, which 

would suggest a lower ratio for TP1. However, the soil at the toe of TP1 was much 

stronger than the soil along the shaft, which was not the case in the laboratory. Hence, as a 

first trial, the use of static capacity ratios appears possible for vibratory driving modelling. 

CONCLUSIONS 

The following conclusions can be drawn from this preliminary study. 

1. The wave equation program with the Smith soil model and conventional 
Eulerian integration can be used to predict the behavior of piles driven by vibration. It must 
be applied by simulating the driving of the pile, starting from a static position near full 
penetration, for about 15-20 cycles, to clear initial transients and to achieve about 10 cycles 
of steady-state motion of the pile head. Other soil models, however, may provide better 
predictions than the Smith model. Research is continuing at the University of Houston. 

2. In order to model the harnrner-pile-soil system, the following properties of the 
hammer and connection to the pile must be known: weight of rotating parts, moment arm 
of rotating parts, frequency of operation, weight of vibrator body, magnitude of bias 
weight, and the energy dissipation constants c1 and 52. The former parameters can be 

obtained from hammer manufacturers, while $1 and 52 must be obtained experimentally. 

Values of and 52 for Pile TP1 (with ICE 416 driver) have been suggested in this report, 
but those values should not be generalized without further study. Other means of 
characterizing power losses in the hammer and at the pile-hammer connection may be more 
appropriate than the method described in this preliminary study. The stiffness of the 
connector may also be an important variable. This effect was not investigated here. 

3. In some respects, the tests conducted in the laboratory replicated certain effects 
that were inferred from wave equation modelling of the field tests at the Pioneer Freezer 
Site. For example, the values of R u J R u ~  were essentially identical between the laboratory 
and field tests on the pipe pile TP1 (0.50 - 0.55), but a lower ratio ((4.30) was achieved for 
pipe Pile 559. The driving record suggests that the soil in the locality of the toe of Pile 559 
was weaker than at the location of TP1, and it is therefore reasonable that R u t / R u ~  also be 
lower for that pile. It is suggested that R u J R u ~  can be estimated for closed-toe pipe piles 
from static resistance theory as a first approximation. Further, quake values and shaft 
damping values were essentially equal among all of the laboratory and field pipe piles. 

4. On the other hand, some major differences occurred between the lab and field 
tests. There was little similarity in the Smith damping values between TP4 and Test 7C (H- 
piles), although the quake values were equal. This may be due to the fact TP4 could only 
be analyzed at partial penetration, and that the very rapid rate of penetration at that point 
permitted significant damping in the hysteresis of the resistance curves, so that relatively 



low J-values (similar in magnitude to those that would be used to model impact driving) 
were appropriate. This observation suggests that a soil model other than the Smith model 
is desirable. Toe damping was consistently higher for the laboratory model piles than for 
the field piles. The toe damping differences may be due to differences between the 
boundary conditions in the chamber and field, especially in the vicinity of the pile toe. 
Since the prediction of R u ~  is strongly dependent upon J t  it is evident that further studies 
of this type will be necessary to develop with confidence either ratios of Jt(field) to Jt (lab) 
or confident values of Jt(field) directly. Otherwise, large-scale laboratory tests appear to be 
a useful tool in developing values for parameters for inclusion in wave equation studies of 
vibratory pile driving. 

5. The most significant difficulty in the modelling process is the prediction of static 
pile capacity. In every test modelled, R,T (in-flight static resistance)was between only 8% 
and 30% of the static capacity indicated by the Davisson interpretation of failure from the 
static load-movement relationship or from analysis of impact restrike data using the Case 
Method, The vibro-driving process sets up pore water pressures and other phenomena that 
apparently produce this behavior. In the laboratory the ratios of R,T to static capacity were 
higher than in the field, possibly because of better drainage. An explicit soil degradation 
model should therefore be incorporated in the wave equation model. Alternately, it may be 
possible to obtain better values of static capacities by analysis of penetration rate after the 
pile is allowed to rest for a few minutes and then vibrated a short distance to final 
penetration, in a manner similar to the restrike process used in impact driving, but with a 
much shorter wait time, since soils through which vibro-drive piles penetrate are normally 
granular and dissipate pore pressures quickly. 
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Geotechnical Information 

Geology of the Syracuse Vicinity 

During the last glacial era, the Syracuse area was covered by a glacial lake. The 

lake basin, in which the Pioneer Freezer Site is located, was filled with lacustrine silts and 

clays by underwater sedimentation. These geornaterials have never been subjected to more 

than their own weight. As the glacial lake and glacier began receding some 10,000 years 

ago, some of the low areas were occupied by smaller lakes, the present Onondaga Lake, a 

few hundred yards to the southwest of the site, being one of them. 

During the glacial retreat, the areas surrounding Onondaga Lake began being filled 

by marl, which is a mixture of calcium carbonate, shells, silts and clay. After the marl was 

laid down, the formation of peat began. The swampy environment, which exists to this 

day, favored the preservation of the organic material. 

In addition to the natural causes of deposition, the foundation conditions are further 

complicated by man-made deposits. Landfill operations in the Syracuse area have dumped 

garbage and miscellaneous fill in varying quantities throughout many parts of the area. 

Pioneer Freezer Site 

The Pioneer Freezer Site, the site where test piles were driven, is located in 

Onondaga County about three miles northwest of downtown Syracuse, New York. A site 

location map is shown in Fig. A 1. 



scale: 1 "=501 

Job Site: Intersection of Park street and Hiawatha Blvd. 

Fig.Al Site Location Map 



Logs of test borings and laboratory tests in and around the testing area were made 

available by Parratt-Wolff, Inc. The data obtained consist of several boring logs and 

results of laboratory testing, which include natural moisture content, sieve and hydrometer 

analyses and Atterberg limits. 

In addition, a general subsurface profile for the construction of a Bikeway located 

200 feet west of the Pioneer Freezer Site was previously undertaken by the New York DOT 

and those data could readily be used to assist in characterizing the site. 

The existence of the above soil data makes the Pioneer Freezer Site fairly well 

documented. 

The soil information resulting from the test boring closest to the pile driving area, 

and deep enough to describe the soil stratigraphy up to full penetration of the test piles, 

constitutes the working soil profile. The standard penetration test was performed in this 

boring and in adjacent borings according to ASTM-1586. The boring log, showing the 

uncorrected SPT N values, is presented in Figs. A2 - A4. 

It appears that the soil conditions at the testing site consist of an 8 foot-thick of 

loose cinders and silt fill. This fill is underlain by a 37-foot-thick layer of very soft silt and 

marl. Underlying this layer are recent alluvial deposits, consisting of silt and medium 

dense sand, which have been interpreted by the writers to be essentially free draining. The 

standard penetration resistance (N-values) for the alluvial deposits generally increased with 

depth to auger refusal. At time of testing, the water table was at the ground surface. From 

the boring log, it appears also that at the 80-85-foot depth a layer of medium to very dense 

fine to coarse gravel and fine to coarse siliceous sand with some silt existed. The test piles 

were driven into this stratum, so that it surrounded the toes of the test piles at their final 
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penetration depths. At a depth of 82 feet, N is 17 in a medium dense fine sand soil layer. 

At 86.5 feet, the driller encountered auger refusal. 

Geological transformations in the Onondaga County, New York, suggest to the 

writers that the soil above about 85 feet depth is normally consolidated, while the dense 

material below that depth is preconsolidated by glaciation. Hence, most of the material 

through which the piles were driven is normally consolidated, loose and of the free- 

draining type. This idealization is the result principally of engineering judgment. 
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ICE 416 Vibratory Hammer Specifications 

The vibro-hammer used to drive the test piles at the Pioneer Freezer Site was an 

ICE 416. J and M Hydraulics, Inc., who designed the hammer for ICE provided the 

writers with the following specifications. 

Model : ICE 4 16 

Weight: 9600 lb. 

Eccentric Moment: 2000 in-lb. 

Bias Mass Weight: 3270 lb. 

Spring Constant: 15520 lb. per in. 

Maximum Extraction Force: 80,000 Ib. 

Engine Power: 250 HP. 

Note that "weight" is the overall weight of the unit, including the bias weight, clamp, and 

rotating parts. Also the "eccentric moment" is the total of all the unbalanced masses times 

their eccentricity. 
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Typical Driving Data for Pioneer Freezer Site Piles 

The following figures show selected segments of the digitized data that were used 

in this study. 
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Table. C1. Rate of Penetration of Piles, Pioneer Freezer Site 

Pile Pentration Pile TP- 1 Pile TP-4 Pile 559 Pile 619 
Below G.S Elapsed Time Elapsed Time Elapsed Time Elapsed Time 

(feet) (skcondes) (skcondes) (skcondes) (skcondes) 
24 0 



Table. C1. Continued 
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Laboratory Test Data 

This appendix provides typical data from the laboratory tests, which were 

designated 2A and 7C. 

General Conditions for Test 2A 

Soil Parameters: San Jacinto River Sand (saturated) 

Relative Density 65% 

Effective Confining Pressure 10 psi 

Overburden Pressure 10 psi 

Vibrator Parameters: Unbalanced Moment 50 in-lb. 

Bias Weight 1620 lb. + 380 lb. 

Pile Type: 4" Diameter Closed Ended Steel Pipe Pile 

General Conditions for Test 7C 

Soil Parameters: San Jacinto River Sand (saturated) 

Relative Density 65% 

Effective Confining Pressure 10 psi 

Overburden Pressure 10 psi 

Vibrator Parameters: Unbalanced Moment 50 in-lb. 

No Bias Weight 

Pile Type: 3 in. S tee1 H Pile 
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APPENDIX E 

Results of Parametric Study Conducted Upon Pile 2A 
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Fig. E10. Peak to Peak Velocity vs Shaft Damping for Test 2A 
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Fig. E l l .  Peak to Peak Velocity vs Toelshaft Resistance for Test 2A 
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Fig. E12. Peak to Peak Velocity vs RUT for Test 2A 
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