A COMPARISON OF PULSE ECHO AND TRANSIENT RESPONSE
PILE INTEGRITY TEST METHODS

Frank Rausche!, Shen Ren-Kung?, and Garland Likins’

INTRODUCTION

Foundation engineers need an inexpensive and quick method for the integrity testing of
foundation piles when installation difficuities are expected or problems arise during construction.
Both driven piies and drilled shafts may undergo serious damage during construction. When this
is suspected. selected or even all piles on a construction site may require evajuation. However,
in general, special advance preparations such as the installation of inspection tubes are not

economically feasible.

When 2 concrete pile, either precast and driven or drilled and cast in situ, is struck with a small
hammer, a stress wave is generated which travels down the shaft to the pile bortom where it is
reflecred. When the reflected stress wave returns to the pile top, a measurable pile top motion
occurs. IF this reflection occurs at the correct time and if no other earlier reflection waves are
received at the pile top, then the pile shaft is probably free of major defects. Utilizing this
concept. the so-called "Low-Strain Method of Dynamic Pile Testing” was deveioped. In comtrast,
the "High Strain Method" measures pile top forces and velocities under a large impact hammer.

A comparison of high strain and low strain results is given in Reference (1).

When a lightweight hand held hammer strikes the pile top, a small pile top motion (velocity) is
generated. The associated pile strains are of such a low magnitude that they would be measured
in the pile only with great difficulty. However, the force applied by the hammer can be easily

measured by instrumenting the hammer itself. Prmarily, the velocity record and to a lesser
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degree the force record contains information about the locanion and magnitude of pile
nonuniformities. Under the assumption of proportional force and velocity records (2), and for
short duration impact pulses, the velocity record may be sufficient. One of the distinguishing
features of the Transient Response Method (TRM) is that it requires the measurement of both
velocity and force while the Pulse Echo Method (PEM) only relies on velocity records. A second
difference is the display of the TRM results in the frequency domain. PEM offers powerful

record enhancement techniques and presents the resulting curves as a function of time.

The authors have realized that both methods have some advantages and have therefore combined
the two methods into a third method which is referred to as P.LT.-FV. All three methods are
presented. Using records taken on a drilled shaft with a known cross sectional change, the

features of all three methods will be demonstrated.
STRESS WAVE PROPAGATION IN A PILE

An impact applied to the pile top generates a momentary compression and a particle motion of
the pile top surface. The compression is related to the force, F; the motion causes a particle
velocity, v. In concrete, the stress wave travels along the pile with a stress wave speed, c, ranging
from 10 to 15 ft/ms (3.3 to 5.0 m/ms). As shown by St. Venant (3), the stress wave speed in a

long slender rod is given by
¢t = Elp (1)

where E is the pile’s elastic modulus and p its mass density. The low strain methods have also
been applied to timber piles. Due to the high surface area to cross sectional area ratio, steel
piles which are not filled with concrete are very difficult to test vsing low strain methods. Steel

piles are more easily tested with impacts of actual pile driving hammers (high strain method).

The traveling wave solution to the one-dimensional wave equation has been discussed in detail
by St. Venant and many others (4). It forms the basis on which interpretation techniques have
been founded for both high strain and low strzin pile test methods. Figure 1 shows, in the form

of a time-depth plot, the path of a suress wave in the pile, illustrating the arrival tmes of
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reflection waves at the pile top. Both cross sectional changes and soil resistance forces generate
reflection waves. The pile top velocity is affected by and therefore indicates the arrival of both

tensile and compressive reflection waves.

THE PULSE ECHO METHOD

This is probably the simplest test method as far as instrumentation and testing effort is
concerned. Figure 2 shows a photograph of the so-called P.I.T.-SC (Pile Integrity Tester - Self
Contained, because it is battery powered). Important hardware components also inciude a hand
held hammer with an integral plastic cushion and an accelerometer. The processor shown in
Figure 2 provides signal conditioning, digital signal processing, digital signal storage and, for
output, an LCD screen and a built-in graphics printer. Various configurations of this system are
possiole. For example, the signal conditioning can be connected directly to a standard portable

PC with A/D capability. Output can also be produced on a pen plotter.

The first and sometimes most important step for any low strain test is the preparation of the pile
top surface. In fact, depending on the cobstruction method, it may be necessary to remove
several inches or feer of the upper concrete if it has been contaminated with sotl, bentonite shurry
or other foreign materials during construction. After a clean, healthy and hard concrete top
surface has been created, the accelerometer is attached to the pile top surface with a thin layer

of a soft paste like vaseline, petro wax, erc.

After this preparation, an impact with the hand heid hammer is applied. The impact generates
accelerations in the 10 to 100 g range, pile strains around 107, velocities near .1 ft/s and
displacements less than .001 inches. The velocities contain the most useful and usable
information. Therefore, accelerations produced by several hammer blows are integrated and
displayed on the processor’s screen. Figure 3 shows, as an example, records from a specially
prepared 20.5 ft (6.2 m) long drilled shaft with 18 inch (460 mm) nominal diameter installed in
stiff to very stiff sitty clays. Over the bottom 5 feet (1.5 m) of the shaft. the cross sectional area
was purposely reduced to 15 inches (380 mm) diameter; this is a 30 percent area reduction.

Consistent records are selected, averaged, scaled and then redisplayed. Averaging reinforces
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repetitive information from real cross section changes while reducing random noise effect. For
the example case of Figure 3, the average pile top velocity is shown together with two individual
records in Figure 4(a) as a function of both time and length. The length scale is calculated from

the time scale by multiplication with an assumed wave speed.

The test engineer inspects the average velocity signal. The first check concerns the "toe signal".
If the reflection from the pile toe is not readily apparent (as in the example of Figure 4(a)}), then
the velocity is multiplied with an amplification function whose magnitude is unity at impact and
which increases exponentially with time until it reaches its maximum intensity at time 2L/c after
impact (2L/c is the time which the stress wave requires to travel the pile length, L, and return).
In Figure 4(b)}, an amplification of 10 was used. Note how both the cross sectional reduction and
the pile toe now provide clearly identifiable signals. For longer piles or stronger soils, even
higher amplification factors are often used; this requires however, special purpose signal
conditioning with very low noise and high resolution A/D units operating at fast sampling rates
to be successful. If the toe signal is apparent, then it is possible to confirm the originally assumed

wave speed.

A clearly indicated toe signal together with a fairly steady velocity trace between the impact and
toe signal are signs of a sound pile. Traces with strong variations may indicate the presence of
a pile cross section change or soil resistance changes. For example, relative increases in pile top
velocity may be the result of either a cross sectional decrease or a soft soil layer. The pile
impedance (EA/c) is the product of cross sectional area, A, and elastic modulus, E, divided by
the wave speed and is therefore a measure of the pile cross sectional size and quality. Thus, an
impedance reduction can be due to a decrease either in area or in the modulus or concrete
strength. Further inspection of Figure 4(b) concerns the evidence of impedance reductions along
the pile length at about 14 ft (4.2 m) below the top. Correct quantitative interpretations may
require signal matching and comparison with records of other piles at the same site (See section

on P.IT.-WAP signal matching).



The TRANSIENT RESPONSE METHOD

The TRM requires that both the pile top motion and the impact force be measured. This
concept has been borrowed from standard Non-Destructive Testing technology. In fact, the first
applications on piles required the measurement of force and velocity under a steady state vibrator
which could apply substantial forces at variable frequencies (5). However, the force frequency
spectrum of a hand held impact hammer is flat over a wide frequency band (see Figure 5). A
simple hammer can therefore adeguately produce those frequency components (o test both well
cbnstructcd or defective piles with TRM methods. Although general purpose equipment
(Spectrum Analyzer) can be used In conjunction with velocity and force sensors, the equipment
described for the Pulse-Echa Method is capabie of the necessary signal conditioning and analysis

provided the.simple hammer is instrumented to measure the impact force.

The standard resuit of TRM is a piot of the ratio of velocity to force (which is the so-called
Mobility) spectrum. The mobility is really the inverse of the impedance and therefore an

indication of the pile’s velocity response to a particular excitation force.

A mobility peak occurs at a frequency indicative of a positive change of velocity caused by
reflection from the pile toe or an intermediate impedance reduction. Furthermore, dividing the
velocity by frequency leads to displacement. Dividing force by displacement at a given frequency
leads to a stiffness value. Thus, in practice, low frequency values are divided by the associated
mobility yielding a so-called dynamic stiffness, E,. This quantity increases with decreasing pile
toe response. A low pile toe response is the resuit of high soil resistance. However, it may also
be the result of high soil or internal pile damping and is therefore only indirectly related to
quantitative pile bearing capacity. However, E, is calculated since it does provide a qualitative
result for the evaluation of pile quality. Figure 6 shows the Mobility Spectrum for the present

example case and the E, value for the 32 Hz (frequency is selected by the movable cursor, T1).

Tn both PEM and TRM. the effects from "ringing” due to reinforcement protruding from the pile

top can be minimized using appropriate fltering techmques.



P.ILT.-FV

The P.I.T.-FV Method is a combination of PEM and TRM. The equipment necessary is the same
as for TRM. Both force and velocity records are displayed as a function of time. However,
instead of the averaged and amplified velocity, the difference berween average velocity and
average force (divided by impedance) is calculated and then amplified exponentially (by a factor
of 10 for the example case shown in Figure 7). The toe (at 20.5 ft, 6.2 m) and planned cross
sectional reduction at 14 ft (4.3 m) are readily apparent in this record. In this curve, any defect
ﬁéar the pile top is more apparent while it may be hidden inside the impact pulse in the normal

PEM.

After the display of the average, amplified force velocity difference, the mobility is calcuiated as
in TRM (Figure 6). Unfortunately, the mobility spectrum cannot be calculated for the amplified
velocity curve. Apparently the shape of the amplification function affects the spectrum and
incorrect conclusions would be drawn. Therefore, a weak toe response will resuft in a mobility

spectrum with little information about the basic pile frequency.

P.LT-FV provides the engineer with the additional spectra of velocity and force. An example of
the force spectrum was shown in Figure 5. Since the mobility is velocity divided by force, the
velocity spectrum differs substantially from the mobility spectrum only at higher frequencies
where the force spectrum becomes progressively smaller. In the lower frequency range, velocity

and mobility specira are nearly identical because of the flatness of the force spectrum.

Figure 8 shows the P.LT.-FV velocity spectrum calculated from the velocity time curve. The
velocity spectrum lends itself to further analysis if this curve displays prominent and repetitive
peaks at integer muitiples of the basic frequency. The transform of the velocity spectrum
therefore directly indicates the length due to reflections from the pile toe (Figure 9). If other
prominent frequency components are contained in the velocity spectrum. due to impedance
changes along the shaft for example, then several peaks may resuit. Cbviousiy, the mobility or

velocity spectrum is not as easily interpreted. Again, the amplified velocity cannot be analyzed



in this manner. P.1T.-FV offers this important additional result as an aid in interpretation. In
the example presented here, the cross sectional reduction is easily observed in the high marker,

and the pile toe with a smaller reflection.
CALCULATED RESPONSE

The low strain pile integrity test methods yield some form of pile top motion curve. Inter-
pretation of these curves is left to the more or less experienced engineer. An invaluable aid in
‘the interpretation effort are similar curves analytically developed. The special purpose computer
program, P.LT.-WAP (Pile Integrity Testing Wave Anpalysis Program), was writlen using
CAPWAPC (CAse Pile Wave Analysis Program -Continuous version) (6) as a starting code,
requires that the description of pile and soil are input, and generates as an output pile top
velocity vs. time or the mobility spectrum. A voluminous catalogue of these caiculated responses
was compiled as a guide for record interpretation. Only one of many demonstration cases is

discussed in the following.

Figure 10 shows the calculated curves for a pile with sufficient uniform shaft resistance to reduce
the pile toe reflection to a small pulse. The pile was 20 ft (6.1 m) in length. With a wave spesd
of 13 ft/ms, the wave travel time (2L./c) was approximately 3.1 ms. The corresponding frequency
is 325 Hz. This frequency is apparent in the uniform case (Figure 10). Piles with an impedance
reduction (Figure 11) and with an impedance increase (Figure 12) over the lower quarter of the
pile were aiso analyzed. A pile impedance versus depth profile separates time from frequency
plots. The beginning of the cross sectional change, in Figures 11 and 12, produces a pile top
reflection at 2.3 ms or 430 Hz. Unfortunately, no really clear response frequency is apparent in

the corresponding spectra. The output sheet also includes E, values at five different frequencies.
P.LT.-WAP SIGNAL MATCHING

The P.LT.-WAP program can also be employed in the interpretation of measured P.LT.-FV
velocity or velocity and force records. Suppose that the measured force record is imposed as a
pile top boundary condition for an analyrical modei of pile and soil. One result of this analysis

would be the calculated pile top velocity. Comparison of the measured with the computed
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velocity allows the engineer to gain insight regarding the pile impedance variations. Reanalyzing
with a variable impedance pile model should therefore lead t¢ an improved match of measured
and calculated pile top velocity. The process of changing impedance and reanalyzing is continued
until a good match is achieved. At that point, the most likely pile impedance profile has been
derermined. The difficuity of this simulation is that the soil resistance effects also influence the
pile top velocity. However, comparison of the records of several piles may help identify the nor-

mal soil response effect.

Typically, P.LT.-WAP divides the pile in continuous segments of approximately 10 inches (250
mm) length. The program automatically calculates the pile impedance of all segments atter the
engineer has decided on a soil resistance model. Note that due to the very low magnitude force
inputs, this soil resistance mode! bears no close relationship with static resistance or with damping
magnitudes encountered during pile driving. On the other hand, for accurate pile impedance pre-
dictions, it is important to realistically model the effect of soil resistance on pile top variables.
Generally, it is possible to extract these relative soil resistance parameters from P.L.T.-FV tests
on reference piles. These parameters are then used to analyze neighboring piles with impedance

variations.

The results from P.LT.-WAP include both a printed listing and a plot of soil resistance
parameters and pile impedance values along the pile length. Furthermore, the "match plot
quality” of measured and computed pile top velocities allows the engineer to evaluate the
reliability of his conclusions. Figure 13 illustrates the resuits obtained from P.I1.T.-WAP matching
of the records of the example test pile of Figure 4. The plot inciudes the velocity match, the
predicted cross sectional variation (an unplanned impedance increase from 10 to 15 ft was
calculated), the actual measured force and velocity curves, and the resistance distribution assumed

for the analysis.
COMPARISON OF METHODS.

All three methods have nearly the same testing effort. P.LT.-FV or TRM require the calibrated
force and velocity measurement and therefore somewhat more care than PEM. Of course,

equipment and software of P.1.T.-FV and TRM are also more compiicated than PEM. In ail



methods, pile preparation and the assistance of the pile contractor is usually minimal, alowing
the test of many piles to be quickly performed at a low cost. It is not beyond reach to test every

pile on some sites and thus low strain testing can be used as a quality assurance method.

Depending on the sensors and hammer used, the response recorded by the three methods may
differ. It is sometimes even a matter of luck to find the best pile top locations for impact and
motion sensing. Contaminated or cracked concrete may adversely affect the measurement results.
However, if the measurement engineers have the same experience, apply the same amount of
care, select the same pile top jocation for measurement and use a hammer with the same
properties, the pile top velocity records will probably be very similar. However, the various
engineers may prefer to choose different filtering characteristics for their signal processing
equipment and software. The velocity may therefore represent impedance variations over short

distances to different degrees.

A very important difference occurs when the pile toe response is very small. PEM and P.LT.-FV
can exploit the exponential amplification over time, which greatly enhances the record and
therefore the power of these methods. TRM cannot resort to this relatively simpie numerical
enhancement. Observation of a toe signal at least gives assurance of a certain pile length. For
piles which are long compared to their diameter, or for piles in soils with very high resistance
characteristics , exponential amplification may be the only possible method to obtain a clear
presentation of the pile toe signal. Using PEM or P.LT.-FV, a guideline limit of 30 pile
diameters for the pile length is often quoted. In practice, prestressed piles of unlimited length
to diameter ratios can be tested prior to installation. Even in soft soils this limiting ratio is often
successfully exceeded. In high shaft resistance soils, it may not be possible to detect a pile toe
response even at ratios of only 20. However, even if the toe is not readily observed, defects in
the upper portion of the shaft (statistically the most likely location of defects) can still be
detected and thus the test is still of value. Several examples of the range of usefulness are given

in Reference (7).

For all three methods the following shortcoming exist. First, the length information obtained
from a toe signal (or a governing frequency) is only as accurate as the wave speed value assumed

in the processing of the records. Even at sites where concrete quality if well maintained, wave



speed variations of 10% are not uncommon. A pile length calculated from a toe signal is
therefore only well known within plus or minus 5%. Second, certain reflections produce
secondary and even tertiary wave reflections. For example, if an impedance reduction occurs in
the middie of the pile, then what may appear to be the pile toe response may actually be a
secondary reflection of the mid-pile defect. For piles with severe cracks or manufactured
mechanical joints, the stress wave will, in general, not be transmitted below the "gap" and
therefore the pile below this "defect" cannot be evaluated. Third, piles with multipie or highly
variable cross section changes are difficult to analyze. Piles which are still rigidly attached to
other parts of the structure can sometimes be analyzed successfully, but often the analysis is much

more difficult.

The additional force measurement of P.I.T.-FV and TRM definitely provides supplemental infor-
mation of cross sectional changes occurring near the pile top, i.e., during the distance covered
by the impact signal. The extra expense of the force measurement is, therefore, worthwhile

whenever questions arise as to the integrity of upper (say 5 ft, 1.5 m) pile portion.

The record presentation in the frequency domain may, on occasion, be of benefit. For example,
important record components may be hidden in a steady state signal caused by pile top or
reinforcement vibration. They also provide information on dynamic stiffness although no low
strain method can truly give quantitative information on the ultimate capacity of a pile. In
general, however, the interpretation of time records is much simpler than that of frequency

records. Time records can also be simply analyzed by the P.L.T.-WAP signal matching technique.

SUMMARY AND CONCLUSIONS

Three different methods were presented which rely on low strain measurements taken on a pile
struck by a hand held hammer. These methods are quickly and simply applied at low cost and
do not require special preparations during pile construction, making them a good quality
assurance tool. The Pulse Echo Method has the advantage that very small toe response signals
on long piles can be enhanced. The Transient Response Method provides additional information
for integrity evaluation near the pile top. P.LT.-FV combines the advantages of both methods

and provides direct length indication by the second transform of velocity. It also provides the
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necessary information for signal matching with the P.LT.-WAP simulation program. TRM and
P.LT.-FV provide relative or quantitative pile stiffness information; however, these values are of

limited value for capacity evaluation.

All three methods have similar limitations, which include a generally unknown wave speed and
therefore an uncertainty as to the exact location of pile defects or pile toe. Piles with highly
variable cross sections are difficult to analyze. Multiple reflections from the same location may
mask the wave reflections from lower locations or from the pile toe. It appears that these

methods may provide information that can be expressed as follows:

A) No significant defect was apparent in the records (the record showed a pile toe
response and no other significant reflection prior to the pile toe response was

apparent).

B) No significant defect was apparent in the records, however, the full pile length was

not tested since no pile toe reflection was apparent.

) Significant impedance changes were noted. Their magnitude was approximately
x% at a depth of y ft. However, a pile toe response was clearly indicated. The

pile may therefore be of limited value.

D) Significant impedance changes were noted and a pile toe signal was not apparent.
The pile is highly questionable and additional tests or the replacement of the pile

is suggested.

It must be noted that inconclusive test results are also possible, particularly, when very large
impedance increases (e.g., a large bulge or outgrowth in shaft diameter in a soft fill) near the pile
top prevent a clear stress wave transmission. Some inconclusive results stem {rom inadequate pile
top preparation in obtaining a good testing surface. Of course, such a pile is perfectly capable
of performing its service task; however, successful low strain testing would require additional pile

top preparation.

11



REFERENCES

1. Rausche, F., Likins, G.E., and Hussein, M., "Pile Integrity by Low and High Strain
Impacts", Proceedings of the Third International Conference on Stress Wave Theory on
Piles, Ottawa, Canada, May, 1988.

2 Rausche, F., and Goble, G. G., "Determination of Pile Damage by Top Measurements.”
Behavior of Deep Foundations, ASTM Symposium, Boston, 1978.

3. Timoshinko, S., and Goodier, J. N., Theory of Elasticity, McGraw-Hill Book Company,
Inc., New York, 1951.

4. Fellenius, Bengt, H., editor, "Application of Stress-Wave Theory to Piles,” Proceedings
of the Third International Conference, Ottawa, Canada, May, 1988.

3. Lilley, D. M., Kilkenny, W. M., and Akroyd, R. F., "Steady State Vibration Testing of
Piles With Known Defects", Proceedings of the Third International Conference on Stress
Wave Theory on Piles, Ottawa, Canada, May 1988.

6. Goble, G. G., Rausche, F. and Likins, G. E., "The Analysis of Pile Driving A State-of-the-
Art,"” The 1st Seminar on the Application of Stress Wave Theory on Piles, Stockholm;,
Sweden, 1980.

7. Berger, J.A. and Cotton, D.M., "Low Strain Integrity Testing of Deep Foundations”,
Proceedings of Deep Foundation Institute Annual Meeting, Seattle, October, 1990.

12



CR

IMPAYCT PULSE

T "CR" EFFECT  REFLECTION
r - "R" EFFECT FROM TOE
] L ol » TIME
AT
2nd "CR”
EFFECT
(a)
- (b)
{e)

LENGTH

Figure I:

Impact Puise and Reflections from (a) Cross-sectional Reduction,
CR. (b) Shaft Resistance, R (modelled velocity proportional) and
(c) Pile Toe.



[N ER 81813 1B LA LRI IRIBIE
SEABRARBEAARN

Photograph of P.L.T.-SC, Pile Integrity Tester - Seil Contained.
Top lid coniains LCD screen. bottom picture shows Barttery,
Kevboard and Printer.

Figure Z:



b oandng ur umoyg se pakrjdsipoy pur po1o1g poiininay aq [{im soaInD
popoog 11y () SR 1oN00[ag puk 10A7] oFRUA WNWIKEY YIM SpI0IaY Koo A passonoadun) 1 amiding

£ 1

q!)




Projectt Test Pilet Ho. ¢ Locations Yard W
dnwvst | ] | {1 Ly

L/ N | | I X
J/ | \ l l | Fid 3
Unow | | % = : | :Z 3?
¢
7| 1 3
/O | B -
N e — =T o ‘e
A | | ] it
VAR ] o
Ve o T ‘T* |*me}ml |
g { \ A it
TR R TR N R TN : Te® 7 i
ot 3.0 Lt B8 Mt L8 / s
INPUT PULSE CROSS SECTIONAL  TLE TCE
REDUCTION
roJjectt lesT Pilet Ha, & | Locgtiont Yard Moo
b ; ] | T L1y
/I i DB
Fid 3
AR = B, 3

= AR
| I | |

\
7
|2

Vol | | | so
Vg = I T Cpt
it

, |
' Grzom
AR VAN i I
I O N AN
id i —— 4 it
soat 1255 (&3 3 4 X A3 el Y2 13,89
Usoat 13,08 Llengi 28,58 fagns 1688 Seit

Figure + P.LT.-SC display of 2 individual velocity records and (a) the
averaged and (b) the averaged and ampiified curves.



o] PRIUDWNIISU] UE GO POUIRIGO proody 99404 v Jo wnnoadg (73] vt ) Louonboiyg g 01nfing

| bi*boct 174 l6'1e 114
l
0'9icl @'poel e'pizl o'peel @'ple @'peL  @'pl9 e'psh e'ple  @'pal 3

N4 96'01  =xe|

ey i | .
@'RIc P'0%E) @'BIZ 009 @'Ble @'l 0'BI9 0'USk 6RIE @'yl =

30J0 4
b'b ={1-71 i tadjuru
b i(d4d) Uwg LE' b ={4-7 pgr  sadgxy

B6/£2/40 pae) 1Uoyea0] AU RLIE }58] 1}aaroly



“fouonbarg 71 zg 1w y/sdiy ebbzz S SSAUPNS PR CSld wouN-UON 1t 607 Jo Aqon 19 2undly

| | 16'1e 11
{
o'plal O'psel o'pizl o'poel e'ple e'pel @'pl9 @'k @'ple  @'pAl 3

‘ohhiz  =p3
70T =X

i

=2

DI 0091 0'01Z] 0'0%0] o'D6 o0l 0819 o'osk ool 803 =
340414 | 20} 87\

m“ jaJdjup
0 #(144) Uyus | BIg! 18 JXyw

P6/E1/b0 e fUofiea0] R TEITE }58] 1)osfodg

i



HonNINPY
oounpadwy doj, oppg g sajuaipuy peduwy 1w 4-A 9ANIS0] ytdap 1) ¢og pur f1 1w juosnddy
D18 DO, 914 PUL HONINPIY] [RUONIDS SSOI (1 §I ?\ANV sury panog e uoneatpudey Ajjenausodeg
papidy ‘9210, snupy L0010 29wiaay pue 2010g 9Fuieay ‘L10olpA odu1oay Jo Avidsicy uasing

¢ s ppter ubel  ggoz sBud
jee' A IS HlA el X BE ol g il

g ainig

po'gl 1pd
9671 1pd

al
5

W ,\h), o il

xxmu 4| Pames SRR (IR

\/:

camm Fd s A &\

=i

U A S A R e ok o l.ll.ll-.llllllﬁ...Illl.llllllllllliltlllltllllll!1lllllllllllltl

P

N

fcunnnnmalrnuns

TXT RS

dung -
¢ abny
£6 "ONg = e W - ™ L f

I8 Pl
¢

EEIESAENENELLERNEERE LALL BRERLLNLLLLER.S I LI A Y X R e e e N RN A L] LR bR

pEEaw

967 My f

&/ b

oL PR} 10148007 b 'O 13114

183] 1103004



1 b 91 Jo Wifusty v Jupeaipuy jearoyug Louanbosg v 01 198 91om s1081n) <4 21Tl jo wnnooadg

fiiqo oyt spisiA ‘s a1ndyg jo winnoadg aaro,g oyt &q papiaig wnapadg spyy, ‘wnnoadg Aioorap g oanfllg
ARYTAREA | 19" 668
4 Il
O'pedC 0'Geel o'piol 'Sivl poel Bolbl (WPER  @'GE  O'pbb  @'Gh

Mzt Lr =xey

900 0'CO81 @'BISl @CIP! @'BCZ) O°'CI8I 9'BE8  0'GE9  @'abh @GR =
fiy120(8)

eh'al =11-71 i 13U

8 (L) U 16 cee 21474 AN

P6/EL/H0 P4E) 1U01}E007 b 'oN 13]1d }58] 1joalodd



Jouxz] S1YoryM doyearpuy PFuoy oy pue (13 61 1 png) 1 91 e topeoipu] Loy
-UON 2Y] 0 195 2J9Mm §108I07) 71 puk L] 9], ‘wnipadg £1100)0 A JO WiIojsuel ], 191100,] Woty s10199[19Y 6 ndiyg

ge'er 121 el m@.m_ ¢“14 Tl
Z
0%s 0% O WP @R wp 0% KR el @p ]

i L) 1 T T

mery = e _

7t pie g'ch @8 @6 o0 @G o6 ec e =l
100140

c U
8 1(144) Yyus £l Ua {xgu

B/ pUeA 1U0| 48907 b ol 13(1d }58] 1}oarodd



9iid 1) 07 WIojlury 10 vonRINUIS IV M- LTd woly sijnsay i) 2y

1
- H 088) ps o
ol 187 \L
AN A
9
Mrvew Lo &b ~ | T
§ P 2/99'}
R
37 , . \ _
5N 'p
| BLX
TR S .
L Y 0'b

Eo_s_ m@%ﬂ.\*s\m@ ._. wn. mo“m
.g.__ mmz_uwm__a vmméo .._ Maihm



13 07 01 ¢1 wogy souepadwry paanpayl Yim ot 10J oG JVAM- LT d wory sinsay| 1] oInfng

A
TR 11/ gl o :
I 14/
.M“ 5.,@“
Gt p—
z:_mgm e N N N P fz..i\\
yoon
F _
37 Flll.lﬁ.ﬂﬂﬂh:ﬂﬂl.ul; 8 oS |
i |
T :
13

gonpay - Lol mm%h‘_s\gifww. _“o“m
R R R N



‘pdac] 1] 07 pUE Cf U99MI2( [RUOII0IS SSOIT) PISBIINU] (1IM Of1d 10) Uoneinuig JVM - L'1'd Wolj s1nsay RARI VIR

i
g e —
M“ Sadl Ea
AesT!
UL S L~
M 2/81'8
-
/4 TSN 0
8 9'0
[ 97
T |
N o'y
B6/10/80 i

| 0|d
A



UONINPIY

JRUOIINDS $8017) DIOJIG HNSIY PINOM DsedII anuepadun] ss97] Uey) O 10MOT] 1 POS) ST OIUSISOY
15U FET 1) P03 d I PRDIPIL ‘VOHNGLISICT 90URISISI Y WIOJIUL) paumssy ‘K)o A poInsea K010 A
pastisnapy pur paindwor Jo Yo osimppol) 3] 1addn worg Turyoen dVM- LT d WOl sinsay (g1 2andLg

K ag

Wals
Hl wg_ﬁm_m& 4]

1
a, Bob-
U\l— 'f. —r \r\_saa....q.:t\./;- ﬁ_ m “ U\J - . g Lm
81 SN ) 5 W7 G

' Bob
psy ey | LONES
Py 04 '8 PSH o fen
| Butyayey (euby @@:.@”mm. _wa ”o_m
.Mc ___m xzmmmmﬁcw M_mm v ?r.*..




A Comparison of Pulse Echo and Transient Response

Pile Integrity Test Methods

by

Frank Rausche, Shen Ren-Kung, and Garland Likins

Presented at

Transportation Research Board
Annual Meeting
January 1991
Washington, D.C.





