CUTOFF FREQUENCIES FOR IMPULSE RESPONSE TESTS
OF EXISTING FOUNDATIONS
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ABSTRACT: The impulse response test is a nondestructive evaluation technique commonly used for quality
control of driven concrete piles and drilled shafts where the pile heads are accessible. When evaluating existing
foundations, the presence of a pile cap or other structure makes the pile heads inaccessible and introduces
uncertainties in the interpretation of impulse response results. A test section was constructed at the National
Geotechnical Experimentation Site (NGES) at Northwestern University to examine the applicability of nonde-
structive testing methods in evaluating deep foundations under inaccessible-head conditions. This paper focuses
on the results of impulse response tests conducted atop the three pile caps at the NGES. Based on field exper-
imentation and numerical simulations, a frequency was determined below which the impulse response test could
be used for inaccessible-head conditions. This cutoff frequency primarily depends upon the geometry of the pile
cap and pile. A case study is presented that describes impulse response tests obtained on a number of drilled
shafts both after the shaft was constructed and after grade beams and walls were built. The results of these tests
aso follow the trends observed in the NGES tests related to cutoff frequency.

INTRODUCTION

Nondestructive evaluation (NDE) techniques have been
used for a number of years to provide quality control of con-
struction procedures for drilled shafts and driven concrete
piles. In particular, sonic echo and impulse response methods
have been used extensively to check lengths and continuity of
newly installed foundations (e.g., Davis and Dunn 1974; Higgs
and Robertson 1979; Hearne et a. 1981; Olson and Wright
1989; Lin et a. 1991). In recent years, the need to evaluate
conditions of in-service foundations has arisen as a result of
rehabilitation studies of existing structures and the federally
mandated inspection of bridges. In some cases, the latter task
involves identifying unknown bridge foundation types, be-
cause plans for older structures are no longer available. Eval-
uation of existing foundations differs from the usual methods
of NDE in that a structure now covers the tops of deep foun-
dations, and this structure alters the results of an NDE test as
compared with one conducted directly atop the deep founda-
tion.

To analyze the applicability of NDE methods to evaluate
deep foundations under inaccessible-head conditions in a con-
trolled environment, a test section was constructed at the Na-
tional Geotechnical Experimentation Site (NGES) at North-
western University. The test section consists of five drilled
shafts constructed with reinforced concrete caps to form three
groups of shafts. After the five shafts were constructed, sonic
echo and impulse response tests were conducted on each shaft
with its top exposed, which is herein called an accessible-head
condition. The results of these tests are presented in Finno and
Gassman (1998). After the reinforced concrete pile caps were
constructed, these tests were again conducted from the tops of
the pile caps, which is herein called an inaccessible-head con-
dition.

This paper presents an evaluation of the capabilities of im-
pulse response tests to determine the conditions of drilled
shafts under inaccessible-head conditions. To accomplish this
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goal, construction of the shafts was closely monitored so that
the geometries of the shafts could be known with as much
accuracy as possible. Because the interpretation of NDE tests
of foundations in general is an inverse problem, the tests were
numerically simulated to help define the predictive capabilities
of the method. This paper briefly describes the NDE test sec-
tion, presents the results of the inaccessible-head testing at the
NGES, compares numerical simulations of the impulse re-
sponse tests with observed results, defines applicable fre-
quency ranges for which meaningful information can be ob-
tained concerning the deep foundation, presents a case study
to illustrate the methods, and presents conclusions regarding
the applicability of the test to inaccessible-head conditions.

NDE TEST SECTION

A test section consisting of three groups of drilled shafts
was constructed to provide a controlled site where various
NDE techniques could be performed to evaluate their appli-
cability for determining the integrity of inaccessible deep
foundations. A cross section showing the drilled shafts and the
subsurface conditions is given in Fig. 1. As summarized in
Table 1, the test section consists of five drilled shafts with
lengths between 12.2 and 27.4 m and diameters between 610
and 910 mm. The main variables considered in the test section
are the shaft length to shaft diameter ratio (L/D), the pile cap
depth to shaft diameter ratio (B/D), and the soil condition at
the shaft toe, soft clay, hard silt, or dolomite bedrock. Two of
the shafts were purposely constructed with defects, a reduced
cross section (neck) in shaft 2 and a thin, soil-filled joint in
shaft 1. These defects represent typical construction deficien-
cies that can occur when temporary casing is pulled as con-
crete is placed in a shaft. Sixty cylinders were made from the
concrete as it was placed to determine strength and propaga-
tion velocity variations over time.

TESTING EQUIPMENT AND PROCEDURES

The impulse response method is a surface reflection tech-
nique that relies on the identification of compressive wave
reflections to evaluate shaft integrity. The test involves im-
pacting the top of a drilled shaft with an impulse hammer,
which induces transient vibrations. Both the impact force and
particle velocity are measured on the impacted surface. Parti-
cle velocity is recorded in the time domain with a geophone,
and the signal is digitally converted to the frequency domain
fro analysis.

The testing setup for accessible- and inaccessible-head tests
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TABLE 1. NDE Test Section Details

Length, L Diameter, D Cap Height, B
Shaft (m) (mm) (mm) L/D B/D Comments
(1) 2 (3) (4 (5) (6) )
1 12.2 610 610 20 1 Soil-filled joint
2 21.3 914 610 23.3 .67 Reduced cross section
3 12.2 610 1,524 20 25 —
4 21.3 762 914 28 12 —
5 27.5 914 914 30 1 —
Depth (m) 1s2m . e resulting velocity spectrum is divided by the force spectrum
0 B2 N —— S — to give the mobility as a function of frequency. Various filter-
! = En[ S | gy e e 6 ) ing techniques may be used to remove noise from the data at
frequencies that obscure identification of significant reflec-
tions. For this study, results from several hammer blows were
Soil averaged to obtain input to the mobility plots. The mobility
Neck 7] Filed data was filtered by applying a lowpass Blackman window,
which smoothed fluctuations in the mobility plot.
_J Losm _ lo7em ) |o6tm An idealized mobility versus frequency plot isshownin Fig.
ool ool & 3. Quantitative information concerning the shaft length and
impedance can be obtained from this plot. Because of a shaft’'s
ShaftNo. 13 s 4 2 ! cylindrical shape, theory of elagticity indicates that a prismatic
deep foundation has a constant frequency spacing between res-
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FIG. 1. Cross Section of NGES Deep Foundation Test Section

is schematically shown in Fig. 2. The equipment used for these
tests includes a portable computer equipped with a data ac-
quisition board and signal conditioning card, an impulse ham-
mer, and a geophone. The portable PC is used for acquiring,
analyzing, and storing the data The impact hammer is
equipped with aload cell and is capable of generating transient
vibrations with frequencies as high as 2,000 Hz. Vibrations at
the shaft head are recorded by a vertical geophone that is ac-
tivated upon hammer impact by means of a triggering device
in the portable PC to which both the hammer and geophone
are connected. The data acquisition rate for this work was
10,000 points/s.

The tests on the inaccessible shafts were conducted by im-
pacting the pile cap directly above the center of each shaft.
The vibrations were recorded with a geophone mounted to the
pile cap surface just outside the perimeter of the projection of
a shaft. This geophone location minimized reflections from the
pile cap while capturing reflections from the toe of the shaft
(Gassman 1997). The inaccessible-head tests were performed
19 days after the pile caps were constructed. This was 74—77
days after the drilled shafts were cast.

The data analysis is conducted in the frequency domain,
although the velocity-time data acquired during the test can
also be analyzed as a sonic echo test. A fast Fourier transform
is performed on both the force and the velocity signals. The

onant peaks. This frequency is a function of the shaft length
and propagating wave velocity if the induced wave lengths are
greater than the diameter of the shaft. By measuring the fre-
quency change, Af, between resonant peaks, the length from
the geophone to the source of the reflection, L, can be found
from

Ve
L"2Af

1)

where v, = propagation (bar) velocity in concrete and can be
expressed as v, = V/(E/p.), where E = Young's modulus and
p. = density of concrete. As the concrete cures, its strength
and stiffness increase. In practice, v, = 4,000 m/s is indicative
of ““good’’ quality concrete, athough a range of 3,500—4,500
m/s has been used by various authors (e.g., Davis and Rob-
ertson 1975; Hearne et al. 1981).

The shaft mobility, N, is the inverse of the shaft impedance.
It is theoretically defined (Davis and Robertson 1975; Stain
1982) as

1
N=—A o)

where A = cross-sectiona area of the shaft. It can be experi-
mentally found by taking the geometric mean of the maximum
height, P, and the minimum height, Q, of the resonant peaks
in the portion of the mobility curve where the shaft response
is in resonance, and it is equal to

N=VPQ 3)

If the actual N is greater than the theoretical value, it islikely
that there is a defect in the shaft, perhaps due to a smaller
than anticipated cross section (i.e., a neck) or poor concrete
quality (low p. or v.).

Resolution of impulse response signals can be defined by
the ratio P/Q. When P/Q approaches 1.0, no resonant fre-
quencies can be identified; thus, one cannot expect to locate
the bottom of a shaft under those conditions. Higher signa
resolution makes the resonant peaks easier to distinguish and
thus makes it easier to interpret pile length and location of
anomalies.
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RESULTS OF TESTING AT NDE TEST SECTION

Impulse Response Results: Shafts without Planned
Defects

The results for the inaccessible-head tests performed on
shaft 3 are shown in Figs. 4 and 5. The accessible-head results
obtained 28 days after shaft 3 was constructed are also shown
for comparison. The pile cap is 1.52 m long, 1.52 m wide,
and 1.52 m high. The distance between the top of the cap and
the top of the shaft is 0.72 m; thus, the total length of the
shaft and cap is 12.9 m. As shown in Fig. 4(a), the input force
for the inaccessible test has a larger magnitude and a shorter
contact time than the accessible test, resulting in a broader
frequency range, as shown in Fig. 4(c). According to Sansa-
lone and Carino (1986), significant energy is imparted at fre-
quencies below the inverse of the contact time of an impulse
loading. For contact times of 0.9 and 1.1 ms, these frequencies
are 1,100 and 900 Hz for the inaccessible- and accessible-head
tests, respectively. When evaluating mobility data, the regions
where results can be reliably considered are those where fre-
quencies are lower than these frequencies, because mobility is
defined as velocity divided by force and errors (i.e., noise in
asignadl) in relatively low force input can result in large errors
in mobility. The larger amplitude of force in the inaccessible-
head test was needed to provide enough energy to penetrate

through the cap, reach the shaft toe, and reflect back to the
cap surface.

Comparison of the velocity-time traces for the accessible
and inaccessible cases, shown in Fig. 4(b), indicates that the
interpretation of the velocity-time signal aone, as is done with
the sonic echo test, requires considerable judgment for the in-
accessible case. The toe reflection for shaft 3 in the accessible
condition was strong and clear, and analysis of the shaft length
was straightforward. For the inaccessible-head test, reflections
from a combination of the pile cap boundaries and surface
waves generated by the impact are identified in the velocity-
time trace, spaced at 0.83 ms. These reflections govern the
response and mask reflections arriving from the shaft toe.
Therefore, the velocity spectrum shown in Fig. 4(d) is better
suited to analyze shaft 3 in the inaccessible condition, and it
indicates several trends. For frequencies lower than 600 Hz,
reflections from the bottom of the shaft cause low resolution
resonances in the inaccessible-head tests. There also isastrong
resonance at 1,200 Hz caused by a combination of reflections
from the interface between the bottom of the pile cap and the
shaft, and reflections from the waves reflecting from the ends
of the caps.

The mobility plots for both the accessible- and inaccessible-
head tests are shown in Fig. 5(a); for clarity, the lower fre-
quency portion of the inaccessible test is shown on an ex-
panded scale in Fig. 5(b). As shown, reflections from the shaft
toe are apparent for both accessible and inaccessible condi-
tions, although the resonances for the inaccessible case were
significantly less pronounced than the accessible case. Thisis
because little signal is transmitted past the pile cap into the
shaft due to the impedance difference between the pile cap
and the drilled shaft. The most notable difference for the in-
accessible case is the character of the low frequency portion
of the curve. In contrast to the constant magnitude of the res-
onating peaks up to 1,000 Hz for the accessible case, the peaks
in the inaccessible case exponentially decrease between 100
and 600 Hz and are not identifiable beyond 600 Hz. Therefore,
the pile cap reduced the frequency range for which usable
information concerning the entire length of the shaft could be
obtained.

Comparison of the accessible and inaccessible cases indi-
cates severa trends in the mobility signals. The average mo-
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FIG. 4. Force and Velocity Responses for Shaft 3 with Pile Cap: (a) Force-Time Trace; (b) Velocity-Time Trace; (c) Force Spectrum;
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and Inaccessible Results up to 2,000 Hz; (b) Inaccessible Re-
sults up to 1,000 Hz

bility decreased from 3.8 X 10" m/s/N for the accessible case
to 0.5 X 10" m/s/N for the inaccessible case, as expected due
to the increased mass from the pile cap. Another notable dif-
ference between the two mobility curves is the rise in the
inaccessible-head mobility signal that develops around 1,200
Hz. This rise is caused by both the strong reflection from a
depth of 1.52 m at the bottom of the pile cap and reflections
from the surface waves off the pile cap boundaries. For the
inaccessible case, the resolution, P/Q, was 1.2 at frequencies
below 600 Hz, whereas that of the accessible-head condition
was 1.9 for frequencies as high as 1,000 Hz.

Impulse Response Results: Shafts with Planned
Defects

Shaft 2 was constructed with a planned necking defect lo-
cated 4.95 m from the top of the pile cap. The total length of
the shaft and cap is 21.8 m. Its pile cap is 4.11 m long, 1.52
m wide, and 0.61 m thick. The force impact imparted signif-
icant force up to frequencies of about 1,100 Hz. Fig. 6(a)
compares the velocity-time traces and indicates that reflections
from the neck defect are clear for both cases around 8 ms, but
the reflection from the shaft toe at 16.7 msis not clear in the
inaccessible-head case. As observed in the velocity spectrum
in Fig. 6(b), the reflection from the neck observed at 8 msin
the velocity-time trace corresponds to the resonance around
420 Hz, yet multiples of this resonance are not apparent in
either the time trace or the frequency spectrum for the inac-
cessible-head test. Four clear resonating peaks below 500 Hz
from the shaft toe are clear for both the accessible and inac-
cessible cases. The three larger, broader resonances observed
between 400 and 1,600 Hz in the accessible-head case, which
reflect the neck response, are observed in the inaccessible-head
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case between 600 and 1,300 Hz. However, the peaks are not
equally spaced in the latter, suggesting that these and the res-
onances above 1,400 Hz originate from, or are affected by,
wave reflections from the sides of the pile cap.

Comparison of the mobility signals in Fig. 6(c) indicates
that the toe of shaft 2 was detected for test with and without
the pile cap atop the shaft, although the resonances for the
inaccessible case were less pronounced than for the accessible
case. A strong signal reflected from both the neck defect and
the bottom of the cap in the inaccessible case, leaving less
energy to be transmitted down the full length of the shaft, and
resulted in a less distinct resonance.

Five resonating peaks from the shaft toe are clearly visible
at frequencies below 500 Hz in the inaccessible-head result,
compared with nine resonances below 800 Hz in the accessi-
ble-head result. The average change in frequency between
these peaks is 89 Hz and for a total shaft and cap length of
21.8 m, the propagation velocity, v.,, computed from (1) is

3,900 m/s. The reflection from the neck that was clearly iden-
tifiable by peaks at 540 and 1,000 Hz in the accessible-head
response may be seen in the inaccessible result by the peaks
at 620 and 960 Hz. This corresponds to a change in frequency
equal to 330 Hz. It might be interpreted that these resonances
originated from the neck located 4.95 m below the cap surface.
However, the calculated propagation velocity of 3,270 m/s
from (1) (Af =330 Hz and L = 4.95 m) is less than the 3,900
m/s determined from the five resonating peaks below 500 Hz.
It is likely, therefore, that these resonances are affected by
surface wave reflections from the sides of the pile caps and
do not emanate solely from the neck.

The presence of the pile cap atop shaft 2 created a decrease
in the average mobility from 1.2 X 10~" m/s/N to 0.7 X 107’
m/s/N and a decrease in resolution, P/Q, from 1.3 to 1.2 for
the resonances from the shaft toe. The resonances from the
defect also exhibited a decrease in mobility and resolution.

Tests above Center of Pile Cap

Impulse response tests were conducted by placing the geo-
phone and impacting the hammer at locations on the pile cap
away from the drilled shafts to quantify the response of the
pile cap alone. One typical result, performed on pile cap 1
between shafts 1 and 2, is presented in Fig. 7. This test was
performed by striking the hammer in the center of the pile cap
and placing the geophone 460 mm from the center position,
along either the short or the long axis. The tests performed on
both axes are shown, as are the tests performed directly above
shaft 2. Comparison of these tests indicates a significantly dif-
ferent response. Resonances from the toe of the shaft are seen
for the test above the shaft, whereas the tests in the center of
the cap are characterized by a broad peak of higher mobility
occurring around 200 Hz with no resonances from the toe of
the shaft. Also, the responses from the short and long axis
geophone locations deviate around 450 Hz, as a result of the
cap boundaries. The length of the short axisis 1.52 m and that
of the long axisis 4.11 m. Placing the geophone on the shorter
axis, closer to an edge, resulted in stronger resonances between
450 and 1,000 Hz.

Information concerning the inaccessible-head condition can
also be obtained by examining the higher frequency portion
of the velocity spectrum, because meaningful responses in
terms of mobility are limited by the contact time of the ham-
mer strike. At these higher frequencies, resonant frequencies
corresponding to the shallow depths of the structural interfaces
can be identified. This is best illustrated by examining the
velocity spectrum for the inaccessible-head test on shaft 3,
shown in Fig. 4(d), which showed a strong single resonance
at 1,200 Hz. This corresponds to a reflection from a depth of
1.52 m at the bottom of the pile cap for a propagation velocity
of 3,700 m/s. This propagation velocity is less than the 4,080
m/s determined by using the correlation from unconfined com-
pression strength for the cylinders cast from the concrete of

60
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FIG. 7. Center of Pile Cap Test for Pile Cap 1
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TABLE 2. Summary of Accessible- and Inaccessible-Head Impulse Response Results
Shaft L/D B/D Average Mobility, N (m/s/N E-7) Resolution, P/Q
number ratio ratio Accessible Inaccessible Theoretical® Accessible Inaccessible

(1) (2 (3) (4) (5) (6) (7) (8)

1 20 1 6 (defect) 10 3.6-4.1 9 25
1.6 (toe) 12 11

2 233 0.67 3 (defect) 0.7 14-1.8 2.8 21
1.2 (toe) 13 12

3 20 25 3.8 0.5 3.6-4.1 19 113

4 28 12 19 0.6 2.0-2.63 12 1.0

5 30 1 14 0.5 14-1.8 1.05 1.0

2y, = 3,500 to 4,500 m/s; p. = 2,400 kg/m°.

the pile caps, tested for a 28 day strength (Gassman 1997).
However, these inaccessible-head tests were performed 19
days after concrete placement; thus, a lower propagation ve-
locity may be expected and a value of 3,700 m/s is not un-
reasonable.

Given the limits of the impulse hammer used for this study,
which input frequencies up to 2,000 Hz, the interfaces between
the cap and the shaft for pile caps 1 and 3 were not detected
by examining the velocity spectrum. A strong resonance is
expected around 3,350 and 2,250 Hz for pile caps 1 and 3,
respectively, based upon a propagation velocity of 4,080 m/s.
These resonant frequencies are greater than 2,000 Hz, the up-
per limit induced by the impulse hammer; thus, resonances
from the bottom of the pile cap were not seen in the velocity
spectrum [e.g., Fig. 6(b)].

Summary of Effects of Intervening Structure

The analyses of the accessible and inaccessible results are
summarized in Table 2. The presence of the pile cap had two
notable effects on the results. For al five shafts tested, both
the average mobility and the resolution decreased. These two
effects are attributed to the pile cap, which increased the mass
of the system. The cap creates an impedance change at the
interface between the cap and the shaft which causes an in-
cident wave to reflect, resulting in less energy being transmit-
ted down the shaft. The response for the inaccessible-head
tests is characterized in the mobility plot by peaks that follow
an exponentially decreasing trend in the lower frequency re-
gion, in contrast to the more constant magnitude of the reso-
nating peaks for the accessible-head tests. The responses of
the inaccessible tests can also be considered in light of the
transition from a one-dimensional wave propagation in a
drilled shaft to a more complicated, three-dimensional re-
sponse arising from the geometry of a pile cap. Unlike the
accessible-head tests, where the induced wavelengths are
greater than the shaft diameter, the wavelengths at higher fre-
quencies are smaller than the pile cap dimensions, which leads
to deviations from the conditions of normally-assumed 1D
wave propagation.

The results of the accessible- and inaccessible-head impulse
response tests defined the limits of the method for the condi-
tions at the Northwestern NGES. Using the methods on shafts
obscured by pile caps, the toes of shafts 1, 2, and 3 were
identified (P/Q > 1 in Table 2), whereas the toes of shafts 4
and 5 were not (P/Q = 1). This can be explained by the L/D
and B/D ratios for each shaft, as well as the surrounding soil
conditions. Shafts 4 and 5 had L/D ratios of 28 and 30, both
of which are near the limits of the conventional testing method
(Davis and Robertson 1975), and B/D ratios of 1.2 and 1,
respectively. The three shafts in which the toe was identified
had L/D ratios of 20, 23, and 20 for shafts 1, 2, and 3 and
B/D ratios of 1, 0.67, and 2.5, respectively. These three shafts
have similar L/D ratios, but shaft 3 has the largest B/D ratio.
The B/D ratios for shafts 4 and 5 are in the middle of the

ratios tested for this study. Therefore, the limits of the impulse
response method for detecting the toe of a shaft with a pile
cap are a combination of the L/D ratio and B/D ratio, as well
as the soil conditions adjacent to a shaft. At the NGES, the
toe of the shaft could be identified for inaccessible shafts with
L/D ratios as high as 23 with a B/D ratio of 0.67 and with
L/D ratios as high as 20 with a B/D ratio of 2.5. Both defects,
the soil-filled joint in shaft 1 and the neck in shaft 2, were
identified in the inaccessible-head tests for B/D ratios of 1 and
0.67, respectively.

NUMERICAL SIMULATION OF NGES INACCESSIBLE
SHAFTS

Numerical simulations of the impulse response tests were
conducted with the Siminteg Simulation Program developed
by CEBTP of France (Paguet 1968) and revised by STS Con-
sultants, Ltd. (Davis 1994). The program is based on imped-
ance relationships between the properties of the pile and the
surrounding soil. To simulate a result from an impulse-re-
sponse test, a pile or drilled shaft is modeled as a cylinder
surrounded by infinitely extending horizontal soil layers. The
pile is divided into as many as ten segments and a base. Each
pile segment is assigned a length, diameter, concrete propa-
gation velocity, and density. A shear wave velocity and density
are assigned for the soil surrounding each segment.

The first step in the model is to calculate the impedance for
the pile base for the prescribed frequency range associated
with the impulse hammer impact. This calculation considers a
spring on an elastic base and assigns the pile base the same
diameter as the bottom segment and assumed to be on the
ground surface, i.e., a plate on the ground. For each of the
pile segments, from the top of the pile downwards, several
parameters are calculated. A general damping coefficient (Pa-
quet 1968) is calculated by combining the various damping
coefficients for the pile and soil. The impedance of each seg-
ment is calculated, and the energy lost for each segment is
accounted for by the geometry of the shaft and the damping
properties of the soil, respectively. The variation of impedance
with frequency is then calculated by looping over the number
of segments. At the end of each segment in the loop, the effect
of the impedance from the present segment is added to the
impedance from the previous calculations in the form of a
complex array representing the variation of impedance with
frequency. The inverse of the magnitude of the complex entry
of this summed array at the end of the loop is the simulated
mobility for the pile.

This simulation program is based on one-dimensional anal-
ysis of acylindrical rod and, as such, is strictly valid for only
axisymmetric conditions. Simulations for each inaccessible
shaft were based on the best fit parameters used to match the
response of the accessible-head tests (Finno and Gassman
1998) and the as-built lengths given in Table 1. These simu-
lations are approximations of the actual conditions, because
two of the three pile caps are rectangular; thus, the pile cap-
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FIG. 8.

shaft system is not axisymmetric. The cap geometry was con-
verted to an “‘equivalent’’ cylinder by determining an ** effec-
tive'’ diameter for each cap by modeling the shaft with the
best-fit parameters from the accessible shaft simulations and
adding a concrete cylinder of variable radius. The radius of
the cylinder was increased until good agreement was found
between the experimental and simulated mobility curves.

Shaft 3

Pile cap 2, atop shaft 3, was modeled as a cylinder with a
depth of 1.52 m and a diameter varying from 0.63 to 1.83 m.
The results for the simulated responses from each diameter are
shown in Fig. 8. As the simulated diameter of the cap was
increased, the resolution of the peaks decreased and the av-
erage mobility of the signal decreased exponentially between
frequencies of 60 and 700 Hz. The best match of the smulated
and observed signals was achieved with a pile cap diameter
of 1.73 m, at least up to about 600 Hz, where the two signals
began to diverge. Both these signals identified four resonating
peaks below 600 Hz with similar resolution and average mo-
bility. Based on the best-fit diameter of 1.73 m, the effective
area for cap 2 is determined to be 2.34 m?, essentially equal
to the as-built area of the pile cap of 2.32 m?. This agreement
should be expected, because the square cap was essentially
axisymmetric and was thus well modeled in the one-dimen-
sional simulation.

Shaft 2

Fig. 9 shows the results of the simulations of shaft 2 below
cap 1. The pile cap was modeled with a depth of 0.61 m and
a range of diameters from that of the shaft up to 2.75 m. As
the diameter of the pile cap was increased, the resolutions of
the resonances corresponding to the toe and the defect de-
creased, as did the average mobility. For an effective diameter

Numerical Simulation of Shaft 3 with Varying Pile Cap Diameter

of 2.29 m, a good match between the simulated and the ob-
served signals was achieved up to 460 Hz. Three resonances
from the shaft toe below 400 Hz and one resonance from the
defect at 420 Hz were observed in the simulation. Only the
first resonance from the neck defect was matched, because the
experimental curve deviated from the simulated curve around
460 Hz. The difference between the experimental and simu-
lated curves at 460 Hz is believed to have been caused by
reflections of surface waves that arise from the rectangular
geometry of the pile cap, which was not possible to simulate
in this axisymmetric approximation. The resonances seen in
the experimental result above 460 Hz can therefore be attrib-
uted to the actual rectangular geometry of the pile cap not
accounted for in the axisymmetric approximation of the cap,
the surface wave reflections from the edges of the pile cap, or,
more likely, a combination of the two.

The pile cap response was best modeled with an effective
diameter of 2.29 m. This diameter corresponds to an equiva-
lent area of approximately half the pile cap contributing to the
response for each shaft. For cap 1, the tributary area of the
pile cap above each shaft had a width, W, equal to 1.52 m
and a length, L, equal to 2.06 m. Thus, the tributary areais
3.14 m?, which is less than the effective area of 4.1 m* deter-
mined for the effective diameter of 2.29 m from the simula-
tions. The ratio of the tributary area to the effective area is
equal to 0.76.

FREQUENCY RANGES FOR INACCESSIBLE-HEAD
CONDITIONS

For a given pile cap geometry, the effective area, Ay, of a
cap can be determined by applying a factor, F, to the calcu-
lated tributary area, A, Of the pile cap atop a shaft:

_ Atributary) _ A
T A(effective)  Ag

4
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Aqip is defined as the tributary width, W,;,, multiplied by the
tributary length, L.,; where Ly, is the greater dimension, as
shown in Fig. 10. F was determined from the simulations of
the three NGES pile caps. The relationship between F and the
ratio of the tributary width to the tributary length, Wyip /Ly, iS
shown in Fig. 10. As W,;u/L.i, @pproaches 1.0, F approaches
1.0; thus, a square pile cap atop a single shaft yields a ge-

ometry that is essentially axisymmetric, as shown for Shaft 3.

J

600 1000 1200

As the shaft become more rectangular, the effective area in-
creases relative to the actual tributary area.

Analysis of shafts in accessible-head conditions are based
on the assumption of one-dimensional wave propagation that
occurs when the wavelength of a longitudinal stress wave is
greater than or equal to the diameter of the pile. For shafts
with diameters between 610 and 910 mm and v, = 4,000
m/s, the upper bound frequencies needed to maintain one-di-
mensional conditions vary from 4,400 to 6,560 Hz. Because
the impulse hammer used herein imparts frequencies no higher
than 2,000 Hz, one-dimensional conditions are maintained for
the accessible-head tests.

However, the larger areas created by the pile caps in the
inaccessible-head tests will limit the frequencies at which in-
formation can be extracted concerning an underlying drilled
shaft. This **cutoff’” frequency can be identified by comparing
the experimental and simulated mobility curves. It is postu-
lated that this frequency can be identified as that where the
trends of an experimental mobility curve diverge from the cor-
responding simulated curve, because the simulation is based
on one-dimensional wave propagation, which does not con-
sider surface wave or three-dimensional effects. Just a simple

separation of the simulated and experimental mobility curves
is believed to be insufficient to define the cutoff frequency,
since other factors may be responsible for the differences in
behavior. For example, in Fig. 9, the cutoff frequency can be
identified as about 520 Hz, the point when the mobility in the
experimental curve has a local minimum while that of the
simulated curve continues to decrease. The cutoff frequencies

identified in this way for all shafts are summarized in the 2

column in Table 3.

This data was evaluated to develop a relation that can be
used to identify the approximate cutoff frequency, f., based on
geometric relations and the concept that one-dimensional con-
ditions are satisfied when the wavelength is greater than or
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TABLE 3. Cutoff Frequencies for Inaccessible Tests

D At Ve fl f2
Shaft B/D (m) (m?) Qs o (m/s) (Hz) (Hz)
(1) (2 (3) (4) (%) (6) (7) (8) (9)
1 1.0 0.61 411 14.05 2 3,876 396 460
2 0.67 0.91 411 6.31 1.67 3,960 545 520
3 25 0.61 2.34 8.01 35 3,950 563 630
4 12 0.76 5.27 11.61 2.2 4,100 391 440
5 1.0 0.91 5.27 8.1 2 3,950 430 460
Note: f: = computed from (5); f2 = based on differences from simulated and experimental results.
equal to the diameter of the shaft. The following relation is 1000 | °
proposed: N = /
T 900 — o
_ Ve — Ve _ Ve g -
fC - )\c - Deff - D(as + at) (5) %— 800 j ¢
where N\, = wavelength where wave propagation in a cylin- EA 700 B
drical rod is no longer one-dimensional; Dy = effective di- S'? 600l L
ameter of the pile cap—shaft system as determined by match- 38 B ak. »
ing simulations with test data; D = diameter of the shaft; o, = 3 % 500 —
factor to account for the plan area of the pile cap relative to LA #*
the area of the shaft; and o, = factor to account for the relative a&_ L d
thickness of the pile cap. These factors are defined as = 800 —
= L
o "
o = Aeff2 C o= <l + E) (6) E. 200 K | ‘f ZGES;e:l Section
4 0 D/ ENN NN NN NN NN N N O

where B = thickness of the pile cap. It is proposed to limit F
in Fig. 10 to 0.75 for WIL ratios below 0.75.

In the limit, the cap thickness goes to zero, o, goesto 1. As
the tributary area of the shaft approaches that of the shaft, o
goes to 1. As the tributary area gets large relative to the area
of the shaft, a, gets large, which makes the effective diameter
of the shaft large and thus makes the cutoff frequency ap-
proach 0. As the cutoff frequency gets small, resonances from
the shaft toe will be masked by three-dimensional effects. Of
these two correction factors, « is generally larger and thus has
larger impact on the cutoff frequency. Of course, the limita-
tions related to the L/D ratio of a shaft, the soil stratigraphy,
and the shear wave velocity of the soil provide additional con-
straints on the applicability of the method (Finno and Gassman
1998).

The cutoff frequencies computed from (5) and the corre-
sponding parameters for the five shafts are given in the f
column in Table 3. The propagation velocities, v, are those
from the best-fit simulations of the accessible head tests (Finno
and Gassman 1998). A comparison of the frequencies found
by the empirical equation and those determined by comparing
the mobilities of the simulations and the experimental curves
are shown in Fig. 11. The agreement is reasonably good, and,
most importantly, the trend in the empirically predicted data
agrees with that of the experimentally derived data.

Case Study

Drilled shaft construction at a building site in Chicago, |I-
linois, provided an additional opportunity to obtain signals on
drilled shafts at times when a shaft was both accessible and
inaccessible. These data are presented to show the applicability
of the frequency cutoff relation of (5) for inaccessible condi-
tions other than those at the Northwestern NGES.

The subsurface conditions are typical of the downtown area
of Chicago and consist of, in descending order, a surficia fill
(7.6 m), ahard, desiccated clay layer (5.2 m), a soft to medium
clay stratum (3 m), and a hard clay and silt till stratum (7.6
m) overlying dolomite bedrock. The drilled shafts were 0.9 to

0 100 200 300 400 500 600 700 800 900 1000

Experimentally-Derived Cutoff Frequency (Hz)

FIG. 11. Cutoff Frequency Empirical Relation

2.4 m in diameter and were belled in the hard clay and silt
stratum. The upper part of the drilled shafts were larger than
the lower section as a result of the temporary casing used to
stablize the surficial deposits.

Seven shafts were tested both after the shaft was constructed
and after the additional structure was completed. The L/D ratio
of these shafts varied from 10 to 18. After construction of the
additional structure, as much as 3.3 m of concrete existed be-
tween the top of the concrete cap and the top of the drilled
shaft. The B/D ratio varied from 0.7 to 2.9.

To illustrate the results obtained at this site, the mobility
versus frequency plot for typical accessible- and inaccessible-
head conditions are shown in Fig. 12. The resonant peaks are
seen at frequencies less than 800 Hz for the accessible and the
inaccessible conditions; however, a deviation from constant
amplitude mobility peaks occurs around 400 Hz for the inac-
cessible case, as aresult of reflections from the pile cap bound-
aries. As was the case for the NGES shafts, the pile cap re-
duced the frequency range wherein constant amplitude
resonances from the toe of the shaft could be identified. As-
suming a propagation velocity of 4,000 m/s, shaft lengths cor-
responding to these peaks are 17.3 and 21.2 m for the acces-
sible and inaccessible conditions, respectively, as compared
with the as-built values of 18.1 and 21.4 m. No defects were
evident in the construction records.

Numerical simulations were made for each of the seven
shafts shown in Table 4 so that the cutoff frequency relation
developed for the NGES test section could be evaluated under
different conditions. The cutoff frequency was defined based
on the differences between the simulated and experimental re-
sults in the same manner as previously discussed for shafts 3
and 2. The cutoff frequency was aso computed based on the
relationship developed at the NGES test section and the pa-
rameters shown in Table 4. The pile caps above each shaft
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TABLE 4. Summary of Case Study Results
Shaft D Aot fe f2
number (m) L/D B/D (m?) Qg o (Hz) (Hz)
(1) (2) (3) (4) (5) (6) (7) (8) (9)
244 1.22 16.1 2.7 3.09 2.65 3.7 517 580
324 1.22 17.3 1 1.88 1.61 2 908 880
336 2.59 7.95 0.47 7.53 1.43 1.47 532 500
337 1.07 20.4 1.14 2.32 2.58 2.14 792 690
340 1.98 10.3 0.62 5.95 1.93 1.62 569 640
353 1.22 16.5 1 1.49 1.27 2 1,000 720
426 0.91 20.7 2.3 251 3.86 33 615 520

Note: f2 = computed from (5); f2

based on differences from simulated and experimental results.

were sguare with the exception of shafts 244 and 426. These
shafts were located below the end of a grade beam. For these
shafts, A, Was selected as the square of the width of the grade
beam, but the F factor in (4) was taken as 0.75 to reflect the
shape of the grade beam. The cutoff frequencies computed by
(5) are given in the f2 column. The cutoff frequencies found
by comparing the experimental and simulated results are
shown in the f2 column. Good agreement was generally ob-
served between the two results, as shown in Fig. 11.

Given this good agreement, the relationship givenin (5) can
be used to estimate the possible effectiveness of the impulse
response test to identify resonances from the toe of a deep
foundation for a given geometry of pile and pile cap system.
This relationship is valid for concrete piles and shafts con-
nected with a concrete pile cap.

CONCLUSIONS

The impulse response method can be used to evaluate the
integrity of drilled shafts under inaccessible-head conditions
when the geometry of the intervening structure does not in-
validate one-dimensional wave propagation conditions in the
underlying drilled shaft. The two main geometric factors that
limit its applicability are the ratio of the tributary area of the
intervening structure above the shaft to the area of the drilled
shaft and the thickness of the pile cap to shaft diameter ratio.
Based on the experimental results and numerical simulations
of the drilled shafts at the NGES test site, a relation between
the propagation velocity in the drilled shaft and these geo-
metric factors was devel oped for concrete shafts and pile caps.
This relation [(5) and Fig. 10] permits the calculation of a
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cutoff frequency, above which meaningful data related to the
drilled shaft cannot be extracted. Data obtained at a building
site where impulse response tests were conducted on drilled
shafts in both the accessible- and inaccessible-head conditions
showed that the cutoff frequency relation derived on the basis
of the NGES data is valid for other conditions.
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APPENDIX Il. NOTATION

The following symbols are used in this paper:

A = cross-sectional area of shaft (1?);
Ay = effective area of pile cap: w/4(Dur)? (19);
A = tributary area of pile cap above shaft: Wy, X Ly (17);
B = pile cap thickness (1);
D = diameter of shaft (1);
D« = effective diameter of pile cap (1);
E = Young's modulus of concrete (f/1%);
f. = cutoff frequency (1/t);
L = shaft length (I);
Ly, = tributary length of pile cap (1);
N = shaft mobility (I/(t — f));
P = loca maximum mobility of resonance (I/(t — f));
Q = local minimum mobility of resonance(l/(t — f));
V. = propagation velocity in concrete (I/t);
W, = tributary width of pile cap (I);
Af = frequency difference between resonant peaks in mobility
plot (1/t);
N = wavelength (I); and
p. = density of concrete (mv1°).
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