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Abstract

This report presents the results of an experimental and analytical study,
which was conducted on three footings of an existing bridge in order to determine
their in-situ stiffnesses. The bridge is located on Interstate 80 south east of Verdi,
Nevada. Six tests were conducted by shaking each footing in the longitudinal and
the short direction. Each footing was subjected to sinusoidal vibration force,
which was applied through an eccentric mass shaker. Twenty-three
accelerometers were used to measure the response of the soil, bridge footings, and
the bent cap of the bridge during shaking.

A three-dimensional finite element model of the last two spans of the bridge
was developed using computer program COSMOS/M. Then, a linear response
history analysis was performed to determine the steady state acceleration response
of the three footings. During the analysis, the soil-footing interaction was modeled -
using a spring-dashpot model. Several refinements were applied to the response
history analysis until the predicted steady state peak acceleration at the footing
level matched the measured steady state peak acceleration on the corresponding
footing during the dynamic field test.

A design guideline and recommendations, which provide the basis for the
computation of footing stiffness using spring models, were developed based on the

experimental and the analytical resuits.
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Chapter 1

Introduction

1.1 Background

In evaluating the response of bridges to earthquakes, it is normally assumed
that the bridge structure is fixed to a rigid base to which the free-field motion is
applied (motion occurred at the soil-foundation interface in the absence of the
structure). However, the response of a bridge to an earthquake is significantly
affected by the ground condition at the bridge site due to soil-structure interaction.
The structure always interacts with the surrounding soil, and therefore, increasing
the system flexibility. This may produce an increase in structure response in one
case and decrease in another, depending on the properties of the structure, the soil
properties, and the earthquake excitation. Knowing the footing stiffness allows for -
better modelling of soil-structure interaction.

Spring-dashpot models and finite element models are used to represent the
soil-footing system. Finite element models can provide realistic means of
representing the soil under the foundation. This is mainly because they consider
the nonlinear effects of the soil, the effects of foundation embedment, and
variation of soil properties with depth. However, modeling the soil-structure
system using finite element models is time consuming and impractical in most

cases. As a result, simple models of spring-dashpot, which also account for these



In general, it is desirable to design bridges with fundamental periods of
vibration larger than the predominant period of the seismic input in order to}ensure
that the bridge will escape the frequency range where the earthquake has greatest
power (Fig. 1.1). Coupling between the structure and its supporting soil leads to a
system that is characterized by a longer fundamental period (softer system) than
the same structure with fixed bases. Therefore, consideration of soil-structure
interaction, in general, will always tend to produce a decrease in the acceleration
response (Fig. 1.1), and thus, provide an additional factor of safety. On the other
hand, the elongation of the period of vibration of a bridge tends to increase the
bridge displacement, compared to similar bridges with fixed bases. In this case,
including the flexibility of footings in the analysis, may increase the required
spacing between adjacent bridges in order to prevent pounding damage. In
addition, it may increase the effect of the secondary forces in columns, associated
with P-A effects, and therefore, decrease the lateral load capacity of the bridge
columns (Fig. 1.2).

Soil-structure interaction consists of two distinct effects: kinematic
interaction and inertial interaction®’. Kinematic interaction occurs when the free-
field motions are constrained by the presence of the foundations. Kinematic
interaction effects are generally insignificant when the wavelengths in the free-
field motions are greater than the dimensions of the foundation®. In this case, the

foundation will have very little effect on the soil, and the foundation motions will




T

pro——

be the same as the free-field motions. Inertial interaction arises due to the
transmission of inertia forces from the structure to the soil during an earthquake.
These forces induce a deformation in the soil in addition to the one existing in the
free field. Veletsos and Prasad*? reported that kinematic interaction and inertial
interaction may significantly affect the responses of systems in the medium- and
high-frequency regions. However, the inertial interaction effects are greatly more
important than kinematic interaction effects. In this study, only the inertial
interaction was accounted for. This is because in the dynamic field testing, the

soil is strained by the inertia forces from the structure.

1.2 Previous Work

There are several analytical and experimental researches that have been
conducted in order to compute the dynamic stiffness and the seismic response of -
footings.

Dobry and Gazetas® conducted an analytical study to compute the effective
dynamic stiffness and dashpot coefficients for arbitrarily shaped, rigid surface
machine foundations placed on homogeneous and deep soil deposits. In therr
study, they proposed a method in the form of simple algebraic formulas and
dimensionless charts, which can be used to compute the foundation stiffness and
the radiation damping coefficients for the all modes of vibration. The proposed

method was based on a comprehensive compilation of several analytical studies.



The method is applicable to different foundation shapes, including circular, strip,
and rectangular footings. In this method, the footing stiffness coefficients depend
on the frequency of loading but are independent of the variation of soil shear
modulus with shear strain. This is mainly because in machine vibration problems,
very small strains are expected in the soil. The results of this study confirmed that
both frequency and foundation shape have significant effects on the dynamic
foundation stiffness and on the foundation damping, with the effect being greater
for long foundations and saturated soils.

Dobry et al.” used the results of twenty-one free vibration tests on surface
model footings to verify their analytical method presentéd in Ref. 8 In the
experimental program, seven concrete blocks of identical contact surface areas (A
= 110 in® = 710 cm®) and heights (h = 18 in. = 45.7 cm) were cast-in-place on the
surface of a moist, dense sand and were subjected to vertical, torsional and rocking
vibrations. Two of the footings were circular, one was square, and three were
fectangular. Initially, all the footings had similar total weights, W = 180 1b. (800.7
N). In addition, the tests were repeated after attaching symmetrical weights, for
total foundation weights of W = 240 1b. (1067.6 N) and W = 300 Ib. (1334.5 N).
This was done in order to change the natural frequencies of each footing without
varying its geometry. With the seven concrete blocks, twenty-one different free
vibration tests were performed in each mode. All footings were placed on top of

cylindrical mass of uniform, moist, dense sand 5 ft (1.5 m) deep and 10 ft (3 m) in

!
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diameter. Close agreement was found between the predicted and measured
frequencies in all cases, and also between damping ratios in the vertical and
torsional vibrations. In addition, the results of the vibration tests provided a strong
support for the analytical method presented in Ref. 8.

Levine and Scott’’ developed a simplified method to find the rotational
boundary stiffnesses, which represent the foundation of a structure and its
surrounding soil. This method was applied to the Meloland Road overpass, for
which records were obtained during the 1979 Impenal Valley earthquake. This
bridge is a two-span continuous reinforced concrete structure supported on a single
column pier. The bridge has an integral abutment. A very simple 3-D beam
model for the bridge was constructed. To represent the boundary conditions of the
model, rotational springs at the ends of the deck and at the pier base were used.
No translational springs were used since the measured translational motions of the
abutments and at the column base were used as the input earthquake excitation.
The purpose of the study was to compare the actual dynamic properties of the
bridge with those predicted with the simple model. The seismic response
chara&eristics and the dynamic properties of the bridge were determined using a
system identification technique developed by Beck®. This technique, which was
applied to the array of the strong motion measurements, yielded an excellent fit to
the measured motions of the bridge. A sensitivity analysis was also performed on

the rotational boundary springs to study their effect on the dynamic response of the



bridge. In this study, it was concluded that the modal frequencies of the finite
element model with rotational boundary springs compared well with the results
obtained through system identification, even though a simplified model was used.
The authors also recommended applying their simplified method for the
computation of the rotational foundation stiffnesses in conjunction with system
identification techniques to strong motion records in order to obtain boundary
spring models for the foundations. The results of the sensitivity analysis indicated
that varying the rotational stiffnesses of the pier about the transverse and the
longitudinal axes of the bridge affected the pier deflection but only changed the
transverse deck mode. However, changing the rotational stiffness of the pier about
the vertical axis of the bridge did not have any effect on either the vertical or

transverse mode.

Vrontinos*® constructed a 3-D finite element model of the Meloland Road

overpass, which was subjected to an earthquake in 1979. The model used 3-D line
beam elements to represent the superstructure, and a 3-D array of spring elements
at each of the abutments and at the pier foundations support to capture the soil-
structure interaction. The main objectives of this study were to use the results
obtained from a quick-release field testing of the bridge'? in order to obtain the
dynamic stiffnesses at the bridge abutments and pier foundations, and to calibrate
the model based on the dynamic test results and the strong motion records

obtained at the bridge site during the 1979 Imperial Valley earthquake.
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A system identification technique was performed by fitting the model to a
complete series of measured static and dynamic response data collected during
full-scale quick-release ram field tests'”. The study also included fitting the
calibrated model to the bridge earthquake response records collected during the
1979 earthquake. The study obtained the effective values of the soil springs
(stiffnesses) and several additional bridge structural design parameters controlling
the bridge response under earthquake loading. The results of the system
identification study showed that the linear finite element model was adequate in
capturing the non-linear behavior of the bridge at low to moderate vibration
amplitude. Also, a high damping ratio value of 22.6 % was obtained from the
system identification study using the response records. The high damping ratio
value was attributed to the damping soil behavior of the abutment backfill.

Another study was performed to verify the sensitivity of the response to .
different soil spring values. In this study, all the soil spring values at both the
abutments and the pier foundation were taken as a single group of springs. The
values of all the springs were then varied at the same time and by the same
percentage amount. They were set equal to 0.1, 0.5, 0.75, 1.5, and 5.0 times their
optimum values obtained from the system identification technmique. The results of
this part of the study indicated that the variations of soil springs have a significant
effect on the deformations of the bridge. The deck displacements and rotations

showed a large increase or decrease depending on the soil springs. A decrease in



the values of soil springs by 50 % led to an increase of up to about 80 % in the

maximum deck displacements.

1.3 Objective and Scope

The main objective of this study was to develop a simple and rational
procedure for the computation of stiffness for spread footings supporting bridges.

The focus of the study was on three rectangular footings of an existing
bridge located on Interstate 80 south east of Verdi, Nevada. Each footing was
subjected to dynamic forces through an eccentric mass shaker once in the long and
then in the short direction of the footing. The test results and the analytical studies
conducted on the three existing footings were used to recommend a simple

integrated procedure to compute the footing stiffness.

1.4 Research Significance

Soil-structure interaction can significantly affect the dynamic response of
bridges. This research provides an effective means to enhance the computation of
footing stiffness. The approach recommended in this study is more realistic and
consistent than other methods. It includes means of accounting for the strain-
dependence of the soil shear modulus and other important factors such as footing
embedment and presence of bedrock, which significantly affect the soil-structure

interaction.
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Chapter 2

Experimental Studies

2.1 Introduction

The experimental program included the shaker testing of three existing
spread footings of an eleven-span steel girder bridge. The bridge is located on
Interstate 80 south east of Verdi, Nevada. [Each footing was subjected to
sinusoidal vibration through an eccentric mass shaker in both directions of the
footing. The shaker was attached to the footing through high strength bolts that
were anchored to the footing. In addition, accelerometers were used to measure
the response of the soil, bridge footings, and the bent cap of the bridge dunng
shaking.

This chapter includes the bridge description, equipment, instrumentation, -

and testing procedure used in experimental program.

2.2 Bridge Description

The bnidge tested as part of this research (IR 080-WA 5.45 G-772 W) is
located on the Interstate 80 south east of Verdi. The bridge, shown in Fig. 2.1,
consists of an eleven-span steel girder superstructure with an overall length of
974.25 ft (297 m) measured from the center of WB1 to the center of WB12, and a

total width of 43 ft (13.10 m). The steel girders are continuous over bents WB3,



WB4, and WB5 (Fig. 2.1). However, they are simply supported over the other
bents. The bridge carries two lanes of westbound traffic over a railroad crossing
and the Truckee River. There is no skewness except at the last five bents of the
bridge (bent WBS to bent WB12 in Fig. 2.1), where the bridge is skewed at an
angle of 35 degrees.

As shown in Fig. 2.2, the superstructure consists of seven built-up steel
girders, which are equally spaced at 6'-4" (1.90 m) on center. Thé steel girders
have depths and plate thickness that vary over the span of the bridge. The concrete
deck is 7 inches (180 mm) thick.

The focus of the study was on the footings of bent WB11 shown in Fig. 2.3.
Each column was retrofitted for earthquakes by using a 1/2-inch (13 mm) thick
circular steel jacket with an inner diameter of 5'-1" (1549 mm). The steel jacket
has a height of 21'-8" (6604 mm). A 2-inch (50 mm) gap was left between the top
of the steel jacket and the bottom of the bent cap and between the bottom of the
jacket and the top of the footing. The columns are rigidly connected to their
footings. The footings are embedded 5.5 ft (1676 mm) into the soil, where the
depth of embedment is measured from the grade level to the bottom of the
footings. The bent cap was also retrofitted by increasing its length and width, and
by adding shear keys between the steel girders to restrain their lateral movements
(Figs. 2.3 and 2.4). According to AASHTO", the bridge is located in a seismic

area with a maximum acceleration coefficient, A, of 0.37.
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2.3 Test Setup

A shaker system model "MK-12.8A-4600" by Anco Engineers, Inc.®’, was
used during the test to apply sinusoidal vibration to the footings. It consists of an
eccentric mass, a drive motor, a frequency inverter with a remote operator's
station, interconnecting cabling, and flexible shafting. The mass shaker consists of
matched sets of eccentric weights that rotate in opposite directions about parallel
vertical shafts. Two match sets of weights are provided with the shaker, a 4,600
Ib-in. (520 KN-mm) eccentric mass set and a 980 lb-in. (111 KN-mm) eccentric
mass set. Each set consists of six weights; three of these weights form a left stack
and the other three form a right stack. Eccentricity of the shaker is continuously
adjustable over the ranges 0-980 Ib-in. (0-111 KN-mm) and 0-4,600 1b-in. (0-520
KN-mm).

During the test, a 4,600 Ib-in. (520 KN-mm) eccentric set of weights was .
used to achieve higher forces at low frequencies. With the large weight set
instaﬂed, the force output is limited to 10,000 Ib. (44.5 KN) continuously, and
20,000 Ib (89 KN) intermittently at frequencies less than 10 Hz. The direction of
the force vector resulting from the shaker operation can also be adjusted to any
direction in a horizontal plane by rotating the left set of weights relative to the
right set.

The following expression was used to relate the output force to running

speed and eccentricity":
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where WR is the maximum eccentricity (Ib-in. or KN-mm), F is the output force
(Ib or KN), X is a fraction of maximum eccentricity, and f is the running speed
(Hz). Since it was decided to use the 20,000 Ib. (89 KN) maximum force capacity
of the shaker with the 4,600 lb-in. (520 KN-mm) moment, a maximum running
speed of 6.5 Hz was achieved during the test. Figure 2.20 shows the maximum
operating limits for the mass shaker.

The shaker was attached to each footing by a 1-in. (25 mm) thick A36 steel
base plate and stud-type anchors (Fig. 2.5). The mass shaker was attached to the
base plate by ten 5/6-in. (21 mm) diameter Grade B7 studs that were welded to the
base plate. Each stud had a length of 6-in. (152 mm) above the top surface of the
base plate. The base plate was attached to each footing through ten 1.0-in. (254
mm) diameter Grade B7 stud-type anchors (Fig. 2.5). The anchor bolts were 24-
in. (610 mm) embedded into the footing. A high-strength epoxy adhesive was
used to anchor the studs to the footings. A 1/2-in. (13 mm) thick gypsum cement
grout (hydrostone) was used between the base plate and the footing for leveling.

Twenty-three accelerdmeters model "FBA-11" by Kinemetrics, Inc. were
used to measure the soil, bridge footings, and bent cap response during the test.

The accelerometers have a full range of 4g and a sensitivity of 0.0008g, where "g"
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is the gravity acceleration. To get clear sinusoidal acceleration during the test, the
attenuator settings of the accelerometers were adjusted at 12 dB. This setting was
predetermined before starting the test by running the mass shaker, which was
attached to one of the footings at 6.5 Hz. Then, the attenuator setting was changed
until it was possible to measure a clear sinusoidal response. Appendix A shows
the analog sensitivity for the accelerometers used during the dynamic field testing.

In order to calculate the peak recorded acceleration in "g", the following

equation was used:

4a
A= Y (2.2)

where A is the peak recorded acceleration (g), a is the peak recorded amplitude
(volts), and n 1s a number corresponding to the attenuator setting.

Eighteen ground acceleration stations measuring 8” x 4” (203 mm x 102
mm) located on the soil around the footings were used during the test. Those
stations were used to mount the accelerometers that measure the soil acceleration
response during the test. Figure 2.6 shows the layout of the ground acceleration
stations. Six tests were conducted by shaking each footing once in the long and
then in the short direction of the footing. Each test was repeated at least twice to
have redundancies in the data.

During each test, eight accelerometers were mounted on pre-assigned
ground stations (active ground stations) to measure tﬁe soil response. The

accelerometers were flush with the soil surface. The eight accelerometers were
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moved from one set of ground stations to another, depending on the footing being
tested. Figure 2.7 shows the ground accelerometer location and numbering during
the test of footing I in the longitudinal direction of the footing.

Twelve accelerometers were mounted on the surface of the three footings to
measure the acceleration response of the footings during the tests. The top surface
of three footings was exposed by removing the overburden soil that was 2 ft (610
mm). However, the soil was left intact between the sides of the footings and the
surrounding soil. On each footing, two accelerometers were used to measure the
footing acceleration in the longitudinal direction of the footing, while the other
two accelerometers were uséd to measure the footing acceleration in the short
direction of the footing. The accelerometers were located at 3 inches (76 mm)
from the mid-sides of the footings. However, accelerometers located on the side
of the eccentric mass shaker (east side of footings) were mounted at 3 inches (76
mm) from the short and long edges of the footings. Figure 2.8 shows the location
and numbering of footing accelerometers during the test of footing I in the
longitudinal direction.

To measure the acceleration response of the bent cap, three accelerometers
were used. Two accelerometers were mounted on the far right side of the bent
cap; one to measure the acceleration in the longitudinal direction of the bent cap,
and the other to measure the acceleration in the transverse direction. However, on

the far-left side of the bent cap, only one accelerometer was used to measure the
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response in the short direction of the cap. Figure 2.9 shows the location and the
numbering of bent cap accelerometers. The bent cap accelerometer location did
not change during different shaker tests. Figures 2.7 through 2.19 show the
numbering and the location of ground and footing accelerometers used during the

test of three footings in the longitudinal and the short directions of the footings.

2.4 Test Procedure

An operator station was used to control the shaker tests. The testing
procedure was identical for all shaker runs. The first step was to gradually
increase the frequency of the shaker until reaching a predetermined frequency of
approximately 6.5 Hz. At this amplitude, the total cyclic force was approximately
20,000 1b. (89 KN). Then, the attenuator setting of the accelerometers was
adjusted until a clear sinusoidal acceleration could be measured. Once there were
no trucks crossing the bridge, the computer was triggered to record the test data for
approximately two minutes. At least two sets of data were recorded during each
test in order to check the collected data against errors. After each test, the
locations of the eight ground accelerometers were changed according to their pre-
assigned locations. In addition, the weights located inside the mass shaker were

rotated to change the direction of shaking.
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Chapter 3

Test Results

3.1 Introduction

The experimental program included testing of three footings of an existing
bridge. The footings are rectangular and measure 13 ft (3.96 m) by 9 ft (2.74 m)
and have a depth of 3-ft (914 mm). In addition, they are embedded 5.5 ft (1.67 m)
into the soil. Each footing was subjected to a sinusoidal vibration force of
amplitude of approximately 20,000 1b (89 KN) at a frequency of 6.5 Hz in the long
and in the short direction of the footing. The dynamic forces were applied through
an eccentric mass shaker that was mounted on the surface of the footing.

Twenty-three accelerometers weré used to record soil, footings, and bent
cap responsesr during the tests. For each footing and in each direction, soil
response and the footing response are presented in this chapter. The measured
responses represented the most important data recorded during each test, and were
used to determine the dynamic footing stiffness, as presented in following
chapters.

As mentioned in the previous chapter, the accelerometers used during the
tests have a full range of 4g and a sensitivity of 0.0008g. Therefore, any

accelerometer record with a peak of less than 0.0008g are not shown.
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3.2 Bent Cap Response

Three accelerometers were installed on the bent cap during each test (bent
WBI11, Figs. 2.1 and 2.3). Two of the accelerometers were used to record
accelerations in the longitudinal direction of the bridge, while the other was used
to record accelerations in the transverse direction (Fig. 2.9).

During the test, accelerations recorded on the bent cap were very small and
less than the sensitivity of the accelerometers. This was because shaking of the
footing caused insignificant vibration of the bent cap. Also, the small
accelerations recorded were mainly governed by the traffic crossing the bridge
during the recording time. Therefore, the results of accelerations recorded on the
bent cap were excluded from the test results and the analyses. This did not affect
the main objective of the study, since the scope was on the acceleration response
of the three existing footings and the determination of their in-situ stiffness

corresponding to the applied dynamic force.

3.3 Shaking of Footings in the Longitudinal Direction

Footings I, II, and III were subjected to harmonic forces of 19.16 kips,
(85.23 KN), 19.17 kips (87.6 KN), and 20.00 kips (89 KN), respectively, in the
longitudinal direction of the footings. The forces were applied at frequencies of
6.19 Hz, 6.49 Hz, and 6.52 Hz, respectively. During the shaking of each footing,

accelerometers mounted on soil, adjacent footings, and the bent cap recorded small
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accelerations, and some of their peak values were less than the sensitivity of the
accelerometers. However, accelerations recorded on the tested footings were
adequate to predict the in-situ footing stiffness. Tables 3.1, 3.3, and 3.5 show
maximum measured steady state acceleration response of soil and footings in the

longitudinal direction.

3.3.1 Soil Response

Eight ground accelerometers were active during the shaking of each footing
in the longitudinal direction (Fig. 2.7, 2.12, and, 2.16). Three accelerometers were
directed perpendicular to each long side of the footing, and the other two
accelerometers were directed perpendicular to the short side of the footing. The
accelerometers were spaced at 5' (1524 mm) on center.

Figures 3.1, 3.3, and 3.5 show the measured peak steady state soil -
acceleration response during the testing of each footing in the longitudinal
direction. During the test, ground accelerometers that were perpendicular to the
direction of the applied force recorded very small accelerations. This was mainly
due to the uncoupling of short and long direction vibration.

Ground accelerometers along the short sides of footings I, II, and Ill
recorded maximum steady state acceleration amplitudes of 0.0023g (accelerometer
DIL4), 0.0029g (accelerometer IIL4), and 0.0024g (accelerometer NIIILA4),

respectively. However, accelerometers EILS, JIILS, and OIIILS, which were,
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located 5' (1524 mm) from accelerometers DIL4, IIL4, and NIIIL4, recorded
maximum steady state acceleration amplitudes of 0.00088g, 0.0012g, and 0.001g,
respectively. These were approximately 61 percent, 59 percent, and 58 percent
less than the maximum steady state accelerations recorded by accelerometers
DIL4, IIL4, and NIIIL4, respectively. The decrease in accelerations indicates the
attenuation of accelerations with the distance from the vibration source.
Accelerations recorded represent the soil response at the ground surface.

There was 26 percent increase in the measured peak steady state
acceleration along the short side of footing II than the accelerations measured
along the short side of footings I and IIl. The variation in the measured
accelerations indicated that the soil along the longitudinal direction of footing II is
slightly softer than the soil along the longitudinal direction of footings I and III.
This is supported by the fact that the soil near the ground surface and under the
footings are randomly mixed with cobbles, which vary in sizes from smali to

considerably large cobbles.

3.3.2 Footing Response
Figures 3.1, 3.3, and 3.5 show the maximum measured steady state
acceleration response of footings I, II, and III, respectively, in the longitudinal

direction of the footings.

During the shaking of each footing, accelerometers mounted on the other
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two footings recorded very small accelerations. During the test of footings I and
M, the two accelerometers mounted on the long sides of each footing recorded an
equal maximum steady state acceleration of 0.0033g. However, during the test of
footing II, they recorded an equal maximum steady state acceleration of 0.00355g.
Therefore, there was a 7 percent increase in the measured peak steady state
acceleration on footing II in the longitudinal direction than that measured on the
other two footings.

The increase in the measured acceleration was mainly due the fact that the
soil along the longitudinal direction of footing II is slightly softer than the soil
along the longitudinal direction of footings I and IIl. This was also supported by
the fact that the measured peak steady state acceleration along the short side of
footing II is 26 percent more than the accelerations measured along the short side

of footings I and III (Sec. 3.3.1).

3.4 Shaking of Footings in the Short Direction

Footings I, II, and III were subjected to harmonic forces of 18.90 kips (84
KN), 19.50 kips (86.7 KN), and19.50 kips (86.7 KN), respectively, in the short
direction of the footings. The forces were applied at frequencies of 6.36 Hz, 6.45
Hz, and 6.45 Hz, respectively. Since the dynamic forces applied to the footings
were small, accelerometers mounted on soil, adjacent footings, and the bent cap

recorded small accelerations, and some of the peak values were less than the
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sensitivity of the accelerometers. However, accelerations recorded on each of the
tested footings were sufficiently large to predict the in-situ footing stiffness.
Tables 3.2, 3.4, and 3.6 show the measured peak steady state acceleration response

of soil and footings in the short direction.

3.4.1 Soil Response

Eight ground accelerometers were active during the shaking of each footing
in the short direction (Figs. 2.10, 2.14, and, 2.18). Figures 3.2, 3.4, and 3.6 show
the measured peak steady state soil acceleration response during the testing of each
footing in the short direction. During the test, ground accelerometers that were
perpendicular to the direction of the applied force recorded very small
accelerations mainly due to the uncoupling of short and long direction vibration.

Notice the consistency between the measured peak steady state
accelerations on the soil between the three footings during the shaking of the
footings in the short direction (Figs. 3.2, 3.4, and 3.6). There were very small
variations in the measured accelerations on the soils among the footings. This
indicated that there were no significant changes in the soil properties along the
short direction of the footings. However, the soil directly along the long sides of
footing Il was stiffer as indicated by the decrease in the measured peak steady
state acceleration than the measured accelerations along the long sides of the other

two footings. This was mainly because the soil along the south side of footing I
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was directly exposed to the sunlight. This increases the capillary tension in the
soil due to the high soil suction. The increase in the capillary tension can increase

the effective stresses in the soil, and therefore, increase the soil shear modulus.

3.4.2 Footing Response

Figures 3.2, 3.4, and 3.6 show the measured peak steady state acceleration
response of footings I, II, and I, respectively, in the short direction of the
footings. The average measured peak steady state accelerations on footings I, II,
and III were 0.00365g, 0.00365g, and 0.00325g, respectively. The average
acceleration recorded on footing Il was approximately 10 percent less than the
average accelerations measured on footings I and II. This is in agreement with the
fact the soil along the long sides of footing III was stiffer than the soil along the
long sides of the other two footings (Sec. 3.4.1).

Note the difference between the recorded accelerations of the two
accelerometers mounted on the short sides of each footing (Figs. 3.2, 3.4, and 3.6).
This was mainly due to the torsional moments induced during the tests. To shake
the footings in the short direction, it was not able to attach the shaker to the center
of the footings due to the presence of the bridge columns. Therefore, the shaker
was attached to the east sides of the footings and the dynamic forces were applied
to the footings with an eccentricity of 53-in. (1346 mm), measured from the center

of the shaker to the center of the column (Fig. 2.5). This induced a maximum

22



torsional moment of approximately 1023 kip-in. (115578 KN-mm) at the center of
the column. The torsional moment led to the increase of the measured steady state
acceleration on the east side of footings (side of the mass shaker) than those
measured on the west side of the footings.

In the long direction of the footings, the measured average peak steady state
accelerations for footings I, I, and III were 0.00126g, 0.0015g, and 0.00102g,
respectively. There was no coupling between the long and short directions
vibration during the testing of the three footings in the longitudinal direction.
However, that coupling existed during the shaking of the footings in the short
direction. This was mainly because of the torsional moments induced during the
tests. These moments led to the excitation of the torsional and the rocking modes
of vibration of the footings. Therefore, significant accelerations were recorded on

long direction of the footings during the shaking in the short direction.
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Chapter 4

In-Situ Soil Testing

4.1 Introduction

. 16
d> '° was used to

A modified version of the seismic down-hole metho
ﬁleasme the shear wave velocity at low-strain, V; ., Of the soil directly under the
footings of bent WB11 (Fig. 2.3). Four down-hole tests were conducted in order
to check the accuracy of the measurements. Due to the difficulties of the field
condition, only V . of the soil between footings I and II was measured. In
addition, a subsurface exploration of the soil was performed in order to establish
the top 5.5 ft (1.67 m) of the soil profile. This chapter includes the soil profile in

addition to the description, the test setup, the test procedure, and the results of the

in-situ soil testing.

4.2 Soil Profile

In order to establish the profile of the soil at the bridge site, a subsurface
exploration was performed on the top 5.5 ft (1.67 m) of the soil directly by the
south side of footing I (Fig. 4.1). Visual examination and the laboratory tests
performed on the soil samples indicated that the first 3.5 ft ( 1.07 m) of the soil,
measured from the ground surface, is composed of sandy clay with large cobbles.

The next 2 ft (0.61 m) of the soil is composed of fine gravely sands mixed with
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cobbles. The soil exploration Vv =Se.s —==——mm s stopped at -
reached. Figure 41 shows the —_——— =il profile ar s ~ec——

at the bridge site.

4.3 The Seismic Down-hole =g 1c¢thod

4.3.1 Test Description

The seismic down-hole B ax=thod>" '° is ea————sm——
determining the variation with es=——lE -—smsm=—pth of the im——am -
at low strains (smallex than 10 —— . . In this mew— TN
inside a borehole at a pre-det— ~ese——— —ssr—amined deptll——m=
surface (Fig. 4.2). The source T e used to germmm ec——
travel time of an S wave betwee————sm———mm_  the source == ===
measuring the distance betwéen the source s —w—
wave velocity, Vi, max, and ks -msx—T1cfore, the s

determined.

The down-hole method o <c¢ds only e —mmm—

wave velocity of the soil. How wese———— —w.7cr, in thisca==—mm

time is required. To mmeasure s —s—— variation o SE—

several receivers can be placed —ame__——wwraside the bomm— eame=
wave velocities between the rec—— -ss=————— —am vers can be -
required for passage of the wave= e between the=—
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4.3.2 Test Setup

Figure 43 shows the test setup of the modified downehole test that was
conducted in order to determine V; ., of the soil under the footings. Only two
boreholes were used in the test. This was mainly due to ﬁe difficulties of the field
condition. The soil at the bridge site was mixed with large cobbles, which led to
difficulties in making several boreholes in the soil. Each borehole had a depth of
5.5-ft (1.67 m) measured from grade level. The bottom of the boreholes reached
the level of the bottom of the footing.

Three geophones were used during the test. Two geophones were placed at
the bottom of the boreholes; one in each hole (G, and G;), while the third was
placed in the soil directly by the long side of footing II (Gs;) (Fig. 4.3). The
geophones were securely coupled to the bottom of the boreholes. The geophones
were placed very close to each other in order to avoid having cobbles in the soil
between the geophones. During the boring of the two holes, a large cobble was
found in the soil between the boreholes (G, and G;). However, there were no
cobbles noticed between geophones, G; and G;.

During the test, the S waves were generated by striking the steel jacket
placed on the column with a sledge hammer (modified seismic-downhole method).
A computer was used to record the arrival times of the waves to the receivers
(geophones). Since the wave velocities of the soil between the geophones were of

interest, there was no need of precise recording of the trnigger time.
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4.3.3 Test Procedure

In order to check the accuracy of the measured V; na, four tests were
conducted. During each test, the first step was to strike the steel jacket on the
column with a sledge hammer. This was done in order to generate shear waves in
the soil. At the same time, the computer was triggered to record the arrival times
of the waves to the geophones. For tests 1 and 2, the east side and the west side of
the column connected to footing I were struck, respectively (Fig. 4.3). For tests 3
and 4, the west side and the east side of the column connected to footing II were

struck, respectively.

4.3.4 In-Situ Test Results

The results of the four tests were divided into two sets. Each set was used
to determine V max of the soil between the geophones. The first set of data
included the results of tests 1 and 2, while the second test included the results of
tests 3 and 4.

For each set and for each geophone, the arrival time record from the first
test in the set was superimposed on that record from the second test (Fig. 4.4).
This was done in order to accurately determine the first arrival of the S wave to the
geophone. Then, by calculating the time difference between the arrival of the

waves to the geophones, the shear wave velocity of the soil was calculated.

27

£
|
;
{

o

!




e
L
H

e

For the two sets, the time difference between the arrival of the waves to
geophones, G; and G, was 1.25 milli-seconds. However, the time difference
between the arrival of the waves at geophones G; and G; was 2.7 milli-seconds.
This corresponded to a shear wave velocity, V max of 3100 ft/sec (945 m/sec) for
the soil between G; and G;, and V, . of 1048 ft/sec (319.5 m/sec) for the soil
between G, and G3. See the measured distances between the geophones shown 1n
Fig. 4.3. Note that the measured values represented the shear wave velocities of
the soil layer directly under the base of the footings and along their short direction.
The large measured value of V; .« between G; and G, was mainly due to the
presence of a large cobble between the two boreholes.

The soil shear modulus at low-strain, G,y is related to the measured V; o«
through the following equation'®:

G =P Vimm 4.1)
where p is the mass density of the soil. For the very stiff soil under the footing, a
soil unit weight of 135 pcf (20.8 KN/m3) can be used®. Therefore, G, of the soil
can be determined as follow:

For soil between G; and G;:

G 0 135

*(3100)’ * —47 =280Ksi (1930 MPa) 4.2)

max

For soil between G; and Gj:

S 0135 (1048)2*—47_321(& (221 MPa) 4.3)

max
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The large value of Gy.« between G; and G, is due to the presence of a large
cobble. Typically for rock, V; m. exceeds 6000 ft/sec (1800 m/sec)slr. This
indicates that the measured V; ...« between G, and G, represents the shear wave
velocity of the soil and a large cobble at that location. The G, obtained between
G, and G, was not representative of the overall soil condition at the footings, and
therefore, excluded from the study. However, G, for the soil between G, and G;
was believed to be more representative of the soil condition and was used in the

study.

4.4 Concluding Remarks

The shear wave velocity, V; .., was measured at the top of the “very stiff
layer” shown in Fig. 4.1. According to the boring log of the bridge plans, this
layer was described as “medium compact brown sandy gravel and decomposed
granite with many cobbles and boulders”. It was assumed that the measured sﬁear
wave velocity was reflective of the over 30 ft (9.10 m) depth of this layer atop
bedrock.

The geophones were placed so close to each other in order to force the
shear wave velocity to reflect on the interface with the lower (faster) layer. The
problem with such close spacing was that the boulder found between geophones

G, and G; led to an unreasonably large value of measured shear wave velocity.
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Chapter 5

Analytical Study of In-Situ Footing Stiffness

5.1 Introduction

An analytical study was conducted to help determine the in-situ stiffness of
the three existing footings of bent WBI11 of “G-772 W” bridge. A three-
dimensional finite element model of the last two spans of the bridge (Fig. 2.1) was
constructed using an existing computer program. The columns, the bent cap, the
superstructure, and the footings were modeled as linear elastic elements. Thus 1s
because no nonlinear actions were expected due to the small dynamic forces
applied to the existing footings in the dynamic field test. The soil-footing
interaction was modeled in the computer program using a spring-dashpot model.

A response history analysis was performed to determine the acceleration ’
response of the three footings. The analysis was refined until the predicted steady
state peak acceleration at the footing level matched the measured steady state peak
acceleration on the corresponding footing during the dynamic field test.

Two procedures were used to compute the footing stiffness: the Federal
Highway Administration (FHWA) method*’ and Gazetas method'®. The two
methods adopt different approaches for the computation of footing stiffness and
consider different parameters that affect the footing stiffness and the soil-structure

response.

30



This chapter includes the description of the analytical model of the brnidge,
the approach used to determine the in-situ footing stiffness, and presents and

discusses the results.

5.2 Computer Program

The analysis was performed using COSMOS/M version 1.75 software™.
COSMOS/M is a three-dimensional finite element analysis package developed by
Structural Research and Analysis Corporation for personal computers and
workstations. The program includes modules to solve linear and nonlinear static
and dynamic structural problems including response history analysis of structures.

The advanced dynamic module of the program is used for the solution of
dynamic response problems such as modal response history, response spectra,
response spectra generation, random vibration, steady state harmonic motion, and
curve transformation. For the modal response history analysis, which was used in
this study, the uncoupled modal equations of motion are solved using the step-by-
step iptegration technique of the Wilson-6° or the Newmark method®. In this
study, the Newmark method was used for the response time history analysis.

The computer program is also capable of handling linear and nonlinear
spring elements. For the spring element, two degrees of freedom (one translation
and one rotation) are considered for each node in the element local coordinate

system. The element has the capability to perform as a longitudinal and/or
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torsional spring in one-, two-, or three-dimensional applications.

In the computer program, concentrated dampers at specified nodes can be
modeled only in conjunction with the modal time history analysis option in
addition to modal, Rayleigh, and composite damping options. Damper elements
can be considered between any two nodes or any one node and the ground. The
damping coefficient is defined in terms of its components along the global X-, Y-,
and Z-directions. However, rotational (rocking or torsional) dampers are not
considered in the computer program.

In COSMOS/M, load excitations may be applied as concentrated loads at
specified nodes or as distributed pressure applied to specified element faces.
Depending on the type of analysis, loads may have arbitrary patterns in the time or
frequency domain. Forces can be defined in global or local coordinates. The
evaluated response consists of displacements, velocities, accelerations, and

stresses.

5.3 The Analytical Model

The finite element model of “G-772 W” bridge is shown in Fig. 5.1. Only
the last two spans of the bridge (Fig. 2.1) were modeled in the computer program.
This was mainly because the shaker loads were directly applied at locations where
spring stiffness was of interest, and very little influence of the structure away from

the footings was expected. The reason the bent and the adjacent spans were
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modeled was to attempt to identify the in-situ properties of the columns and the
bent cap as a side benefit of this study. The model (Fig. 5.1) consists of 54 nodes
including 4 auxiliary nodes, 49 beam elements, and 9 spring elements (3 sets) at
the base of the footings to model the footing-soil interaction. The displacements at
the abutment (WB10) and at bent WB12 (Fig. 2.1) were restrained along the
global X-, Y-, and Z-directions.

The superstructure was modeled as a continuous system over the bent
because the 1-in. (25 mm) hinge gap between the girders was not expected to
influence pier cap movements for the force levels used in this study. To model the
boundary conditions at node 5 (Fig. 5.1), the rotations along the local y- and z-
directions were released at the end of element 4 (nodes 4 to 5) and at the beginning
of element 5 (nodes 5 to 6). The properties of the seven steel girders in the

superstructure were lumped in one spine element (Fig. 5.1).

5.3.1 Element Properties

The section properties of the superstructure are listed in Table 5.1. The
section properties shown are with respect to the local coordinates of the beam
element (Fig. 5.1). The concrete deck was included in the calculation of the
superstructure properties after it was converted into transformed steel. For the
superstructure, the outer two girders had different cross section properties than the

five inner girders. Also, within each girder, the thickness of the bottom flange
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varied along the span of the bridge. A modulus of elasticity, Es, of 29,000 Ksi
(200,000 MPa) was used for steel, and a compressive strength, /¢, of 5 Ksi
(34.5MPa) was used for concrete. Appendices B and C show the procedures used
to calculate the equivalent moment of inertia, L., and the equivalent polar
moment of inertia, Joqiv, Of the retrofitted part of the column, respectively.

The retrofitted bent cap was modeled using sixteen beam elements in order
to adequately model the variation of the bent cap properties. The bent cap section
properties are shown in Table 5.2. The parameters were found using the cap gross
section. The section properties included the shear keys that were used to restrain
the lateral movements of the steel girders.

A rigid beam element was used to link the superstructure to the bent cap.
Also, the bent cap was linked to the columns through three linear-elastic rigid
beam elements to account for high rigidity of the joint region (Fig. 5.1).

Each column was modeled using ;ix beam elements. Four elements were
used to model the part of the column with steel jacket. However, the other two
beam elements were used to model the 2-in. (51 mm) gap left between the top of
the jacket and the bottom of the bent cap, and between the bottom of the jacket and
the top of the footing (unconfined part of the reinforced concrete column). Table
5.3 lists the typical column gross section properties for bent WB11.

Each footing was modeled using one beam element. The footing stiffness

was modeled using three spring sets (Fig. 5.1). Each spring set consists of a
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translational and a rotational stiffness spring. In addition, at the base of the each
foundation (nodes 34, 42, and 50 in Fig. 5.1), a concentrated damper (dashpot) set
was connected to the ground to model the radiation damping and the hysteretic
damping of the soil in the three directions. The damper modeled the vertical and
the sliding damping only. In this study, the rocking and torsion damping were not
modeled, since COSMOS/M computer program does not support these types of
damping. Computation of spring and dashpot coefficients is described in Sec.

5.4.3. Table 5.3 shows the footing gross section properties for bent WB11.

5.4 Approach to Problem

In order to accurately predict the in-situ footing stiffness through the finite
element model, it was necessary to define all the factors and the variables that
affect the soil-structure interaction, and therefore, the dynamic response of the
bridge. A sensitivity study was performed on the important variables in order to
measure their effects and exclude those that did not have any significant influence
on the footing response.

In this study, linear spring-dashpot models were used to represent the soil-
footing system and to model the soil-structure interaction. Finite element models
can be a more accurate way of representing the soil under the foundation and the
soil-structure interaction'" 2343638 3 " This is mainly due to the fact that finite

element models consider the nonlinear effects of the soil, the effects of foundation
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embedment, and variation of soil properties with depth. Also, they can consider
the presence of adjacent structures and their effects on the soil-structure
interaction of the structure under consideration (three-dimensional -effects).
However, modeling the soil-structure system using finite element models is time
consuming. As a result, simple models of spring-dashpot are commonly used
because they are sufficiently accurate'® 2274041 46.44

In the analysis, soil-structure mteraction was accounted for using the
substructure method® 7. In this method, the response of the footing was first
analyzed without the superstructure, and the footing stiffness was computed using
a spring-dashpot system. Then, a response history analysis of the bridge supported
on this spring-dashpot system was performed in order to obtain the dynamic
response of the bridge-foundation system for the applied dynamic loading.

In this study, a simple rational procedure, which accounts for many
significant factors that affect the soil-structure interaction, was developed for the
computation of spring stiffness for the footing-soil system. The procedure was
developed from two methods that are commonly used in the analysis of the soil-
structure interaction problems'® *’. Section 5.4.3 explains 1 more details the two
methods.

A preliminary calculation, using the procedure developed in this study (Sec.
5.6 and Chapter 6) was conducted at the beginning of the analysis in order to

determine the footing stiffness. The predicted footing stiffness and damping
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coefficients were based on the footing and the soil properties. Then, a response
history analysis was performed by applying a harmonic force to each footing in the
finite element model. Each footing was subjected to a harmonic force equal to the
harmonic force applied to the corresponding footing during the dynamic field test.
The spring stiffness and the damping coefficients were refined until the predicted
steady state peak acceleration at the footing level matched the measured steady

state peak acceleration on the corresponding footing during the test.

5.4.1 Factors Affecting Soil-Structure Interaction

To improve the prediction of the in-situ stiffness of the three existing
footings of bent WB11 (Fig. 2.3), several important factors, which influence the
degree to which soil-structure interaction affects the response of the bridge were
identified. The following factors were considered in the analytical study:
1. Column stiffness
2. Bent cap stiffness
3. Structural damping of the bridge
4. Radiation damping
5. Soil properties: soil shear modulus, Poisson’s ratio, and material damping ratio
6. Embedment depth of footings in soil
7. Depth of soil deposit to bedrock

8. Variation of soil properties with depth (layering effect).
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In the analysis, the first five factors were treated as variables. Then, a
sensitivity analysis was performed in order to measure the effects of varying those
variables on the dynamic response of the footings and on the computation of the
in-situ footing stiffness (Sec. 5.7). The last three factors were identified and

measured from the bridge plan and the boring log of the soil.

5.4.2 Soil Parameters
There are two important soil parameters that affect the footing stiffness: soil
shear modulus, G, and Poisson’s ratio, v. In this study, these parameters were

examined carefully in order to properly model the soil-footing interaction.

5.4.2.1 Soil Shear Modulus, Gpqx

One of the most important soil parameters that affect the soil-structure
interaction is the maximum soil shear modulus (shear modulus at very low-strain),
Gumax, OF the corresponding shear wave velocity, Vg ne. For all soils, the shear
modulus is greatly influenced by the mean confining effective stress, ¢, and the
void ratio, e. For clays, Gy is also influenced by the over-consolidation ratio,
OCR.

The magnitude of the soil shear modulus is significantly affected by the

cyclic shear strain induced in the soil. Plots of the modulus ratio G/Gpx as

functions of cyclic strain y, have become the traditional way of depicting the effect
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of strain amplitude on cyclic shear stress behavior. Figure 5.2 shows the shear
modulus reduction curve used in this study. The figure was adopted from Ref. 16,
which summarizes recently published data for clays, sands, and gravels. The
parameter I, shown in Fig. 5.2 is the plasticity index of the soil. In this study, the
curve for sandy soils was used because of the nature of the soil under the three
footings at the bridge site (Chapter 4).

As shown in the previous chapter, a shear wave velocity, V max = 1048
ft/sec (319.5 m/sec) was measured at the base of the footings using the seismic
down-hole test. This corresponded to a soil shear modulus, Gpax = 32 Ksi (220.6
MPa). However, in the analysis, Gpax Was considered as an unknown vanable.
This was mainly done in order to compare the G predicted from the analysis
with the measured soil shear modulus. The value of G, was changed in the
calculation of footing stiffness, until the predicted steady state peak acceleration at
each of the footing level matched the measured steady state peak acceleration on
the corresponding footing. Then, by using Fig. 5.2, G/Gpax Was determined at the

shear strain level induced in the soil, and the predicted Gpax was found.

5.4.2.2 Poisson’s Ratio, v
Poisson’s ratio, v, also affects the soil-structure interaction but shows little
sensitivity to soil type, confining pressure, and void ratio'®. However, several

studies have indicated that the influence of v is not of great significance in the
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problem of soil-structure interaction, except in vertical and rocking oscillations in
soils with v close to 0.50'®. At low strain levels, a v close to 0.1 can be used".
Because of the small shear strain induced in the soil during the dynamic field test,

v = 0.1 was used in the computation of footing stiffness.

5.4.3 Computation of Footing Stiffness

In this study, the computation of footing stiffness was mainly adopted from
two available methods that use spring-dashpot models (lumped-parameter) for the
modeling of soil-structure interaction. The first was the Federal Highway
Administration (FHWA) method*” *'. The second method adopted in this study
was compiled from several publications by different researches and was cited by
Gazetas in Ref. 16. In this report, the second procedure is referred to as Gazetas
method for ease of making reference. The following sections present a general -

background followed by a description of the two methods adopted in this study.

5.4.3.1 Theory of Computation of Footing Stiffness

In general, a rigid footing has six degrees of freedom, three translations and
three rotations (Fig. 5.3). Usually, the rotations about the X and Y-axes are
termed rocking and the Z-axis rotation is termed torsional or yawing.

For a vertical mode of oscillation, the dynamic equilibrium of the footing

(Fig. 5.3) assuming a spring-dashpot model takes the form:
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mz + C,z + K,z = F,(t) (5.1

Similarly, for sliding modes:
mk + C,x + K x = F,(t) (5.2)
my + C,y + K)y = F, () (5.3)
For a torsional mode:
I,,6 + Co,0 + K;,0 = M, (1) (5.4)
For rocking modes:
1,6 + Co 0 + Ki 0 = M (1) (5.5)
I8 + Co,0 + Ko,0 = M (1) (5.6)

where,
m = mass of the footing
Iox, loy, ls, = mass moment of inertia of the footing about X, Y, and Z axes,
respectively
X, §, Z = acceleration response of the footing in the X, Y, and Z axes,
respectively
X, y, z = velocity response of the footing in the X, Y, and Z axes, respectively
X, y, z = displacement response of the footing in the X, Y, and Z axes, respectively
K, Kj, K, = translational footing stiffness (spring constants) in the X, Y, and Z
axes, respectively

Kox, Koy, Ko, = rotational footing stiffness about X, Y, and Z axes, respectively
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Cy, C,, C, = translational damping coefficient in the X, Y, and Z axes, respectively
Cox, Cey, Co, = rotational damping coefficient in the X, Y, and Z axes, respectively
F,, F,, F, = applied dynamic forces in the X, Y, and Z axes, respectively
M,, M,, M, = applied dynamic moments about X, Y, and Z-axes, respectively.

For embedded footings, horizontal forces along principal axes induce

16,41 Therefore, two more “cross-

rotational in addition to translational vibrations
coupling” horizontal rocking stiffnesses exist: Ky, Kyox. The coupling is found
due to the fact that the center of gravity of the foundation is above the center of
pressure of the soil reactions. Therefore, if the foundation is translated
horizontally, inertial forces arises at the center of gravity and a net moment at the
foundation base is produced, and thus, rocking is initiated™. For shallow
foundations, the cross-coupling effect 'is small and can be neglected'® .
However, their contribution to the footing stiffness may need to be included for -
deeply embedded footings where the ratio of the depth of embedment to the
equivalent footing diameter is greater than five"'. In this study, the cross-coupling
effect was neglected since the ratio of the depth of embedment to the equivalent
footing diameter was approximately 0.9.

For a soil-footing system, the damping coefficients shown in the previous
equations reflect two types of damping: radiation damping and material damping.
Radiation damping is due to energy carried by waves spreading away from the

footing. It is a function of the characteristics of the soil such as density, Poisson’s
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ratio, and soil shear modulus. It also depends on the frequency of loading and the
depth of embedment of the foundation in the soil'®. However, the material
damping is due to energy dissipated by the inelastic action in the soil (hysteretic
action) and is a strain-dependent. In general, radiation damping is considerably
higher than the material damping of the soil'®.

For most soils and for well-designed vibrating machine foundations causing
little straining of the soil mass, material damping ranges typically from 2 to 6
percenta’ 16 In the analysis, and because of the small strains induced in the soil
during the dynamic field testing, 5 percent material damping was considered for
the soil. The spring constants and the damping coefficients used in the previous

equations can be computed using different methods'® *°.  Foundation damping

(radiation and hysteretic) is not directly additive to the structural damping,

5.4.3.2 The Federal Highway Administration (FHWA) Method
| The FHWA current procedure in soil-structure interaction analyses for
footings involves solving for the response of a nigid footing on a semi-infinite
elastic half spacem’ 4! " In order to represent the footing stiffness, six equivalent
springs are used: three translational and three rotational.

Spring constants for shallow rectangular footings are obtained by modifying
the solution for circular surface footings on a semi-infinite elastic half space. In

general, the stiffness of an embedded footing (assuming semi-infinite elastic half
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space) can be expressed as follow*":
K=a.B.K, (5.7

where,
K, = stiffness coefficient for the equivalent circular footing
a = foundation shape correction factor
B = foundation embedment factor.

To use Eq. 5.7, the stiffness coefficients for a circular surface footing (K,)
are determined according to the following equations:

For vertical translation:

K, = (5.8)

8 GR
K, =K, = 5.9)
X y 2 -V ( )
For torsional rotation:
16 GR®
K,, = G (5.10)
3
For rocking rotations:
3
Ke, = K, = —§ER— (5.11)

x % T 3(1-v)
where, G and v are the shear modulus and Poisson’s ratio for the elastic half

space, respectively. R is the equivalent radius of the rectangular footing (Fig. 5.4).



The equivalent radius can be computed as follow*':

For translational modes:
R = "EI: (5.12)
T
For rotational modes:
— 1
4BL (4B2 + 4L2) ‘A
R = (Z-axis torsion) (5.13)
67
_ - 1
(28) (L)’ |* -
R = 3. (X-axis rocking) (5.14)
T
(28) (21)]" o
R = B (Y-axis rocking) (5.15)
T

where L is one half the longer dimension of the footing and B is one half the
shorter dimension of the footing (Fig. 5.4). The FHWA procedure accounts for
dependence of the footing stiffness on strains induced in the soil, but ignores
dependence of footing stiffness on the frequency of loading.

To establish the required soil parameters, in-situ testing and/or laboratory
testing is recommended. The low strain shear modulus Gy, may be obtained from
correlation with the Standard Penetration Test (SPT) values or through geophysical
tests. The FHWA also recommends using a shear modulus reduction curve similar
to Fig. 5.2, in order to account for the change of soil shear modulus with the shear

strains induced in the soil during an earthquake. For practical design purposes, the
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FHWA suggests using v = 0.35 for cohesionless soils and v = 0.45 for cohesive
soil*!.

Figure 5.5 shows the foundation shape correction factor, o, for all modes of
vibration. The figure was adopted from Ref. 41 and can be used according to the
coordinates shown in Fig. 5.4. Figure 18 in Ref. 41 can be used to determine the
foundation embedment factor, B, for any mode of vibration. For simplicity,
FHWA recommends ignoring the depth of soil overburden or the depth of
excavation to the top of the footing surface in the computation of the embedment

factor.

In the case where the top of the footing is below the grade level, the
thickness of the footing, D (Fig. 5.4) can be used to calculate the embedment ratio
(D/R) in determining the embedment factor, B. However, for embedment depth
greater than five times the equivalent footing diameter, 2R (Fig. 5.4), FHWA -
recommends performing a special study to determine the appropriate depth of
embedment™.

The FHWA strongly recommends modeling of the foundation damping
using viscous dampers that include both radiation and material damping®'. Those
viscous dampers are used in conjunction with the equivalent foundation stiffness.
However, the FHWA does not suggest any procedure to calculate the damping
coefficients and the contribution of foundation damping to the overall bndge

response.
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5.4.3.3 Gazetas Method

Gazetas'® presented comprehensive yet simple procedures that can be used
in the computation of spring and dashpot coefficients for the soil-structure
interaction analyses. These procedures were mainly developed for assessing the
vibration response of footings subjected to machine loads. They were based on
the results of both rigorous and approximate formulations that have been compiled
from several publications by Gazetas and other researchers™ & % 10 14. 13,1718, 21, 22,
23.25.43.44  The procedure presented by Gazetas are in the form of simple algebraic
formulas and dimensionless charts referring to all possible modes of vibration and
covering several soil profiles and foundation geometries (circular, rectangular, and
strip foundations).

In this method, the footing stiffness coefficients depend on the frequency of
loading but are independent of the variation of soil shear modulus with shear
strain. This is mainly because in machine vibration problems, footings are
designed such that the amplitudes of all possible modes of vibration are limited to
very small levels. In this case, soil in the immediate vicinity of the footings 1s
subjected to very small strain (y.) levels, usually less than 10”° percent'®,

In general, the dynamic stiffness of footings can be expressed as follow ' *:

K =K-ko) (5.16)
where,

K = dynamic stiffness of footing
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K = static stiffness of footing
k(w) = dynamic stiffness coefficient.

One of the advantages of this method is that it accounts for the presence of
bedrock at shallow depths, instead of assuming a semi-infinite elastic half space
(soil deposit extends to infinite depth). The presence of bedrock has the effect of
increasing the footing stiffness more than that predicted assuming elastic half
space. This is mainly due to the decrease in the depth of the deforming zone under
the footings. This method also accounts for the radiation damping by using
dashpot models. Soil hysteretic damping can be added to the radiation damping by

using the following expression'®:
_ 2K
Total C = radiation C(0) + — B, 5.17
®

where,

C(®) = radiation damping coefficient
o = load frequency

B, = material damping ratio.

Tables 15.1 to 15.4 in Chapter 15 of Ref. 16 include the procedures for
computing the dynamic footing stiffness and the radiation damping for surface and
embedded foundations on a homogeneous half space and on a homogeneous
stratum over bedrock.

The following is the procedure for computation of the dynamic footing

stiffness for surface and embedded circular footings of radius R (Figs. 5.6 and
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5.7), taking into consideration the presence of bedrock:

5.4.3.3.1 Surface Circular Footings on Soil Deposit over Bedrock
The static stiffness coefficients (K) of surface circular footings (Fig. 5.6)

are computed as follow™*:

K, = 4 GR (1 +13 5) (5.18)
1-v H
K, =K, = 8 GR (1 + 055) (5.19)
2-v H
Ky, = 16 GR’(I + 010 5) (5.20)
3 H
8 GR’ ( R)
Ky, = Kg, = 0.17 5.21
ox oy 3(1 _ V) ( )

where H is the depth of the soil to the bedrock (Fig. 5.6) and R is the radius of the
circular footing.

The dynamic stiffness coefficient (k(w)) for each mode of oscillation is
computed from charts which are presented in Ref. 16. The dynamic stiffness
coefficient depends on the ratio of H/R and a dimensionless frequency factor, a,:

- OR (5.22)

aO
VS

The radiation damping coefficient (c(®)), can be computed by following the

procedures presented in Ref. 16.
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5.4.3.3.2 Embedded Circular Footings on Seoil Deposit over Bedrock
The static stiffness coefficients (K) of embedded circular footings (Fig. 5.7)

are computed as follow'®:

K, =K, w(l + 055 i) 1+ (0.85 - 028 2) D (5.23)
’ ’ R R/H-D
d D
Kyew = Kyom = Km(l + -R-)(l +125 "ﬁ) (5.24)
d
Koy ey = Kez,m(l + 2.67E) (5.25)
d D

where D is the embedment depth and d is the footing depth. Gazetas has
mentioned that the above expressions were only crude approximations based on
limited information'®. The dynamic stiffness coefficient (k(o)) and the radiation -
damping coefficients (c(®)) for each mode of oscillation is computed from charts,

which are presented in Ref. 16.

5.5 Comparison of FHWA and Gazetas Methods

The FHWA and Gazetas methods adopt two different approaches in
computing the footing stiffness. The FHWA assumes that the stiffness depends on
the level of strain induced in the soil during an earthquake (strain-dependent

approach). However, Gazetas assumes that the stiffness of the footings depends

50



on the frequency of the appliéd dynamic load (frequency-dependent approach).

It was noticed that both methods are using the same form of solution for the
static response of a surface rigid footing foundation on a semi-infinite half space.
However, they are using different multipliers to account for the different shape of
foundations, and the embedment effect. The presence of bedrock at shallow

depths is accounted for only in the Gazetas method.

5.6 Proposed Approach

The objective of this study was to develop a simple procedure for the
computation of footing stiffness, which accounts for different factors affecting the
footing stiffness. The approach proposed in this study was a combination of the
FHWA and Gazetas methods. The formulas for an embedded circular footing on a
homogeneous soil over bedrock were used to compute the footing stiffnesses (Eqs.
5.23 to 5.26). The stiffness of the circular surface footing, given in Eqgs. 5.23 to
5.26, were determined using Eqs. 5.18 to 5.21. The equivalent radius (R) shown
in these equations was determined using Eqs. 5.12 to 5.15. Then, to correct for the
foundation shape, the foundation shape correction factor () for different modes of
oscillation was used (Fig. 5.5).

In the analysis, it was assumed that the footing stiffness is strain-dependent
only, and therefore, Fig. 5.2 was used to account for the variation of shear

modulus with shear strain. This assumption was made because the frequency of
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the earthquake is considerably less than that produced by machine foundations,
which was the focus of the Gazetas work.

From the boring log at the “G-772 W” bridge site, the depth of the soil to
the bedrock (H) is 35 ft (10.67 m) which was used in the formulas. The following
sections show the analytical procedure used to determine the in-situ footing

stiffness.

5.7 Sensitivity Study

The main objective of the current study was to improve the prediction of
the in-situ stiffness of the three existing footings of bent WB11 based on the
results of the dynamic tests. This can be achieved by using system identification
technique. To perform system identification, important variables have to be
considered. Ordinarily, the most plausible values for these variables are found by
matching the measured and calculated responses. Important variables are those
that affect the response significantly.

Because in each of the field tests, the shaker load was applied at the
location where the footing stiffness was of interest, it was suspected that the
properties of structural components other than the footings would have significant
effect on the response. The structural damping of the bridge, the foundation
damping, the column stiffness, the bent cap stiffness, and the soil shear modulus

were considered as potentially important factors that influence the response of the
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bridge.
A sensitivity study was performed to measure the effects of varying these
factors on the dynamic response of the footings. In the analysis, each factor was

varied one at a time, while the others were kept constant.

5.7.1 Effect of Structural Damping of the Bridge

In general, an increase in the structural damping is always beneficial,
inducing significant reduction of the dynamic response of the bridge. There are
two common types of structural damping in bridges: Coulomb damping and
hysteretic damping®. Coulomb damping (friction damping) occurs due to the joint
movements in the bridge superstructure, friction at connections and support points
or due to friction between the cracks of the reinforced concrete members.
Coulomb damping is independent of velocity or displacement.

Hysteretic damping (energy dissipation) is represented by the area within

31t strongly

the loops of the force-deformation response of the structure™
depends on the hysteretic response of the bridge (ductility), and whether the
response is linear or nonlinear during an earthquake.

Despite the two common types of damping, structural damping in bridges is
always represented by an equivalent viscous damping (velocity proportional

damping). This is done in order to conform to the simple mathematical form of

the equation of motion®. The equivalent viscous damping values are chosen to
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reflect all the possible damping contributions from the bridge structure. However,
the determination of a value for analytical bridge models is difficult. This is due
to the uncertainties and complexities of determining either Coulomb or hysteretic
damping. For bridge structures, viscous damping ratios between 2% and 10% are
commonly assumed™.

To measure the effect of varying the structural damping of the bridge on the
response of the three footings subjected to loads from the mass shaker, three
damping ratios were chosen: £ = 2%, 5%, and 10%. In the analysis, the gross
moment of inertia of the columns and the bent cap were used. In addition, the
measured soil shear modulus, G = 32 Ksi (221 MPa) was used in the
computation of the footing stiffness coefficients.

Figures 5.8 and 5.9 show the effect of varying the structural damping ratios
on the steady state peak acceleration response of footing I in the longitudinal and
short directions. Similar responses were obtained for footings II and III. It was
noticed that the damping ratio did not have any effect on the steady state
acceleration response of the footings. This was mainly due to the fact that the
dynamic loads were applied at the same locations where the steady state
accelerations were determined. Therefore, very little influence of the structure
away from the footings was expected.

For a damped system subjected to harmonic loading, the total response of

the system consists of transient response, which damps out quickly, and a steady
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state harmonic response, which continues for a longer time®. As shown in Fig.
5.10, the effect of damping on the steady state response is very small for

B<0.25 or B>~2, where B is the ratio of the applied loading frequency to the

natural free vibration frequency of the system®. For the dynamic response of only

one column and a footing of bent WBI11 (ignoring the effect of the other two

columns and footings), B is approximately 0.65. At B = 0.65, and for damping
ratio between O and 20 percent, the effect of damping on the dynamic
magnification factor (D) is small (Fig. 5.10). This also explains the negligible
effect of damping on the steady state acceleration response of the footings. The
dynamic magnification factor, D, shown in Fig. 5.10, is the ratio of the resultant

harmonic response amplitude to the static displacement(’.

5.7.2 Effect of Foundation Damping

Foundation damping is represented by radiation damping and soil hysteretic
damping. Radiation damping refers to the energy dissipation that takes place
through the soil on which the structure is found. Radiation damping in the
foundation generally leads to reduction in the response of the structure. In the
analysis, the radiation damping was computed based on the procedure
recommended by Gazetas'®. The total foundation damping (radiation and 5 %
hysteretic) was computed using Eq. 5.17.

In the computer model, the foundation damping was implemented using
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dashpots at footing nodes (Fig. 5.1). Due to the limitation of the computer
program COSMOS/M, the dashpots included the vertical and the sliding foundation
damping only.

Figures 5.11 and 5.12 show the effect of the foundation damping on the
steady state peak acceleration response of footing III, where the highest impact of
the foundation damping was found. It was noticed that including the foundation
damping did not significantly affect the response of the footings. Several factors
contributed to this observation. First, radiation damping is significantly affected
by the frequency of loading'®. During the dynamic field test, small load
frequencies were applied to the footings (approximately 6.5 Hz). This led to the
significant reduction of the radiation damping. Second, for soil deposits over stiff
material or bedrock, radiaﬁon damping is nonexistent or negligible for load
frequencies less than the fundamental frequencies of the soil deposit'®. This is due
to the fact that no surface waves can exist in the soil deposit over bedrock at such
low frequencies. In addition, the presence of bedrock prevents the waves from
propagating downward, leading to the significant reduction of the radiation
damping. This can be verified by computing the frequencies of the soil deposit for
all modes of vibration. For the shearing modes of vibration (swaying and torsion),
the fundamental frequency of the soil deposit, f;, is'®:

_V, _ 1048
T 4H 4x35

fs =75Hz (5.27)

where V; is the measured shear wave velocity (V; = 1048 ft/sec = 319.5 m/sec)
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and H is the depth of the soil deposit to the bedrock (H = 35 ft = 10.7 m).  For the
compressing modes (vertical and rocking), the corresponding frequency, f., is'®:

34 34

= > 75~90 Hz 5.28
Je n(1-v) Js n(1-01) 8 (5.28)

For the vertical and rocking modes of vibration, Gazetas recommended that the
radiation damping coefficient, C, =C,, =C, =0 at load frequenciesf < /.,
regardless of foundation shapelé. For lateral modes of vibration, the radiation

damping coefficients C, =C, =~ Oat f < 0.75f;.  Therefore, the radiation

damping in the vertical and rocking modes of vibration was nonexistent
(f~ 65Hz < f.~ 90Hz). For the lateral modes of vibration, the radiation
damping was non-zero but was small (f~ 65Hz > 075 f; ~ 56 Hz). In
addition, the radiation damping in rocking is small even in a halfspace'®. The
results shown in Figs. 5.11 and 5.12 are consistent with these trends. It should be
noted that the contribution of the soil hysteretic damping to the overall foundation
damping was considerably smaller than the contribution of the radiation damping

because the displacement amplitudes during the tests were small.

5.7.3 Effect of Column Stiffness

In bridges subjected to earthquakes, column stiffness can have a significant
effect on the response of the bridge"’. However, no definite trends can be shown.

Thus, column stiffness may increase the response in one case and decrease it in
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another, depending on the spectral properties of the earthquake. When both the
excitation and response measurement are at the footing level, the effect of column
may be different. To measure the effect of varying the column stiffness on the
response of the footings, 50, 70, and 100 percent of the gross moment of inertia of
the three columns were used for the sensitivity study. For the retrofitted part of
the column, only the moment of inertia of the reinforced concrete was varied (Eq.
B.10 in Appendix B) and the contribution of thee steel jacket was kept the same.
Figures 5.13 and 5.14 are the representative plots showing the effect of
varying the gross moment of inertia of the columns on the steady state peak
response of footing II. The total foundation damping was included in the results.
It can be concluded that the column stiffness did not have a significant effect on
the response of the footings. For both directions of loading, the response of the
footings decreased slightly as the column stiffness increased. Also, the effect of
column stiffness was somewhat more noticeable in the response of the footings in
the short direction than that in the long direction (Table 5.4). This was mainly due
to the fact that the contribution of the three columns to the transverse response of

the footings was more pronounced than that for the longitudinal response.

5.7.4 Effect of Bent Cap Stiffness
To verify the effect of the bent cap stiffness on the response of the footings,

a sensitivity analysis was performed at 50, 70, and 100 percent of the gross
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moment of inertia of the bent cap. Figures 6.15 and 6.16 show the effect of
varying the gross moment of inertia of the bent cap on the steady state peak
acceleration response of footing I in the longitudinal and the short direction. It can
be noticed that varying the moment of inertia of the bent cap, and therefore, its
stiffness, did not significantly affect the response of the footing. This was mainly
because of the very little influence of the structure away from the footings (Sec.
5.7.3). |

Note that the response in the short direction was slightly more sensitive to
the bent cap stiffness than the response in the long direction (Figs. 5.15 and 5.16).
This is attributed to the more significant contribution of pier cap to in-plane
stiffness than out-of-plane stiffness of the bent. Similar trends were seen for

footings II and III.

5.7.5 Effect of Soil Shear Modulus

Soil shear modulus is the most important soil parameter that influences the
response of the foundations and the soil-structure interaction. Figures 5.17
through 5.22 show the effect of varying the soil shear modulus on the steady state
peak response of the three footings in their longitudinal and short directions. It
was noticed from the results of the sensitivity study that the response of the three
footings was only sensitive to the soil shear modulus.

For each footing and in each direction, the shear modulus of the soil under
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the footing (G) was predicted from the intersection of the predicted and the
measured peak acceleration response of the footing (Figs. 5.17 to 5.22). Notice
that the measured shear modulus of the soil, Gax, Was only shown in Figs. 5.18
and 5.20. This was due to the fact that G,,,, was measured between footings I and
II and along their short direction (Chapter 4). Due to the great variability of the
soil structure at the bridge site, Gnax Was not expected to be similar under the three
footings and along each direction. Note that G is the soil shear modulus
corresponding to the induced shear strain in the soil. However, G 1s the soil
shear strain at shear strain less than 10~ percent'®.

In order to predict Gpax under the three footings in their longitudinal and
short directions, the shear strains induced in the soil (y;) due to the applied
dynamic forces on the footings were calculated at the base of the footings. Then,
5y using the shear modulus reduction curve for sandy soils (Fig. 5.2), G/Gpex Was
identified and G, was determined. Table 5.5 shows the predicted soil shear
modulus (G and Gy,,y) in addition to the maximum predicted footings displacement
(8) and the corresponding shear strains induced in the soil (y;). For each footing,
the maximum footing displacement in the longitudinal and the short direction was
predicted using the computer program. The induced shear strain was calculated by
assuming a representative element in the soil under each footing. This element
was assumed at depths of 6.5-ft (1981 mm) and 4.5-ft (1372 mm) for the induced

soil shear strain in longitudinal and the short directions of the footing, respectively
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(Figs. 5.23 and 5.24). The assumed depths represented half the long and the short
dimensions of the footings, respectively. For the determination of the lateral
footing stiffness, the depth 2B shown 1n Figs. 5.23 and 5.24 represents the “depth
of influence”, along which the soil is stressed due to presence of the footing.
Notice the very small-predictéd shear strains induced in the soil (Table 5.5). This
was mainly because of the small dynamic forces applied to the footings. The
small shear strains led to small reductions in the soil shear modulus, G-
According to Fig. 5.2, the ratio G/Guax Was equal to 0.98 and 0.95 m the
longitudinal and the short directions of the footings, respectively

For footings I and II, the predicted soil shear modulus, Gy, In the short
direction of the footings, agreed well with the measured value (1.5 percent
difference). For footing III, the predicted G in the short direction of the footing
was approximately 18 percent higher than that for footings I and II. This indicated
that the soil was stiffer under footing III. The previous observation complied well
with the fact that during the test of the three footings in the short direction, the
measured peak acceleration of the soil next to footing III was lower than that of
footings I and II (Sec. 3.4.1).

The analytical results shown in Table 5.5 also indicate that the predicted
soil shear modulus along the longitudinal direction of footings 1, Il, and III was
approximately 30, 30, and 17 percent higher than that predicted along their short

direction. The soil shear modulus, Gp., in the longitudinal direction of the

61




!
i

t

o s

footing was not measured due to difficulties of the field condition and proximity of
the railroad track.

Several factors might contribute to the different soil stiffness along the both
directions of the footings. The soils near the ground surface and under the
footings are randomly mixed with cobbles, which vary in sizes from small to
considerably large cobbles. Therefore, different soil stiffness is expected from one
location to another. Also, there was a rail road track located along the west side of
the footings (Fig. 2.1). Therefore, the soil on the west side of the footings might
have been compacted due to the frequent train traffic. Soil compaction can lead to
an increase in the soil shear modulus due to the increase in the relative density of
the soil and the decrease in the void ratio.

During the dynamic field test, it was noticed that the soil along the east and
west sides of the footings was directly exposed to the sunlight. However, the soil
between footings 1 and II was in the shaded area. The sunlight increases the
capillary tension in the soil due to the high soil suction. The increase in capillary
tension can increase the effective stresses in the soil (due to the negative pore
water pressure), and therefore, increase the soil shear modulus. On the south side

of footing III, the soil was also exposed to the sunlight.

5.8 Predicted In-Situ Footing Stiffness

Table 5.6 shows the predicted in-situ dynamic footing stiffness for each
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mode of vibration of the three footings. The stiffnesses corresponded to the
dynamic forces applied to the footings in the longitudinal and short direction. The
values are presented according to the global coordinate system shown in Fig. 5.1.
For each footing, and in each direction of loading, the stiffness was determined by
varying the soil shear modulus (G) in the computation of footing stiffness until the
predicted steady state peak acceleration at each of the footing level matched the
measured steady state peak acceleration on the comresponding footing. The
procedure described in Sec. 5.6 was used in the computation of the footing
stiffness. The predicted stiffnesses included the footing embedment effect n
addition to the presence of the bedrock at 35-ft (10.67 m) from the grade level.

For footings I, I1, and III, the predicted in-situ footing stiffness due to the
applied loads in longitudinal direction of the footings, was approximately 33, 29,
and 17 percent, respectively, more than that due to the loading in the short
direction of the footings. This was mainly due to the vanability of the soil

structure along the longitudinal and the short direction of the footings.

5.9 Concluding Remarks

From the results of the sensitivity analysis, it was concluded that the
structural damping of the bridge, the foundation damping, the column stiffness,
and the bent cap stiffness did not have significant effects on the response of the

footings when the dynamic load was applied directly to the footing. It was also
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concluded that the soil shear modulus was the only parameter that controlled the
response. This was mainly because of the fact that those forces were applied at
] > the locations where the accelerations were also measured. Therefore, the structure

L away from the footings had very small influence on the footing response.
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Chapter 6

Development of Design Guideline

6.1 Introduction

Based on the analytical study presented in Chapter 5 and the
observations made during the dynamic field test, the following design guideline
was formulated. The guideline provides the basis for the computation of the
footing stiffness and the implementation of soil-structure interaction in the
dynamic analysis of existing and new bridges.

In the guideline, a simple spring-dashpot model is recommended for the
representations of soil-structure system. The model includes means of
accounting for the strain-dependenc.e of the soil shear modulus and other
important factors such as footing embedment and presence of bedrock. For
more practical applications, the spring-dashpot model was recommended since
it is a quick and inexpensive way to estimate the footing stiffness, without
using the more complicated and elaborate finite element models.

The guideline also includes recommendations for the determination of
the important soil parameters (soil shear modulus and Poisson’s ratio) that
affect the footing stiffness. This chapter discusses in details the recommended

procedure.
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6.2 Determination of Soil Parameters

6.2.1 Soil Shear Modulus, Gpqx

For a better estimation of the footing stiffness, it is very important to
determine the soil shear modulus at low strain (Ga,) with in-situ dynamic
tests. Dynamic field tests provide an indirect determination of G., through
measurements of the shear wave velocity, Vs max-

In general, in-situ tests have more advantages over laboratory
techniques. In the laboratory, it is very difficult to simulate the effects of
aging, capillary stresses, and prehistory stresses on soils found in the field. In
addition, sample disturbance may also cause an error in measuring Gpax in the
laboratory. As a result, G, found with in-situ tests may exceed those
measured in the laboratory by more than 100 percent'®.

One of the most common in-situ tests for measuring the maximum shear
wave velocity (Vg mex) Of the soil is the seismic down-hole method. In this
method, receivers are placed inside a borehole at various depths. Then, a
source located at the surface is used to generate S-wave in the soil. Travel
times of shear waves between the source and the receivers are recorded, from
which V; e Of the soil can be determined (Chapter 4).

It is important that the soil shear modulus (Gpax) used in the
computation of footing stiffness represents the soil condition with the presence

of the structure. This is mainly because the presence of structure has the effect
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of increasing the mean normal effective stress, &_, which significantly

influence the measured Gp... Therefore, to include effect of soil-structure
interaction in the dynamic response of existing bridges, it is recommended that
G .« be measured at an average depth of about B under the footings (depth of
influence ~ 2B), where B is one half the shorter dimension of the rectangular
footing (Fig. 5.4). This can be justified as an approximate solution for uniform
soil deposit under the footings. |

For multi-layered deposit, the soil shear modulus can significantly vary
from one layer to another. In this case, the effective shear modulus used in
computing the footing stiffness can be approximately averaged over the depth

of influence:

_ G +Gohy +...+G A,

6.1
e h +h,+h, .

G

where G, is the average measured soil shear modulus at the mid-depth of »
layer, h, is the depth of n layer, and h; + h, +.. +h, equals the depth of
influence mentioned above.

For the design of new bridges, it is not possible to directly measure Gpax
with the presence of the structure. Therefore, it is reccommended that Gpax be
measured at the bridge site, at an average depth of about B from the expected
footing level (recommended for uniform soil deposit under the footings).
Then, the following modifications can be applied to correct for the measured

Gnax Without the presence of the structure:
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(a) Granular soils:
: _ 172
CTm structure
G ax st = O maax gicta * ( E""—) (6.2)

where,

Ginax, strucure = Maximum soil shear modulus with the presence of structure

Guax, field = measured mMm soil shear modulus without the presence of
structure

= total mean normal effective stress with the presence of structure

cm, structure

G, aa — mean normal effective stress without the presence of structure

The mean normal effective stress for isotropic soil can be calculated as follow:
_ 1, —
5, = g(cv +235,) (6.3)
where G, and 5, are the effective vertical and horizontal stresses, respectively.

Therefore, by measuring Gpex ficd and calculating 6, .., and 6, ..., the

shear modulus of the soils under the footings (Gpax srucure) can be predicted.

(b) Saturated clays:

S
Gmlx. structure = Gmux. field * (__“_1““_"“':_) (64)

Su, field

where S, feid, and Sy sirucrure are the undrained shear strength of the clay without
and with the presence of the structure, at a depth of about B under the footings,

respectively.
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6.2.2 Near-Field and Free-Field Soil Shear Strain

The magnitude of the soil shear modulus is significantly affected by the
cyclic shear strain induced in the soil. In the dynamic field test conducted on
the three footings, only the soil in this near-field region is strained. Therefore,
the calculated stiffness of the footings reflects the soil shear modulus at the
strain level induced in the near-field region (strain induced by the excitation of
the structure or relative shear strain). The FHWA®' adopts the near-field
approach (relative shear strain) in the computation of the dynamic footing
stiffness.

In an earthquake, the strains induced in the soil can be divided into
strains produced by seismic waves in the free-field, and additional strains
caused by the vibrating response of the structure” *2. The former is of a global
effect, and therefore, affecting the entire soil region. However, the latter is of a -
local effect, affecting only the region in the vicinity of the footings.

The Applied Technology Council' (ATC) adopts the free-field approach
in the computation of the dynamic footing stiffness. For the free-field site
response analysis, computer program SHAKE 91" can be used to predict the
free-field strain associated with a specific magnitude of an earthquake.
SHAKE 91 computes the responses in horizontal soil layers subjected to
vertically propagating seismic waves. The change of soil shear modulus as a

function of shear strain is considered by using a “shear modulus reduction
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curve” similar to the one shown in Fig. 5.2. Then, by using iterative
procedures, the induced shear strains in different soil layers, which are
associated with the design earthquake, can be predicted. Figure 6.1 shows the
variation of modulus ratio G/Gpa., versus the relative cyclic shear strain as
would be approached by the FHWA and the ATC. Note that because the free-
field strain is independent of the relative strain, G/Gpmax remains constant for the
ATC approach.

The soil shear modulus used to assess the stiffness of the footings is
controlled by the total strain in the near-field (free-field plus relative strain).
However, it 1s not yet lcndwn the phase difference between the free-field strain
and the relative strain in the near-field.

Norris*?> recommended that the total strain could be taken as a function of
the larger of the two components. Therefore, in the case where the relative
shear strain is smaller than the free-field strain (left of the intersection of
FHWA and ATC in Fig. 6.1), the soil shear modulus used to asses the footing
stiffness is governed by the free-field strain’®. However, to the right of the
intersection in Fig. 6.1, the relative shear strain controls the soil shear modulus.
By using this approach, it is possible to use the FHWA variation with an ATC
cut-off as that shown in Fig 6.2. However, the ATC cut-off should be varied as
a function of the computed free-field strain (from SHAKE 91) associated with

the design earthquake.
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6.2.3 Poisson’s Ratio, v

In addition to shear modulus, a second soil parameter that affect the
foundation stiffness, however, to a less extent, is the Poisson’s ratio, v. The
effect of v is less than that of G. As mentioned in Sec. 5.4.2.2, v shows little
sensitivity to soil type, confining pressure, and void ratio'®. On the other hand,
it is significantly affected by the degree of saturation (S;) and the drainage
conditions'.

For practical cases, the following values of v can be used in assessing

the footing stiffness'®:

nearly dry sands, stiff clays, and rocks: v = 025
wet silty sands (S, = 50 to 90 percent): v = 035
nearly saturated clays, above the water table: v = 045
saturated clays and sands, below the water table: v = 050

However, at low strain levels, v =~ 0.10 can be used®.

6.3 Computation of Footing Stiffness

The primary goal of this study was to develop a simple and practical
procedure that can be used in computing the footing stiffness. In developing
the appropriate procedure, several factors that affect the footing stiffness and
the soil-structure interaction were considered. Those factors are the shape of

the foundation, the presence of bedrock at shallow depths, and the foundation
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embedment. The following recommendations will help model soil-structure
interaction with sufficient accuracy.

It is recommended that the “substructure method”® ” *' be used in
analysing the soil-structure interaction problem. In this method, the problem of
soil-structure interaction is divided into two steps. In the first step, the footings
and the supporting soil are analyzed without the structure, and the footing
stiffness is computed using a spring-dashpot system. In the second step, the
bridge is assumed to be supported on the spring-dashpot system, and the
dynamic analysis of the structure can be performed with a loading that depends
on the free-field motion.

As a first step in computing the footing stiffness, it is very important to
identify, with sufficient accuracy, the depth of embedment of the footings, the
depth of the soil to the bedrock, and the properties of soils under the footings.
In order to compute the dynamic footing stiffness of rectangular footihgs
embedded in homogeneous stratum over bedrock, the following steps are
recommended:

1) The radius of the equivalent circular footing (R) for the various modes of
vibration (Eqs. 5.18 to 5.21), can be determined using Eqs. 5.12 to 5.15.

2) Use Eqs. 5.23 to 5.26, presented in Chapter 6, to compute the stiffness of
circular footings embedded in a homogeneous stratum over bedrock.

3) For each mode of vibration, the stiffness of the surface circular footings
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Chapter 7

Summary and Conclusions

7.1 Summary

This report presents the results of an experimental and analytical study
conducted on three footings of an existing bridge. The bridge is located on
Interstate 80 south east of Verdi, Nevada. The objectives of this research were
twofold: to determine the in-situ stiffness of the three existing footings; and, based
on the results of the first part of the study, to recommend a simple integrated
procedure to compute the footing stiffness.

Six tests were conducted by shaking each footing once in the long and then
in the short direction of the footing. Each footing was subjected to sinusoidal
vibration force of amplitude of approximately 20,000 1b (89 KN) at a frequency of
about 6.5 Hz. The forces were applied through an eccentric mass shaker. The
shaker was anchored to the footing by high strength bolts.

Twenty-three accelerometers were used to measure the response of the soil,
bridge footings, and the bent cap of the bridge during shaking. During the test,
accelerations recorded on the bent cap were very small and were hence discarded.

Four seismic down-hole tests were conducted in order to measure the shear
wave velocity at low-strain, Vg ma. of the soil directly under the footing. In

addition, a subsurface exploration of the soil was performed to establish the top
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5.5 ft (1.67 m) of the soil profile. Laboratory tests were also conducted on soil
samples to measure the properties of the soil at the bridge site.

An analytical study was performed in order to determine the in-situ
stiffness of the three existing .footings as a function of different variables. A three-
dimensional finite element model of the last two spans of the brnidge was
developed using computer program COSMOS/M. Only the last two spans were
modeled because it was believed that the effect of foundation shaking was
insignificant on the rest of the structure. Due to the small dynamic forces applied
to the footings, the columns, the bent cap, the superstructure, and the footings
were modeled as linear elastic elements.

A linear response history analysis was performed to determine steady state
acceleration response of the three footings. During the analysis, the soil-footing
interaction was modeled using a spring-dashpot model. Several refinements were
applied to the response history analysis until the predicted steady state peak
acceleration at the footing level ‘matched the measured steady state peak
acceleration on the corresponding footing during the dynamic field test. In order
to improve the prediction of the in-situ stiffness of the three footings, several
parameters that influence the response of the footings were identified. A
sensitivity analysis was performed in order to measure the effects of varying those
parameters on the acceleration response of the footings. The parameters were
varied one at time, while the others were kept fixed at their originally computed

values.
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Design recommendations were also formulated based on the experimental
and the analytical results. The recommendations provide the basis for the
computation of footing stiffness using spring models and help determining the
important soil parameters that affect the footing stiffness. A numernical example
was also presented to illustrate the use of the proposed recommendations in

L ' calculating the stiffness of footings.

% 7.2 Conclusions

The following conclusions are based on the study presented in this report:

1. Spring models for the footings provided a convenient and simple means of

—

modeling soil-structure interaction.

2. Although a simple approach was used to compute the footing stiffness, a
good agreement between the measured and predicted soil shear modulus was
obtained by using soil properties that were independently measured.

3. The Federal Highway Administration’s (FHWA) approach*' for calculating

the footing stiffness ignores the presence of bedrock at shallow depths, which
signiﬁcantly affects the footing stiffness.

i 4. The approach presented in this research for the computation of footing
i stiffness is more realistic and consistent than that used by FHWA. It includes

means of accounting for the strain-dependence of the soil shear modulus and

other important factors such as footing embedment and presence of bedrock.

/ 5. For a better estimation of footing stiffness, it 1s very important to measure the
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soil shear modulus at low strain (Gpg,) with in-situ dynamic tests, rather than
measuring it in the laboratory. Laboratory data generally do not match the
field test data.

The great variability of soil matrix and the presence of adjacent structures at
the bridge site can lead to soil shear modulus, which is different in both
directions. This can affect the computed footing stiffness.

In this study, the soil shear modulus was the only parameter that significantly

affected the dynamic response.
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Table 3.1. Measured Soil and Footing Steady State Accelerations During the
Test of Footing I in the Longitudinal Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration
No. Direction Kips (KN) Hz No. g
1 L 19.16 (85.23) 6.39 DIL4 0.0023
1 L 19.16 (85.23) 6.39 EILS 0.00088
1 L 19.16 (85.23) 6.39 IL9 0.0033
1 L 19.16 (85.23) 6.39 IL11 0.0033

Table 3.2. Measured Soil and Footing Steady State Accelerations During the
Test of Footing I in the Short Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration
No. Direction Kips (KN) Hz No. g
I S 18.9 (84) 6.36 BIS2 0.00089
I S 18.9 (84) 6.36 CIS3 0.0026
1 S 18.9 (84) 6.36 FIS6 0.0026
1 S 18.9 (84) 6.36 GIS7 0.00134
1 S 18.9 (84) 6.36 IS9 0.00133
1 S 18.9 (84) 6.36 IS10 0.00134
1 S 18.9 (84) 6.36 ISI1 0.0012
1 S 18.9 (84) 6.36 1S12 0.0059
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Table 3.3. Measured Soil and Footing Steady State Accelerations During the
Test of Footing II in the Longitudinal Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration
No. Direction Kips (KN) Hz No. g
11 L 19.7 (87.6) 6.49 HILA 0.0029
I L 19.7 (87.6) 6.49 JIILS 0.0012
11 L 19.7 (87.6) 6.49 IIL13 0.00355
11 L 19.7 (87.6) 6.49 1IL14 0.00355

Table 3.4. Measured Soil and Footing Steady State Accelerations During the
Test of Footing II in the Short Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration
No. Direction Kips (KN) Hz No. g

| S 19.5 (86.7) 6.45 GIIS2 0.00133
11 S 19.5 (86.7) 6.45 HIIS3 0.0027
11 S 19.5 (86.7) 6.45 KIIS6 0.0029
| S 19.5 (86.7) 6.45 LIIS7 0.00138
| S 19.5 (86.7) 6.45 11S13 0.0013
11 S 19.5 (86.7) 6.45 1IS14 0.0016
11 S 19.5 (86.7) 6.45 1IS15 0.001

I S 19.5 (86.7) 6.45 1IS16 0.0057
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Table 3.5. Measured Soil and Footing Steady State Accelerations During the
Test of Footing III in the Longitudinal Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration
No. Direction Kips (KN) Hz No. 1 g
m L 20 (89) 6.52 NIIIL4 0.0024
1 L 20 (89) 6.52 OIIILS 0.001
1 L 20 (89) 6.52 L7 0.0033
1 L 20 (89) 6.52 1IL19 0.0033

Table 3.6. Measured Soil and Footing Steady State Accelerations During the
Test of Footing III in the Short Direction

Footing | Shaking Force Frequency | Accelerometer | Acceleration

No. Direction Kips (KN) Hz No. g

1] S 19.5 (86.7) 6.45 L1IS2 0.00096
m S 19.5 (86.7) 6.45 MIIIS3 0.0023

1 S 19.5 (86.7) 6.45 P11IS6 0.0023 7
1 S 19.5 (86.7) 6.45 QIIIS7 0.001

m S 19.5 (86.7) 6.45 His17 0.0012

1 S 19.5 (86.7) 6.45 11S18 0.0015

11 S 19.5 (86.7) -6.45 111IS19 0.00084

m S 19.5 (86.7) 6.45 111S20 0.005
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Table 5.4. Effect of Column Stiffness on the Steady State Response of the

Footing
Footing Loading Steady State Acceleration (g) [1-0.5 1)1 ]
No. Direction 05Lcw, | 07Lce L o) (%)
I Long 0.00412 0.0041 0.00406 1.33
I Short 0.00357 0.00347 0.00335 6.16
11 Long 0.00441 0.00439 0.00435 1.36
I Short 0.00379 0.00368 0.00354 6.6
HI Long 0.00451 0.00449 0.00445 1.4
I Short 0.00382 0.00371 0.00359 5.9
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Figure 4.1. Profile and Measured Properties of Soil at the Bridge Site
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Figure 5.3. Rigid Footing with Six Degrees of Freedom
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Figure 5.4. Equivalent Radius for a Rectangular Footing
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Figure 5.21. Effect of Soil Shear Modulus on the Steady State Acceleration
of Footing III in the Longitudinal Direction
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Figure 6.1. Shear Modulus Variations with the Near-Field Strain (FHWA) and
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Appendix A

Analog Sensitivity of Accelerometers Used in the Field Testing

;
i
i

n Attenuator Full Scale (0 to Peak)
Setting Volts g's

1 66 db 25 4 L
2 60 db 1.25 2

3 54 db 0.625 1

4 48 db 0.3125 0.5

5 42 db 0.15625 0.25 ﬁ
6 36 db 0.078125 0.125

7 30 db 0.03906 0.0625 |
8 24 db 0.01953 0.03125

9 18 db 0.00965 0.015625
10 12 db 0.004883 0.007812
11 6 db 0.00244 0.003906 ,
12 0 db 0.001221 0.001952 i

"

ot
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Appendix B

Equivalent Moment of Inertia of the Retrofitted Column

To calculate the equivalent moment of inertia of the retrofitted parf of the

column, the following procedure is adopted:

Assume that: n=—Ei (B.1)
E

e
where, E; and E, are the modulus of elasticity of steel and concrete, respectively.

For the steel jacket and concrete column, the stresses are related to strains as

follow:
6 =Eg.¢; (B.2)
6y =E..8, - (B.3)
where o, and o, are stresses in steel and concrete, respectively, and &, is the -

corresponding strain. The moment acting on the concrete column with the circular

steel jacket is given by:
‘M=J'0'xydA=£o'xsydA+£oxcydA (B.4)
or:
M=[E;e,ydA+[E e, ydA (B.5)
s c

where, dA is a differential area parallel to the x-axis, and y is its distance from the

X-axis.
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Therefore, the angle of twist, 0, becomes:

= TL (C.6)
G, J,+G_ ],
Assume that: n, =—> (C.7)
C

Finally, the angle of twist, 6, (converting the steel into transferred concrete) is
given by:
6= TL (C.83)
G.(Jo+n,J)

Then, the equivalent polar moment of inertia of the retrofitted part of the column

can be expressed as:

Jeuiv =Jc T, Jg (C.9)
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Appendix D

Numerical Example for the Computation of Footing Stiffness

Z X
. )
Iy
D=5.5"
(1.87m) a=3'
(0.8m)
. - !
(ll.:]jg'?m) 2B=9'(2.74m)
G =92 Ksi (220.8 MPa)
P =348 Db-sec-1f'(1.79 Mg/m®)
v (0.1
SIS S S S SS S S S

Rigid Formation
Figure D.1. Geometry of Footing II in the Short Direction and Measured Soil

Properties under the Footing
To compute the stiffness of footing I tested in the short direction (Fig. 2.3),
the design steps presented in Sec. 6.3 were followed. During the dynamic field
test, footing II was subjected to a harmonic force of 19,500 Ib (86.7 KN) in the
short direction of the footing. The force was applied at a frequency (f) of 6.45 Hz.
Figure D.1 shows a sketch of the footing and includes all the pertinent geometry

and material properties of soil under the footing.
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The equivalent radius (R) for the different modes of vibration of the
rectangular footing can be determined using Eqs. 5.12 to 5.15 presented in Chapter
5. The following values are presented according to the coordinate system shown
in Fig. D.1:

For translational modes:

R= 243203 614 (1.86m) (D.1)
/3

For Z-axis torsion:

p[4245%654(4%45 +ax65
6%

) Ya
] =6.3ft (1.9m) (D.2)

For X-axis rocking:

9x13° %
R= =6.76ft (2.06 m) (D.3)
3*7

For Y-axis rocking:

3 JA
R=[9 *13] =5.63ft (1.72m) (D.4)
3= 7

The footing stiffness corresponding to the applied dynamic force can be
predicted using an iterative procedure. This is mainly due to the variation of the
soil shear modulus with shear strain induced in the soil. As a first trial, Gy, is
used in the computation of footing stiffness. The static stiffness of the equivalent
surface circular footing over bedrock can be computed as follow (Egs. 5.18 to

5.21):
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P KLW 101 1+1.3=* ‘3*5— ‘
-0, (C.5)
=153x10° K/ft (2.4x10° KN/m)

_4*4608*6.1*( 6.1)

K. =K =8*4608*6.1*( 6.1)

. 1+0.5%—
' 2-0.1 35

st

(D.6)

-

=1.30x10° K/ft (2.0x10° KN/m)

g
[

Kg =}—6—*4608*6.33*(1+0.1*§'—§)
3 35

sur

(D.7)

=6.26x10°K-ft (9.1x10° KN -m)

.

K

3
o = 8+4608+6.76 *(1+0.17* 6.76)
3%(1-0.1)

=435x10°K-ft (6.4x10° KN -m)

(D.8)

—

K =
e 3%(1-0.1)

l =250x10°K-ft (3.6x10° KN -m)

3
_8%4608+5.63 *(1_’_0.17* 5:;653)

(D.9)

The stiffness of the equivalent circular footing that includes the embedment

effect can be computed as follow (Eqgs. 5.23 to 5.26):

K, o =1.53x10° *(1-1-0.55 *%)*[H(O.SS—O.ZS* 5'5)* 33

6.1) 35— 5.5] (D.10)

i

=2.16x10° K/ft (3.4x10° KN/m)

3 5.5
K =K =13x10°#| 1+— |*|1+125+ =
X, emb Y, eab X ( 6.1) ( 35)

(D.11)

=232x10° K/At  (3.6x10° KN/m)
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K o =6.26x10° * (1 +2.67% -63—3)

(D.12)
=142x10° K-ft (20.8x10° KN -m)
K oy = 4.35x10° *(1+2* 3 )*(l+0.65*—5—l§)
6.76 35 (D.13)
=29.0x10°K-ft (13.0x10° KN - m)
K,y ., =2.50x10° *(1+2* 3 )*(l+0.65*§—'§)
: 5.63 35 (D.14)

=5.7x10°K-ft (8.2x10° KN -m)
In order to correct for the foundation shape, the computed stiffness for an
equivalent embedded circular footing should be multiplied by the shape factor

determined from Fig. 5.5. For L/B ratio equal to 1.44, the value of o for different

modes of vibration is as follow:

o=1.04 (vertical translation, Z-direction)

o =1.042 (borizontal translation, X-direction)
o =101 (horizontal translation, Y-direction)
o =1.056 (rocking, X and Y-axes)

a=1.056 (torsion, Z-axis)

Therefore, the stiffness of footing I for the different mode of vibration is
computed by multiplying o by the values determined from Eqs. D.10 to D.14:

K, o =2.16x10° #1.04 22.25x10° K/ft (3.5x10° KN/m) (D.15)

Ky . =2.32x10° 1,042 = 2.42x10° K/ft (3.8 x10° KN/m) (D.16)
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K, ., =2.32x10° *1.01 =2.34x10° K/ft (3.7x10° KN/m) (D.17)

Ky .p =14.2x10°%1.056 =15.0x10° K- ft (21.9x10° KN - m) (D.18)
Ko o =9.0x10°%1.056 =9.5x10° K-t (13.7x10° KN - m) (D.19)
Ko o =5.7x10°%1.056 =6.0x10° K -ft (8.7x10° KN - m) (D.20)

It is important to know that the previous footing stiffness was computed
using the measured Gp.., Which does not reflect the soil shear modulus
corresponding to the applied dynamic load. Therefore, in order to determine the
induced shear strain in the soil, a response history analysis was performed using a
computer program COSMOS/M. As a first trial, the previous computed footing
stiffness was used in the dynamic history analysis.

Since in the dynamic field test, only the soil in the near-field region is
strained. Therefore, the calculated stiffness of the footing should be based on the
soil shear modulus at the strain level induced in the near-field region (relative

shear strain). At the base of footing II, a maximum displacement of approximately
8.0x10” in.(0.021 mm) was predicted along the short direction of the footing. By
assuming a representative element in the soil at a depth of 4.5-ft (1372 mm) under

the base of the footing, the induced shear strain was approximately 8x10
percent. This was determined using the computer program COSMOS/M as
explained in Sec. 5.7.5. The value of G/Gy,, corresponding to that shear strain

was 0.95 (Fig. 5.2 for sandy soils). This indicates that the soil shear modulus was
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reduced to approximately 30.4 Ksi (209.6 MPa) at the maximum shear strain
induced in the soil during the dynamic field test of the footing.
Finally, the stiffness of footing II corresponding to the applied dynamic

load is computed by multiplying G/G,,y by the values obtained from Eqs. D.15 to

D.20:

K, o £2.25x10°%0.95=2.14x10° K/ft (3.4x10° KN/m) (D.21)
Ky =2.42x10°%0.95=2.3x10° K/ft (3.6 x10° KN/m) (D.22)
K,., =234x10°%0.95=222x10° K/ft (3.5x10° KN/m) (D.23)
K., =15.0x10°*0.95=14.25x10° K-ft (20.5x10° KN-m) (D.24)
Kooy =9.5x10°€0.9529.0x10° K-ft (13.0x10° KN -m) (D.25)
Ky £6.0x10°%0.95=57x10°K -ft (8.2x10° KN -m) (D.26)

Note that the computed footing stiffness was attained by using an iterative
procedure, where several runs of the response history analysis was performed until

the assumed shear modulus matched that predicted from the program.
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Figure 38 Percent Air-Voids for the Sloan Aggregate Source using Polymer Modified
Binder.
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