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EXECUTIVE SUMMARY

This report presents an efficient approach to evaluate the
nonlinear translational spring stiffnesses to represent seat-type
abutments. The applicability of previous studies is limited because such
studies are incapable of handling many important factors such as the
nonlinear soil behavior, the free-field strains induced by an earthquake,
the influence of wing walls, and the difference in soil behavior under
active and passive conditions. The proposed approach accounts for all
of these factors. The procedures adopted in this approach are relatively
simple, and emphasis has been placed on easy interpretation and on
achieving consistency between design procedures routinely used in the
static and seismic design of abutments. Only routinely used soil
properties, such as the relative density, unit weight, angle of internal
friction, and interface friction angles, are required in the model.

The proposed approach has been used to develop ready to use
design curves to estimate abutment stiffnesses. The design curves have
been developed as a function of the height and width of the abutment
and the seismic coefficient, k, (Equation 16). Modification factors have
also been developed to account for changes in the baseline parameters
used in the development of the design curves (Equation 19). The
applicability of the proposed approach has also been verified using
recently completed large-scale abutment field tests.
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NONLINEAR BRIDGE ABUTMENT STIFFNESSES:
FORMULATION, VERIFICATION, AND DESIGN CURVES

INTRODUCTION

Detailed dynamic response analysis of highway bridges are often required in the seismic
safety evaluations of existing structures and new bridge designs. In the case of existing bridge
structures, dynamic studies can provide valuable information on the effectiveness of various
seismic retrofifting alternatives being considered. Many past earthquakes arour{d the world
have clearly demonstrated a signi.ﬁcant interaction between the bridge superstructure,
abutments, and the approach fill (bridge-abutment-backfill interaction). One of the dramatic
consequences of the lack of abutment resistance for longitudinal movement is bridge decks
falling off as seen in the well-documented 1971 San Fernando and 1994 Northridge earthquake
damage reports. Therefore, one of the very important issues in bridge dynamic analysis is the
realistic characterization of bridge-abutment-backfill interaction.

Many experimental and analytical studies have clearly demonstrated that this interaction
plays a major role in the overall dynamic behavior of the entire bridge system. Among the
experiméntal studies, work by Douglas and Satidi (1984), Crouse and coworkers (1987, 1992),
_Maragakis et al. (1992), and Eberhard et al. (1993) are a few examples of well-documented
field tests in which the bridge-abutment-backfill interaction has been addressed. Other system
identification studies with measured earthquake response records have also shbwn that the
bridge superstructure-abutment-backfill system significantly interact and that the soil behavior
has a first-order effect on the overall dynamic bridge response (Wemer et al., 1987, 1990;

Wilson and Tan, 1990). In addition, they concluded that, as a resuit of nonlinear hysteretic
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behavior of soils, the earthquake response of especially short-span highway bridges is highly
nonlinear. The bridge-abutment-backfill interaction significantly influences the natural 'period
and mode shapes of the bridge system which define the magnitude and distribution of the
inertial loads from earthquake excitation (Lam et al.., 1991).

The importance of a ciynamic analysis thaﬁ provides allowance for flexibility of the
supports at the abutments (as opposed to representing supports at abutments as ﬁgid) has beén
incorporated into the seismic bridge design guidelines adopted by the American Association
of State and Highway Transportation Officials (AASHTO) which had been in use for over a
decade (AASHTO Guide, 1992). Quite involved and complicated dynamic analysis which
integrates extensive seismological and geotechnical input along with the finite element
modeling of the entire bridge-abutment-backfill system has been attempted (e.g., Ueng et al.,
1994; McCallen and Romstad, 1994); but the adoption of such approaches is unattractive to
practicing bridge design engineers.

The finite element (FE) representation of entire bridge-abutment-backfill system results
in a significant increase in the problem size and effort of data preparation and interpretatién.
There are many complicating factors that influence bridge-abutment-backfill interaction. Three-
dimensional geometry, nonlinear stress-dependent constitutive relations of soil, and the
‘development of active and passive zones and corresponding slip planes are some of the
complex elements that need characterization.

A simpler, economical, and more appealing way to represent the abutments in dynamic
response studies is to use .translational and rotational springs. Each one of these springs

represents the resistance for deformation at the abutment support. Such a representation is very




useful for practicing engineers who can develop a "feel" for the overall bridge response by
readily undertaking a parametric study to quantify major contributing abutment interaction
factors and their relative importance. Elaborate FE based models often obscure the "physical
insight" often needed in making engineering judgment.

Though AASHTO .guide specifications recommend that abutments be modeled using
equivalent linear spring coefficients in bridge dynamic analyses (AASHTO Guide, 1992, section
5-4-2-b), there are no specific recommendations as to how to select the spring coefficients.
The current widely used design procedure (e.g., CalTrans) is to perform an iterative elastic
analysis until convergence between the assumed and the computed abutment stiffnesses falls
within a certain allowable limit. The key element in this procedure .is to obtain a realistic
engincering estimate of the average stiffness provided by the soil at the bridge abutment. More
details on the CaiTrans procedure are provided later.

Tt will be seen from the subsequent section that the current state-of-the-art with respect
to the characterization of bridge abutment stiffnesses is not realistic. This may be deduced
from the recommendations made in a recent design manual entitled Manual for Design- of
Brfdge Foundations (Barker et al., 1991). It states

n . research is needed to develop better understanding of the behavior of

retaining walls and abutments during earthquakes ... These methods should be

verified by comparison with behavior of full-scale structures in the field..."

The work described in this report presents a verified realistic procedure to obtain the
nonlinear abutment stiffness for bridge seismic response evaluation. It gives a simple analytic
model that incorporates all of the important factors that govern abutment stiffness

characteristics. Factors such as abutment dimensions, nonlinear stress-dependent soil behavior,



and the strength of excitation are accounted for. Special efforts have been made to insure that
the analytical model is simple but yet realistic and requires a very few material paramete.rs that
may be obtained from routine, geotechnical tests. The report also describes the results of a
veriﬁcation.sfiidy undertaken to validate the applicability of the proposed analytical model.— - --
Recent large-scale field test results reported by Maroney et al. (1994) have been used in the
verification. Finally the report gives ready to use design curves for abutment stiffnesses and

describes the application of the proposed procedure. - .

PROBLEM STATEMENT AND PAST STUDIES

The type of abutments used in a bridge structure depends inainly on the nature of the
bridge site, the foundation soil, the bridge span length, and the desigx; load magnitudes.
Typical abutment types include free-standing gravity walls, cantilever walls, tied-back walls,
and monolithic diaphragms. In the case of seat-type abutments, the bridge deck typically rests
on elastomeric bearings mounted on the abutment with a gap of 25 to 75mm provided between
the abutment and the deck to allow for thermal expansion. The selection of the abutment type
governs the design procedure to be adopted. With respect to design, the abutments may be
divided into yielding and nonyielding types. In the case of a yielding type, the abutment is
free to yield laterally and may move enough to mobilize the peak (maximum) soil strength in
the backfill. On the other hand, in the case of nonyielding abutments, only a partial
mobilization of soil strength is present. The current design recommendations Vprovided by

AASHTO for yielding and nonyielding types of abutments differ considerably. The objective




of the research work presented here is to develop a simple procedure for representing seat-type
abutment stiffness characteristics for highway seismic bridge response studies.

Further, since seat-type abutments are considered, only the characterization of
translational stiffnesses-{longitudinal, vertical, and transverse) is required. In the case of
monolithic abutments, rotational stiffnesses may also have to be characterized in addition to
translational stiffnesses.

The abutment is assumed to be founded on a spread footing. Many of the bridges in
Nevada with the highest priority for seismic retrofit are on spread footings founded in gravelly
and dense sandy soils that have low liquefaction potential. The abutment type considered here
represents slightly more than half of the bridges in Nevada.

Figure 1 shows the typical load-displacement characteristics of the longitudinal (or
lateral) abutment translation (Lam et al., 1991). Only after the bridge deck movement exceeds
the bridge deck-abutment gap distance is there resistance from the bridge abutment. The
guidance currently provided by the CalTrans Bridge Design Aids recommends a linear elastic
behavior for the longitudinal spring until an ultimate load is reached. The recommended value
for the initial stiffness is 1.15 x 10° kN/m/m width of the wall (200 kips/in/foot of wall) for
typical materials placed at bridge abutmentsr in California. The ultimate abutment load is
‘normally assumed to be limited by a maximum passive soil stress under a dynamic load of 370
kPa (7.7 kips/ft®). These values are considered appropriate for medium to dense sandy backfill
behind a wall of about 2.4m high. The recommended CalTrans procedure is to assign one-half
of the abutment stiffness to each abutment at both ends because no or very little soil resistance

will be mobilized when the abutment moves away from the soil. (Lam et al., 1991; Werner,



1994). As shown in Fig. 1, the analysis based on an iterative procedure is adopted to model

the abutment behavior in a linear elastic dynamic response analysis. It may be noted ihat, in

the CalTrans procedure, the nonlinearity in the abutment stiffness is present because of the

S abuunent-bﬁdge deck gap and passive (ultimate) failure in the soil. Furthermore, the procedure
is considered to be applicable only to walls of about 2.4m in height.

Wilson (1988) and Wilson and Tan (1990) developed a stiffness equation for a more

general abutment wall-backfill system. For longitudinal stiffness and for transverse stiffness

of the wing wall, Wilson (1980) recommended using

E
8, = 5 1
O T IDSRRTE N 4 (1)

in which S, = the longitudinal abutment stiffness per unit wall width, E, = Young’s modulus,

v = Poisson’s ratio of the backfill, and I = the shape factor which depends on the dimensions

of the abutment. This equation is based on the vertical displacement of a foundation resting
on a uniform elastic half space, and it assumes that soil resistance is identical under
compression or tension. Unlike the CalTrans recommendation, the equation above allows for
the input of site specific soil parameters and abutment wall dimensions.
There are two serious concem§ related t.o this approach: (1) the applicability of Eq. 1
for problems under longitudinal load applied near the top of the abutment wall and (2) the
-disregard of the complex interaction of active/passive soil conditions from the soil surrounding
the abutment and also of the rotational resistance at the base of the abutment. Furthermore,
Wilson’s method is linear elastic; and, thus, "a representative” Young’s modulus value is

needed in Eq. 1. The selection of a single value for use is often quite arbitrary.



Figure 2 shows a sketch of the longitudinal secant stiffness variations given by many
researchers. The results are presented in a normalized form in which the stiffness and

. abutment displacement are normalized with respect to the initial abutment stiffness and the wall

- height respectively. The influence of the gap between the deck and the abutment has been - - -

removed in these plots. This figure is presented to highlight the variation of the secant
stiffness with displacement. The results include the following approaches: (1) Wilson, 1980;
(2) Maragakis and Siddharthan (1989); and (3) CalTrans with ultimate load limits. In the
approacﬁ proposed by Maragakis and Siddharthan (1989), the abutment was represented as a
thin rigid plate. The soil was assumed to be linear elastic; however, the nonlinearity was
present because of failures in the active and passive zones surrounding the abutment. The
results from recently completed large-scale abutment filed tests (Maroney et al., 1994) are also
provided in Fig. 2. This figure makes it clear that the nonlinear behavior of the abutment was
evident in the field test soon after the application of the load; current methods are incapable
of representing this response. The inability to represent this response is a consequence of the
existing models’ inability to characterize nonlinear soil behavior evident even at the low
dis;placement. It may be noted that the field test showed a drop in longitudinal stiffness by as
much as eight times when the wall displaced by about 35mm (Maroney et al., 1994). More
~ details on this field testing are provided subsequently.

Many field observations (e.g., downhole array measurements) and seismological data
from past earthquakes have revealed that soil exhibits nonlinear behavior in strong motion
carthquakes (Yu et al, 1993; Chin and Aki, 1991). An excitation with a maximum

acceleration, a_,,, of around 0.1g is strong enough to require nonlinear characterization of soils



(Chin and Aki, 1991; Finn, 1988). Soil amplification studies are currently routinely carried
out using computer programs such as SHAKE (Schnabel, 1972; Idriss and Sun, 1992) and
DESRA (Finn, 1988; Lee and Finn, 1991), which model the nonlinear stress-dependent
behavior of soil. Therefore, it is imperative, at least for the sake of consistency, that the
abutment behavior be modeled using nonlinear 'stress-depepdent material characterization for
soil.

In summary, past studies and design procedures that have recommendé:_d abutment
stiffness values have been based on many assumptions that are not quite realistic. For
example, these methods ignore many of the following important factors: nonlinear stress-
dependent soil behavior, earthquake induced strains (i.e., free-field straihs), the influence of the
strength of the base excitation, the presence of active and passive conditions and the
corresponding difference in soil behavior under such conditions, the influence of wing walls,
and the physical abutment dimensions (Tsai et al., 1993; Werner, 1994). The-non.linear
abutment stiffness procedure presented below is based on a number of well-established
concepts that are routinely used in soil mechanics. The proposed procedure is simple and

accounts for all of the important factors identified above.

PROPOSED MODEL

The objective of this study is to propose a simple method for representing longimdinal,
vertical, and transverse load-displacement characteristics of seat-type abutment syétems resting
on spread footings. For such abutment types, only the translational behavior of the abutment

at the extreme ends of the bridge deck axis, which is often near the top of the abutment, must




be defined. Figure 3 shows the longitudinal spring (S,), vertical spring (Sy), and translational
spring (S;) connected to the deck. It should be noted that the springs will become effective
only after the deck-abutment gap has been closed. Any one of the load-displacement
relationships can be evaluated by estimating the force required to cause a given displacement.

The development of longitudinal spring stiffness characteristics is presented first.

I. Longitudinal Abutment Stiffness (S,) Evaluation

Figure 4 shows a sketch of a displaced abutment caused by a horizontal iongitudinal
force, P, applied at the abutment-bridge deck support. Abutment longitudinal displacement
near the top is 8, and it rotates through 6 as shown. The movement of the abutment suggests
that active and passive conditions can develop in front and at the back of the abutment as
 shown. At the bottom of the abutment, there is resistance for rotation resulting in an increase
or decrease in foundation pressures as shown in the figure. A close look at the figure suggests
that, to estimate the force P, for a given displacement §,, one is required to characterize (1)
the lateral wall movement-earth pressure relationship under active and passive conditions and
(2) the interaction between the abutment base and the foundation soil. Procedures adopted to

establish these relationships are presented below.

'Lateral Movement-Earth Pressure Relationship

The lateral earth pressure that acts on a wall varies with the wall displacement. When
the wall moves away from the backfill, the earth pressure decreases (active pressure); and,
when it moves toward the backfill, the earth pressure increases (passive pressure). Laboratory

measurements and finite element studies (Clough and Duncan, 1991; Barker et al., 1991) have



shown that (1) the active conditions in a soil deposit can be mobilized with a much lower wall
movement than the passive conditions and (2) the normalized wall movements (A/h), speciﬁed

as a fraction of the wall height, h, can be used to represent the relationship between the wall

movement and lateral pressure. This relationship is applicable for the sliding and tilting

movements of the abutment. Figure 5 presents a range for lateral earth pressure-wall
movement relationships reported for compacted and uncompacted medium dense sand. The
vertical axis has also been normalized with respect to active and passive coefficients of earth
pressure. It is seen from the figure that, for medium dense sand, the A/h ratio for the passive
mobilization is as much as ten times that needed for active mobilization. The average curve
shown in Fig. 5 was selected to represent the active and passive pressure-wall displacement

relationship in the proposed model.

Resistance for Deformation at Abutment Base

The abutment base undergoes vertical and lateral movements and rotation. The
resistance at the base is defined by a vertical reaction, F,, resistance in the horizontal direction,
F,, and resistive movement, M, (Fig. 4). Since the resisting moment is a result of changes in
vertical resistance at the base of the abutment, the resistances for vertical movement and
otation are interconnected. Using a Winkler spring representation for the foundation soil,
Siddharthan et al. (1992) developed a rational procedure to obtain the resisting moment, M,,
versus rotation, B, relationship. They considered two important aspects: the foundation
pressure should not exceed the ultimate bearing capacity and possible lifting off of the

foundation.
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Figure 6 shows a simple foundation model of width B supporting a vertical force, F,
(per unit width) resting on Winkler springs that are not bonded to the foundation. As the value
of the moment, M,, steadily increases, the stresses in the foundation springs to the right
increase while there is.a reduction..in. the stresses in the springs on the left of center.
Siddharthan et al. (1992) showed that, depending on the value of F,, the foundation could first
reach ultimate bearing capacity (right corner) and then subsequently liﬁ off (Case A) or vice
versa (Case B). Case A occurs when F, 2 q,B/2 in which g, is the bearing capacity of the
foundatibn soil. In this case, until ultimate bearing capacity is reached, the'moment-rotation

(M,-8,) relationship is linear and is given by

k3
M=VBG

L= -0, for 0s0,s0, (2)

in which 8, = 12M,/(k,B%),

B (3)
6

FV
My = [Quie ~ =5
and k, = the coefficient of subgrade reaction. For 8,, < 6, < 6y, the moment-rotation

relationship is nonlinear and given by

a8M;
M, = 3M,, - [E_F_;” for 6, s 6, s 6 (4)
b

- in which 0y, is the value of 8, when lift off is initiated at the left corner. Here 6, is given by

g, = JuB BT
T3k,

For a further increase in M, (i.e., 8, > 8,), Siddharthan et al. (1992) proposed using an ultimate

moment resistance given by
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24 M5 (6)

M =3M, - =
qu.lt:'B2

A similar approach to generate the M, - 6, relationship for Case B has also been provided by

Siddharthan et-al. (1992), and their results for both Cases A and B are summarized in Fig. 7. -

Coefficient of Subgrad.e Reaction, Kk,

One of the important input parameters required to use the equations shown in Fig. 7 is
k,. The approach proposed to obtain k, is based on Schmertmann’s (1978) strain fa&tor method
which is a widely recommended procedure in many design manuals for estimating settlements
of footings in sand (Engineering Manual, 1990; Barker et al., 1991). This method provides
a logical means of accounting for the variations in the stress-dependent nonlinéar stiffness of
sand with depth. The analysis is based on the assumption that the distribution of vertical strain
below the footing is compatible with linear elastic half space. Its applicability has been
verified using the finite element studies and many field and laboratory observations
(Schmertmann, 1970; Schmertmann et al., 1978). According to Schmertmann’s method, the

settlement, 8, of a uniformly loaded surface footing can be written as

- - il (7)
6,=Cy €b2=CY. [WJAZ

'in which €, = the vertical strain in the sublayer in the foundation soil, C, = the correction

factor, Ap = the net applied footing pressure given by (F,/B - ,), G, = the overburden pressure
at the base of the foundation, Az = the thickness of the sublayer, [, = the vertical strain

influence factor, and G = the secant shear modulus of the sublayer. Other terms have been
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defined previously. An iterative procedure adopted to account for the stress-dependent

nonlinear foundation soil is presented below.

(1

)

3

4

&)

Divide the soil beneath the foundation into a number of sublayers. up to about four
times the width of B (Fig. 8a) and assume a certain value of F..
For each layer, assume the initial secant shear modulus, G, to be a fraction of G,
Here, G,,, is the maximum shear modulus at 2 low shear strain; and it may be
computed using the Seed and Idriss (1970) equation

Guax = 218.8(K,) _(0,)" (8)
in which (Kj),, = the constant that depends on the relative density of the soil and o,
= the mean normal stress of the layer. Here, G, and o,, are given in kPa and o, is
computed using both components: the overburden and the load induced stresses. The
average Joad induced stresses in the sublayer were computed using a 2:1 spread as often
used in foundation engineering.
Compute the vertical strain, €,, in each sublayer using the terms that are within the
brackets in ‘Eq. 7. The variation of I, is shown in Fig. 8b.
Estimate the average shear strain, 7v,., in the sublayer using Seed (1983)

Yave = (1 + V)€ (9)
and the shear modulus given for this shear strain from the shear modulus reduction
curve of Seed and Idriss (1970) shown in Fig. 9.

If the difference between the assumed (Step 2) and the computed (Step 4) shear
modulus is not within a certain limit, repeat Steps 2 through 4. If convergence occurs

in all sublayers, then compute the foundation settlement, 3,, using Eq. 7.
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The entire nonlinear vertical load-settlement (F, versus 8,) curve can be obtained by
increasing the value of F,. The curve is limited by the ultimate bearing capacity of the
foundation as shown in Fig. 9. The secant subgrade reaction, k,, can be estimated for any

given vertical load, F,, as shown in the figure.

Horizontal Force (F,) - Displacement (6,) Relationship at the Base
A similar procedure to the one described above has been adopted to arrive at the F,-§,

relationship. The lateral movement, §,, is given by

Oy = ZT}:AZ = }:

BG

in which ¥y, = the shear strain in the sublayer and I, = the shear strain influence factor. The
shear strain influence factor, which is similar to Schmertmann’s vertical strain influence factor,
has been deduced from the elastic half space solution (Schmertmann, 1978; Poulos and Davis,
1974). The iterative procedure outlined above has again been adopted to arfive at-the nonlinear
F,-8, relationship. The limit to this relationship is imposed by thé interface friction force given

by F tand, in which 3 is the interface friction angle between the foundation soil and the base.

Equili-brium of Displaced Abutment

Figure 11a shows the typical boundary forces and moments surrounding the abutment
(also see Fig. 4). The lateral stress at any point located in the front and back of the abutment
is computed by multiplying the lateral pressure coefficient, k, from Fig. 5 by the ?ertical stress
at that point. The net force on the wall is the integration of this stress over the height of the

abutment. For example, the lateral force P; shown in Fig. 11 is
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P, = % kyH? (11}

in which H = the height of the passive zone in front of the abutment and y = the unit weight
of the soil. This force is at an angle &,, which is the angle of friction at the vertical slip plane.
Since the abutment undergoes rigid body movement, it is possible to evaluate the abutment
displacement at any point in terms of 5 and 6. Using the abutment displacement, the
coefficient k can be obtained from Fig. 5. The lateral passive and active earth pressure
coefficients, K, and K,, required to carry out these calculations may be obtained from Coulomb
equations. As recommended in the recent design manual (Barker et al., 1991), the Coulomb
coefficient, K, has been modified to account for a more realistic failure surface. This
modification substantially reduces Coulomb’s value. In the case of the lateral resistance at the
base of the abutment, the displacement at the center of the base is used.
Itis nece§sary to find P, for a given displacement, §,, near the top of the abutment (Fig.
4) such that force and moment equilibrium equations are simultaneously satisfied. A simplified
step-by-step procedure adopted to achieve this condition is as follows.
(1)  Assume a certain small starting value fo_r &,, and increase the wall rotation, 6 from zero.
(2)  For the assumed value of 8, compute the' lateral wall forces, P, and P,, the base resisting
moment, M,, and the lateral base resistance, F,.
(3)  Use the horizontal equilibrium condition to get an estimate of the force P,.
(4)  Check for moment equilibrium by taking moments about the center of the abutment
base. If the net (or residual) moment changes signs between two subsequent 8 values,
then the moment equilibrium is satisfied between these two values. If the net moment

does not change sign, repeat the procedure from Step 2 with an increased value of 6.
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(5)  Repeat Steps 1 through 4 for the next & value.
It has been found that the proposed iterative procedure converges very quickly. The nonlinear

longitudinal secant spring stiffness, S, is subsequently computed using S, = P,/5,.

Earthquake Induced Inertia Forces and Free-Field Strains

The earthquake excitation shakes the bridge superstructure and also foundation and
backfill soil surrounding the abutment. It may be argued that the strains in the surrounding soil
have two components: free-field and strains from load applied at the abutment. AThis means
that, since the soil is nonlinear, it is reasonable to expect that the abutment stiffness_. depends
on the level of shaking. Since the dynamic characteristics of the superstructure and soil
surrounding the abutment are quite different, the movement of the soil adjacent.t.o the abutment
will not be in phase with the bridge deck movement. When the bridge attempts to push into
the abutment, there may be inertia forces present within the backfill and on the abutment. The
analysis presented thus far neglects the influence of the inertia force. In fact, all of the current
methods neglect the presence of inertia force. When inertia force is present, the maximum
active and pa;sive resistances for lateral movement are given by the Mononobe-Okabe equation
(Seed aﬁd Whitman, 1970). Since the lateral earth pressure versus displacement curve adopted

here is normalized, Mononobe-Okabe active (K,g) and passive coefficients (K;¢) can be used
with Fig. 5. |

Since the excitation reverses in direction very often, the horizontal inertia forces could
be in a direction either to the left or to the right or even nonexistent when the deck attempts

to move into the abutment. A similar situation exists with the vertical inertia force. Under
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these circumstances, it is herein proposed to evaluate abutment stiffnesses considering many
possible combinations. The combinations that have been considered are horizontal seismic
coefficient k, = + 0.5 a_, /g, the vertical seismic coefficient k, = + k,/2, and also k, =k, = 0.
Here, a,,, is the maximum horizontal acceleration on top of the soil deposit and k, has been
assumed to be half of k,. The selection of values for the seismic coefficient, k,, had been
based on the recommendation of Whitman (1991) who critically reviewed field observations
in real earthquakes and laboratory tests. Altogether, there are five combinations; and, since
the prob.lem is nonlinear, it is not possible to predict beforehand which combination would
yield the conservative results. It is believed that the cases with inertia forces and free-field
strains and the case without earthquake excitation (k,=k, =0) can provide a bound for the
stiffness evaluations. |

The foundation and the backfill soil mass undergo deformation to the earthquake
excitation (free-field). The free-field strains that are present due to earthquake shaking should
be superimposed on the load induced strains for realistic nonlinear characterization (Lam and
Martin, 1987; Buckle et al., 1987). The steps taken 1o incorporate earthquake induced inertia
forces and free-field strains are as follows.
(1)  Compute the average free-field shear strains, 7., in the foundation and backfill soil as

a function of depth using the procedures outlined by Tokimatsu and Seed (1987). This

approach requires widely used soil properties such as (K)mx and unit weight, a ..

(2)  Superimpose the 7., on the load induced shear strain, ¥,,., computed in Eq. 9 using
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(3

“4)

()

Yeotar = VYiq + Tgve (12)

in which ¥, is the net strain. Use y,, in the development of the F, versus §,

relationship.  Since both of the shear strain components are on two different

perpehdicular axes, they have not simply been added. Further, when inertia forces are

considered, the bearing capacity of the foundation is reduced. Recent research reported
by Richard et al. (1993) has been used to obtain the limit to the F, versus §,
relationship (Fig. 9) as a function of the strength of design excitation defined by k, =
0.5 a_, /g

In the development of the F, versus §, relationship, the net shear strain, ¥, is obtained
by adding both components, 7, and y.,. Subsequently, ¥,,, is used to obtain the secant
shear modulus from Fig. 9.

In the development of the lateral earth pressure-displacement relationship using Fig. 5,

the net stress strain, y,.,, estimated from

A

A
T:otal = ('Ti = (-E) + Teq (13)

) total

is used to obtain the lateral earth pressure.
Finally, as before, use boundary forces and moments surrounding the abutment shown
in Fig. 11b to compute the force P, required to cause a selected longitudinal

deformation, §,.

The procedure used in the computation of net strains is consistent with those adopted in the

structural response evaluation of a multi-modal system from a response spectrum.
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II. Vertical Abutment Stiffness (Sy) Evaluation

Figure 12 shows a sketch of a displaced abutment caused by a vertical force, Py, a.pplied
at the abutment-bridge deck support. The abutment undergoes a vertical movement, 8y, at the
support as shown. The figure also shows active and passive zones surrounding the abutment.
It is evident that the estimation of the vertical force, Py, can be made using the same
procedures proposed above for estimating the lateral force.

Though the figure shows the abutment rotating clockwise, the real direction of rotation
is not known. The direction of rotation will depend on base and lateral resistance on the
boundary. The procedure that was adopted here assumes that initially the abutment rotates
clockwise and then counterclockwise for the given 8. The lower value of the force is only
used 1o calculate the vertical stiffness, Sy. It has been observed that, once the abutment rotates

in one direction, it continues to rotate further in the same direction as the abutment

displacement, 38y, is increased.

III. Transverse Abutment Stiffness (S;) Evaluation

Figure 13 shows an abutment displaced transversely through a displacement & when
applied with a force Py The wing walls, which are often provided to retain soil near the
‘abutment, play a major role in providing resistance. Typically, only a part of the outer wing
wall face is buried in the soil. However, the entire internal faces are buried. The displacement
mechanism shown in Fig. 13 identifies the active and passive zones. Opposing types of failure
zones exist across a wing wall. The resistances derived from these failure zones can be

obtained from the procedures outlined above. The portion of the wing wall buried in the soil
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varies with depth (see Fig. 3). Therefore, the resistance on the wing wall is computed using
a number of small horizontal strips of varying widths, There is an additional compohent of
resistance for deformation present on the back of the abutment. The figure shows this force
as Tq.

If the wing walls lie close to each other, substantial overlap can occur between the
failure zones in the soil confined within the wing walls. Under these conditions, the active and
passive force-displacement relationship may not fully develop as shown in Fig, 5. In such
cases, it is necessary to reduce the lateral resistance to account for overlapping. Figure 14
presents a simplified procedure to achieve this. In the case shown in Fig. 14a, no overlap
exists. Here, a, and o, represent the inclination of failure planes for the active and passive
zones respectively. Similarly, d, and d; represent the corresponding thicknesses of the zones.
In the case depicted in Fig. 14b, an overlap occurs within the hatched region and full resistance
within this region will not be mobilized. By neglecting resistance within the hatched region,
it is possible to show from first principles that the ultimate pressures on the wing wall can be

computed by modifying the passive and active earth pressure as

a: - &
(Pa)overlap - (Pa)::!:f‘?:; [‘_.-ai_o} (14a)
“and
a2 - &
(Pp) overlap = (PP without ['——p'—z'———'] (14b)
cverlap r

in which d, = the thickness of the overlapping region (Fig. 14b). Our calculations show that

the influence of overlapping is evident only for taller abutments (more than 5Sm) supporting two
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or fewer lanes. In other cases, the overlapping is minimal and can be neglected. Under an
extreme case of a taller abutment with less than two lanes, the entire passive zone may'not be
able to be accommodated within the soil confined between the wing wall. In such cases, the
entire soil mass within the wing wall along with the abutment can behave like a single rigid
body. This case is then very similar to the Jongitudinal deformation analysis presented above.

The number of lanes supported by the abutment dictates the abutment width, W, in the
transverse direction. For a two-lane highway, the width is typically 10m. Since this is quite
wide and the interface extends to the entire height of the abutment, the resiétance (T;) at the
interface between the backfill and the abutment is an important resistance component. Though
the interface force-displacement relationship (F,-5,) developed earlier for the abutment base can
be used here, the face of the abutment should be subdivided for better accuracy because the
resistance within the interface cannot be assumed to be uniform. Unlike in the case of
interface resistance at the base of the abutment, a much larger interface is involved in providing
resistance for the transverse deformation. The maximum interface resistance that can be
mobilized at any point on the interface depends on the depth from the surface of that pofnt.
The procedure adopted here first divides the interface into a number of smaller rectangles as
shown in Fig. 15 and then evaluates the resistance for transverse deformation at the center of
‘these rectangles. It may be noted that the resistance in éach rectangle has two components:
a horizontal and a vertical. This is because the rectangle undergoes movement in both
directions for the deformation mechanism assumed in Fig. 13.

The final task in the computation of the transverse stiffness is to undertake a similar

iterative procedure as described previously to find Py such that all equations of equilibrium are
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satisfied. It should be noted that the major contributing component is the resistance for

rotation provided at the base of a foundation of a much wider foundation width.

NUMERICAL EXAMPLE

To iilustrate and hfghlight many important components of the proposed approach, many
intermediate steps involved in the evaluation of the nonlin-ear stiffness of an abutment shown
in Fig. 16 are presented. This is a medium high abutment with a height of H = 4.5m
supporting a vertical deck load of V, = 500 kN/m. This abutment has been design(éd according
to the current design procedures (Barker et al., 1991; NAVFAC, 1982) such that the factors
of safety under static loading conditions against sliding, overturning, and bearing failures are
more than 1.5, 2.0, and 2.0 respectively. Tension at the heel of the abutment is also not
allowed to develop. In addition, this abutment has factors of safety under seismic loading
conditions against sliding, overturning, and bearing failure of more than 1.1, 1.5, and 1.5
respectively. These factors of safety are consistent with those recommended in various design
guidelines for abutment design (e.g., Barker et al., 1991; NAVFAC, 1982; Siddharthan et al.,
1994). A seismic coef_ﬁcient, k, = 0.2 and k, = 0.1, has been used in the pseudostatic design
of the ébutment. The backfill and foundation soil are assumed to have a friction angle of ¢,

= ¢;= 35° and the interface friction angles at the base and on the side are assumed to be 21°
and 15° respectively. These values are typical for medium dense sand and sandy silt mixtures
(Barker et al., 1991; NAVFAC, 1982). An optimization technique described by Siddharthan

et al. (1994) was used to arrive at the abutment dimension at the base of the footing. Table
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1 gives the abutment dimensions, deck loads, soil properties, and factors of safety against all
failure modes for this abutment.

Figure 17 shows the vertical load-displacement (F, - 8,) relationship obtained for this
abutment. Two cases are shown: (1) k, =k, =0.0 and (2)7kh = 0.2 and k, = 0.1. The limiting
vertical load given by the bearing capacity equations with k, = 0.2 is much smaller and is as
much as 0.3 of the limiting vertical load when k, = 0. The F,-3, relationship developed for
k, = 0.2 required a knowledge of free-field strains. The procedures adopted by Tokimatsu and
Seed (1987) were used to estimate the average free-field shear strains. Figuré 18 presents this
variation. These strains were superimposed with the load induced strains, as in Eq. 12, to
obtain the F,-8, relationship for the case where k, = 0.2. It may be noted that the nonlinear
behaviof is present from the start and the ultimate bearing pressures is reached in the cases of
k, = 0.2 much sooner after the vertical displacement of 7mm; while, in the case of k, = 0.0,
as much as 62mm displacement is required. It appears that there is no major difference
between the cases k, = 0 and k, = 0.2 until the ultimate bearing resistance is reached with the
k, = 0.2 case.

Figure 19 shows the horizontal load-displacement (F,-8,) relationship at the abutment

base for both the cases. Unlike in the case of the F,-8, relationship, there is significant

deviation between the curves shown in Fig. 19. The figure also shows an arbitrary cutoff limit

to illustrate that the strength at the interface, given by F,tand,, govems the maximum value of
F,. The value of F, varies during the abutment movement, and it has to be evaluated by

resolving the forces shown in Figs. 11a and 11b in the vertical direction. It may also be noted
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that, unlike in the case of the F,-§, relationship, the mobilization of the horizontal resistance
is much more quickly achieved.

Figures 20a, 20b, and 20c respectively present the longitudinal, vertical, and transverse
stiffnesses e\_z:aluated using the procedures outlined above. Each of these figures depicts five
cases. As described above, when inertia forces are considered, four cases are necessary to
cover the variations in the direction of the horizontal and vertical inertia forces. The fifth case
is with k, = k, = 0. In all of the cases reported in the figures, it is clear that the sﬁffness drops
substantiélly, by as much as a factor of 9, when the displacement increases from 1 to 10mm.
For all cases, after about 20mm of movement, there is not much change in the stiffness.
Figures 20a, b, and ¢ show the range of stiffnesses. The case of k, = 0.2 and k, = 0.1 always
represents the upper bound (stiffer) data, while the case of k;, = k, = O represents the lower
bound (softer) data. The highest deviation between the five cases exists at a lower
displacement; and it can be as much as 40%, which occurs in the case of vertical stiffness.
The differences in S, Sy, and S; between the five cases at Imm of displacement are about
18%, 40%, and 25%. The value of S, is much larger than S, and S; as has often been
observed in system identification studies based on responses measured in an earthquake and
from quick-release tests (Wilson and Tan, 1990; Werner et al., 1990).

In design, it is often customary to select the lower abutment stiffnesses. This is because
lower abutment stiffnesses will usually produce higher displacements for the deck and the pier
and, therefore, lead to higher ductile demand and shear forces in the pier. However, in an

extreme case when an iterative elastic bridge response analysis is performed, the softer springs

can change the dynamic characteristics (period and mode shapes) and, thus, result in an
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unrealistic analytical model. Since the variations shown between the different cases are within

40%, the influence of this on altering the effective period of the entire bridge structure will be

minimal.

FIELD VERIFICATION

Large-scale field verification, though expensive, méy be warranted for the validation
of geotechnical engineering models, especially when nonlinear stress-dependent soil behavior
is a governing factor. A physical model acts as an analog that automatically accounts for
various mechanisms that interact to produce the overall response. Laboratory centrifuge is
another valuable technique that is becoming widely used by the engineering community to
study geotechnical problems involving nonlinear stress-dependent soil behavior (Finn, 1988;
Arulanandan and Scott, 1994). The verification study reported here used abutment field test

results recently reported by Maroney et al. (1994)

23



Brief Description of Field Tests

Maroney et al. (1994) provided a detailed description of a well-instrumented .testing
program undertaken for CalTrans to characterize abutment behavior. They tested to failure two
large-scale abutments 1.7m and 2.1m high. While the taller (east) abutment was tested in the
longitudinal and transverse directions, the shorter (west). abutment was tested only in the
longitudinal direction. Both abutments were founded on 230mm cast-in-drilled-hole (CIDH)
piles and provided with wing walls as shown in Fig. 21. The east abutment sat on four piles,
while the west abutment sat on three. The figure shows plan and elevation views of the two
abutments and the loading directions, The west abutment supported an embankment
constructed with a low plastic clayey silt (Yolo loam) having a PL of 23.5 and a PI of 10.5.
Maroney et al. (1994) suggested that the clayey silt exhibited substantial cohesive behavior.
The eastern embankment consisted of poorly graded coarse clean sand compacted at 90%
relative compaction, and its friction angle is estimated to be about 40°. These two materials
are considered to represent the type of materials used in approach fill construction in
California. |

‘ Cone penetration tests (CPT) conducted at the site prior to abutment construction

indicated that the upper 5.5m of soil consists of silty sand to sandy silt underlined by a 1.8-
"to 3.0-m thick layer of clayey soil followed by silty sand to sandy silt at greater depths. The
water table was 9.1m from the surface.

In the first phase of the field testing, the abutments were pushed against each other
(longitudinal testing) without reaching failure; subsequently, the taller east abutment was

loaded transversely to failure. Finally, the shorter west abutment was loaded to failure in the
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longitudinal direction using the taller east abutment as a support. In the longitudinal test, the
maximum west abutment displacement was as much as 180mm; and, in the transverse tést, the
east abutment displaced by about 105mm. This testing setup resulted in two longitudinal load
responses against two different embankment materials (clayey silt and clean sand) and in one
transverse load response against a clean sand embankment. Two 1800 kN hydraulic rams were
used to apply the loads to the abutments as shown in the figure. The transverse test on the
taller abutment required a reaction frame; and a frame consisting of two, 1.2-m diameter
drilled shafts was used. In the longitudinal tests, the loads were applied at mid height on the
abutments; while, in the transverse test, the load was applied near the top.

The loads against the abutments were applied in a cyclic manner with a steadily
increasing magnitude. The entire testing was instrumented with an extensive network of
pressure transducers, magnerules, LVDTs, strain gages, aﬁd inclinometers. As many as
nineteen preésurc transducers cast into the abutment measured soil pressures against the
abutment and wing walls. As many as 100 strain gages were placed on the abutment piles.
A collection of 20 magnerules and LVDTs monitored the abutment displacements. Since t-he
ap;:;roach to be verified is for granular material, ‘only the resuits pertaining to the east abutment
are presented below. For more detail on the instrumentation and testing program, see Maroney
‘et al. (1994). The test results represent a unigue situation in which extensively instrumented
large-scale wall abutments were tested to failure in the field.

Figure 22 shows the longitudinal and transverse secant abutment stiffnesses of the east
abutment as a function of abutment displacement. It is clear from the figure that ﬂle abutment

behavior is nonlinear right from the start of the test. The longitudinal stiffness at a low
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displacement (around 1mm) was measured to be around 1.24 x 10* kN/m, and it dropped by
as much as a factor of 3.7 when the displacement increased to 32mm. The longitudiﬁa] test
was not continued further. On the other hand in the case of the transverse test, the stiffness
around 1mm was about 8.9 x 10* kKN/m and it dropped to 8.8 x 10° kN/m at a displacement
of 105mm. The reduction in stiffness is by as much as ten. The transverse test was continued
until the abutment failure was clearly evident.

The test results reported above are for an abutment with piles. Maroney et al. (1994)
subtracteﬁ the lateral resistance contribution from the piles and provided the éecant stiffnesses
computed only from the resistance offered by the abutment. They presented the contribution
from the abutment only for the case of the west abutment which supported the clayey silt
embankment. Since the approach being considered here is for sandy soils (noncohesive), the
results reported in Fig. 22 for the sandy embankment (east abutment) has to be modified to
reflect the stiffness contribution from the abutment only. This was achieved by assuming that
the contribution from the piles in the case of the east abutment is 4/3 times the contribution
from the west abutfnent. This is because the east and west abutments are on four and thl;ee
pi]és respectively. Figures 23a and 23b present the modified field secant abutment stiffnesses
along with those predicted. As reported in the field test, the longitudinal load was applied at

'mid depth while the transverse load was applied at 0.20m from the top of the abutment. The
stiffnesses have been divided by the width of the wall in the transverse direction (4.73m) and
presented in terms of kN/m/m of the wall width. The soil properties used with the proposed
approach were either reported by Maroney et al. (1994) or interpreted from design manuals

(NAVFAC, 1982; Barker et al., 1991). Table 2 gives the values used for the soil properties.
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The interface friction angles at the base and on the side of the abutment were selected to be
21° and 15°. These are consistent with values recommended for use for concrete cast on
cIayéy silt soils and side friction against clean medium dense sand. The relative compaction
in the embankment is reported to be 90%, which is assumed to represent a relative density of
about 70% (Byrne, 1987). Figure 24 shows the abutment dimensions used to evaluate the
abutment stiffnesses.

The comparison between the predicted and reported stiffness values is excellent. In the
case of a longitudinal abutment (Fig. 23a), there is a slight overprediction at the low displace-
ment of about 10%, which is well within the variation accepted in geotechnical engineering
design. At other levels of displacement, the predicted longitudinal is slightly lower. A similar
overprediction is also seen in the case of transverse stiffness (Fig. 23b). However, overall, the
agreement between the predicted and computed stiffnesses is excellent.

The field testing program described by Maroney et al. {1994) also investigated the
failure surface developed behind the abutment using foam columns. They reported that the
failure surfaces developed behind the abutment was consistent with passive failure zones, and
that the abutment movement was rigid body movement. These findings support and lend

credibility to the assumptions used in the development of the proposed approach.

DEVELOPMENT OF DESIGN CURVES

To evaluate the abutment stiffnesses, the dimensions of the abutment must be known
a priori. Since nonlinear characterization is used for soil, the strength of the excitation is also

required. Figure 25 shows a typical seat-type abutment along with various dimensions that
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define the abutment. For transverse stiffness evaluation, the wing wall dimensions are
required; the figure also defines these. The abutment should be designed based on its height
and also on the strength of excitation in the dynamic design of the abutment. This means that,
for a given abutment height, there are many abutments with different dimensions depending
on the level of excitation used in the dynamic design.

The dimensions, A, and A, shown in Fig. 25, are typically governed by seating width
and deck thickness requirements (see AASHTO Guidelines, 1992). Siddharthan et al. (1994)
argued that the heel and toe projections at the base (Ag and Ag respectiv;:ly) are the two
dimensions that may be considered as independent variables in the foundation design of the
abutments. Using this interpretation, they developed an optimum design procedure to estimate
the dimensions A, and Ag such that these are appropriate factors of safety against all possible
static and pseudostatic (dynamic) failure conditions. Table 3 shows the factors of safety

selected from various design manuals for static and pseudostatic (dynamic) loading conditions.

The factors of safety under the seismic loading condition are smaller to account for the
fact that the seismic loading is transient (Whitman, 1991). Note that the factors of safety under
seismic loading are assumed to be 75% of the corresponding values under static loading
" (Seismic, 1990; Gantes et al., 1989). The horizontal seismic coefficient, k,, that should be used
in the pseudostatic analysis should be much smaller than a,, which is the maximum
acceleration on top of the soil deposit. A seismic coefficient, ky, of 0.333 to 0.5 a,,/g has

been suggested by Whitman (1990); and a value of 0.5 a,,/g has been used here.
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The optimum design procedure was used to arrive at the abutment dimensions A; and
A, for three abutment heights H = 2.5, 4.5, and 6.5m at three levels of earthquake excitation
given by a_,, = 0.1g, 0.3g, and 0.5g. In the seismic loading conditions, the vertical seismic
coefficient was assumed 10 be k, = k,/2. The soil p’rdperties, which were presented in Table
9 and used in the validation study were also used in the development of the design curves.
The vertical and horizontal deck forces, Vj, and Hp have been assumed to be 250 and 100
KN/m. Table 4 shows the dimensions of nine abutments obtained based on the optimum design
procedufé of Siddharthan et al. (1994). These abutments represent three abuﬁnent heights and
three levels of excitation. Factors of safety under seismic loading conditions have only been
shown because these are the critical values that affected the abutment design. In all cases, the
static factors of safety fell well above those shown in Table 3.

Figures 26a, 26b, and 26c show the secant abutment stiffnesses in the longitudinal (S,),
vertical (Sy), and transverse (Sy) directions for the three abutments considered in the study.
All of the translational stiffnesses are presented as per unit width of the abutment in the
translational direction (W). Since the intention is to show the trends, the figures show oﬁly

the results for the case of ky = 0.15 and k, = 0.075 (see Walls 2, 5, and 8 in Table 4). When

the deck attempts to push into the abutment, substantial inertial force may be present in the

‘backfill and on the abutment. The abutment translational springs will be engaged many times

during the base excitation; and, in all likelihood, the abutment movements and the bridge deck
movements will not be in phase. The direction of the inertia forces in relation to the deck
movement cannot possibly be predicted. Therefore, four combinations for the inertia forces

on the abutments and the backfill were considered between k, = 1 a,/2g and k, = + k/2.
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This report presents only the softest stiffness because the softer stiffness values will, in general,
produce a conservative design for the deck movement and foundation pier. The relative
differences between all four cases have been discussed previously.

The variation, S, (Fig. 26a), between all the abutments is very similar except at low
abutment displacement; the taller abutment (H = 6.5m) shows a somewhat higher stiffness of
as much as 13% above the stiffnesses of the other abutments. At larger displacements, the
abutment stiffnesses are independent of height and are virtually identical. A comparison of the
results sﬁown in Fig. 26a with the field data reported in Fig. 23a reveals that the rate of change
in longitudinal secant stiffness within the first 10mm is much quicker in Fig. 26a. There are
two important reasons for this behavior. Firstly, the longitudinal load was applied at the
middle of the abutment in the field test; whereas, in the computed results, it was applied more
realistically near the top of the abutment. Secondly, the computed results shown in Fig. 26a
have the influence of the vertical and horizontal deck loads (Vp and Hp). The presence of deck
forces significantly influence the equilibrium equations that are being solved.

It is often customary to use a "normalized” stiffness, S,, curve from which stiffnéss
values for other abutment sizes can be scaled. The "normalized” stiffness S, is often given for
an abutment of height 2.4m (8 feet) since this represents a typical abutment. The scaling to

“other size abutments is carried out assuming S; is proportional to abutment height (Lam et al,,
1991; Maroney et al., 1994, Wemer, 1994). This is assumed to be true even though the
abutment base widths will differ for abutments with different heights. Figure 26a clearly

demonstrates that such an assumption is incorrect and can lead to an erroneous estimate for

abutment stiffness.
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There is a substantial difference between the stiffnesses of abutments in the case of Sy
(Fig. 26b). The taller abutment shows a much higher stiffness due, in part, to the larger width
at the base. The widths at the base for the abutments (B) with H = 2.5, 4.5, and 6.5m are 2.15,
2.4, and 3.10m respectively (see Table 4). In the case of transverse stiffness, the difference
between the taller abutments (H = 4.5 and 6.5m) is minimal while the shortest abutment (H
= 2.5m) shows a much lower stiffness.

To demonstrate a typical trend, the longitudinal stiffness, S, variation shown in Fig.
26a has Been replotted in log-log scale along with best-fit straight lines in Fig. 27. The data
shows that the S, variation with displacement in the log-log plot can be assumed to be linear.
It has been observed that all of the translational stiffnesses demonstrated the same
characteristics. To verify whether the large-scale field tests detailed above also showed the
same trend, all available large-scale abutment field data of Ma:oney et al. (1994) are plotted
in log-log scale in Fig. 28. There are two longitudinal stiffness plots, representing the east and
west abutments, and one transverse stiffness plot for the east abutment. It should be noted that
the stiffness contribution from only the abutments are presented. This plot also Veriﬁes,-for
préctical purposes, the variation of translational stiffnesses can be assumed to be on straight

lines in a log-log plot. This means that the variation of any translational secant stiffness can

- be written as

o {15)

in which S, = the secant stiffness at any displacement, S,; = the secant stiffness at 1mm, x; =

the abutment displacement, A = a constant, and itakes L, V, and T for longitudinal, vertical,
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and transverse stiffnesses respectively. Equation 1 is reproduced below in a nondimensional

form as
-G.I I.!

S, = D,E, [_’;J (16)

in which S; = the secant stiffness in kN/m/m width of wall, D, and G, are dimensionless factors,

and E, and I, are the normalizing factors given by

3
E =E, = 1;1_12 (17a)
E, = l%w_z. (17b)
ey Hk
= Ll g
and
I, - H_? (18b)

Here, v = the unit weight of the soil and W = the width of the abutment in the transverse
direction. These relationships have been developed by closely inspecting the abutment
defonnétion mode] described above. For example, the resistance for abutment rotation at low
longitudinal displacements is proportional to B® while the abutment top d.isplacement is
proportional to H. These observations have been used to arrive at the appropriate normalizing
factors, E; and I.

For D, there are three plots for each of the translational spring (i.e. D; Dy, and D;) and
these are shown in Figs. 29a, 29b, and 29¢. Figures 30a, 30b, and 30c give the G, values. The

D, values for all stiffnesses show that D, is proportional to abutment height but inversely
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proportional to the excitation strength, k,. Though G; values exhibit a similar trend with

respect to the excitation strength, the variation is inversely proportional to abutment height (see

Figs. 30a, 30b, and 30c).

MODIFICATION TO DESIGN CURVES

The design curves provided above are for typical or "baseline" cases in which
representative values for many parameters have been assumed. For example, the vertical deck-
abutment interaction load, Vp = 250 kN/m, the abutment width in the transverse direction, W
= 10m, and, also, the soil properties shown in Table 2 have been used in the development of
the design lcurves. However, in the event that these values no longer apply, the stiffnesses
given by the design curves need to be modified. An attempt to quantify these modification
factors is presented below.

A single but representative medium high abutment (Wall 5 in Table 4) 4.5m high,
designed for a seismic coefficient of k;, = 0.15 (s = 0.3g), was used to produce the stiffness
plots with the "baseline” parameters and modified parameters. Figure 31 shows the predicted
differences in all of the translational stiffnesses (Sy, Sy, and Sy) between the baseline case and

the case with Vp, changed to 500 kN/m. All of the other parameters have been kept the same.

When Vp, is changed, a new abutment (Wall A) has to be designed such that it has adequate

factors of safety against static and dynamic loading (Table 2). It may be noted that the vertical
stiffness given for Vy, = 500 kN/m is lower, whereas other translational stiffnesses are higher
when compared with the baseline case. By normalizing the stiffnesses given for Vp = 500

kN/m with respect to the baseline case, the modification factor Ryp, which accounts for the



influence of Vp, has been obtained and is presented in Fig. 32a. Similarly, two additional
modification factors, Ry, and R,, which account for the width, W, and the foundation soil
failure angle, have also been developed using Wall A. In the case of Ry, the modified width
is W = 20m and, for R,, the foundation soil friction angle is ¢, = 40°. It may be noted that
the baseline values used for W and ¢;are 10m and 35° respectively (see Table 3). Figures 32b
and 32c give the modification factors, Ry, and R,. Now, the stiﬁ'hess given by Eq. 2 is
modified as .
(S3) poastiea = (Si)zy. 16RoRwRs (19)

It is apparent from Fig. 32b that the vertical and longitudinal stiffnesses are not affected by the
change in W. However, a substantial increase by a factor of as much as 1.7, irrespective of
abutment displacement, is present in the case of translational stiffness. As expected, the

vertical stiffness, Sy, has improved since the foundation soil friction angle has increased from

35° to 40°.

VERIFICATION OF DESIGN CURVES

The nine abutments used in the development of design curves cover abutment heights,
H, froﬁ 3.5 to 6.5m and a horizontal excitation from a_,, = 0.1g to 0.5g. To verify the
“validation of the applicability of the design curves, stiffnesses were computed using the
approach for a 4.0m high abutment subjected to a horizontal base excitation with a,,, = 0.4g;
these were then compared with those given by the design curves. The height of the abutment
and design excitation level were selected such that they did not represent a case used to

developed the design curves. The abutment dimensions were obtained from the optimum
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design procedure of Siddharthan et al. (1994). The wall dimensions are the same as those for
Wall 4 shown in Table 4 except A; =0.Im , A;=1.2m, and B = 2.6m. Figure 33 shows the
plots for the computed results and those predicted from design curves for all translational
spring stiffnesses. An inspection of this figure suggests that the stiffnesses given by Eq. 16

are adequate to predict abutment stiffnesses.

CONCLUSIONS

This report presents an efficient approach, based on many well-established soil
mechanics principles, to evaluate the nonlinear translational spring stiffnesses to represent seat-
type abutments. The applicability of previous studies is limited because such studies are
incapable of handling many important factors such as nonlinear soil behavior, free-field strains
induced by an earthquake, the influence of wing walls, and the difference in soil behavior
under active and passive conditions. The proposed approach accounts for all of these factors.
The procedures adopted in this approach are relatively simple, and emphasis has been placed
on easy interpretation and on achieving consistency between design procedures routinely used
in the static a_nd seismic design of abutments. For example, concepts such as the development

of active and passive conditions in the soil surrounding the abutment and the failure of the

foundation after reaching ultimate bearing capacity, the presence of inertia forces under seismic

excitation, etc. have been incorporated into the analysis. The number of material parameters
required for the model have been kept to a minimum. Only routinely used soil properties, such

as the relative density, unit weight, angle of internal friction, and interface friction angles, are

required in the model.
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The equivalent linear elastic approach, which is widely used in seismic response studies,
has been adopted to model the nonlinear stress-dependent behavior of soil. By deﬁﬁing the
(1) nonlinear response of backfill soil to lateral movement and (2) resistance to translation and
. rotation at ihe abutment base, it is possible to construct a procedure to characterize nonlinear

abutment stiffnesses.

A numerical example pointing out many of the intermediate steps employed in the
approach have also been presented. The results reported for the medium high abutment show
the influence of free-field strains from earthquake excitation on the abutment stiffnesses. The
approach described herein provides a realistic procedure in which a number of important
factors that govern abutment stiffness behavior have been accounted for. The approach
presented to obtain abutment stiffnesses is considered much more efficient and appealing to
practicing engineers than other comparable methods such as the finite element method.

The second part of the study presents (1) a validation study undertaken to verify the
predictive capability of the proposed procedures, and (2) ready to use design curves to compute
abutment stiffnesses. The verification study utilized data from a recently conducted large-séale
field test. Both longitudinal and transverse field tests were carried out, and a displacement in
the transverse test was as much as 180mm. The abutments were equipped with wing walls and

“supported poorly graded medium dense clean sand. An excellent agreement was observed
between the proposed approach and the field test results. The failure surface developed behind
the abutment and the displacement mechanism that were interpreted from excavation after the
field test revealed that the assumptions made in the development of the proposed approach are

valid.
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Finally, the proposed approach has been used to develop ready to use design curves to
estimate abutment stiffnesses. The design curves have been developed as a function of the
height and width of the abutment and the seismic coefficient, k, (Equation 16). Modification
factors have also been developed to account for changes in the baseline parameters used in the
development of the design curves (Equation 19). The applicability of the design curves has

also been verified using an abutment that was not used in the development of the design

curves,
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TABLE 1: ABUTMENT DIMENSION AND SOIL PROPERTIES USED

IN THE PARAMETRIC STUDY

IPARAMETERS IVALUES ' “

'DIMENSIONS

H (m) 4.5
Hp {m} 2.75

A, A, A, (m) 0.3, 1.0, 1.

A,, A, A, (m) 0.75, 0.1, 2.

C,, Cp, Cy (m) 0.1,1.0,4.25

B (m) 3.9

W (2 Lanes) (m) 10.0 It
DECK FORCES

vV, (kN/m) 500

H, (kN/m) 200

S0IXIL PROFPERTIES

Angle of Internal friction of Backfill, ¢, 35°

Backfill Interface Friction angle, 6, 15°

Foundation Soil Friction angle, ¢ 35¢

Foundation Soil-Base Interface Angle, &, 21° f
Unit weight of Soil, ¥ ( kN/m®) 18.5

Poisson‘s Ratio, v 0.3

(X;) max 55

FACTORS OF SAFETY

(STATIC)

1) Sliding 2.23

2) Overturning 4.83

3) Bearing Capacity 10.33

{(DYNAMIC) "
1) Ssliding 1.13

2) Overturning 1.96

3} Bearing Capacity 1.51
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Table 2: Soil Properties Used in Verification Study

I Parameter I Value ‘

Unit weight of soil, vy (kN/m’) 18.5
llBackfill friction angle, ¢, (°) 40 “
| Backfill-abutment interface friction angle, &, (°) 15 "

Foundation soil friction angle, ¢, (°) 35 “

Foundation-base friction angle, 8, (°) 21

Foundation soil , (K} 55

Poisson’s ratio, v 0.3

Table 3: Factors of Safety for Various Failure Modes

Failure Mode Static Dynamic |
(pseudostatic)
F.0.S. against sliding 1.5 1.1
F.0.S. against overturning 2.0 1.5
F.0.S. against bearing failure 2.0 1.5
Tension development No tension ---
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Fig. 6:

Winkler Spring Representation for Abutment Base.
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Fig. 20:  Secant Translational Stiffnesses for all Cases (2) Longitudinal (b)
Vertical and (c) Transverse.
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(After Maroney et al., 1994).
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Fig. 28:  Longitudinal and Transverse Abutment Stiffnesses from Field tests

(After Maroney et al., 1994).
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