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ABSTRACT

A microcomputer model for implementing a seisnmic
analysis procedure for bridges is presgsented. The method is
procedure 1 of the .Applied Technology Council (ATC-6)
document, and is applicable tol bridges with "regular"”
geometry and stiffness along their length.

The input portion of the program was enhanced by
interfacing the program_with the AutoCAD drafting package.
AutoCAD is used to create pointa and lines which represent
nodes and elements.

A parameter study examining the effects of varying the
abutment and pier base spring stiffness properties was
performed on a five-span reinforced concrete bridge. In
addition, the limits of applicability of the computer model
are established through a sensitivity study examining the
effects of skew angle and curvature in a twoe-span bridge,

The program was named MicroSARB, and was developed in
IBM FORTRAN 77 on an IBM PC-XT. The program can runr on an
IBM PC, PC-XT, PC-AT, or compatible with a mininum of 256K
of memory.

Given the quick turnaround and accessibility of micro-
computers, programs like MicroSARE provide a new means by
which new and complex design and analysis methods can be

transferred to design offices.
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CHAPTER 1

INTRODUCTION

1.1 Introduction

The 1971 San Fernando Valley earthgquake was a wmajor
turning point toward the development of better seismic
design criteria for highway bridgea. The damage done to
bridges by this earthquake influenced researchers to take
a better look at the then current seismic design practices
for bridges. Through experimental and analytical studies
it was learned that more realistic seismic déqign methods
were needed. In response to this ﬁeed, the Applied
Technology Council (ATC) established new guidelines which
incorporated relatively new dynamic analysis technigues.
The analysis procedure called for in the ATC guidelines
involved a three-dimensional space frame analysis of a
bridge. Soon after the guidelines had been developed a
nainframe computer program called SEISAB-I was developed,
thus providing a means of automating the new guidelines.

Most recently the implementation of microcomputers to
solve complex civil engineering problema is becomring more
wide spread in design offices. The advent of relatively
inexpensive microcomputers which have very good computa-
tional capabilities has provided engineera with a rore
efficient tool for solving problems via old methods. The
obvious advantages of using microcomputers for such

applications include faster and more accurata results, as



wall as an .1uproved presentation of the results. The
routine use of microcomputers becomes even more attractive
when considering the very low operating costs.

Typically, in the past, computer programs written for
most engineering applictions require the user to input or
degeribe the particular problem by generating a data file
which cdntaina information about the problem. In addition
to solving engineering problems, microcomputers have proven
to be quite useful as an advanced drafting tool. 1In recent
years Computer-Aided-Design (CAD) drafting packages have
been developed for nicrocogputera. These widely available
CAD drafting systems provide the engineer with an alternate
means of describing a particular problen. By interfacing
problem solving programs with the CAD programs through
linkage codes, which interpret informhtion generated by the
CAD program about a particular problem, inputing of the
problem can be greatly simplified.

This thesis presents one application of microcomputers
in implementing recent seismic deasign guidelines for
highway bridges on the microcomputer. The program being
presented uses an analytical procedure described by an

Applied Technology Council (ATC) document for seismic

design of bridges [2].

1.2 Objective and Scope
The primary objective of this thesis was to develop a

microcomputer model which implements procedure 1 of the
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ATC-6 document [2] for seismic design of regﬁlar highway
bridges. In addition, parmeter satudies which i1llustrate
‘varioué applications éf the model, and tests comparing
single-modal analysis to multi-modal analysis for regular
bridges are prgsented.

The guidelines for seismic analysis of highway
bridges described in the ATC-6 document saspecify two
analysis procedures, one for ‘“regular”™ bridges and the
other for “irregular® bridges. The former utilizes a
unimodal approach; wvhere 'as, the latter conaiders the
nultimodal response. A “regular" bridge is described as a
bridge with no abrupt changes in mass, stiffness, or
geometry along its span. In additieon, it wmay not have
large differences in these parameters between adjacent
bents. An “irregular™ bridge is any bridge not conforming
to the definition of a reqular bridge.

The ATC guidelines require that bridges be analyzed
for seismic forces in two ocrthogonal directions
(longitudinal and transverse directions). The typical
procedure for determining seismic forces, even for
“regular" bridges, is to perform a space frame analysis of
the bridge. To carry out the analysis ATC recommends +that
any general purpcse space frame analysis computer model may
be used. In calculating the seismic forces for the
unimodal approach the bridge muast actually be analyzed

twica: once for determining deflections due to a unit load,



and another time for calculating deflections due to seismic
forces. This results in many additional intermediate hand
calculations. In order to facilitate the application of
the ATC-6 guidlines, a special-purpose computer program
called SEISAB-I (111, which includes both the unimodal and
nultimacdal proced;res. has been developed.

The computer nodel.is very extensive thus reguiring a
mainframe computer. Many bridge engineers have limited or
no access to mainframe computers, thus making it difficult
or impossible to carry out comprehesive space frame
analyses. In a recent survey [5], the absence of computer
software to implement the ATC-6 guidelines was mentioned as
being one of the reasons many practicing engineers are not
using the guidelines. It is estimated that more than fifty
percent of the highway bridges fall within the "régular"
bridge lcategory. Combining +this with the notion that
microcomputers are genrally available to bridge engineers,
it becomes evident that a mricrocomputer model for
inpleienting the ATC guidelines for regular bridges should
be developed. A microcomputer model of this type will
encourage bridge engineers to use the new guidelines.

Because of the 1low operating costs, microcomputer
programs of this type will enable designers to vary
parameters affecting the behavior of the bridge, thuas they

are capable of determining even more accurate design

forces.



In reaponse to this neaed, a microcomputer model which
performsa the ATC-6 analysis for regular highweay bridges
called "MicroSARB" (Microcomputer Baaed Seismic Analysia of
Regular Highway Bridges) has been developed on an IBM-~PC XT
using FORTRAN programming language.

The computer model described in this thesis conaists
of three main segments (1) a preproceascor, (22 an analysisas
module, and (3) a postprocessor,.

1.3 Review of Previous Work Leading to the Development of
ATC-6& Procedure 1 '

The collaspe or partial damage caused to several
highway bridges by the 1971 San Fernando Valley earthquake
£8,13] atimulated a need for research and development which
focused on the seismric analysis and design of bridges.
This influenced organizations such as £he National Science
Foundation and the Federal Highway Administration to
sponser analytical and experimental studies which examined
various aspects of the seismic behavior of bridges. The
extent of the experimental studies ranged' from cyclice
loading [12]) of bridge components to full-scale testing of
actual bridges [7]. Many of the analytical studieas were
aimed at bridges with varying degreea of complexity
{3,10,11,17,20), The findings from these studies, coupled
with an increased general knowledge of dynamics of
structuresa, caused researchers and engineers to conclude

that substantial revisions were needed in the seismic codes



for highway bridges. In reaponse to this need; the Applied
Technology Council established a new set of guidelines for
the seismic design of bridges [21. The guidalines have
been adopted by the American Association of State Highway
and Transportation Officials <(AASHTO) f1} as a ‘“guide®
gpecification and are currently %being utilized by many
state departmenta of tranaportation.

The primary document used for computation of seismic
forceg in the United States is the standard specifications
adopted by AASTHO ([(1]. Prior to 1973,-the‘standard method
of determining seismic forces for bridges involved
idealizing each bent as a single degree-of-freedon
oacillator with a concentrated static force, representing
the earthquake load, applied at the top of the bent. The
magnitude of the static load was a fraction of the bridge
dead 1load, ranging between two percent for bridges
supported on spread féotings to six percent for bridges
supported on piles. Tbis method, more commonly known as
the "lollipop” method, made certain eassumptions that
produced inherent error in determining the naturel period
of the bridge and distribution of the earthquake force to
various structural components of the bridge. The
assumptions in this method include: (1) each bent vibrates
at its own natural frequency, (2) atiffness is provided by
the bents only, thua excluding the atiffneaas of the

asuperstructure. By 1977 the apecifications were further



modified to inclnde sevaral factoras raelated to selamicity
of the area, bridge dynamic properties, and a8cil effects.
The reaponse apeétrun mnethod and dynamic an&iysis
techniquea were recommended for relatively complex bridges
{101. An important improvement of the ATC-6 methods over
previous seismic design methods is the conaideration of the
overall behavior of the structure as oppdsed to the
behavior of individual bridge componenta. SEISAB (SEISmic
Analysis of Bridges) is a comprhenaive computer progranm
which incorperates this concept in the seismic analysis of
bridges. The primary purpose for developing SEISAB was to
provide design engineers with a usable tool for
implementing the latest seiasmic design methoda. The
current program release, SEISAB-I [11], considers both the
aingle-mode and multi-mocde response spectrum techniquea
included in the ATC-6 guidelines. In addition, =a second
version, SEISAB-1I, which 4includes nonlinear analysis
techniques is being developed.

In order to be able to handle a very large range of
bridges SEISAB provides for modeling of single column piers
as well as multi-column bents, abutments {including walls
and bearing pads), expansion joints (including restrain-
ers), pile foundationa, and =so0il properties at the
abutments and pieras footings. Some of the SEISAB modeling
capabilities include the ability to analyze: straight as

well as curved bridges, staight or skewed bents, horizontal



or cambered decks, and offset columns or bents.

The central theme behind SEISAB was to provide the
design engineer with the most effective means of
user—-to-program communicaton. SEISAB utilizes a free-
formated language input consistent with the ‘natural
terminoclogy (ie. bent,pier,column,cap?) of bridge enginee:s.
Combining this with its ability +to handle such a large

variety of bridge configurations, SEISAB is considered as

the current state-of-the-art in seismic analysis of

bridges.



CHAPTER 2

ANALYTICAL MHODELING

2.1 Intraoduction

In order to account for the directional uncertainty
associated with earthquake motions, and the possibility of
saimultanecus occurance of earthguake forces in two perpen-
dicular directions, the ATC-6 gu;delines {21 require that
bridges be designed for seismic loads in both the longi-
tudinal and transverse directions. A computer rodel
capable of perforning a space frame analysis is required to
analyze highway bridges in the transverse direction. For
bridges falling in the "irregular” category {(nonuniform
deck geometry, curved or cambered decks, and skewed or
offset bents) the coupling effects between wvarious degrees
of freedom (DOF) make a six DOF per node model essential
for the analysis of the bridge. When considering the
single mode spectral analysis of regular bridgés {ATC-6
procedure 1), the uniform geometry of the bridge combined
with one directional loading allows for a reduction of the
number of DOF’s per node needed to model the behavior of
the structure if loading in each orthogonal direction is
considered seperately.

By creating two separate models, one for loading in
the longitudinal direction and the other for loading in the
transverse direction, the number of DOF’=s per node required

to model the bridge are reduced to three and four,



respectively. Generally, for most bridges identical bent
configurationa (and properties) are uéed throughout the
bridge, thus a five-apan bridge may have only one or two
bent typea. With this in mind, the use of substructuring
to model +the benta becomes inherently favorable. By
condensing each bent down toc a group of springs repre-
senting thq overall stiffness of the bent, the bridge
superstructure can effectively be modeled as a continuous
heam with separate plane frame substructures attached to
it.

Hence, by considering each direction separately and
utilizing substructuring, a space frame analysis (three-
dimensional) is reduced to a series of plane frame (two-
dimensional) analyses. Due to somewhat limited memory
requirements sasssociated with most personal computers,
modeling techniques like those described above become very
favorable for implementing structural analygsis procedures
on microcomputers.

In order to aliow for flexibility in iodeling various
b?idge configurations, consideration was given to the types
of hinges and bent configurations that are repreasentative
of typical highway bridgeas. Figures 2.1 and 2.2 show hinge
and column types which can be modeled on MicroSARB.

The computer rodel utilizes typical analytical
modaeling techhiques to represent the various components of

the bridge. Figure 2.3 illistrates a typical analytical

10



model using nodes and line aelements to represant the bridge
superastructure and saubstructurea. Maasless line elements
are usaed to model deck, column, and bent cap elements.
Structural ' nodes are aasumed to be located at the inter-
saction of piers and deck elements. In eddit;on. one node
isa assigned to each pier base and each abutment. To
account for intermediate hingeam additional nodea wmust be
suppliaed to represent expansion joints and hingeé at bents.
Because bridge span lengtha are relatively large, addi-
tional inter-adiate deck nodes may be included, For
columng an additional intermediate node can be included to
model non-prismatic columnsa.

Element atiffness matrices were atored using implic-
it list proceassing to minimize memory requirements. The
procedure is described in detail in Appendix B,

The ATC-& procedure 1 calls for the analysis of the
bridge twice, once for a uniformly distributed unit load
along the length of the bridge and a msecond time for a
non-uniform seismic load along the length df the bridge.
(See Fig. 2.4). Additional nodal peoint loads which
represent lumped masses for modeling bent cap weights can
be included in the seigmic loading. In the model loads are

applied through equivalent nodal loads.

2.2 Structural Modeling Technigques - Transverse Direction

This portion of the analytical model was developed to

compute the bridge response for horizontal loads in tha

11
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tranasversa direction.

(a) Tranasverse Degrees of Freesdom: Out of the six possible

DOF’s in &a apace frame, only four were considered for
the deck and-upto 8ix were used for the benta for 1loading
in the tranasvese direction (Fig. 2.5). The deck nodes at
bents were allowed to displace in the tranaversae direction
(1 axis) and vertical direction (3 axis), and rotate about
the longitudinal direction (2 axis) and vertical direction
(3 axis). For intermediate deck nodes the vertical
displacemant DOF was neglected because veary little axial
shortening ‘of columns was expected. At deck-to-bent
intersections, although axial deformation of individual
columns was neglected, the vertical DOF must be included to
account for the rotation of the deck due to vertical uplift
or settling of pier bases of multi-column benta. For
single column piers the vertical displacement will be =zero.
The deck vertical di?placement at the abutment bearings was
also restrained because the vertical displacement was
expected to have taken place as a resuit of dead load
before lateral lbading of the bridge. 1In bridge structures
with monolithic abutments, the assumption is eveﬁ nore
valid if no abutment settlement ia expected. The lcongi-
tudinal displacements along the 1length of the bridge
(direction 2) deck are also aassumed to be negligible for
tranaverse loading. Generally, the cross-sectional area of

a bridge deck is very large making deck axial deformations



vary small. For pier basaas the vertical DOF was included

to account for rotation of multi-column bents; however,
rotation about the 2 axis was assumed neglegible. This is

conasidered as a reasonable assumption because of the

relatively large torsional astiffness of footings, and

particularly pile foundationa.

(b) Deck Elements: The deck system can be continuous or

non-continuous +to be able to include the effects of

expansion joints. Deck elements ware idealized as

prismatic line =members (Fig. 2.3) which remain.elaatic in

the analysis. Figure 2.6 shows the unrestrained DOF’s on a
deck element. Because deck length over width ratios can be
relatively small, shear deformations for lateral bending

were included. Allowing for shear deformations, +the

stiffness matrix for deck elements becones

r12R 6R 12R 6R
-—- - - - - o o)
L2 L L2 L
6R :
4R + YR - -- 2R - YR o) o)
L
12R 6R
[Klgq = - - -= o o {¢2.1>
_ L2 L
4R + YR O O
Symm.
GJ GJ
L L
G7
-

i3



In which

Y= 48 ;
B = 3EI/GALZ;
A = effective shear area;

E = modulus of elasticity of concrete;

G = shear modulus;

I = moment 6£ inertia about the centroidal axis in the 3
direction:

J = torsional inertia;
L = elementvlengfh:
R = EIZIL(1+48>].

(¢ Column FElements: A column element was assumed to

consist of an infinitely rigid top part, and an elastic

line element (Fig. 2.7). The infinitely rigid end segment
represents the portion of the deck from the centroid of the

deck (where a node is located?) to the bottom of the deck

for monolithic deck-to-column connections (Fig. 2.7>. For
multi-column bents the rigid end segment may be considered
as the distance from the centroid of the béhﬁr cap to the
bottom of the bent cap. The rigidity of tﬁia segment was
assumed to be infinity to account for the fact that pier
caps (for single column piers) and bent caps (for multi-
column bents) are considerably wider than the pier columns.
This of course may not always be the case, inwhich case the
length of the rigid end block may be assumed =zZeaero. For

colurns, Dbecause the axial forces are relativeley smnalil,

the axial deformations were neglected.



The deformed shape of a column element, excluding

relative displacements of end nodea ias shown in Fig. 2.8.

The moment-rotation relationship for the elastic region is

“'A B;A
= {K*1 (2.2)
Mp 6 g
in which
1
(K”1 = et ——— - ———— K
1 L 2 SL
——— === - --
12 EI EI
F-L L
-—— + S ——— -5
3E1 6E1
L
Symnm. -———-+ 5
3EI
- -
whare
S = 1/GAL.

Refering to Fig. 2.9 the stiffnees for the entire element
is determined by transforming MN‘p to Ma using moment

equillibrium of the rigid end segment
Ma = (1 « QIM’p + A NMp

The equillibrium equation for the total element can be

written as

15



Ma 1+« X X M’a
(2.3

Mg 0 Mp

(E]

The stiffness matrix for the elemant shown in Fig. 2.8 isa

determined from

(2.4)

(X1 = CE3tK"1te3T

This matrix does not include the effect of torsion and

raelative lateral displacements associated with the possible

DOF’as for column elements (Fig. 2.10). The tor;ion terms

uncoupled from other tersms,

in the stiffness matrix are
thus they can be added independently after the effect of

the other deformations have been included. Refering to

Fig. 2.11 the relationship between end rotations of the

column and lateral displacements is

S a
B4 ba ,
= T2 (2.5)
g Sp
¢g
in which
1 1
—— 1 - == 0
L L
£T] =
1 1
—— O = === 1
L L

For the columne of the transversely loaded bridge, bending

can take place about both orthogonal directions (axes 1 and
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2). (See Fig. 2.5). Including toraional stiffness, the

antire column element stiffnessa matrix becomes

FITJT[KL] (Tl o o
tKkpl = o {TITIKyY (T] 0 (2.6)
GJ
s) 0 ’ -
L

(KLl = stiffness for bending about longitudinal
direction (axis 12;

where

[Kyl] = stiffnesa for bending about vertical
direction (axis 2).

and

(d) Bent Cap Elements: The bent cap element was assumed to

consist of (a) an elastic prismatic middle portion, and at
the ends, (b)) ¢two infinitely rigid segments (Fig. 2.12)>.
The end segﬁenté represent the part of the structure commen
to both the pier cap and column. The length of the rigid
end blocks extends froa the centroid of the column to the

interior edge of the column. Both axial and shear defor-

mations were asaumed to be negligible for the bent cap
" elements. The perniss;ble DOF’s for the bent cap element
are shown in Fig. 2.14.

Figure 2.12 shows the deformed shape of a bent cap
elenen? excluding relative displacementas of end naodes. The
relationship between the end moments and end rotations of

the flexural portion of the element is as follows



N’a EXI 4 2 874
: (2.7
M’p I. 2 4 6+p

Stiffness Matrix (K’1]

The stiffness matrix for the entire element, including'
rigid end segmenta, is formed by transforming the stiffness
Egq. 2.7. The transformation matrix can be

matrix in

obtained by considering equilliibrium of rigid end segments

(Fig. 2.13) as

Ha M7a + A(M’p « M7B)

or Ma = (1 + AXM’pa + paM’RB

in matrix form

Ma 1+ A4 Aa M’a
(2.8)

0

Mp A 1 + Ap H'p

Finally, the flexural atiffness matrix is determined from
{X1 = (EI1(K’3J(E1IT (2.9

which is a 2 X 2 matrix conaistent with one rotational DOF

at each end node.

‘This matrix is wvalid for both . bending about a
longitudinal (axis 2) and vertical <(axis 3) direction
(Fig. 2.5). However, this matrix must be formulated to

include the effects of vertical displacements. This is

18



accomplished by relating total rotation of the element to

rotation due to displacements (Fig. 2.15).

) A
9a $a
} = (T) €2.10)
J g
in which -
r 1 -1
- 1 - Q
L L
{T] =
i -1
- (8] —-——— 1
L L

Finally, by considering both bending about the longitudinal

and vertical directions (axes 2 and 3), and including the

bent cap torsional stiffness, the total bent cap stiffness
is expressed in the following form
— —
CTITCKLI LTS 0 o
[K3pent cap = o tT1T cKyd €T3 )
4 GJ
o 4] -
L
L —
whare K1) = bent cap rotational atiffnesa for bending
about the longitudinal direction (axis 1);
and - {Kyl = bent cap rotational stiffness for bending

about the vertical direction (agia 2).

{e) Boundafg and Intermediate Hinge Elements: Elastic

translational and rotational spring aelamonts ware



incorporated to model the effects of abutments, pier bases,

and internal deck hinges. All the boundary springs are

asaumed to be uncoupled. For the abutments one transverse

displacement spring end two rotational éprings {(rotation

about directions 2 and 3) are used to model the abutment

stiffness including soil

monolithic and bearing type deck-abutment connections nmay

be modeled. Two translational (directions 1 and 3) seprings

and one rotational (direction 2) 3pring'ure used to model
the stiffness:properties of footings and pile foundations.

Because the abutments and pier base spring elements are

located on boundary nodes, the satiffness matrix is simply

ey

—
K1 0 O
(K1 = Q K2 o)
o 0 K3

— —

where K31, X2, and K3 are apring stiffneasses of the various

translational and rotational springs.

Intermediate deck hinge elements which can he used to
mnodel beariné syastems for expansion joints, consist of two
nodes with two rotational asapringa and one displacement
apring between the nodes (Fig. 2.16). Since this element

contains two nodes, the intermediate hinge elerment

stiffness becones

20

effaects {(Fig. 2.5, Both .



K3 0 g -Ki O O

K2 o 0 -Ko 0

(Klhinge =

K1 o G

Symrme.
Ko 0
K3

g

(£) Subsastructuring: The use of sasubatructuring at benta

required that certain essumptions be made about the degrees
of freedom ag the bentas. The horizontal DOF’s ;aaociated
with the bent cap elements are "glaved™ in the transverse
direction of the bridge . By modeling the bridge as =&
series of line elements connected by nodes, the sub-
structure-to-superstructure connection is a single node
centrally located at each bent cap. In reality the deck is
connected toc the bent cap along the entire length of the
bent cap. Thus, as the deck translates the bent cap will
follow. This is especially true for nonolithic connec-
tions.

The pier base DOF’a are also aslaved in the transverse
direction, thus 1t 1is assummed that the transverse
displacement at all pier bases is identical. In
nulti;tolunn bents, typically each column is supported by
individual foundations; howeaver, the footing and pile
atiffness are usually the same, and foundation forces are

close. The assumption of equal horizontal displacements isg
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aspecially true for mat foundations.

In order to account for bending ebout the vertical

direction (axis 3 in multi-column bents, six DOF’s

are assigned to bent cap and intermediate column nodes

(Fig. 2.17). In addition to the four DOF‘s considered for

deck nodes (Fig. 2.S5S), a translational {(direction 2) and a

rotational (direction 1) DOF are included. For the node

raepresenting the deck and bent node (and the intermediate

column nodes of a centrally located column), these two

DOF‘’es are omitted.
By accumulating the stiffness contributions of
individual bent cap, column, and pier base springs, the

bent structural stiffaness matrix was constructed. Indices
were used to relate local element DOF’zs to global DOF‘s.

The bent structural matrix was divided so that components
related to the four DOF’s of the centrally located bent-to-

deck counnection node were partitioned as described below.

F1 K11 K12 Ay
= 2.11)
F2 K21 K22 A2
fKlpent
where {F1} = nodal force vector;
{F2} = nodal moment vactor = (0};

and (K11l is a 4 X 4 matrix.
Then the bent structural matrix was condensed (18] to re-

late the deck-to-bent forces to displacements and rotations
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(F1} = [K1"(411} ‘ (2.12)
(2.13)

where [KI* = [K11) - (K12} (Kp2)1—-1(K21l1.
This matrix in effact represents a group of four aprings
which are attached to the deck at bent locations.

(q) Overall Bridge Structursal St;ffnesa Matxrix: By

accumulating contributions of baents, deck elerents,

intermediate deck hinges, and abutment aprings, the overall

structural atiffneas. matrix was conatructed. First,
elament indices relating local to global degrees of freedom
were developed,. Then, element sastiffness natéicea were
added to thé overall satructural stiffpess matrix at
appropriate locations. The bridge atructural stiffness

matrix was subdivided a0 that componentas related to the

tranasverse displacements were placed in the upper left-hand

subrmatrix as follows

p Kijg Ki2 u
= ' (2.14)
M K21 Koo <] ‘
where {P} = equivalent nodal forces;
and (M} = equivalent nodal momeants.

Then the structural stiffness matrix was condensed to

relate known transverse forces to displacemnets as

(P)™ = (KI*(U} (2.15)
sthere (P}* = (P} - (Kj2](K223 1) (2.16)
and (Kl1® = [K11) - (Ki2)I{Kp»21-1(K211l. (2.17)
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2.3 Structural Modeling Techniques - Longitudinal Direction

Thie part of +the analytical model was developed to

determine the bridge response for horizontal loads in the
longitudinal direction.

(a) Longitudinal Deqrees of Freedom: For loading in the

longitudinal direction, only three degrees of ££eedom
({DOF’s) needed to be considered (Fig. 2.18). All nodes
waere free to displace in the longitudinal and vertical
directions (axes 2 and 3). In addition, all nodes were
allowed to rotate about the transverse direction (axis 1).

(b) Deck Elements: Because there is bending about the

=

transvarse axis, the deck elements were assumred to consist
of an elastic middle portion with infinitely rigid end
saegments at each end (Fig. 2.12). Tha length of the rigid
end block is the distance from the centroid of the bent cap
{where a node is located? to the edge of the transverse
diaphragm. At abutments, the distance ias taken from the
node defined at the end of theldeck to the inside edge of
the diaphrags.

The unresatrained DOF’asa on a deck element of the
longitudinal model are digplayed in Fig. 2.19. Both the
axial and vertical shear deformations are neglected. The
large axial area of the deck combined with the fact that
most of the longitudinal deformation will result f£from
bending of the columns makes these assumptions valid.

Figure 2.12 ahows the deformed shape of a deck element



excluding relative end displacaements. Tha procadure for

determining the longitudinal deck elaement stiffness matrix

is identical to that of the bent cap elements for the

tranaverse model (Sec. 2.2.d>. Using Egs. 2.7 to 2.10 the

longitudinal deck element stiffnesas matrix can be shown to

be
(Kldeck = (TIT{KTI(T] (2.18)
where {KT] = deck element rotational stiffness for
bending about the transverse direction
and r--1 1
—-_——— 1 - === Q
L L
Ty =
1 1
- 0 - --- 1
L L
(c) Column Elements: In the longitudinal direction the

column elements are free to rotate about the transverse

as well as, translate in the loagitudiqal direction.

axis,

The vertical DOF’s at both ends of each coluin are =aslaved,
thus neglecting axial deformations. Identical to .the
colunn elements used in the tranasverse model, the column

alements are asaumed to consist of an elastic line element

with an infinitely rigid end segment at the top of the

column (Fig. 2.8)>. The permissible DOF‘s for a column

element in the longitudinal direction are shown in Fig.

shear deformations and following the

2.20. Including
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procedure outlined for column elements for the transverse
rodel <(Eqas. 2.2 to 2.5, and noting that the torsional DOF
is restrainad, the stiffness matrix for column alements in

the longitudinal direction reduces to

(Klcol = (TITIKICTI (2.19

where [Kl] = the column element stiffness matrix for
end rotations only:

transformation matrix to include relative
end displacements.

and (T

(d) Bent Cép Element=s: The bent cap elements were assumed
to be flexible in the torsional sense only (rotation about
axis 1, Fig. 2.18>. For a line aelement bridge model it
would appear that the bent cap elements are capable of
bending about the vertical direction (axis 3). However,
for 2 real bridge the deck is attached +to +the bent cap
along the entire length of the bent cap either continuously
(monolithic deck-pier joints) or at several locations
(aimply-supported decks). Consequently,‘ the deck will
prevent rotation of the bent cap about axias 3. In
addition, since the deck and bent cap move as a unit, thé
bent cap ends are not expected to experience any relative
displacements. The unrestrained DOF’s for longitudinally
loaded bent cap elements are displayed in Fig. 2.21. The

stiffness matrix for a bent cap elament subjected to

torsion only is



GJ 1 -1
(Klpent cap = --
L -1 1

where G = shear modulus;
J = torsional jinertia;
L = unsupported bent cap length.

e) Boundary and Intermediate Hinge Elements:? Abutament and

pier base stiffness properties were idealized using two
translational {(directions 2 and 35 and one Irotational
(direction 1> linear elastic springs. In addition, inter-
mediate deck hinge elenents. comrprised of 1linear elastic
translational and rotational springs are used to model
expansion joints (Fig. 2.16). The stiffness matrices for
single node abut#ent and pier bgse springs, and interme-
diate deck hinges (double node) are identical to those
described for the transverse model.(Séc. 2.2.€). The only
difference being the values of stiffness Kj, K2, and K3.

(f) Substructuring: Based on the assumption that the deck

and bent caps will not experience rotation about the
vertical direction'(axis 3>, only one 1ongitudinal degree
of freedom was assigned to all of the bent cap nodes (Fig.
2.18){ The deck and bent cap experience the same displacef
ment -in the longitudinal direction. Identical to the
transversea model, the lcongitudinal DOF‘s at pier basses are
“slaved*® so that all pier bases displace the séue amount.

In acdition, because axi2al deformations in column elemaents
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are neglected, all the nodes on an individual column are

assigned the aame vertical DOF.

Using indices which relate 1local element DOF’s to
global DOF‘’s, individual element contributions werea
accumulated to fora the bent structural stiffness matrix.
Similar to the transverse bent stiffness matrix, this
matrix was divided so that components related to the three
DOF’s of the central bent-to-deck node were placed in the
upper left-hand =matrix [(Ki11 <(See Eq. 2.11). For the
longitudinal bent stiffness matrix, [K111 is a 3 X 3
ratrix. Using Eqa. 2.12 to 2.13 the bent stiffness matrix
was condensed to represent a group of three springs which
attach to the deck at bent locationa (Sec 2.2.£).

(h) Overall Bridge Structural Stiffness Matrix: Through

element indices relating locel +to global degrees of
freedom, the bridge stiffness matrix was formed. This
matrix contains sgstiffness components from benta, deck
elements, mabutment springs, and intermediate deck hinges.
The bridge atiffness matrix was partitioned-'(identical to
the transverse model) so that components related to the
longitudinal displacements were placaed in the (K31l matrix
of Egq. 2.14. The bridge structural stiffness matrix was
condensed so that unknown longitudinal diaplacements, {u}
could be calculated uaing applied eduivalent nodal loads,

{P} and (M) (See Eq. 2.15 to 2.17).



CHAPTER 3

SEISMIC LOADS BASED ON ATC-6

3.1 Intraductiaon

Recent advancea in dynamica of atructureas allow
design engineerse to perform more rigorous dynamic analyses
of strucutures. In order to simplify the task of imple-
menting these relatively new and advanced dynamics of
structures techniqueas in the field of bridge engineering,
Penzien and Imbsen have developed the Single-Hode Spectral
Method (SHSH) [16]. The SMSM is an approximate analytical
procedure for obtaining the forces in stfuctural members
of highway bridges due to seismic lcading. The SMSM can be
applied to bridges which can be characterized as having
thelr predominant dynamic response in a single mode of
vibration.

Similar to the "lollipop method” , the basis ibehind
the SMSM 1s that the dynamic forces acting on the bridge
result from inertial loading <(Fig. 3.15}. The primary
difference being that. the SMSM considers the stiffness of
the entire system and not Jjusat 1#dividual bents.

Procedure 1 of the Applied  Technology Council (ATC)
document (2] follo#a the SMSM for analysis of regular
highway bridges. A discussion of the ATC-6 clasiffication
of bridges, an overview of the SMSM (ATC-& procedure 1),

and a discussion of computer implementation of procedure 1

are presented.
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3.2 lied Technolo Council Method (ATC-6)

Included in the ATC~-& document ars two proceduraes for
seiamic analysia of bridges. Depending on the geometry and
location of the bridge, aither the SMSM (prccedure 1) or a
Multi-mode Spectral Methed (procedure 2) are apecified.
Tha MicroSARB model follows the SMSM, and can be used to

analysis regular bridges.

(a) Classification of Bridges? The ATC document £21

includes an acceleration contour map of the United States
from which an acceleration coefficient (A) can be deter-
rined for ;arioua ragions of the country. Bridges have
been classified into two groupsa, regular and irregqular. A
regular bridge is defined as having no abrupt changes in
mass, stiffness, or geomatry along its length. An irregular
bridge is any bridge not defined as regular.

All regular bridges with an acceleration coefficient
of 0.09g and higher, as well as, irregular bridges with
acceleration coefficients ranging from 0.09g to 0.19g can
be analyzed by the unimcdal analysis method fprocedure 1>,
An importance claasificatiqn (IC) 1is assigned to all
bridges located in moderate to severe seigmic regions (A >
0.29). The importance factor is an indication of the
impact of potential loas associated with a given bridge.
Based on the acceleration coefficient and the importance
classification, the bridge ia sssigned to a éeisuic per-

formance category (SPC) which, 1in turn, identifies the
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analysia procedure to be used.

Consideration to geotechnical characteristics of a
given sasite is included through a aite coefficlient (S),
Response modification factors (R) are used to account for
nonlinear action of structural componenta. Theaese factors
tend to reduce internal forces determined from an elaatic
analysis, and account for redistribution of forces to
foundations and abutments.

(b) Sinqgle Mode Spectral Analysis Method - Procedure 1: The

éingle mode spectral analysis method cutlined in the ATC-6

manual [2] employs Rayleigh’s method (4] to determine the
aingle mode response of a bridge. Although bridges are
generally continuous systems conaisting of many components
contributing to the overall stiffness of the system, by
assuming a single mode of vibration the bridge can be
modaled aas a single degree-of-freedom ‘'generalized
parameter”™ model.

Conaider the uniformly loaded bridge sheown 1in Fig.
3.2.c. Taking advantage of the fact that free vibration
displacements result from inertial forc;a, it ia recognized
that the <£ree vibration shape ia the deflected shape
resulting from loading the bridge with a load proporticnal
to mass of the bridge. Thua, by firat applying a uniform
unit load Pg so that the bridge deflects  into an aasumed
mnode shape Va(x), and multiplying by a generalized

amplitude function, V(t), the dynamic deflection, V(x,t>,
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of the bridge is generated (See Fig. 3.2).
Vix,t) = VglxlVt)

The equation of motion for this continuous system

approximated by a generalized coordinate is

m*V(t) + c"*Vt) + k"V(t) = p*(t) (3.1

where n* ‘[n(x)vsz(x)dx + §:H1Vgi

c* fe(x) (Vg (x)12dx

K fEI(x) [V (x)12dx

.= 2 x (max. strain energy due to load Pyl

Po
2]-- j.vs(x)dx
2

fp(x,t)vs(x)dx )

e
»
0

and

Note:
ni(x) = distributed mass along bridge length:

mj = additional discrete mass;
Vai = corresponding discrete displacements;
c(x) = distributed damping along bridge length;

EI(x) = distributed stiffness along bridge
length;

Po = uniform unit load along bridge length.
For the generalized single-degree-of-freedom system
subjected to ground acceleration Vg(t) wa have pix,t) =
-m(x)Vg(t) , thus
p* = -Vg(t)jrn(x)vs(x)dx -

Noting that =m(x) = wd(xd/g and dividing Eq. 3.1 by m* ve

have



P K" -Vg(t)

V(L) + == V(L) + = V() = —-——-- jiw(x)VQ(x)dx 3.2)
n" n* gn*
where
c* k"
-- = 2€w and -— = g2
.I ﬂ“
hence k* gPgo | Vai{x)dx
2 = - | e e et e e o - -
S fw(x)v,,Zcx)dx
Note that is the undamped natural frequency of the
systemn. If we let
a = fvs(x)dx (3.3
B = fw(x)vs(x)dx 3.4
Y = fw(x)vsz(x)dx (3.5)
then ’
or
T = (3.6?
and
~Vg(t) -Vg(t)
—————— }’w(x)vs(x)dx R mmemmm————

Using the standard acceleration response spectral

value-Cq in its dimensionlesas fornm,

3.7
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where Sa(€,T) ia the pseudo acceleration spactral value, or

1.24S5 :
Cg = ~===—=- (3.8
T2/3
where
A = the acceleration coefficient:
S = the site coefficient;
T = the fundamental period:;
‘the maximum response of the system is given by
Vix,timax = VI(tImax Va(sx)
where
Sa Ca g g
V(t)max = Sd = -——— = e
w2 w2Y
thus
Cs g B
Vix,timax = =—-——-=---- Va(x) . (3.9)
w2 Y

An approximate maximum acceleration ia given by

m2V(x't)nax -

Hence, the inertial 1load which yvields  'the maximun

displacement V(x,timax 18 given by

B Cg
Pe(x) = I(X)mz\'(x't)nax = --'Y.'--. W(K)Vs(X) « (3,103
This -‘inertial 1load is then applied to the deck as a non-

uniformly distributed load, and the resulting static forces

bacome the‘psuedo seismic forces.

-

{c) Genera)l Procedure: The staep-by-step procedure for
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applying the ATC-6 procedura 1 is as followa:
Step 1: Apply a uniform load, Py, along the length of the
bridge. Through a static analysis determine the deflected
shape, Vgi(x).

Step 2: Calculate parameters 0,B, and ¥ of Eqs. 3.3 to
3.5, respectively.

Step 3¢ Calculate the fundamental period based on the
assumaed vibration shape (Eg. 3.6).

Step 43 Determine the gseismic coefficient, Cg, and the
pseudo inertial load, Pe(x) (Egs. 3.8 and 3.10) based on an
acceleration spectrum.

Step St Apbly pseudo inertial load, Pg(x), and perform
static analysis to determine resulting pseudo seismic dis-

placerents and forces.

Step 6: Modify forces based on the response modification

factors.

3.3 Isplexmentation

The above procedure was inplenented-ih‘the MicroSARB
nodel using simple curve fitting and nunericél integration
technigquesa. Because the analyticel model described in
Chaptex 2 is a discrete model, a curve must be pasased
through diacrete nodal displacements, and numerical inte-
gratio; of tha curve must be performed in order to generate
the parameters o, B8, and Y (Egs. 3.3 to 3.5).

(a) Curve Fitting: By applying a uniform unit load, Pg, the

bridge ig deflected into an assumed mode shape (See Fig.
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3.2.¢). The true daeformaed shape is obtainad by considering

the bridge deck as & continuous system. It should be noted

that the bridge may contain discontinuities at hinge loca-

tiona, but sections of the bridge in between hinges are

continuous, In order to perform a static analysis, the

bridge is modeled as a diascrete saysten. Thua, only dia-

placements at discrete sastructural nodes are known (Fig.

3.3.a). Becauase pararetaers d, B, and Y (Eqa. 3.3 to 3.5)

involve integration of the displaced shape over the entire
length of the bridge deck, the intermediate (between nodes)

displacements rmust also be determined.

The displacement function Va(x) for the bridge is

generated by fitting a smooth curve through the known nodal
displeacements (Fig. 3.3.b). A common curve fitting tech-
nique which can be employed to generate a curve is the

Least Square’s method (25,2613, A problem with this method,

and methods of this type, is that for bridge decks modeled
with only a few nodes the shape of the curﬁq generated may
not effectively represent the true deformed: shape. This
mathod becores even nofe erroronecus for bridges with

intermediate deck hingeas. In which case a series of curves

are generated. Each curve may contain aa few as 2 or 3

nodes.

Another approach to generating the deformed shape of
the bridge is the method of cubic splines (23). The basis

behind this method is to fit successive cubic splines

36



baetwaean each -suporstructuro node point. One advantage to

this method is that it allows for a closaed form solution
of the three intaegrals of Ega. 3.3 to 3.5. At the aame
time producing a smooth reprasentation of the diaplaced

shape. The SEISAB-I model employs thia method for curve

generation (113.

Due. to the inaccuracy associated with the Leaat
Square’s method, and due to the fact that the method of
Cubic Splines requirea substantial computer memory, an
alternative method of curve generation was used in the
HicroSARB model. In MHicroSARB, the displacements in
between the nodes are deﬁernined using the displacements
and forces at the boundary nodes for each element.

Once the superstructure nodal displacements, rotations
and element end forces (shears and moments) due to a
uniform unit load have bean determined, a displacement
expression for each element can be calculated. Consider an
individual deck element subjected to a unifé#g load w (Fig.
3.4).° Cutting the elerent at a distance x and summing
momants at the section (Fig. 3.4.b) leads to

M(x) + 1/2uwxZ2 - Vox + Mg = O ., (3.11)
Noting that for a beam in flexure MNx) = EI(d2y/d=x2),

1nte3rating this expression twice, and applying boundary

conditions

Y{(xo) = Yo and  ------ =00
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which are the left-end nodal diaplacemant and rotation

determined from the atatic analysis, the equaiton for the

displaced shape is detarminaed. Twe conastanta of inte-

gration are generated in the double integration proceas.

Thesa conatants are determined based on the above boundary

conditions. The summarized expressaion for the diaplaced

shape is
1
yix) = —= (Ax% + Bx3 + Cx2 + Dx + E)
EI
where
A = w/é4:
B = Vg/6;
C = ~Ma/2;
D = [EIfo - wXg3/6 - VoXg2/2 + Moxol:
E = [EICyo - BoXo) + wxod/8 + Voxo3/3 - Moxo2/21.

Continuity of the displaced shape is assured since

equillibrium and compatability are aatiafiéd at each node.

(b) Numerical Inteqration: Evaluation of the fundamental

perio& of vibration, T, and +the seismic load, Peilx),
involves the three integrals of Egs. 3.3 to 3.5S. Using the
expresasion for displaces shape, Vgi(x), and considering a
unifo;n mass along the length of each deck element, thesg

parameters (o, 8 , and Y ) can be evaluated using a simple

nurerical integration technique. Consideration was given

to both the Trapezoidal rule and Simpson’s rule. Both
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methods approxiaate the area-under a curve as a sumration
of trapezoidal areas, thus represanting the curve as =a
series of linear approximations.

Given the asimplicity of both methoda and the fact that
the Simpson’s rule 1is a slight improvement over the
Trapezoidal rule, the Simpson’s method was chos=en. A
displacement function, Vg(x}, was deterniﬁed for each deck
element. By breaking each deck element into 100 equal
increments, numerical integration of Eqa. 3.3 to 3.5 using
‘Simpson’s rule becomes véry accurate. The example dis-
played in Fig. 3.5 illistrates the efficiency of the
Simpson’s rule. In this example the area of a parabola is
determined by conasidering 40 intervala. The error between
the exact solution and Simpson’s method' (0.071%) is
insignificant. It is dimportant to keep in mind that the
Single Mode Spectral Method is an approximate method, and

slight errors in computing the reaponse parameters can bhe

tole;ated.



CHAPTER 4

PARAMETRIC STUDIES

4.1 Introduction

Beyond being a tool for implementing the ATC-6 method
i, MicroSARB proviaes dasign engineers with an efficient
means by which parameter studies may be performed. Because
of the low c¢cost running time associated with micro-
corputers, studies to determine +the effacts of varying
different element stiffness properties can be performed.
Through pardngter studies the design engineer can obtain a
better feaeel .for the behavicor of the structure, and thus
isolate the more critical elements.

To illustrate one application of the MicroSARB program,
a parameter study in which the effects of variations of
boundary element stiffnesses on the ‘internal pier forces
was done on the Rose Creek Bridge.

In addition, in an attempt to establish reasonakle
limitations on the degree of askew and curvature that a
bridge may have, yet still be analyzed with MicroSARB, a
study examing the effects of skew and curvature on the

overall seismic design forces (based on a single-mode

analysis) is presgented.

4.2 Rose Creek Bridge Abutment and Pier Base Study

The methods used by design engineers to determine the

stiffness properties of foundations and abutments are
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generally approximate and may not always agree with
experimental data. The approximations uaed to calculate
atiffneas propertiea can lead to inapprepriate daeign
forces in the bridge structure. Through programs like
MicroSARB the senaitivity of the bridge resasponse to
variations in the stiffness ofdboundary elements can be
determined.

TO demonstrate one application of MicreSARB, the

Rosecreek Bridge which had been previously subjected to
analytical_and experimental atudies by othera (6,7,20],
was analyzed to determine the senasitivity of internal pier
forces to variations in the stiffnesses of bcunda?y
alements. This bridge has uniform mass and stiffness along
its length, and hence, can be classified as regular.
a) The Test Bridge: The Rose Creek Bridge located on
highway 1I-80 near Winnemucca, Nevada, is a five-span
reinforced concrete multicell box girder bridge with a
total length of 400 ft. (Fig. 4.1). The substructure is
comprised of four Vsingle piers (Fig. 4.2) and pile-
supported abutments. The deck ia continuous with no
intermediste expansion jointe. The deck is R supported on
fiva elastomeric bearing pade at each abutment.

The sasuperstructure and pier element stiffnesses were
calculated based on geometry and concrete properties. The
abutment spring stiffnesses were those determined from a

previous system identification study of the bridge (211.



The lateral and rotational stiffnees of pilea were obtained
from Ref. 15, in which the stiffnesses were calculated from
the pile group geometry and the soil profileas. In order to
simplify the evaluation of the resulta, the stiffness
properties of the foundation at bent 2 were used for all
benta. Actually the foundations at bents 1 and <4 are
slightly "“softer."™

The critical seismic forces in the Rose Creek bridge
are the mcoment and shear at the base of the piers as well
as the forces at the foundﬁtions and abutments. The effect
cf varying boundary element stiffnesses on abutment and
foundation forces is direct and significant. Howaver, the
effect on pier forces is uncertain. For this reason, only
the sensativity of pier momants and ashears were examined in
this study. Because the pier basesa are moment resistant in
the transverse direction, but hinged in the longitudinal
direction, only transverse locading was conaidered.

Using MicroSARB the ATC-6 procedure 1. (for “regular*
bridges) waa applied to the bridge based on an acceleration
coefficient of twenty-one percent of gravity (Fig. 4.3).
The forces determined did not include the reaponse modi-
fication factors specified by ATC because they would only
produce a unifornmeffect. The reference case was taken to
be the bridge model with boundary 5t1f£nessgs described

above.

For the Roae Creek bridge, because the deck ends are
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supported on bearing pads, the correlation between satiff-
nesa in different directiona needed to be taken into
aécount. The value of abutmant stiffneas for translation
in the z direction and the rotational stiffnese about the y
axia (Fig 4.4) are related because they both depend on the
shear stiffness of the indiviual pads. The roiﬁtional
stiffness about the x axis depends primarily on the norﬁal
astiffneas of the pads, thus, it can be approximated as an
independent variable. The foundation rotational and trans-
- lational stiffnesses may also be treated as independent
parameters. The formrer 1as dominated by the pile-soil
friction forces, while the latter is controlled by bearing
forces between piles and the scil.

bD)Discuassion of Resulta: Based on the afarénentioned

discuasiona, four independent parameteras were varied:
1. Abutment rotational stiffness about the % axis,

2. abutment rotational atiffness about the y axis and
the translational stiffness in the z direction,

3. pier foundation rotational stiffness about the x
axia, and '

4. pier foudation translational stiffness in the =z
direction.

(i) Effect of Rotational Stiffneaas at Abutmenta - It can be
observed in Fig. 4.5 that varying the abutment rotational
stiffness about the longitudinal axis has little effect on
the pier moments and shears. The stiffness in the
reference case was taken to be 6x106 K-in/rad. The

stiffneas variea between one-tenth of the reference value
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and very large stiffness quantities which approximate fixed
(against rotation) abutmenta. It can be seen that both
shears and moments in ¢the piers were insensative to
variationa in the stiffneea. Forces in piers one and four

were slightly affected, but the change was only about ten

percent.

(ii)» Effect of Shear Stiffness at Abutments - The bearing
shear atiffness influenced the translational stiffness in
‘the transverse direction (z axis) and rotational stiffness
about the vertical direction (y axis) (Fié. 4.4), There-~
fore, +these  stiffness values were varied simultaneously.
The results are shown in Fig. 4.6. The reference values
were 400 K/in for translational satiffness, and 300,000
K-in./rad for the rotational stiffness. The range of
stiffnesses used in this study included the value commonly
calculated based on bearing pad manufacturers and the
stiffness determined through the system identification
study. The plots shown in Fig. 4.6 indicate +that the
shears in piers one and four were the most sensitive
parameters. Because these piers are relatively cloase to
the abutments, it 4ia apparent that forces were redistri-
buted to the abutments aa the abutment astiffnesses were
increased. Forces in the middle #iera increased, but at a
ralatively small rate.

(1ii) Effect of Rotational Stiffnesa at Pier Foundations -

Figure 4.7 shows the changes in shears and moments due to



variations of rotational astiffneases at pier foundations.
The satiffneas for the reference case was 100,000,000
K-in/rad. It is evident that pier base shears and moments
were very aensitive to the variation of rotatiocnal atiff-
ness of the pier foudations, particularly when stiffnessasca
are relatively low. For higher stiffneas valuesa (50,000
K~-in/rad and higher)? the shears and moments remained
relatively unchanged. Although the atiffnesa values are
very high, this range of stiffness can not be viewed aa
infinitely atiff since a aignificant part of the deck
daeflection resulted <from pier foudation rotation. The
curves indicate that for relatively “soft™ foundstion
systems, designers should pay particular attention to
obtaining a realistic estimate of the foudationas rotatiocnal
stiffness properties.

(iv} Effect of Tranalational Stiffneass at Pier Foudationa -
The variation of momenta and shears as a function of
transveérse horizontal stiffness (in the z direction) of the
pier foundations 1is shown in Figml 4.8. The refefence
stiffness was S000 K/in. It can be asaeen that even when
doubling or reducing the reference stiffness by a factor of
five, the pier forcaas did not change appreciably. The

variation of forces was approximately ten percent.

4.3 Tha Effects of Skew and Curvature on Reqular Bridges

Based on the ATC-6 definition of a “"regular”™ highway

bridge, skewed or curved bridges may be classifjied as
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ragular, thus the single-mode analysis would apply. This
is particularly true for short span bridges where the
difference in geometry between adjacent supports would be
minimal. MicroSARB is for the analysia of straight
bridgaes with no askew. Since many bridges are with akew or
curvature, or both, a sansativity study to determine the
degree of skew or curvature which would lead to significant
deviations for a satraight unskewed model results was
performed on a two-apan bridge.

The ATC method accounts for the directional uncer-
tainty of earthqguake motions by considering a combination
of orthogonal forces [2]. The elastic sejismic forces
resulting from the analyses in the transverse and longi-

tudinal directiona must be combined to form two load

cases.

Load Cage 1 -

Forcea = 100X x | Longitudinal | + 30X x | Tranaversae |

Load Case 2 -

Forces = 100X x | Tranaverse | + 30X x | Longitudinal |

wherse

{ Transverse | = absolute value of the member stiffness
seismic forces resulting from analysis
in the transvergse direction,

| Longitudinal | = abaclute value of the membar elastic
seiasmic forces resulting froa
analysis in the longitudinal

direction.

The resulting forces then bacome the design forces. In
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thia atudy the comparison waa mnade using these dasaign
forces. The calcualted forces did not include rxresponse
ncdification factors =esince the veffects would only be
uniform. The study presaented was done using SEISAB-I which
allows for vgriation of akew and curvature in the single-

mode analysis.

a) Variable Skew Test: In this atudy the effecta of skew

on column moments and shears wera examined by simultaneous-
ly varying the skew (by the same degree’) at thae abutments
and at the bent (Fig. 4.9). The bridge model used for this
test was a continuocus two-span reinforced concrete bridge
with a single two-column bent (Fig 4.10)>. This bridge is
located on Route 113 in California. The total length is
435 ft, The deck and column properties are displayed in
Fig. 4.10, In order to simplify the interpretation of
final results, the abutments were assumed +to be pinned
(free to rotate about the y axis) in the transverse
direction, and simplyJ;upported in the longitudinal
direction (Fig. 4.11). The bent foundation was taken as
fixed. The sauperstructure-to-bent connecticon 4is mono-
lithic,

fhe skew angle was varied as shown in Fig. 4.9. The
degree of varying skew ranged <£from O to 25 degrees.
Shears, moments, and axial force at the bottom of the left
column (See Fig. 4.9) were calculated for loasding in the

longitudinal and tranaverse directions. The resulting
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forces based on a single-mode analysis are displayed in
Tables 4.1-4.5. Included in the tables are forces from the
direct analysis <(Indiv.) and factored forces (Comb.) in
accordance with ATC-6 load cases 1 and 2. In addition, the
critical woments, shears, and axial force are tabulated.
These shaara and moments are the largest resultant of the
combined transverse and longitudinal results. Although
biaxial bending ia preasent, for qircular columna, design
based on resulant shears and morments is realistic.

The final design forceé were tabulated and are
displayed in fable 4.6. The reference case is the bridge
described in the previous seciton with skew equal to zero

degrees.

b) Discuassion of Skew Test Resulta: It can be observed in

Tables 4.1 through 4.5 that some individual force
components vary significantly with changing skew. However,
the more critical design forces; the moment about the =z
axis due teo longitudinal loading (Mz>, the.shear in the =z
direction resulting from longitudinal loading (Vz), and the
axial force induced by transverse loading (P) remain
relatively unchanged as a function of varying skew (Fig
4.107,

It can be observed ;n Table 4.6 that a skew angle
between 10 and 15 degrees is the break point at which error
becomes gignificant. For this bridge and bridges with a

similar configuration, a skew angle up to 10 to 15 degrees

ﬁ#
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can be toleratad before the bridge can no longer ke

analyzed as a straight bridge.

c) Variasble Curvature Test: By gradually decreasing the

radiua of curvature, the effects of curvature on column
forces warae axamined for a ;wo-apan bridge (Fig. 4.9). The
bridge model used to examine curvature effects is identical
to the bridge used in the akew test with the exception of
span lengths.(Fig. 4.10>, For this test a symmetric bridge
with equal apan lengths of 200 ft. was chosan. This allows
for sinpler_évaluation of the f£final results.

The radius of curvature varied from infinity
(reference case, straight bridge) to 200 £¢t. (1/R =
0.003). Using SEISAB-I and the ATC-6 single mode analysis
mathod, bottom column forces in the left column (See Fig.
4.9) were calculated. (See Tables 4.7-4.12). Identical to
the askew testsas, resultant design shears and moments and
axial force obtained from combined loads were calculated.
These results were tablulated and compg}ed to the reference
case (atraight bridge, 1/R = 0) (Table 4,13).

d) Discussion of Curvature Test Results: Similar to the

skew tesat, some individual component forces vary signifi-
cantly with changinglcurvature (Tables 4.7-4.12). But, the
resultant (critical) forces vary only alightly with in-
creasing curvature. Once again, the dominant moment (Mz
- Long.), shear (Vx - Long.), and axial force (P - Trans.)

do not vary significantly as a function of varying curva-
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ture. The results suggest that this bridge may reach

a curvature (1/R) as high as 0.0025 (R = 400 ft.) before
the atraight model analyaias can no longer be consasidered

accurate.

4.4 The Effect of Analysis Method

Given the wide range of bridge configurations, it is
often difficult to determine if the aingle-mode apectral
approach is sufficient to describe the dynamic behavior of
the bridge. In order to e:;:anina the validity of the
single-mode analysis method as an approximate method for
obtaining seismic forces in highway bridges, a study
comparing the single-mode analysis and the mnulti-mode
analysis for a two-span bridge was made.

The bridge used 1in this study ias the reference
(akew=0) bridge described in section 4.3.a. The results of
the multi-mode analysis are presented in Table 4.14.

A Comparison between the single-mode and mnulti-mode
analyses (for the case of =zerc skew) reveals that the
variation of resultant forces betwaeen the two analyses is
significantly different (Tables 4.1 and 4.14). However, it
can be seen that for loading in the transverae direction,
the single-mode and nmulti-mode results are quite close.
The percent error between the single-mode and rulti-mode
results ranged between 0.1 percent for axial force, P and
12 percent for moment, Mz. In the nulti-mode analysis for

the predominat transverse mode, the period is 0.380 seconds
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while the corresponding natural period for the saingle-mcde
analysis waa ©0.383 sgeconda. The close correlation of
period and forces between the two analysis maethods
indicates tht the fundamental mode of vibration was indeed
the predominant mode in the transverse direction.

In the longitudinal direction, the single mode and
rulti-mode analysis results were very different in some
instances. Tha largest difference was in the M> where the
single-mode method coverestimated the moment magnitude by 25
percent. The lack of close agreement for forces -in the
longitudinal " direction saugguests the higher modes of vib-
ration contributed to the response, and the single-mode
analysis may not be sufficiently accurate.

Tha net effect on design forces was either conser-
vative or unconservative depending on the force component.
The single-mode method overestimated the resultant moment
by 23 percent, and the reaultan£ ahaar by 13 percent, but

it underestimated the axial force by 7 percent.
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CHAPTER S5

SUMMARY AND CONCLUSIONS

5,1 Summary
The primary objective of this atudy was to develecp a

microcomputer model for implementing procedure 1 of the
Applied Technology Council (ATC-6) =seismic design guide-
linag for satraight regular highway bridges, and to demon-
atrate the effectiveness of the model as an analytical tool
'for performing parameter studies. The model was named
MicToSARB, which standas for Microcomputer-Based Seisric
Analysis of éegular Highway Bridges.

The ATC-6 procedure 1 employs the Single Mode Spectral
Analysis Method (SMSM) for seismic analysis of “regular®
highway bridges. The basic asasumption behind the Single
M;de Spectral Method is that for a bridge with noc abrupt
change of geometry, mass, and stiffness along its length,
the seismic response can ba determined by considering only
the fundamental mode of vibration of the b;idge.

According to ATC-6, regular bridges need to be
analyzed twice in each of the transverse and longitudinal
directions. One analysie is for a uniform unit load to
determine the fundamental mode shape of the bridge, and the
other for psuede seiamic loads to determine the design
lateral loada. Thia laeads to a space frame analyais in the
tranaverase direction of the bridge. |

By developing two separate mnodels (one for each



direction), and incorporating substructufing tachniques for
bents, the analysis can be =simplified. The ATC—Svprocedure
1 is & simplified approach, and tﬁe bridges which can be
analyzed usasing this method musat have a regular geometry.
As result{ many assumptions which allow for a reduction in
the number of degreeg of freedom (DOF’s) typically required
for a three-dimensional analysis of bridges were used to
simplify the analysis. These assumptiona and the general
modeling techniques employed are described in Chapter 2.

An overview of the Single Mode Spectral Analysis
Method and a description of the computer implementation of
this method are presented in Chapter 3.

Once the microcomputer model was developed, a
sensitivity study evaluating the effectgs of varying
abutment and pier base spring forces was performed on the
Rose Creek Bridge; a five-span reinforced concrete bridge
located in Winnemucca, Nevada. The object of the study was
to identify critical boundary elements which would
influence the pier forces asignificantly. This study is
. deascribed in Chapter 4.

Also included in Chapter 4, is a study establishing
limitations on the degree of skew or curvature that a
bridge may contain before it can be idealized as a straight
bridge and analyzed by MicroSARB.

In order to establish a "rule of thumb™ as to the

critical degree of sgskew or curvature which when present

53



limits the applicability of MicroSARB, two aaeperate atudias

.véluating the effecta of skew and curvature on internal
column forcas were done on a two-span bridge.

In addition, in order to evaluata the accuaracy of the
MicroSARB model, several tests comparing resultas fronm

MicroSARB to SEISAB-I for the ATC-6 aingle mode approach

are praaentaed in Appendix A.

5.2 Observations

The sensitivity study presented in Chapter 4 ia one
application of the wmicrocomputer model. This study
revealed thai, for the Rose Creek Bridge, the pier base
foundation and abutment bearing aystem flexibility pley an
important role in determining the lateral design forces of
the bridge piers. It can be seen by the results of the
study that, for seismic modeling of the bridge, a more
accurate determination of the rotational stiffness pro-
pertias of the pile fcocundations at the piers is required.
The shear stiffnegs of the elastomeric beafing pads used at
abutments was also found to be an important parameter in-
fluencing pier forces. It should be noted that the Rosa
Creaek bridge was a single-column syatem. The above
obgservations may apply to bridges with nulti-column piers
to a iesser degree.

Based on the rasults of the skew test presented in
Chapter 4, it can be observed that for bridges with a

configuration similar to that in the case study, skew
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anglas of up to 15 degrees can be tolerated before the
straight modal analysis no longer yields reasonable
re;ults. It was also found that bridges with curvatures
of up to ©0.0025 £ft.-1l can be treated as regular systenms
without considerable loss of accuracy.

It is important to'keep in mind that the skew and
curvature tests considered only one bridge configuration (a
two-span, two-column bent bridgea). Becauge each bridge has
& unique configuration, for any given bridge the values of
acceptable dagree of skew and curvature may not necessarily

be the same as those obtained in the study presented in

Chapter 4.

5.3 Concluding Remarks

Microcomputer programs like MicroSARB can play an
important role in transfering advanced analysis and design
methods to design officea. Analytical techniques, such
as the ATC methods for seismic design of bridges, need
to be readily available to designers; Votherwise these
techiques will not be utilized.

Use of microcomputers to implement complex design and
analysis methods leads to more accurate solutions As wall
ags a more efficient means by which to obtain the solutions,

Baecause of the gquick turn around and low runtime costs of

microcomputers, the designer can readily examine severai

alternatives and optimize the solution in a relatively

short period of time. In the case of MicroSARB, the bridge
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aengineaer can vary different bridge satiffness parameters
affecting the seismic behavior of the bridge in an attempt

to determine the more critical deaign parametersa.

S.4 Futuge Congiderations
It should be pointed out that MicroSARB ias only =a

first step for implementing the ATC methods on micro-
computera. MicraoSARB 15 limitad to atraight bridge
configurations. For the remaining, more complex bridge
configurationas, & mainframe computer and a program like
SEISAB~-I are needed to perform a multi-modal analysis.
Given the ev;r increasing apeed and memory capacity of
microcomputers, implementation of the more involved
multi-modal procedure on a aicrocomputer seems feagible.
By using technigues like substructuring and memory
efficient atorage, & aspace frame model needed to handle
complex bridge geometry configurations, including skewed

and curved bridges, can be developed on a microcomputer.



10.

11.

REFERENCES

American Assaciation of State Highway and
Tranaportation Officala, "Standard Specification for
Highway Bridges,* 1977.

Applied Technology Council, “Seismic Design Guidelines
for Highway Bridges,*” ATC Report, No. 6, October 1981.

Chen, M. and J. Penzien, “*Analytical Investigations of
Seismic Response of Short, Single, or Multiple Span
Highway Bridges,™ EERC Report 7S5-4, Universaity of
California, Berkeley, January 1975.

Clough, Ray W. and Penzien, J., Dynamics of Structures,
McGraw-Hill, Inc., New York, N.Y., 1975, pp. 129-137.

Dodeon, J., "‘Seismic Desigﬁ Guidelines for Highway
Bridges’ - A Brief Overview Concering Their Use,"
Proceedidgs of a Workshop on Seismic Design of Highway
Bridges, Reno, Nevada, April 1984.

Douglas, B., and W.H. Reid, "Dynamic Tests and System

Identification of Bridges,®™ Journal of the Structural’

Engingeering, ASCE, Veol. 108, No. S5T10, October 1982,
pp. 2295-2312.

Douglas, B., M. Saiidi, J. Richardson, and J. Hart,
“Results From High Amplitude Dynamic Tests and
Implications for Seismic Design,™ Proceedings of the

Fifeteenth Joint Meeting of U.S. - Japan Panel on_ Wind
and Seismic Effects, UJNR, May 17-20, 1983, 22 pp.

Fung, G., R. Lebeau, E. Klein, J. Belavedere, and A.
Goldachmidt, *“*Field Investigationa of Bridge Damage in
the San Fernando Earthquake,™ State of California
Pivision of Highways, Preliminary Report, 1971.

Gates, J.H. and M_.J. Smith, “Verification of Dynamic
Modeling HMethods by Prototype Excitation,™ California
Departmaent of Transportation, Report No. FHWA/CA/Sb-82/
07, Sacramento, Calif., November 1982.

Gillies, A. G. and R. Shepherd, "Dynamic Inelastic
Analysis of a Bridge Structure, ™ Bulletin of
Seiamoclogical Society of America, Vol. 72, No. 2, March
1981, pp. S17-530.

Imbsen, R., J. Lea, V. Kaliakin, K. Peranc, J. Gates,
and S. Perano, “SEISAB-I - Seismic Analysis of Bridges

57



12.

13.

14.

15.

16.

17.

180

19.

20.

21.

22,

58

a User Manual,"™ Engineering. Computer Corporation
Report, October 1982, 94 pp.

"Imbsen, R.A. and R. Schamber, "Earthquake Resigtant

Bridge Besrings,"™ Report Ho. FHWA/RD-82/165, May 1982.

Jenninga, P.C. and J.H. Wood, “Earthquake Damage to
Freeway Structures,' Engineering Features of the San
Fernando Earthquake, Paul Jennings, Editor, 1973, pp.
279-366, ’

McCalla, Thomas R., Intreduction to Numericasl Methods
and FORTRAN Programming, 1967, pp. 239-2590. '

Norris, G., “Evaluation of +the Nonlinear Stablized
Rotational Stiffneas of Pile Groups,™ Proceedings of
the Third ASCE/EMO Conference on Dynamics of
Structures, Los Angeles, California, April 1886.

Penzien, J. and Imbsen R., "Seiamic Analyaia of Bridges
a Single Mode Spectral Approach,* Proceedings Advances
in Earthquake Engineering, Univeraity of California,

Berkeley, June, 1980.

Penzien, J., R. Imbsen, and W. Liu, “NEARBRS - Nonlinier
Earthquake Analyeis of Bridge Systems,*” EERC Report,
University of California, Berkeley, May 1981.

Przemieniecki , J., Theory of Matrix Structural
Analysis, New York, McGraw-Hill, 1968, pp. 147-148.

Saiidi, M. and B. Douglas, “Effects of Design Seismic
Loads on & Highway Bridge," Journal o¢f Structursal
Engineering, Vol. 110, No., 11, November, 1984, pp.
2723-2737. -

Saiidi, M. and J.D. Hart, ™"Nonlinear Seismic Reaponse
of Short Reinforced Concrete Highway Bridges,*
Proceedings of the Eighth World Conference on
Earthquake Engineering, San Francisco, July 1984, vVol.

vV, pp.- 191-199,

Saiidi, M., J. Hart, and B. Douglas, “Inelastic Static
and Dynamic Analysis of Short R/C Bridges Subjected to
Lateral Loads,™ Civil Engineering Department, Report
No. CCEER-84-03, VUniversity of Nevada, Reno, July

1984, 99 pp.

Saiidi, M. and M. Sozen, "“Simple and Complex Models for
Nonlinear Concrete Structures, Series 4693, Civil
Engineering Studies, University of Illinois, Urbana-



23.

"24.

25.

26.

59

Champaign, August 1979, pp. 16-19.

Shoup, Tarry E., uperica Methoda for the Persocnal
Computer, Prentice~Hall 1Inc., Englewood Cliffg, NJ,
1583.

“The AutoCADTM Drafting Package," User Guide, Autodesk
Inc., April S, 1985, 339 pp.

Wang, P., Numerical and Meaetrix Methods in Structural

‘Mechanics, With Aplicationa to Computers, New York,

Wiley, 1966 pp. 176-178.

Wolfe and Koelling, Basic Engineering and Scientific
Programs for the IBM PC




60

Table 4.1 - Skew Test - Bottom Column - Skew = O deg.

- D R D . T e il el e ) D D A DG - WD DD OD A D O D D ST D e WD e m -

Tast the Effect of Skew

- - — - G- e A D G D OD e D o e A D 0 W S D D EE e G e OB P W R mc G RS ST mm OO WO WD W G e e e e -

‘'Two Span Bridge - Two Column Bent Skew = O deag.
iBottou Column) Units = KIP and FT
Mx Mz Vx vz P

Trans. 20390.0 495.1 38.1 1465.0 1675.90
(Indiv.? ' .

Long. - i8.6 32170.0 2212.0 2.1 15.6

Trans. 20395.6 10146.1 701.7 1465.6 1679,.7
(Comb.) '

Long-. 6135.6 32318.5 2223.4 441 .6 Si18.1

O D - D D S P WG M S S D D g G G D R e TR W W T T e w— w0 D

32896

Reaultant (Critical) M

2267

Reasultant (Critical) V

Critical P = 16890
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Table 4.2 - Skaw Test - Bottom Column - Skew = 0 dag.

- ——— iy kS W il A A i o A W o ——— -

Two Span Bridge - Two Column Bant Skew = 5 deg.
{Bottom Column) Unita = KIP and FT
Mx Mz Vx vz P

Trans. 20310.0 2343.0 165.9 1459.0 1€6€6.0
(Indiv.)

Long. 2758.0 32050.0 2204.0 197.8 156.7

Trana. 21137.4 11958.0 827.1 1518.3 1713.0
(Comb.)

Long. 8851.0 32752.9 22353.8 635.5 £56.5

- — — . N W G D A D e . e vl D o i —

33928

Raaultant (Critical) M

Resultant (Critical) V 2342

Critical P = 1713
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Table 4.3 - Skew Test - Bottom Column - Skew = 10 deg.

- Ty e D I W CE D 0 4 S D M A D P UE ST A D S G5 g S T e R S O S R S T D D S D S D AT S D e G R S e D S wm —mb S me

T D D D A D R D emn I M D S S N R D A A SO ORI SN R D A0 D T D S D D D - e i D e arh 5 S A e . D e

Two Span Bridge - Two Column Bent Skew = 10 dag.
(Bottom Column) Units = KIP and FT
Mx Mz Vx vz P
Transa. 20070.0 3177.0 215.6 1442.0 1646.0
¢(Indiv.? ’
Long. - S5440.0 31700.0 2178.0 387.6 262.9
Trans. 21702.0 12687.0 869,00 1558.3 1724 .9
(Comb.) '
Long. 11461.0 32653.1 2242.7 820.2 756.7

34606

Resultant (Critical) M

Resultant (Critical) V 2388

Critical P = 1725
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Table 4.4 - Skew Teast - Bottom Column - Skew = 15 dag.

- ———— —————— . W D e W D WD D W e g D Gy W ——— e W S P A D D D S D D

Two Span Bridge - Two Column Bent Skew = 15 deg.
(Bottom Column) Unita = KIP and FT
Mx Mz Vx vz P
Trans. 19680.0 4973.0 339.3 1414.0 1610.0
(Indiv.) '
Long. - 8121.0 31120.0 2134.0 578.5 392.6
Trana. 22116.3 14309.0 979.95 1587.6 1727.8
(Comb.)
Long. 14025.0 32611.9 2235.8 1002.7 875.6

Resultant (Critical) M 35500

Reaultant (Critical) V 2450

Critical P = 1728



64

Table 4.5 - Skew Teat - Bottom Column - Skew = 25 deg.

- G AR D . i . . D T e v A i W S e o Gw e W ml A A G D O G D e AT EID o g% A D O S D D S e D O WS S5 o ma mo

o . — D D D e G e el A g D D SE e D SR g A P TS WD g G D WS GO R D A O S G N OO SR D D D S S D G W R TR D et e A D e

Two Span Bridge - Two Column Bent Skew = 25 deg.
(Bottom Column) . Units = KIP and FT
Mx Mz Vx vz P
Trana. 18450.0 8425.0 975.1 1324.0 1498.0
(Indiv.)
Long. 13290.0 29280.0 1997.0 944 .3 615.5
Trans. 22437.0 17209.0 1174.2 1607.3 i1682.7
(Comb.)
Long. 18825.0 31807.S5 2169.5 1341.5 - 1064.9

o D O S L WD G S S D M S Dy e Y e e D G W L ELs oy S GO Gy M WD TD T M G S e e O D D e -

36961

Resultant (Critical) M

[H

Resultant (Critical) V 2551

Critical P = 1683
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Table 4.6 - Comparison for Varieble Skew Teat

P D SR D D A Gh D L D D G D CE D - D S En A, . . b e . —

Teat the Effect of Skew

Two Span Bridge - Two Colimn Bent

(Bottom Column) Units = KIP and FT
Design Forcesa
Skaw Mcment X Error Shear X Error Axial % Error

(degrees)
o 32896 - 2267 - 1680 -
5 33928 3.0 2342 3.2 1713 1.9
10 34606 4.9 2388 5.1 172S 2.6
15 35500 7.3 24350 7.5 1728 2.8
25 36961 11.0 2551 11.1 1683 0.2



-66

Table 4.7 - Curvature Test - Bottom Column - 1/R = ©

- e vm b o et AND S AT M G A D E I A D S S A SN G S N WA M CH E O D R D e M D D D S WD T A 6 B Y D O ED G D D e e ..

Two Span Bridge - Two Column Bent 1/R = O
(Bottom Column) Unita = KIP and FT
Mx Mz V= vz P
Trana. '18060.0 C.0 0.0 1298.0 1488.0
(Indiv.)
Long. 0.0 30390.0 2106.0 0.0 0.0
Trans. 18060.0 9117.0 631.8 1298.0 1488.0
{(Comb.)
Long. 5418.0 30390.0 2i106.0 389.4 446 .4
Resultant (Critical) M = 30869

2142

Resultant (Critical) V

¢ Critical P = 1488
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Table 4.8 - Curvature Test - Bottom Column - 1/R = 0.0005

- g WO WD A N N A M D T P T G M S —— Y D D D i ——— D A IS M D WD W WD A AR R R A £S iy wp e - v

- Tast the Effect of Curvature
Two Span Bridge - Two Column Bent " 1/R = 0.0005
(Bottom Column) Unitas = KIP and FT
Mx Mz Vx vz P

Trans. 18070.0 13.7 1.2 1299.0 1488.0
{(Indiv.?> .

Long. 780.1 30S510.0 2114.0 S5.6 32.3

Trans. 18304 .0 9166.7 £35.4 1315.7 1497.7
(Comb.)

Long. 6201.1 30514.1 2114.4 445.3 478.7

Resultant (Critical) M = 31138

2161

Resultant (Critical) V

Critical P = 1498
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Table 4.9 - Curvature Teat - Bottom Column - 1/R = 0.001

-—— A AUR M D Em i G S S G S G M S D e D G S M D WD G D M D D ER W WS WD R W G5 W WS G WO S D P WD G e

Teat the Effect of Curvature

Two Span Bridge ~ Two Column Bent i/R = 0,001
(Bottom Column) Units = KIP and FT
Mx Mz Vx vz P
Trana. 18110.0 20.2 1.8 1301.0 1492.0
(Indiv.) A .
Long. 1557.0 30590C.0 2120.0 i11.0 €4.4
Trans. 18577.1 9197.2 637.8 1334.3 1511.3
(Comb.)
Long. 6990.0 30596.1 2120.5 S01.3 S512.0
Resultant (Critical) M = 31384
Resultant {(Critical) V = 2179

Critical P = 1511

.
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Table 4.10 - Curvature Test - Bottom Column - 1/R = 0.0012S

- A G T WD e S W W S W W G Y R A D T R WD T M Y e W T P T AR e R T e W T AR Sw -

R D . D W — T D . W . TR G D T - G G T R - - — - - - -

Two Span Bridge - Two Column Bant i1/R = 0.0012S
(Bottom Column) Unita = KIP and FT
Mx Mz Vx vz P
Trans. 18140.0 20.7 1.9 1303.0 1494.0
{(Indiv.)
Long. 1944.0 30620.0 2122.0 138.6 80.5
Trans. 18723.2 9206.7 638.5 1344.6 1518.2
(Comb.)
Long. 7386.0 30626.2 2122.6 529.5 528.7

R T T e R M A M W S SN S M S . M e Y gy . S S e S S A . W A - " o —— S —

Resultant (Critical) N 21504

Regsultant (Critical) V 2188

Critical P = 1518



Table 4.11 ~ Curvature Test - Bottom Column - 1/R = 0.0025

Test the Effect of Curvature

Two Span Bridge - Two Column Bent 1/R = 0.0025
(Bottom Column) Units = KIP and FT
Mx Mz Vx vz P

Trans. 18380.0 38.3 2.8 1321.0 1515.0
(Indiv.) , ‘

Long. 3848.0 30680.0 2124.0 274.3 162.1

Transa. 19534.4 9242.3 640.0 1403.3 1563.6
(Comb.)

Long. 9362.0 30891.S 2124 .8 &670.6 8616.6

Resultant (Critical) M = 32088

Resultant (Critical) V = 2228

Critical P =, 1564
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Table 4.12 - Curvature Test - Bottom Column - 1/R =2 0,005

S D G G T ——— ——— T —— - —— D - P EE WS R e

Taest the Effect of Curvature

D ——— - WP W TR WD D P e N B W D Sen W e v D e W A gy - D S i T ————— i - — ——

Two Span Bridge ~ Two Column Bent 1/R = 0.005
(Bottom Column’ Units = KIP and FT
Mx M=z Vx vz P
: Trans. 19340.0 186.6 - i3.s 1390.0 1599.0
(Indiv.)
Long. ' 7354.0 30280.0 2087.90 S524.3 324.2
Trans. 21546.2 9270.6 639.9 1547.3 1696.3
(Comb.)
Long. 13156.0 30336.0 2091.1 941.3 803.9

Resultant (Critical) M 33066

Resultant (Critical) V 2293

Critical P = 1696
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Table 4.13 - Comparison for Variable Curvature Teat

- T D WD G D o D P D D A — D R D D D e e D CE G e R D D G0 D G N D M D e OR  D EE  m  a  aw

Teat the Effect of Curvature

- D —— G O G D - D - D e e G O G G WD D W R G e WD D e A G e e A e -

Two Span Bridge - Two Column Bent R = Radius of Curve

kW A A A A e GRS e e AD G CE L M W G P W . S D T e -

{(Bottom Column) Unita = KIP and FT

—— e . D i T Gmr S —— T — —— — —— G D A e o VD ke e T e e D i - -

DPesign Forces

1/R Momaent X Error Shear X Error Axisl % Error
s} 30869 - 2142 - 1488 -
.00050 31138 0.9 2161 0.9 1498 0.7
.00100 31384 1.6 2179 1.7 1511 1.5
.00125 31504 2.0 2188 2.1 1518 2.0
.00250 32088 3.8 2228 3.9 1564 4.9

-« 00300 33066 6.6 2293 6.6 16398 12.3
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Table 4.14 - Multi-mode Analysis for Zero Skew Bridge

-, T P W A Y — —————

Multi-mode Analyaias for Zero Skaew Bridge
Two Span Bridge - Two Column Bent Skew = O dag.
(Bottom Column) Unita = KIP and FT
Mx Mz Vx Vz P

Trans. 20510.0 562.9 "43.5 1480.0 1673.0
(Indiv.)> ) :

Long. 550.9 25690.0 1921.0 63.6 462,.,2

Transa. 20675.3 8269.9 619.8 1499.1 1811.7
(Comb.?2

Long. 6703.9  258358.9 1934.0 507.6 S64.1

Resultant (Critical) M = 26714

Resultant (Critical) V = 2000

Critical P = 1812



Hinge Types

o) Abutment Hinges
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b} Intermediate Hinges

~ ' =4
/ ==/

¢> Double Hinge at Bent
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d> Single Hinge at Bent

Figure 2.1 - Intermediate Deck Hinges
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Capabilities of Computer Model

Column Types
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AL

Single Column Bent

~___~

Multi-column Bent with Cop

Multi—column Bent

Figure 2.2 - Columnsa Types
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Computer Model — ATC 6 — Procedure 1

Apalytical Bridge Model Representation
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Intermediate Node
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Figure 2.3 - Analytical Bridge Model Presantation
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Deck DOF*s

Transverse DOF's

Figure 2.5 - Transverse Loading - Degreea of Freedom
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Z 22
Figure 2.6 - Unrestrained DOF’as for Tranaverse Deck Element

Figure 2.7 - Column Element Idealization
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Figure 2.8 - Deformed Shapa of Column Elament (No Lateral
Displacement)
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Figure 2.9 - Transformation of Moment for Column Rigid
Segment
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Figura 2.10 - Unresastrained Column Element DOF’a for
Transverse Model (Y1 = Y¥Y2)
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Figure 2.11 ~ Column Displacement~Rotation Relationship

Rigid Zone

LXAL' _L L’ _L MBL’ J

1 1 i

Figure 2.12 - Daformed Shape of Bent Cap Element
(Tranaverae Loading) and Deck Element
{Longitudinal Loading)
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Figure 2.13 - Equillibrium of Rigid-~End Sagment
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Figure 2.14 -~ Unrestrained Transverse Bent Cap DOF’'s
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Figure 2.15 - Bent Cap (Transverse Model) and Deck
(Longitudinal Model) Displacement-Rotation
Relationsahip

Figure 2.16 - Expansaion Joint Spring Idealization
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Deck DOF's

Longitudinal DOF's

Figure 2.18 - Longitudinal Loading - Degrees of Freedon
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Figure 2.21 - Unrestrained Longitudinal Bent Cap DOF’s=s
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Nodal Displacements
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Figure 3.3 - Curve Fitting
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l J Ol = \\Vstxddyx

Direct Integration

Vsix) = —0,085398 + 0.060857x "~ 0.0001529x2
o = 157264

Simpson’s Method (n=40)

q = 157153

%z Error = 0.071%

Figure 3.5 - Numerical Integration with Simpson’s Rule
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ELEVATION NOAMAL TO FREEWAY

Figure 4.1 - Plan View and Elevation of the Rose Creek

Bridge
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Figure 4.10 - The Example Bridge for the Sensitivity Study
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APPENDIX A

MICROSARB TESTS EXAMPLES

Introduction

The example problems included in this publication
illustrate the capabilities of the Microcomputer-Based
Seiasmic Analysia of Regular Bridges ' (MicroSARB) computer
program which c¢an be used to implement Procedure 1 of the

ATC-6 Seismic Design Guidelines.
These examples demonstrate the accurary of the model
by comparing the resulis obtained from MicroSARB with those

obtained using the mainframe program Seismic Analysis of
Bridgeas (SEISAB). In addition dissimilarities between the

. MicroSARB and SEISAB models will be examined.
The following format 1is used in presenting each

example problem:

~ The objective of each example ia discussed

~ A brief desacription of the bridge being analyzed
is presented

- Important madeling details are given

~ Tables comparing MicroSARB and SEISAB results for
a) deck displacements due to a unit load b) ATC-6
-procedure 1 coefficients and <¢) deck displacements
due to a psuedo seismic load are provided

~ The output as pertaining to the compariscon between
MicroSARB and SEISAB is discussed

In some examples both transverse and longitudinal
directiona are presented, whereas, in others only trans-

verse results are given.
In all cases the axial and shear deformations are

neglected.
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EXAMPLE 1

ANALYSIS OF A SINGLE-SPAN BRIDGE

Objective

Thise example illuatratea the uase of MicorSARB in
analyzing a single-span reinforced concrete box-girder
bridge. This example demonsirates the accuracy of modeling
the deck elements.

Description of the Bridge

This bridge 1a a hypothetical example using real
bridge properties. The box-girder spans are prismatic and
are comprised of normal weight concrete. Abutments are
assumed to be rigid and are restrained <from displacement
and rotation in all directions except the longitudinal
direction. The longitudinal displacement is assumed to be

free.

Modeling Details

The bridge has an overall span length 120.5 feet. The
section properties of the bridge are displayed in figure
A.1.1. A uniform unit weight of 20.3 kips/ft. ia used to
represent the weight of the concrete and all other
componenta along the length of the bridge.

All of the abutment springs except the longitudinal
diaplacement spring are assigned values of 1.0El1O0. The
longitudinal displacement spring 1s assigned a value of
1.0E-10.

An Acceleration Coefficient (A) of 0.4 and a Site
Coefficient (S) of 1.2 for Scil Profile Type II are assumed
for this bridge aite,

s J
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SUPERSTRUCTURE PROPERTIES

A = 123 112
Ig-t= 117 14
12-2=65550 ft4
13.3= 527 ft4
t'c=3250psi

Figure A.1.1 - Example 1 - Bridge Deck Properties
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- - = R eh EE EE Y W P M TR e T WS R WR WD WS e WA SN W e T W e e P e Y S AR e b W e e e e e o

Comparison MicroSARB vs. SEISAB

- —— T R T e D e T S e W e e e e e e b b b b S e A e UE s b i A -

- . R S - D - A D e R S R S R P TR R R MR D MR AR MR SN e e NS e D R AR = e e = e S

- v - — . e Y S S Y S - M e WE mm M T WD N S T MR e N R A A AR D e m— . A R e e e =

Node # MicroSARB SEISAB % Error
b 1.205E-08 1.203E-08 0.00
2 1.592E-05 1.592E-05 0.00
3 2.607E-05 2.607E-0S Q.00
4 1.592E-05 1.S92E-0S5S .00
3 1.205E-08 1.205E-08 0.00

. A W . .y P S e e e e . W e e e v e e e

Alpha, Beta, Gamma, and T - Period

- =y eyt = = e R o o b e T R M = SRk T AP b = = W o = = e wt wr w am o o -

Parm. MicroSARB SEISAB % Error
Alpha 0.0017828 0.0018253 2.33

Beta 0.0361923 0.0370551 2.33
Gamma 7.21SE-07 7.399E-07 . 2.49
T-period 0.0223 0.0222928 0.03

Py



e e S W A e - A v o e s — e A T T - e - ——— o ——— -

— . ow mm e W G G e W e WD ML S M D M N MR A e R G e A A G A e D N AR e G L G M e G . A A e e S e = A S e = e

Iten MicroSARB SEISAB % Error
Abut 1.816E~-07 1.856E-07 2.21
Node 3.167E-04 3.196E-04 0.90
Node 5.327E-04 S.369E-04 0.79
Node 3.167E-04 3,196E-04 0.90
Abut 1.816E-~07 1.8565-07. 2.21
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i D R T WD P W M e M R R - e e S e W e e A e e W W G e e W = WO -

—— o e ——

- . — . W W b g P e o S A o R RS R ol e ok i . A T mn - — -

- e S Am A A e M AR M e G e e - 0 - — - N WS - - aa -

Node # MicroSARB SEISAB % Error
1 6&.025E-02 &.025E-02 0.00
2 6.025E-02 6.025E~02 0.00
3 65.025E-02 6.025SE-02 0.00
4 6.025E~-02 6.025E-02 0.00
S 6.025E-02 6.02SE-02 0.00

- - . - W e S T T M W S W M S A W e e W e e e e e e v W e - v -

Alphe, Beta, Gamma, and T - Period

- . A e e W e W T A e W AT o e W S e e e e (e e Y T e W e - -

Parm. MicroSARB SEISAR % Error
Alpha 7.26012 7.26013 .00
Beta 147 .381 147.381 0.00
Gamma 8.879680 8.879680 T 0.00

T-period 1.2246 1.2246 0.00
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- O i WD gy e WDt W gin A e e R M M M R D CEY MR MR e Eh A e R A AN e R G S e M S e e e e M e e AR S e w0 =

. e . . e i, e S e D MR A D e e G - R e G D A S D D e O — . —

Itenm MicroSARB SEISAB % Error
Abut 1 0.615490 ©.615490 0.00
Node 2 0.615490 0.615490 0.00
Node 3 0.615490 ©0.615490 0.00
Node 4 0.615490 0.615490 0.00

Abut S 0.615490 ©.615490 0.00
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D usgi [a] he Comparison

A comparison between MicroSARB and SEISAB indicates
that for both the transverse and the longitudinal
directione the displacements due to a unit load are exact.
Also in the longitudinal direction the ATC-6 parameters and
the displacements due to & psuedo seismic load compare
exactly.

In the tranaverse direction the ATC-6 parameters and
the displacements due to a psuedo seismic load do not agree
exactly between the two models. This apparent disagreement
results because the generation of the curve which repre-
sents the displaced shape in the tranaverse direction is
different for the two models.

In the MicroSARB model the displaced shape for each
deck element ia generated by using the flexural beam
egquation for a uniformly loaded beam with known end shears
and moments, as well as, the known initial conditions;
displacement and rotation. This results in a fourth-order
equation to represent the flexural deformation of the
bridge. The MicroSARB model uses Simpson’s Rule to numeri-
cally integrate the displaced shape when generating the
ATC-6 parameters and the psuedo seisric nodal loads.

In the SEISAB model the known nodal displacements and
rotations are used in conjuncticn with the method of cubic
splines to generate a seriesa third-order equations
(splines) to represent the deformed shape of the bridge.
This model considers a closed-form solution for calculating
the ATC-6 parameters and the psuedo seismic nodal 1loads.
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EXAMPLE 2

ANALYSIS OF A FIVE-SPAN BRIDGE

Objective

This example 1illistrates the uge of MicorSARB in
analyzing a five-span reinforced concrete box-girder bridge
with single column piers. Thia example demonatrates the
effects of modeling bent elements (columns) and abutment

and pier base spring elements.

Description of the Bridge

The bridge used in +this example ia the Rosecreek
interchange located in Winnemuca, Nevada. The box-girder
apansa are prismatic and comprised of normal weight
concrete. Seat-type abutments and pile footings at the
pier bases provide longitudinal and tranaverse stiffness,
All four piaers consist of 21 foot long columns with & inch
hinges - at the foundation to column interface. The deck to
pier connection is monolithic.

Modeling Details

A plan and elevation of +the bridge is provided in
figure A.2.1. The.section properties and a cross-sectional
view of the deck spans and columna are displayed in figure
A.2.2. A uniform unit weight of 0.8083 kips/in. is speci-
fied and accounta for the weight of the concrete and all
other components along the length of the bridge.

Abutment spring stiffness are specified as follows:
transverse displacement sﬁring 4.0E2

(tranaversae) longitudinal rotational spring 6.0E6
vertical rotational spring = 3.0ES

longitudinal displacment spring = 1.0E-10

(longitudinal) vertical displacement spring = S.0E9
tranaverase rotational spring = 5.0ES

Pier base apring stiffnesa are specified as follows:

tranaverse displacement spring = S.0E3
(transaverse) longitudinal rotational spring = 1.0E8
vertical diasplacement spring = 5.0E9Q

longitudinal displacement spring = S.0EQ
(longitudinal) vertical displacement spring = S.0E9
tranaverse rotational spring = S.0ES
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An Acceleration Coefficient of 0.21 and a Site
Coefficient of 1.2 for a Soil Profile Type II are used.
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A M D D WD o e R S e A A . A W G S S S S R M G A e e M S W M e S S NS T e R S R AN S W A W W w0 Yo e S

Comparison MicroSARB va. SEISAB

- e D — o = D B G e . wh AN W G e e W TN e e W T AT MR e W e Wy e b ) S Nk G WP o e w a me  w

Rosecreek Bridge: S span bridge with single column piers

— e —— — Y ——— — A =T s i s o —

- ——————— - — — W 0w S S i hm e M g W e VS e e b e S wh W P o W e e Ak o G MR WO e e e D

G e . D . e W D Y M R P M D M N A D e A R e MY MR M WP B WD M P M A G W AR T e WP S M e S s WA S Du T e D . .

Node # MicroSARB SEISAB % Error
1 0.828149 0.828543 0.0476
2 0.984035 0.984337 0.0307
3 1.13483 1.13503 - 0.0176
4 1.27847 1.27857 0.0078
S 1.41623 1.41622 0.0007
6 1.65124 1.65015 0.0680
7 1.8397 1.83941 0.0158
8 1.96895 1.9685% 00,0183
9 2.06158 2.06117 0.0199
10 2.15969 2.15922 0.0218
11 2.20138 2.20141 0.0223
12 2.15969 2.15922 0.0218
i3 2.06158 2.06117 0.0199
14 1.96895 1.96859 0.0183
15 1.8397 1.83941 0.0158
16 1.65124 1.65105 0.0115
17 1.41623 1.41622 0.0007
18 1.27847 1.27857 0.0078
19 1.13483 1.13503 0.0176
20 0.984035 0.984336 0.0306
21 0.828149 0.828543 0.0476

. . e et e M W e W - v M S e TS 4 M e W e e M S - e T WP T Wr ar e G e W e W

Alpha, Beta, Gamma, and T - Period

e — — — S e B M At N e e P W G W G e e T e D s Wm e e e wm -

Parm. MicroSARB SEISAB % Error
Alpha 8217.52 8216.375 0.0139

Beta 6642.22 - 6641.296 0.0139
Gamma 12068.7 12065.01 0.0306
T-period 0-.3874 0.387 0.1033
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Item MicroSARB SEISAB X Error

Abut 1 0.20593 0.21353 4.3521
Bent 2 0.353964 0.5397 0.0111
Bent 3 0.94801 0.9413 0.7078
Bent 4 0.94801 0.9413 =~ ©0.7078
Bent S 0.53964 0.5397 0.0111

Abut & 0.20593 Q.2153 4.3321
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Rosecreek Bridge:

e . g SR . R D S S WD R e e M M M W M S G e M e GRS e S . M A e A g AN A o T - - -

e e R B G e M wh e S AR N e e A A M R G e O R S G (E S A - L e TR MR e Y o M G - G wp e AR g b b =

Node # MicroSARB SEISAB % Error

1 2.244 2.24373 0.0120

2 2.244 2.24373 0.0120

3 2.244 2.24373 0.0120

4 2.244 2.24373 Q.0120

s 2.244 2.24373 0.0120

6 2.244 2.24373 0.0120

7 2.244 2.24373 0.0120

8 2.244 2.24373 0.0120

9 2.244 2.24373 0.0120

i0 2.244 2.24372 0.0120

11 2.244 2.24373 0.0120

12 2.244 2.24373 00,0120

13 2.244 2.24373 0.0120

14 2.244 2.24373 0.0120

15 2.244 2.24373 0.0120

16 2.244 2.24373 0.0120

17 2.244 2.24373 0.0120

18 2.244 2.243732 0.0120

15 2.244 2.24373 0.0120

20 2.244 2.24373 0.0120

21 2.244 2.24373 0.0120
Alpha, Baeta, Gamma, and T - Period

Parm. MicroSARB SEISAB % Error

Alpha 10726.5 1072S 0.0140

Beta 8670.25% 8569.03 0.0141

Ganma 19456 .4 19450.9 0.0283

T-period 0.4305 0.43046 - 0.0093

S span bridge with single column piers
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Iten ATC6ePRC1 SEISAB X Error
Abut 1 0.95228 0.9521 0.0188
Bent 2 0.95228 0.9521 0.0189
Bent 3 0.95228 0.9521 0.0189
Bent 4 “ 0.95228 0.9521 0.0189
Bent S 0.95228 0.9521 0.0189

Abut &6 0.95228 0.9521 0.0189
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Discussion of the Comparison

In both the transverse and longitudinal directions the
resultas obtained for diasplacements due to & uniform unit
load as well as the ATC-6 parameters =meem to compare gquite

wall.
The displacements due to a seismic load ara very

accurate for the longitudinal direction. However, the
reaultasa for thae tranaverse direction indicate some dis-
crepency in the generation of the seismic load. There is

significant error at the abutments.

The MicroSARB model useas a direct equation of the
elastic curve for each deck element to generate the dis-
placed configuration fo the bridge. In the SEISAB model
the method of cubic splines is used to generate the dis-
placed shape.



117

EXAMPLE 3

ANALYSIS OF A THREE-SPAN BRIDGE

Obiective

This example illustrates +the uge of MicroSARB in
performing an analysis of a three-span bridge as described
in the ATC-6 Seismic Design Guidlinea for Highway Bridges.
This example demonstrates the accuracy of MicroSARB for
analyzing bridges with multicolumn bents.

Description of Bridge

The box girder sapans are prismatic and composed of
‘normal weight concrete. Seat-type abutments are used, and
the abutment-to-superatructure connections are restrained
only in the transverse direction. The bents are oriented
normal to +the bridge centerline. The bents are compriaed
of three identical 2S5 foot 1long reinforced concrete
columns, aspaced 35 feet on-center and centered on the
bridge centerline. The connection between the bent caps
and the supersgstructure is monolithic.

Hodeling Details

The section properties of the bridge and the bridge
Jayout are listed in Figure A.3.1. The weight of the
concrete, the side railing, and other miscellaneous iteas
are accounted for by applying a uniform unit load equal to
20.3 kips/ft. along the length of the bridge.

For loading in the transverse direction the trensverse
displacerent aspring and the longitudinal rotational spring
are assigned a value of 1.0E10, and the vertical rotatiocnal
spring is assigned a value of 1.0E-10 in-order-to model the
abutment-to-superstructure connection as & hinge. All piexr
base springs are given values of 1.0E10 to model a rigid
pier base.

In the longitudinal direction all abutment and pier
base springs except for the abutment longitudinal
displacement s=spring are assigned values of 1.0E10. The
abutment longitudinal displacement spring equals 1.0E-10.

A Soil Profile Type 11 (S = 1.2 and Acceleration
Coefficient of 0.4 are assumed for this bridge site.
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Comparison MicroSARB ve.

——— . . A - v Y R e e Y e e we e AP P o w w o e S A o S AR S o e A e e . - ——

ATCE Example Bridge:

- n e - AR E S R e AR MR R N S AR A S M P W Y A R M R e TS M e e W W D W A M W WE MR ME MR R AR AR M G e e M e il e e A e e e

- R e - R D . T M A R T e G NS M e S R T M M M MBS MR mS e A MR R MR e e e e A s . —

o i . Y . T T oy o s S . M Y e e e, D g e it D o e A A e e e il e P o e e

- a . - R e e e e R L o e W R e e e e AR e SR b 4 e e e S v et Ma e e e mm e A me e e . A o R iE = e e —

A e e T e e s R P D D W A e S A B P M M S P T e T R T S EE N M M = - e WD P e EE e e A D W e W - -

— e — " ——— — Al "y Y Tl T T T T T o Y i T T o " . " " o Y T S

3 span bridge with 3 column bents

MicroSARB

2.626E-08
0.0013935

- 0.0026765

0.0037656
0.0046065
0.0051669
0.0054124
0.0053245
0.0049143
0.0041031
0.0029691
0.0015618
2.683E-08

‘SEISAB

2.623E-08
0.00133946
0.0026790
0.0037696
0.,0046123
0.0051742
0,0054201
Q.0053319
0.0049204
0.0041134
0.0029719
0.0015631
2.681E-08

SEISAEB

0.0823
0.0848

0.0318 -

0.1048
0.1247
0.1409
0.1437
0.1339
0.1230
0.1050
0.0932
0.0857
0.0835

Beta, Gamma, and T - Periocd

MicorSARB

1.3101
26.5951
0.113654

0.3261

SEISAB

1.312
26.626
0.114

0.327

0.1450

0.1162

0.3044

0.2760
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Itenm MicrcSARB SEISAB % Error
Abut 1 3.910E-07 3.898E-07 0.3000
Bent 2 0©.0936005 0.09368 0.0849
Bent 3 0.100121 0.10602 0.0788

Abut 4 4.036E-07 4.025E-07 0.2627
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ATC6 Example Bridge:

3 span bridge with 3 column bents

—— - T — A e — ot S d o Dt . e — - —— e A e - - —— - - —

Node # MicroSARB

e — e~ e i S ek o A i et St T . . Lt T ot . e il . e . g vl o . ok e e s e

0.016066
0.016066
0.016066
C.016066
0.016066
0.016066
0.016066
0.016066

. 0.016066

0.016066
0.016066
0.016066
0.016066

SEISAB

0.016066
0.016066
0.016066
0.016066
0.016066
0.0168066
0.016066
0.0160866
0.016066
0.016066
0.018066
0.016066
0.016066

% Error

00,0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
0.0000
G.0000
0.0000
0.0000

. - — = - = W e e v v Y - W e e e e e A . - - -

Alpha,

Beta, Gamma,

and T -

Period

ih o m m e e e e s e e ko o m ot A MR e b o R e b = = = - = = b = = - o= P mm e o war v - - =

Parm.

Alpha
Beta
Gamna

T-period

MicroSARB

6.04074
122.627
1.9701

0.6323

6.04097

122.632

1.87025

0.632353

¢.0038

0.0041

0.0076

0.0084
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Itenm MicroSARB SEISAB % Error
Abut 1 0.25499 G.25500 0.0039
Bent 2 0.25499 0.25500 0.0039
Bent 3 0.25499 Q.25500 0.0033
Abut 4 0.25499 0.25500 0.0039
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Discussion of the Combarison

For this bridge the resulta obtained for both the
transverse and the longitudinal directions seem to compare
very well between MicroSARB and SEISAB. More discrepency
is apparent in the transverse direction when cemparing the
two modela for the ATC-6 parameters and the transverse
displacement due to a seismic load. This amall error can
be attributed to different approachea used to generate the
curvature of the superstructure. ‘



EXAMPLE 4

ANALYSIS OF A FIVE-SPAN BRIDGE

Oblective

The ATC-6 Procedure 1 analysis in the tranaverse
diraction ia performed on a five-aspan reinforced concrete
bridge in thias example. In this example the effectiveness
of MicroSARB to analyze bridges with variable column
heights ia examined.

Degcription of the Bridge

A aketch of the continuca, reinforced concrete box-
girder bridge is shown in Figure A.4.1. The abutment-to-
superstructure connection is monolithic, and the abutments
are asasumed to be rigid. The bénts are comprised of two
circular prismatic columna and are oriented normal to the

bridge cenﬁexline.

Modeling Detailsa

The =section properties of the superstructure and the
aubstructure are displayed in Figure A.4.2. The c¢ircular
reinforced concrete columns are spaced 31’-0" on center and
are modeled as single prismatic segments. A bent cap is
used and it has the following propertiea: flexural inertia
about the longitudinal and verticel axes = 75.0, torsional
inertia about the tranaverse axis = 1.0E10,.

The fixed abutments are modeled by assuming all spring
stiffness valuezs of 5.0ES. The pier base apring stiffness
valuaes ara: vertical and transverse displacement springs =
S5.0E9, and the longitudinal rotational spring = 1.0E-10.
This effectively models the column-to-foundation connection
as pinned. -

The Accelleration Coefficient ia 0.21, and a Site
Coefficlient of 1.2 for a Soil Profile Type 1I is specified.
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Five Span Bridge! two column bents (three different types>

e ek ey e et S . . e e

- S . S - - R - o B b e - e . - -

e . o e - Y En A D M WD D N R S e G G A R R e A S S W S M WA b A e o W U e

Node # MicroSARB SEISAB % Error
1 6.9233E-03 6.9242E-09 ¢.01
2 6£.6763E-02 6.6657E-02 0.16
3 1.7S00E-01 1.7858E-01 0.24
4 1.9113E-01 1.9072E-01 0.21
S 9.3253E-02 9.3194E-02 0.06
6 8.5031E-09 8.5073E-09 0.05

o e W Y e ey R e T e T S i WY e e e e v e e A W - T v

Alpha, Beta, Gamma, and T - Period

Parm. MicroSARB SEISAB % Error
Alphe 73.10013 72,186 1.2%
Beta 1111.44 1099,028 1.12
Ganmma 175.41 167.515 4.71
T-period 1.7164 1.687 1.71
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Itenm MicrSARB SEISAB %X Error
Abut 1 -2.0286E-09 -1.41S0E-09 43.36
-Bent 2 1.4712E-01 1.4820E-01 0.73
Bent 3 6.1960E-01 6.3470E-01 2.38
Bent 4 6.8393E-01 7 .0080E-01 2.40
Bent S5 2.4552E-01 2.5060E-01 2.03

Abut & 3.5924E-03  5.,0140E-0S 28.335



Piacussion of the Comparisaon

It is apparent in this example that the deformed
superstructure generated by MicroSARB using equations of
the elastic curve for each deck element is alightly dif-
ferent than the deformed shape created by SEISAB using
cubic splines. Even though there is error between Micro-
SARB and SEISAB for final displacaments, this error is
very amall and can be considered insignificant for this
type of aneslysis. It ias important to note that the dis-
placements at the abutments are very small and thus the
behavior of the abutments is very sensative to even very
srall changes in loading.

12¢



EXAMPLE S

ANALYSIS OF A TWO-5PAN BRIDGE
WITH AN INTERMEDIATE EXPANSION JOINT

Objective

In this example MicroSARB is used to analysis a
two-aspan reinforced concrete box-girder bridge that
includea an intermediate expansion joint in the left deck
span. Thia example illustrates the effectiveness of

modeling hinge elements.

Degcription of the Bridge

This bridge is a hypothetical example using real
bridge propertiea. This bridge is comprised of elements
from the Rosecreek Interchange bridge of Example 2. The
spans and the pier are identical to the exterior apans and
the plers used in Example 2. Seat-type abutments and a
pile foundation at the pier base provide longitudinal and
transverse atiffness.

Modeling Details

The bridge has an overall span length of 104 feet.
The section properties of the sgspans and columns are
displayed in Figure A.2.2. A uniform unit load of 0.8083
kKips/in. accounts for the weight of the concrete and all
other components along the length of the bridge.

For the transverse loading direction the abutment and
pier base translational and rotational spring satifinesses
are the same as those shown in Example 2. For the expan-
sion joint (loaded transversely? the apring stiffnesses are
1.0E10 for the transverse displacement and longitudinal
rotational springs, and 1.0E-10 for the vertical rotational
spring. Thia affaectively models the expansion joint as a
pinned hinge.

For the longitudinal loading direction all spring
stiffnesses except the longitudinal translational spring
are the same as those displayed in Example 2. The 1longi-
tudinal displacement spring is asasigned a value of 1000.
For the expansion joint (loaded longitudinally) the spring
stiffnesses are 1.0E10 for the transverse rotational spring
and 1.0E-10 for the longitudinel and vertical displacsement
springs.

The Acceleration Coefficient and Site Coefficient are
identical to those of Example 2.

130
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ROSEEXP : 2 span bridge, single column pier, expansion jcint

— e WP o i g A WD o W o b e P o Gt o R W e b — -

. . - —— i — — - - o A = A - - . o -

Node # MicroSARB SEISAB % Error
i 0.401993 0.401958 .00
2 1.10374 1.10363 0.01
3 1.80419 1.80396 .01
4 1.80419 1.80396 0.01
S 1.56691 1.56672 0.01
6 1.33485 1.33469 0.01
7 1.11211 1.11199 G.01
8 0.893168 0.893078 0.01
= 0.673523 0.673467 0.01
10 0.452021 0.452 .00

Alpha, Beta, Gamma, and T - Period

Parmnm. MicroSARB SEISAB % Error
Alpha 1395.1 1406.291 0.80
Beta 1127.66 11356.70% 0,80
Gamnma 1412.15 1448.028 2.48

T-period 0.3216 0.324 0.74
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Item MicroSARB SEISAB %X Error
Abut 1 0,122769 0.1192 2.91
Hinge 1 0.892133 0.8955 . Q.38
Bent 2 0.597928 0.587 0.16

Abut 3 0.0396245 0.03405 14.07
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Comparison MicroSARB va. SEISAB

ROSEEXP : 2 span bridge, single column pier, expansion joint

s
T —— e " o T = W gy e P MR g o S e A e gh e A e B W ke et o AP kY —  — — — —— —— = Gm D - = -

e e A o wE —  m gm m P o AR A L AiE b AP B o A e o R R g o o S e . SR o A T wm S S G e - - 00 =

Node # MicroSARB SEISAB % Error
1 ©.313 0.313 .00
2 0.313 0.313 0.00
3 0.313 0.313 0.00
4 0.6128%5 0.61284 .Q0
S 0.61285 0.61284 .00
6 0.61285 0.61284 .00
7 0.61285 0.61284 .00
8 0.61285 0.61284 .00
] 0.61285 0.81284 .00
10 0.61285 0.61284 .00

Alpha, Beta, Gamma, and T - Period

Parn. MicroSARB SEISAB % Error
Alpha 673.436 650.323 3.55
Beta 544 .338 525.856 3.35
Gamma 1 309.854 292.554 3.91

T-period 0.2168 0.2144 1.12
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JTtem MicroSARB SEISAB %X Error
Abut 1 0.0730353 0.07307 0.05
Hinge 12 Q.279997 0.2739 1.46
Bent 2 0,279997 00,2739 1.46

Abut 3 0.2793937 0.2759 1.46
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Discussion of the Compariscon

Once again as in the previoua axaaples the error
batween MicroSARB and SEISAB for displacements due to a
unit load in the transverse and longitudinal direction is
nagligible. However, the error between the two models for
the ATC-6 parameters and the displacements due to a psuedo
saeismic load becomaes slightly more noticable.

As in previocous examples the different methods used to
generate the displaced shape of the superstructure in the
transverse directions leads to small error <for the ATC-6
parameters and final displacements.

In the longitudinal direction SEISAB uses cubic
splines to generate a displaced configuration due to a unit
load. Bacause axial deformations are being neglected the
MicroSARB model assumes that the displacements along the
length of each element are identical to the nodal displace-
ments for the two nodes confining aeach particular element.
In effect the MNicroSARB model does not generate a curve
representing the displaced configuration in the longi-
tudinal direction.
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EXAMPLE 6

ANALYSIS OF A THREE-~-SPAN BRIDGE

Objective

Thia example illustates the use of MicorSARER to
analyze a three-span reinforced concrete bridge with two
different bent types. The capability of MicroSARB to
handle different bent types is demonstated by this example.
Note: Only the tranaversea direction is examined.

Description of the Bridqge

The bridge used in thia example i3 identical to the
one usad in Example 3; however, the left bent is replaced
with a single column pier identical to those of the
Rosecreek Interchange (See Example 2).

Modeling De£ails

The section properties of the bridge superstructure
are listed in Figure A.3.2. The bent section properties
are listed in Figure A.2.2 (single column bent) and Figure
A.3.2 (multicolumn bent). A uniform unit load of 20.3
kips/ft. acccocunts for the weight of the concrete and other
miscell- aneous items. The abutment and pier base spring
stiffnesses are identical to those discussed in Example 3.
The Acceleration and Site Coefficients are identical to

those of Example 3.
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Comparison MicroSARB va.

SEISAB
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A e e St e

T B el T T

e e e e e D e e g W R G o e A e G S S o e N M W W MR e S e R MM e R b o et oy

Node # HMicroSARB SEISAB Error
‘1 2.979E-08 2.978E-08 ¢.0400
2 0.0017715 0.0017717 0.0062
3 0.0034156 0.0034157 0.0029
4 0.0048312 0.0048315 0.0062
S 0.0083471 0.0059477 0.003%6
& 0.0067124 0.0067132 0.01198
7 0.0070762 0.0070772 00,0138
) 0.0070054 0.0070064 0.0140
9 0.0064958 0.0064968 0.0143
10 0.0054354 0.0054363 0.0153
11 0.0039201 0.0039207 0.0135
12 0.0020574 0.0020577 0.0146
13 3.276E-08 3.276E-08 0.0104

Alpha, Betas, Gammé; and T - Period
Parm. MicroSARB SEISAB Error
Alpha 1.70987 1.71 0.0076

Beta 34.71C4 34.714 00,0104
Gamma 0.139403 0.194 0.01355

T-period 0.373 0.373 0.0000
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Itenm MicroSARB SEISAB %X Error

v v Bt

Abut 1 4.586E-07 4.578E-07 0.1849
Bent 2 C©.120675 0.1206 0.0622
Bent 3 0.132303 G.1323 0.0023

Abut 4 S5.263E-07 $.256E-07 0.1402
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Discussion of the Comparison

The reults of the transverse loading seem to compare
very well between the two models for all three catagories.
Once again a slightly larger difference 1s aevident when
comparing MicroSARB to SEISAB for the displacements due to
a seismic load. It is obvious that the deformed sghape
generated using the equation of the elastic curve for the
deck elements (HicroSARB) is very close to that generated
using cubic splines (SEISAB). .



APPENDIX B

MEMORY EFFICIENT PROGRAMMING

B.l Introduciton

One disadvantage associatied with programming on
microcomputers is the limited availability of memory spaée
for storing large arrays of numbers. Because of these
limitations the programmer must utilize memory-efficient

programming techniques to reduce the amount of data atored

in arrays.

B.2 List Processing

In the MicroSARB model, in an attempt to minimize
meﬁory requirements yet increase computational efficiency,
an implicit list processing (ILP) technigue was employved.
For large matrices which can not be banded or triangu-
larized it is more efficient to keep track of only the
non-zero elements. The 1list processing technique is a
means by which only the non-zero elements  are stored in
memory. In this type of list processing, once the values
and locations of the non-zero elements are known the matrix
‘can be manipulated. This can ke referred to as an explicit
list processing (ELP).

In ELP, two arrays are ussually forﬁed, one in which
all the column numbers of the non-zero elements of the
matrix are stored, and the cther acting as a pointer to the

first array, identifying the areas associated with each
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