The largest stress variations were related to the
effects of temperature and particularly to direct
exposure to the sun. As the sun passed over the
bridge, the exposed surface of the south and then
the north tie girder absorbed substantial heat. The
maximum measured temperature was 144°F and occurred
on the top flange of the south tie girder on July
16, 1979, when the ambient temperature was 90°F,
Surfaces not exposed to the sun were always close to
the ambient temperature. Temperature differentials
of 50°F between the top and bottom flange plates and
20°F between the outside and inside web plates were
measured in both tie girders.

The strain measurements indicated that the state
of stress in the tie girders in the vicinity of the
arch ribs is very complex. Maximum daily stress
ranges in the longitudinal direction of the tie
girders were about 10 ksi on the hot days. Where
local bending occurred in the web plates, the maxi-
mum daily stress ranges were about 20 ksi.

Strain readings on two days of similar tempera-
ture conditions were compared in an effort to esti-
mate the underlying stress variation due to light
and heavy traffic. These days were Sunday, July 15,
and Tuesday, July 17. Cages on sectioen NB and
strain gage NF1 were selected for the comparison.
Readings were compared between 2:00 and 6:00 p.m.
Most of the differences in stress are less than 1
ksi at section NB. Stress values obtained from gage
NF1 show a change of 2 ksi in the web of the tie
girder perpendicular to the arch rib. Therefore,
the underlying stress variation due to traffic is
believed to be about 1-2 ksi.

Because the density of the traffic may vary even
during peak periods, it is thought that the under-
lying stress variation due to traffic should be
considered to occur, at most, 50 times a day. This
variation combines with the stress ranges associated
with the passage of heavy vehicles.

CONCLUSIONS

Field testing indicated that stress ranges in the

Seismic Design of Curved Box

C.P. HEINS AND I.C. LIN

The seismic response of single and continuous curved steel composite box
girder bridges has been predicted by an equivalent structure load method. This
method has been developed by computing equivalent structural stiffnesses of
the entire bridge for the three displacement directions (x, y, z) and rotation.
These stiffaesses ate then used W evaluale corresponding natural frequencies
{cy, Wy, Wy, and w¢) by using a single degree of freedom system. The induced
accelerations are then determined from the response spectrum curves. The re-
sults of these analyses are then used to develop a series of empirical equations
for direct design.

As a result of the 1964 Alaskan earthquake, the 1971
San Fernando earthquake, and, more recently, the
1978 Santa Barbara earthquake (1), bridge structures
in the United States have undergohe--considerable
destructive forces. These earthquakes caused—bridge
professionals to reassess the design techniques that
had been applied until that time for seismic design.
A prime force in such modifications has been the
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tie girders under traffic were generally less than 2
ksi and only infrequently 3 ksi. The number of
cycles varied with the location, but it did not
exceed the ADTT. However, the temperature of plates
exposed to the sun may be as much as 50°F higher
than the temperature of plates in the shade, which
is always close to the ambient temperature. The
nominal stress may change by about 10 ksi as a re-
sult of daily thermal effects. Where local bending
was present, the dally stress range was about 20 ksi.
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Girders

California Department of Transportation (Caltrans)
and the California-based professional organization,
Applied Technology Council (ATC). The present 1977
American Association of State Highway and Transpor-
tation Officials (AASHTO) bridye code (2), as re-
lated to seismic design, was greatly influenced by
the work developed by Caltrans. This code suggests
an equivalent static force method for simple struc-
tures and, when the structure is complex--as in
curved bridges, for example--a computer-based re-
sponse spectrum or dynamic analysis should be con-
sidered.

In the present 1977 AASHTO code, most engineers
would use the seismic coefficient method (SCM) be-
cause computer-oriented dynamic programs may not be
available or are not amenable for direct design.
However, the SCM may give erroneous results when
used for design under seismic conditions (3), as ex-—
perienced by Caltrans. Caltrans in fact has used
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the response spectrum technique for the design of
many structures.

Because of these conditions and experience gained
from recent earthquakes, the Federal Highway Admin-
istration (FHWA) decided to reassess the 1975 AASHTO
code and in 1977 sponsored a research program di-
rected by ATC (4). Part of the work of this council
is to prepare a new specification (5). Although
this code will be an improvement over past criteria,
major areas of research still require investiga-
tion. These areas, as suggested recently by dele-
gates attending a workshop conducted by ATC (6), in-
clude the following:

1. Conduct of parametric studies for the seismic
response of common types of bridges to determine the
effects of geometry and constraint on overall seis-
mic response (parameters should include span length,
curvature, column height and stiffness, material,
etc.),

2. Performance of appropriate dynamic analysis
on curved bridges (7,8) and development of a simple
procedure for the design of curved bridges,

3. Development of a practical and accurate
method to estimate the fundamental period of bridges,

4. Correlation of vibrational characteristics of
existing bridges with theory, and

5. Preparation of a summary of dynamic behavior
and characteristics.

These areas of research are currently being studied
and will encompass curved steel and concrete box
girder bridges.

Three techniques can be used in the dynamic
analysis of such structures: (a) the response spec-
trum technique, (b) multimodal method-response spec-
trum, and (c) multimodal time history analysis.
These methods are now being used in this research.
The method that was used in the work described in
this paper involves a space frame analysis of the
general structure, computation of the equivalent
natural frequency, and then determination of the
equivalent dynamic forces for curved steel composite
box girder bridges.

As this paper demonstrates, a comprehensive study
of the influence of the various parameters has re-
sulted in a proposed equivalent static load analysis
technique, It should be noted that a more compre-
hensive study is being done that includes time his-
tory response and multimodal analysis. These re-
sults will then be compared with the results
obtained by using the single degree of freedom
(SDOF) system and the response spectrum data given
here.

THEORY

Computer Model

The general static response of curved bridge struc-
tures requires incorporation of the interaction be-
tween the bending and torsional forces (7-12). Such
interaction can be considered by solving Vlasov
equations (12) or by development of the stiffness
matrix (13) and appropriate restraint conditions.

The matrix-oriented technique, however, is more
versatile in that a three-dimensional model (space
frame) can be considered. This then permits model-
ing of the structure so that the support conditions
can represent the physical restraints. 1In addition,
the induced actions can be applied in three direc-
tions and thus simulate the various earthgquake=-
induced actions.

Therefore, the study of the induced actions on a
structure subjected to earthquakes was confined to
the use of a space frame matrix simulation. The

basic modeling consists of a series of typical ele-
ments attached rigidly together to form a continuous
curved box girder bridge.

The basic properties of each beam element consist
of I,, Iy, and Kp. Although warping and dis-
tortional ~ properties (Iw, W,» and W;) can be
computed, they were not considered in this study be-
cause it has been shown that, with proper bracing of
the box girder, warping and distortional effects are
negligible (10).

Therefore, by properly evaluating the stiffness
of each beam element and identifying each Jjoint
load, the static response of the continuous curved
girder can be determined. The static response can
then be used to determine the effective earthquake
effects by using the response spectrum curves. The
general procedure in which this method is used can
now be described.

The support restraints to be imposed on the
bridge model can be identified as releases in the
computer model. Because a space frame model is be-
ing used, six releases or restraints must be identi-
fied. For the bridge under study, the following was
assumed.

Equivalent Dynamic Analysis

The natural frequency response (w) of an SDOF sys-
tem can be predicted by the following (14-17):

w=vVk/m 1)

where k is the spring constant and m is mass [w/g
(total weight of structure/gravity)] or mass moment
of inertia.

If the frequency w of the system, as computed
from Equation 1 or some other technique, is reli-
able, then the corresponding induced vertical accel-
eration of the mass m created by an earthquake can
be predicted by using the response spectrum curves
given in Figures 1-3. The accelerations obtained
are then used to determine the induced dynamic force:

F=m-agrg (22)

where agg = ¥ = linear acceleration obtained from
response spectrum curves (18).

If the system is subjected to angular accelera-
tions §, then the induced dynamic torque (M) is

M= IéRS (2b)
where

I = mass moment of inertia = | pr2dA = pgree]
f{x? + y2)dA + pooncretef (X2 + v2)dA,
§rg = rotational acceleration obtained from the
response curve (19), and
mass per unit area.

o

This type of procedure has been proposed else-

can accurately determine the natural frequency (w)
of the structure.

Natural Frequenc

As indicated by Equation 1, the natural frequency of
an SDOF system is given as a function of the spring
stiffnesses (k) and the spring mass (m). If the
system is a bridge structure, the spring constant
can be represented by

k=(1/8) (3

where A is the induced maximum displacement caused
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by a unit load. Therefore, by determining the re-
sponse of a given box girder bridge when subjected
to a unit load, an equivalent spring constant can be
obtained. This constant (k) and the total mass of
the bridge will then permit evaluation of the nat-
ural frequency as given by Equation 1.

In the instance of curved structures, the dynamic
action can occur in three principal directions and
one primary rotation. The resulting maximum dis-
placement induced by these unit loads will then give
the corresponding equivalent stiffnesses (Ky o

ky, ky, and kq) as shown in Figure 4. The
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corresponding natural frequencies can then be deter-
mined by applying Equation 1.

Computer Program

A general computer program has been developed (26)
that will automatically determine the equivalent
spring constant for the three translation directions
(kyr ky, and ky,) and the one rotation (kp)
ot a continuous, constant-radius bridge. Section
properties are automatically computed and are used
for determination of the stiffness matrix. Dead

Figure 1. Vertical response spectrum 1000

for 1.0-g i ground a
tion.
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Figure 2. Horizontal response 1000
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acceleration.
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loads and masses are also computed and are used to
determine the equivalent dynamic force, as given by
Equation 2. This dynamic force is then applied uni-
formly to the structure, and the resulting deforma-
tions and actions are determined.

The response spectra (Figures 1-3) have also been
incorporated into the program for direct use. Based
on a constant 2 percent damping value for these
types of bridges (18,22), the general curves have
been written in algebraic form (26).

Figure 3. Torsional response spectrum,
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Figure 4. Equivalent structural stiffness.
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The program will automatically select 11 nodes
for each span with 10 members/span between the sup-
ports. The proper member properties corresponding
to the basic input section lengths are automatically
determined. The interior support restraints are
assumed to be flexible due to the insertion of
springs in the three displacement directions.

BRIDGE STUDIES
Typical Sections

In order to develop a simplified design technique,
the response of various curved box girder bridges
must be examined. Such box girders, which have been
used in previous studies (7), were used in this
parametric study. Only the three-lane, three-girder
system was considered in this study because this is
most typical of curved box girder structures (10).

The basic span length configurations examined are
shown in Figure 5, where length (L) = 50-150 ft and
N (ratio of span length) = 1.2. The radius used for
these various structures varied from 200 ft to in-
finity.

Column Details

In order to include the influence of the flexibility
of the piers, a survey was conducted to determine
typical pier configurations and sizes. Such a sur-
vey has indicated that for a roadway of 44 ft, with
three boxes, a three-column bent is generally used.
Such column bents generally have the following de-
tails:

Column Steel Bars
Type Size (ft) Type No.
Round 2.5 <d < 3.0 #11 12-20

(dTameter)
Rectangular 4x12

#8 or #9 30-40

ELEV.
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Figure 5. Modeled bridge details.
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The height of the bents is 10-15 ft, and the spacing
between columns is 15-18 ft.

By using this basic information, the section
properties (I, and I,) of the round and the rec-
tangular column have been computed (26).

These column stiffnesses were used and a three-
column bent type was assumed in determining the de-
formation of the bent caused by a unit load in the
transverse and longitudinal directions (with rigid
pier caps). The equivalent spring constant was then
determined from

k; = (1/8) = [L3/3E(3Iy)] 4
ky - (1/8) = [L3/3E(31,)] (%)

The resulting k, and ky values for the column
heights of 10 and 15 ft were then determined (26).

With these equivalent pier stiffnesses, the in-
ternal piers can then be modeled by using equivalent
springs.

General

By ucing the basic box geometry and the support
spring constants of ky = 0-2x10* kip/in, ky = =, and
k, = 0.5%10? kip/in to =, the equivalent seismic re-
sponses of the single-, two-, three-, and four-span
structures were examined. The resulting natural
frequencies (wyr g r Wy and wg) for
all bridge spans and their corresponding induced ac-
celerations were then obtained (26). For the con-
tinuous spans, the pier flexibilities, as given by
ky and k,, were also included as a variable.
Three basic variations have been assumed:

z = rigid;

1. kg =0, k
= 0.66 x 10° kip/in, k

2« K, = 0.5 x 10° kip/in;

¥4
and

3. kg = 2 x 10° kip/in, k, = 0.66 x 10* kip/in.

o
e

NL———}

The analyses of the various bridges have been
performed and have resulted in typical response
curves for Wy Wyr e Wy and wg as a
function of radius (R) and L. An example of such a
response (uy) for a two-span structure is shown
in Figure 6.

The induced accelerations, as determined from the
response spectra, have also been plotted as a func-
tion of L/R and L for the single span (26).

However, the corresponding accelerations for the
continuous spans and the single span have been plot-
ted in Figure 7 as a function F versus the number of
spans, radius, stiffnesses (kxy and k,), and span
lengths, where

Fy = A, (continuous-span value)/A, (single-span value) (6)

For all span lengths of 50, 100, and 150 ft, sim-
ilar relations between F,, F,, and Fg have
been plotted (26). These data were then used to de-
velop appropriate design criteria.

MULTIMODAL SOLUTIONS

To demonstrate the reliability of this simulated dy-
namic solution, the response of single-span and mul-
tispan bridges with rigid and flexible column bents
has been examined by using the SAP IV computer pro-
gram (13). This program idealizes the bridge as a
three-dimensional unit and examines dynamic response
by using dynamic mass matrix techniques.

Examination of the dynamic response of a three-
and four-span continuous curved structure on flex-
ible bents has resulted in the data (uwy, v
wyr and ) given in Table 1. Examination
of these data indicates that the comparisons between
the resulting frequencies obtained from the space
frame structure and SAP IV are reasonable but that
only the wy, and w values are 1in agreement.
It should be noted, however, that the SAP IV solu-
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Figure 6. Natural frequency (w,) versus radius for
two-span bridges.

Figure 7. Continuity factor F, versus number of spans (L = 50 ft).
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tion does not provide for the angular frequency
(wg) and, if one compares the w. obtained
from the space frame structure with w,, there is
excellent agreement. Therefore, it is reasonable to
; assume that the space frame structure that gives
Sk wy, and wy is a combination of the data given
by w, obtained from SAP IV.
o DESIGN CRITERIA
T
R = 1000 Trends
, The seismic design of continuous curved box girders
Ri= 993999 will be related to the response of single-span
curved girders. Therefore, the single-span acceler~
ations (Ry, Ay, Ay, and A,) were determined
with respect to the basic bridge geometry, which
yielded the following:
Ay for 100 ft < L < 150 ft = 2.2 (L/R)® + 0.011L + 0.45 )
A, for L > 100 ft = - 0.016(L) + 4.7 ®)
A, forL> 100ft=3.8 ©)
AiforL>100ft=1.5 (10)
The continuity factors F have similarly been de-
termined in analytic form. This results in the fol-
50" lowing four continuity factors:
2/3 x 10° F, (longitudinal) = - 0.02(L) + 3.75+ K (11)
0.5 x 103
where K = 0.00125R for R < 600 ft and K = 1.0 for
R > 600 ft.
Fy (vertical) = -0.125(NS) - 0.002L + 1.35 12)
where NS is the number of spans (2, 3, or 4).
4l F, (transverse) = -0.005L + 1.5 (13)

F(torsion) = -0.075(NS) + 1.15 (14)
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Table 1. SDOF solution {space frame) versus SAP 1V,
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wy (cycles/s)

wy (cycles/s)

w, (cycles/s)

Type of Structure

Space Frame SAPIV

Space Frame SAP IV

Space Frame

Space Frame SAP IV wy (cycles/s)

3.682
3.5232

Three span where L =150, 180, and 150 ft and R = 100 ft
Four-span where L = 150, 180, 180, and 150 ft and R =
1000 ft

4.282
3.444

1.129 1.823
0.966 1.639

1.189
1.016

4.715
3.950

4.506
3.855

Design Approach

The equivalent seismic design of curved box girder
bridges will incorporate the primarily developed
equations and the effective peak acceleration map

(Kp) given by AASHTO (2). The general design
equations for translation and rotation, respec-
tively, are of the following form

EQ,=Fp-A, -m-K, (15)
EQ,=F, A, T-K,p (16)

where

EQ, = total applied seismic force in x, y, z, or t

direclions;

F, = continuity factor in x, y, z, or t direc-
tions;

A, = single-span acceleration;

Kp = effective peak acceleration modifying factor
(2); and

I = rotational mass moment of section = pf(x% +

y2)dA.

For the specific direction n, the continuity factor
F and single-span acceleration A, are given by
Equations 7-14.

SUMMARY AND CONCLUSIONS

The seismic response of single and continuous curved
steel composite box girder bridges has been pre-
dicted by an equivalent structure load method. This
method has been developed by computing equivalent
structural stiffnesses of the entire bridge for the
three displacement directions (x, y, and z) and ro-
tation. These stiffnesses are then used to evaluate
correspanding natural frequencies (mx. mx,
wyr and @) by wusing an SDOF system. The
induced accelerations are then determined from the
response spectrum curves. The results of these
analyses are then used to develop a series of empir-
ical equations for direct design.
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Test to Failure of the Hannacroix Creek Bridge

DAVID B. BEAL

A 52-year-old reinforced concrete T-beam bridge was destructively tested to

luate the q of te deterioration on load capacity. Instru-
mentation included measuring tension and compression rebar strain at mid-
span, end rotation, and midspan deflection. The single- and double-T test
specimens were loaded symmetrically to produce a constant-moment region at
midspan. The condition of the bridge was rated 2.5 on a scale from 1 (poten-
tially hazardous) to 7 (new condition). The concrete deck was highly fractured
throughout and the cement paste severely deteriorated locally, Efflorescance
was common and leakage was evident. Tension rebars exposed by spalled con-
crete had lost 1-2 percent of their cross ional area. Itis luded that the
deterioration noted has no significance with respect to the load-carrying
capacity of the structure. Based on theoretical arguments, it is concluded that
deterioration sufficient for substantial reduction in the capacity of a structure
would be manifested in a local collapse and that overall failure of reinforced
concrete T-beam bridges need not be a concern.

National bridge inspection standards require that
highway bridges be inspected and rated for load-car-
rying capacity. For steel structures, the guide-
lines are straightforward and they can be rated
without difficulty. Reinforced concrete bridges, by
contrast, are not easily rated because the signifi-
cance of deterioration may be unguantifiable. Be-
cause of this difficulty, in 1978 New York State
initiated a research program to develop a low-cost
field testing method for evaluating structural
strength. This effort was abandoned when, at the
load levels attainable, it was shown that bridges
with sound and deteriorated concrete did not differ
in behavior (1).

Because service-load tests could not show dif-
ferences attributable to deterioration, a test to
failure of a heavily deteriorated bridge was
planned. It was believed that correlation of the re-
sults of such a test with the findings of a thorough
pretest inspection and evaluation would give some
insight into quantification of the effects of ob-
servable deterioration.

TEST STRUCTURE

The test structure is a reinforced concrete T-beam
bridge constructed in 1930 that carries NY-32 over
the Hannacroix Creek in Albany County. It consists
of seven beams 39.5 in long and a 36-ft clear span
between faces of the abutments. Nominal cross-sec-
tion dimensions and reinforcement details for an in-
terior beam are shown in Figure 1. In addition, a
nonstructural 4-in concrete wearing surface and a
3-in asphalt wearing surface were removed before
testing. The flexural reinforcement consists of

eight 1.25-in-square deformed bars that provide a
nominal cross-section area of 12.5 in? for a rein-
forcement percentage of 2.25. Compression rein-
forcement is negligible. In the center 21 ft, 10
in, shear reinforcement spacing exceeds the limits
set by current specifications (2, p. 78).

The expansion end bearings consist of steel
plates separated by a layer of graphite grease. This
detail makes no provision for end rotation. At the
"fixed" ends, 0.75-in-diameter rods are embedded in
the abutment and end diaphragm. The beam ends and
diaphragm rest directly on the abutment, a detail
that restrains translation and rotation.

Bridge condition at the time of testing was
poor. The most recent inspection report rates the
primary members at 2-3 on a scale from 1 (poten-—
tially hazardous) to 7 (new condition). Figure 2
shows a photo montage of the underside of the struc-
ture that, except for slight transverse parallax,
reliably shows its condition. Spalled concrete
areas exposing the tension rehars in the beam stems
are evident. The exposed rebars are rusted but do
not appear to have suffered more than 1-2 percent
loss of cross-sectiopal area. Although it is not
visible in Figure 2, the vertical faces of all bheams
exhibited extensive cracking, generally paralleling
their axes. Efflorescence (the white areas in Fig-
ure 2) is common and leakage is evident.

Cores drilled through the deck showed it to be
highly fractured throughout and that the cement
paste was severely deteriorated locally. The dis-
integration of the 4-in concrete wearing surface may
be 1linked to its relatively high absorption (3).
Failure of the structural deck concrete is judged to
have resulted from the freezing of water in pores of
the cement paste, aggravated by the presence of
chlorides in solution. Deterioration of the T-beam
stems has resulted from the same causes, plus corro-
sion of the steel reinforcement. These mechanisms
are facilitated by increased permeability, presumed
to be related to absorption. Mean absorption of
seven core segments taken from the structural deck
was 5.6 percent. This value is greater than about
80 percent of values measured in cores from other
New York bridge decks. The upper 1 in of structural
deck was disinteqgrated and came off with the con-
crete wearing surface. Thus, the structure was
tested with a 6-in slab (see Figure 3).

Sonic pulse-velocity measurements through the
stems of beams 3, 4, and 6 yielded values of 1700-
4400 ft/s. Although precise correlation of concrete



