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ABSTRACT

This report describes the results of a field study of the live load responses of a
segmentally constructed prestressed concrete cable-stayed bridge. The main span
of the test structure consists of twin box girders connected by delta frames.

Known vehicular loadings were placed statically at various points along the
bridge. Strains measured during this loading were compared with those obtained
from a finite element model of the bridge. Strain trends predicted by the finite ele
ment model were in good agreement with the measured strain trends. Quantitative
agreement was fair, at least in part because of the high stiffness of the bridge and
the limitations on the magnitude of load that could be applied.
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INTRODUCTION

Cable-Stayed Bridges

Two relatively recent developments in bridge technology, segmentally erected,
prestressed, concrete box girders and a cable-stayed support system, were employed
on the James River Bridge near Richmond, Virginia. These innovations result in
speedy erection and efficient use of high-strength materials, as well as pleasing aes
thetics.

Until the early 1970s, concrete was not used in cable-stayed bridges because
of its relatively low strength-to-weight ratio and the complexities of design; recent
design simplifications and innovative construction techniques helped make it more
competitive (Muller & McCallister, 1988). Segmental construction, by means of the
cantilever method, is ideally suited to the stay cable support system (Mathivat,
1983). The cable-stayed segmental bridge scheme provides a number of benefits in
addition to the obvious economic advantages. Concrete superstructures are well
suited to stay cable configurations because the horizontal component of cable-stay
forces produces prestressing in the deck. Concrete bridges also have favorable vi
bration damping characteristics, and their small live load-to-dead load ratio limits
live load deflections. Today, cable-stayed segmental bridges are competitive for in
termediate spans that had previously been constructed using variable-depth box
girder designs. The James River Bridge, with a main span of 630 ft, is in this span
range.



Cable-stayed, segmentally erected, prestressed bridges are challenging to
analyze and design. The typical arrangement of several continuous spans with
multiple supporting cables makes these structures highly statically indeterminate.
Additional complexity is added by multistage post-tensioning, stay cable nonlineari
ty, connections, and variations of residual stress within the stlUcture. Time
dependent deflections caused by creep and shrinkage of concrete and relaxation of
stay cables and post-tensioning strands must also be considered. Finally, responses
must be determined for complicated systems of mechanical and thermal loads.

The complex behavior of segmental post-tensioned bridges, coupled with the
recent development of this technology, has led to significant problems. Severe
cracking has seriously affected the serviceability of a number of bridges in the
United States and Europe. This has generally been attributed to underestimation
of stresses in design, along with improper construction techniques and inferior
workmanship (Podolny, 1985). Such mechanisms alone usually produce only minor
stresses, but together, the superposition of stresses can be high enough to cause
cracking. Box girders with sloping webs have exhibited longitudinal flange crack
ing, induced by previously neglected transverse forces in inclined prestressing ten
dons (Podolny, 1986).

Numerous methods for analyzing segmental prestressed and cable-stayed
bridges have been developed. Although these computational methods can easily
provide response information, the information is meaningful only if it models the
actual behavior of the bridge. Localized effects, such as those that occur at the con
nections between the stay cables and the bridge deck, cannot generally be ascer
tained feasibly with existing models. Field testing of complex bridge designs is
therefore essential to validate computer models and gain insight into the actual be
havior of bridges built using new and innovative structural technology.

Bridge field testing serves to provide localized response information unavail
able from even complex analytical models and can aid in the development of reliable
computer models for complex structures. Field studies have been conducted on a
number of segmental prestressed bridges, and investigations of cable-stayed and
segmental cable-stayed bridges are currently underway (Floyd & Sutton, 1982;
Nam Shiu, 1985; Nam Shiu et al., 1983; Russell et al., 1982; Waldron et al., 1990).
A research team from the University of Virginia (UVa) and the Virginia Transporta
tion Research Council (VTRC) conducted the current live load field study of a seg
mental, cable-stayed, box girder bridge. A companion report describes a study of
thermal stresses carried out concurrently (Duemmel et al., 1992).

Field tests of full-size structures may be carried out using either ambient or
artificial loading conditions. Artificial loads have the advantage that their magni
tudes can be determined more precisely, and they can be positioned more carefully
than ambient loads. Hence, load testing of bridges in the field using artificial load
ing conditions is one effective means of studying actual bridge behavior. This is the
method used in the studies reported herein.
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The 1-295 James River Bridge

The structure under investigation is a segmentally erected, precast, post-ten
sioned, cable-stayed box girder bridge that carries Interstate 295 over the James
River approximately 15 miles southeast of Richmond, Virginia. The bridge has 28
individual spans, including approach spans. The focus of this study was a 7-span
continuous section, which includes the 630-ft main (river crossing) span and three
150-ft approach spans at each end. The main span and the two adjacent spans on
each side of the river are supported by a system of 52 cable stays arranged in a
single plane harp configuration. The stays emanate from a pair of 290-ft pylons lo
cated on either side of the river. An elevation drawing of the bridge is shown in Fig
ure 1.

The bridge deck is composed of two parallel box girders joined by a closure
pour along the center line of the structure. The forces from the cable stays are
transferred to the twin box girders through a series of precast delta frame assem
blies located between the girders at each stay location, as shown in Figure 2. The
main span of the bridge was constructed by the cantilever method, with two sides
built outward from each pylon and connected by a closure pour at midspan. The
segments are joined together by epoxy cement and post-tensioning strands within
the flanges of the girders. The box girders are externally post-tensioned by a sys
tem of multiple tendons anchored within the deck segments. Figure 3 shows the
cross-sectional dimensions of the main span segments, which are 10 ft long and
weigh approximately 70 tons each. The bridge superstructure is supported on
precast, segmental piers, along with the pylons, which are cast in place below deck
level and are precast and segmental above. Figure 4 shows the twin box girders at
the main pier/pylon locations.

The James River Bridge was completed in April 1990 and was opened to traf
fic in July 1990. It was the first cable-stayed bridge in Virginia and the first to
employ the twin parallel box girder deck supported by a single plane of cable stays.
This innovative scheme required less material than a single box girder of the same
width, and the need for special construction equipment was significantly reduced
(Muller & McCallister, 1988).
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3 spans @ 150'-0" = 450'-0· 630'-0" 3 spans @ 150'-0· = 450'-0·

Figure 1. Central Spans of the 1-295 Bridge.

DIAGONAL STRUTS

BOX SECTION DELTA FRAME

Figure 2. Cross Section of Twin Box Girder Showing a Typical Delta Frame.
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PRECAST PYLON SEGMENTS

...........---- PERMANENT
~=ac:::sc::le:::t:::::r POST-TENSIONING

BARS (TYP.)

PRECAST PIERS

Figure 4~ Bridge Section at Main PierlPylon Locations. elP =cast in place.

PURPOSE AND SCOPE

The objective of the continuing UVaIVTRC study was to determine the impor
tant stresses of the James River Bridge during construction and then in service by
the measurement of field responses. Previous work included measurement of
strains in the box girders and cable stays during construction (Barton et al., 1991;
Mohr,1989). The present research had two objectives: measurement and evalua
tion of the response of the bridge under vehicle loads.
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To meet these objectives, three tasks were undertaken:

1. A literature review was conducted to determine the expected types of de
formation in a cable-stayed box girder bridge and the methods available
for mechanical analyses of box girder bridges.

2. A heavily loaded truck was placed at various locations along the bridge,
and strain measurements were taken using an array of strain gages lo
cated in three of the main-span box girder segments.

3. A detailed finite element model of the bridge was developed, and the data
from this model were compared with the measured data.

LITERATURE REVIEW

Deformational Modes of Box Girder Bridges

The response of box girder sections to deformation may be quite complex.
Maisel and Roll (1974) discussed the various modes of structural behavior of single
box girders, and Baber and Hilton (1988) outlined the expected deformation modes
of more complex twin box girder sections. The following paragraphs summarize the
predominant deformation modes of the main-span box girders under applied me
chanicalloading.

The gross bending and torsional response of the twin box girder is expected to
be similar to that of a less complex single box girder. The torsional behavior will,
however, have two components: twisting of the two girders as a unit, caused by un
balanced external loads, and twisting of the girders relative to each other, resulting
from cable-stay forces. Figure 5 illustrates the gross cross-sectional flexural and
torsional behavior of the twin box girders. Assuming the cross section does not de
form, all points will undergo identical vertical displacements in pure bending, as
shown in Figure 5(a). This is the primary load-carrying mechanism expected. The
unit twist of the two box sections about the plane of the cable stays attributable to
unbalanced loading is depicted in Figure 5(b). Here, the delta frame assemblies
eliminate independent rotation of the box girders. Figure 5(c) shows the relative
torsional displacement between the two boxes that may occur as a result of the stay
cable forces acting between the two girders. In this case, the delta frames, essen
tially concrete trusses between the box girders, are not infinitely stiff and do allow
some relative twisting to occur. In reality, some degree of each of these deformation
modes can be expected to occur simultaneously.

In addition to overall bending and torsional response, local deformations are
expected in the box girder sections. The two types of local structural behavior that
predominate are distortion and warping of the cross section. Distortion arises from
transverse bending of the box girder walls, and three such modes are illustrated for

7
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a) PURE FLEXURAL RESPONSE

\ ..".--
\...---.----

b) COMBINED SECTION TORSIONAL ROTATION

---~
..... -.. .....

c) RELATIVE SECTION ROTATION UNDER STAY FORCE

Figure 5. Gross Cross-Sectional Deformation Modes.

a) FLEXURAL SECTION OISTORTION

---~~ r-------if-----
-=........ \-------.,.

--- ...... -----'
b} SHEARING SECTION DISTORT10N

----~[ -----~Vl------- \ J ........
\ /
\ I..... ---------=--

c) THERMAL SECT10N DISTORTION

Figure 6. Local Cross-Sectional Distortion Modes.
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a single-cell girder in Figure 6. Figure 6(a) shows bending of the cross section at
tributable to symmetric loading, and Figure 6(b) depicts shearing distortion
resulting from antisymmetric (torsional) loads. Figure 6(c) illustrates cross-section
al distortion caused by thermal gradients. This topic is discussed further in the
companion report on thermal strains (Duemmel et al., 1992). Cross-sectional dis
tortion leads to a redistribution of stresses, which thereby reduces the section's
transverse load distribution capacity. Warping is an out-of-plane displacement of
the cross section arising from torsional loading and is composed of torsional and dis
tortional components. Torsional warping causes longitudinal displacements, which
are associated with shear deformations in the planes of the webs and flanges. A
single-cell, simply supported box girder under torsional loading is shown in Figure
7. Assuming that rigid transverse diaphragms prevent cross-sectional distortion,
longitudinal torsional warping displacements occur at all points except at midspan,
where the cross section remains plane by symmetry. If the cross section is allowed
to distort, additional warping displacements develop as a result of in-plane bending
of the flanges and webs. This distortional warping deformation is also shown in
Figure 7, and the added twist of the cross section attributable to distortion is shown
in Figure 8.

Torsional and distortional warping displacements lead to normal (or warping)
stresses when constrained at a continuous or fixed support. These stresses, which
depend on the loading, support conditions, and geometry of the structure, may add
significantly to bending stresses. Maisel and Roll (1974) indicated that warping

,:.

l
'..:·..~:.=..·-:...:·-- .....

r
KEY

UNDEFLECTED FORM OF STRUCTURE

DEFLECTED FORM OF STRUCTURE WITH RIGID
TRANSVERSE DIAPHRAGMS ALL ALONG THE SPAN

DEFLECTED FORM OF STRUCTURE AFTER
REMOVAL OF DIAPHRAGMS BETWEEN SUPPORTS

Figure 7. Warping Deformation in Box Girder. at =torsional warping;
adis =distortional warping.
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T

Figure 10. Typical Normal Stress Distribution in Box Girder. T =tension; C =
compression.

stresses in concrete box girders are mainly due to distortional warping because tor
sional warping is limited by the high torsional stiffness of the box section.

Shear lag is a form of warping that arises in box sections subjected to bend
ing without torsion. Figure 9 illustrates the differential longitudinal displacement
of points in the cross section resulting from shear deformation in the planes of the
flanges. Shear lag deformation causes increased deflections and significantly af
fects the distribution of normal stress across the width of the flanges, as shown in
Figure 10. Bending theory neglects shear lag, and its use leads to underestimation
of normal stresses in the flanges. Kristek and Bazant (1987) stated that shear lag
effects increase with the width of the box girder and reported that the nonuniformi
ty of the longitudinal stress distribution may be more pronounced in the vicinity of
stay reaction forces in cable-stayed bridges. Barton et ale (1990) presented evidence
of significant shear lag during construction of the James River Bridge. Reversed or
negative shear lag, a phenomenon in which longitudinal normal stresses in the
flanges are higher away from the webs, has been investigated by a number of au
thors (Chang & Zheng, 1987; Foutch & Chang, 1982; Kristek & Studnicka, 1988;
Maisel, 1986).

Methods of Mechanical Analysis

The considerable use of box girders in bridges in the past two decades has led
to numerous methods for their analysis. Maisel and Roll (1974) conducted an ex-
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tensive literature survey and reviewed available analysis methods applied to rect
angular, single-cell, straight box girders with uniform cross sections. These meth
ods require the use of only a hand calculator and consider individually the effects of
bending, torsion, shear lag, distortion (transverse bending), and torsional and dis
tortional warping. Numerical examples were given for each method, and the effects
of each mode of deformation were shown. Maisel (1982) presented an expanded lit
erature survey to include methods of analysis suitable for programming by comput
er. These included the equivalent beam method, grillage method, folded plate and
finite strip analysis, finite element method, transfer matrix method, and thin
walled beam theory. This literature review is comprehensive, and readers are re
ferred to this report for references prior to 1980. The following survey outlines re
cent developments and trends in the computer analysis of box girders.

Many developments have been made in formulating analysis procedures for
box girder bridges over the past decade, and most are a direct result of rapid ad
vances in microcomputer technology. Recent literature reflects increased use of
both general purpose and specialized finite element codes because of the versatility
and decreased computer costs of the finite element method. Accurate finite strip
and folded plate analysis codes have been developed but are often limited to a re
stricted range of problems. The use of thin-walled beam theory requires much less
computer time than three-dimensional finite element analysis, making it useful in
the preliminary design stages. A number of approximate methods are available for
relatively rapid use by design engineers.

Thin-walled beam theory, based on the generalized coordinate method of
Vlasov (1961), has been shown to be an accurate, economical method for analyzing
box girders. Maisel (1982) further developed thin-walled beam theory into a matrix
formulation for programming on a microcomputer. This method treats the structur
al responses mentioned, with the added capabilities of analyzing single or multicell
sections of rectangular or trapezoidal cross sections. Maisel (1986) extended his
earlier work to include a detailed examination of shear lag behavior. Longitudinal
stress distributions obtained using thin-walled beam theory compared more closely
with results obtained using finite element and finite strip methods than results us
ing classical beam theory. Although this method was shown to be straightforward
and accurate, the author stated that box girder bridges with complex geometry or
nonuniform cross sections could be better analyzed using box beam finite elements.

Mavaddat and Mirza (1989) programmed Maisel's formulation specifically for
the analysis of straight concrete box girders with one to three cells. Although the
procedure is limited to simple-span or two-span continuous bridges with concen
trated loads at midspan, it can be used interactively on personal computer systems.
The analysis is performed in three stages, separately considering the effects of
bending and St. Venant torsion, torsional and distortional warping, and shear lag.
The analysis results required a relatively short run time and agreed closely with
Maisel's calculations. The program's compact formulation is emphasized by de
creased computer time and storage requirements, making it advantageous for para
metric studies, interactive design procedures, and generation of influence lines.

12



The use of finite element analyses has increased during the past decade be
cause of falling costs and the increased speed of small computers, along with the
availability of general and specialized codes. Scordelis, Watsi, and Seible (1982a&b)
used two finite element programs to obtain analytical results for comparison with a
large scale model test of a two-span, multicell, skewed concrete box girder bridge.
Both SAP, a general purpose three-dimensional frame analysis code, and CELL, a
plate element code for analysis of cellular bridge structures, yielded excellent agree
ment with measured reactions, deflections, and moments.

Evans and Rowlands (1985) used QUEST, a box girder analysis program em
ploying quadrilateral shell elements, to analyze skewed single-celled, single-span
box girders. The accuracy of the finite element results was assessed by comparison
with several model studies, and it was concluded that reasonable predictions of de
flections and longitudinal stresses could be made using a fine mesh. The authors
also performed a parametric study of the effects of skew using a shell element model
and found that increased skew angle led to significant changes in the longitudinal
stress distribution and additional cross-sectional distortion.

Murtuza and Cope (1985) investigated the behavior of two scale models of
single-span, reinforced concrete box girder bridges using linear elastic and nonlin
ear finite element analyses. They found that the linear model could accurately pre
dict reaction forces, but stresses and deflections were greatly underestimated be
cause of the loss of stiffness resulting from concrete cracking. The nonlinear model,
based on a simplified material relationship, showed good correlation with exper
imental results and was able to predict failure modes and loading.

Kuzmanovic and Sanchez (1986) explored the feasibility of using finite ele
ment methods to obtain transverse influence lines for load distribution and torque.
They found that, although such methods will yield accurate results, the amount of
data required to formulate the models limits their usefulness as a design aid. This
type of model was better suited to analyzing previously established designs.

Chang and Zheng (1987) investigated the negative shear lag effect in cantile
ver box girders using a variational approach (principle of minimum potential ener
gy) and the finite element method. Triangular plate elements were used to model a
cantilever box girder under a symmetric load. Computed results for transverse dis
tributions of bending stress agreed well with those of the variational method as well
as measured results from a Plexiglass model test.

Batla, Reisnour, and Pathak (1984) produced a simplified finite element pro
gram (FAP) for analyzing constant depth, box girder structures. Rectangular plate
elements were used in which the number of nodal degrees of freedom was reduced
from six to four by consideration of the one-way transverse behavior exhibited by
folded plate structures. Computer times and memory requirements were greatly
reduced, and results obtained using the code showed good agreement with more ex
act analysis methods.

Specialized box beam finite elements have been developed that have substan
tially shorter computer run times than rectangular shell elements. Zhang and Ly-
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ons (1984) used a box beam element that considered bending, torsion, distortion,
and warping response in analyzing curved bridges. Analysis times were approxi
mately one tenth of the time required for plate elements, making this type of ele
ment useful in the preliminary design stage.

Mikkola and Paavola (1980) presented a finite element method of box beam
analysis based on Vlasov's method of separation of variables. These thin-walled
beam elements accounted for the effects of flexure, torsion, cross-sectional distor
tion, torsional and distortional warping, and shear deformation. A computer pro
gram was developed, and results were compared with experimental results and fi
nite strip and folded plate analyses. The authors' method was shown to be reliable
in predicting longitudinal stresses and transverse bending stresses but was inaccu
rate in describing shear stress distributions because of the use of linear warping
functions. The authors concluded that the addition of parabolic or cubic warping
functions would yield better results and would allow prediction of shear lag effects.

Boswell and Zhang (1984) used a thin-walled box beam element with nine
nodal degrees of freedom to analyze the effects of cross-sectional distortion in a
number of single and multicell, straight and curved girder bridges. Their results
compared favorably with finite element and experimental results.

Chourdhury and Scordelis (1988) formulated a nonprismatic box beam ele
ment, based on thin-walled beam theory, for linear elastic and nonlinear finite ele
ment analysis. They stated that the simplicity and reduced computational require
ments of box beam elements made the elements well suited for nonlinear analyses,
which have greater computational time and storage requirements. The elements
consider the effects of longitudinal prestress, longitudinal warping, and transverse
distortion. Two programs were developed for analyzing curved, prestressed, con
crete box girder bridges: LAPBOX for linear elastic analysis, and NAPBOX for non
linear material analysis. These codes were verified by comparison with results of
other analytical methods and experiments, and the nonlinear analysis was shown to
be effective in predicting the dominant structural behavior for elastic, inelastic, and
ultimate loading stages.

Kanok-Nukulchai and Sivakumar (1988) developed elements for analyzing
members with general thin-walled cross sections based on the degeneration concept.
They reported that the elements were versatile for modeling detailed cross sections
and reduced computational effort since only three "sectional" degrees of freedom
were used for all elements of the same cross section. A six-node, thin-walled mem
brane element was used to model the box girder superstructure of a cable-stayed
bridge model. Displacement and stress results compared well with those obtained
from experiments and from general shell element analyses.

Razaqpur and Li (1990) derived a box girder finite element model based on
an extended version ofVlasov's thin-walled beam theory. The formulation used ex
act shape functions derived from the governing differential equations, eliminating
the need to divide the model into multiple longitudinal elements. This element was
applied in the analysis of multicell, multibranch box girders. The results of this

14



method compared well with three-dimensional shell, finite element results in gener
al, but local effects at the intersection of the three members of multibranch bridges
were not accounted for.

Waldron (1986) formulated a general stiffness method for analyzing thin
walled girders of nondeformable cross sections that was suitable for programming
by computer. The method could analyze systems of straight or curved box girders
using specialized beam elements with 4 degrees of freedom at each node. Element
stiffness matrices were derived by inversion of the element flexibility matrices, and
expressions for equivalent nodal loads from distributed loads and torques were also
developed.

Finite strip and folded plate analysis methods have been widely used and up
dated because of their improved computational economy over generalized finite ele
ment codes. Li, Tham, and Cheung (1988) extended the spline finite strip method
in order to analyze curved box girder bridges. Although use of the finite strip meth
od is inexpensive, it is limited to problems with simple geometry and boundary con
ditions. Here, the more adaptable spline finite strip method was extended into a
curvilinear coordinate system. Numerical examples demonstrated the versatility of
this method, and the results showed excellent agreement with those of finite ele
ment and finite strip methods. The authors also noted considerable savings in com
putertime.

Loo and Srivanich (1983) proposed a two-step procedure for analyzing cable
stayed box girder bridges with single planes of stay cables. In this method, the
structure is first analyzed as an equivalent planar system, using a mixed flexibility
and stiffness method, to obtain the stay cable forces. A three-dimensional finite
strip analysis of the box girder is then performed using the previously determined
cable stay forces as applied loading. The finite strip analysis program used in the
second stage employed a general flexibility procedure, which allowed consideration
of multispan bridges. A small scale perspex model was built and tested, and mea
sured deflections and strains compared well with those of the proposed method. In
addition, the accuracy of the authors' procedure was confirmed by a shell finite ele
ment analysis of the test model. A comparison of computer run times indicated the
efficiency of the proposed method.

Cheung and Wenchang (1989) formulated a finite strip method for analyzing
continuous, haunched box girder bridges. Specialized web and flange elements
were developed to model the changes in the cross section of the girders. The results
of this modified finite strip analysis compared well with finite element results in
numerical examples. The authors stated that their method converged quickly and
was more efficient than finite element methods.

Kristek and Studnicka (1988) used folded plate theory to investigate negative
shear lag and verified the results of Chang and Zheng (1987). Their method, which
employs harmonic analysis, was limited to simply supported girders. The cantilever
box girder analyzed in previous studies was modeled as a statically equivalent, sim
ply supported beam, which illustrated the limitations of the method. The results
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showed good agreement with those of previous studies. A two-span continuous pre
stressed box girder was analyzed to show the implications of negative shear lag on
practical bridge structures.

Kristek and Bazant (1987) applied a Fourier series solution, extended from
folded plate theory, to analyze the effects of shear lag on concrete box girder creep.
They stated that this method, developed specifically for analysis of shear lag in box
girders, was more efficient than using finite element codes or programs based on
more classical folded plate theory. Although this method was most suited to simply
supported beams, a continuous girder could be approximated as a system cantilever
and simply supported segments. Numerical examples showed that the shear lag ef
fect can significantly increase stresses caused by concrete creep.

Song and Scordelis (1990a) developed a harmonic shear lag analysis using
plane stress elasticity, which can be used for simply supported or continuous box
girders. The solution was incorporated into a computer program, SHLAG, and
comparisons with results from other solutions were presented in examples. This
method is simpler than the finite element and folded plate methods, and results
compared well with folded plate elasticity solutions. In another report (1990b), the
authors derived empirical formulas for longitudinal stresses based on SHLAG re
sults. These results were in agreement with folded plate theory.

A number of approximate analyses have been formulated to give designers
reasonable estimates of box girder stresses with minimum time and calculation.
Kuzmanovic and Graham (1981) produced a simplified method of shear lag analysis
using a variational approach (principle of minimum potential energy) for an ideal
ized cross section. Their results for longitudinal stresses in box girder flanges were
reasonable, considering the limited amount of numerical work involved. Kristek
and Evans (1985) developed a harmonic analysis for shear lag in single or multicell
box girders. Numerical examples and a program for a hand calculator illustrated
the use of this method as a design aid.

Ishac and Graves Smith (1985) presented simple design approximations for
transverse bending moments in single-span, single-cell, simply supported, rectangu
lar box girders. They used rectangular shell finite elements in a parametric study
of three cross sections. A simple framework analysis of the design cross section
yielded reference moments, which were related to the finite element results through
interpolation functions. The calculated estimates of transverse moments were with
in 5 percent of the finite element solutions.

Shushkewich (1986) formulated equations for the membrane forces acting
within simply supported box girder bridges. The top and bottom flanges, webs, and
side cantilevers were considered individually, and the resulting equations yielded
forces that were within 3 percent of those predicted by folded plate analysis.
Shushkewich (1988) expanded his analysis to determine transverse bending mo
ments and shear forces using a plane frame analysis program in conjunction with
the previous equations. Trapezoidal cross sections, point loads, self-weight, and
antisymmetric loads were also treated. Results again showed good agreement with
folded plate analyses.
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METHODS

Overview

A heavily loaded truck was placed at specific locations along the main span
and adjacent side spans of the bridge. Strain measurements were recorded in the
pylon and box girder segments using the data acquisition system. A detailed finite
element model was developed and used as a basis for comparison with the mea
sured response data.

Strain Gage Instrumentation

The instrumentation is summarized here to aid the reader in interpreting the
data. Readers seeking further details regarding specifications and installation pro
cedures are referred to the instrumentation plan of Baber and Hilton (1988) and the
thesis by Hayes (1988).

An extensive array of electrical resistance strain gages mounted on dummy
reinforcing bars were installed during construction. Each strain gage was mounted
on a 4-ft length of No. 5 reinforcing bar by use of a high-grade epoxy resin cured at
an elevated temperature. The gages were waterproofed by use of a layer of epoxy
resin followed by a polysulfide compound designed for protection of electronic equip
ment. An instrumented reinforcing bar is shown in Figure 11. The gaged dummy
rebars were subsequently tied into the deck and pylon segment reinforcing cages
prior to their placement into the precasting forms. Lead wires, jacketed with TFE
Teflon for waterproofing, were run along the cages to blockouts in the walls of the
segments. After the segment was cast and placed, the lead wires were retrieved
and connected directly to the data acquisition system.

In the field, changes in temperature result in apparent strains in addition to
the mechanical strains measured by the strain gages. Th compensate for these tem
perature effects, 90-degree rosette gages, consisting of gages oriented parallel and
transverse to the axis of the bar, were used. The transverse portion of the rosette
undergoes a Poisson strain as well as a compensating thermal strain. When the
gages were wired in a Wheatstone half bridge, a small temperature correction ap
peared but was not significant for the range of temperatures expected during the
study.

The gages were mounted along the curve of the rebar rather than on a flat
surface, which would have necessitated extra machining. Although mounting the
gages on a curve avoids the uncertainties in strain measurement associated with a
reduction of bar area, an additional temperature-induced strain is introduced by the
curvature of the transverse gage. This apparent strain is a function of the radius of
the curved surface, the thicknesses of the gage backing and adhesive, and tempera
ture change. An approximate correction was given by Measurements Group, Inc.
(1983) as:
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where EAPP = apparent strain induced by curvature

R = radius of curvature

VA-B = Poisson's ratio of adhesive and backing

hA, hB =adhesive and backing thickness, respectively

aA, aB = thermal expansion coefficients of adhesive and backing,
respectively

as = thermal expansion coefficient of specimen

dT = temperature change.

Strain gages were installed in three deck segments located in the main span
of the bridge. Specifically, the north and southbound lanes of main-span box girder
segments 33, 48, and 62 were instrumented with single longitudinal gages and
three gage rosettes. Figure 12 shows the locations of the instrumented segments
with respect to the south pylon/pier and the center line of the main span. It can be
seen that segment 33 is adjacent to the pier, segment 48 is near the quarter span,
and segment 62 is at midspan. The locations of the strain gages within each of the
segments are shown in Figure 13, where a dot represents a gage oriented parallel to
the long axis of the bridge, and an R represents a strain rosette. The rosettes con
sist of three gaged rebars arranged at 45-degree angles, which were designed to
measure shear strains. Rosette gages were placed in the webs of each instrumented
segment. As can be seen in Figure 13, additional rosettes were placed in the top
and bottom flanges of segment 33. Readers will wish to refer to Figures 12 and 13
to assist in interpreting the discussion of the field study data.

In view of the complexity of behavior anticipated for box girders, complete in
strumentation was not feasible, so the strain gages were arranged to provide data
concerning the gross cross-sectional deformations only. The instrumented segments
were not connected to delta frames so as to avoid the local cross-sectional distor
tions likely in these areas. The gage pattern shown in Figure 13 allows for determi
nation of the gross cross-sectional flexure and shear acting in the four webs. The
additional rosettes in the flanges of segment 33 serve to provide additional informa
tion concerning the torsional shear strains at that location.

In addition to the box girder sections, two sections of the south pylon were
instrumented with strain-gaged reinforcing bars. The gages were placed vertically
in the uppermost cast-in-place section, just above deck level, and in precast segment
D6, located beneath cable stay 87. The locations of these sections are shown in Fig
ure 14. Figure 15 depicts the locations of the strain gages within the instrumented
pylon segments. Readers will wish to refer to Figures 14 and 15 to assist in inter
preting the field study data.
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Data Acquisition System

A distributed data acquisition system consisting of several small scanning
units linked to a controller by data transmission lines was used. In this system,
which is shown schematically in Figure 16, strain gages and thermocouples located
in each instrumented section of the bridge were connected to individual scanning
units, which in turn were connected to the controller via data lines. This eliminated
the need for all data channels to be connected at a single location. The data were
then returned by the controller and logged to the hard drive of a portable IBM
compatible personal computer.

The data acquisition system was manufactured by the John Fluke Company.
The system uses a Helios main controller to communicate with the remote scanning
units located in the instrumented bridge segments. The Helios system will read
thermocouples and electrical resistance strain gages in various configurations, each
requiring a single data acquisition channel. The data are then stored on a Compaq
portable computer in Lotus 1-2-3 format by means of Helios Toolbox data acquisi
tion software. The system uses 110-volt line power via an uninterruptible power
supply (UPS), which provides surge protection and a backup power source. The
main controller unit, data logging computer, and UPS are protected in an enclosure
cabinet with heating and air conditioner units to maintain operational temperature
and humidity limits.

Loading

The bridge deck was loaded with a tandem-axle dump tlUck loaded to the le
gal maximum. The truck, weighed prior to the test, had a total weight of 49,720 lb,
with 16,820 lb and 32,900 lb on the front and rear axles, respectively. The axle
loads and dimensions between the front and rear wheels are shown in Figure 17.
The truck was placed at 14 locations along the bridge, 1 in each of the four adjacent
approach spans and 10 in the main span. These longitudinal load locations are
shown in Figure 18, where the number at each load position corresponds to the
span number and, within the main span, to a particular position within the span.
The instrumented segments were located on the south half of the main span, as
shown in Figure 12. For convenience, these sections are shaded in Figure 18 as
well. The truck was consistently headed in a southerly direction and positioned
such that the center line between the two rear axles was aligned with points where
the cable stays were connected to the box girder. The positioning was chosen pri
marily for convenience to allow precise referencing of the position for use in compar
ative computational modeling.

At each longitudinal location, there were four transverse load positions.
These transverse positions correspond approximately to the interior and exterior
traffic lanes of the north and southbound portions of the twin box girder. As shown
in Figure 19, the transverse load positions were directly above the webs of the box
girders. During the test, strains were recorded with the truck positioned in the
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Figure 17. Test Vehicle Dimensions and Loads.
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Figure 18. Elevation View of the 1-295 Bridge Showing Longitudinal Locations of
the Test Vehicle.
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Figure 19. Cross Section of Twin. Box Girder Showing Transverse Locations of Test
Vehicle.

interior and exterior northbound lanes of the bridge at each of the 14 longitudinal
load locations. Strain measurements were taken at only 6 longitudinal locations
within the main span when the truck was positioned in the southbound lanes. The
data from these load locations were used to validate the majority of the data taken
with the vehicle in the northbound lane.

Zero readings for the strain gages were recorded with the vehicle completely
off the bridge prior to and at six approximately equal intervals during the test. Be
cause of variations in temperature over the course of the testing, there were slight
differences between zero readings, and it was assumed that the small variation be
tween readings was linear. At least two complete sets of strain data were recorded
at each load position. The strains caused by the application of the loads were calcu
lated as the difference between the recorded strain and the zero reading calculated
at the time at which the vehicle was placed into position. Assuming that the strains
in the top and bottom flanges were uniaxial in nature, stresses resulting from the
load application could then be calculated by multiplying the incremental strains by
a concrete modulus of approximately 4.5 million psi.

Finite Element Model

A finite element model of the bridge was developed for comparison with the
strain values obtained in the field test. Although considerable strain response data
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were recorded during the test, they represent a single vehicle load positioned at a
few locations and provide only a limited picture of the overall behavior of the struc
ture. Hence, the computer model could also be used to predict stresses under a va
riety of load conditions.

The finite element model used for the live load study was originally devel
oped by Lissenden (1988) for a dynamic study of the James River Bridge. Minor
modifications were made to allow for static analysis using p.e. ANSYS V4.3. The
model, shown in Figure 20, was three dimensional, in which the twin box girder, py
lons, and piers were represented as a series of beam elements. The cable stays were
modeled as truss elements. Bridge member properties were used to define the prop
erties of the elements. Loadings were applied to the model as concentrated forces
and moments, representing the axle loads of the test vehicle, at the locations corre
sponding to the longitudinal load positions.

RESULTS

Strain Measurements

Measured Longitudinal Strain Response

Evaluation of the recorded strain data indicated that a significant amount of
data were unreliable and had to be discarded. A majority of the gages in segment
33, near the pier, were controlled by an excitation board in the data acquisition sys
tem that was found to be defective. As a result, only the three gages in the bottom
flange of the northbound portion of this segment recorded reliable data (see Figure
13). The strain data recorded from quarter-span segment 48 underwent seemingly
random oscillations that were consistent between gages, suggesting a malfunction
in the data acquisition chassis that controlled these gages. The data recorded at
midspan segment 62 did not show the unrealistic variations in strain exhibited by
the gages in the other sections. Thus, only the strain data from the operational
gages in segment 62 and the three reliable gages in segment 33 are discussed here.

Strain data recorded from gages 17,18, and 19, located in the bottom flange
of the northbound lane of segment 33, are presented in Figures 21 and 22 for the
test vehicle in the exterior and interior traffic lanes of the northbound box girder.
These plots depict the measured strains as a function of vehicle position, measured
from pier 14 (see Figure 18). This reference point represents the end of the fIrst
span in which the load was placed. The first load point, for example, was at mid
span of span 18 and is thus plotted at a distance of 75 ft from the origin. Figures 21
and 22 show that the strains measured at segment 33 were negligible when the test
vehicle was in the approach spans. When the truck moved onto the main span,
larger strains were consistently recorded in all three gages. The measured strain
responses were of the form that could be expected for segment 33, which is located
adjacent to the south pier, in the negative moment region of the main span. With
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the vehicle in the exterior lane, a maximum strain of about 8.0 microstrains was re
corded. The variation of strain as a function of load position was the same with the
vehicle in the interior lane, but the maximum recorded strain value was approxi
mately 6.0 microstrains.

Figures 23 and 24 show strains recorded by gages 17, 18, and 19 in segment
33 with the test vehicle positioned in the exterior and interior southbound lanes, re
spectively: As mentioned previously, strain readings were taken at only six longitu
dinalload locations when the truck was positioned in these lanes. An examination
of these plots shows that the trends in measured strain response were similar to
those observed when the test vehicle was in the northbound lanes. The strain mag
nitudes, however, were noticeably smaller. In this case, the gages were located in
the unloaded side of the twin box girder. A maximum compressive strain of approx
imately 2.0 microstrains was recorded with the vehicle located in the exterior south
bound lane, farthest from the gages. With the vehicle in the interior southbound
lane, a maximum compressive strain of approximately 3.5 microstrains was re
corded. This indicates that, near the piers, a larger portion of the load was carried
by the box girder on which the load was placed and the transverse load distribution
decreased away from the load.

Strains measured in the top flange of segment 62 are plotted as functions of
load position in Figures 25 through 28.Figure 25 represents the strain response
measured by gages 1 through 4 of this segment with the test vehicle located in the
exterior, northbound traffic lane. Figure 26 shows the same data measured by
gages 11 through 14. Figures 27 and 28 present strain data for the same gages as
Figures 25 and 26, respectively, but for the test vehicle in the interior, northbound
lane. Compared with the data from segment 33, these plots show more scatter be
tween gages, but the magnitudes of the variations were less than 1.0 microstrain.
The trends in strain response, however, were relatively consistent. As was shown
previously in Figure 12, the gages in this segment were located within a few feet of
midspan, and the compressive strains resulting from the load at midspan were ex
pected. The magnitudes of the maximum compressive strains were on the order of
1.0 to 1.5 microstrains and were considerably smaller than expected.

Figures 29 through 32 present measured strain data for the top flange gages
in segment 62 with the test vehicle positioned in the southbound exterior and inte
rior traffic lanes. Figures 29 and 31 show the strain response measured by gages 2
through 4 with the truck in the exterior and interior lanes, respectively. Figures 30
and 32 represent the strains recorded from gages 11 and 13 for the same respective
load locations. Gages 1, 12, and 14 showed unreliable zero readings during the time
at which this portion of the test was conducted, so the data from these gages were
not usable. These plots show similar magnitudes of compressive strains as those
measured with the test vehicle in the northbound lane, but with less scatter be
tween gages. This would again seem to attest to the validity of the small strain val
ues since similar strain magnitudes were reproduced under separate applications of
the load.

Strain data from gages located in the lower flanges of segment 62 are shown
as functions of load position in Figures 33 through 36. Figures 33 and 35 present
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strain data recorded by gages 8 and 9 in the northbound portion of the box girder
resulting from the test vehicle positioned in the exterior and interior northbound
traffic lanes, respectively. Figures 34 and 36 provide the same data for gages 17,
18, and 19 located in the lower flange of the southbound portion of the segment.
Each of these plots shows the same general trend in the variation of strains, with
negligible strains recorded when the test vehicle was located in the approach spans
and larger tensile strains measured as it was positioned along the main span.
Gages 8 and 9, located in the unloaded side of the bridge, recorded maximum
strains of approximately 2.0 to 2.5 microstrains. Gages 17,18, and 19 in the loaded
side recorded maximum strains of approximately 2.5 to 3.0 microstrains. Although
this indicates that a larger portion of the load was carried by the box girder on
which the load was placed, the lateral load distribution across the segment was
nearly uniform. The neutral axis of the box girder is located near the top flange, so
the larger magnitudes of strain measured in the bottom flanges could be expected.
These figures also show a similar measured strain response between gages whether
the test vehicle was positioned in the exterior or interior lanes.

Figures 37 through 40 show measured strain data from the bottom flange
gages of segment 62 for the test vehicle located in the southbound traffic lanes.
Figures 37 and 38 present strains recorded with the vehicle in the exterior lane,
and Figures 39 and 40 show the strains measured with the vehicle in the interior
lane. Maximum tensile strains between 2.5 and 3.5 microstrains were recorded by
gages 8 and 9 located within the loaded side of the box girder. Gages 17 through 19,
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located in the unloaded portion, indicated maximum strains of approximately 1.0 to
2.0 microstrains. Again, it can be seen that more load was carned by the loaded
portion of the twin box girder. Although the variations were more pronounced when
the vehicle was located in the southbound lane, the overall difference in transverse
load distribution was small. Also, there was little difference between strains mea
sured with the test vehicle in the exterior or interior lanes.

Measured Shear Strain Response

Shear strains were measured in the webs and flanges of the box girder using
the three gage strain rosettes described earlier. Because of the previously men
tioned malfunctions in the data acquisition system, only two of eight rosettes in seg
ment 33 provided reliable data: rosettes 16 and 18, located respectively in the
outside web and bottom flange of the northbound box girder (see Figure 13). Of the
four strain rosettes in the webs of box girder segment 62, three yielded reliable
data. Again, the strain data obtained from segment 48 are omitted from discussion.

Figures 41 and 42 present the shear strains measured in segment 33 plotted
as a function of load position for the test vehicle located in the northbound exterior
and interior lanes, respectively. From these figures, it can be seen that small shear
strains were observed when the vehicle was in the approach spans and larger
strains were measured when it was positioned in the main span, near the instrum
ented segment. A comparison of Figures 41 and 42 shows that the largest shear
strains were recorded in the web directly beneath the load. Smaller magnitudes of
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shearing strain were measured in both the web and flange when the load was in the
interior lane.

Shear strains recorded by rosette gages 6, 15, and 16 in the webs of segment
62 are shown in Figures 43 and 44. In these figures, the test vehicle was located in
the northbound exterior and interior lanes, respectively. The gages in this segment
recorded trends in shear strain response similar to those recorded at segment 33,
where larger shear strains occurred as the vehicle neared the midspan segment. An
examination of these figures indicates that small shear strains were recorded at
gage 6, located in the unloaded portion box girder. With the load in the exterior
lane, larger shear strains were measured in the web beneath the load, at gage 16,
than in the adjacent web. From Figure 44, it can be seen that the shearing strains
were more equally distributed when the test vehicle was located in the interior lane.

The shear strains measured in the webs of segments 33 and 62 show that the
individual elements of the box girder cross section behave somewhat independently.
With the test vehicle in the exterior lane, higher shear strains were recorded in the
outer web of the box girder than at the inner web, suggesting that the loaded web
carried more of the shear. Smaller shear strains were measured in the outer web
with the vehicle in the interior lane, and the relative magnitudes of strains in the
inner and outer webs were about equal. This would indicate that the elements of
the box girder section act more as a unit when loaded at these locations, perhaps
resulting from the contribution of transverse stiffness from the delta frame assem
blies. In addition, the trends in the shear strain response measured at segment 62

8

6

t: 4
.~

~
t:.....

2::1.
Z
~

0<
C'.:
~ -2CI)

-4 [

-6
0 200 400 600 800

• GAGE 6

+ GAGE 15*GAGE 16

1000 1200

TRUCK DISTANCE FROM PIER 14 (ft.)

Figure 43. Shear Strains, Segment 62 (Northbound Lane), Vehicle Locations in
Northbound Exterior Lane.

42



8

6 • GAGE 6

. + GAGE 15
0 4 *GAGE 16.~

"":-,.....=::t
Z......
<
~en -2

-4

-6
a 200 400 600 800 1000 1200

TRUCK DISTANCE FROM PIER 14 (ft.)

Figure 44. Shear Strains, Segment 62 (Northbound Lane), Vehicle Locations in
Northbound Interior Lane.

seem to indicate that the loaded webs carry the shear in bending and the webs
away from the load were subject to more torsion. Accurate evaluation of this type of
response was somewhat limited because of the small magnitudes of measured shear
strain and the combined sensitivity of the rosette gages.

Analytical Studies

Stresses in the top and bottom fibers of the beam elements, corresponding to
the top and bottom flanges of the box girder segments, were calculated for all posi
tions of the test load. These stresses are plotted as a function of load position mea
sured from pier 14 in Figures 45 and 46. The magnitudes of the plotted stresses
represent the average stress in the top and bottom flanges of box girder segments
33 and 62. For segment 33, the maximum tensile stress in the top flange was calcu
lated to be approximately 8 psi and the maximum compressive stress in the bottom
flange was approximately 28 psi. For segment 62, the corresponding stresses were
calculated to be approximately 15 and 37 psi, respectively. At the section corre
sponding to segment 62, it can be seen that essentially zero stresses resulted when
the test vehicle was located in the approach spans. Similarly, small stresses were
produced at the section corresponding to segment 33 when these spans were loaded.

The variations of strain measured during the field study can be compared
with the stress variations predicted by the finite element model, assuming the
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mod~lus of concrete to be approximately 4.5 million psi. Figures 21 through 23
show the variations in strain in the bottom flange of segment 33, and Figure 46
shows the corresponding values of stress predicted by the finite element model. A
comparison of the two figures shows good agreement between the overall trends in
strain response. Both measured and predicted stresses were essentially zero until
the load entered the main span. The magnitudes of the maximum compressive
stresses compare well when the test vehicle was located in the northbound lanes of
the box girder. The maximum stresses measured in these cases were approximately
30.0 psi, and maximum stresses between 9.0 and 18.0 psi were measured when the
vehicle was positioned in the southbound lanes. The cross-sectional properties of
the twin box girder were combined into a single-beam element in the computer mod
el; thus information regarding the transverse distribution of loads was not avail
able.

Stresses in the top flange of the box girder near midspan segment 62 can be
compared through examination of the measured data in Figures 29 through 36 and
the calculated data in Figure 45. The trends in response from the measured and
predicted data show relatively good agreement, though there was some scatter be
tween strain gages. Measured data consistently indicate maximum compressive
stresses on the order of 4 to 6 psi, and the corresponding value predicted by the fi
nite element model was approximately 14.5 psi. These measured and predicted val
ues of maximum stress differ by a factor of approximately 3.

Similar comparisons can be made for the bottom flange stresses at segment
62 by examining the measured data in Figures 33 through 40 along with the analyt
ical data in Figure 46. Again, the overall trends in the response were similar in
that the tensile stresses peaked as the vehicle approached midspan. Significant dif
ferences exist between the magnitudes of the measured and predicted stresses, how
ever. The maximum tensile stress measured in the field test was approximately 12
to 15 psi, and the analytical model yielded a value of 37 psi, as shown in Figure 46.
Again, the measured and calculated values of stress response differ by a factor of
about 3.

The differences between the measured and predicted stresses warranted a
careful review and evaluation of the test procedure and equipment used for measur
ing strains. The strain data indicated that the heaviest allowable test vehicle pro
duced very small strains in the box girder segments. As a result, calculations of the
strain increments attributable to applied vehicle loadings were sensitive to small
variations in the zero readings. In certain cases, the temperature changes that oc
curred during the test caused significant deviations in zero readings. These effects
resulted in a relative skew or scattering of the data but were not large enough to
cause the large variations in scale between measured and predicted stresses.
Otherwise, a source of error in the experimental data could not be found. Likewise,
the finite element model appeared to be a reasonable representation of the bridge
and provided accurate estimates of natural frequencies in dynamic analyses (Lis
senden, 1988).
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DISCUSSION

The applied test loading was of relatively small magnitude compared to the
self-weight of the bridge. The weight of the vehicle was approximately 50,000 lb,
and the weight of each of the 124 single box girder segments was roughly 135,000
lb. The strains and corresponding stresses produced by this loading were small in
absolute magnitude. For example, the largest strain values recorded during the
load test were on the order of 5 to 10 microinches per inch (microstrains), associated
with changes in stress of approximately 20 to 50 psi. Although small, the reliability
of the recorded strain values was substantiated by the fact that the readings were
reproduced with little error under repeated load applications and recorded values of
strain were consistent between gages at different locations within the instrumented
segments.

The study indicated that reliable experimental strain data could be measured
when the applied load was only approximately 0.5 percent of the weight of the
bridge superstructure. When plotted as a function of load position, the measured
strain data varied in a manner generally consistent with expected response. Corre
sponding variations in stress were in general agreement with those predicted by the
computer model; however, the magnitudes of these stresses differed considerably at
the midspan of the bridge.

Evaluations of the experimental procedure and analytical model did not yield
an explanation for the differences between the magnitudes of the measured and cal
culated stresses. If both the measured and predicted responses are to be accepted,
it would suggest the possibility that some aspect of the actual structure is not ade
quately represented in the finite element model. This may indicate, for example,
that some unrecognized patterns of load transfer may be taking place within the
structure or that complete continuity might not exist at midspan. In the latter case,
the post-tensioning and closure pour joining the two cantilever sections of the main
span may have resulted in less than full continuity within the span, which could
lead to lower stresses at midspan.

Though some differences exist between the measured and predicted response,
both clearly illustrate the high degree of stiffness and load-carrying capacity of the
bridge. Both the measured and predicted maximum. stresses resulting from a single
truck loaded to legal limits were well under 50 psi. This field test points out the
fact that, although finite element models can be useful analysis tools for predicting
the behavior of complex structures, considerable care should be taken that these
models accurately represent the actual structure. Continued field testing of struc
tures such as cable-stayed bridges is an essential element in achieving this end.

This study revealed the many difficulties associated with field instrumenta
tion and testin-g of structures, especially under construction conditions. The indi
vidual bridge segments were formed in the casting yard at the foot of the bridge.
Although it was easier to install the instrumentation here, rather than on the struc
ture itself, there were logistical problems with materials and scheduling, which
were further compounded by the gO-mile driving distance between the bridge and
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VTRC. Despite the best efforts of the researchers, it was difficult to protect the
equipment from damage caused by constnlction activities. As a result, ~ significant
number of strain gages were inoperative and constant repairs to the data lines were
necessary. Also, the harsh construction and field environment was damaging to the
sensitive electronic equipment and has led to serious questions concerning the reli
ability of the data acquisition system.

Analysis of the measured strain data indicated a number of deficiencies in
the instnlmentation and data acquisition system. Malfunctions within the remote
scanning chasses were difficult to diagnose and repair and resulted in significant
losses of data.

Although the measured data were determined to represent the actual re
sponse of the structure, a critical evaluation of each component of the strain mea
suring instrumentation raised serious questions regarding the reliability of the data
acquisition system. Installation of another system of strain measuring devices,
such as Carlson strain meters, in addition to the strain-gaged rebar, would provide
an independent check on the system components. The small magnitudes of strain
measured were near the sensitivity limit of the gages themselves. Loading the
bridge with more than one truck would have resulted in larger strains, thereby al
lowing for improved evaluation of measured strain response.

CONCLUSIONS

1. The experimental strains measured in the 1-295 bridge showed the same trends
as those obtained from finite element models. Quantitative agreement between
measured and computed strains was fairly good for segment 33 but poor at seg
ment 62. This may be attributable in part to the relatively small magnitude of
live load that could be applied relative to the bridge dead load. It cannot be
ruled out, however, that the bridge continuity conditions were somewhat differ
ent than those assumed in the finite element model, particularly at midspan.

2. The shear strains computed from the field measurements tended to indicate
that the shear strain over a loaded web was dominated by bending, but the
shear strain in the webs not loaded was dominated by torsions. This suggests
that significant local distortion of the twin box girder system was present, even
with the stiffening delta frames.

3. Load tests on complex bridge structures, such as the 1-295 bridge, have the po
tential to reveal differences between actual field behavior and computational
idealizations. This can lead to improved computational models and a better un
derstanding of the as-constructed state of structures. If this potential is to be
fully realized, very carefully designed instrumentation chosen with this objec
tive in mind is necessary.

4. The strain gages appeared to be sensitive to thermal strains. Even though a
baseline correction was used to minimize this influence, it was not possible to
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eliminate it. These effects are discussed more fully by Duemmel et ale (1992)
and include the influence of curvature in the mounted transverse strain gages
and mechanical strain caused by mismatch in the coefficients of thermal expan
sion of the bridge concrete and steel.

5. Malfunctioning of the data acquisition system appeared to invalidate some of
the data. Although considerable time was spent attempting to troubleshoot and
repair the system, it was not possible to eliminate the problem.

RECOMMENDATIONS

1. A variety of computational/analytical models have been developed for analysis
of box girder bridges. A comprehensive comparison of these methods does not
appear to be available at this time. As box girder bridges promise to be widely
used in years to come, consideration of the relative efficiency and accuracy of
these methods appears to be warranted.

2. A review of the current literature showed that many developments have been
made in the analysis of box girder bridges. More information from field mea
surements of actual bridge response is needed for verification of range of analyt
ical or computational models that can now be constructed.

3. Strain gage systems for field instrumentation of reinforced or prestressed con
crete structures must function adequately under much more demanding condi
tions than laboratory-mounted systems. Specifically, it appears that, rather
than eliminate thermal strain measurements, it may be preferable to record
them, together with the actual temperature changes at each gage. Thus, such
actual physical phenomena as coefficient of thermal expansion mismatches may
be considered. Further consideration of the most appropriate strain gage sys
tems to use for instrumentation of cast-in-place and precast concrete structures
under field conditions appears warranted.
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