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ABSTRACT

This thesis reports an extension.of the work
undertaken by  Ferdjani and Hadj-Arab. It consists of an
experimental study of the behavigp; of a 1:7.0-scale direct
physical model of a simply supported single span, two-cell,
prestressed concrete box girder. The experimental techniques
developed for construg;ion and inst&umentatloh required
during testing of the bridge model are summarized.

Vafiation of the flexural stiffness and the dynamic
characteristics, such as the fundamental natural frequency
and the damping ratio, of the bridge modei at different
level of damage is presented.

The experimgnﬁﬁl results for the bridge responses
at the working,load} overload and failure load level are
discussed, and compared with the corrésponding analytical
results obtained using the SAP IV and the nonlinear NONLACS
programs. In general, a reasonable agfégment was found
between the experimental and. the analytical results.

The pﬁysical model proved to be an adequate tool
for the study of the static and dynamic responses of ﬁPe box

girder bfidge at all load levels.



RESUME

.

Cette étude represente une extension au travail
accompli par Ferdjani, 0. et Hadj-&réb, A. Elle consiste en
l'étude du comportement d'un moddle & échelle réduite 1:7.0
dlun pont a poutres-caissdn, simplement appuye, 'en béton
précontraint. Les techniques ‘expérimentales développédes pour
la construction au modéle et 1'instrumentation nécessaire
pour les tests sont résumées.

‘ La variation de la rigidité en flexion et les
caractéristiques dynamigques, comme ia coefficient
d'amor;issement et la fréquence naturelle fondamentale, du
pont modéle a diffé{er;t niveau de détério;ation sont
présentées. .

Les résultatszexpérimentaux ocbtenus pour les
qifférentes réponses du pont souﬁis 4 des charges normales,
des surcharggs, et & la charge de rupture sont discutés, et
compares avec ‘les correspondants résultats anelytiquas
optenus par : le programme SAP IV et le programme ;on-
lineaire NONLACS. En général, une concordance appréciable a
été trouvée entre les résultats expérimantauxl et
analytiques. A

Le modéle physique a prouvé étre un moyen adéquat
pour l'étude des réponses statiques et dynamiques des ponts

a4 poutres-caisson a tous les niveaux de charge.
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CHAFﬂﬂ!l\

/ | INTRODUCTION ‘

1.1 GENERAL

In Europe and North America, reinforced and
prestressed concrete bridges have become a very importantx)/
part of the modern transportation system. Since World War
II, box girder bridges have become the most popular form of
modern higﬁway Sridges, because these are more economical
and aestheticglly attractive compared with other types of
concrete bridges. It has also been observed that this type
of bridges has a high torsiongl stiffness and superior load
distribution properties [23,39]. A large number of model
tests have been performed in different industrialized
countries to study the behaviour of box girder bridges.
Because of their geometry, these type of bridges is able to
carry utilities within the holléw boxes. Also, investigators
have found a solution to the problem of large deflections
due to thé dead load in long span bridges in the stiffer box
girder bridges. The introduction of the prestressing has
"helped this development. Nevertheless, the improvement in
design and construction teghniqﬁes has made the box girder
bridges adaptable to a c?ﬁplex geometry and become suitable

for an urban environment.



(,_

1.2 PREVIOUS WORK

Over the past four decades, several analytiéal and
experimental studi;s have been undertaken into the behaviour
of reinforced and prestressed concrete box girder bridges
under various types of loadings with the objective of
improving the present design metho?s. Improvements in the
model ing techniques have made the structural model one of
the most impoftant tools in studying the response of box
girder sections [33]. Scordelis, Bouwkamp, and Wasti [35]
conducted tests on a 1:2.82 large scale model of a two span,
four cell reinforced concrete box girder bridge subjected to

_the current AASHTO loadings [1]. The results‘showed that the
box girder bridge has excellent 1load distribution
characteristics. Nevertheless, they found that the AASHTO
empirical formula overestimated the actual value of the

\zirder' bending moment for two lanes of trucks, and:
nderestimated it for three lanes of tr!Lks.

Soliman [38] tested a 1:2.82-fcale direct model of
an intermediate sp:n of a continuous box girder bridge. An
analytical-experimental program was undertaken to study the
general behavior of the model bridge through all loading
ranges. The principal objective was to study the effects of
formation and propagation of cracks on the flexural and
-torsional response of the system and on the shear transfer

-

across the cracks and on the stiffness perpendicular to the



cracks. He concluded that a reduction in the shear modulus .

with the widening of the cracks did not have a significant
influence on stress distribution -rin the bridge section
except at the ultimate load level . Also, a non-zero
concrete modulus value perpendicular to the cracks had a
significant influence on bridge behaviouy as coﬁpared with a
zero value for this modulus. However, at the ultimate load
stage, the computed stresses were insensitive to this value.

’chdoba and Tschanz ([12,41] performed an
experimental-analytical study on a 1:3.76-scale direct model
of a single span, two cell, precast, pretensioned box girder
bridge. The scope of this investigation was to study the
structure with emphasis on the load distribution
characteristics . The analysis was concerned with the
elastic response only. Theyf}bund that the transverse
distribution of the concentrated load through the thin top
slab was adequate. The results of the behaviour of the
bridge model under working load were comparea with an
analysis by the finite élement method. Good agreement was
found between the computed and experimental results.

' Scordelis [34] developed a general method of
analysis for simply supported box girder bridges, using the
folded plate method and harmonic representation of the
loadings. A number of bridges with different spans and
number of box cells was analyzed.

‘Maisel, Rowe, aﬂé 8wap (23] summarized the

different methods of elastic analysis which can be used

: : 3
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efficiently by the designer for different type of box girder
structures. The analysis uses a grillage model which is
dgsigned to consider the effects of longéffdinal bending,
St-Venant torsion; dis;ortional, and torsional and
distorsional warping due to inplane flexyre g¢f the webs. The
shear~-flexible grillage can be used té reproduce the
stuctural behaviour of a ﬁox’girder deck with the accuracy
of a more sophisticated technique. It can, also, accommodate
variations of geometry in élan and section.

Tabba [40] conducted an experimental study on the
free vibration response oflone-and two-cell curved box
girder Plexigias models. He evaluated the simplifying
assumptions made in the thin walled beam theory. He compafed
the experimental and the theoretical resﬁits. Goonagreement
was obtained between the computed and the experimental modal
shapes and frequencies.

The above research programs were mostly congerned
with the elastic response only. A relatively few
investigations have be?n undertaken to study the dynanmic
behaviour of box girder bridges. The behaviour of the
structure becomes complex and different from the elastic
behaviour when the reinforced concrete elements. crack and/or
the reinforcement starts to yield. The recent development
of techniques Iﬁjstructural modeling and the iqgroduction of
a number of finite element analysis programs which take into

B ad

account the nonlinear material properties and geometric non-

f

linearities of the structure have led the researchers to

™
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deal with the nonlinear behavior of these structures. Some
of these recent investigations are summarized below.
Ferdjani [16] and Hadj-Arab ([18) qompleted an
experimental-analytical study on a 1:7.1-scale direct model
of a one-cell prestres;ed concrete box girder bridge. The
objectives of this investigation were to giudy the behaviour
of the bridge model under static and dynamic loadings. They
found that the physical model proved to be an adequate tool
to predict -the linear and non-linear static and dynamic
lr;;ponse of reinforced and prestressed concrete box girder
bridge. The physical model was able to resist an ultimate
~load equal to six times the Ontario gighway Bridée Design
Codé~truck. Also, the longitudinal and transverse stress
distributions obtained aqross the width of the top and
bottom slabs of the box section were not unif&rm under
concentrated and truck loadings. They concluded that a
single-cell box section subjected to&toncentrated and truck
loadings was unable to redistribute the applied 1loads
uniformly across the width, at the same location. ‘
Spiller, -Danghidis, and Kromolicki [39] conducted
an experimental-analytical study on the effect of lﬁter;1
forces due to longitudinal prestressing of concrete box
spine-beam bridges with inclined webs. . A method was derived

and verified for the analysis of transverse stresses

induced by the longitudinal prestressing with tendon profile

\parailel to inclined webs.



Vs Mirza et al [25] performed a study on a 1:10.45
scale direct physical model of a composite concrete deck-
steel box girder' bridge. The direct physical model consisted
of box girders made from 13, 17 and 21 gauge steel plates
and a 21 mm thick concrete deck was used for the
experimengnl study. Bracings were provided in different
configuraégons in this model. The main investigation on this
model was concerned with the elastic free vibration response
and the complex nonlinear static response at higher load
levels. The study was also concerned with estaﬂlishing a
framework for the 1limit states‘ design  of composite
concreté\ﬁeck-steel box girder bridges. They concluded that
the inflggnce of these bhracings was not significant on the
static and dynamic response of the composite box girder
bridge.

Perry, Pinkney and Waldron([31] studied the
behaviour of one- and two-cell box‘gifder bridges uéing a
1/12~-scale prestressed concrete elevated road junction model
which consi;ted of box beanm sections with large side
cantilevers. This structure with a very complex geometry was
highly curved in plan and was continuous over three central
supports and toréi:S;ily restrained at three outer supports.
. Billing [4]) completed dynamic tests on 27 bridges
with different configurations, of steel, timber and concrete
conntrugtion and with spans varying from 5 m tQ 122 m. The

results of this comprehensive study were used to support the

Ontario Highway Bridge Design Code provisions for dynamic

’
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loadings and dynamic response of bridges [29]. Also, the

data generally comfirﬁed that the form and values for
dynamic load and serviceability provisions of the code were
adegnate. Good agreement was noted between the analytical
and experimental results.

Cheung, .Gardner and Ng [7] completed an analytickl-
experimetal study on a slab-on-girder bridgeé concerning the
load distribution characteristics at the ultimate load. - The
tests .were performed on 1/4-scale model of a s{ﬁply
supported three-~lane, composite steel beam-coﬁcrete deck)
bridge. They developed the load distribution factors for the
ultimate limit state including the influence of load
redistribution, non-linear behaviour, residual stresses,-and
accounted for the effect of intermediate diaphrggms on load
distribution characteristics. The experimental results were
compared with the results obtained from a finite element
model and good agreement was observed. They concluded that
there was a conside’rable reduction of loa::l distribution
factors between linear elastic and post yielding stages.
This reduction was at least ;;ﬁal to the shape factor of the
girde; section. For wgﬁe flange and I sections, the shape
faqtors vary within the. small range of 1.15 to 1.17.

conrad, Heins and Sahin [10] developed a series of
empirical egquations used for the evaluation of the natural
ffeqﬁencigitof curved and straight box section 7midges.
Experimental\;tudies-qe a series of twé and three span

continuous curved bridges were performed. Good agreement was

A
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ojtained between approximate and "exact" natural frequencies,

2

lculated using Stodola and thin-walled theory methods,
respectively, and experimental results.
Seible and Scordelis [37] developed an analytical
model which can give the complete nonlinear behaviour of a
reinforced concrete multi-cell box girder bridge unisr
increasing loads up to the ultimate load and collapse of
the structure. For linear elastic analysis, the displacement
model was uéﬁd on transforming the box section system into

a three-dimensional grillage, formed by longitudinal beam

A

2

elements, transverse bending frames at discrete intervals
and shear panels. However, the nonlinear analytical model

was based on introducing the flexural and shear hinges in

the model. The analytical scheme was demonstrated and tested .

on two numerical examples. Analytical results were derived

and were compared with the experimental results obtained

from tests on a large scale model of a reinforced concrete .

box girder bridge. The above research programs provided
significant useful informatioﬁ on the linear deformational
behaviour of box girder bridges, however, only a few of
these inyestigators dealt with the nonlinear éeformational
behaviour of the box girder bridge at higher load levels up
to the ultimate load. At this stage, more experimental and
analytical data are needed. Also, the dyni?ic response of

bridges after cracking of the section needs ﬁQ‘be examined.
\

N
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1.3 VIBRATION OF BRIDGES )

A comprehensive review of vibration response of
briciges was undertaken by Huang [19]. Bridge engineer and
bfidge designers ere primarily-concerned with vibrations
es. The objectives of bridge

- \
engineers are to provide sufficient stiffness, to prevent

caused by moving vehi
excessive bridge lections to cater for the psycholoddcal
comfort of the individuals crossing the bridge. Also, wind
effects are mare prominent in the response of suspension
bridges than in any other types of bridges causing

1

aeroqynamic instability of the bridge. Furthermore, the
dynam\ic response C;f briéiges due to se‘i’smic excitations is
more complex. The extent of seismic damage depends on the
dynamic behaviour of the soil, seismic intensity and the
type of the séructure.

Over the past few decades, the use of high Ds}:renqth

materials has led to the construction of slender bridge

sections which has resulted in considergable vibration

- problems due to the passage of heavy vehicles. Some

analytical and experimental investigations have been
undertaken to study the dynamic response of highway bridges
at different levels of damage to determine the damage level
up to which a bridge can be considered functiaonal for safety

of users.
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1.4 SCO I IGATIONS

_ A direct physical model of a prototype strudture is
a powerful design aid which can be loaded in the same way as
lhg prototype. These models can simulate the behaviour of
the structure through all loading stages from zero load up

to the ultimate load and the final collapse of the structure

~and would in general be required to account for such

characteristic phenomena in structural concrete as cracking,
stress redistribution, ﬁonlinear response,etc. ‘Therefore,
thé use of suitable model materials and the correct choice
of scales are of paramount importance. ’

The main advantage of the model investigation is
that it enables the designer to concentrate on the structure
itselt. The experimental results provide a first hand
knowledge of the structural behaviour when theories to
pfledict its behaviour are not available. The greatest
advantage of the model study is the low\cost of fabrication,
relative ease of handling the specimen and the small testkng
and storage space. Model testiﬂé does noé usﬁally require
elaborate expensive testing equipment. Furthermore, the
casting and curing of structural concrgte models can usually

- %

be conducted in the laboratory under more closely controlled

.conditions than the prototype structures.

10



1.5 AIMS OF THE PRESENT STUDY

This\study is an extensiog of the research program
undertaken Ferdjani and Hadj-Arab, who performed an
analyt ~experimental study on a 1/7.1-scale direct
physical model of a simply supported single span single,
one-cell, prestressed concrete box section bridge.

The present study is aimed at investigating the
general behaviour of a box girder bridge strudture using
tests on a 1/7.-scale direct physical model of a simply
supported single span, two-cell, prestressed concrete\pox
section bri&ge. The objectives of‘Egg_gpudy wvere:

(1) To study the overall static and dynamic
responses of the bridge model at different levels of damage
up to the ultimate load level. -

(ii) To examine the load distribution characteris-
tics of the structure in both the linear and nonlinear
ranges under concentrated and the Ontario Highway Bridge
Design Code truck loading.

(iii) To study the effect of cracking of the
qoncrete at different levels of damage on the flexural and
to;siogal response of the model bridge and the shear
transfer across the cracks. .

(iv)\To determine theguynamic characteristics of
the str&ééure such as the natural frequencies of vibration

and the damping ratio at different levels of damage.

11



(v) To analyse the bridge using the SAP IV program

and the non-linear NONLACS program at Carleton University .

12
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CHAPTER 2 -

PHYSICAL MODEL -
a

2.1 ADVANTAGES OF MODEL TESTING

Model testing of .structures in the laboratory has
gained wide acceptance among both structural researchers and
design engineers over’the past three decades. Several
experimental investigations have been conducted in recent,
“years to study the behaviour' of structures under static and
dynamic loadings. The behaviour of physical models can
duplicate the complete prototype behaviour to a high degree
of accuracy better E?an any analytical model.

The errors in measurements magnify as the size of
the model decreases. In addition, the engineer is unable to
simulate more aécurately the complex boundary conditions and
the internal force distribution in the physical model.

Advantages of model testing include the low cost of
fabrication, saving of space in the laboratory, small live
loads which can produce large stresses in models until
failure, control of humidity and temperature conditions in
the laboratory, and no interruption from traffic or other
sources. These have made the use of small-scale direct
models of reinforced and prestressed concrete bridge

-
structures popular and useful.

13
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The only disadvantage in the use of small scale

model is %he simulation of the prototype dead weight.
Compensation of the dead load was achieved in the model by
distributingéfoncrete blocks and/or steel billets in the
model. Special care is needed during all modeling stages.
The accuracy of the results y&om a given physical model test

/ -
depends on the comstruction accuracy, the material

:
Lo
(]

-

properties , loading techniques, measurement methods and the |

interpretation of the results.

Over the past few years, intensive development of
analytical methods due to the introduction' of" powerful
computers and finite element programs has changed the
application of physical models. Nevertheless, the accuracy
of these analytical methods must be established by comparing
the analysis results with appropriate experimental data from
tests done on carefully chosen physical models.

Physical models are being accepted by the various
building codes [2,8] as alternate design tools. Many
researchers [24,33] have proved that models constructed to
scales as small as 1/5 to 1/8, can be reliable, time-saving
and inexpensive tools to investigate the behaviour of a
structure under any type of monotonically increasing loading
until the collapse of the structure. Also, recent studies
have shown that 1/2 - 1/4 scale di;ect models of reinforced
and prestressed concrete stuctures can predict the
prototype behaviour\:3§>strength with a reasonable degree of
reliability [26].

14




2.2 DIMENSIONAL ANALYSIS

Dimensional analysis has been used to develop the
simjlitude requirements which relate the model to the
prototype structure. The physical model must be designed,
tested under combined loadings and interpretéd according to
the laws of similitude in order to to be able to predict the
prototype response from the model response.

For dimensional analysis of a structure; the
independent or basic d:li.mensions nust first be selected. All
significant variables are then expressed in terms\qg/{hese
dimensions by combining the physical variables, which are
related to the phenomena involved in the behaviour of the
structure, into convenient groupings. Therefore, these
similitude equations define the relationship for the various
physical equations between the model and the prototype.

For a problem involving a structure subjected to
static and dynamic loadings, the fundamental quantities are
usually chosen as force (F), length (L), and time (T). Other
variables related to the phenomena under‘ study such as
ultimate strength of the structure, elastic or inelastic
deformations, elastic or inelastic vibrations are defined in
terms of the governing dimensions (Table 2.1). According to
‘the Buckingham's Pi-theorem, a complete independent set of

dimensionless Pi-terms can be assembled for the different

rd
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physical quantities and these are made equal for both the
model and the prototype. The resulting equations can then
be solved to derive the scale factors. The condition of true
representation of a given prototype by a scale model can
therefore be stated in the form: I, = 0, where

i=1,2,3,4...n. A summary of the scale factors used for

this investigation ‘is given in Table 2.2.

2.3 SELECTION OF SCALE

Direct physical models have been shown to be
suitable to investigate the complete behaviour of the
prototype structure both in the elagtic and the post-
elastic range and also to determine the ultimate capacity
and thé failure mode of the prototype structure. The direct
model used in the study of this box girder bridge was
constructed using a length 'scale factor of 1/7.0. The
selected linear scale factor of 1/7.0 for the box girder
bridge was based on the smallest size of prestressing wire
that could be supplied by the manufacturer. The 12.7 mm
nominal diameter seven wire strands having an ultimate
tensile strength (UTS) of 1860 MPA was simulated Q a 5.0 mm
nominal diameter prestressing wires having an ultimate
tensile strength of 1550 MPa, as recommanded by the

manufacturer. This leads to the relationship :

-

Lm Am
S = ¥p = \ap = 1/7.0

16



4,

Y

Physical quantity Description Dimension
[ -
1 Length L
(] Disp ne L
F Force F
T q, Concrete stress F L
o, Steel stress F L
E, Modulus of elasticity F L™
\ of concrete
E, Modulus of elasticity F L™
. \ of steel
t Time T
\' " Velocity LT
a Acceleration L 77
g Gravitational L T?
acceleration
Frequency T
P, Mass density of F L™ T?
concrete !
P, Mass density of FL'T
steel
Strain ) ————
v Poisson's ratio ————

5
TABLE 2.1 DIMENSIONS OF THE GOVERNING PHYSICAL QUANTITIES

v
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Group Physical Quantities 'Scalz Factor Scale Factor
_ ’ B (Sg = 1)
Loading Force, F & g5 s,2
Gravitational 1 1
acceleration, g =
Acceleration, a . | 1
Time, t s, s,¥?
Velocity, V s,"? s,/?
Geometry Linear dimension, 1 'S, S, ¢
Displacemnet, § S, " S,
Frequency, f S,"’2 S,'V2
Material Young's modulus, Sg e
E., E .
properties Stress, o Sg 1
Mass density, o 8¢S, s,
K Poisson's ratio, v
’ Strain, ¢ - s 1

TABLE 2.2 SUMMARY OF SCALE FACTORS

S OF
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where the subscripts m and p atand‘for the model and the
prototype, respectively. Following the provisions of the

Ontario Highway Bridge Design Code, a prototype bridge was

designed as single span, simply supported structure, 25.0 m

Jong, 8.0 m wide, 1.8 m deep and consistfng of a two

rectangular cells. The geometry and the details of the

reinfércingéand the prestressing steel for the model were
then selected. The diqgnsions of a tygical crosg_section'of
tlie prototype and the model are shown in Fig.2.1 and
Fig.z.z; respectively. Also, the dimensions of the model in
plan&are shown in Fig.2.3. Since the same materials,
concrete,ireinforcing and prestressing steel are used for
both the prototype and the model, the principles of
similitude are applicable in the elastic and the inelastic

ranges up to the ultimate load.

2.4 DESIGN OF THE MODEL . -

Two types of reinforcement were used for the box
gi;Eer bridge model, a 5.0 mm 3omina1 diame;er prestressing
wire having an gltimate tenhsile strength of 1550 MPa, and a
normal reinforcement, 4.0 mm nominal diameter and a yield
strength of 298 MP&Q Typical stress-strain curves for the
prestréssing wire and normal reinforcement are shown in

Figures 3.3 and 3.4, respectively. The main reinforcement
£ N
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»
consisted of ten prestressing wires. Thése were located as

four wires for each box and one wire at the middle of each
bottom slab. These wires were tensioned initially to
1080 MPa which is approximately 0.7 of the wire ultimate
strengt;p. At the midspan section, a system was provided for
harping the prestressing wires in the webs. Figure 2.3 shows
the locations of the prestressing wires and the normal
reinforcement at the support and at the migspan section.

Y The longitudinal and transverse reinforcement for
webs, bottom and top slabs consisted of two layers of
continuous wire meshes of 4.0 mm nominal diameter steel
reinforcement. These meshes were placed along the length of
the bridge. The details of the <?gnforcements for the model
with spacings of the wire meshes and their locations are
shown in Figures 2.4 and 2’.5. The end blocks provided a
suitable rigid end to simulate warping restraint
conditions. Figure 2.6 s\hows the details of reinforcing for
the end blocks. According to the Canadian Standard CAN3-
A23.3-M84, the fundamental requirements of strength, limited
cracking, ductility and simplicity of construction were

satisfied by the reinforcement details adopted.
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CHAPTER 3

EXPERIMENTAL PROGRAM

The structural design of the bridge model was
conducted in a manner identical to that of the prototype.
Strict specifications dealing in detail with the design of
the éoncrete mix, formwork requiféments and the stringent
tolerences in constructional dimensions were required for
the scale model. All of the instrumentation was calibrated
prior to the tests.(mjhe tests on scale model bridge were

g floor of the Strength of Materials

performed on the str

Laboratory at McGill University.
3.4 MATERIAL PROPERTIES

3.1.1 CONCRETE

-

The model concrete mix 'used for tﬂe box girder
bridge model was designed according to Mirza's
recommendations [24]. The selection of a modei material to
simulate concrete requires a cementitious material whose
stress-strain curve up to failure is similar to that of the
prototype concrete, and whose Poisson's ratio, tensile
strength-compressive strength ratio, shrinkage and creep

characteristics are identical to the counterpart prototype

27
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properties [24]. After several trials for workability of the
model concrete, a higher water content was used.

The modél concrete mix was designed.for a nominal
compressive strength of 30 MPa. It consisted of a blended
mixture of coarse aggregates, narrow}y graded crushed quartz
sands, high early strength Portland Cement (Type III) and

water. The aggregate proportions by weight were:

1.6 mm - 3.2 mm limestone aggregates ' 15%
No. 10 crushed quartz sand - 15%
No. 16 crushed quartz sand 15%
No. 24 crushed quartz sand ’ 25%
No. 40 crushed guartz sand 20%
No. 70 crushed quartz sagd 10%

The grading used is based on the sieve analysis results for
the model concrete mix. The particle size distribution
curve for the mix is shoyn in Figqure 3.2. The water-cement-
aggregate proportions in the mix were; 0.55-1.0~2.75 by
weight.

Compression and tension tests were performed on 56 concrete
cylinders of size 50 mm x 100 mm. Some of the cylinders were
equipped with electrical resistance strain gauges. Twenty
cylinders was tested at an age of 28 days, while 26
_ cylinders were tested the day corresponding to the day of
testing the model, to estimate the strength characteristics

of the model. A typical stress-~strain curve of the concrete

mix is shown in Figure 3.3.

28
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(a) Reinforcement Details For Webs, Bottom Slabs, End Blocks
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(b) Bridge under Static Load

Figure 3.1 BRIDGE MODEL
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The results from the tests performed on 50 mm x 100 mm
cylinders éé evaluate the compressive and the tensile
strengths are tabulated in Tables 3.1 and 3.2, respectively.
For design purposes, the compfessive strength was taken

equal to 37 MPa and the tensile strength equal to 2.25 MPa.

-

3.1.2 STERL REINFORCEMENT

During the design and.° the construction of the
bridge model, several characteristic properties of the
reinforcing steel were considered iﬂ the selection of
suitable reinforcement. Among these properties, emphasis was

placed on the following:

Shape of the stress-strain curve.
- Yield and ultimate strengths in tension and in coﬁpression.

Bond characteristics at the steel-concrete interface.

Ductility.
Five pull-out tests were conducted to study the bbnd
. ¥ ' ° N

characteristics of the prestressing wire to establish the

bond characteristics at the steel-concrete interface.

a2l ING STE

d

N

The 5.0 mm nominal diamater prestressing wire was
lupplied by a local manufacturer, who indicated an ultimate
tensile strength of 1550 MPa for the wire.

© | 7/
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TABLE 3.1 COMPRESSIVE STRENGTH OF THE MODEL CONCRETE

Structural Number of Age Average Standard Coefficient Modﬁlus of
Element Cylinders (days]) Compressive Deviation of variation Elasticity
Tested - Strength (MPa) [MPa) (%) {MPa)
S0 mm x 100 mm
Bottom Slab S 28 34.10 .20 2.90 28500.
and Webs. 8 day of 37.0 .10 2.90 28700.
testing
Top 28 34.2 .25 3.20 28600.
Stab /£ day of 36.9 .18 . 2.60 29000.
&
testing
S,
’ ¥




| 3%

“~
!
Structural Number of Age Average Standard Coefficient Modulus of
Element Cylinders (days) Tensile " peviation of variation Elasticity
Tested Strength (MPa) (MPa) (%) (MPa)
S0 mm x 100 mm -
A

Bottom Slab 5 28 2.06 0.11 5.34 28500.

and Webs day of 2.25 0.11° 4.88 28700.
testing

Top S 28 2.07 0.11 31 28600.

Slab day of 2.24 0.09 00 29000.
testing

TABLE 3.2 TENSILE STRENGTH OF

Dq\

THE MODEL CONCRETE




This wire had a ;ough surface which allowed for a good bond
with the concrete. Six prestressing wire specimens were
testgd using the Instron Universal Testing Machine and the
results are summarized in Table 3.3. A typical stress-strain
curve for the prestressing wire is shown in Figﬂfe 3.4. The
av;rage ultimate tensile strength was found to bogequal_to

. 3
1550 MPa.

*
3.1.2.2 STEEL WIRE REINFORCEMENT
\

A 4.0 mm nominal diameter steel reinforcement wire
with a yield strength ' of 580 MPa was selected. According to
Mirza's recomme;dations [24].and in order to 1mprove the
ultimate strain cafacity andoto lower the yield strength of
this steel reinforcement, the following heat treatment was
conducted. The steel was first heafed to a temper;ture of
315 C¢ and then the temperature was increased at a rate of

95 C per hour for another 3 hours. This temperature was

then maintained at 610 C for 2 hours. The cooling process

started by decreasing the temperature from 610 C to 315 C at
95 C per hour. The steel was then removed from the oven and
cooled in the Qir;

After this process, the steel reinfordement become
considerably ductile with a yield gtrength of 298 MPa. The
steel was cleaned carefully after the above operation. A

S
typical stress-strain curve, obtained from the tension tests
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o
Number of Ultimate Tehsile Average Standart Coefficient of Modulus of
Specimens g Strength Strength Deviation Variation Elasticity
Tested (MPa) - (MpPa) {MPa) (%) {MPA)
1 - 1562
\
LN
2 1592
- R I3
3 1525 1550 22.48 , 1.45 175000
4 1548 /
S 1543
Q
R - W 1559
" =
TABLE 3.3 TENSILE STRENGTH OF 5.0 mm PRESTRESSING WIRE
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Figure 3.4 TYPICAL STRESS~-STRAIN CURVE OF
S mm PRESTRESSING WIRE.
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on ten specimens, is shown in Figure 3.5.

[

3.2 PRETENSIONING TECHNIQUES

Three tensioning methods were tested by
Ferdjani [16]) and Hadj-Arab [18] . The methods consisted of
a’ single p}estressing wire, equipped with electrical
resistance strain gauges, pretensioned using a pump and a
hydraulic jack. The strain readings were t;ken every day
during the subsequent week to evaluate the losses.

Method I : The pump and the hydraulic jack were not
removed after prestressing the wire. The losses were
significant (approximately 20 %) before releasing the d&re,
mainly due to the permanent presence of the pump and the
hydraulic jack.

Method II : The operation was to fix the chuck on the
hollow load cell after releasing the pump and the hydraulic
jack. Control of losses was not possible. ?

Method III : The operation was to set the chuck before
jgcking and to close the chuck before releasing the wire.
After releasing the force applied by the hydraulic jack, the
losses were negligible (approximately 4 %). After releasing

the wire itself, a prestressing loss of about 15 % was

noted. The losses noted were considered acceptable.

Method III was selected and the details of the set-up are

shown in Figure 3.6.
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3.2.1 HARPING OF PRESTRESSING WIRES

With the collaboration of the Structural Laboratory
technicians, a system was designed to obtain a harping
point for the prestressing wire at midspan. The systenm
consisted of two harping point suﬁports bolted to the beams
of the prestressing bed with M20 high strength bolts. Also,
a 25 mm rod, covered with a plastic tube at the level of the
girders, was connected to the two supports. The details of
the prestressing bed and the harping point system are shown

in Figure 3.7.

3.2.2 PULL-OUT TEST

Five pull-dut. tests were conducted on five
sampleg of prestressing wire of 5.0 mm diameter to check the
adequacy of the bond at the steel-concrete interface and to
verify if the slip occurred before or after that the
prestressing wire had developed its yield strength. A series
of tests was completed on specimens with five .different
embedment lengths of 300 mm, 460 mm, 500 mm, 600 mm and
900 mm. The cross-sectiqnal area of the pull-out specimens
was 44 mm x 86 mm. The set-up for a pull-out test is shown
in Figure 3.8. The results are summarized in Table 3.4. It
was observed that the wire developed its yield strength for
an embedméht length equal to or greater than 600 mm. The

g

results were plotted and shown in Figure 3.9.

-~
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Figure 3.7 DETAILS OF SET-UP FOR HARPING THE PRESTRESSIlf WIRES.
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Figure 3.8 PULL-OUT TEST SET-UP.

4

A~
Embedment Length Axial Load Comments
L (mm) P (kN) .
300. - Crack appeared
shortly after
g ) ‘ pulling aut
400. 12.30 Wire slipped
° - No cracks
500. 24.90 Wire slipped
- Longitudinal
- ) cracks
600. 29,70 No cracks
- Wire yielded )
900. 29.8 . Wire yielded

TABLE 3.4 PULL-OUT TEST RESULTS.
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Figure 3.9 PULL-OUT TEST RESULTS FOR
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CHAPTER 4

CONSTRUCTION OF THE BOX GIRDER BRIDGE

The construction of the 'box girder bridge model
reqﬁired adherence to strict specifications including those
for the preparation of the formwork, the design of the
concrete mix and the stringent tolerances in construction

fas

dimensions required for the physical model.

4.1 CONSTRUCTION PROCEDURE

The construction of the box girder bridge model
consisted of the following operations:
1. Construction of the outer channel formwork and the
support of the bottom slab. ‘
2. Placing of the bottom slab and channel reinforcing wire
meshes after installation of the electrical strain gauges.
3. Tensioning of the prestressiﬁg wires after installation

o

of the electrical resistance strain gauges. v
4. Construction of the inner channel formwork.
5. Casting and curing of .the bottom slab and the channel;
removal of the inner channel formwork.

6. Filling the box with steel billets as partial

compensation for “dead weight.

7. ,Covering the filled boxes with styrofoam, construction

~
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‘oat the top slab formwork and placing of the reinforcing wire

0

molheh.’

8. Casting and curing of the top slab; removal of forms.

~

9, Placing of concrete blocks on the deck and cuttinq'of

the prestressing wires.

10. Removal of the prestressing bed and placing the box

girder model on supports.

11. Installation of strain gauges on the concrete surface;

painting the bridge model with white paint.

4.2. CONSTRUCTION DETAILS

4.2.1 PRESTRESSING BED

The prestressing bed consisted of two W690 X 152
sections, 4.27 m long, four W310 X 107 vertical sections,
1.80 m high, and two 200 X 200 X 20 mm angles, 1.50 m long

used as brestrqssing abutment. The two beams were bolted to

the four vertical sections by M20 high strength bolts. Also,

the vertical sections were welded to these angles where

holes were provided to allow for the correct positioning of

the prestressing wire. Details of the reaction frame with
4

the harping point supports bolted to the beams at midspan

are shown in Figure 4.1.
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4.2.2 PREPARATION OF FORMWQRK
p 4

The box girder bri&ge model was constructed using
two types of formwork. All formwork was madeﬂ using 19 mm
thick plywood sh:eets with a polyuerethene varnish and was
removed when the concrete cured, A minimum amount of light
form oil was usegd: on the forms to facilitate stripping.
Alsg, a 20 mm thie{::i styroform was used‘to support the siap
over the boxes, to cover the steel billets and not to allow
the concrete to f£ill the inside of the boxes. It had a
negligible stiffness and did not influence the model

response and its behgviour.
4.2.3 STEEL REINFORCEMENT

The webs, top and bottom slab reinforcements

'consisted of wire meshes. The wire meshes consisted of

" annealed D2 bars placed in two orthogonal directions.

4.2.¢ TENSIONING OF PRESTRESSING WIRES

For this purpose, the same method as used by
i"ordjani [16] and Hadj-Arab [18] was adopte—d for this
project. But: i‘nstead of having three angles, one extreme
angle was replaced by three movable jacking abutments. The
tensioning of the prestressing wire for the box girder

bridge model consisted of the following steps:
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1. Tensioning of the preétressing wire by means of the
hydraulic jack. The two extreme chucks were closed while the
intermediate one was open.

2. Closing the intermediateg chuck on the respective

abutment.

| .
3. Releasing, of the tensioning force applied by the

hydraulic jack. The prestressing wire was attach to the
abutment using 5.0 mm diameter chucks.
All of the ten wires were equipped with line;r electrical

resistance strain gauges. They were tensioned séquentially

by the hydraulic jack and a calibrated hollow load cell was

used to evaluate the applied force. The strain measurements

|
given by the/linear electrical strain gauges were used tb
/

check the force applied to each wire. The measured
prestressing forces are summarized in Table 4.1. The average

total loss of the prestressing wires was found to be equal

to 15 %.
| [ ]
?
. 4.2.5 CONCRETING OF BOX GCIRDER BRIDGE MODEL

Th concretipg process of the box girder bridge
model was compléted in two steps . The first step consisted
of concreting the bottom,slab and the webs. The concreting
commenced at one end of the bridge and csntinued to the
other end in short lengths to avoid air pockets in the
concrete. During this process, the concrete was vibrated by

a needle vibrator to cgnéblidate it and to eliminate any

(=4

o
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Wire Initial Values Losses At Transfer Total Losses
No Values After Release ‘ yA A
Strain Strain ’ Strain
(Microstrain) {Microstrain) (Microstrain)
i 6175 5815 5.85 5257 14 85
2 6452 6420 05 6373 12
3 6023 5866 2.6 5498 8.7
4 6020 5954 1.1 4230 29.7
5 6955 6905 0.7 5915 14.9
6 6290 6041 3 96 5066 16 .6 _
7 6200 6033 2.7 5606 9 6
8 6012 5860 *3.6 4643 22.8
9 6002 5890 29 4461 25.7
10 6154 5795 5.9 5248 14.7
wa
TABLE 4.1 PRESTRESS LOSSES




air pockets. Extreme care was required during the pouring of
concrete where small aggregate spacers were placed under the
meshes to provide a proper cover thickness to the' steel
reinforcement.

After casting the channels, and in order to prevent
any possible loss of moisture and to cure the concrete, the
structure was covered by a plastic sheet for a period of one
week. Then, the inner formwork was removed and the boxes
were filled with steel billets.

The second step consisted of concreting the top
slab. Before that, the seven days old concrete of the webs
was cleaned by a steel brush and water in order to improve
the bond between the old and the new concrete. The pouring
of the concrete was done with extreme care to insure a
proper cover thickness by placing small aggregate spacers
under the top slab reinforcement. Three holes were provided
at midspan, two at the edge and one at the middle for the
threaded rods. When the cgsting of the structure was
finished, the final operation was tc cover the ;tructure
with a wet plastic sheet and water was sprinkled on it at

&

reqular intervals to cure the concrete.
4.2.6 DEAD WEIGHT COMPENSATION

From si?ilitude analysis requirements, the model

-

concrete is reqﬁired-to be seven times as heavy .as the

prototype concrete in order to obtain a true model. Since
, .
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éhis similitude conditionL\gan obviously not be achieved,
dead weight compensation was necessary. Concrete blocké were
placed on the model bridge deck and steel billets were
filled into the boxes to simulate the prototype dead weight.
The positions of the concrete blocks are shown in
Figure 4.2. Also, two boxes of steel plates were placed at
the edges of the bridge model. More details of the dead
weight compensation analysis are given in Appendix A.
The dimensions, weights and the location of steel billets

steel plates are shown in Table 4.2.

4.2.7 CUTTING OF PRESTRESSING WIRES AND FORMWORK REMOVAL

At this stage, the gtructure was placed on the
supports and all of the concrete blocks were placed. After
cutting the prestressing wires, the removal of the formwork
started. The outer formwork for the nges and the forms on
the sides of the structure were striﬁped easily. But a
problem was encountered while trying to strip the form
between the end block and the supports. The structure was
carefully lifted up from one end by ugipg two hydraulic
Jacks and steel plates under the end block. The formwork was
then removed and rubber pads were placed at the supports.
The same operation was repeated at the other end block.

Finally, the preparations for the test on the bridge model

were commenced.
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Figure 4.2 POSITION 0} THE CONCRETE BLOCKS ON THE
MODEL BRIDGE
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CONCRETE BLOCKS NUMBER DIMENSONS (mm)
A 8 0.24 x 0.28 x 0.46
B 8 0.20 x 0.42 x 0.50
C 8 0.20 ¥ 0.32-x 0.50
D 8 0.17 ¥ 0.20 x 0.34
E 8 0.24 x 0.34 x 0.26
STEEL NUMBER WEIGHT (Kg)
SP , 2 1029
° SB 2 980
o

TABLE 42 DETAILS OF DEAD WEIGHT COMPENSATION
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4.3 IN UMENTATION

4.3.1 GENERAL .

Proper instrumentation is required to measure the
quantities related to the behaviour of the structure. The
response of a structural model under any loading conditions
can be determined from the model tests results. These
results can be achieved with a desired level of accuracy if,
before starting any test, a calibration of the different
instrumepts and an adequate check of the equipments is
undertaken.

Data for loads, strains and deformations was
obtained using instruments such as load cells, L.V.D.T's
(Cinear Variable Differential Transformer), strain gauges,
and dial gauges.

During the testing of the box girder bridge,
measurementsusuch as steel and concrete strains, loads
displacements of the structure under all static and dynanmic

loading conditions were made.
4.3.2 STRAIN MEASUREMENTS

Strains on the concrete and the steel were obtained
using electrical resistance strain gauges. A total of 22
linear electrical resistance strain gauges were installed on

the prestressing wires at three different locations as shown
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in Figure 4.3 for girder 1 and Figure 4.4 for girder 2. The
data obtained from these strain gauges was used to determine
the prestressing losses and also to determine the
corresponding stresses acting on the wires uﬁder the various
loading conditions. Following the recommendations of the
manufacturer, the gauges were waterproofed to protect them
from getting damaged during the concreting operation, and to
prevent bonding, of the gauges to the concrete.

The concrete surface of the webs, top and bhottom
slabs, were equipped with eight rosettes and fifty-eight
linear strain gauges, respectively, placed at three
different locations. The locations of these gauges are shown
iﬁ Figure 4.5 for the top slab and Figure 4.6 for webs and

bottom slab.

For both s8teel and concrete, the strain
measurements were recorded and printed using the OPTILOG
data acquisition and control system connected to an IBM

personal computer.

4.3.3 DISPLACEMENT MEASUREMENT

Two different instrumentations were used for static
and dynamic tests; dial gauges with an accuracy of
2.5 x 10 mm to 2.52 x 102 mm per division and linear
variable differentfal transtormeg‘kL.V.D.T's) were used for
deflection measurements which are required to define the

load~-daeflection ;%bracteristics of the structure and the
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limits of linear and nohiinear bahaviogr of the structural
model for static tests. Dial gauges were clamped on a stiff
independent frame to make these§ readings independent of the
displacements in the structural model and the testing frame.
These gauges were placed at selected locations for the
various stages of the test program as shown/in Figure 4.7.

For &ynamic tests, the model was equipped with nine
L.V.D.T's. Groups of three L.V.D.T's were located at threa
different sections along the bridge model as shown in
Figure 4.8. These instrumentation readings were recorded -
and printed using the MINC computer which sampled data-at a rate

\

of 400 readings per second for each L.V.D.T.

11 ]

4.3.4 LOAD APPLICATION

4

All of the loads were applied throughfd hydraulic
jack and measured directly using a calibrated hollow load
cell. For the tensioni£§ of the wire, a 10-kip calibrated
holldw load cell was used. But during the static tests, thé
load on the bridge model was applied through two hydr;ulic
jacks and was measured using two 10-kip calibrated hollow
load cells placed on the loading arm.

The digital datg processor (OPTILOQ), connected to
the IBM personal computer, was used to record and print the

3

load cell readings.
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4.3.5 DETECTION OF CRACKS &

The bridge model was painted with a diluted white
wash. The detection of cracks, which was conducted manually,
.was easy since the paint was brittle éﬁough to show even

very small cracks. After the detection of all the cracks
which occurred, these were traced by a black felt pen and

then photographed.

4.4 LOADING SYSTEM

?

The bridge model was located in the Structures

Laboratory at McGill University.

4.4.1 MODEL T'?gcx ’ : C

< .
/ yﬁ order to get a simple articulated loading

system, the front axle of the OHBDC truck was not
considered. This axle is relatively lighter than the other
axles and does not have a significant effect on the
structure due to the small contact area. ‘Details of the
OHBDC truck and model truck are shown in Figures 4.9 and
4.10, respectively.
B The design of the articulated loading system was
based on a system of statically determinate beams in order

to achieve the exact model loads. It was fabricated from

hollow square sections and connected to each other by loose
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pins. To simulate the model truck wheels, rubber pads with
a model wheel dimensions were fixed to the free edge of each
axle of the truck model acting as coqcentrated loads on the
top slab. The articulated loading system consisted of two
model trucks; the elevation and front view of the truck

loads are shown in Fig. 4.11 and the plan view is shown in

Fig. 4.12.
4.4.2 STATIC TEST SET-UP_FOR FLEXURE

The static t.est set-up consisted of two model
trucks loaded by a loading arm and two threaded rods. These
threaded rods, 19 mm in diameter and with an ultimate
tensile resistance of 100 kKN each, were extended at the top
of the loading arm by two 10-kips calibrated load cells and
bolted. The loading arm consisted of a horizontal double
channel beams with two steel plétes welded oﬁ the top and
the bottom along the length. The loads were applied using
two hydraulic 5acks through the ﬁwé tareaded rods reacting
aqiinsf the strong floor. The position of the model trucks
on the bridge model and the loads acting on each one are
shown in Fig. 4.13. The details of the static test set-up
for flexure are shown in F{g. 4.14. ’

T W
4.4.3 STATIC TEST SET-UP FOR TORSION

PR
"

)

Concerning the static test set-up for torsion, only
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“

one model truck was ulsed with two threaded rods passing
through holes one at—the edge of the slab and the other at
the middle of the midspan. The loading arm of 560 mm length
was one used for static set-up for flexure. Detailé of this

set-up are shown in Fig. 4.15.

~

|

% .
The 25 mm rod which was used for harping the

"dprestrassihg’ wires was not removed from the sti‘ucture. A

mass of 230 kg, located at the midspan %Fhe bridge model,
was attached to this rod by means of a wire, which was cut
by a pair of pliers to set the structure into free
vibrations. Detaiﬂls of this procyess are shown in

Figure 4.16.

4.45 FREE VIBRATION SET-UP FOR TORSION

For the free vibration set-up for torsion, the same
weight of 230 kg was attached to the rod at midspan at a
distance of 560 mm from the centerline of the bridge model.
Details of the set-up are shown in Fig. 4.17. The loading
system detailed in Section 4.4 was set up carefully and the

load cells were calibrated before each test.
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4.3 TESTING PROCEDURE | ‘

4

Static and dynamic tests were performed on the
bridge model. Three different types of, loads were used to
study the behaviour of the structure and to trace the

variation vf the physical characteristics of the model

* bridge. The model bridge was tested under the following

types of loadings:
- Concentrated load at the working load level
- Truck loa'ding at the working load level

- Truck loading at the overload ‘evel

4.5.1 CONCENTRATED LOAD
4.5.1.1 STATIC TESTS

(1). Flexure Test: ' To determine the flexural
stiffness of the bridge model, a céncentrated load was
applied at midspan at the centerline of the bridge using the
loading arm and a steel plate simulating a concentrated
load. The load was applied in ingrements of 2 kN up to a

total load of 12.0 kN.

’

(2) . Torsion Test: A load of 10.0 kN was applied
at midspan at an eccentricity of 280 mm from the centerline
of the model bridge in increments of 2 kN. The loading

system was ‘.'halt the length of the one used in flexure.
|

76



o

4
\

The torsional stiffness of the bridge was determined from

the torque-twist curve plotted using the above data.

&

45.1.2 m;mmxc TESTS

The following‘tests were performed before the
static tests in order to obtain the dynamic characteristics
of the qncracked model bridge systme. The MINC computer was
used to record the response of the L.V.D.T's.

(1) A 230 kg mass was attached to the rod .at
midspan at the centerline of the model bridge by a wire. To
set tﬁé bridge into free vibrationsg, the wire’are cut by a
pair of pliers. The vibrations dampened rapidly.

(2) The same mqgs of 230 kg was suspended to the rod
at midspan at an eccentricity of 560 mm frém the centerline -

of the bridge model by a wire. To set the model into free
’ ?

" vibrations, the wire was cut by a pair of pliers. The

vibrations were dampened rapidly.

-
N

4.5.2 TRUCK LOADING AT WORKING LOAD LEVEL

I "

) 4.5.2.1 STATIC .

(1) Flexure Test: The two simulated OHBDC trucks

Vere placed symmetrically on the top slab in a position to

obtain the maximum bending moment. The load was applied

/ @ ~
7, N




.»_*? \ | I 7
through the 1o'ading arm and increased in increments of
4.0 kN up to' a load value of 26.4 kKN corresponding to the

%

-

two model truck 1loads. The deflection and strain

measurements were recorded for each increment.

4

' (2) Torsion Test: Only one model truck was used for
this test and was placed on one box girder at a distance of
280 mm between its axis of symmetry and the centerline of ) ‘
the structure. The ioad was apglied through the 16ading arm
in increments of 2.0 kN up to a load value of 13.2 kN
corresponding to one model truck load. Deflecti'c—m ant strain

measurements were recorded after each increment.

4.5.2.2 DYNAMIC TESTS d ? N

€

Free ' vibration flexure and torsion tegts were
" ‘ ,
performed after the static tests. The loading procedure was

similar to that presented in Section 4.5.1.2 .

. /a5.3 TRUCK LOADING"AT THE: OVERLOAD LEVEL g
‘L9 = .

e

R ' ' . ] .
4.5.3.1 STATiL‘ TEST )

4

R Fledure tests similar to those in Section 4.5.2.1 (1) .

were peﬁforme& with total load equal to 2, 3, 4, 5 times the
7/
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two model truck loads in increnzents of 7 kN up to a load
value of 52.8 kN, .79.2 kN, 105.6 kN, and 132.0 KN
respecfively. Torsion tests similar td tho in Section
4.5.2.1 (2) wei'e conducted after each flexure test mentioned

above. .
4.5.3.2 DYNAMIC TESTS

After each static test in Section 4.5.3.1
gorresponding to 2, 3, 4, 5 times the ';:wo model truck loads,
free vibration tests were performed similar to those in
Section 4.5.1.2 (1) and (2).

After all of th; tests in Sectipn 4.5.3.1 and
Section 4.5.3.2 were completed,' the bridge model was l"oa'déd
to obtain the ultimate load and the failure mode. The load
was applied thrc;ugh the hydraulic jack in increments ofr

10.%‘ kN up to a load value of 140.0 kN correspondihg to trhe

failure laod and to 5.4 times the value of two model truck

_loads. . : \

s



CHAPTER 5 »
- ) r .

* . THEORETICAL 'ANALYSIS ,

* 5.1 INTRODUCTION

> F

The behaviour of prestressed concrete box girder

bridges has rece‘ive% considerable at?(e?tion over, the past
three decades. In particular, some gov‘é&xin’gﬂ parameters such
as the torsional ‘z"igidity, warping and distor;:ion phenomena
which make' the prediction of itg response by the classical
methods very difficult, have been examined by some
i;ivestigatoi:'s. However, with the }:;:resent tendency to more
slender sections because of the use of hiéh strer;gth
materials and to reduce the self-weight and thé use the
prestressing .force more effi’ciently, the warping; and
distortidn effects b_eéome‘significant. Three different
methods such as the three %liménsional grillage method, the
folded plate method and the finite element afrag\;nmonly used
to anal%ze the box girder systems. §

The three~dimensional grillage or space frame model
[14) co\nslsts of dividing the structure into gitudinal
beanm ele\ments along the girder lines and\fransw:}e bending

frames at discrete intervals. The accuracy of the method

i improx%es yitl_‘ic éhe number of members in frame.
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The folded)plate method [34] consists of dividing

" the structure ‘gnto a series of rectangular plates

interconnected along their longitudinal joints‘ The loads

.epplied to the structure ‘are divided into a serles of

harmonic loads dlong the joints. The response of the bridge.

»

is obtained'by superposition .of the individual harmonic

loading cases. The , folded ‘plate model is particularly
9 © -

-

adequate for investigaton of linear behaviour of straight or

curved box girder-bridges with simple end supports.

The. finbte element method is perhaps the most

versatile method for solving the problem in its’ more general

and complex- form. It can be used for arbitrary loadings and

boundary conditions. The accuracy of the analytical results

. compared with the‘experimental results improves considerebly

if the analytical model, the element type, and the fineness

of the mesh are chosen properly.

L)

With tne development of high speed computers,' a .

numbeér of finite element analysis programs have been
developed making the analytical model more powerful. fwo
programs were used in this investigation to determine the
static and dynamic response of Ene box girdeér bridge : the
qnasi-nonlinear analysis using the commercially available
SAP IV program and the nonlinear analysis using the

NonLinear Analysis of Concrete and Steel structure program

.

v (NONLACS) - A brief outline of analytical model dis presented

in this thesis with more details presented in Reference [21].

81
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5.2 FINITE ELEMENT ANALYSIS

-

The finite eleyent ﬁethod is perhaps the moet
versatile method of solution available for‘the analysis of
single or multi-cell box girder bridges of arﬂitrary plan
geometry [37]. ft can be used for any given geomeéry,
loading and boundary condit;ons. The finige element method
involves the discretization of the structure into finite
shell or plate elements wh%ch retain the properties of._the
entire system representing thé'stfhytﬁre. Properties of
these.elemenfs are determined and finally all separate
elements are reassembled, intercépnected at discrete nodal
points to represent the ofiginal structure. The method is
approximape/gnd its accuracy is dependent on the £}nenees of
the subdivision used in dividing the structure into finite
elements. C .

Bathe, Wilson aqd Petgrson developed the SAP IV
program at the ﬁnivefsity of cCalifornia E3J to run on
mainframe eompute;s.l The SAP IV program is a structural
analysis peogram for linear s;;tems\to obtain the static and
dynamic responses of different kinds of‘st;uctures. A~

The NONLACS (NonLinear Analysis of Concrete gﬁd

kSteel structures) program was developed by Razaqpur‘and
Nofal at Carleton University [32]. It.is an improved version
of the FELARC (Finite Element Layered Analysis of Reinforced
Concx;ete)’ prog;:am developed by Ghali anld Ghoneim at

University of Calgary [17]. The NONLACS program can analyse
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reinforced and iarestressed concrete,. steel and composite '/),;

b -

- “ V:‘h
structures) The program uses the tangent stiffness approach

L

through a series of incremental linear analyses. It can be
used to trace the cdmplete r\esponse of a reinforced or
.* prestressed concrete structure up to failure.( Experimental

»and analytical studies were conduc¢ted for the box gicrc.ler\ ‘

TR .
* bridge model. R ’ -
é_‘ N e

-

5.2.1 LINEAR ANALYSIS .

A ]

The SAP IV program was used for linear a)m lysis of
the following two loading cases: a concentrated {load and a
model truck load, The box girder bridg;a was idealized by two g;;
types finite element’s : the thin shell and the three-.
dimensional ';:rus‘s 'els'_-}nents' provided in the SAP 1V prbgram.
The thin shell element is a quadrilateral element of
arbitrary geometry formed ?rom four compatible triangles and
has six interior degrees ofwfreédom at each node. The three-
dimensionaf truss element was used‘ to repre.;.ent the
prestressing wire and cons'isted of a one-dimensional member -
possessing only axia£ stiffness. The finite element
idealization of the bok gider bridge model is .s:lwn in
Figure 5.1. | |

v
L4
“
" .

5.2.1.1 RESPONSE UNDER STATIC LOADING
W ' -

Finite element analysis was conducted for the self
83 4
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BRIDGE FOR THE SAP IV PROGAM °

FINITE ELEMENT IDEALIZATION OFV-THE MODEL

Figure 5.1

consiraints
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I s/ Voo “ “ ‘\
/ e ’ "

- VA ' \ e S
weight of the bridge model and the extra dead load us%ﬂ to
simulL‘te ﬁme dead weight of the prot‘otyée! in, additio‘p to

the following. (;I:Jading conditidns: .. ‘&

L 4

(i) Flexure tests: (a). .A concentrated load placeﬂ.}i at

midspan at the centerline of the f)ridge model,

4
X
(b). Two scaled -OHBDC truck lq(ads

placed in order to cause the maximum deflection.
(i1) -Torsion tests: (a). A concentrated load at midspan'at

[

an eccentricity of 280 mm from the centerline of the

‘““ v
o
FApe

X g

(b). One scaled{OHBDC truck load

)
bridge model.

Fl

was placed on one box girdér at a distance - of 2680 mm

Petween 1nits axe of symmetry and the centerline of the

structure.,

5.2.1.2 RESPONSE UNDER DYNAMIC LOADING
S a ’ N PA
.. Dynamic analysis was conducted for the unciacked

[+
structure in order to determine the natural frequencies and

the system modal shapes.

5.2.2 QUASI-NONLINEAR ANALYSIS

e

Th; quasi-nonlinear analysis was conducted using
the SAP IV program. The quasi-nonlinear analysis introduced
‘b)_( Soliman [38], provides a suitable inexpensive tool for
analysing bridges in .the post-cracicing' range. The analysis

was conducted by incorporating the experimenéél data on the .

4
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(3]

- ‘ I L)
number, length and orientation of Stac} in developing the
elasticity matrix for each element. Thii‘plasticity matrix,
attributed to an uncracked element in.- the SAP IV program,

waS'modified for the- cracked condition to take into account

{

the non-linearities inherent in the materials. For a crackad‘

eiement in its local axis, the modified elasticity matrix
was obtained from the uncracked element matrix by reducing

the modulus of elasticity perpendicular to the crack,

neglecting the Poisson's ratio and also by lowering the’

shear modulus using a reduction '‘factor p which accounted

_for the crack width. The modified elasticity matrix was then

transformed to the global axes. The idealization of the box

girder bridge is similar to the one used for the linear

. analysis in Section 5.2.1. More detalls of the quasi-

nonlinear analysis are given in Reference [21]. gghorder to

obtain the static and dynamic responses, the SAP IV progran,

}' -
including the modified matrix was run for two loading cases:

\
14

5.2.2.1 RESPONSE UNDER STATIC LOADING

\ 3 ! -

Analyses for flexural tests were performed at
diEferent loading levels corresponding to 2; 3, 4, and §
times the two scaled OHBDC truck loads. The analysis for
torsional tests was conducted after each loading case in the

analysis for flexural tests.
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5.2:2.2 RESPONSE UNDER DYNAMIC LOADING -

. &
Dynanmic analyses were also performed to determine the

&

patural frequencies and the mode shapes of the structure

after each flexural'Eéét mentioned in Section 5.2.2.1.

v
-

Al

5.2.3 NONLINEAR ANALYSIS

N :
- - -~
- -

The NONLACS (NonLinear Analysis of Concrete and
1 1 t

Steel structures) prograh was used to trace the complete.

. response of the structure up to failure%‘ Using the tangent

stiffness approch through g series of incremental linegar

¢

analysis, each.finite element is divided into a number of
concrete and smeared steel layers. Individual layers are
assumed to respond as an orthotropic mate;ial that can
assume,any state : elastic, yielded, cracked or crushed;
depend)ng on the stress level in the layer. The elem;nt

stiffness is ob¥ained by assuming the stiffness

*contributiens of the various 1a§ers. Pfestressing wires or

heavy reinforced bars are idealized as fully bonded truss

elements. The stiffness matrix is calculated using numerical

integration which permits partial degradation of the .

stiffnesss of an element due to cracking, yielding or

crushing. For the flexural truck loadings, only one half of

the %ridge’was modelled for the analysis because of the
symhetry of both the geometry and the external loads. This

resulted in considerable time savings. The finite element

87
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idealizati‘on was achieved by using four nodes facet
quadr11atera1 sheel -element. The idealization of the box
gJ.rder bridge model is shown in Figure 5.2. Thi analysis for
the flexural 1oa}dingu was conducted using the NONLACS program

at.carleton University. 1In this analysis, the load was

r

increased monotoniéally from zero Aoad corresponding to no /_/

7

i

' " - b ’
live load to 139.0 kN corresponding to 10.5 times the truck

model loads in., 20 load steps. Each load step required 10

" iterations. At -the load step corresponding to 5 times the

two scaled OHBDC truck loads, the structure was severely

s

damaged and: the steel had yielded. The analysis was

<
Lo

* terminated at this stage. - ! Lo,

?_
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sFigure 5.2 FINZ\[TE ~ELEMENT IDEALIZATION OF THE DI(ODEL
~ BRIDGE FOR THE NONLACS ‘PROGRAM
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6.1 INTRODUCTION o ) R a

¥

"'«,_'This chapter‘ presents discussion of the

oy e®

experimental data obtained ‘from the tests on the box éirder
bri&ge model . The egcperimenta} data have been compared at-
the variodus load levels. with the’ analytical results
computed using the finite element programs (éAP IV, NONLACS)
which are presented in detail in Reference [21].

~

This chapter consists of two parts: static tests

and dynamic tests presented in Sections 6.2{7and 6.3,

respectivelyu. The static tests on the bridge model was

v

conducted under conc;ntrated, load at midspan where only
veértical deflections were recorded and under the OHBD Code

truc ‘loading at the working and the overload levels and
deflections and strains in steel and concréte were recorded. f ¢

\

The dynamic tests E:ongisted of flexural and tor\sional free

vibration tests at the working and{hthe overload levels. The

period of vibration and the damping ratio were determined
) i o
from each L.V.D.T data and were compared with the analytical

results obtained from the finite element programs. 4
&
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b) . Bridge Model After _Failure- (Ultimate Load Test) -

Figure 6.1 BRIDGE MODEL.
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6.2 STATIC TESTS

After releasing the prestressing wires, the central
cambeg of the model bridge was observed to be 1 mm as shown
in Fig.6.1 (a). This was due to the upWard force exerted by
the prestressing wire on the structure at the harpiné.point
lqcatel at‘midspan. Also, from the initial concrete strain
readings, it was noted that the bridge model was entirely in

-’
compression.

4

e

6.2.1 CONCENTRATED LOAD AT MIDSPAN

The model bridge was tested under a concentrated
)
load at midspan in order to determine the flexural and

[

torsional stiffness.

6.2.1.1 FLEXURE TEST

4

The concentrated load was located at midspan at the
centerline of the bridge model. It was applied in increments
ofgz.g“kN up to a total load of 12.0 kN. Deflections were
recorded and the resuiting load~-deflection curve is shown in
Figurer.z. The behaviour of the bridge\model was linear.

The flexural stiffness worked out to be 23.53 kN/mm. Using

o

o
92 p
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i

N L
R?e linear SAP IV program, a load-deflection curve for a
/
concentrated load at midspan was determined. The analytlcal

flexural stiffness was found equal to 24.05 kN/mm. The two

‘yesults show excellent agreement. .

6.2.1.2 TORSION TEST

— - ———
t

For the torsion test, a concentrated load Qas
located at midspan of the bridge model at an eccentricity gf
280 mm from the centerline of the bridge. The load was
applied in increments of 2.0 KN up to a total load of
10 0 kN. The torque-midspan twist curve resultlng from the’
test is shown in F1g 6.3. The torsional stiffness of the
bridge model obtained from the experimental results worked
out to be 17430 kN.m/rad and the analytical torsional
stiffness was found.equal to 22683 kﬁ.m/rad. The linear SAP
IV program overestimated the torsional stiffness by about °
23 % . This difference is due to tﬁe underestimate of the
stiffness of the bridge model in the computer analysis based |

on a Young's modulus of elasticity as obtained from the
. ae .

#

standard cylinder tests.
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6.2.2 TRUCK LOADING AT WORKING AND OVER’LOAQ:,LEVQL
= =

‘3 Flexural tesﬁs Qere»performed using the simulated
model trucks placed on the bridge model "in égeh»a way as to
create the' maximum deflection. The flexural tests
corresponded to 2, 3, 4 and 5 times two scaled Ontario
Highway Bridge Design Code truck loads. The load was applied
in averaéé increments of 6.0 kKN up to the desired load
value . However, after each ‘flexural test mentioned in
section 6.2.2, a torsional test was conducted usjing only one
model trgck in increments of 2.0 kN ﬁp to a total load
value of 10.0 kN To determine thl failure mode, a fléxura}

test was performed on the bridge model up to a léad equal to

5.5 times the two‘fcaled OHBDC tr&%ks until failure.

6.2.2.1 DEFLECTIONS

Deflections were recorded for each loading case and

the Jload-deflection curves were plotted. These ioad-

deflection curves represent the average deflections of the -

bottom slab. The resulting data are shown in Figures 6.4

through 6.9. From the initial slope of these curves, the
'‘flexural stiffness of the bridga was determined for each
specific loading case m;ntioned above. The variation of ;he
flexural stiffness of the bridge modei is tabulated in

Table 6.1.
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During the last test corresponding to a load levél
of 10.5 times the OHBDC truck load, the bridge model failed
and the flexudral stiffness’ of the structure decreased
considerably. A 1argé’crack appeared at midspan along the
width of the structure which can e#plaiﬁ tgg cause of the
sudden drop of the flexural stiffness of the B;idge model.
At this stage, :he étructure was seve?ely damage, with a
large number of cracks in the bridge ﬁddel. According to the
strain readings, the prestressing wirés had yielded. The
ﬁidspan deflection was equal to 32.10 mm which represented a .
deflection/span ratio)bf 1/110. %he failure mode of the

bridge model was flexural as shown in Fig.6.1 B). ‘

The experimgntal and the analytical results were

" compared for the torsion tests performéd after each flexural

test. The SAP IV program was used for the analysis. The

—
T

torque-twist midspan curves for the "ncracked structure,

H

after § truck loads, after 10 truck loads are shown in
Figures 6.}@, 6.11 ané 6.12, respectively. Also, the
variation of the experimental and analytical torsional
stiffne;s is summarized in Table 6.2. The difference between
the experimental and the analytical torsional stiffnesses
decreases while'the number J(*the flexural truck loadings
increases. This is basically due to the quasi-nonlinear
analysignusing the SAP IV program which take into acéount,
the numbe%, the iength and the widt£7of the cracks in the

A -
structure after each flexural test for each analysis. h

-
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NUMBER OF FLEXURAL STIFFNESS PERCENTAGE OF THE STIFFNESS
TRUCKS - (kN/mm) OF THE UNCRACKED s:&wron
0 37.50 100.00
2 36.40 97.10
4 29/10 . 77.60
6 K 28.70 76.50
8 25.50 68.00 .
10 14.20 37.90
4
N

TABLE 6.1 VARIATION OF THE FLEXURAL STIFFNESS.

a

\/“'

) 8 [
NUMBER OF EXPERIMENTAL TORSIONAL SAP IV TORSIONAL DIFFERENCE
TRUCKS- STIFFNESS (kN.m/rad) STIFFNESS (kN.m/rad) (%)
UNCRACKED 20555 .. 30081 | 31
4 -18317 7 ) 25874 29
it 16300 21765 25
. 10098 @& 11821 ' 14
10 8297 . \ 9610 13
T
) )
Ve TABLE 6:2 VARIATION OF TORSIONAL STIFF?JE’SS. -

<

;07




The SAP IV program gave a difference of 30 % in the
torsional stiffness for the uncracked ftructure progranm
compa;:ed with the experimental data. At .this stage, some
microcracks had appe;red in the structure, however, they
could ﬁot,be detected anc; taken into account in the
ana.lysis.

Comparison of the experimental results and the
analytical results are showned in Figures 6.13 and 6.14.
Under two truck loadings, the experimental deflection values ’
were noted to be in good agreement with both finite elemept
analyses (difference of aPproximately 7 %).

. ° Figure 6.13 shows that both analytical models are
séiffer than the physical model below a load value of
48.0 kN corresponding to the 1.82 two truck loadings. Above
this value, the analytical model (NONLACS) was sti’ffe‘r than
both the expgrimental model and the SAP IV program model.

Figure 6.14 shows that under eight truck lfadings‘, )
corresponding to a load value of 1&05.60 kN, the resulting
deflection of the NONLACS model was 25 % lower that th;
experimental yvalue. At an applied load equal to 132.0 kN
corresponding to 5 times the two truck loads, the NONI?ACS
model resulted in a deflection approximately 30 % lower than
the experimental value while the SAP IV program value was
25 % higher than the experimental one. ~ .

' Figures 6.15 and 6.16 show com&a‘rison of vertical
deflections of the bridge moq7/ under 2 and 8 truck loadings

and reasonable agreement was/obtained between the NONLACS

108 e
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program and the experimengél results.

For all the cases considered, the analytical
ke;ponse and Fhe behaviour of the box-girder bridge botq in
tﬂg linear and the nonlinear ranges as predicted by the
NONIhCS computer program, show resonable agreement compared

with the experimental results obtained from the bridge model

“tests while the SAP IV program results for deflections were

* ¥
lower by about 48 %.

6.2.2.2 STRESSES

This part consists of the determination of the
concrete stresses, and the strains in éhe prestressing wires
under different loading cases and the comparison of the
exﬁerimental and analytical results. The variation of the
longitudinai concrete strains in the top and botfom slab at
midspan and 1/4 span is presented. ‘The variation of the
transverse stresses under two and eight tfuck loadings is

also reported.

It was- difficult to obtain accurate measurements

*

~of concrete strains because of the presence of mlcrocracks

It was almost impossible to detect a microcrack in the
concrete, which if it is near the location of the electrical
strain gauge, can .effect the strain ~measuremgnt
significantly, even if the‘variation of température and

humidity in the laboratory is controlled well. Therefore,
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in comparing the experimental and the Qnalytical values, the

T

concretevstrai;;\szfi%d be interpreted with due caution.

v e
6.2.2.2.1 STRAINS IN THE PRESTRESSING WIRES

- Load-steel strain curves for the different loading
cases for strain gauge No 2, No 7 and No 10 are shown in
Fiéures 6.17, 6.18 and 6.19, respectively. These
prestressing steel strains were recorded during each static
test. The strai; in the wires was 9000 microstrains (strain
gauge No.2) at a load value of 132.0 kKN corresponding to 5.0
times two truck 1oads." It was also noted that the
prestressing wires behaved linearly up to an applied load of
79.80 kKN (3 times the two truck loads). . Under loads
corresponding to 8 and 9.1 truck loads, corresponding to
load vaiues of 105.60 kN and 120.20 kN,’ respectively, the
strain in the prestrestxg wire was equal to 10200

microstrains and 11500 milrostrains, respectivelyf which -

o

indicated that the wires were still in their preyielding
range. The prestressing wires yiglded under a load equal to
128.0 kN (9.7 truck loads).

Comparisonaof load-prestressing wire strain curves
for strain gauge numbers 3 and 6 are shown {n Figures‘

&

6.20 a) and 6.20 b), respectively. ; ~

The experimental and prestressing wire strains

" calculated using modified SAP IV and NONLACS program were

o 114
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linear up to a load value of 79.80 kN (6 truck loads).Large
strains were obtained under 8 truck loads; the prestressing
wires yielded under a load corresponding to 9.7 truc:':k loads.
These results are ‘shown in Figures' 6.17 through 6.19. . The
results computed using the NONLACS program showed a sudden
‘variation in the strains of the prestressing wires which is
basically due ta the ‘bilinear stress-strain curve u.sed for
the prestressing wire in this model. As shown in Figure
6.20, the SAP_ IV program gives smaller strains in the
prestressing wires. This is due to the fact that the truss

element used in the analytical model to simulate the

préstressing wires was not fully bonded.

<«

6.2.2.2.2 STRESSES IN THE CONCRETE

¥

Figures 6.21-and 6.22 show, the variation of the
concrete stresses in the top slab at midspan and quarterspan
under two 4and eight truck loadings, respectively.

'I‘he’..variation of the longitudinal cc;ncrete strains
at different locations through the bridge span in the top
slab with increasing load are shown in Figures 6.23
'and 6.24, respectively. During all of the dloading stages,

the stresses at the top fiber of the cross-section were
7

’ o L
compressive. e

For comparison, the concrete stresses in the top
slab at midspan and guaterspan sections obtained from the
s .
119
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;
experimental and both finite element program are shown in.
Figures 6.25 and 6,26, respectively. The 1oad-§tress curves
shoﬁ"a good agreement between the experimental and tpe
analytical values at midspan up. to a load value of, 105.60 kN
(8 truck loads) and up to a ioad value equal tB 79.80 kN

(6 truck loads) at quarterspan. The difference was

approximately 5 % at midspan and 10 % at quarterspan. Beyond

.a total load of 8 truck loads on the bridge, a difference of

about 17 % was noted in the experimental and computed values
of the concrete stresses at midspan. A_éimilar difference
was observed for the concrete stresses at quarterspan beyond
a total load of 6 truck on the bridge.

‘ Longitudinal concrete strains in the bottoﬁ slab
were also reco;ded during each flexural test. Figures 6.27
and 6.28 show the variatfon of longitudinal concrete strains
in the bottom slab at midspan and at quarterspan,

respectively. During the testing process, the concrete

-strains in the bottom fiber of the cross-section were

tensile.

The distribution of transverse stressesg could not
be obtained from the experiment. This is due to the lack of
strain measurements at specifid points. Figures 6.29_throu9h
6.32 show the distribution of transverse stressgé obtained
from the analytical model (NONLACS) under two, four, six and
eight truck 1oads,~respective1y. The transverse stresses
were about 10 % toqgo % of the longitudinal stresses under

the same loading at the same locations .
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‘: e TheL distributi6; of the 1longitudinal and
“ transverse stresses in the top slab was not 'Gtniform but
symmetrical about the cenéerline of &he bridge model. This

- confirms the ability of box section to distribute the load

‘in the transverse direction. Also, the materials and

geometfical properties were consistent for the entire

AN

structure.

<

6.2.2.3 DEVELOPMENT OF CRACKS

a

The first crack was observed at a total load of
":‘/ 48.0 kN (1;8 times two truck lcocads) and appeared as a
tension crack in the web near the midspan. ng more cracks
Qppear%d at each side of the middle crack at a load value of
v52.8 KN (2 times two truck loads). After this loading stage,
wﬁen the load was released, the cracks were not visible on
.the surface of the’webs: showing good bond between the
prestrgésing steel and the concrete. Figure 6.33 shows.the
propagation of cracksugfter four truck loads for gifder 1
a;d girder 2. ‘a ’
' More cracks appeared” in the webs ﬁ&/bottom slags
when the load was applied again up to /a load value of
79.20 kNQ(B times the two truck loads). The flexural cr d

' . s
‘[: . became ‘'wider and propaggted up to about three quarters of

&

the depth of the webs, and alohg the entire width of the

EY
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botéom slabs at a load value of 105.60 kN (4 times the two
truck loads). At an applied load of 132.00 kN (5 times the
two truck loads), shear cracks appeared near the end blocks
but wide flexural crack developed near the midspan. All
cracks propagaﬁed along the total depth of the webs and the
tqtal width of the bottom slabs. At this stage, a large
crack appeared aiong the entire width of the top slab at
midséan which was ‘accompanied by a loud noise due to
fracture of two prestressing wires. At this stage, the
structure wat near failure. Propagation of cracks .after

4,6,8 and 10 truck loads are shown in Appendix B.

y

6.2.2.4 FAILURE TEST
Ll LR

After 10 truck loads were applied, the bridge model

/
had almost failed. At this stage, the flexural cracks at

midspan widened coPsiderably, and more prestressing wires

fractured resulting in loud noises due to release of gnergy,

.

and a-flexural failure was expected. 1In order to determine
the mode of failure, th structure was loaded undeiﬁ?ﬁ.
flexural truck load up to a load value of 139.0 kN (10.5
times the truck load) and the model brid;e failed in flexure
as expected. The box girder'bridge model showed a

o
significant reserve of strength. ‘
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- 6.3 DYNAMIC TESTS

After each static test corresponding to.&n applied
total load equal to 0, 2, 4, 6, 8 and 10 times the truck
load, both’flexural and torsjional free vibration tests were
performed. The different displacement readings were obtaihed
from 9 L.V.D.T'su(Figure 4.17). Some of the data obtained
are shown in this thesis in Figures 6.34 through 6.57.

During the bridge\free vibration tests, there was

almost no perceptible motion at the supports.

6.3.1 FLEXURAL VIBRATION TESTS-

A mass of 230 kg was suspended by a 1.75 mnnm
diameter mild steel wire from the horizontal 25 mm rod, us;d
for harping the prestressing wires, at the bfidge centre ( at
midspan and at the centre of the transverse direction). Ali
of the L.V.D.T's were calibrated prior the test and readings
were taken before cutting the wire. Then, the wire was
severed by a pair of pliers to set the bridge model into
free vibrations. The response of the L.V.D.T's was recorded
using the MINC computer. This flexprai Qibration test was

3

conducted after the appropriate static test described in

Section 4.2.2. N VS

136



(.

6.3.1.1 NATURAL FREQUENCIES OF VIBRATION

Figures 6.34 through 6.45 show the data obtained
during the flexural free vibration tests'pérformed on the
structure after each static test corresponding to a load
equal to 0, 2, 4, 6',8 and 10 times the OHBD Code model
truck load. Nine L.V.D.T's were used to‘determine-the
natural frequency of vibrations of the bridge model for each
test. The locations of these L.V.D.T's are shown in
Figure 4.8. The average value of the natural frequencies of
vibration obtained from the response of the L.V.D.T's was’
taken as the natural frequency of vibration of the bridge
model corresponding to each loading stage. The natural
frequency ;alues given by the L.V.D.T's weré quite close and
the differenqe w%s less than 1.5 %. The results are
sumqarized in Ta;ie 6.3 along with the corresponding
analytical values obtained using the SAP IV program.

. For the first four tests, correséonding to no live
loqd and livé load equql to 2, 4, and\s truck loads, there

was a small change in-the fundamental natural frequency of

vibration from 15.61 Hz to 13.54 Hz. However, the dynamic

L4

response test conducted for 8 and 10 times the truck load
after the appearance of the fléxural cracks at the midspan
of the bridge model, showed a large decrease in the

fundamental natural frequency of vibration. The value

]

recorded at that stage was-11.95 Hz. At this level of load

—
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stage, ﬁthe' structure was s;verely: cracked and the
prestreséing wires had yié?dea. The observed mode of
vibrafion was flexural. Also, it was noted that, during all
of the tests, £he vibr&éions got damped after a short
ihterv;l of about 2 seconds. The SAé IV program was used to
calculate thleirst 6 modes of vibrations at different
'1éve1$ of damage. Table 6.3 shows the first experimental
natu}al frequency of vibration with the corresponding
analytical values given by the SAP IV program at different
" levels- of loadings. Thesé values were ploted and shown in

.Fig.6.46. Good agreement was found between experimental and

analytical results. .

A}

NUMBER OF EXPERIMENTAL NATURAL ANALYTICAL NATURAL DIFFERENCE
TRUCKS FREQUENCY (Hz) FREQUENCY (Hz ) (%)
~ o 18.61 15.49 .70
2 15.61 ° '15. , .70
4 14.50 14.89" 2.4
6 13.54 © 12.82 5.3
8 12.69 11.30 .. 10.95
10 11.95 9.69. 18.91
L4
-
TABLE 6.3 NATURAL FREQUENCY OF VIBRATION (FLEXURE TESTS).

R \
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6.3.1.2 DAMPING/ RATIO

6.3.1.2.1 EVALUATION OF THE DAMPING RATIO

.
"W

The damping ratio can be evaluated by using the

simblest and most frequeritly used experimental method which
consists of measurement of the decay of free vibrations.
When a system-.is set into free vibrations, the damping

ratio can be determined from the ratio of the tw

a

displacement amplitudes, U, and U,,, mea&sur"ed at an

interval of m cycles. The damping ratid is given bym the

i

equation :

: = L ’ s
2.1t.m [ w/wy ]

(6.1)

o

| u, ‘ -
where §, = 1n (U—l'—) represents the logarithmic decrement,

n+m
and w and @, a‘re the undaﬁped and damped frequencies,
respectively.
In most practical structures, ﬁpe values of « and

) <
w, hormally diftér by»gbqét 2 %¥. A negligible error is.

introduced in the value of the damping ratio { by assuming
0 = w, to simplify the calculations. With this
approximation, equation (6.1) then becomes:

A

-

! =7nm : ‘ . (6.2)
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6.3.1.2.2 EXPERIMENTAL DAMPING RATIO

4

The-dambing ratio of the bridge model at different
load levels was calculated using the above method and the
dqﬁa obtained from the 9 L.V.D.T'gg The average damping
ratio for the uncracked bridge wo;ked out to be “2.20 %.

At d load level corresponding to 8 tiimes the truck
loads, the damping ratio was equal fo 5.9 %. At this stage,
the structure waéfseverely cracked and the prestressing
wires had yielded but without the loss of all the
prestressing.

Newmark and Hall (27] estimate; that the damping
ratio, for a prestressed strdcture, % normally between 2
and 3 per cent at working load level, not exceeding half the
yield levgl load, between 5 and 7 per cent at or just below
yield point without complete loss in prestress and between 7
and 10 per cent at yielding point. with no prestress left:
The experimental damping ratios at different levels of

]

damage are summarized in Table 6.4 and are comparable with
the corresponding damping ratio values suggested by Newmark
and Hall. The variation of the damping ratio is shown in

Fig.6.47.
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LEVEL OF DAMAGE - DAMPING RATIO (%)
UNCRACKED . o 2.20
AFTER 2 TRUCKS 3.70
AFTER 4 TRUCKS 2 4.70
AFTER 6 TRUCKS 5.00
AFTER 8 TRUCKS 5.91
© AFTER 10 TRUCKS 7.64

TABLE 6.4 VARIATION OF THE DAMPING RATIO AT
DIFFERENT LEVELS OF DAMAGE.

LS

6.3.1.3 VARIATION OF THE FLEXURAL RIGIDITY

Ehemflexural rigidit; of the hridgeimode; was
determined using the éimple beam theory, aloﬁg which
considers ‘the bridge as a beam with a ﬁnifo;mly distributed
mass alongothe length and assumes that the flexural rigidity
EI'is const;nt along the span at any loading condition. In

this case, the frequ?ncy of the first mode of vibration of

+
L4
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Figure 6.47 VARIATION OF THE DAMPING RATIO AT
DIFFERENT LEVELS OF LOADS
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the bridge is given by:

p ,
) 2 4 _EI
wt = " == 6.3
! m.IﬁZ{\ (6.3)

where L is the span length N

and m is the uniformly distributed mass. .
Using equation (6.3), the variation of the flexural rigidity
has been calculated and tabulated in Table 6.5. These
results are shown in Fig.6.48. Good agreement was found
between the calculated and the experimental flexural

rigidity of the bridge model.

6.3.2 TORSIONAL VIBRATION TESTS

A mass of 230 kg was suspended at midspan by a mild
steel wire of 1.75 mm diameter at an eccentricity of 560 ;nm
from the centerline of the bridge. By cuttifyy the wire, the
bridge was set into free vibrations, which got damped
rapidly. A combination of flexural and torsional
deformations was observed as the mode of vil;ration. Some of
the data obtained from the responses of the 9 L.V.D.T's are

shown in Figures 6.49 to Figure 6.60.

6.3.2.1 NATURAL FREQUENCIES OF VIBRATIONS

The torsion tests performed on the uncracked bridge

‘set it into free vibrations are shown in Figures 6.49 and

-
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oy

18T

A r‘w .
7~
/‘)
E
}
-~
NUMBER OF EXPERIMENTAL NATURAL FLEXURAL - ) EXPERIMENTAL
TRUCK ~ FREQUENCY (rad/sec) RIGIDITY FLEXURAL RIGIDITY
0 ) 98.11 El El
-~ * \
2 98.11 EI 0.90 EI
g~ 391.10 ~ 0.86 EI . 0.76 EI
6 85.03 0.75 EI \so.ss El
8 *79.72 0.66 EI 0.57 EI-
10 - ' 75.07 0.59 EI 0.33 EI
&

TABLE 6.5 ‘VARIATION OF THE FLEXURAL RIGIDITY
' WITH THE LEVEL OF DAMAGE

£
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6.50. This data was used to derive two distinct natural

frequencies of vibration as follow: . X
. Flexural\natqul frequency equal to 16.95 Hz.

. Torsional natural frequency equal to 3.%2 Hz.

1Y

All of the flexural natural frequencies of vibration of the

3

bridge model corresponding to the loading case of 2, 4, 6, 8

and 10‘times the truck loads are ‘summarized in Table 6.6.

[}
»

During all of the torsion tests performed on the

bridge model, it was observed that the,flexural}respohse was

@

more dominant. -

LEVEL OF, EXPERIMENTAL NATURAL
DAMAGE FREQUENCY OF VIBRATION (Hz)
| |
UNCRACKED 16.05 ’
2 = 15.95 : )
4  14.72
6 . u 13.92 {
. 8 _ . 13/13 |
10 . 12.19 - (

v

TABLE 6.6 NATURAL FREQUENCIES OF VIBRATION.
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CHAPTER 7

-

4]

CONCLUSIONS AND SUGGESTED AREAS FOR FURTHER RESEARCH

v
L o <
v

The .results of this experimental-analytical studf
of the structural behaviour of the two-cell, pres:ressed
concrete box girder bridge can be summarized as.éollows'

1. The model bridge studied was quite stiff. It behaved

llnearly up to approximately 1.8 times the service loads'

- corresponding to 2 times the Ontario Highway Bridge pesign,

&&

Codle model truck load and showed no signs of cracking. The
deflection at the service load level corresponding to 2
truck loads at midspan was very. small and the

deflection/span ratio was approximately 1/4400.

2. The bridge model was able to resist an ultimate

equal to 10 times the truck load showipg clearly the

"
s

significant reserve strength of the prestre Jéﬁ“goncrete box
glrder bridge. (/53

3. The flexural stiffness of the bridge model decreased
with an increase in the applied load due to the formation
and propagation of cracks and inelas;icity of the concrgﬁe.
When flexural 'cracks appearea at midspﬁn, the prestressing

3

steel -was highly strained and the flexural. stiffness of the

_structure decreased by approximately 30, %. The structure

e/u
failed in flexure as expected.‘ . ‘

Q



4. The longitudinal and transverse stress distibution

at the top and bottom slab were not uniform but symmetrical

about the centerline of the structure showing the ability of
the box girder section to distribute the applied truck load
in the transverse direction.

5. Under the symmetrical truck loading, §or the cases
of 2, ;, 6, 8 and 10 trucks, 'the transverse stresses at“
midspan and quarterspan sections were about 10 % to 20 % of
the longitudinal stress at the same locations.

6. Reasonable agreement was found between the first
flexural natural frequencies of vibration observed in the
physical and the computed model at different levels of
damage. Unc%er eight and ten truck loads, the -natural
frequency of vibration was observgd to decrease by about
20 . The structure had then severely cracked and the
prestressing steel had yielded.

‘qiﬂ‘/The.experimental §esults obta%ned from tests
ﬁerfazmed on the ‘box girder bridge model proved that the
physical model is an adequate tool to predicf the linear and
nonlinear static and dynamic responses of reinforced and
prestressed concrete box girder bridges.

i
8. The quasi-nonlinear finite element analysis using

I

the SAP IV program which was conducted by incorporating the

experimental data on the number, orientation and width of

cracks in developing the stiffness matrix on each element,

« worked out to be an -adequate, inexﬁensive method to study

the behaviour of the prestressed concrete box girder bridge

- 161 . r




under stAtic and dynamic loadings at high;r load levels.

9. .Good agreement was found between the static
responses of the analytical model using the NONLACS program
and the physical modél at every load level. At the working
load level, the difference between the results was
approximately‘5 % to 10 ¥ and at higher level (8 truck
loads) about 15 % to 25 %¥. Under the symmetrical truck
loading, the NQNLACS.program proved to be an adequate
nonlinear method for the ;nvestigation of the static
responses of reinforced and prestressed concrete box girder
bridges at higher load levels.

10. The box girder bridge model had shown a good

a

reserve of strength ( 10 times the truck load ); the design

- codes appear to be a little co ‘aEive._

e 2

SUGGESTED AREAS FOR FURTHER RESEARCH

The éxperihental—anaiytical investigation conducted
on a 1:7 scale direct model generated useful results for the
nonlinear static and dynaﬁié responses of a simply
supported, two- céll, prestressed concrete box girder
bridge. The data obtained from tests performed on this
pﬁysical ﬁéde; should impove the understanding of the
nonlinear resﬁonse'of a box section bridge and Ehe variation |
of the dynamic ch;racteristiCS‘of the structure, such as the

damping ratio and the fundamental natural frequency, at

\
© w62



different léve}s of damage which are felativ$ly new in the
field.

Experimental research using small scéle direct
models is strongly recommended to develop more data on the
nonlinear dynamic response of multi-cell box girder bridges.

The use of improved finite element analysis
programs such as the NONLACS program wpich takes into
account all of the material properties, shrinkage and creep

!

effects, can be useful for the study of the nonlinear

response of box section bridges.
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0 APPENDIX A

REQUIERED COMPENSATING DEAD WEIGHT

¢ For true modeling, the similitude analysis requires
that the density of the model concrete must be 7.0 times the

' density ;f the prototype concrete (see Table 2.2).

) Density of prototype'concrete ‘= 2403 kg/n’
~Density of model concrete = 2290 kg/m°
Total weight of the model bridge = p By Ly

——

= 2290 x 90384Ef‘6 X 3.53
=" 731 kg
o‘ . Required density of the model for - " ¢
true modeling ‘ \ = 7.0 x 2403
| ! = 16821 kg/m®
; . Total weight of the model bridge
as requi;ed for true modéling = 16821 x 90384E-6 x 3.5
= 5368 l;g
Additional dead weight required for a
true modeling of the prototype bridge = 4637 kg
The requireg compensating weight was divided in two parts: ’
(a) 1029 kg of steel plates were placed on the end blocks
and 980 kg of stéel billets were distributed uniformlf

inside the boxes.

‘ . (b) 2628 kg of concrete blocks were glaced on the ,top slab.

l68
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8 concrete blocks of each of tﬁe fol;owing types are used:
Type A : 240 mm x 280 mm x 460 mm Size
Weight = 2403 x .24 x .28 x .46 x 8
= 594 kg - .
Type B : 200 mm x 420 mm X 500 mm Size-
Weight = 2403 X .2 X .42 X .5 x 8
. =770 kg
Type C ¢ ”Qbo mm x 320 mm x 500 mm Size
| Weight = 2403 x .2 x .367x .5x 8
= 620 kg i
Type D : 170 mm X 200 mm X 340 mm s;zé
Weight = 2403 x F/:%E X .34 x8
\ = 225 kg
Type E : 240 mm x 340 mm x 260 mm Size

Weight m 2403. X .24 x .34 x .26 X 8

= 408 kg
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APPENDIX B

PROPAGATION OF CRACKS

“~

The detection of cracks was conducted manually

atter eaéh loadixg%g case.  The cracks wvere traced and are

A%

shown in Figures B.1, B.2, B.3 and B.4 after each load step

f " corresponding to six, eight and ten truck loads
respectively. .
£
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Figure B.l PROPAGATION OF CRACKS AFTER S
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F itul‘,e» B.2 PROPAGATION OF CRACKS AFTER
SIX TRUCK LOADS.
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