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ABSTRACT 

This thesis reports an extension of the work 

undertaken bye Ferd~ani and Hadj-Arab. It consists of an 

experimental study of the behavi~ur of a 1:7.0-scale direct 

physical model of a simply supported single span, two-cell, 

prestressed concrete box girder. The experimental techniques 

da~eloped tor constru~ion and ins~rumentatio~ required 

during testing of the bridge model are summarized. 

Variation of the flexural stiffness and the dynamic 

characteristics, such as the fundamental natural frequency 

and the damping ratio, of the bri~ge model at different 

level of damage ls presented. 

The experimental results for the bridge responses 

at the workingtload, overload and failure load level are 

discussed, and compared with the corresponding analytical 

rasults obtained using the SAP IV and the nonlinear NONLACS • 

programs. In general, a reasonable ag~ment lias found 

between the experimental andvthe analytical results. 

The p~ysical model.proved t~ be an ~dequate tool 

tor the study of the static and dynamic responses of \he box 

girdar ~idqe at aIl load levels. 
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Cette étude représente une extension du travail 
. 

accompli par Ferdjani, o. et Hadj-Arab, A. Elle con.iste en 

l'étude du comP9rtement d'un ~odèle A échelle réduite 1:7.0 

d:.un pont à poutres-caiss6n', simplement appuy~, . en béton 

précontraint. Les techniques'expérimentales développée. pou~ 

la construction du modèle et l' instrumèntation néces.aire 

pour les tests sont résumées. 
, 

La variation de la rigidit' en t1exion et le. 

caractéristiques dynamiques, comme le coetticient 

d'amortissement et la tréquence naturelle fondamentale, du 

p.ont modèle à diff~'e~t niveau da dét'rioration sont 

présentées. , 

Les résultats~ expérimentaux obtenus pour le. 
1 

différentes réponses du pont sQumis à des charqes no;-male., 

des surcharges, et à la charge de rupture sont discutés, et 

compar~s avec ~es correspondants r~sultats an~lytique. 
'Y' 

optenus par: le programme SAP IV et le programme non-

lineaire NONLACS. En général, une concordance appr4ciable a 

été trouvée entre le. résultats expérimentaux) et 

analytiques. ...\ 

Le modèle phy.-iqua a prouvé 'tre un moyen adéquat 

pour l'étude de. réponses statiques et dynamique. de. pont. 

à poutres-caisson à tous les niveaux de charge. 
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CIlAPTER 1 , 

) It(TRODUCTION . l ' 

!.1 GENERAL 

In Europe and North Ameriça, reinforced- and 

prestressed concrete bridges have become a very important~ 

part of the modern transportation system. sinee World War 

II, box girder bridges have become the most popular form of 

modern highway bridges, because the se are more economical 

and aesthetically attractive compared with other types of 

concrete bridges. It has also been observed that this type 

\ of bridges has a high torsion~l 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 . . 
.r 

Because of their geometry, these type of bridges is able to 

carry utilities within the hollow boxes. Also, investigators 

have found a solution to the problem of large deflections 

due to the 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 te~hniques has made the box girder 
~ 

bridgeà adaptable to a complex geometry and become suitable 
\,1 

for an urban environment. 

l, 



c 

( 

c 
D 

1.2 PREVIOUS WORK 

OVer the past four decades, several analytical and 

experimental studies have been undertaken into the behaviour 

of reinforced and prestressed concrete box qirder bridqes 

under various types of loadinqs with the object4.ve of 
~ 

improvinq the present desiqn methods. Improvements in the 

modelinq techniques have made the structural model one of 

the most important tools in studyinq the response of box 

qirder sections [33]. Scordelis, Bouwkamp, and wasti [35] 

conducted tests on a 1:2.82 larqe scale model of a two span, 

four cell reinforced concrete box qirder bridge subjected to 

the current AASHTO loadinqs [ .. 1]. The resul ts showed that the 

box qirder bridqe has excellent load distribution 

characteristics. Nevertheless, they found that the AASHTO 

empirical formula overestimated the actual 

~ qirder bending moment for two lanes of 

\underestimated it for three lanes of tJPCkS. 

value of the 

trucks, and. 

Soliman [38] tested a 1:2.82-fcale direct model of 
"1-

an intermediate span of a continuous box qirder bridge. An 

analytical-experimental proqram was undertaken to study the 

qeneral behavior of the model bridqe through aIl loadinq 

range.. The principal objective was to study the effects of 

formation and propaqation of cracks on the flexural and 

·toraional re.pons. of the system and on the shear transfer 
~ 

acroa. the cracks and on the stiffness perpendicular to the 
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cracks. He concluded that a reduction in the ahear modulu.~ 

with the wideninq of the cracks did not have a signiticant 

influence on stress distribution ,in the bridge •• ction 

except at the ul timate load level • Also, a non-zero 

concrete modulus value perpendicular to the cracks had a 

significant influence on bridge behaviou, as compared with a 

zero value for this modulus. However, at the ultimate load 

stage, the computed stresses were insensitive to this value. 

Cordoba and TBchanz [12,41) performed an 

experimenta1-analytica1 study on a 1:3.76-sca1e direct mode1 

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 

e1astic response on1y. They ,Jound that the transverse 

distribution of the concentrated load throuqh the thin top 

slab was adequate. The results of the behaviour of the 

bridge model under working load were compared with an 

analysis by the finite element method. Good agreement was 

found betw,en the computed and experimental results. 

Scordelis [34) developed a general method of 

analysis for simp1y supported box qirder bridges, uainq the 

fo1ded plate method and harmonie repre.entation of the 

loadinqs. A number of bridqes with different spans and 

number of box C9118 was analyzed. 

Haisel, Rowe, an~ Swan [23] summarized the 
\ 

different .ethods of elastic analy.is which can b. u •• d 

3 
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etficiently by the designer for different type of box girder 

structures. The analyais uses a grillage model which is ... 
desiqned to consider the effects of lOng~dinal bending, 

st-Venant torsion~ distortional, and torsional and 

distorsional warping due t~ inplane fle~ the webs. The . 
shear .... flexible grillage can be used te reproduce the 

• 4-

stuctural behaviour of a box girder deck with the accuracy 

of a more sophisticated technique. It can, also, accommodate 

variations of geometry in plan and section. 

Tabba [40] conducted an experimental study on the 

free vibration response of one-and two-cell curved box 

girder Plexiglas models. He ENaluated the simplifying 

assumptions made in the thin walled beam theory. He compared 
. 0 

the experimental and the theoretical results. Good agreement 

was obtained between the computed and the experimental modal 

shapes and frequencies. 

The above research programs were mostly con,erned 

wi th the elastic response only. A relatively few 

investigations have be1n undertaken to study the dynamic 

behaviour of box girder bridges. The behaviour of the 

structure becomes complex and different from the elastic 

behaviour when the reinforced concrete elementa crack and/or 

the reinforcement starts to yield. The reçent development 

of techniques rn:structural modeling and the introduction of 
.0 

a number of finite element analysis programs which take into .. 
account the nonlinear material 

linearities of the structure 

-~ 

4 

" 

~ 

properties and geometric non-
~ 

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. 

Ferdj ani [16] and Hadj -Arab [18] comp'leted an 

experimental-analytical study on a 1:7.1-scale direct model • 
f 

of a one-cel,l prestressed concrete box pirder bridge. The 

objectives of this investigation were to ~UdY the behaviour 
1 

of the bridge mode~ under static and dynamic loadings. They 

found that the physical model proved to he an adequate tool 
, ft 

to predict ·the linear and non-linear static and dynamic 

response of reinforced and prestressed concrete box girder 

bridge. The physical model was able to resist an ultimate 
.. 

load equal to six times the ontario Highway Bridge Design , -Code truck. Also, the longitudinal and transverse stress 
, 

distributions obtained ac~oss the width 9f. the top ,and 
. > 

bottom slabs 'of the box section were not unifdrm under 

concentrated and truck loadings. They concluded that a 

single-cell box section SUbj~cted to\concentr~:ed and truck 

loadings was unable to redistribute the applied loads 

uniformly across the width, at the same location. 

Spiller,rDanghidis, and Kromolicki [39] conducted 

an experimental-analytical 'study on the effect of lâter~l 

forcQs due to longitudinal prestressing of concrete' box 

spine-beam bridges with inclined webs. ' A method was derived 

and veri fied for the analysis of transverse stresses 

induced by the longitudinal prestressing with tendon profile 

\, parailel ta inclined weba. 

5 
J 
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Mirza et al [25] performed a study on a 1:10.45 

scale direct physical model of a composite concrete deck­

st.el box girder bridge. The direct physical model consi~ted 

ot bOx girders made trom 13, 17 and 21 gauge steel plates 

and a 21 mm thick concrete deck was used for the 

experimentill study., Bracinqs were provided in different 

confiqurat~ons in this model. The main investigation on this 

model was concerned with the elastic free vibration response 

and the complex nonlinear statiic response at higher load 

levals. The study was also concerned with establishing a 

framework for the limit states design, of . composite 
Jo 

concrete~eck-steel box girder bridges. They concr~ded that 

the infl~ence of these bracings was not significant on the 

static and dynamic response of the composite box girder 

bridqe. 

Perry, Pinkney and Waldron [31] 
( -

studied the 

behaviour of one- and two-cell box girder bridges ùsing a 

1'l12-scale prestressed concrete elevated road junction model 

which consisted of box beam sections wi th large side 

cantilevers. This structure with a veryocomplex geometry was 

hi9hly curved in .Plfn and was continuous over three central 

supports and torsio~lY restrained at thre~ outer supports. 

• Billinq (4] completed dynamic tests on 27 bridges 

~ with ditfarent configurations, of steel, timber and concrete 

con.truc,tion a!id with spans varying from 5 m t~ 122 m. The 

r •• ults of this comprehensive study were used to support the 

Ontario Hiqhway Bridge Design Code provisions for dynamic 

6 
l' 
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loadings and dynamic response of bridges [29]. Also, the . 
data generally comfirmed that the form and values for 

dynamic load and serviceability provisions of the code were 

adequate. Good agreement was noted between the analytical 

and experimental resu1ts. 

Cheung, .Gardner and Ng [7] completed an analytical­

experimetal study on a slab-on-girder bridges concerning the 

• load distribution characteristics at the ultimate load. ~ The 

," testil;._, were performed on 1/4-sca1e model of a slmply 

supported three-Iane, composite steel beam-concrete deck 

bridge. They developed the load distribution factors for the 

ultimate 1imit state inc1uding the influence of l'oad 

redistribution, non-1inear behaviour, residual stresses, and 

accounted for the effect of intermediate di~hragms 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 considerable reduction of load distribution 

factors between linear elastic and po~t yielding stages. 

This reduction was at least e~l to the shape factor of the 

girder section. For wrae flange and l sections, the shape 

factors vary within the, small range of 1.15 to 1.17. 

Conrad, Heins and Sahin [10] developed a series of 

empirical e~ations used for tne evaluation of the natural 

frequencies C:f. curved and straight box' .section fidges. 

... Experimental studies ~ a series of two and three span 

continuous curved bridges were performed. Good agreement was 

'r 
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O'alned between approximate and "exact" natural frequencies, 

,-.1~culated 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 à 

reinforced concrete multi-cell box girder bridge under, 
) 

increasing loads up to the ultimate load and collapse of 

the structure. For linear elastic analy~is, the displacement 

" model was used on transforming the box section system into 

a three-dimensional grillage, formed by longitudinal beam 

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 information on the linear deformational 

behaviour of box girder bridges, however, only a few of 

these i~estigators dealt with the nonlinear deformational 

behaviour of the box girder bridge at higher load levels up 

to the ul timate load. At this stage, ...,more experimental and 

analytical data are needed. 

bridges after cracking of the 

8 

Also, the dyn\mic response of 

section needs ~~be examined. 
\ 

'\ 
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.. 1.~ VIBRATION OF BRIDGES 

A comprehensive 

bridqes was undertaken by 

bridge designers ~re pri 

caused by movinq vehi 

, 

rev ew of vibration re.pona. of 

uanq [19]. Bridqa anqinea1 and 

arily·concerned with vibrations 

The objectives ot bridge 
\ 

engineers are to provi e sufficient stiffness, to prevent 

excessive bridge lections to cater for the psycholo~cal 

comfort of the individuals crossing the bridge. Also, wind 

effects are mare prominent in the response of suspension 

bridqes than in any other types of bridges causing 

aer0'?Ynamic instability of the bridge. 
... 

Furthermore, the 

dynamic response of bridges due to seismic excitations is 
, Il 

more complexe The extent of seismic damage de pends on the 

dynamic behaviour of tbe soil, seismic intensity and the 

type of the structure. 
') 

Over the past few decades, the use of high strength 

materials has led to the construction of slender bridge 

sections which has result~d in consideJ:abla vibration 

problems due to the passage .. of heavy vehicles. Some 

analytical and experimenta'l investigations have be.n 

undertaken to study the dynamic response of highway bridgea 

at different levels of damage to detarmine the damage level 

up to which a bridge can be conaidered functiQnal for safety 

of usera. 

9 
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1.4 SCOPE AND, OBJECT OF M~EL INVESTIGATIONS 

A direct physical model of a prototype struêture is 

a powerful design aid which can be loaded in the same ~ay as 
. 
the 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 ta account for such 

characteristic phenomena in structural concrete as cracking, 

stress redistribution, nonlinear response,etc. ~Therefore, 

the use of suitable model materials and the correct choioe 

of scalas are of paramount importance. 

The main advantage of the model investigation is 

that it enablas the desiqner to concentrate on the (structure 

itself. The experimental resul ts provide a first hand 

knowledqe of the structural behaviour when theories to 

ptadict i ta behaviour are not available. The grea test 
\ 

advantaqe of the model study is the low cast of fabrication, 

relative .asa pf handlinq the specimen and the small testlnq 
) . . 

and .torage space. Model testing doas not usually require 

elaborate expensi va testing equipment. Furthermore, the 

castinq and curinq of structural concrete models can usually . 
be aonducted in the laboratory under more closely controlled 

_condition. than the prototype .tructures~ 

, 10 '-
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1.5 AIMS OF THE PRESENT $TUDY 

i2
hiS study,is an extension of the re.earch proq~am 

undertaken Ferdj ani and Hadj -Arab, who performed an 

analyt -experimental study on a 1/7.l-scale direct 

physical model of a simply supported single span single, 

one-cell, prestressed concre~e box section bridge. 
1 

The present study is aimed at investiqating the 

general behaviour of a box girder bridge stru~ture using 

tests on a 1/7. -scale direct physical model of a simply 

supported single span, two-cell, prestressed concrete box 

section bridge. The objectives of the study were: ,. ..- -
(i) To study the overall sta tic and dynamic 

responses of the bridge model at ditferent 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 'l1onlinear 

ranges under concentrated and the Ontario Highway Bridge 

Design Code truck loading. 

(iil) To study the effect of cracking of the 

concrete at different levels of damage on the flexural and 

torsional response of the model bridge and the shear 
(' 

transfer across the cracks. 

Civ) '\TO determine the 'aynamic characteristic8 of 

the structure such as the natural frequencies of vibration 

and the doping ratio at difterent level. ot damage. 

11 
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Cv) To analy~~ the bridge using the SAP IV program 

and the non-lin.a~ NONLACS pro~ram at Carleton University . 
" 

12 
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CRAPTER 2 . 

PHYSICAL MODEL· 
~ 

2.1 ADVANTAGES OF MODEL TESTING 

Madel testing of ·structures in the laboratory has 

qained wide acceptance among bath structural researchers and 

design enqineers over'the past three decades. Several 

experimental investigation$,have been conducted in recent 

~ears to study the behaviour'of structures under static and 

dynamic loadings. The behaviour o~ physical models can 

duplicate the complete prototype behaviour ta a high degree 

of accuracy better ~~n any analytical model. 
lF 

The errors in measurements maqnify as t~e ~ize ot 

the model decreases. In addition, the engineer is unable to 

simulate more accurately the complex boundary conditions and 

the internaI force distribution in the physical model. 

Advantages of model testinq include the low cast ot 

fabrication, savinq of space in the laboratory, small live 

loads which can produce larqe stresses in models until 

failure, control of humidity and temperature conditions in 

the laboratory, and no interruption from tratfic 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 'the simulation of the prototype dead weight. 

Compensation of the dead load was achieved in the model by 

distributing concrete blocks and/or steel billets in the 
u 

model. Special care is needed du~ing aIl modeling stages. 

The accuracy of the results #rom a given physical model test 
1 .' t 

depends on the cO-R1!ert!'ction accuracy, the material ,. 
1 

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 

compu.ters and fini te element programs has changed the 

application of physical models. Nevertheless, the accuracy 

of thes9 analytical methods must be establlshed by comparing 

the analysis results with appropriate expe~imental data fro~ 

tests done on carefully chosen physical models. 

Physical models are being accepted by the various 

bui~ding codes [2,8] as al ternate design tools. Many 

researchers [24,33] have proved that models constructed to 

8cales as small as 1/5 to 1/8, can be reliable, time-saving 

and inexpens!ve tools to investiqate the behaviour of a 

structure under Any type of monotonically increasing loading 

until the collapse of the structure. Also, recent studies 

hava shown that 1/2 - 1/4 scale direct models of reinforced 
• 

and prestressed concrete stuctures can predict the 

prototype behaviour ~ strenqth vith a reasonable deqree of 

reliability [26]. 

14 
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2.2 DIMENSIONAL ANALYSIS 

Dimensional analysis has been used to develop the 

sim~litude requirements which relate the model to the 

prototype structure. The physical model must be designed, 

tested under combined loadinqs and interpretéd accordinq to 

the laws of similitude in order to to be able to predict the 

prototype response from the model response. 

For dimensional analysis o~ a structure, the 

independent or basic dimensions must first be selected. AlI 

siqnificant variables are then expressed in terms~{hese 

dimensions by combininq 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 subj ected to 

static and dynamic loadings, the ~undamental quantities are 

usually chosen as force CF), length CL), and time CT). Other 

variables related to the phenomena under study auch as 
, 

ultimate strength of the structure, elastic or inelastic 

deformations, elastic or inelastic vibrations are de~ined in 

terms of the governing dimensions (Table 2.1)'. According to 

'the Buckinqham's_ Pi-theorem, a complete independent set ot 

dimensionless Pi-terms can be assembled tor the ditterant 

15 
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physical quantities and these are made equal for both the 

model and the prototype. The resul ting equations can th en 

be solved to derive the scale factors. The condition of true 

q representation of a given prototype by a scale model can 

Ir therefore be stated in the form: 

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

this investigation 'is gi ven 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 ela~tic and the post­

elastic range and also to determine the ultimate capacity 

and the failure mode of the prototype structure. The direct 

model used in the study of this box 9 irder 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 ul timate 

tensile strength (UTS) of 1860 MPA was simulated ~ a 5.0 mm 

nominal diameter prestressing wires hav ing an ui timate 

tensile strength of 1550 MPa, as recommanded by the 

manufacturer. This leads to the relationship 

SI - it - ~t - 1/7.0 

16 
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Physical quantity Description Dimension 

~n~ 1 L 
&' 01.:-8 L 

F Force F 

Oc Concrete stre.s F L-2 

OS Steel stress F L-2 

Ec Modulus of elasticity F L-2 

of concrete 

, Es Modulus of elasticity F L-2 

of steel • 
t Time T 

0 V Velocity L T-1 

a Acceleration L T-2 

g Gravitational L T-2 

Acceleration • 
f Frequency T-1 ' 

Pc Mass density of F L- ot T~ 

concrete 

Ps Mass density of F L-4 T2 

steel 

€ Strain 
v pois.on's ratio ----

f 
TABLE 2.1 DIMENSIONS OP THE GOV'ERNING PHYSICAL QUAN'l'IT:iES 

o 
17-
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Group Physical Quantities Scale FactoJ!. Scale Factor 
If 

(SE = 1) 

Loadinq Force, F .. SE S1
2 S2 

1 

Gravitational 1 1 

acceleration, q ~ 

Acceleration, a 1 1 

Time, t S V2 , S V2 
1 

Velocity, V SV2 
1 

S V2 
1 

Geometry Linear dimension, 1 'S, S, t 
.-

Displacemnet, 8 SI SI 

J' Frequency, f S -V2 S -V2 

( 
1 1 

Material Young's modulus, SE ,1 

1 Et' El 

properties stress, (J SE 1 

Mass density, p SESI-1 S -1 
1 

c Poisson's ratio, v 1 1 
Il 

Strain, e . 
/ 1 1 

TABLE 2.2 SUMMARY OF SCALE FACTORS 

( 

18 
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where the subscripts m and p stand tor the model and the 

prototype, respectively. Following the provisions ot the 

Ontario Highway Bridg~ Design Code, a prototype bridge was 

designed as single span, simply supported structure, 25.0 m 

long, 8.0 m wide, 1.8 m deep and consistlng of \a two· 

rectangular cells. The geometry and the details .of the . 
~ 

reinforcing and the prestressing steel for the model were 
\ f 

then selected. The di~ensions of a typical cross section of 

the prototype and the model are shown in Fig. 2 . J. and 

Fig.2.2, respectively. Also, the dimensions of the model in 
~ 

plan are shown in Fig. 2.3. since thè 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 ta the ultimate load. 

2.4 DESIGN OF THE MODEL 
\~ 

·Two types of reinforcement wer~ used for the box 

gi~er bridge model, a 5.0 mm Jominal diameter prestressing 

wire having an ultimate tensile strength of 1550 MPa, and a 

normal reinforcement, 4.0 mm nominal diameter and a yield 

strength of 298 MP~ Typical stress-strain curves for the 

prestressing wire and normal reinforcement are shown in 

Figures 3.3 and 3.4, respectively. The main reintorcement 
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consisted of ten prestress inq wires. Th •• e were l'ocatad as 

four wires for each box and one wire at the middle of each 
. 

bottom slab. These wires were tensioned ini tially to 

1080 MPa which is approximately 0.7 of the wire ultimata 

strength. At the midspan section, a system was provided for 
.r 

harping the prestressing wires in the webs. Figure 2.3 shows 

the locations of the prestressing wires and _the normal 

rein forcement at the support and at the m.i4span section. 

\J The lO~itudinal and transverse reinforcement for 

webs, bottom and top slabs consisted of two 1 ayars of 

cont:inuous wire meshes of 4.0 mm nominal diameter steal 

reinforcement. These meshes were p1aced a10ng the length of 

the bridge. The details of the ~nforcements for the modal 

with spacings of the wire meshes and their locations ara 
, 

shown in Figures 2.4 and 2.5. The end blocks provided a 

suitable rigid end to simulate warping restraint 
"-

conditions. Figure 2.6 shows the details of reinforcing for 

the end blocks. Accordinq to the Canadian Standard CAN3-

~23.3-M84, the fundamental requirements of strength, limited 

cracking, ductility and simplicity of construction were 

satisfied by the rein~orcement data ils adopted. 
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CHAPTER 3 

EXPERIMENTAL PROG~ 

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 concrete mix, formwork requirements and the stringent 

tolerences in constructional dimensions were required for 

the scale model. All of the instrumentation was calibrated 

prior to the tests. Jhe tests on scal~ model bridge were 

performed on the str 9 floor of the strength of Materials 

Laboratory at McGill University. 
• 

3.1 MATERIAL PROPERTIES 
, 1 

3.1.1 CONCRETE 

The model concrete mix 'used for the box girder 

bridge model was designed accordinq to Mirza's 

recommendations [24]. The selection of a model material to 

simulate concrete requires a cementitious material whose 

stress-strain curve up to fallure ls similar ta that of the 

prototype concrete, and whose poisson' s ratio, tansile 

strength-compressive strenqth ratio, shrinkage and creep 
~ 

characteristics are identical ta the counterpart prototype 
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properties [24]. Alter several trials for workability of the 

model concrete, a hiqher'water content was used. 

The modêl concrete mix was designed.; for a nominal 

compressive strenqth of 30 MPa. It consisted of a blended 

mixture of coarse aqqreqates, narrowly qraded crushed quartz 

sands, hiqh early strenqth Portland Cement (Type III) and 

water. The aqqreqate proportions by weiqht were: 

1.6 mm 

No. 10 

No. 16 

No. 24 

No. 40 

No. 70 

- 3.2 mm limestone aqgreqates 

crushed quartz sand 

cru shed quartz sand 

cru shed quartz sand 

crushed ,llJUartz sand 

crushed quartz san~ 

. - l.5% 

15% 

l.5% 

25% 

20% 

l.0% 

The qradinq used is based on the sieve analysis results for 

the model concrete mixe The particle size distribution 

curve for the mix is shown in Figure 3.2. The water-cement­

aqgreqate proportions in the mix were: 0.55-1.0-2.75 by 

weiqht. 

Compression and tension tests were performed on 56 concrete 

cylinders of size 50 mm x 100 mm. Some of the cylinders were 

equipped ~ith electrical resistance strain qauqes. Twenty 

cylinders was tested at an aqe of 28 days, wh!le 26 

cylinders were tested the day oorrespondinq to the day of 

t •• tinq the model, to estimate the strength characteristics 

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

mix is shown in Figure 3.3. 
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(a) Reinforcement Details For Webs, Bottom Slabs, End Blocks 
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/ 

(b) Bridqe under Static Load 

o Flpre 3.1 BRIDGE MODEL 
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The t"-8sul ts ,~rom the tests performed on 50 mm x 100 mm 

, 

cylinde~. ~~ evaluate the compressive and the tensile 

strengths are tabulated in Tables 3.1 and 3.2, respectively. 

For design purposes, the compressive str~ngth was taken 

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

3.1.2 STdL REINFORCEMENT 

During the design and the construction of the 
• 

bridge model, several characteristic properties of the 

reintorcing steel were considered in the selection of 

suitable reintorcement. Amonq these properties, emphasis was 

placed on the followi~g: 

- Shape of the stress-strain curve. 

~ Yi.ld and ultimate strengths in tension and in compression. 

- Bond characteristics at the steel-concrete interface. 

- Ductility. 

Five pUll-out tests were conducted to stu~y the bbnd , 
characteristics of the prestressinq wire to establish the 

, bond characteristics at the steel-concrete interface. 

3.1.2.1 PRESTRESSING STEEL 

The 5.0 mm nominal diamet~r-prestressinq wire was 

auppli.d by a local manufacturer, who indicated an ultimate 

tansile strenqth of 1550 MPa for the wire. 
~ 

32 



r'" o 

/ 

w. w 
1 

Q 

, 

• 
Structural 

Element 

",-, , 

Number of 

Cyl inders 
t 

Tested 

50 mm 1 100 mm 

Bottom Slab 5 
and Webs, 8 

Top 5 

Shb 8 

, 

TABLE 3.1 

" 

f • 

Age 

(daysJ 

28 

day of 

testing 

28 

da, of 

testina 

c 

,0 

.. 

Average Standard 

compressive Deviation 

strength (MPa) (MPa) 

34.10 1. 20 

37.0 1. 10 

34.2 1 .25 

36.9 1 . 18 . 

Coefficient 

of Variation 

(:I.) 

2.90 

2.90 

3.20 

2.60 

COMPRESSIVE ·STRENGTH OF THE MODEL CONCRETE 

0;. 1 

~ 

~; 

\. , 

o 

Q 

Modulus 01 

Elasticity 

(MPa) 

28500. 

28700. 

. 
28600. 

29000. 

~ 

\ 

.. 

., 
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" TABLE 3.2- TENSlLE STRENGTH OF THE MODEL éONCRETE 
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This wire had a rouqh sur~ace which allowed for a qood bond 

with the concrete. Six prestressinq wira specimens ware 

tested usinq the Instron Universal Testinq Machine and the 
1 

results are summarized in Table 3.3. A typical stress-.train' 
. 

curve for the pre~tressinq wire is shawn in Fiqura 3'.4,. The 

average ultimate tensile strength was found to b.,equal to 
" ',) 

1550 MPa. 

3.1.2.2 STEEL WIRE REINFORCEMENT 

1 

A 4.0 mm nominal diameter stael reinforcament wire 

with a yield strenqth'of 580 MPa was selected. Accordinq to 

• Mirza' s recommendations [24] and in order to improve the 

ultimate strain capacity and to lower the yield strenqth of 

this steel rein forcement , the followinq heat treatment was 

conducted. The steel was first heated to a temperature of 

315 ç and then the temperature was increased at a rata of 

9~ C per hour for another 3 hours . This temperature was .. 
then maintained at 610 C for 2 hours. The coolinq process 

started by decreasinq the temperature trom 610 C to 315 C at 

95 C per beur. The steel was then removed from the oven and 

co01ed in the air.' 

After th!s process, the steel reinté;dement become 

considerably ductile vith a yield stranqth of 298 "Pa. The 

steel was cleaned carefully after tha above opera~on. A 

typical stress-strain curve, obtained trom the tension tests 
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Number of 

Specimens 

Tested 

11 2 

w 3 
0\ 

4 

5 

_.-b--~ 
" 

1 

li 

-.. 

Ultimate Tehs·lle 

Strength 

(MPa) 

'\ 
1562 

\ 
\.. " 

1592 

/ 

1525 

1548 

1543 

1559 

.'PIl 

" ~ 

• 

Average 

Strength 
(MPa) 

1550 

.. 

Standart 

Deviation 
(MPa) 

22.48 

CoeffIcIent of 

Variation 
(t) 

1.45 

/ 

TABLE 3.3 TENSILE STRENGTH OF 5.0 mm PRESTRESSING WlRE 

.' 

Œ 

~ 

Modulus of 

E ICI 5 tic i t Y 
(MPA) 

175000 
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on ten specimens, ia shown in Fiqure 3.5. 

3.2 PRETENSIONING TECHNIQUES 

Three tensioning methods were tested by 

Ferdjani (16] and H~dj-Arab (18]. The methods consisted of 

a" single prestressing wire, equipped with electrical 

resistance strain gauges, pretensioned using a pump and a 

hydraulic jack. The strain readings were taken every day 

during the subsequent week to evaluate the losses. 

Method l : The pump and the hydraulic jack were not 

removed after prestressing the wire. 
1 

The losses were 
Or 

aignificant (approximately 20 %) before releasing the wire, 

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. 

Mathod III: The operation was to set the chuck before 

jacking and to c~ose the èhuck before releasing the wire. 
, 

After releasing the force applied by the hydraulic jack, the 

loaaes were negl~qible (approximately 4 %). After releasing 

the wire i taelf, a prestress~ng loss of about 15 % was 

noted. The lasses noted were consldered acceptable. 

Method III was se:lected and the datails of the set-up are 

shawn in Figure 3.6. 

38 



$ ) 4 : 

o 
800 ) 

800 

AS F'~RICATED 

-a 
L 
::a -ua "'00 
ua . 
lai 

~ 
AHNEALED (eOO C) ua 

"-

0 200 

O~--------~--------~----------~------~ 
,0 5000 10000 15000 20000 

STRAIN ("'cro.traln,) 

) 
J 

Fipre 3.5 STRESS-STRAIN CURVE OF 02 WlRE. 

.' o 
39 



.' . 

c 
movable jacklng st 001 

,-__ p.n chuck 

r . 
•• aefore Rele ••• 

( 
./ 

clo •• d chuck 

L 
t + 

b. Att., R.I •••• 

FI ... 3.' 'SET-UP FOR THE TENSIONING METHOD. 

--
• 40 



o 

o 

o 

.. 

3.2.1 HARPING OF PRESTRESSING WlRES 

With the collaboration of the structural Laboratory 

technicians, a system was desiqned to obtain a harpinq 

point for the prestressinq wire at midspan. The system 
• 

consisted of two harping point supports bolted to the beams 

of the prestr~ssing 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 harpinq point system are shown 

in Figure 3.7. 

3.2.2 PULL-OUT TEST 

Five pUll-out tests were conducted on five 

sampIe~ of prestressinq wire of 5.0 mm diameter to check the 

adequacy of the bond at the steel-concrete interface and to 

verify if the slip occurr(.d before or after that the 

prestressing wire had developed its yield strenqth. A series 

of tests was completed on specimens with five .diffElrent 

embedment lenqths of 300 mm, 400 mm, 500 mm, 600 mm and 

900 mm. The cross-sectional area of the pull-out specimens 

was 44 mm x 86 mm. The set-up for a pUll-out test ia shown 
. 

in Figure 3.8. The results are aummarized in Table 3.4. It 

was o~served that the wire developed its yield strength for 

an eEbedment lenqth equa! to or qreater than 600 mm. The 

results were plotted and shown in Figura 3.9. 
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Fisure 3.8 PULL-OUT TEST SET-UP. 

~ 

0 
Embedment Length Axial Load Comments 

L (mm) P (kN) , 

300. Crack appeared 

shortly after 
ft~_ pullinq out 

400. 1.2.30 Wire slipped 

- No cracks 

500. 24.90 Wire slipped 

- Longitudinal 

cracks 

600. 29.70 No cracks 

- wire yielded J 
900. 29.8 . Wire yielded 

o TABLE 3.4 PULL-OUT TEST RESULTS. 
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CBAPTER 4 

CONSTRUCTION OF THE BOX GIRDER BRIDGE 

The construction of the' box girder bridge model 

required adherence to strict speci~ications includinq those 

for the preparation of the formwork, the design of the 

concrete mix and the stringent tolerances in construction 

dimensipns required for the physical model. 

, 4.1 CONSTRUCTION PROCEDURE 

The construction of the box girder bridge model 

consisted of the following operations: 

1. Constructio~ of the outer channel !ormwork and the 

support ,of the bottom slab. 

2. Placing of the bottom slab and channel r~inforcing wire 

meshes after installation of the electrical strain gauges. 

3. Tensioning of the prestreasing wires after installation 

of the electrical resistance strain gauges. 

4. Construction of the inner channel formwork. ,,' 

s. casting and curing ot·the bottom slab and the channel; .. 
removal of the inner c~annel formwcrk. 

6. Fillinq the box with steel billets as partial 
... 

compensation tor de ad weight. 

7 •. Coverinq the till~ box~. with styrotoam, construction 
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,Ôf the top slab tormwork and p1acinq of the reinforcinqcwire 

m •• he •• 
1 

8. castinq and curinq of the top slab; removal of forms. 

9. Placinq of concrete blocks on the deck and cuttinq of 

the prestressinq wires. 

10. Removal of the prestressinq bed and placing the box 

girder model on supports. 

11. Installation of strain gauqes on the concrete surface; 

painting the bridge model with white pa~nt. 

4.2. CONSTRUCTION DETAILS 

4.2.1 PB!STRESSING BED 
• 

The prestressinq bed consisted of two W690 X 152 

sections, 4.27 m lonq, four W31Q X 107 vertical sections, 
, 

1.80 m hiqh, and two 200 X 200 X 20 mm angles, 1.50 m long 

used as prestr~ssinq abutment. The two beams were bofted to 

the four vertical sections by M20 hiqh strenqth bolts. Also, 

th. vertical sections were welded to these angles where 

holes were provided to allow for the correct positioninq of 

the prestressinq wire. Details of the reaction frame with 
4 

the harpiriq point supports bo1ted' to the beams at midspan 

are shown in Figure 4. 1. 
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4.2.2 PREPARATION OF FORMWORIC 

The box girder br~e model was constructed using 

" two types of formwor~. AlI formwork was made using 19 mm 

thick plywood s~eets with a polyuerethene varnish and was 

removed when the concretè cured, A minimum amount of light 

form oil was used, on the forms to facili tate stripping. , , , , 
, . ' 
J ' Alsq, a 20 mm thick styroform was used to support the slab 

over the boxes, to cover the steel billets and not to allow 

the concrete to fill the inside of the boxes. It had a 

negliqible stiffness and did not influence the model 

response and its behJNiour. 
e 

4.2.3 STEEL REINFORCEMENT 

The webs, top and bottom slab reinforcements 

consisted of wire meshes. The wire meshes consisted of 

annealed 02 bars placed in two orthogonal directYons. 

4.2." TENSIONING OF PRESTlWSING WIRES 

For th is purpose, the same method as used by 
, 

Ferdjani [16] and Hadj-Arab [18] was adopted for this 

project. But>i~stead of havinq three angles, one extreme 

angle was replaced by thrée movable jackinq abutments. The 

tenaioninq of the prestressinq wire for the box girder 

bridge model consistad of the following steps: 
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1. TenSionin~ of the prestressinq wira b~ lIaana of the 

hydraulic jadk. The two extreme chucks vere closed wh!le the 

intermediate one was open. 

2. Closing tQe intermediat, chuck on the respective 

abutment. 
1 

1 

3. Releasing, of the tensioning force applied 

hydraulic jac~. The prestressing wire 

abutment USini 5 • 0 mm diameter chucks. 

AlI of the te wires were equipped wi th 

the 

. 
linear electrical 

resistance st,a~n gauges. 

by the hYdraU~ic jack and 

They were tensioned séquentially 

a calibrated hollow load cell was 
, 

used to evaluate the applied force. The strain measurements 
1 

given by the Ilinear electrical strain gauges were used tb 
1 

check the force applied ta 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 %. 

• 
l 

o 4.2.5 CONCRETING OF BOX GIRDER BRIDGE MODEL 

T+ concretülg process of the box girder bridge 

model was complêted in two steps. The tirst step consisted 

of concreting the bottom,slab and the webs. The eoneretiog 

commenced at one end of the bri4ge and continued to the 

other end in short lengths to avC?id air pockets in the 

concrete. During this proeess, the concrete was vibrated by 
• 

a needle vibrator to ed~SOlidate it and to eliminate Any 
J 
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t1 

wi r e 1 nit i al Values Losses At Transfer Total Losses 

No Values Afler Release 1- X 

Strain Strain 1 strain 

(Microstrain) (Microstrain) (Mlcrostrain) 

6175 5815 5.85 5257 14 85 

U1 2 6452 6420 o 5 6373 1 2 
0 

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 2 9 4461 25.7 

10 6154 579'5 5.9 5248 14.7 

,61 

~ ~ 
\l 

,.. 

t , TABLE 1.1 PRESTRESS LOSSES 
.... 
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air pockets. Extreme care was required durinq the pourinq ot 

concrete where small aqqreqate spacers were placad undar the 

meshes to provide a proper cover thi'ckness to tpe' steal 

reinforcement. 

After castinq 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 con crete 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 'wi th extreme çare to insure a 

proper cover thickness by placing small aggreqate spacers 

under the top slab reinforcement. Three holes were provided 

at mids,an, two at the edge and one at the Middle for the 

threaded rods. When the casting of the structure was 
~ 

finished, the final operation was to cover the structure 

with a wet plastic sheet and 'water was sprinkled on it at 

reqular intervals to cure the concrete. 

4.2.6 DEAn WEIGHT COMPENSATION 

From similitude analysis requirements, the model 
] ... -

conc~ete is req1iired· to bè seven ti.e. as heavy ,as the 

prototype concrete in order to obtain a true model. Since 
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thi •• imilitude condition~an obviously not be aChieved, 

dead weight compensation was necessary. Concrete blocks were 

placed on the model bridge deck and steel billets were 

~illed into the boxes to simulate the prototype de ad 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 déad 

weight compensation analysis are given in Appendix A. 

The dimensions, weights and the location of steel billets and 

steel plates are shown in Table 4.2. 

4.2.7 CUTTING OF PRESTBESSING WIRES AND FORMWORK REMOVAL 

At this stage, 
() 

the structure was placed on the 

supports and aIl of the concrete blocks were placed. After 

cutting the prestressing wires, the removal of the formwork 

.tarted. The outer formwork for the boxes and the forms on 

" , , 
the sides of the structure were stripped easily. But a 

problem was encountered while trying to strip the form 

between the end block and the supports. The structure was 

caretully lifted up trom one end by using two hydraulic 

jaCks and steel plates under the en~block. The formwork was 

then removed and rubber pads were pl~ced at the supports. 

The same operation was repeated at the other end block. 

Finally, the pre,arations for the test on the bridge model 

ver., commenced. 
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CONCRETE BLOCKS 

A 

B 

C 

0 

E 

STEEL 

SP 
0 SB 

steel billets 
... SB 

NUMBER 

8 

8 

8 

8 

8 

NUMBER 

2 
1 

2 

DlMENSONS (mm) 

0.24 x 0.28 x 0.46 

0.20 x 0.42 x 0.50 

0.20 x 0.32-x 0.50 

0.17 x 0.20 x 0.34 

0.24 x 0.34 x 0.26 

WEIGHT (Kg) 

1029 

980 

r 
TABLE 4.2 DETAILS OF DEAD WEIGHT COMPENSATION 
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4.3 INSTRUMENTATION 

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 loadinq conditions 

can he determined from the model tests resul ts. These 

results can he achieved with a desired level of accuracy if, 

before startinq any test, a calibration of the different 

instrumepts and an adequate check of the equiprnents is 

undertaken. 

Data for loads, strains and deformations was 

obtained usinq instruments such as load cells, L.V.D.T's 

(~inear Variable DifferentiaI Transformer), strain qauqes, 

and dial qauqes. 

Durinq the testinq of the box qirder bridqe, 

measurements such as steel and concrete strains, loads 
... 

displacements of the structure under aIl static and dynamic 

l~adinq conditions were made. 

".3.2 STRAIN MEASUREMENTS 

strains on the concrete and the steel were obtained 

usinq electrical resistance strain qauqe.. A total of 22 

linear electrical resistance strain qauqes were installed on 

the prestressinq vires at three different locations as shown 
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in Figure 4.3 tor qirder 1 and Figure 4.4 for girder 2. The 

data obtained trom these strain qauqes was used to determine 

the prestressinq losses and also to determine the 

correspondinq stresses acting on the wires under the various 

loadinq conditions. Followinq the recommendations of the 

manufacturer, the qauqes were waterproofed to protect them 

from qettinq damaqed durinq the concretinq operation, and to 

prevent bondinq,of the qauqes to the concrete. 

The concrete surface of the webs, top and t>ottom 

slabs, were equipped wi th eiqht rosettes and fifty-eiqht 

linear strain qauqes, respectively, placed at three 
-

ditferen~ locations. The locations of these qauqes are shown 

in Figure 4.5 for the top slab and Figure 4.6 for webs and 

bottom slab. 

For both steel and concrete, the strain 

measurements were recorded and printed usinq 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 gauqes with an accuracy of 

2.54 )( 10-3 mm to 2.52 )( 10-2 mm per division and linear 
1< « 

variable differential transformer (L.V.D.T's) were used for 

d.~l.ct,ion measurements which are required to define the 

load-defleotion ~racteristios of the structure and the 
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limits of linear and nonlinear -'haviour of the structural 

model for static tests. Oial qauqes were clamped on a stiff 

independent frame to make the$es readinqs independent of the 

displacements in the structural model and the testinq frame. 

These gauges were placed at selected locations for the , 
various stages of the test program as shown in Figure 4.7. 

For dynamic tests, the model was equipped with nine 

L.V.D.T's. Groups of three L.V.D.T's vere located at three 

different sections alonq the bridge model as shown in 

Figure 4.8. These instrumentation readings were recorded 

u 

and printed usinq the MINe computer which samplad data-at a rate 

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

4.3.4 LaAD APPLICATION 

(.1 

AlI of the loads were applied through a hydraulic 

jack and measured directly usinq a calibrated hollow load • .. 
celle For the tensioninq ef the vire, a lO-kip calibrated 

hollôw load cell vas used. But during the static tests, the 

load on the bridge model was applied through tvo hydraulic 

jacks and vas measurèd usinq two 10-kip calibrated hollow 

load cells placed on the loading arme 

The digital data procassor (OPTILOG), connected to 
,. 

the IBM personal computer, vas u •• d to record and print the 

load cell'readinqs. 
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4.3.5 pmÇTION 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 e~ough to show even 

very small cracks. After the detection of aIl the cracks 

which occurred, these were t~aced by a black felt pen and 

then photographed. 

. 
4.4 LOADING sySTEM 

The bridge model was located in the structures 

Laboratory at McGi11 University. 

. 
4.4.1 MODEL .,CE 

/,' 

(-' V~ order to get a simple articulated loadinq 
" . 

system, the front axle of the OHBDC truck was net 

considered. This axle is relativ~ly liqhter than the other 

axle. and doe. not have a siqnificant effect on the 

structure due to the small contact are.. Details of the 

OHBDC truck and model truck a'ra shown in F iqures 4.9 and 

4.10, r •• pectively. 

The de.ign of the articulated loading system was 

ba •• d on a systa. of .tatically detarminate beams in order 

ta achi.va the exact model loads. It vas fabricated from 

hollow aquare saction. and connectad to aach other by 100se 
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pins. Ta simulate the model truck wheels, rubber padsowith 

a model wheel dimensions were fixed ta the free edge of each 

axle of the truck model actinq as concentrated loads on the , 
top slab. The articulated loadinq system consisted of two ,/ 

model trucks; the elevation and front view of th. truck 

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

Fig. 4.12. 

4.4.2 STATIC TEST SET-UP FOR FLEXURE 

The static test set-up consisted ot two model .. 
trucks loaded by a loadinq ara and two threadad rads. These 

thraaded rods, 19 mm in diameter and wi th an ul timate 

tensile resistance of 100 kN each, wera extended at the top 

of the loadinq arm by two 10-kips calibrated load cells and 

bol ted. The loading arm consisted of a horizontal double 

channel beams with two steel plates welded on the top and 

the bottom Along the lenqth. The loads were applied usinq 

two hydraul ic jacks through the two t,lreaded rods reacting 

~nst the stronq floor. The position ot the model trucks 

on the bridqe model and the loads actinq on each one are 

shawn in Fig. 4.13. The datai!. ot the static test set-up 

for tlexure are shown in Fig. 4.14. 

4.4.3. nUI' DST SET·ur FOR TORSION 

Concerninq the atatic test •• t-up tor torsion, only 
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ona model truck was u.sed vi th tvo threaded rods passinq 

D throuqh holes one at the edqe ot the slab and the other at 

the middle ot the midspan. The loading arm ot 560 mm length 

was one used tor static set-up for flexure. Details of this 

set-up are shown in Fiq. 4.15 • 

...... 
4.4.4 FREE VIBRATION SET-YP FOR FLEXURE {1 

, 
, 

The 25 mm rod which was used for harpinq the 
1 • 

". :'prastrassinq' wires was not removed from the structure. A 

mas. ot 230 kg, located at the midspan ~~he bridge model, 

was attached to this rod by means of a wire, which was eut 

·by a pair of pl iers to set the structure into free 

vibrations. Details of this procass are shawn in 

Figura 4.16. 

4.4.5 FBEE VIBRATION SET-YP FOR TORSION 
; 

For the tree vibration set-up for torsion, the same \ 

weiqht ot 230 kq was attached to the rod at midspan at a 

diatance ot 560 mm trom the centerline of the bridge model. 

Oetaila ot the set-up are shown in Fiq. 4.17. The loading 

ayat .. detail,d in Section 4.4 was set up carefully and the 

load cella were calibratad balora aach test. 
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4.5 TlnING PROCEDURE 

" 
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 'Ut 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~inq at the wor~ing load level 

- Truck loadinq at the overload _evel 

4.5.1 CONCENTRATED LOAD 

4.5.1.1 STATIC TESTS 

(1). Flexure Test: To determine the flexural 

stittness of the bridge model, a concentrated load was 

applied at midspan at the centerline ot the bridge usinq the 

loading arm and a stael plate simulating a concentrated 

load. The load was applied in inçrements of 2 kN up to a 

total load ot 12.0 kN. 

(2). Torsion Test: A load ot 10.0 kN was appl,ied 

at mid.pan et an eccentricity ot 280 ~ trom the centerline 

ot the model bridge in increments ot 2 ~. The loadinq 

syst .. vas ~halt the lenqth ot the one used in tlexure. 
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~he torsional stiffness of the bridge vaa determined trom 

the torque-twist curve plotted using the above d~t~. 

'1 

4.5.1.~ DJNAMIC TESTS 

The following tests were performed betore the • 
1 static tests in order to obtain the dynamic characteristics 

of the uncracked model bridge systme. The MINe computer was 

used to record the response of the L.V.D.T's. 

(1) A 230 kg mass vas attached to the rod" ':.."t 

midspan at'the centerline of the model bridge by a vire. Ta 

set th~ bridge into free vibrations, the W!Te'are eut by a 

pair of pliers. The vibrations dampened rapidly. 

(2) The same mass of 230 kg was suspended ta the rod , ' 

at midspan at an eccentrieity of 560 'mm fr6m the cante~line 

of the bridge model by a wire. To set the model into fre. 
1 

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

vibrations were dampened rapidly. 

4.5.2 TRUCI LOADING AT WORIING LOA» LEVEL 

\ ~ \ ' 

4.5.2.1 STATIC 1].$T$ 

(1) Flexure Test: The tvo .imulated OHBDC tr.ucka 

Y.r~ placeà aymmetrically on the ~op .lab in a poaition to 

obtain the maximum bending moment. The load wa. applied 
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tqrough the loading am and increased in illerements of 

4.0 kM up to' a load value of 26.4 kN corre~pondlng to the 
" ~ 

two model truck loads. The deflection and st,rain 

measurements were recorâed for each increment. 

(2) Torsion Test: Only one model truck was useci 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 load,was aPJ?lied through the loading arm 

in increments of 2. 0 ~M -up to a load value of 13.2 kN 

corresponding to one model truck load. Deflection antl strain 
." , 

measurements were recorded after each increment. 

.. 
4.5.2.2 DYNAMIC TESTS 

Free . vibratio",n flexure and to.re ion te!lts were .,. , 

performed after the static tests. The loading procedure was 

similar to that presented in Section 4.5.1.2 • 

- . 
,_ '- \.b',7'" , ~ 

j'4:S.3 TRUê'fii LOADING" AT THEo, OVERLOAP ,LEVEL .. ~' ....... , " 
, 

1 

~ . ' ..... 

'4.5.3.1' ST AT'ti: TEST 
• 

'Fl~lhlre tests similar to those in Section 4. 5 • 2'.1 ( 1) 

were pe~ormed wi th ~otal load equal to 2 , 3, 4 , 5 times the 
1 
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two model truck load!;' in increments of 7 kN up to Ç1 load .. 
value of 52.8 'kN, ,79.2-kN, 105.6 kN, and 132.0 kN 

respectively. Q Torsion tests similar th thor in section 

4.5.2.1 (2) were conducted after each flexure test mentioned 

above. 

4.5.3.2 DVNAMIC TESTS 
" 

After each static test in section 4.5.3.1 

correspondinq to 2, 3, 4, 5 times the two model truck loads, 
1 

free vibration tests· wer~ performed similar to those in 

section 4.5.1.2 (1) and (2). 

After aIl of the tests in Section 4.5. 3.1 and 

pection 4.5.3.2 were completed, the bridge model was roa'ded 

to obtain the ultimate IQad and the failure mode. The load 

was applied thr~u9h th-~ hydraulic jack in increments of 

• 10. ~ kN up to a load value of 140.0 kN corresponding to the 
.. 

failure laod and to 5.-4, times the value of two l\lodel truck 

loads. \ 

r 

.~ 
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CHAPTER S 

l 
.... THEORETICAL 'ANALYSIS 

,. 

, 5.1 INTRODUCTION 
.. 

The behaviour of prestressed concrete box girder 
, , 

bridges has received considerable attention overJ the past 
~ ;l, '.! l ' .. ~' .. . ~ 

three decades. In particular, some governinq parameters su~h 
\ 

as the torsional rigidity, warpinq an~ distortion phenomena 

which make' the prediction of its response by the classical 

methods very difficult, have been examined by some 

investigators. However, with the ~resent tendency to more 

slender sections because of .the use of high strenqth 

materials and to reduce the self-weiqht and the use the 

pres-tressing . force mo're e~f iciently, . the warping. and 

distortion effects b.ecome significant. Thiee different 
.; . 

methods such as the three ''dimensional grilla e,,-~method, the 

folded plate method and the finite element are ___ c 

to analyze the box gi:tder systems. 
() 

only useq 

The three-dimensional grillage or space frame model 

[14] co~sists qf dividing the structure :into ~itudinal 

beam elements along the qirder lines and,transverJe bendinq 
-

frames at discr~'fe intervals. The accuracy of the method 

improves with the number of members in frame. 
""C. 
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The folded plat, method ['34] consists of divi~inq 
, 

the structure i nto a s~ries of rectanqular plates 

int~rconnected along ~heir'l~ngitudinal j~ints~ ~The loads 

applied to the structure 'are aivided" into a series of 
~ ~ '-.J 

harmonie loads itlong the joints. The response of the bridge. 
~ . 

is obtained by supe~position ,of the individual harmonie 

l:0ading cases. The, folded -PIlate model is particul~rly 
'<J '0 .,. ~ 

adequate for investigaton of linear behaviour of straight or 

curved box qirder' .. bridges wi th simple, end supports. 

'Ph&;:; f'in.i?te element method is perhaps tne Most 
, . 

versatile method for sOlving the problem in it~ more general 
\ 

and complexo~orm. It can be u~ed for ,arbitrary loadinqs and 

boundary conditions. ~he accuracy of the analytical resui ts ,u 

. . 
~ compared ~ith the'experimental results improves considerably 

if the analytical model, the element type, and the f ineness 

of the mesh are chosen properly. 

Ni th the development of high speed computers/ a . 
\ 

~ j 

numb~r of f inite element analysis programs have been 
J 

, 
developed making the analytical model more powerful. 

o 
Two 

programs were used in this investigation to determine the 

stati~ and dynamiq reSponse of [he box girdér bridge: the 

~si-nonlinear analysis using the commercially available 
, 

SAP IV proÇJ'ram and the nonlinear analysis usinq the 

NonLinear Analysis of Concrete and Steel strûeture program 
/ , , 

~ (NONLACS) •. A brief outline of analytical mOdel,4l.s pre~ented 

in thi~ the~is with more details presented in Reference [21]. 
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5.2 -FINITE ELEMENT ANAL YSIS 

The finite element method ls perhaps the moat 
-

versatile method of solution available for the analys~8 of 

single Or multl-cell box girder bridqes of arbitrary plan 

qeometry [37']. It can be used for any q i ven geoltletry, 

loadinq and boundary condit~ons. The finite element method 

involves the discretization of the structure into finite 

shell or plate elements which retain the p~operties of _ the , 
... , 

entire system representi.rg th"Éi struf":ure. properties of 
. 

th.ese elements are determined and finally all aeparata" 
.? 

elements are reassembled, interco?nected at discrete nodal 

points to rep~esent the original structure. The method ia 

approximat~nd its accuracy is depeqdent on the fineness of 
"-

the subdivision used in dividinq the st~cture into finite . -', 

elements. 

Bathe, Wilson and Petlrson developed the SAP IV , 

program at the Universi~y of California [3) ta run on 
JO . 

\ 

mainframe com~ute~s. ~ The SAP IV proqram is a structural l , 

) \ 
analysis program for linear systems to obtain the static and 

• dynamic responses of different kinds of structures. ~~ 

The NONLACS (NonLinear Analysis of Concrete and 
• . 

Steel structures) proqram 'was developed by Razaqpur and 

Nofal at Carleton University [32]. It is an improved version 

of the FELARC (Finite Element Layered Analysis of Reinforced 
1 

Concrete) program developed by Ghal i and Ghoneim at . . 
University of Calgary [17]. The NONLACS program can analyse 
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·rèinforced and prestressed concrete,. st~e;L and composite" ',:. 
" ~ ~ ,,' 1ft?' 
structures.~Th~ proq~am uses~the tangent st1~~~ess appro~~ 

through a series of !ncrementa~ linear analyses.' It can be . 
, 

used to trace the co~plete response of a reinforced or 

• prestressed concrete structure up to failure., Experimental 
• > • 

... aEft analytical studies were cO)lduèted for the box gi~rder _ ' . 
, 'It. 

" bridqe model. .... , 
/' ~ f .. ,~ 

() 

5.2.1 L tNEAR ANAL ysts 

The SAP IV p~oqram was used 'for linear ~n)f~YSiS of 

the followinq two loadinq cases: a concentrated ~oad and a 
, 

~odel truck load. The box girder bridge was idealized by two ~ . 

types finite elements : the thin shell and the three-

" dimensional truss "elements provided in the SAP IV program • . , 
The thin shell element is a quadrilateral element of 

arbitrary geometry formed ~rom four compatible triangles and 
, 

has six interior degrees of-freèdom at each node: The three-

dimensiony truss element was USéd~ ta represent the 

prestressinq wire and consisted of a one-dimensional member , 
possessing only axia~ stiffness.. The finite ~lement 

idealizatiofl of the bok qider bridge model is shbwn in 

Fiqure 5.1. 

5.2.1.1 RESPONSE UNDER $TATle LOADING 
~ 

F~nite element analysis was conducted for the self 
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\ .. 1 
1 

J us~~ load to 
J • 

weiqht of the bridge model and the extra dead 
\' • 0 \. 

simula\:e *é dead weight of ~he prototype, in, addi tiop to 
, 1 ~ 

th'e foilowin9.~ading conditions: ~ ~ 

(i) Flexure teste: (a). A concentrated load placè1t at 

midspan at thè centerline of the bridge model. . ,~ ", ~ " ,,' 

Two scaled 1 OH BDC truck l~ads 
'\ , 

lit-

*
:,:,' 

, ~ .. ' 
~:. ~ .... 

',-

(b) • 

placed in order to cause the maximum deflection. 

( ii) °Tor~on tests: (a). A concentrated !oad at midspan'~t . ,,. .. 
an eccentrici ty of 280 mm from the centerl ine, of the 

-

" {~ bridqe model: 
>' 
~~ .. !-
.<.,1 

(b) • One scaled \ OHBDC truck load 
'" 

was placed 

lletween ,i ts 

on one box girder ~t a distance. of 280 mm 

axe of symmetry tna the centerline of the 

struct;ure " 

5.2.1.2 RESPONSE UNDER DYNAMIC LOADING 
;. .' . 

" pynamic analysis was conducted for the uncrélc'ked 
e 

structure in order to determine the natura! frequencies and 
, 

the system modal shapes. 

5.2.2 QUASI-NONLINEAR ANALYSIS 
1 

The qua~i-nonlinear analysis was conducted using 

the SAP IV program. The quasi-nonlinear analysis introduced 

by Soliman [38], provides ,a suitable inexpensive tool for 

analysing bridges i~ the post-cracking' range. The analysis 
" . 

was conducted by incorporating the experimental data on the 
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qpmber, lenqth and'orientatio~ of crack~.in developing th. 

elasticity matrix for each element. '-Th'~S ~lasticij:.y matrix, 
, ) 

r" 
attrlbuted to an uncracked element in· the SAP IV program, 

ï 
was mèdified, for the'cracked condition"to take irito account 

,( , 

the non-linearities inherent in the materials. For a cracked 
, 

element in its local ~xis, the modified elasticity matrix 

was obtained from the uncracked element matrix by redUoing , 

the modulus of elastici ty perpendicular to the crac;k, 

neql-ecting the Poisson 1 s ratio and also by lowering' the 
• - - ' 1 

shear modulus usinq a reduction 'factor P which accounted 

for the crack width. The modified elasticity matrix was then 
<.--0-./ • 

transfprmed to the global axes. The idealization of thé box 

qirder bridqe is similar to the one used for the linear 

analysis in Section ,5.2.1. More details of the quasi-

nonlinèar analysis'are given in Referencè (21]. ~rder to 

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

including the modified ~trix was, run for two loading cases: 

.. 
5.2.2.1 RESPONSE UNDER STAtIC LOADING 

Analyses for flexural tests were pertormed at 

different loading levels correspondinc.{ to 2: 3, 4', and 5 

times the two scaled OHBOC truck loads. The analysis tor 

~orsional tests was conducted after eaéh loadinq case in the 

analysis for flexural tests. 
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S:2i2.2 RESPONSE ONDER DVNAM--rc LOAPING' . , . , 

b 

Dynamic a~alyses were also perfo~ed to determine the 

oatu~al frequencleQ and the mQde shapes of the structure 

" after each flexural test- mentioned in section 5.2.2. 1.-
," 

, , 

,. . 
5.2.3 NONLINEAR ANAL VSIS 

Th~ NONLACS (NonLinear Analysis Qf çoncrete and 
! ~ 

Steel structures) program was used to traoe, the comple1:e . 

,response of the s~rvcture up to failu~e~. Using,the tangent , . . 

stif~ness approch thro~gh a series of incrementa1 lin~ar 
(l, 

,', analysis, each. finite element is divided into a number of 

... . . 
concrete and smeared steel layers. Individual layers are 

assumed to respond as an orthotropic material that can 
, 

assume,any state: elastic, yi7lded, cracked or crushed, 

dependr!ng on the stress lèvel in the' layer. The element 

stiffness is obtained by assuming the stiffness 

" . 
'contributions of the various layers. Prestressing wires or " . 
heavy reinforced bars are idealized as fully bonded truss 

elements. The stiffness matrix is calculatèd using numerical 

integration wh1ch permits partial degradation of the 

stiffnesss of an element due' to cracking, yiel'ding or 

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

the iridge'was madelled for the analysts because af the 

sym&etry of both the geametry and the external laads. This 
" 

resulted in considerable time savings. The finite element 
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j 
idf!alization was achieved by usinq four nodes facet 

. . -
quadrilateral,sheel'element. The ideallzation of the bôx 

qi~der bri~ge model ~s shown in Fiqure 5.~. ThL analysis for 
, < 

the flexural lo~din~ ~as condu~ted usinq the NON LACS proqram 

" 
at.Carleton Univers±t~. In this ana.lysis" the 10a-<:1 was 

increased 
, 

live loa~ 

monotonically from ,zero ':- oad, corresPO~ndinq to no ~ 

to 139.0 kN corresponding to 10.5 times the truck 
" . 

model loads in~20 load steps. Each load steV required 10 

iterations. At the load step cor~espondin~to 5 times the 
.1 

two scaled OHBOC truck loads 1" the structure was severely 

, dàmaqed and" the steel had yielded. ~e analysis was 
.. 

~ terminated at this staqe •. .. 
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---, CHAPTER 6 

DISCUSSION OF TEST RESUL TS . " .. 

6.1 INTRODUCTION 

. ' 

t .. • This chapter presents discussion ot the 
l /.::,"' '0 

experimeI\tal data optained from the tests on the b,?"x girder 
, . 

brîdqe model., The e~perimental data have been compared at, 

the variôus load levels wi th theO analytical resul ts 

computed usinq the fini~e element programs (SAP IV, NONLACS) 

which are presenteà in detail in Reference [21]. 

. . Tl}j chap~er consists of two parts: 
., 
static tests 

and dynamic te~ts presented in sections 6. ~"_:and 6.3 , 
o 

respectively. The static tes~s on the bridge model was 

conducted under concentrated. load at midspan where o,nIy 

v~rtical deflections were recorded and under the OHBD Code 

truc~Oadinq at "the working and the overload levels and 

deflect ons and strains in 'steel an~ concrète were recorded. 
" \ 

The 8ynamic tests consisted of fIexural and tor~ional frae 
? l , \ 

vibration tests at the working an~the overload levels. The . " 

peri'o'd of vibration and the damping ratio were determined 
i 

from each L.V.D.T daea and were compared with the analytical 

results obtained from the finite element proqrams. 
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6.2 STATIC TESTS 

After releasing the prestressing wires, the central 

camber of the model bridge was observed to be 1 mm as shown .... 
in F.ig.6.1 (a). This was due to the upward force exerted by 

the prestressing wire on the structure at the harping.poin~ 

locate' at midspan. Also, from the initial concrete strain 

readings, it was noted that the bridge model was entirely in 

compression. 

/ 
6.2.1 CONCENTRATED LOAD AT MIDSPAN 

\ 

The model bridge was tested und~r a concentrated 
1 

load at midspan in order to determine the flexural and 

torsional stiffness. • 

1;.2.1.1 FLEXURE TEST 

, 'l'he concentrated load was located at -midspan at the­

centerline of the bridge model. It was applied in increments 
4 

of,2.0-kN up to a total load of 12.0 kN. Deflectiona were 

recorded and the resulting load-deflect!on çurve ia shown in 

Fiqure
J

6.2. The behaviour of the bridge model was linear. 

The flexural stiftn~ss worked out to be 23.53 kN/mm. Using 
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. \he linea~ SAP IV prograJll!, . a load-deflection curve for a 

conc'entrated load, at midspan was d~termined. The analytical 

flexural stiffness was found equal to 24.05 kN/mm. The two . . 
'fesults show excellent agreement. ... 

6.2.1.2 TORSION TEST 

For the torsion test, a concentrated load was 
" 

located at midspan of the bridge model at an eccentricity of 
p , 

280 mm from the centerline of ~he bridge. The load was 

applied in increments of 2.0 kN up to a total load of 

10.0 kN. The torque-mids~an twist curve resulting from the 
-

test is shown in Fig.6.3. The torsional stiffqess of the 

bridge model obtained from the experimental results worked 

out to Qè 1743 O' kN. m/rad ~nd the a)1alytical tors ional 

stiffness was fou~...equal to 22683 kN.m/rad. The linear SAP 

IV program overestimated the torsional stiffness by about 

23 % . This difference is due to the underestimate of the 

stiffness of the bridge model in the computer ana~ysis based 

on a Young' s modulus of ,elastici ty as obtained from the 

standard-cylinder tests • 
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6.2.2 TRUCK L'OADING AT WORKING AND OVERLOADbLEV~L 

/ d 

~ 

t Flexural tests were performed using the s~mulated 

model trucks placed on the bridge model "i? ~.a way as to 

ereate the' maximul\ deflection. The flexural tests 

eorresponded to 2, 3, 4 and 5 times two scaled ontario 

Highway Bridge Design Code truek loads. The load 'was applied 
--

in average increments of 6.'0 kN up to the desired load 

va,lue • However, after eaeh 'flexural test mentioned in 

section 6.2.2, a torsional test was eondueted us!ng only one' 
, 

model truck in inerements of 2 .-0 kN up to a total load 
\ . 

value of 10.0 ~ To determine the failure mode, a tlexural 

test was performed on the bridge model up to a load equal to 
1 , 

5.5 iimes the two sealed OHBOC trucks until fai~ure. 
~ 

, -

6.2.2.1 DEFLECTIONS 

Deflections wer~ recorded fo~ eadh loading case and 

the toad-deflection curves were plotted. These load­

~de~ti?n curves~repre~ent the average deflections ot,the 

bottom slab. The resultinq data are shown in Figures 6.4 

throuqh 6.9. From the initial slops of-these eurves, the 
& 
flexural stiffness 'of the bridge vas datermined tor each 

specifie 10ading case mentioned above. The variation ot the 

flexural stiffness o( the bridge model is tabulated in 

Table 6.1. 
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OUring the last test corresponding to a load level 

of ~.5 times the OHBDC truck load, the bridge model failed 
> 

and th'e flextlral stiffness' of the structure decreased 

considerably. A large crack appeared at midspan along the 

width of the structure which can explain the cause of the 

sudden drop of the flexural stiffness of the bridge model. 
4V 

At this stage, the structur€ was severely qamage, with a 

large number of cracks in the bridge mddel. According to the 

strain readings, the prestressing wires had yielded. The 
r 

midspan deflection was,equal to 32.10 mm which represented a. 

deflection/span ratio~f 1/110. The failure mode of the 

bridg~ mo#el was flexural as shown in Fig.6.1 ~). 

The ~xperi~ental and the analytical results were 

- compared for the torSion tests performed after each flexural 

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

torque-twist midspan curves for the ~ù~craèked structure, 
" • .fi 

after 6 truck loads, after 10 truck loads,are shown 1n , 

Figures respectively. AIso, the 6. 11 and 6. 12 , 6 .10~ 
Q ... 

variation of the experimental and analytical torsional 

stiffness is summarized in Table 6.2. The dif~erence between 
/] 

the experimental and the analytical torsional stiffnesses 

decr~ases while'the numbe~ o~the flexural truck loadings 

increases. This is basically due to the quasi-nonlinear 

analysis usin~ the SAP IV progr,am which take into account, 
;:. 

\ ~ 

the number, the length and the width of the cracks in the 
\j.. "-

structure after each flexural test for each analysis. 
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~::. 

( 

c 

NUMBER OF 

TRUCKS 

0 , . 2 

4 

6 

8 

10 

l 

>( 
FLEXURAL STIFFNESS 

.., eleN/mm) 

37.50 

36.40 

29~ 
28.70 

25.50 

1.4.20 

PERCENTAGE OF THE ST~FFNESS 

OF THE UNCRACKED SEÇTION 

100.00 

97.10 

77.60 

76.50 

68.00 
, .. 

37.90 

... 

TABLE 6.1 VARIATION OF THE FLEXURAL ST+FFNESS • 

( 

NUMBER OF 

TRUCKS-

UNCRACKED 

~ 4 

,1 
10 

/ 

• , 
EXPERIMENTA~ TORSIONÀL SAP IV TORSIONAL DIFFERENCE 

STIFFNESS (kN.m/rad) S~I~FNESS CleN.m/rad) ct) 

20555 30081 "\ 31. 
'r 

,1831. 7 1 25874 29 

16~00 21765 25 
10098 - • 11821 

, 
14 

8297 \. ~610 13 

"'t. 

-. 
• 

TABLE 6:2 VARIATION OF TORS IONAL - STIFFNESS. 
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The SAP IV program gave a difference of 30 , in the 

torsi~nal stiffness for the uncracked \tructure proqram 

compared wi th the experimental data. At 'Jhis stage, some 

microcracks had appeared in the structure, however, they 

could not _ be detected and taken .into account in the 

analysis. 

Comparison of the experimental resul ts and the 

analytical results' are showned in Figures 6.13 and 6.14. 

Under two trluck loadings, the experimental deflection values 

were noted to be in good agreement wi th both fini te element 
t 

analyses (difference of approximately 7 %). 
1 

o Figure 6.13 shows that both analytical models are 

stiffer than the physical model below a load value of 

48.~ kN correspondinq to the 1.82 two truck loadinqs. Above 

this value, ~he analytical model (NONLACS) was stiffer than 

both the exper imental model and the SAP IV program model,. 

Figure 6.14 shows that under eight -truck loadings,. 
t 

correspondiI)g to a load value of 1°5.60 kN, the reéUl ting 
\ 

deflection of the NONLACS model was 25 , lower that the 
\ 

experimenta~alue. At an applied load equal to 132:0 kN 

corresponding to 5 times the two truck loads" the NON~CS 
J 

model resulted in a deflection approximately 30 _, lower than 

- \ ' 

the exper!mental val~~_ while the SAP IV proqram value wa~ ~ 

25 , hiqher than the experim~ntal one. -' 

Figures 6.15 and 6.16 show com~rison of vertical 

deflections of tfte bridge mo~~r unde~ 2 and 8 truck loadinqs 

and reasonable agreement Wé\fI {obtained between the NON LACS 

( 
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• 
program and the experiment~l results. 

~ ~\ 

For aIl the cases considered, the analy-cical 

response and the behaviour of the box-girder bridge bot~'in 
~ 

the linear and the nonlinear ranges as predicted by the 

NONLACS computer program, show resonable agreement compared 

with the experimental resul~s obtained from the bridge model 

~Itests while the SAP IV program results for deflections were 
h 

lower by about 48 %. 

6.2.2.2 STRESSES 

~his part consists of the determination of the 

concrete stresses, and the $trains in the prestressing wires 

under different loading cases and the comparison of the 
, 

experimental and analytical results. The variation of the 

_ .. longitudinal con,crete strains in the top and bottom slab at 

midsp~n and 1/4 span is presented. The variation of the 

transverse stresses under two and eight truck loadings is 

also reported. 

It was- difficul t to obtain accurate measurements 

, of concrete strains because of the presence of microcracks. 

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 straJ.n measurement 

significantly, even if the variation of temperature and 

humidity in the laboratory is controlled weIl. Therefore, 
• 
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. 
- in com~aring the experiment~l and the analytical valuea, the 

co?crete. strai~ld be int~rpreted with due caution • 

6.2.2.2.1 $TRAINS IN THE PRESTRESSING WlRES 

Load-steel strain curves for the different loadinq 

cases for strain gauge No 2, No 7 and No 10 are shown in 

Figures 6.17, 6.18 and 6.19, respectively. These 

prestressing steel strains were recorded during each static 
, 

test. The strain in the wires was 9000 microstrains (strain 

qauge No.2) at a load value of 132.0 kN corresponding to 5.0 

times two truck loads. It was al so noted tha t the 

prestressing wires behaved linearly up to an applied loa~ of 

79.80 kN (3' times the two truck loads). . Under loads 

corresponding to 8 and 9.1 truck loads, corresponding to 

load values of 105.60 kN and 120.20 kN,· respectively, the 

10200 strain in the prestres~ing wire wa~ equal to j 

microstrains and 11500 m~ostrains, respective l,; which 6 

ClI/' 

indicated that the wires were still in their preyielding, 

range. The prestressing wires yi~lded under a load equal to 

128.0 kN (9.7 truct loads). 

comparison of load-prestressing wire strain curves 
" 

for strain gauqe numbers 3 and 6 are shown in Figures 

6.20 a) and 6.20 b), respectively. 

The experimental and prestressinq wire strains 
~ ~ 1 

calculated using modified SAP IV and NONLACS proqra~ were 

114 
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o 

linear up to a load value of 79.80 kN (6 truck loads).Large 

strains ,we~e obtained under 8 truck loads; the prestressing 

wires yielded under a load corresponding to 9.7 truck loads. 

These results are~hown in Figvresf 6.17'through 6.19. ,The 

results computed using the NONLACS program showed a sudden 

'variation in the strains of the prestressing ~ires which is 

basically due ta the bilinear stress-strain curve used 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 

prestressing wires was not fully bonded. 

6.2.2.2.2 STRESSES IN THE CON CRETE 

Figures 6.21'·and 6.22 show the variation of the o 
concrete stresses in the top slab at midspan and quart~rspan 

under two and eight truck loadings, respectively. 

The
7
variation of the longitudinal concrete strains 

at different locatione through the ~ridge span in the top 

slab with increasing load are shown in Figures 6.23 

and 6.24, respectively. Durîng aIl of the .loading stages, 

the stress~s at the top f iber of the cross-sect'ion were 

compressive. 
/f 

For comparison, the concrete stresses in the top 

slab at midspan and quaterspan sections obtaï~ed from the 

o / 
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experimental and both finite element program are shown in, 

Figures 6.25 and 6,26, respectively. The load-stress curves 

show - a .good agreement between the experimental and the 

analytical values at midspan up: to a load value of" 105 ~ 60 kN 

(8 truck loads) and up to a load value equal to 79.80 kN 

(6 truck loads) at quarterspan. The differ_ence 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 experimenta+ ànd c9mputed values 

of-the concrete stresses at midspan. A similar difference 

, 

was observed for the concrete stresses at quarterspan beyond 

a total load of 6 truck on the bridge. 

Longitudinal con crete strains in' the bot tom slab 

were also recorded during each fle~ral 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 f iber of the cross-section were 

tensile. 

The distribution of transverse stressefi_ could not 

be obtairied from the experiment. This is due to the lack of 

strain measurements at specifie points. Fiqures 6.29. throu9h 

6.32 show the distribution of transverse stresses obtained 

from the analytical model (NONLACS) under two, four, six and 
. ; 

eight truck loads, respectively. The transverse stresses 
iJl were about 10 % to 20 % of the longitudinal stresses under 

the same loading at the same locations • 
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The distribution of the longitudinal and 

transverse stresses in the top slab was not "Ûi1}.form' but 

symmetrical about the centerline of ~he bridge modela This 

. confirms the ability of box section ,to distribute the load 

~n the transverse direction. Also, the materials and 

geometrical properties were consistent for the entire 

structure. ~ 

6.2.2.3 DEVELOPMENT OF CRACKS 

The first crack was observed at a total load of 

48.0 kN (1.8 times two truck loaJs) ~nd appeared as a 

tension crack in the web near the midspan. 
0-

Two more cracks 

~ppeared at each side of the middle crack at a load value of 
r, • 

~ 52.8 kN (2 times two truck loads). After this loading stage, 
, 

when the load was released, the cracks were not visible on 

. the surface of the webs, showinq good çond between the 

prestr~ssing steel and the concrete. Figure 6.33 showsJthe 

propaqation of cracks.""fter four truck loads for qirder 1 

a~d qirder 2. l . ' 
\ 

More cracks appeared-in,the W~bSffid bottom slabs 

when the load was applied aqain up to a load value of 
J 

79.20 ~ ~ (3 times the two truck loads). The ~lexural crhQ. 
. ...~ 

became'wider and propaq~ted up to about three quarters of 

the,d~pth of'the webs, and along the entire width of the 
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bottom 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. AlI 

cracks propagated along the total depth of ~he webs and the 

total width of the bottom slabs. At this stage, a large 

crack appeared along the entire width of the top slab at 

midspan ,,!hich was 'accompanied by a loud noise due to 

fracture of two prestressing wires. At this stage, the 

structure wah near failure. Propagation of cracks -aftér 

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

6.2.2.4 FAILURE TEST , 

After 10 truck loads were applied, the bridge model 
/' 
had almost failed. At this stage, the flexural cracks' at 

midspan widened considerably, and more prestr~ssing wires .-
fractured resulting in loud noises due to release of ~ergy, 

and a·flexural failure was expected. In order to determine 
i 

the mode of failure, the structure was loaded unde-~­
) 

flexural truck load up to a load value of 139.0 kN (10.5 
-

times the truck load) and the model bridge failed in flexure 

as expected. The box girder bridge model showed a , f? 
significant reserve of strength. 
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, 6.3 DYNAMIC TESTS 

After each static test corresponding to àn applied 

total load equal to 0, 2, 4, 6, 8 and 10 timea the truck 

load, both flexural and torsional free vibration tes~s were 

performed. The different displacement readings ~ere obtaihed 

from 9 L.V.D.T's (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 al. 75 lnm 

diameter mi Id steel wire from the horizontal 25 mm rod, used 

for harping the prestressing wires, at the bridge 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 cuttLng the wire. Then, the'wire was 

severed by a pair of pliers to set the bridge model into 

free vibrations. Tlie response of the L. V :D. T' s was recorded 

using-the MiNe computer. This flexural vibration test was 
J 

conduoted after the appropriate static test described in 

section 4. 2 • 2 • 
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6.3.1.1 NATURAL FREQUENCIES OF VIBRATION 

o 

Fiqures 6.34 throuqh 6.45 show the data obtain-ed 

durinq the flexùral free vibration tests' performed 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. N ine L. V • D. T 1 S were used to determ.ine, the 
• 

natur~l frequency of vibrations of the bridge model for each 

test. The locations of these L.V.D.T's are shown in 

Fiqure 4.8. The averaqe value of the natural frequencies of 

vibration ol?tained from the response 0:( the L.V.D.T's was' 

taken as the natural frequency of vibration of the bridge 

model correspondinq to each loading staqe. 
• D 

The natural 

frequency values qiven by the L.V.D.T's were quite close and 

the difference was less than 1.5 %. The resul ts are 
EP 

summarized in Table 6.3 alonq with the, correspondinq 

analytical values obtained usinq the SAP IV program. 

F~r the first four tests, correspondinq to no livè 

load and live load equal to 2, 4, and 6 truck loads, there 

was a small change in-the fundamental natural frequency of . ' .. 
vibration trom 15.61 Hz to 13.54 Hz. However, the dynamic 

response test conducted fo~ 8 and 10 times the truck load 

alter the appearance of the flexural cracks at the midsp~n 

of the bridqe model, showed a- large decrease in the 

fundamental naturai trequency of vibration. The value 

recorded at that stage was-11.95 Hz. At this level of load 
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stage, r the str\lcture was severely cracked and the 
'b 

prestressing wires had yielded. The, observed' mode of 

vibration was flexural. Also, it was noted that, during aIl 

of the tests, the vibrations got damped after a short 
" 1 

ihterval of about 2 seconds. The SAP IV proqram was used to 

calculate the first 6 modes of vibrations at different .. 
, 

"levels of damage. Table 6.3 shows the first experimental 

natural frequency of vibration ,wi th the corresponding 

analytical value,s qiven by the SAP IV program at different 

levels' of loadings. Theae values were ploted and shown in 

~ Fig .. 6.46. Good agre'ement was found between expel;'imental' and 

analy;tical resul ts. ' 

.. 

NUMBER OF EXPERIMENT~L NATURAL ANALYTICAL NATURAL DIFFERENCE 

TRUCKS FREQUENCY (HZ) FREQUENCY (HZ) (%, 

f- 0 1S.61 15.~ .70 

2 15.61 \15. .70 

4 14.50 14.89 " 2.4 

6 13.5.4 12.82 5.3 

8 12.69 11.30 10.95 

10 11.95 9.69- 18.91 

if' 
Il 

TABLE 6.3 NATURAL FREQUENCY OF VIBRNnON (FLEXURE TESTS). 
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6.3.1.l DAMPING' RATIO 

1 

6.3.1.2.1 'EVALUATION OF THE .DAMPING RATIO 

The damping ratio can be evalua~ed by usinq the 

simplest and most frequeritly used experimental method which 

consists of measurement of the decay of free vibiation~. 

When Çl system 0 is set into free vibrations, the damping 

ratio can be determined from the ratio of the tw 

displacement amplitudes, Un and Un+m, measured a t an 
(J , 

interval 'of m cycles. The dampinq rat.:i.d is gi ven by the 

equation ,', 

t = Sm (6.1) 2.7r.m [ w/w.o ] 
" 

where· 6m = ln (è'J represents the loqarithmic âecreJl)ent, 

~- a~e 
, 

and w and the undamped and 'damped frequencies, 

respecti vely • 
. , 

In most practical structures, e~e values of w and 
, 

Wn normally diff&- by' ~b~t 2!t. A negliqible error is, 
. 

introduced in the V}lue 

w = ~ to simpl.i!fy 

approximat~on, equa ion 

" 

of the damping ratio' t by assuming 

the calculations. 

(6.1) then Decomes: 
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6.3.1.2.2 EXPERIMENTAL DAMPING RATIO 

, 
T~e.damping ratio of the bridge model at difrerent 

load levels was calcu~ated using the above method and the 
1 

d~a obtained from the 9 L.V.D.T's. The average damping 

ratio for the uncracked bridge worked out to be ù 2.20 %. 

At ~ load level corresponding to 8 tifues the truck 

1 loads, the dampinq ratio was equal to 5.9 %. At this stage, 

the structure was severely cracked and the pres:tressinq 

wires had yielded but wi thout the loss of al-:l the 

prestressing. 

Ne\ilmark and Hall [27] estimated that the dampinq 
• 

ratio, ~or a prestressed structure, ft normally between 2 

and 3 per cent at workinq load level, not exceeding hal~ the 

yield level 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 DAMP:ING RATIO 

UNCRACKED. 2.20 

AFTER 2 TRUCKS 3.70 

AFTER 4 TRUCKS 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. 

6.3.1.3 VARIATION OF THE FLEXURAL RIGIDITV 

(%) 

'mle flexural riqidity of the bridqe~ model. was 

, 

detèrmined usinq the simple be'am theory, 
, 

alonq which 

, , 
considers 'the bridge ~s a beam with a uniformly distriDuted 

o 

~ass alonq the length and àssumes that the flexural rigidity 

J 

EI is constant alonq the span at any loadinq condition. In 

this case, the frequ~ncy of the first mode of vibration ot 
"'~ . 

<fi 
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the bridge ~s gi ven by: ( 

flJ2 = 11'4 EI 
1 m.L4 

where L is the span length 

and- m is the unifor.mly distributed masse 

(6.3) 

\. .... 

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 

riqidity 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 mm 

from the centerline of the bridge. By cuttil; the wir~," the 

bridge was set into free vibrations, which CJot damped 

rapidly. A combination of 1gexural ,and torsional 

deformations was observed as the mode of vibration. Some of 

the data obtained from the responses of the 9 L. V .0. T 's are 

shown in Figures 6.49 ta Figure 6.60. 

6.3.2.1 NATURAL FREQUENCIES OF VIBRATIONS 

The torsion tests performed on the uncrackad bridge 

set it into free vibrations are shown in- Figure. 6'.49, and 
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6.50. This data was ~sed to der ive two di~tinct natural 

freque~cies of .vibration as follow: • 

..... 
• Flexural natural frequency equal to 16.95 Hz • ... 

Torsional natural frequency équal to 3.~2 Hz. 

AlI of the flexural natural frequencies of vibration of the 

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

and 10 times the 'truck loads are'summarized ip Table 6.6. 

During aIl of the torsion tests performed on the 

i • 
bridge model, it was observed that the.flexura~ iresponse ~as 

more dominant • 

LEVEL OF, 
DAMAGE 

UNCRACKED 
2 

4 

6 .. 
8 

10 

EXPERIMENTAL NATURAL 

FREQUENCY OF VIBRATI~N (Hz) 

'1 16.05-
15.95 1 

1 

14.72 

1 13.92 
13!13 1 

12.19 -1 

TABLE 6.6 NATURAL FREQUENCIES OF VIBRATION • 
.. 

./ 
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CHAPTER 7 
, .. 

CONCL USIONS AND SUGGESTED AREAS FOR FURTHER RESEARCH .. 

The.results of this experimental-analytical study 

of the structural behaviour of the two-cell, pres~ressed 

concrete box girder bridge can be summarized as follows: , . 
1. The model pridge studied was quite stiff. It behaved 

linearly up to approximately 1.8 times ,the seryice loads 

corresponding to 2 times the Ontario Hignway Bridge Design, ' 

Code model truck load and showed no signs of cracking. The 

deflection at the service load level corresponding to 2 

truck loads at midspan ~as 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 showi~c; cl rly 1:he 
, 

Sig~ificant reserve strength of the prestr~êa-~oncrete box 

girder bridge., r '" 1 

3. The flexural stiffness of the bridge model decreased , . 
wi th an increase in the a~plied load due to the formation. 

q • 

Q 

and propagation of cracks and inelasticity of the concrete. 
> , 

When flexural1cracks appeared at midspan, the prestressing 

steel'was'highly strained and the flexural~ stiffness' of tbe 

~structure decreased by a~proximately 3~o%. The struct,ure .. 
failed in flexure as expected. " 

,. j) , 

• 0 
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( 4. The longitudinal and transverse stress distibution 

at the top and bottom slab were not uniform but symmetrical 

about tpe 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, Jar the cases 

of 2, 4, 6, 8 and 10 trucks, -the transverse stresses at 

midspan and quarterspan sections were about 10 % to 20 % of 

the longitudinal stress ~t the same locations. 

6. Reasonable agreement was found between the first 

flexural na~ural frequencies of vipration observed in t~e 

physical and the computed model at different levels of , 

damage. Under eight and ten truck loads, the,' natural 
1 

frequency of vibration was observed to decrease by about 
, -

20 %.' The structure had then severely cracked and the 

prestressing stael had yielded. 

'.:7"._ ........ / The .experimental resul ts obtained from tests 
. - .. 

performed on the box girder bridge model proved that the 
Q , 

physical model is an adequate tool to predict the linear and 

nonlinear static and dynamic responses of reinforced and 

prestressed cqncrete box girder bridges. 

8. The quasi-nonlinear finite element analtsis using 

the SAP IV program wbich was conducted by incorporating the 

experimental data on the numher, orientation and width of 

cracks in deve19ping the stiffness matrix on èach~element, 

~ worked out to be an -adequate, !nexPen~ive method to study 

the behaviour of the prestressed concrete box girder bridge 

, 161 
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under static and dynamic loadings ~t higher load levels. 

9. ,Good agreement was found between the static 

responses of the analytical model using the NONLACS program 

and the physical model at every load level. At the working 

load level, the difference between the resul ts was 

approximately 5 % to 10 % and at higher level (8 truck 

loads) about 15 % to 25 %. Under the symmetrical truck 

loading, the NpNLACS. program proved ,;te::> be an adequate 

nonlinear method for the ;investigation' of the static 

respon~es of reinforced and prestressed conèrete box girder 

bridges at higher load levels. 

10. The box 9 irder bridge model had shown a good 

reserve of strength ( 10 times the truck ~oad ); the design 

. codes appear to be a ~ittle ative • 

q 1. 

SUGGESTED AREAS FOR FURTHER RES 

• 
Tqe experimental-analytical investigation conducted 

on a 1:7 scale direct model generated useful results for the 

nonlinear atati·c and dynamic responses of a simply 

supported, two- cell, prest~ssed conprete box girdor 

bridge. The data obtainèd from' tests performed on this 

physical lIlodel, should impove the understanding of the 
.., 

nonlinear response of a box section bridge and the variation 

of the dynamic characteristics'of the structure, such as the 

damping ratio and the fundamental natural frequency, at 

... 
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different levels of damage which are relativ~IY new in the ' 

field. 

Experimental research usinq small scale direct 

models is strongty recommended to develop more data on the 

nonlinear dynamic response of mUlti-cell box girder bridges. 

The u~e of improved fini te element analys is 

programs such as the NONLACS pro;p:-am which takes into 

account aIl of the materi~l properties, shrinkage and creep 
1 

effects, can be useful for the study 'of the nonlinear 

response of box section bridges. 

, 
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APPENDIX A 

REQUIERED COMPENSATING DEAn WEIGHT 

For true modelinq, the similitude analysis requires , 

that the density" of the model concrete must be 7.0 times the 

, density of the prototype concrete (see Table 2.2) • 
J~ 

Oensity ~f prototype' concrete - 2403 kq/m3 

-Oensity of model concrete 

Total weiqht of the model bridge 

Required density of the model for 

true modeling 

Total weiqht of the model bridge 
e 

as required for true mOdelinq 

Addi tional de ad weigh~ required for ,d, 

- 2290 .kq/m3 

- 2290 x 90384E;j x 3·.53 

·"731 kq .. 

- .7.0 X; 2403 

- 16821 kg/m3 

- 16821 x 90384E-6 ~ 3.5 

- 5368 kq 

true mode1ing of the prototype bridge - ~637 kg 

The required compensatinq weiqht was divided in two parts: , 
(a) 1.029· kg of 1 steel plates were placed on the end blocks 

pnd 980 kg of steel billets were distributed uniformly 

inside the boxes • 

(b) 2628 kg of concrete blocks were ~laced on the ,top .lab. 
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8 concrete blacks of each of the following types are used: 

" 
1 

.. 

Type A: 240 mm x 280 mm' x 460 mm Size 

Weight - 2403 -x .24 x .28 x .46 x 8 

Type B : 
1 

- 594 kg 

200 mm x 420 mm x 500 mm size" 
-

Weight = 2403 x .2 x .42 x .5 x 8 

~, 

l' .. 770 kg 

Type C : ~OO mm x 320 mm x 500 mm Size 

Weight- =- 2403 x .2 x .3f x .5 x 8 
1 

- 620 kg 

Type D : 170 mm x 200 mm -}(--340 mm Size 
i, • • dl 

1 

Weiqht =-" 2403 x .1:,' ~ x .34 x8 

8 225 keJ 

Type E : 240 mm x 340 mm x 260 mm size 

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

.. 408 kg 

" 

L/ 

., 

.- \' 
"-. -~\ 
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APPENDIX B 

PROPAGATION OF CRACKS 

The detection of cracks vas condu,cted manually 

after ea~h loadiI.:;.q 'case.
t
, The cracks ~ere traced and ar. 

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

. correspondinq to six, eiqht and ten truck loads 

respect! vely . 
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,F11Ul'8 B.l PROPAGATION OF CRACKS AFTER 

FOUR TRUCK LOADS. 
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