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Deterioration of concrete structures subjected to aggressive environmental conditions 

is attributed to corrosion of the steel reinforcement. W w a y  bridge deck slabs in 

parti& are exposed to de-icing chernicals that attack the intemal reinforcement 

after the initiation of cracks on the top surface. The use of glass-fibre reinforcd 

polymer (GFRP) ban as top reinforcement in the deck slab greatly increases the 

resisrance of the deck slab to corrosion. Conventional steel bottom rdorcement 

allows the strucnval de& system to achieve an overall duculity dose to that of a 

conventional steel-reinforced bridge de& This hybrid reinforcing system presents a 

compromise between comosion-free FRP reinforcement, with low ductility and high 

cost, and ductile, inexpensive conventiond reinforcement, with poor cornosion 

resistance. 

This thesis presents the ex~erirnental program of a full-scde hybrid-reinforced bridge 

de& modd Five static tests were conducted us ing  a simulated design wheel loadmg 

to investigate the suitability of a hybrid reinforcing sysrem for highway bridge deck 

slabs. The behaviour of the experimentd model is evaluated and compared with 

other expetimend and anaiyacal models as well as code predictions. B a d  on t h  

investigation, recommendations are made regardlig the applicability of hybrid 

reinforcement for concrete highway bridge decks. 
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1.1 GENERAL OVERVIEW 

Deterioration of concrete structures subjected to agressive environmental conditions 

is normally attributed to cornosion of the steel reinforcement. After the initiation of 

cracks, de-ichg compounds used on roads and bridges can migrate from the top 

d a c e  of the concrete, through the concrete cover, to the reinforcing bars. Once 

this occurs, corrosion of the steel begins. Corroded steel has a higher volume than 

that of its 0rïgi.d state, causing expansion of the reinforcement. This expansion 

induces further cracking and eventually spalling of the concrete cover. Fibre 

reinforced poh/mers (FRP) provide a suitable and desircible alternative to 

conventional steel reinforcement. The main advamages of FRP indude con-osion 

sesistance and high tende strength. A ld-scale modd of a highway bridge de& slab 

was constructeci and teaed at the University of Manitoba to investigate the effea of 

using a hybnd reinforcing system: glas-fibre reinforced polymer (GFRP) as top 

reinforcement, and conventional steel as bottom reinforcement. In addition to the 

favourable propemes that are characterisac of FRP, GFfZP was selected because it is 

more economical than other FRP products made kom carbon or aamid fibres. In 

flexural members, GFRP is largdy unsuitable because it has a low elastic modulus 

th results in the formation of very large cracks, leading to hi& deflections. For 

bridge de& slabs, however, the development of intemal membrane forces, or 'arch 

action," limits the flexural behaviour of the deck slab, resulting in a reduction of 
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crack width and conseqyendy deflection. Traditional steel reinforcement was selected 

for the bottom kyer of reinforcement since corrosion of the de& slab normdy 

begins with the initiaaon of mcks and subseqyent chloride ingress fiom the top 

surface. This phenornenon therefore does not affect the bottom reinforcement to 

the same e ~ e n t .  Use of traditonal steel reinforcement at the bottom layer enhances 

the overall d u d t y  of the slab. Five tests were concfucted on the full-scde bridge 

deck model, three on the interior spans and two on the andevers. Each test was 

conducted und failure occurred, using repeated loading. 

1.2 OBJECTIVES AND SCOPE 

The principal objective of the experimentd program is to determine the suitability of 

hybrîd reinforcement for hghway bridge de& slabs. In particular, the de& slab 

model was constructecl and tested wirh the following objectives taken into 

consideration: 

To study the behaviour of the full-scale interior spans and candevers under 
repeated loading, specifdly with respect to: 

Loadcapacity 

Gack pattern 

F&e mode 

Senriceability 

Strain distribution 

Force distribution 

Girder rotations 



To compare the behaviour of the experimental model with: 

Cantilevers and interior spans tested by other researchers 

A d y t i c a l  model 

Code predictions 

To determine the overd suitability of hy&d reinforcement for highway bridge 
deck dabs, by investigating whether the low elastic modulus of GFRP adversely 
affects the serviceability of the highway bridge deck slab. 

Chapter 2 discusses the general behaviour of bridge deck dabs available in the 

literanue. Also discussed in Chapter 2 are predictions of the punching capacity of 

slabs from design codes used in North Amen- as well as other models for 

predihg punchhg behaviour. Chapter 3 gives a complete description of the 

experimental program. The r d t s  and analysis of the experimental program are 

presented in Chapter 4, followed by a compatison between the behaviour of this 

model with that of an andytical model devdoped by others in Chapter 5. In 

Chapter 6, the behaviour of the experimental model is comparecl with that of the 

CFRP-reinforceci model previously tested at the Universiry of Manitoba Once 

detailed analyses and comparisons are made for the hybrid-reinforced experimental 

model, conclusions are drawn and recornmendations made on the suitab@ of 

hybrid reinforcement for highway bridge de& slabs. 



2 1 BEHAVIOUR OF BRIDGE DECK SLABS 

2.1.1 General 

It has been wd documenteci that mo-way concrete dabs with end resvaints can 

achieve punching fadure loads far in excess of loads predicted using flexural theory 

(e.g., Taylor and Hayes, 1965; Hewi~ and Batchelor, 1975; Kuang and Modey, 1992; 

Azad a al., 1994; Mufti a al., 1996; Abdelrahman a al, 1996). Accordkg to flexural 

theory, an applied load on the slab will induce intemal compressive forces in the 

concrete being of magnitude equal to that of the tensile forces in the reinforcement. 

The tensile forces in the section d necessitate outward displacement of the 

supporthg girders to &tain equilibrim Under k t  staces design, the member 

will fail when d e r  the compression in the concrete or tension in the reinforcement 

reaches a litnithg suain value. 

A highway b d g e  deck slab, however, exhibits more complex behaviour. The main 

supporting girders are restrained h m  rotation by mss-diaphragm beams whidi are 

structuray. integrated with the slab system. The cross-diaphragm beams resia the 

outward displacement of the main girders by swmhhg tensile stresses and, in mm, 

induce compression on the section, Therefore, iwead of satisfying equilibrium at a 

particular location, the slab is subjected to compression, while the cross-girders 
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provide the tensile sesistance. These in-plane forces induced on the seaion are 

known as compressive membrane forces, and the mechanism as a whole is refmed to 

as "a& action." The a&-action mechanism is shown schematidy in Figure 2-1. 

By the development of compressive membrane forces, the section is capable of 

supporthg loads that are far higher than f l d  theory predicts. In addition, 

defleaions due to an applied load are lower because of smarler crack widths due to 

lower induced tensile stresses in the section than those developed in typicaI f l e x d  

members. Kirkpamck, et al. (1986) conduded that the development of compressive 

membrane action ~layed an important part in the control of crackmg, resultuig Li 

Figure 2-1: Schematic Representation of Arch Action 
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2.1.2 Cracking Behaviour 

As described by N d o o k  (1997), the typical behaviour of a deck dab begins with the 

appearance of radia cracks on the bottom surface, usually at relativeiy low loads. 

These radial cracks extend from the point of load application to the outer edges of 

the slab. As the load increases, Qrcumferential cracks are developed on the top 

surface, wkh a diameter rougY. equal to the spaMg of the supporthg girders. Afcer 

the formation of these cracks, the initial radial cracks extend upward to the top 

surface of the slab, forming fulldeph cracks. The final cracking behaviour consists 

of an indined shear crack that stm at the bottorn surface and extends towards the 

load to the top d a c e .  This îndined shear crack defmes the shear punch cone, 

which punches out at failure. As Newhook noted, de& slabs with different 

reinforcing systems a l l  exhibit the same type of pundilig shear behaviour. 

2.1.3 Effect of End Restraints 

The presence of end restraints affects the level of membrane forces that are 

developed in a de& slab, in tum sigdcandy innuencing its punching capatity 

paylor and Hayes, 1965; Tadros et al., 1998). Taylor and Hayes conduded that 

resualit of the edges of the slabs from outward movement increased their punchmg 

shear strength. Park (1965) stated that the lateral stiffness and strength of 

surrounding panels and beams should be examineci dos+, since membrane action 

depends on the restriction of very small horizontal translations, and large horizoncd 
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forces are involved. AbdeIrahman e~ al. (1998) observed that inaeasiag the stiffness 

of the end restraints of the supporthg beams for a bridge de& reinforceci d CFRP 

inaeased the ultimate carrying capaciry by 20%. When sti££er end restraints were 

used in conjunction with edge stiffeners to model the C O ~ M +  of the slab, an 

additional inaease in capacity of 12% was observed, Kuang and Morley (1992) 

conduded that d e r  lateral resvaint resulted in a higher puuching shear men& 

Newhook (1991) noted that the degree of lateral restraint detemines the drimate 

punchmg load at which the deck slab fails. Tadros a al. (1998) reporteci that the top 

£langes of the supporting s e r s  had to be connected in order to provide SUfGcient 

resualit for the de& slab. Comection of these girders resulted in a failure load 2.5 

times that of an unresuauied slab. 

2.1.4 The Steel-Free Deck Concept 

Mu& et d. (1993) have been mong advocates of the enhanced capaaty of bridge 

de& slabs due to ti-plane resuaint This research group is the pioneer of the steel- 

free deck slab concept. Mufa et al. recognised the enhanced capaciv of de& slabs 

h t  is possible due to the presence of a system of intemal arches that support the 

applied load By acknowledging this mechaniSm, they demonsuated that the removd 

of all incemal steel reinforcement of the deck slab was feasible. This practice waiay. 

eliminates susceptibdq of the concrete bridge deck to conosion. 



- -- 

As shown in Figure 2-2, the concrete deck slab in the steel-kee system is supported 

by steel gitders. The shear forces fiom the applied load are ms fened  to the girders 

through shear connecting studs. To provide the resaalit necessary for development 

of ardi action, steel saaps are welded to the top h g e s  of the supporthg girdets. 

Low-rnoduius short polypropylene fibres are required within the slab to act as a 

plastic aack control device and to provide some d u d t y  to the slab. It should be 

noted that these fibres do not add any smictural capallty to the slab system. 

Newhook (1997) reported that the durability of the steel-f?ee de& slab is greatly 

increased due to the absence of steel. He also States that the operation and 

maintenance costs are substantidy reduced, and an uiaeased semice life is probable. 

In addition, with W e r  rennement, the steel-kee decks will likely be less expensive 

than reinforced concrete decks based on capital cost considerations. 

This new structural concept has been applied in the design and construction of the 

Salmon River Bridge neax Kemptown, NS, the world's h t  highway bridge using the 

steel-fiee concrete bridge deck technologg (Newhook 1997). It has also been applied 

in the design and c o n s d o n  of the Crowchild Trail Bridge in Calgary, AB, in 1997. 

A mode1 of the candever of the Crowdiild Trail Bridge forms a portion of the 

experimental program conducted for this thesis. 



Fibre-Reinforced 
Res training Concrete Deck 

Strap Slab 
h 

Figure 2-2: The Steel-Free De& Skb Concept 
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In this section, shear 

corntries ate presented. 

The followkig symbols are used in this section: 

strength 

. - 

predictions fiom the design codes of different 

. - 

punching sheas capadtg of concrete; 

concrete tmsile sttength; 
compressive stress in concrete due to prestressing, 
perimeter of aitical sedon at a distance of d/2 £iom applied ioad; 
section depth; 
component of effective prestressing force in direction of applied shear, 

ratio of long side to short side of load plate; and 

constant; hct ion of support conditions. 

For the experimental mode1 in this thesis, 

f, = 4MPa; 
fF = 0; 

b, = 2*(425+775) = 2400 mm; 

d = 200mm; 

v, = O; 
p. = 575/225 = 2.56; and 

% = 30 Qoad < 10d kom edge of slab). 



2.2.1 Ontario Highway Bridge Design Code (OHBDC) 1991 

The OHBDC design equation for the pundiing shear strmgth of concrete slabs is 

$en as follows, in units of N and mm: 

2.2.2 Canadian Standards Association (CSA CAN-A23.3-94) 

The maximum two-way shear resistance of concrete in pwclhing according to CSA is 

@en by the smdest of: 

in units  of N and mm. 

2.2.3 AASHTO LRFD 1998 

The American Association of State Highway and Tramporration O E d s  

(AASHTO) LRFD Code for the Design of Highway Bdges uses the smdest of the 

following values for the pundiing resistance of concrete slabs, in units of N and mm: 



2.2.4 American Concrete lnstitute (AC1 31 8M-89) 

The AC1 1990 Building Code specifies the minimum of the following values for the 

punching resistance of conaete slabs, in units of pounds and indies: 

The predicted values for the punching capaaty of the experimental mode1 presented 

in this thesis according to the methods shown above are given in Figure 2-3. 



Experimental Failure Load = 1083 kN 

lm - 

OHBDC CSA AASHTO AC1 

Figure 2-3: Predicted Punching Strength According to Design Codes 



2 3  OTHER METHODS OF EVALUATING BRiDGE DECK SLAB BEHAVIOUR 

2.3.1 ANATECH Concrete Analysis Program 

ANACAP, short for ANATECH Cuncrete Analysis Program by ANATECH 

Corporation of San Diego, caifomia, is a non-linear hite  elernent modelluig 

program specificah, for modelling of concrete and steel structures. It takes into 

consideration the h&ty non-linear response assoaated with concrete, spe&caUy due 

to crackuig, creep, aging, aushing, reinforcement yielding, and bond fadue- 

Based on information from the developer, provision is made for the following 

aspects of concrete behaviow 

cradung; 

cnishuig; 

tempemure dependence and degradauon; 

aging, aeep, and shnnkage; 

rebar-concrete interaction; and 

existing cracks and weak zones. 

Monnation from the developer indicates that ANACAP has many capabilities to 

assia engineers in advancecl an+ in various areas of engineering. The discussion 

here will be limiteci to material models, element types, and an+ capabilbies. 

ANACAP can model concrete cracking, indudlig closing and reopening of cracks 

and aggregate shear interlock The program indudes a compressive plasticity model 
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for simulation of concrete aushing and spalllig and poa  critical damage modellingodelling 

Reinforced or prestressed conaete can be modelled, with explicit reinforcement 

modellq, incl* bond slip and anchoage failure capabilities. For dynamic 

anaiyses, Raleigh rnass and stiffness propomonal damping wÎth localised damping in 

damaged areas are used For general isotropie material, elasticity, plastiaty, and 

straÏn hardenlig capabilities are îucluded in ANACAP. 

ANACAP is capable of modelling of snaight or curved beams with reaangh,  1 or 

T shaped, box, or tubular cross-sections in two and t h  dimensions. The two- 

dimensional modds can indude plane stress, i la ne strain, or axkymmetric 

formulations for four- or eight-node quachdateral and three- or six-node 6 g u l a . r  

elements. For three-dimemional models, solid elements with eight- or 20-node 

hexahedral bricks or 15-node prisms, and plate or s h d  elements in eight-node 

qyadrilaterals can be used. Reinforcing bars can be incorporateci into any of the 

elements with concrete material. 

ANACAP can be used to mode1 two- and three-dirilemional structures constructeci 

with plain, reinforceci, or prestressed concrete and steel. The response to loadiag 

capabilities of the program indude static and dynamic s t d  response, thexmal 

response, coupled thermal and struaural response, and seismic or impact an*. In 

tenus of data output, ANACAP is apable of producing stress-suain dluibution 

predictions, concrete cracking and crusimg, rebar demands, srnusural damage and 

energy absorption, ultimate capaciry, and post-event m a .  to failure. The program 
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cm dso be used to simulate incrernental construction, giving predictions of the 

cracking and residual stresses that 0ccu.r during the consuuction phase. Evduation 

of stnictures with exiscing cracks or construction joints can be perfomed. Structural 

phenornena such as local and global bu* plastic hinges, and coIlapse of concrete 

and steel suuctures with cydic hysteresis behaviour can be investigated 

The purpose of developing an analyical model usiug a &nite dement modelllig 

program such as A N A M  is to facilitate parameuic studies. WIth an analyncal 

model, any characteristic 

the resulting effects on 

construction and testing 

of an existing structure can be varied in order to investigate 

behaviour. Conducting such paramenic studies through 

of experimental modds is extremely expensive and t h e -  

2.3.2 Rational Mode! for Steel-Free Concrete Bridge Deck Slabs 

Newhook (1997) found that models to predict the punching behaviow of de& slabs 

tbat are currently used in codes are not valid for the steel-free deck concept due to 

one or both of the following reasons: 

1. They contain temis that account for the presence of internai 
remforcement; 

2. They do not account for resnaint mffness. 

Newhook therefore considered it necessary to develop a new model that was suitable 

for the behaviour exhibited by the steel-free deck The one he developed was based 
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on an exisciag model fornulateci in 1960 by E(iruiu11en and Nyi..der. Newhook 

made many signifiant connibutiofl~ to this rational model: 

The concrete mounding the applied load is in a state of three-dimensional 

compression, and this is accounted for by the employment of an empincal 

constant to desuibe the confinement conditions in a deck slab. 

A method is developed to detexmine the lateal rest.a.int value to be used in 

the rational model, one that is able to account for the restra.int 6 e s s  

provided by both the straps and the girders as well as the variation in resuaint 

çtiffness due to the proximity of the individual straps to the applied load 

A fdure criterion assoaated with the yïelding of the steel straps is developed, 

in addieon to the one assoaated with the attainment of a critical suaLi value 

that was previously useci. 

While the model was developed iniaah/ for steel-free deck slabs, the rational 

model is applicable to reinforced concrete bridge de&. 

The three failure mechanisms recognLed in this mode1 inclu.de instability, c r u s h  of 

the concrete, or yieldlig of the restraînt straps. While the fim mode is related to 

"snap-through" Mure of the de& the la= two failure mechaaisms lead tu pundung 

failure. 

Wah this rational rnodel, the p u n k  behaviour of a deck slab can be predicted 

favourably regardless of the presence of internal reinforcing (Newhook 1997). 



3.1 GENERAL DESCRIPTION 

A full-scale model of a three-metre segment of a highwv bridge de& slab was 

consuucted and tested to examlie the behaviour of bridge de& reinforced with 

hybrid GFRP and steel reinforcement. The model is 7.2 metres wide and consias of 

three continuous spans with two candevers, one on each end, as shown in Figure 

3-1. The supporthg girders are spaced at 1800 mm on centre, and the span of each 

cantilever L 900 mm to the centreline of the girder. Each of the precast, 

pretensioned +den has a cross section of 350 x 750 mm and is supported by 750 x 

750 x IOOO mm support blocks, andiored to the stnicnual floor. Deformed 15M 

steel bars are used as bottom reinforcement at a 150-mm spacing, as shown in Figure 

3-2, wah the exception of the nght cantilever, where no bottom reinforcement was 

used. This was done to simulate the conditions for the Crowchild Trad Bridge in 

Calgary, b d t  in 1997. Two types of FRP bars are used for top reinforcement in the 

slab. The right cantilever, the adjacent span, and the rnicl.de span are reinforced with 

double 15 mm C-BAR bars at 250 mm on centre. C-BAR is produced by Marshall 

Indusuies in Lima, Ohio, U.SA The top reinforcement for the lei? caudever and 

adjacent slab are reinforced by double 15 mm ISOROD bars at 250 mm on centre. 

ISOROD is produced by Pultrall, Inc. in Quebec, Canada. The o v e d  reinforcement 
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of the slab before casting is shown in Figure 3-3, and a photopph of the 

experimental modd after testing is shown in Figure 3-4. 

Section X-X 

Figure 3- 1: Experimend Model Dimensions 
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1 I (steel) h t t o m )  1 1 

Bottom reinforcernent 
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I l "  

Top reinforcement 

Figure 3-2: Slab Reinforcement Details 



Figure 3-3: Photograph of Slab Reinforcement 

Figure 3-4: Photograph of Experirnental Mode1 after Testing 



Five tests were conducted on the expe.Ümenta1 model, one on each of the three 

interior spans, and one on each of the two cantilevers. Figure 3-5 shows the location 

of the applied load for eadi of the h e  tests. 

For each of the tests, load was applied using an 1800 IrN hydxaulic jack that was 

operated by an air-powered pump with manual stroke controL The load was 

rneasured using a load c d  of 1800 kN capacity. Load was applied in three @es 

kom zero to specified load levels to d o w  for stabilisation of cracks. The size of the 

loading plate was detemiined according to the AASHTO Bridge Design Code. The 

MSHTO HS-25 design vehide has a tire contact patch of 225 x 575 mm. A 

neoprene pad was pkced between the load plate and the slab to simulate the tires of 

the design vehicle, while at the same rime preventing local m h i n g  of the concrete 

due to stress concentrations. Accoidïng to the AASHTO-LRFD 1998 Code, the 

s p e d e d  load for each contact patch is 72.5 kN. This load is rnultiplied by a live bad 

factor of 1.5, and an impact dowance of 1.33, for a factored load of 145 kN. The 

experirnental model was cast in May, 1997. 

The k t  test was conducted on the right candever of the model, which was designed 

to model the Gowdiild Trail Bridge in Calgary, Alb- The cantilever is reinforced 

by C-BAR-GFRP as top reinforcing material, and no bottom reinforcement is used- 

The exp&ental model was cast in May, 1997. Construction of the Gowduld 



-- 

Bridge was scheduled to begin in the summer of 1997; therefore the right cantdever 

was selected to be tested fkst during t e shg  of the right canalever, cracks formed on 

the top surface of the adjacent right span due to the induced negative ben* 

moment in rhis region. Following tesàng of the right cantilever, the middle span was 

tested. This was done so that there would be no effect fkom other tests on the 

adjacent spans. FoIlowing test 2 on the middle span, test 3 was conducted on the lefc 

candever. This was done to expose the Iefi and right interior spans to the same 

cracking conditions due to the induced negative bending moment kom the adjacent 

canalever tests. However, it should be mentioned that the failtue load of the Iefi 

cantilever was 875 kN, in cornparison to an ultimate Ioad of 500 kN for the right 

cantilever. Consequently, there was more cracking at the top sutface of the lefi 

canalever and its behaviout was affected to a greater eEtent than that of the right 

interior span. The Iefi and rïght intexior spans were tested last, both having incurred 

cracks from the adjacent cadevers. The applied load in tests 4 and 5 was offset by 

400 mm fiom the girder 

minimise the effect of the 

- 

middle span. 

The test set-up 

discussed in the 

midspan, as shown in Figure 3-5. This was done to 

circumfermtiai cracks that fomed during test 2 on the 

tor each span, induding the instrumentation 

following sections. 

and load sequence, are 
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The right cantilever was loaded using three cydes up to two speàned load levels. 

The &t three cydes were fkom zero to 200 kN, which is in excess of rwice the 

service load, followed by diree cycles kom zero to 400 kN. The candever was then 

Ioaded to fadure, which occuned at a load of 500 kN, as shown in Figure 3-6. 

The instrumentation used to moniror the behaviour of the right cantilever durhg the 

test consisted of a combination of electrical strain gauges, PI gauges, LVDTs, dial 

gauges, and dernec points. As shown in Figure 3-7, the sttain gauges were located 

above the face oE the supporting girder. This location was chosen in order to capture 

the maximum values of tensile strain in the top reinforcement The extemai 

instrilmmtation is shown in F i e  3-8. On the top sutface of the slab, PI gauges 

were mounted above the &der face to measure crack width. LVDTs and dial gauges 

measured the total deflections of the slab and its supporting girder. Demec points 

and a mechanical gauge were used to measure the conaete tensile strains. An LVDT 

fked to the end of the slab was used to measure the slip at the end of an exposed 

GFRP bar located directly below the load. On the bottom surface of the slab, PI 

gauges were used to rneasure the compressive strains at the girder face. Four PI 

gauges were mounted to the slab only, while four others were fked to the face of the 

girder. These two conf5gurations are shown in Figure 3-9, and are used to masure 

the s t r a i n  at the aiücal section of the slab. Dernec points were used to measuse the 

stralis at the extreme compression fibre to the end of the cantilever- The rotaàons 



of the supporting girder and the deflections of the shb relative to the girder were 

measured using LVDTs, as shown in Figure 3-8. 

Load (1 45 kN) 

Figure 3-6: Load History for Right Cantilever 



Figure 3-2 Snain Gauge Locations for Rght Cantilever 



LVDT 4 

LVDT 5 

LVDT 7 

LVDT 6 

LVDT 12 

50 ./---k 
Figure 3-8: Instnunentation for Test 1 



Figure 3-9 PI Gauge Configurations: (a) SIab Only; @) Induding Gitder Face 

3.2.2 Test 2 (Middle Span) 

The middle span was loaded using three cycles up to each of five selected load leveis, 

with each cycle starüng at zero. The h e  load levels chosen for this test were 200 kN 

(more than twice the service load), 400 kN, 600 kN, 800 kN, and 1000 kN. A k  

completion of the repeated load cycles, the slab was loaded to failure, as shown in 

Figure 3-10. 

The instrumentation used to rnonitor the behaviout of the middle span d u h g  the 

test consisted of a combination of electJrica1 s& gauges, PI gauges, LVDTs, and dial 

gauges. The electticd shah gauges, as shown in Figure 3-1 1 and Figure 3-12, were 

insded  on the sutface of the of the GFRP (top) and steel (bottom) reinforcing bars. 

They were positioned such that the maximum tensile and compressive strains in the 

reinforcernent would be measured. Extemal instrumentation, shown in F i e  3-13, 



was used to measure behaviour at the surface o f  the concrete. On the top sudace, PI 

gauges were used to masure the concrete compressive s a a i n s  at the slab midspan. 

LVDTs were used to measure vertical deflections of the slab relative to the 

supporthg @dm. On the bottom sdace  of the slab, PI gauges were used to 

measure the concrete compressive snains and crack widths. LVDTs measured 

absolute vertical deflections of the shb and its suppoItiog gkders. Dial gauges and 

LVDTs were used to monitor the rotations of the supporting girders during the test. 

Figure 3-10: Load History For Middle Span 



Figure 511: Saain Gauge Locations for Middle Span (Top Rein forcement) 

Figure 3-12: SPain Gauge Locations for Middle Span (Bottom Reinforcement) 



Figure 34% Extemal Instrumentation Locations for Middle Span 

3.2.3 Test 3 (Left Cantilever) 

The loading history for the lefi cantilever was simikr to that of the right cantilever. 

The cantilever was loaded using thxee cydes at each of two load levels. The £kt 

three cydes were kom zero to 250 kN, followed by three +es Erorn zero to 400 kN. 

The slab reached a maximum load of 875 k N  before failure. This loading history is 

shown in Figure 3-14. 

The instrumentation for test 3 was very similar to that for test 1. The mjor  

diffaence was with respect to the interna1 electtical saain gauges. The right 

cantilever contained O+ top reinforcement, while the lefi canalever had top and 

bottom reinforcement. As a result, the lefi cantilever utilised twice as many strain 

gauges, monitoring the strains in both the top and bottom reinforcement 



Figure 514: Loading History for Left Cantilever 

3.2.4 Tests 4 and 5 (Left and Right lnterior Spans) 

The loading history for tests 4 and 5 was similar to that for test 2 (middle span). 

Load levels of 200, 400, 600, 800, and IWO kN were usecl, followed by loading to 

fdure. This loading history is shown in Figure 3- 1 5. 

The instrumentation for the lefi and Bght spans of the bidge deck slab rnodel is 

shown in Figure 3-16. On the top surface of the slab, PI gauges were used to 

measure the compressive strains at the slab midspan. LVDTs were used to measure 

the vertical deflections of the siab relative to its supportlig girdets. On the boaom 

surface, PI gauges were used to masure the conaete compressive snains and crack 
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widths. LVDTs measured absolute vertical deflections of the skb and its supporthg 

girders. 

Figure 315: Load History for Lefi and Right Interior Spans 



Figure 3-16: Instrumentation for Lefi and Rght Spans 



4.1 INTRODUCTION 

This chapter discusses in detail the five tests conducted on the hybrid-reinforced 

mcperimental modeL The results for eadi test are presented and discwsed in the 

order that the tests were conducted, with respect to the following aspects of 

behaviour: 

Load Capacity and Mode of Failure-For each test, the dtimate load 
capacity and mode of failure are presented and compared 

Load-Deflection Behaviour-The relationship betweea applied load and 
slab (interior span or cantilever) deflection is discussed. 

Crack Patterns-The cracking load and its effect on the behaviour of the 
slab are presented. The spacing and direction of the cracks formecl due to 
a~plied load are considerd and compared for each test. 

Strain Distribution-The distribution of svain in the slab is an important 
aspect of its behaviow. Discussion of the strain disuibution assisrs in 
deteminhg the struaural mechanisms acting in the slab. 

Reinforcement Stresses- Evduation of the messes in the reinforcement at 
s e ~ c e  load is necessaxy due to the fact that glas Gbres are attacked by the 
alkalliiry present in normal concrete. It is important to detexmine whether or 
not the ma& that protects the fibres fiom this alkahity cracks under senice 
load 

Membrane Forces-The interna1 no& forces that are developed in the 
interior spans are due to restraint of the supporthg beams. These re~straints 
are used to simulate the diaphragms that are used in a m a l  bridges. These 
forces are calnilated and tbeir effect on behaviour is dismsed 

Neutrd Axis Depth and Internai Moment- For furcher understanding of 
the behaviour of the slab, the variation of n e u d  avis depth and intemal 
moment with applied load are evaluated and discussed. 



Girder Rotations-For the interior spans, the rotations of the &ers are 
monitored to assist in detemuning the full effect of the end restraints used in 
the tests. For the cantilevers, girder rotations are used to kolate the various 
components of deflection, 

4.2 MECHANICAL PROPERTlES OF FRP MATERIALS 

Before the test r ed t s  are presented, it is important to discuss the properties of the 

FRP materias that were used as reinforcement for this experimental modeL A total 

of six GFRP specimens were teaed, each with a length of 1000 mm. Because of the 

weakness of the FRP in compression perpendicular to the fibre orientation, the use 

of traditional grips in dkea  contact d the FRP was not possible. To solve thk 

problem, the specimens were encased in 25 mm-diameter steel tubes, 300 mm on 

each end, using a hi&-suength epoxy. The forces from the grips of the testhg 

machLie were then nansferred through the epoxyto the specimens without aushing 

the FRP. 

The specimens were tested in a 30-kip-capaciry te+ machine equipped with an 

intemal load c d .  The svains on the FRP bars were measwed using electrical strain 

gauges similar to those used on the experimental model. 

Three ISOROD specirnens were tested. All three specimens failed in tension, wah an 

average arength of 655 MPa and an average elastic moddus of 39.3 GPa, as shown 

in Figure 4-1. The technid data provided by the manufacturer of ISOROD 

indicares an ultimate tensile strength of 674 MPa. Note that this is not a guaranteed 
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strength, but au average e x p e r i m d  value. The average elastic modulus of the 

ISOROD is 41 GPa accordmg to the manufacturer. 

Three C-BAR tension specirnens were ~repared and tested by A. Abdelrahman. Due 

to flaws in the pdtnision ~~~anufacniring process of the C-BAR, 'jointsn were fomed 

in the bars at 200-mm intervals. These joints resdted in a visible offset in the 

cenulellie of the bars and initiateci a premature failure. The average tensile strength 

that was measured was 473 MPa, with an average elastic modulus of 41.3 GPa, as 

shown in Figure 4-1. Bars d o u t  such visible flaws were tested at the University of 

Manitoba by ISIS Canada (1997) and achieved a minimum tende strengch of 

640 MPa and a mean elastic modulus of 41 GPa Information from the manufacturer 

gives a nominal dtimate tende strength of 680 MPa with an elastic modulus of 

42 GPa 



GBARGFRP 
lSOROOGFRP 

E = 41 -3 GPa f,, = 655 MPa 
E = 39.3 GPa 

Figure 4-1: Typical Sttess-Straïn Cumes for C-BAR and ISOROD GFRP 

SpeQmms 

4.3 TEST 1 (RIGHT CANTILEVER) 

The measured loaddeflection relationship for the right canalever is shown in Figure 

4-2. Results indicate that the deflection of the cana1eve.t is in the range of 1 mm at 

the semice load of 72.5 kN. The current CSA Code limits the maximum deflection 

of a bridge cantilever to //MO, where lis the dear projection of the cantilever. In this 

model, lis 725 mm; therefore the maximum allowable deflection is 4.0 mm. Hence, 

the serviceabilit~7 of the cantilever is satkfactory for short-temi deflection. 
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As shown in Figure 4-2, the dope of the load-deflection m e  for the second and 

third load cycles up to a load level of 200 kN is the same as that during the i n i d  

loading cyde. It was observed that the deflection inaeased suddedy at 275 IrN. This 

increase coinades with the obvious measured slippage of the reinforcemen5 as 

shown in Figure 4-3 at the same load 1eve.L A k  275 kN, the dope of the load- 

deflection- c m e  decreased, reflecting a noticeable Ioss in saffness, a result of 

continuous slipping of the reinforcement and cracking of the top surface of the slab. 

The slab failed at a m h m  load of 500 k N  due to slip of the reinforcement. 

The crack pattern at failme is shown in Figure 4-4. The k t  crack occuned at 

200 k N  due to the negalive bending moment in the adjacent span. It was expected 

that the &st crack would appear on the adjacent span, as shown in F i e  4-5. The 

moment gradient between the point of load application and the peak moment is very 

high. In the adjacent spaq however, the moment decreases at a slow rate fiom the 

peak. Therefore, at  the face of the @der, the negative bending moment 

the adjacent span than in the cantilever. Circwnferential cracks around 

is in 

the applied 

load b e .  to develop at a load of 300 W. At the maximum load of 500 kN, the slip 

increased kom 0.45 to 0.8 mm. Based on a limiting value of 0.064 for the slip at the 

kee end recommended by Ehsani e t  al, the correspondhg load is 270 k N  for this 

cantilever as shown in F i e  4 3 .  It should be noted that the slip at service load was 

approximately 0.003 mm, which is 5% of the limiting value. 
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Figure 4-2: Measured Load-Deflehon for Right Candever 
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Figure 4-3: Load-Slip Relationship for Rght Cantilevet 



Figure 4 4  Gack Pattern for Right Canalever, Top of Slab 

Figure 4-5: Location of First Gack in Adjacent Span 
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The maximum concrete compressive strain was rneasured at the bonom conaete 

surface at the location of the applied load PI gauges mounted to the &der face at 

this location measured a value of 0.0038, as shown in Figure 4-6. The PI gauges 

mounted only to the surface of the slab did not capture the maximum strain and 

reached a peak value of 0.001, shown in Figure 4-7. 

The maximum tensile s& of the C-BAR at the location of the applied load is 

shown in Figure 4-8. The tensile main measured at failme was 0.0065, compared to 

a limiting value of 0.01 6 provided by the manufacturer- Therefore the ultimate s a a i n  

in the C-BAR was not reached due to slip of the reinforcement which caused 

premanire €dure. 

The strains at the top s&ce of the concrete were also measured using demec points 

and a mechanicd gauge. The measured s&s were very high near the girder face 

and decreased rapidly toward the edge of the cantilever, as shown in Figure 4-9. The 

maximum measured s& at 400 k N  was 0.01 compared to a value of 0.004 

measured by the strain gauge. This is indicative of debonding of the reinforcement 

near the location of the crack and the fact that the strains measured by the demec 

gauge indude the crack widths. Figure 4-9 &O shows the sttain measurements at the 

bottom of the slab using a combination of dernec and PI instnunentation. The 

maximum compressive s û a i n  in the conaete a t  400 IrN was 0.004 at the face of the 

girder, ditectly below the load. Again, the strains deaease rapidly with increasing 

distance £mm the girder. 
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Figure 4-6: Compressive Strain in Concrete (including girder face) 
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Figure 4-7: Compression Stra in  in Concrete (slab only) 
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Figure 4-8: Load-Maximum Tende Suain Reiationship 
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Tension 

Compression 

Figure 4-9: Straia Reading; dong Candever: Top and Bottom 

The stresses in the reinforcernent at service loads are an important concern when 

designhg with GFRe reinforcernerit. The a h h ï q  present in normal concrete c m  

attack the glass fibres over the ,  causing degradation of the reinforcement. This 

phenornenon will not occur if the ma& surrounding the glass fibres does not crack 

GangalZao et a/. assert that the polymer mat& ki the FRP will not aack if the m e s s  
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in the reinforcement does not exceed 20% of ultimate The design ulàmate strmgth, 

as givm by the manufacturer of C-BAR, is 680 MPa The maximum measured strain 

in the reinforcement at service load was under 0.0002. Given an average elastic 

modulus of 42 GPa, the stresses in the reidorcement at service load were under 

85 MPa, which conesponds to 12% of ultimate This is indicaave of saasfactorg 

performance in terms of GFRP stresses under service load. 

4.4 TEST 2 (MIDDLE PAN) 

The load-deflection rektionship of the slab at the location of the applied load is 

shown in Figure 4-10. The deflecàon was measured at the bottom of the skb, 

dùecdy below the load location. At the service load, the deflection of the shb was 

approximately 0.15 mm. Note that the shape of the load-deflection cuve indicates 

that the stifhess of the slab did not deuease s@cantly before fdure. The slab 

fded in punching shea at a load of 1050 kN. The dismbution of deflection dong 

the midspan of the slab relative to the girders is shown in Figure 4-11. 
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Figure 4-10: Load-Deflection Relations hip for Middle Span 

Distance from Lord (mm) 

Figure 4-Xk Dedemon Distribution for Middle Span (Slab Midspan) 
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The crack pattern at failme for the top and bottom surfaces of the skb is shown in 

Figure 4-12 (a) and @), respectively- The k t  crack was obsemed at a load level of 

200 kN, at which point radial cracks on the bonom began propagating h m  the point 

of load application towards the edges of the slab. The cracks on the bottom surface 

of the slab are qpical for punchlig sheat failure, with àrcumferential cracks dose to 

the load location and radial cracks fomiing between the load location and all edges of 

the slab. The major crack on the lefi side of the bottom view represents the location 

where the puochg  occurred. This crack did not form un13 failwe. 

Significant cracking did not occur on the top sutface of the slab und  a load of 

400 kN was reached. At 600 kN, flexural cracks over the suppomng girders formed, 

followed by tiuther circumferential cracking at 800 kN. A photograph of the bottom 

surface crack pattern at fdure is given in Figure 4-1 3. 



Figure 4-12: Middle Span Crack Pattem at Failue: (a) Top; (b) Bottom 

Figure 4-13: Photogmph of Middle Span Crack Pattern 
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The rotations o f  the slab's supporthg girders were monitored to observe the 

behaviout of  the girders and the effect o f  the resaaiaing straps on the general 

behaviour of the girders and slab. The rotation of the gitder midspan is shown in 

F i e  4-14, beginning with the 0-400 kN cydes until failure. Initial cydes are 

omitted because of instrumentation ptoblems that occurred early in the test. The 

rotation of  the @der at the support is shown in Figure 4-15, as measured by dial 

gauge readings at various load levels throughout the test The increase in rotational 

stifhess of  the girder afier a load level of 500 k N  may be attributed to inaeased 

bearing on the pins that support the steel straps. Once these pins expetience beatiLlg, 

the steel straps add to the resistance against support rotations. 

Figure 4-14: Girder Midspan Rotation 
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O 0.05 O. 1 0.15 0.2 025 0.3 

Rotmon Angle (mi) 

Figure 4-15: Girdet Support Rotation (Measured by Dial Gauge) 

The reinforcement s t r a i n  dismbution at the midspan of the slab is shown in Figute 

4-1 6. In the top reinforcement, compressive strains at the load location increased as 

the load increased. Away &om the location of the load, compressive smihs becarne 

smder with increasing load, eventually developing into tende straias. In the bottom 

reinforcement, tensile strains at the load location increased as the load increased. 

Likewise, tensile s&s away kom the location of the load increased with increasing 

load, The maximum tensile strain in the bottom reinforcement before failure was 

0.002, approaching, but not achieviag, yield of the steel reinforcement 

The s&s in the reinforcernent dong the &der face ate shown in Figute 4-17. 

Throughout the test, the bottom reinforcement saains remained almost constant, 
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with relatmely small compressive strains at the load location and snd tensile saains 

away from the loaded area. The top reinforcement at the load location expaienced 

significazlt tmsile saaius as the load inaeased, whereas locations greater than 

750 mm fiom the load experienced low tensile snains. The top gauge readings at a 

location 375 mm fiom the load showed higher values than those at the load locahon. 

This behaviour may be due to the proBmity of the gauge to a crack at the top surface 

of the slab. This led to local debonding of the reinforcement and consequently a 

hgher s t r a i n  reading. It is important to note that the entire section is in tension at 

loads in excess of 500 k N  This is true for both midspan and @der face locations. 

Bottom Strains (Steel) 

DbtPnce from Lord (mm) 

Figure 4-16: Reinforcernent Sixain Dismbution, Skb Midspan 
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Figure 4-17: Reinforcernent Strain Dismbution, Gitder Face 

The interior spans of this mode1 utitised end restraints to simulate the response of the 

ctoss-&der diaphragm of an actual highway bridge. These secondary girders act as 

stiffeners and prevent the main girders fiom rotatlig due to flexural action under 

applied Ioads. W~thout these restraints, the girders would move outward under the 

tension induced at the bottom fibre of the slab. When this movement is prevented, 

compressive normal forces, h o w n  as membrane forces, are induced on the section. 

The magnitude of the compressive membrane force is e q d  to the surn of 

compression in the concrete and tension in the reinforcement 

Figure 4-18 shows the calculauon of stresses in a concrete section according to 

Collins and Mitchell (1997). Values for the strains in the top FRP and bottom steel 



reinforcing bars were measuted using eledcal strain gauges. Uskig a lineady elastic 

relationship for the FRP and equivalent stress block factors ai and P I  for the 

concrete in compression (an assumed parabolic stress-main reiationship), the 

compressive and tensile forces were calculated. Parameters ai and P 1 are caI&ted 

such that the magnitude and location of the resultant force are the same in the 

equivalent stress dismbution as in the a d  dismbution. The resultant "gnitude 

requirement is given by Equation 4-1, as follows: 

Assuming a parabolic stress-strain relationship for concrete in compression, (4-1) 

reduces to 

The requiternent that the location of the resultants be the same is givw by 



Again, assuming a parabolic stress-sûain curve, as well as a constant width, b, (4-3) 

reduces to 

where E,' = concrete strain at E = E' 
EC = extreme compressive fibre strain 

The tmssile and compressive forces are summed (based on a 1-mette width of slab), 

and the resultant nomial force is the membrane force intensity per unit width. If the 

resultant is zero, then the membrane forces ate also zero and consequently the 

concrete section is in equilibrium. 
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Figure 4-18: Calculation of Forces in Concrete Section 

Figure C l 9  shows the dismbution of the membrane forces dong the rnidspan of the 

slab. M y s i s  shows that at an early stage in the tes& the entire rnidspan of the siab 

experiences net compressive membrane forces, with a sharp peak at the location of 

the applied load . As the load exceeds 750 kN, however, sections at a distance p a t e r  

than lûûû mm f?om the load location are subject to d tension. This behaviour 

rnight be amibuted to the horizontal reaction in the suppolting girders. While the 

girders ate pushed outward at their midspan due to the applied load, they are held in 

place at their ends by the slab, which is subjected to axial tension. This phenornenon 

is shown schematically in Figure 4-20. 

Figure 4-21 shows the dismbution of membrane forces along the gitder face. The 

forces developed along this line were very small relative to those developed dong the 

midspan of the slab. The behaviour, however, is similat to that at the rnidspan, with 
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net compressive forces at lower loads, and tende forces far away fkom the load at 

loads above 750 W. 

The relationship between membrane force per unit width and applied load at  the 

location of the load is shown in Figure 4-22- The compressive membrane force 

increases with increasing load through the entire loading range up to Mure. Figure 

4-23 shows how the membrane forces vary with applied load at the girder face. At 

this location, the membrane force is compressive and inaeases up to an applied load 

of 785 kN, then decreases. At a load level of 800 W, the membrane force deueases 

suddenly. This horizontal portion of the membrane force m e  represents crack 

stabilisation during the 800-kN cycles. 

-'-1----*----'---' 

Midspan 
---------l-l------ 
------------------ 

D h n œ  from Gidor Midspan (mm) 

Figure 4-19: Membrane Force Distribution at  Slab Midspan 
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Figure 4-20: Schematic Representation of Membrane Force Dismbution 
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Figure 4-21: Membrane Force Distribution at Gitdet Face 
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O 250 500 750 1000 1250 1500 1750 2000 2250 2500 

Membrane Force (kWm) 

Figure 4-22: Applied Load versus Membrane Force per Unit Width (Slab Midspan) 

Figure 4-23: Applied Load versus Membrane Force per Unit (Gitder Face) 



Figute 4-24 shows the variation of neutral aEis depth as rekted to the applied load at 

the midspan of the slab. Before cracking, the neutral a x k  is dose to the centmïd of 

the gross section, approximateiy 100 mm kom the top of the slab. Afcer cladring, 

the area of conaete in compression decreases, causing the depth of the neuaal a i s  

to deaease to approximately 80 mm f?om the top as the reinforcement resists the 

tension released by the concrete Furthes loading causes the neutral axîs depth to 

increase slighdy, conesponding to an increase in compressive stresses in the concrete- 

F i e  4-25 shows the neutral axis variation with applied load at the face of the 

supporting girder. At loads below 400 kN, the neutral axk is located approximately 

at the cenaoid of the section. There is a sharp increase in neuaal axis depth at a load 

level of 400 kN, whidi corresponds with the cracking at the top surface of the sIab at 

the @der face. As the applied load is inaeased, the depth of the n e u d  axis 

increases steadily. At 800 kN, the neutral agis is at the location of the bottorn steel 

reinforcement, and remains at this level und fdlute, as evidenced by the tende 

suains measured in the bottom reinforcement at these loads. It should be noted that 

at loads below 160 kN, the measured values fkom the saain gauges at this location 

were too low to give meanin@ data. 



Figure 4-24: Variation of Neutra1 h ü s  Depth with Applied Load (Slab Midspan) 

Figure 4-25: Variation of N e u d  Axk Depth with Applied Load (Gitder Face) 



The membrane forces are applied throug i the plastic centroid. The plastic cmtroid is 

defined as "'the cenwid of resistance of the section if all the concrete is compressed 

to the maximum stress and d the steel is compressed to the yield stress, with 

d o m  strain over the seaion. In other words, Pt] is the point of application of the 

extemai load 

Paulay, 127). 

Po that produces an 

The plastic cenaoid 

d y  loaded condition at fidure" (Patk and 

is calculated by taking the fdwe load of each 

component of the cross-section, multiplying it by the distance to the centroid of eadi 

component, and dividing their s u m  by the total fdure load in the aoss-section, as 

shown in Table 4-1- 

Table 4 4  Calculation of Plastic Centtoid 

Once the location of the plastic centroid is determined, the interna1 moment can be 

calculated by s d g  the pioducts of the forces in the section and their respective 

moment amis. The intemal moment was calculated at the midspan of die slab and at 

the face of the supporting @der- Once the membrane forces in the section are 

Concrete 
GFRP 
Steel 
C 

calculated as disçussed on page 4-24, the 

as follows: 

Fht, the moment is dculated about the 

Plastic Centtoid = 2Pyh/LF = 961905.7/9778.1= 98373 mm 

200000 
1413.7 
1 178.1 

- - _ _ - _ *  - - - -  -- - . - - -  -- " -  - 

induced moment in the section is calculated 

reinforcanent (refei to Figure 

43 
500 
400 

& - 

100 
325 
167.5 

- . -- -. -- -- - - 
-- .-- -= z*----~---T-~.:-~L~: 

8600 
706.86 
471.24 

860000 
2297295 
789327 

961W5.65 .-: _ .  _ - - . -  -- - 9778.1 k a  - - - - -  - - - 
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The eccenmcïq of the induced membrane force, e;, is then calculated based on the 

locations of the forces in the section, as shown in Figure 4-26, and @en in Equations 

n to M. 

P (Membrane Force) 

11 

Figure 4-26: Calculation of Eccentricities in Concrete Section 

Once the eccmoicity of the force P is calcukted relative to the location of the plastic 

centroid in the secàon, the induced moment on the section can be dculated, as 

shown in Equation 4-9: 
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M = Pxe,'  (4-9) 

Figure 4-27 shows the applied load versus induced moment reiationship for the slab 

midspan. It is an approximately lineat relationship throughout the Ioading range- 

This is expected since the neutml axis at this location did not Vary slgnificantly with 

load. As a resdt, an increase in applied load tesults in a propomonal increase in 

tensile and compressive forces. In Figure 428, it c m  be seen that the induced 

moment at the girder face inaeases with applied load up to approKimately 800 kN, 

then remains almost constant until failme. This behaviour is due to the fact that the 

neutral axis dropped because of crack development in the conaete. When the 

neutral axis drops, the atea of concrete in compression decreases, eventually to the 

point that both top and bottom reinforcement are subject to tension. Since a 

majoriq of the section experienced tension at high loads, the resulting intemal 

moment did not increase. 
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Figure 4-27: Variation of Intemal Moment with Applied Load (Slab Midspan) 

Figure 4-28: Variation of Interna1 Moment with Applied Load (Girder Face) 



4.5 TEST 3 (LEFT CANTILEVER) 

Figure 4-29 shows a section of the cantilever taken at the midspan of the @der. This 

section shows schematically that the total deflection of the candever consists of three 

components: girder deflection, deflection due to @der rotation, and candwer 

deflection. Experinent.1 results show that girder rotation conmbutes s@cantIy to 

the total deflection. This c m  be seen in the load4eflection curve shown in F i e  

430. Note that Test 1 is not refened to in this discussion because deflection due to 

slip played a key role in the behaviour of the right cantilever, therefore the right 

candever did not exhibit the expected behaviour that is discussed here. Since the 

behaviour of the cantilever is the focus of thiç study, only cantilwer deflections will 

be discussed in relation to the serviceability requirements. The load-deflection 

reiationship for the candever is shown in Figure 4-31. The deflection at service Ioad 

(72-5 kN) was very srna& therefore it was not recorded by the instrumentation. The 

CSA Code specines a maximum deflection for a cancanter of //IBO under service 

loadlig conditions, which translates to 4.4 mm for the @en lmgth of cantilever. 

The serviceabiliq of the c d w e r  is thetefore satisfactory in ternis of short-tm 

deflectïon under service load. 

The first aack was observed at a load of 230 kN duting the fkst cycle- This flexural 

crack fomied in the adjacent span due to the negative bending moment at the top 

fibres of the slab. The stifhess of the candever did not noticeably decrease und a 

lwel of 330 kN, when circumferential cracks were fkst observed. A k  completion 
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of the cydic loading, the cantilever was loaded to a levd of 875 W. As further stroke 

was applied, the Ioad decreased to approximately 650 kN due to softening of the 

concrete. At this p o i q  the slab was unloaded to 100 kN in order to remove 

instnunentation that was at risk of being damaged. Upon being reloaded, the 

candever failed at 635 kN due to punchhg shear. 

Deficcàon oFGirder Midspan 

Girder Rotmon 

Canalever Del-lection 

Figure 4-29: Componmts of Cantilever De flection 



Figure 4-30: Conmbution of Each Component to Total Deflection 

Fadored Service 
Load (145 kN) 

1 

Figure 4-31: Load-Deflection Curve for Cantilever 
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The crack pattern at failure is shown ki Figure 4-32 The k t  crack was observed at 

230 kN due to the negative bmding moment in the adjacent spart. Circumferential 

cracks around the applied load started to develop at a load of 330 kN. The candever 

failed in shear, producing cracks on the vertical &ce at angles of 40° and 60' &om the 

horizontal, as shown in Figute 4-33. 

Figure 4-32: Lefi Cantilever G a &  Pattern at Failure 

Figure 4-33: Shear Cracks on V d c a l  Face of Canrilever 



-4 TEST RESULIS AM) DISCUSSION 4-38 

The rotation of the @der midspan as a hc t i on  of applied load is shown in F i e  

4-34. The &t crack occurred at the top fibres of the beam in the adjacent span due 

CO the negative bendlig moment. As a result, a çignificant increase in &der rotation 

was observed, rather than defletion of the cantilever relaave to the girder. It is for 

this reason that the load-deflection curve does not show the initiation of the k t  

crack. Increases in rotation were observed at 250 and 400 kN, due to an increase in 

flexural crack width during the cycles of the applied load. 

O 0.005 0.01 0.015 0.M 0.025 0.03 O.Cl35 0.04 0.045 0.05 

Girder Rotation (Radians) 

Figure 4-34: Rotation of the Girder at Midspan 

Using electrical suain gauges, the measured tensile strain in the ISOROD bats 

reached a value of 0.012 at the maximum load of 875 kN- AS load deaeased due to 

concrete sofiening, the tensile strain increased to 0.016 before failure. The load- 
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maximum strain relationship is shown in Figure 4-35. Experiment.1 results give a 

limiting tende strain value for ISOROD of 0.017, indicating that the top 

reinforcernait in the candever might have been dose to rupture whm the candever 

fded in shear. 

Fadored SeMce Load 
/ (145 kN) 

Figure 4-35: Load-Scrain Relationship for GF'RP at the Load Location 

The strains in the top and bomm reinforcement at the midspan are showri in Figure 

4-36. The top reinforcement experienced tension thtoughout the loading range. The 

bottom reinforcernmt experienced compression und the section cracked at 330 kN. 

It is important to note here that while the cracking load was 230 kN, the section 

where the strain gauges were Iocated did not crack unta 330 kN. Based on the 
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measuted values in the top and bottom reinforcement, the neutral axis depth was 

calcuIated. Due to the low elastic modulus of the FRP, the neuttaI axis fell below the 

bottom reinforcement (Figure 4-37), whidi, as a res& becarne subject to tende 

saains. This continued wtil sofieL1iD.g of the concrete began at the maximum load. 

At this point, the strain in the conclete incteased rapidly, causing movement of the 

neutral axïs to a Ievd above the reinforcement at fdure. The concrete stl.ains at the 

e-e compression fibre were calculated based on  the sa;lLi gauge measurements 

in the reinforcement As shown in Figure 4-38, these measurements indicate that the 

concrete began to soken at a strain of 0.002. The PI gauges that were mounted to 

the bottom of the cantilever and attached to the face of the suppoflng beam could 

not be used to measure the compressive s& in the concrete at the face of the 

beam. This is because the PI gauges measured a combination of concrete 

compressive s t m i n  and rotation of the cantilever with respect to the beam. This 

occuned after local crushing of the conuete took place. For this reason, 

measurements £iom the PI gauges were fat in excess of the a d  s e s  present in 

the concrete. Figure 4-39 shows a schematic of the phenornenon described here. 
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Figure 4-36: Strains in Top and Bottom Reinforcement at the Load Location 
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Figure 4-37: Luad vs. Neutra1 Axk Depth 
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Figure 4-38: Suain in Concrete at the Load Location 

Figure 4-39: Local Cnishing of Concrete causing Incleased Measwements 
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The dismbution of s& in the top reinforcement is shown in Figure 4-40. The 

straïns were very low und the section cracked at 330 kN. A plateau in the 

dismbution fomied and became more apparent as the load increased. The Mdth of 

the plateau was approximately 1200 mm. 

Figure 4-40: FRJ? Strain Dismbution 

Using conventional reinforcement, the steel in typical cantilever members yields, 

causing redismbution of the load away hom the point of application. For FRP 

reinforcement, due to its bride failure charaçteristics, the strain would increase 

without redismbution up to rupture of the reinforcement, causing fadure. The saain 
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plateau may be explained by showing the dismbuuon of forces within the cmtilever- 

Figure 4-41 shows that the forces are dismbuted through an angle 8 to the face of the 

gir der. 

Figure 4-41: Distribution of Load in Candevet 

Using assumed load dimibution angles of 4s0, 5 5 O ,  and GO0, and a k e d  value for t$ 

of 0.00215, the saains and stresses in the section were c a l d t e d  according to the 

method described in Section 4.4. Values for the conaete st ra in  (ES were chosen 

initially. Once the parameters ai and P 1 were found, the depth of the compression 

zone, c, was assumed. The compressive and tende forces were then summed, and 

the value for c was adjusted u n d  equilibrium was achieved. Using the equilibrim 

value for C and T, the moment in the section and the conesponding s a a i .  in the 

FRP were ca ld ted .  This process was repeated for vaxious values of E,, fiom 



cracking moment to Çailwe of the section due to the b t i n g  concrete st ra in  value of 

0.0035. 

Whm plotted as a h a i o n  of the applied moment, the predicted values for saain in 

the FRP can be compared to the rneasured values for tests 1 and 3, as shown in 

F i e  442. The measured test data compare f d y  well with the load distribution 

angle of 45". The matdiing slope values result in a prediction that @es accurate 

stifhess predictions and conservative strain estimates for both tests. 

Strain Predidions 

. - .-- 1GzF-I 
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Figure 4-42: Predkted versus Actud Behaviour 



4.6 TESTS 4 AND 5 (LEFT AND RlGHT SPANS) 

The loaddefl ection relationships for tests 2 4  and 5 are shown in Figute 4-43. Note 

that test 2 results are induded in this section for the purpose of cornparison. The 

total defieaion was measured at the bottom of the skb under the location of the 

applied load. The deflection of the @der in the line of the applied load was also 

measured, in order that the deflecàon of the siab relative to the girder could be 

detemiined. The deflections at service load were 0.15, 0.7, and 0.3 mm for tests 2, 4 

and 5 respectively- The higher deflections for tests 4 and 5 are a resdt of the pre- 

existing cracking at the top surface of the shbs followkig complete t e s ~ g  of the 

canalevers. The presence of these cracks deueased the s&ess of the slabs, 

resulting in higher deflections and rotations of the girders. The measured fadure 

loads in punchlig shear were 1050 kN, 1090 kN, and 1180 kN for tests 2, 4, and 5 

respectively. 

The defiection profiles dong the midspan of the siab pardel to the supporting beams 

for tests 4 and 5 are shown in Figure 4-44 and Figure 4-45 respectively. The s m d  

deflections measured at the ends of the skb show that the Ioad was dismbuted in two 

directions. The ends of the slab perpendicular to the girders acted as supports for the 

dismbution of load in the transverse direction. The deflections in test 4 are 

considerably higher than those in test 5. This was expected, since the lefi span was 
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more swerely damaged by the left caotilever test than was the right span by the right 

cantilever test 

O 1 2 3 4 5 6 7 8 9 10 

Oefledlon (mm) 

Figure 4-43: Load-Deflection Relationships for the k e  Interior Spans 
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Figure 4-44: Midspan Deflection ProHe for Test 4 
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Figure 4-45: Midspan Deflection Profile for Test 5 

The crack pattern of the bottom surface of lefi span (Test 4) at faiure is shown in 

F i e  4-46. The aacking load was 80 kN,  with a flexutal crack fomiing at rnidspan, 

parallel to the supportkg beams. At a load level of 300 kN, radial cracks extended 

kom the load location to the outer edges of the shb. A major crack was fomed at 

fidure (1090 kN) by puncbg shear to the right of the load location as shown in 

F i e  4-46. 

The aack pattern at failme for the right span Pest  5) is shown in Figure 4-47. 

S i . y  to the lefi span, the Tst crack occurred at 80 kN, with a flexut:al crack 

fomiing dong the slab midspan p d e l  to the supporting bearns, followed by the 

formation of the radial cracks at a load level of 300 kN. The major crack to the right 
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of the load location occuned at the punchiog shear f d w e  load of 1180 EN, as shown 

in Figure 4-47. 

Figure 4-46: Test 4 Crack Pattern at Failute (Bottom Surface) 
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Figue 4-47: Test 5 Crack Pattern at Fadure (Bottom Sutface) 

The rotations of the supporthg beams in tests 5 4, and 5 are shown in Figure 4-48. 

For tests 4 and 5, the rotation of the lefi and Bght beam are shown. The beam 

supporting the candwer was expected to rotate more than the beam supporting the 

continuous slab in each test. This type of behaviour is expected because the 

projected end of the canalever is not resaained vertïcally, whereas the adjacent 

interior span is restralied. The expected behaviour did take place, as can be Sem in 

F i e  4-48. Figue 4-49 shows average rotations of the two beams for each test 

Behaviour of the beams for test 2 showed an approximately hear load-rotation 

relationship u n d  fdure. The supporting girders in tests 4 and 5 show a high rate of 
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rotation at lower loads, with a decreasing rate as the load inaeased. This behaviour 

was likely related to the holes in the steel s m p  that were used to resaaia the @der 

rotation, as shown in Figure CSO. As a result, the girders rotated initially before 

dosing the gap berneen the pin and the holes, as evidenced by the measured saain of 

the snap, as shown in Figure 451. In t h  figure, the straps were not stressed und  a 

load lwd of approximately 150 k N  in test 5, and 400 kN in test 2. Since the test 2 

data show initial straining followed by a veflcal portion, it is likely that the strap in 

test 2 was initially in compression. Rate reduction of the rotation could also be 

attributed to the fact that testing of the two candevers cradced the top s d a c e  of the 

adjacent spans, as shown in Figure 4-52. While conducting tests 4 and 5, it was found 

that dosing of the cracks fkorn the previous tests was necessary bebre the slab was to 

achieve its £dl stifhess. Figure 4-53 shows that at a load level between 200 and 

300 kN, the aacks dose and the saffness of the slab inaeases. This corresponds to 

F i e  4-48, showing that above 200 kN the rate of inaease of girder rotation is 

reduced. It was found that both -es approxjmate a bilineat reiationship between 

the measured strain and the applied load. The hrst line in eadi m e  represents the 

dosing of the cracks at the top surface due to the compressive main induced at the 

top fibre of the slab. If the begkming of the second line is takm as the point of zero 

strain at the top surface of the concrete, it can be seen that the conctete in both tests 

adieved a sttain of slrghtly over 0.003, whidi is the avexage vaiue of the ultimate 

s& for concrete in compression. 
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Figure 4-48: Rotation of All Supporting Girders for Tests 2,4, and 5 

Figure 4-49: Gitdex Rotations with Average Values for Tests 4 aud 5 



1 Steel stxap 1 

Figure 4-50: Schematic of Steel Resuaiuing Strap 

Figure 4-51: Measured Strain in Steel Restraining Straps, Tests 2 and 5 



Figure 4-52: Cm& Fonned during Test 3 

Figure 4-53: Measured S&s at Top Surface of Skb at the Load Location 



As disnissed in Chapter 2, ANACAP is a non-hear finite element program designed 

specifically for modelling of concme and steel structures. An an.iyncal mode1 was 

developed using ANACAP by T. Hassan in paraIlel with the construction and testhg 

of the experimenta rnodel. The purpose of the ..aiyt;cal model is to faditate 

parametric studies. With this model, any characteristic of the deck slab can be varied 

in order to investigate the resulting effects on behaviour. Conducting such 

~ararnetric studies through consuuction and testing of experimentd models is 

expensive and time-consuming. This chapter presents a description of the analyncal 

model that was developed, and the analy~cal results are presented and compared with 

the experimental reniks. 

5.2 THE ANALYTlCAL MODEL 

Two anwcal models were developed to represent the experimental rnodel. One 

model was designed to simulate the response of the cantilevers of the experimental 

model, while another was developed to represent the interior middle span. The 

elements that made up the two models were 20-node hexahedral elemenrs, as shown 

in Figure 5- 1. 



Figure 5-1: 20-Node Hexahedral Element 

5.2.1 t h e  Cantilever Model 

The hnite elernent mesh for the a n a 1 . d  canàlever model is shown in Figure 5-2. 

With the use of symmetty about the line passing through the centre of the applied 

load, this mesh represents one cantilever and an adjacent span. Induding the middle 

span in this mode1 wodd have resulted in unnecessary complexity of the m o d d  In 

addiaon, the lefi girder in Figure 5-2 was physically resttained hom lifting in both the 

experimmd model and the analytical modeL The presence of the middle span, 

thetefore, wodd not have affected the behaviout of the anal@cal model. 
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Figure 5-2: Finite Elemmt Mesh used for Cantilever Mode1 (Hassan, 1999) 
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5.2.2 The Interior Span Model 

The mesh that was developed for the interior span model is shown in Figure 5-3. 

This mesh represents one-quafter of the entire expexknental model without the 

candevers. Syrnmeay about both lines that intersect at point Pt was used to 

complete the modeL 

I 76 1.5 t 437.3 , 251.2 350 6o 320 , 287 4 
I I 

Figure 5-3: Fiaite Element Mesh used for Interior Span (Hassan, 1999) 
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5.3 ANALYTlCAL RESULTS AND COMPARISON 

This section presents a compaPson of behaviour between the expetimental model 

and the analytical modd Failure loads, load4eflection behaviour, and load-strain 

behaviour are compared for the cantilevers and the interior spans. 

5.3.1 The Cantilevers 

The analpical model was developed to represent both candevers in the experhental 

modeL For the right cantilever of the expexhental model, the maximum load was 

500 k N  due to slip of the top reinforcement (C-BAR), as discussed in Chapter 4. The 

analytical fadure, however, occumed due to punching shear at a value of 856.6 M. 

iUthough the manufacturer's information States that ANACAP is capable of 

modehg bond characteristics, the bond saength of the reinforcernent cannot be 

quantitatmely speàfied in the input me. Instead, ANACAP requires the user to 

spec* qualitative parameters for the bond characreristics of the reinforcement such 

as "good" or "poor." For the analyticai model of the right cantilever, the bond 

strmgth was specined as poor, but the cantilever stiU failed due to pundiing shear 

rather than bond failure. ANACAP is therefore inadequate in terms of idmnfying 

the bond fdure that was observed in the experimentd modd 

For the lefi cantilever, the b i t e  element adys i s  temiinated at a load value of 

984 kN. The conesponding conaete compressive strain at the loaded area was 



20xlû-3. From the load-compressive s m i n  relationship it was obsemed that at a load 

level of 921 kN, a drastic change in the cantilever behaviour occurs, with a 

considerable increase in the compressive strain while a slight inaease in applied load 

takes place. 921 kN was thetefore talcen as the fdtxe load due to crushing of the 

concrete, leadhg to punching. The cowsponding value of the compressive s& at 

failure was 4x10-3. The expe.timmtal failure load value was 875 My which is 5.3 % 

Iowa than the predicted fdure load obtalied by the f i t e  elernent analysis. 

For the lefi cantilever, the net load4efIection behaviour was cdculated at the 

cantilever end by subtracting the gitderys deflection as well as the defiection due to 

the gkderys rotation £tom the total deflection. The anal@cal results are shown in 

cornparison with experimental values for the lefi cantilever in Figure 5-4. The 

analyticai results correlate well with the experimental results uncil a load level of 500 

kN was reached. Higher values of the experimental deneaion were observed 

berneen 500 kN and failure. Such behaviour may be atmbuted to the localised 

m h i n g  of the concrete at the girder face that was observed in the experimental 

model. niis cnishing deaeased the effective depth of the slab and resulted in higher 

reinforcement strains and cantilever deflections before fadure. 
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Figure 5-4: Load-Deflection Relationships for Lefi Cantilever 

For the right candever, the predicted deflection values conelate well with the 

experimental resdts un t .  a load of 500 k N  was reached, beyond which the predicted 

deflection was much less than the measuted values. This disaepancy is due to the 

siipping of the reinforcement that was observed in the experimental mod& as 

discussed in S e d o n  4.2. The cornparison of load-deflection behaviour for the right 

candever is shown ki Figure 5-5. 
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Figure 5 5 :  Load-De flection Relationships for Right Candever 

The maximum tensile strains in the top reinforcement of the analytical mode1 were 

predicted for the lefi and right candevers. The results were compared to the 

egp&mtal values as shown in Figure 5-6 and Figure 5-7, respectively. The 

maximum predicted tensile saain for the left and the right caatilevers reached a value 

of 0.0086 and 0.011 respectively. As obsemed with the load-deflection behaviour, 

the localised crushing in the experimental model may have caused the mains to 

increase in the lefi cantilever of the experimental model. For the right cantilever, slip 

of the reinforcement did not allow the strains in the experimental model to approach 

the predicted values. 
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Figure 5 6 :  Load-Maximum Tensile SPain Relationships for Left Cantilever 

4 6 8 
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Figure 5-7: Load-Maximum Tende Strain Relationships for Right Cantilever 
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5.3.2 The Interior Span 

The interior span analytical mode1 was designed to simulate the midde span of the 

expeental  rnodeL The other interior spans of the experùnental model were not 

modded because of the iack of symmetry in the location of the applied load. An 

analytical model for these tests would have required twice as maay elements and 

would have greatly incteased the =enition time of the program. It also would have 

bem difEcult to modd the pre-exis~g cracks, which were found to have a large 

effea on the behaviour of the lefi and right spans of the egpeximental model, as 

discussed in Chapter 4. 

The load-deflection behaviour for the two models is shown in Figure 5-8. As 

discussed in Chapter 4, the experimental model failed due to punching shear at a load 

of 1050 kN. For the analytical model, punchlig ocnured following a rapid increase 

in compressive s t r a i i  in the concrete beginnlig at 980 M. The fdure load for the 

analytical model was then taken as 980 kN. While these failure loads are within 10Yo 

of each other, it is evident korn Figure 5-8 that the behaviour of the two models is 

quite diffeent- 
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Figure 5-8: Load-Deflection Relationship Cornparison 

The analptical model predicted a sudden decrease in stiffness at a load levd of 

600 kN. This caused the predicted deflection to increase rapidly, resulting in a 

defletion at failute that was 50% higher than the measured value for the 

experknmtal model. The reason for the disaepancg between the two models is 

illustrated in Figure 5-9. This Figure shows the measured and predicted strains in the 

bottom reinforcement at the &der face. The bottom reinforcement in both models 

is subject to compression at fïrst, fouowed by tension. The analytical model, 

however, shows that the strains changed fÏom compressive to tmsile at a load level of 

approximately 500 kN, resulting in cracking at the bottom surface of the slab at the 

&der face at a load of 600 W. The same transition to tension at the bottom 



reinforcement occuned at a load level of 1 0  k.N in the experimentai model, and 

only after load cycles at that level wete applied. Cracking at this location in the 

experimental model was not obsemed mal Mure- The diffaence in behaviour is 

fhher  illustrated in Figure 5-10, which shows the neutral axïs depth as a function of 

the applied load for both models. The n e u d  axis depth in the expenmerxtal model 

reached a maximum value at failure, approximately e q d  to the depth of the bottom 

reinforcement. For the analytical model, the neutral ais depth reached the bottom 

reinforcement at approximately 600 kN, then hcreased to a depth greater than the 

height of the slab section. Thus, the entire section at the girder face was in tension 

beyond a load level of750 kN in the analytid modd 

Y I 
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Figure 5-9: Bottom Reinforcement Strains at the Gicder Face 



Figure 5-10: Load vs. Neutra1 Axis Depth Cornparison 

While it is evident that the behaviour of the analytical model did not correlate with 

that of the expe8mental mode4 investigation into the cornples punching behaviour 

of b d g e  deck slabs is recornrnmded for futute research. 



6.1 TEST MODEL 

A full-scale bridge deck model reinforcecl with carbon fibre reiaforced plastic (CFRP) 

was constmcted and tested at the Universiry of Manitoba in 1996. The reinforcement 

detailing was identical to the reinforcement used in the construction of the Taylor 

Bridge b d t  in Headuq$y, Manitoba, and completed in October, 1997. The model 

was identical in the general configuration and overall dimensions to the hybrid- 

reinforced model presented in this thesis. This chapter presents a cornparison of the 

behaviour between interior spans of the CFRP- and hybnd-reinforceci experimentd 

models. 

6.1 .1 Reinforcement Details 

The CFRP-reinforced model had the same dimensions as the hybrid-reinforceci 

model, with overall plan dimensions of 3 m x 7.2 m. The reinforcernent consisted of 

indented Leadhe CFRP bars produced by Mitsubishi Chernicals Corporation, Japan. 

The bottom reinforcement consiaed of double IO mm bars at 125 mm in the short 

span, and single 10 mm bars at 125 mm in the direction parallel to  the supportkg 

beams. The top reinforcement consisted of single 10 mm bars at 125 mm in both 

main and seconchy directions. 



6.1 -2 Test Sequence 

Each of the thtee interior spans was tested independently and at diffietent locations as 

shown in Figure 6-1- Different end resaaints were used in each test to investigate 

their effect on the behaviour and failme mechanism of the bridge de& 

Figure 6-1: Plan View of CFRP-Reulforced Slab and Test Locations 

Slab C-1 was tested by applyiag a concentrated load at the middle span of the model, 

as shown in Figure 6-1. Steel straps were used as end restraints to model the 

intermediate diaphragms of the bridge, as shown in Figure 6-2. Before the test was 

completed, at a load of 600 kN, the steel straps were found to have yielded. The span 

was unloaded, the sttaps were taken off, and testing resumed without end restraints 

up to failure. 

The left slab (C-2) was tested Mth a Ioad applied eccentricdy with respect to slab 

C-1, as shown in Figure 6-3. The end testtaints used for this test had a la.tger cross- 



section to avoid yidding duiing the test The end resaaint conditions in this test are 

identical to those used for the slab tested with hybrid ideidorcement 

Slab C-3 on the Pght span of the model was tested in a similat rnanner to C-2, as 

shown in F i e  64- In order to furrher investigate the effect of continuity of the 

slab, edge stiffeners were used in addition to the steel straps, as s h o w  in Figure 6-1 

and Figure 6-4. 

It should be noted that the location of the applied load for the middle span and 

cantilevers of each model was at the mid-point between the two edges of the slab. 

The location of the load on the lefi and right spans on both models, however, was 

eccmmc to reduce the effect of cracks initiated by t e s ~ g  the candevers and middle 

span. 

Figure 6-2: End Restm.int for First Part of SIab C-1 Test 
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Figure 6-3: End Resûaint for Slab C-2 Test 

Figure 6-4: End Resaaint and Edge Stiffmers for Shb C-3 

6.2 GENERAL BEHAVIOUR 

In this section, the test results of the interior spans of the CFRP-reinforced skb are 

presented For a general comparison, the results &om the hybrid-reinforced skb are 

induded. Once the gmeral behaviour is presented and discussed, a more direct 

cornparison will be made between the two slabs for the purpose of detemiining the 

consequences that result h m  varying the reinforcing material. 

The mode of fadure of all tested slabs reinforced with CFRP- and hybrid- 

reinforcement was due to punchlig shear. Table 6-1 gives a summary of the fidure 

loads and conesponding deflections relative to the gicders for d tests. To evaluate 

the stiffness of the siab, the ratio of the d b t e  load, P, to the conesponding 



deflection, A, is also ptovided in Table 6-1. It can 

H-2 have comparable load-deflection ratios. Two 

this observation: (1) the edge stiffeners used in C-3 

be s e w  that tests C-2, C-3, and 

conclusions can be drawn hom 

did not slgniscantly inaease the 

overd stifhess of the slab; and (2) the hybrid 

similar to that of the CFRP reinforcement 

rein forcement provided 

Table &k Failure Loads and Defieetions for Various Tests 

b e havio ur 

Test Mode1 Span Failure Load Deflection at Failure 

ww 

C-1 CFW? Middle 2000 7.6 132 

H-2 Hybrid Middle 

The Ioad4eflection relationships for the tests under consideration are show in 

Figure 6-5. Slab C-1 failed at the Iowest load and at a hgh deflection in compatison 

to other slabs in the same modei. This behaviour is a result of the removal of the 



-- - - - 

resrrsiining saaps, dowing rotation of the girders and consequently more flexural 

behaviour in cornparison to the resuaïned slabs. This flexural behaviour allowed 

k h e r  deflections and less development of two-way load distribution in comparison 

with 0th- siabs. Slabs C-2 and H-2 were tested under si& boundary conditions, 

and therefore exhibited h o s t  identical behaviour, as shown in F i e  6-5. The 

lower stifhess of slabs H-4 and H-5 is due to the extensive cracking induced by prior 

testing of the adjacent cantilevers. The slightly higher stifhess of slab C-3 is due to 

the presence of the edge restraint stiffeners added in the longitudinal ditection. 
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Figure 6-5 : Load-Denecrion Relationships for the Two Tested Models 

The load-girder rotation behaviour for the two models is shown in Figure 6-6. It can 

be seen that the girders for slab C-3 exhibit the smdest rotation values. This is a 
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resdt of the edge stiffmers, limiting CUtVature of the slab at the ends. If there is no 

curvature at the ends, there will be no girder rotation at the mds, thereby reducing 

the maximum @der rotation achieved. Slabs H-4 and H-5 eapeeaiced very high 

rates of rotation at low loads. As previously noted, the Iack of initial stiffness of the 

systern is due to the pre-existlig cracks that were present on these two spans. The 

higher girder rotation for slab H-2 over slab C-2 is a result of the location of the 

applied load. The rnaximum &der rotation is at the location of the applied load and, 

since slab H-2 was Ioaded at the girder midspan, a larger girder rotation was able to 

develop than in slab C-2. 

O 0.05 0.1 0.15 0 2  0.25 0.3 0.35 0.4 
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Figure 6 6 :  Load vetsus Maximum Girder Rotation for Various Tests 



6.3 DIRECT COMPAREON 

To best compare the behaviour of a deck siab reinforced by CFRP to one with hybrid 

GFRP/steel reinforcement, the behaviour of slabs C-1 (before removal of the smp) 

and C-2 wiU be compared to the behaviour of slab H-2. Slabs C-1 and C-2 are 

seiected since they have si& boundary conditions in terms of the end resuaints; 

therefore the only parameter being varied is the type of reinforcement In addition, 

these spans were not signifi.cantly affected by the other tests perfomied on the modd 

6.3.1 Load-Deflection Behaviour and Failure Loads 

The load-deflection relationship for slab C-1 @efore removal of the swap) and H-2 

are shown in Figure 6-7. It can be seen that the behaviour of the two slabs is quite 

sirnilar- However, as the slab in test C-1 approaches 600 kN, the stiffness decreases 

at a greater rate than that of span H-2. This might be atmbuted to the fact that the 

restralüng straps in test C-1 started to yield before the load reached 600 kN- The 

yidding of the straps means that although the applied load on the slab increased, the 

straps no longer limited rotation of the girders, resulting in an ùicrease in f l e x d  

behaviour, and consequently an increase in deflection, as shown in Figure 6-7. 
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2 3 4 

Deflectlon (mm) 

Figure 6-7: Load-Defl ection for Tests C-1 and H-2 

The load-deflection relationships for tests C-2 and H-2 are shown in Figure 6-8. 

Both slabs had the same initial stiffiess. The sàffness of slab H-2 was reduced by 

increasing the applied load. Slab C-2 failed at a 15% higher load level than slab H-2. 

The stifhess reduction and lower level of failure load is matchlig the characteristics 

of the GFRP/steel in cornparison to CFRP. It is also important to mention that the 

compressive suength of the concrete in the CFRP-reinforced model was 55 MPa, 

while that value for the hybrid-reïnforced model was 45 M ' a .  The higher punchlig 

strength of slab C-2, therefore, might also be amibuted to the higher compressive 

strength in the concrete. The CUtrmt CSA code postulates that the shear resistance 

of a concrete member is a function of the square root ofJ. If this is the case, the 



shear resistance in C-2 would be IWO higher thau in H-2. The results also indicate 

that the use of a significantly stronger material such as CFRP does not necessarily 

have a s@cant effect on increasing the ultimate capaaty of the siab, which in fact 

is mainly controlled by the concrete sttength and the geomemc propetties of the deck 

slab. 

Resdrs gken in Table 6-1 for slabs C-2 and H-2 indicate that they exbbited h o s t  

identical saffness values, suggesting that the type of  reinforcement did not affect the 

overd stiffness. It can then be conduded that hybrid reinforcement in the slab 

produces sunilar serviceability and stiffness characteristics to those achieved with 

CFRP reinforcement It is also important to note that the relative strengths of the 

slabs with the m o  types of reinforcernent are much doser than the difference in 

reinforcement strength suggests. 
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Figure 6-8: Load-Deflection for Tests C-2 and H-2 

6.3.2 Crack Patterns 

The crack dismbutions at a load level of 600 k N  for the CFRP- and hybrid-reinforced 

slab are shown in Figure 6-9 and Figure 6-10, respectively. In t m s  of the nutnber 

and orientation of the cracks, it can be seen that the crack pattems for tests H-2, H-4, 

and H-5 are similar to that in test C-2, which has the same resttaint conditions. This 

behaviour conhrms that the diffaence in reinforcement between the CFRP- 

reinforced slab and the hybnd-rehforced slab does not s@cantly affect the 

distribution, size, or o9mtation of the cracks. The crack distribution and orientation 

were sign&antly affected by the parameters that were varied for the CF'RP- 
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reinforced model, narnely the restraint s e e s s  and edge saffmers. The effect on the 

crack patterns can be Sem in Figure 6-9. 

Test C-2 Test C-1 Test C-3 

Figure 6-9: Cracks at 600 k N  for CFRP-Reinforced Skb 

Test H 4  Test H-2 Test H-5 

Figure 6-10: Ga& at 600 k N  for Hybrid-Reinforced Slab 
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6.3.3 Girder Rotations 

The load-rotation behaviout for C-2 and H-2 are shown in Figure 6-11. The 

s-ess values of both girders were almost identical up to a load level of 500 kN. As 

previously stated, the decrease in the rate of  girder rotation of C-2 might be atttibuted 

to the location of the applied load. 
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Figure 6-11: Maximum Girder Rotation for Tests C-2 and H-2 

6.3.4 Neutral Axis Depth 

The variation of neutrai axis (NA) depth with applied load for tests C-2 and H-2 is 

shown in Figure 6-12. At midspan, the behaviour of  the hybPd slab was similar to 

that of the CFRP shb, with the NA dose to the mid-depth at low Ioads. followed by 



a slight deaease due to the formation of f l d  cracks at the bottom surface of the 

slabs. At the &der face location, the NA was rnuch doser to the top surface at low 

load lwels for the Cm-reinforced slab, at a distance of 80 mm, compared to 100 

mm for the hybrid-reliforced slab. This difference might be atmbutable to the very 

low s& readhgs obsemed at Iow loads. Before craclang, any small srraia that is 

recorded by the strain gauges will result in a large change in neutrai axis depth, 

because the change in strain reading is large relative its magnitude. As the load 

approaches a l e d  of 400 kN, the neutral axis depth for both slabs was approximately 

105 mm. As the applied load was increased, both slabs uacked and the neutral axis 

depth for the hybrid-reinforced slab increased at a faster rate than that of the CFRP- 

reinforced slab. This behaviour is attributed to the low elastic modulus of the GFRP 

in the hybrid slab in cornparison to that of the CFRP. As the load was fuaher 

inueased, the NA depth in the CFRP slab increased at a greater rate than that of the 

hybrid slab. At a load of approximately 800 kN und  failure, the neuaal axis depth in 

the two slabs becarne very dose. In both slabs, nearly the entire thickness of the slab 

at the girder was in tension at  higher loads. 
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[CFRP - Midspan 1 

Figure 6-12: Neuaal Axis Depth for Hybrid aad CFRP Slabs at the Load Location 

6.3.5 Membrane Forces 

As previously discussed, the in-plane membrane forces that develop in the slab as it 

resists applied loads play an important role in the serviceability, ultimate capauty, and 

overall behaviour of the slab. The membrane forces for both the hybrid- and CFRP- 

reinforced slabs were calculated at the midspan and the @der face. Figure 6-13 

shows the applied load vs. membrane force reIationship for slabs H-2 and C-2 at 

these locations. At the @der face, the CFRP-reinforced shb develops much higher 

compressive membrane forces afier craclong than the hybrid-reinforced slab. Since 
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the neunal agis did not incfease dramatidy as in the hybrid-reidorced slab a k  

crackhg the area of concrete ia compression is greater, resulting in an increase in net 

compressive forces. At the midspan location, the applied load vs. compressive 

membrane force relationship is virtually identical throughout the loading range. 

1 000 1 500 2000 

Membrane Force (I<N/m) 

Figure 6-U: Membrane Force Compatison for Hybrid and CFRP Slabs 



A full-scale model of a hybrid-reinforcd highway bridge deck has been consvucted 

and tested at the University of Manitoba Based on the test redts,  analysis, and 

comparisons, the following conclusions can be made: 

1. Al1 spans tested are satisfactory in t e r m s  of ultimate load-carrying capacity 

requuernents. 

The factored wheel load for the AASHTO (1998) design vehide is 145 kN. h 

cornparison, Table 7-1 shows the failwe l o a b  that were recorded for all five 

tests conducted on the full-sale model. 

Table 7-1: Failure Lods for AU Tested Spans 

Test s ~ a n  Failure Load (kN) 

2 Middle Span 1050 

3 Left Cantilever 875 

4 Left Span 1090 

5 Right Span 1180 
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2. The serviceability of all tested spans in the slab is satisfactory in terms of 

short-term deflection at senrice loads. 

At senrice loads, the allowable deflection (A) for s t r u d  members not 

supporthg or attached to n o n - s u u d  elernents likely to be damageci by 

large deflections, according to CSA A23.3-94, is 1/180. For the cadevers in 

the experimend model, the dear projection is 725 mm. This results in an 

allowable deflection of 4.0 mm. For the interior spans in the experimental 

model, the dear span is 1450 mm. The dowable deflection is therefore 8.0 

mm. Table 7-2 shows the allowable deflections in cornparison with those 

measured during each test. The span-todeflection ratio (UA) is dso given. 

Table 7-2: Deflections for AU Teaed Spans 

Test Location 

Allowable 

Deflection 

(mm) 

Deflection at 
U A  

Savice Load 
(minimum 180j 

(mm) 

Middle Span 

3 Left Cantilever 4 Ve~y  Smdl Very Large 

4 Left Span 8 0.7 207 1 

5 Right Span 8 0.3 4833 
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3. The akalinity that is present in normal concrete shodd not be considered 

a threat to the glass fibres in the FRP reinforcing bars used in t h i s  

investigation. 

Since there were no cracks at service load in either cantilever, or on the top 

d a c e  of any of the interior spans, the stresses in the reinforcement were far 

below levels that would crack the ma& of the reinforcement. The glass 

fibres are therefore not susceptible to the effects of concrete akdmiy. 

4. The bond strength of the C-BAR reinforcement in the right eantiiever was 

inadequate to utilise the full strength of the bars. 

At failure, the tensile main in the C-BAR reinforcement was well below the 

ultimate value. Lmproved bond characteristics would result in a higher 

capacity for the catltilwer. For the lefi cantilwer, the strain in the ISOROD 

reinforcement was close to the ultimate d u e  obtained through tension tests. 

The reinforcement in the left candever rnight have been dose to rupture at 

the point of failure. 

S. The low elastic modulus of GFRP reinforcing bars has no negative effect 

on the strength or serviceability of a highway bridge deck slab. 

Altho* CFRP is much stronger than steel and svonger and shffer than 

GFRP, the strength and se~ceability characteristics of the CFRP-reinforced 

slab are not superior to those of the hybrid-reinforced slab. 
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6. It is recommended that hybrid reinforcement be used in the design of 

bndge deck slabs. 

The steel m p s  used in the experimental program simulateci the cross- 

diaphragms in a bridge de& system. The presence of the straps reduced the 

rotation of the &ers and consequently dowed the arch action mechankm to 

occur. Development of the compressive membrane forces reduced the 

deflection and therefore cornpensateci for the low elastic modulus of the 

GFRP. 
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