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SUMKARY 

This thesis is primarily concerned with the design and analysis of 
composite concrete bridge decks, although some of the analytical 
procedures developed herein have a wider applicability. In the 
current study composite construction refers to precast, pretensioned 
concrete beams acting compositely with insitu concrete. 

The work is broadly divided into two sections, experimental and 
analytical. For the experimental programme two 1: 3.5 scale models of 
skewed bridge decks were designed to current standards and 
meticulously constructed. Comprehensive data acquisition facilities 
were installed and the testing programme for each model deck was based 
on current design loading. Detailed test results are presented and 
the full range structural response investigated and explained. The 
analytical investigation programme ran concurrently with the 
experimental programme and involved the development of material and 
structural modelling schemes and appropriate numerical modelling 
techniques. These were incorporated in an analytical package which 
involved the design and implementation of a sophisticated finite 
element program named SNAP. 

Composite concrete bridge decks are the solutions chosen for many 
crossings in the UK. However, the literature survey revealed that the 
previous experimental research was very limited and had been conducted 
during the 1950's. This position is reflected in the limited and 
ambiguous guidance that is currently available to designers. No 
analytical research on composite construction could be found. 

The experimental programme revealed several interesting features, such 
as; the inherently large factor of safety that results from current 
design practices; the unusual crack patterns that indicate limited 
breakdown of composite action; the complete breakdown of composite 
action along the supported edges at high load levels. The 
implications of the observed structural behaviour for analysts and 
designers are explored. 

The heterosis plate bending element was selected for the finite 
element analyses. Sophisticated non-linear solution procedures, 
including the arc-length method and the BFGS quasi-Newton method, were 
also developed and incorporated into the SNAP program. A decisive 
feature in the success of the analyses described herein was the 
inclusion in the program of a wide range of solution procedures, which 
were available for selection based on the current structural 
behaviour. The program was endowed with limited intelligence so that 
it could automatically switch between solution methods as numerical 
difficulties were encountered during an analysis. The program was 
subjected to testing and verification against the results of other 
published investigations. The SNAP program design philosophy resulted 
in a simple to use, comprehensive and effective tool for the analyst. 
Several new analytical concepts and methods, such as; a hybrid element 
for analyses of composite construction; scaled space and new 
convergence criteria and; statistically varied material properties 
were developed during the present study. 

Finally, conclusions are drawn from the reported investigations and 
recommendations for further work are given. 
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1. COMPOSITE CONCRETE SLAB BRIDGES 

1.1 Introduction 

In this thesis, "composite construction" refers , to precast, 

pretensioned concrete beams acting compositely with in-situ concrete. 

The inclusion of voids in the in-situ concrete is not considered. 

Prestressed precast beams are available for spans of 4m- 18 m. 

In cross-section, the beams have the shape of an inverted T and the 

dimensions of the bottom flange are fixed. To cater for different 

spans, the overall depth, size of top flange, and quantity of 

prestress are varied. 

Standard holes through the bottoms of the webs allow transverse steel 

to be threaded through the assembled beams. The standard spacing of 

these holes is 610 mm and a number of bars can be threaded through 

each hole. Top steel can be placed in the in-situ concrete above the 

tops of the beams. 

The cross-section of the bridge deck used for model I is shown in 

Figure 1.1, to illustrate the form of construction under 

consideration. 

In a survey of eighty bridges in Kent, Bergg' found that, in 1973, the 

deck costs of simply supported decks, with spans of up to about 18 m 

and* incorporating precast beams, were cheapest when composite 

construction was selected. Unfortunately, no information on the skew 

of the decks was included. Although the costs quoted in the paper are 
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now out of date, it is thought that the relative values are not likely 

to have changed significantly. 

Composite construction was included as an option in the range of 

Standard Bridges prepared by the Department of Transport 2 Designs 

are for overbridges supporting a D2APR (Dual carriageway, two lane, 

all purpose road) and for underbridges supporting a D3M (Dual 

carriageway, three lane rural motorway) or a D2APR, over a1x S5.5 or 

S7.3 (Single carriageway roads with 2m verges and either 5.5m or 7.3m 

carriageways). 

For the standard bridge decks, the reinforcement is positioned 

parallel to the sides of the deck. An orthogonal arrangement of 

reinforcement is preferable from stiffness and strength 

considerations, but the arrangement selected is probably more 

economic. As the maximum skew angle of the standard decks is 25*, the 

lack of structural efficiency is unlikely to be severe. 

The first model tested was based on a Standard Underbridge Deck with 

25* of skew. A geometric scale of 1: 3.5 was selected. Details of the 

model are given in Chapter 4 and relate to the data given for a bridge 

carrying a D2APR over an S5.5 on Standard Bridge Drawings 

D2/APR/2/7.3/UB/SCS. 5/ /T/1 and /2/ /UB/ SC5.5/ /T/l. 

To examine the influence of greater skew angles on the structural 

behaviour of composite construction, bridge design offices were 

approached for examples of recent designs. There was little response 

to the request, but a suitable design was kindly made available by 

Cheshire County Council, and the author would like to express his 

thanks for the considerable help provided. 
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The second model tested was based on an idealisation of the central 

span of a three span simply supported bridge deck with a 5.5 M 

carriageway and two 1.5 m verges. The idealised bridge had a skew of 

40* (internal acute corner 50*). The deck had a width of 8.9 m. The 

beams were the largest from the range of standard C&CA inverted T 

sections, and had a span of 16.45 m. The right span was, thus, about 

12.6 m. The transverse soffit steel had a skew of -18* (i. e. a 72* 

inclination to the free edge). The top steel was placed parallel and 

perpendicular to the beams. The hogging principal moments in the 

obtuse corner were, thus, at a considerable inclination to the bar 

directions. A geometric scale of 1: 3.5 was selected. Details of the 

model are given in Chapter 6. 

1.2 Design philosop 

The British Standards and Codes of Practice that relate to concrete 

bridge design have been the subject to a good deal of radical change 

and almost continued development and amendment over many years. The 

most recent change resulted from the adoption of a limit state design 

philosophy in BS5400. Prior to this, design had been carried out to a 

working load and elastic stress philosophy such as that contained in 

the earlier British Standards relating to bridge design, such as 

BS153. BS5400, which appeared in 1978, was arranged so that the values 

chosen for the various safety factors resulted in similar structures 

to those designed to the existing design documents. Thus, even though 

there was a radical change in design concept and method, the resulting 

structures were largely the same. 

With BS5400 the critical design criteria for a reinforced concrete 

structure are those at the Ultimate Limit State (ULS) (conceptually 
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failure of the structure) and thus the design concepts in BS5400 

differ fundamentally from those of the earlier working stress codes. 

Conversely, with prestressed concrete, the critical design criteria 

are generally those of the Serviceability Limit State (SLS). Thus the 

design criteria for prestressed concrete are similar under BS5400 and 

the previous design documents. 

Unfortunately the difference in the critical design criteria between 

reinforced and prestressed concrete has resulted in confusion over the 

design method for composite construction. There are a number of areas 

where the code is unable to give adequate guidance, such as the 

treatment of transverse shear and the cracking and stress limitations 

at the Serviceability Limit State. In these areas it is debatable 

whether composite structures should be treated as reinforced, 

prestressed or a hybrid of the two. 

A multitude of committees were formed for the purpose of drafting 

BS5400 and this is apparent in the British Standard that appeared. 

While the technical basis for the design clauses is sound the way in 

which it is specified and presented is not conducive to efficient and 

error free design. In some cases, the code has been described as 'a 

mine field waiting to catch out the unwary'. While it may be argued 

that the unwary should not be designing bridges, the object of the 

exercise is the efficient design of effective, safe and durable bridge 

structures. 

The Department of Transport, for whom the majority of bridge are 

constructed, initially refused to allow the adoption of BS5400 for the 

design of its structures, unless amended by its own implementation 

documents. After the incorporation, in the 1984 edition, of the 
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majority of the amendments contained within the latter document, the 

DTp did allow the use of BS5400 in principle. However, the DTp still 

required the use of its own implementation documents in conjunction 

with the revised code. 

BS5400 does not cater for some features which are specific to 

composite construction, such as integral action of the precast beams 

and the insitu concrete. Implicit in current design is the assumption 

of fully composite action for all states. Current design philosophy 

dictates that, generally, the design of composite bridge decks is 

governed by the prestressed concrete and steel stress limitation of 

the Serviceability Limit State. The deck is sized and the prestress 

selected to comply with these criteria. However, the prestressed 

concrete stress limitation clauses are not particularly appropriate to 

composite construction since the prestress force is uni-directional 

and, generally, at a considerable angle to the principle moments. This 

is particularly true for a skewed deck. Thus, while the prestressed 

concrete stress limitation clauses are satisfied there may be 

significant cracking in the insitu concrete. In cases of high skew 

the amount of prestressing required to prevent cracking, even in the 

beams, may be prohibitive. 

With current design generally only one beam type is specified for all 

the beams contained within the structureý (that is all beams have the 
pe- 

same profile and prestressing configuration). This beLris configured 

to comply with the worst SLS requirements of any part of the deck. 

Following 'compliance' with the SLS requirements the design is checked 

at the Ultimate Limit State. In the majority of cases the flexural 

component of this check is a mere formality since the members sized 
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for SLS compliance result in a significant overprovision of ultimate 

strength. This is further compounded by the uniform provision of 

beams sized for the occurrence of the worst SLS effects. 

The methods of design against shear failure are significantly 

different for reinforced and prestressed concrete. Thus the design of 

a composite deck to resist shear can be particularly troublesome. For 

a skew slab the principal shears can be at a significant angle to the 

direction of the prestressed beams thus making the selection of 

criteria difficult. In the simpler casp where the principal shears 

are coincident with the beams the amount of shear resistance that can 

be expected from the insitu concrete complicates the calculations. 

Furthermore, for end zones, one must consider the amount of prestress 

that has been transmitted to the concrete. 

Generally, the design of bridge decks at the Ultimate Limit State will 

be carried out using an elastic analysis. The use of an elastic 

analysis would appear to be an anomaly in a Limit State environment 

where a non-linear or plastic method would seem more appropriate. 

While the adoption of cracked stiffnesses for the ULS analysis will 

result in a more realistic approach, it will still not resemble the 

failure condition in the majority of cases. 

The advantages of composite construction can be seen as two fold. 

Firstly, the use of precast members results in more accurate factory 

construction and also site costs are reduced since little formwork is 

required for the construction of the insitu slab. Secondly, the 

presence of prestressed concrete should enhance the structures 
a 

durability. For BS5400 the differences between the treatment of 

reinforced and prestressed concrete are very distinct and this is 



8 

clearly apparent in serviceability cracking and stress limitations. 

This distinction is not inherent since there are a multitude of 

structural states between reinforced and prestressed concrete. 

Therefore the adoption of continuous criteria spanning the range from 

reinforced to prestressed concrete may be more appropriate, especially 

for composite construction. A continuous approach would no doubt be 

beneficial as more sophisticated and complex computer systems become 

available, at realistic prices, for use in design. 
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LITERATURE SURVEY 

2.1 PreviousExperimental Research 

2.1.1 Previous Tests on Models of Composite Construction Slab Bridges 

Manual and computer based literature searches revealed little evidence 

of data from model tests of composite bridges. Enquiries to the 

Cement and Concrete Association and the libraries of the Professional 

Institutions revealed no further material. The only reports of tests 

that were found were from the Cement and Concrete Association, and 

these were conducted in the late 1950's. 

Tests on three models of right bridge decks of composite construction 

have been reported by Best and Rowel. The models were 111-4" wide x 

6" deep and had a span of 101-0*. Thirteen, post-tensioned, grouted, 

inverted T beams, with 1/2" gaps between bottom flanges, were 

incorporated in each model. The designs were carried out for 

longitudinal moments only (live load of 220 lb/ft2' together with a 

knife edge load of 900 lb/ft) x 125%. Four 0.2" diameter wires in the 

bottom flange were prestressed to ensure a small compressive stress on 

the soffit under the design loading. Each composite beam was 

calculated to be capable of withstanding about twice the design 

moment. 

No transverse reinforcement was placed in the first model. The second 

and third models had 114" diameter mild steel bars, hooked at one end, 

placed through 5/8" diameter holes in the webs of the precast beams. 

As the maximum aggregate size was 3/8", it seems likely that bonding 

would be poor over the web widths. In models 2 and 3, transverse bars 

were at 8" centres over the central 41 and at 12" centres elsewhere. 
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Model 3 differed from model 2, only in the use of a lower strength 

in-situ concrete. 

No mention is made in the report of any reinforcement having been 

placed above the precast beams. 

As the precast beams were post-tensioned, the prestressing wires were 

provided with external anchorages. The tops of the bottom flanges and 

the sides of the webs of the precast beams were wire brushed to remove 

any surface laitance. This was done to enhance bond between the 

precast and insitu concretes. 

At the time of the tests, understanding of bridge deck behaviour under 

concentrated loading was in its infancy. The researchers, therefore, 

concentrated their attention on studying the responses of the models 

to applications of a single bogie of the HB vehicle. No dead weight 

compensation or other loadings were applied. The bogie was positioned 

symmetrically about the transverse centre line in two locations. One, 

with a set of inner wheels on the longitudinal centre line (central 

loading), see Fig. 2.1(a) and the other with an outer set of wheels 

V-10.5" from a free edge (eccentric loading). Each bridge was loaded 

first by central loading, then by eccentric loading, and, finally, to 

failure by central loading. The equivalent working load on a single 

HB bogie model was 10 tons, and the load levels studied before the 

final test to failure were up to 15 tons. 

Transverse cracking of the precast beams occurred at a load between 23 

and 24 tons during the test to failure of model 1. Transverse 

cracking in models 2 and 3 were first noted at 23 tons. Failure of 

model I occurred at a total load of 27 tons. Yield lines ran from the 
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innermost edge of the HB bogie to the free edge and back at a shallow 

angle to the supported edges. There were few, distinct cracks, see 

Figure 2.1(a). 

Transverse cracking extended over the entire width of the soffit of 

model 2 at a load of 24 tons. At 25 tons, diagonal cracks formed, 

starting from approximately the centre of the bridge. These cracks 

increased in width with increasing load, whereas the transverse cracks 

in the same region did not. The crack pattern at failure, which 

occurred at 29 tons, is shown in Figure 2.1(b). 

Model 3 failed at 27 tons, with the crack pattern shown in Figure 

1 (c) . 

Of particular interest in the cracking of Bridge 2 is the short length 

of shear or tearing cracks at the 'loaded edge' of beam 10. 

Unfortunately, no mention is made of this cracking in the reports and 

it is impossible to deduce at what load level it occurred. The 

sparsity of soffit cracking in all of the models suggests that bond 

failure occurred in the precast beams. The sparsity of cracking on 

the top surfaces is due to the lack of reinforcement. However, due to 

the concentrated nature of the loading, part of the deck lifted off 

the supports. I 

2.1.2 Tests on end diaphragms with precast units and insitu concrete 

Clark and West2 have reported the results of tests to determine the 

torsional stiffness of support diaphragms in beam and slab bridges. 

Their report describes the results of torsion tests on eight quarter 

scale models of end diaphragms of bridge decks formed of precast, 

pretensioned, inverted T beams connected only by a top slab and end 
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diaphragms. It is of interest in connection with the present work 

because the models tested could be viewed as a transverse slice of a 

deck formed of composite construction. The analogy isýnot exact, as 

the torsional shear flows in these models are around the small 

rectangular cross-sections, whereas the shear flows in the interior of 

a slab from the twisting moments would be mainly horizontal. However, 

the analogy is more reasonable near the supported ends of a slab, 

where the twisting moments may be large, and the shear flow is around 

three sides of a section. 

Diaphragms DlR and D2R, see Figure 2.2, represented conditions closest 

to those in the composite slab models, although the diaphragm models 

were amply provided with links. The results obtained are mainly of 

interest up to cracking of the concrete. To exAaerate the tendancy 

for the insitu concrete to shrink away from the precast beams, a high 

shrinkage insitu mix was provided. The torque-twist relationships 

reported were linear up to the predicted torque level to cause 

cracking, and the torsional inertias of the specimens were similar to 

the values calculated for homogeneous sections. 

Cracking initiated in the added concrete and extended to the 

insitu/precast interface. With further loading, the cracks propagated 

through the precast concrete. This suggests that no significant slip 

was taking place between the precast beams and added concrete prior to 

failure. Failures were caused by slip between one of the precast 

beams and the neighbo. uring insitu concrete. 

The tests did not attempt to investigate the interaction between 

bending and torsion. It is likely that transverse bending would 
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assist in causing slip at the interface of the two concretes. However, 

the tests do indicate full composite action under torsion until 

cracking, providing the transverse bending effects are negligible. 

2.1.3 Tests of tensile strength across composite concrete interfaces 

A study of the tensile strength of concrete across construction joints 

has been reported by Waters3. The ratio of the strength at the joint 

to the strength of the parent concrete, for no surface treatment and 

with laitance remaining on the surface of the first cast concrete, was 

0.45. This ratio was found to increase to 0.78 when the first cast 

concrete was allowed to dry out before casting the remaining concrete. 

Two reasons were given for this. Firstly, the absorption of mixing 

water into the dry surface decreases the water/cement ratio of the new 

concrete against the joint; and, as the water is being absorbed into 

the old concrete, the finer granules of cement in the fresh concrete 

are absorbed into the interstices. 

2.1.4 Tests of shear strength across composite concrete interfaces 

Shear can be transmitted across a smooth construction joint by both 

cohesion and friction. Tests conducted by Johansen 4 indicate a 

reduction of 60% cohesion compared with the monolithic concretes, 

provided the angle of friction is assumed to be that of the monolithic 

concrete. 

Plasticity theory5 theory gives the normal failing stress by: - 

c Cos 0 

cos 0 sin(o - 0) 
t 

where 0 is the angle of the failure plane; 0 is the angle of 

friction, which is assumed to be 37*; and c is the cohesion. 
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Clark and Gills have reported the results of tests on smooth 

construction joints subjected to axial compression and shear. The 

face of each construction joint was cast against an oiled plywood 

former, and no attempt to improve the bond by degreasing or roughening 

was made. They found that the cohesion decreased with the age of the 

first half of the specimen at the time the joint was formed. The 

reason given for this trend was that the amount of moisture available 

at the interface to aid hydration of the cement at the joint reduces 

with time as the first half dries. This result and reasoning 

contradict that of Waters 3. However, all but 2 of Clark's series of 

tests used a considerably lower water/cement ratio than did Waters, 

and the importance of a dry surface may be dependent on the amount of 

free water present in the mix. A further possible cause of the 

different results may be due to changes in cement over the 30 year 

time interval between the two series of tests. Because of the large 

scatter of data points, Clark recommends that no dependence of 

strength upon age should be considered in design. 

Using his own test data, and that of Johansen, Clark proposed the 

following characteristic joint strengths: - 

Klý 
CL4 tr 

7 2.56. 
ý<z 

0<0.04. fcu (2.1) 

7 0.07 fcu + 0.75 (r, 0.04 fcu < cr 4 0.263 fcu (2.2) 

7 0.267 fcu, 0.263 fcu <a (2.3) 

Comparison of Equation 2.1 with the sliding criterion Irl -c-a tan 

0, (a compression -ve) indicates that the sliding formula is not 

applicable, or that the angle of friction has increased to about 68*, 

which is not likely. Equation 2.2 indicates that the cohesion at the 
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joint is 0.07 fCU 0.09 fC, compared with the typical value c-0.25 

fc for monolithic concrete. 

2.2 Previous Analytical Research 

An extensive manual and computer based literature search did not 

reveal any previous analytical investigations pertaining to composite 

construction. For the development of the SNAP (Slab Nonlinear 

Analysis Program) program a survey of relevant finite element methods 

was conducted. This survey encompassed both traditional approaches 
n 

and more recent ilvations which are now gaining widespread 

popularity. From the results of this review the SNAP program was 

developed using the features most appropriate to composite 

construction. Details of this review have been included in Chapter 8 

on the development of the SNAP program and are, therefore, not 

included here. 
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MODEL CONSTRUCTION AND DATA ACQUISITION 

3.1 Construction of the Models 

The pretensioned beams were constructed in groups, see Plate 3.1, and 

assembled on the bearings. Transverse reinforcement was then threaded 

through the holes in the webs and fixed in position, see Plate 3.3. 

Vertical side shutters with their top surfaces following the 

precambered beam profiles to ensure a constant deck thickness were 

then positioned. Top reinforcement was fixed and the in-situ concrete 

poured. All of the concrete was cured under wet sacking covered by 

polythene sheeting. , 

3.1.1 Model Pretensioned Beam Construction 

Model 1 

A table was constructed to which vibrators were attached. The top of 

the table was made of a high grade ply to ensure a flat soffit and 

good durability. Five strips of ply with widths equal to those of 

the soffit flanges were secured to the table top to facilitate the 

accurate assembly of the side shutters for each of the five beams in a 

group. 

For the first set of beams cast (those used for the studies described 

in Appendix 2-.? ) each side shutter was constructed from 3 lengths of 

16 SWG steel plate with a continuous box sections welded to its outer 

face to provide stiffness. The dimensional accuracy achieved was not 

satisfactory, and the beams used in the model were constructed using 

commercially formed side shutters manufactured from a single strip of 

8 SWG steel plate. The dimensional accuracy obtained from these 

shutters was of a high order. 

ApperJix 2.5 4 Resezxrr-k PQporb No. -MR, Sq7-j-FG% 

7 f; ýDý eescxxrr-L^, I-cx6ocm 
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pretensioning frame was constructed from hollow box sections and 

holes for the pretensioning wires were carefully drilled, see Plate 

3.1. 

The effects of different tendon stressing sequences were studied in 

order to ensure a uniform, accurate prestress in all the precast 

beams. Unlike the method normally used commercially, where a number of 

beams are cast as a long line around the same set of continuous wires, 

the model beams were cast side by side. Thus the losses in the 

anchorages had a larger effect than normal for the model beam 

prestressing. This problem coupled with the elastic shortening of the 

prestressing frame, dictated that a two pass system had to be adopted 

for prestressing. 

The two pass system consisted of starting with the centre beam and 

then moving to the outer beams in a systematic and symmetric manner, 

stressing the wires to approximately 80% of the required prestress. 

The beams then underwent a second stressing pass taking the prestress 

up to 100% of that required. Because of the two pass system, an 

alternative to extension monitoring had to be found for applying the 

prestress. The procedure adopted used a load cell to indicate the 

stressing load, and extension monitoring to check anchorage losses. 

After stressing, an extensometer was fastened to a wire so that the 

effects of stressing the other wires could be monitored. 

After the tendons had been stressed, the stirrups, transverse hole 

formers, and side shutters were positioned, see Plate 3.2. The side 

shutters were braced transversely across the top of the casting bed 

using a jig which ensured accurate location, see Plate 3.1. 
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After the concrete had gained sufficient strength, the side shutters 

were removed. This operation took place one or two days after 

casting. The side shutters were treated with a demoulding fluid, and 

no attempt was made to remove any of this from the side faces of the 

concrete beams. Commercial beam manufacturers indicated that this 

would be normal practice. 

The tendon force was transferred to the concrete beams when the 

2 concrete had reached a cube strength of 40 N/mm , generally after 

about five days. The cube strengths at the time of transfer were 

recorded. For the first set of beams cast (those used for the studies 

described in Appendix, 2.5) the tendon force was transferred using the 

prestressing Jack. This operation released tendon forces one at a 

time. It required each wire to be re-strained so that the force on 

the anchorage could be removed and the anchorage could be released 

After the anchorage had been freed, the tendon force was transferred 

to the concrete over a period of about one minute, by reducing the 

hydraulic pressure to the Jack. 

This procedure was felt to be suspect due to the high level of the 

jacking force needed to release the anchorage. The poor bond 

behaviour of these beams may have been due, at least in part, to 

partial bond break down due to this procedure. It was also felt to be 

desirable to achieve a more uniform transfer of prestress. 

For the beams in the deck and those studied in Appendix 5.1, the 

following procedure was, therefore, followed. A second steel box beam 

was placed at the jacking end of the prestressing frame and separated 

from it by hydraulic jacks with screw collars, as shown in Plate 3.1. 

AftpeeiJ(x cý- I? esecxrc-Li I? ep,, -', No- -MIZ e42. /, 3GT prýoced 
ýOf- 9*, 
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After stressing, the tendons were anchored to the second box beam. 

When the concrete had matured, the two jacks between the prestressing 

frame and the second box beam were loaded just sufficiently to enable 

the screw collars to be untightened. The prestress force was then 

transferred from all of the tendons together, over a period of about a 

minute, by releasing the force in the two jacks. 

Model 2 

Essentially, the same procedure was followed to construct the beams 

for the second model as had been used for the beams of model 1. The 

prestressing table had to be lengthened, a stiffer pretensioning frame 

of similar design was constructed, and new side shutters were 

purchased. 

The design for model 2 was practically complete before the reasons for 

the poor behaviour observed in the beam tests described in Appendix 

2.5 had been firmly identified. Therefore, the decisions taken during 

the first part of the design reflected this position. In order to 

provide a greater transmission/bond length the beams were cast 1040 mm 

longer than the scale length. The desire to increase the bond, and 

the availability of various prestressing tendons, led to 7.9 mm 

diameter 7 wire strand being selected for the precast beams of model 

2. 

3.1.2 Model Slab In-situ Construction 

After the model beams had been cast, they were lifted onto the already 

positioned bearings in the testing frame. This method allows the self 

weight of the deck to be borne by an assemblage of beams and not by 

the slab. Thus applying the same load to each bearing, see Plate 3.3. 

Aýýix 2.5 4 I? e--, ecxrr-L. -, I? epor+-- No. -TW, S44S, % pl-J-A 
ýcw- Ue-l-mnsport 3ýrJ gvoJ Resectrclt LotlwrcxýOrý 
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Model I 

Once all of model l's 22 beams had been positioned in the testing 

frame, the placement of the ancillary reinforcement was carried out. 

The bottom transverse bars were threaded through the holes in the beam 

webs. Anchorage for these bars was provided by 100 mm bend-ups at each 

end. These were held in the vertical position by wire ties to the tops 

of the shear links. The bundles of three bars through each hole were 

spread as far apart as possible to increase bond. The top 

longitudinal reinforcement was threaded below the tops of and clipped 

to the shear links. The top transverse steel was placed on top of and 

clipped to the top longitudinal steel. End anchorage was provided by 

100 mm bend-downs at each end of the top transverse steel. 

The relatively small size of the model deck allowed all the 

reinforcing bars to be continuous. With no need for the lapping of 

bars. The reinforcing bar system was uniform over the whole area of 

the model deck. 

Model 2 

The reinforcement arrangement for model 2, although similar in nature 

to model 1, was more complicated. The complexity arose from the fact 

that the lower transverse reinforcement did not run parallel to the 

supported edges, as it had done in model 1. The direction of the 

lower transverse reinforcement in the full size deck is* dictated by 

the -beam spacing, transverse hole spacing and the angle of skew. 

Because the transverse hole spacing could not be scaled, a system 

using two slightly different beam types with different longitudinal 

offsets for each of the 17 beams, had to be used. Thus, the scaled 

amount of reinforcement at the required angle was provided. 
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Anchorage for these bars was provided by 110 mm bend-ups at each end, 

see Plate 3.4. Again, no lapping was required. The top longitudinal 

reinforcement was placed in a similar way to that of model 1, with the 

top transverse reinforcement placed on top of the longitudinal bars 

and clipped to them. The top transverse reinforcement was placed in a 

direction perpendicular to the free edge and was anchored by 150 mm 

bend-downs at each end, see Plate 3.4. 

To avoid the extra length of the precast beams acting as a slab, the 

in-situ concrete was cast just longer than the scaled deck length, 

leaving the extra beam lengths as overhangs, see Plate 3.4. 

The reinforcement arrangement of model 2 caused difficulties in the 

placement of the lower transverse steel in the end zones. The bend-up 

at a bar end could not be applied before the bar was threaded through 

the transverse holes in the webs. This limited the bend-up to the 

distance between adjacent webs, a distance of 110 mm. 

3.1.3 General Considerationsz 

The initial concrete mix -design followed the procedure suggested by 

the Department of the Environment' 1 2,3 
. The mix design was verified 

and modified in the light of test mix results. Even though many trial 

concrete mixes had been carried out during the development of the 

model concrete for the precast beams of model 1, it was necessary to 

make small amendments to the mix design during the casting of the 

early batches of beams for model 1. 

Because of the small size of the laboratory mixer, 3 mixer loads were 

required for each set of 5'beams for model 1, and 4 mixer loads for 

the 4 beams in each set for mo'del 2. The surface area to volume of 
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both the concrete mixer and the beams resulted in significant loss of 

fluid in the mix. It was observed from the casting of the first set 
I 

of beams for model 1 that the mix was too harsh, and did not possess 

the required workability. 

Initially, the water/cement ratio was 0.535 and the aggregate/cement 

ratio was 4.97. The original mix included the addition of plasticiser 

(Cormix P2) at the rate of 80 ml per 50 kg of cement, to increase 

workability. It was not considered satisfactory to increase the 

plasticiser content of the mix to obtain the desired increase in 

workability. The reduction in harshness and the increase in 

workability was, therefore, obtained by varying the water/cement ratio 

and the aggregate/cement ratio. The mix that proved to be most 

satisfactory possessed a water/cement ratio of 0.545 and an aggregate 

cement ratio of 4.69. This final mix gave good compaction around the 

small congested section and, of particular importance, around the 

transverse hole formers in the lower part of the section. 

The formwork for both of the model decks was constructed so that its 

support structure was completely separate from that of each model. 

This was intended to ensure that the'same load was applied to each of 

the support load-cells under self weight. 

During the construction of model 1, the importance of maintaining a 

clear gap between the flanges- of adjacent beams was not fully 

appreciated. During the curing of the in-situ concrete, the model 

deck was observed to bend upwards at the free edges and load was 

transferred from the end load cells to the central cells. This is 

believed to have been caused by shrinkage in the in-situ concrete. As 

the concrete at the bottom of the section began to shrink, movement 
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was prevented either by the lack of a gap between adjacent beams, or 

by the gap having been filled with cement paste. However, there was 

little restraint to movement at the top of the section, hence the 

transverse sagging curvature observed in the model deck. 

The most obvious indication of what had occurred came from the load 

cells along the supported edge, some of which were completely free, 

with no applied load. The gaps between the load cells and the deck 

were measured and a plot is shown in Figure 3.1. Before testing, the 

load cells were adjusted to ensure a relatively uniform distribution 

of load along the supported edge. 

Great care was taken while positioning and sealing the beams of model 

2. A minimum gap of 3 mm was left between adjacent beams. This gap 

was sealed by applying a bead of sealant from above to the gaps, along 

the tops of the bottom flanges. This method ensured that there was a 

gap between adjacent beam flanges filled with soft sealant and no 

cement paste. After the in-situ concrete of model 2 had been cast, the 

situation was monitored. There was no recurrence of the transverse 

curvature problem, and the distribution of the load on the support 

load cells was reasonably uniform. 

When the covering material was removed from the top surface of model 

2, after the in-situ concrete had been curing for approximately 2 

weeks, some cracking was noticed. The cracking was confined to 

relatively small zones, and the cracks were aligned either along the 

top transverse steel or along the top corner of the web of an inverted 

'T' beam. The cracks aligned along the transverse reinforcement were 

approximately 75 mm long and the crack width was generally in the 
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range 0.0 -+ 0.3 mm. The cracks were positioned between some of the 

webs of adjacent beams. 

The Concrete Society Technical Report 224 4 'Non-Structural Cracks in 

Concrete' refers to plastic settlement and plastic shrinkage cracks. 

These types of cracks form when the concrete is in a plastic state a 

few hours after placing the concrete. Plastic settlement cracks tend 

to form when the new concrete sets and shrinks and the shrinkage is 

restrained in some way. The restraint can be provided by fixed top 

steel. In effect, the concrete hangs from this top steel. Thus, with 

small cover, the top bars "pull through", producing a crack between 

the top steel and top surface, together with a small void below the 

top bars. Plastic shrinkage cracks are primarily formed by rapid 

drying out and generally extend deep into the structure. This type of 

cracking occurs when the rate of evaporation exceeds the rate of 

bleeding. 

In full size structures, plastic settlement cracks are typically found 

in deep beams, whereas shrinkage cracking is generally found in flat 

slabs. Even though the model is a deck slab, it has been concluded 

that the cracking visible on the top surface of model 2 is due to 

plastic settlement. This deduction is based on two features. Firstly, 

with regard to ambient conditions, the concrete was placed inside a 

laboratory with no wind and with a controlled ambient temperature of 

approximately 10-15*C, and the slab was cured under wet sacking and 

polythene sheets. Therefore, the evaporation rate would have been low. 

Secondly, with regard to the structure, the model section of the new 

concrete was effectively an assemblage of relatively deep lengths of 

concrete separated by the precast beam webs and the top reinforcement 
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was incapable of downward movement, being restrained by the tops of 

the inverted 'T' beam webs. 

The effect of the cracks on the behaviour of model 2 was likely to be 

small, considering their shallow nature. However, as a precaution, 

all visible cracks were filled with a very low viscosity epoxy resin. 

After the testing of model 2, which is fully described in Chapter 7, 

had been completed, six 150 mm diameter cores were removed from the 

model. These full depth cores allowed the extent of the early age 

cracking to be investigated whilst also allowing the effectiveness of 

the resin injection to be evaluated. These investigations confirmed 

the suspicion that the early age cracking was a result of settlement 

rather than shrinkage. The cracks were observed to progress no 

further down the section that the top reinforcement. It was concluded 

that early age cracking should not have a significant effect upon the 

structural response since it had been shown that the cracks were due 

to settlement and also that the resin injection had been successful in 

filling these cracks. 

3.2 Data Acquisition 

3.2.1 Model I: Data Collection 

It was envisaged, at an early stage, that the data collection system 

for the model tests would have to incorporate computer processing if 

it was to be effective. Therefore, after assessing the available data 

acquisition systems, it was decided to use an Intercole Ms Logger unit 

driven from the departmental Data General Eclipse mini computer. Data 

was stored on the Eclipse computer during the test and subsequently 

transferred to the central IBM 3083 mainframe computer for in-depth 

analysis and manipulation for presentation. 
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A program was written for the Eclipse computer to drive the Logger 

unit. This program was highly interactive and possessed many useful 

features to allow significant local processing of the data, detection 

of gross errors and monitoring of the events in engineering units. All 

readings were written to a printer locally, as a safeguard against 

failure of the magnetic storage media used to hold the results on the 

Eclipse computer. 

Five different types of transducer were used for data collection: load 

cells; electrical strain gauges; platinum resistance thermometers; 

linear voltage displacement gauges; and electro -mechanical strain 

gauges. 

Load cells were used for the supports with an accuracy of ± 0.25 kN 

and also on the HB Bogie Jack with an accuracy of ±1M. 

Three types of electrical strain gauges were used on model 1,60 mm 

linear gauges on the beam soffits aligned along the beams, 20 mm 

rosettes on the top surface and 20 mm weldable strain gauges attached 

to the prestressing wire and reinforcement. 

All of the electrical strain gauges were connected in a half bridge 

configuration with a dummy gauge mounted on a similar material to the 

active gauge. This system coupled with the stable constant current 

sources gave results which were very stable over time, with a 

resolution of 0.48 Ae and were temperature compensated. However PRT's 

(Platinum Resistance Thermometers) were also positioned around the 

slab, some on the surface and some cast inside the in-situ concrete. 
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These monitored the instantaneous temperature distribution around the 

slab whenever readings were taken from the strain gauges. 

Regions of concrete in tension generally pose difficult problems for 

the capture of strain data. Strain gauges are not generally 

satisfactory, because of their low tensile strength and their 

subsequent inability to survive cracking of concrete. However, in 

this case, the majority of the concrete subjected to tensile strains 

from the applied loading was in fact prestressed. The prestress 

delay$ the onset of cracking, thereby allowing strain gauges to 

produce reasonable results for heavier loads. 

Linear strain gauges 60 mm long were attached to the soffit of the 

precast beams while they were assembled in the frame, before the 

casting of the in-situ concrete. To cater for the post cracking phase 

and to obtain strain information from more points than could be 

realistically strain gauged, de-mec points were also used. 

The de-mec points, with a gauge length of 100 mm, were positioned at 

systematic locations on the soffit of model 1, see Figure 6 of 

Appendix 5.3. Their locations, forming continuous lines transversely, 

were selected to provide information on transverse strains across 

sections parallel to the supported edges. Other de-mec points were 

positioned across the 60 mm strain gauges on the soffit for two 

reasons. Firstly, they enabled data on the correlation between strain 

gauge and de-mec points to be obtained, see Figure 3.2 and secondly 

they gave strain information in the post cracking range. However, 

readings from these isolated de-mec points needed careful 

interpretation, due to the possibility of cracks passing close to, but 

not through the gauge length between de-mec points. 



33 

24 

20 

E 16 

0. 
0 

12 

8 

4 

I 

600 

C) 
c 

-. 3 

CA: 

.C 
400 

0 
IL 

u ao E 

200 

AFTER CURING OF THE IN-SITU CONCRETE 

Each line indicates the 
correlation between a 
strain gauge and its 
coincident de-mec 
points 

perfect - 
correlation 

Strain gauge length = 60mm 
De-mec point gauge = 100mm 

All reading were taken before concrete 
cracking was visobte 

0 
0 100 200 30C 400 500 600 

Strain Gauge Reading (VC) 

FIG. 3.2 DIAGRAM SHOWING THE CORRELATION BETWEEN 
STRAIN GAUGES AND COINCIDENT DE-MEC POINTS 
ON THE SOFFIT OF MODEL 1 DURING TESTING. 

13579 11 13 15 17 19 21 23 
BEAM NUMBER 

FIG. 3.1 DIAGRAM SHOWING THE GAPS THAT WERE 
MEASURED ALONG SUPPORT LINE I OF MODEL 1 



34 

The normal method of measuring de-mec strains is to use a de-mec body 

onto which is mounted a calibrated dial gauge. Recording the readings 

manually from the dial gauge and then manually processing them would 

have severely limited the analysis of the results. Therefore, methods 

of electrically measuring the de-mee strain were investigated. The 

solution arrived at for model I used the only electrical de-mec unit 

that was commercially available. The unit, which is shown in Plate 

3.5, works on the principle of a strain gauged cantilever being 

displaced by the moving de-mec points. Besides having electronically 

readable output, the unit, with a range of ± 30000 pe, could be used 

across cracks. The accuracy displayed by this unit was satisfactory, 

as can be seen from Figure 3.2, which shows the correlation obtained 

between de-mec and strain gauge readings. 

The displacement of model 1 was monitored by 12 LVDT' s mounted on a 

frame which was independent of the testing rig. A few of the LVDT's 

had a range of, 30 mm whereas most had a range of 50 mm. They all 

displayed a good resolution of ± 0.05 mm. 

During the test on model 1, there were 99 transducers and 47 sets of 

de-mec points attached to the model. 

3.2.2 Model 2: Data Collection 

The systems used for the collection of data from model 2 were similar 

to those used for model 1. There were, however, areas where 

improvements were made and these are described below. 

20 mm rosettes were again attached to the top surface, however, for 

model 2, similar rosettes were also used on the beam soffits. This 
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change from linear gauges to rosettes was for the investigation of the 

greater torsional shear anticipated in the beam flanges. 

Weldable strain gauges were attached to the prestressing wires used 

for model 1. However, attaching these gauges to the prestressing 

strand used for model 2 posed a more difficult problem. Af ter an 

investigation, weldable gauges were rejected in preference to normal 

foil strain gauges, which were attached to the strand after it had 

been coated with a ductile plastic epoxy resin to give it a smooth 

surface. After the gauges were attached, they were liberally coated 

with waterproofing, for protection in the harsh concrete environment. 

Weldable strain gauges were used for the non-prestressed reinforcement 

in a similar way to model 1. Successful tests for accuracy and 

repeatability were carried out to validate the use of foil gauges on 

the strands. 

Although the electrical de-mee unit had given satisfactory results for 

model 1, it was felt that the instrument was the weak link in the data 

collection facilities. Therefore, a number of steps were taken to 

improve the accuracy and reliability of the de-mec strain readings. 

Most noticeable of these was the development of a new electrical 

de-mec unit. The final design used a standard C& CA de-mec's body, 

onto which was mounted a very accurate LVDT, see Plate 3.6. The new 

de-mec unit provided a range of t 15000 pe to a precision of t8 Ae. 

The computer program that had been written to drive the logging system 

was improved, so that it sampled the de-mec unit four times over a 

period of 7 seconds. The maximum variation of any of the four 

incremental readings from the average of the incremental readings 

(eav) was compared to a preset figure (10 At for fav < 1000 ACI 1% for 
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fav > 1000 ILE) - If any reading was outside the appropriate range, 

more readings were taken until a steady signal was obtained. After a 

group of de-mec readings had been recorded, a repeat reading of a few 

randomly chosen points in the group was carried out. The new readings 

were compared with the criterion given above. If any of the repeat 

readings did meet the criterion, the group was re-read and the same 

process carried out. 

Before the de-mec unit was used for a scan, it was calibrated against 

an invar calibration bar. The calibration bar was accurate to 50 Ae 

in 10000 jue. 

3.2.3 Model Bearings 

Both models had one supported edge resting upon bearing units similar 

to the one shown in Plate 3.7. The top part of the unit incorporated 

a load cell with a low profile design, this ensured that the units 

were very stable. The load was transferred from the lelastomeric' 

type bearing through a 20 mm thick steel plate to the hardened steel 

load button that can be seen on the top of the load cell. The 

spherical surface of the load button allowed rotation about the three 

axes, while the lower half of the unit incorporated ball bearings to 

allow ± 10 mm of translational movement in plan. 

The second supported edge, known as the 'dead end' rested upon the 

same number of lelastomeric' type bearings, however the supports under 

these did not incorporate load cells or ball bearings. Therefore the 

'dead end' bearing units still allowed rotation about the three axes 

but translation in plan was restricted. The units were not fastened 

down in any way therefore translation was possible if the side force 

overcame the friction of steel upon steel. 
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DESIGN OF MODEL BRIDCE DECK 1 

4.1 Introduction 

The literature survey revealed an almost complete lack of useful test 

data for composite concrete slab bridges. To simulate actual 

conditions as closely as possible in the laboratory, the relatively 

large scale of 1: 3.5 was selected. Loading intensities were set to 

provide equal strains in the model and prototype bridges, and the 

loading patterns studied were modelled on BS 5400 Part 2 (1978) 

highway loadings. 

Initially. information was sought from The Department of Transport on 

the current state of design for this type of prestressed concrete 

bridge deck construction. Following the enquiry, one set of drawings 

was received for a standard bridge deck with a skew of 25 degrees. 

However, it is not possible to ascertain whether any actual bridges 

have been constructed from this standard design. Further designs were 

requested from The Department of Transport, although no further 

information was received. Enquiries were also made of consultants, in 

the hope of obtaining more drawings. Although the consultants 

approached were very willing to discuss design, they were very 

reluctant to supply drawings and detailed information. The f irst 

model bridge deck design was therefore based on the one set of 

drawings supplied. 

The general layout of the full size deck can be seen in Figure 4.1. 

Each of the prestressed beams is 535 mm deep and is pretensioned with 

13 No. 12.5 mm diameter 7 strand prestressing tendons each loaded to 

116 M. The position of the tendons can be seen in Figure 4.2. Twenty 
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two of these beams laid side by side at 504 mm centres carry one dual 

carriageway, two lane, all purpose road (D2 APR) over a 5.5 m single 

carriageway road with 2m verges. 

4.2 Overall model concep 

Initially. the implications of model construction were considered. In 

particular, the question of how close to scale the model would have to 

be in order for the results to be meaningful, bearing in mind the 

constraints of time, feasibility and finance, had to be resolved. It 

was decided that discrete beams would have to be used to take account 

of the different natures of prestressed and non-prestressed concrete, 

the different concrete grades and the effect of bond between the 

pre-cast and in-situ concretes. These factors give this type of 

construction a complex set of properties which could not be 

satisfactorily modelled in any other way. 

The maximum skew given on the drawings for standard bridges is 25 

degrees and the maximum beam span is 11.5 m. It was decided to base 

the model on these parameters, to obtain the most interesting and 

useful results. 

Once the type of model construction and full scale dimensions had been 

decided, it was necessary to calculate the smallest practical scale 

factor that could be employed, considering the facilities available 

for testing and the smallest feasible size for construction of the 

prestressed beams. A compromise was arrived at, whereby the capacity 

of the available testing facilities was doubled; and the precast beams 

were reduced to the smallest feasible size at which dimensional 

inaccuracies would have an acceptably small effect on behaviour and 
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safety. This allowed the model to be designed at a scale factor of 

3.5. The dimensions of the resulting model deck and a comparison with 

the full size structure can be seen in Figures 4.1-4.4. 

4.3 Loadin 

For the purposes of the analysis, the model deck was considered to 

have three notional lanes (BS 5400 Pt 2 (1978) cl 3.2.9.3) each of 

width 997 mm. The Department of Transport's finite element package 

STRAND2 was used to provide data to assess the compliance of the model 

bridge deck with BS 5440 (1978). The finite element mesh used for 

these analyses is shown in Figure 4.5. 

Initially, a set of 16 basic load components was devised: 

1. Dead weight and density correction of 0.0144 N/mm 2 

2. Superimposed dead load of 0.00196 N1mm 2 

3. Full HA uniformly distributed load in the upper edge lane of 

0.00812 N/MM2 

4. Full HA knife edge load at centre span of upper edge lane of 

8.41 N/mm 

5. Full HA uniformly distributed load in the middle lane of 

0.00812 N/mm2 

6. Full HA knife edge load at centre span of middle lane of 

8.41 N/mm 

7. Full HA uniformly distributed load in lower edge lane of 

0.00812 N/mm2 

8. Full HA knife edge load at centre span of lower edge lane of 

8.41 N/mm. 

9.45 units of one HB bogie at centre span of middle lane of 9184 N 

per wheel 
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10.45 units of one HB bogie at centre span of lower edge lane of 

9184 N per wheel 

11. Full HA knife edge load adjacent to acute corner in upper edge 

lane of 8.41 N/mm 

12. Full HA knife edge load adjacent to right support in middle lane 

of 8.41 Nl= 

13. Full HA knife edge load adjacent to obtuse corner in lower edge 

lane of 8.41 N/mm 

14.45 units of one HB bogie at 1/3 span in lower edge lane adjacent 

to obtuse corner. 

15.45 units of two HB bogies in lower edge lane, one at 1/6 span 

adjacent to obtuse corner and the other adjacent to the acute 

corner 

16. Temperature loading 

In all except load case 15, the span of the deck is too small for a 

second HB bogie to have a significant effect. 

Load case components 1 to 10 are concerned mainly with the analysis 

for assessing the flexural design, whereas load case components 11 to 

15 are concerned with the analysis for assessing the design against 

shear failure. After the load case components had been processed, 

their effects were combined, using the appropriate load partial safety 

factors (, yfl), to obtain the main analytical load combinations. These 

combinations are described below and illustrated in Figure 4.6. Wind, 

and collision loadings were not considered. 

Load combination 1: - This load combination consisted of the 

superimposed dead load in addition to the self weight and density 
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BAR LOCATING TABLE 

BENDING SCHEDULE 
No. 

BAR TYPE GROUPING SHAPEI CRS. TOTAL 
REF. SIZE CODE No. 

01 R10 2x2x2 99 8 
RIO 2x3x2 99 50 12 
RIO 2x2x2 99 75 8 
R10 2x2x2 99 
RIO 2x4x2 99 135 16 
R10 Ix2x2 99 610 

02 R12 lx2x2 20 4 

Notes 

1. Concrete Class 50/20 

2. Concrete Finishes 

Formed Surfaces 
non exposed surfaces Class F1 
precast beam exposed 
surfaces Class F5 

Unformed Surfaces Class U4 
beams top Isee Note 18) 

3. Ccver 
general 30min 

4. Reinforcement lop lengths 40d min 

5 Bending schedule No. given at head of 
Bar Locating Table 

6 Supports for vertically stacked beams to be 
in a vertical line and between 0.30m and 
0.60m from each end. 

7. Excepting links framing web holes one set 
of links may be displaced to touch adjacent 
to provide wider stacking area between 
stacked beams. 

Prestressing Notes 

8. Strand to be 12.5mrn dia. 7 wire low relaxation 

9. Each strand to be tensioned to 116kN 

10 Beam concrete to achieve min cube strength 
of 40N/mm 2 at transfer 

FIG. 4.2b. FULL SIZE BEAM BAR LOCATING TABLE AND NOTES. 
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correction. All other load combinations, unless otherwise stated, 

included this load combination. 

Load combination 2: - It was assumed that the superimposed dead load 

had been removed, so as to produce the worst effect for transverse 

sagging moments. 

Load combination 3: - 45 units of one HB bogie, was placed at mid span 

in an edge lane with HA in the far lane, to check the resistance to 

longitudinal sagging moments. 

Load combination 4: - The superimposed dead load was removed for this 

combination and 45 units of one HB bogie was placed as close to the 

edge as possible to consider the worst case of transverse hogging 

moments. 

Load combination 5: - This load combination is similar to load 

combination 3, except that the knife edge loads and the HB bogie were 

moved closer to a supported edge. The centre of the HB bogie was at 

1/3 of the span for the worst shear effect. With the bogie in this 

position, the second bogie was partly on and partly off the deck at 

the far support. For this reason, and considering the relative 

distances involved, the second bogie was neglected. The knife edge 

loads were positioned approximately 2.5 slab depths from the supported 

edge. 

Load combination 6: - This combination is similar to 5 except that the 

HB bogie was moved so that the nearest point of the bogie axle was at 

2 slab depths from the support. The KEL's were placed in a similar 

position to those in combination 5. 

Load combination 7: - This load combination consisted of the maximum 

HA loading without the presence of HB loading to check the 

longitudinal sagging moments. 
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All 7 load combinations were utilised for both the Serviceability and 

Ultimate Limit State checks. The analyses were repeated for both 

uncracked and cracked transverse bending stiffnesses. 

The relative importance of knife edge loads was considered, for the 

combinations concerned with bending strength. After an investigation, 

it was discovered that, for the critical cases, the knife edge loads 

had an effect of less than approximately 4% on the maximum moments. 

Therefore, considering the scale of their effects and the difficulty 

of application, it was decided to ignore the knife edge loads during 

the physical testing of the model bridge decks. 

4.4 Bearings 

The bending moment and shear force distributions in a slab bridge are 

dependent on the spacings and stiffnesses of the bearings. No details 

of the nature of the support bearings for the standard bridge deck 

were provided on the drawings supplied. After discussions with 

consultants and bridge bearing manufacturers, it was concluded that 

elastometric bearings were typical for this form of construction. From 

the information provided, a typical stiffness of 71 kN/mm for a full 

size bearing was determined. 

The stiffness of a model bearing was set at 1/3.5 times a prototype 

bearing stiffness to give scale displacements under scaled loads. For 

the purposes of analysis, when there are fewer support points than 

there are bearings, the stiffnesses of the analytical bearings were 

determined so as to maintain the total support stiffness along an 

edge. 
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4.5 Model Bridge Deck I Desizn 

Only a brief summary is included here, detailed calculations can be 

seen in the Appendices of Research Report no TRR 842/368, produced for 

the Transport and Road Research Laboratory (hereafter referred to as 

the Report). 

4.5.1 Model Beam Design 

The first consideration in the design was the model beam section 

profile. The shape chosen is as close as possible to an exact scale, 

taking into account that fine detail could be lost without detriment. 

Some thicknesses were increased to enable satisfactory manufacture. At 

all times, the values for the overall geometrical properties: area; 

second moment of area; and neutral axis depth were kept as close to 

the scale values as practical. A comparison of these properties is 

given in Tables 4.1-4.2. It was considered important to retain some 

form of top flange as well as a bottom flange. At the time, the 

importance of these top flanges on the behaviour of the deck was 

unknown. However, to assist in "containing" the in-situ concrete and 

to enhance interface bond and shear transfer between beams, it was 

decided to incorporate a top flange, even though the geometrical 

properties of the section were then not quite as close to the scaled 

quantities. 

Prestressing of the full size beams was provided by numerous 12.5 mm 

diameter 7 wire tendons. For the model, only prestressing wire was 

available, and then only in a limited range of sizes. The model 

prestressing system was chosen so that: - 

I 
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Steel Details Moment Details 

Area Centroid Ece. Decomp. Ultimate 
From NA. Moment Moment 

Pres. Rein. Pres. Rein. (Nmm. ) (Nmm. ) 

(mm, -) (mm, -) (mm) (mm) 

Prototype 1209 226 425 55 131.2xlO6 323.2xlOl 

Model 101 36 119 14 3.06xlO' 7.343xlO6 

Error 2.3% - 2% 10% 0.002% 2.6% 

Table 4.1 Comparison between Prototype and Model Beam Section Proper- 
ties. 

Geometry Prestress 

A x I Average Top Soffit 
(mm') (mm -) (MM4) (N1mmI) (N/mm') (N/mm) 

Prototype 113230. 338. 3.285x109 13.318 -0.181 21.19 

Model 10414. 94.1 23.36xlO' 12.4 -0.48 19.53 

Error 12% 2* 6% 6.7% 6.9% - 7.8% 

Table 4.2 Comparison between Prototype and Model Beam Section Proper- 
ties. 
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1. The area of steel was as close to scale as possible; 

2. The net lever-arms, both from the slab neutral axis and the beam 

neutral axis were as close, as possible, to scale; 

3. The prestress in the top and bottom fibres was similar to that in 

the full size beam; 

4. The prestress was at approximately the same proportion of the 

characteristic strength of the steel as in the full size beams, 

taking into account the different stress-strain relationships for 

strand and wire. 

As the diameter of the model wires was greater than the scale size and 

the wires were plain, their bond properties were not truly-scaled 

quantities. The beams were, therefore, cast longer than scale to 

provide a greater anchorage bond length. In the full size beams, 

there are sufficient wires to allow a gradual debonding, whereas in 

the model there are only a few wires, so a fully-bonded design was 

adopted. 

In addition to the prestressing wires, there was also a quantity of 

non-prestressed reinforcement in the top flange. This was larger than 

the scale amount due to available bar sizes and the desire to have two 

separate bars at each edge of the top flange. This accounts for the 

large error in the scale reinforcement area. However, this increased 

area of steel should not affect the model behaviour significantly, as 

no appreciable hogging moments were predicted, and the bars were 

positioned close to the neutral axis of the composite slab. 

The beam profile design and prestress arrangement were checked at 

transfer to ensure that the limiting stress clauses of BS 5400 (1978) 
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BAR LOCATING TABLE 
SENDING SCHEDULE 
No 

BAR TYPE I 
GROUPW4G SHAPE CRS TOTAL 

REF SIZE CODE No 

01 R3 2*1*2 99 4 

01 R3 2* 1*2 99 4 

01 R3 2*3*2 99 12 

01 R3 2*1*2 99 4 

01 R3 2*2*2 99 153 8 

01 R3 2*4* 1 99 225 48 

02 R4 2*1 20 2 

Notes 

I Concrete 50/6 

Cover - General 8 min 

PRESTRESSING NOTES 

1. All Wire to BS5896-1980 

2. Tensioning Forces: - 
Tendons 1.2 &3 34.7kN 
Tendon 4 18.9kN 

3 Minimum Cube Strength 
2 at Transfer 40N/mm 

Tendon Sizes: - 
Tendons 1.2 &36. Omm 0 
Tendon 4 4.5mm 0 

FIG. 4.4b. BAR LOCATING TABLE AND NOTES FOR MODEL BEAMS 
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were complied with. For this calculation, the self-weight of the 

beams was neglected, because of the scale effect and the fully bonded 

design that had been adopted. 

The drawings of Figure 4.4 shown the final section and prestressing 

arrangement. 

4.5.2 Initial Serviceability Assessment 

Once the model beam design had been decided, it was checked for 

compliance with serviceability requirements. This was achieved using 

the STRAND program to analyse the deck using the appropriate long term 

material properties and safety factors for the Serviceability Limit 

States. The total moments along the beam of the idealised isotropic 

and homogeneous deck were used for these checks. Details of stress 

limit calculations are given in Appendix 2.1 of the Report. 

However, with this form of construction, some tensile stresses will be 

present in the soffit flanges of the beams when torsional moments also 

act upon the beams, albeit at a relatively large angle to the line of 

the beams. 

That this is so can be seen by considering stress resolution. If the 

Cartesian x direction is placed along the beam axis, and the normal 

stress an of a soffit fibre inclined at a degrees to the x axis 

(clockwise positive), then 

an - aX COS20f +ay- sin2a -a XY s in2a 

Due to prestress ax - -ac, (T y 
01 crxy -0 

Due to bending and torsion ax at, ay - 0, axy 

(4.1) 

The nett stress O'n m (6t ' O'd Cos 2a-r sin2ci 
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For no tensile stress an <0 for all values of ct. Dividing by cos 2 of 

and neglecting to consider a -90*; since for that case an - 0, gives 

the requirement that lacl > at + 127 tanal, for no tensile stress in 

any direction. Thus, in the presence of torsion, there must be some 

tension in the material at an angle approaching 90' to the beam axis. 

4.5.3 Ancillary Deck Reinforcement 

For the lower transverse reinforcement, the exact scaled distance 

between beam holes could not be used for two reasons. Firstly, there 

were no suitable bars of the correct size available for the transverse 

reinforcement and also the provision of scaled shear links would not 

have been possible. Therefore, the spacing was increased so that the 

area, position and type of transverse reinforcement could be modelled 

as accurately as possible, while also considering the reinforcement 

spacing clauses of BS 5400 (1978). Finally, 6 mm Torbar in bundles of 

three and placed through each hole was chosen. The holes were spaced 

at 225 mm centres, see Figure 4.8. The corresponding details for a 

full size deck are shown in Figure 4.7. 

A similar philosophy was adopted for the modelling of the top 

transverse steel. Nominal top longitudinal reinforcement was included 

in the design for crack control considerations, even though the small, 

required ultimate moment of resistance was catered for by the 

additional top beam reinforcement and the fact that negligible 

longitudinal hogging moments were expected. 

Essentially, the full size deck contains uniformly distributed 

non-prestressed reinforcement over its whole plan area, see Figure 

4.9. However, there are additions to this reinforcement in zones 
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adjacent to the parapet along the free edge. The parapet and 

transverse section details can be seen in Figure 4.3a. It was felt 

that this parapet could be neglected in the model idealisation. This 

was because the parapet would be designed and constructed in such a 

manner that its effect upon the behaviour of the overall slab would be 

small. Otherwise, because the parapet has a high eccentricity from 

the NA of the slab, it would fail early in an overloading situation, 

subsequently having little effect upon structural behaviour. The 

ancillary reinforcement designed for the model is shown in Figure 

4.10. 

4.5.4 Ultimate Limit State for Bending 

After tentative designs for both the prestressed beams and the 

ancillary reinforcement had been decided, the overall structure was 

checked at the Ultimate Limit State. The STRAND program was utilised 

to produce the required Moments of Resistance using the Wood-Armer 

equations. The directions and intensities of the principal moments at 

the ULS for load combination 3 can be seen in Figure 4.11. The 

Moments of Resistance of the sections perpendicular to the 

reinforcement were calculated using the simplified stress block of BS 

5400 (1978), while taking into account the different concretes used 

for the beams and in-situ material. This analysis revealed that, with 

the moment fields produced by STRAND, the strength of the transverse 

sagging section was significantly less than that required, by a factor 

of about 2. 

A yield line analysis was, therefore, carried out. The details are 

given in Appendix 2.2 of the Report and they show that the deck, 

including the transverse section, possesses sufficient strength to 

resist the moments at the ULS condition. Subsequently, the STRAND 
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program was run using a calculated cracked stiffness for the 

transverse direction, and the results from this analysis showed that 

the reinforcement provided was then sufficient to satisfy the 

Wood-Armer. conditions. The details can be seen in Appendix 2.3 of the 

Report. 

4.5.5 Final Flexural Serviceability Limit State Analysis 

From the results of the Serviceability Limit State analysis by STRAND, 

the limiting stress and crack control clauses of BS 5400 (1978) were 

shown to be complied with for the reinforced concrete in the 

transverse direction. However, it is debatable how appropriate the 

crack control clauses are to construction of this type. In which all 

but the top surface is encased in prestressed concrete. 

4.5.6 Shear Design 

When the flexural analysis had been concluded, the shear resistance of 

the slab was assessed. All shear design and calculations were carried 

out at the Ultimate Limit State, as interface shear design, which is 

checked at the Serviceability Limit State, need not be considered with 

this form of composite construction (BS 5400 Pt 4 (1978) cl 7.4.2.3). 

Shear Reinforcement Design: All vertical shear reinforcement for this 

mode, of construction is provided by shear links in the prestressed 

beams. Two, R10 shear links at 610 mm centres, each with two legs, 

are specified for the full size deck, see Figures 4.2 and 4.7. The 

smallest practicable size for the model shear links was 3.0 mm 

diameter, which was adopted. Thus, the spacing of the transverse 

holes through the beams was modified to ensure a scaled quantity of 

shear reinforcement. The distance was changed from 174 mm to 225 mm, 

an increase of approximately 29%. 
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The quantity of shear reinforcement in the full size structure is 

increased at the ends of the beams to resist the splitting action of 

the prestressing wires and the shear near the supports. Reproducing 

the details of the shear reinforcement design was considered too 

complicated for realistic production of the model beams, and they were 

therefore modified. Also, the model beams are longer than the scaled 

size, and overhang the bearings, to provide the longer bond length 

required by the round wires. Thus, the most severe effects of 

splitting and vertical shear occur at different sections. 

The profile of the model shear links can be seen in Figure 4.4. It 

can be seen that the model link shape agrees closely with that of the 

full size beam, as shown in Figure 4.2. 

Shear Analysis: The STRAND program was used to obtain the shear 

forces present in the model deck at the Ultimate Limit State. The 

directions and intensities of the principal shear forces for load 

combination 5 can be seen in Figure 4.12. 

The shear reinforcement along the model beams is divided into three 

sections. Two sections at opposite ends reaching approximately 2 slab 

depths from the supports, and the third section in the middle where 

the reinforcement is uniform. Thus, load combinations 5 and 6 were 

used for the analyses of the strengths of the middle and end sections 

respectively. 

The design of a composite slab of this type is complex and open to 

debate. This is due to the interlaced nature of the reinforced and 

prestressed concretes, neither of which is generally in the direction 
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of principal shear forces. After the required shear strengths for the 

longitudinal and transverse directions had been obtained from the 

analysis, for two critical sections, a number of different approaches 

was used to assess the strengths of the sections. Details of the 

calculations are given in Appendix 2.3 of the Report. 

4.5.7 Bond of the round wire tendons 

As mentioned above, the model beams were constructed longer than the 

scaled size to provide a longer length for bond action to develop. The 

scaled distance from the centre of a bearing to the beam end is 85.7 

mm, whereas 307 mm. was actually provided. 

In Appendix 2.5 of the Report, the results of strain measurements on a 

number of model beam tendons are recorded. These show that the 

prestress losses are close to those calculated (see Appendix 2.6 of 

the Report), at both the centre and quarter points, 60 days after 

release. 

One of the beams that had been rejected for inclusion into the model 

bridge deck, because of lateral bowing and the presence of surface 

voids was tested to failure in bending. The first crack detected by 

the naked eye was at a calculated concrete tensile stress in excess of 

that expected and the beam failed by crushing at a higher load than 

calculated. There was evidence of bond slip. Details of the test are 

given in Appendix 2.5 of the Report. 

Some of the remaining rejected beams were formed into composite beams 

and tested in bending. Failure of these beams was initiated by a 

flexural crack and was due to bond failure. The reasons for this are 

described in Appendix 2.5 of the Report. 
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Although an improved concrete mix was used for the beams in the bridge 

deck, and they were of a better quality, and the prestress release 

technique-was improved, a number of measures were studied to improve 

the anchorage of the prestressing tendons. These are discussed in 

Appendix 2.5 of the Report. 

Tests on two composite members incorporating prestressed beams similar 

in quality to those used for the model deck are described in Appendix 

3.1 of the Report. One of the beams had end plates welded to the 

prestressing tendons. The load deflection graphs for the two members 

were similar, as were the ultimate moments and the crack patterns. 

Cracking was well distributed and indicated good bond until the tendon 

stresses approached yield. It was concluded that bond failure in the 

beams of the model deck was unlikely, until the tendon stress 

approached yield. However, as the behaviour of the two beams was so 

similar, as a precaution, mild steel plates were welded to the ends of 

the prestressing tendons in the beams of the model deck. 

As cracking of the soffit of the model bridge deck was well 

distributed, and the extent of the cracking was increasing until 

failure, see Chapter 5 Figure 5.8, it was concluded that bond action 

was satisfactory. 

4.5.8 Bursting Stresses 

Due to the bursting action of the prestressing tendons in the end zone 

of the beams, extra shear reinforcement is provided to resist this 

cracking. Green 4 suggests that the required area of vertical 
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reinforcement can be calculated from an analogy with a deep beam. In 

this case, it was found that 3 extra shear links in the end zone would 

provide sufficient restraint. 

4.5.9 Detailing 

Transverse holes: - The transverse holes are slightly larger than 

scale, so that they can accommodate the larger than scale transverse 

reinforcement bars and also to allow adequate concrete flow through 

the holes. This is necessary to ensure good bond to the transverse 

reinforcement along its entire length. As has been mentioned earlier, 

these holes, which are spaced at 610 mm in the full size deck have a 

spacing of 225 mm. in the model deck. This represents a relative 

increase in spacing of 29%. 

Cover: - Cenerally, the cover to the reinforcement in the model beams 

is8 mm. However, cover to the vertical legs of the shear links is 

reduced to 5 mm, although these are later encased in concrete by the 

insitu slab. Cover to the main reinforcement of the composite slab 

has been standardised at 7 mm, which is approximately 18% less than 

scale to accommodate the larger than scale reinforcing bars. 

Cracking: - Cracking considerations are satisfied by compliance with 

BS5400 Pt 4 (1978) cl 6.8.8.2.2. The spacing of the top transverse 

bars is 260 mm and of the bottom transverse bar is 225 mm, with the 

top longitudinal bars at 174 mm centres. 

4.5.10 Concrete 

Every attempt was made to ensure that the properties of the model 

concrete simulate as closely as possible those of the full size 

concrete. 
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Beams: -A 50/20 concrete was specified for these units, which is 

represented in the model by 50/6 concrete. From this specification, 

it can be seen that the aggregate size is only slightly above scale. 

Several leading prestressed beam manufacturers were consulted 

concerning detailed of mixes and moulds used by themselves. From 

these discussions, it was decided to use a rapid hardening cement with 

a moderate amount of plasticizer and to aim at a7 day cycle time. 

Although this mix design would give a strength of 40 N/MM2 at 5 days, 

the 28 day cube strength would be greater than 50 N/MM2 , approximately 

58-60 N/MM2. I was assured that this was representative of normal 

practice. The mix design for the beams can be seen in Appendix 1.2 of 

the Report. 

In-situ composite slab: - A 40/20 concrete was specified, which was 

represented in the model by a 40/6 model concrete. The mix design can 

be seen in Appendix 1.2 of the Report. 

4.5.11 General Considerations 

During construction of a full size deck, the precast beams are layed 

side by side on their bearings, all additional reinforcing steel is 

then placed in position. Subsequently, wet concrete is poured on the 

deck to form the composite slab. Hence, all dead weight is carried by 

the precast beams in the longitudinal direction while none of the 

auxiliary reinforcement is stressed. 

In the model slab, the actual dead weight of the model forms only part 

of the scaled self weight to be applied to the structure. The 

remainder consists of the scale factor density correction. Therefore 

strictly, the density correction loading should be applied to the 
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beams before the in-situ composite slab is cast. For the model, the 

density correction was applied after the in-situ concrete had been 

cast and allowed to harden. Thus, the model acted as a slab for the 

application of the density correction and transverse moments were then 

present in the composite slab under simulated self weight loading 

alone. 

The maximum moments present in the slab from the density correction 

loading represent approximately 19% of the moment present at the 

serviceability limit state in the critical zone. These moments are 

unlikely to effect the ultimate strength of the slab, as the 

redistribution that occurs when the reinforcing steel yields should 

ensure that there will be little difference between the moment fields 

in the model and in the full size bridge deck. 

If the alternative course of action of applying the density correction 

for the model slab to the beams by hanging or other such mechanism 

using 10 kg weights, 60% of the model plan area would have been 

covered, thus preventing access to the underside of the model slab for 

strain readings and crack propogation plotting. 
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TESTING OF MODEL DECK I 

5.1 Main testing_programme 

The initial part of the main testing programme was designed to 

reproduce, as closely as possible, the effects of traffic loading on a 

full-size bridge deck. Three load patterns were applied. The HB 

bogie was placed in the centre of each of the three nominal lanes in 

turn and the load on it increased to give 45 units at the 

serviceability limit state intensity. This level of loading was 

applied twenty times to facilitate any incipient crack growth. When 

the bogie was in an outer lane, one third SLS intensity HA loading was 

applied in the other two lanes. However, when the bogie occupied the 

centre lane there was no SLS HA loading applied in the outer lanes to 

give the worst transverse moments. 

Loading of ULS intensity was then applied with the HB bogie in the 

centre of an outer lane. The bogie load was then doubled and removed. 

For the final test, the bogie load was gradually increased until the 

load carrying capacity of the bridge deck began to reduce. 

A timetable of the construction and testing events is presented in 

Table 5.1. 

General views of the model under loading can be seen in Plate 5.1. 

The load-deflection history close to the centre of the free edge can 

be seen in Figure 5.1. The vertical axis of this f igure shows the 

load on the Jack connected to the HB bogie. The recorded load 

includes an allowance for the density correction and superimposed dead 

loading that could not be applied by steel weights in the vicinity of 
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the HB bogie. This accounts for the 'false-zero' of the plot. The 

effects of working loads plotted were for the HB bogie in the same 

position as for the ultimate limit state and failure loadings. 

5.1.1 Material specimen tests 

Numerous standard specimens were taken from the concrete mixes used to 

construct the model. These specimens, when tested under standard 

conditions, were used to gauge-the strength of the material at various 

stages. The most significant of these were at release of prestress in 

the pretensioned beams (generally at about 5 days); at 28 days; and 

at the time of testing. A summary of the results obtained from 

specimens tested at release and at 28 days is given in Tables 5.2 and 

5.3. Results from the specimens tested when the model deck was loaded 

to failure can be seen in Tables 5.4 and 5.5 and a statistical 

analysis of these properties is given in Table 5.6. 

A number of the standard 150 mm 9x 300 mm concrete cylinders were 

used to obtain stress-strain curves. Each cylinder had three sets of 

de-mec points equally spaced around its periphery at mid-length. 'After 

each test specimen had been capped with plaster the applied load was 

increased in increments. Strain readings were taken after each 

increment for the three sets of De-mee points and averaged. It was 

difficult to keep good control of the tests at high strain levels with 

the load control arrangement that was employed. Hence, probably, the 

stress-strain plots shown in Figure 5.2 do not show the full extent of 

the concrete's ductility. 

It will be noticed from Figure 5.2 and Table 5.6 that the mean precast 

and in-situ concrete cube crushing strengths are 64.9 N/mm 2 and 38.3 

N/MM2 respectively, while the cylinder crushing strengths observed 
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from the stress-strain tests are 43 N/mm 2 and 29.5 N/mm 2 respectively. 

Thus the ratios of the cylinder to the cube strengths for the precast 

and in-situ concretes are therefore 0.66 and 0.77. For the precast 

concrete,.. there is a large deviation from the generally accepted value 

of about 0.8. It is difficult to define precisely why this occurred. 

However, from Figure 5.2(1) the cylinder strengths of the four 

specimens tested varied from approximately 42 N/mm 2 to 45 N/mm 2, While 

the cube strengths from 29 specimens had a standard deviation of 7.1 

N/MM2 and a range of 76.6 N/MM2 to 49.4 N/MM2. Also, when it is 

recalled that the specimens came from 6 separate mixes cast over a 

period of approximately 2.5 months it can be seen that there was 

sufficient scope for a large deviation to occur. As the value of 

initial modulus is relatively insensitive to the concrete strertgth 

over the strength range observed, the measured modulus will be used 

with the average cube strengths for calculation purposes. 

Event Dates Description of Event 

22-3-84 to 4-6-84 Precast Beams Cast 
8-8-84 In-situ Concrete Cast 

22-2-85 Start of Testing 
25-2-85 to 12-4-85 Serviceability Limit State Testing 
23-4-85 to 27-4-85 Ultimate Limit State Testing 
3-5-85 to 7-5-85 Test to Failure 

8-5-85 End of Testing 

Table 5.1 Timetable of Events for Model 1 
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Precast Concrete 

Mix Cast Average Cube 
No Date strength at Average strength at 28 days 

release 

100mm cubes 150mm x 300mm 
cylinders 

(crushed) (split) 
N/mm2 N/MM2 N/mm 2 

1 21-3-84 48.3 61.7 3.8 
2 4-4-84 44.5 54.2 3.5 
3 16-4-84 50.4 61.5 3.6 
4 27-4-84 39.7 57.9 3.6 
5 15-5-84 49.6 66.5 3.8 
6 4-6-84 43.8 56.7 - 

Table 5.2 Sl--qry of concrete test results: tests carried out at 
release and 28 days. 

In-situ Concrete 

Mix Cast Average 
No Date strength at Average strength at 28 days 

7 days 

100mm cubes 150mm x 300mm 
cylinders 

(crushed) (split) 
N/MM2 N/MM2 N/MM2 

8-8-84 27.0 40.7 3.1 

Table 5.3 Summary of concrete test results: tests carried out at 7 
days and 28 days 
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Precast Concrete 

Mix Details Results N/mm 2 
No 

I 

1 100mm cubes (crushed) 66.4, 74.4, 72.3 
150mm cylinders (split) 3.3 

50mm cubes (crushed) 73.8, 78.1, 77.8, 65.0, 80.4 
50mm cylinders (split) 4.8, 4.6, 3.6,4.0,5.4,5.0 

2 loomm cubes (crushed) 53.1, 49.4 

3 loomm cubes (crushed) 68.3, 66.2, 63.1, 66.9, 66.7 
63.6, 68.6. 71.6, 59.5 

4 loomm cubes (crushed) 61.1, 62.5, 63.0 
150mm cylinders (split) 4.1 

5 loomm cubes (crushed) 69.8, 77.2, 71.5, 72.7, 76.6,67.4 
150mm cylinders (split) 4.2 

p O 
6 loomm cubes (crushed) 58.9, 62.8, 60.1, 53.6, 55.7,57.8 

150mm cylinders (split) 4.2, 3.4 

Table 5.4 Precast Concrete Material Properties for Model Deck I 

In-Situ Concrete 

Mix Details Results N/MM2 

No 

1 100mm cubes (crushed) 39.6,36.3,37.9,39.0,38.0,37.7 
40.6,38.5.37.0.38.2,38.5,38.3 

150mm cylinders (split) 3.1,3.0 
50mm cubes (crushed) 38.4,36.0,37.5.37.6,37.7,37.6 
50mm cylinders (split) 3.3,2.7,2.7,3.2,2.9,2.7 

Table 5.5 In-Situ Concrete Material Properties for Model Deck I 
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Precast Concrete 

Test Sample Mean S. D. 

100= cubes (crushed) 29 64.9 7.1 

150= cylinders (split) 5 3.9 0.5 

50mm cubes (crushed) 5 75.0 6.1 

50mm cylinders (split) 6 4.6 0.7 

In-Situ Concrete 

Test Sample Mean S. D. 

100mm cubes (crushed) 12 38.3 1.1 

150mm cylinders (split) 2 3.0 0.1 

50mm cubes (crushed) 6 37.5 0.8 

50mm cylinders (split) 6 2.9 0.3 

Table 5.6 Statistical Analysis of Concrete Material Properties for 

Model Deck 1 

Tests were also carried out upon samples of the prestressing wire and 

reinforcing steel that was used in model 1. The four types of 

material employed were, 6mm diameter prestressing wire, 4.5mm, diameter 

prestressing wire, 6mm diameter 'Torbar' high yield reinforcement and 

3mm diameter 'Mild' steel reinforcement. Numerous samples of the 6mm 

and 4.5mm wire were tested during the manufacture of the 6 sets of 

precast beams. Four samples of each of the reinforcement types were 

also tested. 
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Each test was carried out on a specimen approximately 300mm long in an 

Avery tensile test machine under displacement control. The initial 

part of the curve, including the whole elastic and half of the plastic 

region, was monitored using an electrical extensometer. Thereafter, 

the displacement of the machine cross-head was used to obtain strains. 

The results of the tests indicated that the 4.5mm diameter 

prestressing wire, 6mm diameter 'Torbarl reinforcement and the 3mm 

diameter 'Mild' steel exhibited good property consistency over their 

lengths. However, the 6mm diameter prestressing wire tests revealed a 

variation of approximately i 4% in the material properties over its 

length. The stress-strain plots for all 4 materials can be seen in 

Figures 5.3 and 5.4. 

5.1.2 Bearing stiffness test 

The model deck was supported upon 44 lelastomeric' type supports. The 

22 of these that were situated along support line 1 also incorporated 

load cells. Each support consisted of two layers of 6mm rubber, with 

a sheet of steel sandwiched between, and each possessed a stiffness of 

approximately 20.1 kN/mm. This corresponds to a full size stiffness 

of 70.5 kN/mn which is representative of commercially available 

bearings. 

5.1.3 Model Deck test 

Initially, the deck was loaded with 9.4 tonnes (1 tonne - 1000 kg 

mass, which under gravity exerts a force of 9810 N) of density 

correction and 2.64 tonnes of superimposed dead loading. This was 

evenly distributed across the width of the deck and along the length 

as far as one slab depth from the support lines. The imposed loading 

was only continued as far as one slab depth from the support lines for 

two reasons. Most importantly, this arrangement would allow visual 
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access to the top surface around the supports and secondly because 

loading closer to the bearings would have only limited influence on 

the structural response and there was a limited number of steel 

weights ayailable. With all the dead load applied, readings were 

taken and the model inspected. There was no indication of cracking 

and the deflection measurements showed that the model was behaving in 

a reasonably linear fashion, considering the low load level and the 

consequent experimental errors associated with small values. 

One third HA SLS level loading of 0.99 tonnes per lane was then 

applied to the complete model area using dead weights. This loading 

was intended to produce the same effects as "average" traffic loading. 

From the readings taken, it was deduced that the structural behaviour 

was essentially linear. 

A model HB bogie was then placed at the centre of each lane in turn, 

and loaded up to the model serviceability limit state 45 unit loading 

of 80.0 M and then unloaded a number of times. 20 cycles were 

carried out for each lane, with readings taken and inspections carried 

out before, during and after each set of 20 cycles. During these 

tests, the uniformly distributed loading representing 0.33 HA 

serviceability level loading was retained. The deflection 

measurements showed that during the first application of the HB bogie 

load, with the bogie placed in an outside lane, the structural 

response became non-linear, with non-recoverable deflections of 

0.3-0.4 mm being recorded near the centre of the free edge. Average 

deflections along the centre line at mid-span were 2.3 mm without the 

HB loading and 3.7 mm, with the HB loading. However, no cracks were 

visible to inspection with the naked eye on either the soffit, sides 

or top of the model. 
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When cycled serviceability loading tests had been finished, the HB 

bogie was placed in bogie position 1, see Figure 5.5. The uniformly 

distributed live loading was rearranged and factored for the ULS 

condition so that there was 1/3 HA in lane 3, full HA in lane 2 and 

just the HB bogie in lane 1. However, in addition to the factored 

live loading, there was also 4.6 tonnes of self-weight, 10.82 tonnes 

of factored density correction and 3.86 tonnes of factored 

superimposed dead loading. The density correction, superimposed dead 

loading and uniformly distributed live loading were provided in the 

form of 20 kg black steel weights. These were evenly distributed over 

the width of the deck and along the deck as far as one slab depth from 

the support lines. 

0.5 x 45 units of ULS HB bogie loading was then applied to the 

structure, readings were taken and the slab surfaces examined. 1.0 x 

ULS HB bogie loading was then applied. No cracking was noticed using 

the naked eye at either of these two load levels. The HB bogie load 

was then increased to 1.5 x ULS intensity, and cracking was noticed 

at this load level in the in-situ concrete that was visible along the 

free edge of the deck. These cracks were very narrow and 

well-distributed along the edge adjacent to the HB bogie. However, no 

cracking was visible on the soffit of the model deck. 

After the cracks had been marked and a set of readings taken, the HB 

bogie load was increased to 2.0 x ULS (90 units at ULS). This caused 

relatively extensive cracking on the soffit of the model, and a number 

of small cracks were also noticed on the top surface around the obtuse 

corner, in the same lane as the HB bogie. These top surface cracks 

appeared to run in a direction perpendicular to the supports. The 
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soffit cracking was spread over an area one lane wide and a third of 

the span long, under the HB bogie. The crack spacing was 

approximately 200 mm while the widths were in the range 0.05 - 0.1 mm. 

The direction tended to be parallel to the supports, see Figure 5.6. 

After the model state at 2.0 x ULS HB bogie loading had been noted, 

the HB loading intensity was increased to 2.5 x ULS. The soffit 

cracks propagated and additional cracks formed closer to the support 

lines. The maximum crack width was approximately 0.23 mm. There was 

increased cracking on the top surface of the obtuse corner. The full 

extent of top surface cracking could not be ascertained, however, due 

to the applied UDL loading, which was in the form of black steel 

weights. New cracking was noticed at this stage in area C which is 

shown in Figure 5.5. The maximum deflection had increased to 17.7 

mm, the maximum concrete compressive strain on the top surface 

adjacent to the HB bogie was 1440 A-strain. The maximum tendon strain 

of 6680 A-strain also occurred in the same area and this strain would 

correspond to a tendon stress of 1336 N/mm 2. From Figure 5.3(1) it 

can be seen that a stress of 1336 N/MM2 is approximately equal to 93% 

of the yield stress for the material. 

An attempt was then made to increase the load to 3.0 x ULS HB 

intensity. However, the displacements were increasing at such a rate 

that it was decided to switch control of the testing programme to 

displacement. Therefore, subsequently, the displacement transducer 

under the HB bogie was used to control load increments. 

For the next increment, the displacement was increased to 29.1 mm, 

while the load was equal to 2.7 x ULS HB. At this stage, the cracking 

I was further intensified while the loading on the load cells at the 
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acute end of support line 1 began to decrease. After a set of 

readings had been taken and the state of the model noted, the 

displacement was then increased to 32.5 mm, while the load reached 

2.93 x ULS HB. By this time, the cracking on the soffit of the model 

had developed to such an extent that distributed cracking covered 

approximately 60% of the plan area. The concrete also began crushing 

along the top surface under the HB bogis load pads. 

It is unfortunate that most of the top surface of the model was 

covered with steel weights which would not allow inspection of 

possible top surface cracking. The appearance of the top surface 

after the test with the weights removed suggests that there may have 

been extensive top cracking at this stage. At 2.93 x ULS HB bogie 

loading, a shear crack began forming at approximately quarter span, 

between the HB vehicle bogie and the obtuse corner. 

The displacement was increased to 40.4 mm, at which stage the acute 

corner end of support line 1 lifted off the bearings. Lift off 

extended as far as the fourth beam in. A second shear crack began 

forming just to the side of the HB bogie pad nearest the obtuse 

corner. The cracking along the top surface of both support lines was 

very intense. The load at this level was 3.04 x ULS HB. The crushing 

under the axles of the HB bogie developed further. However, it was 

difficult to judge the exact extent of this because of the platform 

that was used for the operation of the screw Jack. 

The displacement was then increased to 55.9 mm with a load of 3.22 x 

ULS HB, followed by an increase to 65.8 mm with a load of 3.26 x ULS 

HB. By this stage, there was significant lateral movement at the base 
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of the shear crack at quarter span, while there was none at the top, 

suggesting that the obtuse corner end of the edge beam I was parting 

company with the rest of the deck. 

An increase in displacement to 78.9 mm was then made with no increase 

in load. Further displacement was applied while the load remained 

constant. When the displacement had reached 117 mm, it was noticed 

that the in-situ concrete was parting company with the top of the 

bottom flange of beam 2 in the obtuse corner. The gap between the two 

concretes was approximately 3 mm; this can be seen in Figure 5.7. 

The displacement was f inally increased to 137 mm by which time the 

load had dropped off to 3.09 x ULS HB. By this stage the deflections 

were so large that it was felt the testing rig was becoming unstable. 
I 

Therefore, bearing in mind the significant reduction in load, the test 

was stopped. 

During the test, the maximum recorded strain in the prestressing 

tendons was 16500 A-strain while the maximum recorded surface concrete 

compressive strain was 4340 A-strain. At the end of the test, the 

acute corner of support line 1 had lifted off its bearing by 

approximately 12 mm. 

The crack patterns on the top and soffit surfaces of the deck at 

failure are shown in Figures 5.8 and 5.9 and Plates 5.2 to 5.3. 

Cracking on the side and end of the deck are shown in Plate 5.4. 

During the final stages of the test on model 1, crack width 

measurements we're taken at the 14 points shown in Figure 5.8. 
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Table 5.7 gives the crack width measurements together with the load 

and displacement levels at which they were taken. The displacement 

measurements refer to a point at mid-span of the second beam in from 

the free edge under the HB bogie. 

Load Level 
x ULS HB 

3.27 3.27 3.21 3.22 3.19 3.04 

Displacement 
level (mm) 

65.8 78.9 92.3 103.0 117.0 137.0 

Station Crack Widths (mm) 

1 1.0 1.2 1.7 1.6 2.0 2.0 

2 0.8 1.2 0.7 1.0 1.0 1.0 

3 0.6 0.7 0.9 0.8 0.9 0.7 

4 0.5 0.6 0.7 0.7 0.7 0.6 

5 0.3 0.4 0.5 0.6 0.6 0.7 

6 0.2 0.7 0.6 1.0 1.0 1.5 

7 0.4 1.2 0.8 0.8 1.0 1.3 

8 0.4 0.6 0.5 0.6 0.7 0.8 

9 2.0 2.3 3.0 3.8 5.0 6.0 

10 2.0 2.1 2.0 2.2 2.0 2.3 

11 0.3 0.7 1.0 1.2 1.0 1.3 

12 1.2 1.3 1.4 2.0 3.0 2.1 

13 1.2 1.2 1.1 1.4 1.5 1.2 

14 1.2 1.1 1.5 1.7 1.5 1.8 

Table 5.7 Crack Widths that were Measured close to Failure for Model 
Deck I 

5.1.4 Cores 

After the surfaces of the failed model had been comprehensively 

photographed, 6" and 3" cores were removed from locations where the 
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model had behaved in an unusual way during the test to failure. Plate 

5.5 illustrates the features revealed by one of these cores. This core 

was taken from near support line 2 at the junction between lanes 2 and 

3) -SOR- 
Iýbu, re- 5.5 

- 

These cores showed that the ' tearing' type of cracking, that was 

visible on the top surface after removal of the dead weights was 

generally aligned above one side of a precast web. In most cases 

these cracks formed above the side of a web closest to the HB Bogie, 

although it was observed that in some instances these cracks 'crossed 

over' the tops of the webs and then aligned themselves above the 

opposite side of the web. From one of the cores it was observed that 

" cross over had occurred where the top transverse steel passed across 

" beam. 

Inspection of the core shown in Plate 5.5 revealed that there was 

separation of the insitu and precast concretes below the cracks on the 

top. This separation tapered from 0.3mm at the top where one could 

see light through the core, to 0.07mm at the bottom. It was also 

noted that on one side of the core the separation continued vertically 

down through the lower flange as a crack, while there was no 

separation around the lower flange. The crack however was not visible 

with a O. Olmm microscope on the base of the core. On the opposite 

side of the core the separation followed the profile of the lower 

flange and was visible on the bass. Even though a large separation 

was present, the core unit was still rigid due to the reinforcement 

which passed through it. In most cases, it was very difficult to 

locate the other interfaces that were present around the periphery of 

the core, such was the integrity of the other composite interfaces. 
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Besides the inspection of the separation the cores also allowed the 

standard of construction to be analysed. The precast concrete was 

well compacted with very little air entrainment. The coarse aggregate 

was densely packed throughout the depth of the section. The insitu 

concrete was also well compacted although there was slightly more air 

entrained than in the precast concrete. Again the coarse aggregate 

was densely packed. The overall depth of the core was measured at 

173mm, giving an error of 0.6% when compared with the depth specified 

in the design. It was also possible to assess the accuracy with which 

the prestressing and reinforcement had been placed. It was found that 

the prestressing placement error was less than lmm. while the 

reinforcing it was approximately 1.5mm. at the particular locations 

where cores had been taken. 

5.2 Results Processin 

At the completion of the testing programme for model 1, an initial 

analysis of the transducer readings was carried out. The purpose of 

this analysis was to check consistency and to select readings from 

those stages of the programme that would be most useful for assessing 

the structural response. The test readings selected are presented in 

the Tables of Appendix 5.3, which also contains Figures showing the 

locations of the transducers. The test results are assessed and 

compared with analytical predictions in Chapter 11. 

5.3 Tests on Longitudinal and Transverse Strips 

In addition to the tests on model deck 1, separate tests were 

performed on 1 to 3.5 models of transverse and longitudinal strips of 

a prototype deck. 



105 

5.3.1 Tests on transverse strips 

A beam representing a transverse strip of model 1 was formed by sawing 

reject beams into 440 mm lengths; assembling twenty of them side by 

side, with transverse reinforcement threaded through the web slots; 

and then casting in-situ concrete. The two beams so formed were each 

440 mm wide x 174 mm deep x 2900 mm long. Details of the beams and of 

the test results are given in Appendix 5.2. 

The beams were tested with a constant sagging moment zone of 1200 mm. 

Cracks on the elevation started at the precast flange junctions, but 

showed no distinct preference on their subsequent courses. Some 

followed the precast concrete profiles, others were nearly vertical. 

This indicated excellent bond between the insitu and precast concretes 

under short term, monotonic loadings. There were cracks at all 

precast flange Junctions in the constant moment zone, from which it 

was deduced that the insitu concrete provided good bond for the 

transverse reinforcement. 

The moment-central deflection curves for the tests showed an excellent 

degree of agreement see Figure 3 in Appendix 5.2. The effects of 

tension stiffening were small and calculations for the post-cracking 

phase based on zero tensile strength gave acceptable predictions of 

the neutral axis depth. 

5.3.2 Tests on longitudinal strips 

Tests on composite beams incorporating 1,2 and 3 rejected prestressed 

beams, respectively, are described in Appendix 2.5 of Research Report 

No TRR842/368, produced for the Transport and Road Research 

Laboratory. However, the results obtained are only of value up to the 

formation of the first crack in the prestressed beams. These data 
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show that the specimens with more than one precast member have a 

higher stiffness than do specimens incorporating only one precast 

member, also see Appendix 5.1. 

The reason for this is not completely clear. It is reasonable to 

suppose that cracking of the confined concretes due to bending 

stresses would be delayed, however, micro-cracking due to restraint of 

early thermal contraction is more likely in the confined concretes. 

The calculated stiffness using specimen moduli is close to the value 

obtained for the specimens with more than one precast member. This 

suggests that the stiffening effects of confinement and the effects of 

greater restraint to thermal contraction approximately cancelled out 

in those specimens. However, in the specimens with a single precast 

member, the micro-cracking in the in-situ concrete was, presumably, 

the dominant effect. 

In Appendix 5.1, tests on two composite beams incorporating single 

precast members of good quality 0 
are described. One of these had end 

plates welded to the tendons to simulate as closely as possible 

conditions in the model deck. The test results for these specimens 

provide useful data up to flexural failure. 

For loads up to the load levels at which tendons started to yield, the 

behaviour of the two specimens were similar. The degree of similarity 

is reflected in the moment- curvature diagrams shown in Figure 5 of 

Appendix 5.1. -It was concluded that the end plates would not af f ect 

the model test results until the tendons in a beam started to yield. 

For greater curvatures, bond failure was possible, but in that 

eventuality, the end plates would enable a beam to sustain its 

ultimate moment. 
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The tests showed that there was no separation of in-situ and precast 

concretes. Visible cracks did not appear until the prestressed 

flanges of the precast beams cracked. Cracking was well distributed. 

From the concrete strain measurements (Table 4, Appendix 5.1) it can 

be seen that all of the cracks started in the same load increment and 

continued opening, but that one crack became dominant, with a width 

about twice that of its neighbours. 

5.3.3 Comment 

The tests on the longitudinal and transverse strips provided useful 

information on the flexural behaviour of the deck. The data will be 

used to assess the capabilities of the material models in the 

non-linear analytical method to cope with the flexural behaviour of 

composite construction. 
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DESIGN OF MODEL BRIDCE DECK 2 

6.1 Introduction 

In order that realistic and reliable results could be obtained, model 

2, like model 1, was designed at a scale of 1: 3.5. This scale factor 

was the optimum choice considering the constraints of time, finance, 

experimental errors and testing system resources. 

The considerable difficulty that had been experienced during the 

search for a suitable prototype for model 1 was again experienced with 

model 2, even though enquiries had been initiated well in advance of 

the design period. Several different types of organisations were 

contacted including consultants and County Councils. However, 

Cheshire County Council kindly made available a design and summary 

calculations for a structure that was under construction, hence the 

structure reflected design practice at that time. 

The full size structure consists of a three span bridge carrying a2 

lane 5.5 m general purpose road with 1.5 m verges over a 7.3 m two 

lane carriageway with 3.5 m verges. The skew of the deck is 40* 101 

50". Figures 6.1 and 6.3 show the general layout of the full size 

section. The deck consists of 17 T10 inverted T beams laid side by 

side at 525 mm centres. Each beam is prestressed with 19 No 12.5 mm 

9 standard 7 strand prestressing tendons, each conforming to BS 5896 

1980 and stressed to 115.5 M. Details of the full size beam section 

can be seen in Figure 6.4. 
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The model loading was arranged to provide strain similitude between 

the full size structure and the model. The loading patterns were 

modelled on BS 5400 Pt 2 (1978) highway loadings. 

6.2 Kodel Concep 

The constraints upon the modelling concept for model 1 in Chapter 4 

were also valid for model 2. Therefore, essentially the design 

concept for model 2 was the same as for model 1. Thus, model 2 

incorporated discrete prestressed beams and a weaker concrete for the 

in-situ slab. 

The general details of the model are given in Figure 6.2. The span 

was set at 4700 mm, the width at 2542 mm and the skew at 40*. 

A scale of 1: 3.5 was used for model 2. At this scale factor it had 

been shown with model 1 that the model beams could be accurately 

constructed and pre-stressed. However, even though the testing frame 

capacity had been doubled for model 1 the jacking capacity would not 

be sufficient to ensure failure of model 2 at a scale of 1: 3.5. This 

problem was resolved through the use of a tension jacking system which 

is more fully described in Chapter 7. 

The design calculations for model 2 are not as extensive or detailed 

as those carried out for model 1 in Chapter 4. It was felt that 

detailed checking of the Cheshire County Council design was not 

necessary since the design was modern and hence reflected current 

design practice. Model section strengths were checked against scaled 

prototype section strengths, and a check at the Ultimate Limit State 

was carried out using the yield line method. 
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Summary calculations, including the data file for the STRAND2 finite 

element program were provided by Cheshire County Council. These 

indicated that isotropic properties had been employed for the STRAND2 

analyses. - Also, it appeared that the parapets were modelled in the 

STRAND2 analyses as equivalent stiffness concentric edge beams. At 

failure it was assumed that the parapets could not be considered to 

act as structural elements. Therefore, the high moments that the 

parapets attrýLcted due to the eccentricity of the upstanding concrete 

were allocated to the three adjacent beams in the ratios 5/9,3/9 and 

1/9, respectively. As all of the beams were made the same as the edge 

beam, this resulted in a bridge deck having a high factor of safety 

against overall collapse. 

6.3 Loadin 

The scaled 5.5 m carriage way of the model was considered to have two 

notional lanes (BS 5400 Pt 2 (1978) cl 3.2.9.3) each 786 mm wide. All 

loading was modelled on BS 5400 Pt 2 (1978), however, the BS 5400 HB 

bogie was too wide to fit into one lane of the 5.5 m. carriageway (BS 

5400 Pt 2 (1978) cl 6.4.2). The bogie dimensions given in BS 153 are 

smaller than those stated in BS 5400 and allowed the wheels of a bogie 

to f it into one lane. Therefore, considering the design of the 

prototype; the possibility of widening the carriageway through the 

removal of the verges; and the spirit of the code, the model was 

analysed with a HB bogie in lane 1 and co-existant HA loading in lane 

2. 

Seven nominal load components were considered: - 
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1. Model self-weight over the complete slab area of 5.98 x 10-3 

N/MM2 

2. Density correction loading over the complete slab area of 14.95 x 

10-3 N/MM2 

3. Superimposed dead loading over the complete slab area of 2.4 x 

10-3 N/=2 

4. Footpath live loading along both footpaths of 2.31 x 10-3 jj/MM2 

5. HA UDL in lane 2 of 10.91 x 10-3 N/mm2 

6. HA KEL at mid-span in lane 2 of 9796 N 

7.45 units of one HB bogie, in lane 1 at mid-span of 73470 N. 

Values for -yfl (load partial safety factor) obtained from BS, 5400 Pt 2 

(1978) Table 1 were applied to the load component values when they 

were combined into load cases for the yield line analysis. 

6.4 Bearings 

It is recognised that the bending moment and shear force distribution 

in the support region are highly dependent upon the spacing and 

stiffness of the supports. Creat care was taken to produce model 

bearings that exhibited similar properties to those used in the full 

size design. To this end tests were carried out on many rubber types 

to obtain their physical property parameters. In its final form, the 

model bearing consisted on a rubber and steel sandwich in an 

elastomeric format. The model bearing had a stiffness of 40.4 kN/mm, 

which corresponds to a full size stiffness of 141 kN/mm. The design 

of the bearings is more fully described in Chapter 3. 

6.5 Model Bridge Deck 2 Desi 

A descriptive account of the design of model 2 is given here, and 

criteria and significant results are included. Detailed calculations, 
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where appropriate, are given in the Appendices of Research Report No 

TRR 842/368, produced for the Transport and Road Research Laboratory 
a 

(hereafter referred to as the Report). 

6.5.1 Model Beam Desi 

The dimensional details of different members of the standard T beam 

family are identical, except for the overall height and the depth of 

the top f lange. Therefore, the model 2 beam profile is similar to 

that of model 1. As with model 1, the model 2 beam profile and its 

properties were kept as close to scale as possible. For model 2, the 

web thickness was maintained at 40 mm to facilitate successful 

manufacture. The overall height was fixed at the scale value of 233 

mm. It was necessary to enlarge the top flange to allow the geometric 

properties of the T10 beam to be modelled accurately. The bottom 

flange detail of the section was also amended to increase the accuracy 

of the geometric properties. A comparison of these properties is given 

in Tables 6.1 and 6.2. It can be seen from these tables, that the 

errors are generally less than 3.5% for the principal geometrical 

properties. 

Ceometry Prestress 

A x I Avera e § Top Soffit 
(mm 2) 

. 
(mm) (MM4) ) (Nlmm (N/MM2) (N/MM2) 

Prototype 171560 356 12.39xlO9 -12.79 2.82 -24.89 

Scaled 
Prototype 14005 102 82.56xlO6 -12.79 2.82 -24.89 

Model 14470 101 85.47xlO6 -13.42 1.56 -24.89 

Percentage 
Difference 3.3% 0.7% 3.5% 4.9% 44.7% 0% 

TABLE 6.1 Comparison between Prototype and 
Model Beam Section Geometrical Properties 
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Steel Details Moment Details 

Area Centroid Ecc. 
From NA Decomp. Ultimate 

Moment Moment 
Pres. Rein. Pres. Rein. 
(mm 2) (mm 2) (mm) (mm) (Nmm) (Nmm) 

Prototype 1767 78.5 -164.2 489 866.7xlO6 1.63xlO9 

Scaled 
Prototype 144.2 6.4 -46.9 140 20.21xlOe 38. OxlO6 

Model 153.2 56.5 -49.3 119 21.06xlO6 40.2xlO6 

Percentage 
Difference 6.2% - 5.1% 14.8% 4.2% 5.3% 

TABLE 6.2 Comparison betveen Prototype and 
Model Bean Steel and Moment Properties 

The prestress in the full size beams is provided by 19 No 12.5 mm 9 

prestressing strands. For model 2, only a limited range of strands 

and wires were available, all with different material properties, bond 

behaviour, and diameters. The majority of material and physical 

properties for these products are the subjects of standard tests and, 

therefore, reasonably accurate guides can be obtained from 

manufacturers literature. However, the bond performance of the 

available products is not well documented. 

After considering the critical nature of the bond properties, a 

comprehensive series of tests was initiated to obtain definitive data 
, 

on the available products. Appendix 4.5 of the Report deals with 

these tests in detail, however, in summary, the bond properties of the 

strand were found to be far superior to those of wire, whether the 

wire was plain; physically roughened or crimped. 

The criteria for selecting the model prestressing system were: - 
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1. The area of steel to be as close to scale as possible. 

2. The lever-arm for the composite slab and the eccentricity from the 

beam neutral axis, to be as close to scale as possible. 

3. The prestress in the top and bottom fibres to be similar to that 

in the full size beam. 

4. The prestress in the tendons to be at approximately the same 

proportion of the characteristic strength of the steel as in the 

- taking into account the different stress-strain full size beams, 

relationships when appropriate. 

5. The bond properties to ensure similar behaviour in the model and 

the full size beams. 

6. The ultimate moment of the model longitudinal section to be as 

close to scale as possible. 

The chosen prestressing arrangement, which is shown in Figure 6.7, 

incorporated the smallest diameter strand that was available. Even 

so, there was an over provision in the steel area of 6%. However, the 

excellent bond properties of the strand, compared to the wire, 

outweighed this small error. Consequently, the ultimate moment of 

resistance was in error by 5%. However, the important soffit 

prestress level was modelled exactly. Sufficient tendons were 

provided in the full size beams to allow gradual debonding towards the 

ends of the beams. However, in the model, the reduced number of 

tendons dictated that a fully bonded design had to be adopted. 

In addition to the prestressing, a nominal amount of reinforcement was 

added to the top flange. The relatively low self-weight of the beams 

(no density correction could be applied at this stage), and the fully 

bonded design combined with the prestress to produce small tensile 

stresses in the beam top fibre. The reinforcement was, therefore, 
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included to ensure that a stable condition with small crack widths 

would result if cracking occurred. This reinforcement accounts for 

the large difference in Table 6.2 for the area of reinforcement. 

However, 
-it was considered that this would not have a significant 

effect upon the model behaviour, as its position close to the 

composite slab neutral axis would result in little change to the 

section properties. The drawings in Figure 6.7 give the final section 

profile and prestressing details. 

6.5.2 Ancillary Deck Reinforcement 

The lower transverse steel was threaded through preformed holes in the 

beam webs. Unlike model 1, where the lower transverse reinforcement 

was parallel to the supports, model 21 s reinforcement was aligned at 

108* to the beam axis, see Figure 6.6. 

Initially a feasibility study was carried out to investigate the 

options that were available to model this reinforcement arrangement. 

Exact scaling was not a practical option, considering the limited 

range of small reinforcing bars that were available and the complexity 

of manufacture. Unless an exact multiple of the scaled hole spacing 

was employed, a number of different types of beam would be required. 

The optimum configuration, from all of the options that were 

considered, incorporated a hole spacing of 261 mm which is 1.5 times 

the scale value. The reinforcement was arranged in alternate bundles 

of 3 and 4 bars of 6 mm 9 Torbar through the web holes. The resulting 

area of steel per unit length was only 0.5% greater than the required 

scale value. Theoretically three different beam types are required 

for this arrangement. However, with a ragged edge to the slab, two 

beam types suffice. Thus, the two beam types of Figures 6.8 and 6.9 
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were specified. Details of the full size lower transverse 

reinforcement layout are shown in Figures 6.5 and 6.6. 

A similar philosophy was adopted for the top transverse reinforcement, 

however, a complex arrangement was not required in this case. Details 

of the chosen arrangement, consisting of 6 mm 9 Torbar at 97 mm 

centres, can be seen in Figure 6.10. 

Nominal longitudinal top reinforcement, in the form of one 3 mm 9 mild 

steel bar above each beam, was included for crack control and to allow 

easier placement of the top transverse steel. Negligible longitudinal 

hogging moments were expected. Moreover, the small required ultimate 

moment of resistance was provided by the extra beam reinforcement. 

The full size deck included parapets along each free edge, see Figure 

6.3. However, for the model, it was felt that these details were not 

necessary, considering their small effect on b ehaviour and also the 

unnecessarily increased complexities in construction and 

interpretation of results for the free edge regions that would 

otherwise be necessary. one would not expect the parapets to increase 

the ultimate capacity of the slab due to their early failure in an 

overload situation. 

Essentially, the reinforcement layout in the full size deck is 

uniform, see Figure 6.6, except for the regions adjacent to the 

parapets. As the parapets were not being modelled, a uniform 

reinforcement arrangement was specified for the model. 

6.5.3 Ultimate Limit State Check 

For the Ultimate Limit State check, design moments of resistance were 
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calculated in accordance with BS 5400 Pt 4 (1978) and the details of 

these calculations are given in Appendix 4.1 of the Report. 

These moments of resistance were required in the yield line 

analysis' 2 that were used to assess the model's safety factor against 

global failure. The details of these calculations are given in 

Appendix 4.3 of the Report. In summary, this investigation revealed 

that the model possessed a high factor of safety against global 

failure. For the prestressed inverted T beam, with in-situ fill form 

of construction, the prestressing and reinforcement arrangements is 

designed for the critical location. Subsequent provision of these 

arrangements in a uniform manner results in an inherently high factor 

of safety against global failure. Many different yield line patterns 

were investigated, and it was shown that the simplest pattern 

involving a single sagging yield line at mid-span was the most 

critical. The provided moment of resistance was 268 kNmm/mm, while 

the moment required by the most critical yield line mechanism with 

design ultimate loading was 145 kNmm/mm. 

6.5.4 Shear Desi 

Shear reinforcement design: - All the shear reinforcement in the full 

size slab is provided by shear links contained within the prestressed 

beams, see Figure 6.4. The full size shear reinforcement layout is 

uniform along the central region of the span, becoming denser towards 

each support. For the central region, three R10 shear links, each 

with two legs are pro7ided at 610 mm centres, see Figure 6.5. The 

smallest practicable size mild steel rod that could be used for the 

model shear links was 3 mm P. Therefore, with the modified beam 

transverse hole spacing, an accurately scaled shear resistance was 

obtained by providing four R3 shear links, each with two legs at 261 
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mm centres for the central region. At all times, the shear 

reinforcement design criteria of BS5400 Pt 4 (1978) were applied to 

the model shear link design. 

In the full size beams, the density of the shear reinforcement is 

increased towards the ends of the beam to resist vertical shear and 

coexistant splitting actions. The length of the model beams was 

greater than the scale length and hence the most severe effects of 

vertical shear and splitting occurred at different sections. 

Therefore, the shear reinforcement at the end of the model beams was 

detailed to resist splitting only, using a method suggested by Green 

This method, which is conservative, applies a deep beam analogy to the 

problem. The resulting arrangement extended as far as one effective 

depth from the end of the beam and is shown in Figure 6.8. The shear 

reinforcement adjacent to the supports was redesigned in accordance 

with BS 5400 Pt 4 (1978) using shear intensities obtained from the 

calculations provided by the prototype designers. Along the end 

region of the full size beam, the area of shear reinforcement per unit 

length was-calculated at various sections. These values were scaled 

down and mapped onto the relevant part of the model beam. From these 

values, the number of links for each section were calculated. The 

links were spaced to give good distribution while also ensuring 

adequate clearance to the transverse holes. 

The shear link profile was designed to give adequate protrusion from 

the tops of the beams to provide a good connection with the in-situ 

concrete, while also allowing 5 mm cover to the sides of the beam 

webs. The shear links were designed to encircle all of the 

longitudinal steel, while also encompassing the majority of the bottom 

flange area and allowing simple manufacture. The chosen shear link 
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profile can be seen in Figure 6.7. It will be noticed that the model 

profile agrees closely with that of the full size beam shown in Figure 

6.4. 

6.5.5 Detailin 

Transverse holes: - The shape of the model 2 transverse beam holes 

were similar to those in the full size beams, see Figures 6.4 and 6.7 

However, the size of the model holes were increased over the scale 

size to accommodate the larger amount of scaled transverse 

reinforcement that passed through each model hole. The walls of each 

model hole were square to facilitate simpler manufacture while the 

hole axis was aligned along the lower transverse steel, at 1080 to the 

beam axis, to allow optimum use of the hole. To cater for the larger 

than scale web thickness, the invert of each hole was inclined to 

allow the insitu concrete to flow freely resulting in well compacted 

concrete around the reinforcing bars. 

Cover: - The model cover was standardised at 7 mm, althoughthe cover 

between the shear links and web sides was reduced to 5 mm. However, 

this surface is subsequently encased in in-situ concrete. At 7 mm, 

the standard cover is approximately 18% less than scale so that the 

larger than scale reinforcing bars could be accommodated. 

Concrete: - Every attempt was made to ensure a high level similitude 

between the model and full size concretes. 

Precast Concrete: - A 52.5/20 concrete is specified for the prototype 

deck which was represented by a 52.5/6 concrete in the model. 

Cenerally for precast prestressed concrete, the cube strength at 

transfer is the major criterion upon the mix design. For model 2, a 
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transfer strength of 40 N/MM2 was specified, which is identical to 

that specified for model 1 and, therefore, the same mix design was 

used. It was known that this mix would achieve a 28 day cube strength 

in the range 58-65 N/=2 and would, therefore, meet the specification. 

A cycle time of 7 days was planned for the precast beam casting. This 

allowed a5 day curing period with 2 days for preparation and casting 

of the subsequent set of beams. Details of the mix for the precast 

beams and the aggregate grading curve, can be seen in Appendix 1.2 of 

the Report. 

In-situ Concrete: - A 45/20 concrete is specified for the full size 

in-situ and therefore a 45/6 concrete was specified for the model. A 

40/6 concrete had been used for model 1 and this mix was modified to 

produce the 45/6 concrete that was required for model 2. Details of 

this in-situ concrete mix, and the aggregate grading curve can be seen 

in Appendix 1.2 of the Report. 
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6.6 References 

1. Kong, F. K., Evans, R. H., 'Reinforced and Prestressed Concrete', 
Thomas Nelson and Sons Limited, 1977. 

2. Clark,. L. A., 'Concrete Bridge Design to BS54001, Construction 
Press, (1983). 

3. Green, J. K., 'Detailing for standard prestressed concrete bridge 
beams', Cement and Concrete Association, Publication 48.018,1973, 
p 21. 



139 

BAR LOCATING TABLE 
NOTES 

ending Schedule 
No. 

Bar Type Grouping Shape Ctrs. No. 

Type I 

01 R3 2*7*2 99 30 28 

01 R3 2*11*2 99 24 44 

01 R3 2*64*1 99 60 128 

02 Y6 2*1 20 2 

Type 2 

01 R3 2*7*2 99 30 28 

01 R3 2*7*2 99 18 28 

01 R3 2*6*2 99 36 24 

01 R3 2*60*1 99 60 120 

02 Y6 2*1 20 2 

I Concrete 52.5/6 

2 Cover - General 5mm. min 

PRESTRESSING 

13 All Tendons to SS5896 -1980 

4 Tendon forces 1 49-SkN 
2 49.5 kN 
3 49.5 kN 
4 23.5 kN 
5 23.3 kN 

5 Minimum cubs strength of transfer 4ON/mm. 

6 Tendon sizes: - 1-3 7.9mm 0 low 
relaxation 7 wire 
strand 

4-5 5mm 0 low 
relaxation triple 
indented wire 

FIG. 6.12. NOTES AND BAR LOCATING TABLE FOR MODEL DECK 2 
PRECAST BEAMS 

BAR LOCATING TABLE 
Ber Bending Schedule 
No. 

Ig Bar I Type I Grouping Shopel Ctrs I No. I 

01 Y6 1*29*3/4 261 102 

02 Y6 1*71 *1 97 71 

03 R3 1 *17*1 150 17 

NOTES 

I In-situ Concrete 45/6 

2 Cover 7mm. min 

3 Bar spacing measured parallel to the 
deck centre line and perpendicular to 
the deck centrt line. 

FIG. 6.13. NOTES AND BAR LOCATING TABLE FOR MODEL DECK 2 
IN-SITU RC SLAB 
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TESTING OF MODEL DECK 2 

7.1 Main testing progr e 

The testing programme for Model 2 was divided into a number of 

different stages, with each stage representing a different limit state 

and/or HB vehicle position. 

The first three testing stages were designed to reproduce, as closely 

as possible, the effects of traffic loading on a full size bridge 

deck. The final two stages allowed the effects of loading the model 

up to and past the ultimate limit state to be examined. The model was 

then loaded to failure. 

The HB vehicle load positions that were selected can be seen in Figure 

7.1. It will be noticed that only one bogie of the HB vehicle was 

applied to the model deck at any one time. This was because a 

combination of the vehicle dimensions given in BS5400 Part 2 (1978) 

and the geometry of the model ensured that the addition of a second 

bogie would not give the worst effects. In total, there were five 

stages and a description of each is given below: - 

S tage 1 An HB bogie was located in position 2 and no HA loading or 

footpath live loading was applied. This arrangement gave 

the worst transverse sagging moments. The HB bogie load 

was increased to 45 units of serviceability limit state 

intensity and cycled 100 times to facilitate any incipient 

crack growth. 
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Stage 2 The HB bogie was located in position 3. SLS HA UDL loading 

was applied to lane 1 and SLS level footpath live loading 

was applied to both footpaths. Again the HB bogie load was 

increased to 45 units of serviceability limit state 

intensity and cycled 100 times. 

Stage 3/1 The HB bogie was located in position la. The same UDL 

loading as for stage 2 was applied, except that the HA UDL 

loading was switched to lane 2. The HB bogie load was 

increased to 45 units of serviceability limit state 

intensity and cycled 40 times. 

Stage 3/2a The HB bogie was located in position la. Additional 

loading was applied to factor the self weight and density 

correction loading for the ULS. ULS HA UDL and KEL (at 

midspan) was applied to lane 2. ULS level footpath loading 

was applied to both footpaths. The HB bogie load was 

increased in 8 increments to 180 units of ultimate limit 

state intensity. 

Stage 3/2b The HB bogie was located in position lb. The same UDL and 

KEL loadings as for stage 3/2a were used. The HB bogie 

load was progressively increased in increments until 

failure of the deck occurred. 

HB bogie position 2 was directly over the midpoint of the slab. The 

centre of bogie position 3 fell upon the transverse centre line, 

however, it was moved towards the free edge of the deck until the load 

pads just touched the outer edge of the footpath. 
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The geometry of this bridge deck would permit the widening of the 

carriageway at a future date, thus reducing the size of, or completely 

removing, the footpaths from the deck. In the light of this, it was 

felt thatý an HB bogie position nearer to the free edge would provide 

useful and interesting results, hence position lb was added to the HB 

bogie test locations. 

General views of model 2 undergoing testing can be seen in Figure 7.3, 

while a timetable of the construction and testing events is presented 

in Table 7.1. 

Event Dates Descri ption of Event 

13-5-85 to 9-8-85 Precast Beams Cast 

21-10-85 In-situ Concrete Cast 

23-1-86 to 31-1-86 Stage 1 Serviceability Limit 
State Testing 

7-2-86 to 11-2-86 Stage 2 Serviceability Limit 
State Testing 

25-2-86 to 26-2-86 Stage 3/1 Serviceability Limit 
State Testing 

28-2-86 to 4-3-86 Stage 3/2a Ultimate Limit 
State Testing 

1-4-86 to 2-4-86 Stage 3/2b Test to Failure 

3-4-86 End of Testing 

TABLE 7.1 Timetable of Events for Kodel 2 

A plot showing the load-deflection history of a point at mid-span, 

close to the free edge of model 2 during testing can be seen in Figure 

7.4. The load on the HB bogie forms the ordinate of this figure. The 

apparent 'false-zero' that can be seen on this plot is caused by the 

small bogie load that was applied to cater for the density correction 

and superimposed dead loading in the vicinity of the bogie. All of 
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the deflection data was obtained from the same position under the 

model deck. However, the loading data was acquired during several 

stages and hence bogie positions. Reference to Table 1 of Appendix 

7.2 will reveal, the bogie position for each data point. 

7.1.1 Material Specimen Tests 

As had been the case with model 1, numerous standard concrete 

specimens were taken from the concrete mixes used for the model 

construction. Results from the standard tests, conforming to BS 1881, ý 

that were carried out on these specimens at predetermined times 

yielded the data that can be seen in Tables 7.2 and 7.3. 

Precast Concrete 

Mix Cast Average strength Average strength at 28 days 
No Date at release (samp size) 

(sample size) 
(age at release) 

100mm cubes 100mm cubes 150mm cylinders 
(crushed) (crushed) (split) 

I N/mm 2 N/MM2 N/mm 2 

1 13-5-85 45.7 (3) (7 days) 61.2 (6) 3.6 (3) 

2 29-5-85 43.3 (3) (5 days) 60.7 (6) 3.3 (3) 

3 20-6-85 48.6 (3) (7 days) 58.2 (6) 3.4 (3) 

4 17-7-85 42.6 (5) (6 days) 60.5 (6) 3.4 (3) 

5 9-8-85 52.1 (3) (10 days) 1 59.8 (6) - 

TABLE 7.2 S-ary of Precast Concrete Specimen Release and 
28 Day Test Results 
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Hix Cast Average strength Average strength at 28 days 
No Date at 7 days (sample size) 

(sample size) 

100mm cubes 100mm cubes 150mm cylinders 
(crushed) (crushed) (sp i) 

N/mm2 N/MM2 

j 
/mM 2 

21-10-85 32.8 (4) 45.3 (4) 2.8 (2) 

TABLE 7.3 Suanary of In-situ Concrete Specimen 7 and 
28 Day Test Results 

The majority of the specimens were either 100mm cubes or 150mm x 300mm 

cylinders. However, a few 150mm cubes were also cast. 10 cylinders 

were retained for use in tests to obtain the concrete stress strain 

curves. 

The specimens for the precast concrete were tested at either release, 

generally at about 5-7 days, although in one case at 10 days; 28 days; 

or, while the model deck was being tested. The specimens for the 

in-situ concrete were tested at either 7 days, 28 days, or with the 

model deck. A statistical analysis of the results from tests carried 

out while the model was being tested can be seen in Table 7.4. 

Test Description Sample 
Size 

Mean Standard 
Deviation 

N/MM2 N/MM2 

Precast Concrete 

100mm cubes (crushed) 29 74.6 4.13 
150mm cylinders (split) 9 4.29 0.43 

In-Situ Concrete 

100mm cubes (crushed) 8 58.71 2.21 
150mm cubes (crushed) 3 52.3 0.72 
150mm cylinders (split) 3 3.66 0.36 

TABLE 7.4 Statistical Analysis of Results from 
Specimens Tested with the Model Deck 
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The 150mm x 300mm concrete cylinders that had been retained 'for 

stress-strain curve tests were capped at both ends with dental 

plaster, to obtain a reasonably uniform stress distribution, and 

loaded at a rate of 0.25 N/MM2/SeC. Three sets of De-mec points had 

been attached to each specimen periphery, in an identical way to that 

described for the cylinder tests for model 1. After the capping had 

hardened, each specimen was bedded in with a load of 0.2 of its 

expected cylinder strength. The load was then reduced, before being 

increased in increments to failure. Control of the tests was 

difficult at high levels with the load control machine that was 

employed. However it was possible to obtain failure strains 

approaching 3500 x 10-6 in many cases. The inclined nature of the 

final parts of the stress-strain curves shown in Figure 7.5 suggests 

that the full ductility of the concrete was not realised during these 

tests. 

The average strength of the cylinders can be seen from Figure 7.5 to 

be about 7% below that predicted from the generally accepted value 

given by 0.8 x fCU* However, the inclination at the end of the curves 

leads one to the conclusion that the tests were terminated before the 

full strength was realised, possibly by vibration and load 

fluctuations in the machine. During the testing, it was observed that 

the apparent strength could be enhanced if the test was accelerated. 

However, for all the specimens used to obtain the stress-strain 

curves, the tests lasted approximately 45 minutes. It is proposed to 

use the measured initial modulus together with a cylinder strength of 

0.8 x fcu, obtained from the cube crushing tests for calculation 

purposes. 
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Tests were also carried out upon samples of the prestressing and 

reinforcing steel that were used in model 2. The four types of 

material employed were: 7.9mm 9, seven wire prestressing strand; 

5mm 9 triple indented prestressing wire; 6mm 9 'Torbarl high yield 

reinforcement wire; and 3mm 9 'Mild' steel reinforcement. Two samples 

of each of the prestressing steel types were taken from the material 

used for each set of beams cast. In addition, a total of four samples 

of each of the reinforcement types were also selected for testing. 

Each sample, approximately 350mm long, was tested in a similar way to 

those tested for model 1. The results of the tests showed that all 

four steel types exhibited good consistency, with a variation of 

strength, over the test population, of approximately :t1.5%. The 

stress-strain curves for each of the 4 steel types can be seen in 

Figures 7.6 and 7.7. 

7.1.2 Bearing Stiffness Test 

The bearings that were used to support model 2 were similar in most 

respects to those used for model 1, the major difference being the 

type of rubber that was selected. 

The model bearings were designed to exhibit a similar response to that 

of elastomeric bearings which are often used in the full size 

structures. The plan dimensions of each bearings were 80mm x 65mm, 

with the longest edge aligned perpendicular to the beam axes. Through 

the depth, 'each bearing consisted of a thin steel sheet sandwiched 

between two sheets of rubber, each approximately 6 mm thick. The top 

of this unit was attached to the model with adhesive, while the bottom 

rested upon a steel block 20mm thick. The steel block, which ensured 

an even distribution of stress, was supported by the spherical load 



E 60 Initial Ea 3710ON/mm 
E 
111% 
z Icyl z 56-ON/mm2 
v 
I EU 
w 50 x 2950xlO'6 
W I- Ln 

40 

30 

20 

10 

t 
0 

N 

E 
E Initial Ez 2860ON/mm 
" 50 - 
zf 

cyl = 43-3N/mm 2 

Vý 
0EUc 4000x1O'6 w 
cr- 40 

30 

20 

0.8 x fcu -- 59-7N/MM2 

A' 

XX 

5 specimens, each 150 mm 0x 300mm 
were used to obtain this data 

0.8xfcu = 47-ON/MM2 

5 specimens. each 150mm 0x 300mm 
were used to obtain this data 

10 

0--I ____ -_ -_ -_ -I- 05 10 is 20 25 30 35 40 45 
STRAIN x 10'4 

ii) In-Situ Concrete 

FIG. 7.5. STRESS -STRAIN CURVES FOR THE CONCRETE 

THAT WAS USED IN MODEL 2 

5 10 is 20 25 30 35 

STRAIN x 10-4 

0 Precast Concrete 



152 

button of either the load cells or dead end supports as appropriate. 

The rubber sheets were attached to the other components using contact 

adhesive. 

To ascertain the bearing load-deflection characteristics, 4 specimen 

units were tested in a 100 kN capacity, compressive test machine. This 

relationship can be seen in Figure 7.2. It will be noticed that the 

relationship is non-linear for approximately the first 25 M, 

thereafter, it becomes relatively linear. The model self-weight 

amounted to about 2 kN per support and the maximum reaction forces 

were of the order of 100 M. Therefore, for -the analyses, it is 

proposed to use a bearing stiffness of 40.4 kN/mm, which is the value 

calculated from the gradient of a line drawn between the points where 

the curve crosses these two load ordinates. This can be seen in Figure 

7.2. The corresponding full size bearing stiffness is 141 kN/mm. 

This approach will underestimate the stiffness of the bearings towards 

the acute corner end of the supported edge, where reactions are low, 

by approximately 25%. The critical bearings are located at obtuse 

corner end of the support line, where reaction loads will be far 

higher, and these supports will be modelled with the greatest 

accuracy. 

During the testing of isolated bearings, it was noticed that the 

bearings underwent irreversible damage at load levels approaching 100 

M, such that unloading and subsequent retesting yielded a 

significantly different relationship. However, it is proposed to use 

the monotonic test results for analytical purposes. This is because, 

any load reversals that occured would be confined to the 

serviceability limit state testing when the absolute size of the 

reactions was relatively low. During the serviceability limit state 
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testing the maximum reaction was 24.1 kN while the corresponding 

maximum reaction during the ultimate limit state testing at a load 

intensity of 4.0 x ULS was 45.7 M. During the failure testing the 

maximum recorded reaction was 153.4 M. 

7.1.3 Model Deck Tests 

While model 2 was being constructed, the locations of the transducers 

were being selected. Some, notably the weldable strain gauges, had to 

be cast inside the model during construction; however, the majority 

were attached to the surface of the model after the concrete had 

cured. The locations of each of the transducers attached to the model 

can be obtained from the figures of Appendix 7.2. It will be seen 

from these figures that the transducers were arranged in a consistent 

manner, to allow effective and meaningful data to be obtained. The 

arrangements were designed to pick up information along lines parallel 

to the supports, most notably on 1/4,1/2 and 3/4 span lines. In 

addition to the 112 transducers, there were 168 De-mec points, of 

100mm gauge length, attached to the model soffit. The positions of 

these can be seen in Figure 6 of Appendix 7.2. The electrical 

transducers, load cells, electrical resistance strain gauges and 

linear voltage displacement transducers were found to give good 

repeatability over a period of a few days. The De-mec point readings 

were not as consistent. However, they exhibited an acceptable 

repeatability. The datum for all the experimental readings is the 

model self weight, with no additional loading of any kind. 

With the benefit of hind-sight, it was felt, with the first model 

test, that leaving only a small fraction of the top surface visible 

for inspection during testing was unfortunate. Inspection after the 

end of the testing revealed dense cracking in the covered areas, and 
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it would have been useful * to know the load stages at which it 

occurred. Therefore, for , the second model test, extra hydraulic 

jacks, besides the ones of the HB bogie, were employed to simulate 

some of the UDL and KEL loadings. The load distribution framework 

that was attached to the bottom of each of the three extra jacks, see 

Plate 7.1, allowed a near uniform load distribution to be applied, 

whilst also allowing visual inspection of the top surface. However, 

it was not practical to use extra jacks to simulate all of the UDL 

loading. Therefore, black steel weights were still used for loading at 

each end of lane 2. A UDL simulation Jack or 'load spreader' was 

positioned at mid-span in lane 2 to facilitate the application of the 

KEL loading during the final stages. The two remaining load spreaders 

were positioned at approximately 1/4 and 3/4 span, stradling lane I 

and footpath 1. All UDL loading was continued only as far as one slab 

depth from the support lines, thus allowing inspection of the top 

surface near the bearing. 

After the testing programme had begun, it was realised that the early 

age cracking that had occurred on top of model 2 would make the 

monitoring of the early applted load cracking difficult. For, even 

though the visible non-structural cracks had been marked and filled 

with resin, some very narrow cracks, which only became visible after 

loading, confused the issue. However, during the later stages of 

testing, it was possible to monitor which cracks were structurally 

active and in which direction, thus identifying many of the early age 

cracks that had not been visible to the unaided eye. 

The load intensities that were used for the testing were obtained from 

BS5400 Part 2 (1978). The partial safety factors (-yfl) correspond to 
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combination 1 of Table 1 of BS5400 Part 2 (1978). 45 units of HB 

bogie loading were considered at both the serviceability and ultimate 

limit states. 

Initially, the deck was loaded with a total of 19.36 tonnes of 

uniformly distributed loading, 13.3 tonnes of black weights and 58.76 
1 

kN distributed amongst the extra load spreaders and the HB bogie. No 

further live loading was applied, so that the worst case for 

transverse sagging moments would be achieved with the HB bogie in its 

initial central position. 

With the bogie in the central position, and with all compensation 

loads applied, a scan of all transducers was carried out. There was 

no indication of cracking and the deflection measurements showed that 

the model was behaving in a relatively linear manner, when account is 

taken of the inherent scatter in readings at low load levels. 

The HB bogie load was increased to the SLS intensity of 80.8 kN and, 

after the model had been allowed to settle, another set of readings 

was obtained. An inspection of the model revealed that no cracking 

was apparent. As part of the procedure to simulate repeated highway 

loading, the HB bogie force was cycled up to the SLS intensity 20 

times. The deflection readings revealed that the displacement under 

the mid-point of the slab was 2.54mm before the application of the 

bogie and 3.96mm with the bogie. After unloading, the displacement 

returned to 2.93mm, giving a residual displacement of 0.39mm. However, 

during the subsequent 20 cycles, there was only an increase of 0.08mm 

in the residual displacement. Thus, it would appear that the majority 

of the material damage, in this case, was caused by the initial load 

application, with the further 20 cycles causing little extra damage. 
A 
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To complete the repeated highway loading simulation for stage 1,80 

more cycles were completed with visual inspections and transducer 

scans after each set of 20 cycles. On none of these occasions were 

cracks apparent on the top, soffit or sides of the model. The 

deflection measurements at the end of the 100 cycles revealed that the 

displacement under the SLS HB bogie loading had only increased to 

4.05mm while, without bogie loading, it was 2.94mm. Thus, the 

structural response had become slightly non-linear with the first 

application of the HB bogie. The time taken to carry out the 100 

cycles for stage 1 was approximately 4 3/4 hours. 

For stage 2, and subsequently for stage 3/1, one half of the SLS level 

HA UDL loading equal- to 1.52 tonnes per lane was applied to both lanes 

1 and 2. This loading was intended to produce effects similar to 

those of 'average' traffic loading. SLS level footpath live loading 

of 0.52 tonnes per footpath was also applied to both footpaths. The 

HB bogie was placed in position 3 and the load level increased to the 

UDL compensation level, after which a set of readings were taken. 45 

units of scaled HB loading was then placed on the model bogie and the 

slab allowed to stabilise for approximately 15 minutes before a set of 

readings were taken. During this time, a visual inspection was 

carried out, and it was observed that a crack had formed in the 

in-situ concrete along the side of the free edge close to the bogie 

position. The crack extended approximately 110mm up from the top of 

the beam soffit flange in a vertical direction, the maximum width of 

the crack was approximately 0.08mm. 

The HB bogie load was cycled 100 times in 20 cycle sets. After each 

set of 20 cycles, the model was inspected and a set of readings taken. 

During the 100 cycles, no more cracks were seen to appear. The 
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deflection measurements displayed a similar trend to stage 1. with a 

no bogie load deflection of 3.75mm under the mid-point of the slab and 

a deflection of 4.77mm with the first application of the bogie load. 

With subsequent unloading, the deflection returned to 4.06mm, an 

increase in residual displacement of 0.31mm. After the 100 cycles had 

been completed, the no bogie load deflection was 4.11mm while, with 

the bogie load on, it was 4.92mm. 

For stage 3/1 the UDL loading regime remained the same. However, the 

HB bogie was moved from position 3 to position la and the load 

spreaders moved to suit the new bogie position. The HB bogie load was 

applied to the compensation value, and a set of readings taken. The 

HB bogie load was then increased to provide the serviceability limit 

state bogie load level of 80.8 kN and, during the subsequent visual 

inspection, a new crack was noticed on the edge with the previously 

uncracked in-situ concrete. This crack was similar in size, shape and 

location to the crack in the opposite edge in-situ concrete. Af ter 

details of this crack had been noted, and a set of readings taken, the 

load cycling was begun. However, for this stage, the number of cycles 

was reduced to 40, instead of the previous 100, to reduce the risk of 

a mechanical failure in the testing equipment. It was felt that this 

reduction was justified, bearing in mind the small increased effect 

that was observed during the first two stages with the 100 cycles. 

The end of stage 3/1 completed the serviceability limit state testing 

of model 2. The next stages, 3/2a and 3/2b, formed the ultimate limit 

state and failure testing of the model. For stage 3/2a the uniformly 

distributed loading was rearranged and refactored for the ultimate 

limit state. This resulted in 1.09 tonnes of extra self-weight (to 

account for the 0.15 in the ULS value of -yfl of 1.15), 18.67 tonnes 
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of density correction and 4.56 tonnes of superimposed dead loading 

being evenly distributed over the model surface using black weights 

and load spreaders. In addition, a total of 1.55 tonnes was applied 

to the foot paths as live loading and 4.76 tonnes of HA UDL was 

applied to lane 2. Also, 1.30 tonnes of HA KEL loading was applied to 

lane 2 at mid-span. 

After the black weights and load spreaders had been rearranged and 

refactored for the ultimate limit state testing, the load on the HB 

bogie, which was in position la, was increased to 0.5 x the ULS HB 

bogie load level. (In this section, ULS HB bogie load level is taken 

to mean 45 units of one HB bogie factored for the ULS, hence 0.5 x ULS 

HB bogie load level means 22 1/2 units of 1 bogie with a partial safety 

factor. yfl, of 1.30. ) The model was then allowed to stabilise at 

this level, while a visual check of the model surfaces was carried 

out. It is believed that there were no live load cracks visible on the 

top surface. However, as was mentioned earlier, spotting new cracks 

was difficult on model 2, because of the effects of the early age 

cracking that had occurred. After readings had been taken from all of 

the model transducers and de-mec points, the load on the bogie was 

increased to 1.0 x ULS level. 

After a period of settling down, the model was checked for cracks and 

other interesting developments. It was apparent that there were a 

number of new cracks along both free edges and on the top surface 

along both support lines. Along the free edge nearest the bogie (free 

edge 1, see Figure 7.1) there were three new cracks, all vertical and 

starting just above the top of the precast flange. They were between 

50mm and 105mm long, and their widths varied from 0.03mm to 0.05mm. 

There were two extra cracks upon free edge 2, their shape and 
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dimensions were similar to those on free edge 1. The cracks above 

support lines 1 and 2 were relatively numerous and were in similar 

positions with respect to the different beams. General details of 

these cracks can be seen in Figure 7.8. Their lengths were in the 

range 15mm to 25mm, while their widths varied from 0.05mm to 0.1mm. 

Their orientation was generally perpendicular to the supported edges, 

and hence it has been deduced that they were not related to the early 

age cracking. However, many of these support line cracks maintained 

their initial size and width throughout the majority of the test, 

suggesting that they were not active. Therefore, their formation may 

have been due purely to the form of construction, with the extra long 

beams, that was used for the model. At this stage, no cracks were 

detected in any of the model's precast concrete. 

Shortly after the model had been loaded to 1.5 * the ULS HB bogie load 

level, a power supply fault caused momentary overload of the slab with 

an intensity of approximately 2.4 * the ULS HB bogie load level. 

Following the repair and reconnection of the power supply, the model 

was reloaded to a bogie load intensity of 1.5 * the ULS HB bogie load 

level. However, from the load-deflection plot that was being produced 

by the equipment during the test, it was apparent that the current 

maximum deflection was approximately 0.8mm. greater than it had been 

before the overload. Thus, it was decided that any crack checking at 

this level would not be valid. However, a set of transducer readings 

were obtained, before the load intensity was increased to 2.0 * the 

ULS HB bogie load level. After the model had been given time to settle 

down, it was inspected. 

The previously marked cracks had extended slightly, while new cracks 

had appeared in the in-situ concrete, in the same areas and with 
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approximately the same orientations as the cracks that had been 

spotted earlier. Moreover, a major new development in the model 

behaviour was apparent, with the appearance of five small cracks in 

the prestressed concrete forming the soffit of the model. These 

cracks, covering a small area around the mid-point of the slab, were 

contained within individual beam flanges, some covering the complete 

flange, while others were only across a part of a flange. Their 

widths varied from 0.07mm to 0.15mm while their orientations showed no 

apparent pattern. These cracks may have been formed during the 

previous overload and hence may have just reopened at this load level. 

After the state of the model at 2.0 x the ULS HB bogie load level had 

been well documented and a set of transducer and de-mee readings 

taken, the load intensity was increased to 2.5 x the ULS HB bogie load 

level. The increased time that the model took to stabilise at the 

higher load levels was indicative of the increased material damage 

that was occurring. For instance, although the load level was 

increased from 2.0 to 2.5 x the ULS HB bogie load level in 

approximately one minute, over the subsequent 20 minute settling time, 

the incremental 'creep' deflections were approximately three times the 

'instantaneous' incremental deflections. 

The model appeared to be behaving in a similar way to a homogeneous 

slab, with no visible breakdown between the precast and in-situ 

concretes. The maximum deflection on the transverse centre line had 

reached 13.5mm by this time. The spread of the crack pattern had also 

increased quite considerably, with cracks now extending across 

approximately 5/6 of the model slab width, in a band approximately 

400mm wide. The cracks were oriented approximately parallel to the 

transverse centre-line. However, there was a small bias towards an 
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orientation that would have been perpendicular to the free edge. The 

cracks were well distributed, with the crack spacing generally in the 

range 150mm to 200mm. 

This form of composite construction produces cracks that are 

discontinuous. This phenomenon is thought to be caused by the 

variations of the applied prestress in the soffit concrete of the 

discrete beams. A variation in the prestress is unavoidable, given 

the many variables encountered during the beam manufacture. However, 

it leads to cracks that appear to 'Jump' across beams, although, 

during the later stages of testing, when the soffit surface strains 

are much higher, these cracks give the appearance of being 

semi-continuous. As the crack directions on neighbouring beams tended 

to be similar, it is reasonable to suppose that when they formed, the 

composite deck was behaving structurally as a continuous slab. 

The measurement of crack widths on the soffit of model 1 with a good 

degree of accuracy and repeatability was very difficult. Therefore, a 

novel approach for crack width measurement was used for model 2. At 

discrete increments, after several new cracks had been detected, the 

testing programme was held for a period of time, while De-mec points 

were attached to the model surface across the new cracks. The crack 

widths were then measured, along with an initial 'crack' De-mec 

reading. During subsequent load increments, readings from these 

Ocrack' De-mec points were taken and hence the crack widths 

calculated. The relative increases in the crack widths from when the 

De-mec points were attached could be measured to a precision of ± 

0.001mm. Even though the absolute crack width still depends upon the 

initial crack width reading, a greater accuracy was expected, due to 
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the increased time and care that could be taken with the single set of 

initial readings. 

The first.. set of 'crack' De-mec points were attached at the current 

load level of 2.5 * the ULS HB bogie load level and the initial 

measurements revealed that the crack widths were in the range 0.04mm 

to 0.15mm. The tabulated readings from these points can be seen in 

Table 7.5, while the positions of the points are shown in Figure 7.9. 

After the model details had been recorded and a set of transducer 

readings taken, the load intensity was increased to 3.0 * the ULS HB 

bogie load level, with a corresponding increase in the maximum 

deflection to 18.1mm. Further cracks were noticed above the support 

lines upon the top surface. These cracks were narrow and were 

oriented approximately perpendicular to the supports. Some of the 

cracks were seen to disappear under the black weights that occupied a 

large part of lane 2, so the full extent of the cracking could not be 

ascertained. The soffit crack pattern had only increased its coverage 

by a small amount, although the width of the measured cracks had 

approximately doubled. 

A set of transducers readings was taken and the load intensity 

increased to 3.5 * the ULS HB bogie load level. There were no new 

developments at this load intensity so, after the model inspection had 

been carried out, the transducer readings were taken and the load 

intensity was increased to 4.0 x the ULS HB bogie load level and 

allowed to stabilise. From the load-deflection plot that the 

equipment was continuously producing, it was apparent that the 

structure had become highly non-linear. However, there was obviously 
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a large amount of resistance capacity remaining, assuming that the 

model would fail in a ductile manner. 

The maximum deflection at this stage was 26.91mm; the maximum measured 

concrete compressive strain was 1077 x 10-6; the maximum measured 

lower longitudinal tendon strain was 6467 x 10-6, which is 

approximately 77% of the yield strain; while the four supports nearest 

to the obtuse corner were supporting 48% of the total support line 

applied load (i. e. 48% of 349 kN - 167 M). The soffit crack pattern 

had spread a little further from the transverse centre-line, although 

the direction of cracking was still predominantly parallel to the 

transverse centre-line. The crack pattern suggested that the eventual 

failure mechanism for bogie load position la may have been a simple 

sagging yield line across the centre of the slab. The widths of the 

measured soffit cracks were in the range 0.19mm to 0.43mm. While 

narrow, well distributed cracks had appeared along free edge 1 in the 

in-situ concrete, many of the cracks continued down through the 

precast concrete and across the model soffit. 

With the load on the HB bogie at 4.0 x the ULS intensity, stage 3/2a 

testing was concluded. During this stage, there was generally a 

4-hour time interval between load increments, with all of the load 

increments being applied over two consecutive days. 

The unexpected strength of the model necessitated the installation of 

extra jacking equipment before the test to failure, stage 3/2b, with 

the HB bogie in position lb, could begin. A load level of 4.0 x the 

ULS HB bogie load level was the realistic maximum jacking capacity for 

the test rig, if the load was applied vertically from above. 

Therefore, to obtain the extra capacity for stage 3/2b, 3 high tensile 
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steel bars were passed through 40mm, diameter holes that had been 

drilled in the model deck. These bars, whose centroid of force 

coincided with that of the HB bogie, were secured to the model top 

surface and at the bottom to hydraulic jacks inside the lower 

framework of the testing rig. 

Although load intensities equivalent to 0.5,1.0 and 1.5 * the ULS HB 

bogie load intensities were applied at the start of the stage 3/2b 

programme, the subsequent description of the model behaviour begins at 

a load intensity equivalent to 2.0 * the ULS HB bogie load level. This 

is because there were no significant developments during the lower 

load increments. 

During the latter part of stage 3/2b, the displacement of a point 

under the HB bogie was used as the control variable. Thus, the 

servo-control testing equipment varied the load being applied through 

the HB bogie until the desired displacement was achieved. During this 

stage of the test, the load applied by the extra load distributor 

jacks was automatically kept constant. 

The tension jacking system was not activated until the load level 

reached 2.0 x the ULS HB bogie load level. Up to this stage, all of 

the load was provided by jacks from above. When the 2.0 x ULS HB load 

intensity was reached, the load was transferred to the tension jacking 

system smoothly. This was possible because the HB bogie jacks were 

working in the displacement control mode. Although the tension 

jacking system load was maintained at 2.0 x the ULS HB load level, and 

the actual load on the HB bogie was varied by the servo-control 

system as the test progressed, for ease of assimilation, load 
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intensities quoted refer to the effective total HB bogie load. That 

is, the sum of the top and the lower tension jacking loads. 

The model, settled down in a relatively short time at 2.0 x the ULS HB 

bogie load level and this allowed the visual inspection and reading 

collection to be carried out quite quickly. There was no apparent 

extension to the crack pattern, while the readings from the measured 

crack widths were comparable with those measured at a load intensity 

of 3.0 x the ULS HB bogie load in the previous bogie position. 

The load level was then increased to 2.5 x the ULS RB bogie load level 

and then to 3.0 x the ULS HB bogie load level. At both of these 

levels, after the model had been allowed to settle, a visual 

inspection was carried out, which revealed that no significant changes 

had occurred and sets of readings were obtained. 

When the model was inspected after a load intensity of 3.5 x the ULS 

HB bogie load had been applied, it was discovered that the crack 

pattern was developing further. Although there were a few new cracks, 

the majority of the visible activity resulted in the extension of the 

existing cracks. The widths of a number of the measured cracks were 

now greater than the maximum widths recorded in the previous bogie 

position, see Table 7.5. The maximum displacement reached 30.7mm. 

From this load intensity, it was not practical to increase the load in 

equal increments. The displacement control mode that was in operation 

made it difficult to maintain even an approximate load level with the 

extent of material damage that the slab was beginning to experience. 

Therefore, the next readings were obtained with the HB bogie load 

intensity at 4.32 x the ULS HB bogie load level. 
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At this stage, the maximum displacement had increased to 42.1mm; the 

maximum principal compressive concrete strain to 1373 x 10-6; and the 

maximum tendon tensile strain which was recorded just under the bogie 

position, to 6980 x 10-6. The end support in the obtuse corner was 

taking approximately 107 M, i. e. 30% of the applied load attracted to 

the line of bearings on support line 1. A crack, inclined at 45*, 

with its base approximately one slab depth from the support line, was 

visible in the in-situ concrete of the free edge, however, it did not 

continue through the precast flange. 

From the overall crack pattern in the vicinity of the obtuse corner, 

it was deduced that the end two beams were experiencing large 

torsional moments caused by the large obtuse corner reaction. It was 

thought that this could lead to the isolation of the edge beams from 

the rest of the model, by separation of the in-situ and precast 

concretes. The crack pattern on the soffit was -well developed, with 

cracks across the full width of the model, and extending to 

approximately one metre each side of the transverse centre line. The 

crack spacing was generally in the range 60mm to 100mm and of 

particular interest were the fork of 'Y' shaped cracks. These were 

normally contained within one beam width and appeared to show a change 

in the direction of active cracking. The phenomenon can be clearly 

seen in Figure 7.9 in the position corresponding to area B of Figure 

7.1. Although bogie position lb was only a small distance from the 

previous bogie position la, it may well have been sufficient to 

reorientate the principal strain directions, causing the divergent 

cracks. 
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It is also interesting to note that the soffit cracks on the half of 

the slab nearest support line 1, area A of Figure 7.1, were typically 

parallel to the transverse centre line, whereas those in area B tended 

to fan out from under the bogie position towards free edge 2. The 

measured crack widths were in the range 0.19mm to 0.67mm. 

Along the elevation of free edge 1, more cracks had developed, between 

existing cracks and also extending the crack pattern towards the 

supports. The existing cracks were beginning to curl over at the top, 

tending to the horizontal direction. This was especially true of 

those cracks, adjacent to the HB bogie. The horizontal portion of the 

cracks was generally about 40mm from the top surface. However, the 

few cracks away from the bogie that had turned towards the horizontal 

were approximately 100mm from the top surface. 

The top surface cracking in the obtuse corner, and above support line 

1, was now quite extensive. The prevailing orientations can be seen 

in Figure 7.8. However, the cracking above support line 2 appeared to 

be stagnent with no further developments. 

For the next increment, the maximum deflection was increased to 

57.8mm, with a corresponding increase in the bogie load to 5.01 x the 

ULS HB bogie load level. There was a general increase in the crack 

widths, with some new cracks developing on the soffit and top surface. 

The width of the shear crack had increased significantly, and the load 

on the obtuse corner reaction was 123 M. Three more inclined cracks 

had also opened up. One, about halfway between the existing inclined 

crack and the support line, appeared to be a progression of an 

earlier, nearly vertical, flexural crack, while the other two were at 
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0.75 and 1.5 slab depths further away from the support line than the 

initial crack. By this stage, the deck had lifted off the support in 

the acute corner. 

The controlling displacement was next increased to 74.6mm. The bogie 

load intensity increased to be equivalent to 5.61 * the ULS HB bogie 

load intensity. The soffit crack pattern had now developed quite 

extensively in area B, reaching to within 0.5 metres of the support 

line in some parts. The soffit cracks in area A, which were still 

approximately parallel to the transverse centre-line, had only 

progressed as far as 1200mm from the support line 1, except under the 

three beams nearest the free edge, where cracking was visible almost 

up to the support line. The widths of the measured soffit cracks were 

quite large, with a maximum of 1.68mm. 

Crushing of the concrete was apparent on the top surface in between 

the axles of the HB bogie and continuing inwards as far as the third 

wheel of the bogie. The direction of crushing was approximately 

perpendicular to the free edge. 

There were interesting developments in area C, over the central zone 

of the model. There appeared to be bands of material aligned in the 

longitudinal direction, and approximately 40mm wide, which were 

undergoing transverse crushing and longitudinal sliding. The bands 

were located either above the in-situ concrete between adjacent beams, 

or directly above the web of a particular beam. 

After a set of readings had been obtained, the maximum displacement 

was increased to 89.8mm, with a corresponding increase in the load 

intensity to 6.02 x the ULS HB bogie load level. The visible top 
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cracking covered almost the whole of the obtuse corner region that was 

accessible, while the shear crack that had appeared initially along 

free edge 1, now had a vertical displacement of approximately 3MM near 

to the corner, while along the side face, there was a relative 

sideways displacement of about 2mm at the bottom, with none at the 

top. Lift-off from the bearings had also extended to the second 

support in from the acute corner. The obtuse corner bearing was 

taking 153 M, which was about 34.5% of the total load on support line 

1. The maximum measured concrete compressive strain was approximately 

2100 x 10-6 and the corresponding maximum longitudinal tendon strain 

was about 11000 x 10". Both measurements were taken close to the HB 

bogie. However, they were far enough away for the influence of the 3 

dimensional stress system around the immediate areas of load 

application to be neglected. 

3 

For the next increment, the control displacement was increased to 

116.2mm, while the HB bogie load showed a small reduction to 5.97 * 

the ULS HB bogie load level. The deflections were large enough for 

the deflected shape of different regions of the model to be observed. 

It was apparent that the acute corner quadrant, area D of Figure 7.1, 

was moving as a rigid body, whereas there appeared to be large 

twisting of the obtuse corner quadrant, area E. It was also observed 

that separation was occuring between the in-situ concrete and the 

precast concrete on the obtuse corner side of the third beam in from 

the obtuse corner. This can be clearly seen in Plate 7.2. The gap 

between the two concretes was approximately 1-2mm. and could have been 

caused by the obtuse corner of the model attempting to twist up and 

away from the rest of the model. The main soffit crack widths were 

generally, up to about 4mm. At this stage, the corner bearing was 
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taking 149 M, which was approximately 33.8% of the load acting upon 

support line 1. 

As the displacement was being increased to the next incremental value, 

at least two tendons were heard to rupture. It is difficult to 

establish where these failures occurred. However, it is thought that 

the ruptured tendons were located under lane 1, towards the middle of 

the slab. After the tendon failure, the displacement level was held 

and, after stabilisation, the load intensity had reduced to 5.10 * the 

ULS HB bogie load level. The control deflection at this stage was 

156mm. while the maximum recorded top surface concrete compressive 

strain was approximately 3000 x 10'6. The vertical displacement of 

the shear crack near the obtuse corner had increased to about 5mm 

while the adjacent sepcLration of the in-situ and precast concretes was 

about 3mm. Sep,, %ration was also apparent between the other beams and 

their associated in-situ concrete along support line 1, although the 

gaps were no more than 1.5mm. 

A load of 300 kN was maintained on the tension jacking system while 

the other hydraulic jacks were unloaded and removed. After the 

visible model details had been recorded and photographed, the black 

steel weights were removed from lane 2. Subsequent inspection of the 

top surface revealed very extensive cracking in this lane, this can be 

seen in Figure 7.8. The cracking in area G was similar to that found 

in the comparable position on model 1 and resembled short stubby 

cracks at a small angle, say 20* to the general direction of the line 

of cracks. It has been suggested that these may have been caused by 

in-plane shear causing a 'tearing' action between adjacent beams. The 

cracks that could be seen at the far end of lane 2, area F, were more 

typical of reinforced concrete slabs, see Figure 7.8. The failure 
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crack pattern along the free edge adjacent to the HB bogie can be seen 

in Plate 7.4. Before the photographs of the complete model faces were 

taken, a mesh of symbols was marked on the model to allow 

interpretation. 

7.1.4 Core Samples 

Six 150mm cores were cut from model 2 after the test failure had been 

completed. The locations from which the cores were taken where chosen 

carefully to allow a detailed analysis of the different structural 

actions that had been observed during the test. These chosen 

locations can be seen in Figure 7.11. 'Unless otherwise stated, all 

the cracks which are described in the subsequent section, were located 

in the insitu concrete. 

Core I 

The first core was cut from an area adjacent to the loaded acute 

corner, an area which had suffered little damage during the test to 

failure. In the preceding text it was mentioned that during the test 

the loaded acute corner region appeared to move as a rigid body and, 

therefore, suffered little damage. This is confirmed by inspection of 

the crack pattern plots in Figure 7.8 and 7.9. This core was used as 

a datum by which the other cores were judged. It also enabled the 

effectiveness of the resin injection of early age cracking to be 

examined-From the appearance of core 1 it was apparent that the early 

age cracking was restricted to the region between the top of the upper 

transverse bars and the top surface. Through the depth, the cracks 

tapered until they were almost invisible to the naked eye about 3mm 

above the reinforcing bar. No void was visible below the top 

transverse reinforcing bars. 
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Throughout the rest of core 1 very few other cracks were visible. 

There was no separation between the component parts of the composite 

construction, in fact about 50% of the interfaces were either 

invisible to the naked eye or could only be located by the different 

shades of the precast and insitu concretes. 

Both the precast and insitu concrete exhibited little air entrainment 

with good compaction throughout the whole section depth. The actual 

section depth as measured from the cores was within lmm of the design 

value. The cores showed that prestressing and reinforcement had been 

accurately placed with the through depth positioning errors between 

lmm and 1.5mm in most cases. The dimensional accuracy of the beams 

was good with the deviation from the design profile being generally 

less than 1.5mm. 

Core 2 

The location of core 2 was selected to allow the top cracking towards 

support line I to be investigated. The cracking around core 2 

exhibited similar characteristics to cracking which is typical in 

reinforced concrete bridge decks. However it was not known how the 

composite construction had effected the formation and propagation of 

these cracks. 

There was clear separation on both sides of the precast beam which can 

be seen in -Plate 7.8 however, no cracks were visible in the precast 

concrete on the soffit of the core. The separation along the 

interface closest to the near free edge was widest at the bottom. The 

'crack' width was approximately 0.35mm, tapering to almost nothing at 

the top. On the opposite side of the web the converse was true, with 

the widest separation of approximately 0.2 mm being at the top of the 
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section. The top cracking was aligned at approximately 45* to the 

line of the beams, however, it was not possible to ascertain if the 

cracks passed through the web of the precast beam. 

Core 3, 

This core was located close to the midpoint of the model deck and was 

used to investigate the unusual damage that was present in the central 

region of the model. When removed, the core had suffered a great deal 

of damage during the test and hence was very broken up, as can be seen 

in Plate 7.8. 

During the model test, the area around core 3 would have been subject 

to large bending moments both parallel and perpendicular to the beam 

axis with large co-existing shear forces, especially perpendicular to 

the beam axis. 

The high transverse bending and shear forces had resulted in 

separation of the insitu and precast concretes along the upper portion 

of the interface on the free edge 1 (see Figure 7.1 for definition of 

free edge 1) side of the precast beam, which would be expected with 

transverse hogging moments. This separation which was 0.35mm wide at 

the top tapered to zero half way down the section with full composite 

action being maintained in the lower half of the section on free edge 

1 side of the beam. In a shear situation the compression strut would 

be expected to form between this part of the lower half of the section 

and the corresponding upper half of the next beam towards free edge 1. 

This is confirmed by the presence of shear cracks, in the insitu 

concrete, at approximately 60* to the soffit, orientated in this 

direction. 
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It is interesting to note that, as the separation of the interface 

decreases towards section mid-depth, horizontal cracks begin to form 

through the web of the precast beam. 

The top of core 3 exhibits an unusual phenomenon whereby the top layer 

of concrete, approximately 12mm. thick, appears to have separated from 

the rest of the concrete mass in small sheets. It is possible that 

the shear displacement of adjacent beams acting in conjunction with 

the insitu/precast separation, the presence of top transverse steel 

and the high longitudinal bending moments has resulted in the 

separation of this top layer of concrete from the rest of the mass. 

Core 4 

The location of core 4 was chosen to allow further investigation of 

the 'tearing' type cracking that was observed on the top surface of 

the model. 

Initial observation revealed little indication of damage. However, it 

was seen that separation of the insitu and precast concretes was 

present for the majority of the interface above the top of the bottom 

flange which would suggest a nett hogging moment perpendicular to the 

beams. 

The longitudinal bending moment magnitude was sufficient to cause the 

formation of one very small and thin crack in the soffit precast 

concrete. In fact, after the load had been removed the only evidence 

of a crack that was left was the line that had been drawn with a pen 

to mark the crack location. Repeated attempts with a O. Olmm microscope 

failed to find the actual crack. Therefore, one must assume that the 

crack was thin enough to allow the prestressing steel to close the 
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crack completely on unloading. It is interesting to note that no 

longitudinal bending cracks were visible in the insitu concrete. 

However, it is possible that the cracks formed and were closed by the 

prestress. However, for this to be realistic, either the prestressed 

concrete retarded the onset of insitu cracking and therefore any 

cracks that did form would be thin and easy to close, or, there was a 

pre-stress in the insitu concrete, caused by creep between the time of 

insitu casting and testing thus retarding the onset of cracking. 

The 'tearing' type cracking was apparent on the top surface of the 

core however no unusual phenomenon were observed around the periphery 

of the core just below the top surface and as mentioned earlier the 

only damage that was observed was separation of the precast and insitu 

concretes. 

Core 5 

This core was removed from the central region of the model slab about 

1 slab depth from the HB bogie. The model slab around core 5 was 

subject to large bending moments and shear forces during the model 

test. Consequently, this core was severely damaged hence making 

interpretation of its appearance difficult. 

During the test the principal bending moments would have been 

orientated approximately parallel and perpendicular to the beam axis. 

The longitudinal moment would probably be sagging with the transverse 

moment hogging and the major moment parallel to the beams. This is 

confirmed by cracks parallel to the beams on the top surface and 

perpendicular to the beams on the soffit. 
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There was considerable separation visible on this core tapering from 

approximately 0.7mm at the bottom to 0.05mm at the top. There was one 

horizontal crack passing through the insitu concrete at a depth of 

50mm from. the top surface. The top half of the precast beam was 

largely intact. However, there was multiple cracking and other damage 

which was centred around the junction between the web and lower 

flange. This cracking was very variable in direction from 

approximately 60' to the soffit to almost parallel with the soffit. 

Core 

This core was removed from the obtuse corner region of the model slab, 

see Figure 7.11. During the later stages of model testing a shear 

crack was visible in the insitu concrete along the free edge 

approximately 1.5 slab depths from the obtuse corner support. Core 

six was positioned 1.5 slab depths in from the free edge adjacent to 

the visible shear crack. Also of interest in this region was the 

separation of insitu and precast concretes that was clearly visible at 

the supported edge. 

This core again showed good compaction and aggregate distribution, see 

Plate 7.9. Several distinct cracks were visible around the periphery 

of the core. A few could be seen in the precast concrete. However, 

the majority were in the insitu concrete. Those in the precast 

concrete were significantly narrower. 

The cracks in the insitu concrete that were visible along the free 

edge side of the core were generally inclined at 30*-40' to the 

soffit, suggesting that they were caused by high shear forces in the 

obtuse corner region. A diagram of those cracks is given in Figure 
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7.12. Interestingly, however, there was one contra-inclined crack 

which would be typical of a Ireversel shear situation. 

These cracks were full of debris and were rather jagged in form, hence 

accurate width measurement was difficult. The best estimates 

indicated that cracks A and B, see, Figure 7.12 were approximately 

0.20mm wide whereas crack C was approximately 0.05mm wide. 

Face B, see Figure 7.12 revealed one major crack which was again 

inclined at 45' to the soffit and was probably caused by high shear 

forces from the obtuse corner reactions. The width of this crack was 

approximately 0.2mm which is comparable to those on the opposite face. 

There was a second crack in the top portion of face B which appeared 

to curl round from a horizontal to a vertical direction. This crack 

was again about 0.20mm wide. 

Cracks were visible on the top surface of the core with an orientation 

approximately perpendicular to the supported edges, suggesting that 

the principal hogging moments were approximately parallel to the 

supported edges in this region. Where these top cracks intersected 

the periphery of the core their vertical orientation could also be 

seen. The largest of these cracks were visible for approximately 50mm 

below the top surface and were vertical. 

Along the axis of the precast beams, separation was visible at most of 

the precast-insitu interfaces. On face C, see Figure 7.12, there was 

clear separation of 0.3mm along the free edge side of the precast beam 

with a tapering separation down the other side of O. 3mm, at the top and 

zero at the bottom. 
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Some almost horizontal cracks were visible in the precast section in 

the direction of face C. The two major ones were located at the top 

flange/web interface and the bottom flange/web interface. The top one 

was about O. lmm wide while the lower one was about 0.05mm wide. it 

was not possible at this stage to ascertain the orientation of these 

cracks through the length of the precast beam. 

On the opposite side, face D, there was again separation although it 

was not as severe as that found on face C. The free edge side had an 

almost uniform separation of 0.25mm through the depth of the section. 

The opposite side showed low separation on the vertical interfaces. 

However, there was separation of 0.2mm on the inclined interface at 

the top flange-web junction. There was only one crack visible in the 

precast concrete an this face. It was approximately horizontal and 

was about 30mm above the top of the bottom flange. It was not 

possible to establish the crack width because of the damage that had 

been caused by the core cutter. 

Subsequently, an attempt was made to inject the cracks in the core 

with Ultra-Violet sensitive epoxy resin before the core was sliced in 

half along the centre line of the beam using a diamond tipped disk 

cutter. It was hoped that the UV sensitive dye in the epoxy resin 

would allow the detection of narrow cracks that would normally be 

invisible. However, after the core had been cut in half it was 

realised that the resin had not seeped through the cracks in the web. 

A second attempt to increase the visibility of the cracks was then 

made. UV sensitive epoxy resin was allowed to flow over the cut 

surface cracks in the hope that it would seep into the surface cracks. 

After the epoxy resin had hardened the cut core was placed upon a rock 
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grinding/polishing table so that the epoxy resin left on the cut 

surface was ground away. the result can be seen in Plate 7.9 where the 

white lines show the presence of cracks. 

Fortunately, the cut had intersected one of the transverse holes that 

passed through the beams. These holes were used for the transverse 

reinforcement. Inspection of this intersection revealed that there had 

been practically complete filling of the transverse hole by the insitu 

concrete, see Plate 7.9. 

Inspection of the cut surface adjacent to face A revealed three 

inclined and one horizontal crack. One of the inclined cracks was 

located about two thirds of the overall depth up from the soffit, the 

second was at mid-depth while the third was a third up. All three 

were inclined at approximately 30* to the soffit. The horizontal 

crack was located close to the junction between the top of the precast 

beams and the insitu concrete, in fact for some of its length it 

appears to run along the junction. Where it deviates from the 

junction, the crack appears to be adopting a smoother profile than 

that of the interface itself. Therefore, it would appear that due to 

incompatible stress fields caused by the different load histories, and 

material moduli of the precast and insitu. concretes, the two concretes 

lost their initial- composite nature. For the majority of the 

insitu/precast interface this could be achieved by the breakdown of 

interface bond. However, the rough nature of the top interface has 

caused the separation to adopt a path which allows a smoother 

progression than the actual interface junction itself. 



186 

The top inclined crack was 0.2mm wide at its intersection with face C 

narrowing to 0.05mm mid-way through the core and it was not visible 

40mm away from its extrapolated intersection with face D. 

The lower crack only became visible 70mm from face D as it passed 

through the insitu concrete that filled the transverse hole. By the 

time the crack intersected face D it had a width of 0.3mm. It was 

difficult to locate the crack at mid-depth even by the use of a 

micro-scope, hence a crack width measurement of 0.03mm is only very 

approximate. 

Discussion of Core Crackinx 

The inclinations of cracks seen in the cores are dependent upon stress 

conditions prevailing at the time of their formation. Of particular 

interest is the cracking of core 6. In the presence of vertical shear 

only, one would expect a shear crack to form at 45' to the soffit. 

However, the sections in question were also subjected to varying 

amounts of axial stress. With reference to the Mohr's circle diagram 

of Figure 7.13, points a and b refer to orthogonal sections subjected 

solely to shear, and point c refers to a section which is also 

subjected to an axial compression. Such points occur in the upper 

region of the insitu material and through a large proportion of the 

prestressed precast material. The angle between the section with 

stresses represented by c and the principle tensile direction has 

increased and therefore the angle between direction c and the crack 

direction has decreased. For an axial compressive stress equal in 

magnitude to the applied shear stress, one would expect the crack to 

form at 300 to the soffit. 
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From Figure 7.12 it can be seen that the lower shear crack in the 

in-situ concrete of core 6 formed at approximately 45*. This suggests 

that only negligible in-plane direct stresses were acting at the time 

of its formation. Plate 7.9 shows the cracking on a parallel vertical 

slice through the same core and illustrates the cracking in the 

prestressed concrete. All of the cracks shown in this plate are at 

about 30' to the soffit. Thus at the time of the formation of the 

crack at mid-depth, continuity between the beams and the adjacent 

in-situ concrete can no longer be assumed to exist. Locally, at 

least, there must have been separation and slip at the interface, 

resulting in a complicated three dimensional state of stress. 

7.2 Results Processin 

After the test upon model 2 had been completed, the readings that had 

been recorded by the computer were retrieved and checked for 

consistency. Then, the readings that would allow the most efficient 

assessment of the structural response to be carried out were selected. 

These readings were formed into tables and have been presented in 

Appendix 7.2. Also contained within that appendix are diagrams 

showing the exact location of every transducer and de-mec point that 

was attached to model 2. The test results are assessed and compared 

with analytical predictions in Chapter 11. 

7.3 Investiltation of 'TearinR' Crack Phenomenon 

The three types of cracking that were evident on the top surface of 

the model- can be seen in Figure 7.9 and Plate 7.5. In area E (see 

Figure 7.1), the cracking is similar to that observed in monolithic 

reinforced concrete slabs. In the opposite obtuse comer zone there 

are continuous tensile cracks parallel to the beams. However in areas 

D and H, there are 'tearing' type cracks. These are aligned in the 
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general direction of the precast beams, although the short individual 

stubby cracks which make up these lines are orientated at between 15* 

and 30* to the beam direction. 

If an element of concrete in a top region of the model slab, which 

includes the in-situ/precast interface is considered, and is subject 

to a biaxial stress field, then the principal directions are usually 

inclined to the beam axes, see Figure 7.14. If the principal stresses 

are transformed to directions parallel and perpendicular to the 

interface, two direct stresses an and at and a shearing stress 7nt are 

obtained, see Figure 7.15. 

Thus arn - cr, COS2 a+a2 sin 20 

(T t- or I sin2 a+ or 2 Cos 2a 

7 nt - (a2-ad sin 0 cos 0 

(7.1) 

(7.2) 

(7.3) 

Generally, an compresses or extends the concretes either side of the 

interface. If the two concretes have different 'E' values, then crn 

could theoretically have a significant effect upon the interface 

behaviour. There will be a discontinuity in an across the interface. 

However, in reality, although the concretes will have very different 

strengths, their elastic moduli are likely to be similar and, 

therefore, it will be assumed that an has a negligible effect upon the 

interface behaviour. 

The resistance to sliding between the two concretes is provided by a 

combination of many factors. Probably the most significant being 

-chemical bond, physical roughness, reinforcement dowel action and 

friction. Dowel action is ignored, on the basis that it will not have 
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a significant effect until after initial slippage. A resistance to 

slippage at the interface, 7 tot, can be defined to be: 

7tot. - 71 + 7f - 71 + O'norm tan 9 (7.4) 

Where Ti is the interface shear stress that is required to break the 

initial chemical bond and cohesion. 7f is the shear stress required 

to overcome the frictional restraint. 'Tnorm is the direct stFess 

normal to the interface, while 9 is the materials' angle of friction. - 

If the stress system an, at and 7nt acts upon the interface, which is 

just on the point of slipping then, equation 7.4 can be re-written as 

Tnt 171+ Crt tan 9 Rearranging gives tan 9- 7nt - 71 (7.5) 
at 

Substituting equations 7.2 and 7.3 into 7.5 gives 

(a 
2 sin 0 cos 0 71 

tan 9- (7.6) 
o, Is in' + or 2 Cos 

Introducing a stress ratio R-a 
2/'Tl# 

tan a, (R - 1) sin 0 cos 0- 71 (7.7) 
or, (sin' 0+R cosj 0) 

If, initially, it is assumed that the only resistance to sliding is 

frictional, then ri can be set equal to zero and introducing an 

I 
apparent angle of friction, 9 

tan 
(R - 1) sin 0 cos 0 

sin2 0+R cos2 0 
(7.8) 

Thus, there are three unknowns, the two variables R and 0 and the 

apparent angle of friction 0' - From the plots of principal top 

surface strains recorded during the tests, it can be deduced that the 

in-plane principal strains in most of the regions subject to "tearing" 
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cracking were of opposite sign. From finite element analyses, the 

elastic stress ratio R in these regions was in the range -8 to -1, 
4 

with -5 being the predominant value (a 
2- -al to a2 - -8 a, ). 

In Figure 7.16, the lower limits to the apparent angles of friction, 

that will prevent interface slippage are shown for ranges of R and 0. 

Predicted negative values of shown are meaningless, and are 

obtained when the normal stress on the interface, at, is tensile. 

Plots showing the interface normal stress and the interface 

shear-stress, for various stress ratios (R) and principal angles (0) 

have also included in Figure 7.16. To allow easier interpretation, 

the absolute value of the interface shear stress has been plotted. 

Consider the case when R- -5, (a2 - -5, a, For 0<04 660 the 

normal stress on the interface is compressive and reduces with an 

increase in 0. The magnitude of the shear stress along the interface 

increases with an increase in 0. Therefore, the required apparent 

angle of friction to prevent slipping increases with 0. 

From examination of the cracking and the finite element stress 

predictions, it can be seen that when the principal tensile stress is 

at between 95* and 85* to the interface (opposite obtuse corner to 

area E), the top cracks are continuous. In area E (see Figures 7.1 

and 7.9) where the principal tensile stresses have rotated to 

approximately 50* to the interface, the top surface cracking is again 

continuous. However, in the regions where rotation of the principal 

angles is in the range 50' to 85* (areas D and H), the top surface 

cracks are discontinuous and take on the 'tearing' appearance. These 

three regions can clearly be seen in Figure 7.9. 
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If one considers the typical stress ratio of -5, then the required 

apparent angle of friction to prevent slipping at the interface of the 

in-situ and precast concretes would appear to be 63*, for an angle of 

rotation of the principal stresses of 50*. At principal angles below 

this, the interface normal stress is more compressive while the shear 

stress magnitude is reduced, hence one would expect less likelihood of 

slipping. At principal angles between 85* and 95", the interface 

shear stress is low and unable to overcome the shear capacity, hence 

slippage is unlikely. 

Between these two no-slip regions, there are areas where slip is seen 

to occur (areas D and H), with principal angles between 50* and 85*. 

At the higher end of this range, there is a tensile stress across the 

interface and, therefore, one would expect that as soon as the shear 

stress was large enough to overcome the restraint factors mentioned 

above a tearing type cracking appearance would result. Towards the 

lower end of this range, the interface normal stress is compressive. 

However, the small magnitude of compression is not capable of 

mobilising the required frictional force to overcome the relatively 

large interface shear stress. At smaller principal angles, the 

interface normal compressive stress is larger, while the shear stress 

is reduced. A sufficiently large frictional force is mobilised, and 

the tearing appearance of the crack pattern ceases. 

One would expect the angle of friction of concrete on concrete to be 

largely dependent upon the roughness of the two surfaces and hence a 

large variation in possible values for the angle of friction would be 

expected. However, a general value of 37* has been suggested, see 

section 2.1.3. It will be recollected that the precast beams were 

cast against steel side moulds with a smooth surface. However, small 
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air bubbles did adhere to the moulds during casting and hence the 

resulting precast beam surfaces did have irregularities. These small 

bubble holes will have increased the effective roughness when the 

insitu concrete was cast, thus increasing the physical restraint to 

slipping. 

If one includes the cohesion term -ri. in the calculations, then a 

knowledge of the absolute magnitude of the stresses, rather than a 

simple ratio would be required. From section 2.1.3, and equation 2.2, 

the interface shear capacity is given by 

7tot 0.07 fcu + tan 9 O'norm (7.9) 

The cohesive term in this equation, 0.07 fcu, is equal to Ti used in 

previous equations. After initial breakdown of bond, the value of the 

cohesive term will probably be severely reduced. With a precast 

concrete cube strength of -74.6 N/mm 2 and an in-situ concrete strength 

, of -58.7 N/mm2 for model 2, then a typical composite value of -66.2 

N/MM2 can be calculated from J(74.6 x 58.7). 'Using this value and the 

equation above, the cohesion term is equal to -4.63 N/mm 2. 

From equation 7.8, defining the interface shear capacity in terms of 

the apparent angle of friction, 

7 nt - tan art.. With 63.4* 'rnt - 1-99 (Tt 

At breakdown Ttot -7 nt and a norm - at, hence 

1.99 at - -4.63 + 0.75 at 

at m -4.63 - -3.72 
N/MM2 hence 7 

nt - 1-99 at - -7.41 N/mm 2 

1.99 - 0.75 
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Using equations 7.2 and 7.3, the magnitude of the principal stresses 

at breakdown, for a stress ratio R of -5 and a principal angle of 50* 

can be obtained. Using, 

(T t- (r, sin2 0+ (T 2 Cos 20 
and Tnt - ((72 - a, ) sin 0 cos 0 

then for R- -5, 

at - a, (sin2 0-5 COS2 0) and 7 nt 
6 a, sin 0 cos 0 

With the principal angle 0- 50*, 

at - -1.48 ir, q rnt ý 2.95 or, and a, 2-, 5a, 

crt -3.72 - 2.5 1 N/MM 2 
and a- -12.57 

N/MM2 
2 

-1.48 -1.48 

From the Finite Element predictions, it is probable that this 

situation would be encountered in areas D and H during the middle 

stage of testing, at load levels beyond those considered for ultimate 

limit state design. 

7.4 Tests on Longitudinal Strip s 

In addition to the test upon model 2, subsidiary tests were also 

carried out upon 1: 3.5 models of longitudinal strips of the prototype 

deck. The tests on the longitudinal strips are fully described in 

Appendix 7.1. 

These separate tests provided useful information on the flexural 

stiffness and failure history for a longitudinal strip of the 

composite construction. , 
The specimens used for these tests were 

nominally identical, to allow an appraisal of -result scatter due to 

material property variations and experimental errors. 

The excellent correlation between the results of the two tests can be 

seen in Figure 4 of Appendix 7.1. The results suggested that the 

restraint of the precast concrete severely retarded the onset of 
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cracking in the insitu concrete while the initial flexural stiffness 

agreed closely with the theoretical stiffness calculated with an 'E' 

value obtained from specimen tests. 

Cracking in both tests was well distributed at an interval of 

approximately 100mm. During the latter stages of the test there was 

limited evidence of cracks closing while others became dominant. 

However, this effect may have been restrained by the excellent bond 

properties of the prestressing strand and the minimal moment 

redistribution given the determinate nature of the structure. 
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APPENDIX 5.1 Moment-Curvature 

Relationship for the Composite Beazm of Model I 

Introduction 

Composite beams were formed incorporating 1,2 and 3 prestressed 

beams, respectively, as described in Appendix 2.5 of Research Report 

No TRR 842/368, produced for the Transport and Road Research 

Laboratory (hereafter referred to as the Report). The information 

provided on the moment-curvature relationship was, however, less than 

anticipated, due to the premature bond failures. A further two 

composite beams incorporating 1 pretensioned beam were, therefore, 

constructed and tested. The f irst beam was called the Control Beam 

and the second beam, which had welded end plates, was called the New 

Beam. 

The gradients of the moment- curvature graphs, before cracking of the 

pretensioned beams, are given in Table 1. For reference, the cube 

strengths of the precast beams (fcu, p) and the insitu concretes 

U 
cu, j) are also tabulated. 

Table 1 Uncracked Flexural Stiffnesses 

Beam EI - M/X (kNm2/m) fcuop fcu, i 

1 11650 56.4 42.1 

New Be= 12150 57.0 38.2 

2 15080 61.7 37.7 

3 14680 56.4,61.7 45.0 



208 

It is apparent that the composite beams with insitu concrete 

sandwiched between pretensioned beams are stiffer than those with only 

one pretensioned member. The EI value from a transformed section 

calculation, using E values determined from strain gauged cylinders, 

is 14,400 kNM2/M. 

This suggests that pre-structural cracking (due to restraint of early 

thermal contraction) reduced the effective stiffness of the composite 

members. However, the tensile stiffness of the sandwiched insitu 

concrete is largely retained until cracking of the pretensioned 

members. 

The moments (per composite beam) at which cracking was detected in the 

prestressed beams were 11.6,10.5,12.4 and 10.8 kN. m, respectively. 

Detection of first cracking is notoriously difficult, and the values 

listed must be regarded as very approximate. No trend is evident from 

the values. 

Test of Control Beam 

The beam was set up with the testing arrangements shown in Figure 1. 

At the time of testing, the cube strengths of the precast and insitu 

2 /MM 2, 'ý: 
concretes were 57.1 N/mm and 40.6 N respectively. 

The steel strains have been plotted against the moments at the strain 

gauged sections in Figure 10 of Appendix 2.5 of the Report and typical 

1-1 
ý114 
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stress-strain curves for the tendons are shown in Figure 4. The 

measured strain in the tendons, before failure, suggests that yielding 

was taking place. 

The moment- curvature relationship has been plotted in Figure 5, the 

continuously curved nature of the initial part of the graph for the 

Control Beam is due to an experimental error. Because of an unnoticed 

change in the load cell scale setting, the beam was loaded to beyond 

initial cracking before any deformation readings were taken. The 

graph shown is for a second test on the beam, with the locked-in 

curvature ignored. Test results are given in Tables 2 to 4, for 

reference. No separation of insitu and precast concretes was 

observed. The crack pattern at f ailure is shown in Plate 1 and, as 

can be seen, the visible cracks were continuous across the precast and 

insitu concrete interfaces. 

Test of New Beam 

The "New Beam" was tested 11 weeks after release of the tendons, using 

the arrangement shown in Figure 1. 'The test was delayed to enable 

much of the creep in the concrete gripping the tendons to take place, 

so that bond conditions were similar to those in the beams of the 

model bridge. The 28 day cube strength of the precast beam was 57 

N/MM2 and the strength of the insitu concrete at the time of testing 

was 38.2 N/mm 2. The corresponding split cylinder strengths were 3.8 

N/MM2 and 3.4 N/MM2 , respectively. 

The steel strains have been plotted against the moments at the strain 

gauged sections in Figure 12 of Appendix 2.5 of the Report. Measured 

0 
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Table 2 Control Beam Deflections 

Load, W Moment Moment/mm Deflections (mm) 
N 10 3 N) (X 106 Nmm) (X 10 6 Nmm/mm) I 

dd2d 
111.13 

0 0.88 0.06 0 0 0 

5 4.13 0.029 1.85 1.91 1.87 

7 5.43 0.038 2.56 2.70 2.61 

10 7.38 0.051 3.69 3.95 3.76 

13 9.33 0.065 4.94 5.34 5.03 

15 10.63 0.074 6.03 6.54 6.13 

17 11.93 0.083 7.29 7.94 7.38 

18 12.58 0.087 7.98 8.69 8.06 

19 13.23 0.092 8.62 9.42 8.72 

21 14.53 0.101 10.46 11.45 10.57 

23 15.83 0.110 14.50 16.00 14.67 

24 16.48 0.114 17.68 19.50 17.90 

25 17.13 0.119 20.40 22.48 20.65 

26 17.78 0.124 23.83 27.24 24.05 

0 0.88 0.06 1.36 2.56 2.08 

26 17.78 0.124 25.90 29.81 

1 

26.36 

27 18.43 0.128 31.18 35.77 31.58 

28 19.08 0.133 41.07 
1 

47.23 41.44 

I 
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Table 3 Control Beam Curvatures 

(based on deflection measurements) 

Moment 
(X 1(36 Nmm) 

Moment/mm 
(X 106 Nmm/mm) 

I 
Curvature, K 
EX 10-6MM-1) 

0.88 0.06 0 

4.13 0.029 0.62 

5.43 0.03B 1.44 

7.38 0.051 2.81 

9.33 0.065 4.44 

10.63 0.074 5.75 

11.93 1 0.083 7.55 

12.58 0.087 8.38 

13.23 0.092 9.38 

14.53 0.101 11.69 

15.83 0.110 17.69 

16.48 0.114 21.38 

17.13 0.119 24.44 

17.78 0.124 41.25 

0.88 0.06 10.50 

17.78 0.124 46.00 

18.43 0.12B 54.88 

19.08 0.133 74.69 
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deflections, steel strains and concrete strains are given in Tables 5 

to 7, while a typical stress-strain relationship for the concrete is 

given in Figure 3. The locations of the gauge lengths for the 

concrete strain readings are shown in Figure 2. Calculated curvatures 

are presented in Tables 8 a-b. Plots of the moment-curvature 

relationships, based on average strains over the constant moment zone, 

and on deflection measurements, are compared in Figure 6. As can be 

seen, the overall degree of agreement is good. 

It can be seen from Figure 5 that the moment- curvature relationships 

for the New Beam and Beam I are similar, to the start of bond failure 

in Beam 1. The ultimate moments of the Control Beam and the New Beam 

are similar. These observations suggest that the welded end plates 

had little effect on the behaviour of the composite beam, before 

cracking of the prestressed beam, and on its ultimate load. 

Strain readings from the first two load increments indicate that the 

neutral axis depth was approximately 68% of the section depth from the 

top surface. This suggests that there was a greater difference 

between the moduli for the insitu, and precast concretes than was found 

from specimen testing. A possible reason for this is thought to be 

micro-cracking of the insitu concrete due to restraint of early 

thermal cracking. 

The results indicate that cracking did not take place until the fifth 

load increment was applied. Cracks propagated fairly rapidly, at 

spacings of 100-150 mm, and with some crack tips about 80 mm above the 

soffit. There were some 200 mm gaps between cracks and these areas 

1ý 
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Table 4 Control Beam Steel Strains 

Load, W 
(XI03 N) 

( 

Gauge 1 

Moment Micro- 
X106 Nmm) strain 

Gauge 2 

Moment Micro- 
(X106 Nmm) strain 

Gauge 3 

Moment Micro- 
(X106 Nmm) strain 

Gauge 4 

Moment Micro- 
(xlO6Nmm) strain 

0 0.11 -120 0.29 1710 0.81 4560 0.88 4770 

5 0.36 -10 0.99 1670 3.51 4630 4.13 4850 

7 0.46 30 1.27 1690 4.59 4670 5.43 4910 

10 0.61 10 1.69 1690 6.21 4710 7.38 4960 

13 0.76 so 2.11 1750 7.83 4790 9.33 5100 

is 0.86 40 2.39 1750 8.91 4860 10.63 5270 

17 0.96 60 2.67 1770 9.99 4890 11.93 5420 

18 1.01 10 2.81 1710 10.53 4830 12.58 5520 

19 1.06 80 2.95 1780 11.07 4920 13.23 5660 

21 1.16 80 3.23 1780 12.15 4960 14.53 5900 

23 1.26 90 3.51 1780 13.23 5020 15.83 6190 

24 1.31 100 3.65 1790 13.77 5190 16.48 6470 

25 1.36 100 1 3.79 1790 14.31 5440 17.13 6730 

26 1.41 110 3.93 1790 14.85 5730 17.78 7050 

0 0.11 70 0.29 1700 0.81 4720 0.88 4900 

26 1.41 110 3.93 1790 14. B5 5740 17.78 7290 

27 1.46 140 4.07 1800 15.39 5680 18.43 7860 

28 1.51 150 4.21 1820 15.93 J 5510 1.19.08 1 1630 

Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Before release 5828 5910 5860 6050 
After release 959 2910 5310 5470 
3 hrs after release 734 2520 5240 5400 
24 hrs after release 578 2240 5130 5290 
14 days after release 113 1670 4820 4985 
Before testing (50 days) 120 1710 4560 477.0 
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remained uncracked with further loading. The test was stopped when 

unacceptably large deflections had been sustained. The maximum 

recorded steel strain was approximately 95% of the initial yield 

strain. However, at this stage there was a gradual breakdown in bond 

on the side of the beam with the ungauged tendons. When this reached 

the end plate, part of the tensile force was applied at the beam end 

and the action was between that of a bonded and an unbonded 

pre-tensioned member. 
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Table 5 New Beam, Concrete Strains 

Moment (Nrrrn x 106) 
G auge 

0.8814 . 13 7 
1 

. 38 1 0.631 
1 
12.58 1 

1 
4.531 15.83 

1 
17.13 

1 
8.43 19.08 17.78 1 5.83 

1 0 -74 - 194 -338 -427 -629 -700 -647 -563 - - - 
2 0 -79 - 216 -405 -663 -2303 -3566 -5290 - 8545 - - - 
3 0 -49 -168 -371 -448 -1065 -1516 -1972 - 2291 - - - 
4 0 -68 -165 77 -585 -1395 -2036 -2698 - 3611 - - - 
5 0 14 -161 -315 -432 -1243 -1945 -2722 -3673 - - - 
6 0 ? 

1 

7 0 - 54 -199 -364 -470 -1079 -2170 -3145 -4431 - - - 

8 0 -50 -187 -334 -443 
1 

-349 -279 -248 -212 -228 -192 -273 
9 a -38 -170 -338 -432 -1721 -2667 -3787 -5448 -9532 -9120 -6472 

10 0 -75 -183 -364 -414 -963 -1598 -2284 -3185 -4891 -4691 -3326 
11 0 -51 -188 -373 -493 -1681 -2606 -3436 -4414 -5528 -5101 -3808 
12 0 -60 -208 -422 -778 -1586 -1948 -2369 -2624 2598 -2379 -2001 
13 0 -54 -229 -373 -329 -1898 -3116 -4815 -8074 1 8024 

1 
-36040 - 

14 0 -941 -228 ? -489 -478 1- 
469 -458 -421 -447 -439 -419 

is 0 -52 
1 
- 157 -273 -312 -435 -525 -808 -800 -- - 

is 0 -67 -166 -304 -352 -332 -315 -276 
1 

-255 - 
17 0 -80 -210 -382 -4481 -1528 -26M -4080 -5784 - 
18 a -74 -164 -304 -400 -244 -236 -185 -171 
19 0 -66 -171 -315 -399 -1732 -2551 -3673 -4976 -- - 
20 0 -45 -159 -259 -324 -451 -522 -927 -1661 -- - 
21 0 -4 -40 -101 -139 -908 -1517 -2394 -3338 -- - 
22 c as 80 32 -31 -439 -822 -1166 -1669 -- - 
23 0 53 -24 -69 -119 -788 -1273 -1915 -2649 -- - 
24 0 69 126 168 203 99 17 -208 , -459 -- - 
25 0 101 161 206 226 150 56 -43 -136 -- - 
26 0 61 103 185 216 119 -7 -149 -316 -- - 
27 0 177 267 423 533 748 920 1129 1344 -- - 
28 0 128 257 435 549 855 1081 1 1333 

1 
1578 -- 

29 0 199 343 S33 625 858 1007 1251 1540 - - 
30 0 184 321 501 634 959 1200 1474 1894 - - 
31 0 172 328 447 623 865 1106 1356 1573 - - 
32 0 178 326 462 579 848 1033 1212 1409 - - 
33 0 185 272 452 549 780 933 1134 1319 - - 
34 0 218 

1 
364 544 541 956 1156 1400 1662 - - 

35 a 170 294 458 537 831 1088 1354 1657 - - 

36 0 250 414 541 
1 

646 964 1170 1413 1751 2165 2130 1818 
37 0 155 281 449 564 831 989 1220 1497 1940 1950 Iscs 
38 0 209 346 521 640 860 1008 1188 1394 1631 1633 1388 
39 0 211 383 567 680 969 1161 1363 1592 1825 1821 1464 
40 0 

. 
132 262 406 53 1 797 1008 1210 1437 1721 1799 1459 

41 0 114 205 380 '18 4 0 812 
1 1 

1352 
1 

1320 1678 2528 4152 - 
42 0 

1 
22 

1 
9 386 582 71 0 1005 1162 138 01 1687 2303 3971 - 

NOTE: All strains shown as microstrains. Compression strains positive. 
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Table 6 New Beam, Deflections 

Load, W 
N 103N) 

Moment 
(x 10*6Nmm) 

Deflections (mm) 

0 0.88 0 0 0 

5 4.13 1.69 1.88 1.72 

10 7.38 3.49 3.85 3.53 

is 10.63 5.68 6.21 5.69 

18 12.58 7.34 8.04 7.33 

21 14.53 12.54 13.84 12.56 

23 15.83 16.78 18.53 16.84 

24 16.48 19.24 21.27 19.37 

25 17.13 22.21 24.45 21.22 

26 17.78 25.93 28.42 25.80 

27 18.43 29.39 32.16 29.16 

28 19.08 40.64 44.57 40.15 

26 17.78 51.52 55.06 48.24 

23 15.83 67.44 70.13 58.87 
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Table 7 New Beam Steel Strains 

Load. W Gauge 1 Gauge 2 Gauge 3 Gauge 4 

(X103 N) Moment Micro- Moment Micro- Moment Micro- Moment Micro- 
(X106 Nmm)lstrain (40 6 Nmm)lstrain (40 6 Nmm)lstrain, (X106 Nmm)lstrain 

0 0.11 -2200 0.29 760 0.81 4280 0.88 4360 

5 0.36 -2190 0.99 780 3.51 4345 4.13 4450 

10 0.61 -2180 1.69 790 6.21 4410 7.313 4535 

15 0.86 -2180 2.39 805 8.91 4485 10.63 4660 

18 1.01 -2175 2.81 als 10.53 4535 12.58 4785 

21 1.16 -2170 3.23 830 12.15 4600 14.53 5440 

23 1.26 -2170 3.51 835 13.23 4650 15.83 5700 

24 1.31 -2170 3.65 840 13.77 4700 16.48 5870 

25 1.36 -2165 3.79 840 14.31 4775 17.13 Boss 

26 1.41 -2165 3.93 850 14.85 4915 17.78 6270 

27 1.46 -2165 4.07 850 15.39 5050 18.43 6440 

28 1.51 -2160 4.21 850 15.93 5060 19.08 6810 

26 1.41 -2170 3.93 850 14.85 5020 17.78 5890 

23 1.26 -2170 3.51 840 13.23 4960 15.83 4960 

Gauge 1 Gauge 2 Gauge 3 Gauge 4 

Before release 5890 5800 5780 5900 

After release 144 2670 5240 5330 

3 hrs after release -248 2070 5190 5260 

24 hrs after release -340 1910 5070 5150 

14 days after release -1878 650 4680 4725 

Before testing (100 days) L -2200 760 4280 4360 
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Table 8a Curvatures Calculated From Deflections 

Moment 
(x 10 6 Nmm) 

Moment/r. m 
(X 106 Nmm/mm) 

Curvature 
(x 10- 6 

mm- 
I) 

0.88 0.006 0 

4.13 0.028 2.19 

7.38 0.051 4.25 

10.63 0.074 6.56 

12.58 0.087 8.81 

14.53 0.101 16.12 

15.83 0.110 21.50 

16.48 0.114 24.56 

17.13 0.119 34.19 

17.78 0.123 31.94 

18.43 0.128 36.06 

19.08 0.133 52.19 

17.78 0.123 64.75 

15.83 0.110 87.19 
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Table 8b Curvatures Calculated From Strains 

Moment 
(XlO 6 Nmm) 

Moment/mm 
(xlO6Nmn/mm) 

Average 
Microstrains Curvature 

-1 lO- 6 ( 
Top Bottom 

X mm 

0.88 0.006 0 0 0 

4.13 0.028 186 -62 1.61 

7.38 0.051 323 -195 3.36 

10.63 0.074 489 -363 5.53 

12.58 0.087 603 -492 7.11 

14.53 0.1(11- 881 -1261 13.91 

15.83 0.110 1098 -1894 19.43 

17.13 0.119 1305 -2605 25.39 

18.43 0.128 1578 -3653 33.97 

19.08 0.133 2016 -5891 51.34 

17.78 0.123 4494 -8280 82.95 

15.83 0.110 n. a. n. a. n. a. 
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APPENDIX 5.2- Study of Transverse Sectian of Model 1 

Introduction 

Some of the rejected prestressed beams for the first model were sawn 

into 440 mm lengths and used to form two composite beams representing 

a transverse slice of the model, see Fig. 1 and Plates . 
1,2. 

These beams were then tested to study stiffness changes with the dev- 

elopment of cracKing. 

Tests on Beams Representing Transverse Section 

Cracking in the transverse beams initiated at the junctions of the 

precast beam segments. Some of their surfaces profiles tended to 

follow the beam segment outlines, whereas others were nearly vertical, 

see Plate 3. Strains were-recorded on continuous lines of Oemec 

points, with 100 mm gauge lengths. The Oemec points were located on 

the beam sides, 10 mm from the top and soffit surfaces. Most of the 

gauge lengths spanned precast beam flange junctions, but a few were 

confined to the flanges of the precast beam segments. 

For reference, measured strains on side A of the second beam tested 

are given in Tables 1 and 2. As can be seen from these results, there 

were considerable variations in strain readings in the compression zone, 

but there was no obvious distinction between readings from gauge lengths 

above the beam segment Junctions and from those above the beam segment 

I 
flanges. On the soffit, the variation in strains is much greater, and 

the strains on gauge lengths confined to the flanges are both small and 

difficult to interpret. However, for the purposes of analysis. the 

readings suggest that it is reasonable to assume there is negligible 

stress in the concrete between the cracKs. 
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G 

Moment (kNm) 

auge 
0 1.875 3.75 7.5 9.375 11.25 12.0 

1 0 0 80 150 260 300 350 

20 0 40 140 400 520 620 680 

3 0 30 180 300 450 520 590 

4 0 30 170 300 400 Soo 550 

50 0 70 200 360 430 490 500 

6 0 70 190 440 480 580 650 

7 0 60 150 370 360 400 397 

8 0 40 130 310 380 410 450 

go 0 90 200 360 430 510 550 

10 a so 200 260 370 390? 
1 

450 

11 0 70 150 330 390 460 510 

120 a 90 180 330 400 470 530 

13 0 100 200 1 380 430 510 560 

Table 1: Micro-strains on top gauge line 

(*Gauge length above beam segment flange) 

Gau e 

Moment (kNm) 

g 
a 1.875 3.75 7.5 9.375 11.25 12.0 

1 0 50 990 4730 5830 7900 10360 

2* 0 30 70 110 80 110 110 

3 0 20 -20 0 1710 2690 3430 

4 0 -30 2320 4520 5660 7400 9640 

50 a -30 -80 -140 -260 -260 -340 

6 a 90 240 2470 3470 4940 6510 

7 0 -20 250 1060 S190 7330 9410 

8 0 -40 -60 1400 2070 3110 4110 

go 0 -40 -90 -70 -80 -50 -10 

10 0 Soo 1310 2990 4830 7070 10270 

11 a so 200 2670 3280 4230 4920 

12* a -50 -50 -130 -140 -130 -70 

13 0 -10 840 4140 5440 7990 10970 

Table 2: Micro-strains on bottom gauge line 

! *Gauge length over beam segment flange) 
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Stiffness Properties 

In Fig. 2, the deduced moment-curvature relationships for the constant 

rmment zone are shown. The curvatures were calculated using the strain 

readings and the assumption of linear strain distribution over the 

beam depth, and from deflection readings at centre span and at the load 

points using the assumption of circular bending over the constant 

moment zone. It can be seen that the two methods gave a very satisfact- 

cry degree of agreement. The load-central deflection graphs for two 

beams are shown in Fig. 3. 

Up to a moment of about 7.5 kNm, the stress-strain distribution in the 

compression block is approximately linear. This deduction is based on 

the assumption of a linear strain distribution over the depth of the 

beam and the test results shown in Fig. 4. For the purposes of calcul- 

ation, a constant value of Young's Modulus for the insitu concrete of 

26 kN/MM2 has been taken. 

Using A. = 170 mm 2, Es- 200 KN/mm2, Ec= 26 kN/mm2, and the assumptions 

of zero tensile stress capacity and a linear stress-strain relationship 

in compression, the calculated depth of the neutral axis is 25 mm. 

Using the averages of recorded strains over the constant moment zones 

and the assumption of linear strain variation with depth, the deduced 

neutral axis. depths are as given in Table 3. These results show that as 

Moment (kNm) 1.875 3.75 7.5 9.375 11.25 12.0 

Depth (mm) 102 62 34 30 27 24 

Table 3: Neutral Axis Depths 
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cracking develops over the constant moment zone, the neutral axis 

depth approaches the theoretical value calculated using the assumptions 

described above. 

From the readings in Table 2, it can be seen that a single crack had 

developed with the applied moment at 1.875 kNm; 4 cracks had developed 

at 3.75 kNm; and 8 cracks had developed at 7.5 kNm. The corresponding 

average neutral axis depths based on the strains at the cracked sections 

only are 24 mm, 29 mm and 28 mm, respectively. 

For design purposes, as cracking develops with sustained loading and with 

repetition of live load applications, use of the calculated neutral axis 

depth for predicting the effects of both short and long term loading 

seems reasonable. However, the appropriate value of Young's Modulus 

should, of course, be used for the two cases. 

For the purposes of non-linear analysis of short term load effects. it 

seems reasonable to ignore tension stiffening effects at cracKed sampl- 

ing stations. 

Before the onset of cracKing, the calculated EI value for the beam is 

2730 kNm 2. This value is based on a concrete section of depth 142 mm, 

and a Young's Modulus of 26 kN/mm 2- The value based on the Moment- 

Curvature graph of Fig. 2 is 3000 kNmz. The agreement between the 

values is reasonable, as the strain readings are subject to maximum 

error under low imments. 

Incremental average values of flexural stiffness are shown on Fig. 2. 

The calculated value for an elastic, cracked section is 435 kNm 2. It 

can be seen that the calculated value gives a reasonable prediction of 
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the average flexural stiffness over the range M=1.875 kNm to 

M-7.5 kNm of 468 KNm 2. This result confirms that it is reasonable 

to neglect the concrete in the tension zone when determining the 

average. stiffness. At higher moments. there is softening of the 

concrete due to the high level of strain in the compression blocK, and 

a non-linear analysis is required to determine the flexural stiffness. 
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APPENDIX 5.3 Numerical Results from Model I Tests 

This appendix contains the main test data obtained for Model 1. Tables 

of values are presented for each transducer. The transducers are 

identified by reference numbers at the top of each Table and their 

locations are given on Figures 1 to 6. The particular load regimes 

corresponding to readings are defined by the numbers given in the 

first column of each Table. The meaning of these numbers is explained 

in Table 1. 

There are two Tables which relate to the strain gauge rosettes on the 

slab top surfaces, Tables 3&4. The first table gives the raw 

readings from each arm of the rosette. The second Table presents the 

derived principal strains and angle for each complete rosette reading. 
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Level Scan No Bogie 
load 
(M) 

Disp 
level 
(mm) 

Comment 

1 1&2 0 0.0 Deck Self Weight only (Datum) 

2 6&7 0 -1.12 Ill + Density correction and Super Dead 
Load, both factored for SLS 

3 11 & 12 0 -2.30 121 + 1/3 HA UDL over complete slab 
area 

4 13 & 14 81.4 -3.51 131 + 45 units of one HB Bogie factored 
for SLS in position 2 

5 16 & 17 0 -2.60 As for '3', HB Bogie load removed 

6 20 & 21 82.2 -3.05 '3' + 45 units of one HB Bogie factored 
for SLS in position 3 

7 23 0 -2.17 As for IV, HB Bogie load removed 

8 24 81.6 -5.01 13' + 45 units of one HB Bogie factored 
for SLS in position 1 

9 25 0 -3.62 As for '3', HB Bogie load removed 

10 26 0 -3.61 Ill + Density Correction and Super Dead 
Load, both factored for ULS 

11 27 0 -3.10 '10' + Full HA UDL in Lane 2 and 1/3 HA 
UDL in Lane 3, both factored for ULS 

12 28 95 -5.61 '11' + 45 units of one HB Bogie 
factored for ULS in position 1 

13 29 144. -7.38 1111 + 1.5 * (45 units of one HB Bogie 
factored for ULS) in position 1 

14 30 190. -11.83 1111 + 2.0 * (45 units of one HB Bogie 
factored for ULS) in position 1 

15 35 229. -17.74 1111 + 2.4 * (45 units of one HB Bogie 
factored for ULS) in position 1 

16 36 & 37 256. -24.12 1111 + 2.7 * (45 units of one HB Bogie 
factored for ULS) in position 1 

17 38 273. -32.51 1111 + 2.9 * (45 units of one HB Bogie 
factored for ULS) in position 1 

18 39 290. . 40.38 1111 + 3.0 * (45 units of one HB Bogie 
factored for ULS) in position 1 

19 40 307. -55.92 1111 + 3.2 * (45 units of one HB Bogie 
factored for ULS) in position 1 
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20 41 312. -65.76 1111 + 3.27 * (45 units of one HB Bogie 
factored for ULS) in position 1 

21 42 312. -78.95 '11' + 3.27 * (45 units of one HB Bogie 
factored for ULS) in position 1 

22 43 306. -92.30 '11' + 3.2 * (45 units of one HB Bogie 
factored for ULS) in position 1 

23 44 307. -102.58 1111 + 3.2 * (45 units of one HB Bogie 
factored for ULS) in position 1 

24 45 304. -117.49 1111 + 3.2 * (45 units of one HB Bogie 
factored for ULS) in position 1 

25 46 290. -137.10 1111 + 3.0 * (45 units of one HB Bogie 
factored for ULS) in position I 

TABLE 1 Key For The Load Levels Used in The 
Presentation of Model 1 Testing Results 

NOTE: Bogie positions refer to those given in Figure 5.6 
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Point 
No 

x 
coordinate 

(mm) 

y 
coordinate 

(mm) 

z 
coordinate 

(mm) 

Angle to 
x-axis 

(degrees) 

Comment 

1 1400. 1520. -87. 0. Along beam 11 

2 1060. 798. -87. 0. Along beam 6 

3 794. 218. -87. 0. Along beam 2 

4ý 1760. 73. -87. 0. - Along beam 1 

5 1800. 145. -87. 90. Between beams 1&2 

6 1870. 290. -87. 90. Between beams 20 

7 1930. 435. -87. 90. Between beams 3&4 

8 2000. 580. -87. 90. Between beams 4&5 

9 2040. 653. -87. 0. Along beam 5 

10 2070. 725. -87. 90. Between beams 5&6 

11 1910. 870. -87. 90. Between beams 6&7 

12 2140. 870. -87. 90. Between beams 6&7 

13 2200. 1020. -87. 90. Between beams 7&8 

14 2270. 1160. -87. 90. Between beams 8&9 

15 2310. 1230. -87. 0. Along beam 9 

16 2340. 1310. -87. 90. Between beams 9&10 

17 2490. 1310. -87. 90. Between beams 9&10 

18 2410. 1450. -87. 90. Between beams 10&11 

19 2470. 1600. -87. 90. Between beams 11&12 

20 2540. 1740. -87. 90. Between beams 12&13 

21 2610. 1890. -87. 90. Between beams 13&14 

22 2640. 1960. -87. 0. Along beam 14 

23 2680. 2030. -87. 90. Between beams 14&15 

24 2740. 2180. -87. 90. Between beams 15&16 

25 2810. 2320. -87. 90. Between beams 16&17 
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26 2880. 2470. -87. 90. Between beams IM8 

27 2950. 2610. -87. 90. Between beams 18&19 

28 2980. 2680. -87. 0. Along beam 19 

29 3020. 2760. -87. 90. Between beams 19&20 

30 3080. 2900. -87. 90. Between beams 20&21 

31 3150. 3050. -87. 90. Between beams 21&22 

32 2870. 73. -87. 0. Along beam 1 

33 2490. 145. -87. 90. Between beams 1&2 

34 2560. 290. -87. 90. Between beams 20 

35 3020. 508. -87. 0. Along beam 4 

36 2620. 435. -87. 90. Between beams 3&4 

37 2690. 580. -87. 90. Between beams 4&5 

38 2760. 725. -87. 90. Between beams 5&6 

39 2830. 870. -87. 90. Between beams 6&7 

40 2890. 1020. -87. 90. Between beams 7&8 

41 2960. 1160. -87. 90. Between beams 8&9 

42 3270. 1230. -87. 0. Along beam 9 

43 3030. 1310. -87. 90. Between beams 9&10 

44 3100. 1450. -87. 90'.. Between beams 10&11 

45 3050. 1600. -87. 90. Between beams 11&12 

46 3580. 1740. -87. 90. Between beams 12&13 

47 3520. 1960. -87. 0. Along beam 14 

TABLE 10 POSITIONAL INFORMATION FOR THE DE-HEC POINTS 
THAT WERE ATI! ACHED TO MODEL I 

NOTE: All de-mec points had a 100 mm gauge length 

When tested in a calibration bar with a precision of better than 100 Ac in 
40000 pe the de-mec unit gave results with a standard deviation of 25 Ae 
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APPENDIX 7.1 Moment-Curvature 

Relationshipfor the Composite Beams of Model 2 

Introduction 

In order to obtain moment- curvature information about model 2 two 

composite beams were constructed, hence forth the beams will be called 

longitudinal sections, and tested, see Plate 1. Each longitudinal 

section incorporated one prestressed beam and each was similar to 

those described in Appendix 5.1 for model 1. 
I 

The two longitudinal sections were nominally identical so that a 

direct comparison between the two sets of test results would allow a 

critical appraisal of accidental and random errors to be carried out. 

The arrangement that was used for the longitudinal section tests can 

be seen in Figure 1 while the locations of the de-mec points and 

displacement transducers are given in Figure 2. Geometrical accuracy 
ion 

checks on each of the sections revealed good quality constructýwith 

errors generally less than lmm. 100mm cubes and 150mm x 300mm 

cylinders were cast from the mixes used to construct the sections. The 

material properties were obtained from tests carried out on these 

specimens at the same time as the main section tests. The cube 

strength from 100mm cube tests for the insitu concrete was 62 N/mm' 

with a standard deviation of 1.6 N1mm 2 from a sample of 4 and for the 

precast concrete it was 66 N/mm2 with a standard deviation of 1.2 

NIMM 2 from a sample of 3. The split cylinder strength obtained from 

Brazilian tests on 150mm 9x 300mm cylinders was 3.68 N/MM2 with a 
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standard deviation of 0.21 N/MM2 from a sample of 3 for the insitu 

concrete while tests on the precast concrete yielded values of 4.12 

N/MM2 with a standard deviation of 0.44 from a sample of 2. The 

material stress-strain relationshipý were obtained from strain gauged 

compression and tension tests, for the concrete and steel 

respectively. These tests were carried out at the same time as the 

longitudinal section tests and the results can be seen in Figure 3. 

Test of longitudinal section I 

Before any load was applied to the beam the initial pre-camber was 

measured at 14mm at mid-span relative to the supports. 

Poor surface finish on the sides of the insitu concrete hindered the 

spotting of the first cracks. However, the test observation that 

there was not significant cracking in the section for the first three 

load increments up to a load of 27 kN is supported by the 

load-deflection plot of Figure 4. The small change in the beam 

stiffness upon application of the third load increment, see Figure 4, 

suggests that limited cracking was present. 

The first crack was spotted during the test at a load of 30.34 kN and 

this is supported by both the load-deflection response and the de-mec 

strain readings. 

During subsequent load increments the cracking intensity increased to 

cover the whole constant moment zone, and beyond, at an average 
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spacing of 100=. Generally, the cracks propagated to within 50mm of 

the top surface, although several progressed as far as 25mm from the 

top. 

At a load of 52.33 M several of the de-mec points could not be used 

because either the concrete had crushed resulting in de-mec points 

falling off or the tensile strain had exceeded the 30,000 micro strain 

limit of the de-mec gauge. Such points are denoted by I -I in Tables 5 

to 10. 

There was a great deal of crushing and spalling around the top surface 

of the beam as well as large cracks approximately 4-5mm wide along the 

soffit when the mid-span displacement had reached 141.2mm with an 

applied load of 50.06 M. 

Failure occurred by rupture of one or more of the lower prestressing 

tendons. After failure there was still an upward prestress camber of 

approximately 5mm in the end few metres of the beam. A side view of 

the longitudinal section after failure can be seen in Plate 2. 

Test of Longitudinal Section 2 

As with section 1 no cracks were noticed in the concrete for the first 

two load increments up to 18 M. However, at 27 kN two cracks were 

noticed in the insitu concrete along the side of section 2. Each 

crack progressed approximately 40mm vertically upwards from its 

intersection with the top of the precast flange. At a load level of 

31 kN the cracking was well distributed with a spacing of 
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approximately 110 to 140mm and an average height above the beam soffit 

of 80 to 100mm. 

During the middle and later stages of the test, it was thought 

necessary to allow conditions to stabilise for between 20 and 60 

minutes after each load increment before transducer readings were 

taken. 

Crushing and spalling of the top of the surface concrete adjacent to 

mid-span was evident when the mid-span displacement reached 125mm at a 

load level of 52.6 M. 

A catastrophic failure was caused by rupture of all three lower 

prestressing tendons. After failure the beam retained no load 

carrying capacity and therefore unlike beam I no readings were taken 

after failure. 

Discussion 

A plot showing the change in NA depth with increasing depth can be 

seen in Figure 4, the NA depth was calculated from'average strains. It 

will be noted that the NA is initially significantly below the 

mid-section depth at the beginning of the test which is unu sual 

considering the similar strengths and 'E' values for the two 

concretes. It is surprising that for section 1 the dep th of the NA 

changes during the second load increment while the load-deflection and 

moment curvature plots indicate a linear response. Inspection of 

Table 3 reveals very similar average strains for each side at both the 
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top and bottom of the section thus reducing the possibility of 

transducer drift and other errors. 

It can be seen from Plate 2 that generally the cracks progressed as 

far as 50mm from the top surface which is in agreement with the 

predicted NA depth of approximately 50mm from Figure 4. 

From the moment -curvature comparison in Figure 4 it can be seen that 

the initial flexural stiffness is 43.5 x, 10" NMM2/MM which compares 

very favourably with the flexural stiffness of 46.7 x 109 NMM2/MM that 

was calculated in Chapter 8 for the linear finite element analysis. 

Both the load-deflection plots and moment- curvature plots of Figure 4 

indicate that very little cracking occurred at a load of 18 kN or a 

moment of 135 x 103 Nmm/mm with limited cracking between this load and 

27 M. From Table 3 and 4 we can see that the average lower strain at 

a load of 18 kN is 297 pe for section 1 and 30OAe for section 2. From 

the stress-strain curves in Figure 3 and the previously mentioned 

split cylinder strengths we can deduce that the cracking strain for 

the insitu concrete is approximately 124 jue. This would therefore 

suggest that the pre-strained precast concrete severely retarded the 

onset of cracking in the insitu concrete. It may be argued that the 

insitu concrete was not effectively strain free at the start of the 

tests, caused maybe by creep as a result of the prestress loading. It 

is interesting to examine the relevant dates which are; release of the 

prestress beams, 13-5-85; casting of insitu concrete 18-6-85; and 

testing on 4-9-85 and 8-10-85. The 11 and 16 week gaps between the 

insitu casting and the testing may have allowed compressive 
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pre-straLns to develop in the lower regions of the LnsLtu concrete. 

The central deflection required to give the increase in strain at 18 

kN above the deduced cracking strain is approximately 3.5mm which is 

not unreasonable when one recalls that the initial pre-camber at the 

beginning of the tests was l4mm. 
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Load Moment Deflections (mm) Curvature 
(kN) x 10' (Nmm1mm) x 10-6 

Gauge 1 Gauge 2 Gauge 3 

0 0.017 0 0 0 0 

9 0.076 2.48 2.67 2.49 1.48 

18 0.135 5.76 6.23 5.70 4.00 

27 0.193 9.87 10.76 9.92 6.92 

30.34 0.215 13.66 14.92 13.71 9.88 

36 0.252 23.83 26.02 23.95 17.04 

41 0.285 33.11 36.11 33.36 23.00 

45 0.311 41.42 45.12 41.74 28.32 

50 0.343 56.40 61.50 56.93 38.68 

51.60 0.354 69.45 76.18 70.29 50.48 

51.58 0.353 85.96 94.99 87.24 67.12 

52.59 0.360 107.42 119.53 109.23 89.64 

52.33 0.358 106.3 121.60 107.81 116.36 

50.06 0.344 124.36 1411.18 123.39,,, 138.44 

2.78 0.036 143.81 159.79 113.59 248.72 

TABLE 1 DEFLECTIONS AND DERI VED CURVATuREs 
FOR MODEL 2 LONGITUDINAL SECTION 1 
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Load Homent Deflections (mm) Curvature 
(M) x 10 6 (N=I=) x 10-6 

Cauge I Gauge 2 Gauge 3 

0 0.017 0 0 0 0 

9 0.076 2.41 2.60 2.39 1.60 

18 0.135 5.40 5.84 5.37 3.64 

27 0.193 10.4 11.33 10.42 7.36 

31 0.215 16.44 17.99 16.45 12.36 

36 0.252 24.26 26.46 24.22. 17.76 

41 0.285 34.36 37.33 34.32 23.92 

45 0.311 44.26 47.98 44.17 30.12 

49 0.337 59.67 64.11 58.95 38.36 

51.50 0.353 75.33 82.19 74.52 58.12 

52.59 0.360 95.15 104.43 94.00 78.84 

52.59 0.360 112.80 124.98 111.48 102.72 

49.05 0,33 7 131.81 147.03 129.73 . 130.08 

TABLE 2 DEFLECTIONS AND DERIM CURVATURES 
FOR MODEL 2 LONGITUDINAL SECTION 2 
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APPENDIX 7.2 Numerical Results from Model 2 Tests 

This appendix contains the main test data obtained during the test on 

model 2. A separate table is presented for each type of transducer. 

Particular readings in each table are referred to by load level and 

transducer identification number. The meaning of each of the load 

levels is explained in Table 1. By using the identification number, 

the location and orientation of each of the transducers can be deduced 

by inspection of Figures 1 to 6. 

Table 2 compares the measured total reaction load with that expected 

from the applied loading. While Tables 5 and 8 present the principal 

top surface and soffit surface strains that have been calculated using 

the strain gauge arm readings that are shown in Tables 4 and 7 

respectively. The support reaction and displacement transducer 

readings are given in Tables 3 and 9. While the readings from the 

weldable strain gauges that were attached to the prestressing strands 

and the transverse reinforcement can be seen in Table 6. There is not 

a high level of confidence in the pre-strain readings, therefore, 

although the pre-strain reading for each gauge is given, the 

subsequent readings are quoted relative to the readings obtained with 

no applied loading upon the slab. Thus the datum for all the tables is 

the same. This method of presentation also allows easier comparisons 

to be made with the observed structural behaviour and the rest of the 

numerical results. 



Levell Scan No. lBogie Load 

14 

25 

3 19 

4 17 

5 21 

6 34 

7 32 

8 36 

9 44 

10 42 
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0. 

0. 

Disp 
level 
(mm) 

0.0 

-2.83 

80.8 -4.34 

0. -3.32 

0. -4.14 

80.8 -5.15 

0. -4.39 

0. -4.14 

80.8 -5.90 

-4.56 

11 1 46 1 -4.82 

Co=ent 

Deck self-weight (Datum) 

Ill + Density Correction and 
Super Dead Load, both factored 
for SLS (immediately before 
testing in position 2) 

121 + 45 units of one HB Bogie 
factored for SLS in position 2 
(after cycling 100 times) 

Ill + Density Correction and 
Super Dead Load, both factored 
for SLS 

Ill + Density Correction, Super 
Dead Load, Footpath Live Loading 
and 1/2 HA UDL over whole slab 
area, all factored for SLS 
(immediately before testing in 
position 3) 

151 + 45 units of one HB Bogie 
factored for SLS in position 3 
(after cycling 100 times) 

Ill + Density correction, Super 
Dead Load, Footpath Live Loading 
and 1/2 HA UDL over slab area, 
all factored for SLS 

Ill + Density Correction, Super 
Dead Load, Footpath Live Loading 
and 1/2 HA UDL over slab area, 
all factored for SLS (immediately 
before testing in position la) 

'8' + 45 units of one HB Bogie 
factored for SLS in position la 
(after cycling 40 times) 

Ill + Density Correction, Super 
Dead Load, Footpath Live Loading 
and 1/2 HA UDL over whole slab 
area, all factored for SLS 

Ill + Density Correction, Super 
Dead Load, Footpath live loading, 
full HA UDL in lane 2 and full HA 
KEL in lane 2 at mid-span, all 
factored for ULS (immediately 
before testing in position la) 



12 

13 

14 

15 

16 

17 

48 

50 

55 

60 

62 

68 

18 76 

19 82 

20 84 

21 85 

22 87 

23 89 

1 24 90 

49 

97.3 

192 

289 

384 

0 

191 

191 + 139 
- 330 

191 + 222 
- 413 

191 + 296 
- 487 

287 + 249 
- 536 

287 + 288 
- 575 

287 + 283 
- 570 
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-5.85 

-7.14 

-11.33 

-18.07 

-26.91 

-9.19 

-18.82 

-30.66 

1 -42.07 

1 -57.78 

1 -74.61 

1 -89.83 

1 

1111 + 0.51* (45 units of one HB 
bogie factored for ULS) in 
position la 

, ill + 1.02* (45 units of one HB 
bogie factored for ULS) in 
position la 

1111 + 2.01* (45 units of one HB 
bogie factored for ULS) in 
position la. 

1111 + 3.03* (45 units of one HB 
bogie factored for ULS) in 

position la 

1111 + 4.02* (45 units of one HB 
bogie factored for ULS) in 

position la 

Ill + Density correction, super 
dead load, footpath live loading, 
full HA UDL in lane 2 and full HA 
KEL in lane 2 at mid-span, all 
factored for ULS (immediately 
before testing in position lb) 

1171 + 2.0* (45 units of one HB 
bogie factored for ULS) in 
position lb 

1171 + 3.46* (45 units of one HB 
bogie factored for ULS in 

position lb) 

1171 + 4.32* (45 units of one HB 
bogie factored for ULS) in 
position lb 

1171 + 5.10* (45 units of one HB 
bogie factored for ULS) in 
position lb 

1171 + 5.61* (45 units of one HB 
bogie factored for ULS) in 
position lb 

1171 + 6.02* (45 units of one HB 
bogie factored for ULS) in 

position lb 

1171 + 5.97* (45 units of one HB 
bogie factored for ULS) in 

position lb 
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25 92 287 + 200 -156.03 117' + 5.10* (45 units of one HB 
- 487 bogie factored for ULS) in 

position lb 

Table 1 Key for the load levels used in the presentation 
of Model 2 Testing Results 

NOTE: Partial safety factors for SLS and ULS vere obtained from 
BS5400 Part 2 (1978) Table 1 for combination 3 

If applicable, the density correction loading also included 
a component for the deck self weight if its partial safety 
factor was greater than 1.0 

During testing. while the load was being increased from 
level 13 to level 14, a power supply problem caused a 
momentary overload to a load intensity between levels 14 and 
15 (an HB loading of approximately 230 kN) 

When two numbers are given for the bogie load it indicates 
that the tension Jacking system was in operation, the first 
number is the tension Jack load and the second is the HB 
Bogie Load. % 

Bogie positions refer to those given in Figure 7.1 
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