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ABSTRACT 

This thesis describes the use of full-depth and partial-depth precast concrete deck units 
in steel composite bridge construction with particular emphasis on the transverse 
jointing in the negative (hogging) moment zones of continuous bridges. Current 

practice for precast deck systems is described. 

A test programme of 21 full-scale specimens was undertaken to develop suitable 
jointing details for full-depth construction. Various reinforced concrete joints were 
tested with particular emphasis on staggered, looped bar joints. These tests 
demonstrated that an arrangement of looped bars around a central confined concrete 

core with transverse lacer bars to join adjacent full-depth units is capable of carrying the 

ultimate load based on the ultimate strength of the looped bars. Staggered, looped bar 

joints are considered to be 'full-strength' where the mode of failure is fracture or 

yielding of the looped bars as opposed to diagonal splitting or bearing failures of the 

concrete or lacer bar failures. 

Three-dimensional finite element analyses of the concrete elements of the staggered, 
looped bar joints were used to demonstrate the complex stress field within the concrete, 

including local bearing stresses below the looped bars, and transverse tensile bursting 

and spalling stresses within the concrete. The finite element modelling has been used to 

determine the concrete and lacer bars stresses for analysis and design purposes. The 

failure mechanism for the joints has been outlined with the importance of the transverse 

spalling stresses being emphasised and the need for adequate lacer bars to confine the 

central concrete core. 

Typical arrangements for 'full-strength' staggered, looped bar joints are proposed based 

on the test results and are considered to satisfy the test requirements of BS5400 for a 

range of transverse joint parameters. Guidance is given for non-standard joint 

arrangements. Typical bridge design examples were presented for in situ and precast 

deck units carried out using grillage and offset beam element models to demonstrate the 

levels of stress at service and ultimate limit states in the joints. Bearing stresses were 

discussed for the direct stresses developed on the concrete core, and proposals for 

increasing the allowable limits in BS5400 are given. It is proposed that the current 



limits are overly conservative and these should be increased in line with the results of 

the test prograrnme for the staggered, looped bar joints proposed. 
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CHAPTER 1- INTRODUCTION 

I. I. Introduction 

Composite steel and concrete bridges have been designed and built around the world for 

many years. The traditional form of construction has relied on the use of systems of 
formwork and falsework to form in situ concrete decks. More recently, with the advent of 

motorway widening and design and build forms of tender procurement, moves have been 

made towards forming the concrete deck in precast construction. The use of toll roads in 
Europe, which require to be built to tight programmes, has seen a significant rise in the 

popularity of precast deck systems given their many advantages. The use of precast 

concrete increases the speed of construction, avoids falsework and formwork for the deck 

and, since the units can be cast under factory conditions, leads to a higher standard of 

workmanship. Until recently there has been little guidance on the design of such bridges 

but this has been addressed by the publication of a Technical Report ý11 by The Steel 

Construction Institute. 

1.2. Prefabricated Deck Construction 

Prefabrication of the steelwork for bridge superstructures is a well accepted practice in the 

UK. Bridge girders generally arrive on site shop-welded and painted and are often lifted in 

braced pairs or with ancillary steelwork already fitted, Figure 1.1. Although steelwork 

erection can progress rapidly, traditional methods of concrete deck construction will follow 

and can add significant time to the construction programme. Prefabrication of the concrete 

deck would appear to provide a significant time saving provided that a deck of similar 

characteristics can be formed. 

In a typical steel composite bridge deck, the in situ concrete is cast as a series of pours on to 

the top flanges of the steelwork, generally over the spans initially, then over the Piers, 

Figure 1.2. The steelwork has shear studs welded along the length of the top flanges to 

provide continuity between the concrete and steel in-service. The steelwork carries the 

weight of the concrete during the erection phase as the composite structure is progressively 



fon-ned, and the structure then acts compositely to carry all further supehmposed dead loads 

and transient loads. 

Hence, for bridge decks with prefabricated components, the deck must provide for similar 
composite action throughout and the continuity of the composite deck must be assured. 
Precast decks can be formed with units of the same cross-section as a traditional in situ 
deck but must have a means of developing the shear connection between the concrete of the 
deck, and the supporting steelwork. Pockets or box-outs have to be formed in the concrete 
deck units to accommodate the shear studs, and in situ concrete or mortar has to fill the 

pockets to provide the necessary interaction through the shear studs, Figures 1.3 and 1.4 [2 1. 

An in situ deck forms a continuous plate structure providing transverse and longitudinal 

continuity along the length of the bridge. Precast decks can be easily formed to include the 
deck and parapet upstands where the deck is not excessively wide (up to say 12m), such 
that transverse continuity is assured. But longitudinal continuity in precast deck systems is 

a more challenging issue. The state of stress in the deck slab vanes along the length of the 
bridge from compression within the span in positive (sagging) moment zones to tension 

over the piers in negative (hogging) moment zones. Any transverse joint in the deck must 
be capable of transferring compression and tension and be sufficiently robust to resist local 

wheel effects. 

Precast decks units can be either partial-depth or full-depth. Many bridges have been built 

using partial-depth precast units, which effectively rely on the units to act as participating 
formwork, where the formwork forms an integral composite element in the completed deck. 

This form of construction requires a partial-depth unit to be placed on the steel 

superstructure which is then made composite with an in situ concrete topping, Figure 1.5. 

The partial-depth units provide one solution to the problem of precast decks but suffer from 

several inherent disadvantages owing to their thin form. The disadvantages include the 

large amount of reinforcement required in the units for the temporary erection condition to 

develop sufficient moment capacity during the lift-in, the inherent flexibility of the units 

and the need for significant site concreting as the in situ topping slab has to be cast over the 

units to form the composite deck. It would clearly be beneficial to adopt full-depth precast 

units for the deck construction to overcome these inherent weaknesses. 
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In full-depth units, the site concreting is considerably reduced compared to the partial-depth 

units as it is limited to the pockets or box-outs and transverse in situ stitches only. N"-here 

the deck is not excessively wide, Figure 1.6. There is also a significant saving in deck 

reinforcement for the temporary lift-in condition as the full-depth is provided from the 

outset, and there is no issue with flexibility of the units as the stiffness is largely unchanged 
from the erection condition to the in-service condition. In addition, construction traffic can 
be accommodated on the bridge deck at an earlier stage resulting in a shorter construction 

period. There is considerable interest in the UK amongst both designers and contractors 

alike to adopt such units. 

The form of the transverse joints between adjacent units is of particular interest. This thesis 

describes results from a programme of research undertaken in association with the Steel 

Construction Institute to develop suitable transverse jointing details for deck units in full- 

depth construction. The primary task is to provide a series of units, which, when used in a 

bridge deck, will give at least a similar performance to that of a traditional in situ reinforced 

concrete deck. 

Positive moments are not considered to present any significant problems in this form of 

construction. The slab is in longitudinal global compression and provided the joints are 

formed with a material that has low shrinkage, transfer of global compression through the 

deck slab joint should be ensured. However, in the negative moment zones the deck slab is 

predominantly loaded in longitudinal global tension. A suitable reinforcement detail is 

required to ensure that the tension forces can be transferred through the joint and that the 

overall size of the joint can be minimised to aid construction. Full-length, lapped joints 

using straight bars are considered, but these produce excessive joint lengths. In order to 

minimize the joint lengths, arrangements of looped bars are considered in the test 

programme. This thesis will describe research to investigate this problem and describes the 

development of joint details necessary to provide longitudinal continuity in the negative 

moment zones of composite bridges. 

In addition, the joint will still be required to resist the load effects from local wheel 

loadings and in both positive and negative moment regions the joint must be sufficiently 
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robust to satisfy the ultimate limit state and serviceability requirements. The joint must 

also satisfy the fatigue loading requirements. 

A review of the literature relating to precast bridge deck construction is given in Chapter 2. 

Recent experience from around the world is discussed, with particular emphasis on the 

methods adopted in the USA, Europe, Scandinavia and the Far East 

Chapter 3 presents typical analyses for four steel composite bridges using traditional in situ 

concrete decks and precast deck units. The results are used to compare the two forms of 

construction and determine levels of stress in the deck reinforcement in the negative 

moment zones for use in the design of transverse joints. 

Chapter 4 gives details of the test programme undertaken to develop suitable jointing 

details for full-depth construction. A total of 21 full-scale specimens have been tested, 

representing a section of the in situ joint between two precast units, Figure 1.7. Various 

geometrical arrangements of joints have been investigated, including straight, lapped bars 

and looped bar arrangements. Similarities with tests undertaken by other researchers are 
discussed. 

Chapter 5 discusses the results of the test programme and compares the various joint details 

tested. The specimens are grouped according to their design and aspects such as in-plane 

rotations and out-of-plane bending of specimens under test are discussed as well as the 

internal and external strain information gathered. 

Chapter 6 presents finite element analyses of the concrete elements of the joints and gives 

detailed discussion of the structural action of the preferred joint types using looped bars. 

Similarities are drawn with the behaviour of post-tensioned end anchorages and deep 

beams. 

Chapter 7 describes the critical load effects on the joints and presents design methods for 

the preferred joint types in accordance with the UK bridge Code, BS5400 ý31 
.A flow chart 

for the design of looped bar joints is presented. Where the detailing of the joints does not 

4 



satisfy the Code requirements, the full-scale testing demonstrates the adequacy of the joints 

and recommendations are given for the joint design. Standard details are proposed for 

joints using looped reinforcing bar arrangements. Comparisons are drawn with recent 

research on beam-column joints to support the recommendations. 

Chapter 8 gives conclusions and recommendations for the use of transverse joints in full- 

depth precast bridge deck construction. 

The use of joints between precast elements has been of interest for many years. In 1972, 

the Handbook on the Unified Code for Structural Concrete , Cp 110 [4] supplemented the 

Codes of the time and presented background information for the design of reinforced 

concrete in buildings. Although over 30 years old, the prime requirements set out for joints 
between structural elements in the Handbook are still valid in today's construction where, 
"All structural joints should have the necessary strength and stiffness to carry the forces and 
defon-nations assessed from the analysis of the structure as a whole and during erection". 

More recently, The Egan Report, 'Rethinking Construction' [5] set many challenges for the 

construction industry, on leadership, customer focus, and outlined the construction industry 

Task Force's views on improving construction processes and quality. One of the key aims 

of the Task Force was to 'design projects for ease of construction making maximum use of 

standard components and processes'. To this end, the use of standardisation using modular 

units, where practicable, is considered desirable. The Egan Report is keen to adopt the 

lessons learned in the production of components by the retail and distribution industries and 

the vehicle manufacturing industry. Their approach has been to encourage innovation in 

the design of components, and the development of a standard range of components that can 

be used for most projects. One field where this goal should be readily achievable is in the 

development and production of modular components of concrete or steel. Clearly, the use 

of modular, precast deck construction of the types discussed above, falls within the scope of 

the recommendations and represents one way in which the bridge building industry can 

achieve the cost targets set. In fact, the Report gives motorway bridges as an example, 

where the French, Germans and Belgians have standard bridge designs, many of the UK 

bridge designs are prototypes. 
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Figure 1.1 Montrose Bridge, Steelwork Erection using Floating Barge Crane 

a) - steelwork only with no Zý 71 7ý 
concrete loads 

MEOW REMMEW in-span concrete pours 
I Zý Zý on steelwork, non- 

composite throughout 

FORM FROM 
C) /7ýý Zý intermediate concrete 

pours on steelwork, 
composite over in-span 
sections 

d) 
I Zý completed deck, 

composite throughout 

Figure 1.2 Staged Construction for Composite Steel Bridge 
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Figure 1.3 Loch Creran Bridge, Creagan, Partial-Depth Units on Steelwork 

Figure 1.4 Loch Creran Bridge, Creagan, Partial-Depth Units being placed 

4L 
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Figure 1.5 Partial-Depth Deck Unit Construction on Steelwork 

transverse 
joint between 
adjacent units full-depth 

orecast deck 
lit 

steel girder 
mortar fill to I 

pockets for shea 
studs and to 
transverse joints 

Figure 1.6 Full-Depth Deck Unit Construction on Steelwork 
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Figure 1.7 Typical Test Specimen in Losenhausen Test Rig 
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CHAPTER 2- LITERATURE REVIEW 

Introduction 

Composite bridges using precast bridge deck units have been constructed for over 40 

years and can take many forms. Deck units may be either full-depth or partial-depth, 
requiring to be made composite with an in situ concrete topping. Units may be 

connected at transverse joints using reinforced concrete; dry jointed details or they may 
be post-tensioned longitudinally to provide continuity. Depending on where the bridge 
is being designed and built, the deck units may be reinforced concrete, prestressed 

concrete or unreinforced concrete in the case of steel ree decks. Typically, reinforced -f 
concrete is preferred in the UK, whereas prestressed concrete is favoured in the USA, 

the Far East and on the continent of Europe. Dry jointed and steel-free decks are more 
likely to be found in Sweden and Canada, respectively. 

This literature review will cover various aspects of the design and construction of 

precast bridge deck units, in particular the detailing of transverse joints for connecting 

adjacent deck units in positive and negative moment regions. Examples of full-depth 

and partial-depth construction will be discussed, with particular emphasis on the 

practices of the UK, USA, Sweden, France and Japan, and related forms of construction 

will be presented. Unless noted otherwise, the precast systems described are all full- 

width deck units that span over the main beams, from parapet-to-parapet. Units that 

span between adjacent beams only or over a series of beams in a multi-beam bridge are 

referred to as modular. 

The review will include previous research on joints between precast units similar to the 

tests described in this thesis , incorporating looped reinforcing bars. The research 

includes tests carried out in Germany in the 1960's to forniulate and verify the 

contemporary German codes of practice for reinforced concrete, tests conducted on 

straight lapped bars, and tests on U-bars to study the effects of lateral confinement. 

2.2. UK Experience in Precast Bridge Deck Systems 

Several bridges have been built in the UK using partial-depth precast units, as described 

in Chapter 1. Recent examples in Scotland include the A828 Creagan Diversion Bridge 

Ill at Loch Creran in the West Highlands, designed by Carl Bro, the Muckle Roe Bridge 
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in Shetland and the Hutton Mill Bridge [2] in Berwickshlre, designed by The Babtle 
Group and Babtie, Shaw and Morton, respectively. These structures are all of similar 
forni, however, the sizes of the units vary, those at Creagan being significantly larger 

when compared to the others at II in wide and 3.5m long, Figure 2.1. 

Full-depth precast units have also been used in the UK, one example being a five-span 
bridge in Wexford, Ireland [31 

. The precast units were jointed at the transverse joints 
using a series of lapped, looped bars, with the longitudinal reinforcement being only 
12mm diameter bars. It is understood that the deck slab has not been designed as 
continuous over the piers for negative (hogging) moment, and that the heavily profiled 
steelwork is adequate to resist the negative moments, Figure 2.2. 

The main span to the new Finnieston Bridge in Glasgow, designed by Halcrow (known 

locally as the 'Squinty Bridge'), comprises a single steelwork arch member traversing 

and supporting a composite ladder beam deck made up of full-depth precast units. The 

deck units are connected transversely and longitudinally by joints incorporating 

staggered, looped bar joints with additional central overlapping looped bars in places. 
The resulting stresses at the joints are expected to be flexural compared to transverse 

joints in composite plate girder bridges which will be in direct tension, Figure 2.3. 

In their work on motorway widening, Iles [4] and Hayward and Sadler [5] described 

various forms of construction for replacement over-bridges and under-bridges. Iles 

considered precast deck units for simple spans only and highlighted the Department of 

Transports' concerns with respect to durability in the negative moment areas of such 

decks, especially where pre-compression has not been achieved. An example of a 

typical simply supported bridge is shown, which is post-tensioned to develop the 

required deck pre-compression after grouting the transverse joints, but prior to filling 

the pockets for the shear studs with grout. In this way, the steelwork is not also pre- 

compressed. 

Hayward and Sadler [51 discussed the construction of prefabricated steel composite decks 

to be used as lift-in sections to reduce construction times. These use integral steel cross- 

head details and are lifted in on a span-by-span basis. In this case, to achieve continuity 

of deck reinforcement over the supports cast-in bar couplers are used with straight 

continuity bars in aII 00mm long stitch joint, Figure 2.4. Alignment can be ensured by 
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prefabrication at ground level. They suggested that precast deck units are best suited to 

single span bridges and show a gout-filled pocket detail with no reinforcement present. 
They noted that to provide continuity in multi-span bridges post-tensioning or jacking 
of the decks is required to induce pre-compression. 

Cost comparisons for the different types of bridges studied showed that the form of 
construction was not as significant in the overall cost as the cost of delays and 
disruption to traffic calculated using Highways Agency produced software, Quadro. 
These associated traffic costs could easily approach the cost of constructing the 

replacement bridge. The important issue then is to adopt a form of construction that 

reduces construction times and avoids the associated traffic delays. Hayward and 
Sadler noted that the first use of precast deck units in a composite structure in railways 
in the UK was Bushey Arches bridge at Watford in 1963. 

2.2.1. Permanent Formwork Systems 

Many bridges built in the UK adopt a modular system of precast units which are used to 

support and form in situ decks, which are termed 'permanent formwork'. Permanent 

formwork has been available for bridge deck construction for many years in the UK and 
USA , in particular. 

Proprietary systems such as Omnia by Hanson [6] and EMJ produced by EMJ Plastics 

Ltd [71 are widely used to form composite bridge decks over differing arrangements of 

steel girders. Both systems have been widely used throughout the UK in conjunction 

with the Highways Agency guidance given in BA36/90 [8] 
. The original tests on these 

systems were carried out in 1972 191. The Omma planks use a projecting lattice of 

reinforcement that acts with the concrete slab to fom-i a permanent, participating 

formwork unit. The projecting reinforcement acts as a strut in the temporary condition 

and acts with the top surface of the unit to resist horizontal shear and form a composite 

deck with the in situ concrete topping in service. The planks can be arranged 

longitudinally or transversely to suit the steelwork but the reinforcement in the planks 

cannot be made continuous across panels and additional reinforcement in the in situ 

topping is required to provide continuity. The maximum span available is only 3.75m. 

A typical arrangement of Omnia planks is shown in Figure 2.5. 
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The EMJ system of permanent fon-nwork is based on a glass reinforced plastic (GRP) 

unit strengthened by steel plate inserts that are used as permanent non-participating 
formwork. A typical arrangement of EMJ forrnwork is shown in Figure 2.6. These 

systems are only appropriate in forming decks between girders and do not address the 
problem of constructing bridge deck cantilevers. This is readily achieved with precast 
deck units to suit the site-specific requirements. One interesting point noted by Soubry 
1101 is that it may be necessary to detail spacer bracing in the steelwork to ensure that the 
distance between main beams is maintained throughout a span to accommodate 
permanent fonnwork of all kinds. 

2.3. Swedish and other European Experience in Precast Bridge Deck Systems 
Precast composite bridge construction has recently become popular in Europe and, by 
2001, over 50 such bridges had been constructed in Sweden alone. Others have been 

constructed in France, Luxemburg and Norway. In France, in particular, the 

construction times for motorway bridges need to be very short given the extensive use 

of toll roads. It is argued that if the contract period extends beyond two weeks, road 

users will adopt an alternative route and tend not to return to the old routes. This results 

in significant losses in revenue and hence the use of modular and precast construction 
has become very popular. Indeed, according to the Egan Report ý111 standard bridge 

designs are adopted on the Continent for this purpose. 

Collin and Lundmark [121 discussed the state-of-the-art fabrication and construction of 

recent Swedish bridges and described the use of prefabricated concrete decks in 

composite bridges. They noted the advantages of this form of bridge deck over in situ 
decks, including the improved working environment with respect to formwork and 

falsework, reinforcement and casting and referred to the work at Lulea University on 

deck slabs with dry joints undertaken by Stoltz [13] 
. 

In Sweden,, various solutions for prefabricated bridge deck elements exist, with screen 

walls at the deck ends also being prefabricated to shorten construction times. Collin et 

al [141 discussed one such bridge over Flaxnan in Sweden, where 100mm wide grouted 

joints were used between elements and headed shear studs were cast in pockets in the 

deck units to provide composite action, Figure 2.7. In this case, the deck was simply 

supported with longitudinal prestressing through eight 16mm diameter cables holding 
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the units together. They also described a three span bridge in Orbyhus, Sweden where 
400mm. long in situ joints were used with 16mm diameter looped bars over the full 

width of the bridge, Figure 2.8. It is assumed that the joints provide longi 1 
continuity in the composite structure, both in the positive and negative moment areas of 
the bridge deck, but it is not clear whether the deck is post-tensioned longitudinally. 
Collin et al noted the similarities to the French practice of splicing straight bars in 
longer, 640mm joints with studs being site welded to reduce problems of conflicts with 
deck reinforcement. 

The use of dry joints in prefabricated deck construction was discussed by Collin et al [14] 

[15] with particular reference to the work of Stoltz [13] 
.A test programme was undertaken 

at Lulea University to investigate a proposed bridge deck unit which relied on dry, 

transverse joints with a series of overlapping male-female connections or tongues to 

prevent relative vertical displacements between the deck units at the joints, Figure 2.9. 

A replacement bridge was built using this system at R6kan near Pitea, where the 

existing bridge was replaced in a 28 hour period. However, as the bridge at R6kan was 

simply supported, the deck would be in compression throughout. To study the effects 

of negative moments on the joints and relative horizontal and vertical displacements, 

full scale models were constructed and tested and indicated that the joints would open 

by 1.1 mm approximately, however, fatigue failures of headed shear studs were recorded 

near the supports. In addition, the bridge was load tested to determine its elastic 

response under a live load which was less than the design load for the bridge. It 

behaved elastically and the integral end-screen diaphragms enabled good load 

distribution between the girders. Collin et al suggested that for continuous bridges 

using dry joints, even though the deck elements in tension will not be included in the 

deck stiffness in the design calculations they should be properly connected to the steel 

throughout. Clearly, the girders are considered as non-composite in the negative 

moment regions. 

An obvious advantage of dry joints in terms of durability, is that the time required to 

waterproof the deck is no longer important and waterproofing can be applied following 

construction. However, the relative vertical deflection noted between units was 

approximately 1.4mm and hence could damage any waterproofing layer. The transverse 

joints at the R6kan bridge were true dry joints with no grouting being used between 

elements. 
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Guidance is given for the design of Swedish bridges in ADUSS 88-7958-01 BRO 94 [16] 

by the Swedish National Road Administration and has published a set of Basic Design 

Drawings for the use of precast deck units. From the Author's discussion with the 
[17] - Scandinavian contractor Strangbetong , it is understood that the Swedish Highways 

Authority has accepted the principle behind reinforced concrete tension joints in 

negative moment areas of bridge decks, and as a result very little or no testing has been 

carried out on looped bar joints in Sweden. The Swedish design codes accept this fon-n 

of detail explicitly for tension connections when detailing is done to current Swedish 

practice such that a minimum percentage of reinforcement is provided in the joint. 

Recently, the Swedish Highways Authority has been concerned with deck joints in areas 

of compression, where the work of Stoltz [13] on dry joint systems has proposed 

eliminating the need for grout and providing deck units that are match-cast. The 

problems encountered are with achieving a joint that ensures effective contact across the 

entire surface. Strangbetong [171 has carried out a series of tests on match-cast units with 

one surface greased. The units were placed together and nominally stressed and then 

separated. The transfer of grease across the interface was minimal and showed that only 

local contact was achieved across the interface. Stoltz's work on finite element 

modelling of the contact pressures under such loading conditions has shown the contact 

stresses to be small. A requirement of the Swedish Highways Authority has been for a 

contact pre-compressive stress of 4N/mm. 2 to be achieved across compressive joints. In 

order to achieve this in the Strangbetong tests, the units had to be stressed together with 

post-tensioning strands, involving large forces and complicating with post-tensioning 

ducts, what would otherwise have been a simple match-cast butt joint. The force 

developed also tends to be carried in part by the composite steel beam, which creates 

problems with achieving the required minimum stress , if prestressing takes place after 

concrete curing of the slab. One way of avoiding the post-tensioning problems with the 

steel beam would be to stress the deck units prior to making the system composite. 

Using a grout to ensure the effective closing of the dry joints is the obvious solution to 

the contact stress problem and does not require justification by modelling or testing. 

Some interesting details were developed by Strangbetong to try to overcome the 

onerous time constraints applied to bridge deck waterproofing. These are similar to the 

UK Highways Agency's requirements of BD47/99 [18] 
, 

for which 28 days are required 

for deck concrete curing prior to the application of the proprietary waterproofing 
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systems. With the use of dry joints in single span decks, in situ concrete will only be 

required in the pockets for shear stud connections. Hence, allowing the shear studs to 
be concreted in a void fon-ned within the deck unit and allowing waterproofing to 

commence once the units are in place is considered to be highly beneficial, Figure 2.10. 

One potential difficulty exists with the transverse bars through the bottom of the voids 
that have to be detailed to fit over the shear studs and will tend to be hidden from above 
during construction. The transverse bars act as short lengths of struts over the beams in 

the temporary condition. The system proved successful in Strangbetongs' trials, if a 
little impractical. 

From the Author's discussion with Strangbetong, it may be shown that when the deck 

units are sufficiently narrow, of approximately 1.8m, the cracking in the negative 

moment region occurs only at the jointing positions. This is based on the moment 

gradient across the negative moment area, Figure 2.11. It is argued that joints are then 

provided at the locations where cracking is expected and details can be developed to 

effectively seal them. Clearly, cracks within the deck units are only controllable by 

good detailing, by spacing the bars at close centres, as would be the case for a standard 

in situ reinforced concrete deck design. For longer precast deck units, checks for 

cracking would be essential. 

Stoltz [131 discussed a precast deck system used in Karesuando in Lapland, where 50mm 

wide flat metal loops were cast into adjacent deck units such that the loops protruded 

from one unit just enough to touch those in the adjacent unit. The loops were then 

welded together in a 100min wide joint and grouted. The site welding proved 

successful but expensive. Stoltz also discussed a method of jointing precast units 

similar to that tested in the Author's test programme using a series of units with 

projecting looped bars, used for a four-span composite bridge in Kolsillre, Sweden. The 

detailing included a length of looped bar joint of approximately 500mm; larger than 

anticipated by the Author. No information is available on transverse reinforcement in 

thejoints. 

Hever "I discussed the use of prefabricated deck units used primarily in France and 

Luxemburg by the ProfilARBED design and construct company. ProfilARBED are the 

largest supplier of rolled beams to the construction industry in Europe and promote the 

use of steel in bridges. Hever described a transverse joint used in France which 
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incorporates short lengths of straight reinforcing bars wi down-stands i incorporated in 
the ends of the precast concrete deck units to negate the requirement for the use of 
fon-nwork, Figure 2.12. Following concreting of the transverse joints, the structures are 
then effectively prestressed longitudinally by jacking the completed composite structure 
down on to its bearings at the intermediate supports of the bridge. By introducing a 
global compression in this way, the tension in the deck slab due to live and transient 
load effects such as temperature can be reduced requiring shorter lap lengths to the 
straight bars and thus shorter joint lengths. The deck units are used in conjunction with 
steel plate girders in this case, for spans up to 40m. The effects of jacking down at the 
intermediate supports for a typical 3 span composite steel bridge using a simple line 
beam analysis are shown in Figure 2.13. ProfilARBED adopt a system of end-plating 
rolled beams and shear-connecting these to concrete crossheads or diaphragms to 
provide continuity, Figure 2.12. It is worth noting that the beams can be made 
composite with the precast deck slabs prior to casting the diaphragm such that the 

positive mid-span moments are increased relative to the negative support moments, thus 

reducing the negative moments further. In this way the joint length is further reduced. 
Care is required in the design to ensure positive moments due to creep, shrinkage and 
differential temperature effects are catered for at the end plates of the beams. This 

aspect is discussed in section 2.7 below. 

2.4. Far Eastern Experience in Precast Bridge Deck Systems 

Hikosaka et al [201 discuss the design of the Imabeppu River Bridge, part of the national 

expressway network in Japan. The global bridge design used a technique of forming a 

composite column-to-deck connection to impart improved seismic characteristics to the 

bridge, and adopted a new method of balanced-cantilever erection. As part of the twin- 

plate girder construction, the deck was constructed using precast bridge deck units, 

jointed in a similar fashion to those tested by the Author and described later. The deck 

was designed to be non-composite, but Hikosaka et al suggest that the deck may be 

designed as composite, if preferred. The deck was also transversely post-tensioned to 

increase the allowable span between girders and reduce the level of cracking during 

handling and in service. The jointing detail used an arrangement of staggered, looped 

bars protruding from the ends of the precast deck units, Figure 2.14. The deck slabs 

were similar in size to those adopted for the Creagan Bridge ý11 discussed in section 2.2 

except they were of full-depth construction, 10.4m wide, 4. Om long and 0.3 1m thick and 
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weighing 34 tonnes. The deck unit box-outs for the shear studs were 600mm wide by 
120mm long at Im centres along the top flange. This represents a low density of shear 
studs which clearly reflects the non-composite nature of the bridge deck. Typically, the 
spacing of studs would be a maximum of 600mm for bridge designs in accordance Nvith 

E2 11 the UK Code of Practice, BS5400 

For the splice connections of the steel girders, the bottom flanges and webs were bolted 

splices but the top flanges were all welded connections to provide a smooth surface for 
laying the precast concrete deck slabs. In the UK, the precast slabs are likely to be 

formed to suit the rapid erection of the steelwork, using traditional bolted site splices 

where required. Hence, box-outs in the units would accommodate the top flange bolted 

splice cover plates as required. 

Precast deck units have been used on major landmark structures in the Far East, 

including the Tsing Ma suspension bridge in Hong Kong and its neighbour, the Ting 

Kau Bridge, the world's first major four-span cable-stayed bridge [22] [23] 
, 

Figure 2.15. 

The bridge supports approximately 29,000 tonnes of concrete deck panels. A 

programme of static testing was developed for the precast panels for the deck 

construction of the Ting Kau Bridge, which used a series of staggered, looped bars, 

similar to those tested by the Author, to resist loading in flexure. Schlaich [241 described 

the erection methods for cable-stayed bridges using precast deck units with particular 

reference to the Ting Kau Bridge, and design methodology for the use of precast units, 

Figure 2.16. 

Precast deck units are also used for new construction and for deck rehabilitation in 

South Korea. In their work on shear connections in the pockets of full-depth precast 

deck units, Shim et al [25] used similar details to those in the UK and elsewhere for full- 

depth units. Typically, the deck units were longitudinally post-tensioned reducing the 

occurrence of cracking and the reliance on a reinforced concrete detail to carry the 

tension force at the joints. Shim et al considered the behaviour of shear connectors in 

precast deck construction and found that they defonned more than in comparable in sitit 

deck slabs. They tested a beam with seven precast units, post-tensioned longitudinally, 

to determine the fatigue behaviour and found the studs to be partially interactive near 

the end of the fatigue loading cycles. They showed that the bond and friction between 

the precast slab and the steel beam increases the endurance of the shear connectors and 
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that the ultimate slip capacity of the shear connectors is greater than for similar in sitil 
slabs owing to the effect of the bedding layer. Hence, it has been shown that using a 
bedding layer of high strength mortar below precast deck units provides a benefit in 
shear connection behaviour and does not give an area of concern, as might have been 

anticipated. 

With the increasing use of precast deck units in the Far East, testing has been required 
to prove the behaviour of the units for both strength and ductility. Kazuhiro et a, ý261 

undertook a programme of testing of staggered, looped bar joints in flexure using details 

similar to those tested by the Author, Figure 2.17. The aim of the research was to 

compare the behaviour of jointed precast units with that of in situ concrete decks and 
the results are briefly discussed in Chapter 7. The testing was undertaken as a joint 

project by the Ministry of Construction and the Japan Association of Steel Bridge 

Construction. 

2.5. American Experience in Precast Bridge Deck Systems 

In May 2004, the Federal Highway Administration (FHWA) [27] [281 and the American 

Association of State Highway and Transportation Officials (AASHTO) undertook a 

scanning tour of Japan and selected European countries to investigate the current 

practice in prefabricated bridge technologies. Partial-depth deck systems being used in 
Germany and full-depth deck units used elsewhere in Europe were studied with 

recommendations that these systems should be considered for implementation in 

America. Reinforced concrete transverse jointing details using predominantly looped 

bars were studied and recommended for development. At the time of writing, a 

programme of research [29] is being identified in the USA to develop reinforced concrete 

transverse joints for use in precast bridge deck units. 

In 1995, Issa et al [30] undertook a state-of-the-art survey in the USA of the use of full- 

depth precast deck units in the USA to determine the techniques and systems being used 

in precast composite deck construction and rehabilitation. They particularly noted the 

advantages of time savings available in bridge deck repair, deck replacement and 

rehabilitation. In the USA, the complete removal of an existing concrete deck and 

replacement with a new deck system is not uncommon. 
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Issa et al gave a brief history of the use of precast deck units in North American, 
discussed the recent practice and noted that research was conducted as early as 1975 

into such systems, with 21 states using precast prestressed deck panels since 1982. 
Recommended practice for the use of precast deck units was produced in 1988 by the 
Precast Concrete Institute Bridge Producers' Committee [31 1. Of the precast deck 

systems described, almost all were prestressed in some way. Generally, transverse pre- 
tensioning was preferred to reduce cracking during handling and erection. Post- 
tensioning was generally applied to all continuous bridges except for one seven span 
example in Maine where no prestressing was applied and the deck was reported to be 
leaking and cracking at the transverse joints. Therefore, ftill continuity at service is only 
present in positive moment areas of the spans. In several of the simply supported 
bridges reported, no longitudinal prestressing was applied, but the decks performed 
well, as the decks are in longitudinal compression throughout. Interestingly, the units 
have been used on all forms of bridge in the USA, including composite plate girders, 

concrete beams, cable stayed and suspension bridges. 

Goldberg [321 discussed the use of prestressed precast deck panels as permanent 
forinwork and noted that panels were used on the Illinois Tollway in 1956. The 

American systems often adopted a welded angle on the top flange to form a slight 
haunch and contained bedding mortar, or a thick fillet of expanded polystyrene foam, 

Figure 2.18. Slavis [33] emphasised the use of precast prestressed decks in bridge deck 

replacement in order to produce the minimum traffic disruption. In many cases the deck 

units were cast off-site, transported and placed directly from the trucks onto the main 

girders, eliminating the need for site storage. In a replacement scheme for the Santa Fe 

railway, modular units were brought to site by rail, and lifted in by locomotive crane 

onto girders prepared with an epoxy mortar bed. In this case no shear connectors were 

used as the mortar acted as a levelling screed and as an adhesive, Figure 2.19. 

More recently, great efforts have been made in the USA to develop precast deck 

systems which are competitive with traditional in situ concrete decks and are quick to 

erect. Many researchers have attempted to develop complete systems rather than 

develop discrete details for general application. The goal of the research of Yamane et 

al [34] was to develop a full-depth, precast, prestressed bridge deck system for concrete 

deck replacement. They noted that many bridge deck replacements had been carried out 

with reinforced decks but not prestressed deck systems for several reasons, and noted 
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the particular difficulties in transferring and developing the required prestress from the 

strands in the transverse negative moment regions over the external girders, presumably 
where short cantilever lengths were required, Figure 2.20. The precast, reinforced 
concrete deck systems they studied in their review were all longitudinally post- 
tensioned across shear key joints with welded or bolted connections to the steelwork in 
the grout-filled pockets. 

In the system Yamane et al developed, the precast deck units incorporated haunches or 

stems to maximise the positive effects of the longitudinal post-tensi I ioning and transverse 

pre-tensioning by achieving the required neutral axis depth and hence the required 

eccentricity to develop the required prestress profile. Interestingly, the prestressing is 

applied at mid-depth longitudinally and transversely such that the strand and 

reinforcement combine to give the required strength. Rapid-set non-shrink grout was 

chosen for joints in the system to reduce construction times. 

Yamane et al noted that the times and costs for installing the post-tensioning steel and 

grouting are substantial. In suggested modifications to their system, they proposed a 

temporary (top) post-tensioning system and permanent strand post-tensioning in the 

deck to reduce time and costs and to increase ease of installation. In the preparation of 

the joints, sand-blasting was used to treat the transverse, shear key construction joints 

faces. 

Three full panels were fabricated and the system was constructed over twin steel 

girders, and tested. Testing was both static and cyclic fatigue loading. Marginal 

increases in the concrete deck stresses were noted after two million cycles of loading. 

Good transfer of load across the transverse joint was observed. On testing to failure, no 

unusual crack patterns or areas of distress were recorded at the transverse joint. The 

thin deck was found to be unserviceable in the temporary condition (without 

longitudinal continuity) without additional support. They proposed developing a system 

to provide support to the deck edge or some form of continuity. The final precast, 

prestressed deck system performed well and failed at loads of 190% of the required 

AASHTO [351 code of practice capacities in punching shear. 

In contrast to the work of Yamane et al, work was carried out by Badie et al 
ý361 to 

develop a partial-depth precast, prestressed concrete deck panel system, NUDECK, to be 
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used as permanent formwork in bridge construction, Figure 2.2 1. They noted that a 
major drawback in the other methods of precast deck construction in the USA was the 

requirement for a thin topping of concrete to ensure good ride quality. In the UK, a 
surfacing layer would be required by BD47/99 E181 to protect the bridge deck 

waterproofing over the concrete. 

Badie et al discussed the problems of reflective cracking over the transverse joints in 
permanent formwork deck units and believe this to be due to the reduction in the 
longitudinal stiffness over the joint as the precast units are not continuous. However, 

with adequate detailing this reduction in stiffness may be reduced. The proposed 
modification to the system still has a nominal change in stiffness at the transverse joint 
due to the arrisses detailed. They reviewed the permanent formwork systems currently 
in use in the USA and developed a system to overcome the drawbacks reported to date. 
The system used a series of discrete panels which were transversely pre-tensioned and 
held apart by short lengths of reinforcing bars acting in compression, similar to the 
details adopted by Strangbetong [17] and described in section 2.3. At the transverse 

continuity joint the surface roughening was achieved using formwork liners. It is 

interesting to note that Kumar and Ramirez [371 have shown that a roughened concrete 

surface on this type of construction perforins adequately without shear connectors. The 

longitudinal continuity reinforcement at the transverse joint is minimal for the 

permanent formwork units, being 12.5mm diameter bars at 610mm centres, which are 

spliced using a specially developed confining technique for the system of spiral wire 

reinforcement in discrete pockets. Following initial grouting of the units the system is 

made full-depth and composite using continuous top reinforcement in the in situ 

concrete topping. During testing, no reflective cracks were noted over the transverse 

joint under the fatigue loading. Badie et al suggested this was due to the stiffening 

effect of the joint, with the reinforcement being lapped and spirally confined, albeit the 

depth is slightly reduced due to chanifers. The ultimate capacity was greater than 

required by the AASHTO Code [351 by over 47%. The behaviour of the units up to this 

load was as expected, with longitudinal cracking occurring over the girders in the 

transverse negative moment region. Compression field action was then considered, and 

in discussion with Bassi [38] they highlighted the transverse arching in the deck 

discussed by Mufti et al [39] It was considered that it was also the reason for the 

residual capacity with respect to the AASHTO [35] in the pennanent forinwork NUDECK 

deck system. 
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The proposed system was found to show less cracking than traditional in situ decks due 
to reduced shrinkage in the deck before final casting, and no cracking over the 
longitudinal panel joints due to continuity of reinforcement and strands. It was also 
found that an increase in flexural capacity, in comparison with other permanent 
formwork systems, occurred due to the improved anchorage of the transverse 
prestressing strands near the parapet plinths. 

Several means of achieving composite action are adopted throughout the USA including 
headed shear studs, headless shear studs, welded channel sections, and bolting through 
the top flange, Figure 2.22. The bolting detail results in a large number of bolts as the 
bolting is much less effective than the standard welded shear connectors. Given the 
flexibility offered by standard shear connectors and the relative ease of use, shear 

connectors are the preferred option in the UK. However, the current practice in the UK 

is to use templates in the steel fabrication workshops for setting out shear studs and to 

shop-weld these. Whereas, in France and in some American systems, shear studs are 

welded on site to avoid conflicts with the reinforcement used for continuity in the box- 

outs or pockets. 

2.6. Steel-Free Deck Systems 

Mufti et al [391 described a system of precast deck slabs on plate girders used recently in 
Canada on forestry and highway bridges. The deck units are precast, unreinforced or 
'steel-free' units formed to an arch profile incorporating steel straps to give a tied-arch 

form of construction. Mufti et al were concerned with the durability aspects of 

reinforced concrete deck slabs and developed a design with nominal reinforcement to 

prevent early cracking only, and termed these 'steel-free'. The reinforcement may 

either be steel in non-corrosive envirom-nents, or glass fibre-reinforced polymer in 

corrosive environments. They recognised that precast deck units were often a preferred 

option in remote locations where ready-mix concrete could not be readily supplied. The 

system relies on providing sufficient stifffiess in the external transverse reinforcement to 

ensure the deck acts as a tied arch, Figure 2.23. The system was developed following 

tests on unreinforced slabs where it was found that with sufficient lateral restraint to the 

arch, the arching response would dominate the initial flexural response and lead to 

punching shear failures at loads well in excess of the flexural failure load for an 

unrestrained slab. 
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A test programme was set up using full-scale deck units to Investigate the slab 
behaviour in the construction phase and in service. The tests showed the system to be 

capable of carrying the large axle and wheel loads imposed by the heaviest of the 
forestry vehicles in use in Canada, with axle loads and wheel loads up to unfactored 

values of 396kN and 238k-N, respectively. The system was used in simply supported 
decks only. Although not discussed specifically by Mufti et al, it appears that the 
intention when grouting up the holes provided for the shear connectors and the 

transverse gaps between units, is to forrn a longitudinally continuous composite deck 

with the concrete acting in compression as well as to provide longitudinal restraint to 

the panels. 

B akht and Lam [40] also discussed the use of steel-free deck slabs and considered 
different fon-ns of transverse confining systems to force the slab to behave in an arching 

action. In these earlier models, the external straps were welded to the top flange of the 

girders and they noted that the longitudinal confinement to the deck is mainly provided 

by connecting the slab to the beams by means of shear connectors. They discussed 

systems where the test panels for the decks were all cast in situ and they tested two 

methods of confinement, Figure 2.24. These cast in situ decks have led to the 

development of precast deck systems. The steel-free deck systems have been trialled in 

Canada but no guidance is given for continuous span bridges of this forni. Clearly, 

providing reinforcement in the longitudinal direction to provide continuity in negative 

moment regions is feasible but reduces the advantages of providing steel-free decks. 

2.7. Looped Bar and In Situ Stitch Joints 

Hastak et al [41 1 reported on the state-of-practice in the USA on the design of continuous 

bridge beam construction, where single span, precast, prestressed beams are made 

continuous by forming diaphragms over the supports. They were interested in the 

adverse effects of positive (sagging) moments over the supports due to the time- 

dependent loading effects of differential temperature, shrinkage and creep. The positive 

moments may be present as the dead load effects are carried by the non-composite 

beams and negative moments due to live loads on the composite structure will be 

transient, as discussed in section 2.3. Design practices adopted to resist these load 

effects vary throughout the USA. Details used include prestressing strand and mild 

steel reinforcement continued into the diaphragm to provide positive moment restraint. 
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However, the use of a mild steel 'hairpin' or looped bar detail in the bottom flange of 
the prestressed girders to resist the direct tension at this level in the composite deck 

under positive moment was reported, Figure 2.25. No specific details are given but 

typically four looped bars are used at the ends of each beam. Hambly and Nicholson E'ý, 

show that the reinforcement stresses for positive moments over the supports are likely to 
be below the serviceability limits given in the UK code, BS5400 at 345N/mm 2 for high 

yield steel and hence the use of mild steel reinforcement would seem reasonable. 
Hambly and Nicholson also note that the Ontario Bridge Code E43] recommends a stress 
limit of 240N/MM2 for bottom flange reinforcement, and that no serviceability problems 
have been reported by the National Cooperative Highway Research Program, NCHRP. 

Ma et al E441 also discussed the details currently used in the USA to develop continuity in 

continuous prestressed concrete bridges and discussed the use of bent-up bars for 

positive moments. 

Soubra et al [45] investigated in situ stitch joints between precast members in bending for 

use in seismic zones. The joints contained a series of U-bars with transverse confining 

reinforcement, Figure 2.26. Although the joints were tested in flexure, there are several 

points of interest. The literature review highlighted the need for better confinement and 

reinforcement detailing of the joint core. The arrangement of U-bar reinforcement in 

the joint gave a sudden reduction in the steel area near the centre of the core and 

resulted in a single major crack opening up under applied load, leading to failures in the 

joints due to fracture of the reinforcement. They proposed a more even distribution of 

reinforcement through the joints. The detailing of the bar arrangements adopted for the 

Author's test programme described in Chapter 4 is such that they will not suffer from 

similar shortfalls. 

Canisius et al [461 described the development and testing of the SINSLAB system, a long- 

span concrete floor structure for use in buildings. The system was primarily developed 

as a floor system providing improved thermal efficiency in new office construction but 

has several aspects relevant to bridge deck construction. The flooring is made up of 

precast concrete modular shell units that are jointed longitudinally and transversely 

using short in situ stitch joints. The joints used in the system are similar to the joints 

tested by the Author, but adopt CRC Jointcast, formerly Densit, a high-strength fibre- 

reinforced jointing material with good bond characteristics. The transverse joints use a 

250min wide joint with 16mm diameter staggered, looped bars at 100mm centres, 
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protruding from adjacent member ends. The units are made composite by completing 

the joints before an in situ reinforced concrete voided deck is constructed over the 

jointed precast units, Figures 2.27. 

Under test the composite floor performed well in bending with the transverse joint being 

in tension on the soffit, and was loaded to 1.5 times the assessed imposed ultimate load 

capacity using BS81 10 [47] 
. The formation of fine cracks before loading in areas of low 

reinforcement cover, thought to be initiated by shrinkage, was discussed but given the 

moderate exposure conditions in the intended envirom-nent for the flooring system, these 

were regarded as being of little concern. However, these cracks would be a significant 

consideration in bridge deck construction. Canisius et al reported that the in situ 

jointing performed excellently, with the only visible narrow cracks occurring at the 

precast/ in situ interface. Interestingly, this narrower cracking in the joints was noted to 

develop after wider, well-spaced cracks had developed in the precast units under high 

test loads. No information was available on the surface preparation of the precast units 

prior to jointing. The short construction periods, increased standardisation and the 

minimising of on-site in situ concreting activities were stressed and made particular 

reference to the flooring system complying with the recommendations of the Egan 

Report 11 1 1. 

Jensen [481 described a system of building developed in Denmark in conjunction with 

Aalborg University, Carl Bro and Aalborg Concrete. The system involves connecting 

flat slab members supported by widely spaced columns to forin buildings with open 

interiors which give flexibility in use and offer ease of conversion. The sections of slab 

are centred such that they are not supported on the columns at every comer. This allows 

them to be made in modular sizes that can be easily transported. The slabs are stitched 

using in situ joints along lines of maximum moment locations at mid-span and over 

lines of support. The moment joints have been developed to be strong and durable and 

use Compresit,, a proprietary steel, fibre-reinforced ultra high-strength concrete. 

Because of the excellent bond characteristics of the material, straight bars are used in 

the joints with anchorage lengths of approximately 10 bar diameters. Under test, this 

has been shown to be adequate to cause the bars to yield rather than result in anchorage 

failures in the concrete under applied moment. Hansen and Jensen [491 described the 

tests carried out to investigate the behaviour of the joints under static loads and found 

good ductility throughout. Although not directly comparable to bridge deck 
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construction, these joints do highlight the trend towards developing full-strength joints 
for the construction of flat slab elements. The use of proprietary materials such as 
Compresit could be considered in tension joints using looped bars. 

2.8. Testing of Looped Bar Joints 

Most of the testing carried out on looped bar joints has been under applied flexure rather 

than direct tension. The following sections discuss the work of Leonhardt et al E501 on 

tension joints in 1966 and his contemporaries work on flexural joints. In addition, 

Mattock's [51] work on looped bars as anchorages in the dapped ends of precast concrete 

members will be briefly described. The notation from the original papers, although 

unconventional, has been used here. 

50 2.8.1. Testing of Looped Bar Joints by Leonhardt et all' 1 

Leonhardt et al undertook a programme of testing to investigate if the bearing stress 
[52] 

recommendations in the contemporary German Code of Practice DIN 1045 1966 

were in agreement with the behaviour of tension looped joints measured in tests. 

2.8.2. Overview of Tests 

The thirteen specimens tested were of the type shown in Figures 2.28a to 2.28d, and 

were tested in four series. The concrete strength averaged 32.7 N/MM2 and the 

reinforcement was four 12mm diameter deformed bars with a 0.2% proof stress of 

420.7N/mm 2. Ten of the specimens had the looped bars arranged such that, the over- 

lapping bars contained a circular concrete core, Figures 2.28b and 2.28c. Three 

specimens had an overlap length, 1,7b, of 220 or 270mm for the looped bars. The 

internal former d,, used for the looped bars varied between 7.50 and 18.30, where 0 is 

the bar diameter, giving a range of 90 to 220mm. The distance between bars vaned 

between 3.10 and 8.00,37 to 96mm, and the cover vaned between 2.20 and 7.00,26.4 

to 84mm. 

Two specimen lengths were used; 1350mm and 1700mm. The units were cast in one 

pour without construction joints. All looped bars were arranged symmetrically about 

both axes of the units. At the lapped joints there was no shear reinforcement or lacer 

bars provided, but there were shear links at the both ends of the specimens to avoid 
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cracking. The application of the tensile force to the specimens was achieved by bolting 
42mm diameter tension bars through fixing plates at either end of the specimens. 

The testing was undertaken using a test machine of 4900kN capacity. Load was applied 
slowly until the first cracks occurred. After each step increase, cracks were marked up 
and crack widths were measured with a microscope to a tolerance of O. Olmm. The 

specimens were unloaded after each step. 

2.8.3. Results Summary 

Table 2.1 gives details of the specimen dimensions and reinforcement arrangements and 
results of the tests. Leonhardt et al found that the cracking load was significantly 
influenced by any eccentricity introduced during the production of the units and the 

positioning of the specimens in the test machine. Due to the resulting eccentric 
application of the load, it was often found that the cracks appeared on two adjacent sides 
and the opposite two sides were not cracked. 

From the summary of the test results, it can be seen that the most common failure type 

was splitting of the concrete, Table 2.2. Of those units with a cylindrical core, nine 
failed due to concrete splitting and one unit with a larger fon-ner failed due to the 

fracture of the reinforcement. Of those units with an elongated cylindrical core 

incorporating a straight length of lapped bar; one unit failed prematurely because the 

connection to the anchoring tension bar broke, one failed due to fracture of the 

reinforcement and one failed due to the concrete splitting in the core following yielding 

of the reinforcement. The splitting in the concrete appears as horizontal splitting cracks 

at the ends of the looped bars and diagonal splitting cracks between the adjacent loops, 

Figure 2.28d. This forrn of failure is seen in some of the tests carried out by the Author 

and discussed in Chapter 5. Further discussion of Leonhardt et al results are also given 

in Chapter 5. 

2.8.4. Bearing Stresses 

The study of Leonhardt et al was concerned with the behaviour of the looped bar joints 

under tensile loading, but more specifically with the capacity of the joints with 

particular reference to the bearing stress capacity. The bearing stress on the concrete 

core directly under the looped bar was discussed, and a limiting former size for the 

looped bars to prevent bearing failures sought. Only those units with a cylindrical 
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concrete core were used in the detennination of the bearing stresses as the straight over- 
lap length would effectively reduce the bearing stress, as the lap would reduce the load 

in the bar through bond, at the start of the loop. 

The ratio of bearing stress, p,, U, to the concrete cube strength, 8,,, varied from 1.09 to 

1.87, but this variation made it difficult to fon-nulate a relationship between the detailing 

of the unit and the bearing stress. However, recommendations were based on the 

limited number of tests carried out. Leonhardt et al used the work of Bauer [531 and 
Spieth [541 and considered the looped bar bearing on the concrete core as analogous to a 
line load on a cuboid support, for which Spieth had used the following fon-nula for 

bearing pressure to determine the coefficient, c, 
(F1 

I max bearing pressure, p,, U=c, 8,, FI)112 

where, c is a constant, 
F1 is the loaded area, 

F is the gross area, similar to BS5400 ý21 1, Figure 2.28e. 

Two fonnulae were used to detennine the local area, 

for a standard case; using the spacing between looped bars, e 

for an edge distance case, where the cover proves to be critical, eR. 

(2.1) 

Depending on whether the critical local area for bearing stress was based on the bar 

spacing, e, or the edge distances for the looped bars, eR, two fonnulae were detemlined 

from the test results, 
1/2 

Fore< eR, Pý, U = 0.75A, eo) (2.2) 

(2e, l )1/2 

0 For e> eR, p,, U = 0.62)6,, 0 (2.3) 

where, 0 is the looped bar diameter. 

Leonhardt et al proposed limits to the pressure at the tangent point for the tension loops 

with no shear links or lacer bars and without additional straight laps or elongating the 

core, Figure 2.28a. Using a 95% probablIlty of not exceeding the required limits for the 
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limited data available, and then applying a factor of safety of 2.1, the above fon-nulae 

become: 
1/2 

0.3 3,8,, YO) 

e, 1 1/2 

0 11) 0.3 4 ß� 0) 

where e govems (2.4) 

where eRgovems (2.5) 

A single formula for calculating the limiting bearing pressure, puli,,, using value e* and 
an allowance for the concrete strength being greater than in the tests gives the 
following; 

1/2 

0.3 0 ß, 
(e7 

0) (2.6) 0 

where, e* =e for e< 2eR, 

and e* =eRfor e> 2eR 

The limiting bearing pressure pulim detennined for all specimens gave an average safety 
factor of 2.66. Leonhardt et al recognised that the bearing strength of stronger concretes 
is proportional to the root of the compressive strength, and still considered this approach 

to be adequate for higher quality concretes. 

2.8.5. Comparison with Contemporaty German Code DIN] 045 f521 and Conclusions 

In DW1045 1966 [52] 
, the ratio of the minimum allowable former diameter for the 

looped bar, d, to the diameter of the looped bar, 0, was calculated by; 

e 
1.40+ 2.8ý/ 

dýl e 
0 0 

1(175,6,, 

) 

where, )6, characteristic tensile strength of steel 

, 
6, = characteristic concrete cube strength 

the spacing between looped bars 

(2.7) 

Leonhardt et al proposed that the bearing stress in the concrete by statics, pu was given 

by; 

u --": 
(ý/2 )0 aleld, ) 

where, a, = stress in the looped bar, 
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and combined equations 2.6 and 2.8 to give the following ratio, 

(d/) 
= 3(0/*D 

(ß/) 
(2.9) 

Using the DIN1045 1966 formula, the former diameter for closely spaced looped bars is 
20% smaller than that using the Leonhardt et al forinula, Figure 2.29. For larger 
distances between the looped bars, of about 80, the formulae give similar results. The 
DIN 1045 code requires that where a straight lap length is included in the joint , it must 
be at least 50 and two additional 5mm diameter transverse bars are required to help 

carry the splitting forces. In conclusion, the DIN1045 fon-nula was regarded as 
adequate. 

The main points from Leonhardt et al's work are as follows: 

9 The behaviour of looped bar splices for thirteen test specimens was presented, with 
ten specimens having a circular core and three having a length of additional straight 
lap to form an oval concrete core. 

9 The ultimate strength of the steel reinforcement was reached in three specimens. 
Two of the specimens had oval concrete cores, with a straight lap length of 20 times 

the looped bar diameter (200), with a former of 100 and the other specimen had a 

large looped bar former of 18 0. 

e Specimens with looped bars with a diameter of former of 100 failed by splitting of 

the laterally unreinforced concrete within the concrete core. Failure occurred below 

the yield strength of the steel, and in some cases at working load. Only specimens 

with formers of 140 and 180 could be loaded up to Yield or fracture of the steel. 

Hence, for joints with fon-ners less than 150, lateral reinforcement was 

recommended. Comparisons are made with the Author's tests in Chapter 5 which 

support this finding. 

* The bearing pressures at failure determined on the concrete core were as high as line 
[53] [54] 

loaded pressures detenuined in previous tests by Bauer and Spieth 
152] - The allowable looped bar fon-ner diameter given by DIN1045 1966 is about 20% 

lower than that deten-nined by Leonhardt et al for small bar spacings, but the code 

requires lateral reinforcement to be used. At larger spacing the code agrees with the 

tests camed out. 
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9 Looped bar splices may be designed by adding the force transferred by bond within 
the straight portion of the bar to the force carried by the curved portion of the bar. 

* Large cracks were observed at the ends of the looped bars, sometimes exceeding 
0.3mm. under working loads. If crack control is considered important then the steel 

stress must be reduced at the beginning of the curve of the looped bar by adding an 

additional straight lap length or additional reinforcement within the concrete cover. 

2.8.6. German Research into Looped Bars Joints in Flexure 

Franz and Timm [55] carried out a series of tests to investigate looped bar joints in 

regions of moment rather than direct tension. In addition, hooked bar joints and straight 
lapped bar joints were investigated. They discussed two forins of looped bar joints to 

carry moments in in situ joints between two precast slab elements. Although the 

loading is not the same as used in the tests described in Chapter 4, the results are 

relevant as they give similar limiting dimensions for the former diameter and discuss the 

significance of the additional straight length of bar forming an oval concrete core, 
Figure 2.28a. The 1966 German Code DIN 1045 [52] set limiting bearing stresses for the 

concrete on the inside of the bent reinforcement in a similar way to BS5400 [211. Two 

arrangements of reinforcement were tested; looped bars placed in the horizontal plane in 

the top of a slab in the tension zone, and looped bars placed in the vertical plane, 

Figures 2.30 and 2.31. A 'large number of slabs' was tested with the slab depths 

varying from 120 to 290mm thick, and all were 800mm wide. The variables were the 

bar diameter 0, the internal fort-ner for the loops d, the over-lap length 1 and the spacing 

between the loops. The yield point of the steel used was 412N/mm 2 and the concrete 

strength was approximately 30N/mm 2. 

In the horizontal loop joint, the looped bars were subjected to negative moment and 

hence the loops lie in the tensile zone. Franz and Timm noted that the bars must be on 

the same longitudinal axis and they must be touching. The concrete within the loops is 

in compression and the concrete in the bottom of the joint would also naturally be in 

compression due to bending. Each end of the bars carries the same load, Ft. 

interestingly, when the lapped, looped bars were displaced by a bar diameter it was 

noted that the bearing capacity reduced by one third. This is presumably because 

transverse tensile stresses are developed between the bars which tend to promote 

splitting failures when the bars are separated. 
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In the vertical loop joint, the looped bars were subjected to negative moment, hence the 
force varies through the looped bars, Figure 2.3 1. The top of the loop will be in tension 
and the bottom in compression. With this linear reduction in the tension in the bar it is 
noted that 'more of the enclosed concrete cylinder (or concrete core) will be available 
for the compression zone'. This is akin to saying that the compression in the central 
core concrete due to the bar force vanes from a maximum at the top to a minimum at 
the bottom. However, the concrete in the bottom of the joint will be in compression due 
to the bending on the joint. It was found experimentally, that the bar in the tension zone 
is able to transfer a larger force than in the horizontal loop joint. Initially, strain gauges 
were placed in slits cut into the looped bars to determine the distribution of force in the 
bar under the applied moment. This allowed the bearing stresses to be investigated and 
the bond forces along the bar to be determined. The part of the bar in tension was 
loaded up to yield but the force in the bar in the lower compression side of the joint 

reduced to about zero, indicating that loops could be replaced using hooked bars. 

Franz and Timms' conclusions led to a series of rules for determining the bearing 

stresses for flexural joints as follows; 

9 The observations of bearing capacity led to the 14 diameters rule, that the internal 

joint former size d, should be 14 diameters, 140 and the overall joint length should 

be 160, made up of d, + 20. 

The same rule was proposed for hooked bars. 

Smaller internal formers may be accommodated by a corresponding increase in the 

length of the overlap between adjacent bars. So, for a reduction of 10, in the 

internal fonner the joint length should be increased by 10. Testing was undertaken 

to detennine the required anchorage length with straight lapped bars, and this was 

shown to be 350. For a l6min diameter bar this is 560mm, BS5400 [21] proposes 

250 + 150mm for a 16mm diameter bar, which gives 550mm. A direct comparison 

with the 140 rule for the looped bars is not appropriate as the anchorage for the loop 

is significantly larger than for the same length of straight bar. 

To minimise edge effects, a minimum edge cover of 50 was prescribed. Failures that 

propagated from the edges occurred prior to yield of the bars and without warning. It 

was also noted that with wider slabs the unfavourable influence of the unrestrained end 

loops was less, as anticipated. Interestingly, it was noted that the loops must be placed 
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side by side and that the bearing capacity is reduced by greater spacing of the bars in a 
joint subjected to applied moment. 

The splitting cracks in the outer concrete zone and the cracking of the slabs clearly 
indicate that transverse tensile stresses are present in the concrete. Franz and Timm 

suggested designing the transverse reinforcement for half the force in one leg of the 
loop bar, but there is no experimental basis for this guidance. The rotation of the joint 
was not reduced by the presence of the transverse reinforcement as initial cracking will 
have taken place before the reinforcement carries any load. However, the strength was 

increased by 15% and failures became ductile. Looped transverse bars were suggested 
for the end of the joints to contain transverse stresses, Figure 2.3 1. The lateral 

reinforcement is intended only to resist transverse tensile stresses and no mention is 

made of the lacer bars being used to reduce bearing stresses inside the looped bars 

Kordina and Fuchs [56] undertook similar work with plate elements jointed in moment 

regions and commented on the work of Franz and Timm with respect to the size of the 

expected cracks and opening of joints and advised on the use of synthetic resins in place 

of in situ stitch concrete. Their work was concerned with overlapping hooks in moment 

regions of slabs. 

Mattock [51] studied the effectiveness of looped bars in the dapped ends or half-joints of 

precast bridge beams to provide effective anchorages. In his tests on precast beams, he 

considered a strut-and-tie analysis where the compressive force in the system would be 

developed by internal strutting action in the nib of the half-jointed beam. Mattock 

applied differing lateral confining forces across the looped bars during the tests and 

demonstrated that, with adequate confining force, looped bars can reach Yield at the 

tangent point of the bar, without the requirement for an additional straight 'lead-in' 

length. This work is described in more detail in Chapter 7. 

2.9. Testing of Straight Lapped Bars 

Much work has been done to investigate the use of straight lapped bars. Recent 

American research carried out by Esfahani and Kianoush E571 considered the lap length 

required for straight reinforcing bars and noted that to provide adequate ductility as 

required by the ACI 318-89 code E58] 
, transverse reinforcement is needed in the joint. 
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As joints are loaded the concrete cover to the reinforcement cracks and tensile stresses 
transfer from the concrete to the longitudinal and transverse reinforcement. For large 

ratios of concrete cover to main bar diameter, large forces are transferred and sufficient 
transverse steel is required otherwise brittle failure will follow immediately after 

yielding has occurred. lt is interesting to note the importance of the transverse steel for 

straight lapped bars in this respect. 

Hamad and Mansour [591 discussed the behaviour of displaced bars in non-contact 

tension lap splices and a discussion of their work is given in Chapter 5. 

2.10. Materials for In Situ Stitch Joints 

The choice of materials for deck slab joints is important in order to minimise shrinkage 

in the joints. Price [601 discusses the appropriate design of concrete mix proportions to 

minimise the drying shrinkage in ground floor slabs. The same approach may be 

adopted for concretes used in bridge decks. It is proposed that aggregates with low 

intrinsic shrinkages are adopted, and the use of shrinkage reducing admixtures may be 

considered. In addition, the water cement ratio should be minimised with the aggregate 

ftaction in the mix being maximised. 
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Table 2.1 Designed Mix Details for Concrete after Leonhardt et al 1501 

part water cement flne aggregate/ sand coarse aggregate 

proportion 0.62 1.00 3.67 2.44 

Additional water / cement ratio = 0.62 slump 37-39mm 
properties air content 1.5-2.5% density cubes 2330kg/m 3 

coarse aggregate to fine aggregate/ sand 1: 1.5 
maximum coarse aggregate size 30mm 

Test Unit Cube Strength (N/mm) Variation Coefficient 

El 31.0 1.9 
E-2,3 32.4 3.3 
C-1-3 32.1 2.5 
B-1-3 33.3 2.8 
A- 1 -4 34.3 1.9 

Table 2.2 Unit Capacity for Series A, B, C and E after Leonhardt et al 1501 

test Z, U 41 d, 41d ZI/p. ZI/p, Failure 
Ultimate Bearing Former Bar diam Former Ultimate Ultimate 

Load Stress Diameter Diameterl Loadl Loadl 
Bar diam Predicted Predicted 

Uft Load Yield Load 
kN 

I 

N/mm 2 
MM MM 

El 196.2 433.7 172 12 14.3 0.87 1.03 END 
E2 234.5 518.3 119 12 9.9 1.04 1.23 F 
E3 237.4 524.8 120 12 10.0 1.05 1.25 Y, SPL 
C1 186.4 412.0 170 12 14.2 0.83 0.98 SPL 
C2 105.0 232.0 125 12 10.4 0.47 0.55 SPL 
C3 117.7 260.2 119 12 9.9 0.52 0.62 SPL 
BI 155.0 342.6 122 12 10.2 0.69 0.81 SPL 
B2 137.3 303.6 92 12 7.7 0.61 0.72 SPL 
B3 228.6 505.3 217 12 18.1 1.01 1.20 F 
Al 122.6 271.1 121 12 10.1 0.54 0.64 SPL 
A2 137.3 303.6 121 12 10.1 0.61 0.72 SPL 
A3 132.4 292.7 121 12 10.1 0.59 0.70 SPL 
A4 137.3 303.6 118 12 9.8 0.61 0.72 SPL 

Key to Failure/ Remarks 

Y Yielding of reinforcement 
F Fracture of reinforcement 
SPL Splitting failure of concrete at bars 
END Failure of end steelwork connection 
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Figure 2.1 Loch Creran Bridge, Creagan, Partial-Depth Units on Steelwork 
over Half of Bridge, with Remaining Spans being Erected 

43 

Figure 2.2 Full-Depth Units being Lifted in at Wexford 131 



b) View of typical precast deck units used for the bridge deck construction 

Figure 2.3 Finnieston Bridge, Glasgow 
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Figure 2.5 Omnia, Partial-Depth Participating Formwork Deck Units 161 
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Figure 2.6 EMJ, Permanent Non-Participating Formwork Deck Panels 171 
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Figure 2.7 Bridge over Flaxnan in Sweden 1141 
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Figure 2.8 Bridge over Railway in 6rbyhus, Sweden 1141 
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Figure 2.9 Test Units for Dry-Jointed 
Precast Deck Units 1131 
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Figure 2.10 Concealed Pockets for 
Shear Studs over Steel Girders in 
Composite Construction 1131 

it 

Intem 
Suppc 

- -- - -- -- C: )- --- - 

k with 
units 

Figure 2.11 Moment Gradient over Internal Support between Transverse Joints 
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Figure 2.12b Installing Rolled 
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Figure 2.12a End Plating and 
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a) typical 3 span bridge 

b) build up of stresses through section (N/mm 
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Figure 2.13 Typical 3-Span Bridge with Intermediate Supports Jacked Down 

50 

SPAN I SPAN 2 SPAN 3 

-131.5 



a) 

b) 

Transverse Joint Between Precast Deck 
Units in the Non-Composite Deck Prior to 
Concreting 

Mechanical Placing of the Units in the Steel 
Girders 

Figure 2.14 Typical Joint in Non-Composite Imabeppu River Bridge, Japan 1201 
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Figure 2.15 View of the Ting Kau Bridge, Hong Kong 1231 
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a) View of Precast Units Under 
Construction 

V 

Detail of In sitit Panels over 
Precast Prestressed Concrete Beams 
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Figure 2.18 Details of Prestressed Precast Deck Units in USA 1321 
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Figure 2.19 Typical Precast Bridge Deck Units used in USA 1331 
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a) bolted connection 
arrangements 

c) channel sections 
welded to top flange 

b) headed shear 
studs welded to 
top flange 

d) headless shear 
studs welded to 
top flange 

Figure 2.22 Options for Systems of Top Flange to Slab Connections 
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a) Plan on Arch Panel System for 
In-Span Units IT 
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Figure 2.23 Steel-Free Arch Panel Deck Units by Mufti et al 1391 
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Figure 2.24 Transverse Confinement of Composite Decks by Bakht and Lam 1401 

57 



2 .' 

Figure 2.25 Positive Moment Connections in Prestressed Beam Bottom Flanges 1411 
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Figure 2.26 U-Bars in Seismic Test Joints in Beams 1451 
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a) General View of SINSLAB Units Prior to In situ Concreting 

j. 

b) Concreting of In situ stitch Between Adjacent SINSLAB, Units 

. 
31 

-, ý 

Figure 2.27 Composite Joints between Precast SINSLAB Units 1461 
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Figure 2.30 Horizontal Looped Bar Joint in Flexure, Franz and Timm 1551 
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the Joint Ends, Franz and Timm 15'51 
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CHAPTER 3- TYPICAL DESIGN EXAMPLES OF STEEL 

COMPOSITE BRIDGES USING PRECAST BRIDGE DECK UNITS 

Introduction 

In Chapter 2 the use of precast concrete deck units in bridge construction was discussed 

and in particular, the use of units in steel composite bridge decks. Steel bridges have 

relatively few beams compared to concrete bridges and require a significant level of site 

concreting that precast units with adequate detailing can readily provide an alternative 
to. Continuous steel bridges in particular, are used over existing motorways and rivers 

and can benefit greatly from the advantages of precasting. The use of precast units for 

forming composite steel bridges has been reviewed by Yandzio and Iles P] and many of 
the important detailing issues have been discussed. 

It is unlikely that full-width precast deck units would be used on small span concrete 
bridges using prestressed concrete bridge beams, as conventional practice and detailing 

would dictate that in situ decks are better suited to this form of construction with the use 

of permanent formwork panels. Liebenberg [21 discussed various forins of small and 

medium span concrete bridges of this type and these generally consist of multi-beam 

arrangements or solid or voided slabs. The longer span forms of prestressed spine 

beams will use prefabricated elements in segmental construction but these will generally 
[31 

incorporate the spine beam and deck in a single prestressed unit as shown by Soubry 

Kumar [4] also discussed the common forms of small span prestressed composite beam 

bridges with in situ concrete decks. 

The same methods of design and analysis used for conventional in situ decks are 

required when using precast deck units in steel composite construction. The load effects 

throughout the steelwork and reinforced concrete decks are determined in a similar 

manner. However, the build-up of stresses through the composite decks may differ due 

to the different phasing of the construction of such bridges. The other principal 

difference will be the design of the transverse joints between deck units, which will 

require particular attention. As discussed in Chapter 1, the principal problem with this 

form of construction is considered to be the jointing of such units in the negative 

(hogging) moment areas over internal pier supports where the deck joints will be 

predominantly in direct tension. These design aspects are discussed in further detail in 

Chapter 7. 
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3.2. Typical Bridge Design Examples 

Typical bridge designs have been prepared to BS5400 [5] [6] [7] for two steel composite 
road bridges to demonstrate the differences in the designs for traditional in situ decks 

and for decks using precast units. The design examples are also intended to show the 
likely levels of stress in the steelwork as erection progresses and the ultimate and 
serviceability limit state designs for typical steel composite bridges. Both designs carry 
single carriageway roads over dual carriageways and are as follows; 

Design 1- two span steel composite bridge using four girders, Figure 3.1 

Design 2- three span steel composite bridge using four girders, Figure 3.2 

The designs include stress checks for the steelwork and the stress in the longitudinal 
deck reinforcement over the internal pier supports. The calculated stresses will be taken 

as the reinforcement stress in the transverse joints between deck units, and will be used 
in Chapter 7 for the design of typical transverse joints. In Design 1, comparisons will 
be drawn by considering a typical construction sequence for an in situ deck and for a 

precast deck. Both designs will include the construction phase checks on the steelwork 
for each stage of the erection. The design data is shown in Table 3.1. 

Grillage models were used to determine the load effects in the bridge using the approach 
described by Iles E81 E91. Grillage properties were calculated for the deck elements using 

the thin plate theory approach as described by Hambly "I. Section properties were 

calculated assuming a width of grillage member which comprised of half the distance 

between the grillage members on either side. The calculated values of the torsional 

stiffnesses of the deck grillage members were halved to account for the slab 'element' 

twisting in both orthogonal directions. Line beam models were used to determine the 

stresses for the construction phases. At each stage of loading, the line beam had the 

properties of the bare steel or composite section as appropriate. All of the linear elastic 

modelling was carfied out using LUSAS E 111 

As an alternative to the grillage models, an offset beam element model was used as a 

comparison for Design 2, using 4-noded thick shell finite elements (QTS4) with offset 2- 

noded beam elements (BMS3). The model is a 2-d1mensIonal representation of the deck, 

with the concrete deck represented by the thick shell elements and the steel girder by the 

beam elements, with the beam offset specified as the distance between the deck and 

girder centroids. Axial and bending effects are output for both the beam and deck slab, ) 
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and stresses for the composite section can readily be output from the computer model. 
The stresses from the latter model may be integrated over the section depth to give an 

[5] equivalent composite moment for the section for code checking to BS5400 

However, the results were used for Design 2 to determine the stresses in the extreme 
fibres of the section for comparison with the results calculated from the grillage model. 
The offset beam element models are more complex but they allow the designer to 

construct a single model to give local and global effects rather than adopting the 

approach allowed in BS5400 ý61 
. This approach allows the local and global effects to be 

considered separately at the ultimate limit state using the results from a grillage analysis 

and a local finite element model of the deck. The stresses must then be considered 

together at the serviceability limit state. Transverse and longitudinal stresses can be 

taken directly from the offset beam model to design the reinforcement in the deck. 

E12 I The loadings were determined in accordance with BD37/01 Self weights and 

superimposed loads were determined using typical material densities and live loads type 

HA and HB were applied to the deck in combinations to produce the worst effects at 

critical locations. The deck was analysed for 45 units of HB loading. 

The steelwork was designed in both examples with span girders of uniform cross- 

section for the positive moment regions and heavier pier girders of unifom-i cross- 

section for the negative moment regions. Checks at critical sagging and hogging 

moment locations were carried out for the critical load cases for both designs. The 

ultimate and service limit state stresses were checked to BS5400 E51 E7] for the main 

girders assuming the bracings to the main girders would be adequate. The service 

stresses were checked for the longitudinal reinforcement in the deck and the concrete 

design crack widths were determined in the critical hogging moment regions. 

For the construction phase, adequate bracings to the main girders were included to 

prevent over-stressing of the steelwork and are considered as intermediate torsional 

restraints to BS5400 [5] 
, Figure 3.3. Various forms of bracings are possible and are 

described by Soubry [3] and Hayward, Sadler and Tordoff [13] 
. The simplified approach 

given by Iles 191 was used for determining the lengths for lateral torsional buckling of the 

main girders. In this way, the main girder cross-section can be checked for the 

progressive build-up of stresses during concreting of the deck. Primary and secondary 

differential shrinkage has been considered in the designs to account for the stresses 
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induced through the composite section as the concrete shrinks. When considering 
differential shrinkage effects, the precast concrete deck units will have had a curing 

period prior to their installation. Hence, when calculating the stresses through the 

composite sections a typical value of shrinkage coefficient of 200xl 0-6 was used for the 
traditional in situ concrete decks, but only half this value was used for the precast units. 

In addition to Designs I and 2, the results from the design examples by Iles 191 are given 
for a four span, steel composite bridge over a river with an in situ deck, and a three span 
bridge using haunched girders and an in situ deck. The design data for these examples 
is also given in Table 3.1, as Designs 3 and 4. 

The design of the transverse deck joints is discussed in Chapter 7, and typical details for 

proposed transverse joints are also shown. The joints will be designed for the critical 

stresses in the negative moment regions of the decks, and the same details will be used 

throughout the hogging and sagging zones. Typical transverse reinforcement in the 

precast deck units has also been detailed to show how the reinforcement may be 

arranged in adjacent deck units. 

3.3. Other Aspects for Precast Deck Unit Design 

Consideration should be given early on in the design process to the sizing of the units. 

Unless there are particular site difficulties, craneage is not likely to be a prime 

consideration for the design, and hence the weight of the units may not be of primary 

importance. However, the positioning of the units over the supports will be important. 

By centring the units over the internal pier supports, the parapet posts can be centred 

over the piers for a good appearance. In addition to this, the hogging moment at the 

critical deck joints can be reduced slightly compared to the moment over the piers, to 

help reduce the longitudinal stresses at the transverse joint positions, Figure 2.11. 

The spacing of the units along the deck should be equal to the parapet spacing to allow 

the parapet anchorages to be set in the same position in each standardised deck unit. 

The positioning of the splices in the steel girders also requires consideration at an early 

stage. The splices should be positioned at the joint locations so that the pockets at the 

ends of the precast units can be detailed to accommodate the splice plates, Figure 3.4. 

The detailing of the pockets for the splices would be used throughout to ensure 
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standardisation. Special end units will generally be required to complete the bridge over 
the abutments. Yandzio and Iles ý11 proposed three arrangements of spacing of units to 
accommodate parapet posts requiring up to three standard units 

As discussed in Chapter 2, pre-compression can be induced in the deck by jacking the 

completed deck down onto its bearings to effectively reduce the hogging moments over 
the piers as discussed by Johnson and Buckby [14] 

. The stresses due to jacking have 
been detennined for a displacement of 150min for Design 2 and are shown in Figure 
2.13. The benefits are clear in reducing the hogging region stresses over the 

interinediate supports; however, the corresponding increase in the sagging region 

stresses has to be catered for. 

3.4. Bridge Design Results 

The results of the stress analyses are given in Tables 3.2a and 3.2b for the design 

examples in Table 3.1. Two deck types were considered for Design 1; Design IA for an 
in situ deck and Design 1B for a precast deck. Design 2 was analysed for a precast deck 

only, and two arrangements of longitudinal deck reinforcement were considered; Design 

2A using 20mm diameter bars and Design 2B using 16mm diameter bars, Table 3.1. 

In the sagging zone, the bottom flange tensile stresses ranged from 187N/mm 2 to 

258N/mm 2, 
at the ultimate limit state. In the hogging zone, the bottom flange 

compressive stresses ranged from -209N/mm 
2 

to -299N/MM2, the upper limit being for 

Design 3 with the composite section analysed as plastic. The reinforcement stresses 
2 

ranged from 0.27fy to 0.63fy, wherefy is the characteristic strength of 460N/mm . The 

highest value in the range was for Design 3 where 12mm diameter longitudinal bars 

were used over the intennediate support, which are regarded by the Author as rather 

small for this location. For all of the other designs, the maximum reinforcement stress 

was 0.43fy. 

At the serviceability limit state, the bottom flange tensile stresses were smaller with a 

maximum of 220N/mM2 in the sagging zone. In the hogging zone, the maximum 

bottom flange compressive stress was -305N/MM2 for Design 3. However, the 

reinforcement stresses are of particular interest when considering the design of the 
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transverse joints. The reinforcement stresses ranged from 0.21fy to 0.39fy and the design 

crack widths over the intermediate supports ranged from 0.11 mm to 0.24mm. 

Comparisons of the different deck types for Designs 1A and IB show increases in the 

reinforcement stresses in the hogging zone of 16% for the in situ deck at the ultimate 

and service limits states, Table 3.2a. This occurs because the shrinkage coefficient for 

the precast deck was half that of the in situ deck and, in addition, the sections over the 
intennediate support were poured last. So, although the build-up of stresses in the 

girders may be more onerous in precast construction, the reinforcement stresses over the 

support will only develop with the application of the superimposed and transient deck 

loads) see section 3.5. This construction sequence allows the stresses to be reduced in 
the reinforcement for precast decks and for Design IB the stress is only 0.33fj 

... 
The 

final stresses in the critical flanges of both designs are comparable at the ultimate and 

serviceability limit states. 

Comparisons between the different longitudinal deck reinforcement in Designs 2A and 

2B show that the steelwork stresses vary by up to 10% but that the reinforcement 

stresses in the lighter reinforced deck of Design 2B increase by 34% at the ultimate 

limit state and 30% at service, with a corresponding increase in the design crack width. 

However, the l6mm diameter bar reinforcement in Design 2B is stressed to only 0.27fy. 

The results for Design 2B are shown in Table 3.2b for the grillage and offset beam 

models. The offset beam model used orthotropic properties in the negative moment 

zones such that the longitudinal value of Young's Modulus in the cracking zones was 

taken as; 

E --': 
Ecsag 

(E, A, )/, 
chog IýE 

gAc) csa 

where, 

(3.1) 

Ec hog Young's Modulus for hogging, cracking zones in longitudinal direction, 

Ec sag Young's Modulus for sagging zones in longitudinal direction, 

Er Young"s Modulus for longitudinal reinforcement, 

Ar area of reinforcement in effective member width, w, 

Ac area of uncracked concrete in effective member width, w, 

W effective width of member measured between centres of girders. 
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The transverse value of Young's Modulus in the hogging zones was taken as Esagas the 
transverse concrete was assumed to be uncracked 

Using the above values of Young's Modulus, the girder stresses in the offset beam 

model are slightly higher and are comparable within 12% in the positive moment zones 
with similar deck compressive stresses. However, the girder stresses in the negative 
moment zones are up to 13% greater in the offset beam model with reinforcement 
stresses of only 59% of those of the grillage. This results in the girder being 

overstressed slightly in both tension and compression in the hogging zone. The more 
conservative values of the grillage model reinforcement stresses will be used in Chapter 

7 for the joint design. 

3.5. Temporary Condition During Construction 

If the designer is to consider using precast deck units, then the stresses at the temporary 

construction condition will be of particular importance. In the discussion in section 3.1 

and Chapter 2 it is clear that the build-up of stresses will vary with differing 

construction sequences. The build-up of stresses during the construction phases for 

Designs IA and IB are shown in Tables 3.3a and 3.3b. The critical flange stresses 
following erection are up to 45% greater for the precast construction sequence adopted. 

Hence, additional bracings may be required or increases in the flange sizes to 

accommodate the increased flange forces. The stresses differ in the initial stages as the 

lengths of steelwork girders vary slightly. The in situ deck design uses a pier girder 

length of 7.2m; being 0.15 times the span on either side of the support and the pier 

girder length for the precast design is 9. Om to accommodate the splice positions 

between deck units. 

The construction sequence used for the in situ decks could also be adopted for the 

precast units. Given that the use of precast deck units placed over pre-welded headed 

studs requires tight tolerances to be achieved in the construction of the steelwork and 

deck units, then the placing of 'closing' units over the intermediate piers should be 

readily achievable. This would allow the lower resulting stresses of a traditional 

erection sequence to be used with the benefits of reduced shrinkage associated with 

precast construction. However, the construction sequence assumed for the precast units 

is to place the deck un*ts from one end of the structure and allow for one in Design IB II 
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new set up of the crane to erect the remaining half of the bridge deck uMts. The 

contractor for the Loch Creran Bridge [15] 
, 

discussed in Chapter 2, experienced no 

problems in placing all 41 of the standard units on the steelwork. 

Two construction sequences were considered for Design 2B; the first to reflect a 
traditional construction sequence with 'closing' units over the supports, and the second 

with placing of the units from one end of the bridge, Tables 3.4a and 3.4b. The final 

critical flange stresses after erection are up to 38% greater in construction sequence 2 

over the supports. At stage 3 in construction sequence 2, critical stresses are present in 

span 2. 

3.6. Bridge Design Fatigue Stresses 

In order to consider the fatigue limit state, the deck reinforcement stresses were 

determined for the standard fatigue vehicle loading in accordance with BS5400 Part 10 

[16] and using the stress range under live loads from BD24/92 [17] 
. 

The results are shown 

in Table 3.5. 

The reinforcement stresses are all within the stress limits of BD24/92 at 155N/mm 2 fo r 

16mm diameter bars and 120N/mm 2 for larger bars, except for Design 3. This indicates 

that the reinforcement in Design 3 ý91 is overstressed at the fatigue limit state and that the 

composite section requires to be modified accordingly. Alternatively, determining the 

stresses from the standard fatigue vehicle gives low reinforcement stresses. The 

concrete bearing stresses have been given for completeness and will be discussed in 

Chapter 7. 
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3.7. Conclusions 

The design of steel composite bridges using precast deck units can readily be carried out 
using similar design and analysis techniques as for traditional in situ decks. The design 

must consider the different construction phasing likely to be adopted compared to in situ 
decks as this will have an influence on the build-up of steelwork stresses and will 
generally lead to increased stresses for the precast designs. 

The design stresses in four typical steel composite bridge designs have been presented 
for traditional in situ and precast deck configurations for Designs I and 2 and for in situ 
decks for Design 3 and 4. The final steelwork stresses are similar but are generally 
greater during the erection stages in the precast deck designs. The stress results from 

Designs I and 2 have been used as the basis for the typical transverse joint designs in 
Chapter 7. 

The levels of stress in the steel composite sections for Designs I and 2 are comparable 

to those of Designs 3 and 4 as given by Iles ý91. The reinforcement stresses in the 

precast deck examples of Designs IB, 2A and 2B range up to 0.33fy, where fy is a 

typical characteristic steel strength of 460N/MM2 
. The design crack widths are also 

generally lower in the precast design examples. The fatigue stresses in the 

reinforcement are within the required design limits for the Author's designs; Designs I 

and 2. 

The use of simple grillage models for rapid results has been highlighted but drawbacks 

are apparent when combining local deck effects with the global load effects. Models 

using thick shell elements and offset beam elements are marginally more complex to 

construct and interpret, however, the effectiveness of adopting a single model for the 

composite beam design is readily apparent. The grillage models gave higher 

reinforcement stresses in the hogging zones which will be used in Chapter 7 for the joint 

design. 

The detailing and general layout of the deck units should be considered at an early stage 

as this will dictate the positions of splices in the steel girders and hence the lengths of 

the span and pier girders. The precast units should be aligned with the parapet post 

positions and detailing of pockets in the units to suit splice details should be considered 

to promote standardisation in all of the units. 
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Table 3.3a Design Stresses for Precast Deck Construction Sta2es for Brid1je Desi2n IB 
Loading Loading Span I mid Span 1/2 Span 2 mid 
Stage Support 

(x = 10.5m) (x = 24.0m) (x = 37.5m) 
Steel TF -10.0 15.2 - 10.0 

BF 6.9 -12.8 6.9 

Precast TF -98.5 51.8 26.5 
Units 
Span I 

BF 67.4 -43.7 - 18.1 

Precast Top 1.30 
Units Slab 117.3 -32.6 
Span 2 TF -91.9 

BF 35.5 -99.0 22.3 

Positive stresses are tensile, TF = top flange, BF = bottom flange 

Table 3.3b Design Stresses for In Situ Deck Construction Stages for Bridge Design IA 
Loading Loading Span I mid Span 1/2 Span 2 mid 
Stage Support 

(x = 10.5m) (x = 24.0m) (x = 37.5m) 
Steel TF -10.1 14.2 - 10.1 

BF 6.9 - 12.0 6.9 

In Situ TF -97.7 47.5 24.5 
Stage Ia 

BF 66.9 -40.1 - 16.8 

In Situ TF -62.8 80.8 -62.8 
Stage Ib 

BF 43.0 -68.2 43.0 

III Situ Top -0.04 -0.04 
Stage 2 Slab 84.1 

TF -63.0 -63.0 

BF 43.9 -70.9 43.9 

Positive stresses are tensile, TF = top flange, BF = bottom flange 
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Table 3.4a Design Stresses for Precast Deck Construction Stages for Bridge Design 2B 
- Construction Seauence 1 

Loading Loading Span I mid Span 1/2 Sup Span 2 mid Stage (x = 6.45m) (x = 17.2m) (x = 29.5m) 
Steel TF -4.7 12.9 -8.5 

BF 3.8 -9.5 6.8 

Precast TF -68.2 48.4 5.7 
Units 
Span I 

BF 54.8 -35.8 -4.6 

Precast Top -0.11 
Units Slab 32.2 17.9 
Span 3 TF -68.6 

BF 58.7 -23.8 - 14.3 

Precast Top 0.52 
Units Slab 125.4 -52.9 
Span 2 TF -66.3 

BF 37.2 -92.6 42.5 

Table 3.4b Design Stresses for Precast Deck Construction Stages for Bridge Design 2B 

- Construction Sequence 2 
Loading Loading Span I mid Span 1/2 Sup Span 2 mid 
Stage (x = 6.45m) (x = 17.2m) (x = 29.5m) 
Steel TF -4.7 12.9 -8.5 

BF 3.8 -9.5 6.8 

Precast TF -68.2 48.4 5.7 
Units 
Span I 

BF 54.8 -35.8 -4.6 

Precast Top 0.86 
Units Slab 175.2 -62.9 
Span 2 TF -65.0 

BF 25.3 129.3 50.6 

Precast Top 0.78 -0.20 0.58 

Units Slab 

Span 3 TF -65.3 170.5 -60.8 

BF 28.2 122.1 30.8 

Positive stresses are tensile, TF = top flange, BF = bottom flange Cý 

80 



Table 3.5 Fatigue Design Stresses for Typical Bridge Designs Over Supports 

Design 1A 2A 2B 3 171 4 171 

Reinforcement Top 6.6 FAT Top 4.1 FAT Top 3.2 FAT Top 32.8 FAT Top 6.5 FAT 
Stresses --- Bot 3.3 FAT Bot 2.6 FAT Bot 30.2 FAT --- 
Hogging 

(Longitudinal) Top 41.7 live Top 61.0 live Top 48.7 live Top 246.1 live Top 83.0 live 
(N/mm2) 

ratio f liv, / fy 0.091 0.133 0.106 0.535 0.180 

ratio f ji,, / 0.348 0.508 0.314 1.588 0.692 

allowable limit 

Girder Stresses TF 2.9 TF 2.2 TF 9.9 --- 
Hogging FAT BF -3.6 BF -3.4 BF -19.1 BF -10.0 

(N/mm) 
Bearing Stress 

Conc FAT -1.1 (20ý) -0.8 (16ý) -8.6 (16ý) -1.3 (25ý) 
(N/rnM2) 

Bearing Stress 
Conc: live -10.9 (20ý) -16.0 (20ý) -12.7 (16ý) -64.4 (16ý) -16.3 (25ý) 
(Nlmmý) 0.2 7f,,, 0.4 Of,, 0.3 2f,,, 1.6 If, 0.4 Ifu 

Positive stresses are tensile, TF = top flange, BF = bottom flange 

FAT effect due to stress range under fatigue vehicle in accordance with BS5400 Part 10 

live effect due to stress range under live load combinations 1 to 5 to BD37/01 

characteristic strength of the concrete, f,, taken as 40N/mmý 
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CHAPTER 4- EXPERIMENTAL TECHNIQUE 

4.1. Test Programme 

A series of 21 full-scale model specimens, which represent a section of the in situ joint 
between two precast bridge deck units, have been constructed and tested. Various 

arrangements of reinforcement and geometrical configurations of the joint were 

investigated. In the tests the units were loaded incrementally in tension up to and 
beyond the peak load. 

4.2. Glossary of Terms for Tests 

Various terms are used to describe the specimens. The following glossary will be 

adopted in the descriptions. The descriptions refer to the orientation of the specimens 

under test but reference has been made to the typical bridge deck construction where 

required, Figure 4.1. 

longitudinal direction: direction parallel to the main reinforcement and 

perpendicular to the Universal Column (UC) axis 

longitudinal axis: axis along the centre of the unit in the longitudinal 

direction 

transverse direction: direction perpendicular to the longitudinal direction 

(non-structural) downstands: the lower part of the precast section of the specimen 

which supports the in situ concrete during curing and is 

non-structural 

vertical joint interfaces: untreated interface between the precast parts and the in 

situ concrete which are aligned in the vertical plane in a 

typical bridge deck 

horizontal joint interfaces: untreated interface between the in situ concrete and the 

non-structural downstand of the precast concrete section 

which are aligned in the horizontal plane in a typical 

bridge deck 

central concrete core: concrete confined within the looped main reinforcement 

that has an elongated cylindrical cross section 

IIII the UC main reinforcement: main reinforcing bars anchored by using weld to 

sections and passing from the precast sections through the 
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looped bars: 

lacer bars: 

fin plates: 

downstand face: 

top face: 

symmetric units: 

non-symmetric units: 

4.3. General 

in situ concrete to form the joint. These bars may be either 
looped or straight bars 

main reinforcing bars that have been bent around a 

minimum former in accordance with BS 4466 ýII of 6x 

bar diameter (where a larger former is used this is noted in 
the text) 

transverse reinforcement used within the in situ concrete 

around the perimeter of the central concrete core 
transverse plates welded to the UC sections which the 

main re nforcement is then welded on to 

concrete face on the side of the specimen containing the 

downstand 

concrete face on the side opposite the downstand face 

units where the main reinforcement was placed 

symmetrically about the longitudinal axis 

units where the main reinforcement was placed non- 

symmetrically about the longitudinal axis 

The full-scale model specimens were designed to represent a small width of joint 

between two adjacent precast bridge deck units in a composite steel bridge deck, Figure 

4.2. Details of the specimens are shown in Figures 4.3 to 4.20. The end parts of the 

specimens shown in the figures represent the precast units and the middle sections 

represent the in situ concrete joints. The specimens were 1250mm long, 525mm wide 

and either 265mm or 250mm deep for the units that incorporated non-structural 

downstands in the precast sections. These downstands are an integral part of the joint 

and are required in practice to allow the in situ section to be formed without the use of 

on-site formwork. In practice, they require only light reinforcement to allow light 

construction loads to be supported during construction. In ten of the specimens the 

downstand sections were removed and a slab depth of 190mm, 210mm or 265mm was 

adopted to represent the depth of the in situ section only. In practice, the downstands 

would be roughened by brushing during the curing process or by grit blasting following 

curing. To limit any interaction in the tests the surface was left untreated and hence the 

downstand was free to separate from the in situ concrete. Additionally, the vertical joint 
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interfaces were untreated to represent the worst case with regards to cracking across the 
joints under loading. 

The specimens were cast with stiffened Universal Column (UC) sections at both ends in 
order that the specimens could be loaded by a 250tonne (2500kN) capacity Losenhausen 

testing machine, Figure 4.21. The stiffness of the stiffened UC sections ensured that the 
loading in the specimens was uniform across the width. Steel fin plates were attached to 

the UC sections and the main reinforcing bars in the precast units, were welded to the 

plates. To simulate standard construction practice on site, the specimens were 

constructed in three sections; the two precast units were constructed first and the in situ 

part was cast, usually, about a week later. For testing the specimens were mounted 

vertically in the rig and loaded incrementally in tension. In general, the time taken for a 
test was approximately three to four hours. 

Initially, the specimens were constructed using timber formwork. The later tests used 

steel formwork side plates which allowed for greater accuracy in construction. Timber 

fon-nwork was used throughout for forming the interfaces between the precast and in 

situ concrete sections. 

Following the results of the initial tests, additional looped bar reinforcement was welded 

to the fin plates of the UC sections of all the units to ensure they failed in the proximity 

of the joint and not as a result of the ends connections failing. 

The tests were carried out in seven series. The specimens were numbered TI to T21. 

Different parameters were altered for the test specimens. Given the limited number of 

test specimens in Series I to 7, a 'vectorial approach' to testing was adopted, where one 

parameter is amended with each subsequent test and a Monte Carlo approach is used to 

develop the results. The principle behind the vectorial approach is that one parameter is 

vaned while all others are kept constant. In this way the influence of varying a single 

parameter on the behaviour of the test specimen can be studied. The variables changed 

are as given below: 

* the lengths of the straight 'lap' to the looped bars forming the central concrete core, 

Figure 4.1, 

0 the transverse spacing of the main reinforcing bars, 
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the positioning of the main reinforcing bars transversely to form symmetrical and 
non-symmetrical joints about the specimen's longitudinal axis, 

e the diameter of the main reinforcing bars, 

9 the diameter of the lacer bars, 

o the number of lacer bars within the in situ joint and the effect of omitting the lacers 

entirely, 

the internal former diameter for the main reinforcing looped bars, 

the inclusion and omission of the non-structural downstand, 

the use of shear reinforcement across the horizontal joint interface. 

4.4. Test Series Summary 

Series 1, units TI to T3, was used to identify problems associated with the unit 
fabrication, curing, and handling and to develop the testing technique. The results from 

this series are presented but are of limited value as the failures were all premature and 
due to fabrication problems in the supporting UC sections and welding of the main 

reinforcing bars to the fin plates. 

Series 2, units T4 to T6, investigated arrangements of symmetric and non-symmetric 
joints with downstands, Figures 4.3 to 4.5. Straight bars and looped 16mm diameter 

bars were used as main reinforcement with light reinforcement in the downstands. In 

one case, the downstand was found to enhance the strength of the in situ section. This 

will be discussed later. 

In Series 3, units T7 to T9, units with main looped bars placed non-symmetrically about 

the longitudinal centreline were tested with the downstands removed to investigate the 

behaviour of the units with central concrete cores only, Figures 4.6 to 4.8. Hence, the 

units have been termed non- symmetrical. The main reinforcement was 16mm diameter. 

This non-symmetric pattern of bars was chosen in order to maintain the same area of 

reinforcement on either side of the joint so as to allow failure to occur at any location 

within the joint. The in situ sections of the Series 3 units tended to rotate in-plane under 

loading and failed at a load less than the predicted failure load. 

Series 45 units TIO to T12, with main looped bars placed symmetrically about the 

longitudinal centreline were tested without downstands to overcome the deficiencies of 
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the previous series, where the units tended to rotate in-plane, Figures 4.9 to 4.11. 

Hence, the units have been tenned symmetrical. The main reinforcement was l6mm 

diameter, with differing numbers of bars on either side of the joint, placed 

symmetrically about the longitudinal axis. Unit TII was loaded twice due to a loading 

problem with the test rig. Using symmetric reinforcement will tend to promote failure 

in the weaker (less heavily reinforced) end of the joint. 

Series 5, units T13 to T14 investigated the influence of shear reinforcement across the 

joint with the transfer of the applied tensile force across the horizontal interface by 

concrete bond and by dowel action, Figures 4.12 to 4.13. The arrangement of these 

units represented a departure from the general form of the joints tested to this point. 
The joints were designed and tested following discussions with a consultant interested 

in developing the use of partial-depth units in bridge deck construction, but the form of 

the joint would also suit full-depth deck units. Longitudinal bent-up bars and straight 

continuity bars of 12mm diameter were used with vertical links crossing the horizontal 

interface between the precast and in situ concrete. In unit T14, Figure 4.13, additional 

l6mm. diameter straight bars were included at the top face of the unit. The detail can 

easily be adapted for full-depth unit construction but would require adequate lap lengths 

to be incorporated in the in situ concrete for the lapped straight bars. This detail would 

lead to a hybrid between full-depth and partial-depth deck construction where the 

central parts of the units only would be full-depth. The precast downstand sections 

were re-introduced for the particular arrangement of reinforcement adopted. Previously, 

the downstands were non-structural, but in these tests the form of the joint requires the 

downstand to act as an integral structural part of the joint. 

Series 6, units T15 to T17, investigated ajoint detail used in Sweden [2] and Japan [3][4] 

where the downstand is required, Figures 4.14 to 4.16. The form of the joint is such that 

the downstand forms an integral part of the precast units and cannot readily be omitted 

in the tests. In specimens T15 and T16, the main reinforcement was looped bars formed 

by introducing two bends into the bars. The bar diameter was increased for the main 

reinforcement to 20mm. diameter. The joint details for units T15 and T16 and a 

subsequent similar joint have been termed 'Swedish Joints'. The joint length was kept 

as short as possible and the downstand was minimised. The detail requires the looped 

bars to be returned close to the soffit adjacent to the joint. Unit T17 was constructed 

using straight bars for the main reinforcement, and was intended as a benchmark test. 
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By testing straight lapped bars in a unit the strength of a more conventional deck joint 
could be compared with the other tests. 

Series 7, units T18 to T21, was primarily concerned with the behaviour of the units in 
cracking up to the service load and repeated the joint arrangements for units TIO and 
T15 using units T20 and T18, respectively, Figures 4.17 to 4.20. In addition, a further 

specimen, T19 was used to investigate the influence of increasing the internal diameter 

of the former for l6mm. diameter looped bars from 48mm. or 3 bar diameters, 30, to 
77mm or 4.80. Unit T21 was fitted with an internally strain gauged bar to allow the 

stresses around the looped bar to be investigated, and hence give an indication of the 

concrete bearing stresses directly under the looped bar. 

4.5. Steelwork Details 

Stiffened Universal Column, UC, sections were used to introduce the force into the 

units. The UC sections were used as they provided a stiff end beam which would allow 
the main reinforcement in the units to be loaded with a uniforin displacement. The 

point of application of the load is at the centre of the upper UC section and using overly 
flexible sections would not distribute the loading evenly into the specimens. The lower 

UC section was clamped to the base of the rig, as deschbed below. 

Two arrangements of stiffened UC sections were adopted. The first design allowed a 

maximum of eight 16mm diameter bars to be used in each precast unit. (A looped bar 

will give the same cross sectional area as two straight bars, hence a maximum of 4 

looped bars may be used). The design used a 203x2O3x86 UC with two fin plates 

welded to the section transversely to accommodate bars bent around a minimum former 

of 96mm in accordance with BS4466 Ell. Web stiffeners were included to stiffen the UC 

section and to provide an adequate cross-sectional area of steelwork to resist the applied 

tensile force. A 10mm thick mild steel plate was also welded to the bottom flange of 

the lower UC section, as an elastic finite element analysis undertaken as part of the 

design of the steelwork showed that the plate required to be thicker than the UC flange 

alone, Figures 4.1,4.3. The second design allowed a maximum of eight 20mm diameter 

bars to be used in each precast unit. A 254x254xlO7 UC section allowed the bars to be 

looped around a minimum former of 120min in accordance with BS4466. However, it 

should be noted that the unit types using 20mm diameter bars were of the 'Swedish 
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Joint' type and the bars were bent to a compound curve to suit the joint arrangement, 
Figure 4.14. All steelwork was grade S355 to BS EN 10025 [5] 

, except the 1 Omm thick 
fin plates which were grade S275. The top UC was stiffened with three 20min thick web 

sti eners ei 111 * ff "ther side. The bottom UC was stiffened with a 15mm thick flat plate on the 

bottom flange and stiffened with two 20min thick web stiffeners either side. 

A solid steel block was welded to the top UC sections to provide a 'pulling point'. A 

mechanical grip at the top connection point of the Losenhausen machine was used to 

grip the block and transfer tension to the specimens, Figure 4.21. 

Holding-down systems were developed for the bottom UC which differed with section 

size. The holding-down system for the 203x2O3x86 UC used a pair of fabricated mild 

steel shoes in 25mm plate which slotted onto the bottom flange of the section between 

web stiffeners and was bolted down on each side using two M30 grade 8.8 bolts, and 

washers. The holding-down system for the 254x254xIO7 UC was achieved by drilling 

holes in the bottom flange of the UC section to take a total of eight M30 grade 12.9 cap 

screws. The system took advantage of the pre-drilled holes available on the bed of the 

Losenhausen test rig. Cap screws were required due to the close proximity of the holes. 

Steel washers of 50mm diameter were used throughout and were snipped to suit the 

closely spaced cap screws. 

The use of the fin plates on the UC sections to anchor the main reinforcement overcame 

one of the problems encountered in Series I where the main reinforcing bars were 

anchored through pre-drilled holes in the UC sections and welded around their 

perimeter. Under test the welds failed and the bars pulled through the section at loads 

well below the predicted yield load for the specimens. 

[6] 
In the tests undertaken by Leonhardt et al , of specimens of tension joints with looped 

bars similar to those tested in the Author's test programme, two methods of fixing the 

looped tension bars to the specimen were investigated. The first method was to weld 

additional restraining end reinforcing bar to the nut and return the main looped 

reinforcing bars into the overlapping zone to form an effective anchorage. The second 

method used a steel plate and welded the main looped reinforcing bars through holes in 

the plate, as shown in Figures 2.28b and 2-28a for methods I and 2, respectively. 
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During the early stages of testing, the first method failed as the welded loops broke and 
the second method was adopted thereafter. This is in direct contrast to the anchorage 
method adopted for the current tests as the welded bar approach of method 2 proved 
ineffective. The use of adequate fin plates proved to be the simplest and most effective 

method. 

4.6. Details for Internally Strain Gauged Bar for Unit T21 

In unit T21, one of the looped bars was fitted with an internally strain gauged bar 

supplied by the University of Durham. The bar was fabricated using techniques 

initiated by Mains [7] at Cornell University in 1951 and further developed by Scott et al 
[81 [9] at the University of Durham. It was used to investigate the variation in stress for a 
looped bar around the central concrete core in the in situ joint. 

The bar was installed with 37 gauges placed around the curved portion of the bar, 

Figure 4.22. The wiring from the gauges was brought out of each end of the bar and 

soldered to a connection board. Connections were then made to a Micro Analog 2 

instrumentation system which was fed to a computer with in-house software designed to 

read the strain gauge inforination. Only 36 channels were available and hence one of 

the sampling points was omitted in the test (gauge 0). 

The strain gauged bar was positioned at the centre of the top section of the specimen to 

reduce any edge effects that might have occurred, and to ensure that the bar would carry 

the failure load as it was in the more lightly reinforced precast section. It was not 

considered possible to connect the bar to the fin plates by welding without damaging the 

internal wires and hence a system of mechanically anchoring the bar was used. Holes 

were drilled in the UC section and the bar was anchored off at both ends. Standard end 

anchorages provided by VSL E101 for a 15.2mm post-tensioning strand were used as they 

were just large enough to accommodate the 16mm reinforcing bar. The bar had the 

surface deformations removed by hand filing at the connection with the UC to allow the 

end anchorages to be fitted to a uniform surface. Additional connections were provided 

within the precast section using mechanical clips drilled and fastened through the fin 

plates. As the bar was fabricated by gluing together two machined bars, no initial 

loading was applied to the anchorage during concreting to ensure that the bar was not 

damaged. Steel bars acting as struts were used to wedge the end anchorage wedges 
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between the flanges of the UC. The bar projected 100mm beyond the flange of the UC 

section to allow the wiring to be completed. 

4.7. Terms Adopted for Loading 

The following terms are used to describe the behaviour of the specimens. 

9 the predicted yield load, PYis the product of the area of bars and the measured 0.2% 

proof stress for the reinforcement; 

9 the service load, P, has been taken as 50% of the predicted yield load, Py; 

9 the predicted ultimate failure load, P,, is the product of the area of bars and the 

measured ultimate tensile strength of the reinforcement; 

9 the cracking load, P, is the product of the cross-sectional area of the in situ concrete 
(including the down-stand where present) and the tensile capacity of the concrete, f, 

where ft = 0.3 3 (0.8f,,, ) 1 '2andf,,, is the measured concrete cube strength. Where no in 

situ strength is available the pre-cast concrete strength has been used. The 

expression for f, is taken from work by Vecchio and Collins I'll replacing the 

compressive stress from cylinder tests with 0.8f,,,. 

e P, is the maximum load carried by the specimen under test. 

4.8. Materials 

Material strengths were measured for the concrete and reinforcing bars used in the 

specimens and were used to determine the various parameters in Tables 4.1 to 4.7 and in 

the calculation of bearing stresses, see Chapter 6. All the materials used were typical of 

those used in current bridge practice, in particular Ordinary Portland Cement and high- 

yield reinforcing bars. Details of the material properties are given in Tables 4.8 to 4.12. 

The designed mix for the concrete was developed from earlier experimental work in the 

same laboratory and is given in Table 4.13. 

4.9. Results 

In the tests of Series 1, the theoretical strengths of the units were not attained and failure 

did not occur in the joints, which lead to changes in the details of later specimens. The 

results from Series I have been presented but not included in the discussion. in some of 

the later tests, specimens were loaded beyond the peak load in order to investigate their 
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ductility. Throughout all the tests surface strain readings were recorded using Demec 

gauges and crack patterns were noted. Surface strains are presented and discussed in 
Chapter 5. The behaviour of the specimens during loading was recorded , in particular 
the response at the service load. Details of the specimens tested are given in Tables 4.1 
to 4.7. 

The units, excluding TI to T3, can be divided into five distinct groups when considering 
the behaviour at loads up to and exceeding the service load. Each unit contains 
transverse bars unless otherwise noted below. These groups are as follows: 

Group A Non-symmetrical arrangements of looped bars with a central confined 

core (units T6, T7, T8) 

Group B Non-symmetrical arrangements of looped bars with a central confined 

core without transverse bars (unit T9) 

* Group C Symmetrical arrangements of looped bars with a central confined core 
(units T4, TIO, TI I, T12, T15, T16, T18, T19, T20, T21) 

GroupD Symmetrical arrangements of straight lapped bars (units T5, T17) 

GroupE Symmetrical arrangements ofbent-up bars ending in the in situ concrete 

with longitudinal continuity bars (units T 13, T 14) 

The behaviour of each group of the specimens will be described up to the service load in 

section 4.9.1. Then the behaviour will be described from the service load up to failure 

and beyond if relevant for each group in section 4.9.2. Figures 4.23 to 4.62 show the 

specimens under various levels of loading. 

4.9.1. General Behaviour at the Service Load 

In all specimens transverse cracks developed uniformly throughout the units, mostly 

within the surface of the in situ concrete section, and the adjacent parts of the precast 

sections. The end 200mm of the precast sections were strengthened with additional 

looped reinforcement welded to the fin plates and these areas tend to show less cracking 

as a result. There is generally more diagonal cracking in the in situ sections in the non- 

symmetric units T6 to T9 and the 'Swedish joints', T 15, T 16 and T 18, at the service 

load and above, Figures 4.29,4.36,4.39,4.43,4.50. At the service load the cracking 

was generally minor and evenly spaced across the units. 
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As expected, cracks developed along the interface between the precast and in situ 

sections in all the units tested. The interface surfaces were not roughened to fonn a 

proper construction joint, as should happen in practice, as is was considered that leaving 

the surfaces smooth would give increased crack widths at the interface. Full depth 

cracks developed through all of the units at the service load. This was to be expected as 

the service load exceeds the cracking load in all cases. The range of the ratio of service 
load to cracking load was 1.15 for unit T14 to 2.07 for unit T18, excluding unit T13. 

The cracks appeared in both the precast and in situ sections. Minor splitting cracks 

occurred in most of the units over the positions of the main reinforcing bars, Figures 

4.23,4.36. 

Leonhardt et al [6] considered the working stress to be at 0.56 times the 0.2% proof 

stress of the reinforcement of 235AN/mm. 2, giving a working load 107.3kN for their 

series of tests. This compares closely with the service load adopted for the Author's 

tests in the Leonhardt et al tests. Using the transfon-ned cross section of concrete with a 

modular ratio of 7, then the tensile stress in the concrete ranged from 2.15N/MM2 to 

4.07N/MM2 . The lower end of the range was lower than the tension strength of the 

concrete because the tension strength is approximately 1.5(f,,, )1/2 (measuring cube 

strength in kp /CM2 ) at 2.62N/MM2 . Hence for specimen B2, 

transformed area, A,,,, = 49,800 mm 

tensile stress on transformed section, ft = 2.15N/mm. 

The importance of cracking being reached before reaching the limiting load is stressed 

by Leonhardt et al, otherwise the reinforcement will fail at the cracking load. 

In units T6, T8, T9, T 11 and T 12 cracks developed primarily on one side of the units 

indicating a slight misaligm-nent during loading. However, following the cracking of 

the concrete, some redistribution of loading occurred beyond this point and the cracks 

formed more evenly. Surface strain levels were recorded during loading using a series 

of Demec gauges to ensure that the loading was uniform across the width of the unit. 

Figures 4.23 to 4.35 show typical cracking patterns at the service loading for the groups 

of units tested, as detailed in Table 4.14. 
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4.9.1.1. Group A Non-Symmetrical Looped Bars, Units T6, T7, T8 
Minor diagonal cracking was noted particularly in the units with non-symmetric 
arrangements of reinforcement, units T6 to T8, in the in situ concrete. 

4.9.1.2. Group B Non-Symmetrical Looped Bars without Transverse Bars, Unit 
T9 

Unit T9 behaved similarly to the Group A units up to the service load of 306.3kN. 

4.9.1.3. Group C Symmetrical Looped Bars, Units T4, TIO to T12, T15, T16, T18 

to T21 

In unit T15, the cracks were measured with a O. lmm graduated scale with an eyeglass 
microscope. One crack on the surface of the in situ concrete was approximately a 

maximum of 0.5mm wide. 

For units T18 to T21, the cracks were measured with a BCA 0.02mm crack-width 

microscope, model CD 1188 (WIOX - 15.5mm) at noted locations on the units, Figures 

4.3 1ý4.32. Values were recorded at 20kN (or extrapolated) and were attributed to early 

shrinkage of the concrete. Subsequent crack widths due to applied loading are reported 
below less the initial shrinkage cracks. 

In unit T18, which used the same arrangement of reinforcement and jointing to unit 
T15, very similar behaviour to unit T15 was noted throughout loading, as described 

nil above. Crack measurements at the service load are given in Table 4.15. Several of the 

crack widths exceeded the requirements of BS5400 [12] for cracking. However, the 

critical crack widths occurred either across the unprepared precast/ in situ interfaces or 

remote from the joint, and these were an average of 0.33mm at the service load of 

546.6kN. 

In unit T 19. which was a repeat of unit T 10 with an increased internal former to 154mm 

diameter, very similar behaviour was noted as for unit TIO up to service loading of 

312.6kN, as per the general comments above. The only crack widths which exceeded 

the BS5400 requirements were across the unprepared precast/ in situ interfaces, Table 

4.16. The critical value was on the shuttered faces ends of the unit which were covered 

by steel forrnwork at the beginning of the test, of 0.58mm, with an average of 0.35mm. 

The shutters were removed during the test after the application of tensile loading at 
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280kN. Hence, it was not possible to measure any initial shrinkage cracks present at 
these locations resulting in crack widths averaging 0.25mm at the service load. 
Cracking of the order of 0.35mm. is not considered to be problematic, given that the 
joints were left unprepared. The average of all cracks in unit T19 was 0.20mm. 

In unit T20, which was a repeat of unit T 10, very similar behaviour occurred to that in 
unit T10 up to the service loading of 312.6kN. Generally, the only crack widths which 
exceeded the requirements of BS5400 were across the unprepared precast/ in situ 
interfaces. These crack widths were an average of 0.34mm. at the service load, Table 

4.17. 

In unit T21 , which was similar to unit T20, but with 12mm. diameter lacer bars, the 
behaviour was as for unit T20. Critical crack widths for the precast/ in situ interface 

exceeded the BS5400 requirements and averaged 0.39mm at the service load of 
319.9kN, Table 4.18. 

In the tests by Leonhardt et al [61 
, the maximum crack widths were compared with 

occurring steel stress. The form of the joints tested was similar to the units in this 

group. These were checked in the mid-section of the units where there were no shear 
links in the specimens. It was noted that the largest crack widths always appeared at the 

end of the loops. These diverging cracks were much larger than the limiting value of 

0.3mm from the contemporary German Code DIN 1045 [13] 
, at the chosen limiting steel 

stress off, = 235.4N/mM2 for some examples. In the tests unit B3 showed the largest 

cracks, but this did not influence the bearing capacity of the joint, as discussed in 

Chapter 6. 

4.9.1.4. Group D Symmetrical Standard Straight Lapped Bars, Units T5, TI 7 

In unit T5, the cracks were measured with a 0.1 mrn graduated eye glass. Cracks spread 

from the in situ concrete through the precast downstand, indicating that the downstand 

contributed towards the strength of the unit. Later units were tested without 

downstands, unless they were required as an integral part of the joint, as in units T13, 

T 14 and the 'Swedish J oint' units T 15, T 16 and T 18. 

In unit T17, the cracks were measured with a 0.1mm. graduated eye glass and the 

cracking was predominantly transverse and uniformly distributed throughout. The 
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crack widths, which were measured throughout the test beyond the service load were 
0.2mm or less at the service load. 

4.9.1-5. Group E Symmetrical Hooked Bars with Longitudinal Continuity Bars, 

Units TB, TM 

In unit T13, the cracks were evenly distributed, but present only on the downstand face. 

At the service load of 11 8.3kN, the cracks continued to mid-depth through the unit. On 

the top face the cracking was concentrated at the precast/ in situ concrete interface, 
leaving the rest of the surface uncracked, Figure 4.59. In unit T14, two transverse 

cracks developed in the unit at the service load of 337. OkN. Cracking occurred adjacent 

to the precast/ in situ interfaces only. 

4.9.2. General Behaviour at Loads Exceeding Service Load 

The units were progressively loaded beyond the service load, initially in increments of 

70kN, which were reduced to 50kN increments near failure in some cases. After the 

peak loads, displacement control of the test machine was used to continue some of the 

tests in order to investigate the ductility of the specimens. The extent of the cracking 

increased significantly at the predicted yield loads and near the failure loads. In all 

cases, on removing concrete from the units after failure, it could be seen that the main 

bars had remained attached to the fin plates on the UC sections indicating that failure 

had been due to the reinforcement bars yielding or fracturing along their length, with the 

exception of unit T18, as noted below. The predicted yield and failure loads for the 

units and the maximum test loads sustained are given in Tables 4.1 to 4.7. 

The lengths of the in situ sections vaned throughout the tests. It should be noted that 

this had little effect on the spacing of the transverse cracks across the units. The major 

cracks occurred at approximately 150min centres and at the precast/ in situ interfaces. 

4.9.2.1. Group A Non-Symmetrical Looped Bars, Units T6 to T8 

The units failed by yielding of the main reinforcement. Because of the non-symmetric 

arrangement of the reinforcing bars there was a tendency for local in-plane rotations in 

the in situ sections to occur relative to the precast ends. The rotations were observed at 

loads above 550kN- Part of the area at the ends of the in situ section contained no 

longitudinal looped bar reinforcement, Figures 4.5 to 4.7,4.37,4.38. Wide transverse 

cracks propagated across the in situ concrete at these unreinforced areas, Figure 4.36. 
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The concrete at the outer bars spalled due to cracking within the unreinforced areas and 
the in situ concrete parted from the precast sections. Major cracking developed 

throughout the precast sections and the concrete near the surface of the in situ sections. 
Two major transverse cracks opened up on diagonally opposite comers just above and 
below the central concrete core, Figures 4.36 and 4.37. A parallel transverse crack 
formed at the interface of the in situ and precast concrete. The cracks in the in situ 

sections were closely spaced and comprised horizontal, diagonal and splitting cracks. 
The spalled surface concrete was removed after the failure load had been reached for 

each of the specimens to allow the core concrete to be inspected. The central portions 

of the core were seen to be undamaged with no cracking present, Figures 4.40 and 4.41. 

The 16mm diameter lacer bars had not deformed except, in some cases, near their ends. 
However, local crushing of the concrete in the core had occurred at the unrestrained 

ends. 

When a load of 590kN was applied to unit T8, it was followed by the load suddenly 
dropping off to zero. At this stage, concrete was removed in order to view the concrete 

core and the ends of the core which were noted to be uncracked. It was later found that 

the top grip block had slipped on the jaws of the machine and that the unit had clearly 

not failed. The unit was replaced in the machine and loaded to failure without further 

strain readings being taken. After reaching the failure load, the 8mm diameter lacer 

bars were found to be restrained tightly within the looped bars and bulged out between 

the looped bars at the top and bottom edges of the concrete core. A lacer bar had 

completely sheared through adjacent to one of the looped bars, Figure 4.42. At an 

overall extension of 100mm of the unit, the central core developed a diagonal crack, 

which propagated between the ends of two adjacent looped bar ends. 

Some of the tests were carried out until the final extension of the units was 75 to 

I 00min with only a modest reduction in load. 

4.9.2.2. Group B Non-Symmetrical Looped Bars without Transverse Bars, 

Unit T9 

Unit T9 had no transverse reinforcement present and the in situ concrete was fibre 

reinforced. The load was increased above the service load of 306.3kN in increments of 

70kN, until a sudden failure of the unit occurred at 470k-N. The central core concrete 

was tom open along diagonal lines joining the looped ends. The looped bars were 
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visible and the core showed failure planes radiating across the core. The pattern is of 
diagonal failure planes forming between adjacent and non-adjacent loops, Figure 4.43. 
The figure has been annotated to show the positions of the main reinforcement and the 
relevant cracking. 

4.9-2-3. Group C Symmetrical Looped Bars, Units T4, T10 to TI2, My T16., T18 

to T21 

The units failed by yielding or fracture of the main reinforcement except for unit T16 

where a sudden failure occurred due to fracture of the lacer bars and diagonal cracking 

across the central concrete core. Diagonal and splitting cracking was principally 

concentrated around the centre of the in situ sections with wide transverse cracks at the 

top and bottom edges of the confined concrete cores. Wide cracks opened within the 

precast sections and at the precast/ in situ interfaces near the failure loads for all units, 
Figures 4.44,4.45,4.47,4.50 and 4.53. 

Transverse cracking was noted throughout the units with the major cracks in the in situ 

concrete being spaced at approximately 150mm. In units TIO and T12, the central 

concrete core was intact after failure had occurred except at the ends where the concrete 

core had failed locally and the outer looped bar had slipped off the concrete core. 

Where local crushing of the concrete and slip of the outer looped bars occurred, slight 

rotation of the core was noted but no cracking was observed within the core, Figure 

4.46. In unit TI 1, no slippage of the edge bars occurred due to the 100mm cover at the 

edges, and no in-plane rotations occurred, Figure 4.48. In the units in which 8mm 

diameter lacer bars were used they behaved as unit T8, with crimping of the bars below 

the main looped bar reinforcement. In unit T10 the bottom central looped bar fractured, 

at the ultimate load, beneath the central core and 'necked' at the corresponding location 

on the other side of the unit. 

In unit T1 1, at 500kN the jaws of the machine slipped on the top block and the unit 

unloaded. The unit had to be re-centred in the test rig and reloaded. Demec readings 

were gathered for both loading events and both sets of readings have been presented in 

Chapter 5. The existing cracks re-opened and three additional horizontal cracks and six 

additional vertical splitting cracks occurred in the precast sections on re-loading up to 

500kN. 
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In unit T4, the downstand parted from the in situ concrete indicating that it ýN, as not 
contributing towards the strength of the unit. In units T4, T11 and T12, the 
reinforcement had clearly yielded with crack widths of up to approximately II mm but 
there was no evidence of the bars fracturing at the failure load. 

In unit T15, at 1030kN the diagonal cracks across the surface of the concrete core 
opened up to approximately 10mm and a full depth crack in the lower precast section 
opened to a similar extent, Figure 4.50. The unit failed at 1190kN after two of the 
looped bars in the lower precast section fractured. The fractures occurred near the 

centre of the joint in the in situ concrete section, Figure 4.5 1. After the spalled surface 

concrete was removed the central core was found to be intact and undamaged. The 

l6mm. diameter lacer bars remained straight throughout. The unit was significantly 

strained during the test. A final extension of 60min was recorded after the unit was 

unloaded. 

The behaviour of unit T16 was almost identical to unit T15 up to about 900kN. At 

9lOkN the load carried by the unit fell markedly, indicating a fracture in the 

reinforcement or a failure in the central core. After the spalled surface concrete was 

removed the central core of concrete was found to be cracked diagonally between the 

adjacent looped bars at two places. The 8mm diameter lacer bars had distorted and 

crimped where they were in contact with the looped bars. Subsequently, the unit was 

significantly strained beyond the failure load using displacement control whilst 

monitoring the load carried. The concrete core was slowly crushed by the looped bars 

and the lacer bars were badly distorted, Figure 4.52. 

In unit T18, a repeat of unit T15, very similar behaviour as for unit T15 was recorded. 

The failure loads of the units differed by only 1%. Large cracks developed within the 

top precast section and across the precast/ in situ interface near failure. At failure five 

of the 20mm diameter main bars fractured near the top fin plates and the weld to the 

remaining bar onto the fin plate failed, Figures 4.53 and 4.54. 

Units T 19, T20 and T21 were similar to unit T 10 and all behaved similarly up to failure 

loads. In unit T19, with the non-standard internal former, the extent of diagonal and 

splitting cracking noted on the surface concrete of the core was significantly less, with 

the cracks tending to be mainly transverse, Figure 4.55. Units T20 and T21 showed 
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very similar cracking to unit T 10 throughout. All four units failed in the same manner 
but showed differences in behaviour of the lacer bars. In unit T20, with 8mm diameter 
lacers bars, crimping of the lacers at the outer looped mam reinforcing bar was noted 
but elsewhere the bars remained straight, Figure 4.56. A diagonal crack was noted at 
this location. In unit T19 the failure plane occurred in the top precast section close to 
the precast/ in situ interface with the lacer bars remaining straight. In unit T21 failure 

occurred close to the precast/ in situ interface adjacent to the top of the concrete core 
with no crimping of the 12mm diameter lacer bars. 

4.9.2.4. Group D Symmetrical Standard Straight Lapped Bars, Units T5, TI 7 

In unit T5 at failure, the main reinforcing bars Yielded near the interface of the precast 

and in situ concrete. Extensive cracking was noted in the precast sections and at the 

interface. Large transverse cracks appeared across the precast downstand. It was clear 
that the bond between the downstand and the in situ concrete stitch was maintained 
throughout, thus contributing to the strength of the in situ section. Including the 

contribution of the 12mm. diameter reinforcement in the downstand increases the 

predicted yield load capacity by 20%, Chapter 5 and Table 4.2. 

In unit T 17 at failure, wide transverse cracks opened at the ends of the lapped bars and a 

splitting failure of the concrete occurred along the lengths of the outer bars. Splitting 

cracks occurred at the ends of all the straight bars but local spalling of the concrete at 

the outer bar ends appears to have resulted in a failure at these locations. Given the 

width of the cracks the bars had clearly yielded but splitting of the concrete had 

occurred prior to the bars fracturing, Figures 4.57,4.58. 

4.9.2.5. Group E Symmetrical Hooked Bars With Longitudinal Continuity Bars, 

Units T13, T14 

In unit T 13, the amount of cracking increased as the unit approached the predicted yield 

load of 236.5kN. Several vertical splitting cracks occurred near the ends of the unit and 

the transverse cracking developed but only propagated through to mid-depth in the in 

situ concrete. Only minor cracking was noted along the vertical precast/ in situ concrete 

interface. At 325kN, transverse cracks on the horizontal precast/ in situ interfaces 

opened up and propagated to full-depth through the downstand concrete, Figure 4.59. 

No cracking was noted in the in situ concrete face. At failure, all four of the 12nu-n 
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diameter bars fractured along the upper transverse precast/ in situ interface at 355kN, 

Figure 4.60. 

In unit T14 at 550kN, several evenly spaced cracks had developed through the full 

depth of the unit. No cracking was noted along the horizontal precast/ in situ interface. 

However, cracking was noted in the vertical precast/ in situ interfaces and at 840kN, 

wide cracks had opened at both the top and bottom interfaces, Figure 4.61. All of the 

cracks at this stage were transverse with only two minor splitting cracks present. At 

failure of the unit at 890kN, three 12mm diameter bars and one 16mm diameter bar 

fractured at the top vertical precast/ in situ interface, Figure 4.62. The overall extension 

of the unit was 32mm. 
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Table 4.8 Details of Material Strengths for Units T1 - T7 

Unit No Precast Concrete Insitu Concrete Reinforcing Bar Comments 
Cube Cube Results 

Results Results 
(N/MM2) 

_ _ 
(N/MM2) * (N/mrn 2)* 

TI (46.1,50.2,44.5) (59.7,62.4,58.7) 60.3 fy = (477.5,455.4) rebar tests based on 
46.9 466.4 120 bars 

ff = (632.2,636.6) 
634.4 

T2 (46.0,44.4,45.0) (59.7,62.4,58.7) 60.3 fy = (477.5,455.4) 466.4 rebar tests based on 
45.1 ff = (632.2,636.6) 634.4 120 bars 

T3 (46.1,50.2,44.5) (59.7,62.4,58.7) 60.3 fy = (477.5,455.4) 466.4 rebar tests based on 
46.9 ff = (632.2,636.6) 634.4 120 bars 

T4 (41.8,34.6) 38.2 none available fy = (572.1,559.7, 
(29.3,34.9) 32.1 557.2,537.3) 556.4 

ff (666.7,626.9, 
621.9,629.4) 636.2 

l't MIX used wet 
T5 (29.8,30.1) 29.9 none available fy (572.1,559.7, sand, 

(36.2,50.9) 43.5 557.2,537.3) 556.4 nd 2 mix reduced 
ff (666.7,626.9, water content by 

621.9,629.4) 636.2 25% 

T6 (44.4,43.4) 43.9 none available fy (572.1,559.7, 
(41.8,34.6) 38.2 557.2,537.3) 556.4 

ff (666.7,626.9, 
621.9,629.4) 636.2 

T7 (39.3,41.3,45.0) (51.1,48.4) 49.8 fy (4 8 9.0,5 2 6.7) 
41.9 507.9 

ff (580.0,620.0) 
600.0 

key to table Average values are shown in bold. 
fy = 0.2% proof stress 
ff = ultimate tensile stress UTS 

test = original bars for test 
recovered = bars recovered from specimen following testing for strength check 

$ In determining the reinforcing bar strengths an initial pre-load is required 
to 'grip' the bar. This pre-load has not been accounted for in the above 
results. The strength is over-estimated slightly with the error of the order 
of about 3%. 
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Table 4.9 Details of Material Strengths for Units T8 - T12 

Unit No Precast Concrete Insitu Concrete Reinforcing Bar Results Comments 
Cube Cube 

Results Results (N/MM2) *$ 
(N/MM2) (N/mM2) * 

T8 part 1 (51.1,48.4) 49.8 fy = (4 8 9.0,5 2 6.7) precast sections 
(39.3,41.3,45.0) 507.9 formed from 2 

41.9 ff = (580.0,620.0) different concrete 
part 2 600.0 batches 

(29.2,29.6,28.9) 
29.2 

fy = (4 8 9.0,5 2 6.7) 
T9 (29.2,29.6,28.9) (52.8,50.3) 51.6 507.9 insitu concrete as 

29.2 ff = (580.0,620.0) for T7 and T8 but 
600.0 with the addition of 

fibres 

T10 (53.3,48.2,46.7) (53.1,53.2,55.8) 54.0 --------- T16 --------- 80 bars used as 
49.4 fy = (568,559,560,553, transverse lacers 

534)554.8 
ff = (651,638,641,634, 

620, )636.8 

--------- T8 --------- 
fy = (532,528,551) 537 
ff = (607,612,617) 612 

T11 part 1 (57.7,52.8) fy = (568,559,560,553, precast sections 
(53.3,48.2,46.7) 55.3 534)554.8 formed using 

49.4 ff = (651,638,641,634, different batches 
part 2 620, )636.8 

(51.6,59.8,63.4) 
58.3 

T12 (51.6,59.8,63.4) (53.1,53.2,55.8) 54.0 fy = (568,559,560,553, 
58.3 534)554.8 

ff = (651,638,641,634, 
620, )636.8 

key to table Average values are shown in bold. 
fy = 0.2% proof stress 
ff = ultimate tensile stress UTS 

test = original bars for test 
recovered = bars recovered from specimen following testing for strength check 

$ In determining the reinforcing bar strengths an initial pre-load is required 
to 'grip' the bar. This pre-load has not been accounted for in the above 
results. The strength is over-estimated slightly with the error of the order 
of about 3%. 
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Table 4.10 Details of Material Strengths for Units T13 - T16 

Unit No Precast Concrete Insitu Concrete Reinforcing Bar Results Comments 
Cube Cube 

Results Results (N/MM2) 
(N/MM2) (N/mM2) * 

T13 (46.5,49.9,52.7, (44.9,42.5,55.4) fy = (523,522,523) 522.7 120 BARS 
53.1,51.2) 50.7 47.6 ff = (628,630,625) 627.7 (test) 

fy = (555.9,554.8,511.5, 160 BARS 
554.2) 544.1 (recovered) 

ff = (639.8,614.5,640.3, 
638.1) 633.2 

fy = (548,233,548,496, 120 BARS 
550)535.5 (recovered) 

ff = (644,648,648,630, 
634) 640.8 

T14 (46.5,49.9,52.7, (60.6,58.7,52.0) fy = (523,522,523) 522.7 120 BARS 
53.1,51.2) 50.7 57.1 ff = (628,630,625) 627.7 (test) 

fy = (555.9,554.8,511.5, 160 BARS 
554.2) 544.1 (recovered) 

ff = (639.8,614.5,640.3, 
638.1) 633.2 

fy = (548,233,548,496, 120 BARS 
550)535.5 (recovered) 

ff = (644,648,648,630, 
634) 640.8 

T15 (42.5,29.2,41.3) (39.5,34.3,36.0) fy = (538,560,535) 544.3 200 BARS 
37.7 36.6 ff = (617,635,618) 623.3 

fy = (560,565,554 ) 559.7 160 BARS 
ff = (644,643,63 8) 641.7 

fy = (549,547,552) 549.3 80 BARS 
ff (614,621,615) 616.7 

T16 (48.7,48.0,49.4) (39.5,34.3,36.0) fy (538,560,535) 544.3 200 BARS 
48.7 36.6 ff (617,635,618) 623.3 

fy (560,565,554 ) 559.7 160 BARS 
ff (644,643,63 8) 641.7 

fy (549,547,552) 549.3 80 BARS 
ff (614,621,615) 616.7 

key to table Average values are shown In bold. 
fy = 0.2% proof stress 
ff = ultimate tensile stress UTS 

test = original bars for test 

recovered = bars recovered from specimen following testing for strength check 
= In determining the reinforcing bar strengths an initial pre-load is required 

to 'grip' the bar. This pre-load has not been accounted for in the above 
results. The strength is over-estimated slightly with the error of the order 
of about 3%. 
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Table 4.11 Details of Material Strengths for Units T17 - T21 

Unit No Precast Concrete Insitu Concrete Reinforcing Bar Results Comments 
Cube Cube 

Results Results (N/MM2) 

(N/MM2) (N/mM2) * 

T17 (24.2,20.5,34.4) (41.6,39.1,41.8) fy = (556,561,569) 562.0 160 BARS 
26.7 40.8 ff = (644,644,648) 645.3 (recovered) 

T18 (46.8,60.6,53.0, (40.7,43.7,40.2) fy = (520,528,507) 518.3 160 BARS 
50.3,54.3,54.3) 41.5 ff = (619,633,625) 625.7 (recovered) 

53.2 
fy 580 (estimate) 200 BARS 

ff = (663,667,667) 665.7 (recovered) 

T19 (46.8,60.6,53.0, (40.7,43.7,40.2) fy = (520,528,507) 518.3 160 BARS 
50.3,54.3,54.3) 41.5 ff = (619,633,625) 625.7 (recovered) 

53.2 

T20 (46.8,60.6,53.0, (40.7,43.7,40.2) fy = (520,528,507) 518.3 160 BARS 
50.3,54.3,54.3) 41.5 ff = (619,633,625) 625.7 (recovered) 

53.2 

T21 (35.4,37.5,32.4) (48.5,47.8,48.6) fy = (529,532 ) 530.5 160 BARS 
35.1 48.3 ff = (608,609) 608.5 (test) 

fy = (546,547,536,542) 120 BARS 
542.8 (test) 

ff = (626,624,620,614) 
621.0 

key to table Average values are shown in bold. 
fy = 0.2% proof stress 
ff = ultimate tensile stress UTS 

test = original bars for test 
recovered = bars recovered from specimen following testing for strength check 

$= In determining the reinforcing bar strengths an initial pre-load is required 
to 'grip' the bar. This pre-load has not been accounted for in the above 
results. The strength is over-estimated slightly with the error of the order 
of about 3%. 
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Table 4.12 Details Cylinder Results for Tensile Strength for Units T10 - T12 

Unit No 
_7 

MM2) Cylinder Results for Tensile Strength (N/ 

T10 precast insitu 
3.42 2.75 

T11 precast insitu 
3.95,3.42 2.57 

T12 precast msitu 
3.95 2.75 

Table 4.13 Designed Mix Details for Concrete 

part water cement flne aggregate/ sand coarse aggregate 

proportion 0.53 1.00 2.25 2.25 

Additional water / cement ratio = 0.53 
properties coarse aggregate to fine aggregate/ sand 1: 1 

maximum coarse aggregate size l0mm 

Table 4.14 Photographs of Unit Crack Patterns for the Service Load 

Group Unit Number/ Load Figure 

A T7/35OkN 4.23 

B T9/35OkN 4.24 

c T4/42OkN, T10/350kN, TII/35OkN, T12/35OkN, T15/49OkN, 
T16/49OkN, T18/490kN, T19/35OkN 

4.25,4.26,4.27,4.28, 
4.29,4.30,4.31,4.32 

D T 17/42OkN 4.33 

E T13/25OkN, T14/35OkN 4.34,4.35 
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Table 4.15 Crack Measurements for Unit T18 

Service 
Load 

20kN 70kN l40kN 210kN 28OkN 350kN 420kN 490kN 546.6kN 560kN 
Crack 
Type 

Point _ 

interface 1 0.00 0.00 0.00 0.00 0.02 0.02 0.04 0.04 0.10 0.12 
interface 2 0,00 0.00 0.00 60-2 0.10 0.18 0.18 0.32 0.40 0.42 
interface 3 0.00 0.04 0.00 0.08 0.06 0.08 0.08 0.08 0.13 0.14 
interface 4 0.00 0.00 0.00 0.00 0.04 0.10 0.06 0.12 0.14 
interface 5 0.00 0.00 0.00 0.00 0.18 0.28 0.38 0.48 0.58 0.60 
interface 6 0.00 0.00 0.02 0.08 0.24 0.32 0.38 0.44 0.50 0.52 
crack 1 7 0.00 0.00 0.00 0.08 0.20 0.24 0.30 0.36 0.41 0.42 
crack 1 8 0.00 0.00 0.00 

-- - - 
0.00 0.16 0.28 0.34 0.40 0.43 0.44 

interface 9 0.00 0.00 6 
. 00 0.00 0.30 -0.36 0.50 0.58 0.60 0.60 

crack 1 10 0.00 0.00 0.00 0.00 0.10 0.18 0.20 0.30 0.33 0.34 
crack I I1 0.00 0.00 0.00 0.00 0.00 0.00 0.28 0.28 0.33 0.34 
interface 12 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.24 0.27 0.28 
interface 13 0.00 0.00 0.00 0.00 0.00 0.00 0.18 0.20 0.22 0.22 
crack 1 14 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.10 _ 0.12 
crack 2 15 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.15 0.18 

Averages i) interface cracks 
ii) crack I 
iii) all cracks 

Table 4.16 Crack Measurements for Unit T19 

0.325 mm 
0.320 mm 
0.311 mm 

Load Service 
Load 

Load 

20kN 70kN l40kN 210kN 28OkN 312.6kN 350kN 
Crack 
Type Point 
interface 1 0.00 0.02 0.02 0.08 0.24 0.27 0.30 
interface 2 0.00 0.02 0.02 0.06 0.06 0.14 0.24 
interface 3 0.00 0.00 0.02 0.00 0.02 0.04 0.06 
interface 4 0.00 0.00 0.02 0.16 0.16 0.18 0.20 
interface 5 0.00 0.08 0.14 0.16 0.30 0.33 0.36 
interface 6 0.00 0.00 0.00 0.08 0.26 0.22 0.18 
interface 7 0.00 0.00 0.00 0.10 0.10 0.10 0.10 
crack 1 8 0.00 0.00 0.00 0.00 0.08 0.15 0.24 
crack 2 9 0.00 0.00 0.00 0.00 0.08 0.09 0.10 
crack 3 10 0.00 0.00 0.00 0.00 0.06 0.09 0.12 
crack 3 11 0.00 0.00 0.00 0.00 0.08 0.10 0.12 
interface 12 0.00 0.00 0.00 0.00 0.56 0.58 0.60 
interface 13 0.00 0.00 0.00 0.00 0.12 0.17 0.22 
interface 14 0.00 0.00 0.00 0.00 0.00 0.32 0.68 

Averages i) interface cracks 
ii) all cracks 
ill) end cracks interface 

0.234 mm 
0.198 mm 
0.354 mm 
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Table 4.17 Crack Measurements for Unit T20 

- - - - - 

Service 
Load 

- _ 
20 kN initial i 4OkN 210kN 28OkN 312.6kN 350kN 420kN 4901SN 

Crack 
Type 

Point -ý 

interface 1 0.00 0.00 0.20 0.36 0.44 0.43 0.42 0.36 0.40 
interface 2 0.19 0.19 0.07 0.11 0.41 0.46 0.51 0.67 0.77 
interface 3 0.00 0.00 0.10 0.18 0.20 0.22 0.24 0.24 0.30 
interface 4 0.00 0.00 0.12 0.20 0.22 0.23 0.24 0.32 0.36 
interface 5 0.17 0.17 0.27 0.43 0.53 0.49 0.43 0.27 0.29 
crack 1 6 0.00 0.00 0.00 0.00 0.16 0.15 0.14 0.22 0.32 
interface 7 0.00 0.00 0.00 0.00 0.20 0.24 0.28 0.20 0.36 
crack 2 8 0.00 0.00 0.00 0.00 0.14 0.17 0.20 0.22 0.28 
crack 1 9 0.00 0.00 0.00 0.00 0.32 0.32 0.32 0.32 0.52 
crack 2 10 0.00 0.00 0.00 0.00 0.22 0.21 0.20 0.26 0.28 
crack 3 11 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.60 0.96 
crack 1 12 0.00 0.00 0.00 0.00 0.00 0.00 0.00 0.20 0.32 

Averages i) interface cracks 
ii) all cracks 

Table 4.18 Crack Measurements for Unit T21 

0.343 mm 
0.242 mm 

Service 
Load 

OkN 73kN 140kN 210kN 28OkN 319.9kN 350kN 420kN 490kN 
Crack 
Type 

Point 

interface 1 0.00 0.00 0.10 0.12 0.18 0.19 0.20 0.28 0.30 
interface 2 0.00 0.10 0.10 0.26 0.34 0.34 0.34 0.44 0.58 
interface 3 0.00 0.04 0.32 0.32 0.46 0.57 0.66 0.86 1.16 
interface 4 0.00 0.00 0.16 0.28 0.54 0.47 0.42 0.70 0.80 
crack 2 5 0.00 0.00 0.00 0.16 0.24 0.27 0.30 0.36 0.36 
crack 3 6 0.00 0.00 0.00 0.16 0.28 0.34 0.38 0.44 0.50 
crack 1 7 0.00 0.00 0.00 0.10 0.16 0.17 0.18 0.20 0.30 
crack 3 8 0.00 0.00 0.00 0.00 0.12 0.14 0.16 0.16 0.20 

Averages i) interface cracks 
ii) all cracks 
iii) all non - interface cracks 

0.394 mm 
0.313 mm 
0.231 mm 
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Table 4.19 Photographs of Units At / Near Failure Load 

Group Unit Number/ Load Figure 

A T6/55OkN, T6/failure, T6/failure, T7/62OkN, 4.36,4.37,4.38,4.39, 
T7/failure/66&N, Wfailure/WkN, T8/failure 4.40,4.41,4.42 

B T9/47OkN 4.43 

c T4/87OkN, TIO/675kN, TIO/73OkN, TI 1/700kN, 4.44,4.45,4.46,4.47, 
T1 1/770kN, T 12/74OkN, TI 5/1030kN, TI 5/failure, 4.48,4.49,4.50,4.51, 
TI 6/failure, TI 8/88OkN, TI 8/failure, T 19/73OkN, 4.52,4.53,4.54,4.55,4.56 
T20/failure 

D T17/failure, T17/failure 4.57,4.58 

E T13/325kN, T13/355kN, T14/84OkN, T14/failure 4.59,4.60,4.61,4.62 
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T4 GEOMETRY AND REINFORCEMENT LAYOUT 

T4 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.3 Unit T4, Geometry, Reinforcement and Demec Points 
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T5 GEOMETRY AND REINFORCEMENT LAYOUT 

T5 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.4 Unit T5, Geometry, Reinforcement and Demec Points 
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T6 GEOMETRY AND REINFORCEMENT LAYOUT 

T6 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.5 Unit T6, Geometry, Reinforcement and Demec Points 
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T7 GEOMETRY AND REINFORCEMENT LAYOUT 

T7 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.6 Unit T7, Geometry, Reinforcement and Demee Points 
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T8 GEOMETRY AND REINFORCEMENT LAYOUT 

T8 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.7 Unit T8, Geometry, Reinforcement and Demee Points 
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T9 GEOMETRY AND REINFORCEMENT LAYOUT 

T9 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.8 Unit T9, Geometry, Reinforcement and Demec Points 
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Tl 0 GEOMETRY AND REINFORCEMENT LAYOUT 

T10 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.9 Unit TIO, Geometry, Reinforcement and Demec Points 
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Tl 1 GEOMETRY AND REINFORCEMENT LAYOUT 

Tl 1 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure4.10 Unit T11, Geometry, Reinforcement and Demec Points 
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Tl 2 GEOMETRY AND REINFORCEMENT LAYOUT 

T12 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.11 Unit T12, Geometry, Reinforcement and Demec Points 
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T13 GEOMETRY AND REINFORCEMENT LAYOUT 

T13 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.12 Unit T13, Geometry, Reinforcement and Demec Points 
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Tl 4 GEOMETRY AND REINFORCEMENT LAYOUT 

T14 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.13 Unit T14, Geometry, Reinforcement and Demec Points 
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Tl 5 GEOMETRY AND REINFORCEMENT LAYOUT 

Hill 
CD 

C 
Lt 

C 
It 

C 

C 

C 
Lt 

C 
I' 

C 
It 
C' 

H- f 1 H H 
L ]I 11 111 

. I 

C 

C 
Lt 

C 
Lt 

C 
Lt 

C 
Lt 

C 
Lt 

C 
Lt 

T15 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.14 Unit T15, Geometry, Reinforcement and Demee Points 
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Tl 6 GEOMETRY AND REINFORCEMENT LAYOUT 
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T16 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.15 Unit T16, Geometry, Reinforcement and Demee Points 
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Tl 7 GEOMETRY AND REINFORCEMENT LAYOUT 

F Tl 

ý2 (a) 01. 

F-1 

ý 10, 

T17 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.16 Unit T17, Geometry, Reinforcement and Demee Points 
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Tl 8 GEOMETRY AND REINFORCEMENT LAYOUT 

T18 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.17 Unit T18, Geometry, Reinforcement and Demec Points 

136 

525 

F 
265 



T19 GEOMETRY AND REINFORCEMENT LAYOUT 

T19 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.18 Unit T19, Geometry, Reinforcement and Demec Points 
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T20 GEOMETRY AND REINFORCEMENT LAYOUT 

T20 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure 4.19 Unit T20, Geometry, Reinforcement and Demec Points 
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INTERNALLY STRAIN 
GAUGEDBAR 

T21 GEOMETRY AND REINFORCEMENT LAYOUT 

T21 DEMEC POINTS (TRANSVERSE BARS OMITTED) 

Figure4.20 Unit T21, Geometry, Reinforcement and Demee Points 
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Figure 4.21 Losenhausen Test Rig with Specimen in Place 
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Figure 4.22 Layout of Internal Strain Gauges for Bar in Unit T21 
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CHAPTER 5- DISCUSSION OF RESULTS 

5.1. Introduction 

This Chapter discusses the results of eighteen full scale test specimens from Chapter 4, 

representing in situ joints in precast bridge deck construction. The specimens have been 

put into groups and the general behaviour of the groups is discussed including aspects 
such as, in-plane rotations of units, out-of-plane bending and the variation in the 

capacity of the units along their length. A discussion of the strain information gathered 
for all specimens is also presented. 

5.1.1. Group A Non-Symmetrical Looped Bars, Units T6 toT8 
As the central cores of units T6, T7 and T8 were non-symmetrically loaded due to the 

non-symmetric distribution of the looped bars about the longitudinal axis, the outer 
looped bars tended to slip off the concrete core as the adjacent concrete split and 

spalled. As a result, the load capacity of the outer looped bars was not fully achieved 

and the units carried less than the predicted ultimate loads, at between 0.81 and 0.91 

times P, A discussion of in-plane rotations and resulting rotations of the concrete core 

is given in section 5.2. It was anticipated that by using symmetric arrangements of bars 

the specimens would not be subject to the adverse effects of non-symmetrical loading 

and would be able to carry the predicted failure loads. Thus, units TIO to T21 were 

designed to be symmetrical about the longitudinal axis to avoid in-plane rotations and 

develop the full failure load. 

It is interesting to contrast the differing behaviour of the lacer bars in units T7 and T8, 

in which the diameters of the lacer bars are 16mm and 8mm, respectively. Close to the 

failure load, the central concrete core was undamaged in all the Group A units. Units 

T7 and T8 failed at approximately the same load at 0.91 and 0.88 times P", respectively. 

Both arrangements of lacer bars transferred the yield load of the looped bars to the 

central concrete core. However, in the post-yield stage, the 8mm lacer bars of unit T8 

deformed badly and indicate the importance of the lacer bars in restraining the central 

core of concrete. The improved performance of the l6mrn diameter lacer bars indicates 

that the arrangement adopted in unit T7 gives enhanced ductility beyond the yield load. 
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5.1.2. Group B Non-Symmetrical Looped Bars With No Lacer Bars, Unit T9 

The sudden brittle failure of unit T9 shows that the inclusion of the lacer bars is 

essential. Transverse reinforcement was omitted in order to investigate the use of fibre 

reinforcement in the concrete to resist tensile stresses in the core concrete under direct 

global tension. It is clear that the lacer bars provide restraint to avoid splitting failure of 

the concrete core and carry local transverse tensile stresses below the main 

reinforcement. The use of fibre reinforced concrete without lacer bars is not suitable for 

providing sufficient strength in the in situ concrete core or to provide adequate tensile 

strength. Finite element modelling has been used to demonstrate the presence of local 

transverse tensile stresses below the main reinforcement and the results are discussed in 

Chapter 6. In Chapter 2, the findings of the tests by Leonhardt et al ý13 were discussed 

and these showed that for looped bar formers of less than 15 bar diameters, 150, 

splitting failure of the concrete core can be expected. This is bome out in the brittle 

splitting failure of unit T9. 

It should be appreciated that local wheel load effects would require transverse 

reinforcement to be incorporated in the bridge deck joints to resist local transverse 

bending effects. 

reinforcement. 

5.1.3. Group C 

Hence, in practice it would not be possible to omit the lacer 

Symmetrical Looped Bars, Units T4, TIO to TI2, TI5, TI6, T18 

toT21 

Two arrangements of reinforcement were used in units T 10 to T 12; units T 10 and T 12 

having staggered, symmetrical looped bars, Figures 4.9 and 4.11 and unit TI I having 

lapped symmetrical bars, Figure 4.10. The staggered arrangement tended to cause a 

failure at the more lightly reinforced end of the unit, the reinforcing bars carrying 

approximately 33% more load than those in the more heavily reinforced end. Hence, 

the core was loaded unevenly. However, the core concrete showed no signs of distress 

under this form of loading. Units TIO to T12 carried the predicted failure loads. In 

Group A, with the unsymmetrically reinforced specimens, the use of l6mm. diameter 

lacer bars was preferred as this reduced the spalling and splitting effects at the ends of 

the core. However, in the symmetrically reinforced units the smaller 8mm diameter 

lacer bars were adequate. 
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The 'Swedish joint' details were tested in units T15, T16 and T18. In unit T15 , in 
which the lacer bars were 16mm diameter, the concrete core remained intact and the 
main reinforcement failed by fracturing at the predicted ultimate load. In unit T18, a 
repeat of unit T 15, the same behaviour was noted. However, when the lacer bars were 
reduced to 8mm diameter for unit T16, one lacer bar fractured and the central core 
cracked diagonally between adjacent looped bars and the unit failed at 0.775 times P, 
As with the brittle failure of unit T91 unit T16 shows that the inclusion of adequate lacer 
bars is essential to prevent premature failure of the core by splitting. In addition, it 

appears that the lacers have to be sufficiently robust to transfer the high local bearing 

stresses from the main looped bars onto the central core concrete. 

5.1.3.1. Group C Symmetrical Unit T21 -Strain Gauged Looped Bars 

In unit T21 , one of the looped bars was fitted with internal strain gauges. The bar was 

used to investigate the variation in stress for a looped bar around the central concrete 

core in the in situ joint, Figures 4.20 and 4.22. Strain gauge data was gathered over the 

full range of applied loadings beginning with the unloaded unit up to the failure load of 
724kN. Demec readings were also taken for surface strains in the concrete for 

comparison. 

Under loading, the end anchorages restraining the strain gauged bar will have 

experienced some slip as the steel bars used to keep the wedges in place dropped out, 

indicating the wedges were pulled into the anchors, Figures 5.1 and 5.2. However, this 

appears to have had little effect on the behaviour of the bar on analysing the recorded 

strains. 

The stress-strain curve adopted for the bar was based on the BS5400 ý21 curve for 

reinforcement, using the measured 0.2% proof stress, taken as the Yield stress, fy. The 

bar was considered to have fully yielded when the strain exceeded 4653 micro-strain. 

The yield stress was measured as 530.5N/mm 2 and the appropriate curve was drawn, 

Figure 5.3. The predicted yield load, Py for the unit was 639.8kN based on three 16mm 

diameter looped bars. For the purposes of describing the behaviour of the bar, the top 

of the bar is taken between gauges 0 and 15, and the bottom between gauges 21 and 36. 

Gauges 15 to 21 were placed around the loop. 
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A plot of variation in strain along the looped bar with increasing applied load is shown 
in Figure 5.4. At the next increment of loading above the service load at 350kN, the 

maximum strain in the top straight section of bar occurs outwith the core concrete at 
gauge 3 at 1313 micro-strain, giving a corresponding stress, within the elastic range, of 
262.6N/mm 2, Figure 5.3. The limit on the elastic range is taken as 424.4N/MM2. 

The yield strain is first exceeded at a load of approximately 630kN on both sides of the 
bar at gauges 3 and 33 which correspond to the position of the precast/ in situ interface. 
This agrees closely with the predicted yield load, Py of 639.8kN. From the crack width 

measurements and observations it is clear that the interface had opened at this load. 

Beyond 630kN, the yielded zone extended adjacent to the interface and also began to 

yield on the top of the bar at gauge 14 near the top tangent point of the loop at 672kN. 

With subsequent loading, the top of the bar yielded throughout, with the bottom Yielded 

over only half its length. The strain around the loop remained elastic except near the 

yielded zone at the top tangent point. 

5.1-3.2. Comparison ofExternal Strain Measurement with Internal Gauge Results 

For unit T21, comparing the strains from the internal strain gauges with those from the 

adjacent external Demec points gives close agreement on the general trend of straining 

for the unit under increasing load, Figure 5.4. At the calculated cracking load, Pc of 

226.2kN, the average strain for both faces was 425 micro-strain with the average values 

for each face suggesting a slight misalignment of the unit. However, the internal strain 

gauges did not indicate this, as the difference in strains is smaller. Up to 560kN, the 

strains compare well along the top of the bar. At 560kN, the external strains indicate 

yielding at the top precast/ in situ interface, whereas the internal gauges still show the 

bar to be unyielded. At OWN, the external gauges show the zone of yielding to have 

extended across the concrete core, with the internal gauges indicating yielding at the 

precast/ in situ interface only. The maximum average surface strain recorded across the 

in situ concrete at 630kN was 6168 micro-strain. 

Typically, the surface concrete adjacent to the ends of the central core cracks and spalls 

at the yield load and the differences in measured internal and external strains is thought 

to be due to this cracking, as the Demec points used to measure the external strain at the 

central core are within this zone of cracking. External strains were less beyond the 

strain gauged bar, that is in the section which is more heavily reinforced with four 
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16mm diameter looped bars, and this was anticipated, Figures 5.5 and 5.6. The strains 
recorded on the bottom of the bar agree closely up to 560kN with the bar remaining 
unyielded. At OWN the external strains indicate yielding across the precast/ in situ 
interface, which agrees with the internal gauge strains. Along the remainder of the 
bottom of the bar and beyond the strain gauged bar, the strains remain below the yield 
strain on the external face. 

It should be noted that the external measurements are taken over a 150mm length 

whereas the internal gauges are over very small comparative lengths. Evans and Kong 
[31 discuss the significance of the average strains over long gauge lengths of 150mm or 
more, compared to measuring strains over very short lengths and note that the two are 
likely to differ significantly. The concrete strains over short lengths are likely to be 

quite erratic. Table 5.1 and Figure 5.7 show the variation in the external strains from 

the Demec points compared with the internal strain gauges. The results generally 

compare well up to approximately 500kN, except for gauge 32 over the precast/ in situ 

interface where the external strains across the joint are significantly greater than those in 
the bar. Figure 4.22 shows the positions of the gauges in relation to the Demec points. 

5.1.3.3. Bond Force Transfer Along the Looped Bar 

A consideration of the forces carried by the bar allows the load carried by bond between 

adjacent gauges to be estimated. The approach adopted by Scott [41 and used for strain 

gauged bars in beam-column joints has been used here. Stress distributions along the 

bar were obtained using the strain gauge readings and an appropriate stress-strain curve 

for the steel. Numerical differentiation of these stress distributions was then used to 

determine the load carried by bond. A plot of bond force transfer with increasing 

applied load illustrates how the bond is broken down as the bar progressively Yields and 

the surrounding concrete cracks and spalls, Figure 5.8. Considering the total bond force 

transferred along the top of the bar in the overlap zone, gauges 7 to 15, the bond force 

increases approximately linearly to 35kN at an external applied load of 560kN. With 

the local yielding at the top tangent point the total bond force reduces rapidly, and as the 

bar yields along the full length the bond force reduces to zero. However, along the 

bottom overlap zone, gauges 21 to 29, the total bond force increases in a similar fashion 

but does not reduce to zero as the bar is yielding only at the area remote from the loop. 

The bond force remains at about 35kN at the failure load. Around the loop, the total 

bond force reaches a value of lOkN, but suddenly increases to a maximum of around 
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35kN as the bar yields near the top tangent point but remains elastic around the rest of 
the loop. Just prior to failure, the force at the tangent points of the loop differs by 
33.4kN, which is the force carried by bond around the loop at this loading. The same 
total bond force is then transferred over the bottom length of overlapped bar to where 
the bottom of the bar has yielded. The average calculated bond stress to transfer this 
load around the 176mm length of loop is 3.78N/MM2 . This compares to BS5400 (2] 

which allows an ultimate bond stress of 3.3N/mm 2 for grade 40 concrete, and to the 
German Code DIN1045 [5] which allows a design bond stress of 3.7N/mm 2 for grade 40 

concrete, both of which include a factor of safety. 

A plot of anticipated strain along the bar compared with the actual Yield and failure 

strain results from unit T21 is given in Figure 5.9. It was anticipated that the bar would 

yield along lines BC and EF, and this was the case from the actual strains at the yield 
load. In the overlap zones, AB and DE, some of the force in the bar should be 

transferred to the concrete as bond, as the bars may be considered to be non-contact 

spliced bars at this location, as discussed below. Hence, the force in the bar should 

reduce to similar values at points A and D and the load in the bar would be constant 

around the loop, if the bond around the loop was ignored. Failures would then be 

anticipated in the bar within the straight portion beyond the concrete core along BC and 

EF. Generally, this was observed to be the case in the units tested. However, the actual 

strains at failure indicated local yielding in unit T21 adjacent to the top tangent point of 

the looped bar, at point A, which was not anticipated. In analysing the behaviour of the 

unit near failure, the potential for the bar to yield near the tangent points should be 

considered. It may be assumed that load is transferred to the concrete through bond 

over the length of the lap to the looped bars, resulting in a reduced stress in the bar at 

the tangent point of the loop, Figure 4.1. This approach will be unconservative in 

determining the bearing stresses developed under the looped bar near failure. However, 

at the yield load, the maximum strains were noted on the straight sections of bar beyond 

the lap to the looped bars and a reduction in strain towards the tangent points of the loop 

was noted. This demonstrates the expected transfer of load through bond in the overlap 

section. For design purposes, as design loads are expected to be well below the yield 

load, allowing for a reduction in the load at the tangent points of the looped bars 

through bond is considered to be valid. 
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In the tests, discussed in Chapter 2 carried out by Leonhardt et al ý11, of specimens of 
tension joints with looped bars similar to those of Group C, the inclusion of an 
additional straight lap length was investigated (specimens of Series E in the Leonhardt 

et al tests). The bearing stresses under the looped bars were determined and are 
discussed in Chapter 6. Leonhardt et al found higher failure loads in these units; hence 

it was assumed that a longer lap length was beneficial. This was due to the interaction 

along the straight portion of the bar where the concrete bond transfers the tension force 

to the concrete and hence a reduced tension force results at the tangent point of the loop. 

Leonhardt et al showed that the bearing capacity of the Series E joints was the sum of 

the interaction along the straight portion of the bar and the load carried at the loop. 

Leonhardt et al made the simplifying assumption that the stress due to the bond was 

equally distributed along the bars at failure and hence adopted the following; 

bond stress in accordance with the German Code DIN 1045 1966 [6] 

rl U=v z-, = 1.75 x 18 = 31.5kp /CM2 = 3.15N/MM2 

by removing the factor of safety of 2.1, 

pressure under the loops atfailure, = 2.1 Pu (5.2) 

'; r diam 1.75 r, total bond force, Zz-U = 
41bar U (5.3) 

totalforce transferred at loop, Zs U=2d, diam 2.1 p,, (5.4) 

total load carried, Zto, 

Ztot (4 lbarU ir diam 1.75 -rl) + (2 d, dianj 2.1 pu) (5.5) 

where, the other terms are as defined in the Chapter 2. 

The loads calculated by the above were similar to those obtained from the Leonhardt et 

al's tests of units E2 and E3 but not by unit El, and hence further testing was 

recommended, Table 5.2. 

Hamad and Mansour [7] camed out a series of tests on seventeen full scale slab 

specimens to investigate the bond strength of non-contact tension lap splices; straight, 

spliced bars where the bars are placed as in a contact splice but the bars are spaced 

laterally. The American Code of Practice ACI 318_89 [81 deals with the use of such 

splices and Hamad and Mansour sought to check the validity of the provisions of the 

Code. The Code deals with the splices in flexural members but the same transfer of 

force by bond will occur in tension members. It is interesting to note that in earlier 
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editions of the American Code of Practice ACI 318, a minimum clear distance was 
specified for all spliced bars. 

The tests were carried out on splices located in a length of specimen subjected to 

constant moment, to achieve the required tension in the bars. The relevance to the 
looped bar joint tested in the Author's work is clear when it is considered that most of 
the specimens tested consisted of staggered, looped bars incorporating a length of 
straight over-lapped bar. The transfer of load between bars is outlined by Hamad and 
Mansour as being a series of compressive struts acting between the deformations on 

adjacent reinforcing bars, Figure 5.10. Tepfers 191 and Goto 1101 explain the behaviour of 
transfer of force between adjacent bars and indicate how longitudinal splitting may 

occur along the concrete cover to the reinforcing bars, Figure 5.11. 

Hamad and Mansour designed their specimens to fail in bond splitting to allow them to 

determine the optimum bar spacing for splices. This is in direct contrast to all of the 

testing undertaken by the Author, as all the specimens tested with the exception of units 

T9 and T 16, exhibited yielding or fracturing of the bars. 

Sagan, Gergely and White I' 'I conducted an extensive study to investigate the behaviour 

of non-contact tension splices and among their findings they observed that 

monotonically loaded specimens developed higher strengths when transverse 

reinforcement was present. In addition, when considering a simulation of earthquake 

loading on spliced bars, it was noted that increasing the amount of confining transverse 

reinforcement had a beneficial effect on the number of inelastic load cycles sustained by 

the specimens. Hamad and Mansour [7] omitted transverse reinforcement in all of their 

specimens to allow uncontrolled cracking to develop. They determined that non-contact 

tension laps were more efficient than contact splices where the clear distance between 

bars was vaned between zero and 7 bar diameters, 70 approximately. The maximum 

benefit occurred at a clear spacing of approximately 50, for the 14M-M, l6mm and 

20mm diameter bars tested. An increase in the bond strength compared to contact 

splices vaned from a factor of 1.06 to I -10. 
In the units tested by the Author, the clear 

distance for 16mm diameter bars in several of the specimens tested was approximately 

47mm, or 30, for a 125mm lateral spacing between centres of adjacent bars. 
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Hamad and Mansour found that the measured bond stresses calculated for all seventeen 
specimens were significantly above the design values given in the ACI Code and 

averaged 4.69N/mm 2 with an average of 4.51N/MM2 for the l6mm, diameter bars only. 
The cracking patterns noted are of interest. For closely spaced or contact splice bars, 

the cracking was generally concentrated over the locations of the bars as longitudinal 

splitting and transverse cracks. For non-contact tension splices, diagonal cracks became 

more prominent. This behaviour is similar to that noted in the units tested by the 

Author. The benchmark test, unit T17 containing straight, lapped bars in contact, 

showed longitudinal cracks over the bar locations, whereas the staggered, looped bars 

showed diagonal cracking around the area of the joint. 

The presence of transverse reinforcement and the lateral spacing of the main reinforcing 

bars to form non-contact tension splices is seen to be beneficial from the previous tests 

of Hamad and Mansour and of Sagan, Gergely and White. Both of these features are 

present in many of the tests of deck joint units described in this thesis. 

5.1.4. Group D Symmetrical Standard Straight Lapped Bars, Units T5, TI 7 

In unit T5, the failure was due to yielding of the main reinforcement at the ends of the 

laps near the interface of the precast and in situ concrete. Large cracks were noted 

across the precast downstand indicating that the downstand was acting with the in situ 

concrete and contributing to the strength of the unit. The effects of the contribution of 

the downstand to the unit's strength are discussed in section 5.5. 

In unit T17, wide cracks opened in the concrete at the ends of the lapped bars. 

However, the failure was due to splitting of the concrete over the outer main reinforcing 

bars at the predicted failure load prior to fracture of the main reinforcing bars. Bars 

were recovered from the unit to assess the strength of the reinforcement in the unit at 

failure. Crack measurements were taken for unit T17 during the test. At the service 

load of 451.9kN, these were 0.2mm or less. The crack width measurements were 

continued beyond the service load and at 630kN the crack widths were 0.3mm above 

Demec 26, Figure 4.16. At 770kN the maximum crack width was 0.35mm. 
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5.1.5. Group E Symmetrical Hooked Bars With Longitudinal Continuity Bars, 

Units T13, TM 

The units in Group E were intended to demonstrate that the strength of the joint 
developed through dowel action of the shear links and transfer of bond across the 
horizontal precast/ in situ interface between the main 12min diameter hooked and 
straight bars would be sufficient to allow the main reinforcement to Yield or fracture. 

Continuity bars in the top face were omitted from unit T13 to assess the strength of the 

interface only. This detail would clearly not be adequate in the jointing of deck units. 
Unit T14 included 16mm diameter continuity bars in the top face and represents the full 

detailing arrangements required for such a joint, Figures 4.12 and 4.13. 

In unit T13, the Demec readings taken on the top face of the in situ section showed that 

the strains were small and compressive up to the failure load, see section 5.3.5. On the 

downstand face the strains were tensile and increased generally beyond 250kN. The 

calculated cracking load P, of the precast downstand section at the vertical precast/ in 

situ interface was calculated to be 82.8kN. This is significant as the vertical precast/ in 

situ interface cracked from the early stages of loading. The calculated cracking load 

across the full depth of the joint including the in situ concrete was 267.3kN. At 250kN, 

transverse cracking to mid-depth was evident across the in situ concrete and 

subsequently the vertical precast/ in situ interface opened at 325kN with cracking 

occurring through the full depth of the precast downstand section. The unit reached a 

failure load of 355kN, which is 1.22 times the predicted value, P, ', based on the ultimate 

strength of the steel alone. Given that the vertical precast/ in situ interface had parted 

and that cracking had occurred through the full depth of the precast section, it is 

anticipated that any contribution from the concrete is unlikely to have increased the 

strength of the unit above the predicted ultimate load based on the steel strength alone. 

The reason for the increase in strength above the predicted failure load is not clear. 

Based on the Demec readings, the pattern of strains for unit T14 differed from that of 

unit T13. Local compressive strains were noted on the in situ concrete face but beyond 

500kN the strains were tensile. On the downstand face the strains were generally tensile 

throughout the loading. The difference compared with unit T13 is due to the presence 

of reinforcement in both faces of the unit due to the inclusion of the 16mm diameter 

continuity bars. Unit T 14 reached a failure load of 890kN, which is 1.11 times P,,, 

based on the measured steel strength alone. At this load the contribution due to tension 
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in the concrete is considered to be zero, given the extent of the cracking. Calculations 
to demonstrate the variation in design resistance along the longitudinal axes of the joints 
are described in section 5.5. 

The tests showed that both units were weakest at the vertical precast/ in situ interface 
through the precast downstand. The hooked bars were anchored within the in situ 
concrete and in addition to the contribution from the dowel action of the links and the 
transfer of bond across the horizontal interface, sufficient strength existed to transfer the 
load between the adjacent 12mm diameter bars and prevent a failure within the in sitil 
concrete. The lack of straight continuity bars on the top face of unit T 13 lead to an out- 
of-plane bending of the unit. A 2-dimensional finite element model representing a 
longitudinal section through the eccentrically loaded unit produced the same behaviour 

as that observed in the test. Bending occurred across the in situ concrete with tension 
developing at the downstand face, and compression developing on the top face, see 
section 5.6. 

5.2. In-Plane Rotations in Group A, Non-Symmetric Units T6 to T8 

To study the in-plane rotations observed in the concrete cores of the non-symmetrical 
tests, a series of elastic analyses were used. Two non-symmetric frame models were set 

up using members with the properties of a l6mm. diameter bar and with a stiff 

transverse beam to represent the central concrete core. The analysis of the narrower 

model clearly showed the central core member rotating under load, Figure 5.12a). The 

central bars (2 and 5) carried the correct proportion of the load applied, the intermediate 

bars (I and 6) were more heavily loaded, and the outer bars (3 and 4) carried less load. 

With this uneven distribution of loading there would be a likelihood of failure at loads 

below the predicted ultimate loads because of the tendency noted in the tests for the end 

bars to slip off the core. The limited width of the unit used in the test also influenced 

the degree of rotation. For a very narrow unit, as shown in Figure 5.12a), this effect 

would be significant as the non-symmetry would be a dominant factor. In comparison, 

in a unit as wide as a bridge deck with a large number of staggered reinforcing bars any 

rotations would be insignificant. This has been demonstrated through developing a 

wider non-symmetric frame model to include eleven bars on either side of the stiff 

transverse beam as shown in Figure 5.12b), and the normalised bar loads are shown in 

Table 5.3 and Figure 5.13. Clearly, there is a tendency for the wider models to 
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distribute the loads more evenly between the bars, resulting in a reduction in in-plane 
rotations. 

5.3. Discussion of Strain Data 

The value for the tensile strain at cracking of concrete is of the order of 150 micro- 

strain. Kupfer et al [12] tested plain concrete samples and found a strain at tensile failure 

of the order of 100 micro-strain. The CEB-FIP Model Code 1990 1131 method for 

determining the cracking strain [14] [151 of concrete gives a limiting value of 150 micro- 

strain with a bi-linear strain softening curve in tension. A typical value of 3000 micro- 

strain is adopted for reinforced concrete for the strain at the end of the tension softening 

curve, beyond which the concrete has no contribution and the strain is due to the 

reinforcement only , Figure 5.14. These values are given for comparison with the 

results of the strain measurements for the specimens. Zielinski and Rowe [16] undertook 

a series of tests on groups of anchorages in post-tensioned concrete members and 

demonstrated that in the complex stress fields, the strain capacity was greater than in 

normal bending tension and that strain up to 400 micro-strain were common prior to 

cracking. The significance of this will be discussed in more detail in Chapter 6. 

From the strain information, the earlier units built using timber formwork appear to 

have suffered from slight misalignment in some cases. The later units formed in steel 

formwork performed better, see section 5.3.7. Strain information for each of the units is 

now discussed for Groups A to E. 

5.3.1. Group A Units T6 to T8 

In unit T6, up to the calculated cracking load, Pc of 253.8kN, cracks developed from the 

in situ concrete adjacent to the downstand. The downstand remained uncracked 

throughout. Beyond P, the unit cracked progressively on the exposed in situ face. 

Compressive strains averaging -224 micro-strain were noted locally at Demec points 6 

to 10 on the in situ face of the unit at a load of 280kN, Figure 4.5. The average across 

all points in the in situ face was compressive at -58 micro-strain at 253.8kN. 

In units T7 and T8, up to the calculated cracking load, P, of 207.8kN, horizontal cracks 

developed regularly throughout. In unit T7, strains were generally tensile throughout 

with an average of 225 micro-strain in the in situ concrete. In unit T8, compressive 
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strains were noted in the early stages of loading indicating some misalignment of the 
unit. Beyond P,,, both units cracked progressively throughout with diagonal cracking on 
the core and predominantly horizontal cracking elsewhere. The measured strains for 
Group A units were consistent with in-plane rotations of the units, as horizontal cracks 
developed on the in situ concrete as discussed in section 4.9.2.1. The strains recorded 
for rows of Demec points clearly showed the increasing crack width across the faces of 
the units, in particular Demec rows 16 to 20 in unit T8, Figure 5.15. 

5.3.2. Group B Unit T9 

Unit T9 had no lacer bars in the central core and used only steel fibres to control 
cracking. Up to the calculated cracking load, Pc of 211.5kN, the strains indicated some 
misaligm-nent of the unit. Beyond P, the unit cracked progressively on both in situ 
concrete faces. The failure of the unit was sudden but the average tensile value 
recorded just before failure was 5434 micro-strain. It has to be bome in mind that 

significant cracking had occurred by this stage and that the large number of strain gauge 

readings indicate an average of the strain before failure. 

5.3.3. Group C Un its T4, TI 0 to TI 2, TI 5, TI 6, TI 8 to T21 

In unit T4, up to the calculated cracking load, Pc of 232.7kN, a few horizontal cracks 
developed in the in situ concrete section. Beyond P, the unit cracked progressively on 

the exposed in situ concrete face. Wide horizontal cracks occurred at the ends of the 

looped bars at a load of 840kN with an average strain at the centre of the in situ concrete 

of 3448 micro-strain, Figures 4.3 and 4.44. The small strains recorded on the 

downstand showed that it played no part in the strength of the unit. 

In unit TIO, the strains developed similarly on both sides of the unit indicating good 

alignment, with an average of 576 micro-strain at the calculated cracking load, P, of 

216.4kN. Figure 5.16 shows the wide variation in strains across the unit with the largest 

being at the ends of the concrete core in the lighter reinforced end of the unit, Figures 

4.99 4.45 and 4.46. Beyond P, the unit cracked progressively with an average of 1012 

micro-strain at the service load of 334.7kN and 2469 micro-strain at 630kN. In unit 

T19, which was similar to unit TIO but with an increased core size, cracking occurred 

evenly on each side of the unit up to and beyond Pc of 264.5kN. Cracking was mainly 

horizontal with some diagonal cracking throughout. The average strain throughout was 

544 micro-strain at Pc, which increased to 3111 micro-strain at 630kN. Unit T20 
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behaved as units TIO and T19, with an average of 886 micro-strain at P, of 204.6kN. 
Cracking was mainly horizontal with some diagonal cracking in the in situ section with 
an average of 5412 micro-strain at 650kN. 

Units TI 1 and T12, behaved in a similar manner with calculated cracking loads, P, of 
218.9kN and 216.4kN, respectively. Sets of strains for both units indicated slight 
misaligm-nent. Beyond P, horizontal cracks formed on one side of the unit. At 420kNI 
the stress redistributed and cracks formed on both sides. The cracks were 
predominantly horizontal with some diagonal cracking present. 

Units T 15 and T 16 behaved similarly up to and beyond the same calculated cracking 
load, Pc of 248.4kN, both cracking evenly on each side of unit, indicating good 
alignment. Cracking was mainly horizontal with diagonal cracking occurring in the in 

situ section. In unit T15, at Pc, the average strain throughout the unit was 237 micro- 
strain, which increased to 6696 micro-strain at 980kN. Figure 5.17 shows that the 
largest strains occurred at the centre of the in situ concrete and across the downstand 

joint, Figures 4.14 and 4.50. In unit T16, at P, the average strain throughout the unit 

was 398 micro-strain, which increased to 5148 micro-strain at 840kN. The maximum 

recorded strains across the downstand joints were 11891 and 14949 micro-strain for 

units T15 and TM, at 980kN and 840kN respectively. Unit T18 behaved as unit T15 up 

to and beyond P, of 264.5kN, cracking evenly on each side of the unit. In unit T18, at 
P, the average strain throughout the unit was 442 micro-strain, which increased to 2914 

micro-strain at 88OkN. The maximum strain across the downstand joint was 8798 

micro-strain. Figure 5.18 shows the variation in the strains throughout the unit and 

clearly indicates the largest strains to be across the downstand joint. The pattern of 

straining is similar to that for unit T 15. 

5.3.4. Group D Un its T5, TI 7 

In unit T5, up to the calculated cracking load, P, of 224.5kN, few horizontal cracks 

developed with an average compressive strain in the in situ concrete of -212 micro- 

strain indicating misalignment of the unit. However, beyond P,, the unit cracked 

progressively, horizontally and evenly with tensile strains measured up to an average of 

1848 micro-strain at 890kN- Unit T17 was similar to unit T5 but with no downstand. 

Up to P, of 262.3kN, a few horizontal cracks developed evenly on both faces of the unit 

with the average tensile strain of 289 micro-strain. Beyond P, the unit cracked 
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progressively up to 956 micro-strain at 9lOkN. The cracks formed predominantly 
horizontally with few splitting or diagonal cracks, Figures 4.57 and 4.58. Figure 5.19 

shows the variation in strains throughout the unit and indicates a narrower band of 

strains than for units T 105 T 15 and T 18 which contained looped bars. In addition, unit 
T17 shows significantly lower maximum values when compared to units T15 and T18 

which exhibited significant cracking at the in situ joint and had a downstand. 

5.3.5. Group E Units T13, T14 

In unit T13, at the calculated cracking load, Pc of 267.3kN, horizontal cracks had 

developed in the in situ concrete, and the average tensile strain was 1251 micro-strain 

on the downstand face with the average compressive strain of -365 micro-strain on the 

in situ face, indicating out-of-plane bending in the unit as discussed in section 5.6. 

Beyond P, the unit continued to crack progressively, with tensile strains measured up to 

an average of 2143 micro-strain at 329kN. 

In unit T14, up to the calculated cracking load Pc of 292.7kN for the in situ concrete, a 

few horizontal cracks had developed, with an average tensile strain of 222 micro-strain 

in the downstand face and the average compressive strain of -96 micro-strain in the in 

situ top face indicating bending in the unit, Figure 4.1. The bending in this case is 

thought to be due to the reduction in stiffness of the unit at the location of the joint, as 

the bent-up bars and continuity bars are significantly further ftom the surface at the joint 

where they bend away from the outer face of the unit, Figure 4.13. Beyond Pc, the unit 

cracked progressively, with tensile strains measured up to an average of 1896 micro- 

strain at 840kN. 

5.3.6. General Comparison ofStrain Data 

Table 5.4 shows the average strains at the calculated cracking and service loads, Pc and 

P, respectively for all the units. The variation in average strain throughout all of the 

units is shown in Figure 5.20. Units T4 and T6 had downstands present which tended 

not to act with the in situ concrete and hence did not contribute to the strength of the 

units. Strain measurements were recorded on the downstand face of unit T4 only. 

Hence, the average strain can only be determined for the in situ top faces of the units. 

Unit T5 had a downstand present but strain readings were not recorded on the 

downstand face. However, the behaviour of units T5 and T17, each containing straight 

lapped bars, was very similar at the service loading. 
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The behaviour from Group E units T13 and T14 indicated out-of-plane bending with 
tensile and compressive strains recorded on opposite faces of the units. 

Those specimens that used an arrangement of staggered or lapped, looped bars showed a 
wide variation in the strain at the cracking and service loads, Groups A, B and C. 
However, the Swedish units, T 151 T 16 and T 18 are closely grouped in terms of average 
strains both at the cracking and service loads. In general, better correlation between 

specimens of similar types is noted at the service loading where cracking is more 
developed and the strains are larger. 

Canisius et al [171 described the development and testing of the SINSLAB system, a long- 

span concrete floor structure for use in buildings. From the resulting strains in the 
tensile region of the flooring system, Canisius et al noted the rates of change of strain 
were affected by crack propagation in the vicinity of the gauges. On occasion they 

observed that the sense of the strains changed from tensile to compressive and this was 
deemed to be due to the changes in the stiffness characteristics of the structure as a 
result of crack propagation. Similar behaviour was noted in the present work, for 

example in unit T17, Figure 5.19a where, the predominantly tensile strains became 

compressive at Dernec points 46-50 in the precast concrete. 

5.3.7. Misalignment of Units 

Six of the units from the early series of tests, built using timber formwork, appear to 

have suffered in the initial loading stages from problems of misalignment. This may be 

due to poor alignment of the precast and in situ concrete with the end steelwork 

sections. In later units in which the steel formers were used, this issue was addressed. 

Bedding-in of the steel shoe holding-down arrangement may also be an issue, as the 

steel shoes allow some tolerance for movement of the lower UC section, as these have 

only two holding-down bolts per side. The use of the cap screws with the larger 

steelwork ends provided better alignment and reduced such problems in the later tests, 

Figure 4.1. 

Where misalignment was an issue, the cracking behaviour of the unit was not as 

expected with small compressive strains being noted on one face and tensile strains on 

the opposite face. However, due to redistribution of the loading after the onset of 

cracking, the results at the service load and failure load remain valid. In the work 
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conducted by Leonhardt et al ý11 discussed in Chapter 2, they discovered in preliminary 
tests that the specimens will always show cracking due to the eccentricity of the applied 
force which could not be avoided for the test set up they adopted. 

In order to determine the required eccentricity of axial tensile load to give the measured 
surface compressive strains for one of the affected units, unit T12; a modular ratio 
method of analysis of the reinforced concrete cross section, subject to combined 
bending and tension, was carried out in accordance with the method given in Reynolds 

and Steedman E'8ý. The eccentricity from the analysis was 49.9mm, as demonstrated in 
Appendix A. However, this degree of eccentricity is thought to be excessive and rather 
pessimistic. 

Hence, a 2-dimensional non-linear finite element model was used to investigate the 

cracking behaviour in a typical, eccentrically loaded specimen using LUSAS [141. The 

model used plane strain 8-noded, isoparametric elements (QPN8) to represent the 

concrete and 3-noded, isoparametric bar elements (BAR3) to model the 16mm diameter 

reinforcement, Figure 5.21. The end sections were modelled elastically to prevent 

failures occurring at the points of application of the loads. Loads were applied to the 

ends of the reinforcement to give an effective eccentricity of 50mm. Cracking 

developed on one face of the model. The compressive strains were approximately 0.7 

times those measured in the test of unit T12. Again the resulting eccentricity is thought 

to be pessimistic and is perhaps worthy of further study. 

5.4. Variation in Strength Along Unit T5 

In section 5.1.4, it was stated that the precast downstand in unit T5 contributed towards 

the strength of the unit. The variation in capacity along the axis of the unit can be 

determined considering the main reinforcement alone, and with the additional 

contribution from the reinforcement in the downstand. The calculations of strength 

variation along the longitudinal axis of the unit are given in Appendix B. The Yield 

strength for the 16mm diameter bars is 556.4N/MM2 , and estimated at 60ON/mm 2 for the 

12mm diameter bars, Table 4.8. The strength has been calculated using the ultimate 

allowable bond stress in BS5400 [2] of 3-3N/MM2' and with the bond stress estimated 

from the test results for unit T21 of 3.8N/mM 2. Clark E191 suggests that the BS5400 bond 

stress values are based on tests undertaken by Snowdon [20] for CP 114 [21] for bars at 
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working loads, and hence it is assumed that the BS5400 values will contain an 
appropriate factor of safety. Adopting the higher bond stress determined from unit T21 
demonstrates a failure is more likely at the vertical precast/ in situ interface, which 
occurred in practice. Figure 5.22 shows the variation along the unit for different bond 

stress values. For the higher bond stress the weak section occurs near the vertical 
interface at point A, at a capacity of 1070.3kN. The failure load for the unit was 
1075kN. 

To transfer the load from the 12mm diameter downstand reinforcement to the in situ 

concrete, sufficient shear capacity is required across the horizontal precast/ in situ 

concrete interface. The capacity of the interface in longitudinal shear may be calculated 

using the allowable ultimate longitudinal shear stress in BS5400 of 0.5N/mm 2 for grade 
40 concrete. The value calculated is 0.40 times the required shear strength necessary to 

transfer the load when considering the contribution from the 12mm. diameter bars at 

point D. In section 5.5 below, the conservatism of this aspect of BS5400 is discussed. 

5.5. Shear Reinforcement Contribution Across the Precast/ In situ Interface 

for Units T13, T14 

The strength of the joints may be determined from a consideration of the dowel action 

due to the links and a contribution from the horizontal precast/ in situ interface shear. 

The strength of the shear connection across the interface, calculated in accordance with 
E21 

BS5400 Part 4 Clause 7.4.2.3 . 
is 626.9kN for a surface type 2 designation (termed 

'rough as cast'). However, from the work of Doyle and Keogh E22] on prestressed beams 

composite with slabs and from Clark E191, the Code approach is considered to be 

conservative for surface type 2 and hence the interface shear capacity is likely to be 

higher than calculated. In addition, the l6mm diameter continuity bars contribute to the 

strength of the joint in unit T14. It is considered that the use of bent-up anchored bars 

would be beneficial in this joint arrangement. Calculation of the contribution provided 

by the bent-up bars shows the bars to be fully anchored within the in situ concrete. By 

omitting the bent-up portion of the bars, calculations show that the strength of the joint 

is reduced to 0.81 of the strength including bent-up bars. The variation in capacity 

along the units is shown in Figures 5.23 and 5.24. 
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The BS5400 equation for interface shear capacity relates to slab elements cast on top of 
precast beams which develop longitudinal interface shears when the composite beam 

section is subjected to bending. This surface condition would be similar to that 

achieved in the test specimens except that laitance was not removed from the surface 
concrete. This check is of particular importance in deter-mining the strength of unit T13. 
The presence of any factor of safety within the code equation is not known hence the 

equation has been applied as presented. Consideration of the variation in strength of the 
joint along the longitudinal axis clearly indicates the weakest part occurs at the vertical 

precast/ in situ interface, Figure 5.23. The shear connection across the horizontal 

interface is sufficient to transfer the load from the 12mm diameter bars as demonstrated 

ý11 above using material strengths from Table 4.10. The calculations of strength variation 

along the longitudinal axes of the units are given in Appendix C. 

5.6. Finite Element Modelling of Unit T13 Plane Strain Models 

Finite element models have been used to investigate the stresses on a plane strain 

idealisation of unit T13 under tensile loading using LUSAS ý 141 
. The models were 2- 

dimensional representations and both linear and non-linear analyses using the same 

geometrical model were carried out. The main reinforcing bars for the model were 

made continuous through the unit. No attempt was made to model the hooks in the in 

situ concrete using bent-up bars as the adjacent hooks overlap one another and cannot 

be effectively modelled in 2-dimensions. Hence, the reduction in stiffiless in the unit at 

this location cannot be accounted for. No shear reinforcement was used in the models 

and no interface slip was allowed for in the modelling as none was observed in practice. 

The mesh adopted for the models is shown in Figure 5.25. 

5.6.1. Results for Analysis of Unit T13 using 12mm Diameter Bars 

The models represent a section along the longitudinal axis of the unit. Plane strain, 

isoparametric elements (QPN8) were used to model the concrete and 3-noded bar 

elements (BAR3) were used to model the main reinforcement. A load was applied to the 

reinforcement which is eccentric to the unit's axis, at the bottom of the unit. The model 

was supported along the top horizontal edge using vertical supports with a pin support 

at the reinforcing bar, to provide horizontal restraint. The bottom horizontal edge of the 

model was supported against rotation and translation in the horizontal direction. 
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The linear solution of unit T13 using 12mm diameter bars was run for an applied load 

of 289.6kN, corresponding to a steel stress of 640-8N/mm 2 from Table 4.10. In this 

model, a linear variation in stress was recorded in the concrete with a maximum tensile 

stress of 25.9N/MM2 
, and a maximum compressive stress of -9.07N/MM2, with the only 

significant stress variations being at the ends of the unit. The concrete carried 97.6% of 

the applied loading and the bars carried only 2.4%, near the centre of the unit, Figure 

5.26. 

In the non-linear solution, the elements in the end zones were given elastic properties to 

prevent premature failure in the non-linear solution procedure at the loading points. The 

elements within the in situ concrete zone, and associated precast zones, were modelled 

as non-linear. The non-linear solution reached a failure load of 289.6kN, with the 

yielding of the reinforcement, Figures 5.27 and 5.28. In order to achieve a solution at 

the failure load the strain at the end of the concrete softening curve was increased from 

a reasonable limit of 0.004 to 0.020. Tensile stresses were noted throughout most of the 

in situ concrete but compressive stresses were noted on the opposite face. The concrete 

carried 41.5% of the applied loading and the bars carried 58.5%, near the centre of the 

unit, even with the large amount of cracking present. It is expected that the load in the 

steel would be significantly higher if a solution could have been achieved with the strain 

at the end of the concrete softening curve of 0.004. 

In the test, the Demec readings on the in situ concrete face were compressive 

throughout. As the load was applied through the reinforcement, eccentrically to the 

longitudinal axis of the unit, the unit bent out-of-plane creating tension on the 

downstand face and compression on the opposite face. This is clearly seen from the 

principal stress plot along with significant cracking near the interface, Figure 5.28. The 

crack pattern was very similar to that observed in the test, as the cracks in the test did 

not propagate through the full depth of the unit. The same was noted in the non-linear 

modelling. Cracking continued through the unit but stopped short of the in situ concrete 

face. The force in the reinforcement was near constant along its length at the failure 

load. Similar results are found if the load is applied to the concrete instead of the bars. 

The actual failure load in unit T 13 was 35 RN. 
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5.6-2. Resultsfor Analysis of Unit TM using 16mm Diameter Bars 
Similar models to the above unit T13 models were developed to represent unit T14. 
Additional 16mm diameter longitudinal continuity bars were included on the opposite 
face to the downstand. The bars were loaded axially and the behaviour was as 
predicted. In the linear model, a near-uniform stress state was recorded in the concrete 
with the longitudinal average stress of 23.40N/nim 2, with the only stress variations 
being at the ends of the unit. The concrete carried 97.1 % of the applied loading and the 
bars carried only 2.9%, near the centre of the unit, Figure 5.29. No significant bending 
was apparent. 

In the non-linear solution, the elements in the end zones were given elastic properties 
and the elements within the in situ concrete zone, and associated precast zones, were 
modelled as non-linear, as for the unit T13 model. The non-linear solution reached a 
failure load of 814.7kN, Figure 5.30. In order to achieve a solution at the failure load 
the strain at the end of the concrete softening curve was increased to 0.007. Tensile 

stresses were noted throughout most of the in situ concrete. The concrete carried only 
0.4% of the applied loading and the bars carried 99.6%, near the centre of the unit. The 
load in the steel in this model was significantly higher than that for the unit T 13 model. 

5.7. Results of Leonhardt et al Ill 

The test results of Leonhardt et al ý11 were discussed in Chapter 2. Table 5.2 gives 
details of the specimens and reinforcement arrangements with the results of the tests 

carried out. The effects of misalignment and fabrication of the units with regards to 

cracking have been discussed. Figure 2.28 shows the development of typical crack 

patterns for the Leonhardt Series B specimens when the load was increased. 

Leonhardt et al found that the first cracks always occurred at the ends of the looped 

bars. It was argued that in this location there is a significant change in the stresses in 

the concrete over a short length. In the concrete core there is compression due to the 

confining pressure around the bend from the reinforcement, and outwith this area there 
07 

is tension in the concrete. The calculated tensile stress, , across the section ranged 

between 0.64(f,, )1/2and 1.5 6 (f,,, ) 112 
, 
depending on the cross sectional area and axial load 

sustained. In calculating the stress, the eccentricity of the load due to any misalignment 

of the specimens in the test machine was ignored. 
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Only three specimens failed due to fracture or yielding of the steel reinforcement, where 
the splicing of the looped bars with a fonner of 100 (where 0 is the bar diameter) was 
improved with an additional straight lap length of 200 (units E2 and E3), and where the 
former was sufficiently large at 18 0 (unit B3). So, the former diameter and over-lap 
lengths are clearly critical features of the tension loop joints. Below a former of 150, 
Leonhardt et al recommended the provision of lateral reinforcement for circular 
concrete core arrangements. 

5.8. Issues Affecting Construction of Deck Joints 

During construction of the 21 units for testing, important construction issues became 

apparent, many of which are applicable to full scale deck joint construction. 

Timber formers were used in constructing units TI to T12, but the later tests used steel 
forinwork side plates which allowed for greater accuracy in construction. In units T13 

and T14, steel side formers were used, but the forming of the central joint in timber 

proved difficult. The close spacing of the bent-up bars and shear links prevented easy 

removal of the angled formwork. In contrast, the formwork for the in situ joint in the 
Swedish Joints was simple and easily struck. 

To prevent separation between the downstands and the in situ concrete in service it may 
be considered prudent to include a nominal amount of reinforcement across the 

horizontal joint interface, in the form of links or as bent-up bars from the downstand. 

This would not be considered as structural reinforcement but would address any 

durability concerns. In addition, all precast/ in situ interfaces would be treated as 

standard construction joints to reduce cracking. Introducing a seal along the line of the 

joint for durability reasons, prior to waterproofing over the joint, would reduce cover to 

reinforcement locally and should be detailed carefully. 

The use of small diameter lacer bars is an important consideration in the construction of 

looped bar joints particularly when the parapet upstands are to be precast with the deck 

units. Access for fixing the bars is limited and some flexibility in the bars is desirable. 

However, the lacer bar diameter may be readily increased provided means of installing 

the bars is considered. 

183 



The use of short widths of in situ stitch concrete is considered desirable. This will 

reduce the amount of on-site concreting required and help to reduce construction times. 

The Swedish Joints and other looped bar arrangements ftilfill this criterion. 
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5.9. Conclusions 

The results of tests of eighteen full scale specimens representing in situ joints in precast 
bridge deck construction have been presented. The specimens include symmetric and 
non-symmetric arrangements of straight and looped bars. 

The tests undertaken demonstrate that the ultimate strength of an arrangement of looped 
bars around a central confined core of concrete with lacer bars to join adjacent full- 
depth precast deck units is capable of carrying the ultimate load based on the ultimate 
strength of the looped bars. In addition, an arrangement of straight, lapped bars with a 
lap provided as required by BS5400 [2], to join adjacent hybrid precast deck units is 
capable of carrying the ultimate load. 

The units have been tested to failure and have been grouped according to arrangements 

of reinforcement and form of joint. The results of the strengths for each group of units 

may be summarised as follows: 

* The failure load in Group A non-symmetric units with lacer bars averaged 0.87 

times the predicted value (units T6 to TS), 

* The failure load in Group B non-symmetrical unit of looped bars without transverse 

bars (unit T9), occurred at 0.65 times the predicted value clearly indicating the need 

for lacer bars in the joint, 

e The failure load in Group C symmetric units averaged 0.96 times the predicted 

value (units T4, T 10 to T 12, T 15, T 16, T 18 to T2 1) and the specimens showed good 

ductility, 

e In Group D, benchmark tests using straight bars, the failure load of unit T5 

exceeded the predicted failure load based on the main reinforcing bars alone, with a 

contribution in strength being attributed to the downstand reinforcement. The 

variation in capacity of the unit identifies the weakest section to be near the vertical 

precast/ in situ interface and gives close agreement with the failure load. In 

benchmark test unit T17, where the downstand was removed, the failure load 

occurred at 1.01 times the predicted load, 

* The failure load in Group E, symmetrical arrangements of bent-up bars terminating 

in the in situ concrete with longitudinal continuity bars, averaged 1.16 times the 

predicted value (units T 13 and T 14). 
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The effect of in-plane rotation of the units due to non-symmetric arrangements of the 

reinforcement has been discussed. The tests show that providing a symmetric 

arrangement of the reinforcement avoids the possibility of the bars slipping off the 

concrete core, avoids other edge effects, and leads to an increase in the strength of the 

unit. 

The variation in strength along the in situ section of Group E units has been discussed 

and it has been shown that the weakest area is at the vertical precast / in situ interfaces. 
The interface shear capacity on the horizontal interface has been shown to be adequate 
for transferring the load between adjacent 12mm diameter reinforcement. The out-of- 

plane bending in unit T 13 has been identified and modelled by finite element analysis. 

Six of the earlier units suffered from problems of misalignment in the initial loading 

stages. In all later units steel formers were used and this addressed the alignment issues. 

Bedding-in of the steel shoe arrangement may also be an issue, and the use of the cap 

screws with the larger steelwork ends provided better alignment and reduced such 

problems. Where misalignment was an issue, the cracking behaviour of the unit is not 

as expected with small compressive strains being noted on one face with tensile strains 

on the other at low loads. However, with redistribution of the loading after the onset of 

cracking, the results at the service load and failure load are valid. The eccentricity of 

the axial tensile load was detennined for unit T12 using a modular ratio approach on a 

reinforced concrete section and was thought to be unrealistically high. The eccentricity 

was also determined from non-linear finite element modelling and showed that a similar 

eccentricity of applied tensile load will result in the forin of cracking noted in the tests. 

Further analysis would be required to investigate this. 

Ease of construction has been discussed and it has been found that the construction of 

the looped bar joints around a central concrete core is relatively simple to form and easy 

to strike. The bent-up bar arrangements in Group E are not readily struck due to the 

presence of links. The issue of the installation of lacer bars has been discussed. 

From the strain readings, Group A units were consistent with in-plane rotations of non- 

symmetric units. A comparison of the average tensile strains for Group C at failure 

gives an approximate value of 4200 micro-strain, compared to a theoretical value of 

3000 micro-strain for the strain at the end of the tension softening curve. Clearly, the 
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reinforcement can strain significantly beyond this theoretical value and hence values of 

strain well in excess of 3000 micro-strain are achievable. Surface strain values for four 

of the units have been presented and the following was noted: 

0 In unit T 10, as expected, the largest strains occurred at the ends of the concrete core 

in the lighter reinforced end of the unit, 

0 For the benchmark test unit T17, significantly lower maximum values of strain 

were noted compared to unit TIO and to Swedish units, T15 and T18 which 

exhibited significant cracking at the in situ joint and include a downstand, 

0 The maximum values of strain in units T15 and T18 were recorded at the 

downstand joint and within the in situ concrete surface. 

Comparisons have been drawn with research on non-contact tension splices which 

indicate that the lateral spacing of the main reinforcing bars and the provision of 

transverse reinforcement are beneficial in non-contact tension splices. Both of these 

features are present in many of the deck joint units tested by the Author. 
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APPENDIX A 

CALCULATION OF ECCENTRICITY FOR MISALIGNMENT 

UNDER INITIAL LOADING FOR UNIT T12 USING 

REYNOLDS AND STEEDMAN 1181 

In determining the moment caused by unit misalignment, the measured strains on the 

compressive face will be adopted. The criteria for strains on the unit surfaces are; 

required tensile strain on face of unit = 1462 micro-strain 

required compressive strain on face of unit = -86 micro-strain 

Data for Unit T12 

height of section= 190mm 

effective depth, d= 142mm 

effective depth, d= 48mm 

cover, c= 40mm 

reinforcement areas, A, = A, '= 603mm 2 

modular ratio = 6.452 

cracking load, Pc = 216.4kN 

distance between centroids of bars, ZS = 94mm 

Ec 5 concrete short term =31 kN/mm 2ýE, reinforcement = 200kN/MM2 

bars =( 
As, zý 

As, + As2) = (603 x 94) / (603 + 603) = 47mm 

Zs -X bar s : -::: 94 - 47 = 47mm 

assumed value of moment, MCL = 10.79kNm, 

eccentricity about centroid through A,, and As25 

ecL = McL IP = 10.79e6 / 216.4e3 = 49.9mm > 47nun 

hence, compressive and tensile stresses exist. 

Determining centroid of transfon-ned area, 

Xbar 

-(KI (x/2)+ 
aeA, d+ (ae 

- I)As'd ') 
(KI +aeAs + (a, 

- I)A, 

where Ki = bx 

and x is found by trial and error = 6.45mm, hence ignore A, ', 

X bar 
(6.452 x 603 x 142) = 77.4mm 

(525 x 6.45) + (6.452 x603) 

e =M/P=-(10.79e6+216.4e3. ((190/2)-77.4))/216.4e3=67.5mm 

i= 
(e 

+ Xbary 

)61 d = ((67.5 + 77.4) / 142) -1 = 0.0209 
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,82= 
(Y2d) (1 (y3d)) 

= (6.45 / (2 x 142)). (1 - (6.45 / (3 x 142)) = 0.0224 

183 = (a, (d1 ' )) 
= (6.452 - 1) x (I - (0 / 6.45)) = 5.452 Vx 

P8 
concrete stress, f (d; l 

2bd) + (, 8'3As d 
(I A) 

(216400 x 0.0209) 
(0.0224 x 525 x 142) + (5.452 x0x (I - 0/142)) 

2 2.72 N/mm 

steel stress _ 

fer 
((KY2)+18'3As 

+p 

I 
fSt - 

YA, 

(2.72 x «525 x 6.45 / 2) + 5.452 x 0) + 216400) / 603 

366.5N/Mrn2 

concrete compressive strain = 2.72 x le6 / 31000 88 micro-strain 
(cf 86 micro-strain) 

steel tensile strain 366.5 x 1e6 / 200000 = 1833 micro-strain 

(cf 1462 micro-strain) 

hence, eccentricity about CL of unit, eCL = 49.9mm 

fl, 

t 

(tension) 

Figure A5.1 Modular Ratio Stress Analysis Results for Unit T12 
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APPENDIX B 

VARIATION IN STRENGTH ALONG UNIT T5 
Anchorage Lengths 

anchorage length for l6mm diam bar = (764 x 16 2x 556.4) / (n x 16 x 3.3) = 674m-m 
(with bond stress of 3.3N/mm 2) 

anchorage length for l6mm diam bar = (Tc/4 x 16 2x 556.4) / (n x 16 x 3.8) = 586mm 
(with bond stress of 3.8N/MM2) 

anchorage length for 12mm diam bar = (764 x 12 2x 600) / (7t x 12 x 3.3) 545mm 
(with bond stress of 3.3N/MM2) 

Lower Bound Capacity at Yield 

(Refer to Figure 5.22 for plot of results) 
Capacity of anchorage bars at point A Tr/4 x 16 2x8x 556.4/1 03 

(vertical precast/ in situ interface) 

Capacity of bars at point B= n/4 x 16 2X 16 x 556.4/1 03 x 385/674 

(centre of the unit bond stress of 3.3N/mm 2) 

Capacity of bars at point B= 764 x 16 2x 16 x 556.4/1 03 x 385/586 

(centre of the unit bond stress of 3.8N/mm 2) 

Upper Bound Capacity at Yield 

(Refer to Figure 5.22 for plot of results) 

= 895. OkN 

= 1022.4kN 

= 1176. OkN 

Contribution 12mm diam bar at A= Tc/4 x 12 2x4x 600/1 03 x 352/545= 175.3kN 

Contnbution 12mm diam bar at C= 7c/4 x 12 2x4x 600/1 03 x 392/545 = 195.2kN 

Contribution 12mm diam bar at D= 7r/4 x 12 2x4x 600/1 03 x 545/545= 271.4kN 

Capacity of anchored bars at point A= 895.0 + 175.3 = 1070.3kN 

(vertical precast/ in situ interface) 

Capacity of anchored bars at point C 895.0 + 195.2 = 1090.2kN 

(vertical precast/ in situ interface) 

Capacity of anchored bars at point D 895.0 + 271.4 = 1166.4kN 

(vertical precast/ in situ interface) 

Critical capacity of the horizontal precast/ (0.5 x 525 x 410/1000) 107.6kN 

1. n situ interface in shear 
Contnbution from 12mm diam bar at D at 271.4kN 
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APPENDIX C 

INTERFACE SHEAR CAPACITY TO BS5400 121 

Cross section area of anchored reinforcement 
2 

MM2/MM across shear plane per unit length, A, 4x Ca x 1ZJ = 3.016 
4x 150 

Longitudinal shear capacity per unit length of shear plane is the lesser of the two 
BS5400 equations; 

vjLs + 0.7Ady, where 

v, Ls + 0.7Afy = «0.50 x 525) + (0.7 x 3.016 x 535.5» = 1393.05N/mm 

therefore, longitudinal shear capacity a) =1393.05 x 450 x 10-3 = 626.9kN 

kd,,, Lsý where 
k&,, Ls = (0.09 x 40 x 525) = 1890. ON/mm 

therefore, longitudinal shear capacity b) = 1890.0 x 450 x 10-3 = 850.5kN 

Hence, governing longitudinal shear capacity on horizontal Interface = 626.9kN 

where 
k, is a constant depending on the concrete bond across the shear plane under 

consideration, (takenfrom Table 31 as 0.50NImm 2), 

fc U is the characteristic cube strength of the concrete (maximum of 40NImm 2 

Ls is the length of the shear plane under consideration (width of unit = 525mm), 

VI is the ultimate longitudinal shear stress in the concrete for the shear plane under 

consideration (taken from Table 31 as 0.09), 

Ae is the area of fully anchored reinforcement per unit length crossing the shear 

plane under consideration, 

fy is the characteristic strength of the reinforcement (minimum at 535.3NImM2). 

Considering the strength of the 12mm. diameter bars with anchorages calculated to 

BS5400; 

lesser anchorage provided for a hook to BS5400 

required anchorage for a hook to BS5400 

hence, take allowable force in anchored 
bar at start of bend 

= 24 x 12 = 288mm 

640.8 x 7rx 12 2 /4 583mm 
3.3 x Tc x 12 

288 x 640.8 x 7rxl2 2= 35.8kN 
583 x4x 1000 
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Variation in Capacity Along the Longitudinal Axis for Unit T13 
(Refer to Figure 5.23 and 5.24 for plots of results) 
Failure load = 355kN 

Capacity of anchored bars at point B= 640.8 x Tcxl2 
2/1000 

= 289.9kN 

(vertical precast/ in situ interface) 

Capacity of bars at point C 

(centre of the unit) 

= 289.9 x (450/583) + (59/101) x 35.8 x8 

= 223.8 + 167.3 

< longitudinal shear capacity a) above @ 626.9kN 

Hence longitudinal shear capacity of the horizontal precast/ in situ interface is adequate. 

Variation in Capacity Along the Longitudinal Axis for Unit T14 

(Refer to Figure 5.23 and 5.24 for plots of results) 

Failure load = 890kN 

Capacity of bars at point B 

(vertical precast/ in situ interface) 

Capacity of bars at point C 

(centre of the unit) 

= 289.9 + (633.2 x 7rxl6 
2/1000) 

= 391. IkN 

= 391.1 + (633.2 x7cxl6 
2/1000) 

= 799.1 kN 

= 900.3kN 

(for 16mm continuity bars fully anchored) 
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Table 5.1 Strain Values for Unit T21 From Gauges and Demec Points 
L d kN - - - - - - - oa ( ) 71 

- 

140 ilo ý80 350 420 491 560 6 

-- - - - - Gauge 4 79 307 570 
--- - 

g 4 6 1110 1347 1596 1937 1 Demec 8 151 173 1 27 58-3 10-26 1447 20-63 2851 9817 
Demec row 

average 
5-10 117 156 274 626 1207 1510 2441 3495 11262 

Gauge 10 36 167 326 591 808 939 1083 1330 2266 
Demec 13 11 0 22 22 356 53 896 994 1609 

Demec row 
average) 

11-15 13 2 13 4 216 _ 376 603 829 12 53 

Gauge 26 30 61 226 603 802 1011 1283 1898 
Demec 38 22 54 119 432 940 1231 1782 2290 11135 

Demec row 
average 

25-30 32 63 102 311 721 929 1210 1523 7646 

Gauge 32 77 184 321 554 855 1137 1459 1891 3046 
Demec 33 184 832 1544 2160 2711 3337 4136 5540 8802 

Demec row 
average 

31-35 207 894 1657 2352 3046 3784 4797 6486 12282 

Table 5.2 Contribution of Forces from Bond and Anchorage for Series E of 
Leonhardt et al Ill 

Test Bearing Overlap Force Bond load, Total load Failure Ratio, 
stress, length, transferred at carried, load, 

loop, 
ZUIPU 

- - 

IbarI7 zSU zTU Dot zu ZU/ Dot 

T N/mm mm kN kN kN kN 

El 16.33 220 141.52 102.49 244.00 196.2 0.80 
E2 16.82 270 100.86 125.78 226.63 234.5 1.03 
E3 14.56 270 88.08 125.78 213.86 237.4 1.11 

Table 5.3 Normalised Values for In-Plane Rotation 2D Frame Models 

(Figures 5.12 and 5.13) 

Wide offset from -0.75 -0.6 -0.45 -0.3 -0.15 0 0.15 0.3 0.45 0.6 0.75 
Model longitudinal axis 
(11 bars) (in) 

see normalised bar load 0.974 1.019 1.050 1.090 1.110 1.129 1.114 1.080 0.984 0.838 0.612 
Figure 
5.12b) 

Narrow offset from -0.15 0 0.15 
Model longitudinal axis 
(3 bars) (in) 

see normalised bar load 1.363 1.024 0.613 
Figure 
5.12a) 
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Figure 5.3 BS5400 Reinforcement Stress/ Strain Curve for Strain Gauged Bar 
for Unit T21 
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Gauge 10 A 
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4000- - A Demec38 
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3000 
Gauge 32 

- - E Demec 33 

Demec row 31-35 
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0 
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Applied Tensile Load (M) 

Figure 5.7 Graph of Strain Values External and Internal for Unit T21 

45 ---- --- 
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Figure 5.8 Total Bond Force Development with Externally Applied Load 
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TOP OF BAR 

BOTTOM OF BAR 

GAUGE NUMBER 

Figure 5.9 Anticipated and Actual Strains for Bar in Unit T21 
(Schematic Diagram of Figure 5.4) 
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Compressive Forces 

Tensile Force in Bar Compressive Forces 

Tensile Force in Bar 

Figure 5.10 Schematic of Compressive Forces between Adjacent Bars for a Non-Contact 
Tension Splice 171 

Ig 

Ring 

sile Force 

Figure 5.11 Schematic of Radial Components of Bond Forces Balancing with Tensile Stress 

Rings in the Concrete Anchorage Zone 1911101 
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applied tensile 
load, P 

A 
top horizontal member 
representing steelwork 

members representing looped reinforcing bars, ordinates of 
loading diagram indicate load in bars 

central concrete core member rotated fi7om 

horizontal 

bottom horizontal 
member 

Figure 5.12a) Narrow Plane Frame Idealisation Showing Varying Bar Loads for 
a Typical Non-Symmetric Unit 

top horizontal member 
representing steelwork 

central concrete core 
member with minimal 
rotation from horizontal 

........... 

bottom horizontal member 

Figure 5.12b) Wide Plane Frame Idealisation Showing Varying Bar Loads for 

a Typical Non-Symmetric Unit 
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Figure 5.13 Results of Non-Symmetric Frame Model Analysis Showing Variation 
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Figure 5.14 Typical Strain Softening Curve for Reinforced Concrete 11411151 
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Figure 5.15 Strain Readings Across Unit T8 Indicating In-Plane Rotations 
(see Figure 4.7 for Locations of Demec Points) 
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CHAPTER 6- BEHAVIOUR OF CONCRETE CORE CONFINED 

BY LOOPED BARS 

Introduction 

The forming of joints between precast bridge deck units can take several forms, 
including the use of post-tensioned concrete and reinforced concrete. The methods 
considered in this thesis use reinforced concrete only. There are principally three 

methods to transfer load across the joint using arrangements of reinforcing bars; 

0 using straight, over-lapping bars, 

using a combination of straight, over-lapping and bent-up bars, 

using staggered or over-lapping looped bars. 

For arrangements of straight, over-lapping bars, the design of the joint will require a 

sufficient length of lap to provide adequate transfer of load through concrete bond 

between the bars. Similarly, the combination of straight, over-lapping and bent-up bars 

will require an adequate lap combined with a suitable length of bent-up bar to transfer 

the load as a conventional hook anchorage. Shear reinforcement may also be used to 

utilise dowel action across the joint. 

In the looped bar joints, the core length in the joint, that is the length of the bars 

defining and confining the extent of the concrete core, is considerably less than the 

required lap length for straight, over-lapping or bent-up bars, Figure 4.1. The 

mechanism for the transfer of load using looped bars is described below and is seen to 

be very different to the transfer of load through bond alone. The central core acts as a 

confined cylinder of concrete around which the looped bars pass. Load is transferred 

across the joint between the ends of adjacent looped bars by forining alternate 

anchorages around the restrained concrete core. Where the bars pass around the 

concrete core, high bearing stresses will develop at the area of contact of the bar with 

the concrete. The loading of the central core of concrete by the looped bars results in a 

complex 3-dimensional distribution of stresses within the concrete. This chapter will 

describe this stress distribution within the concrete and the behaviour of the looped bars 

and lacer bars in a staggered, looped bar joint which is subjected to axial tension. A 

series of elastic 2-dimensional and 3-dimensional finite element models are used to 

demonstrate the behaviour. Compressive stresses are taken as negative throughout. 
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The primary failure mode produced for a highly stressed area on the surface of a 
concrete member is similar to that due to a concrete wedge being driven into a block of 
concrete by a loading plate or bar, and results in the presence of transverse tensile 
strains directly below the loaded area, Figure 6.1. These tensile strains lead to splitting 
cracks forming parallel to the line of action of the load which can cause bursting. A 

post-tensioned end anchorage is an example of high concentrated loadings on the 
surface of concrete members. A considerable amount of work has been done in this 
area, including work by Stone and Breen 111, who discussed the behaviour in the 
anchorage zones and conducted extensive tests on thin-web post-tensioned girders. The 

relevance of this work to staggered, looped bar joints is considered in sections 6.4 and 
6.5. 

As there are multiple loaded areas along the concrete core, the interaction between 

individual areas of high concentrated loads must also be considered. Arthur and 
Gangulis' [2] investigations of the end-zone stresses in pre-tensioned concrete I beams 

considered multiple, adjacent loads on the surface of concrete members. The relevance 

of this work is considered in section 6.5. The similarity to the behaviour of a deep beam 

is also useful in describing the splitting cracks noted between the locallsed areas of 

loading on the concrete core of the joint. This aspect is considered in section 6.6. In 

addition, the use of the strut-and-tie method of analysis as a means of understanding the 

behaviour within the concrete cores is discussed in section 6.7. Design 

recommendations for the detailed design of staggered, looped bar joints with respect to 

BS5400 [31 are given in Chapter 7. 

6.2.3-Dimensional Finite Element Modelling of Staggered, Looped Bar Joints 

A series of elastic 3-dimensional finite element models was used to model the stress 

distributions within the confined concrete core of staggered, looped bar joints using 

LUSAS [4] 
. 

The models used 3-dimensional isoparametric solid elements to represent 

the concrete. The model descriptions are given in Table 6.1. 

Three models were used to investigate the behaviour within the core concrete of the 

staggered, looped barjoints. Model 3DI, a model of a prism, was used as a comparison 

with the 2-dimensional, plane strain models, which were loaded in a similar manner. 

The 3-dimensional model used 8-noded, hexahedral, isoparametric elements (HX8M) 
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throughout. Model 3D3 modelled the concrete core within the looped bars and was 
loaded with radial pressures to model the effects of uniform bearing stresses under the 
loaded bars. Model 3133 represents a typical staggered, looped bar joint using 16mm 
diameter looped bars. Model 3D4 is similar to model 3D3, but represents a larger joint 
with 20mm. diameter looped bars. Models 3D3 and 3D4 used predominantly 8-noded, 
hexahedral, isoparametric elements (HX8M), but also used 6-noded, pentahedral, 
isoparametric elements (PN6) for the radial sections. All of the models are loaded at the 
bar locations, and use short-term material properties for the concrete. The loading was 

applied as a uniforin stress of 146.6N/mm 2 equal to the radial stress developed when the 

looped bars where stressed to 560N/mm2. 

The finite element meshes and boundary conditions for models 3D I and 3D3 are shown 

in Figures 6.2 and 6.3, respectively, and detailed in Table 6.1. Coarse and fine meshes 

were used for both models to test convergence. Finite element results were investigated 

on slices taken through the models. The stresses in the orthogonal directions are shown 

on each of the slices in Figures 6.4 and 6.5. Principal stress plots for the slices are 

shown in Figures 6.6 and 6.7. 

6.2.1. Stress Results for Model 3DI 

Model 3D1 is the 3-dimensional prism model loaded with an applied planar stress of 

-146.6N/mm 
2, as shown in Figure 6.2. This represents the bearing stress that would 

occur if it is assumed that the looped bars yield at a stress of 560N/mm 2. The plot of 

direct stress, S,, (perpendicular to the longitudinal axis on the mid-plane of the prism) in 

Figure 6.4a, shows compression throughout. The high compressive stresses below the 

loaded area will converge to the value of the applied stress with mesh refinement, but is 

92% of the applied value of -146.6N/MM2 for the mesh shown. From the plot of 

transverse stress, Sy (along the longitudinal axis of the prism) in Figure 6.4b, a local 

zone of transverse tension occurs below the loaded area with a peak stress of 3.2N/MM2 . 

Between the loaded areas on the face of the prism a transverse peak tensile stress of 

16AN/mm 2 occurs. Elsewhere, the prism is in compression, with concentrations of 

compressive stress directly below the loaded areas, indicating the hydrostatic nature of 

compressive stress at this location. The plot of transverse stress, S, (through the 

thickness of the prism) in Figure 6.4c shows a concentration of compression at the 

loaded area at 25% of the applied stress, but tension develops between these loaded 

areas. Figure 6.4d shows the variation in transverse stress, S, on a vertical slice for 
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loading in one plane, with a peak stress at the centre of the loaded area and a reduction 
towards the comers. The plot of principal tensile stress in Figure 6.6a highlights the 
development of tensile stresses directly below and between the loaded areas. Principal 

compressive stresses are shown in Figure 6.6b. 

6.2.2. Stress Results for Model 3D3 (16mm Diameter Looped Bars) 

Model 3D3 is the 3-dimensional cylindrical model loaded with an applied radial stress 

of -146.6N/mm 
2, 

as shown in Figure 6.3. This represents the radial bearing stress that 
2 would occur if it is assumed that the looped bars yield at a stress of 560N/mm 
. The 

plot of direct stress, S,, (perpendicular to the longitudinal axis of the core) in Figure 

6.5a, shows compression throughout. The high compressive stresses below the loaded 

area is approximately 96% of the applied value of -146.6N/mm 
2, otherwise the stresses 

are similar to those in model 3DI. From the plot of transverse stress, Sy (along the 

longitudinal axis of the core) in Figure 6.5b, a significant zone of transverse tension can 
be seen to occur below the loaded area, with a peak stress of l0.2N/mm2' over a three- 

fold increase compared to model 3DI. Also, the transverse tensile stress between the 

loaded bars on the face of the core is 10.9N/mm 2a reduction of 34% compared to model 

3DI. Elsewhere, the prism is in compression, with concentrations of compressive stress 

directly below the loaded areas, again, indicating the near triaxial nature of compressive 

stress at this location. The most significant difference in behaviour in the models is 

evident within the concrete adjacent to the looped bar. The plot of transverse stress, S, 

(through the thickness of the prism) in Figure 6.5c shows a concentration of 

compressive stresses at the loaded area at 94% of the applied stress; over a three-fold 

increase compared to model 3DI. As in model 3DI, tension develops between the 

loaded areas. Figure 6.5d shows the variation in transverse stress, S, on a vertical slice, 

with the stress varying radially around the curve in the looped bar. The radial 

application of load results in an increase in the transverse stress, Sy and produces a near 

uniform radial stress under the curved portion of the bar. The plot of principal tensile 

stress in Figure 6.7a shows the development of tensile stresses directly below and 

between the loaded areas. Principal compressive stresses are shown in Figure 6.7b. 

The variation in stress has been plotted on line AB (see Figures 6.4a, 6.4d, 6.5a and 

6.5d) for each orthogonal direction in Figures 6.8 to 6.10 for comparisons. Figure 6.8 

shows the close agreement in models 3DI and 3D3 for the direct stress, Sx, The 

transverse stress, Sy in the models is of the same form from Figure 6.9a. However, the 
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magnitudes of peak tensile stresses below the loaded bars vary significantly and the 

peak compressive stresses within the core of model 3D3 are approximately double that 

of model 3DI, Figure 6.9b. Figure 6.10 shows the significant increase in compressive 
force applied to the concrete by applying the load to the model radially. 

The principal stress trajectories and plots of direct and transverse stresses clearly 
indicate the important aspects of behaviour of the concrete core. From the 3- 

dimensional finite element analyses, it is clear that when using an arrangement of 

staggered, looped bars around a central concrete core consideration must be given to the 

following behaviour; 

compressive bearing stresses developed directly below the loaded areas, 

transverse, tensile bursting stresses developed directly below the loaded areas, 

causing splitting or diagonal cracking failures between adjacent loaded areas, 

0 transverse, tensile stresses developing between loaded areas resulting in spalling 

along the core edges. 

A series of elastic, plane strain finite element models were compared to the 3- 

dimensional models to study these aspects individually, and details of the models are 

given in Table 6.2. Bearing stresses developed directly below the loaded areas are 

discussed in section 6.3. Transverse tensile bursting stresses developed directly below 

the loaded areas are discussed in section 6.4, and transverse tensile stresses between 

adjacent loaded areas are discussed in section 6.5. 

6.3. Bearing Stresses Within Bent and Looped Bars 

By considering equilibrium for a bent bar around concrete, Figure 6.11, the following 

expression for the bearing stress below a bent or looped bar may be developed, where; 

Total resulting normalforce acting on bearing area, R =: 2Fb, sin (6.1) 

where, the bearing area, Ab : -": 02r sin (6.2) 

2Fb, sin 
bearing stress, fb = RlAb 

/(0 

2r sin ý/2 
(6.3) 

bearing stress, fb = Fb, l 0 r, for all values of (P. (6.4) 
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where, Fb, is the tensile force in the bar at the ultimate limit state/ failure 
0 bar diameter 

(P is the included angle of the bent bar 

r is the internal radius of the bend 

R is the resulting non-nal force on the concrete 

The above approach assumes a uniform stress is applied around the area of contact of 
the bar with the concrete. The 3-dimensional analyses in section 6.2.2 loaded the 

concrete in this manner and the results indicate a near-hydro static stress state, Figures 

6.5a to 6.5d. A plane strain finite element model was used to consider the contact area 
directly under the bar and to investigate the concrete stress state under local loads. 

Model 2DI clearly indicates the hydrostatic nature of the stress in the bearing zone as 

shown in Figure 6.12, with the transverse, S,, and direct, SY stresses at 86% and 99% of 

the applied stress of -ION/MM2 , respectively. In addition, the transverse tensile stresses 

are evident below the loaded area and adjacent to the loaded area on the concrete 

surface. A transverse lacer bar directly fixed below the looped bar will be in a similar 

state of compression at the contact area. From the above discussion, 3-dimensional and 

2-dimensional analyses will result in similar bearing stresses below the looped bar, to 

those given by equation 6.4, hence the bearing stress to be used in the design of the 

joints can be easily determined. Chapter 7 will discuss the design of staggered, looped 

bar joints for the bearing stresses encountered, but a short discussion of the findings of 

previous research in this area follows. 

Extensive investigations have been undertaken into the local loading of concrete and the 

resulting research has been used to develop rules for various Codes of Practice, which, 

even so, have a wide range of limits on allowable bearing stresses. Williams [5] carried 

out extensive testing on cube and prism specimens under various load conditions and 

compared his results with those of others. The most notable point is that unreinforced 

concrete can withstand higher bearing stresses than would be given by the standard cube 

test strength when the specimen is loaded over a limited area. 

The ratio of the bearing area to the loaded area was investigated experimentally, using a 

constant bearing area on progressively wider specimens. The breadth of both the 

specimens and the bearing area were constant throughout. The maximum bearing stress 
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increased with increasing specimen width, up to a ratio of the width of the bearing area 
to specimen width of 8. Hence, an effective width of specimen of up to 8 times the 
width of the bearing area contributes to the bearing capacity. Above this value the 
maximum bearing stress was constant. For the looped bar joints this is significant, as 
the bar spacing gave effective width ratios close to this value. In the tests, the ratio of 
loaded width to bar spacing was 7.8 to 9.4 diameters for l6mm. diameter bars, and 6.3 
diameters for 20mm. diameter bars. 

Williams demonstrated that as the failures are tensile, the bearing strengths do not 

increase in direct proportion to the concrete compressive strength, f, ". As the tensile 

strength, ft tends to be proportional to the root of f,,,, a stronger mix tends to give 
increases in bearing strengths in proportion to the root off,,,. This is discussed further in 
Chapter 7. 

Williams [5] correlated the work of many researchers including the extensive studies by 

Niyogi [6] 
, which considered variations in many parameters including geometry, 

supporting medium, and the amount and fon-n of reinforcement. Many different prisms 

were tested using various mediums to transfer the bearing loads including rigid steel 

plates, flexible steel plates, and wood fibre. A wide variation in the dimensions of the 

loaded areas versus the unloaded areas was also investigated. Niyogi made the 

following observations and conclusions; 

" smaller ratios of loaded areas to unloaded areas give higher bearing strengths, 

" shallower depth specimens give higher bearing strengths, 

" higher eccentricities of loading give lower bearing strengths, 

" concrete mix proportions and strength affect the bearing strength as richer, stronger 

mixes do not show, in proportion to their cube strength, an increase in strength 

under concentrated loading, being proportional to the root off,,,. 

Tests set up to determine the effects of horizontal uniform tensile loading with discrete 

vertical concentrated loadings showed a linear reduction of bearing strength with 

increasing horizontal tensile load. Combining horizontal and vertical loading drastically 

reduces the bearing strength of the concrete. This is to be expected given the findings 

of Mattock [7] who showed that the bearing strength increased when accompanied by 

lateral compressive forces. However, in the looped bar joints to be used in bridge decks 

in practice, global transverse tensile loading is not envisaged. 
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6.4. Transverse Tensile Bursting Stresses Below the Loaded Areas 
When a high compressive load applied on a small area is introduced at the end of a 
member the resulting stress on the concrete is direct compression at the face which must 
be distributed into the member. Local compressive stresses occur and correspondinglý, ' 
high bursting forces perpendicular to the compressive force may result in splitting or 
diagonal cracking failures. This is shown in the 3-dimensional finite element modelling 
for model 3D3, Figure 6.5b. The 2-dimensional plane strain model 2DI shows a similar 
variation in transverse stress through the member, Figure 6.12a. At the face of the 

member the transverse forces are compressive but about 0.2y, into the member the force 
becomes tensile and peaks at a depth of about 0.5y,, in general, where y, is half the width 
of the end bearing area. At a depth of 2y,, the force has diminished to virtually zero. An 

idealized triangle of transverse tensile stress can be drawn, Figure 6.1. 

In a post-tensioned end block detail, the orthogonal directions are principal directions 

and links are generally detailed to carry the bursting forces. In the case of the looped 

bar joints, the concrete is in bi-axial compression in the plane of the loop and hence 

bursting reinforcement should be provided in the form of lacer bars around the core 

perimeter in addition to those used in the apex of the loop, to carry the transverse tensile 

stress. 

The variation in transverse stress, Sy with depth into the concrete has important 

implications for the looped bar joints. For a staggered, looped bar joint, the transverse 

lacer bars spaced around the core will carry different loads, with those positioned at the 

bulb of tensile stress below the looped bars carrying transverse tension. Integration of 

the transverse stress may be used to detennine the force in each transverse bar, as shown 

in Figure 6.13. The bar at zone 3, represents the lacer bars located in the bulb of tensile 

stress below the looped bars. The area under the curve represents the tensile force 

carried by the lacer bars. The bar at zone 4, is in compression in the bearing zone of the 

looped bar. Similarly, at zone 2, the transverse compression will be carried by the lacer 

bars and the concrete. The bar at zone I, represents the lacer bars in the tensile spalling 

stress zone between adjacent looped bars. 

It is clear from section 6.2.2 and Figure 6.9 that the transverse stress below the loaded 

areas, S in model 3D3 that models the cylindrical form and radial loading on the y 
ism model 3DI and the plane strain models 2D2 and concrete core, is greater than the pri I 

227 



2D5. Hence, the design must be based on the former cylindrical model as the latter 
models will underestimate the total transverse force to be carried by the lacer bars. A 
design procedure for the lacer bar requirements for typical joint details is given in 
Chapter 7. 

By using the series of plane strain finite element models based on model 2DI shown in 
Figure 6.14, it may be shown that for a given load, the ratio of the maximum transverse 
tensile stress, fi ,,, to the direct average compressive stress at the supporting face, f(I av, ej- 
increases as the effective bearing area yply, reduces, where yp, is half the side of the 
loaded area and y,, is half the width of the specimen, see Figure 6.15. Hence, for a given 
load, f, increases directly as yp,, Iy, reduces, for yply, above about 0.1. The 

configuration of looped bar joints adopted, using l6mm. and 20mm looped bars, results 
in a ratio near the high end of the range, of approximately 0.37 of the average 
compressive stress at the longitudinal axis of the concrete core. 

Williams [5] showed that with varying specimen depth, using prisms and cubes, that 

shallower specimens gave greater bearing strengths than tall specimens. Taller 

specimens gave bearing strengths close to the cube strength, whereas up to four-fold 

increases were noted for shallow specimens. The reason for the increase in strength is 
that the total transverse tension force reduces in the shallow specimens. From this, it 

may be thought then that shorter lengths of concrete core would be beneficial in 

reducing the transverse tensile stresses. This can be demonstrated using a series of 

plane strain finite element models with uniform cross-section (width, 2y, and breadth, b 

are constant) and constant loading, but with varying heights, see Figure 6.14. Using a 

ratio of height to width of the specimen, h12y, the non-dimensionallsed transverse 

stress, with respect to the direct stress is shown in Figure 6.16. The models require full 

horizontal restraint on the base to correctly demonstrate the increase in capacity for the 

shallower specimens, as with no transverse restraint the transverse peak tensile stress 

increases with reducing height. It was the presence of transverse stress below the 

loaded area which led to the splitting failures in the specimens reviewed by Williams. 

With transverse base restraint, the transverse peak stress and total transverse tensile 

force, being the area under the tensile part of the curve (shown shaded in Figure 6.16 for 

h/2y, of 1.0), reduce rapidly below a ratio of h12y, of 1.0. With h12y, of 0.25 the total 

tensile force is small, resulting in small bursting forces. For looped bar joints, this 

implies that shorter joints may be capable of resisting higher bearing stresses. But, in 
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order to realise a significant reduction in the transverse stress, the joint would have to be 
impracticably short. For the range of practicable joint lengths, the joint will have to be 
designed to carry the transverse tension present. Also, a reasonable length of core is 
required to distribute the loads through the joint to the opposite looped bars. 

6.5. Transverse Tensile Spalling Strains Between Adjacent Loaded Areas 
From the 3-dimensional finite element analyses, it was noted that applying multiple 
loaded areas on the surface of a concrete member leads to transverse tensile strains 
between adjacent loaded areas, resulting in a tendency for the surface concrete to spall. 
Arthur and Ganguli [2] carried out tests to investigate end-zone stresses in pre-tensioned 
concrete I beams, and in particular they were concerned with splitting and spalling 
failures. The case of multiple anchorages on concrete beam anchorages was also 
considered by Zielinski and Rowe [8]. Prestressing in pre-tensioned beams generally 
leads to the use of multiple strands at differing levels throughout the beam, particularly 

in bridge beams. The use of multiple, high concentrated loads across the surface of a 

concrete member in this manner requires vertical stirrup reinforcement to control 
transverse tensile stresses due to spalling and bursting action near the beam ends. For 

the concrete core in a looped bar joint, transverse tensile stresses will be present on the 

surface of the core, acting parallel to the axis of the core. An analogy can be drawn 

with findings of the work on prestressed beam end-zones to allow the transverse stresses 

causing spalling on the concrete surface to be determined. 

It is clear from section 6.2.2 and Figures 6.9a and 6.9b that the transverse stress, Sy 

between loaded areas in zone 1, in the 3-dimensional finite element model 3D3, which 

models the cylindrical form and radial loading on the concrete core, is less than the 

prism model 3D I and the plane strain models 2D2 and 2D5. Hence, a design based on 

the plane strain models will give a conservative estimate of the total transverse force to 

be carried by the lacer bar. From this, the reinforcement in the form of outer lacer bars 

in the apex of the loops can be determined for the joint. Design procedures for these 

lacer bars are given in Chapter 7. 

6.5.1. Analogy to Work on Prestressed I Beams 

The work of Arthur and Ganguli E21 was primarily concerned with horizontal splitting 

cracks developing at the ends of pre-tensioned concrete I beams, and with detennining 

the required transverse, vertical reinforcement to prevent such cracking. They noted 
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that 'the distribution of stress in the ends of a prestressed concrete beam is a 3- 
dimensional problem of considerable complexity'. The problem of deten-nining the 
behaviour in the looped bar joint being investigated is similar in several respects; the 

concrete core is heavily loaded at specific localised areas, the problem is a 3- 
dimensional one and transverse tensile stresses must be resisted to avoid splitting and 

spalling failures. 

In contrast to the prestressed beam, where the wires must be considered separately, the 
looped bars in the staggered, looped bar joint load the concrete over discrete areas 

where the reinforcement loops around the concrete core. In practice, some transfer of 
load will occur through bond in the over-lap of the core and some of the load will be 

transferred through anchoring of the bar around the concrete, Figure 4.1. 

Arthur and Ganguli [2] used the theory proposed by Magnel 191 for post-tensioned beams 

to demonstrate the variation in transverse tensile stress along a horizontal plane within 

the end zone of the beam, Figure 6.17. This states that the vertical stress distribution on 

a horizontal plane AB is given by; 

fy =5 
lb 

a2 

((- 
1)+ 

(12Xya2)+ (16 
Xya 3 

)) 
(6.5) 

where, a= length of solid end block 

b= breadth of solid end block 

M= moment of the prestressing forces and the prestress in the beam 

n, k 
about the plane AB 

x= horizontal distance from the centre of the end block, positive 

towards the end of the beam 

Marshall and Mattock E101 noted that greater tensile stresses were set up when the strands 

in a prestressed concrete beam were distributed equally in the top and bottom flanges of 

the beam. This is similar to the looped bar problem, where the core is considered as a 

continuous beam along the axis of the core, Figure 6.18. Their study showed that when 

placing stirrups in the end zone to resist horizontal cracking, regardless of strand 

distribution, the following relationship could be found; 

total stirrup force. 
k[ 

beam depth 
-] (6.6) 

prestress force transmission length 
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This appears reasonable, as with constant prestressing force and transmission length, 

then, as the beam depth increases so the moment, M about the centroidal axis of the 
beam increases and the tendency to crack will increase. Hence, with the looped bar 

joint it is desirable to minimise the spacing between the looped bars, which is intuitively 

correct. 

It should be noted that the direction of the resulting moment, M about the chosen 
horizontal plane is important. This determines the sense of the stress on the end face of 
the beam. A typical prestressed bridge beam was used to investigate the variation in the 

moment, M through the depth, h of the beam for different assumed strand arrangements. 
For a typical arrangement with strands in both the bottom flange and near the top of the 
beam, M is negative, producing tensile stresses on the end face. However, when the 

prestress was near uniform from the soffit to 0.7h, then the moment was positive and 

much smaller, producing the fon-n of transverse stress distribution in Figure 6.17, with 

compression on the end face, as given by the equation proposed by Magnel. 

6.5.2. Plane Strain Modelling of Transverse Stress Between Adjacent Loaded Areas 

Although the equation proposed by Magnel E91 describes the transverse stress variation 

through a beam due to end loading, it will over-estimate the peak transverse stress in the 

concrete core as the boundary conditions for the top and bottom edges, QR and PS of 

the loaded volume PQRS, are not restrained, Figure 6.19. 

Plane strain elastic finite element models 2D2,2D3 and 2D4 were used to investigate 

the variation in transverse stress, Sy across horizontal planes at mid-depth in the models, 

and the distribution of reaction stress across the core axis for a section of the concrete 

core. Details of the models are given in Table 6.2. The models represent one half of the 

concrete core above the longitudinal axis with tension being created between the looped 

bars, Figure 6.19. In model 2D2, vertical restraint was provided along the upper and 

lower faces, with horizontal point loads representing loads from the looped bars. For a 

section at a distance h from the loaded face, where h is the looped bar spacing, the 

normal stress distribution is approximately uniform, i. e. uniform normal stress is found 

on the longitudinal axis of the concrete core which would seem reasonable from St. 

Venant's Principle. The peak transverse tensile stress, Sy, at the loaded face was 

15. ON/MM2. 
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For a comparison with Magnel's equation, model 2D3 was unrestrained along the upper 
and lower faces. The comparisons showed the same form of the transverse stress, S, ' but 

with a peak value at the face of 37.8N/MM2 ; only 81% of the Magnel's equation value 
of 46.9N/MM2 

, Figure 6.20. This shows that Magnel's equation is reasonable compared 
to the finite element results. Similar results are found for the staggered, looped bar 

joints using 20mm diameter bars in Figure 6.2 1. 

The model requires to be restrained along the upper and lower faces to represent the 

proper boundary conditions of continuity in the concrete core. Providing vertical 
restraint to the upper and lower faces, to represent continuity in the joint gives the 
following results; 

the transverse stress below the applied load is compressive as would be expected 
for the hydrostatic stress condition below the loaded looped bar, 

a reduced transverse stress, S is found in the tensile face of the core between the Y 
applied loads, with a peak value of 15 ON/MM2 

, as shown in Figure 6.20 (model 

2D2) 

closer agreement with the 3-dimensional finite element analysis of model 3D3 

where the transverse peak stress on the face of the core was 10.9N/mm. 2. 

A plane strain model 2D5 was used to demonstrate the variation in transverse stress 

along the same section compared to the 3-dimensional models, Figure 6.9. The 

resulting stresses are similar to those from the 3-dimensional model 3DI. 

Hence, an elastic plane strain finite element model with proper boundary conditions can 

be used to determine a conservative value of the transverse stress to be carried at the 

face of the concrete core to prevent spalling. It is proposed that the load to be carried by 

the lacer bar adjacent to the ends of the concrete core, can be found by integrating the 

area under the transverse stress curve as shown in Figure 6.13 for the bar in zone 1. 

Spalling is likely to occur when the transverse tensile stress exceeds the tensile strength 

of the concrete, fi. The proposed design procedure is given in Chapter 7. 

6.5.3. Further Proposed Methods for Transverse Stress on Loaded Faces 

Various other methods have been proposed to calculate the variation in transverse stress 

through a loaded concrete prism. Siever's method as discussed by Marshall and 

Mattock E101, proposed that for a rectangular stress block loaded by two equal loads 
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applied symmetrically about the centreline, the variation in transverse tensile stress, Sy 

along a horizontal plane, AB, on the centroidal axis within the end zone of the beam, Is 
as given by the following, Figure 6.22; 

[32M](1 
- 2.5 77) e -2.57 (6.7) ybd2 

where, q= x10.5d 
b= breadth of solid end block 

d= depth of solid end block 

M= moment of the prestressing forces and the prestress in the beam 

about the centroidal plane AB 

x= horizontal distance from the face of the end block, positive 

towards the beam 

Siever's method gives similar results to those of Magnel throughout, Figures 6.20 and 
6.21. However, Siever predicts an even greater transverse stress, Sy at the face of the 

end block. Marshall proposed a value for the maximum tensile stress of ISMlbd2, 

which will give a peak stress of 42.2N/mm 2 for the l6mm. diameter looped bar joint, 

which again will be conservative given the discussion on boundary conditions above. 

Arthur and Ganguli [2] found that cracking was likely to occur in the end zones of the 

pre-tensioned beams at approximately 400 micro-strain. However, values of 900 micro- 

strain were observed without cracking being recorded. This is significantly higher than 

the limiting values of cracking strain of 100 to 150 micro-strain given in the CEB-FIP 

Model Code 1990 El 'I, as discussed in Chapter 5. Zielinski and Rowe E8] showed that in 

the presence of compressive stress or imposed restraint, the tensile strain capacity of 

concrete can be greatly increased and recorded similar high strain values prior to 

cracking. It was found that cracking was likely when the uniform compressive stress on 

a prestressed I beam anchorage zone reached an average of 0.49f, wheref, is the cube 

strength of the precast concrete, whereas in a prism with a similar loading pattern, 

cracking occurred at 0.29f, From sections 6.2.2 and 6.5.2, the maximum anticipated 

transverse stress from the finite element models 3D3 and 2D2, between adjacent loads 

are 10.9N/MM2 and 15. ON/mm 2, respectively, and hence cracking is likely to occur. 
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6.5.4. Failure Analysisfor Unit T9 in the Test Programme 

In the test programme discussed in Chapters 4 and 5, unit T9 was the only specimen that 

had no transverse bars present and from Figure 4.43, it can be seen that the failure 

planes were between the bearing areas of the opposing looped bars. The likely mode of 
failure has been assessed by using 3-dimensional finite element model 3D5, which is 

similar to model 3D3 but with the spacing for the looped bars increased to 150mm. The 

bearing stress below the looped bars is -102. ON/MM2 and is discussed further in Chapter 

7. 

The resulting peak transverse tensile stress in zone 3, below the loaded bars is 
6.8N/mm 2. and the peak transverse tensile stress on the surface of the core between the 

loaded bars is 6.9N/mm. 2, Figure 6.9. The tensile capacity of the fibre-reinforced 

C 
)1/2 MM2 OM concrete is likely to be greater than that given byf, = 0.33 (0.8fc,, at 2. IN/ fr 

section 4.7. Assuming that the tensile capacity may be as high as 0. lfc,, at 5.2N/mm. 2 (as 

a worse case scenario), there is still the likelihood of splitting failures due to the peak 

tensile stresses above, as the limiting shear stress would also be 5.2N/mm 2. A check on 

the shear stresses indicated a peak value of 22.4N/MM2 
, 

Figure 6.23. As there are no 

transverse lacer bars present to resist this shear stress, the concrete has to carry this load. 

Comparison with the limiting shear stress for design purposes from BS5400 [3] gives the 

limiting shear stress of the lesser of 4.75N/ 2 and 0.75 cu)112 equal to 5.4N/MM2 . 
The M111 V 

concrete is principally in significant compression in this location and will be able to 

carry an increased shear stress. However, a local shear failure may occur in the 

concrete core at the edge of the loaded area and promote a splitting failure through the 

core. This behaviour is very similar to that proposed by Stone and Breen I', for the 

failure mechanism below post-tensioned anchorages where the presence of transverse 

spalling stresses promotes a diagonal splitting failure of a similar form. 

Stone and Breen discussed the loading of plate anchorages and noted that the frictional 

forces below the plate would restrict the lateral expansion of the loaded concrete due to 

Poisson's ratio effects, which would result in high bearing stresses of about 3f, ', where 

f, ' is the cylinder compressive strength of the concrete. In the case of the staggered, 

looped bar joint, providing a transverse lacer bar will provide the lateral confinement. 

Stone and Breen were concerned that the practice of designing only for the bursting 

stresses would lead to unconservative designs, as they found that the peak spalling stress 

may be higher than the peak bursting stress in almost every practical anchorage 

234 



application in use in post-tensioning systems. The peak stresses for the looped bar 

joints from the 3-dimensional models are given in Table 6.3. In all cases the peak 

spalling stress is greater than the peak bursting stress, which suggests the critical tensile 
behaviour for the joints may also be the spalling action and not due to bursting. 

However, the resulting spalling forces are small and there is cover to the concrete core 

which may reduce the spalling stresses. 

In the post-tensioned anchorages, a cone of crushed concrete was found ahead of the 

bearing plate. However, no such cones were found in the looped bar joints tested, 

which suggests that the failure mechanism is similar but not the same. Where there are 

no lacer bars present the high transverse spalling stresses, in conjunction with the 

locally high shear stresses at the edge of the loaded area promote a sudden diagonal 

splitting failure through the core. The high bearing and bursting stresses contribute to 

the failure mechanism but the resulting failure appears to be due to the spalling stresses. 

Where adequate lacer bars are present they carry the shear and transverse spalling 

stresses and a ductile failure occurs as the looped bars yield or fracture. Where the lacer 

bars are inadequate, they deform below the looped bars and diagonal splitting cracks 

develop between the opposing looped bars, which leads to a ductile failure. It is 

interesting to note that Stone and Breen state that while bearing stress should be a factor 

in the design of post-tensioned anchorages, results indicate it should be a secondary one. 

6.6. Deep Beam Analogy to Controlling Splitting 

It has been noted that an analogy can be drawn between the behaviour of the ends of a 

pre-tensioned prestressed beam, or indeed a post-tensioned member, and that of a deep 

beam. This analogy can be used for the staggered, looped bar joint, Figure 6.19. In this 

case, the looped bars around one end of the concrete core represent the supports of a 

deep beam and the looped bars around the other end of the core provide an evenly 

distributed equilibrating force along the core axis. Similar cracking to that in the deep 

beam might be expected between the looped bars. 

Model 2D3 was modified by applying vertical restraints to the top and bottom faces 

similar to model 2D5, and a non-linear analysis of the concrete core was used to 

indicate the cracking pattern. Horizontal point loads were applied to represent the yield 

force in the looped bars of 1 12.6kN. In the non-linear solution, the elements adjacent to 
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the applied point loads were given elastic properties to prevent premature failure in the 

non-linear solution procedure. The elements within the concrete were modelled as non- 
linear. The non-linear solution reached a failure load of 215.9kN. The strain at the end 
of the concrete softening curve was 0.004, and the crack pattern is similar to that 

expected in a deep beam, as shown in Figure 6.19. 

6.7. Simplified Stress Fields using the Strut-and-Tie Method 

In the strut-and-tie method, struts represent compression fields in the concrete and ties 

represent tension fields or tension reinforcement. Hence, strut-and-tie models are 
discrete representations of the stress fields within a structure. Schlaich et al ý131 

discussed the strut-and-tie model for the design of structural concrete, and outlined how 

elastic analysis could be used initially to investigate the principal stress directions and 
hence postulate an appropriate set of struts and ties to form a model of the structure. 
The regions of discontinuities, or 'D-regions', in structures occur at concentrated loads,, 

anchor points or around abrupt changes in the geometry of the structure. The looped bar 

joints described in this thesis may be considered as a series of similar adjacent 'D- 

regions' along the axis of the concrete core. Using the strut-and-tie approach and by 

considering the load path method adopted by Schlaich et al, a simplified diagram of the 

stress field present in the joint can be postulated in 2-dimensions. Based on the method 

proposed by Schlaich et al, strut-and-tie models were developed considering the 

principal stress directions from the elastic finite element analysis in Figures 6.4 and 6.5, 

as shown in Figure 6.24. The models indicate the presence of tension fields within the 

concrete core and along the perimeter of the core between the points of applied load, 

due to the looped bar anchorages. The models help to clarify the structural action 

within the looped bar joint and demonstrates the location of the compression struts used 

in the discussion of the work of Mattock [14] in Chapter 7. The strut-and-tie model is 

exclusive to the set of loading conditions applied to the structure. In the case of the 

looped bar joints tested, the loading pattern will always be the same with only the 

intensity of loading varying. 

Marti [15] also developed the strut-and-tie approach for reinforced concrete design and 

detailing and discussed the biaxial and triaxial nature of the stresses within the 

connecting nodes. Marti considered tie bars as anchorages in the bottom of a reinforced 

beam consisting of U-bars which included a short length of straight bar between 
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adjacent bends. It was proposed that compressed shells develop in the concrete and 
span between the bends in the bars to distribute the tension force into the concrete over 
the support. Interestingly, Marti suggests the use of dowel bars in the comers of the 
looped bars to provide lateral support to the shells, presumably to resist transverse 
tensile stresses. This action is illustrated for looped bars and straight bars by Sigrist et 
al [16]. Marti describes the use of simplified struts in modelling to replace fan-shaped 

stress fields and illustrates how a complex stress state can be simplified to a truss model. 

Yun and Ramirez [17] also discussed the strength of struts and nodes in strut-and-tie 

models and considered the effective stress of the concrete compared to the cylinder 

strength. They highlighted the beneficial effects of lateral confinement and allowed 
increases in the effective stress levels in nodes of 20% for confining reinforcement, in 

the form of hooked bars. They noted that previous research on stresses in nodal zones 

allowed a maximum effective stress of 2.5f, ' for triaxially confined nodes. However, 

they calculated the effective stress levels from the principal stress ratios of finite 

element models of plain concrete members, and limited the peak effective stress tofc'- 

Hence, the behaviour of nodal zones for crushing or bearing and cracking could be 

determined by non-linear finite element analysis. 
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6.8. Conclusions 

The complex 3-dimensional stress field within the concrete core of staggered, looped 

barjoints has been discussed. A series of elastic 2-dimensional and 3-dimensional finite 

element models were used to demonstrate the state of stress within the joint. The 

effects discussed include local bearing stresses below the looped bars, transverse tensile 

bursting stresses within the core and spalling stresses between adjacent loaded areas of 
the core. 

The finite element modelling has been used to determine appropriate models to be used 

for the design of the lacer bars. This has shown that 3-dimensional modelling is 

required to determine the bursting stresses, but plane strain modelling is adequate when 

considering the spalling stresses. 

The failure mechanism for the staggered, looped bar joints has been outlined with the 

importance of the transverse spalling stresses being emphasised by referring to unit T9 

in the test programme. The need for adequate lacer bars to confine the concrete in the 

central core and to carry the local transverse tensile stresses has been demonstrated. 

This will be discussed in more detail in Chapter 7. 

Analogies have been drawn with the behaviour of prestressed beams, post-tensioned end 

anchorages and deep beams to compare the results of the modelling with similar 

behaviour and methods of analysis, and to investigate methods for the design of the 

lacer bars. The use of the strut-and-tie method of analysis in describing the complex 

stress field in a simplified, idealised stress field has been discussed. 

Previous investigations on bearing stresses due to loading on small areas of concrete 

members have been discussed. It was demonstrated that unreinforced concrete can 

withstand higher bearing stresses when the specimen is loaded over a limited area than 

would be given by the standard cube test strength. 
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Table 6.1 Table of 3-Dimensional Elastic Finite Element Models 

Model Form of Model Loading Joint Type Modelled Supports Figures 
Name Model 

3D1 regular prism simplified concrete prism end faces of model 6.2, 
planar loading representing overall perpendicular to 

HX8M solid dimensions of 16mm joint axis restrained 6.4a, b, c, 
isoparametric stress applied diameter main in y direction d 
elements 146.6 IN/mm2 reinforcement in 

staggered looped bar 6.6a, b 
j oint 

looped bar spacing 
125mm 

3D2 Not used 

3D3 elongated radial loading at 16mm diameter main end faces of model 6.3, 
cylinder looped bar reinforcement in perpendicular to 

contact area staggered looped bar joint axis restrained 6.5 a, b, c, 
half of joint in y direction d 
cylinder stress applied 
modeled using 146.61N/MM2 looped bar spacing horizontal top 6.7a, b 
symmetry 125mm surface restrained 

in z direction to 
HX8M and model symmetry 
PN6 solid 
isoparametric 
elements 

3D4 elongated radial loading at 20mm diameter main end faces of model (6.3), 
cylinder looped bar reinforcement in perpendicular to 

contact area staggered looped bar joint axis restrained 
half of j Oint in y direction 
cylinder stress applied = 
modeled using 146.61N/MM2 looped bar spacing horizontal top 
symmetry 125mm, surface restrained 

in z direction to 
HX8M and model symmetry 
PN6 solid 
isoparametric 
elements 

3D5 elongated radial loading at l6mm diameter main end faces of model (6.3) 

cylinder looped bar reinforcement in perpendicular to 
contact area staggered looped bar joint axis restrained 

half of j oint in y direction 

cylinder stress applied = 
modeled using 102. ON/mM2 looped bar spacing horizontal top 
symmetry 150mm surface restrained 

to represent unit in z direction to 
HX8M and T9 loaded to model symmetry 
PN6 solid total load of 
isoparametric 470kN 
elements 
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Table 6.2 Table of 2-Dimensional Elastic Finite Element Models 

Model Form of Model Loading Joint Type Modelled Supports Figures 
Name Model 

2D1 regular planar loading concrete prism bottom face of 6.12 
rectangle representing 500mm x model restrained in 

stress applied 500mm block, I 00mm the x and y 
QPM4M ION/mrn 2 

thick directions 
plane strain overlOOmm 
quadrilateral width mesh 26 x 20 
linear 
elements 

2D2 regular point loading concrete prism rh face of model 6.19 
rectangle representing 125mm x restrained in the x 

load applied 125mm block, 96mm direction, 
QPM4M 112560N thick 
plane strain representing top and bottom 
quadrilateral l6mm diam, bar mesh 20 x 20 faces restrained in 
linear at 560N/MM2 the y direction 
elements 

2D3 regular point loading concrete prism rh face of model (6.19) 
rectangle representing 125mm x restrained in the x 

load applied 125mm block, 96mrn direction 
QPM4M 112560N thick 
plane strain representing 
quadrilateral 16mm diam. bar mesh 20 x 20 
linear at 560N/mm 2 

elements 
2D4 regular point loading concrete prism rh face of model 

rectangle representing 125mm x restrained in the x 
load applied 250mm block, 96mm direction 

QPM4M 112560N thick 
plane strain representing 
quadrilateral 16mm diam bar mesh 20 x 20 
linear at 560N/mm 2 

elements 
2D5 regular planar loading concrete prism top and bottom 

rectangle representing a length of faces of model 
load applied joint of 250mm x restrained in the y 

QPM4M 146.6N/mM2 to 218mm block, 96mm direction 

plane strain give a total of thick lh and rh faces 

quadrilateral 112560N restrained in the x 
linear representing irregular mesh 32 x 20 direction 

elements 16mm diam bar 
at 560N/Mm. 2 
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Table 6.3 Transverse Stresses of 3-Dimensional Elastic Finite Element Models 
for Looped Bar Spacing of 125mm 

Model Transverse Transverse Transverse Transverse Ratio Remarks 
Name Peak Peak Bursting Spalling fsp 

peak 
Bursting Spalling Force, Pbst Force, P, p 

fbst 
peak/ 

Stress, Stress, 
fbst 

peak 
fsp 

peak (Area 3 Fig (Area I Fig 
6.13) 6.13) 

(N/MM2) (N/mm2) (kN) (kN) 

3DI 8.32 16.44 8.28 8.10 1.98 coarse mesh 
3.18 16.44 6.74 7.19 5.17 fine mesh 

3D3 9.16 11.04 29.35 3.11 1.21 coarse mesh 
10.22 10.87 32.12 2.68 1.06 fine mesh 

3D4 9.85 13.38 37.70 3.40 1.36 fine mesh 

3D5 6.84 6.86 24.34 2.57 1.00 model unit T9 
fine mesh 
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effective concrete 
wedge 

Concentrated 
Force, Pk 

2yo 

----------------- 

0.2y, 2yo 

Note: Position of required bursting 
reinforcement shown as vertical links 

typical distribution of 
transverse stress (in red) 

idealised transverse 
stress (in blue) 

tensile stresses 

compressive stresses 

Figure 6.1 End Block Showing Typical Distribution of Transverse Stresses 
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Figure 6.2 Model 3DI Finite Element Mesh, Loading and Supports (fine mesh) 
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Figure 6.3 Model 3D3 Finite Element Mesh, Loading and Supports (fine mesh) 
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LOAD CASE 1 
Loadcase 1 
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STRESS 
CONTOURS OF SX 

-126.445 
-118.016 
-109.586 
-101.156 
-92.7266 
-84.2969 
75.8672 -67.4375 

-59.0078 
-50.5781 
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25.2891 

- 16,8594 

-8.42969 FiLi- 
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Max 0.9197E-01 at Slice Node 129453 
Min -134.8 at Slice Node 126687 

G 

Figure 6.4a Model 3DI Stress S, on Horizontal Slice At Mid-Height of Model 

E 

LOAD CASE 
Loadcase 1 
RESULTS FILE 1 
STRESS 
CONTOURS OF SY 

-105.571 
-97.4504 
-89.3295 
-81.2087 
-73.0878 
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-56.8461 
-48.7252 
-40.6043 
-32.4835 
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0 
8.12087 
16.2417 F 

Max 16.46 at Slice Node 140692 

Min -113.5 at Slice Node 140765 
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C 

Figure 6.4b Model 3DI Stress S, on Horizontal Slice At Mid-Height of Model 
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LOAD CASE 
Loadcase 1 
RESULTS FILE 
STRESS 
CONTOURS OF SZ 

-39.1052 
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-9.02428 
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Max 8.742 at Slice Node 138610 
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G 

Figure 6.4c Model 3DI Stress S, on Horizontal Slice At Mid-Height of Model 
Through Thickness 
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CONTOURS OF SZ 
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-5.0223 
-2.51115 
0 
2.51115 

Max 2.943 at Slice Node 151027 

Min -37.24 at Slice Node 151098 

Figure 6.4d Model 3DI Stress S, on Vertical Slice On Mid-Plane Through 
Thickness 
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LOAD CASE 
Loadcase 1 
RESULTS FILE 
STRESS 

CONTOURS OF SX 
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Figure 6.5a Model 3D3 Stress S,, on Horizontal Slice on Top Surface of Model 
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Figure 6.5b Model 3D3 Stress Sy on Horizontal Slice on Top Surface of Model 
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LOAD CASE 
Loadcase 1 
RESULTS FILE 
STRESS 

CONTOURS OF SZ 
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Figure 6.5c Model 3D3 Stress S, on Horizontal Slice on Top Surface of Model 
Through Thickness 
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Max 5.775 at Slice Node 49943 

Min -134.7 at Sl ice Node 50174 

Figure 6.5d Model 3D3 Stress S, on Vertical Slice, Showing Near Uniform Stress 
Under the Curved Portion of Loaded Bar 
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Figure 6.11 Forces Acting on Concrete for a Looped/ Bent Reinforcing Bar 
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Figure 6.18 Sketch Showing Analogy of Prestressed Beam to Concrete Core 
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Figure 6.24 Possible strut-and-tie models for the Concrete Core 
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CHAPTER 7- DESIGN OF TRANSVERSE JOINTS IN PRECAST 
CONCRETE BRIDGE DECK UNITS USING LOOPED BARS 

7.1. Introduction 

From a design viewpoint, three essential differences exist between the use of precast bridge 
deck units and in situ concrete deck slabs; the sequence of erection and build-up of stresses 
through the composite sections during the construction phase, and the behaviour at the 
service and the ultimate limit states. 

The erection sequence will differ from traditional construction methods if the inherent 
advantages of precast bridge deck units are exploited. In traditional bridge deck 

construction, it is common to cast the in-span and end sections and then to complete the 
deck by concreting the pier sections, as discussed in Chapter 2. This approach reduces the 
hogging moment and the reinforcement stresses and design crack widths over the 
intermediate pier supports. It is more usual in the UK to use precast deck units where 

construction conditions dictate that pre-fabrication is warranted, rather than as a first 

choice. With precast units, erection of the steelwork and deck is likely to be programmed 
to suit the provision of the craneage for the structure; hence the construction sequence will 
inevitably differ from that of traditional in situ decks. The build-up of the load effects due 

to the different construction sequence may result in more onerous stresses in the steelwork, 

and the resulting stresses should be carefully checked. With the introduction of BS5400 

Part 3 2000 Ell, this aspect has become more important, as the design of restraints to the 

main girders for the construction condition has been amended and the use of discrete 

torsional bracings has led to longer effective lengths being calculated for girder 

compression flanges during the erection stages. In the sample designs prepared for Chapter 

3, typical erection conditions have been adopted and the influence each has on the design of 

the composite bridge has been discussed. 

The design of the precast units at service should give increased durability compared to the 

in situ deck but careful consideration of the transverse joints will be required. It will be 

necessary to calculate the service stresses in the deck at the critical joints to check 

compliance with the relevant code requirements and to check crack widths. It should be 
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remembered that construction joints will be required in in situ decks in any case and that 
most continuous bridge decks will still inevitably have construction joints. The advantage 
of in situ decks is that these construction joints can be placed at points of contra-flexure or 
reduced moments. 

As with in situ decks, precast decks are required to resist the applied load effects at all 
stages of construction at the service and ultimate limit states, and at all joint positions. The 

aspect considered in most detail in this thesis, is the design and detailing of the transverse 
deck joints. In addition, the deck and joints should be adequate for transverse bending and 
for punching shear and fatigue considerations. To satisfy the fatigue requirements, the 

stresses should be limited at the fatigue limit state to the relevant code limits. BS5400 [2 1 

and BD24/92 E31 give limiting stresses for compliance with the fatigue limit state. 

The deck units and joints should be adequate in longitudinal, global compression with 

associated local bending in the positive (sagging) moment regions of the bridge. As 

discussed in Chapter 2, this is not considered to be a problem provided suitable jointing 

materials are used to avoid problems associated with concrete shrinkage. 

The deck units and joints should also be adequate in longitudinal, global tension with 

associated local bending in the negative (hogging) moment regions of the bridge. This 

aspect has been closely studied and a series of joints primarily using looped bars around a 

central concrete core have been tested in axial tension. In this chapter, the results of the test 

programme in Chapters 4 and 5 are used along with the finite element modelling of looped 

bar joints in Chapter 6 to design the deck joints at the critical locations. Reference will be 

made to the sample bridge designs in Chapter 3 when designing typical looped bar joints. 

For joints using straight, lapped bars and bent-up bars, as tested in Chapter 4, no specific 

guidance is given other than to provide adequate lap lengths and anchorages in accordance 

with the relevant code requirements. 

7.2. Aspects of Looped Bar Joint Design for Joining Precast Units 

The general behaviour of staggered and lapped, looped bars and the distribution of stresses 

in the confined concrete core of an axially loaded tension joint were discussed in Chapter 6. 
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This chapter discusses the design of staggered, looped bar joints and gives design 

recommendations, with respect to BS5400 [2] 
, but could be modified for other codes of 

practice. Typical joint details are given in section 7.15 which are considered to satisfy the 

requirements of BS5400 Part 1 [41 by testing and may be used with the minimum of code 

checking. A design procedure is given in section 7.16 for transverse joints outwith the 

geometric limits of these joints, to ensure compliance with the following aspects of the joint 

design; 

0 design of lacer bars to resist transverse tensile and compressive stresses directly below 

the looped bars in the concrete core, section 7.4, 

0 limiting concrete compressive stresses outwith looped bar bearing zones and associated 

lacer bar design, section 7.5, 

0 design of lacer bars to resist transverse tensile bursting stresses near the longitudinal 

axis of the joint, and transverse spalling tensile stresses between adjacent looped bars 

sections 7.6 and 7.7, respectively, 

0 design to resist bearing stresses developed on the area of contact of the looped bars on 

the concrete core, sections 7.8 to 7.12, 

limiting tensile stresses in the looped bars, sections 7.15 and 7.16, 

transverse bending in the joints, section 7.16, 

service stress checks for crack widths and fatigue stresses, section 7.16. 

[51 
The details of the joints tested were developed using the recommendations of BS4466 

However, this has since been superseded by BS8666 2005 (6] which adopts different 

bending formers for looped bars. The former for 16mm. diameter bars has reduced from 

60 to 4 0, where 0 is the bar diameter, and the former for 20mm diameter bars has increased 

from 60 to 70. It is proposed that looped bars be scheduled to BS8666 2005 for 16mm 

diameter bars as shape code 99 to use the 60 former as before to avoid overstressing the 

concrete. For the 20mm diameter looped bars, the new larger fon-ner should be used and it 

should be noted that the test specimens used a compound curve for the 20mm diameter bars 

which will give a similar profile to a former of 70. BS8666 2005 adopts a characteristic 

reinforcement strength of 50ON/mm 2, whereas 460N/mm 2 has been used in the Author's 

work. The typical joint details proposed in section 7.15 will not be adversely affected by 
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the increase in steel strength, as the test specimens had a minimum yield strength of 
507.9N/mm 2 from Tables 4.8 to 4.11. 

7.3. Performance of Lacer Bars in Test Programme 

It is clear from Chapters 4,5 and 6 that the lacer bars are critical to the performance of the 
joints. Hence, before discussing the model behaviour and determining the lacer bar forces 

in the joints, it is useful to briefly summarise the behaviour of the lacer bars in the test 

programme. Of the units tested, twelve units used an arrangement of staggered, looped 

bars in the transverse joint. The looped bar arrangements, with the exception of unit T9, all 
had lacer bars tied to the looped bars at both apexes of the loops and tied uniformly around 

the perimeter of the core section perpendicular to the longitudinal axis, Figures 4.3 to 4.20. 

In unit T6, the lacer bars at the apexes were repositioned to be nearer the tangent of the 

looped bars, Figures 4.5 and 4.37. The lacer bars in the joints were as follows; 

06- 16mm diameter lacer bars in units T7, T 12, T 15, T 18 

04- 16mm diameter lacer bars in unit T6 

8- 8mm. diameter lacer bars in units T8, T10, T19, T20 

0 6- 8mm. diameter lacer bars in unit T16 

06- 12mm diameter lacer bars in unit T21 

0 no lacer bars in unit T9 

The final condition of the lacer bars at failure depended on several factors including; the 

looped bar area, Alp, the lacer bar area, A,,,, the spacing of the looped bars, s, and the loading 

sustained by the unit, P, Of the twelve units only two units, T9 and T16 failed by diagonal 

splitting of the concrete core. The remaining units failed by yielding or fracturing of the 

looped bars. Unit T10 suffered significant deformation in the lacer bars caused by spalling 

of the concrete at the unrestrained core end, and in unit T20, a diagonal splitting crack 

occurred at the unrestrained core end with associated deformation of the lacers. 

When 12mm and 16mm diameter lacer bars were used they remained straight, except in the 

non-symmetrical units where slippage of the end looped bars occurred, as a result of 

shortcomings in the arrangement of the reinforcement. When 8mm diameter lacer bars 
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were used they deformed to varying degrees, some significantly. In unit T8, one of the 
lacer bars sheared in the post-yield stage, after the unit had undergone significant in-plane 
rotation and a diagonal splitting crack formed through the concrete core. However, up to 
the yield load of the specimen the lacer bars adequately restrained the concrete core, and 
the failure was due to non-symmetric loading, rather than a concrete core failure. In unit 
T16, a 20mm diameter looped bar joint with 8mm lacer bars, the lacer bars deformed badly 

and failure occurred at 89% of the predicted yield load of the looped bars. 

7.3.1. Adequacy ofLacer Bars 

From consideration of the test results, those units which sustained the predicted yield load, 

Py based on the 0.2% proof stress of the looped reinforcement, had a ratio of the area of the 

lacer bars to the looped bars, Ajacl Alp not less than 0.25, Figure 7.1. For these units, the 

load ratios Ps/ Py range from 1.05 to 1.28, where P, is the sustained load. The calculated 

mean and standard deviation for these units are 1.134 and 0.079, respectively. When Alal 

Alp is less than 0.25, the failures are due to splitting of the concrete core with P, / Py ranging 
from 0.77 to 0.89. 

For those units which sustained the predicted yield load, the load ratios P, / P,, range from 

0.88 to 1.06, where P,, is the predicted failure load based on the ultimate tensile strength of 

the looped reinforcement, Figure 7.2. Where symmetrical units only are considered this 

range becomes 0.94 to 1.06. The calculated mean and standard deviation for these units are 

0.990 and 0.044, respectively. For the units with A1,1 Alp not less than 0.25, the ratio of 

sustained load, Ps to the BS5400 [21 design load, Pd, range from 1.33 to 1.66, Figure 7.3. 

The design load, Pd is based on a characteristic stress for the looped and lacer bars of 

460N/mm 2 and calculated in accordance with BS5400. Where symmetrical units only are 

considered this range becomes 1.50 to 1.66. Hence, units with symmetrical reinforcement 

and A1,1 Alp ratios of not less than 0.25 should be capable of sustaining loads close to the 

predicted failure load, P,,, and have a load ratio Ps/ Pd of 1.50 or greater. 

In accordance with BS5400 Part 1, Clause 7.6.2 [4] 
, the design values may be based on the 

mean less 1.5 standard deviations. Hence, using the predicted yield load, Py, the design 

load may be based on a P, / Py ratio of 1.016. From this it is proposed that as the design 

load exceeds the yield load for the specimens tested, the staggered, looped bar joints tested 
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are deemed to be 'full-strength' joints. Transverse joints between precast units are terined 
'full-strength' where the mode of failure is fracture or yielding of the looped bars. In order 
to design staggered, looped bar joints, it is proposed that units with a ratio of A1,1 Alp less 
than 0.25 are deemed unsuitable as 'full-strength' joints unless specific testing is 

undertaken to prove their suitability. The significance of this is discussed further in section 
7.4.2. No specific testing was carried out using 12mm diameter lacer bars with 20mm 
diameter looped bars. However, based on the above it is proposed that this arrangement of 
bars will be adequate as the ratio of Al,,, IAp is 0.36. 

7.4. Transverse Tensile and Compressive Stresses Through the Concrete Core 

Chapter 6 discussed the transverse tensile stresses below the looped bar locations and 

showed that for typical staggered, looped bar joints the force to be carried by each lacer bar 

could be found from the integration of the stress under the general transverse stress curve 

shown in Figure 6.13. As the concrete core has been modelled using 3-dimensional finite 

elements without reinforcing bars using LUSAS [7] the following approaches have been 

adopted to deten-nine the lacer bar loads in each of the four zones shown in Figure 6.13: 

" In transverse tension zones I (spalling) and 3 (bursting), the tensile contribution of the 

concrete has been ignored and the full tensile load has been taken on the lacer bars, 

" In transverse compression zone 2, the area under the stress diagram is near triangular 

and it is assumed that the lacer bars are located at the peak stress position from the 

model. A modular ratio approach has been adopted to calculate the stress, and hence 

the compressive force in the lacer bars, 

In transverse compression zone 4, directly below the looped bar, the cross section of 

the core in compression forms a circular segment and the transverse stress varies 

rapidly over a short length. A modular ratio approach has been adopted to calculate the 

peak stress and compressive force in the lacer bars. 

Account must be taken of the shape of the concrete core in all 3-dimensions when 

integrating the stress to ensure account is taken of the curved ends of the core. This is 

necessary in zones 1 and 4 to prevent over-estimating the total force to be carried by the 

concrete and lacer bars. 
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7.4.1. Comparisons of 3-Dimensional Models with Looped Bars at 125mill Centres 
Comparisons may be drawn between the 3-dimensional finite element models given in 
Table 6.1 for a looped bar spacing, s of 125mm and a lacer bar diameter of 16mm. The 

lacer bar forces and stresses from the models are shown in Tables 7.1 and 7.2. 

In the test programme the applied tensile loads are considered to be 'instantaneous' and the 
2 Young's modulus of concrete reflects 'short term' loadings with Ec taken as 31 kN/mm 

Hence, in the modular ratio approach to account for the presence of the lacer bars in the test 

specimens, the ratio of stresses due to transient or live load to stresses due to total load in 

the looped bars was taken as 1.0. Results have also been presented showing the effects of 
loading variations on the value of Ec for the full range of loading applications in a typical 

bridge deck. Appendix A outlines the steps in the modular ratio approach used for 

determining the lacer bars stresses in zones 2 and 4. Account is taken of the proportion of 

looped bar stress due to the live and total loads to allow the Young's modulus of concrete 

to be varied. Compressive stresses are taken as negative and tensile stresses are positive 

throughout. 

Model 3D3 models the concrete core shape for a 16mm diameter looped bar joint and the 

analysis using the fine mesh case has been taken as the converged solution for determining 

the concrete and lacer bar stresses, Figure 6.3. The analysis is carried out by applying the 

radial bearing stress that would occur if it is assumed that the looped bars yield at a stress of 

222 560N/mm . The tensile stresses in the lacer bars are 13.3N/mm and 79.9N/mm in zones I 

and 3, respectively, Table 7.1. For a characteristic design stress, fy of 460N/MM2 in the 

lacer bars, these tensile stresses are relatively small. The peak compressive stress in zone 2 

was -11.7N/mrn 
2. Adopting the modular ratio approach, reduces the peak concrete stress to 

22 
-9.4N/mm and gives a lacer bar compressive stress of -75.3N/mm . Similarly for zone 4, 

the peak concrete and lacer bar compressive stresses are -26.2N/mm 
2 and -284.8N/mm 

21 

respectively. These represent lacer bar design stresses of 0.16fy and 0.62fy, for zones 2 and 

4, respectively. It is clear that when all the lacer bars are of the same diameter around the 

concrete core, the critical zone for design is likely to be zone 4. 

Model 3DI models the concrete core 3D3 as a prism, Figure 6.2. The analysis is carried 

out by applying a planar load on a vertical contact surface of the prism to represent bearing 
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of the looped bar. The tensile stresses in the lacer bars are over-estimated in zone I only 
compared to 3D3, Table 7.1. The peak compressive stresses calculated for the lacer bars 

were under-estimated in zones 2 and 4. 

Model 3D4 models the concrete core shape for a 20mm diameter looped bar joint and the 

analysis using the fine mesh case has been taken as the converged solution. The analysis is 

similar to model 3D3 using a radially applied load. The tensile and compressive stresses in 

the lacer bars are larger than for 3D3, with the critical zone for design again likely to be 

zone 4, Table 7.2. 

The summation of stresses for the transverse bursting zone 3 and compressive zones 2 and 
4 must be based on a cylindrical form of 3-dimensional modelling as used in models 3D3 

and 3D4, as the simplified model 3DI under-estimates the transverse forces to be carried. 

Hence, the prism model 3DI was not used in the detailed design of the joints. 

An important aspect of staggered, looped bar joints that should not be overlooked is that the 

stress field along the joint axis is continually changing. From Figure 7.4, it can be seen that 

zones of direct and transverse compression (zone 4) below the loaded, looped bars will 

alternate with zones of spalling tensile zones (zone 1) between adjacent bars along the edge 

of the concrete core. Likewise, within the concrete core, zones of bursting tension (zone 3) 

will alternate with zones of transverse compression parallel to the joint axis (zone 2). 

These changes in stress states should be considered for lacer bars when designing adjacent 

zones. 

7.4.2. Lacer Bar Provision for Transverse Compression Below Looped Bars in Zone 4 

A parametric study was carried out to determine the adequacy of the lacer bars directly 

below the looped bar in compression zone 4, using the 3-dimensional models for 16mm 

diameter looped bars at varying centres. The results of varying the area of the lacer bars 

and looped bar spacings, s are shown in Table 7.3 and Figure 7.5 for model 3D3 forfij, '/ 

ftotal equal to 1.0 (Ec of 31. OkN/mm 2), using the modular ratio approach described in 

Appendix A. The maximum ratio of peak lacer bar stress to looped bar stress, fiao/f/p 1S 

0.689 for l6mm diameter looped bars at 150mm centres using 8mm lacer bars. For 

comparison with the experimental results, the yield stresses for the looped and lacer bars 
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were both taken as 560N/MM2 
. The lacer bar stresses were non- dimensional i sed with 

respect to the looped bar stresses, f/Pand are plotted in Figure 7.6 with variation infii,, /f,,,,,, 

from 0 to 1.0 (Ec varied from 15.5kN/mm 2 to 3 1. OkN/mm 2 ), Table 7.4. It is clear that none 

of the lacer bar arrangements would be expected to fail in compression locally below the 

16mm diameter looped bars in zone 4 of the concrete core. 

[2] For design to BS5400 , the lacer bar stresses were recalculated assuming yield stresses for 

the looped bars in tension and lacer bars in compression at 0.87fy (400.2N/MM2 ) and 0.72fý, 

(331.2N/mm 2) 
, respectively. For 16mm staggered, looped bar joints with spacing up to 

150mm, the maximum ratio of the lacer bar stress to the design lacer bar stress fi,, /fy 1, is 

0.721 for 8mm, 12mm and 16mm lacer bars, Table 7.5 and Figure 7.7. For all lacer bar 

diameters and looped bar spacings analysed, the lacer bars will remain at or below the 

design limit of 0.72fy, when the looped bar stress is at 0.87fy. Hence, the joint details 

analysed will be adequate in preventing lacer bar yielding in transverse compression in 

zone 4. 

This was confirmed by the test programme as the lacer bars remained straight throughout 

when the 16mm diameter looped bars were loaded up to their yield strength. The 

deformations in the 8mm diameter lacer bars in unit T8 occurred during in-plane rotations 

in the post-yield stages and the specimen failed at a load of 640kN with a corresponding 

looped bar stress is 53 IN/MM2 . From Table 7.4, the ratio of lacer bar stress to the looped 

bar stress for 150mm spacing is 0.689, hence the compressive stress in the 8mm diameter 

lacer bars in unit T8 is 366N/mm 2 This is only approximately 65% of the assumed 

compressive yield stress of the lacer bar of 560N/MM2, indicating that the stifffiess of the 

lacer bars may also be important. 

Similar results were found from model 3D4 using 20mm diameter looped bars by varying 

the area of the lacer bars and looped bar spacings, Table 7.6 and Figure 7.8 forfij, "Iftotal 

equal to 1.0. The maximum ratio of peak lacer bar stress to looped bar stress, fiac/flp IS 

0.678 for 20mm diameter looped bars at 150mm. centres using 8mm lacer bars. The lacer 

bar stresses were non-dimensionalised with respect to the looped bar stresses, f1P and are 

plotted in Figure 7.9 with variation infij, 1fioal from 0 to 1.0, Table 7.7. As before, none of 

the lacer bars would be expected to fail in transverse compression locally below the 20mm 
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diameter looped bars, Figure 7.10. This is intuitively correct as the applied radial stress is 

equal in the 16mm and 20mm diameter looped bar models and the 8mm diameter bars are 
at similar values of transverse compressive stress throughout. Hence, none of the lacer bars 

arrangements would be expected to fail in compression locally below the 20mm diameter 

looped bars in zone 4 of the core. 

However, in the test programme, unit T16 showed significant deformation in the lacer bars 

at an average looped bar stress of 483N/MM2 
, or 89% of the yield load. From Table 7.7, the 

ratio offj,, 1fjr, for looped bar spacing, s of 125mm is 0.671, hence the compressive stress in 

the 8mm diameter lacer bars is 324.1N/MM2 in zone 4. Again, the stiffness of the lacer bars 

would appear to be significant and the ratio Al,, IAp is below the 0.25 threshold, see section 

7.3.1. 

Strict application of a modular ratio approach would indicate that the lacer bar stress in 

contact with the looped bar could exceed the yield of the lacer bar locally, as the model 

stress in the concrete contact area of approximately -146N/MM2 would be multiplied by a 

modular ratio of up to 12.9. In this case, local yielding would be expected to occur in the 

lacer bar at the contact point. However, the maximum lacer bar compressive stress found 

was only -464N/mm 
2 (-0.829 x 560N/MM2) , Table 7.4. Hence, it can be shown that lacer 

bar yielding in compression in zone 4 can be adequately controlled in the design process. 

The variation in peak and average concrete core stresses in zone 4 are shown in Figures 

7.11 to 7.14 for models 3D3 and 3134. The peak transverse concrete stresses are well in 

excess of the allowable compressive stresses in BS5400 [21 as discussed later in section 

7.9.1. These high concrete stresses are the transverse stress component of the near- 

hydrostatic stress field within the concrete below the looped bars, and may be considered as 

a confining stress component to the direct applied stress by the looped bars, resulting in 

high bearing stresses. It is clear that both concrete and lacer bar stresses are dependent on 

the lacer bar diameter, and are largely independent of the looped bar spacing, s in zone 4. 

This is intuitively correct as the state of transverse stress locally in zone 4 for each model 

variation is similar, regardless of the bar spacing. 
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7.5. Lacer Bar Provision for Transverse Compression in Zone 2 

A similar parametric study to that described in section 7.4-2, was carried out to study the 
lacer bars in compression zone 2 of the concrete core with variation in the looped bar 

diameter and spacing. A modular ratio approach was adopted for zone 2 as for zone 4, and 

the results of varying the E,. value on the concrete and lacer bar stresses are shown in 
Figures 7.15 and 7.16, respectively, for model 3D3 and summarised in Table 7.8. The 

maximum ratio of lacer bar stress to looped bar stress, fl,, Iflp is 0.391 for looped bars at 

100mm centres and is independent of lacer bar diameter, Table 7.9. The transverse 

concrete stresses are of more interest here, as the maximum value of design concrete stress 

to characteristic stress (taken as 40N/mm 2 ), f,, If,,, is 0.273 for 8mm lacer bars. 

For a similar study for the 20mm diameter looped bar joints, the concrete and lacer bar 

stresses are shown in Figures 7.17 and 7.18, respectively for model 3D4 and summarised in 

Table7.10. The maximum ratio offilfip is 0.512 for looped bars at 100mm centres, Table 

7.11. The maximum value of ft,, 1f,,, is 0.365 for 8mm lacer bars, which is close to the 

BS5400 ý21 limit of 0.4f,,, for grade 40 concrete. However, the lacer bars in zone 2 will 

provide confinement to the transverse compressive stresses in the concrete. 

From Figures 7.15 and 7.16 the concrete stresses are relatively insensitive to the modular 

ratio for the smaller diameter lacer bars, whereas the stresses in the lacer bars will clearly 

double over the full range of Ec values adopted for all lacer bar diameters. For the 16mm 

and 20mm diameter looped bar joints modelled, the smallest lacer bars should be adequate 

for the parameters studied and the range of concrete stresses found should be adequate for 

joint design to BS5400. It should be noted that no specific testing was carried out for 

looped bars at 100mm centres, but the results of the finite element modelling shows that the 

concrete and lacer bar stresses are adequate in zone 2. 

7.6. Lacer Bar Provision for Transverse Tension Below Looped Bars in Zone 3 

The 3-dimensional models 3D3 and 3D4 were used to investigate the effects of the looped 

bar spacing on the concrete core and lacer bars stresses for zone 3 bursting stresses. The 

results are shown for the 16mm diameter looped bars for model 3D3 in the bottom half of 

Table 7.12. The maximum ratio of lacer bar stress to looped bar stress, fj,,, /fjp is 0.621 for 
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looped bars at 150mm centres using 8mm lacer bars. For design purposes, this is a 
maximum lacer bar stress of 248.6N/mm 2 or 0-54fy for a looped bar design yield stress of 

2 400.2N/mm . Hence, bursting stresses should be adequately resisted by any of the lacer 
bars in the range analysed. 

The results for the 20mm. diameter looped bars for model 3D4 are shown in the bottom half 

of Table 7.13. The maximum ratio of fj, 1fjp is 0.786 for looped bars at 150mm centres 

using 8mm lacer bars. This gives a maximum lacer bar stress of 314.6N/mm 2 
or 0.68fý, for 

2 
a looped bar design yield stress of 400.2N/mm 

. Hence, bursting stresses should be 

adequately resisted by any of the lacer bars in the range analysed. 

The variation in the lacer bar stress to the looped bar stress, fj", 1fjp is shown in Figure 7.19. 

For lacer bar diameters of 12mm and greater and spacings, s up to 150mm, the ratio is not 

greater than 0.35. However, for 8mm lacer bars the ratio increases rapidly with increasing 

spacing, s, to a maximum of approximately 0.79. Figure 7.20 shows the progressive 

increase in the area under the bursting zone 3 of the transverse stress, Sy, with the increase 

in spacing of the looped bars, s. This clearly leads to a significant increase in the ratiofi,, / 

fIP 
- 

For design at the ultimate limit state, 8mm lacers bars would appear to be a practical limit 

for 20mm diameter looped bars at 150mm. However, this configuration would not be 

acceptable on stiffness grounds for the adjacent compression zone 4, if the same lacer bar 

diameter was used around the core perimeter from section 7.3.1. Therefore, 12mm 

diameter lacer bars are recommended as a minimum. 

7.6.1. Comparisons with BS5400 f2l Bursting Requirements 

BS5400 E21 gives values of the transverse bursting force, Fbst, below concentrated loads for 

highly loaded concrete members, where the bursting force is the integral of the transverse 

stress below the loaded area. These range from 0- 1 IPk to 0.23Pk for yp,, Iyo from 0.7 to 0.3, 

respectively, where Pk is the direct applied force due to concentrated loads or the pre- 

stressing force, and yp,, and y,, are as defined in section 6.4. Clark 181 discussed the bursting 

forces in concrete members and showed the range of forces calculated from various 

theories including the tests of Zielinski and Rowe 191 where the bursting forces measured in 
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their tests exceeded the theoretical values. According to Clark, the BS5400 values XA-ere 
chosen to be between the theoretical and test values, as shown in Figure 7.21. Using the 
results of the 2-dimensional model, 2DI described in Chapter 6, the summation of the 
transverse stresses shows the ratio Fbst/ Pk increases as yp,, Iy,, reduces, for a constant applied 
load Of Pk. Applying a factor of 1.5 to the model 2D1 results gives close agreement with 
the values given in BS5400. Models 3D3 and 3D5 give bursting forces about 70% of the 
model 2D I values and significantly less than those in BS5400. The 
3-dimensional models include lateral restraints (in the y-direction) to represent the 
continuity along the length of the concrete core, Figure 6.3. Hence, any tensile bursting 
forces in the lateral direction would be restrained and the resulting force calculated from the 
integral of the stresses would be less than those given for a typical anchor block type 

arrangement. 

To test this conclusion, model 3136 was analysed by removing the lateral restraints from 

model 3133. The resulting Fbst/ Pk ratio is close to the (extrapolated) BS5400 value, Figure 

7.21. In a typical joint, restraint would be provided by the lacer reinforcement and the 

surrounding concrete. However, the results of model 3136 would be valid if a short length 

of joint was used with no end restraint, or where the edge of the joint was to be detailed as 

unrestrained to reduce reinforcement congestion. By providing transverse looped bars on 

the ends of the joint, restraint could be provided. A joint of this form was provided in the 

Montrose Bridge discussed in Chapter 2 for the transverse jointing of the precast parapet 

units. However, in this case it was assumed that restraint was provided by the face of the 

precast units and the previously cast in situ deck concrete. 

BS5400 applies a serviceability limit criterion to the design of areas under concentrated 

loads, such that cracking is controlled by limiting the steel stress to 20ON/mm 2 when the 

cover is less than 50mm, which implies a tensile strain of 1000 micro-strain at the 

reinforcement level. Hence, limiting the lacer bar stress at service would seem reasonable 

in the bridge deck joint. This approach has little effect on the design of l6mm looped bar 

joints, with a limit of 322N/mm 2 on the looped bar at service stress being required for 8mm 

diameter lacers with s at 150mm centres only, Table 7.14. Similarly, for 20mm diameter 

looped bar joints, limits on the looped bar service stresses are required for 8mm diameter 
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lacer bars only. As the use of this combination of lacer and looped bars Is precluded from 

the stiffness considerations of section 7.3.1, no further restrictions are required. 

Zielinski and Rowe 191 suggested a method whereby the tensile strength of the concrete is 

used to carry some of the bursting force. In their case the test data was used to take full 

advantage of the concrete strength but as noted above their tests gave larger bursting forces 

than predicted by theoretical methods, as reported by Clark [8] 
. The limiting steel strength 

is set at 140N/mm 2 and hence the two methods tend to give similar amounts of 

reinforcement against bursting. 

7.7. Lacer Bar Provision for Transverse Tension Between Adjacent Loaded Areas 

in Zone 1 

The parametric study using models 3D3 and 3D4 was also used to investigate the effects of 

the looped bar spacing on the concrete core spalling stresses between the looped bars for 

zone 1, Figure 6.13. The results are given for the l6mm. and 20mm diameter looped bars in 

Tables 7.12 and 7.13, respectively. The maximum ratio of lacer bar stress to looped bar 

stress, fi,, Iflp is 0.15 1 for all configurations studied. For design purposes, this relates to a 

maximum lacer bar stress of 60AN/mm 2 for a looped bar design yield stress of 
2 400.2N/mm . Hence, the spalling stresses should be adequately resisted by any of the lacer 

bars in the range analysed. 

In Chapter 6, the use of the elastic plane strain finite element models 2D2 and 2D5 to 

determine the force to be carried at the face of the concrete core, in order to prevent 

spalling failures for 16mm looped bars was discussed. The 2-dimensional models over- 

estimate the transverse spalling force compared to the 3-dimensional models, but may be 

used for an initial conservative estimation of the value. It is proposed that the load to be 

carried by the lacer bar adjacent to the looped bar in zone 1, can be found by integrating the 

area under the 2-dimensional transverse stress curve, and adopting the maximum ordinate y, 

for the concrete core thickness, shown in Figure 7.22. The force to be resisted, Fsp, due to 

the near-triangular stress field from model 2D2, with an applied load equivalent to a looped 

bar stress of 560N/mm 2 is given by, 
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F, 
p 

fpeakbly 
I=9.7kN 

(7.1) 2 

whereý fpeak = peak transverse stress at the face of the member. 
b, base length of zone 1 

yj maximum ordinate y of core in zone I 

or by integration from the curve in Figure 6.2 1, Fp2= 5.7kN 

Hence, the stress in a single 8mm diameter lacer bar for the initial value of Fp, will be 
22 192.8N/mm , and Fp2 will be 113.3N/mm 

. Even for this conservative approach the 

spalling stresses should be adequately resisted by any of the lacer bars in the range 

analysed. The use of the equation proposed by Magnel ý101, as discussed in Chapter 6 

would result in an overly-conservative value of Fpm of 33.3kN and the stress in a single 
12mm diameter lacer bar will be 294.6N/mm 2. 

7.8. Bearing Stresses Within Bent and Looped Bars 

So far, the discussion of looped bar joints has been concerned with transverse stresses 

within the concrete core, but of equal interest is the direct stress developed on the area of 

contact of the looped bars on the concrete core. The allowable bearing stress for bent or 

looped bars in BS5400 [2] is based on a modification of the stress developed under a locally 

loaded area of concrete. Normally, contact stresses are limited in BS5400 to 0.38f, " at 

service and 0.4f,,, for the ultimate limit state. The effects of concrete confinement allow the 

concrete to carry much higher stresses and BS5400 allows for this by requiring bursting 

reinforcement to prevent splitting of the concrete. Examples of elements subject to high 

bearing stresses are supports for precast members and post-tensioned anchor blocks, for 

which bursting reinforcement is mandatory. Confinement may be achieved by providing 

reinforcement or alternatively by loading the concrete biaxially or triaxially. It can be seen 

in the discussion of specimens in Chapter 6 that both of these methods are present in the 

looped bar joints tested by the Author. As an alternative, transverse prestressing of the 

joints would also provide confinement. Stone and Breen E"I discussed the significant 

benefits available from nominal lateral prestressing at the ends of post-tensioned members 

and similar benefits would be achieved in precast bridge deck units by Prestressing in one 

or both directions. Many examples exist of the use of concrete confinement to increase the 
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allowable concrete compressive limit. Concrete hinges in bridge sub-structures using 
Treyssinet hinge' details to BE5/75 [121 adopt binding reinforcement with an allowable 

average compressive stresses in the throat of the hinge of about 2f,,,. Mattock J131 carried 

out a series of tests on the benefits of confinement in looped bar anchorages and the 

relevance to this work is discussed further in section 7.14. 

7.8.1. Allowable Bearing Stresses 

Clark [8] summarises the BS5400 requirements for bearing stresses for bent and looped bars 

and illustrates the similarity to the behaviour of post-tensioned end anchorages. BS5400 

Part 4, Clause 7.2.3.3 [2] which is for loaded end blocks for post-tensioned concrete, limits 

the concrete stress for a loaded area and includes a 1.5 factor of safety given by; 

fball "::: 
1.5f, 

u 
A, 

71 
Y2 

1+2 A Asup 

, but not greater thanfcu (7.2) 

where, fb 
all 

Acon 

A, 
up 

fcu 

= BS5400 allowable (factored) concrete stress 

= contact area of the loaded member 

= supporting area of the loaded area 

= characteristic concrete cube strength 

The analogous equation in BS5400 Part 4, Clause 5.8.6.9 for the bearing stress on concrete 

inside reinforcing bar bends is given by the following, but without the limit onfb 11; 

fball - 
1.5f,,, 

1+2 0 
b 

where, fb, 11 = BS5400 allowable (factored) concrete stress 

0= looped bar diameter 

ab = centre to centre distance between bars or groups of bars 

(7.3) 

perpendicular to the plane of the bend, or for a bar or group 

of bars adjacent to the face of the member, as the cover plus 

The form of the equation is considered to be based on the Comite Euro-Intemational du 

Beton, CEB-FIP Model E141 
recommendations. BS5400 

[2] 
uses the ' loaded area' approach 
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to determine a limiting design value for bearing stress, but does not allow for the presence 
of lacer bars placed within the looped bars, which is important and is discussed in section 
7.9. 

Williams [15] reviewed the available information on bearing stresses and showed a best fit 

line to the experimental data based on the characteristic compressive strength of the 

concrete, f,,, to be of the following form, including a safety factor of 1.5; 

= 0.52f bearing areýl 
-0.441 

fbF 
16 (7.4) loaded area) 

where, fbF ý the concrete bearing stress. 

Allowing for variations in the specimen types and depths, and expressing the results in 

terms of the concrete tensile strength, ft where; 

fct - 
(fcu +3 5) 

(7.5) 
21.4 

Williams produced the following expression, including a safety factor of 1.5, 

= 4.6 1f, bearing areýl 
-0.5 

fcbF 
16 

(7.6) 
loaded area) 

where5 fcbF= bearing strength without horizontal confinement load. 

Figure 7.23 shows the correlation between BS5400 1990 [2] 
, and factored bearing stress 

determined by Williams for concrete with f,,, at 40N/MM2 from equations 7.4 and 7.6. 
E161 BS5400 1984 , which used the ratio of half the bearing length to half the loaded length 

on the loaded face, ypl y, is included for comparison. Clearly, there is good agreement 

when the bearing area is large compared to the size of the loaded member, particularly 

when the bearing stress is based on f,,,. However, when the ratio is below about 0.1, 

BS5400 is very conservative. Williams demonstrates that much higher bearing stresses can 

be carried by a lower ratio of loaded areas than would be given by the standard cube test 

strength. Table 7.15 summarises the limiting values given in the current codes of practice 

along with those contemporary with the research of Williams. 
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Analysis of the bearing stress results of the Author's test programme is presented in section 
7.9. The results are compared with the BS5400 allowable bearing stresses and a simple 
method is given to account for the presence of the lacer bars. The bearing stresses withili 
looped bars for a series of tests carried out by Scott et al [17] on beam-column connections 
are compared with the test results in section 7.11. Design checks for bearing stresses are 
then proposed in section 7.12. 

7.9. Calculation of Bearing Stresses on the Concrete Core 

The bearing stress on the concrete directly below the looped bar depends on the effective 
contact area of the bar. BS5400 r2l adopts area Ab, as described in section 6.3, 

Ab 
=2 

(0, 
p rp 

) 
(7.7) 

henceg fb 
=2 

(FýlAb ) 
(7.8) 

where, Ab = bearing area to BS5400, 

fb =bearing stress, 

Olp = looped bar diameter, 

rip = radius of the internal former of the looped bar. 

In order to include a contribution from the lacer bars at the apex of the looped bars, the 

cruciform area formed by the looped and lacer bar has been considered between the centres 

of adjacent looped bars, and leads to a larger area for the bearing stresses distribution, 

Figure 7.24. By adopting the above approach the bearing stresses at the failure loads may 

be calculated as follows; 

Acruc =2 
(olp r1p )+ (01, 

c 
(s 

- olp )) 

fh 
cruc =2 

FýlAcruc ) 

whereý Acruc::::::::: cruciform area, 
Ola, = lacer bar diameter 

S= looped bar spacing 

from equation (7.8), 
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Fbt, rip and Olp are as defined above and in section 6.3. 

To detennine an effective bearing ratio, brff the gross area of the loaded part of the 
concrete core, Ag is required, where; 

Ag =2 
(r1ps) 

b rff = 
(A, / 

7 Ag 

b rff = 
Aý 1A 

g 

where, rip and s are as define above. 

The bearing stresses at failure are fb,,,,, for area A,,, and fb for area Ab as appropriate, 

or 

as appropriate. 

(7.11) 

where; 

fb 
cruc 

p 

sýA,,,,, 

and lp fb = 
PlAb 

from equation (7.8) and, (7.14) 

(7.15) 

where, P, Ip = the load sustained by the looped bar at A,,,,, or Ab under test. 

The bearing stress factors are then defined for the appropriate bearing area as follows; 
fb 

cu (7.16) bSfcrucF "" rXfb 

all 

and bSfbF = 

f1fb 

a 11 
(7.17) 

where, fb,,,, = BS5400 allowable bearing stress to equation (7.3). 

The partial safety factor of 1.5 has been removed from the BS5400 [2] formula in the 

following calculations, and ten-ned the unfactored BS5400 allowable bearing stress, 
fb,,,, UNF. The unfactored bearing stress factors are; 
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bsf,,,, I 
cru c 

xufball 

UNF 

b 

and bsfb = 
flfball 

UNF 
(7.19) 

7.9.1. Discussion ofAllowable Bearing Stresses in Current Codes of Practice 

In the looped bar units, adopting the cruciform area5 Acruc results in effective bearing ratios, 
br, ff of 0.17 to 0.27, excluding unit T9, Table 7.16. From the work of Williams [15] 

5 
it is 

reasonable to adopt either the BS5400 curve or the Williams curve for bearing stress 

calculations for the units tested as both curves are in close agreement for ratios greater than 

0.15, Figure 7.23. Adopting area, Ab results in brff ratios of 0.11 to 0.16. In this case the 

BS5400 curve will give lower bearing stress results compared with those given by 

Williams. The BS5400 upper limit, fb, 11, from equation 7.3 is 1.5f, " for very small loaded 

areas, and 2.25f,,, when excluding the 1.50 safety factor. Williams does not give a limiting 

value, but current Code limits shown in Table 7.15, allow for significantly higher values 

than BS5400. For example, the upper limit after removal of the safety factor for the French 

Code, CC BA68 [181 was 4. Ofc,,. It was shown in the discussion in section 7.4.2 that the 

actual bearing stresses for the units tested are well in excess of the BS5400 value. 

7.10. Discussion of Results of Bearing Stresses for Test Programme 

The looped bar diameter, Olp is important as it determines the loading that can be applied to 

the joint, in cases where the joint fails due to looped bar yielding or fracture. But where 

concrete core failures occur these are initiated by the lacer bars deforming through a lack of 

stiffness. With high local bearing stresses applied to the lacer bar at the contact area of the 

looped bar and subsequently to the concrete, deformation of small diameter lacer bars may 

occur. It can be considered that the effective bearing area is then reduced from A,,,,, to Ab 

when the bars deform, with a significant increase in the bearing stress factor and the 

likelihood of diagonal splitting cracking of the concrete core. Hence, where the lacer bars 

have adequate stiffness, a concrete splitting failure is unlikely as failure will be due to 

looped bar yielding or fracture. Bearing stresses may also be reduced where transfer of 

load through bond across the over-lap in the core concrete occurs, giving a reduction in the 

looped bar load at the tangent point in the loop. Discussion on the transfer of bond across 
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the joint over-lap is considered in sections 5.1.3.3 and 7.12 below. 

7.10.1. Bearing Stress Factorsfor Units in Test Programme 

Bearing stress factors are given in Table 7.17 for the staggered, looped bar joints tested 
excluding any transfer of bond across the over-lap in the joint. Many of the bearing stress 
factors exceed 1.0 but only two specimens failed by concrete splitting, units T9 and T16. A 

short discussion of the important results follows. 

Unit T9 had no lacer bars resulting in an effective bearing ratio of 0.11 and a bsfbvalue of 
1.066 and failed by concrete splitting. This failure mechanism would be expected, as there 
is no transverse reinforcement to restrain the tensile stresses in the core. Unit T16 consisted 
of 20mm diameter looped bars and failed as a direct result of the 8mm diameter lacer bars 
deforming at 0.89 times the predicted yield load, Py, A concrete splitting failure would be 

predicted using equation 7.3 with bsf,,,,, of 1.501 and considering the reduction in bearing 

area from A,,,,, to Ab, with significant deformation of the lacer bars, the bearing stress factor 

would increase to bsfbof 2.026. 

Units T15 and T18 failed by fracture of the looped bars and had bsf,,,,, values of 1.558 and 
1.3 61, respectively. The l6mm diameter lacer bars did not deform, however, concrete core 

splitting failures would be predicted. The high bearing stresses sustained suggest that the 

allowable bearing stresses in BS5400 [21 are conservative. It is useful to compare units T15 

and T16, which are similar except for the small lacer bars in unit T16. Both units had very 

similar bearing stress factors, with a difference of only 3.7%, but unit T15 had l6mm 

diameter lacer bars which were sufficiently stiff to prevent concrete splitting failures. 

Unit T8 consisted of 16mm, non-symmetrical looped bars and failure was initiated by in- 

plane rotation of the concrete core with failure occurring at a load of 1.045 times Py. Unit 

T8 would be expected to perform adequately up to yield, but in the post-yield stage with the 

reduction in bearing area to Ab, a splitting failure would be expected at bsfb of 1.504. Units 

TIO and T20 were similar, and local deformation of the 8mm diameter lacers was noted at 

the failure load in both, due to concrete spalling at the unrestrained ends of the cores. 

However, both units failed by fracture of the looped bars. Bearing stress factors, bsfb of 

1.638 and 2.256 in units TIO and T20, respectively, indicate that core splitting failures 
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would be predicted, Table 7.17. In all other units using 12mm. and 16m diameter lacer bars 
bsf,,,,, was below 1.0 suggesting that failures in the concrete core will not occur. 

7.10.2. Bond Transfer Across the Over-lap in the Looped Bar Joint 

It is beneficial to consider transfer of load through bond across the over-lap in the core 

concrete as this will reduce the looped bar load at the tangent point in the loop and hence 

the bearing stresses may also be reduced. From an analysis of the strain gauge data from 

unit T21, below the yield load there is transfer of load from the looped bar to the concrete 

along the straight over-lap of the bar through bond, Figure 5.4. In the post-yield stage, the 
breakdown of the bond indicates that bearing stress calculations at failure should not 
include for a reduction in the force in the bar. However, from a design viewpoint where the 

reinforcement stresses are within the elastic range, the use of the reduced force at the bar 

tangent point is valid. Including for a transfer of bond along the over-lap of the looped bars 

gives the stresses in Table 7.18. The ultimate design bond stress has been limited to the 

anchorage stress of 3.3N/mm2, for a concrete strength above 40N/mm 2. The observed 

average bond stress in unit T21 was 3.78N/mm 2, for a concrete strength of 48.3N/mm2. 

7.10.3. Estimating the Upper Limit on Bearing Stressfrom Test Results 

From the tests it is possible to estimate the upper limits on the bearing stress for units with 

and without lacer bars, in units susceptible to bearing and diagonal splitting failures. Unit 

T9 failed in this manner and, as no lacers were present, should provide a good comparison 

with BS5400. The bearing stress factor, bsfb was 1.066 at failure. Hence, the upper limit 

on the bearing stress excluding any safety factor can be found from; 

fb = 
2.25 (1.066f,,,, ) 

1+2 
Oýab 

=: ý fb = 
2.40 

1+2 
0 

(7.20) 

Hence, for a safety factor of 1.5 the upper limit would be; 

fb 
F= 

1.60f, 
ý, 

1+2 
Oý 

a, 

(7.21) 

For staggered, looped bars without lacer bars, this compares well with the limits in BS5400 

[2] in equation 7.3 above. In section 6.5.4, it was proposed that the high bearing and 
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bursting stresses contribute to the failure mechanism but the resulting failure appears to be 
due to the co-existent spalling stresses. By limiting the bearing stresses in this waY the 
spalling stresses which promote diagonal splitting failures can be effectively limited. In the 
case of unit T9, the spalling stresses would be reduced f22 rom 6.9N/mm to 4.6N/mm 

, which 
is close to the BS5400 allowable limit of 4.75N/mm 2. 

For unit T16, the bearing stress factor5 bsf,,,,, is 1.501 at failure, hence, the upper limit on 
the bearing stress excluding a safety factor is; 

fb - 
2.25 (1.501f,,, ) 

fb 

1+2 
Oýab 

3.3 8 

1+2 
Oýab 

Hence, for a safety factor of 1.5, the upper limit would be; 

fb 
F= 

2.25f,,, 

1+2 
Oýab 

(7.22) 

(7.23) 

From above, it can be concluded that where sufficiently stiff lacer bars are present around 

the concrete core perimeter, the upper limit on bearing stresses for a safety factor of 1.50 

may be taken as 2.25f,,,. Otherwise the BS5400 limit on allowable stress may be taken as 

1.60f,,, or conservatively as 1.50f,,, as at present. 

7.11. Comparisons with Scott et al 
11711201 

, Reinforced Concrete Beam-Column 

Connections and BS8110 1191 

Scott et al [17] [201 carried out bearing stress calculations for a series of tests on beam-column 

connections. These incorporated internally strain gauged bars in the beam sections, which 

framed into the columns in various configurations. Three configurations of bars were used; 

bars framing up into the column, bars framing down into the column and U bars passing 

into the connection zone. Unlike the looped or U-bars tested by the Author, the bars used 

by Scott et al had a short length of straight bar approximately 90mm long, Figure 7.25. The 

loading adopted by Scott et al produced bending on the joint rather than direct tension. 

However, a comparison is possible between the two sets of results. The strain gauging 

allowed the stress, and hence the force within the bars, to be calculated along the length of 
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the bar and particularly around the bends situated in the columns. Gauges were placed at 
the start and ends of the 90 degree bends and at third points around the bends. For the L'- 
bars, gauges were placed around the 180 degree loop. The variation in strain along the bar 
allowed the variation in bearing stress to be detennined around the bends. Many of the 
connections tested failed due to excessive cracking within the joint and hence the bars were 
not necessarily near the yield stress. But in the few specimens which failed due to beam 
failure, and hence yielding of the tensile reinforcement in the beam, the bearing stresses at 
the start of the bends were considerably higher than the BS81 10 ý1 91 allowable bearing 

stress. 

The allowable bearing stress given by BS81 10 equation 50 is; 

fb8llO = 
2.0f, 

u (7.24) 

1+2 
0ý 

ab 

wherefb8l 10 = limiting (factored) concrete stress to BS81 10, with an allowance of 
1.5 as a partial material factor, 

0 1P = looped bar diameter, 

ab = centre to centre distance between bars or groups of bars 

perpendicular to the plane of the bend, or for a bar or group of bars 

ad . acent to the face of the member, as the cover plus 0. j 

This is similar in form to BS5400, but is higher by a factor of 1.33. Scott et al expressed 
doubt as to the magnitude of the partial safety factor incorporated in BS81 10, and found 

that where beam failure occurred with yielding of the bars in the beam, the bearing stress 
factor could be as high as 1.9 at the start of the bend, i. e. fbl fb 811o. The bearing stress 

variation was considered around the bend in the bar by using the tensile force in the bar at 

start and end of the bar and equations 7.7 and 7.8. In all cases, the bearing stress at the start 

of the bend was greater. It was suggested that the BS81 10 upper limit on bearing stress 

may be conservative and that the beneficial effects of confining reinforcement should be 

investigated further. The arrangement adopted for all of the beam-column connections 

incorporated a link at the mid-depth of the beam section and hence some confinement vý'as 

offered to the concrete below the main beam reinforcement allowing higher bearing stresses 
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to be developed. No lacer bars were used in the joints and so no increased bearing area 
could be used. The use of larger radius bends was not preferred as an option for the 

connections as the beam depth would have to have been increased. All reinforcement ýNýas 
bent using a minimum former radius of 30 as for the Author's test programme. 

7.12. Bearing Stress Checks for Looped Bar Joints to BS5400 121 

From the results of the units testedý bearing stress and concrete splitting failures were rare, 
but it is proposed that bearing stress checks be carried out for staggered, looped bar joints 

which are outwith the range of looped and lacer bars tested. All units tested with looped 

bars sustained loading in excess of the design capacity, Pd determined in accordance with 
BS5400 using characteristic concrete and steel strengths of 40N/mm 2 and 460N/MM2 

respectively, except unit T9, Table 7.19 and Figure 7.3. When considering all joints tested 

other than unit T19 with the increased internal former, the bearing stress factors, bSfbF 

would be between 2.12 and 2.3 1, due to the various spacings of the looped bars. These 

factors assume no bond transfer takes place across the over-lap between adjacent bars, 

Figure 4.1. Hence, bearing stress checks to BS5400 using Ab would indicate bearing 

failures in all cases, though only two were observed. 

Using A,,,,, and revising the allowable bearing stress to fbFin equation 7.23, bsfcruc would 

range from 0.59 to 0.93, excluding units T9 and T16, Table 7.19. However, unit T9 is not 

considered to be a viable bridge joint arrangement and unit T16 has been shown to be 

unsuitable as a 'full-strength' joint. The following bearing stress check is proposed for the 

bearing stress within the loops and allows for a safety factor of approximately 1.50, from 

section 7.10.3 above; 

a) determine design capacity, Pd using characteristic material properties for the joint 

to BS5400, 

b) use A,,,,, for the bearing area, 

C) ignore bond transfer across the over-lap between adjacent bars, 

d) adopt revised allowable bearing stressOffbFgiven by equation 7.23, 

e) detenninefb,,, using equation 7.14 with Pd in place of P, Ip, 

f) check bearing stress, fbcruc <fbF. 
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A further bearing stress check can be considered allowing for the bond forces transferred 
between adjacent bars across the concrete core, with the bSfbF' factors range from 0.96 to 
1.96, Tables 7.20 and 7.21. Hence, a bearing stress check using BS5400 with Abwould 
indicate bearing failures in all but one case. 

The following bearing stress check is proposed for the bearing stress within the looped bars 

and allows for a safety factor in the range of 1.50 to 1.875; 

a), b) and e) are as before, 

c) allow for bond transfer across the over-lap between adjacent bars, 

d) adopt revised allowable bearing stress offbF2, where; 

fb 
F2 

1.80f,,, 

1+2 
(01PI 

ý lab 

f) check bearing stress, fbcruc <fbF2. 

7.13. Comparing BS5400 [21 Bearing Stress Checks with Scott et al 
1171120] 

Close agreement was found when comparing the results of Scott et al ý 171 ý201 with bearing 

stress checks to BS5400. The bSfbF factors assume no bond transfer takes place across the 

joint over-lap, and that adequate lacers are provided to ensure the unit reaches the design 

load, Pd and indicate an overstress in bearing in all cases, Table 7.19. For the above design 

calculations, using Ab and increasing the allowable stress to fbF3, as defined below, bSfbF 

would range from 0.58 to 0.99. Hence, bearing stress factors of approximately 2.33 times 

(7.25) 

the BS5400 allowable limit can be sustained. The BS8110 E191 limit is higher than the 

BS5400 limit by a factor of 1.33, hence, the bearing stress factor is approximately 1.75 

times the BS81 10 limit and compares well to Scott et al's results, with a maximum of 1.9. 

For bearing stress within the looped bars and excluding the safety factor, 

fb 
F3 = 

3.5 Of,,, (7.26) 

1+2 
ro'Pl) 

ý lab ) 

The above procedure is for comparisons with the findings of Scott et al and is not proposed 

as a design check for joints, as the contribution from the lacer bars is not included in the 

area for Ab- 
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7.14. Comparisons with Confined Looped Bar Anchorage Tests of Mattock 1131 

Thus far this chapter has primarily considered the results of the finite element modelling 
and calculation of bearings stresses compared with the findings from the looped bar joints 
tested by the Author. However, a series of tests carried out by Mattock [13 1 also gives good 
comparisons with the form of staggered, looped bar joints tested. The following is a short 
discussion of Mattock's results. 

Mattock used the strut-and-tie model discussed in Chapter 6, as an analysis tool for the 
design of reinforcement in the D-regions of members. Mattock was interested in the 
development of effective anchorages for tension members and in particular, the 

effectiveness of looped bars as anchorages in the design of precast concrete members. 
From previous work by Mattock and Theryo [21] 

, looped bar anchorages had been used 

effectively in dapped or half-jointed precast beams but it was not clear whether the loop 

portion of the bar was capable of carrying loads up to the yield load or whether the straight 

portion of the bar was necessary to develop the full yield load in the bar, Figure 7.26. 

However, it was clear that compression acting across the plane of the loop prevented 

splitting in that plane and allowed the looped bar to reach yield. In the precast beams 

tested, the compressive stresses were developed by internal strutting action in the nib of the 

half-jointed beam. 

A series of tests was developed which consisted of casting the curved portion of looped 

bars in concrete specimens of varying strengths and applying pull-out loads, Figure 7.27. 

The effects of applying lateral confining forces were investigated. Initially, no lateral force 

was applied then lateral force was applied concentrically across the loops and all the 

resulting failures were due to concrete splitting. But with the application of eccentric 

lateral force, a higher compressive stress was developed across the plane of the looped bar 

and some of the failures were due to bar yielding with the rest being due to splitting. 

Hence, Mattock demonstrated that, with adequate confining force, yielding can be reached 

at the tangent point of the bar, without the requirement for an additional straight 'lead-in' 

length. Interestingly, Mattock found that the pull-out strength of the loops was based on 

the tensile strength of the concrete as the failures were shown to be due to splittIng when no 

lateral force was applied. Mattock also found that the pull-out strength was proportional to 

the concrete tensile strength for applied concentric and eccentric loads. 
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Mattock discussed the requirements of CEB-FIP (14] section 17.5.1 for the minimum 
diameter of the interrial former for the looped bar, above which it is assumed that splitting 
around the loop will not occur. The equation is presented as the minimum bend diameter, 
D but takes no account of the lateral compression across the plane of the looped bar; 

D 
[(0.7 +1.4db 

) 
f' 

-] 
db 

(7.27) 
z 1.5fd 

where, fi stress in the bar at the start of the bend, 

db= bar diameter, 
fcd = design concrete strength, fck/ y,,, 

fck = characteristic concrete strength, and may be taken as the mean, 

cylinder strength, fc' less 8N/mm 25 

; v,, = material factor equal to 1.5, 

Z= smaller of 

zi, distance between the centres of the adjacent loops, 

Z2, the cover c, plus half the bar diameter, db. 

The formula may be rearranged to give the stress at the tangent point of the looped bar. 

Calculating the loading in the unit by this method for unit T9, gives a lower loading than 

sustained in the test, P, as the equation does not account for the lateral compression in the 

joint nor for the presence of the steel fibres which will tend to increase the tensile strength 

of the concrete. Using the lesser value of z, the calculated anchorage capacity for the unit, 

PCEB_FIP is less than P, for unit T9 such that; 

PCEB_FIP 
-- 248.3kN < P, = 470kN 

Mattock allowed for the confining action of the compression across the plane of the loop 

and developed a design procedure for checking the adequacy of the loop, by equating the 

experimentally derived nominal pull-out strength of loops to 1.25 times the yield strength 

of the loops to fit with the rules for standard hooks in ACI 318-89 [22] 
. Hence, referring to 

equations 7 to 9 from Mattock [13]; 

Pn = 1.25 Ast (7.28) 
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(fy, 

f 
ct 

)0.70 
P, 

exp ,,,: f, A 0.8 9+2.51 f (7.29) 

And equating these and rearranging for the required lateral force, F, 

F, =f A 

-(1.25A, 
1f, 

)1(f�A)- 0.89 
1.429 

=: F� = f, A 
2.51 

1 
(7.30) 

whereý Pn = required nominal pull-out strength, 
Pn e. ýP experimentally derived pull-out strength, 
AS1 twice the cross sectional area of the bar forming the loop, 

A cross sectional area of the concrete subject to splitting, 
fn uniform stress in the plane of the loop, 

splitting tensile strength of the concrete, taken as 0.5 (fc )0.5, fc 
tc 

fc mean cylinder strength. 

Mattock was interested in the equilibrium of the forces for a dapped ended precast beam, 

but in a similar manner, the strut-and-tie model for the reinforced concrete deck joint may 
be considered, Figure 7.28. From equilibrium of the concrete strut forces, C, andC2, and 

the load in the looped bar, the minimum angles of inclination, 01 and 02required to provide 

adequate anchorage to the looped bar can be determined as below. The strut-and-tie 

models in Figure 6.24 indicated steeper angles of inclination, but for a conservative 

approach compressive struts acting linearly between the looped anchorages have been 

adopted. 

For equilibrium, 

C, cos 0, + C, cos 0, =F, = 1.25A, 1 fy (7.31) 

It can be shown that the transverse force available is, 

F,, C sin Oý = 
[(1.25A, 

lf,, 
V/ 

(7.32) I 
available 

:-I / ýCOt 01 + Cot 02 

where, 01,02 = angles between the confining concrete strut and the looped bar, 

A, j andfy are as defined above. 

295 



When Fn available is greater than Fn, then the joint arrangement should provide adequate 
confinement against splitting. Although not mentioned by Mattock, confinement 
reinforcement in the form of transverse lacer bars has to be considered in addition to the 
confining transverse compression to resist splitting forces in equation 7.32. Schlaich et a] 
[23 1 discussed the use of confining reinforcement in this respect. Hence, including for the 
lacer bar contribution, the following modified equation has been adopted in the staggered, 
looped bar joints; 

[(1.25Aslf, )V 
available kc + 

[Ala, 

'y n 
(7.33) 

fy 
1ý/ ot 01 +Cot 02 

,"] 

where, f 
.yY,, 

= design stress in lacer bar, 

A,,,, = area of the lacer bar, 

01,02, A,, andfy are as defined above. 

Table 7.22 shows the results of the above approach to check the adequacy of the joint 

arrangements tested by the Author at the failure loads. Table 7.23 shows the results of 
Mattock's approach using characteristic material strengths for design purposes. A typical 

calculation for this approach is given in Appendix B. From Table 7.22, it can be seen that 
by ignoring the transfer by bond in the over-lap in the joint, lacer bars are required for all 

units to develop additional confinement. The factor at the bottom of the table indicates the 

efficiency of the confinement with values less than 1.0 indicating concrete splitting failures. 

Units T9 and T16 both failed with splitting cracks and have efficiencies of 0.828. 

However, for units T4, TIO and T20 failures by splitting are also indicated. For unit T4, 

the over-lap in the joint is greater than for all other units, hence the angles 01 and 02of the 

compressive struts will be lower, resulting in an apparent over-stress. Units T10 and T20 

have the same joint geometry, and both show efficiencies less than 1.0. At failure, the units 

with 8mm diameter lacer bars, and a loop former of 6 bar diameters, 60 with closely spaced 

looped bars, generally give an efficiency of approximately 1.0 or less. By including for the 

over-lap in the joint, and hence a reduction in stress at the tangent point of the loop, all of 

the units have an efficiency of greater than 1.0, except unit T20 at 0.975 and unit T16. 

However, from 5.1.3.3, at failure the strains in the bar are likely to be large with a 
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breakdown of bond along the straight portion of the bar, and hence this approach is 
considered to be non-conservative. 

Table 7.23, considers the design of the joint arrangements using characteristic material 
strengths, and includes for the bond transfer across the over-lap in the joint. As a means of 
designing looped bar joints, this gives good agreement with the Author's test results. All 

units give efficiencies greater than 1.0 except units T9 and T16 which failed In diagonal 

splitting under test, with efficiencies of 0.75 and 0.87, respectively. Using 12mm diameter 
lacers in unit T16 gives an efficiency of 1.20, and using 8mm diameter lacers in unit T9 

gives an efficiency of 1.28. It is proposed that the method of confinement including for 
lacer bars is used to determine the joint efficiency. To allow for a factor of safety, a lower 
limit of 1.2 is proposed for adequacy of the joint. Unit T 10 gives an efficiency of 1.15, for 

a section depth of only 190mm thick, but a comparison with unit T20 shows that a modest 
increase to 205mm is enough to increase the efficiency to 1.36. 

7.15. Typical Arrangements Proposed for 'Full-Strength' Staggered, Looped Bar 

Joints in Precast Decks 

From the Author's test programme in Chapter 4 and the 3-dimensional finite element 

modelling in Chapter 6, typical arrangements for staggered, looped bar joints are proposed. 

The proposed details as shown in Figures 7.29 and 7.30 are considered to satisfy the 

requirements of BS5400 for transverse joints between precast deck units and may be used 

without the requirement for specific checks on the lacer bars or concrete stresses, provided 

the following design limits are met; 

" the stress in the longitudinal deck reinforcement is adopted as the looped bar stress 

x, 1pl v, for a characteristic strength, fy ir of in the joint and the reinforcement stress <f 

460N/mm 2 and a material factor, v,, in accordance with BS5400 for the relevant 

limit state, 

" the looped bars are 16mm or 20mm diameter bars at 100mm to 150mm spacings, 

" lacer bar stress < fy ,,, / Y, for a characteristic strength, fi, i,, of 460N/mm 2 and a 

material factor, v,, in accordance with BS5400 for the relevant limit state, 
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the lacer bar arrangements adopted should be within the range tested including 
8mm, 12mm and 16mm diameter lacer bars, with a characteristic strength of 
460N/mm 2 

in situ concrete in the transverse joints has a minimum characteristic strength of 
40N/mm 29 

the diameter of the internal former is not less than 60or 70as appropriate, 

the service stresses in the looped bars are within the Table 7.14liMitS, f Ip servIiin. 

In Chapter 3, Designs 1 B, 2A and 2B were carried out for steel composite bridges using 

precast bridge deck units, as shown in Tables 3.1 and 3.2. Used in conjunction with these 
designs, the jointing details for staggered, looped bars joints proposed in Figures 7.29 and 
7.30 can be readily shown to comply with the above requirements, to give compliant 'full- 

strength' joints as shown in Table 7.24. From the Author's typical design examples, the 

looped bar stresses at the ultimate and service limit states were less than 45% of the 

The maximum lacer bar stress in zone 4 at allowable design strengths of the steel, fy 1 

service was only 26% of the allowable design strength of the steel, fy 1", / 7". The 

serviceability limit state tended to govern the joint design with design crack widths likely to 

be critical. The bearing stresses are of interest; because if the looped bars are assumed to 

be stressed to the design strength, then the joints satisfy the method of section 7.12 and 

equation 7.23, and in addition the joint also satisfies a bearing stress check to BS5400 [2] 

for the actual stress in the bars. 

Larger diameter lacer bars are acceptable but smaller bars will require specific testing of the 

proposed joint. The use of groups of small diameter bars or prestressing wire is not 

considered adequate without testing given the need for adequate lacer bar stiffness. Where 

the proposed joint arrangements and loadings are outwith these limits they should be 

checked in detail for the particular arrangements of span lengths, composite section depths 

and loadings in accordance with section 7.16 below. In order to design staggered, looped 

bar joints, 3-dimensional finite element modelling will be required using models similar to 

those in section 6.2, and a range of detailed checks should be carried Out- These stress 

checks are given in sections 7.16.1 to 7.16.6. 
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Additional design checks are required which are not concerned with the complex stress 
field within the concrete core of the joints and should be carried out for all proposed 
transverse joints as part of the bridge deck design. These are outlined in section 7.16.7. 

Figure 7.29 and 7.30 show a range of acceptable details for grade 40 concrete, which 
[2] 

comply with BS5400 . Where designers are concerned about a reduction in stiffness at 
the jointing material, a stepped soffit can be provided. As the concrete is assumed to be 

cracked over the critical internal supports in the analysis then the use of uniform soffits 
would seem reasonable. 

7.16. Structural Analysis and Design Checks on Staggered, Looped Bar Joints 

Once a joint arrangement has been selected, the structural analysis can be carried out to 
determine the load effects throughout the bridge deck and the stresses in the longitudinal 

reinforcement at the critical joints can be found for each limit state. The spacing of the 
looped bars either side of the joint should not be greater than 150mm or less than 100mm 

for this purpose unless specific analysis is undertaken using 3-dimensional finite element 

modelling to find the transverse stresses within the concrete core. The longitudinal 

reinforcement in the precast deck units should be considered to be looped around the 

concrete core at each joint location and hence the stress in the looped bars should be taken 

as the longitudinal reinforcement stress, being subject to the limits in BS5400 121. The 

following sections consider the various zones in the concrete core described in section 7.4 

and a flow chart for detailed design is given in Figure 7.3 1. 

7.16.1. Adequacy ofLacer Bars 

Lacer bar stiffness has been shown to be of particular importance in zone 4 of the concrete 

core. The lacer bars should be proportioned such that the ratio AiaclAip is not less than 0.25 

as discussed in section 7.3.1. In addition, account should be taken of the alternating zones 

of stress throughout the joint in providing adequate lacer bars uniformly distributed around 

the core. Acceptable arrangements of looped and lacer bars would therefore be: 

9 16mm diameter looped bars with a minimum of 8mm diameter lacer bars 

e 20mm diameter looped bars with a minimum of 12mm diameter lacer bars 
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7.16-2. Bearing Stress Checks - Direct Stresses in Compression Zone 4 
The joint design should be adequate to resist bearing stresses developed on the area of 
contact of the looped bars on the concrete core. The bearing stress checks should be carried 
out at the ultimate limit state as described in section 7.12, using the proposed increases in 

the allowable stresses compared with BS5400 [21 
. 

7.16.3. Lacer Barsfor Transverse Compression Below Looped Bars in Zone 4 

From section 7.4.2, lacer bars are required to resist transverse compressive stresses directly 

below the looped bars in the concrete core in zone 4 of the joint. Figures 7.5 to7.10giVe 

the lacer bar stresses for the joints analysed, and as noted above there is no requirement for 

specific checks on the lateral compression in the lacer bars where they conform to the range 

analysed. Where mild steel lacer bars are to be proposed with a reduced characteristic 

strength, then Figures 7.6 and 7.9 are still appropriate but may require the looped bar 

stresses to be reduced accordingly. 

To determine stresses for other joint arrangements, 3-dimensional finite element modelling 
is required, with integration of the stresses across zone 4 taking account of the varying 

stress and cross-section, as shown in Appendix A. The stresses in the lacer bars and 

concrete can be found using the modular ratio approach. As discussed in section 7.4.2, 

high transverse concrete stresses are expected in this zone as a component of the near- 

hydrostatic stress field. 

7.16.4. Lacer Barsfor Transverse Compression in Zone 2 

Lacer bars are required to resist transverse compressive stresses outwith bearing zones in 

the concrete core in zone 2 of the joint as discussed in section 7.5. Figures 7.16 and 7.18 

give the lacer bar stresses for the joints analysed, which are less than the lacer bar design 

strengths in all cases. Similarly, the concrete stresses in Figures 7.15 and 7.17 are within 

the design limits of BS5400. If mild steel bars are proposed their capacity should be 

checked using Figures 7.16 and 7.18. The concrete stresses are of more importance and the 

strength of the in situ jointing material in 20mm diameter looped bar joints in particular. 

For other joint arrangements, the results of the modelling in section 7.16.3 are required, 

with a similar integration of the stresses across zone 2 to determine the stresses in the lacer 

bars and concrete using Appendix A. 
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7.16.5. Lacer Barsfor Transverse Tensile Stresses in Zones 1 and 3 
From sections 7.6 and 7.7, the lacer bar stresses are low for diameters greater than 8mm in 
zones 3 and I, respectively for the range of joints analysed. If mild steel bars are proposed 
these should be checked using Tables 7.12 and 7.13, particularly in zone 3. 

For other joint arrangements, the results of the modelling in section 7.16.3 are required, 
with the summation of the stresses in each zone being taken as the tensile load in the lacer 
bars. From this, the stress in the bars can be determined and checked in accordance with 
BS5400 [2] 

. Recommended serviceability limits are given in section 7.6.1 for the bursting 

stresses in zone 3. 

7.16.6. Service and Fatigue Stresses 

Stresses should be determined for each of the zones using the Tables and Figures in 

sections 7.16.3 to 7.16.5. For joints outwith the range tested, stresses should be determined 

using the results of the finite element modelling and checked for zones I to 4 of the joint 

and should be within the limits for the appropriate code. BS5400 [2] sets limits of 0.75fy for 

reinforcement and 0.5fcu for concrete in compression. In addition, the appropriate Young's 

modulus of concrete should be adopted. Crack width checks should be carried out for the 

service limit state. Crack measurements are given in Chapter 4 for four of the units tested 

in the test programme. The cracks were reported at a Service Load of 0.5Py or service 

stress of approximately 28ON/mm 2, which is likely to be conservative for practical designs. 

In the analyses in Chapter 3, the service stresses ranged from 96.2N/mm 2 to 17 8AN/mm 2 

for the four design examples, which is approximately 64% of the assumed service stress, 

Table 3.2. Hence, the crack widths are likely to be significantly less in design than 

suggested by the test service loads. Particular attention should be paid to the bursting 

stresses in zone 3, where it may be necessary to limit the stress in the looped bars to prevent 

over-stressing the lacer bars, as discussed in section 7.6.1. 

Fatigue stresses within the staggered, looped bar joints are not considered to be a primary 

consideration in the joint design. However, checks should be carried out on the concrete 

and steel stresses within the joint under fatigue loadings. BS5400 ý2 1, as amended by 

BD24/92 ý31 gives limits for the fatigue stress in reinforcing bars and these should be 

compared to the values determined for the critical joint. In Chapter 3, for the Author's 
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designs, Designs I and 2, the reinforcement stresses ranged from 0.09fx to 0.13fy and were 
within the allowable limits, Table 3.5. However, no such guidance is given on the fatigue 
limits for concrete. In Table 3.5, the concrete stresses are shown for the stress range under 
live loading, and these are typically 0.27f,,, to 0.40f,, for the Author's designs based on 
equation 7.8. Using the cruciform area in equation 7.10, these stresses reduce to 0.1 If,,, to 
0.1 4fc u. 

Under test conditions, the fatigue behaviour of staggered, looped bar joints has been shown 
to be adequate. Kazuhiro et al [24] undertook a programme of testing in Japan to compare 
the fatigue behaviour of the joints of precast bridge deck units under local wheel loading 

and found similar behaviour for in situ decks and joints between precast decks using 
staggered, looped bar joints, Figure 2.17. It was concluded that the looped joints were not a 
point of structural weakness within the precast deck units and that continuity was 
maintained between the joints and panels throughout. In addition, they found that the joints 
had 'sufficient deterioration durability'. 

Takhar et al [25] carried out a series of tests to show the beneficial effects of lateral 

confining stresses for plain concrete prisms subjected to cyclic axial loading and showed 

significant benefits up to axial compressive stresses of 0.8 times the compressive strength. 
The lateral confining stresses present in staggered, looped bar joints have been noted 
throughout and it is anticipated that this will contribute to the fatigue strength of the core 

concrete. 

7.16.7. Miscellaneous Design Checksjor the Transverse Joints 

Stresses should be checked for each of the critical load cases for the transverse bending in 

the deck and for punching shear to the appropriate code requirements, as would be the case 

for a traditional in situ concrete deck. It should be noted that the lacer bars in the concrete 

core are not designed for transverse bending effects and that additional reinforcement will 
be required for this purpose. Transverse bending effects should be adequately designed for 

in the joints provided that sufficient transverse reinforcement is provided through or 

adjacent to the joint positions. Generally, an isotropic plate analysis will be used to 

determine the transverse stresses in the deck but account can be taken of the reinforcement 

at the joint if required by using an orthotropic analysis. Where bars are displaced at the 
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joint due account should be taken of the maximum bar spacing and design crack Nvidth 

requirements. Alternative arrangements of transverse reinforcement are shown in Figures 

7.29 and 7.30. Provided that the detailing is sufficient then no specific problems in 

satisfying the punching shear requirements are anticipated. 

7.16.8. Additional Checks using Mattock 1131 Dapped End Tests 

In section 7.14, the results of the test programme were compared with the work of Mattock 
[131 and showed good agreement. An additional check on the joint may be carried out using 

the same approach or a direct comparison may be found from Table 7.23. The minimum 

joint efficiency for staggered, looped bar joints should be not less than 1.20. 
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7.17. Conclusions 

The essential differences between the design of precast decks and in situ decks are the 

sequence of erection and build-up of stresses through the composite sections during the 

construction phase; the behaviour at service and the behaviour at the ultimate limit state in 
the transverse joints. 

Three-dimensional finite element modelling of the concrete core has been used to 
determine the stresses in the concrete and the lacer bars for analysis and design purposes. 
The lacer bar contribution to the joint has been determined using a modular ratio approach. 
The concrete core has been divided into zones of compression and tension and integration 

of the stress field has been carried out for each zone. The lacer bars confine the concrete in 

the central core in compressive zones 2 and 4, provide tensile strength transversely to carry 

the local transverse tensile stresses in bursting zone 3 and spalling zone 1, and increase the 

bearing area of the looped bars on the concrete in zone 4. The importance of taking 

account of the shape of the concrete core in three dimensions when integrating the stress to 

ensure proper account is taken of the curved ends of the core has been highlighted. 

The performance of the lacer bars for the specimens in the Author's test programme has 

been discussed and comparisons have been drawn with the results of the finite element 

modelling. The various finite element models have been compared and discussed and the 

critical zones of stress have been identified. The lacer bars in compression in zone 4 are 

critical, as the highest lacer bar stresses are developed here. In zone 2, the concrete stresses 

are critical. The lacer bars in the bursting and spalling zones can readily be designed to 

carry the anticipated stresses, but additional specific checks are proposed for zone 3 to limit 

the service stresses, in order to limit cracking. 

Joints are considered to be 'full-strength' where the mode of failure is fracture or yielding 

of the looped bars as opposed to diagonal splitting or bearing failures of the concrete. From 

the test programme properly detailed staggered, looped bar joints may be deemed to be 

'full-strength'. Typical arrangements for such joints between precast deck units are 

proposed and these details are considered to satisfy the test requirements of BS5400 Part 1 

[7] for transverse joints. The proposed details may be used with no further requirements for 
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specific checks on the lacer bars or concrete stresses in the joints, provided the proposed 
design limits of section 7.15 are met. Where the proposed joint arrangements and loadings 

are outwith these design limits, detailed checks are required to section 7.16. In order to 
design staggered, looped bar j oints, 3 -dimensional finite element modelling vk, ill be required 

using models similar to those in Chapter 6, and a flow chart showing the design procedure 
for staggered, looped bar joints is given for this purpose, Figure 7.3 1. 

The nature of alternating stress within the stress field along the longitudinal axis of the joint 

has been described and the need to consider adjacent zones of compression and tension is 
discussed as the lacer bars are continuous through these areas. 

The importance of the stiffness of the lacer bars in zone 4 is discussed and those units in the 

test programme which sustained the full predicted failure load based on the ultimate tensile 

strength of the looped reinforcement had Al,, l Alp ratios of not less than 0.25. For the 

purposes of design, it is proposed that joints with a ratio of A1,1 Alp less than 0.25 are 

deemed unsuitable as 'full-strength' joints unless specific testing is undertaken to prove 

their suitability. 

Bearing stresses are discussed for the direct stresses developed below the looped bar on the 

concrete core, and proposals for increasing the allowable limits in BS5400 [21 are given. It 

is proposed that the current limits are overly conservative and these should be increased in 

line with the results of the test programme for properly detailed staggered, looped bar 

joints. BS5400 Part 1 [4] states that 'no results of prototype testing may be used to justify 

any reduction in partial safety factors'; however, it is proposed that the basis of the 

calculations to determine bearing strength are overly conservative. Comparisons are drawn 

with the work of Scott et al [171 [20] where similar results were found with respect to 

BS8110 1191. 

Fatigue stresses have been discussed and testing conducted in Japan has been used along 

with the results of the analysis in Chapter 3 to demonstrate the adequacy of the joints. 

Crack width checks have been discussed and in the test programme they were reported at a 

Service Load of 0.5Py or service stress of approximately 28ON/mm 2. However, in the 
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analyses in Chapter 3, the maximum service stresses for the four design examples Nvas 
178AN/mm 2, which is approximately 64% of the assumed service stress. Hence. the crack 

widths are likely to be significantly less in design than suggested by the test service loads. 

Comparisons are also made with the tests carried out by Mattock [13] on laterally confined 

looped anchorages and an additional check on the efficiency of the proposed design may be 

carried out or comparisons may be made with tables of results for the current test 

programme. 
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APPENDIX A 
SUMMATION OF STRESSES IN TRANSVERSE COMPRESSION 

ZONE 4 IN THE CONCRETE CORE ENDS 

The resulting lacer bar and concrete stresses are calculated using a modular ratio 
approach for strips through the stressed zone as follows: 

for strip i, 

a) for concrete only 

width of strip = w, = xi-,, - x, 

- 
(Xi+i + Xi c X bar ci 

)ý 

inner core length, icl = overall core length - 
(2 db ) 

'Clbar 
i= 

'Cl - 
(d /2 +X 

barci 

bar i occurs atX bar cig where 

area strip i5A, j --': WiY bar ci 

b) for lacer bar only 

- 

(Xi+ 
I+ Xi 

)Ialc 

X bar laci 2 2 

'Clbar 
i -": 

'Cl - 

dlac12 
+X bar laci 

bar la, i occurs at X bar lac3where 

[ dl 
2 

bar ci 2 2) 

ý12 
(X 

bar ci 

Y1 

d acl Y barlaci--"' 2 2 

area strip ,9 
Alac 

i --': WiY bar lac i 

area transformed strip j, Ala, ira,,, 
E; Alac 

i Ec 

c) combining concrete and lacer bar 

- ý/2 

( 

bar lac iY 

total area of transformed strip, A tj 
Alac 

i traits + 
(A 

ci- 
A 

jaci) 

force in concrete only strip, Fci 
only Acifci 
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force in rebar strip, F 
Alac 

i traý 
laci= F 

Ci Only 
1A 

force in concrete strip, Fci =F ci nly - Fj, i 
stress in strips from finite element modelling forf, 

average concrete stress in strip, f 
bar iF -": 

f 
bari 

(F1 
F 

0,, jY 

F E, 
peak rebar stress in strip, 

fpeak 
lac i --": 

YAIac 

i tran, Ec) 

where, E, = Young's modulus for steel 
E, = Young's modulus for concrete (long terrn) 

zone 3 zone 4 

d, /2 

X bar c 

t, /2 

ý, bar lac i 

bar i 

traj 

Figure A. 1 Summation of Stresses in Transverse Compression Zone 4 in the 

Concrete Core Ends 
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APPENDIX B 
CALCULATIONS FOR STAGGERED, LOOPED BAR JOINT 

EFFICIENCY USING MATTOCK 1131 

Using the approach adopted by Mattock ý"' regarding the effectiveness of looped 

anchorages an efficiency factor can be derived for a typical staggered, looped bar joint. 
Referring to Tables 7.22 and 7.23, the following calculations are for a typical design 

using the arrangement for unit T 15, 

concrete characteristic strength, fc,, = 40N/mm 2 

reinforcement characteristic strength, fy = 460N/mm 2 

reinforcement cover, cov = 40mm 

mean cylinder strength, fc'= 0.8 x 40 = 32N/mm 2 

splitting tensile strength of the concrete, f,,, = 0.5 (f, I)0.5 

= 0.5 x (0.8 x 40)0 .5=2.828N/MM2 

looped bar diameter, db= 20mm 

effectiv area, A= (4db+ cov)(8db+ 2 cov) 11 
-2 (4x20 +40)2 =28 '800MM2 

As = 
27r db14 

= (27r x 202 )/ 4= 628mM2 

stress at tangent point of loop, fy' 

fy I= fy - 
(3.3z dbXcore length - 

8db)] 

j 
= (460 x 0.87) - [(3.37r x 20)(250 - 8x20)/(628/2)] = 

- 340.8N/MM2 

design factor = 1.25 
-1.429 

1.25Aslfl 
y/A -0.89 

F, 
l = f,, A = f,, A 

fct 
V251 

= 2.828 x 28,800 x 

[((1.25 x 628 x 340.8)/(2.828 x 28,800) -0.89/2.5 1 ]1.429 

- 76,218 N 
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lateral stress required, fn = Fn 1A = 76,128 / 28,800 = 2.65N/mm 2 

required pull-out strength, Pn = 1.25A, if, 1.25 x 628 x 340.8 

= 267,664N 

F, I P, = 765128 / 267,664 = 0.285 

length, h= core length - 
((I 

- 0.424)6 db ) 

= 250 - (1-0.424) x6x 20 = 180.88mm 

bar spacing in core, s'= 62.5mm 

angle to diagonal splitting, 0= arctan (s'1h) 

= arctan (62.5/180.88) = 0.3327 

cot 0=2.894 

F, 
i actual 

: -- 
( 1.25A 

s, 
fý/2icoto 

:= 267,664 / (2 x 2.894) = 46,243N 

Force CI for equilibrium, =/ sin 

Is confinement adequate, F, 
actual > F, required? -:::::: > 

46,243N > 76,218 N => no 

lacer bar diameter, dlac ::: ý I 6mm 

design stress of lacer barflac= 460 x 0.87 = 400.2N/mm 2 

design strength of lacer bar, Fla, = ir 
dlac14 

flac 

= (Tc x 16 2/ 4) x 400.2 = 80,465N 

F, 
actual' ý-- 46,243 + 80,465 = 126,708N 

is confinement adequate, Fn 
actual > Fn 

required? => 

126,708 > 76,218 N => yes 

efficiency jactor: -:: 
Fn 

actual 
IFn 

required'--: 126,708/ 76218 = 1.662 

313 



0--M 

N 

vý 

GO5 

u 

; mw 

"0 Q 

; »d ci 
f. i 
ei 

ýc 

C 

*0 
GA 
oi 
ci 
NW 

9.0 cu ci 

GA 

cn 0 (2 c . 

cn 

(A r, - 00 
cý 00 CD 00 

00 C ? 
(IJ 

pw 

Goý Wi W QM 
(A 

00 00 
4.. d Z 

r4 

E j5 cý rý ri 
' 00 ci 1 cý, rn l ý fle) 

Z. « = 4 1 - . 
Olý 

06 

P cu .( P. 4 

r-ý cý 00 r, 1 cý r, - ei - r- ýc - 
r 41) --4 

r-1 r- rq ýn 
- 00 - r 

\ - Q Z 1 1 1 rn 1 rq 1 z . 

.m ;. U 
' CJ GA (D G; 

.c Q (U 
CL) 

= -ý (-q (N ---4 -ý rq rq ---4 -ý r, 1 r, 1 -ý 

E i ce = Z« 0 

u2 cn cn 
> 
GA rA 

VA 
ýý Ln ýý ý 44 u2 ;ý - m 

k. ý ý 
rn Ný 

0 

m) 

rq rn xt 'Kt 

M cu i-m Q 
GA GA -0 E , 

4) qi = CD Q = M (U (M = C 

(D E = E -0 = (A CL) 
E W 

CL 
E cu 

CDW e Q E 
« Im 

Z ýc 4 (D 
m 
Z \C 0 3. e 0 

(. 2 

Q) 

03 
-0 

C13 

cz 

-z- 

(:: ) rn = 

cl 

cn 

ZZ 

"a = -ý -, 

H 
C 
2: 



E 
E 

KA 
r-1 

9: 3 
.,. 0 

ci 

ce 

Ow 
(A 
; _g 

PO oi 

N 
- 

. 

GA 
GA 
cu 

- (A cn 

9 E O, \ 6 00 
CD 
rn .9 (A cý 

fi 

cu - 
Cl\ 

(A C> IIM 
oi UD 1--, m 1j5 rlý ýw 
(V 

M E --1 rn 

1 1--4 

CD = e = 
w ... 4 u 

CJ rA 
;. m '. o G; Q Z CJ Cu = -ý CN f"1 --4 

Z 

cU 

= rA ce 
%D 

ý ý n. ' 
CM CU 

N« .4 Gn m 5 g. 0 C 

= ý, 0 ý- rq rf) Ilt 

41.1 

Cd 

u 

(L) X -1:: ) 

0 

Cd 

cd 
cd 

as 

Cd 

F Z, 



Table 7.3 Looped and Lacer Bar Stresses for 16mm Diameter Staggered, 
Looped Bar Joint for Model 3D3 in Zone 4ýflivlftotai`- 1.0 

Looped Bar Lacer Bar Peak Lacer Bar Stress at Loop Ratio 
Spacing, s Diam, Area Bar Yield Stress, f 

1.1f IP 
(mm) (mm' mm 

2) 
f ,,, 

(N/MM2) i 

f ip = 560N/rrlM2 f ip = 560N nim' 

16,201.1 281.3 0.502 
100 12,113.1 310.0 0.554 

8,50.3 368.2 0.658 
16,201.1 284.8 0.509 

125 12,113.1 314.0 0.561 
8,50.3 381.3 0.681 

16,201.1 287.2 0.513 
150 12,113.1 316.5 0.565 

8,50.3 1 385.7 0.689 

Key f 1P = stress in looped bar 
f lac = stress in lacer bar 

Table 7.4 Non-Dimensionalised Lacer Bar Stress fj,, /fjp, for 16mm Diameter 
Staggered, Looped Bar Joint for Model 3D3, in Zone 4 

Lacer Bar Diameter (mm) 

16 12 8 16 12 8 16 12 8 
Ave / 

fwt. 1 s loomm s 125mm s 150mm 
0 0.553 0.622 0.791 0.560 0.631 0.819 0.565 0.636 0.829 

0.1 0.548 0.615 0.775 0.554 0.623 0.803 0.559 0.628 0.812 
0.2 0.542 0.607 0.760 0.549 0.615 0.787 0.554 0.620 0.796 
0.3 0.537 0.600 0.746 0.544 0.608 0.772 0.548 0.613 0.781 
0.4 0.532 0.593 0.732 0.538 0.601 0.758 0.543 0.605 0.766 
0.5 0.526 0.586 0.718 0.533 0.594 0.744 0.538 0.598 0.752 
0.6 0.521 0.579 0.705 0.528 0.587 0.730 0.532 0.591 0.739 
0.7 0.516 0.572 0.693 0.523 0.580 0.717 0.527 0.585 0.725 
0.8 0.512 0.566 0.680 0.518 0.573 0.705 0.522 0.578 0.713 

0.9 0.507 0.560 0.669 0.513 0.567 0.693 0.518 0.572 0.701 
1.0 0.502 0.554 0.658 0.509 0.561 0.681 0.513 0.565 0.689- ---J 
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Table 7.5 Non-Dimensionalised Lacer Bar Stressfl,,, /fy I,,,, for 16mm Diameter 
Staggered, Looped Bar Joint for Model 3D3, in Zone 4 

flive, ' 

fiotal 

0 

0.1 

0.2 
0.3 
0.4 
0.5 
0.6 
0.7 
0.8 

0.9 
1.0 

16 12 8 

s loomm 
0.481 0.541 0.688 
0.476 0.535 0.674 
0.472 0.528 0.661 
0.467 0.522 0.649 
0.462 0.516 0.636 
0.458 0.510 0.625 
0.454 0.504 0.613 
0.449 0.498 0.603 
0.445 0.492 0.592 

0.441 0.487 0.582 
0.437 0.482 0.572 

Lacer Bar Diameter (mm) 

16 12 8 

s 125mm 
0.487 0.549 0.713 
0.482 0.542 0.699 
0.478 0.535 0.685 
0.473 0.529 0.672 
0.468 0.523 0.659 
0.464 0.516 0.647 
0.459 0.510 0.635 
0.455 0.505 0.624 
0.451 0.499 0.613 
0.447 0.493 0.603 
0.442 0.488 0.592 

16 12 8 

s 150mm 
0.491 0.553 0.721 
0.486 0.546 0.707 
0.482 0.540 0.693 
0.477 0.533 0.679 
0.472 0.527 0.667 
0.468 0.521 0.654 
0.463 0.515 0.643 
0.459 0.509 0.631 
0.455 0.503 0.620 
0.450 0.497 0.609 
0.446 0.492 0.599 
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Table 7.6 Looped and Lacer Bar Stresses for 20mm Diameter Staggered, 
Looped Bar Joint for Model 3D4 in Zone 4, fjj, /fi,,,,, j = 1.0 

Looped Bar Lacer Bar Peak Lacer Bar Stress at Loop Ratio 
Spacing, s Diam, Area 

2 
Bar Yield Stress , f 1"elf 1 (mm) ) (mm' mm f i., (N/mm 2) , 

f Ip = 560N/mm2 f /P = 560N mm' 

16,201.1 298.5 0.533 
100 12,113.1 327.7 0.585 

8,50.3 370.9 0.662 
16,201.1 302.4 0.540 

125 12,113.1 332.1 0.593 
8,50.3 375.9 0.671 

16,201.1 305.5 0.545 
150 12,113.1 335.4 0.599 

8,50.3 379.5 0.678 

Key f, " = stress in looped bar 
fl, C = stress in lacer bar 

Table 7.7 Non-Dimensionalised Lacer Bar Stress f&/f1p, for 20mm Diameter 
Staggered, Looped Bar Joint for Model 3D4, in Zone 4 

Lacer Bar Diameter (mm) 

16 12 8 16 12 8 16 12 8 
Ave / 

fiotal s loomm s 125mm s 150mm 
0 0.596 0.669 0.783 0.604 0.678 0.794 0.610 0.685 0.801 

0.1 0.589 0.660 0.769 0.597 0.669 0.780 0.603 0.675 0.787 
0.2 0.582 0.651 0.755 0.590 0.659 0.766 0.596 0.666 0.773 
0.3 0.576 0.642 0.742 0.583 0.650 0.753 0.589 0.657 0.760 
0.4 0.569 0.633 0.730 0.577 0.641 0.740 0.583 0.648 0.747 

0.5 0.563 0.624 0.718 0.570 0.633 0.727 0.576 0.639 0.734 

0.6 0.557 0.616 0.706 0.564 0.624 0.715 0.570 0.631 0.722 

0.7 0.551 0.608 0.694 0.558 0.616 0.704 0.563 0.622 0.711 

0.8 0.545 0.600 0.683 0.552 0.608 0.693 0.557 0.614 0.699 

0.9 0.539 0.593 0.673 0.546 0.601 0.682 0.551 0.607 0.688 

1.0 0.533 0.585 0.662 0.540 0.593 0.671 0.545 0.599 0.678- ---J 
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Table 7.8 Lacer Bar and Transverse Concrete Stresses for 16mm Diameter 
Staggered, Looped Bar Joint for Model 3D3 in Zone 2ýfii, elf, 01a, = 1.0 

Looped Lacer Bar Lacer Bar Stress Ratio Transverse Concrete Design Stress 
Bar Diam at Loop Bar Stress atf1p, Ratio in 

Spacing, (mm), Yield Stressf1p, fj" IfIP Concrete, 
S Area fiac 

(mm) (MM2) (N/mM2) ft,. 
C 

fi 
- lf 

(N/MM2) 
l c c. 

(N/mm2) 

fIP fIP fIP f1p 

560N/MM2 560N/mm2 2 400.2N/ 400.2N nun' 
16,402.2 -109.60 0.196 -10.12 -7.24 0.181 

100 12,226.2 -109.60 0.196 -13.13 -9.38 0.235 
8,100.6 -109.60 0.196 -15.27 -10.91 0.273 
16,402.2 -75.28 0.134 -7.13 -5.10 0.128 

125 12,226.2 -75.28 0.134 -9.12 -6.52 0.163 
8,100.6 -75.28 0.134 -10.53 -7.53 0.188 
16,402.2 -52.37 0.094 -4.97 -3.55 0.089 

150 12,226.2 -52.37 0.094 -6.35 -4.54 0.114 
8,100.6 -52.37 0.094 -7.33 -5.24 0.131 

Key fil, = stress in looped bar (flp = 560N/mm2 in model, flp = 400.2N/MM2 for design) 
fac stress in lacer bar 

=> subject to the design code lirnit of 0.40f,,, for BS5400 
f, 

U= characteristic strength of concrete (taken as 40N/MM2 for design) 

Table 7.9 Transverse Concrete Stresses, Lacer Bar Stresses, for 16mm 
Diameter Staggered, Looped Bar Joint for Model 3D3, 
spacing, s= 100mm in Zone 2 

Transverse Concrete Design Stress Ratio Lacer Bar Stress Ratio 
Stress at Loop Bar Stress, in Concrete, at Loop Bar fi. 'IflP 

= 400.2N/MM2, f1 Stressf1p, 

p ftl-c fiac 

(N/mM2) (N/MM2) 

Lacer Bar Diameter (mm) Lacer Bar Diameter (mm) 
Ave 16 12 8 16 12 8 f lp = 00.2N/MM2 

ftotal 

0 
-2.33 -6.62 -9.69 0.058 0.166 0.242 -156.65 0.391 

0.1 -3.22 -7.12 -9.91 0.081 0.178 0.248 -142.41 0.356 

0.2 -3.96 -7.54 -10.10 0.099 0.189 0.252 -130.54 0.326 

0.3 -4.59 -7.90 -10.25 0.115 0.197 0.256 -120.50 0.301 

0.4 -5.13 -8.20 -10.39 0.128 0.205 0.260 -111.89 0.280 

0.5 -5.60 -8.46 -10.51 0.140 0.212 0.263 -104.43 0.261 

0.6 -6.01 -8.69 -10.61 0.150 0.217 0.265 -97.91 0.2 45 

0.7 -6.37 -8.89 -10.70 0.159 0.222 0.267 -92.15 0.230 

0.8 -6.69 -9.07 -10.78 0.167 0.227 0.269 -87.03 0.217 

0.9 -6.98 -9.24 -10.85 0.174 0.231 0.271 -82.45 0.206 

1.0 -7.24 -9.38 -10.91 0.181 0.235 0.273 -78.32 0.196 

Key stress in looped bar 560N/mm 2 in model, f1p = 400.2N/rnM2 for design) 

A, stress in lacer bar 

=> subject to the design code lirMt of 0.40f,,, for BS5400 

f, 
U= characteristic strength of concrete (taken as 40N/MM2 for design) 
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Table 7.10 Lacer Bar and Transverse Concrete Stresses for 20mm Diameter 
Staggered, Looped Bar Joint for Model 3D4 in Zone 21 flivlftotal 

---": I-0 

- Looped Lacer Bar Lacer Bar Stress Ratio Transverse Concre te Design Stress Bar Diam at Loop Bar Stress atf1p, Ratio in Spacing, (mm), Yield Stress f1p , fj" IfIP Concrete. 
S Area fiac 

(mm) (MM2) (N/MM2) 
f1c f, " f, " (N/mM2) (N/nin, 2) 

fIP fIP -=- fIP 
560N/MM2 560N/MM2 400.2N/=2 400.2N =2 

16,402.2 -143.47 0.256 -15.08 -10.78 0.2ý7---ý 
100 12,226.2 -143.47 0.256 -18.21 -13.02 0.326 

8,100.6 -143.47 0.256 -20.45 -14.61 0.365 
16,402.2 -108.82 0.194 -11-35 -8.11 0.203 

125 12,226.2 -108.82 0.194 -13.76 -9.84 0.246 
8,100.6 -108.82 0.194 -15.49 -11.07 0.277 
16,402.2 -79.56 0.142 -8.24 -5.89 0,147 

150 12,226.2 -79.56 0.142 -10.03 -7.17 0.179 
8,100.6 -79.56 0.142 -11.31 -8.08 0.202 

Key fifl = stress in looped bar (flp = 560N/MM2 in model, f1p = 400.2N/mm 2 for design) 
A, = stress in lacer bar 

=> subject to the design code limit of 0.40f,,, for BS5400 
f, U= characteristic strength of concrete (taken as 40N/MM2 for design) 

Table 7.11 Transverse Concrete Stresses, Lacer Bar Stresses, for 20mm 
Diameter Staggered, Looped Bar Joint for Model 3D4, 
spacing, s= 100mm in Zone 2 

Transverse Concrete Design Stress Ratio Lacer Bar Stress Ratio 
Stress at Loop Bar Stress, in Concrete, at Loop Bar fl-l1flP 

f1p = 400.2N/MM2, Stress f1p, 

ft", ft., 

(N/mM2) (N/mM2) 
Lacer Bar Diameter (mm) Lacer Bar Diameter (mm) 

Ave / 

folal 16 12 8 16 12 8 
2 f1p = 400.2N/mm 

0 -5.66 -10.14 -13.34 0.142 0.253 0.333 -205.06 0.512 
0.1 -6.59 -10.66 -13.57 0.165 0.267 0.339 -186.42 0.466 
0.2 -7.37 -11.10 -13.76 0.184 0.277 0.344 -170.88 0.427 
0.3 -8.02 -11.47 -13.93 0.201 0.287 0.348 -157.74 0.394 
0.4 -8.59 -11.78 -14.07 0.215 0.295 0.352 -146.47 0.366 
0.5 -9.07 -12.06 -14.19 0.227 0.301 0.355 -136.71 0.342 
0.6 -9.50 -12.30 -14.29 0.237 0.307 0.357 -128.16 0.320 

0.7 -9.88 -12.51 -14.39 0.247 0.313 0.360 -120.62 0.301 

0.8 -10.21 -12.70 -14.47 0.255 0.317 0.362 -113.92 0.285 

0.9 -10.51 -12.86 -14.55 0.263 0.322 0.364 -107.93 0.270 

1.0 -10.78 -13.02 -14.61 0.269 0.325 0.365 -102.53_ 0.2 
-5 6 

Key fir = stress in looped bar (fip = 560N/mm2 in model, fil, = 400.2N/nun 2 for design) 

A, = stress in lacer bar 

=> subject to the design code lirmt of 0-40fcu for BS5400 
flu = characteristic strength of concrete (taken as 40N/MM2 for design) 
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Table 7.12 Lacer Bar Stresses for 16mm Diameter Staggered, Looped Bar 
Joints, Model 3D3 in Zones 1 and 3 

Zone No. of Looped Transverse Lacer Bar Lacer Bar Stress Ratio 
Lacers Bar Force, at Diameter at Loop Bar Yield fi. 'Iflp in Spacing, Loop Bar (mm), Stress, 
Zone S Stress, Ft Area fi., 
(Fig (mm) (kN) (MM2) (N/MM2) 

6.13) 
fIP fIP 

560N/MM2 560N/MM2 
16,201.1 10.5 0.019 

1 100 2.12 12,113.1 18.7 0.033 
Spalling 8,50.3 42.1 0.075 

16,201.1 13.3 0.0-14 
125 2.68 12,113.1 23.7 0.042 

8,50.3 53.3 0.095 
16,201.1 18.4 0.0 331 

150 3.70 12,113.1 32.7 0.058 
8,50.3 73.5 0.131 

16,402.2 62.5 0.112 
3- 2 100 25.12 12,226.2 111.1 0.198 

Bursting 8,100.6 249.7 0.446 
16,402.2 79.9 0.143 

125 32.12 12,226.2 142.0 0.254 
8,100.6 319.3 0.570 
16,402.2 87.0 0.155 

150 34.99 12,226.2 154.7 0.276 
8,100.6 347.8 0.621 

Key f1p = stress in looped bar 
AIC = stress in lacer bar 
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Table 7.13 Lacer Bar Stresses for 20mm Diameter Staggered, Looped Bar 
Joints, Model 3D4 in Zones 1 and 3 

Zone No. of Looped Transverse Lacer Bar Lacer ýBar Stress Ratio 
Lacers Bar Force, at Diameter at Loop Bar Yield fi. 'IfIP in Spacing, Loop Bar (mm), Stress, 
Zone S Stress, Ft Area fl 
(Fig (mm) (kN) (MM2) .I (N/mM2) 
6.13) 

fIP fIP 
560N/MM2 560N/MM2 

16,201.1 15.2 0.027 
1- 1 100 3.06 12,113.1 27.3 0.049 

Spalling 8,50.3 60.8 0.108 
16,201.1 16.9 0.030 

125 3.40 12,113.1 30.1 0.054 
8,50.3 67.6 0.1 21 

16,201.1 21.1 0.038 
150 4.25 12,113.1 37.6 0.067 

8,50.3 84.5 0.151 
16,402.2 59.7 0.107 

3- 2 100 24.01 12,226.2 106.2 0.190 
Bursting 8,100.6 238.7 0.426 

16,402.2 93.8 0.167 
125 37.70 12,226.2 166.8 0.298 

8,100.6 374.7 0.669 
16,402.2 110.2 0.197 

150 44.29 12,226.2 196.0 0.350 

1 8,100.6 1 440.3 0.786 

Key f1p = stress in looped bar 
fl"C = stress in lacer bar 
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Table 7.14 Limiting Looped Bar Design Service Stresses to Prevent Over-stress 
in Lacer Bars in Bursting Zone 3 for Models 3D3 and 3D4 

Model No. of Looped Lacer Bar Lacer Bar Stress Limiting 6ývernin Go erning 
Lacers Bar Diameter, at Loop Bar Looped Bar r B7ar 
in Zone Spacing, Area Stress, f1p, Design Service 

S Stress, 
(mm' fipservfim 

(mm) mm 
2) (N/MM2) 

(N/MM2) 

fiv 
serv= 345N/mm 2 

16,402.2 38.5 345 loop 
3D3 2 100 12,226.2 68.4 345 loop 

8,100.6 153.8 345 loop 
16,402.2 49.2 345 loop 

125 12,226.2 87.5 345 loop 
8,100.6 196.7 345 loop 
16,402.2 53.6 345 loop 

150 12,226.2 95.3 345 loop 
8,100.6 214.3 322.0 lacer 

16,402.2 36.7 345 loop 
3D4 2 100 12,226.2 65.4 345 loop 

8,100.6 147.1 345 loop 
16,402.2 57.9 345 loop 

125 12,226.2 102.8 345 loop 
8,100.6 230.8 298.9 lacer 
16,402.2 67.9 345 loop 

150 12,226.2 120.8 345 loop 
8,100.6 271.3 254.3 lacer 

Key fy characteristic steel stress for design, fy taken as 460N/mm 2 
f1p 

serv stress in looped bar at service subject to BS5400 limit 0.75 fy at 345N/nIM2 
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Table 7.15 Table of Allowable Bearing Stresses for Codes of Practice 

Code of Practice Allowable Comments Status FR--ef--] 
Bearing 
Stress 

BS5400 - 1990 1.5f,,, Including a factor of safety of 1.50, current 
giving an unfactored limit of 2.25f,,,, 
which takes account of the loaded area. 

DIN 1045 - 1972 1.4f,, Clause 17.3.3, including a factor of contemporary 7 
safety of 1.67, giving an unfactored 
lirn1t of 2.338f, This set was for a 
44N/mm2 concrete. Binding 
reinforcement rules were given. 

DIN 1045 - 2001 1.3 6fu Clause 9.1.6 allows a stress of current 28 
fcd 

=0.85fck/1.5 = 0.453f, 
Clause 10.7 allows 3-ofcd= 3.0 x 
0.453fcu for concentrated loads on 
locally loaded areas. 

ACI Code 318-77 1.19fu For unreinforced surfaces which were contemporary 29 
not laterally reinforced. 
The upper limit for bearing stress under 
reinforced anchorages was 3f,,,. 

CEP FIP Model 1.7 6f,,, Clause 18.2.1.2 allowed high bearing contemporary 14 
1978 stresses on restricted zones of concrete, 

A, 
q, but limited this to 1.76f,,,. This 

limit included a factor of safety of 1.5, 
giving an unfactored limit of 2.64f,,,. 
In addition binding reinforcement rules 
were given. 

CPl 10 0.4f, u Upper 111111t of 0.8fu for well defined Withdrawn 26 
bearing areas with reinforcement 
binding. 
No account was taken of locally loaded 
areas 

BS81 10 2fc,, Clause 3.12.8. Including a material current 19 
factor of 1.5, giving an unfactored limit 
of 3f, 

CC BA68 - 1968 2.5 Of, u Based on a simple compression stress contemporary 18 

(French Rules) multiplied by a ratio of loaded area to a 
geometrically similar surface area with 
binding reinforcement required to 
prevent splitting failures. Using a 
factor of safety of 1.6, the unfactored 
limit was 4.0f, 
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Figure 7.18 Lacer Bar Stresses for Ratio of Live to Total Load, for Model 3D4 
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a) Detailed View of Half Joint with 
Reinforcement and Typical Strut and Tie Model 
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b) Section AA showing 
location of Looped Bars 

Figure 7.26 Dapped Ends/ Half-Joints in Precast Concrete Beams using Looped 
Bars 
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Figure 7.28 Test Specimens showing Strut and Tie Analogy after Mattock 1131 

350 



a) plan view of 
typical joint 

CD 

150 

b) uniform soffit, 
16mm diameter 
lacer bars 

c) stepped soffit, 
for'uniform' 
stiffness, 8mm 
diameter lacer 
bars 

d) uniform soffit, 
16mm diameter 
lacer bars, 
transverse 
reinforcement 
displaced at Joint 
to reduce site steel 

450 

1 

COVER40MM 

COVER 56MM 

COVER 40MM 

COVER 56MM 

COVER 40MM 

80 80 150 
1- 7 

Note: Transverse reinforcement shown as 20mm. diameter throughout (except lacer bars) 
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CHAPTER 8- SUMMARY AND CONCLUSIONS 

8.1. Summary and Conclusions 

The use of precast deck units in steel composite bridge construction has been described 

and in particular the jointing of such units in the negative (hogging) moment zones of 
continuous bridges. Chapter 2 presented a review of the literature available on precast 
bridge deck units, including examples of bridges from the UK, Europe, the USA, 

Canada and the Far East. 

Chapter 3 presented the results of four steel composite bridge analyses using traditional 

in situ concrete decks and precast deck units carried out in accordance with BS5400 I'] 

ý21 E31 
. The results were used to compare the two forms of construction and detenninc 

levels of stress in the deck reinforcement in the negative moment zones for use in the 

design of transverse joints between precast deck units. Similar design and analysis 

techniques as for traditional in situ decks can be used but consideration must be taken of 

the build-up of steelwork stresses during the construction sequence, as these are 

generally greater for precast deck designs. However, the final steelwork stresses are 

generally similar. The design crack widths are also generally lower in the precast 

design examples owing to reduced shrinkage effects. 

The use of simple grillage models for rapid results has been adopted but drawbacks are 

apparent when combining local deck effects with the global load effects. Models using 

thick shell elements and offset beam elements are marginally more complex to construct 

and interpret, however, the effectiveness of adopting a single model for the composite 

beam design is highlighted. The girder stress results found in one example design were 

greater for the offset beam model by up to 13% but the reinforcement stresses were less. 

The model could readily be used to find transverse, as well as longitudinal load effects, 

and hence reinforcement in the deck. 

The detailing and general layout of the deck units should be considered at an early stage 

in the design as this will dictate the positions of splices in the steel girders and hence the 

lengths of the span and pier girders. The precast units should be aligned ývjth the 

parapet post positions and detailing of pockets in the units to suit splice details should 

be considered to promote standardisation in all of the units. 
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Chapter 4 discussed the test programme undertaken to develop suitable jointing details 
for full-depth construction. A total of 21 full-scale specimens were tested (units TI to 
T21), representing a section of the in situ joint between two precast units in a tNpical 
bridge deck. Straight and bent-up bar joints were tested but the main emphasis of the 
test programme was on the use of staggered, looped bar joints. Similarities with tests 
undertaken by other researchers were discussed. The details of the joints tested were 
developed using the recommendations of BS4466 [4] 

- However, this has since been 

superseded by BS8666 2005 ý51 which adopts different bending formers for looped bars 

and allows for increased characteristic strengths, but it has been shown that the 
proposed staggered, looped bar joints are unaffected by this change. 

Chapter 5 discussed the results of the test programme and compared the various joint 
details tested. The results of eighteen of the full-scale symmetric and non-symmetric 

arrangements of straight and looped bars specimens were presented, units T4 to T21. 

The tests undertaken demonstrated that an arrangement of looped bars around a central 

confined core of concrete with transverse lacer bars to join adjacent full-depth precast 
deck units is capable of carrying the ultimate load based on the ultimate strength of the 

looped bars, Figure 7.2. In addition, an arrangement of straight, lapped bars with a lap 

provided as required by BS5400 [2], to join adjacent hybrid precast deck units is capable 

of carrying the ultimate load. 

Joints are considered to be 'full-strength' where the mode of failure is fracture or 

yielding of the looped bars as opposed to diagonal splitting or bearing failures of the 

concrete. From the test programme it has been shown that properly detailed staggered, 

looped bar joints can be deemed to be 'full-strength'. 

The units were tested to failure and were grouped according to arrangements of 

reinforcement and form of joint. The results of the strengths for each group of units 

may be summarised as follows: 

The failure load in Group A, non-symmetric looped bar units with lacer bars 

averaged 0.87 times the predicted value (units T6 to T8), 

The failure load in Group B, non-symmetrical looped bars N",, Ithout transverse 

bars (unit T9), occurred at 0.65 times the predicted value clearly indicating the 

need for lacer bars in the joint, 
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The failure load in Group C, symmetric units averaged 0.96 times the predicted 
value (units T4, TIO to T12, T15, T16, T18 to T21) and showed good ductilitv, 
In Group D, benchmark tests using straight bars, the failure load of unit T5 
exceeded the predicted failure load based on the main reinforcing bars alone, 
with a contribution in strength being attributed to the downstand reinforcement. 
The variation in capacity of the unit identifies the weakest section to be near the 
vertical precast/ in situ interface and gives close agreement with the failure load. 
In benchmark test unit T17, where the downstand was removed, the failure load 

occurred at 1.01 times the predicted load. 

0 The failure load in Group E, symmetrical arrangements of bent-up bars 

terminating in the in situ concrete with longitudinal continuity bars, averaged 
16 times the predicted value (units T 13 and T 14). 

The effect of in-plane rotation of non-symmetric reinforcement arrangements was 
discussed. Providing a symmetric arrangement of reinforcement avoids the possibility 

of the bars slipping off the concrete core, avoids other edge effects, and leads to an 

increase in the strength of the unit. 

The variation in strength across the in situ section of Group E units was presented and it 

has been shown that the weakest area is at the vertical precast/ in situ interfaces. The 

interface shear capacity on the horizontal interface has been shown to be adequate for 

transferring the. load between adjacent 12mm diameter bars. The out-of-plane bending 

in unit T13 has been identified and the behaviour modelled using non-linear finite 

[6] element analysis using LUSAS 

Six of the earlier units suffered from problems of misalignment in the initial loading 

stages. In all later units, steel formers were used and this addressed the alignment 

issues. Bedding-in of the steel shoe holdlng-down arrangement may also have been an 

issue, and the use of cap screws with larger steelwork ends provided better alignment 

and reduced such problems. Where misalignment was an issue, the cracking behaviour 

of the unit was not as expected with small compressive strains being noted on one face 

with tensile strains on the other at low loads. However, with redistribution of the 

loading after the onset of cracking, the results at the service load and failure load are 

valid. The eccentricity of the axial tensile load was detennined for unit T12 using a 

modular ratio approach on a reinforced concrete section and was thought to be 
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unrealistically high. The use of non-linear, plane strain finite element modellin(Y gave 
similar results and resulted in similar crack patterns to those noted in the test 
programme. 

A comparison of the average tensile strains for Group C at failure gives an approximate 
value of 4200 micro-strain, compared to a theoretical value of 3000 micro-strain for the 
strain at the end of the tension softening curve. Clearly, the reinforcement can strain 
significantly beyond this theoretical value and hence values of strain well in excess of 
3000 micro-strain are achievable. Surface strain values for four of the units were 
presented and the following was noted: 

In unit T10, the largest strains occurred at the ends of the concrete core in the 
lighter reinforced end of the unit, 

For the benchmark test unit T17, significantly lower maximum values of strain 

were noted compared to unit TIO and to T15 and T18 which exhibited 

significant cracking at the in situ joint and gave maximum values of strain across 
the downstand joint and within the in situ concrete surface. 

Comparisons have been drawn with research on non-contact tension splices which 

indicate that the lateral spacing of the main reinforcing bars and the provision of 

transverse reinforcement are beneficial in non-contact tension splices. Both of these 

features are present in many of the deck joints tested by the Author. Ease of 

construction has been discussed and it has been found that the construction of the 

looped bar joints around a central concrete core is relatively simple to form and easy to 

strike. 

Chapter 6 presented elastic 2-dimensional and 3-dimensional finite element analyses of 

the concrete elements of the staggered, looped bar joints and discussed the complex 3- 

dimensional stress field within the concrete core of the joints. The effects discussed 

include local bearing stresses below the looped bars, transverse tensile bursting stresses 

within the core and spalling stresses between adjacent loaded areas of the core. 

The finite element modelling in LUSAS [61 has been used to determine appropriatc 

models for the design of the lacer bars and concrete- This has shown that 3-dimensional 

modelling is required to deten-nine the bursting stresses, but plane stTaiii modelling is 

adequate when considering the spaIllng stresses. The failure mechanIsm for the 
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staggered, looped bar joints has been outlined with the importance of the transverse 
spalling stresses being emphasised by referring to unit T9 in the test programme. The 
need for adequate lacer bars to confine the concrete in the central core and to carry the 
local transverse tensile stresses has been demonstrated. 

Analogies have been drawn with the behaviour of prestressed beams, post-tensioned end 
anchorages and deep beams to compare the results of the modelling with similar 
behaviour and methods of analysis, and to investigate methods for the design of the 
lacer bars. The use of the strut-and-tie method of analysis in describing the complex 
stress field as a simplified, idealised stress field has been discussed. Previous 
investigations on bearing stresses due to loading on small areas of concrete members 
have been discussed where it was demonstrated that unreinforced concrete can 

withstand higher bearing stresses when the specimen is loaded over a limited area than 

would be given by the standard cube test strength. 

The 3-dimensional finite element modelling of the concrete core from Chapter 6 was 

used to determine the stresses in the concrete and the lacer bars for analysis and design 

purposes in Chapter 7. The lacer bar contribution to the joint has been determined using 

a modular ratio approach. The concrete core was divided into zones of compression and 

tension and integration of the stress field was carried out for each zone, Figure 6.13. 

The lacer bars confine the concrete in the central core in compressive zones 2 and 4, 

provide tensile strength transversely to carry the local transverse tensile stresses in 

bursting zone 3 and spalling zone 1, and increase the bearing area of the looped bars on 

the concrete in zone 4. The importance of taking account of the shape of the concrete 

core in three dimensions when integrating the stress to ensure proper account is taken of 

the curved ends of the core has been highlighted. 

The performance of the lacer bars for the specimens In the test programme has been 

discussed and comparisons have been drawn with the results of the finite element 

modelling. The various finite element models have been compared and discussed and 

the critical zones of stress have been identified. The lacer bars in compression in zone 4 

are critical, as the highest lacer bar stresses are developed here. In zone 2, the concrete 

stresses are critical. The lacer bars in the bursting and spalling zones can readilý- be 

designed to carry the anticipated stresses, but ad lonal specl ic checks are proposed diti 

for zone 3 to limit the service stresses, in order to limit cracking. 
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The stress results from the Author's typical design examples from Chapter 3 haN, e been 
used to illustrate the compliance of proposed transverse joint designs to BS5400 121 in 
Chapter 7. The essential differences between the design of precast decks and in sitil 
decks are the sequence of erection and build-up of stresses through the composite 
sections during the construction phase; the behaviour at service and the behaviour at the 
ultimate limit state in the transverse joints. From the Author's typical design examples, 
the looped bar stresses at the ultimate and service limit states were less than 45% of the 

allowable design strengths of the steel, fy 1pl y,, The maximum lacer bar stress in zone 4 

at service was only 26% of the allowable design strength of the steel, f, ,,, / The 

serviceability limit state tended to govern the joint design with design crack NvIdths 
likely to be critical. 

Typical arrangements for 'full-strength' staggered, looped bar joints between precast 
deck units are proposed and these details are considered to satisfy the test requirements 

of BS5400 Part I E71 for transverse joints, Figures 7.29 and 7.30. Where the detailing of 

the joints does not satisfy the Code requirements, the full-scale testing demonstrates the 

adequacy of the joints and recommendations are given for the joint design based on the 

test programme and the analyses of Chapter 6. Comparisons are drawn with recent 

research on beam-column joints to support the recommendations. The proposed details 

may be used with no further requirements for specific checks on the lacer bars or 

concrete stresses in the joints, provided the proposed design limits of section 7.15 are 

met. Where the proposed joint arrangements and loadings are outwith these design 

limits, 3-dimensional finite element modelling will be required using models similar to 

those in Chapter 6, and a flow chart showing the design procedure for staggered, looped 

bar joints is given for this purpose, Figure 7.3 1. 

The nature of alternating stress within the stress field along the longitudinal axis of the 

joint has been described and the need to consider adjacent zones of compression and 

tension is discussed as the lacer bars are continuous through these areas. The 

importance of the stiffness of the lacer bars in zone 4 is discussed and those units in the 

test programme which were 'full-strength' had a ratio of the area of the lacer bars to the 

looped bars, Al,,, l Alp of not less than 0.25. For the purposes of design, it is proposed 

that joints with a ratio of Al,,, IAp less than 0.25 are deemed unsuitable as 'full-strength' 

joints unless specific testing is undertaken to prove their suitability. 
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Bearing stresses were discussed for the direct stresses developed below the looped bars 
on the concrete core, and proposals for increasing the allowable limits in BS5400 121 are 
given. It is proposed that the current limits are overly consenative and these should be 
increased in line with the results of the test programme for properly detailed stag,,: )ered, 
looped bar joints. BS5400 Part 1 ý71 states that 'no results of prototype testing maN. be 

used to justify any reduction in partial safety factors'; however 
, it is proposed that the 

basis of the calculations to determine bearing strength are overly consen, ative. 
Comparisons are drawn with the work of Scott et al ý81 ý91 where similar results were 
found with respect to BS81 10 1101. 

Fatigue stresses have been discussed and testing conducted in Japan ý111 has been used 

along with the results of the analysis in Chapter 3 to demonstrate the adequacy of the 

joints. 

Crack width checks have been discussed and in the test programme they were reported 

at a service load of 0.5Py or service stress of approximately 280N/mM 2. However, in the 

analyses in Chapter 3, the maximum service stresses for the four design examples was 

178AN/mm. 2, which is approximately 64% of the assumed service stress, Table 3.2. 

Hence, the crack widths are likely to be significantly less in design than suggested by 

the test service loads and should be within the design limits given by BS5400 [2] 
, Tables 

4.15 to 4.18. 

Comparisons are also made with the tests carried out by Mattock [12] on laterally 

confined looped anchorages and an additional check on the efficiency of the proposed 

design may be carried out or comparisons may be made with tables of results for the 

current test programme. 
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