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Abstract 
Deteriorated bridges all around the world are in need of replacement, or repair and 

strengthening.  This damage is commonly caused by the overloading of bridges, due 

to the increasing size of heavy vehicles using the bridges today.  Full bridge 

replacement poses the problems of high cost and disruption to traffic, so suitable 

methods of repair and strengthening are required. 

 

A common deterioration of these bridges is shear cracking.  External post-tensioning 

is a method of shear strengthening girders, but existing shear cracks can limit the 

effectiveness of the external post-tensioning.  Epoxy injection is a method of 

structurally repairing cracks, which could possibly be used to repair the shear cracks.  

If effective, this would allow the post-tensioning to effectively strengthen the 

member.  This project is studying the shear strengthening of concrete girders using 

external post-tensioning, with existing shear cracks repaired with epoxy injection. 

 

This research investigates the combined repair method with experimental testing of 

four rectangular beams.  Two of the beams were preloaded to form shear cracks, 

with the first strengthened only with post-tensioning.  The other preloaded beam had 

its shear cracks repaired with epoxy injection, and was then post-tensioned.  After 

post-tensioning, both of these beams were loaded until ultimate failure.  The results 

from these two beams were compared to a reinforced control beam, and a post-

tensioned control beam.  These comparisons were made to evaluate the effectiveness 

of the combined repair method. 

 

The results from this testing indicate that applying post-tensioning alone to a shear 

cracked girder will not increase the member’s capacity, as the cracks cause the post-

tensioning to be ineffective.  The testing did show that by combining external post-

tensioning with epoxy injection of the existing cracks, a deteriorated girder will have 

a significant increase in shear capacity.  Hence, this combined rehabilitation 

technique has been shown to be an effective method of shear strengthening. 
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    CHAPTER 1 

1 INTRODUCTION 

 

1.1 Background 

Deteriorated bridges all around the world are in need of replacement, or repair and 

strengthening.  Full bridge replacement poses the problems of high cost and 

disruption to traffic, so suitable methods of repair and strengthening are required. 

 

A common deterioration of these bridges is shear cracking.  This is commonly 

caused by overloading of the bridges, due to the ever increasing size and number of 

heavy vehicles using the bridges today.  These cracks lower a member’s ultimate 

shear capacity, reduce its stiffness, and leave the reinforcement exposed to the 

weather.  If these cracks are left long enough, the reinforcement can corrode away, 

further reducing the member’s capacity, and therefore increasing the likelihood of 

ultimate failure.  For these reasons, the cracks need to be repaired, and the member 

strengthened to avoid further cracking from the current or future loadings. 

 

Epoxy injection appears a good way to structurally repair the cracks, and protect the 

reinforcement, as it has been used to seal concrete cracks where an impermeable 

surface is required. 

 

Post-tensioning is a method being looked at to strengthen members, as repaired 

members will require higher capacities than originally designed for, due to the 

increased loading.  Previous research has indicated that post-tensioning a member 

with existing shear cracks, may not increase the member’s shear capacity.  This is 

thought to be due to the lack of aggregate bond between the cracked surfaces, which 

may be overcome by epoxy injection of the cracks. 
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This project is specifically looking at the effect of existing cracks on shear 

strengthening of concrete girders with external post-tensioning.  The use of epoxy 

injection of the cracks will be combined with external post-tensioning to evaluate the 

strength gained from this combined repair method. 

 

1.2 Strengthening Techniques 

The two strengthening techniques to be used in this research are external post-

tensioning, and epoxy injection of cracks.  This section will introduce what both 

techniques are. 

 

1.2.1 External Post-tensioning 

External post tensioning is the method of applying a compressive force to a member 

through tendons not attached to the member.  The force in the tendons is transferred 

to the concrete member by the end anchorage, which are commonly plates bolted on 

the end.  External post tensioning has commonly been used to increase the flexural 

and shear capacities of new reinforced beams.  It has been found to be a versatile 

method of applying the compressive force, and has many advantages over internal 

stressing.  The external tendons do not require grouting, and the applied force can be 

changed throughout a member’s design life.  The eccentricity of the post-tensioning 

force can also be adjusted at critical positions of the member, to maximise its 

effectiveness.  Deviators can be used at critical locations along a beam to control the 

change in eccentricity.  A disadvantage of external post-tensioning is if steel tendons 

are used, they need to be protected from the weather, to avoid corrosion.  External 

post-tensioning also uses space around the concrete member, which is not always 

available.  Overall, external post-tensioning can be an effective way to increase a 

member’s capacity. 
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1.2.2 Epoxy Injection of Cracks 

Epoxy injection is a method of structurally rebonding cracks in concrete.  The epoxy 

is pressure injected into the cracks to form a bond with each concrete surface when 

set.  It is good for structural repair, as it has tensile and compressive strengths 

greater than concrete.  According to Epoxysystems (2001), epoxy used for bonding 

concrete cracks has a tensile strength of 34-55 MPa, and a compressive strength of 

70-80 MPa.  Due to the strong bond formed with concrete, and the high strength 

characteristics of epoxy, cracked members repaired with epoxy injection should 

regain their original strength. 

 

1.3 Project Aim and Scopes 

This project aims to investigate the shear strengthening of concrete girders using 

epoxy injection and external post tensioning.  This will predominantly be done 

through experimental tests conducted on four model beams.  It will also involve 

reviewing related research, and comparing the experimental data obtained to 

Australian Standard design procedures. 

 

To achieve these aims, the following objectives had to be met: 

 

1. Research and review background information on the shear strengthening of 

concrete girders using epoxy injection and external post-tensioning. 

2.  Design model test beams for experimental investigations, taking into account 

previous test results. 

3. Prepare model beams, and arrange testing devices. 

4. Conduct tests on the model beams, and record observed results. 

5. Evaluate and analyse the test results of the different model beams. 

6. Arrive at a conclusion for the project, which will better explain the shear 

behaviour of rehabilitated girders using epoxy injection and external post-

tensioning. 
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1.4 Structure of Dissertation 

The investigation of the shear strengthening of concrete girders using external post-

tensioning and epoxy injection of cracks will involve reviews of related studies, 

experimental testing, and analysis of results.  This section outlines the structure of 

the dissertation. 

 

Chapter 2 contains reviews of previous research conducted on shear strengthening of 

concrete members with external post-tensioning and epoxy injection of cracks.  As 

little research has been done on this combined strengthening method, research on 

both strengthening methods is also reviewed individually.  The AS3600 shear 

strength prediction equations are also shown in this section. 

 

Chapter 3 contains the design of the specimens to be used for the experimental 

testing. 

 

Chapter 4 explains the methodology used for the experimental testing.  This involves 

the construction of the test specimens, the loading setup and procedure, the 

application of the external post-tensioning, and the method used for epoxy injection 

of the cracks. 

 

Chapter 5 involves the analysis and discussion of results.  It also compares the 

experimental results to AS3600 predictions, to analyse the validity of the prediction 

equations for strengthening applications. 

 

Chapter 6 provides a summary of the research project conducted, and the 

conclusions gained from it.  Recommendations are given on the use of the 

strengthening method, and areas for further related research are highlighted. 

 

The appendices provide supporting material to the research.  These include the 

project specification, the end anchorage plate capacity check, strain gauge data 

sheets, material data sheets for the epoxy, and a risk assessment for testing. 
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1.5 Summary 

Due to the increasing number of deteriorated bridge structures around the world, 

cost effective methods of rehabilitation are needed.  For the specific problem of 

concrete girders with shear cracking, combining epoxy injection of cracks with 

external post-tensioning is a possible option.  This research project will conduct 

experimental testing to evaluate this repair and strengthening technique. 

 



 
Literature Review   Chapter 2 

  6
   

 

    CHAPTER 2 

2 LITERATURE REVIEW 
 

2.1 Problem That Exists 

Many concrete bridges around the world are in need of repair.  Most of these bridges 

have cracking that renders them unserviceable, and subsequently have reduced 

ultimate load carrying capacity.  These bridges need to be either replaced, or 

repaired and strengthened to adequately service the traffic loading. 

 

Klaiber et al (1989) reports that over 200,000 bridges in the USA are in need of 

repair.  Most of these bridges have either flexural or shear cracks that need to be 

repaired to protect the reinforcement from corrosion, and reduce deflections to 

below serviceable limits.  This has occurred due to increased number and size of 

heavy vehicles using the bridges.  These bridges would have been designed for 

smaller loadings, so the serviceability design loads are frequently being exceeded.  

Pisani (1999) reports that some bridges are frequently being loaded to near their 

ultimate design load.  This first occurred in military areas, but is now occurring more 

on general roads.  This type of loading causes cracking to occur. 

 

Totally replacing a bridge is a measure that is usually put off as long as possible.  

This is due to the major disruption to traffic flow it causes, and the high costs 

involved.  This is why shear strengthening of bridge members is important, and why 

epoxy injection and external post tensioning appears an attractive solution.  It would 

require minimal traffic closures, and would be significantly cheaper.  For these 

reasons, the effectiveness of this method should be assessed. 

 

Little research has been done on shear strengthening of beams using epoxy injection 

combined with external post tensioning.  The small amount of research conducted in 
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this area has been carried out at USQ in 2003 and 2004.  For this reason, the 

research on the combined strengthening method will be reviewed, as well as 

research on either method individually. 

 

2.2 Epoxy Injection Combined with External Post-tensioning 

Alam (2004) studied the effect of epoxy injection on the shear strengthening of 

small scale concrete girders.  The specimens used in this research were rectangular 

in cross section, 250mm x 100mm.  The small size of the specimens was found to 

have a large effect on the capacity of the beams.  Premature failure occurred during 

the testing of a number of the beams, due to the small section size and low amount 

of cover.  This amounted to some of the beams failing due to compressive rupture at 

the top face, instead of a pure shear failure.  This research also highlighted how the 

strength of the concrete greatly influences the capacity of the girders, as the ordered 

ready-mix concrete for each of the specimens varied greatly in strength.  Due to the 

large variation in concrete strengths, an assessment of the shear strengthening 

technique was unable to be concluded definitively.  The research did indicate 

increased shear capacity may be gained from the combined strengthening technique. 

 

Woods (2004) conducted model testing of a bridge headstock repaired by epoxy 

injection and external post-tensioning.  He found that by repairing the existing shear 

cracks with epoxy injection, and then post-tensioning, significant increases in 

ultimate capacity and stiffness were achieved.  He also strengthened one of the 

cracked model headstocks with just post-tensioning, with a slight increase in 

capacity found. 

 

Jobling (2004) conducted model testing on the same bridge headstocks.  He also 

used epoxy injection to rehabilitate the shear cracks, but used a fibre wrap for the 

external post-tensioning.  He found this too was an effective way to shear strengthen 

the headstocks. 
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This research aims to find whether the strength increase in headstocks gained from 

the combined repair technique, can be translated to girders, which have a larger span 

to depth ratio. 

 

2.3 External Post-tensioning 

There has been extensive research into the flexural strengthening of concrete bridges 

using external post tensioning, but little on shear strengthening. 

 

Pisani (1999) found that applying post tensioning to a beam without shear cracking, 

increases the shear capacity of the beam.  This points towards post tensioning 

increasing a damaged member’s shear capacity, if the shear cracks are successfully 

repaired with epoxy. 

 

Haraji (1993) studied the strengthening of concrete beams by external prestressing.  

Through flexural testing of 16 beams, he found up to 146% increase in flexural 

strength, and deflections reduced by up to 25%, due to prestressing.  He reported 

that external prestressing is an effective way to control cracks and re-establish 

service load deflections.  Members subject to external prestressing also had a 

prolonged fatigue life, by reducing the stress levels in the internal tensile 

reinforcement.  He also reported that straight tendons were less effective in 

increasing flexural resistance, compared to tendons with a deviated profile. 

 

Tan and Ng (1997) found that deviators and tendon configuration heavily affect the 

behaviour of externally prestressed beams.  Without deviators, the tendons are free 

to move and change eccentricity when under load, thus inducing second order 

effects.  The reduced eccentricity of the applied prestressing causes a reduction in 

flexural capacity.  He reported that one deviator is sufficient for a beam with a span-

to-depth ratio of up to 15, to minimise second order effects.  The only effect this has 

on this research project is that the flexural capacity of the beams may be less than 

the predicted, as rods with no deviators will be used for post tensioning.  To ensure 
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the beams fail in shear, the shear capacity load of the beams will be significantly less 

than the predicted flexural capacity load. 

 

Tan and Ng (1998) also studied the effect of shear in externally prestressed beams.  

They found that if deviators were not used, significant second order effects were 

found, resulting in the beam’s shear capacity reducing.  If deviators are used, the 

beam’s behaviour follows that of a prestressed beam with internally unbonded 

tendons.  If second order effects are minimised, the strength and failure mode can be 

predicted using the strut-and-tie model. 

 

Tan and Naaman (1993) proposed a model based on the strut-and-tie method, to 

define a safe domain of loading for simply supported, externally prestressed beams.  

They used the model to predict the failure mode, either crushing of the diagonal 

concrete compression strut, yielding of the shear reinforcement, yielding of the 

internal tensile reinforcement, or yielding of the external prestressing.  The first two 

modes are shear type failures, while the last two are flexural failures.  The prediction 

of failure mode was based on the shear span to depth ratio, ratio of the loading 

platen width to beam depth, longitudinal reinforcement, shear reinforcement, ratio of 

effective depths of reinforcement to beam depth, and the path of the external 

prestressing.  The major point from this research is that the application of external 

prestressing to strengthen an existing structure may result in a mode of failure 

different to what is expected from the original structure.  This is important, as shear 

type failures are brittle while flexural failures are more ductile. 

 

AS3600 Clause 8.1.6 states that for a beam with a span-to-depth ratio of 35 or less, 

the stress in a tendon not yet bonded at ultimate strength, shall be determined from 

400
.100

'
70 .. +≤�

�

�
�
�

�++= ⋅⋅
efp

pt

pefc
efppu

A
dbf σσσ  

and for a beam with a span-to-depth ratio of greater than 35 

200
.300

'
70 .. +≤�

�

�
�
�

�++= ⋅⋅
efp

pt

pefc
efppu

A
dbf σσσ  
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Where, 

 �p.ef  = effective prestress 

ƒ’c = 28 day concrete compressive strength 

 bef  = effective width of the compression face 

 dp = depth to prestress tendons 

 Apt = Area of prestressing tendon 

 

In both cases, �pu is not to be taken greater than the tendon yield strength, ƒpy.  These 

equations are used to select the prestressing tendon size for each application. 

 

2.4 Epoxy Repairing 

There has been little research done on the shear strengthening of girders using epoxy 

injection, but there have been a number of related studies done in other applications.  

These include flexural strengthening, and repair of concrete joints. 

 

Chung (1975) conducted tests on reinforced concrete beams which had flexural 

cracks repaired with epoxy injection.  He found that the capacity gained was the 

same or slightly higher than the original beams.  He also noted the cracks reformed 

away from the previous cracks that were repaired, but the permanent deflection the 

beams had could not be eliminated by the repair.  This study showed the 

effectiveness of bonding cracks with epoxy, and that the tensile bond strength was 

higher than the surrounding concrete.  As the permanent deflection could not be 

eliminated, adding post tensioning to the process may be beneficial. 

 

Chung and Liu (1977) conducted tests on the shear strength of epoxy-repaired 

concrete joints.  They used epoxy injection to bond two concrete surfaces (1 smooth, 

1 rough), then loaded the specimen to create a shearing effect along the plane of the 

joint.  They found the repaired joint had increased shear resistance.  The joints 

showed no sign of distress with 5 MPa shear stress applied, but the surrounding 
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concrete did fail in shear.  This indicates an epoxy bonded crack would have greater 

shear strength than the surrounding concrete. 

 

French, Torp and Tsai (1990) conducted tests on the epoxy repair of a beam-column 

sub assemblage damaged from a moderate earthquake.  They compared the pressure 

injection technique with the vacuum impregnation technique for applying the epoxy.  

They found both methods were effective in repairing the cracked region, but the 

vacuum impregnation technique was more effective for large regions of cracks.  This 

is because it can fill offshoot cracks where the other method is unable to.  This 

enables the vacuum impregnation technique to fill whole regions at once, where as 

the pressure injection method needs to be applied to each crack.  The testing of the 

sub assemblage showed: 

• The repaired structures were 2.5-3 times stiffer than the damaged structure, 

and had 85 percent of the original structures stiffness. 

• The bond between the reinforcement and the concrete which had originally 

failed was restored. 

• As in other studies, repaired cracks did not reform, instead new cracks 

formed adjacent to them. 

  

2.5 Shear Capacity Predictions 

AS3600 Clause 8.2.2 states the design shear strength of a beam shall be taken as �Vu 

Where, 

usucu VVV +=  

� = 0.7 (strength reduction factor used for shear strength in limit state 

design) 

Here,  

Vuc = Shear resisted by concrete and longitudinal bars 

           Vus = Shear resisted by ligatures 
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The shear force resisted by the ligatures is the same for both reinforced beams and 

post tensioned beams.  For perpendicular shear reinforcement, Clause 8.2.10 of 

AS3600 states 

v
ofsysv

us
s

dfA
V θcot

.
�
�

�
�
�

�= ⋅⋅
 

Where, 

s = centre to centre spacing of shear reinforcement 

�v  = angle between the axis of the concrete compression strut and the 

longitudinal axis of the member, taken as varying linearly from 30o 

when V* = �Vu.min to 45 o when V* = �Vu.max 

Asv = cross sectional area of shear reinforcement 

ƒsy.f = yield strength of shear reinforcement 

 

2.5.1 Reinforced Concrete Beam 

For a reinforced concrete beam, clause 8.2.7.1 of AS3600 states 

3
1

321
'
�
�

�
�
�

�⋅=
⋅

⋅
⋅⋅⋅⋅

ov

cst
ovuc

db
fA

dbV βββ  

Where, 

       �1 = 1.1
1000

6.11.1 ≥�
�

�
�
�

� −×
od

 

       �2  = 1, generally for members without significant axial force; or 

= 0
5.3

*
1 ≥�

�

�
�
�

�−
gA

N
, for members subject to significant axial tension; 

or 

  = �
�

�
�
�

�+
gA

N
14

*
1  for members subject to significant axial compression. 

This factor illustrates the effect of axial force on the propagation of shear 

cracks.  A compressive force reduces crack propagation, and therefore 

increases the shear resisted by the concrete.  Conversely, axial tension 

encourages the shear cracks to form. 
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�3 = 1; or may be taken as – 

= 
v

od
α

×2  but not greater than 2, provided that the applied loads and 

the support are orientated so as to create diagonal compression over 

the length �v. 

bv  = width of the section 

do = distance from top edge to centre of bottom longitudinal 

reinforcement 

ƒ’c = 28 day concrete compressive strength 

Ast = cross sectional area of longitudinal reinforcement 

Ag = gross cross sectional area 

N* = design axial force 

�v = shear span, the distance from the section being considered to the 

face of the nearest support. 

 

2.5.2 Externally Post-tensioned Concrete Beam 

For a post tensioned beam, clause 8.2.7.2 (a) of AS3600 states that for flexure-shear 

cracking 

vo
ov

cpst
ovuc PV

db

fAA
dbV ++�

�
�

�
�
�
�

� +
⋅=

⋅

�
�
��

�
�

⋅⋅⋅⋅

3
1

321
'

βββ  

Where, 

�1, �2, �3 and Ast are the same as for reinforced beams except that in 

determining �2, N* is taken as the value of axial force excluding 

prestress 

Apt = cross-sectional area of prestressing steel 

Pv = vertical component of prestress force 

Vo = the shear force which would occur at the section when the 

bending moment at the section was equal to the decompression 

moment (Mo)  



 
Literature Review   Chapter 2 

  14
   

 = 
�
�

�
�
�

�

*
*

V
M
Mo

 for simply supported conditions, where M* and V* are 

the bending moment and shear force respectively, due to the same 

design loading 

b

g

g

b

g
o

y
I

I
yeP

A
P

M �
�

�
�
�

� += ⋅⋅
 

 

Where, 

P = prestressing force 

e = eccentricity from the centroid of the section 

yb = distance from the centroid to bottom edge 

Ig  = second moment of area of the uncracked section 

Ag  = gross cross-sectional area 

 

For web-shear cracking, AS3600 clause 8.2.7.2 (b) states: 

 vtuc PVV +=  

Where, 

 Vt = the shear force, which in combination with the prestressing force 

and other action effects at the section, would produce a principle 

tensile stress of 0.33�ƒ’c at either the centroidal axis or the 

intersection of flange and web, whichever is more critical. 

Pv = vertical component of prestress force 

 

2.6 Summary 

This section has given an overview of the problem that exists in deteriorating bridge 

structures, and background on research conducted on epoxy repairing of cracks and 

post-tensioning.  With only limited research having been conducted on combining 

epoxy injection with external post-tensioning to shear strengthen concrete members, 

both repair methods were also looked at individually.  The AS3600 prediction 



 
Literature Review   Chapter 2 

  15
   

equations for the shear capacities of reinforced and post-tensioned beams were also 

looked at. 

 

The previous research conducted at USQ by Woods and Jobling on the model 

headstocks, indicated that concrete members could be shear strengthened with 

external post-tensioning combined with epoxy injection of cracks.  Whether this 

strengthening ability translates to girders is unclear, as the research conducted by 

Alam on small scale girders was inconclusive.  As previously mentioned, this was 

due to wide ranging strengths of concrete used, and the small section size and low 

amount of cover, which caused premature failure in the specimens to occur.  For 

these reasons, further testing on the combined strengthening technique applied to 

girders is required.  This research project will involve the experimental testing of 

larger scale girders, to evaluate the shear strengthening of girders using external 

post-tensioning combined with epoxy injection of existing shear cracks. 
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    CHAPTER 3 

3 DESIGN METHODOLOGY 
 

3.1 Introduction 

This chapter presents an overview of the design work undertaken for the model 

beams to be experimentally tested.  The four beams included a reinforced control 

beam, a shear cracked beam to be repaired only with post-tensioning, a beam to have 

its existing shear cracks repaired with epoxy injection and then post-tensioned, and 

finally a post-tensioned control beam.  The two beams to be rehabilitated were to be 

preloaded to the same level, to form significant shear cracks.  The control beams 

were tested to assess the effectiveness of both strengthening techniques.  For this 

testing, the model beams needed to be designed as both a reinforced beam, and a 

post-tensioned beam. 

 

The selection of loading position, specimen design and post-tensioning requirements 

are shown in this chapter.  The design of the specimens includes the determination 

of cross-section, longitudinal reinforcement and shear reinforcement.  The post-

tensioning system design includes the selection of initial tensioning level, tendon 

capacities, and end anchorage. 

 

For the ease of constructing the formwork and reinforcement cages, a rectangular 

cross-section was chosen for the specimens.  The rectangular cross-section also 

gives a good representation of industry needs, as rectangular cross-sections are 

commonly used for bridge girders and concrete building beams.  The section chosen 

was 300mm high by 150mm wide.  This model size was selected as it was believed 

it would be adequate to exhibit the same failure characteristics as larger bridge 

girders used in practical applications.  Having similar failure characteristics would 
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enable the conclusions formed from this research to be applied to full size bridge 

girders. 

 

The selection of loading position and span were made to ensure shear failure over 

flexural failure.  Four point loading was chosen to cause shear failure in both ends of 

the beam.  This type of loading also causes a lower design moment compared to 

midspan loading, which will encourage shear failure over flexural failure.  To cause 

shear failure in both ends of the beam, the shear span was set at 2.5.  Having a beam 

depth of 300mm, this equates to a distance of 750mm between the load and the 

support.  A 500mm separation between the two applied loads was also set.  The total 

span for the beam was 2000 mm, with an overhang of 300 mm at each end.  This 

equates to a total length of 2600 mm for the design specimens.  The 300 mm 

overhang at each end was required to secure the end anchorage for the post-

tensioning, and so idealised pin supports could be set.  The specimen size and 

loading points are shown in Figure 3.1. 

 

Figure 3.1: Specimen Size and Loading Position 

 

The free body diagram, bending moment diagram, and shear force diagram for the 

four point loading is shown in Figure 3.2. 
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Figure 3.2: Free Body Diagram, Shear Force Diagram and Bending Moment Diagram 

 

The maximum design shear force is between the supports and the loading points, 

while the maximum design moment is between the loading points.  This is to be 

expected, as shear failures usually occur between the support and the loading point, 

while flexural failures occur midspan.  Between the supports and the loading points, 

the design shear force is half the applied load. 

 

To ensure shear failure, the beam was designed to have at least a 40% higher 

flexural failure load than its shear failure load.  This was done through the spacing 

and size of the shear ligatures.  R6 (round) bars were chosen for the ligatures, as 

these were readily available in the laboratory, and would be small enough to bend 

with a simple jig.  A spreadsheet was used to find an acceptable spacing for the 

ligatures. 
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The ultimate moment capacity, Mu, and the shear capacity, Vu, for the design 

specimen will be calculated for before and after post-tensioning.  The corresponding 

ultimate loads, Pu, found for each will also be shown in the following sections. 

 

3.2 Preliminary Design 

The cross section of the design specimen is shown in Figure 3.3.  The depth of the 

beam was 300 mm, and the width 150 mm. 

 

 

Figure 3.3: Cross Section of the Design Specimen 

 

The section is doubly reinforced with 2 N24 tensile bars at the bottom, and 2 N16 

compression bars at the top.  R6 bars were used for the ligatures, with a spacing of 

250 mm.  These sizes were used so the beam had a higher flexural capacity than 

shear capacity.  This was found using a spreadsheet to analyse the capacities of a 

number of different reinforcement layouts.  The spacing of the ligatures was reduced 

to 60 mm in the overhang sections of each beam, to cope with the localised 

compressive stresses exerted from the post-tensioning. 

 



 
Design Methodology  Chapter 3 

  20
   

3.3 Design of Reinforced Beam 

The ultimate moment capacity, Mu, and the shear capacity, Vu, for the design 

specimen before post-tensioning are calculated in this section. 

 

3.3.1 Flexural Capacity 

The flexural capacity load of the beam was calculated to ensure it was substantially 

higher than the beam’s shear capacity load. 

 

In a doubly reinforced section at ultimate moment capacity, the resultant tensile 

force in the bottom steel, Ts, is equal to the compressive force in the concrete, Cc, 

plus the compressive force in the top steel, Cs.  Once the forces and their points of 

action are known, the moment capacity can be found by taking moments about the 

bottom tensile steel.  The internal strains, stresses, and forces in the section are 

shown in Figure 3.4, and the calculations to find the specimen’s flexural capacity are 

shown below. 

 

 

Figure 3.4: Doubly Reinforced Section at Ultimate Moment 

(Source: Warner et al, 1998) 
 

Section Properties 

MPaf c 32'=  
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( )
( )

822.0

2832007.085.0
28'007.085.0

=
−−=
−−= cfγ

 

 

Reinforcing Properties 

MPafsy 500=  

 

Depth to compression steel: 

mmdsc 39
2

16
625 =++=  

Depth to tensile steel: 

mmd 257
2
24

625300 =−−−=  

 

Area of compression steel: 
2400mmAsc =  

Area of tensile steel: 
2900mmAst =  

 

Initially assume all reinforcement yields before Mu, therefore; 

Tensile steel force:   

N

AfT stsys

310450

900500

×=

×=
= ⋅

 

Compression steel force:  

N

AfC scsys

310200

400500

×=

×=
= ⋅

 

Concrete compressive force: 

n

n

ncc

d

d

dbfC

76.3353

150822.03285.0

'85.0

=
××××=

= ⋅⋅⋅ γ
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As the sum of the forces equals zero: 

 
mmd

d

n

n

5.74

104501020076.3353 33

=
×=×+  

 

Checking the compressive reinforcement has yielded: 

0014.0
5.74
395.74

003.0

=

�
�

�
�
�

� −×=

�
�

�
�
�

� −=
n

scn
csc

d
ddεε

 

 

As �sc < 0.0025, the assumption that the compressive reinforcement had yielded is 

incorrect.  The compressive forces will be recalculated knowing the compressive 

reinforcement is in the elastic range, with: 

 sc
stu

scstu
uss A

dk
ddk

EC �
�

�
�
�

� −=
⋅

⋅
⋅⋅ ε  

 

By equating the sum of the forces to zero, the neutral axis depth is found using a 

quadratic equation to find ku: 

 

02.1
2 =−+ ukuk uu  

 

Where, 

 
stc

stsyscsu

dbf
AfAE

u
⋅⋅⋅
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1  
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2
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Therefore, 

 

245.0
257150822.03285.0

90050040010200003.0 3

1

−=
××××

×−×××=u  

 

 

0425.0
257150822.03285.0
4001020039003.0

2

3

2

=
××××
××××=u  

 

This gives the quadratic equation: 

 

 00425.0245.02 =−×− uu kk  

 

Solving the quadratic equation: 

 

 

0.117-or  362.0
12

0425.014)245.0(245.0

2
4

2

.
2

=
×

−××−−±
=

−±−=
a

cabb
ku

 

 

Taking the positive value: 

 362.0=uk  

 

Therefore, the neutral axis depth: 

 

mm

dkd un

1.93
257362.0

=
×=

= ⋅

 

 

The force in the tensile steel is the same as previously, but the compressive forces in 

the concrete and compressive reinforcement need to be recalculated. 
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Tensile steel force: 

 NTs
310450×=  

Compression steel force: 

 

N

Cs

140191

400
257362.0

39257362.0
003.010200 3

=

�
�

�
�
�

�

×
−×××=

 

Concrete compressive force: 

 
N
dC nc

312198
76.3353

=
=

 

 

Therefore, the ultimate moment capacity of the beam: 

 

( ) ( )
( ) ( )
mkN

dkdCddCM stustcscstsu

.85.98

257362.0822.05.025731219839257140191

5.0

=
×××−×+−×=

−+−= ⋅⋅γ
 

 

The force required to produce the ultimate moment, Mu, is found from: 

 
v

M
P

u

α
=1  

Where, 

 
point loading andsupport  ebetween th Distance

point loading one from Load1

=
=

v

P

α
 

 

Therefore, 

kN

P

8.131
75.0
85.98

1

=

=  

 

As four point loading is used, the ultimate flexural load capacity of the beam, Pu.f, is 

calculated as: 

 

kN

PP fu

6.263
8.1312

2 1.

=
×=
×=
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This moment capacity load can now be used to ensure the beam has a lower shear 

capacity than flexural capacity, to ensure the beams fail in shear. 

 

3.3.2 Shear Capacity 

The ultimate shear capacity, Vu, of the reinforced concrete beam is determined in 

this section. 

 

usucu VVV +=  

 

The ultimate shear strength of the concrete, Vuc, is: 

 
3
1
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Where, 
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 12 =β  (as there is no axial load present) 

 

 13 =β  

Therefore, 
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The ultimate shear strength of the shear reinforcement, Vus, is: 
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Where, 

 �
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Therefore, 

  
 

Therefore, the ultimate shear strength of the shear reinforcement, Vus, is: 
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Calculating the reinforced concrete beam’s ultimate shear capacity: 

 

kN

VVV usucu

86.76
09.2577.51

=
+=

+=
 

 

As four point loading is used, the ultimate shear capacity load, Pu.s, is calculated as: 

 
kN

P su

72.153
86.762.

=
×=

 

 

The beam’s shear capacity load, Pu.s (153.72kN) is lower than the beam’s flexural 

capacity load Pu.f (263.6kN), so the beam should fail in shear. 

 

3.4 Design of Externally Post-tensioned Beam 

The ultimate moment capacity, Mu, and the shear capacity, Vu, for the design 

specimen after post-tensioning are calculated in this section. 

 

3.4.1 Selection of Post-tension Force 

The post-tension force to be used on the beams has been selected as 150kN, with an 

eccentricity of 50mm towards the bottom.  This force has been determined taking 

into account the increase in member strength, ensuring the beam still fails in shear, 

and the available equipment.  The eccentricity of the force was chosen to maximise 

the effectiveness of the post-tensioning, but was kept within the middle third of the 

section to ensure no tensile stresses were induced on the top face of the beams due to 

the post-tensioning.  The positioning of the post-tensioning rods can be seen in 

Figure 3.5. 
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Figure 3.5: Positioning of Post-tensioning Bars 

 

The available post-tensioning rods were 26mm high tensile Maceloy bars, with a 

yield strength of approximately 900MPa.  The tensile strength, Tp, of these bars is: 

 

 ( )
kN

fAT ppp

478

900132

=
××=

= ⋅

π  

 

Therefore, these bars can easily handle the 75kN initial post-tension force on each of 

the two bars.  150C10 sections were used as end plates to transfer the post-tension 

force to the beams.  The calculations to check for adequate capacity in these sections 

are shown in Appendix B. 

 

3.4.2 Flexural Capacity 

The flexural capacity of the beam after post-tensioning needs to be less than the 

beam’s shear capacity after post-tensioning.  The calculations for the beam’s flexural 

capacity after post-tensioning are shown below. 

 

The parameters of the initial post-tensioning are: 

 

Post-tensioning force: 

 kNF 150=  
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Depth to post-tensioning steel: 

 mmdp 200=  

 

Area of post-tensioning steel: 

 

2
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Effective post-tensioning stress: 
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A
F
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To find the stress in the post-tensioning rods, Clause 8.1.6 of AS3600 is used.  For a 

beam with a span-to-depth ratio of less than 35 (2000/300 = 6.67), the ultimate stress 

in the rods is: 
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The flexural capacity of the post-tensioned beam is calculated in a similar way as for 

the reinforced beam, except the tensile force of the post-tensioning rods is added to 

the balancing equation. 

 

Initially assume all reinforcement yields before Mu, therefore; 
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Tensile steel force:   

N

AfT stsys

310450

900500

×=

×=
= ⋅

 

Compression steel force:  

N

AfC scsys

310200

400500

×=

×=
= ⋅

 

Concrete compressive force: 

n

n

ncc

d

d

dbfC
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'85.0

=
××××=

= ⋅⋅⋅ γ
 

Post-tensioning steel tensile force: 

 

N

AT ptpup

233930
9.10613.220

=
×=

= ⋅σ
 

 

As the sum of the forces equals zero: 

 
mmd

d

n

n
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233930104501020076.3353 33

=
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Checking the compressive reinforcement has yielded: 

0022.0
3.144
393.144

003.0

=

�
�

�
�
�

� −×=scε
 

 

As �sc < 0.0025, the assumption that the compressive reinforcement had yielded is 

incorrect.  The compressive forces will be recalculated knowing the compressive 

reinforcement is in the elastic range. 
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Checking the tensile reinforcement has yielded: 
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As �st < 0.0025, the assumption that the tensile reinforcement had yielded is 

incorrect.  The tensile forces will be recalculated knowing the tensile reinforcement 

is in the elastic range: 

 ststss AET ⋅⋅= ε  

 

As �st is dependent on the neutral axis depth, dn, the forces will be solved by trial and 

error knowing both the compressive and tensile reinforcement are in the elastic 

range. 

 

From the trial and error, mmdn 98.143=  

The strains equal: 

 

002187.0
98.143

3998.143
003.0

=

�
�

�
�
�

� −×=scε
 

 

002355.0
98.143

98.143257
003.0

=

�
�

�
�
�

� −×=stε
 

The forces equal: 
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N

AET ststss
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=
×××=
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N
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Therefore, taking moments about the tensile reinforcement, the ultimate moment 

capacity is: 

( ) ( ) ( )
( ) ( ) ( )
mkN

ddTddCddCM pstpnstcscstsu

.33.120
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The force required to produce the ultimate moment, Mu, is: 

 
mkN

P fu

.

.
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=
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3.4.3 Shear Capacity 

The ultimate shear capacity, Vu, of the post-tensioned beam is again determined 

from: 

usucu VVV +=  

 

The ultimate shear strength of the shear reinforcement, Vus, is as for the reinforced 

concrete beam, but the ultimate shear strength of the concrete, Vuc, is: 

 vo
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Where, 

�1, �2, �3, bv, do, ƒ’c, and Ast are the same as for the reinforced beam 

Pv = 0, as the post-tensioning rods are horizontal 

Vo = the shear force which would occur at the section when the bending 

moment at the section was equal to the decompression moment (Mo)  
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 for simply supported conditions, where M* and V* are the    

bending moment and shear force respectively, due to the same design 

loading 
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Where, 

P = post-tensioning force 

   = 150kN 

Ag= gross cross-sectional area 

    = b.D 

    = 150 x 300 

    = 45000mm2 

 e = eccentricity from the centroid of the section 

 = 50mm 

yb = distance from the centroid to bottom edge 

 = 150mm 

Ig = Second moment of area of the uncracked section 
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Therefore, the decompression moment is: 
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Therefore, the shear force where decompression occurs is: 
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The ultimate shear strength of the concrete, Vuc, is: 
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Therefore, the ultimate shear capacity of the post-tensioned beam is: 

 

 
kN

Vu

08.112
09.2599.86

=
+=

 

 

Therefore, the ultimate shear capacity load, Pu.s, is calculated as: 

 

 
kN

P su

16.224
08.1122.

=
×=

 

 

The post-tensioned beam’s shear capacity load, Pu.s (224.16kN) is lower than the 

post-tensioned beam’s flexural capacity load Pu.f (320.9kN), so the beam again 

should fail in shear.  After applying the post-tensioning, the beam’s shear capacity 

load has increased from 153.72 kN to 224.16 kN, which equates to an increase of 

45.8%. 
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3.5 Anchorage of Tensile Reinforcement 

To ensure the tensile reinforcement did not slip out when the shear cracks formed, 

the development length required at the support was checked.  The length required 

was found at the support, as the shear crack was expected to propagate through the 

tensile reinforcement in this general area. 

 

Warner et al (1998, p297) argue that in regions of high shear force, strut-and-tie 

modelling can be used for a beam.  This entails the tensile reinforcement being taken 

as the bottom chord, and the concrete forming a strut between the loading point and 

the support, as shown in Figure 3.6.  This is the simplest arrangement of the strut-

and-tie model, but will provide a conservative estimate of development length 

required. 

 

 

Figure 3.6: Strut-and-tie Model of Beam 

 

The development length required for the tensile reinforcement was found using the 

ultimate shear capacity load for the reinforced beam (154 kN), as found in section 

3.3.2.  The maximum load from the reinforced beam was used instead of the load 

from the post-tensioned beam, as the tensile reinforcement in these beams was 

placed in compression before loading.  This meant a lower ultimate tensile force at 

the support was expected in these beams.  Analysing one end of the beam, the 

applied load is 77 kN.  The force in the tensile reinforcement is found using simple 

statics from Figure 3.7. 
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Figure 3.7: Statics of Strut-and-tie Model 

 

Concrete compression strut force: 
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Tensile reinforcement force: 
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As there are two tensile reinforcement bars, the force in each bar is 112.5 kN (225 ÷ 

2).  The development length required for a bar at less than yield strength is found 

from Clause 13.1.2.2 of AS3600; 
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As 576 mm of development length is required, but the end overhang sections of the 

beam are only 300 mm long, a cog will be placed at the end of each tensile bar to get 

the required development.  Clause 13.1.2.4 of AS3600 states that the development 

length of a standard hook shall be taken as 0.5Lsy.t.  This will allow the required 

reinforcement to fit in the end overhang sections of the beam.  Clause 13.1.2.5 of 

AS3600 states that the straight extension of the cog must be at least 4db, so this 

section will be at least 96 mm.  Figure 3.8 shows the cog to be used at the end of 

each tensile reinforcement bar, to ensure the bars do not slip once the shear cracks 

form. 
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3.6 Design Summary 

The design of the specimens to be used for this testing is shown in Figure 3.8. 

 

 

Figure 3.8: Specimen Design 

 

The model beams have been designed to ensure they fail in shear over flexure.  This 

has been done for both the reinforced control beam, and the post-tensioned beams.  

A summary of the design capacities can be seen in Table 3.1.  The flexure/shear 

ratios shown indicate that both the reinforced beam and post-tensioned beams should 

fail in shear over flexure, as their flexural capacities are 71% and 43% higher than 

their shear capacities respectively. 

 

Table 3.1: Summary of Design Capacities 

 
 

Shear Capacity 
Load, Pu.s (kN) 

Flexural Capacity 
Load, Pu.f (kN) 

Flexure/Shear 
Ratio 

Reinforced 
Beam 154 264 1.71 
Post-tensioned 
Beam 224 321 1.43 
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    CHAPTER 4 

4 EXPERIMENTAL METHODOLOGY 
 

4.1 Introduction 

This section will outline the procedures used in the construction and testing of the 

model beams. 

 

4.2 Construction Methodology 

Four test specimens were constructed using the design discussed in the previous 

chapter.  The four beams were cast at once to ensure similar concrete strengths when 

testing for each beam.  The four beams were tested between 28 and 40 days.  As 

concrete gains almost all of its strength in the first 28 days, the concrete strength for 

each beam when tested were very similar. 

 

4.2.1 Formwork 

The formwork was constructed by university staff from 12 mm ply and 75 mm x 38 

mm pine.  The formwork was constructed to have the four beams side by side to 

minimise the material used.  Three separator boards were used to stabilise the middle 

formwork ply, until the concrete had been filled on both sides of the ply. 

 

The formwork was greased and the edges sealed with silicone before the beams were 

cast, to ensure they could easily be removed.  Figure 4.1 shows the formwork and 

three separator boards. 
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Figure 4.1: Formwork to Cast Beams 

 

4.2.2 Reinforcement 

The reinforcement used in the beams was obtained from a local supplier, with the 

N24 tensile bars being cut and bent to order, as bending this size bar was beyond the 

university bending machine’s capability.  The N16 compression bars were cut to a 

length of 2500 mm, to allow 50 mm of space at either end for the ferrules, which 

were needed to position the end anchorage for the post-tensioning.  The R6 ligatures 

were cut using bolt cutters, and bent using a jig to suit the required cage.  The cage 

was designed to have 25 mm cover from the outside of the ligatures.  The bending 

jig used is shown in Figure 4.2. 
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Figure 4.2: Bending Jig 

 

The reinforcement cages were positioned in the formwork using 25 mm high mortar 

blocks.  These were made five days before casting the beams from a water, cement 

and sand mix.  Each block had a tie wire cast in, so the blocks could also be tied to 

the cages and used for lateral positioning.  A constructed reinforcement cage 

positioned in the formwork using the mortar blocks is shown in Figure 4.3. 

 

 

Figure 4.3: Positioning of Reinforcement Cages 
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Lifting hooks made from R6 reinforcement were made for each end of the beams.  

The bent bars were tied to the reinforcement cage in the strengthened end sections.  

They were placed in this section so they would not be in the effective span, and 

therefore would not affect the shear capacity of the beams. 

 

Four ferrules were secured to the formwork using M10 bolts on either end of each 

beam, to be used to fasten the end plates during post-tensioning.  A piece of N8 

reinforcement was placed through the hole of each ferrule to ensure the ferrules did 

not slip during post-tensioning.  These ferrules can be seen in Figure 4.3. 

 

4.2.3 Steel Strain Gauges 

The steel strain gauges were attached to the reinforcement to find the varying strains 

in the reinforcement when the beams were loaded.  The strain gauges used were 

TML FLA-2-11, which are designed for use on metal.  The data sheets for these 

gauges can be seen in Appendix C. 

 

Ten steel strain gauges were used for each beam.  Two of the gauges were placed on 

the midspan tensile reinforcement, and eight were placed on the shear ligatures in 

the shear span.  The positioning of the steel strain gauges can be seen in Figure 4.4, 

with each marker representing a strain gauge on either side. 

 

 

Figure 4.4: Positioning of Steel Strain Gauges 

 

Before the gauges were attached, the steel surfaces were smoothed and cleaned.  The 

ligatures were smoothed using emery paper, while the ribs of the tensile 
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reinforcement were smoothed off using a grinder.  The smoothed surfaces were 

cleaned with acetone to remove any dust particles.  The gauges were then glued to 

the steel using CN Adhesive, with finger pressure being applied to the gauge for 

approximately one minute.  The data sheet for the CN adhesive is shown in 

Appendix C.  Wax was melted over the gauge to form a watertight cover.  The 

gauges were also wrapped with VN tape, to ensure the gauges were not damaged 

when the concrete was poured.  A multimeter was used to check each gauge was 

operating correctly.  All the gauges showed the required 120� resistance, indicating 

they were working correctly.  Figure 4.5 shows a steel strain gauge that has been 

attached and covered. 

 

 

Figure 4.5: Steel Strain Gauge 

 

4.2.4 Pouring the Concrete 

The concrete used to construct the test beams was obtained from a local supplier.  

The concrete that was ordered was 32MPa strength, 80mm slump and 20mm 

nominal aggregate size.  The actual properties of the concrete were similar to this, 

and are shown in Chapter 5. 
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The concrete was placed in the formwork using a wheelbarrow and shovels.  A 

poker vibrator was then used to compact the concrete, with care being taken around 

the steel strain gauges.  After the concrete had been compacted, the surface was 

screeded off, and a trowel was used to finish smoothing the surface.  The concrete 

surface was then covered with plastic to avoid excessive moisture loss, with the 

surface being regularly sprayed with water.  This was done to avoid shrinkage cracks 

caused by drying to quickly.  Figure 4.6 shows the freshly cast beams. 

 

 

Figure 4.6: Freshly Cast Beams 

 

During pouring of the beams, a number of cylinders were also cast, to be used for 

compressive strength tests when the beams were tested.  A sample of these cylinders 

can be seen in Figure 4.7. 
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Figure 4.7: Freshly Cast Concrete Test Cylinders 

 

4.2.5 Stripping, Moving and Curing 

The formwork was stripped from the beams three days after they were cast.  The 

side piece of the formwork was initially removed to allow access to the first beam.  

The beams were removed one at a time using the university’s forklift, with a chain 

attached to the lifting hooks of each beam.  The beams were then stacked together, 

covered with a plastic sheet, and left to cure until they were tested.  The test 

cylinders were also removed from their moulds at this time, and were left to cure in 

the same conditions as the test beams.  The beams and cylinders were continued to 

be sprayed with water daily for a further week to facilitate hydration and avoid 

shrinkage cracks occurring.  Figure 4.8 shows the beams and test cylinders after 

removal from the formwork and moulds. 
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Figure 4.8: Beams and Test Cylinders after Stripping 

 

4.2.6 Concrete Strain Gauges 

The concrete strain gauges were attached to the beams to find the varying strains in 

the concrete at key locations when the beams were loaded.  The strain gauges used 

were TML PFL-30-11, which are designed for use on concrete.  The data sheets for 

these gauges can be seen in Appendix C. 

 

The concrete strain gauges were attached to the beams just prior to loading.  Ten 

concrete strain gauges were used for each beam.  Four of the gauges were used at the 

midspan of the beam, with one being on the top face, and three being on the side 

face.  The other six gauges were used as two sets of rosettes, with one set in either 

shear span.  The positioning of the concrete strain gauges can be seen in Figure 4.9. 
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Figure 4.9: Positioning of Concrete Strain Gauges 

 

Before the gauges were attached, the concrete surface was cleaned using a wire 

brush.  To create a perfectly smooth surface where the gauges were to be attached, a 

layer of PS Adhesive, a two part concrete bonding agent, was covered over the 

areas.  The data sheets for PS adhesive are also shown in Appendix C.  A small 

piece of firm plastic which would not stick to the PS Adhesive, was placed firmly 

against the adhesive.  Once the adhesive had dried, the plastic was removed, leaving 

a smooth surface for the gauges to be attached to.  The gauges were then glued to the 

smooth surface using the CN adhesive, as used for the steel strain gauges.  Figure 

4.10 shows a concrete strain gauge rosette attached to the surface. 

 

 

Figure 4.10: Strain Gauge Rosette 
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4.2.7 Post-tensioning 

This section will explain about the post-tensioning system used for the test beams.  It 

will include the elements involved in the setup, and the process used to tension the 

beams. 

 

4.2.7.1 Prestressing Rods 

The prestressing rods used for the post-tensioning were 26 mm high tensile threaded 

rods.  The two rods were tensioned to 75 kN each using a hollow core hydraulic 

jack.  The rods were tensioned by jacking the system between the end anchorage 

plate, and a nut and plate positioned behind the jack.  A housing arrangement was 

used around the nut against the anchorage plate, to allow the nut to be tightened once 

the jack had tensioned the rod.  As only one jack was available for the post-

tensioning, each tendon was stressed in increments of 20 to 25 kN, to ensure both 

rods were carrying approximately the same load.  This was done to ensure the tensile 

stress in the end anchorage bolts was not excessive, which could have caused the 

end plates to be pulled off.  After each increment of tensioning, the nut in front of 

the jack was tightened to hold the increased force.  The load applied in each rod was 

measured using a hollow load cell which was positioned at the end of each rod.  The 

load cells were connected to the data logger, where the force applied during 

tensioning was monitored from.  The jack used to stress the post-tensioning rods can 

be seen in Figure 4.11. 
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Figure 4.11: Stressing of Rods 

 

4.2.7.2 End Anchorage 

End anchorage was used to transfer the post-tensioned force in the rods to the beam.  

The end anchorage setup can be seen in Figure 4.11.  The end anchorage was made 

up of an 10x150mm C-section, with a 15mm thick high strength steel plate behind it, 

as shown in Figure 4.11.  These bearing plates had small lugs welded on the top and 

bottom to hold them in position.  The C-sections were held in position with four 

M10 bolts which were screwed into four ferrules that had been cast in each end of 

the beams.  The force from the rods was transferred through high strength nuts to the 

bearing plates and C-section, then to the beam. 

 

4.2.8 Epoxy Repairing 

The crack repair of the beams involved pressure injecting a two part epoxy, Nitofill 

LV.  As the epoxy was required to be pressure injected, an impermeable seal on the 

surface of the beam along the crack lines was required.  This was done using a two 

part epoxy crack sealant, Lokfix E.  The application process for the Nitofill LV and 
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Lokfix E are discussed below, and the data sheets relating to these products are 

shown in Appendix D. 

4.2.8.1 Lokfix E 

Lokfix E is a two part epoxy sealant for use on concrete structures.  It is used to give 

a member impermeability, and reduce the chance of reinforcement corrosion. 

 

The Lokfix E was obtained in two cartridges connected together, for use with a 

double barrel corking gun.  The cartridges were sized to automatically apply the 

correct proportions of the two parts of the epoxy.  The two parts of the epoxy were 

mixed together when extruded, using a specially supplied mixing tube that was 

connected to the end of the cartridges. 

 

Before the sealant was applied, the crack surface was cleaned using a wire brush, 

and any loose pieces of concrete were removed.  Small holes were then drilled along 

the crack line, and injection nozzles for the Nitofill LV were glued to the concrete 

over the holes.  The holes were needed to allow the Nitofill LV to freely enter the 

cracks.  The Lokfix E was then extruded over the crack lines, and spread over a 5cm 

strip using a knife.  Care was taken to ensure all cracks were covered and a tight seal 

was obtained around the flange of the nozzles.  Figure 4.12 shows the positioning of 

the injection nozzles, and the sealing of the cracks using the Lokfix E.  The sealant 

was left to dry for four days after it was applied before the Nitofill LV was injected. 
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Figure 4.12: Sealing of Cracks Using Lokfix E 

 

Before the Nitofill LV was injected, the impermeability of the sealant was tested by 

pressure injecting water into the cracks.  Leakage occurred around some of the 

injection nozzles, so these were repatched with Lokfix E to form an impermeable 

seal.  The beam was then left for a day before the Nitofill LV was injected, to ensure 

the crack surfaces had dried. 

 

4.2.8.2 Nitofill LV 

Nitofill LV is a two part epoxy resin designed to rebond cracked concrete surfaces.  

It has very low viscosity, and is therefore ideally suited to being pressure injected 

into fine cracks. 

 

The Nitofill LV was obtained in two cartridges connected together, for use with a 

double barrel corking gun.  The cartridges were sized to automatically apply the 

correct proportions of the two parts of the epoxy.  Like the Lokfix E, the two parts of 

the epoxy were mixed together when extruded, using a specially supplied mixing 

tube.  The end of the tube was attached to the injection nozzles using a connector, 
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and the resin was injected using the corking gun.  The injection process started at the 

lowest most nozzle, with all the nozzles being left open.  This was to show when the 

resin had reached all parts of the crack.  As the resin began to flow out of a nozzle, it 

was then closed.  Once only the nozzle being used for injection was open, and the 

pressure on the corking gun was noticeably higher, the final nozzle where the 

injection was occurring was closed.  The increase in pressure indicated the entire 

crack had been filled.  The Nitofill LV was then left to cure for seven days before 

the beam was reloaded. 

 

Before the beam was reloaded, the Lokfix E sealant was removed with a grinder, to 

allow the initial crack lines to be seen.  This was so a comparison of the initial crack 

lines and the crack formed after repair could be made. 

 

4.3 Testing Methodology 

 

4.3.1 Introduction 

This section outlines the experimental testing that was involved in this research.  As 

previously stated, four beams were tested under varying conditions, which can be 

seen in Table 4.1. 

 

Table 4.1: Test Conditions for Specimens 

Specimen Preloaded Post-tensioned Epoxy Repaired 
B1 No No No 
B2 Yes Yes No 
B3 Yes Yes Yes 
B4 No Yes No 

 

This research focused on the effect of existing cracks on shear strengthening of 

concrete girders using external post-tensioning.  The experimental tests involved 

looking at the repair methods needed to strengthen a member with existing shear 

cracks.  Two of the test beams were preloaded, and then strengthened, while the 
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other two test beams were control beams used for comparisons.  Specimen B1 was 

used as a control beam to find the failure load of the reinforced concrete beam.  

Specimen B2 was preloaded to form a shear crack, then post-tensioned and loaded 

until failure.  The level of preloading was determined by visually determining when 

the maximum crack width was 2mm.  Specimen B3 was preloaded to the same level 

as specimen B2, but it had its shear cracks repaired with epoxy injection.  It was then 

post-tensioned and loaded to failure.  Specimen B4 was the post-tensioned control 

beam.  It was post-tensioned before any loading, and was loaded until failure.  This 

beam was used as a comparison to specimens B2 and B3.  It was used to find what 

fraction of the new post-tensioned member’s shear strength, either strengthened 

member gained.  The results from these tests can be seen in Chapter 5. 

 

4.3.2 Test Configuration 

The test configuration used to load the specimens can be seen in Figure 4.13.  This 

example shows the test setup for the post-tensioned beams.  The setup for the beams 

without post-tensioning did not require the post-tensioning rods, end anchorage or 

post-tensioning load cells. 
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Figure 4.13: Test Configuration 

 

To simulate pin supports as the beams were modelled for, the supports for the beam 

were made up of triangular shape steel blocks.  A 30mm wide steel plate was 

positioned on top of each triangular block to avoid local cracking around the 

support.  A concrete block and a number of steel plates were positioned under the 

triangular supports to adjust the height of the beam relative to the loading frame.  

The setup of the supports for the test beams can be seen in Figure 4.14. 
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Figure 4.14: Test Beam Supports 

 

Figure 4.13 show how the beams were tested with four point loading.  A single 

500kN Instron loading ram, with a maximum travel of 150mm, was used to apply 

the load.  The loading ram was supported by the loading frame, which had been 

adjusted to the correct height for the test beam setup.  The load was transferred 

evenly to the beam at two points via the spreader beam.  The spreader beam was 

connected to the loading ram with a ball and socket joint, and the two loading points 

were set 500 mm apart. 

 

The force being applied from the loading ram was measured by a load cell that was 

positioned directly under the ram.  Two load cells were also used to measure the 

force in the post-tensioning rods when they were being stressed, as well as when the 

load was being applied.  The data gathered from the load cells was stored by the 

system 5000 data logger. 

 

The midspan deflection of the test beams when loaded was measured by a load 

variable displacement transducer (LVDT).  The data gathered from the LVDT was 

stored by the system 5000 data logger.  Figure 4.15 shows the setup of the LVDT 

measuring the midspan deflection. 
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Figure 4.15: LVDT Measuring Midspan Deflection 

 

4.3.3 Data Logging 

The data measured from the load cells, LVDT and strain gauges during testing was 

collected using the system 5000 data logger.  Each of the measuring devices was 

allocated a channel on the system 5000, and a reading of each channel was recorded 

every five seconds during testing.  Three of the channels were used for the load 

cells, one for the LVDT, and 20 for the strain gauges. 

 

4.3.4 Loading 

The test beams were loaded at a constant rate of 0.5mm per minute using the Instron 

loading ram.  This loading rate was able to be achieved as the loading ram was 

computer sensor controlled. 
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4.3.5 Material Testing 

Material testing was conducted on the concrete and shear ligatures to find their exact 

properties.  These were needed to accurately compare the practical results with 

AS3600 predictions equations. 

 

4.3.5.1 Concrete Compressive Strength Tests 

To find the compressive strength of the concrete, 20 cylinders, 100mm diameter by 

200mm high, were cast when the beams were poured.  These were left to cure in 

exactly the same conditions as the test beams.  On the day of testing for each of the 

beams, five of the test cylinders were compression tested.  The results from these 

tests can be seen in Chapter 5. 

 

4.3.5.2 Reinforcing Steel Tensile Tests 

Tensile tests were conducted on a number of pieces of the R6 steel that was used for 

the shear ligatures.  The specimens were loaded until failure, and the load at yielding 

was noted.  The results from these tests can be seen in Chapter 5.  The bars used for 

the tensile and compressive reinforcement were not tested, as these bars did not 

reach yielding during any of the testing. 

 

4.4 Safety 

As this research involved predominantly experimental testing, there were a number 

of safety issues involved.  These issues concerned the construction and loading of 

the specimens, post-tensioning, and the application of epoxy resins. 

 

Simple safety measures were observed for the construction and loading of the 

specimens, and no hazardous incidents occurred.  Steel capped boots were worn at 

all times, and hard hats were worn when the specimens were loaded.  Other pieces of 

personal protective equipment (PPE) were worn for specific activities during the 
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construction.  These included safety glasses when cutting reinforcement with a 

cutting wheel, and a dust mask when grinding the sealant off the beam. 

 

The post-tensioning in this research involved applying considerable force to the 

rods, so a number of safety precautions were taken.  These involved not standing 

behind either end of the rods during stressing or loading, in case of slipping or 

breakage.  Warning signs were also erected to advise of stressing in progress. 

 

The epoxy resins used in this testing are toxic if swallowed, and can cause skin and 

eye irritation.  Before these resins were used, the Material Safety Data Sheets 

(MSDS) were consulted, so the safety issues involved were known.  When the epoxy 

resins were applied, gloves were used and care was taken to avoid contact with the 

skin. 

 

A risk assessment was prepared for this research, and is shown in Appendix E. 

 

4.5 Summary 

This chapter has outlined the procedures used in the construction and testing of the 

model beams.  The testing phase of this research has involved the loading of the 

specimens, logging of data, applying external post-tensioning, and repairing cracks 

with epoxy injection.  The safety issues involved in the experimental testing have 

also been covered. 
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    CHAPTER 5 

5 RESULTS AND DISCUSSION 
 

5.1 Introduction 

This section will outline the results that were obtained from the experimental testing 

conducted.  It also includes discussion on why the results have occurred, and the 

implication they have on the research.  The results discussed in this section include 

material strengths, data logged during loading, test observations, and comparisons of 

theoretical and experimental section capacities. 

 

5.2 Material Tests 

To accurately compare the experimental results with prediction equations, the exact 

properties of the materials had to be found.  This is because the ordered compressive 

strength of concrete, and the stated yield strength of steel, can be largely different to 

the actual strengths. 

 

5.2.1 Concrete Slump 

Prior to the four beams being poured, a slump test was conducted to get an 

indication of the concrete’s workability.  A 70 mm slump was found for the 

concrete, which was close to the 80 mm slump that was ordered.  As this is quite a 

dry mix, a poker vibrator was used to ensure the concrete was properly compacted. 

 

5.2.2 Concrete Compressive Strength 

The strength of the specimens is heavily dependent on the concrete strength.  For 

this reason, one batch of concrete was used for all of the beams, and a number of 
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cylinders were cast on the day of pouring.  The testing of the beams was conducted 

over a number of days, so on each test day, the concrete’s compressive strength was 

found by doing compression tests on a number of cylinders.  Figure 5.1 shows the 

compression test for a cylinder. 

 

 

Figure 5.1: Cylinder Compression Test 

 

The concrete strength at the time of testing for each beam is shown in Table 5.1.  

The sample cylinders for beam 3 preloading and beam 4 have been grouped 

together, as these tests were conducted on the same day. 
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Table 5.1: Concrete Compressive Strengths 

Beam No. Cylinder 
No. 

Maximum 
Load 
(kN) 

Compressive 
Strength, ƒ'c 
(MPa) 

Average 
ƒ'c 
(MPa)  

1 317 40.4 
2 318 40.5 
3 300 38.2 
4 317 40.4 

1 

5 316 40.2 

39.9 

6 322 41.0 
7 312 39.7 
8 308 39.2 
9 317 40.4 

2 

10 322 41.0 

40.3 

11 319 40.6 
12 314 40.0 
13 305 38.8 
14 315 40.1 

3 (Preloading) 
and 
4 

15 333 42.4 

40.4 

16 312 39.7 
17 308 39.2 
18 317 40.4 
19 319 40.6 

3 
(After Epoxy 
Repair and 
Post-
tensioning) 20 331 42.1 

40.4 

 

The concrete was ordered for 32 MPa, but the actual strength was considerably 

higher.  The concrete did not gain much strength over the testing period, as the 

testing was conducted over a short period of time.  The testing did not begin until 28 

days after pouring, so the concrete had gained the majority of its strength by this 

stage.  As the concrete strengths at each test time were so similar, the compressive 

strength of the concrete for all beams was taken as 40 MPa. 

 

In Chapter 3, the theoretical capacities of the beams were found assuming 32 MPa 

concrete.  To compare the experimental results with the prediction equations, the 

theoretical capacities of the beams are re-calculated later in this chapter, using the 

concrete strength found. 
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5.2.3 Reinforcing Strengths 

Tensile tests were conducted on the R6 shear ligature steel to find the actual yield 

strength of the steel.  This was compared to the theoretical yield strength of 250 

MPa.  Four sample pieces of the steel were used for the testing, with a summary of 

the results shown in Table 5.2. 

 

Table 5.2: Ligature Steel Tensile Strength 

Test 
Specimen 

Actual Diameter 
(mm) 

Yield Load 
(kN) 

Yield Stress 
(MPa) 

1 6.0 10.4 368 
2 6.0 10.3 364 
3 6.0 10.4 368 
4 6.1 10.5 359 

  Average 365 
 

The yield strength of the R6 steel found from the testing was 365 MPa, which is 

considerably higher than the theoretical strength of 250 MPa.  This strength is used 

later in this chapter, when recalculating the theoretical section capacities with actual 

material properties. 

 

5.3 Crack Observation 

The crack pattern for each of the test beams was observed as they were being loaded.  

The maximum crack widths at important load levels have also been noted. 

 

5.3.1 Specimen B1 

The shear cracking in the reinforced control beam formed as expected, starting from 

the support and propagating towards the loading point.  The first shear crack was 

observed at 125 kN load near the tension face at the support.  The crack propagated 

towards the loading point as the load was increased.  At the maximum load of 196 

kN, the maximum crack width was 2.5 mm.  At this load, a second shear crack 
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formed parallel to the main crack, approximately 80 mm away towards the middle of 

the beam.  The shear cracking in Specimen B1 can be seen in Figure 5.2. 

 

 

Figure 5.2: Failure Crack in Specimen B1 

 

Small flexural cracks formed in the midspan of the beam at approximately 60 kN.  

These stayed as fine cracks throughout the loading, as the tensile steel did not reach 

its yield point.  These cracks stopped increasing in size when the shear cracks began 

to form around 125 kN load. 

 

5.3.2 Specimen B2 

Specimen B2 was preloaded to form a shear crack with a maximum width of 

approximately 2 mm.  A load of 181 kN was required to form this crack.  The initial 

shear cracking in the specimen formed in the same way as Specimen B1, with the 

first shear cracks forming at 117 kN.  The cracking began around the support, and 

propagated towards the loading point as the load was increased.  The initial crack 

formed in Specimen B2 can be seen in Figure 5.3. 
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Figure 5.3: Initial Crack in Specimen B2 

 

Small flexural cracks formed in the midspan of the beam at approximately 50 kN.  

These again stayed as fine cracks throughout the loading, and stopped increasing in 

size when the shear cracks began to form around 127 kN load. 

 

After the 150 kN of post-tensioning was applied, the maximum crack width reduced 

to 1 mm.  Once the loading was reapplied, the cracks began to steadily reopen.  At 

the maximum load of 194 kN, the maximum crack width was 3 mm.  The crack 

continued to open as the load was applied, with the maximum crack width at failure 

being 8 mm.  As with Specimen B1, a second shear crack formed parallel to the 

main crack, at approximately the maximum load taken.  The failure crack of 

Specimen B2 can be seen in Figure 5.4. 
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Figure 5.4: Failure Crack in Specimen B2 

 

5.3.3 Specimen B3 

Specimen B3 was preloaded to form a shear crack with a maximum width of 

approximately 2 mm.  A load of 183 kN was required to form this crack, which was 

approximately equally to that for Specimen B2.  The initial shear cracking in the 

specimen formed in the same way as the previous specimens, with the first shear 

crack forming at 115 kN.  The cracking began around the support, and propagated 

towards the loading point as the load was increased.  The initial crack formed in 

Specimen B3 can be seen in Figure 5.5. 
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Figure 5.5: Initial Crack in Specimen B3 

 

Small flexural cracks formed in the midspan of the beam at approximately 55 kN.  

These again stayed as fine cracks throughout the loading, and stopped increasing in 

size when the shear cracks began to form around 115 kN load. 

 

After preloading, the shear cracks were repaired by epoxy injection, and the beam 

was post-tensioned.  The initial cracks were completely repaired, as the new crack 

lines formed away from the initial cracks.  Once the loading was reapplied, a new set 

of shear cracks began to form at 220 kN.  The onset of the shear cracks was at a 

much higher load than for the reinforced control beam, as the post-tensioning caused 

the beam to be in compression.  This meant a much higher load was required to form 

the flexural crack around the support, needed to initiate the shear crack.  Just before 

the maximum load of 310 kN, the maximum crack width was 1.5 mm.  After the 

maximum load of 310 kN was reached, the beam exhibited a shear-compression 

failure, with a large increase in crack width evident.  The maximum crack width at 

this point was 7 mm.  The failure crack of Specimen B3 can be seen in Figure 5.6.  

The initial crack line of this beam has been highlighted in green, showing how the 

shear crack formed away from the epoxy repaired crack.  The failure crack formed 
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directly between the support and the applied load, cutting the initial crack at 

approximately half the beam’s depth. 

 

 

Figure 5.6: Failure Crack in Specimen B3 

 

5.3.4 Specimen B4 

The shear cracking in the post-tensioned control beam formed slightly different to 

the beams without post-tensioning.  The first shear crack formed at 180 kN, starting 

at approximately 250 mm in from the support near the bottom edge.  The crack then 

propagated towards the applied load, increasing in width as the load was increased.  

Just before the maximum load of 354 kN, the maximum crack width was 2 mm.  

After the maximum load of 354 kN was reached, a new crack suddenly formed 

directly between the applied load and the support.  The sudden formation of this 

crack was an indication this was a shear-compression failure.  Once the failure crack 

reached the support, a new crack formed between the support and the initial steeper 

crack.  The maximum crack width after failure was 8 mm.  The shear cracking of 

Specimen B4 can be seen in Figure 5.7. 
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Figure 5.7: Failure Crack in Specimen B4 

 

Small flexural cracks formed in the midspan of the beam at approximately 95 kN.  

These began to form at a load approximately 35 kN higher than for the beams 

without post-tensioning, due to the bottom face of the beam being placed in 

compression.  These again stayed as fine cracks throughout the loading, and stopped 

increasing in size when the shear cracks began to form around 180 kN load. 

 

5.3.5 Comparison of Crack Patterns 

The shear cracking of Specimen B1, Specimen B2, and the preloading of Specimen 

B3 formed in the same way.  This cracking was flatter at the top and bottom of the 

beam, and steeper through the middle section of the beam.  Specimen B2 after post-

tensioning still had the same crack pattern as the other reinforced beams, as the 

existing cracks continued to open up after post-tensioning.  The shear cracking in 

Specimen B4 and Specimen B3 after epoxy injection and post-tensioning were also 

similar.  The failure cracks for these beams formed a direct line between the support 

and the loading point.  This indicates that the epoxy repaired beam behaved similarly 

to the post-tensioned control beam, and had the same failure mechanism.  This in 
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contrast to the beam strengthened only with post-tensioning, where the failure crack 

was the same as for the reinforced beam.  Figure 5.8 shows a comparison of the two 

general crack patterns observed. 

 

Figure 5.8: Comparison of Crack Patterns 

 

5.4 Load – Deflections Characteristics 

The load versus deflection relationship for each of the test beams is discussed in this 

section. 
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5.4.1 Specimen B1 

B1 - Load vs Deflection
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Figure 5.9: Load - Deflection Relationship for B1 

 

The load versus deflection graph for the reinforced control beam, Specimen B1, is 

shown in Figure 5.9.  The graph shows a linear shape up until 125 kN load, when the 

shear cracks began to form.  The formation of these cracks caused the stiffness of the 

beam to reduce after this point.  The maximum load recorded was 196 kN at 9.5 mm 

deflection.  The sharp drop in load at 10.3 mm deflection was due to a shear-

compression failure occurring, causing a sudden increase in crack width.  The load 

was continued to be applied after this point, with the crack width and deflection 

increasing for a reduced load.  The required load was reduced due to the crack width 

increasing, which decreased the concrete component of the beam’s shear strength. 
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5.4.2 Specimen B2 

B2 - Load vs Deflection
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Figure 5.10: Load - Deflection Relationship for B2 

 

The load versus deflection graph for the post-tensioned repair beam, Specimen B2, 

is shown in Figure 5.10.  The preloading of Specimen B2 shows similar behaviour to 

Specimen B1, except Specimen B2 has exhibited a seating error at the start of 

loading.  The flatter slope at the start of loading is likely due to a loading plate 

slowly flattening down an edge piece of concrete that was sticking up.  The linear 

section between 50 kN and 125 kN load should have extrapolated to the origin.  The 

preloading was taken to 181 kN, with 8.28 mm deflection.  As the load was 

removed, the deflection reduced to 3.28 mm. 

 

The beam was then post-tensioned, causing the deflection to reduce by a further 0.73 

mm to 2.55 mm.  This was due to the eccentricity of the post-tensioning causing the 

beam to camber upwards, thus reduce the deflection.  After post-tensioning, the 

maximum load taken by the beam was 194 kN, compared to Specimen B1 which 

took a load of 196 kN.  This equates to a 1% decrease in strength due to the post-

tensioning.  This can be explained by the angle of the shear cracks relative to the 
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post-tensioning force.  As the cracks are on an angle of approximately 30 degrees, 

part of the post-tensioning force is actually causing the crack faces to slide against 

each other, instead of forcing them together.  This reduces the concrete component 

of the shear strength for the beam, leaving the load to be predominantly taken by the 

shear ligatures.  The small drop in load after the maximum load was reached was 

due to a crack opening up.  After this point, the load was taken predominantly by the 

ligatures, with a major drop in load evident at 10.2 mm deflection, when a shear-

compression failure occurred.  This shows that post-tensioning alone will not 

increase a beam’s shear strength if it has existing shear cracks.  The loading was 

stopped at 13.6 mm deflection, as the beam had obviously failed. 

 

5.4.3 Specimen B3 

B3 - Load vs Deflection
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Figure 5.11: Load - Deflection Relationship for B3 

 

The load versus deflection graph for the beam that had its shear cracks repaired with 

epoxy injection and was then post-tensioned, Specimen B3, is shown in Figure 5.11.  

The preloading of Specimen B3 shows similar behaviour to Specimens B1 and B2.  

The graph shows a linear shape up until 115 kN load, when the shear cracks began 
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to form.  The preloading was taken to 183 kN, with 7.63 mm deflection.  As the load 

was removed, the deflection reduced to 2.10 mm. 

 

The beam had its shear cracks repaired with epoxy injection, and was then post-

tensioned, causing the deflection to reduce by a further 0.55 mm to 1.55 mm. The 

very flat slope of the graph at the beginning of loading after epoxy repair and post-

tensioning is again due to a seating error.  The deflection has increased from 1.55 

mm to 2.13 mm for a load of just 5.0 kN.  The linear section between 5 kN and 220 

kN load should have extrapolated to 1.55 mm deflection for zero load.  The first 

shear cracks formed in the repaired beam at 220 kN.  This is evident on the graph by 

the end of the linear section of load versus deflection.  The slope of the graph after 

this point is much flatter, as the load is predominantly being taken by the ligatures.  

The maximum load taken by the beam was 310 kN at 13.84 mm deflection.  This is 

a 58% increase in strength from the reinforced control beam.  The sharp drop in load 

after the maximum is due to a sudden shear-compression failure occurring.  After 

this occurred, almost the entire load of 162 kN was being taken by the ligatures. 

 

5.4.4 Specimen B4 
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Figure 5.12: Load - Deflection Relationship for B4 
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The load versus deflection graph for the post-tensioned control beam, Specimen B4, 

is shown in Figure 5.12.  The beam was post-tensioned before loading, and was then 

loaded until failure.  The post-tensioning caused the beam to deflect upwards by 

0.38 mm. The graph shows a linear shape up until 180 kN load, when the shear 

cracks began to form.  The slope of the graph is then flatter up until the maximum 

load of 354 kN.  This load is 81% higher than for the reinforced control beam.  The 

sharp drop in load after the maximum is again due to a sudden shear-compression 

failure occurring.  This behaviour is very similar to that exhibited by Specimen B3. 

 

5.4.5 Comparison of Load – Deflection Characteristics 

The beam that was repaired only with post-tensioning did not gain any strength 

compared to the reinforced control beam.  This is in contrast to the beam that was 

repaired with epoxy injection and then post-tensioned, which had a 58% increase in 

strength.  This compared to the post-tensioned control beam which had an 81% 

increase in strength from the reinforced control beam. 

 

The shape of the load versus deflection graph for the post-tensioned control beam, 

Specimen B4, is very similar to that of the epoxy repaired beam, Specimen B3.  The 

only significant difference is that Specimen B4 continued to be loaded to 354 kN, 

where Specimen B3 failed at 310 kN.  The reason the repaired beam did not reach as 

high a failure load is that it probably received minor damages in preloading, that 

have caused it to fail  earlier than the post-tensioned control beam.  This is due to the 

small cracks and damages acting as initiators for the shear cracks.  This shows that 

the beam that was epoxy injected and post-tensioned behaved very similarly to the 

post-tensioned control beam, except it did not gain the entire strength of the new 

member.  The testing has also shown that epoxy injection of shear cracks combined 

with external post-tensioning substantially increases a beam’s shear capacity. 
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5.5 Concrete Strain Distribution of Beams 

Concrete strain gauges were used to measure the strain in the concrete at midspan 

and in the shear span using a strain rosette.  This section will discuss the results 

obtained from these measurements. 

 

5.5.1 Strain Gauge Rosette  

The principal strains in the shear span for each of the test beams during loading have 

been shown in this section.  The positioning of the strain rosettes can be seen in 

Figure 4.9.  The principal strains have been calculated from the strains recorded in 

the strain rosettes on each test beam.  The calculations used to find the principal 

strains are shown below. 

 

The three strains recorded in the strain rosette were: 

 

strain diagonal
 strain, vertical

 strain, horizontal

45

90

0

=
=
=

ε
εε

εε
y

x

 

 

The shear strain, �xy, is calculated by: 

 

 900452 εεεγ −−=xy  

 

Using the strains �0, �90, and �xy, the principal strains, �min and �max, can be found 

using Mohr’s circle, as shown in Figure 5.13. 
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Figure 5.13: Mohr's Circle of Strain 

(Source: Stress Analysis Study Book, 2003) 
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5.5.1.1 Specimen B1 

Figure 5.14 shows the principal strains of the concrete in the shear spans during 

loading of Specimen B1.  It can be seen that that the maximum principal strain in 

strain rosette 1 (SR1) was 3490 micro strain at 129 kN load.  At this point, the 

minimum principal strain was -3430 micro strain, with the negative sign indicating it 

was in compression.  The graph for SR1 ceased at this point as one of the strain 

gauges broke, due to a shear crack propagating through it.  The maximum principal 

strain in SR2 was 640 micro strain at 120 kN load.  The strain did not get as high as 

in SR1, as the shear crack in this end formed slightly away from the rosette.  After 

the crack formed near SR2, the strain began to reduce due to the ligatures taking the 

load.  At the maximum load of 196 kN, the principal strains in SR2 were 220 and -

90 micro strain.  The highest magnitude recorded in the minimum principal strain of 

SR2 was -990 micro strain at 160 kN load.  The strains in SR2 continued to increase 

after the maximum load was reached up to this point, as a compression strut had 

formed between the applied load and the support.  The failure crack for this beam 

formed on the side of SR2. 

 

 

Figure 5.14: Principal Strains for Beam 1 
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5.5.1.2 Specimen B2 

Figure 5.15 shows the principal strains of the concrete in the shear spans during 

preloading of Specimen B2.  The shear cracks in both ends of this beam formed 

slightly away from either rosette, so the strains recorded were quite small.  The 

horizontal reduction in the maximum principal strain in SR1 at 117 kN load, 

indicates that a shear crack formed near the rosette at this time.  The formation of a 

crack would reduce the stress on the concrete around it, as the load is then partially 

taken by the ligatures.  The highest magnitude recorded in the minimum principal 

strains of SR1 and SR2 were -260 and -240 micro strain respectively, at the 

maximum preload of 181 kN. 

 

B2 - Load v Principal Strains (Preloading)
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Figure 5.15: Principal Strains for Beam 2 (Preloading) 

 

Figure 5.16 shows the principal strains of the concrete in the shear spans during 

loading of Specimen B2 after it was post-tensioned.  The failure crack for this beam 

formed on the side of SR1.  The cracks from the preloading continued to open up, 

with no new cracks forming, so again both rosettes did not have cracks through 

them.  For this reason, the maximum principal strains were small.  The sharp drop in 
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minimum and maximum principal strains in SR1 at 183 kN load was due to a shear 

compression failure occurring.  This also translates to a sharp drop on the load vs 

deflection graph for this beam, as shown in Figure 5.10.  The highest magnitude 

recorded in the minimum principal strain of SR1 was -430 micro strain at 145 kN 

load. 

 

B2 - Load v Principal Strains (After Post-tensioning)
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Figure 5.16: Principal Strains for Beam 2 (After Post-tensioning) 

 

5.5.1.3 Specimen B3 

Figure 5.17 shows the principal strains of the concrete in the shear spans during 

preloading of Specimen B3.  A shear crack formed through SR2, but the shear crack 

on the side of SR1 formed slightly away from the rosette, and therefore SR1 had 

very small strains compared to SR2.  The maximum principal strain in SR2 at 140 

kN load, just before one of the strain gauges broke due to a crack propagating 

through it, was 4240 micro strain.  The horizontal increase in strain on the graph for 

SR2 at 117 kN load, indicates that a shear crack was initiating very close to the 

rosette.  It then propagated through the rosette, causing the principal strains to 

increase rapidly. 
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B3 - Load v Principal Strains (Preloading)

0

20

40

60

80

100

120

140

160

180

200

-2500 -1500 -500 500 1500 2500 3500 4500

Principal Strain (Micro Strain)

Lo
ad

 (k
N

)

SR1 -� max SR1 - � min SR2 - � max SR2 - � min  

Figure 5.17: Principal Strains for Beam 3 (Preloading) 

 

Figure 5.18 shows the principal strains of the concrete in the shear spans during 

loading of Specimen B3 after epoxy injection of the cracks and post-tensioning.  As 

the strain gauges in SR2 were broken during the preloading, this rosette position was 

not used for the loading after epoxy injection and post-tensioning.  It was decided 

this rosette would be replaced by one which was approximately 200 mm further 

towards the middle, on the side of SR1, as can be seen in Figure 5.6.  This position 

was chosen as the post-tensioned control beam had exhibited initial shear cracking in 

this area.  This strain rosette was called SR3, and was used to find the difference 

between the two rosette positions for the post-tensioned beam. 

 

It can be seen that SR3 exhibited very little strain up until 254 kN load.  After this 

point, the maximum principal strain in SR3 increased rapidly to 4130 micro strain, at 

263 kN load, before one of the strain gauges broke.  This was due to a crack 

propagating through the rosette, as expected would occur.  The shear cracks near 

SR1 initiated at approximately 220 kN load, and began to open significantly at 300 

kN load.  This translates to the near horizontal increase of the minimum principal 
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strain of SR1 at 300 kN load.  The minimum principal strain was increasing rapidly 

at this time, due to a compression strut forming between the support and the applied 

load.  The maximum principal strain of SR1 was not increasing at the same rate at 

this time, as the crack was opening up, and the tensile load was being predominantly 

taken by the ligatures.  At the point before ultimate failure, the principal strains in 

SR1 were 710 and -1170 micro strain.  The beam failed due to shear compression 

failure, with the main crack located just above SR1. 

 

B3 - Load v Principal Strains (After Epoxy Repair and Post-tensioning)
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Figure 5.18: Principal Strains for Beam 3 (After Epoxy Repair and Post-tensioning) 

 

5.5.1.4 Specimen B4 

Figure 5.19 shows the principal strains of the concrete in the shear spans during 

loading of Specimen B4.  The failure crack for this beam formed on the side of SR1, 

but neither rosette had a crack form through it.  The principal strains in SR1 just 

before failure were 110 and -630 micro strain.  This beam exhibited a sudden shear 

compression failure, with the main crack running above SR1.  The principal strains 

along the crack line would most likely have been significantly higher than those 

measured in SR1.  This is inferred from the principal strains in Specimen B3 just 
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before failure being 710 and -1170 micro strain, with a similar failure mode 

exhibited. 

 

B4 - Load v Principal Strains
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Figure 5.19: Principal Strains for Beam 4 

 

5.5.2 Mid-span Concrete Strain 

The midspan concrete strains for each of the test beams during loading have been 

shown in this section.  The positioning of the four strain gauges in the midspan is 

shown in Figure 5.20. 

 

 

Figure 5.20: Positioning of Midspan Concrete Strain Gauges 
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5.5.2.1 Specimen B1 

Figure 5.21 shows the midspan concrete strains of Specimen B1 during loading.  

The maximum compressive strain on the top face was 1100 micro strain at the 

maximum load of 196 kN.  There is a linear relationship from when loading began to 

when the maximum load was achieved, for both the top face gauge and the side top 

gauge.  This is because the top section was in compression for the entire loading.  

The side middle gauge and the side bottom gauge have shown unexpected results.  

Both gauges have started as expected, with the bottom in tension and the middle 

tending from neutral to tension. At 19 kN load, the bottom gauge has switched from 

being in tension to compression.  This is in contrast to the tensile reinforcement 

strains which have increased in tension throughout the loading.  The middle gauge 

has increased in tension until 42 kN load, before reducing and then switching to 

compression.  It is believed these two gauges were faulty, and the results are not 

reliable. 

 

B1 - Load vs Midspan Concrete Strains
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Figure 5.21: Midspan Concrete Strains for Beam 1 
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5.5.2.2 Specimen B2 

Figure 5.22 shows the midspan concrete strains of Specimen B2 during loading.  

The maximum tensile strain in the bottom gauge before breaking due to a flexural 

crack was 3450 micro strain at a load of 86 kN.  The strain profile for the gauge on 

the top face of the beam had no change after post-tensioning, due to the eccentricity 

of the force.  The compression exerted on the beam was neutralised by the tensile 

force from the induced moment.  The side top gauge had slightly higher compression 

after the post-tensioning, as this level had the same compressive force, but less 

tensile force from the induced moment.  The side middle gauge had significantly less 

tension after post-tensioning than in the preloading, due to the compressive force 

exerted on the beam. 

 

B2 - Load vs Midspan Concrete Strains
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Figure 5.22: Midspan Concrete Strains for Beam 2 

 

5.5.2.3 Specimen B3 

Figure 5.23 shows the midspan concrete strains of Specimen B3 during loading.  

The maximum tensile strain in the bottom gauge before breaking due to a flexural 

crack was 3580 micro strain at a load of 95 kN.  The changes in strain due to the 

(Compression) (Tension) 



 
Results and Discussion  Chapter 5 

  85
   

application of post-tensioning, as previously mentioned, were again evident in this 

beam.  The strains in the top gauges reached higher compression strains than the in 

the previous beams, as a 58% higher load was achieved.  The maximum 

compressive strain reached in the top face of the beam was 2570 micro strain.  This 

is still well short of the nominal crushing strain of concrete, which is 3000 micro 

strain. 

 

B3 - Load vs Midspan Concrete Strains
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Figure 5.23: Midspan Concrete Strains for Beam 3 

 

5.5.2.4 Specimen B4 

Figure 5.24 shows the midspan concrete strains of Specimen B4 during loading.  At 

the beginning of loading, the middle and bottom gauges had compressive strains due 

to the post-tensioning.  The compressive strain in the bottom gauge was 170 micro 

strain, and in the middle gauge there was 80 micro strain.  The strains in the top 

gauges at this time were negligible.  The maximum tensile strain in the bottom 

gauge before breaking was 4040 micro strain at a load of 246 kN.  The flexural 

cracks in this beam began at a much higher load than for the other reinforced beams, 

due to the compressive force from the post-tensioning.  A higher moment was 
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required to induce a tensile cracking stress at the bottom of the beam, which had 

overcome the initial compressive stress.  The maximum compressive strain reached 

in the top face of the beam was 2980 micro strain, which is approaching the nominal 

crushing strain of concrete.  This beam had the highest concrete compressive strain, 

as it took the highest load. 

 

B4 - Load vs Midspan Concrete Strains
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Figure 5.24: Midspan Concrete Strains for Beam 4 

 

5.6 Steel Strain Distribution of Beams 

Steel strain gauges were used to measure the strain in the midspan tensile 

reinforcement, and in the ligatures in the shear span.  This section will discuss the 

results obtained from these measurements. 

 

5.6.1 Tensile Reinforcement Strains 

The strain in the tensile reinforcement for each of the beams is shown in Figure 5.25.  

It can be seen from the graph that the tensile steel remained in the elastic range for 

all of the testing.  This was due to the beams being over-designed for flexural 
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capacity, to ensure shear failures.  The maximum strain recorded in the tensile steel 

was 2550 micro strain, which was in Specimen B4 just before failure.  The shape of 

the graphs for B1 and the preloading of B2 and B3 were very similar.  The 

maximum strain recorded in the preloading of B2 and B3 was approximately 1620 

micro strain.  As each of the beams was then post-tensioned, the tensile steel was 

forced into compression, as expected.  The shape of the graph for Specimen B3 after 

epoxy repair and post-tensioning was very similar to that of Specimen B4, except it 

did not gain as high a strain, as it failed due to a smaller load. 

 

Load vs Tensile Reinforcement Strain

0

50

100

150

200

250

300

350

400

-500 0 500 1000 1500 2000 2500 3000

Tensile Reinforcement Strain (Micro Strain)

Lo
ad

 (
kN

)

Beam 1 Beam 2 - Preloading
Beam 2 - After Post-tensioning Beam 3 - Preloading
Beam 3 - After Epoxy and Post-tensioning Beam 4  

Figure 5.25: Load vs Tensile Reinforcement Strain of the Four Beams 

 

The tensile reinforcement strain gauges were at the same level as the side bottom 

midspan concrete strain gauges, but the steel gauges recorded lower strains than the 

concrete gauges.  The maximum tensile reinforcement strains were between 1650 

and 2550 micro strain, while the maximum strains in the side bottom concrete strain 

gauges reached approximately 3500 micro strain by half the ultimate load, before 

breaking.  The concrete strain gauges reached higher strains than the steel gauges 

due to localised increases in strain, normally due to cracking.  If a crack passed 

through a concrete strain gauge, the gauge area took the entire increase in strain, but 
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the tensile reinforcement redistributed the strain over a large length.  This was due to 

the tensile reinforcement slightly debonding from the concrete, thus allowing the 

reinforcement to redistribute the strain over a larger area.  This is why the side 

bottom concrete strains and the tensile reinforcement strains did not match, even 

though they were positioned at the same level. 

 

5.6.2 Shear Reinforcement Strains 

The strain developed in the shear ligatures during loading of each beam is discussed 

in this section.  The positioning of the shear ligatures can be seen in Figure 4.4. 

 

5.6.2.1 Specimen B1 

Figure 5.26 shows the strain in the shear ligatures during loading of Specimen B1.  

The failure crack for this beam was on the side of ligatures 3 and 4.  It can be seen 

that the strain in ligatures 1 and 4 began to increase at 125 kN load.  This is when the 

shear cracks began to form through the ligatures, therefore leaving the load to be 

taken predominantly by the ligatures.  The flat sections of the graph indicate when 

major cracks have opened up, and the load carried by the ligature has increased.  The 

maximum strain recorded in ligature 4 was 4420 micro strain at the maximum load 

of 196 kN.  The large increase in strain up to this point was due to the failure crack 

opening widely at this point, causing the strain in this ligature to increase 

dramatically.  The graph of ligature 3 has stopped at 1970 micro strain, at a load of 

192 kN.  This point translates to when the failure crack opened significantly, and 

there was a sharp drop in load carried.  It is believed the readings from the gauge 

stopped at this point due to breaking when the ligature yielded. 
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B1 - Load vs Shear Ligature Strain
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Figure 5.26: Strain Measured in Shear Ligatures in Beam 1 

 

5.6.2.2 Specimen B2 

Figure 5.27 shows the strain in the shear ligatures during the preloading of Specimen 

B2.  The maximum strain in ligature 1 was 2820 micro strain, while in ligatures 2, 3 

and 4 it was approximately 1700 micro strain.  This indicates that a major crack has 

formed through ligature 1, and the ligature has yielded.  This was confirmed by the 

visual crack inspection, where the largest crack was seen on the side of ligatures 1 

and 2.  It can be noted that a significant crack opened through ligature 4 at 161 kN 

load, as a horizontal increase of 1000 micro strain can be seen at this load. 
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B2 (Preloading) - Load vs Shear Ligature Strain
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Figure 5.27: Strain Measured in Shear Ligatures in Beam 2 (Preloading) 

 

Figure 5.28 shows the strain in the shear ligatures of Specimen B2 after being post-

tensioned.  The failure crack for this beam was on the side of ligatures 1 and 2.  The 

ligatures began to take the load when the initial cracks began to reopen at a load of 

85 kN.  From this point up to a load of 185 kN, the graph for all the ligatures are 

almost linear, as they are in the elastic range.  The graph for ligature 2 then flattens 

out as it began to yield.  Ligature 1 also yielded after this point, with the maximum 

strain recorded as 2980 micro strain.  After the maximum load was reached, ligature 

2 continued to yield to 2410 micro strain before it broke at 154 kN load.  This 

translates to a sharp drop in load as can be seen in the load-deflection graph, Figure 

5.10. 
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B2 (After Post-tensioning) - Load vs Shear Ligature Strain
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Figure 5.28: Strain Measured in Shear Ligatures in Beam 2 (After Post-tensioning) 

 

5.6.2.3 Specimen B3 

Figure 5.29 shows the strain in the shear ligatures during the preloading of Specimen 

B3.  The shape of the graph is similar to that for the preloading of Specimen B2.  

The maximum strain in ligature 3 was 1890 micro strain, 1370 micro strain in 

ligature 2, and approximately 1200 micro strain in ligatures 1 and 4.  These strains 

indicate that none of the ligatures had yielded at this point.  Having all the strains at 

approximately the same level confirmed the visual crack inspection, where both 

sides cracking appeared equal. 
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B3 (Preloading) - Load vs Shear Ligature Strain
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Figure 5.29: Strain Measured in Shear Ligatures in Beam 3 (Preloading) 

 

Figure 5.30 shows the strain in the shear ligatures of Specimen B3, after epoxy 

repair and post-tensioning.  It can be seen from the graphs for ligatures 2 and 3, the 

cracks through these ligatures started at a load of 270 kN.  To show detail of the 

graph, it has only been shown up to 4500 micro strain, but the maximum strain for 

three of the ligatures were much higher than this.  The maximum strain for ligature 1 

was 5300 micro strain, ligature 2 was 16800 micro strain, and ligature 3 was 5900 

micro strain.  These ligatures each began to yield at 2200 micro strain, which is 

indicated by the almost horizontal graphs for each of the ligatures after this point.  

The failure crack for this beam was on the side of ligatures 1 and 2. 
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B3 (After Epoxy and Post-tensioning) - Load vs Shear Ligature Strain
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Figure 5.30: Strain Measured in Shear Ligatures in Beam 3 (After Epoxy and Post-tensioning) 

 

5.6.2.4 Specimen B4 

Figure 5.31 shows the strain in the shear ligatures during loading of Specimen B4.  

The failure crack for this beam was on the side of ligatures 1 and 2.  The first shear 

cracks formed in this beam at approximately 180 kN.  These initial cracks formed 

approximately 250 mm in from the supports, so they crossed the middle ligatures (2 

and 3) more so than the outer ligatures (1 and 4).  This is why the graphs for 

ligatures 2 and 3 are much flatter than for ligatures 1 and 4.  When the sudden shear-

compression failure occurred, the gauges for ligatures 1 and 2 ceased reading.  The 

maximum strain in ligature 1 at this point was 1220 micro strain, which indicates it 

had not yielded. 
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B4 - Load vs Shear Ligature Strain
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Figure 5.31: Strain Measured in Shear Ligatures in Beam 4 

 

5.7 Increase in External Post-tension Force 

As the beams were loaded and began to deflect, the tension side of the beam 

increased in length.  This caused the post-tensioning rods to also increase in length, 

which therefore increased the force in the rods.  Figure 5.32 shows the increase in 

post-tension force as the beams have been loaded.  Note that the deflection shown is 

the deflection from when the post-tensioned beam has begun loading. 
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Increase in Post-tension Force vs Deflection
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Figure 5.32: Increase in Post-tension Force as the Beams are Loaded 

 

The graph shows that the post-tensioned force in Specimens B3 and B4 has 

increased dramatically more than Specimen B2.  This is due to the sliding action that 

has occurred in B2.  This has meant that the tension side of the beam has not 

increased in length as much as for B3 and B4, as the deflection has occurred due to 

the crack width increasing, not the beam bending as a whole.  The post-tension force 

in B2 has gradually decreased after the maximum load was reached at 5.5 mm 

deflection, with a sharp drop at 7.7 mm deflection.  The sharp drop relates to when a 

crack has opened up from the loading, and then allowed the post-tensioning rods to 

decrease in length, by partially closing the crack.  The post-tension force has 

increased in Specimens B3 and B4 up until failure, as these two beams were bending 

as a whole, and therefore increasing the rods’ length.  Specimen B4 had a larger 

increase than B3, as it took a higher load and sustained a larger deflection.  The 

major drops in post-tension force for B3 and B4 are due to the shear-compression 

failures that occurred, which caused major cracking.  The percentage increase in 

post-tensioning force for each of the beams is shown in Table 5.3.  The percentage 

increase of post-tensioning force, combined with the shape of the graph, indicates 
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that the epoxy repaired beam, Specimen B3, is behaving almost as a new condition 

member. 

 

Table 5.3: Percentage Increase in Post-tensioning Force 

Specimen Initial Force (kN) Maximum Force (kN) Percentage Increase (%) 
B2 152 184 21.1 
B3 150 223 48.7 
B4 152 228 50.0 

 

Table 5.4 shows the maximum stress in the post-tensioning rods recorded during 

loading, compared to the predicted stress using AS3600.  The percentage difference 

between the two has also been shown.  It can be seen that the actual maximum stress 

for each of the beams is lower than the predicted.  Part of this difference is due to the 

predicted stress being based on the ultimate moment capacity, which was not 

reached for any of the beams, as each beam failed in shear.  The increase in 

Specimen B2 was significantly less than the predicted due to the sliding affect that 

occurred, as previously mentioned.  The predicted stress in Table 5.4 is found from 

Clause 8.1.6 of AS3600:  
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Table 5.4: Comparison of Predicted and Actual Stress in Post-tensioning Rods 

Specimen Predicted Stress 
(MPa) 

Actual  Stress 
(MPa) 

Percentage Difference 
(%) 

B2 220.3 173.3 21.3 
B3 220.3 210.0 4.7 
B4 220.3 214.7 2.5 

 

5.8 Section Capacities Based on Actual Material Properties 

The section capacities of the test beams were calculated in Chapter 3 using 

theoretical material properties.  Material tests conducted have shown material 

strengths different to the expected.  To accurately compare the practical test results 
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with AS3600 prediction equations, the section capacities need to be recalculated 

using the observed material properties. 

 

The following section will show the calculations of the shear capacities of the 

beams, using actual material properties.  The flexural capacity of the beams will not 

be recalculated, as each the test beams failed in shear. 

5.8.1 Before Post-tensioning 

 

Section Properties 
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Reinforcing Properties 
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Therefore, the ultimate shear strength of the shear reinforcement, Vus, is: 
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48.30cot
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�
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Calculating the reinforced concrete beam’s ultimate shear capacity: 

 
kN

VVV usucu

80.91
04.3676.55

=
+=

+=
 

 

As four point loading is used, the ultimate shear capacity load, Pu.s, is calculated as: 

 
kN

P su

60.183
80.912.

=
×=
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5.8.2 After Post-tensioning 

 

Shear strength of the concrete: 

 

kN

Vuc
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3
1

=
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Shear strength of the reinforcement, as previously found: 

 kNVus 04.36=  

 

Calculating the post-tensioned beam’s ultimate shear capacity: 

 

kN

VVV usucu

20.128
04.3616.92

=
+=

+=
 

 

As four point loading is used, the ultimate shear capacity load, Pu.s, is calculated as: 

 
kN

P su

40.256
20.1282.

=
×=

 

 

5.9 Comparison of Practical Results with AS3600 Predictions 

This section compares the capacities of the beams found from the experimental 

testing with the recalculated theoretical section capacities found in section 5.8.  This 

will indicate the accuracy of the prediction equations for this testing.  The 

comparison for the four specimens is shown in Table 5.5. 

 

Table 5.5: Comparison of Theoretical and Experimental Failure Loads 

Specimen 
No. 

Recalculated Theoretical 
Capacity, Pu (kN) 

Experimental 
Capacity, Pue (kN) 

Percentage 
Difference 

B1 184 196 7% 
B2 256 194 -24% 
B3 256 310 21% 
B4 256 354 38% 
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It can be seen from the table that there were significant differences between the 

applied load in testing, and the theoretical capacity from AS3600.  For Specimen B1, 

the reinforced control beam, AS3600 slightly under predicted the failure load.  This 

7% difference is acceptable, as this testing was done in laboratory conditions with a 

high level of control.  AS3600 predictions are designed for use in practical 

applications, where less control is likely, so this small difference is acceptable.  

Specimen B2 had an actual capacity 24% less than the theoretical prediction for the 

post-tensioned beam.  This was expected, as the AS3600 predictions are based on a 

new condition post-tensioned member.  As this beam had initial shear cracking 

before post-tensioning, the ultimate capacity was reduced. 

 

The beam that was epoxy repaired and post-tensioned, Specimen B3, showed an 

actual capacity 21% higher than the predicted.  The post-tensioned control beam, 

Specimen B4, had an actual capacity 38% higher than the predicted.  These two 

beams may have had higher capacities than predicted for a number of reasons.  The 

first reason is due to the tests being conducted in a controlled environment, as 

previously mentioned.  The other reason is that the post-tensioning rods were 

unusually large for the tensioning force used.  This means the beams acted very 

stiffly while being loaded, so it therefore did not allow the shear cracks to form as 

early.  Overall, AS3600 appears conservative for its ultimate capacity predictions of 

post-tensioned beams. 

 

5.10 Adjustments to AS3600 Predictions 

To try to predict the shear capacity of the post-tensioned beams more accurately, 

adjustments to the prediction equations will be looked at.  This is due to the AS3600 

predictions appearing conservative for a new condition post-tensioned beam, and 

providing an over estimate of the shear strength for a beam with existing shear 

cracks, strengthened only with post-tensioning.  The Vus component of the shear 

strength will be kept the same, but the Vuc component will be adjusted in a number 

of ways, as the method for predicting this is unclear.  Warner et al (1998, p340) 
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argue that the equations used to calculate Vuc have no rational justification, but are 

used due to the relatively simple design procedure.  This infers changes to the 

equations could be made to more accurately predict the concrete component of the 

member’s shear strength.  Four methods will be examined for better predicting the 

shear capacity of post-tensioned beams.  The first method to be looked at involves 

modelling the specimen as a reinforced beam with an axial compressive force (using 

initial post-tension force).  This compressive force will increase the �2 multiplying 

factor for Vuc.  The second method also involves taking the specimen as a reinforced 

beam, but using the ultimate post-tension force recorded for the compressive force.  

The third method involves using the standard equation for Vuc of a post-tensioned 

beam, but not excluding the post-tension force from the �2 factor (using the initial 

post-tension force).  The fourth method is the same as the third, but the compressive 

force is taken as the ultimate post-tension force.  The adjusted methods will be 

compared to the experimental results, to find the most accurate predictions. 

 

5.10.1 Method 1 (Reinforced Beam, �2 Using Initial Post-tension Force) 

This method involves taking the specimen as a reinforced beam with an axial 

compressive force, taken as the initial post-tension force.  This predicted capacity 

would be the same for the three post-tensioned beams, as each began with 150 kN 

initial post-tension force. 

 

The Vuc component of the capacity of the beams would then be predicted by: 

 

 
3
1
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Where, 

 �1,  �3, bv, do, ƒ’c, and Ast are the same as for Specimen B1 
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Therefore, 
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Calculating the ultimate shear capacity: 

 
kN

VVV usucu

19.105
04.3615.69

=
+=

+=
 

 

Therefore, the ultimate shear capacity load is: 

 
kN

P su

38.210
19.1052.

=
×=

 

 

This is an under estimate for Specimens B3 and B4, but still an over estimate for 

Specimen B2. 

 

5.10.2 Method 2 (Reinforced, �2 Using Max. Post-tension Force) 

This method involves taking the specimen as a reinforced beam with an axial 

compressive force, taken as the ultimate post-tension force recorded.  The predicted 

capacities would be different for each of the three post-tensioned beams, as each 

recorded a different maximum post-tension force. 
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5.10.2.1 Specimen B2 
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Calculating the ultimate shear capacity: 

 
kN

VVV usucu

98.107
04.3694.71

=
+=

+=
 

 

Therefore, the ultimate shear capacity load is: 

 
kN

P su

96.215
98.1072.

=
×=

 

 

5.10.2.2 Specimen B3 
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Calculating the ultimate shear capacity: 

 

kN

VVV usucu

33.111
04.3629.75

=
+=

+=
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Therefore, the ultimate shear capacity load is: 

 
kN

P su

66.222
33.1112.

=
×=

 

 

5.10.2.3 Specimen B4 

kNN 228* =  
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kN

Vuc
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Calculating the ultimate shear capacity: 

 

kN

VVV usucu

88.111
04.3684.75

=
+=

+=
 

 

Therefore, the ultimate shear capacity load is: 

 
kN

P su

76.223
88.1112.

=
×=

 

 

This method provides an under estimate for Specimens B3 and B4, but an over 

estimate for Specimen B2. 

 

5.10.3 Method 3 (Post-tensioned, �2 Including Initial Post-tension Force) 

This method involves calculating the capacity of the beams with the normal 

equations for a post-tensioned beam, but not excluding the post-tension force from 

the �2 factor.  This method uses the initial post-tension force for N* in the equation 
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for �2.  The predicted capacity would be the same for the three post-tensioned 

beams, as each began with 150 kN initial post-tension force. 

 

The Vuc component of the capacity of the beams would then be predicted by: 

 vo
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ovuc PV
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Where, 

�1,  �3, bv, do, ƒ’c, Vo, and Ast are the same as for the previous predictions, and 

Apt is the same as for the initial predictions. 
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Calculating the ultimate shear capacity: 

 
kN

VVV usucu

7.145
04.3666.109

=
+=

+=
 

 

Therefore, the ultimate shear capacity load is: 

 
kN

P su

4.291
7.1452.

=
×=

 

 

This method provides a slight under estimate for Specimens B3 and B4, but a major 

over estimate for Specimen B2. 
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5.10.4 Method 4 (Post-tensioned, �2 including Max. Post-tension Force) 

This method is the same as Method 3, except the compressive force is taken as the 

maximum post-tension force recorded, when calculating the �2 factor.  The �2 factors 

used in this method are the same as those calculated in section 5.10.2.  The predicted 

capacities would be different for each of the three post-tensioned beams, as each 

recorded a different maximum post-tension force. 

5.10.4.1 Specimen B2 
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Calculating the ultimate shear capacity: 
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VVV usucu
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Therefore, the ultimate shear capacity load is: 
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32.1492.

=
×=

 

 

5.10.4.2 Specimen B3 
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Calculating the ultimate shear capacity: 

 

kN

VVV usucu
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Therefore, the ultimate shear capacity load is: 

 
kN

P su

32.307
66.1532.

=
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5.10.4.3 Specimen B4 
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Calculating the ultimate shear capacity: 

 
kN

VVV usucu

53.154
04.3649.118

=
+=

+=
 

 

Therefore, the ultimate shear capacity load is: 

 
kN

P su

06.309
53.1542.

=
×=

 

 

This method provides a significant over estimate for Specimen B2, an accurate 

prediction for Specimen B3, and a slight under estimate for Specimens B4. 

 

5.10.5 Comparison of Adjusted Prediction Methods 

Table 5.6 shows a summary of the capacities found for each post-tensioned beam by 

the four adjusted predictions methods. 
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Table 5.6: Comparison of Modified Theoretical Capacities 

Modified Theoretical Capacity, Pu (kN) Specimen 
No. 

Experimental 
Capacity,  
Pue (kN) Method 1 Method 2 Method 3 Method 4 

B2 194 210 216 291 299 

B3 310 210 223 291 307 

B4 354 210 224 291 309 
 

Using Method 1 for Specimen B2 has found the capacity closest to the experimental 

result, but the capacity has still been predicted too high.  The most accurate way to 

predict the capacity of a beam with existing shear cracks which has had post-

tensioning applied, may be to ignore the post-tensioning contribution.  The 

experimental capacity of Specimen B2 (194 kN) was close to the AS3600 prediction 

for the reinforced beam (184 kN).  This is suggested, as Specimen B2 had no 

increase in strength from a reinforced beam, when the post-tensioning was applied. 

 

Method 4 has provided a good estimate of the capacity of the beam that was repaired 

with epoxy injection and post-tensioning, Specimen B3.  The calculated capacity of 

the beam using this method was 307 kN, which is very close to the experimental 

capacity of 310 kN.  Method 4 has also provided the closest estimate of the capacity 

of Specimen B4, but was still slightly conservative. 

 

5.11 Summary of Practical Results 

Table 5.7 shows a summary of the experimental shear capacities of the four beams.  

The percentage increase in capacity of the post-tensioned beams compared to the 

reinforced control beam has also been shown.  The percentage of possible increase 

shown is a comparison of the increase in strength of the repaired beams compared to 

the post-tensioned control beam.  It can be seen that Specimen B3 had a 58% 

increase in capacity, which equates to 72% of the possible increase. 
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Table 5.7: Strength Increase of Post-tensioned Beams 

Specimen 
No. 

Shear Capacity,  
Pue (kN) 

Percentage 
Increase 

Percentage of 
Possible Increase 

B1 196 n/a n/a 
B2 194 -1% 0% 
B3 310 58% 72% 
B4 354 81% 100% 

 

5.12 Conclusions 

It has been found from this research that applying post-tensioning alone to a shear 

cracked member will not increase the member’s capacity.  The member in this 

testing repaired only with post-tensioning actually had a 1% decrease in ultimate 

capacity.  This research has indicated that combining epoxy injection of cracks with 

external post-tensioning will increase the shear capacity of a concrete girder.  The 

rehabilitation method in this experimental testing showed a 58% increase in ultimate 

shear capacity. 

 

The AS3600 prediction equations for ultimate shear capacity of a reinforced 

concrete beam have been accurate for this testing.  This research has shown 

discrepancies in the prediction equations for the shear strength of post-tensioned 

beams.  As expected, the prediction equations over estimated the shear capacity of 

the beam that was repaired only with post-tensioning.  This was due to the AS3600 

prediction equations being based on new condition members.  For this type of 

repaired member, the most accurate way to predict the shear capacity may be to 

ignore the post-tensioning contribution.   The shear capacity of the beam would then 

be predicted using the equations for the reinforced beam. 

 

The AS3600 prediction equations under estimated the capacity of Specimens B3 and 

B4.  It was found that by not excluding the post-tensioning compressive force from 

the �2 factor in the equations for the post-tensioned beam, the capacity was predicted 

more accurately.  By using the ultimate compressive force measured in the post-

tensioning rods, the predicted capacities closely matched the experimental results.  

For the epoxy repaired beam, Specimen B3, the adjustment to the equation made the 
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prediction almost perfectly match the experimental result.  For the post-tensioned 

control beam, Specimen B4, the adjustment to the equation still left the experimental 

capacity 15% higher than the predicted.  This difference was accepted due to the 

conservative nature of shear capacity predictions, and the controlled nature of the 

experimental testing. 
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    CHAPTER 6 

6 CONCLUSIONS AND RECOMMENDATIONS 
 

6.1 Summary 

This research project has investigated the shear strengthening of concrete girders 

with external post-tensioning combined with epoxy injection of existing cracks.  The 

research was based on the experimental testing of four model beams.  This section 

will outline the achievement of specified objectives, conclusions reached from the 

investigation, and possible areas for further research. 

 

6.2 Achievement of Objectives 

This section gives an overview of the achieved objectives that were set at the start of 

the project. 

 

1. Research and review background information on the shear strengthening of 

concrete girders using epoxy injection and external post-tensioning. 

 

As limited literature was available on the shear strengthening of concrete members 

with epoxy injection combined with external post-tensioning, both aspects were also 

reviewed individually.  These were covered in Chapter 2 

 

2.  Design model test beams for experimental investigations, taking into account 

previous test results. 

 

The model test beams were designed to fail in shear over flexure, and this was the 

case in testing.  Problems associated with previous testing of model beams at USQ 

were addressed, so they would be avoided in this research.  The problems included 
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varying concrete strengths, inadequate cover, and slipping of reinforcement.  The 

process used in the design of the test beams was shown in Chapter 3. 

 

3. Prepare model beams, and arrange testing devices. 

 

The model beams were successfully constructed and set up for testing.  The steps 

involved in the construction of the specimens, and the test set up used were 

discussed in Chapter 4. 

 

4. Conduct tests on the model beams, and record observed results. 

 

The four model beams were successfully tested, with observations and test data 

recorded.  Three of the beams had post-tensioning applied, and one of the beams had 

its shear cracks repaired with epoxy injection.  The testing of the model beams was 

discussed in Chapter 4, and the observed results were discussed in Chapter 5. 

 

5. Evaluate and analyse the test results of the different model beams. 

 

The results from the testing of the four model beams have been discussed in Chapter 

5.  These results have been analysed to see the effect of the epoxy injection, and the 

external post-tensioning on the shear strengthening of the model test beams. 

 

6. Arrive at a conclusion for the project, which will better explain the shear 

behaviour of rehabilitated girders using epoxy injection and external post-

tensioning. 

 

Conclusions have been reached on the shear strengthening of concrete girders with 

epoxy injection of cracks and external post-tensioning.  These have been discussed 

in Chapter 5.  The conclusions reached have been that combining epoxy injection of 

cracks with external post-tensioning is an effective way to shear strengthen concrete 
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girders.  It has also been shown that post-tensioning alone will not increase a 

member’s shear capacity, if it has existing shear cracks. 

 

All the objectives have been achieved, therefore the research project has been 

successfully completed. 

 

6.3 Conclusions 

The results from this research were positive with respect to the rehabilitation 

technique tested.  The practical results from the testing showed some marked 

variation to the AS3600 prediction equations.  These two aspects of the research will 

be summarised in the following sections. 

 

6.3.1 Rehabilitation Technique 

The results of the experimental investigation have shown that by repairing existing 

shear cracks with epoxy injection, concrete girders can then be shear strengthened 

by external post-tensioning.  The strengthened member has increased stiffness and 

ultimate capacity.  The beam that had its existing shear cracks repaired by epoxy 

injection, and was then post-tensioned, had a 58% higher ultimate capacity.  This 

repaired beam gained 72% of the difference between the capacity of the reinforced 

beam and that of a new member that was post-tensioned. 

 

The testing also highlighted the importance of structurally repairing the shear cracks 

to gain any benefit from the post-tensioning.  The beam that was just post-tensioned, 

without any repair to the existing cracks, had a 1% lower ultimate capacity than the 

reinforced beam.  As discussed in Chapter 5, this was due to the crack surfaces 

sliding against each other, instead of bonding together.  The effectiveness of using 

post-tensioning alone to strengthen girders with existing shear cracks will be highly 

variable, with high dependence on crack angle and width.  These are the factors that 

would influence the bond gained between crack surfaces due to post-tensioning 

alone.  This is where the benefit of the epoxy injection was gained, by eliminating 
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this variability.  Once the existing cracks were structurally repaired by the epoxy 

injection, the beam behaved similarly to a new post-tensioned member. 

 

Both the epoxy repaired beam and the post-tensioned control beam had ultimate 

capacities well above the predicted.  The repaired beam had an ultimate capacity 

slightly lower than the post-tensioned control beam.  This is likely to have been due 

to the minor damage caused by preloading, which may have initiated shear cracks 

earlier than for a new condition member. 

 

6.3.2 Shear Capacity Based on AS3600 

The equations used to predict the ultimate capacity of the reinforced beam in this 

testing proved to be quite accurate.  The prediction equations for the ultimate 

capacity of the post-tensioned beams were less accurate for this testing. 

 

The prediction equations showed an over estimate for the capacity of the beam that 

was repaired only with post-tensioning.  As discussed in Chapter 5, this was due to 

the ineffectiveness of the post-tensioning on the shear cracked member.  The 

AS3600 prediction equations are designed for post-tensioning applied to new 

condition members.  For these reasons, it is recommended that the capacity of a 

beam with existing shear cracks, which has had post-tensioning applied, be predicted 

using only the equations for the reinforced beam, ignoring any contribution from the 

post-tensioning. 

 

The prediction equations showed a significant under estimate for the capacity of the 

post-tensioned control beam and the beam that was epoxy repaired and post-

tensioned.  This research looked at not excluding the post-tension compressive force, 

from the �2 factor in the prediction equations for the post-tensioned beam. By using 

the ultimate compressive force measured in the post-tensioning rods, the predicted 

capacities matched the experimental results more accurately.  The modified 

theoretical capacities matched the experimental capacity almost perfectly for the 
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epoxy repaired beam, and provided a conservative estimate for the post-tensioned 

control beam.  More extensive testing is required, but the adjusted equations do 

appear to offer a more accurate estimate of the shear capacity of new condition or 

epoxy repaired members.  Extensive testing should be completed before using these 

equations for final designs of rehabilitated members. 

 

6.4 Recommendations 

As the need for repair and strengthening techniques of concrete girders becomes 

more sought after, cost effective solutions are required.  For concrete girders with 

existing shear cracks, epoxy injection of cracks combined with external post-

tensioning is a viable option.  This rehabilitation method increases a member’s 

stiffness and ultimate capacity, and reduces the risk of reinforcement corrosion. 

 

Recommendations for further studies include: 

 

• Conducting more extensive testing on members shear strengthened with 

epoxy injection of cracks and external post-tensioning, to establish a way to 

accurately predict the ultimate shear capacity of a repaired member, and 

correlate this to AS3600 prediction equations. 

 

• Investigating the use of deviators for the post-tensioning when strengthening 

a shear cracked member.  By setting the profile of the tendons perpendicular 

to the existing shear cracks, the need for epoxy injection to rebond the crack 

surface may be avoided.  The strength increase for this method with, and 

without, epoxy injection of cracks could be studied. 

 

• Other rehabilitation methods for strengthening shear cracked members, such 

as vertical clamping or post-tensioning over the region with shear cracks 
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• Modelling of shear cracks using computer software, to accurately model the 

behaviour of a girder with shear cracks, or one previously repaired with 

epoxy injection. 
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University of Southern Queensland (USQ) 

 
Faculty of Engineering and Surveying 

 
ENG 4111/4112 Research Project 

PROJECT SPECIFICATION 
 
 

FOR:   Steven Luther 
 
TOPIC: Effect of crack widths and epoxy injection in structural 

rehabilitation with external post-tensioning. 
 
SUPERVISOR Dr. Thiru Aravinthan 
 
SPONSORSHIP: Faculty of Engineering and Surveying, USQ 
 
PROGRAMME: Issue A, 17 March 2005 
 

1. Research and review background information on the shear strengthening of 
concrete girders using epoxy injection and external post-tensioning. 

 
2. Design model beams for experimental investigations, taking into account 

previous test results. 
 

3. Prepare model beams, and arrange testing devices. 
 

4. Conduct tests on the model beams, and record observed results. 
 

5. Evaluate and analyse the test results of the different model beams. 
 

6. Arrive at a conclusion for the project, which will better explain the shear 
behaviour of rehabilitated girders using epoxy injection and external post-
tensioning. 

 
 
 
AGREED: _____________________ (Student)   _____________________ 

(Supervisor) 
 __ / __ / __    __ / __ / __ 
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The capacity of the end anchorage plates will be checked in this section.  The design 

bending moments and shear forces of the end anchorage plates will be found, and 

compared to the calculated section capacities.  The free body diagram, bending 

moment diagram, and shear force diagram of the end plates are shown below. 

 

 
 

To have adequate capacity: 

 

v

s

VV

MM

φ

φ

≤

≤

*

and
*

 

 

From table 3.4 of AS4100: 

 9.0=ϕ  

 

Using Apt and �pu as found in section 3.4.2, the design post-tension force, P is: 

 

kN

AP pupt

234
3.2209.1061

=
×=

×= σ
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Therefore, the design bending moment, M* is: 

 

mkN

P
M

.85.5
2

05.0234
2

05.0
*

=

×=

×=

 

 

The design shear force, V* is: 

kN

P
V

117
2

234
2

*

=

=

=

 

 

The section moment capacity, Ms is: 

eys ZfM .=  

Where, 
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=
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From clause 5.11.4 of AS4100, the nominal shear capacity of a web, Vv is: 

 wyv AfV ..6.0=  

Where, 

 
2mm 1425

 web theof area sectional-cross gross

=
=wA

 

 

Therefore, 

 

kN

N

Vv

214

10214

14252506.0
3

=
×=

××=
 

 

 
kN

Vv

193
2149.0

=
×=ϕ

 

 

Checking the bending capacity of the section: 

6.1185.5
*

≤
≤ sMM φ

 

 

Therefore, the section has adequate bending capacity. 

 

Checking the shear capacity of the section: 

 
193117

*
≤

≤ vVV φ
 

 

Therefore, the section has adequate shear capacity. 
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Strain Gauge Data 
 

 

1. Steel Strain Gauge Data Sheet 

2. Concrete Strain Gauge Data Sheet 

3. CN Adhesive Data Sheet 

4. PS Adhesive Data Sheet 
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Epoxy Resin Data 
 

 

1. Lokfix E Fact Sheet 

2. Nitofill LV Fact Sheet 
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APPENDIX E 

 

Risk Assessment 



 

 

Description of 
hazard 

Hazard 
Category 

People at Risk Injury Type Risk level Risk Management 

Cuts when 
assembling cages 

Sharp 
objects 

People cutting, 
bending or tying 
reinforcement (1-2 
people) 

Cuts to hands 
and arms 

Low Hold reinforcement in vice when 
cutting, take care when assembling 
cages 

Slipping on wet floor 
when casting 

Gravity All in area 
(up to 6 people) 

Could injure 
any part of body 

Low Avoid too much spillage of concrete, 
Wear boots with slip resistant or good 
grip sole 

Test beams falling 
over when loading, 
post tensioning, 
moving, or curing 

Gravity People within 1m 
of beams 
(up to 6 people) 

Crushing of 
legs or feet 

High Wear steel capped boots, check 
support conditions, secure chains 
when moving, and avoid high stacks 
when curing 

Lifting heavy objects 
(i.e. moving or 
positioning beams) 

Gravity Up to 6 people Muscular 
injuries to back, 
legs, or arms 

Moderate Use lifting trolley or forklift to move 
beams, manual lifting only for final 
positioning (use correct lifting 
position)  

Breaking or slipping 
of post tensioning 
rods 

Mechanical 
Energy 

All in area 
(up to 6 people) 

Severe impact 
to any part of 
body 

Very high Check equipment thoroughly, no 
standing allowed behind either end of 
the rods when loaded, erect warning 
signs when post-tensioning in progress 

Contact with epoxy 
resin or crack sealant 

Harmful 
Substance 

People when 
applying adhesives 
(1-2 people) 

Skin irritation, 
respiratory 
problems 

Low Wear gloves and long sleeve shirt, 
Follow MSDS handling instructions 

Removal of Lokfix E 
sealant 

Harmful 
Substance 

People grinding 
sealant off (1-2 
people) 

Respiratory 
problems 

Low Wear dust mask when grinding sealant 

 


