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This paper presents the results of laboratory and field investigations of bridge beams repaired both under propped

and unpropped conditions. In the laboratory, beams were repaired using hand-applied repairs. Repairs to beams in

two highway bridges were carried out using both hand-applied and flowing repairs. The repair materials used were

commercial products of wide-ranging properties (shrinkage, creep and elastic modulus). Both low stiffness repair

materials of elastic modulus, Erm, less than the substrate Esub, and high stiffness repair materials (Erm . Esub) were

used. The repairs were applied in the tensile zone of the beams. Strain distributions in the different phases of repair

patches were monitored under service loading for a period of up to 240 weeks. The results show that high structural

efficiency is achieved with repairs having Erm . Esub, other properties (shrinkage and creep) being within reason-

able limits. Such repairs are less prone to restrained shrinkage cracking and show a capacity for load redistribution

into the repair patch. Low stiffness repairs (Erm , Esub), on the other hand, are prone to restrained shrinkage

cracking and are ineffective in load-sharing with the substrate. Repairs to propped flexural members developed

erratic and non-uniform load distribution in the different phases upon reapplication of load. Composite action

between the repair patch and the substrate results in cracking in the repair patch, rendering the repairs structurally

inefficient.

Introduction

The scale of the problem of corroding reinforced

concrete highway bridges requiring repair is very great.

A recent survey for the former Department of Trans-

port, for example, has revealed over 75% of their

bridge stock to be contaminated by chlorides which, in

time, will cause reinforcement corrosion.
1

Many com-

mercial repair materials are available and the selection

for particular applications is based on performance data

satisfying typical current standards and specifica-

tions.
2±4

The principal selection criteria have been their

dimensional stability, strength and high bond strength

with the substrate concrete.

The importance of the mismatch of basic material

properties between the repair patch and substrate con-

crete such as elastic modulus, shrinkage and creep has

been recognized but their effect is not taken into ac-

count in any significant quantitative manner.
5±7

Com-

patibility between the repair material and substrate

concrete is important for prevention of cracking.
8,9

It

has been recommended that the elastic modulus of a

repair material should be �10 N=mm2 of the substrate

concrete.
10

However, optimum compatability is not

necessarily achieved by equating the properties of the

repair and substrate material.
11

Research on in situ

reinforced concrete compression members of highway

bridges has shown that efficient repairs are achieved

when Erm . Esub, with maximum efficiency provided

by Erm ' 1:3Esub.
12,13

Repairs with Erm . Esub prevent

restrained shrinkage cracking and are also effective in

provided long-term structural interaction with the sub-

strate.
12,13

The properties required of a repair material

to satisfy structural or cosmetic needs are quite differ-

ent and may even be contradictory. For example, good

resistance to cracking may be achieved by both high

shrinkage and low elastic modulus combined with high
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creep of the repair material
9

whereas the long-term

structural efficiency of such repairs will be very poor.
14

Similarly, the application of highly impermeable repairs

may be desirable to prevent further ingress of deleter-

ious substances in the repair patch but very low poro-

sity would accelerate bond cracking along the

reinforcement upon renewed or continuing corrosion in

the repair patch.
15,16

The effectiveness of repairs in

tensile zones mainly concerns corrosion protection of

reinforcement. Structural contribution by stress redistri-

bution is more effective in the compression zone of

beams and in compression members. Results of struc-

tural interaction of repairs in compression members are

reported in recent papers.
12±14

The methods of repair commonly used are hand-

applied, sprayed and flowing repairs.
2

The repairs may

be applied to unpropped or propped structures. Recent

research on compression members of bridge struc-

tures
12±14

shows that, in both propped and unpropped

repairs, application of materials with Erm . Esub results

in effective shrinkage transfer to the substrate, leading

to reduced risk of restrained shrinkage cracking. Such

repairs are also efficient in long-term load-sharing. In

repairs to propped compression members, long-term

structural interactions are erratic. They are governed by

the depropping process which can disturb the original

load distribution (before propping) in the structure. The

importance of the mechanical interaction between the

substrate concrete and repair is also emphasized else-

where.
17,18

In particular, the role of shrinkage/expan-

sion and its influence on stress transfer is considered

theoretically
17

and through field monitoring of repair to

a portal frame.
18

The theoretical approach predicts that

the elastic modulus and shrinkage of the repair, to-

gether with the degree of restraint exerted by the sub-

strate, influence the magnitude of stress, but the effects

of creep and shrinkage transfer by the stiffer repair to

the substrate
12,14

are not considered. The field study
18

shows that deformation of the repair against the re-

straint provided by the substrate will ensure continued

direct stress and shear stress transfer. A theoretical

approach has also been developed to evaluate the ulti-

mate strength of beams with deteriorated tensile rein-

forcement, before and after repair.
19

Experimental programme

Beams incorporating repair patches were manufac-

tured in the laboratory for testing under long-term load-

ing. Parallel investigations on two highway bridges

were undertaken. In these, bridge beams were repaired

using hand-applied and flowing repairs. The repairs

were applied under propped and unpropped conditions.

The repair materials used were predominantly commer-

cial products. Strain distributions in different phases of

the repair patches were monitored under service load-

ing for a period of up to 240 weeks (nearly five years).

Laboratory investigation

Details of repaired reinforced concrete beam. Eight

reinforced concrete beams measuring 2740 3 100 3
200 mm were cast in steel mouldsÐdetails are given

in Fig. 1. The beams were reinforced with two

16 mm diameter high-strength steel bars at a cover of

30 mm. Mild steel links 6 mm in diameter and at

110 mm spacing were provided in the shear zones

and they were supported with 6 mm diameter mild

steel hanger bars in the compression zone (Fig. 1(a)).

To simulate a repair situation where deteriorated con-

crete has been removed, voids measuring 640 mm

long by 71 or 96 mm deep were inserted centrally at

the casting stage, as shown in Fig. 1(b). Sections

through a typical beam are given in Figs 1(c) and

1(d). Before casting a beam, a block of stiff polysty-

rene was inserted centrally around the reinforcement

cage and sealed to create the void for the repair

patch.

The steel mould was lightly coated with mould oil

and the reinforcement cage was positioned in the

mould, care being taken not to damage the strain gauge

wires from the reinforcement. Concrete was mixed dry

in a pan mixer for 2 min, water was then added and

mixing continued to yield a homogeneous mix. All

beams were cast horizontally in three layers, each layer

being compacted with a poker vibrator. The top surface

of the concrete was levelled off and covered with poly-

thene sheeting. Two 100 mm3 cubes and two 200 3
100 mm diameter cylinders were cast simultaneously

with each beam for 28-day compressive strength and

elastic modulus tests. The beams remained in the

mould for four days, under laboratory conditions of

temperature and humidity. They were then demoulded

and cured in the laboratory air to 28 days age before

loading. Prior to loading, the polystyrene block was

removed, leaving a void which was repaired at a later

stage. The internal surfaces of the void, which formed

the substrate/repair interface, were roughened by a chi-

sel to simulate site practice for enhancing bond.

Deterioration processes in reinforced concrete struc-

tures are long-term phenomena and the need for repair

normally occurs after a structure has been in service

for many years. As a result, the creep and shrinkage of

the substrate concrete have stabilized and reached neg-

ligible levels when repairs normally take place. In order

to simulate these conditions in the laboratory, the re-

inforced concrete beams with the void were loaded for

six to eight weeks prior to the application of repair to

eliminate the effects of creep in the substrate concrete.

Serviceability loads under four-point bending were ap-

plied as described in the following subsection and the

loaded members were stored in a controlled environ-

ment (208C, 55% relative humidity (RH)).

Repair of six reinforced concrete beams was then

carried out while still under load (unpropped state) and

two beams were repaired in a propped state, that is
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unloaded (Table 1). Repairs to unpropped beams were

applied by placing timber formwork on the soffit of the

beam and supporting it with wedges built up from the

top flange of the creep rig (see following subsection).

This allowed the repair material to be inserted into the

void from either side (vertical face) of the beam as

shown in Fig. 2. Embedment gauges within the repair

material were also inserted as the repair progressed

(Fig. 2). Each repair material was mixed in accordance

with the manufacturers' instructions. The material was

hand-built to within 10 mm of the finished surface

before a final coat was applied and smoothened with a

steel float. Upon completion, the fresh repair was cov-

ered with polythene sheeting. After 24 h of curing,

demec points were attached to the surface of the repair

patch at a gauge length of 100 mm (see later). After

three days, the polythene sheeting and formwork were

removed.

Repairs were applied to two beams (Table 1) after

releasing the service load (propped state). The load was

6 mm dia. links

6 mm dia. links

2 × 16 mm dia. high
tensile main steel

2 × 16 mm dia. high
tensile main steel

6 mm dia. mild
steel hanger bars

6 mm dia. mild
steel hanger bars

(a)

(b)

(c)

X

X

Y

Y

Void inserted at casting stage Concrete beam

100

20
0

Section X–X

(d)

100

12
9 

or
 1

04
71

 o
r 

96

Section X–X

Fig. 1. Reinforced concrete (RC) beams manufactured in the laboratory: (a) steel reinforcement details; (b) RC beam with repair

void; (c) cross-section of beam; and (d) cross-section through the repair void (all dimensions in mm)

Table 1. Laboratory repairs to reinforced concrete beams

Beam Repair

material

Loading during repair Depth of repair:

mm

1 G4(L) Unpropped 71

2 G5(L) Unpropped 71

3 G5(L) Unpropped 96

4 G6(L) Unpropped 71

5 L3(L) Unpropped 71

6 G5(L) Propped 71

7 L3(L) Propped 71

8 L3(L) Unpropped 96

Fig. 2. Application of hand-applied repair, unpropped beam

Repair of propped and unpropped bridge beams
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reapplied when the cube strength of the repair material

reached the strength of the substrate concrete or at 28

days, whichever was sooner. The repaired beams, under

load, were stored in a controlled environment (208C,

55% RH) throughout the monitoring period.

Loading arrangement. Custom-built creep rigs,

shown in Fig. 3, applied a constant serviceability load

to each reinforced concrete beam (Table 1). The rig

consists of a 203 3 102 3 23 kg=m universal beam

and a loading cross-head applying point loads at one-

third span sections along the beam. A serviceability

load, approximately 40% of the ultimate load (11 kN

at each load point), was applied on each beam. The

load was applied by a torque wrench which was

calibrated to a capacity of 22 kN with an accuracy of

�3%. The calibration was rechecked frequently dur-

ing the test programme. The applied load was main-

tained at constant level by tightening the loading bolt

in the top platen of the rig (Fig. 3). The load was

topped up at regular intervals to maintain the constant

value of 11 kN at each load point.

Strain monitoring. One CEA-06-250 UN-120 elec-

trical resistance strain gauge, supplied by Micro

Measurements Group, was attached at mid-span to

one tensile reinforcing bar in each beam at the loca-

tion shown in Fig. 4 (steel 1). Three PML 30 elec-

trical resistance gauges, supplied by Tokyo Sokki

Kenkyujo Co., were embedded in the repair material

during the application of repair at locations RM1, 2

and 3 shown in Fig. 4. All gauges were located at

mid-span along the longitudinal centre of the section.

Gauge RM1 was at the repair/substrate interface,

RM2 was at reinforcement level and RM3 was at the

soffit. All gauges were connected to a ten-channel

digital strain indicator for continuous monitoring. The

gauge length was 40 mm. Surface strains were also

monitored at locations Dem 1, Dem 2 and Dem 3,

shown in Fig. 4, by demec gauges of 100 mm gauge

length. The strains monitored on the opposite faces,

at a common distance from the soffit, were averaged.

Materials. A concrete mix of proportions (by

weight) of 1:1´8:2´9 with a water/binder of 0´45 was

used. The binder content was 340 kg=m3 of ordinary

Portland cement plus 60 kg=m3 of pulverized fuel

ash. Details and properties of the substrate concrete

and repair materials are given in Table 2. All repair

materials are commercial products. Material G4 is a

heavy duty repair mortar containing styrene acrylic

copolymer and admixtures including a waterproofing

agent, ordinary Portland cement, fibres, 6 mm down-

graded aggregate and 10 mm size granite aggregate.

Material G5 contains finely ground Portland cement

with some sulphoaluminate cement, microsilica, fi-

bres, other pozzolanic materials and styrene acrylic

Fig. 4. Location of strain gauges in the repair patch of the laboratory beams (all dimensions in mm)

High tensile steel bar

100 × 100 mm spreader beam

100 mm dia. roller
Repair patch2700 × 100 × 200 RC beam

203 × 102 × 23 universal beam

(a) (b)

Loading bolt

Ball seat

RC beam

UB

Fig. 3. Repaired reinforced concrete beam under sustained loading: (a) elevation; and (b) end view
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copolymer. Material G6 is a rapid hardening mortar

incorporating advanced cement chemistry, microsilica,

fibre and styrene acrylic copolymer. Material L3 is a

general purpose repair mortar. It contains Portland

cement, graded aggregates, special fillers and chemi-

cal additives to control shrinkage and minimize water

demand. Each material is suitable for application by

hand. Material L3 has also been used for dry spray

application.
12

Gunthorpe bridge

Details of repaired beams. Gunthorpe bridge is a

three-span reinforced concrete arch bridge across the

River Trent at Gunthorpe, Nottinghamshire. It com-

prises a central arch and two side arches. Each of the

arches contains four ribs. The bridge deck is sup-

ported by lateral beams spanning the arch ribs as

shown in Fig. 5. Repairs were carried out to typical

corroding beams spanning between the arch ribs on

Table 2. Details of substrate concrete and repair materials

Site Material Comp. strength:

N=mm2

Elastic modulus:

kN=mm2

Erm=Esub Shrinkage/

expansion� (100

days) ìstrain

Creep� (70 days)

ìstrain

Mod. of rupture

(21 months):

N=mm2

Laboratory G4(L) 46 24´0 1´17 401 (184) 745 8´8

G5(L) 50 19´6 0´96 1087 (539) 1411 4´7

G6(L) 31 11´5 0´56 1100 (565) 1188 3´3

L3(L) 35 27´4 1´34 710 (640) 748 1´9

Concrete 45 20´5 Ð Ð Ð Ð

substrate Ð Ð

Gunthorpe G4 46 24´0 0´85 401 (184) 745 8´8

bridge G5 50 19´6 0´7 1087 (539) 1411 4´7

G6 31 11´5 0´41 1100 (565) 1188 3´3

Concrete Ð 28´1 Ð Ð Ð Ð

substrate

Sutherland S1 79 24´2 1´04 740 (350) 445 6´5{
Street bridge S3 68 31´9 1´38 791 (286) 667 5´7

S4 39 27´4 1´18 388 (285) 454 4´3

Concrete Ð 23´2 Ð Ð Ð Ð

substrate

� Shrinkage and creep under 208C, 55% RH exposure, expansion in water-cured specimens (values given in brackets).

{ At 14 months age.

Arch rib M

Arch rib M

Arch rib L

Arch rib L

34·3 m

South abutment

2·
97

 m

G
4

G
6

G
5

G1

G2

G3

A

B

C

Span

Beam No.
1234567891011121314

Fig. 5. South span of Gunthorpe bridge showing the lateral beams spanning the arch ribs

Repair of propped and unpropped bridge beams
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the south span of the bridge. Results of beams B6,

B7 and B8 (repaired with materials G5, G6 and G4

respectively), which were located under the main

carriageway of the bridge, are given in this paper.

Instrumentation. The lateral beams were instru-

mented with vibrating wire strain gauges after repair.

At the mid-span of each beam, four surface gauges

were installed along the web (vertical face) of the

beam (Fig. 6). One of the gauges also monitored the

atmospheric temperature. Two of the surface gauges

were positioned at the substrate/repair interface. A

fifth strain gauge was positioned on the soffit to

monitor extreme fibre strains. The steel reinforcement

strain was measured on one reinforcing bar, at mid-

span, by means of a vibrating wire gauge. All the

gauge cables were carried via uPVc trunking to a

central logging system where the gauges were auto-

matically scanned at regular intervals.

Materials and methods of repair. Beams B6, B7

and B8 (Fig. 5) were repaired in an unpropped state

(no temporary support). Deteriorated concrete was

removed along the full length of each beam to a

depth of about 25 mm behind the steel. The total

depth of the repair patch was 120±130 mm (Fig. 6).

The repair materials were mixed on site in a barrel

mixer. They were then applied by hand to a depth of

about 10 mm from the finished surface. The final

coat was applied a few hours later when the material

had set slightly. The finished surface was obtained by

levelling with a wooden float and screeding with a

damp sponge. Hand-applied repair materials G4, G5

and G6 were used at Gunthorpe bridge. The proper-

ties of the substrate concrete and the repair materials

are given in Table 2. These repair materials were also

used in the laboratory investigation and are repre-

sented by suffix (L) in Table 2.

Sutherland Street bridge

Details of repaired beams. The substructure (Fig.

7) of Sutherland Street bridge, on the B6080 in Shef-

field, consists of reinforced concrete beams and col-

umns in a portal frame configuration. The structure

was in a state of deterioration due to reinforcement

corrosion. Repairs were applied to the central span of

the beams in each portal frame, as shown in Fig. 7,

using flowing materials.

Instrumentation. Vibrating wire strain gauges were

used to monitor strains in the repair patches. The

location of gauges is shown in Fig. 8. Two vibrating

wire gauges were embedded in the repair patch, one

being attached to the substrate at the interface with

the repair (labelled `subs') and the other to the long-

itudinal steel (labelled `steel'). The cables of all

gauges were carried through 50 mm uPVC trunking

to a central data logger (Fig. 7, south frame) which

automatically scanned the gauges regularly.

Materials and methods of repair. The portal frame

beams at Sutherland Street bridge were repaired in a

propped state. The south frame and half of the north

frame of the bridge were propped (Fig. 7). Every

second beam of the bridge deck was propped with

steel props designed by Mabey Support Systems Ltd.

17
8

40
6

12
3

140

25

25

Surface gauge

Line of repair

1

2

3

4

5

St

Gauge
reference 178

(b)(a)

4 No. 28
dia. bars

Steel strain
gauge

6 mm
dia. links

Fig. 6. Section details of lateral beams at Gunthorpe bridge, with location of gauges: (a) elevation; and (b) cross-section (all

dimensions in mm)
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The deteriorated concrete was removed by both

water-jetting and mechanical means to a depth of

25 mm behind the steel. Plywood-faced timber form-

work was used for watertight shuttering of flowing

repairs. The substrate concrete was saturated by fill-

ing the shuttering with water and leaving in place

overnight. The repair materials were mixed in accor-

dance with manufacturers' instructions in a barrel

mixer. They were either pumped or poured into the

shuttering from a bucket. Compaction of the flowing

repair was provided by firmly tapping the shuttering

with a hammer at regular frequency. Shuttering was

left in place for at least three days after the pour.

Upon removal, any poor surface finishes received a

thin coating of cementitious material. Propping re-

mained in place until the repair materials reached the

design strength of the substrate concrete or for 28

days.

Properties of the flowing repair materials applied at

Sutherland Street bridge are given in Table 2. Material

S1 is a cementitious material containing 5 mm maxi-

mum size graded aggregate, additives and shrinkage

compensating agents. Material S3 is a rapid hardening

material incorporating microsilica, shrinkage compen-

sating admixtures, styrene acrylic copolymer and 6 mm

size aggregate. Material S4 is a conventional flowing

concrete containing Portland cement, 10 mm size

rounded aggregate, grade M sand, pulverized fuel ash,

superplasticizer and polypropylene fibres. The water:

binder ratio is 0´48 and the flow .500 mm.

Results and discussion

Unpropped repairs

Laboratory tests on six beams together with the three

lateral beams repaired at Gunthorpe bridge are dis-

cussed in this section. The repairs were applied to the

beams in an unpropped state.

Laboratory tests, Erm . Esub. The typical strain±

time relationships for beams repaired with materials

G4(L) and L3(L) are plotted in Figs 9 and 10 respec-

tively; Erm � 1:17Esub for G4(L) and Erm � 1:34Esub

for L3(L) (Table 2). Datum readings of strain were

taken 24 h after the application of the repair patch

(represented by week 0 in Figs 9 and 10). Residual

strains in the substrate concrete (gauges Dem 1, 2, 3)

and steel reinforcement (gauge steel 1) were present

at week 0 since the beam had been loaded at week

ÿ6 (28 days after casting) to eliminate the effects of

creep in the substrate concrete (see earlier section).

The 28-day curing period between casting and loading

North frame South frame
Unpropped Propped Propped

North frame South frame
UnproppedPropped Propped

Materials

S1

S3

S4

Nth
1

Nth
2

Nth
3

Nth
4

Sth
1

Sth
2

Sth
3

Sth
4

Nth
4

Nth
3

Nth
2

Nth
1

Sth
4

Sth
3

Sth
2

Sth
1

South faceSouth face

North faceNorth face

(d)(c)

(b)(a)

(NTS)

1·45 1·45 4·
58

3·81 3·81 3·81

Data
logger

Fig. 7. Substructure of Sutherland Street bridge showing locations of beam repair: (a) North face of north frame (half

unpropped, half propped); (b) north face of south frame (propped); (c) south face of north frame (half propped, half unpropped);

and (c) south face of south frame (propped) (all dimensions in m)
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is shown as weeks ÿ10 to ÿ6 in Figs 9 and 10.

In Figs 9 and 10, the repair material shows slight

contraction (positive strain) in the early stages from

week 0 to week 5 (see gauges RM1, RM2 and RM3).

The contraction is least in gauge RM1 compared with

RM2 and RM3. This reflects maximum restraint to the

free shrinkage of the repair patch at the substrate inter-

face (location of gauge RM1). The substrate restraint

decreases with increasing distance from the interface

(locations RM2 and RM3) thereby permitting greater

free shrinkage and, therefore, higher compressive strain.

From week 5 onwards, the tensile strains in the repair

material gradually increase (gauges RM1, RM2 and

RM3 in Figs 9 and 10).

The tensile strain in the steel reinforcement simultan-

eously decreases during this period (see gauge steel 1,

Figs 9 and 10). For example, in Fig. 9, the steel strain

of 666 microstrain decreases to 369 microstrain at week

50. The steel reinforcement is clearly shedding tensile

load to the repair material. The tensile strains moni-

tored by gauges RM1 and RM2 in Fig. 9 approach

1300 microstrain towards the end of the monitoring

period. No visual cracking was apparent in the repair

patch. Cracking would have been prevented by a num-

ber of factors

(a) Erm being greater than Esub (Table 2) enables

shrinkage transfer of the repair material to the

substrate at the interface
12

(b) repair material G4 having low drying shrinkage

and the highest modulus of rupture (Table 2) and

(c) a moderate degree of creep (Table 2) which results

Substrate gauge 'subs' 

Steel gauge 'steel'

Substrate

Substrate

Repair material

Repair material

(Links not shown)

'steel'

'subs'

6 mm links

32 mm dia. rebars

(b)

(a)

Fig. 8. Location of strain gauges in the repair patch (portal frame beams, Sutherland Street bridge): (a) elevation of beam

section; and (b) internal view from soffit
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in some relaxation of tensile stress in the repair

patch.

In the case of high stiffness (Erm . Esub) repair ma-

terial L3(L) in Fig. 10, gauge RM1 at the repair/sub-

strate interface goes into tension soon after the

application of repair and develops a tensile strain of

680 microstrain after 16 weeks. The strain in gauges

RM2 and RM3 changes from compression to tension at

week 8 and 2 respectively. Two tensile cracks of widths

less than 0´1 mm occurred in the repair patch despite

the material being of high stiffness (Erm . Esub) and,

therefore, being capable of transferring shrinkage stress

to the substrate and reducing restrained shrinkage

tension.
12

This is due to the high shrinkage of material

L3(L) (relative to material G4, Table 2) and its extre-

Fig. 9. Strain profiles in the beam repaired with material G4(L), Erm . Esub, unpropped repair

Fig. 10. Strain profiles in the beam repaired with material L3( L), Erm . Esub, unpropped repair

Repair of propped and unpropped bridge beams
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mely low modulus of rupture, while the creep of the

two materials is similar.

Figure 9 shows that the reduction in tensile strain in

the steel reinforcement (gauge `steel 1') in the repair

patch of material G4(L) was 297 microstrain over the

50-week monitoring period (weeks 0±50). The reduc-

tion in steel tensile strain in the repair patch of material

L3(L) was 138 microstrain (Fig. 10). This indicates a

stress transfer of 62 and 29 N=mm2 respectively from

the steel reinforcement. The redistribution is more ef-

fective in material G4(L) due to the absence of crack-

ing.

The strain in the compression zone of the beams in

Figs 9 and 10 (gauges Dem 1, Dem 2 and Dem 3)

remains fairly constant during the monitoring period. A

drop in strain between weeks 16 and 20 is due to a

temporary operational fault in the environment-

controlled room which maintained 208C, 55% RH

conditions. These strain profiles indicate that the com-

pression zone of the substrate remains fairly stable and

redistribution taking place in the repair patch (in the

tensile zone) has negligible effect on the compression

zone.

Laboratory tests, Erm , Esub. Material G6(L) has

Erm � 0:56Esub (Table 2). Strain profiles for the

beam repaired with material G6(L) are plotted in Fig.

11. In the weeks immediately after the application of

repair (weeks 0±5), gauges RM2 and RM3 show

increasing compressive strains due to the high shrink-

age of the repair material (Table 2). The compressive

strain is negligible in gauge RM1 since it is attached

to the repair material adjacent to the high stiffness

substrate concrete (Erm � Esub), which restrains its

shrinkage effectively. The restraint to shrinkage de-

creases as the distance from the repair/substrate inter-

face increases. Consequently, the shrinkage strains at

gauge RM3 are much higher than gauge RM2 which

in turn are much higher than gauge RM1. The com-

pressive strains measured at gauges RM2 and RM3 in

Fig. 11 (material G6(L)) are much higher than corre-

sponding values recorded in Figs 9 and 10 for materi-

als G4(L) and L3(L). This is due to the much higher

free shrinkage of material G6(L) compared with the

other two materials (Table 2). The virtual tensile

strain in the repair material G6(L) at this stage (week

0±5) will be its free shrinkage (1100 microstrain)

minus the strain reading in the gauge (RM1, RM2 or

RM3). As material G6(L) has a relatively high creep

(Table 2), significant relaxation would occur, thereby

reducing the tensile stress in the repair patch (week

0±5). At week 5, the compressive strains abruptly

change to tensile (see RM1, RM2 and RM3, Fig. 11).

This is due to cracking occurring in the material, as

the tensile strain due to shrinkage restraint exceeds

the tensile strain capacity of the repair material.

Three cracks of width less than 0´1 mm were ob-

served in the repair patch due to a combination of

low stiffness (Erm , Esub), and high shrinkage.

The strain in the steel reinforcement (gauge steel 1,

Fig. 11) remains fairly constant from the time of repair,

as the low stiffness (Erm , Esub) and cracked repair

material is unable to attract stress from the steel rein-

forcement. The strains on the substrate concrete (Dem

1, Dem 2 and Dem 3) remain constant with time

throughout. It can be concluded that a repair material

with Erm , Esub provides inefficient repair, since it is

Fig. 11. Strain profiles in the beam repaired with material G6(L), Erm � Esub, unpropped repair
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unable to attract load from the steel reinforcement and

it cracks due to restraint provided by the stiffer sub-

strate. Very high shrinkage aggravates cracking which

results in even less stress redistribution from the steel

reinforcement to the repair patch.

The strain profiles of the beam repaired with mater-

ial G5(L), in the unpropped state, are plotted in Fig.

12; Erm � 0:96Esub for material G5 (Table 2). The

strain profiles from gauges Dem 1, Dem 2, Dem 3 and

steel 1 are very similar in both Figs 11 and 12. Ob-

servations from gauge RM3 in Fig. 12 show a sudden

increase in positive strain soon after repair. This is due

to observed cracking out with the gauge length of

RM3. The shrinkage of material G5(L) is very high

(Table 2), which is responsible for cracking and, there-

fore, the high positive strains of gauge RM3.

The strains monitored at gauge RM2 are consistently

lower than at RM3 due to partial shrinkage restraint

provided by the steel reinforcement. The shrinkage

restraint provided by the substrate concrete at the repair

interface (gauge RM1) is not as high as in Fig. 11

(material G6). This is due to the higher elastic modulus

of material G5 than material G6, which results in sub-

strate restraint being greater for G6.

Repairs to beams in the laboratory were carried out at

relatively young age (after four weeks of curing plus six

to eight weeks under load, see earlier section) compared

with field structures which normally undergo repair

after many years when the substrate has stabilized. The

test results reported in Figs 9±12 may have, therefore,

been influenced to an unknown extent by continuous

hardening, shrinkage and creep (including relaxation)

effects of the substrate. These effects, however, are con-

sidered to be small as explained in the following discus-

sion. The maximum compressive strain in the substrate

concrete (gauge Dem 1) upon loading, in Figs 9±12,

does not exceed 400 microstrain. The resulting average

stress in the compression zone of the beam, considering

the neutral axis to be in the vicinity of gauge Dem 3

(Figs 9±12), approximates 4´5 N=mm2. This represents

a stress/strength of about 10%. The long-term creep

strains in the substrate (gauges Dem 1 and 2) are ex-

pected to be relatively small at such a low stress:

strength ratioÐFigs 9±12 show that after the applica-

tion of repair, long-term strains monitored from gauges

Dem 1 and 2 remain fairly constant, thereby confirming

small creep effects in the substrate. As far as the effects

of relative properties of the repair and substrate are

concerned, the key time period for these to occur is the

few weeks taken by commercial repair formulations to

attain their elastic modulus which mobilizes interaction

with the substrate and restraint at the interface. The

changes in the creep and shrinkage strains of the rela-

tively older substrate during this short period are insig-

nificant. Restrained shrinkage cracking within the

repair patch normally occurs during this short period if

sufficiently large differential shrinkage strains are

developed in the repair material without sufficient relief

provided by tensile creep. The longer term hardening,

shrinkage and creep effects of the substrate are of little

significance to this process.

Field trials, Gunthorpe bridge ( Erm , Esub). The

strain profiles of bridge beams repaired with mater-

ials G4 (Erm=Esub � 0:85), G5 (Erm=Esub � 0:70) and

G6 (Erm=Esub � 0:41) are plotted in Figs 13, 14 and

15 respectively. An immediate observation from these

Fig. 12. Strain profiles in the beam repaired with material G5(L), Erm , Esub, unpropped repair

Repair of propped and unpropped bridge beams

Magazine of Concrete Research, 2000, 52, No. 4 313



strain profiles is their sinusoidal cyclic nature over

52-week periods. These cycles represent the annual

seasonal (temperature) effects which change the

strains in the concrete thermal mass.

The repair patch of material G4 in beam B8 (Fig.

13) shows fairly good strain compatibility between the

substrate and repair material at the interface (gauges 3

and 4 respectively) over the first 20 weeks (approxi-

mately). The stiffness of the repair material is slightly

less than that of the substrate (Erm=Esub � 0:85) and

the substrate is effective in restraining the shrinkage of

the repair material. Over a period of time, however, the

restraint to shrinkage becomes less and the strains

monitored by gauges 3 and 4 drift apart. The repair

material adjacent to the substrate (gauge 4) is able to

attain shrinkage strains of around 200 microstrain

which is about 50% of the free shrinkage of the repair

material (Table 2). No tensile cracking due to restrained

shrinkage was observed in the repair patch of beam B8

(Fig. 13). This was due to the relatively low free
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shrinkage of material G4 and the fact that Erm was only

marginally less than Esub, which resulted in less than

absolute shrinkage restraint by the substrate.

The stiffness of the repair materials G5 and G6 used

to repair beams B6 and B7 (Figs 14 and 15) was much

less than the substrate (Erm=Esub � 0:70 and 0´41 re-

spectively). In addition, the free shrinkage of these

repair materials was very high (Table 2). Soon after the

application of repair, the substrate provided effective

restraint at the interface and, therefore, caused typical

restrained shrinkage cracking in the repair due to high

tensile stresses. The corresponding high creep of mater-

ials G5 and G6 (Table 2) was unable to prevent crack-

ing by relieving tensile stress. Cracking results in

inconsistent strain differentials between gauges 3, 4 and

5 in Figs 14 and 15.

The strain±time profile of the steel reinforcement in

Figs 13, 14 and 15 remains unaffected by the applica-

tion of the repair patch. This indicates that repairs with

Erm , Esub are ineffective in causing long-term load

redistribution from the reinforcement.

Propped repairs

Results of long-term laboratory tests on two beams

repaired in a propped state together with beams of the

portal frame at Sutherland Street bridge repaired with

flowing materials are discussed in this section.

Laboratory tests ( Erm . Esub). The strain±time

graphs of the beam repaired with material L3(L) are

plotted in Fig. 16. Datum readings were taken 24 h

after the application of the repair patch (represented

as week 0 in Fig. 16). Residual strains in the sub-

strate concrete (gauges Dem 1, 2, 3) and steel rein-

forcement (gauge steel 1) were present at week 0,

since the beam had been loaded at approximately

week ÿ9 to eliminate the effects of creep in the

substrate concrete, as described earlier. The beams

were cured for four weeks prior to loading, shown as

approximately weeks ÿ9 to ÿ13 in Fig. 16. Upon

unloading the beam at week 0 (simulating propping),

it is observed that some compressive strain remains

in the substrate concrete (gauges Dem 1 and Dem 2,

weeks 0±4) due to residual creep. A small tensile

strain is also evident in the steel reinforcement at

week 0, but this decreases towards zero at week 4 as

the free shrinkage strain of the repair patch is trans-

ferred to the steel reinforcement while the beam

remains in a propped state. During the propped repair

period (week 0±4), gauges RM2 and RM3 record

gradually increasing compressive strains due to the

free shrinkage of the repair patch. The strains re-

corded by gauge RM1 at the interface are very small

due to restraint provided by the substrate to the early

age shrinkage of the repair material.

Upon reapplication of the load at week 4, gauges

Dem 1 and Dem 2 attain high compressive strains

which remain relatively constant for the remainder of

the monitoring period. Tensile strain is induced in the

steel reinforcement (gauge steel 1) which remains rela-

tively constant throughout the monitoring period. Neg-

ligible redistribution of strain took place in this repair

patch as indicated by the almost constant strains in the

steel reinforcement (gauge steel 1) and repair material

(gauges RM2 and RM3). The lack of redistribution was

due to severe cracking which occurred in the repair

material during the reloading operation at week 4 (in-

dicated by the sudden large tensile strain in gauges

RM1 and RM2, Fig. 16). Some of the crack widths

were greater than 0´1 mm. Comparing the performance

of this repair patch with a similar repair patch applied

to an unpropped member (Fig. 10), it is clear that

propping during the application of repair and subse-
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quent reloading (depropping) greatly increases the ten-

sile strains in the repair patch (compare gauges RM2 in

Figs 10 and 16). The unpropped repair with material

L3(L) (Fig. 10) developed insignificant cracking com-

pared with cracking produced in the propped repair

(Fig. 16). In the case of unpropped repairs, cracking in

the repair patch is caused by restrained shrinkage ef-

fects which occur gradually over a period of time and

are neutralized to some extent by creep
13

and by the

high stiffness (Erm . Esub) of a repair material.
14

In

propped repairs, cracking is caused by the sudden load

sharing (composite action) induced by depropping,

which leads to typical flexural cracking in the repair

patch.

Field repairs, Sutherland Street bridge ( Erm .
Esub). The strain±time graphs for repair patches

made with flowing materials S1 and S4 are presented

in Figs 17 and 18 respectively. The location of the

strain gauges in the repair material at the substrate

interface (`subs') and on the steel reinforcement was

outlined in the section entitled `Strain monitoring'.

Datum readings (at week 0 in the figures) were taken

24 h after the application of repair. The repair with

material S1 (Fig. 17) was depropped at week 1. This

Fig. 16. Strain profiles in the beam repaired with material L3( L), Erm . Esub, propped repair
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induced instantaneous tensile strains in the repair at

the `subs' gauge location and in the steel reinforce-

ment (approximately 75 microstrain). The tensile

strain in the reinforcement increased rapidly to ap-

proximately 220 microstrain at week 18. This was

due to extensive cracking in the repair patch where

closely spaced horizontal cracks across the width of

soffit were observed. From week 18 onwards, the

steel strain remained fairly constant until the end of

the monitoring period. Material S1 has also been used

to repair propped compression members,
13

in which

case no long-term cracking was observed in the re-

pair patch.
13

This indicates that cracking in the

propped flexural repair is due to sudden load transfer

upon depropping instead of long-term shrinkage ef-

fects.

The tensile strain recorded by the `subs' gauge, upon

depropping (Fig. 17), gradually decreases up to about

14 weeks. This is possibly due to the shrinkage transfer

of the relatively stiffer repair material (Erm . Esub) to

the substrate in a similar manner as was observed in

bridge abutments repaired with sprayed materials.
12

In

the long term, beyond 20 weeks, a gradual increase in

tensile strain occurs in the repair material at the sub-

strate interface (`subs' gauge), indicating load redistri-

bution effects occurring in the repair patch.

The repair with material S4, Fig. 18, was depropped

at week 3. Between weeks 3 and 21, the tensile strain

in the steel reinforcement increases gradually, without

any sudden and rapid increase as shown in Fig. 17 for

material S1. This is due to material S4 remaining

uncracked throughout the monitoring period. The ef-

fects of depropping are far more inconsistent in field

structures compared with laboratory repairs (see next

subsection) due to the greater control of depropping in

the laboratory. Repairs to propped compression mem-

bers also showed inconsistent and erratic long-term

strain distribution due to the non-uniform load transfer

caused by the depropping process.
13

The absence of cracking in the repair patch (Fig. 18)

also allows some shrinkage transfer from the higher

stiffness repair material (Erm . Esub) to the substrate.

In the long term the substrate develops tensile strain

due to external load transfer; similar behaviour of load

transfer has been observed in compression members.
12

Laboratory tests, Erm , Esub. The strain profiles

of the beam repaired with material G5 (Table 2), in

the propped state, are presented in Fig. 19. The beam

was cast in the laboratory at week ÿ13, cured for 28

days to week ÿ9 and loaded under service load for

nine weeks (week ÿ9 to 0). To simulate propped

repair, the load was removed at week 0 and the repair

patch applied. Upon hardening of the repair, at week

�2, the load was reapplied (simulating depropping).

A comparison of Figs 12 and 19, representing un-

propped and propped repairs, shows that the strain

profiles in the substrate (compression zone) are similar

in both cases (gauges Dem 1, Dem 2 and Dem 3). The

strain profiles for the steel reinforcement appear similar

in both cases but the magnitude of strain in the propped

repair (Fig. 19) is clearly higher. This is due to the fact

that upon application of load (depropping), the tensile

zone (repair patch) cracked in the typical pattern of

reinforced concrete beams. Such flexural cracking was

not observed in the unpropped repair (Fig. 12) where

effective structural interaction between the substrate

and the repair patch occurred gradually with time. In

the case of propped repairs, long-term interaction be-

tween the repair patch and substrate is ineffective both

in beams and compression members.
13

Conclusions

The following conclusions are based on laboratory

and field monitoring of repairs under long-term service

loading.

(a) Repair patches of high elastic modulus materials,

Erm . Esub, provide structurally efficient repairs to

the tensile zone of beams. Such repairs are less

prone to restrained shrinkage cracking and are
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more effective in long-term load sharing with the

substrate. The efficiency is greater with increasing

relative stiffness within the experimental limits of

this paper, Esub , Erm , 1:38Esub.

(b) Repairs with Erm , Esub are generally structurally

inefficient. They are prone to restrained shrinkage

cracking and make little contribution to the struc-

tural capacity of the beam. This conclusion is

based on test data representing repair materials of

elastic modulus range 0:41Esub±0:96Esub; shrink-

age range 401±1100 microstrain and creep range

745±1411 microstrain.

The characteristics outlined in items (a) and (b) are

clearly defined in repairs applied to unpropped struc-

tures. In propped repairs, these effects are oversha-

dowed by the immediate effects of depropping after the

repair patch has hardened. Upon depropping, the repair

patch acts compositely with the beam and consequently

develops a typical pattern of flexural cracking. The

structural efficiency of propped repairs is inferior to

unpropped repairs.
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