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ABSTRACT: This paper presents an experimental work for evaluating the flexural failure behavior of a con
crete beam repaired by crack injection techniques. Not only flexural strength but also tension softening dia
grams and fracture energy were used for the indices. In addition, a size effect on the flexural strength of the 
repaired specimens, which is larger than that of original concrete (plain concrete), is observed experimentally. 
Then the importance of evaluating the cracks in repaired specimens is indicated. 

1 INTRODUCTION 

Crack injection is a common technique for repairing 
damaged concrete materials and structures. To 
evaluate the performance of repaired structures on a 
life-cycle cost basis, methods for testing and analyz
ing repair schemes are necessary. Especially, the 
specimen type, size and boundary conditions in the 
testing, which affect the test results, should be se
lected appropriately. 

Epoxy is one of the common materials for crack 
injection methods. The bond strength test of epoxy, 
which is one of the important performances, is speci
fied in the Japanese Industrial Standard (JIS A 6024: 
Epoxy injection adhesives for repairing in build
ings). The testing method involves a smaller size 
specimen( 40 X 40 X 160mm) compared with existing 
structures, a specimen made of a mortar, and smooth 
surface for injection. These testing conditions are 
useful to carry out the test easily for material users. 
To evaluate the properties of injected repair materi
als in existing concrete structures, the testing condi
tions that reflect the practical conditions in concrete 
structures, such as size, damage and so forth, should 
be adopted in the testing method. For example, the 
crack surface of concrete, which has roughness due 
to coarse aggregate, should be used for evaluating 
the bond properties between concrete and repair ma
terials in crack injection techniques. 

There are many indices for evaluating the results 
in testing or analysis. In general, bond strength, 
which is calculated by using the maximum load in 
the test, is one of the important indices. However, 
important properties include not only bond strength 
at the interface between the concrete and injection 
material, but also on the fracture properties of the 
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adjacent bulk concrete and the injection material it
self. 

Kleinschrodt (1989) showed that the flexural 
strength and fracture energy of the repaired speci
mens, in which an epoxy was injected into the 
cracks, became larger than that of the original con
crete specimen. Kitsutaka (1992) also applied frac
ture energy to evaluate the flexural failure behavior 
of the repaired beams, in which the effects of 
Young's modulus of injection materials and crack 
width were investigated. 

This paper presents experimental work for evalu
ating flexural failure behavior of concrete beams re
paired by crack injection techniques. Not only flex
ural strength but also tension softening diagrams and 
fracture energy were used for the indices. In addi
tion, the size effect on the flexural strength of the re
paired specimens is confirmed experimentally. 

2 OUTLINE OF EXPERIMENT 

2.1 Test setup for initial loading 

Experimental programs are shown in Figure 1. Mix 
proportions of concrete are shown in Table 1. The 
water to cement ratio of the concrete was 0.50. The 
maximum size of coarse aggregate was 15mm. 

Four specimens were tested, each having a depth 
of 100 (size 1), 200 (size 2) and 300 (size 3) mm. 
Each specimen has a notch extending over one-third 
of this depth. For the size 1 specimen, a notch was 
made by a concrete cutter before the loading test. 
For the size 2 and size 3 specimens, a plate having a 
thickness of 3.0mm was embedded at the initial set
ting of concrete. The original concrete specimens 
(original specimens) were tested at the concrete 



Placing of concrete 

35days wet curing 

Loading test (original concrete specimens) 

5days for sealing 

Injection of epoxy 

7 days curing 

Loading test (repaired specimens) 

Figure I . Experimental programs 

Table I. Mix proportions of concrete 

W/C 

(%) Water Cement Fine Coarse Admix-

(kg/m3
) (kg/m3

) agg. agg. * ture ** 

(kg/m3
) (kg/m3

) (kg/m3
) 

55.6 161 290 836 1001 0.725 

* Maximum size: I 5mm 

** AE water reducing agent 

age of 35 days. As shown in Figure 2, four-point 
bending tests were carried out, and load versus crack 
mouth opening displacement (CMOD) under dis
placement control of the loading apparatus was 
measured in these tests. 

2.2 Crack injection repair 

After fracturing the original specimens through their 
ligament length, each specimen half was carefully 
positioned and joined through epoxy injection so 
that the epoxy material width (simulated crack 
width) was about 3mm, as shown in Figure 3. The 
crack region was sealed to prevent leakage of the 
epoxy during pressure injection. As shown in Table 
2, the type of epoxy used exhibits no shrinkage, has 
a Young's modulus of 2.0 GPa, and has a flexural 
bond strength of 7 .5 MPa, in accordance with the 
Japanese Industrial Standard. After curing the epoxy 
for 7 days, the same type of four-point bending tests 
was carried out, as shown in Figure 4. Further re
search is needed to evaluate the relationship between 
the direction of injection and loading. 

2.3 Determination of tension softening diagrams 

A crack might propagate in repair material, bulk 
concrete, or interface between the repair material and 
concrete. However, the only one crack that is not a 

Figure 2. Test setup for original concrete specimens 

Injection 

Seal D Crack surface 

Injection width: 3mm 

Figure 3. Injection of epoxy 

Figure 4. Test setup for repaired specimens 

Table 2. Properties of epoxy* 

Working time (min.) 50-60 
Curing time (hr.) 15 
Shrinkage (%) 0.0 
Elastic modulus (GPa) 2.5 
Bond strength (MPa) 7.5 
* Extracted from catalogue 

Figure 5. Finite element for inverse analysis 
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Table 3. Test results 

Original specimens Repaired specimens Strength Fracture Number of 

Flexural Fracture Flexural Fracture ratio energy specimens 

strength * energy strength* energy ratio 

(MPa) Gi(l.O I (Nim) (MPa) Gi(l.O I (N/m) 

Size I 
3.03 (0.17) 18.6 3.84 (0.30) 26.2 1.27 1.41 4 

Size2 
2.60 (0.23) 16.0 3.14(0.12) 21.7 1.21 1.35 4 

Size3 
2.13 (0.05) 14.6 2.39 (0.10) 16.7 1.12 1.14 4 

* Standard deviation is shown in parentheses 

10 cm 20 cm 30cm 

4ilf Iii>. i'1111 Iii> 

(a) Sizel (b) Size2 (c) Size3 

............................................ Original 

Figure 6. Crack patterns in each specimen 

micro crack but a macro (main) one occurs in the re
paired specimens. In this study, it was assumed that 
the main crack consumed all energy represented by 
the load-displacement relationship. And a tension 
softening diagram was determined from the average 
load-CMOD curve through inverse analyses based 
on a poly-linear approximation method (Uchida et 
al. 1995). This method is based on the finite element 
method with a fictitious crack model (Hillerborg et 
al. 1976). The finite element for this inverse analy
sis is shown in Figure 5. 

3 TEST RESULTS 

3 .1 Compressive strength and Young's modulus 

Compressive strength and Young's modulus of the 
concrete at the age of 4 7 days, which are measured 
by using cylindrical specimens measuring <P 100 X 
200mm, are 30.9MPa and 25.SGPa, respectively. 

3.2 Flexural strength and cracking behavior 

Test results of original and repaired specimens are 
shown in Table 3. The ratio of the flexural strength 
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----- Repaired 

Figure 7. Coarse aggregate as obstacle 

of the original specimen to that of the repaired one, 
which is the strength ratio, is also shown in Table 3. 
In all cases, the flexural strength of repaired speci
mens exceeded that of original specimens. And the 
effect of damaged concrete due to micro cracks 
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Figure 9. Load-CMOD curves of repaired specimens 

(FPZ) in initial loading on the flexural failure behav
ior of repaired specimens was not observed. For lar
ger specimen sizes, however, the strength ratio be
came smaller. 

Figure 6 shows typical crack patterns seen in these 
specimens. For ordinary concrete, the relationship 
between the geomet1y of cracks and fracture behav
ior was investigated (Mihashi et al. 1995, Carpinteri 
et al. 1997, Kamada et al. 1998). In the case of the 
repaired specimens, cracking behavior depends on 
the material properties local to the crack such as 
strengths of the mortar matrix and aggregate, aggre
gate size, bond properties between epoxy and aggre
gate and so forth. Figure 7 shows a coarse aggregate 
that was located between the new fracture surface 
and previous fracture surface bonded to the epoxy. 
For the original specimen, a crack propagated from 
the notch tip. In this crack surface that is an injec
tion surface, broken or unbroken coarse aggregate is 
in contact with the injected epoxy. Usually the ep
oxy has a good bonding with the aggregate. Then 
cracks propagating in the repaired specimens tend to 
detour away from the repaired (injected) cracks and 
are also affected by the aggregate size. This crack
ing behavior imparted higher flexural strength to the 
repaired specimen. And this behavior also accounts 
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for the larger consumed energy. With the increase of 
the specimen size, the crack patterns in repaired 
specimens tended to be similar with those in original 
specimens, in which the roughness of the crack sur
face in larger repaired specimens was smoother than 
that of smaller ones relatively. Then the strength ra
tio with larger specimen size became smaller. 

3 .3 Tension softening diagrams and pacture energy 

The measured load-CMOD curves for the original 
and repaired specimens are shown in Figure 8 and 
Figure 9, respectively. And the determined tension 
softening diagrams of the original specimen and re
paired one in each specimen size are also presented 
in Figure 10. The maximum load and toughness of 
the repaired specimens are larger than those of the 
original specimens. The fracture energy up to a 
crack width of O.Olmm, which reflects resistance of 
crack propagation and affects the maximum load, is 
shown in Table 3. This fracture energy of repaired 
specimens was larger than that in original speci
mens. In addition, the resistance of crack propaga
tion in smaller repaired specimens, which is repre
sented by means of the fracture energy, was higher 
than that of larger repaired specimens. 
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Figure I 0. Determined tension softening diagrams 

3 .4 Size effect on flexural strength 

The flexural strength of original specimens in each 
specimen size, as well as those of repaired speci
mens, are shown in Figure 11. In addition, the ana
lytical results through the finite element method by 
using the tension softening diagram in size 1 speci
men are also presented in Figure 11. Both experi
mental and analytical results show the size effect. 
The analytical results of original specimens agreed 
with the experimental one. 

Most papers present the effects of restoration by 
using smaller repaired specimens. As the specimen 
size becomes larger, the :flexural strength of repaired 
specimens in the experiment, which is higher than 
that of original specimens in smaller specimen sizes, 
approached that of the original specimens. It was 
observed that effect on flexural strength of repaired 
specimens was larger than that of original ones. In 
the test for evaluating the performance of repair 
methods, in which smaller specimens are used, the 
crack pattern should be observed carefully, and size 
effect should be considered appropriately. 

4 CONCLUSIONS 

In these tests, the following results were obtained: 

- The flexural strength and fracture energy of re
paired specimens, in which the cracks were in
jected with the epoxy, were larger than those of 
the original specimens used for the same tests. 
The size effect on the flexural strength of repaired 
specimen was observed, and was larger than that 
of original one; the complex cracking behavior in 
the repaired specimens accounts for the larger size 
effect on flexural strength. 

- Tension softening diagrams and fracture energy 
were effective indices for evaluating the :flexural 
failure behavior of the repaired specimens. 

- The effect of damaged concrete due to micro 
cracks (FPZ) in initial loading on the :flexural fail
ure behavior of repaired specimen was not ob
served. 
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Figure 11. Size effect on flexural strength of original and 

repaired specimens 

The bond property at the interface between repair 
material and bulk concrete is a fundamental per
fo1mance for repair. Especially, most paper dis
cussed the importance of the bond properties due to 
delamination of repair materials. This paper also in
dicated the impmiance of evaluating the cracks of 
the adjacent bulk concrete. 

REFERENCES 

Alvaredo, A. M. & Torrent, R. J. 1987. The effect of the shape 
of the strain-softening diagram on the bearing capacity of 
concrete beams. Materials and Structure 20: 448-454. 

Carpinteri, A. & Mainardi, F. (eds.) 1997. Fractals and frac
tional calculus in continuum mechanics. New York: 
Springer. 

Hillerborg, A., Modeer, M. & Petersson, P.E. 1976. Analysis 
of crack formation and crack growth in concrete by means of 

fracture mechanics and finite elements. Cement and Con
crete Research 6: 773-782. 

Kamada, T., Kunieda, M., Kurihara, N., Nishida, Y. & Rokugo, 
K. 1998. Evaluation of roughness of joint concrete surface. 
In Mihashi H. & Rokugo K. (eds.), Fracture Mechanics of 
Concrete Structures; Proc. qf FRAMCOS-3: 1645-1654. 
AEDIFICATIO Publishers. 



Kitsutaka, Y., Kamimura, K. & Nakamura, S. 1992. Evaluation 
of crack repair material by means of bending test on notched 
concrete specimen. JQurnal of struct. and constr. Engineer
ing 432, AIJ, 1-9. 

Kleinschrodt, H. D. 1989. Evaluation of force-locking epoxy 
resin injections in concrete cracks by means of fracture me
chanics parameters. In Shah, S. P., Swartz, S. E. and Barr, B. 
(eds.), Fracture of concrete and rock recent developments : 
537-548. ELSEVIER APPLIED SCIENCE. 

Mihashi, H., Nomura, N. & Nakamura, H. 1995. What is inter
preted from fracture surfaces in concrete?. In Wittmann F.H. 
(ed.), Fracture Mechanics of Concrete Structures; Proc. of 
FRA!v/COS-2: 755-768. AEDIFICATIO Publishers. 

Uchida, Y., Kurihara, N., Rokugo, K., & Koyanagi, W. 1995. 
Determination of tension softening diagrams of various kinds 
of concrete by means of numerical analysis, In Wittmann 
F.H. (ed.), Fracture Mechanics of Concrete Structures; 
Proc. ofFRAMCOS-2: 17-30. AEDIFICA TIO Publishers. 

388 


