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Abstract 
Deterioration of concrete has become a typical phenomenon in construction industry owing to rapid 
industrial growth and aggressive environment along coastal belts. The major form of deterioration 
observed is the corrosion of embedded steel in concrete. To be more specific, there are 2 major 
factors responsible for the deterioration of concrete structures namely; Transport of aggressive 
species through concrete from the immediate exterior environment and the chemical reaction of 
constituent materials of concrete within bulk. The strengthening of structure from the deterioration 
includes removal of deteriorated materials and providing new repair material in the same place after 
recommended standard practices. Therefore it can be easily understood that the role of repair 
materials addressing the transport properties and reactivity of material with respect to chemical and 
thermal tolerance are of prime importance. Identifying correct material for repair and rehabilitation 
requires rigorous and critical test results of that repair material. At present, the repair material 
products available in the market do not indicate such test results and even if at all mentioned, that 
are very ordinary test results which may not be sufficient to assess the required quality for particular 
applications. It is therefore emphasized that the critical evaluation of repair materials is to be carried 
out. In this paper, some of the critical test procedures for evaluation of repair are discussed in detail 
with relevant diagrams for the benefit of repair-material manufacturers and field engineers to select 
an appropriate material for their site.  

 
Keywords:— alternate binders, corrosion, critical tests, repair material, shear test, accelerated 
corrosion test, permeability test, chemical resistance test. 

1.INTRODUCTION 
The Concrete Industry is one of the Largest Industries in this modern era and cement plays a 
remarkable role as a constituent material in the concrete. Still, it possesses its own set of 
disadvantages. The main flaw of cement is its substantial carbon footprint. The other disadvantages 
include: Consumption of high amount of natural resources like limestone and Clay or Shale; High 
energy intensive, Pollution of both air and earth, various health hazards like lung function impairment, 
chronic lung diseases; lung, stomach and colon cancers, Silicosis. Alternate Binders act as substitute 
to Cement. They are the materials other than cement which react with fine Aggregate, coarse 
Aggregate, pozzolanic materials, other additives to form a hard mass. Many researches are trending 
around the globe on this particular subject owing to the disadvantages of cement. Still at present, 
only little amount of published research work is available on these materials which are potential 
substitute to cement. 
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Alternate binders are particularly useful in repair work for their modified properties. For a repair 
material, its performance depends on its dimensional behavior and compatibility with the substrate 
concrete. And hence it is necessary to perform critical tests to assess the quality of repair materials 
to be used in structural and non-structural applications. 
Although a wide range of repair materials are available in the market with vast variety of properties, 
the manufacturer’s data on these materials are often inadequate for knowing the structural properties 
like bonding, shrinkage, tensile strength etc.  The data sheet provided by the manufacturers of repair 
material contains only brief description of material, mix proportions and compressive strength. These 
properties alone are not sufficient to qualify a certain repair material for the particular repair work 
since respective critical performance tests are required to qualify the material for a particular repair 
job. 
 
The present paper deals with some of the significant test methods which are essential in evaluating 
repair materials 

A. Abbreviations and Acronyms 

PAE  - Poly Acrylic Ester   
Cl

-
  - Chlorine ion 

SF  - Silica Fume 
CBM  - Cement based materials 
 RH  - Relative humidity 

2.CRITICAL TEST METHODS 
The following are some of the critical standard and non- standard test methods that can be adapted. 
 

B. BOND TESTS: 

     These are carried out to test the bonding adhesion of bonding layer in all loading conditions. 
 
1. Compression shear test: 

 
Slant shear test in compression mode puts the bond interface in a combined state of shear and 
compression. The test was formulated in 1976 and was known as Arizona slant shear test. It was 
adopted in BS 6319 and it is also found in ASTM C882-91 

(1)
. Though the angle of inclination is 

specified as 30
0
 to the vertical plane and this was discussed and analyzed by various authors. It was 

reported that the mode of failure critically depends on the inclination; roughness of surface, micro 
cracks present at the inclined plane 

(2)
. The test is sensitive to differences in elastic modulus of the 

repair material which may cause stress concentration and edge failure 
(3)

. Bond failure occurs if the 
inclined surface is smooth to rough, the mode of failure will be compression and if micro cracks are 
present mode of failure will be tension. The effect of surface roughness depends on the critical angle 
of the shear plane. The critical angles for smooth, medium rough and rough surfaces are 27

0
, 23

0
, 

19
0
 respectively. One degree variation causes 10%, 5%, 1% changes in failure load with rough, 

medium rough and smooth surfaces respectively. It is also reported that the elastic modulus 
differences between two materials of a combined system cause eccentricity of loading during slant-
shear test 

(4)
. If modulus of repair material is less than that of substrate material, the stress at the 

ends of interference is maximum, which is normal to interface and shear stresses occurring at the 
sides of repair material. 
 From the above it can be inferred that this test is affected by following factors:  

a. The shear failure along bond interface varies with the inclination of bond plane and surface 
roughness. 

b. Modulus mismatch causes local stress concentration along the edges of shear plane if repair 
material has lower elastic modulus. 
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Figure 1 Slant Shear Test 

 
2. Direct split tension test: 

 
Prisms of size 75mm x 75mm x 100 mm should be cast with representative concrete and 

with proposed material as shown in figure with necessary bonding agent. This composite 
section is subjected to direct split tension test in compression mode. From load at failure the 
stress can be calculated. In this test the adhesion of bonding layer has been tested in tension 
shear mode. The best bonding layer is the layer which has high stress. 

 
Figure 2 Direct Split Tension Test 

 

 
3. Tension softening test:  

 
The delamination behavior of repair material can be assesses by the tension-softening test. In this 
test, the fracture energy is computed from tension softening diagram obtained by flexural test. A 
composite beam of size 100mm x 100mm x 300 mm is cast and subjected to flexure test

(5)
. The load 

Vs crack width curve is plotted as shown in the figure. The hatch area under the tension softening 
curve gives the fracture energy required to cause disbondment. The more the fracture energy, the 
more will be resilience of material. 
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Figure 3 Tension softening test and graph 

C. SHRINKAGE TESTS : 

 
1. Linear  Restrained Shrinkage test  ( German Angle Test)  

 
A steel angle of size 75mm x 75mm x 8mm thick and 1.03m long should be used for this test. 
The method was developed by Technical Academy Aachen, Germany and adopted as The 
Technical Test Regulations (TP BE-PCC) by Highway Construction Department of Federal 
Ministry for Transport. The repair material is cast in Angle as shown in figure and exposed to 
atmosphere without covering. The material in the trough is to be observed for the number of 
cracks, the average length, width, etc. and recorded for a period of about 18months. There 
shall not be any disbondment of material from the angle surface and cracks wider than 
0.1mm not accepted.  
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Fig 4 German Angle Test 

 
 

2. Carbonation Shrinkage  
 
Carbonation of concrete leads to degradation such as the decrease of strength, increase of 
deflection and the growth of lattice like cracking, which are mainly caused by the 
carbonations shrinkage. 

 40 x 40 x 160 mm blades were dried at 105 
0
C for 2 hours. After that, pair of 20 mm brass 

pins was fixed on both ends by an adhesive for the length change measurements. 
 

 Shrinkage strain due to carbonation can be given by: 

 
 
where I and Iₒ are current length and initial length respectively at 20 

0
C and 90% RH. The 

measurement was always done in carbonation chamber. 
 

D. PERMEABILITY TESTS: 

 
1. Chloride Ion Penetration Test:  

 
Considerable research on permeability of chloride ion has been presented in recent years. The 
results show that there is a relationship between effective diffusion coefficient of chloride ion 
and the other chemical component of raw materials, pore structure, density and interfacial 
structure between aggregates and cement matrix

(7)
 .But very few researchers discuss the 

chloride ion diffusion in polymer and silica fume modified mortars. The permeability of chloride 
(effective diffusion coefficient) was measured on 70mm diameter and 4mm thick specimens. 
During experiment, 50 ml of solution was withdrawn from container B at every interval and the 
electric current of solution was measured by pH meter. After measurement, the solution was 
fed back into container B, until the diffusion of chloride ion become stable. The diffusing 
quantity of chloride ion has linear relationship with time, so we can get the concentration of 
chloride ion via the standard curve between concentration and electric current. 
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Fig 5 Permeability of Chloride Ion 

 

 
Figure 6 Relation between Amount of Cl

- 
and time 

 
It is clearly demonstrated that the penetrated chloride ion increases linearly as time goes on, 
but the linear slope decreases by addition of PAE and SF. The effective diffusion of chloride 
ion can be calculated according to the slope. The calculation formula is as follows: 

D = ( K x L ) / ( A x ΔC ) 
L :  Thickness of specimen (cm),  L=0.4 cm 
A :  Saturation area (cm

2
) 

K :  Slope of the line  
ΔC :  Concentration difference between the chambers A and B 
ΔC :  ( Cl¯

 
A - Cl¯

 
B ) 

 
But Cl¯

 
B can be omitted because it is much smaller than Cl¯

 
A , so ΔC = Cl¯

 
A 

Effective diffused coefficient of chloride ion decreases significantly by addition of SF and 
PAE in cement mortar. So conclusion can be drawn that the effective diffused coefficient of 
chloride ion reduces as PAE/cement content and SF contents increases.  
 
 

2. Oxygen Permeability 
 
The gas permeability measurement with gas flowing under a pressure head is thought likely 
to be more sensitive to the presence of larger diameter pores which are considered to be 
largely responsible for poor durability of concrete. The intrinsic permeability value (K0) of 
concrete, using a gas is usually defined by the following equation. 
 

     

V:  flow rate (m
3
/sec) 

η:  viscosity of the gas (Ns/m
2
) 

A:  the cross sectional area of the specimen (m
2
) 

L:   The length of specimen (m) 
P1:  Absolute Applied pressure (bar=10

5 
N/m

2
) 

P2: Atmospheric pressure ( 1 bar) 
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For Oxygen at 20
0
C, with a value of η = 2.02 x 10

-5
 Ns/m

2
, and the above equation 

becomes K0 

  

 
 

The specimens for testing were obtained by drilling 50 mm cores from 100mm cubes, slicing 
the cores to 40mm height. The samples were tested after drying at 105

0
C in an oven for 24 

hrs. After cooling the samples in an airtight desiccator, the curved shape of each specimen 
was coated with a thin layer of soft silicon rubber compound and left for 24 hours to set in the 
desiccator. The measurement of oxygen flow rate was made at a pressure of 2 bars. 
 
 

3. Water Permeability 
 
Leeds permeameter measures both gas and water permeability of a specimen. The method 
is based on measuring the depth of penetration of water into the concrete cylinder with an 
indicator ( such as phenolphthalein). The time of pressure penetration varies with 
permeability of specimen. Average values to obtain a reasonable value of penetration are 3 – 
4 hours under a pressure of 3-5 bars.  

To determine the depth of penetration the specimen is split through the diameter and an 
average value of depth of penetration is determined. The coefficient of water permeability 
(Kw) is calculated from the equation proposed by Valenta

(9)
, which requires the knowledge of 

the porosity of the specimen. 
      

              
 

d: depth of penetration (m) 
υ: the porosity of the concrete expressed as a fraction  
h: the pressure head applied 
t: time to penetrate to depth (Δ) 

To compare the permeability of concretes obtained from tests using different fluids, it is 
necessary to define the intrinsic permeability, Kw, which should depend only on the pore 
structure of the concrete. 

 
 
Kw : Coefficient of liquid permeability (m/s) 
η: viscosity of the liquid (Ns/m

2
) 

ρ: density of liquid (kg/m
3
) 

g: acceleration of gravity (9.81m/s
2
) 

For the solution used: η : 1.2753 x 10
-3 

Ns/m
2  

and  Kw= 1.3 x 10
-7 

kw. 

 

E. ACCELERATED CORROSION TEST  

 
An accelerated corrosion cell was used to compare between the rate of corrosion of both 

conventional concrete and latex modified concrete. Similar cells were reported by several 
researchers

 (8)
. In this cell, specimen was immersed to its half of the height from the base 

into a 15% NaCl Solution at room temperature and connected to constant 12Volt DC power 
supply such that the steel bar acts as a anode. A steel plate electrode was used as the 
cathode. The steel plate was cleaned periodically to prevent the deposition of calcium on 
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surface. The specimens were monitored periodically by visual inspection to record how long 
it takes to crack due to corrosion of reinforcing bar. Also, the intensity of electric current was 
recorded at different time intervals. 

 

 
Fig 7 Accelerated Corrosion Test 

 
 
Corrosion current vs. time relation had a steady low rate of increase in the current with time. 
The current intensity showed a sudden rise which coincides with the cracking of the 
specimen recorded visually. The curve between the corrosion current intensity (mA) and time 
(hours) was plotted in order to determine the corrosion time of specimen at which the 
specimen cracked by corrosion. Therefore, the corrosion time can be defined as the time 
from the start of experiment to the instant when a sudden rise of current (cracking of 
specimen) is observed. 

A fast longitudinal crack was observed for conventional concrete, while a slow and curved 
multi-directional crack was observed for the latex modified concrete. This could be attributed 
to the increase in tensile strength of latex-modified concrete compared to conventional 
concrete. 

 

 
           Fig 8 Typical curve of corrosion current with time for conventional concrete at different test 
ages  
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F.  TOTAL POROSITY TEST 

 
The total porosity of a material is the fraction of bulk volume of material occupied by 

voids. A simple method of estimating the porosity value of concrete or mortar is by vacuum 
saturation. The porosity (P) is calculated by the following equation  

 
P (%) = { (Wair – Wdry ) / ( Wair – Wwater ) } x 100   

 
Wair : wt. of saturated surface dry specimen in air  
Wdry : wt. of oven dried specimen in air 
Wwater : wt. of saturated specimen in water 
 

 This test is based on drying 50mm cubes for 24hours at 105
0
C and recording the dry weight.( 

Wdry). The dried samples are placed in a vacuum desiccator for 3 hours at a pressure of -760mm. 
Water is the allowed to enter the desiccator under vacuum until the samples are completely 
submerged and vacuumed for further 3 hours. After this, the pressure is raised to atmospheric 
level. The specimens are then left in water overnight to reach constant wt. before weighed in air 
(Wair) and in water (Wwater). 

 
 

G. CHEMICAL RESISTANCE OF CEMENT BASED MATERIALS 

 
Experimental data : 

Cement to sand mix  - 1:3 ratio          
W/C ratio     -  0.6 
Specimen size   - 20x20x120 mm prisms 
Curing       - 24 hrs in the mould, 27 day water curing.  
 

Evaluation: 
The results of the attached test specimens are compared with those of the test specimens 
carried in water. The relationships among the studied properties are searched and 
evaluation. 
 In principle, there are 3 topical basic processes involved in the deterioration of CBM. 
 

1. The process causing the decomposition of the cement matrix in the CBM caused by the 

hydrolysis, dissolution and leaching of matrix components (e.g, acid attack). Its symptoms 

are:  Decrease in weight, bulk weight, compressive strength and dynamic modulus of 

elasticity. Length change does not occur, calcium oxide contents decrease and there is an 

increase in the insoluble residue. Total porosity and median pores increase with regard to 

appearance, destruction and sign of leaching began to occur on the edges and corners of the 

test specimens. 

2. The second deterioration process represents the destruction of CBM due to the formation of 

voluminous reaction product in the attacked material (e.g; ettringite in the case of sulphate 

attack) characteristic symptoms are: an increase in weight, bulk weight and the development 

of expansion and crack propagation. 

Further Symptoms are : an increase in the contents of aggressive components in the reaction 

attacked material, formation of voluminous products in the matrix of the attacked CBM and 

densifying of its pore structure followed by its coursing. 

3. The combination of both deterioration processes is possible. The type of combination at the 

action of same organic aggressive media on the CBM has been observed. It seems that the 

surface activity of some organic compounds and the decreased surface tension of the 
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aggressive water solution can play an important role in development of combined destruction 

process.   

 

H. FREEZING-THAWING TEST: 

 
According to French code, the temp range is +6±3 to -15±3 degree C, freezing rate 5 degree 

C/hour (from 0 to -15 degree C) and a thawing period of 1.5 hours(from -15 to +6 degree C) The 
minimal temperature of -15±3 degree C is maintained during 2 hours and the maximal temp of 
+6±3 degree C is maintained during 1 hr. The duration of one cycle is 8 hrs. The RH is 95±5 % 
during freezing and thawing period. [French Standard NF P 18-424, 1994] 

The test samples are prisms 7x7x28 cm and cylinders with diameter 16cm and height 32 cm. The 
conditioning and the way of water saturation are given in table: 
 

Table 1: Treatment of test samples 
 

Type of 
water 
saturation 

Curing 
conditions 

Preliminary treatment Treatment before testing 

Complete 27 days in 
water at 20 

0
 C 

In water at 20 
0
C until 

constant weight 
- 

Initial 60 days in 
water proof 
envelop at 20 
o
C 

No No 

Cyclic 4 cycles: 15 
days in air (at 
20

0
C at 65% 

RH) 

15 days in 
water at 20

o 
C 

15 days of drying at 
40

0
C 

15 days in water at 20 
0
C 

Hirsels 
wald 

27 days in 
water at 20

0
 C 

then 3 months 
at 20

0
 C and 

RH=65% 

Drying at 53
0 

C until 
constant weight 

24 hrs of water absorption 
by capillary, then 24 hours 
under water at 20 degree 
C 

Note for the table: 
 

 The first type called complete is the standard water saturation However it doesn’t represent 
the real conditions of the environment 

 The second type of water saturation is called initial refers to the case when the evaporation of 
the mixing water in excess is hindered 

 The third type is called cyclic, reveals the effects of the drying-wetting cycles. 
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 The fourth type is called Hirsel wald( by capillary water absorption) could be considered as 
close to the real exposure conditions of concrete structures where the capillary is the main 
way of water absorption. 
 

Criteria of Assessment of the Frost Resistance: 
 
1. Length change 

 
 

     = relative length change after n cycles (μm/m) 

     = the length change of sample after n cycles (μm) 

      L = the initial length of the sample before the freezing-thawing test ( at 0 cycles ; m) 
The frost resistance can be expressed by the number of freezing thawing cycles to which 

the relative length change ( ), outer passes 500μm/m     

The number of cycles is designated as N₁  

 
2.  Ultrasonic pulse velocity and fundamental transverse frequency changes. 

To determine the frost resistance two criteria have been adopted. 
 

Relative dynamic modulus elasticity  

 

 

       

 
where  Vn  and fn are respectively the ultrasonic pulse velocity and the fundamental 
transverse frequency after n cycle and Vₒ and fₒ are respectively the ultrasonic pulse 
velocity and the fundamental transverse frequency between the freezing thawing  test ( 
at 0 cycles) 
The frost resistance can be expressed by the number of freezing thawing cycles to 
which the relative dynamic modulus of elasticity falls below 60 %. 
 

 
3.  Durability Factor: (D) 
 

 
 

Where N is the number of freezing thawing cycles to which the relative dynamic 
modulus of elasticity has reached a critical value (Threshold e.g. 60% according to 
ASTM-c 666-97) N is taken to be 300 when P remains higher than the critical values 
after the completion of 300 cycles. D is the threshold of the durability factor 

 
According to [J.C Hanson, Recycling of demolished concrete and masonry RILEM Report of 

Technical Committee 37-DRC(Demolition and Recycling of Concrete) E &FN spon, London, 
1992] 
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 Non-resistant to frost (D ≤ 40%) 

 With unproven frost resistance (D ≤ 60%) 

 Passable frost resistance (D ≥ 60%) 

 Frost resistant (D ≥ 80%) 

3. CONCLUSION  
The transport properties such as permeability, diffusion, sorption, absorption etc. are the prime 

reasons for the deterioration of any material. Hence the critical tests for the above transport 
properties are of prime importance. In addition to that, shrinkage of material (free shrinkage and 
restrained shrinkage) is also of essential importance for controlling crack formations. Therefore 
these two properties are considered as critical tests for evaluating the materials in addition to the 
mechanical properties of the newly developed materials for repair works. 

    The above mentioned tests are some of the standard and non-standard methods of 
evaluation of repair materials for cement based materials as well as modified materials. Making 
use of these types of tests will ensure the quality and economy of the repair works in 
construction.  
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