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ABSTRACT: The fracture properties such as mode I and mode II fracture toughness and the critical strain energy 
release rate for different concrete-concrete jointed interfaces are experimentally determined using Digital Image 
Correlation technique. Interface beam specimens having different compressive strength materials on either 
side of a centrally placed vertical interface are prepared and tested under three-point bending in a closed loop 
servo-controlled testing machine under crack mouth opening displacement control. Digital images are cap-
tured before loading (undeformed state) and at different instances of loading. These images are correlated and 
the surface displacements are computed from which the surface strains, crack opening displacements, load-
point displacement, crack length and crack tip location are computed. It is seen that the CMOD and vertical 
load-point displacement computed using DIC analysis matches well with those measured experimentally. It is 
shown that the digital image correlation technique can be very useful for determination of fracture parameters. 

1 INTRODUCTION 

Currently, the research towards understanding of 
fracture behavior of bi-material interface has been a 
major area. Understanding the behavior of an inter-
face formed between old and new concrete is very 
important in order to predict the performance of a 
repaired structure. In composite structures and mate-
rials, the weakest part is often the interface between 
different materials (Walter et al. 2005). An interface 
appears when a repair material is applied to an infra-
structure system after rehabilitation. Usually the inter-
face is relatively weaker than the material on either 
side of it, in a repaired system. The performance of the 
repaired system under loading is strongly dependent 
on the performance of the interface. Compatibility be-
tween repair material and substrate concrete is recog-
nized to be important for prevention of cracking but 
reliable quantification of the required parameters is 
lacking (Mangat & O’Flaherty 2000). Further, in order 
to protect concrete constructions, quite often layers of 
concrete or cement bonded materials are used thereby 
forming an interface (Tschegg & Stanzl 1991). The 
bonding at interfaces in concrete structures is important 
for safety and durability (Kunieda et al. 2000). The 
chances of failure by cracking along the interface are 
higher because of stress concentration and rapid 
change of stress levels along the interface. 

Concrete is a heterogeneous material, wherein its 
fracture behavior is complicated and the quantification 
of fracture parameters becomes difficult. To obtain mi-
croscopic information on the failure processes in con-
crete, a robust full-field measurement method is required 
(Choi & Shah 1997). Direct observation of the fracture 
process is difficult because of the small scale at 

which the micro-structural features interact with the 
failure process. A more robust method for studying the 
fracture processes is the Digital Image Correlation 
(DIC), which has been successfully applied to detect 
cracks in concrete and other materials. Using DIC, full-
field surface displacements can be measured with high 
accuracy for specimens with multiple cracks at incre-
mented levels of fracture. This technique can be used to 
monitor the testing of a wide range of specimen sizes 
under different loading conditions (Lawler & Shah 2002). 

Only a few experimental works have been reported 
regarding the behavior of an interface between old and 
new concrete. Tschegg and Stanzl (Tschegg & Stanzl 
1991) have measured the adhesive power of bond be-
tween old and new concrete by means of a cubic 
specimen with a rectangular groove and a starter notch 
was split by wedge-load equipment at the interface of 
two materials. Tschegg and co-workers (Tschegg et al. 
1993) have introduced interfaces with high and low 
adhesion between old and new concrete for studying 
their fracture behavior. Kunieda and co-workers 
(Kunieda et al. 2000) have evaluated the bond prop-
erties at the interface between old and new concrete 
using the tension softening diagrams. Chandra Kishen 
and Rao (Chandra Kishen & Rao 2007) have experi-
mentally investigated the fracture behavior of concrete-
concrete transverse jointed interface specimens. 

However, not much work has been reported in the 
literature on the determination of fracture properties, 
such as the mode I and mode II fracture toughness 
and fracture energy for concrete-concrete interfaces. 
These properties are required in linear and non-
linear fracture mechanics based finite element analy-
sis of structures having joints and interfaces. Proper 
characterization of the interfaces is necessary for 

Fracture Mechanics of Concrete and Concrete Structures -
Assessment, Durability, Monitoring and Retrofitting of Concrete Structures- B. H. Oh, et al. (eds)

ⓒ 2010 Korea Concrete Institute, Seoul, ISBN 978-89-5708-181-5



performing failure and cracking analysis of struc-
tures having interfaces and joints especially, in the 
case of patch repaired concrete structures which use 
concrete overlays, repaired concrete pavements, cold 
joints in mass concrete structures (dams) etc.  

In this paper, DIC technique is employed for measur-
ing surface displacements and crack lengths in concrete-
concrete interface specimens, which are further used for 
computation of fracture properties such as mode I and 
mode II fracture toughness and critical energy release rate. 

2 DIGITAL IMAGE CORRELATION 

Digital image correlation (DIC) is an optical and non-
contact measurement technique and is adopted to 
analyze the displacements on the surface of an object 
of interest. In digital image correlation, the surface images 
before and after the deformation are taken by a digital 
camera from which the displacement at any point of the 
image is computed. DIC is extensively used to study a 
very large range of materials, in widely different range 
of scales. Originally developed in the eighties (Sutton 
et al. 1983, 1986) the DIC-based methods and their 
fields of application have been growing steadily due to 
the technological progress and affordability of digital 
imaging systems. DIC is based on the following prin-
ciples: the image of the body is described by a discrete 
function representing the grey level of each pixel. The 
grey level is a value between 0 and 255 of its grey lev-
els with the lowest value representing black, highest 
value white, and values in between representing dif-
ferent shades of gray. The correlation calculations are 
carried out for a set of pixels, called a pattern. The 
displacement field is assumed to be homogeneous 
inside a pattern. The initial image representing the 
body before distortion is a discrete function f(x, y) 
and is transformed into another discrete function 
f*(x*, y*) after distortion or displacement. The theo-
retical relation between the two discrete functions 
can be written as (Touchal et al. 1997): 

 

   (1) 
 

where, u(x, y) and v(x, y) represent the displacement 

field for a pattern as shown in Figure 1. 

 

 
Figure 1. Initial and Deformed Pattern. 

Image correlation now becomes a job of comparing 

subsets of numbers between the two digital images. 

A typical cross correlation coefficient which meas-

ures how well subsets match is given by 

 

  

(2)

 
 

where f(x, y) is the gray level value at coordinate (x, 

y) for initial image and f*(x*, y*) is the gray level 

value at point (x*, y*) of the deformed image. The co-

ordinates (x, y) and (x*, y*) are related by the defor-

mation which has occurred between acquisition of the 

two images. If the motion of the object relative to the 

camera is parallel to the image plane, then they are re-

lated by; 
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where u and v are the displacements for the subset 

centers in the x and y directions, respectively. The 

terms ∆x and ∆y are the distances from the subset 

center to point (x, y). By performing image correla-

tion, the values of coordinates (x, y), displacement 

(u, v), and their derivatives can be determined 

(Touchal et al. 1997, Bruck et al. 1989). These are in 

turn used for further analysis, for example, in the 

computation of fracture parameters. 

3 FRACTURE AT BI-MATERIAL INTERFACE 

Unlike fracture in homogeneous materials wherein the 
mode I and mode II stress intensity factors are func-
tions of the normal and shear stresses respectively, 
fracture of crack between a bi-material interface is 
mixed-mode even though the geometry is symmetric 
with respect to the crack and loading is either of pure 
mode I or mode II. The stress intensity factors in mode 
I and mode II represented by K1 and K2 respectively, 
are functions of both the normal and shear stress.  

 

 
Figure 2. Crack at Bi-material Interface. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



The crack flank displacement at a distance r (Fig. 2) 
from the crack tip for plane strain is given by (Smel-
ser 1979, Carlsson & Prasad 1993):  

 

 

(4)

 
 
where, E1 and E2 are elastic modulus of material 1 
and 2 on either side of the interface, respectively. K1 
and K2 are opening and sliding mode stress intensity 
factors and x and y are the opening and sliding dis-
placements of two initially coincident points on the 
crack surfaces behind the crack tip, respectively. ε is 
a bi-material parameter known as an oscillatory in-
dex and is defined by  
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where β is one of Dunder’s elastic mismatch pa-
rameters (Dunders 1969), which for plane strain is 
given by: 

 

       

(6)

 
 
where µ, ν and a are the shear modulus, Poisson’s 
ratio and crack length, respectively, and subscripts 1 
and 2 refer to the materials above and below the in-
terface, respectively (Touchal et al. 1997, Bruck et 
al. 1989, Rethore et al. 2005). We note that both β 

and ε vanish when the materials above and below 
the interface are identical. The relation between 
crack flank displacement and stress intensity factor 
given in Equation 4 can be further solved to obtain 
the expression for mode-I and mode-II stress inten-
sity factors as: 

 

 
(7) 

 
(8) 

 
The above Equation are used for computing the 

bi-material stress intensity factors for the interface 
specimen by knowing the displacements. The energy 
release rate, G, for extension of the crack along the 
interface for plane strain is given by (Smelser 1979, 
Carlsson & Prasad 1993): 

 

                

(9)

 

4 EXPERIMENTAL PROGRAM 

The experimental program consists of preparation 
and testing of interface specimens. The interface 
specimens are prepared using standard Portland ce-
ment having specific gravity of 3.15, river sand 
passing through 4.75 mm sieve, having specific 
gravity and fineness modulus of 2.67 and 2.37, re-
spectively and crushed granite stones having maxi-
mum size of 12 mm and specific gravity of 2.78. The 
dimensions of the specimens are 810 mm length, 
304 mm depth and 50 mm thickness as shown in 
Figure 3. 
  

 
Figure 3. Details of specimen geometry. 

 

The specimens having a span of 760 mm are tested 

under three-point bending. All the beams are 

notched with an initial notch size (a0) of 60.8 mm 

and notch width of 2 mm. Table 1 shows the mix 

proportions and elastic properties of the different 

mixes of concretes. The interface specimens are pre-

pared as follows. On day one, the first-half of the 

beam is casted with mix A. On day two, the inter-

face is cleaned with a water jet and is kept exposed 

for 24 hours. A notch is introduced at the interface 

during the casting process itself by inserting a wooden 

strip of 2 mm thickness. On day three, the second-

half of the beam is casted by mixes A, B, C and D. 

This creates an interface between two mixes of con-

crete at the mid-span. On day four, the specimens 

are demoulded and kept in water for curing. While 

handling the specimens, great care is taken to pre-

vent falling or impact. The designation of the beams 

with and without the interface is given in Table 2.  
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
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(chemically bound) water wn (Mills 1966, 
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assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
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= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Table 1. Details of materials & mix proportions. 

 
 
Table 2. Designation of interface beams. 

 
 

Intact beams (AI) without any interface are also casted 

to compare its behavior with the beams having an in-

terface. The interface specimens are tested in a closed 

loop servo-controlled testing machine having a ca-

pacity of 500 kN. A specially calibrated 50 kN load 

cell is used for measuring the load. The load-point 

displacement is measured using a linear variable dis-

placement transformer (LVDT). The CMOD is 

measured using a clip gage located across the notch. 

All the tests are performed under CMOD control with 

the rate of crack opening being 0.0005 mm/sec. The 

results of load, vertical displacement, CMOD and time 

are simultaneously acquired through a data acquisition 

system. For digital image correlation, the speckle pat-

tern is to be made on the specimen. The specimens are 

initially white washed and a speckle pattern is prepared 

over it using a standard black spray paint. The images 

of the interface specimen are captured before loading 

and during various stages of loading using a digital 

camera mounted on a stand as shown in Figure 4. A 

remote control is used for capturing the images to 

avoid any vibration and also to keep the distance be-

tween camera lens and the specimen unchanged. 

 

 
Figure 4. Experimental set-up. 

5 RESULTS AND DISCUSSIONS 

The digital images taken during the experiments for 

all the specimens are correlated using a code (Eberl 

2006) written within the framework of mathematical 

package MATLAB. The results obtained from the DIC 

analysis of interface beams at different stages of loading 

are presented and discussed. A square grid pattern of 5 

pixels in each of x and y directions are selected such 

that the interface falls within the center of grid as 

shown in Figure 5, which is used for further analysis. 

 

 
Figure 5. Grid Pattern used for DIC analysis. 

5.1 Surface displacements & strains 

DIC analysis provides the surface displacements of 

the each point of the speckle pattern. Figures 6-8 shows 

the surface displacements and strains obtained from 

DIC analysis for selected images. These figures show 

how the pattern of crack propagation under different 

stages of loading. The images shown in Figure 6 are 

used for calculation of crack length and crack tip lo-

cations and used for quantifying the crack opening 

displacement which is discussed later on. 

 

 
Figure 6. Displacement and cracking pattern obtained from 
DIC (selected images). 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
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that the variation in time of the water mass per unit 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



 
Figure 7. Surface displacement from DIC (selected images). 

 

 
Figure 8. Surface strains from DIC (selected images). 

5.2 Crack length 

The method employed for determining crack open-

ing displacement (δx), crack tip location and the dis-

tance of crack tip (r) from the digitally processed 

images is shown in Figure 9.  
 

 
Figure 9. Crack tip and CMOD measurement from DIC. 

 
The crack lengths are computed for all the images 

and are plotted against load as shown in Figure 10. 
From this figure, it can be seen that the crack has not 
propagated until the loading stage corresponding to 
image number four. The load corresponding to im-
age four is about 85 to 90 % of the peak load. It is 
also seen that there is a departure from linearity at 
85 to 90% of peak load. This is due to the develop-
ment of micro-cracks in the fracture process zone 
that forms ahead of the traction free crack which is a 
property of quasi-brittle material. 

According to the theory of linear elastic fracture 
mechanics, we use the concept of effective elastic crack 
length, defined as the crack length that is longer than 

 
Figure 10. Load versus crack length. 

 

the true crack but shorter than true crack plus the 

fracture process zone as shown in Figure 11, and de-

fine critical crack length as the crack length corre-

sponding to peak load as shown in Figure 10. 
 

 
Figure 11. Concept of effective crack length. 

 

Furthermore, the properties that are required for lin-

ear elastic fracture mechanics analysis are computed 

at this critical crack length. The critical crack lengths 

obtained for different interface specimens are listed 

in Table 3. It is seen that as the difference between 

the compressive strength of the concrete on either 

side of the interface increases, the critical length de-

creases, which shows the increase in the brittleness 

of the interface specimens which have higher mis-

match of property on either side of the interface. 

This feature of obtaining the crack tip location and 

determinination of crack length makes the DIC tech-

nique very attractive as it is very difficult to obtain 

these parameters through other methods. Techniques 

such as dye penetration for determination of the 

crack length have been reported in the literature and 

are difficult in terms of usage in addition to being 

expensive too. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Table 3. Critical crack lengths computed from DIC. 

 

5.3 Crack mouth opening displacement 

The advantage of DIC technique is that we can de-

termine the crack opening displacement at any posi-

tion along the crack as shown in the Figure 9, which 

is not possible with other experimental sensors such 

as, a clip gage, unless we mount a number of them 

along the crack.  

 

 
Figure 12. Load versus CMOD. 

 
For validation of the results obtained from DIC, 

the CMOD computed for all the images using DIC 
analysis are plotted and compared with those meas-
ured experimentally using clip gage, as shown in 
Figure 12. It is seen that there is a very close match 
between the two. However, one drawback of DIC 
analysis seen is that the measurement of CMOD dur-
ing the initial loading portion is difficult since the 
crack does not get initiated as seen from the results 
of images 1 to 4.  

5.4 Fracture properties of concrete interfaces 

The mode I and mode II fracture toughness of the in-
terface beams are determined by substituting the val-
ues of crack opening displacement (δx) and crack 
sliding displacement (δy) computed at the critical crack 
length position in to Equations 7 and 8, respectively. 

 
Figure 13. Load versus stress intensity factors. 

 

 
Figure 14. Load versus energy release rate. 

 

Since, the fracture toughness are linear elastic frac-

ture mechanics parameters, these are obtained at the 

critical crack length which in this work is assumed 

to have occurred at the maximum load level. Figure 

13 shows the plot of mode-I and mode II stress in-

tensity factors computes from DIC for different im-

ages.  The mode I fracture toughness (KIC) com-

puted for different interfaces are shown in Table 4. 

The values obtained by using the Rilem method 

(RILEM 1990) which is based on the size effect law 

of Bazant (Bazant 1984) are also shown in this table 

(Shah 2009). In addition, the values reported for dif-

ferent interfaces in Reference (Rao 2006) obtained 

using the compliance method are also shown. It is 

seen that the mode I fracture toughness computed 

using DIC agrees well with those obtained using the 

Rilem method. It may be noted that the Rilem method 

requires only the maximum loads obtained for geo-

metrically similar specimens of different sizes and 

the modulus of elasticity. 
 The values of mode II fracture toughness com-

puted for different interfaces are reported in Table 5. 
For comparison the values reported in Reference 
(Rao 2006) are also shown. The values reported in 
Reference (Rao 2006) are for interfaces with concrete 
strength different from 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 



Table 4. Comparison of KIC Values. 

 
 
Table 5. Comparison of KIIC Values. 

 
 

the ones used in this study. It is provided here only for the 

sake of comparing the range in which the results fall. It 

may be noted here that due to the difference in the elastic 

properties of concrete on either side of the interface, 

mode II component is present although the shear stress 

along the interface is negligible. Only mode I values of 

fracture toughness can be obtained using the Rilem 

method since it is derived for single homogeneous mate-

rial. Hence, the mode II fracture toughness using the 

Rilem method is not reported in Table 5. 

 
Table 6. Comparison of GC Values. 

 
 

The energy release rate, G which is defined as the 
energy required for creating a crack of unit area, is 

computed by substituting values of KIc and KIIc in 
Equation 9. Figure 14 shows the plot of energy re-
lease rate versus load for different images. Table 6 
shows the energy release rate values computed for 
different interfaces. The values obtained from Refer-
ence (Rao 2006) are also shown for the sake of com-
paring the value under which the present results fall. 

6 CONCLUSIONS 

The bi-material fracture toughness in mode I (KIc) 
and mode II (KIIc) and the critical energy release rate 
(Gc) are experimentally determined for a concrete-
concrete jointed interface specimen using digital im-
age correlation technique. The concrete-concrete in-
terface specimens are tested under three point bending 
in a closed loop servo-controlled testing machine 
under crack mouth opening displacement control. 
The images of the interface specimen are captured 
during various stages of loading using a digital cam-
era. Using correlation methods, the images are ana-
lyzed and the surface displacements, surface strains, 
crack mouth opening displacement, crack sliding 
displacement and crack length are computed. It is 
seen that there is very good agreement in the vertical 
displacements and crack mouth opening displace-
ments computed through DIC and those measured 
using LVDT and clip gage, respectively. It can be 
concluded that the simple DIC technique can be a 
very useful and an economical substitute against 
strain gages, clip gages and LVDTs. Further, the 
measurement of crack tip location and crack length 
can be done effectively using DIC techniques which 
are very difficult and expensive for concrete like 
materials using traditional sensors. 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k
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vg and k
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vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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The proportionality coefficient D(h,T) is called 
moisture permeability and it is a nonlinear function 
of the relative humidity h and temperature T (Bažant 
& Najjar 1972). The moisture mass balance requires 
that the variation in time of the water mass per unit 
volume of concrete (water content w) be equal to the 
divergence of the moisture flux J  
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The water content w can be expressed as the sum 

of the evaporable water we (capillary water, water 
vapor, and adsorbed water) and the non-evaporable 
(chemically bound) water wn (Mills 1966, 
Pantazopoulo & Mills 1995). It is reasonable to 
assume that the evaporable water is a function of 
relative humidity, h, degree of hydration, αc, and 
degree of silica fume reaction, αs, i.e. we=we(h,αc,αs) 
= age-dependent sorption/desorption isotherm 
(Norling Mjonell 1997). Under this assumption and 
by substituting Equation 1 into Equation 2 one 
obtains 
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where ∂we/∂h is the slope of the sorption/desorption 
isotherm (also called moisture capacity). The 
governing equation (Equation 3) must be completed 
by appropriate boundary and initial conditions.  

The relation between the amount of evaporable 
water and relative humidity is called ‘‘adsorption 
isotherm” if measured with increasing relativity 
humidity and ‘‘desorption isotherm” in the opposite 
case. Neglecting their difference (Xi et al. 1994), in 
the following, ‘‘sorption isotherm” will be used with 
reference to both sorption and desorption conditions. 
By the way, if the hysteresis of the moisture 
isotherm would be taken into account, two different 
relation, evaporable water vs relative humidity, must 
be used according to the sign of the variation of the 
relativity humidity. The shape of the sorption 
isotherm for HPC is influenced by many parameters, 
especially those that influence extent and rate of the 
chemical reactions and, in turn, determine pore 
structure and pore size distribution (water-to-cement 
ratio, cement chemical composition, SF content, 
curing time and method, temperature, mix additives, 
etc.). In the literature various formulations can be 
found to describe the sorption isotherm of normal 
concrete (Xi et al. 1994). However, in the present 
paper the semi-empirical expression proposed by 
Norling Mjornell (1997) is adopted because it 

explicitly accounts for the evolution of hydration 
reaction and SF content. This sorption isotherm 
reads 
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where the first term (gel isotherm) represents the 
physically bound (adsorbed) water and the second 
term (capillary isotherm) represents the capillary 
water. This expression is valid only for low content 
of SF. The coefficient G1 represents the amount of 
water per unit volume held in the gel pores at 100% 
relative humidity, and it can be expressed (Norling 
Mjornell 1997) as 
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where k

c
vg and k

s
vg are material parameters. From the 

maximum amount of water per unit volume that can 
fill all pores (both capillary pores and gel pores), one 
can calculate K1 as one obtains  
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The material parameters k

c
vg and k

s
vg and  g1 can 

be calibrated by fitting experimental data relevant to 
free (evaporable) water content in concrete at 
various ages (Di Luzio & Cusatis 2009b).  

2.2 Temperature evolution 

Note that, at early age, since the chemical reactions 
associated with cement hydration and SF reaction 
are exothermic, the temperature field is not uniform 
for non-adiabatic systems even if the environmental 
temperature is constant. Heat conduction can be 
described in concrete, at least for temperature not 
exceeding 100°C (Bažant & Kaplan 1996), by 
Fourier’s law, which reads 

 
T∇−= λq                                (7) 

 
where q is the heat flux, T is the absolute 
temperature, and λ is the heat conductivity; in this 
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