
1 INTRODUCTION 
 

Repair works quality is depending on a lot of fac-
tors dealing with properties of the repair materials, 
the surface preparation of the substrate, the envi-
ronment and the worker's qualification. 
First of all however, it is important to verify the 
physico-chemical compatibility of concrete substrate 
and repair materials.  

Surface analysis, in conjunction with surface sci-
ence and applied science is a major activity contrib-
uting to the knowledge of interfacial phenomenons 
and, more generally, to our daily well-being through 
improvements in health, consumer products, envi-
ronment, … (Kinloch 1987). 

But we have to define exactly what we mean 
through "surface analysis". In its simplest sense, we 
require analysis of the elemental composition of the 
outermost atom layer of a solid. Having defined that, 
the next request will be for detailed knowledge of 
the chemical binding state, precise sites of atoms in 
relation to crystal structure, surface homogeneity and 
the state of absorbates. 

Surface free energy (Hawkins et al. 1930) is a di-
rect measurement of intermolecular forces. The free 
energy in surface layer is the result of the attraction 
of the bulk material for the surface layer and this at-
traction tends to reduce the number of molecules in 
the surface region resulting in an increase of inter-
molecular distance. This increase requires work to 
be done and returns work to the system upon a return 
to a normal configuration: this explains why free en-
ergy exists and why there is a surface free energy 
(Zisman et al. 1950). 

Before being translated in terms of physical, me-
chanical and chemical of materials, the initial step 
for evaluating compatibility is interface creation. 
The thermodynamic properties of the materials as 
well as transport mechanisms – diffusion, capillary 
succion – at the interface and roughness of the con-
crete substrate are acting from the beginning and in-
fluencing the durability of the bond strength. 

2 NEAR TO SURFACE CHARACTERISTICS 

2.1 Principles of adhesion 

 The concept of adhesion has firstly to be clearly 
defined because of the “duality” of the term: “on one 
hand, adhesion is understood as a process through 
which two bodies are brought together and attached 
– bonded – to each other, in such a way that external 
force or thermal motion is required to break the 
bond.  On the other hand, we can examine the pro-
cess of breaking a bond between bodies that are al-
ready in contact.  In this case, as a quantitative 
measure of the intensity of adhesion, we can take the 
force or the energy necessary to separate the two 
bodies” (Kinloch 1987).  
Adhesion has therefore two different aspects, ac-
cording to whether our interest is mainly (1) in the 
conditions and the kinetics of contact or (2) in the 
separation process. The intensity of adhesion will 
depend not only on the energy that is used to create 
the contact, but also on the interaction existing in the 
interface zone. Generally speaking, mechanism of 
adhesion has to be considered from two origins: spe-
cific adhesion and mechanical interlocking (Courard 
2000). 
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When the materials are in contact, the effective area, 
that means the surface where contact really exists, 
will be a fundamental parameter to be taken into ac-
count to explain the adhesion process. This is the re-
sult of the wetting procedure of the solid body by the 
liquid phase. The wetting procedure can be ex-
plained as follows: the surface energies of the solid 
and the liquid interact each other and a change of the 
energy conditions occurs due to surface decrease of 
liquid/vapour and solid/vapour interfaces while a 
new interface (liquid/solid) is created (Dann 1970). 
At this point of view, contact angle is an interesting 
representation of this phenomenon: the lower is the 
contact angle, the better is the spreading on the sur-
face and the more effective will be the inter-
molecular interactions at the interface (Kamusewitz 
et al. 1985). 
 

 
 
 
 
 
 
 
 
 
 
 
Figure 1. Principles of adhesion 

 
The investigation concerning the behaviour of the in-
terface between repair systems and concrete sub-
strate have shown that quality of concrete substrate 
is important factor affecting adhesion in repair sys-
tem and has to be evaluated prior to repair. 
Knowledge about synergetic effects of parameters 
characterizing surface quality (surface roughness, 
microcracking, wettability) is fundamental for con-
crete repair compatibility (Courard 2002). 

2.2 Microstructure of the substrate 

The physical properties are fundamental for the 
knowledge of the interactions at the interface. A lot 
of notions may be defined such as opened and acces-
sible porosity, relative impregnation ratio or water 
absorption. Capillary action test seems to be very ac-
curate to describe the behaviour of the concrete 
"skin" in contact with the new layer (Courard 1999) 
and its ability to anchor the repair material in the su-
perficial porosity of the substrate. By means of Mer-
cury Intrusion Porosimetry, it is possible to define 
the concrete skeleton and estimate the specific sur-
face, the porous volume and the mean radiuourard 
2005). But the most interesting information is the 
porous volume as a function of the diameter; it will 
be so possible to evaluate theoretically the maximum 
quantity of liquid each type of pore will be able to 

absorb (Courard et al. 2003a). Based on the law of 
Washburn the calculation imposes to take into ac-
count the presence of the Interfacial Transition Zone 
(I.T.Z.) in order to be able to correlate theory and 
experimental observations. The microscopical ob-
servations may be useful to determine ITZ values. 
These investigations will allow to calculate a coeffi-
cient of capillarity, that will take into account prop-
erties like connectivity, accessibility of the pores, 
tortuosity, … 
On the other hand, the nature and the concentration 
of the binder as well as the conditions of setting re-
action are important for microscopical interpenetra-
tion: the first phenomenon observed when the new 
layer is laid down on the concrete substrate is the 
wetting of the solid surface by the liquid. The wet-
ting is depending on two main aspects (Comyn 
1992): thermodynamic (there is wetting) and kinetic 
(wetting has to happen as quick as possible). The ki-
netic aspect is physically based on the Washburn’s 
law and is given by Equation 1. 

 
l²p = r . γL . cosθ .t /2η              (1) 

 
where lp is the variation of penetration height, η the 
viscosity of the liquid (N/m².s), r the radius of the 
pore (m), γL the superficial tension of the liquid 
(N/m), θ the contact angle and t the time (s).  
If one can represent concrete by a porous material 
with parallel capillaries of different radius, perpen-
dicular to the liquid surface, physic’s laws clearly 
show that the liquid will be absorbed with a higher 
force (equation of Laplace) for fine capillaries but at 
a higher speed and in higher quantity (equation of 
Washburn) for big capillaries. The Washburn’s rela-
tion shows also that the penetration height increases 
when the viscosity of the liquid decreases, the con-
tact angle decreases and the superficial tension of 
liquid increases. 
Many remarks may be formulated about the use of 
Washburn’s law (Courard 2000): 
− the shape of the pore will influence the results 

(circular or bottle-ink for example); 
− the contact angle value is not constant and de-

pends on time and temperature; 
− the pollution of the concrete surface may mod-

ify the kinetics of contact; 
− the viscosity is also depending on time.  
It consequently seems to be fundamental to define 
clearly the conditions of application in order to be 
able to optimise the behaviour of the liquid laid on 
the concrete substrate. The continuous interaction 
between the two bodies shows also that it is illusory 
to choose one without the other. These considera-
tions indicate moreover the importance of the state 
of saturation of the concrete substrate before repair 
product application (Sasse et al. 1983). 
Diffusion will also occur at the interface when con-
tact is created. Due to its porous structure and as-



suming it is water saturated, diffusion of ions may 
happen from the interstitial solution of the cement 
slurry or the PCC and CC mortars to the water pre-
sent into the porous skeleton of the concrete and in-
versely.  Ionic movements will participate to the cre-
ation of chemicals bonds or, at least, to chemical 
interactions between the substrate and the new layer; 
they can contribute to the development of “chemi-
cal” anchorages (Courard et al. 2003b). 

3 THERMODYNAMIC COMPATIBILITY 

3.1 Thermodynamic equilibrium 

The superficial tension of a liquid determines its 
ability to wet a solid surface: an efficient spreading 
of the liquid on the solid increases the effective sur-
face of contact and promotes adhesion (Courard et 
al. 2011). The second law of thermodynamics indi-
cates that a system of two phases is stable if local 
energy is minimum.  
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Figure 2. Wettability of a solid surface by a liquid – Young 
Dupré equation 

 
For the creation and the stability of the interface 

between concrete and new layer, one makes the hy-
pothesis that this minimisation of the interfacial en-
ergy corresponds to a maximum of resistance and 
durability of the joint (Courard 1999). 

The relation between contact angle and free ener-
gies of liquid and solid is defined according to the 
law of Young-Dupre (Fig. 2) given by Equation 2: 

 
γS = γSL + γL . cos θ            (2) 
 
where γS is the surface free energy of solid, γL the 

surface free energy of liquid and γSL the surface free 
energy liquid/solid. The best spreading of liquid on 
the solid surface may be expressed by many criteria 
(Gutowski 1985) : 

• minimisation of contact angle: the lower the 
contact angle, the better the spreading.  Some 
additives may modify the interactions into 
the interstitial solution of the cement slurry, 
binder layer or mortar. The effects of the use 
of admixtures are a low decrease of viscosity 

and a more large decrease of contact angle 
values; 

• free energies criteria: it is possible, from the 
Young-Dupre equation to conclude that, for a 
fixed value of γL, an increase of the differ-
ence γS - γSL is favourable for the wettability 
of the surface. This criteria is however low 
attractive due to the difficulty to determine γS 
and γSL. Another criteria is to say that γL has 
to be the highest as possible to obtain the 
lowest value of the contact angle θ; 

• minimization of interfacial energy or maxi-
mization of the work of adhesion. The work 
of adhesion represents the work necessary to 
separate the two bodies. These criteria are 
not really applicable to the situation of the 
creation of an interface, when liquid is spread 
on solid; they are more related to the re-
sistance of the interface solid/solid, after set-
ting or polymerization of the liquid phase. 

For the analysis of the creation of the interface, it 
seems that the more representative criterion is the 
contact angle because this is a direct representation 
of the wettability of the surface. It is a necessary but 
not a sufficient condition to guarantee the efficiency 
of the bond. 

3.2 Relation between thermodynamic parameters 
and adhesion 

Some relations were found (Gutowski 1987) be-
tween the shear strength of metallic plates or glass 
fibres with resin and thermodynamic parameters: 

 
τ = f1(γSL/ γL

C) or  τ = f2(γS/ γL
C) 

 
where γL is the superficial tension of the liquid 

phase after hardening. 
However, it is very difficult to establish such as 

relation between concrete and repair products due to 
several reasons (Possart et al. 1993): 

• test devices used to measure adherence are 
generally not able to make distinction be-
tween the contribution of adhesion forces and 
loss of viscoelastic or plastic energy into 
concrete or the new layer; 

• thermodynamic considerations on the stabil-
ity of the interface solid/solid may be corre-
lated with adherence only if rupture happens 
at the interface; 

• the measurement of the contact angle θ with 
goniometer is very imprecise due to the un-
homogeneity and porosity of the support. 
This measurement is the base for the calcula-
tion of γS, γSL and WA. More precision could 
be eventually obtained by working on pow-
ders. 

   For the analysis of the creation of the interface, 
it seems that the more representative criterion is the 



contact angle because it is a direct representation of 
the wettability of the surface. It is a necessary but not 
a sufficient condition to guarantee the efficiency of 
the bond (Possart et al. 1992). 

4 INFLUENCING PARAMETERS 

4.1 Water 

Water is a dramatic parameter influencing the dura-
bility of repair works through the modification of 
surface properties of materials.  The influence of 
temperature or relative humidity of the ambient at-
mosphere before the application and during the cur-
ing of the new layer are relatively well-known.  It is 
quite common to observe: 

• disturbances in the setting process; 
• insufficient absorption of the binder by the 

substrate, due to water excess in the substrate 
or untimely evaporation of the solvents; 

• untimely creep and/or thermal creep, in addi-
tion of setting creep,... 

Coatings are designed to protect concrete against en-
vironmental aggression. Water is one of the aggres-
sive parameters able to deteriorate the concrete 
structure. When water comes between the polymeric 
system and the concrete substrate (Courard et al. 
2003), thermodynamic equilibrium is modified, in 
respect with particular values of surface free ener-
gies of materials.  From a theoretical point of view, 
this means a simple generalisation of the law of 
Young and Dupré (Courard 2000), relatively to a 
new interface liquid-liquid (Equations 3 and 4).  
Contact angle is in this case a visible effect of the in-
teraction between the two liquids to conquer solid 
surface.  But what happens with spreading condi-
tions?  When equilibrium is attempted and if there is 
no spreading of one liquid to the detriment of the 
second one, equilibrium of forces means: 
 
γSA = γSB + γAB . cos θ            (3) 
 
or 
 
γSA - γSB = γAB . cos θ               (4) 
 
where γSA, γSB, γAB and θ are interfacial tensions be-
tween solid S and liquids A and B, interfacial ten-
sion between liquids A and B, and contact angle of 
these liquids on the solid surface, respectively. 
It is possible to show (Kinloch 1987) that the liquid 
with the higher tension of adhesion (γx . cos θx ) will 
expulse the other one from the surface. The calcula-
tion of the work of adhesion (Equation 5) can also 
give interesting conclusions, taking into account the 
variation of surface free energies in presence of wa-
ter: 
 

Wx(L) = γx(L) . (1 + cos θx(L))          (5) 
 
The work of adhesion is an “evaluation” of adhesion 
and observation of Table 1 clearly indicates the loss 
of adhesion when water is present at the interfaces 
between acrylic or epoxy resins and concrete.   
 
Table 1. Calculation of work of adhesion for inter-
faces without (WA) and with (WAL) water. 

Interface WA (mJ/m²) WAL (mJ/m²) 
Mortar/concrete 87.8 No sense 
Acrylic/Concrete 74.1 22.7 
Acrylic/Acrylic 80.4 53.7 
Acrylic/Hydrophobic treatment 52.2 66.7 
Epoxy/Concrete 79.6 21.8 
Epoxy/Epoxy 92.4 53 
Epoxy/Hydrophobic treatment 56 42.2 
 
Thermal creep will also be produced if the applica-
tion is realised in too thick layers. The degree of sat-
uration of the substrate has also a great importance.  
In the example given hereafter, a PCC mortar – with 
dry and wet slurries - is applied on sandblasted con-
crete slabs characterized by different saturation lev-
els. The adhesion strength changes in a clock-shape 
as a function of the water saturation level of the sub-
strate (Table 2). The adhesion is relatively weak for 
low saturation levels (< 50 %); it reaches classical 
values for saturation levels between 55 and 75 %. 
After that, we observe a decrease of the adhesion 
strength (> 90 %).   
 
Table 2. Adhesion of a mortar on concrete substrate 
vs. saturation level of concrete substrate and slurry 

Adhesion (N/mm²) 
Saturation level with dry slurry with wet slurry 
50 
52 
55 
70 
90 
93 
97 
100 

0.83 
2.80 
2.09 
2.75 
3.54 
2.13 
1.81 
1.43 

2.32 
2.14 
2.89 
2.65 
3.36 
3.06 
2.58 
1.48 

 
A weak saturation level produces a disturbance into 
the setting process of the cement while a too high 
saturation level acts on the attractive forces, the po-
rosity, the kinetics of contact and, finally, the adhe-
sion properties.  One must also note that the best ad-
hesion values are reached for a large scale of 
saturation levels, so that it doesn't sensitively depend 
on the variation of water content, except for extrem-
al conditions. 



4.2 Microroughness 

The surface treatment of concrete substrate is im-
portant in order to promote mechanical adhesion 
(Trende et al. 1998). The main problems arise from 
co-lateral effects of the treatment, especially due to 
micro-cracks parallel to the surface (Bissonnette et 
al. 2006). After treatment, concrete surfaces present 
fractal topography. As for any fractal object, it is 
possible to break up this surface or this profile in a 
sum of sub-profiles. Each sub-profile can be differ-
entiated in terms of wavelengths; there is however 
no limit or precise criterion to validate the choice of 
decomposition method. 
As mechanical interlocking is one of the basic 
mechanisms of the adhesion process, it is fundamen-
tal to be able to characterize the “roughness” of the 
substrate. Depending on local conditions of the spe-
cific building various types of surface treatments can 
be applied and a wild spectrum of shape and rough-
ness can be induced (Garbacz et al. 2006). 

4.3 Human factors 

 Operational factors will also induce difference in 
the results, depending on the tools, the competence 
of the worker and the manner in which he will per-
form the repair work. Figs. 3 and 4 show microscop-
ical views of interface between a concrete slab and a 
PCC mortar applied in the same environmental con-
ditions and from the same bag. The first worker (A) 
choose the techniques of pressure and smoothing 
while the second (B) only pressed the mortar without 
any finishing (12). The first view (Fig. 3) shows a lot 
of cracks parallel to the interface, at the interface or 
in the mortar, while the second is representative of a 
good continuity at the interface with a good spread-
ing of air bubbles. The finishing operation (A) has 
induced a partial unsticking of the repair material. 
 

 
 
Figure 3. Microscopical view of interface between a concrete 
slab and a PCC mortar (operator A) 
 
This is representative of possible destruction of the 
interface due to human action: forces developing ad-

hesion have been destroyed by application condi-
tions. 
 

 
 

Figure 4. Microscopical view of interface between a concrete 
slab and a PCC mortar (operator B) 

5 CONCLUSIONS  

If there is creation of an interface, it means that 
there is a potential and mutual interaction between 
the two bodies. A physiological transposition of the 
situation would let us say that it is a case of partiality 
(from Latin word "appetentia"): this term describes 
the instinctive desire to all what is able to satisfy a 
need or something instinctive. Its application to the 
interface between concrete and a new layer summa-
rizes all the parameters – physical, chemical and me-
chanical properties – of the substrate, the new layer 
and the environment that will influence the creation 
and the stability of this interface. Finally, that will 
lead to the macroscopical effect and sign of the effi-
ciency of the cohesion: bond strength. 

Compatibility between the different materials ap-
pears to be of prime importance: shrinkage, rigidity, 
surface roughness, viscosity, temperature, creep 
…etc, will make the contact effective or not and al-
low interactions between the materials. But the first 
step remains the contact that has to be created in a 
very short: this is the repair speed dating! 
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