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Abstract 
A comprehensive analysis of the loads acting on an overlay applied on an 
existing concrete structure is carried out in order to identify the nature 
the key parameters. This study is aimed to allow description of the 
mechanical behaviour of these materials under hygral and thermal loads. 
Several types of mortar have been characterized with respect to their 
mechanical behaviour and in particular, their fracture energy. In addition, 
the hygral diffusion coefficient has been determined. A numerical model 
to simulate the behaviour of a mortar under drying conditions is used to 
predict crack formation and debonding. On this basis a systematic 
optimisation can be carried out. 

1 Introduction 

The porous structure of concrete interacts with the environment in which 
an element is placed. The protective effect of the covercrete can be lost by 
carbonation. Chlorides and other ions may penetrate into the surface near 
zones. In order to restore the initial state concrete is often removed in 
these cases. A new layer which may be cast or applied by shotcreting has a 
different hygral and mechanical history as compared to the substrate. 
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So far, repair mortars are developed on an. empirical basis. Only 
attempts exist to study the hygral and thermal loads and risk 
delamination or formation in detail. 

this contribution a numerical approach is briefly presented which 
allows us to analyse stress histories under given boundary conditions. 
With the help of this model it is possible to predict the time-dependent 
behaviour of repair layers. An optimization can be carried out by a 
rigorous parameter study. 

2 Qualitative consideration of stresses occuring in a drying system 
substrate-overlay 

After the application of a new cover on old concrete time-dependent 
deformations take Normaly a time dependent moisture distribution 
is stresses are induced in the overlay substrate 
system. 

The internal 
classified in the 

external factors influencing the state of stresses can be 
way: 

Internal loads 
Thermal gradients due to the exothermic reaction of hydration 
Chemical shrinkage 
Endogeneousshrinkage 
Swelling caused by shrinkage compensating agents 

External loads 
- Mechanical loads, static and dynamic 
- Eigenstresses due to hygral gradients as a consequence of drying 
- Eigenstresses due to thermal gradients as a consequence of external 

heating or cooling 
Fig. 1 the stress distribution of a drying system of old and new concrete 

is shown schematically after Haardt (1991). 
We can distinguish two failure criteria of the system : 

the tensile strength ft of the new concrete is reached, surface 
cracks in vertical direction 'y' will appear 

the adhesion the new mortar with the substrate is surpassed, a 
"warping effect" take place : the delamination of the interface 
will start from free edges. 

In reality it is difficult to describe the occuring time-dependent stresses 
realistically. Numerical methods have to be applied. We have chosen a 
finite element approach (MARC, 1994). The essentials of the numerical 
model are described the following section. 
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Fig. 1. Stress distribution in a drying concrete repair system 
according to Haardt (1991) 

3 The numerical model 

Moisture transport and moisture distribution 
As has been pointed out already a rigorous analysis is most ..,'U'.._J ...... ...,~,....,.,.. .• 

limit ourselves therefore to the prediction of time-dependent .......... ..., .... ..., ......... 
distributions, provoked eigenstresses, and the damage 
formation. 

The moisture transport can be described by the following ...................... ..., ............... ... 
equation as has been shown by Pihalajavaara ( 1965) and Bazant 
Najjar (1971): 

in which D(h) represents the moisture diffusion coefficient. 
depends strongly on moisture content. D(h) has been determined on 
basis of drying experiments by Wittmann et al. (1989). For an analytical 
approximation an exponential equation can be used. 
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=a·exp(b·h) 

to take convective boundary ~...,AA~A ... A...,AA~ at the surface 
consideration, a film is introduced: 

q8 is the moisture flux normal to surface, Hp is the 
coefficient, ha is the humidity and the relative humidity 

surface. Here a coefficient of 0.7mm/day has been used 

Stress distribution crack formation 
moisture distribution can be converted a field 

the following equation: 

where /:J.ed.sh is the infinitesimal shrinkage 
and ad.sh (h) is the hygral coefficient of 

a state of eigenstresses. 

L1h is the hygral Ji'-." .... ...,. ... ..,,,JI. .. 

This strain field is at 

the tensile strength is reached the is considered to be 
elastic. The post peak behaviour is described by fracture energy 
softening. The elastic modulus tensile strength are 

introduced as statistically normal distributed values (see also Sadouki and 
Wittmann (1995) and Alvaredo 994)). 

system of old concrete, interface, new mortar has been 
generated by finite elements. A typical example is shown in Fig. 2. 

air 

tr 111111111111111111f1111111f111f11 

interface 

Fig. 2. Shape of the implemented mesh 
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Fig. 3. 

substrate. 

4.2 
Hygral .:u . .u..u..u: .... iA.;:;;.,V been measured three different 
The shrinkage ............................... ... 
final value. The 

extrapolated to VIVll..U..U..L 

Fig. 4 a. 
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3 
E,(h) 

2.5 • 
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1.5 

0.5 
= 4.781 + -4.7521X R= 0.99685 

o~~~~~~~~~~~~'--'-9 

0.4 0.5 0.6 0.7 0.8 0.9 
rel. Humidity [-] 

Final shrinkage the mortar as function of relative ................................ .. 

an approximation a constant value can be used: a= 4.8 • I0-3 

Mechanical Parameters 
elastic modulus has been determined to be 26'000 N/mm2. By means 

wedge splitting test fracture energy and strain softening have been 
determined (Roelfstra and Wittmann (1986)). Results are shown in Fig. 5. 

0.05 0.1 0.15 0.2 
COD[mm] 

Strain softening diagram for the investigated mortar 

assumed values for mortar (overlay A), the interface, and the concrete 
substrate are compiled in Tab. 1. 
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Table 1. Material properties of the first analysis 

ad.sh E ft sl wl w2 

(%0.l/h) (N/m) ( l) (MPa) (MPa) (mm) (mm) 

Overlay A 4.8 161.0 26.0 4.5 0.55 0.05 0.18 

Interface 2.8 32.0 28.0 1.0 0.33 0.024 0.12 

Substrate 1.3 95.0 33.0 4.0 0.5 0.02 0.2 

5 

Moisture distribution 
calculate the time-dependent moisture distribution of an .., .......... AM ....... A .. 

placing of a repair mortar two different initial conditions have 
chosen. the first case, it is assumed that the substrate is old ................ ., .... joi.,, ... ,. 

reached equilibrium a relative humidity of 50% 
repair measures were started. It is assumed that moisture has been 

by capillary suction during removal of the damaged cover by water 
jet, for example, and the placing of the repair mortar. The assumed 
function is given in Fig. 6 a. second case, it is assumed 
element was not in hygral equilibrium before the repair measures were 
started but had reached a relative humidity of 90%. Further, it is u.1..1..,, .................... .... 

that mositure penetrated the substrate by 20 mm only. These ....................... .... 
conditions are shown in Fig. 6 b. 

The predicted moisture distribution is shown for both cases 
selected drying times in Fig. 6 a and 6 b. 
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Fig. 6. Moisture distribution after different drying times up to one year 
for two different initial conditions. 
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In Fig. 7, the moisture distribution of the drying system with the 
conditions of Fig. 6 a, but with a PUR coating on the surf ace is shown. 
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Fig. Moisture distribution of a drying system with surface cover 
PUR 

5.2 Stress distributions and crack formation 
In a first example, the evolution of stresses has been calculated for the 
hygral initial conditions as shown in Fig. 6 a. Drying takes place in an 
environment of 50% R.H. As can be seen in Fig. 8, the tensile strength is 
already overcome after a drying time of 10 days. After 110 days, a crack is 
formed and the earlier highly stressed surface zones are unloaded. 5 
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Fig. 8. Stress distribution after ten days of drying (above) and crack 

formation of a crack after 110 days. 
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crit. strain d 

crit. strain 110 d 

Fig. 9. Formation of fracture process zones after 
drying 

oy; 110 d 

Fig. 10. Stress distribution and crack formation 
interface 

In Fig. 9, the formation of fracture process zones is 
same conditions as the stress distributions shown in 

1 days 

For comparison, the stress state of drying system 
conditions as shown Fig. 6 bare shown in Fig. 10. 

1489 

5.0 

-3.5 

-4.0 

-4.5 



example, it is 
energy is 

1 

<Jx; 110 d 
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Fig. 11. Typical crack pattern in an overlay with strong interface. 
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Fig. 12. Stress distribution and 

13. Stress distribution and crack+,.,. .. .....,...,.,,._, 
after different drying times. 

1491 

d 

a 

a coated mortar 



are mere numerical 
............. ,. ......... ,...,.. by a detailed 

shrinkage crack 
AEDIFICATIO 

features 
related phenomena in concrete. 

Wittmann, 
failure concrete, 

concrete ( ed 

............... ,. ... ,LI ... F.H. (1995) 
and stability 

1492 


