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ABSTRACT The use of the granite processing waste (GCS) as addition in cement paste 
emerges as a need of recycling an inert residue generated in quarries and solving an 
environmental problem. 

Previous studies confirmed that small additions to alkaline solutions simulating cement 
modify the natural passive layer formed on steel. Moreover, these additions are able to inhibit 
pitting corrosion in high contaminated media. 

The objective of this work is to determine the compatibility, reactivity and optimal addition 
of GCS in the cement paste. Cement samples prepared with different proportions (2%, 5% 
and 10% ) are studied to quantify its effect in the microstructure and diffusivity of corrosive 
agents. 

Some beneficial effect was obtained with additions up to 5% in terms of chloride 
diffusivity. However the carbonation depth is increased for all the polluted cement samples. 
The analysis by mercury intrusion porosimetry revealed a porous network coarsening for 
those samples prepared with GCS. 

 
1 INTRODUCTION 

1.1 Granite Processing Waste 

Spain is one of the three greater ornamental 
rock producers and the first European 
granite producer. 60% of the Spanish 
production is concentrated in Porriño (NW 
of Spain), where 300000 tons are produced 
per year. The granite cut residues are 
originated from the sawing process of rock 
blocks into plates. In this process, 20% to 
30% w/w of mineral is transformed into dust 
which mixed with water, shot particles, 
lubricants, tensioactive particles and lime 
forms the called "granite cutting sludge", 
GCS. 

This residue has not practical application 
nowadays. Thus, it is accumulated as waste 
in landfills. The environmental problem 
generated urges to find a solution acceptable 
from the economical and ecological points of 
view. The recycling of industrial wastes in 
concrete manufacturing is a matter of 

increasing interest worldwide. Indeed, 
concrete technology can use great amounts 
of industrials residues as secondary raw 
materials. For instance, blended cements are 
normally produced by adding different 
quantities of coal fly ash, silica fume or 
ground granulated blast furnace slag to 
Portland cement clinker. These mineral 
additions, that have been initially simply 
used to recycle wastes, turned out to be 
beneficial with regards to the properties of 
concrete, especially in relation to its 
resistance to aggressive agents (Neville, 
1995; Sousa, 2003). Preliminary works 
(Gonçalves et al., 2002) suggested the 
possibility of using GCS as an additive into 
concrete structures, concluding that small 
additions of these slurries improved the 
mechanical resistance of concrete. 

The present paper is aimed to analyze the 
possible use of GCS as additive in 
reinforcing concrete structures, evaluating 
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its effect when chloride ions and CO2 are 
present.  

1.2 Corrosion on Steel in Concrete 

Carbon dioxide (CO2) and chloride ions (Cl
-
) 

are known aggressive agents that cause 
corrosion of the reinforcing bars in concrete. 

The high alkalinity in the pore solution 
due to the presence of calcium hydroxide 
(Ca(OH)2) provides the maintenance of the 
passivity of steel. A significant pH 
decrement occurs when carbonation takes 
place. Carbonation refers to the reaction of 
the CO2 with ions in the pore solution as 
indicated in Equations 1 and 2 
(Ramachandran & Beaudoin, 2001). 

 
CO2 2CO3 + H2O     Eq. 1 
 
CO2 + Ca(OH)2  CaCO3 + H2O      Eq. 2 

 
Steel passivity will break if chloride ions 

are present. These ions can be incorporated 
as a contaminant or additive during the mix 
stage although the most common way is after 
exposure to a contaminated environment. 
Chlorides can penetrate through the cracks 
and pores and then the porous network plays 
an essential role on their mobility. Once 
chlorides reach the metallic rebars the steel 
surface remains active. 

1.3 Mass Transport Phenomenon 

The diffusivity properties of several cement 
paste samples prepared with different waste 
proportions is analyzed in this work. The 
assessment of the aggressives diffusion rate 
will be helpful in order to predict the 
durability and service life period.  

Carbonation process starts in the external 
surface and penetrates into the concrete 
following the simplified Tuutti’s model 
where the diffusion rate is proportional to 
the square root of time as described in 
Equation 3 (Neville, 1995). 

 

              Eq. 3 
 

where s is the carbonation depth (mm), K is 
the carbonation coefficient (mm/year) and t 
is time (years).  

Typically the carbonation process is slow 
and time attenuated (parabolic tend). 
Relative humidity and CO2 concentration are 
the most influential variables in the process. 
When the humidity level is maintained 
around 50-70% the diffusion rate is 
considerably increased (Neville, 1995). 
Obviously a higher CO2 concentration 
significantly reduces the carbonation time.  

Regarding the chloride penetration, if the 
stationary conditions have been reached the 
Fick’s first law (Equation 4) can be 
considered.  

 
             Eq. 4 

 

where F is the flux of the chloride ions 
(mol cm

-2
 s

-1
), C is concentration (mol cm

-3
), 

x is the position (cm) and D is the diffusion 
coefficient (cm

2
 s

-1
) which will be dependent 

on the cement characteristics. Diffusion 
coefficients obtained under stationary 
conditions are known as “effective” 
coefficients. Flux can be defined on the 
other hand as indicated in Equation 5. 

 
             Eq. 5 
 

where V is the volume (cm
3
), A is the 

surface (cm
2
), C is concentration (mol cm

-3
) 

and t is time (s). 
Equaling Eq. 4 and 5, a direct relation 

(once integrating) can be obtained between 
the variation in the chloride concentration 
and the time (Equation 6).  

Then the effective diffusion coefficient 
can be easily evaluated from the slope after 
linear fitting (Castellote et al., 2001).  

 
                     Eq. 6                 
                      

where Ci and Cf are respectively the chloride 
concentrations in the upstream and 
downstream solutions (mol cm

-3
), Deff is the 

steady-state diffusion coefficient (cm
2
 s

-1
), V 

is the volume (cm
3
), t is the testing period 

(s), A is the diffusion area and l is the 
thickness of the specimen (cm). 
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2 EXPERIMENTAL 

Cement paste samples were prepared using 
Ordinary Cement Portland (OCP) 
CEM I 52.5 R classified according to the 
Spanish standard UNE-EN 197-1:2011. The 
materials (OCP, granite waste and water) 
were mixed according to the Spanish/EU 
standard UNE-EN 196-1:2005. The water to 
cement (or cement-waste) ratio was 0.5. 
Samples were maintained in a 100% RH 
chamber after casting, demoulded after one 
day of fabrication and kept in the same 
chamber for 28 days before any experiment.  

Four different samples were prepared with 
several waste contents: 0% (blank), 2%, 5% 
and 10% (percentages refer to the cement 
weight substituted). The main constituents of 
the granite slurries are silicon, aluminum and 
iron oxides as numerically indicated in Table 
1.  

Table 1. Granite waste composition (wt. %) 

SiO2 Al2O3 Fe2O3 CaO K2O Na2O 

66.1 13.4 7.4 5.9 3.8 3.4 

 

Figure 1.Size particle distribution obtained 
after milling the granite waste 

 
The waste powder was dried at 100ºC and 

mechanically grinded before mixing with the 
cement powder. The size particles 
distribution, illustrated in Figure 1, shows 
that almost no particles with size lower than 

. 
The chloride natural diffusion and the 

carbonation experiments were performed as 
explained elsewhere (Cabeza et al., 2013). 
Thus during the chloride diffusion tests the 

chloride concentration of the downstream 
and upstream solutions were often measured. 
The carbonation process was checked with 
the periodical weight increment 
measurement. At the end of the test samples 
were split in two halves and sprayed with 
phenolphthalein in order to determine the 
precise CO2 penetration depth.  

The mercury intrusion porosimetry (MIP) 
technique was followed to analyze the 
cement microstructure. The equipment is 
able to cover pores diameters from 100 
down to 5 nm. Porosity values and pores size 
distribution were analyzed for each sample. 

3 RESULTS AND DISCUSSION 

Data regarding the cement diffusivity 
properties are firstly presented. The 
comparison with the reference sample, with 
no addition, is discussed.  

After that, the microstructural effect of the 
granite residue on the cement paste is 
analyzed based on MIP results. The 
modification in the mechanical properties 
was evaluated as well considering a non 
destructive technique (sclerometric test).  

3.1 Chloride Diffusion 

The chloride concentration was measured 
during the natural diffusion test. The data are 
compiled in Figure 2. 

 

Figure 2. Chloride concentration in the 
downstream solution measured during the 
natural diffusion experiment 
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At the end of the diffusion experiment a 
lower chloride content, in comparison to the 
reference, was observed for that sample 
containing 2% of granite waste. By contrary 
increasing the addition amount, in particular 
notably for the higher waste content (10%), 
the chloride concentration increased.  

3.1.1 Diffusion coefficients 

The effective diffusion coefficients are 
calculated following Eq. 6. From the slope 
obtained after representing the ln(Ci-Cf) 
versus time (as presented in Figure 3), the 
diffusion coefficient can be evaluated 
(Castellote et al., 2001).  

Figure 3. Calculation of the effective 
diffusion coefficient (Eq. 6) from the natural 
diffusion experiment results 

The diffusion coefficients obtained for the 
different cement samples are collected in 
Table 2.  

Table 2. Effective diffusion coefficients 
obtained from the natural diffusion tests 
(x10

-8
 cm

2
s

-1
) 

Blank 2% 5% 10% 

4.9 3.8 4.7 22.6 

 
In agreement to the data shown in Figure 

2, no effect is observed after replacement up 
to 5% of the cement waste with the granite 
waste. Actually not only no detrimental 
effect is measured in presence of such an 
amount of the granite waste but some 

improvement is even detected. However a 
higher waste content (10%) results in a 
significant increment in the chloride 
penetration rate. Thus a considerable 
reduction in terms of durability would be 
expected for such a high waste amount.  

3.2 CO2 Diffusion 

The carbon dioxide penetration was 
followed by measuring the weight variation 
during the experiment. Figure 4 shows the 
corresponding data as percentage referred to 
the initial weight. As observed from this 
graph a higher increment was measured for 
the samples containing granite waste and 
thus a higher carbonation depth can be 
concluded (Cabeza et al., 2013).  
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 4. Percentage of weight increment 
registered during the carbonation experiment 

Fittings following Eq. 3 give the 
carbonation coefficient values (K). Thus the 
K constant values were 0.43, 0.64, 0.69 and 
0.66 for the samples with 0%, 2%, 5% and 
10% respectively. The higher K constant 
obtained for all the polluted samples reveals 
the more rapid carbonation in comparison to 
the blank.  

Once the carbonation experiment finished 
the average carbonation depth were 
measured. The values were: 9.3, 10.3, 14.9 
and 15.5 mm for the samples with 0%, 2%, 
5% and 10% of granite waste respectively. 
Thus higher the waste content, more 
profound the CO2 penetration, in agreement 
to the non destructive assessment by 
measuring the weight variation (Figure 4).  
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3.3 Mercury Intrusion Porosimetry 

The microstructural modifications induced 
by the granite waste incorporation were 
evaluated with the MIP technique. Firstly a 
slight increment was measured in the global 
porosity, i.e., percentage of the total volume 
occupied by pores. Thus a porosity value 
around 21% was obtained for the reference 
sample whereas 26% was found for the 
sample with the higher granite waste content 
(10%). Almost no variation was measured 
for the samples with 2% and 5% of cement 
substitution (21% and 23% respectively).  

A more detailed analysis was performed 
considering the pores sizes distribution. 
Figure 5 shows the three observed pores 
families. The most relevant family, at the 
lowest size, is located around 0.0
other pores families were observed centered 

 

Figure 5. Mercury intrusion porosimetry 
results for the analyzed cement samples 

For the reference sample that pore family 

been detected showing some coarsening 
effect of the granite waste in the cement 
microstructure. Indeed if the individual 
contribution of each pore family is 
separately considered more relevant 
differences are revealed. Results are 
compiled in Figure 6. 

The relative contribution of the family 
located at the lowest pore diameter is 
reduced in presence of the granite waste; 
modification much more relevant after 
replacing 10% of weight of cement. By 
contrary the family centered at 0.4 

contributes more strongly to the total 
porosity as the granite waste amount 
increases. Thus the number of pores at 
higher sizes increases and then a much easier 
penetrability is verified for the polluted 
samples. These results explained those 
variations measured in the carbonation 
experiments. 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 

Figure 6. Relative contribution to the total 
porosity of each pore family 

Coming back to the obtained diffusion 
coefficient values, some beneficial effect 
was obtained with a certain granite waste 
amount. Then some other effect different to 
these observed microstructural modifications 
must be connected to that behavior. The 
granite waste particles are apparently able to 
retain the chloride ions, hinder their mobility 
and then reduce the chloride diffusivity. The 
chemical nature of the granite waste (Table 
1) could explain this finding. Such a result 
was obtained by other authors in presence of 
fly ashes or blast furnace slag (Dhir et al., 
1996; Hossain et al., 2004), additives with a 
similar composition.  

3.4 Sclerometric Test 

In order to predict the mechanical strength of 
the cement samples with the several granite 
waste contents, non destructive tests by a 
sclerometer were performed (Khan et al., 
2004). A hammer impacts the cement surface 
and the rebound distance is evaluated 
(sclerometric factor, SF). The strength (R) 
can be assessed from the experimental 
relation presented in Equation 7 (
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1967). Data are numerically compared in 
Table 3.  

           Eq. 7 

 

Table 3. Assessment of the mechanical 
strength from the sclerometric test 

 Blank 2% 5% 10% 

SF (MPa) 44 47 42 27 

Q (MPa) 41.2 46.9 37.6 15.8 

 
A significant reduction in the mechanical 

strength is obtained for the polluted samples, 
in particular significant for the 10% of 
cement substitution, in good agreement to 
that discussed from the porosimetry 
experiments.  

4 CONCLUSIONS  

The effect of the granite waste incorporation 
to cement was evaluated. The diffusivity 
properties of the new cement mix have been 
checked being chloride ions and carbon 
dioxide the diffusing species analyzed in this 
work. The microstructural modifications 
induced by the waste addition have been also 
discussed.  

Some beneficial effect was found in terms 
of the chloride ions diffusion with additions 
less than 5%. A 20% reduction in the 
chloride penetration rate was obtained after 
substituting 2% of the cement weight. 
Almost no variation is observed with 5% of 
granite particles.  

Regarding the CO2 penetration, a higher 
carbonation rate was measured in presence 
of the granite waste.  

A higher percentage of pores of higher 
sizes was revealed for all the polluted 
cement samples, particularly notable for the 
10% of replacement. Then the incorporation 
of the granite waste to cement deteriorates 
its properties. However for the particular 
case of a chlorinated environment the 
chemical nature of the granite residue 
particles seems to assist to a reduced 
chloride penetration. This finding needs to 

be studied with more detail in order to 
clarify this favorable consequence.  
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