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ABSTRACT

This paper presents a study of the effectiveness of electro-chemical realkalisation (ECR) treatment on the microstructure of cement paste/ steel cathode and near-surface zones of carbonated hardened cement pastes. ECR was set-up for carbonated hardened OPC cement paste prisms of 0.70 w/c ratio using 0, 1 and 5 A/m[image: image21.wmf](c)
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 for 14 days, 1 A/m[image: image2.wmf]2

 for 0, 7 and 14 days and 1 mole sodium carbonate as an electrolyte. The effect of using other electrolytes such as sodium phosphate, sodium hydroxide and lithium hydroxide was also investigated. Fragmental samples taken around the steel cathode and at near-surface was then analysed by mercury intrusion prosometry (MIP) and differential thermal analysis (DTA), thermo-gravimetric (TG). The results showed that ECR treatment resulted in a marked densification of the pore structure of near-surface and steel/cement paste transition zones. This effect was more pronounced with current density, period of treatment and particularly with the use of sodium phosphate as an electrolyte.
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1
INTRODUCTION

One of the main problems associated with the ingress of carbon dioxide into concrete is steel reinforcement corrosion which causes a reduction in the serviceability of the structure concerned. Electro-chemical realkalisation (ECR) have, therefore, been introduced in the last few years as a non destructive means of treating reinforced concrete suffering from carbonation (Mietz and Isecke, 1994a and 1994b , and Abdelaziz et al, 2009).

Many studies have been carried out to study the reliability of using ECR for reinforced concrete suffering from carbonation and confirmed that ECR is an effective technique in restoring the passive film around reinforcement (Abdelaziz and Page, 2004).  Consequently, an important question regarding the effectiveness of ECR on the microstructure and properties of the treated material could be arised for such fairly new technique. Chatterji (1994) stated that, unless paths are provided for easy escape, the liberated hydrogen during electrolysis process at the reinforcement during ECR treatments will cause pressure development at this site. This pressure increase by electrolysis may lead to cracking and changes in the pore structure at the area concerned. It is also possible that this area may be softened due to the high concentration of alkali. In contrary, Al-Kadhimi et al (1996) investigated this aspect and found that ECR modifies the pore size distribution of the cement paste matrix in the vicinity of the cathode by changing it in the direction of smaller pores. They also concluded that the total water absorption, capillary absorption and initial surface absorption all decrease as a result of the ECR treatment, while the compressive, pullout  and flexural strength, dynamic modulus of elasticity and ultrasonic pulse velocity all increase. 

However, there are insufficient studies dealing with the effect of current density, treatment period and electrolyte type on the pore size distribution and total and capillary porosities and chemical composition of the carbonated cement matrix of the concrete. Therefore this study was carried out to elaborate this aspect to provide more information about the reliability of using ECR for concrete structures.

2
EXPERIMENTAL PROCEDURES


Preparation of Steel Cathode

A 35x35x1 mm mild steel plate with a 4 mm diameter steel rod spot welded on the centre of one edge was used as a cathode. The chemical composition of the mild steel plate cathode is shown in Table 1. Regular holes of 2 mm diameter and of 2 mm spacing were drilled in the steel plate to allow electrolyte to pass through the cathode during the ECR treatment. An electrical wire was then soldered at the top of the steel rod as shown in Figure 1.

Table 1 Chemical composition of mild steel plate (%).

	   Fe
	   C
	   Si
	   Mn
	   S
	   Cr
	   Mo
	   Ni
	   Al
	   Cu
	   Sn

	99.5
	0.04
	0.01
	0.28
	0.03
	0.04
	0.01
	0.03
	0.01
	0.02
	0.01


The steel plates were cleaned by sand blasting followed by wiping with an acetone soaked tissue. The steel rod was coated with Styrene-Butadiene Rubber (SBR) modified cement slurry, where crevice attack might be expected to occur. Shrinkable tubing was then used to cover the upper part of the steel rod.  


Preparation of Specimens

For this study, OPC hardened cement paste (HCP) prismatic specimens (100x50x50 mm) were cast with 0.70 w/c ratio. The chemical composition of OPC used is shown in Table 1. The mixing procedure of the cement paste was carried out using the method devised by Gukild and Carlsen for minimising “bleeding” [9]. Following mixing, the fresh cement paste was poured in a specially made ply-wood mould. The steel cathodes were securely fixed in the correct position by means of plastic extensions to the mould. The steel cathodes were arranged so that they were perpendicular to and in the centre of the longest dimension of the specimen. The mould was then vibrated for 1 minute on a vibrating table for compaction. The cement paste was then levelled and the mould was wrapped in a polythene sheet. The HCP prisms were demolded after 48 hours and then cured in water at 38(C for 7 days.
After curing, the specimens were transferred to a 100% CO2 /65% RH chamber and were then left for 3 months. The specimens were then sealed with three layers of water proof epoxy resin on all sides apart from the  surface chosen for electrolyte exposure and its  opposite surface After sealing, the specimens were stored again in the desiccator  at 65%RH until the beginning of the ECR treatment. 

Following the preparation of specimens, each specimen was positioned with its exposed surface on two plastic dividers which were in turn placed on an activated titanium mesh (50x50 mm). The mesh and the first 3 mm of the specimen were immersed in 80 ml of the appropriate electrolyte inside a shallow dish. The titanium mesh as the anode and the steel cathode were then connected to a galvanonstat which maintained the current at appropriate levels for the required time of treatment. Care was taken to ensure that the concentration of the electrolyte was constant throughout the treatment by changing the electrolyte solutions daily. The completed specimens were then stored in PVC chambers at 25 (2C( throughout the whole test period. The treatment was carried out at variable polarisation currents (0, 1 and 5 A/m[image: image3.wmf]2

 for 14 days) and for different periods (0, 7 and 14 28 at 1 A/m[image: image4.wmf]2

) using 1mol/litre of sodium carbonate as an electrolyte. The treatment was also carried out at 0 A/m[image: image5.wmf]2

using 1 mol/litre solutions of sodium carbonate, sodium hydroxide, and lithium hydroxide and 0.50 mol/litre sodium sulphate solutions.  


Analysis

After ECR treatment, the specimens were sliced at 10, 20, 35, 45, 55 and 65 mm from exposing surface. Fragmented samples were taken from the cathode (45-55 mm) and from the specimen surface (0-10 mm) slices. The specimen sampling was done in such a way to ensure that the cathode sample was obtained from the first 3 mm around the cathode, while the surface sample was from the first 6 mm near the surface which was exposed to the electrolyte. The specimens were stored in desiccators containing silica gel until analysis. 

The fragmental samples for PSD study were broken into small fragments and immersed in iso-propan-2-ol for a week to remove water and terminate further hydration. The samples were then dried in a stream of cool air and placed in a desiccator. The desiccator was then evacuated for a week to remove the absorbed alcohol from the specimens. At the end of the evacuation period, approximately 2.5 g of the sample was weighed and subjected to mercury intrusion porosimetry (MIP) in a Micrometric Model 9310 Pore Sizer.PSD data were calculated from the Washburn equation, assuming a constant contact angle of 117º and constant mercury surface tension of 485 dynes/cm. 
The cement hydrate phases of the treated and untreated HCP were identified in this study with the aid of differential thermal analysis/ thermo-gravimetry (DTA/TG) technique. The samples for DTA/ TG were ground to a powder, sieved to size 150 (m. and stored in a desiccator containing silica gel until required. 

In DTA/TG, approximately 20 mg of the powder sample was packed into a platinum crucible and placed next to a similar crucible packed with alumina, a thermally inert substance, in the furnace of the Stanton Redcroft 1500 Thermoanalyser. The temperature of the furnace was then increased at a rate of 20C. Thermo-couples measured the difference in temperature between the two crucibles (reference and the sample) which was then plotted against furnace temperature. At the same time, the weight loss was also recorded as a function of temperature. 
C/minute from ambient temperature to  950

RESULTS AND DISCUSSION


Microstructure

The effect of ECR treatment on the PSD and porosities (total and capillary) of the cement paste matrix at the cathode (transition zone) and near surface zones was studied and the results are represented in Figures 1 to 3 and Tables 1 and 2. 

The PSD of the cement paste/cathode transition zones of HCP specimens treated with different current densities (I = 0, 1 and 5 A/m[image: image6.wmf]2

) for 14 days are illustrated in Figure 1. It can be seen that the PSD of the cement paste/ cathode transition zone (TZ) becomes finer when an electric charge is impressed compared to the corresponding untreated HCP (I = 0 A/m[image: image7.wmf]2

). The PSD of the specimens treated with 1 and 5 A/m[image: image8.wmf]2

 current density seems to be similar. The threshold pore diameter Dth is reduced from 800 to 100 nm as a result of increasing the intensity of polarisation from 0 to 1 or 5 A/m[image: image9.wmf]2

. A similar effect was also obtained when the period of treatment was altered (see Figure 2). The PSD of the TZ becomes more dense as a result of the ECR treatment for 7 and 14 days compared to those corresponding to the untreated specimens (T = 0 days).    

The total and capillary ( pore diameters ( 30 nm) porosities of the TZ  of HCP treated with different regimes were deduced from the PSD’s shown in Figures 1 and 2 and the results are represented in Table 1. It can be seen from these results that the total and capillary porosities of the treated cementitious material at the cathode decrease with increasing I and T. The effect of the ECR treatment is however, more significant on the capillary porosity than the total porosity.

The effect of the electrolyte type on the PSD and porosities of  the near-surface zone is  illustrated in Figure 3 and Table 2, respectively. The following observations can be made: 

(1)
The PSD and Dth of  HCP treated with sodium carbonate solution (Na2CO3) were
relatively similar to those of the carbonated specimens treated with water (control 
specimens).        

(2)
The use of sodium phosphate solution as an electrolyte resulted in finer PSD and a  

            greater reduction in the Dth than that produced by the other electrolytes in the  

            investigation, whilst 
the reverse was true when sodium hydroxide solution was used.  
(3)       The total porosities of the specimens treated with sodium carbonate, sodium hydroxide
            and lithium hydroxide were greater than those of the corresponding specimens treated

with water, while the use of sodium phosphate resulted in a significant reduction in 
            the total porosity.

(4)
The capillary porosity was significantly reduced when sodium phosphate was used  
compared to that of the other electrolytes. The amount of this reduction was about 
350%, 
whilst the reverse was true for the specimens treated with sodium hydroxide.  

(5)
A slight enhancement in the amount of the capillary pores was  produced when 
            sodium 
carbonate or  lithium hydroxide solution was used. The levels of 
            enhancement were about 
20 and 40%, respectively,  compared to the results for 
            the corresponding specimens treated 
with water. 


Cement matrix composition

In order to understand the variations that occur in the pore structure owing to the use of ECR and clarify the role of the ECR treatment on the cement matrix composition of TZ and near-surface, DTA/TG technique were adopted in this study. The DTA thermographs of the TZ of HCP specimens treated with 0, 1 and 5 A/m[image: image10.wmf]2

 current density for 14 days and 1 A/m[image: image11.wmf]2

 for 0, 7 and 14 are shown in Figures 4 and 5, respectively. It can be seen that the size of  the endo-thermic peak associated with calcite (750-900(C) decreases with the level of ECR, whilst the shallow hump associated with calcium silicate hydrate (110-250(C) starts to grow as a result of the treatment. The size of this hump appears to increase with increasing current density and the period of the ECR treatment. Non-identified exo-thermic (NIP) peaks at 450-600(C were also observed when the specimens were treated. These exo-thermic peaks appear not to be due to calcium hydroxide (C-H), which decomposes at this range of temperatures causing  an endo-thermic peak. It was, however, difficult to identify such a phase in the course of this study. 

These thermographs obtained from the DTA technique are only qualitative.  TG technique was therefore, adopted in this study for two reasons: first, to support the findings obtained from the DTA thermographs and secondly to quantify the components of the untreated and treated HCP which were shown as peaks in the DTA thermographs. The amount of any particular cementitious phase was estimated in terms of the % weight loss  at a certain temperature range. The range of temperatures was defined for each cement phase from the DTA thermo-graphs as described in literature (Abdelalim, 2009).  

Table 3 and 4 show the % decomposition  of calcium silicate hydrate (C-S-H), non-identified phase (associated at 425-550(C), calcite (CaCO3) and the non evaporable water (NEW) of the cathode/cement paste transition zone of the HCP specimens treated under different regimes. It can be seen that the amount of C-S-H and non-identified phase increases with I and T. The amount of C-S-H increase, due to increasing I from 0 to 5 A/m[image: image12.wmf]2

 and T from 0 to 14 days, reaches 40 and 10%, respectively, whilst the corresponding increase in the non-identified phase is 35 and 15%, respectively. On the other hand, the amount of calcite (CaCO3) was reduced when an electric charge was induced into the carbonated specimens and the amount of these reductions reach 30  and 15% when I and T were increased from 0 to 5 and from 0 to 14 days, respectively. In addition, the results presented in Tables 3 and 4 show a  slight reduction in %NEW as a result of increasing the level of polarisation and the period  of the ECR treatment. 

The modifications occurring in the chemical composition of the carbonated HCP due to the ECR processes suggest that the induction of an electric charge into the cementitious matrix could lead to decomposition of some substances such as calcium carbonate, the re-formation of others such as C-S-H and the creation of new phases (NIP). This means that the use of the ECR could not only lead to the reinstatement of the passive oxide film around steel reinforcement but also to some degree of reformation of the main hydration products (C-S-H) of the cement paste matrix, which have been consumed during the carbonation processes. 

The decomposition of calcite and reformation of  C-S-H could be the reasons behind the modifications occurring in the pore structure (PSD and porosities) of the treated matrix, which were noted in the MIP and TG results. Similarly, the slight changes observed in the %NEW could be attributed to the difference between the amount of  CaCO3 decomposed and the corresponding C-S-H reformation  during the ECR treatment. 

The effect of the electrolyte type on the chemical composition of  carbonated HCP was also studied using DTA and TG techniques and the results are represented in Figure 6  and Table 5. Figure 6 demonstrates the DTA thermographs of HCP exposed to sodium carbonate, sodium phosphate, sodium hydroxides and lithium hydroxide solutions for 14 days. The results show that the size of the peaks associated with calcite (750-900(C) seems to decrease simply by exposing the surface of the HCP to the above electrolytes, compared to those treated with water, especially for those treated with the sodium phosphate solution. This observation is in agreement with the results obtained by the TG technique, where the % decomposition of calcite decreases by 25, 45, 15 and 10% when the HCP specimens were treated with sodium carbonate, sodium phosphate, sodium hydroxide and lithium hydroxide solution, respectively. The reverse of this effect was noted for the non-identified phase (NIP). The amount of increase in the non-identified phase as a result of these electrolytes ranged from 40 to 80%.  

The results illustrated in Figure 6  also show that the size of the shallow hump associated with C-S-H (110-250(C) seems to be unaffected for all the electrolytes used. However, a slight reduction in the amount of C-S-H was noted for the specimens treated with sodium carbonate and sodium hydroxide solutions. Furthermore, it seems that the effect of the electrolyte on %NEW is insignificant, except for the specimens treated with the sodium phosphate solution.          

These variations in the amount of calcite, C-S-H and non-identified phase which occurred due to the use of different electrolyte solutions may be caused by the chemical reactions between these electrolytes and the carbonated cement phases (mainly calcium carbonate). These chemical reactions could be accompanied with modifications in the microstructure of the cement paste matrix, discussed earlier.


CONCLUSIONS

The present work has shown the following findings:

 (1)
The passage of an electric current during the ECR treatment appeared to result in a denser pore structure. Both the total and capillary porosity of the cathode/cement paste transition zone were reduced. The effect was more pronounced for capillary  porosity than for total porosity.    


(2)
The use of sodium phosphate as an electrolyte resulted in a significant densification of the pore structure of the treated materials (in terms of PSD and  porosities), whilst the reverse effect was observed when sodium hydroxide was used. 

(3)
 The ECR process lead to notable variations in the chemical compounds of the treated cementitious matrix. Decomposition of some calcite and reformation of the C-S-H phase were both observed.  This variation was more pronounced with increasing grade of polarisation and with the use of sodium phosphate as an electrolyte.   
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Table 1 Effect of treatment period and current density on the total and capillary
 
porosity of 
cement paste/ steel cathode transition zone of OPC paste treated 

with ECR. 

	Period of treatment

(day)
	Current density

(A/m2)
	Porosity (cc/g)
	

	
	
	Total
	Capillary

	
	0
	0.1407
	0.0672

	14
	1
	0.1192
	0.0322

	
	5
	0.1252
	0.0334

	0
	
	0.1407
	0.0672

	7
	1
	0.1265
	0.0672

	14
	
	0.1192
	0.0322


Table 2 Effect of electrolyte type on the total and capillary porosity of near-surface zone 
 of OPC paste treated for 14 days, I = 0 A/m2.

	Electrolyte
	Porosity
	(cc/g)

	Type
	Total
	Capillary

	H2O
	0.1407
	0.0672

	Na2CO3
	0.152
	0.0552

	NaOh
	0.1725
	0.0733

	Na3PO4
	0.109
	0.0146

	LiOH
	0.1515
	0.0477


	Table 3  Effect of current density used at ECR treatment on the chemical 

	
	compounds of OPC paste (around cathode) treated for 14 days,

	
	deduced from DTA/TG technique.

	Current
	
	Decomposition, %
	

	density,
	C-S-H
	NIP*
	Calcite
	E.W
	NEW

	


	(110-250(C)
	(450-600( C)
	(750-900( C)
	(20-110( C)
	(110-950( C)

	0
	4.70
	2.15
	17.79
	2.16
	36.73

	1
	5.90
	2.72
	12.18
	6.02
	32.55

	5
	6.53
	2.87
	12.45
	6.94
	34.20

	* Non-Identified Phase
	
	
	
	


	Table 4  Effect of ECR treatment period on the chemical compounds  of OPC  

	
	paste (around cathode) using current density of  1 

, deduced

	
	from DTA/TG technique.

	Treatment period
	
	Decomposition  (%)
	

	(day)
	C-S-H
	NIP*
	Calcite
	E.W
	NEW

	
	(110-250 (C)
	(450-600( C)
	(750-900( C)
	(20-110 C)
	(110-950( C)

	0
	4.70
	2.15
	17.79
	2.16
	36.73

	7
	4.59
	2.17
	18.14
	2.35
	36.74

	14
	5.90
	2.72
	12.18
	6.02
	32.55

	* Non-Identified Phase
	
	
	
	


	Table 7.5  Effect of electrolyte type on the chemical compounds of OPC paste

	
	(near surface) treated for 14 days (I = 0 

), using DTA/TG

	
	technique.

	
	
	                    Decomposition, %
	

	Electrolyte type
	C-S-H
	NIP*
	Calcite
	E.W
	NEW

	
	(110-250( C)
	(450-600( C)
	(750-900(C)
	(20-110(C)
	(110-950(C)

	H2O
	4.70
	2.15
	17.79
	2.16
	36.73

	Na2CO3
	3.66
	3.55
	13.50
	2.23
	34.94

	Na3PO4
	4.88
	3.00
	10.03
	2.69
	30.93

	NaOH
	3.86
	3.41
	15.52
	2.65
	35.30

	LiOH
	4.34
	3.87
	16.15
	2.53
	35.79

	* Non-Identified Phase
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Figure 1 Effect of current density on the PSD of cement paste/ steel cathode transition 
               Zone of OPC paste treated with ECR for 14 days.
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Figure 2 Effect of ECR treatment period on the PSD of cement paste/ steel cathode 
               transition zone of OPC paste treated with 1 A/m2. 
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Figure 3 Effect of electrolyte type on the PSD of near-surface zone of OPC cement paste 
treated for 14 days, I = 0 A/m2.
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	Figure 4  DTA thermo-graphs of OPC paste specimen (around cathode) 

	
	treated with ECR with different current densities for 14 days.
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	Figure 5  DTA thermo-graphs of OPC paste specimen (around cathode) 

	
	treated with ECR for different treatment periods, I = 1 A/m

.
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	Figure 6  DTA thermo-graphs of OPC specimen (near surface) treated with 

	
	different electrolytes, a) sodium carbonate, b) sodium phosphate,

	
	c) sodium hydroxide and d) lithium hydroxide, for 14 days, I = 0 A/m

.
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