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ABSTRACT


The main purpose of the use of controlled permeability formwork (CPF) in concrete construction is to remove surplus mixing water and entrapped air from the fresh concrete and thereby enhance the properties of the concrete surface layer. 


A number of OPC cement paste and concrete panels, with different mix proportions, were cast against CPF and impermeable form work (IF) and the profiles of total and capillary porosity, pore size distribution (PSD) and micro hardness of the cover have been established to assess the effectiveness of the CPF.


The use of CPF reduced the total and capillary porosity while increasing the micro hardness of the cement paste matrix and aggregate/cement paste matrix transition zone (TZ). The thickness of the CPF affected zone (CPFAZ) indicated by the micro hardness of the cement paste matrix appeared to be dependent upon the w/c ratio of concrete. 
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1. INTRODUCTION

Since their introduction to the concrete industry, CPF sheets have been used with a view to producing durable concrete [1,2,3,4,5,6]. CPF consists of a specially engineered permeable membrane tensioned on to a structural support made from one of many traditional types of formwork material. The CPF  liner is made up of a multitude of micro pores, so that it acts as a filter retaining the concrete fines but allowing the water and air normally trapped at the formwork/concrete interface to be removed [6,7]. During placing and compaction, air and a proportion of free water in the mix move towards the formwork surface and pass through the CPF liner to be drained away in the interface between the liner and backing material. Beddoe [8] noted that this drainage period could vary between 2 and 4 hours, the quantity of water drained being dependent upon the water/cement ratio and generally varying between 1 and 2.5
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. The use of CPF, therefore, ensures that the water cement ratio of the cover concrete is kept low producing a denser, less permeable surface layer [3,6,9].  


Kasai [10] studied the total pore volume (TPV) at different depths from the formwork surface of concrete specimens cast against permeable and impermeable formwork (IF). It was found that for concrete cast in permeable form work the TPV values recorded at depths of 0 to 7.5 mm and 0 to 30 mm from the impermeable formwork surface were 50% and 70% less than those of the concrete cast in permeable form work, respectively. There was no considerable difference between the effects of permeable  and impermeable formwork in terms of TPV for locations deeper than 30 mm from the surface.  However, the role of CPF on the development and modification of concrete micro structure has not yet been fully investigated.

 Indentation  microhardness technique has been used in previous studies [11,12] for characterisation of  both cement paste matrix and the aggregate/cement paste transition zone (TZ). It was shown that scratch hardness values of hardened cement paste and concrete closely correlated and reflected variations in the pore structure of the materials. 

The main objectives of this investigation were to study the microstructural and hardness properties of  OPC concretes cast against both CPF and IF and also to determine the depths of the controlled permeability formwork affected zone (CPFAZ) for concretes made with various water/cement ratios. 

2. EXPERIMENTAL PROGRAMME
2.1. Materials, Specimen Preparation and Test Procedures


Ordinary Portland Cement (OPC) of chemical composition given in Table 1 was used throughout this investigation. Siliceous sand and natural mix of siliceous coarse aggregate (maximum size 15 mm) were used in saturated surface dry condition (SSD), complying with BS 882 (1983).

Table 1    Chemical composition of Ordinary Portland Cement. 

	Oxide 
	SiO2 
	Al2O3 
	Fe2O3
	CaO
	MgO
	SO3
	Na2O3
	K2O
	L.O.I.
	F/L   

	 Content, %
	20.3
	5.44
	2.80
	63.7
	1.44
	2.90
	0.77
	0.09
	0.94
	1.60



Test specimens of 100x200x600 mm were constructed in formwork made of  hard plywood (impermeable), to simulate an unreinforced wall. 5 mm diameter holes were drilled at 50 mm spacing on one of the vertical surfaces (200x600 mm) of the specimens. CPF sheets were fixed to the drilled vertical face by fastening with adhesive tape around the perimeter allowing the fabric to be extended below the base to allow drainage of water.


The concrete and cement paste mix proportions used in this investigation are presented in Table 2. The mixing of the concrete and cement paste were carried out according to the procedures described in BS 5075: Part 2: 1982. 


The specimens were cast in three equal layers and compacted on a vibrating table. Immediately after compaction, the upper surface of the specimen was covered with a hard plywood cover of 100x200 mm. The form work was removed 24 hours after casting, and the specimens were then immersed in water at 212 C/65% RH  for 28 days.

Table 2  Mix proportions of OPC paste and concrete.

	Mix No
	Specimen Type
	w/c ratio
	Cement Content,   kg/m3
	 Aggregate Content, kg/m3

	 
	
	
	
	 
	
	Coarse            Fine

	1
	   paste
	
	0.6 
	                   
	
	__                     __

	2
	   concrete
	0.5 
	300 
	
	1120               745

	3
	   concrete
	0.6 
	300 
	
	1120               745

	4
	   concrete
	0.7 
	300 
	
	1120               745


2.1.1. Pore size distribution (PSD)


100 mm diameter cores were cut through the central region of the CPF surface of the cement paste specimens and this provided a core with two surfaces, one cast against CPF and the other against IF. These cores were then dry cut into slices at 5, 10, 15, 20, 25 and 35 mm from the two end surfaces to obtain discs for the determination of  the PSD,  total and capillary porosity.  


The cement paste discs 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 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.

2.1.2. Total and capillary porosity 


Immediately after slicing the cores, the cement paste discs for total and capillary porosity measurements were vacuum saturated for 48 hours to ensure that all pores were filled with de-ionised water. The disc specimens were then equilibrated in a desiccators at 90.7% RH for the determination of capillary porosity, and finally oven dried at 105 C to determine the total porosity. The capillary porosity represented the pores of diameter more than 30 nm [13.14].  

2.1.3.
Indentation microhardness 


After curing, 12x50x100 mm slices were cut from the central region of the concrete specimens perpendicularly to the CPF surface with a circular saw, using water as the lubricant. The specimens were then prepared and tested for indentation microhardness using the same procedures which have been described elsewhere [12]. The tests were carried out at 2, 6, 10, 14, 18, 22, 26 and 34 mm from both CPF and IF surfaces. The means of thirty results were obtained at each depth from triplicate specimens.


To study the effect of the formwork on the aggregate/cement paste transition zone in concrete, indentation microhardness measurements were taken at  0, 10, 20, 40 and  80 um from the aggregate surface and within  the first  3 mm from CPF and IF surface. The measurements were taken  around at least 3 aggregate particles in each specimen such that all the indentations were in a plane  parallel to the CPF and IF surfaces. An average of thirty results was obtained for each distance from the aggregate surface of the triplicate specimens.  

3. RESULTS AND DISCUSSION
3.1
Pore Structure


Figure 1 shows the PSD for different layers of OPC paste of w/c 0.6 cast against CPF. It may be seen that CPF produced a finer PSD near the surface than in the bulk of the specimen, and the effect diminished with depth  below the surface. There was also a reduction in the pore threshold diameter in the surface layer and this reduction diminished with increasing depth below the CPF surface (from 30 nm at the CPF surface to 100 nm at all layers below 15 mm). 


The total and capillary porosity determined using desorption technique on triplicate specimens at different layers from the surface of OPC cement paste cast against both CPF and IF are presented in Figure 2. There is a significant reduction in the capillary and total porosity due to the use of CPF at all levels. However, the effect of CPF was more  pronounced for capillary porosity than the total porosity and the maximum reduction of the capillary and total porosity was about 220% and 15%, respectively. These reductions diminished with increasing  distance below the surface. The modification of the PSD and reductions of the total and capillary porosity of cement paste cast against CPF can be  attributed to the drainage of water from the covercrete, resulting a decrease in the w/c ratio in the cover zone [8,9]. On the other hand, the diminishing effect of CPF with increasing depth below the CPF surface can be as a result of a w/c ratio gradient established due to drainage of excess water from the paste.
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Figure 1 PSD of OPC cement paste cast against CPF, at different distances below the 

   casting CPF surface.
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Figure 2  The total and capillary porosity profiles of OPC cement paste cast against 

     CPF   and IF.
3.2.
Aggregate/Cement Paste Transition zone (TZ)


The micro hardness results at different distances from the aggregate surface (interface) in the near surface of OPC concrete cast against both CPF and IF are shown in Figure 3. The statistical analyses of the data were carried out using a t-test, to find the significance of  the form work type on the micro hardness of the transition zone (TZ) ( see Table 3). 




Figure 3 Micro hardness of aggregate/cement paste transition zone at the first 3 mm
 from surface of OPC concrete cast against CPF and IF, w/c= 0.6.
Table 3 Summary of the statistical analysis of micro hardness data at the aggregate/ 

             cement paste transition zone of OPC concrete cast against CPF and IF at 2 mm 


  from the formwork surface, using t-test.

	Variables
	Mean, hV 
	Variance
	standard deviation
	Variation, %
	      T
	P(T<=t) two tail
	Significance of the difference

	IF/0 um
	27.81
	97.760
	9.880
	35.00
	-3.5
	1.50E-03
	Significant

	IF/40 um
	40.68
	117.69
	10.85
	26.67
	
	
	

	IF/0  um
	27.81
	97.760
	9.880
	35.00
	-8.3
	4.94E-09
	Significant

	CPF/0 um
	142.8
	142.80
	11.94
	19.9
	
	
	

	CPF/0 um
	60.00
	142.80
	11.94
	19.90
	-0.1
	9.19E-01
	Insignificant

	CPF/ 40 um
	60.38
	70.780
	8.410
	14.00
	
	 
	

	IF/40 um
	40.68
	117.69
	10.85
	26.67
	-5.7
	3.73E-06
	Significant

	CPF/40 um
	60.38
	70.780
	8.410
	14.00
	 
	
	


For specimens cast against IF, it can be seen from figure 3 that the micro hardness of the cement paste matrix increased with increasing distance from the aggregate surface to about  40 um. This finding was supported by the statistical analysis given in Table 3 (IF/0 um, IF/40 um) which  shows a significant difference between the mean of the results reported at 0 um and 40 um from the aggregate/cement paste interface. On the other hand, the use of CPF appeared to have improved the micro hardness properties of the aggregate/cement paste transition zone, as shown in Figure 3 and Table 3 (IF/0 um, CPF/0 um and IF/40 um and CPF/40 um). Moreover, it can be seen from the consistent micro hardness results at successive points from the aggregate that the use of CPF resulted in minimising the TZ width and this was confirmed by the statistical analysis given in Table 3 (CPF/0 um, CPF/40 um). 


The presence of TZ in concrete cast against IF was attributed to the formation of a thin film of water (10 um thick)  and also due to accumulation of bleeding water around the aggregate surface [10,13,15,16]. This led to increase in the porosity of the cement paste matrix around the aggregate interface, hence affecting the micro hardness properties of the TZ [15]. On the other hand, the enhancement of  the micro hardness in the aggregate/cement paste TZ of OPC concrete cast against CPF can be attributed  to the decrease in the bleeding water around the aggregate surface by the drainage provided by the CPF.  
   

3.3.    Micro Hardness of Cement Paste Matrix


The micro hardness profiles of OPC concrete cast against CPF and IF with different water cement ratios are presented in Figure 4. At low w/c ratio (0.5), there was no difference between the micro hardness profiles of concrete cast against both CPF and IF. The statistical analysis (Table 4) carried out for micro hardness data taken at 2 mm from the formwork surface showed that there was no significance difference between the mean micro hardness values at near surface of OPC concrete cast against CPF and IF. On the other hand, at higher w/c ratios (0.6 and 0.7) the near surface micro hardness of cement paste matrix cast against CPF increased by about  210 and 200%  for w/c 0.6 and 0.7, respectively. 
The enhancement of  micro hardness of the concrete cast against CPF can be attributed to the improvement of the PSD and the significant reduction in porosity. 
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Figure 4 Micro hardness profiles of OPC concrete with different  w/c ratios and cast 

 against a) CPF and b) IF.
However, this enhancement diminished with increasing depth from the CPF surface and this depth (CPFAZ) increased with increasing of w/c ratio. It can be estimated from Figure 5 that the CPFAZ to be 0, 14 and 18 mm for concrete of w/c 0.5, 0.6 and 0.7, respectively. The increase in CPFAZ with increasing w/c ratio was due to the profile of water content in the concrete cover [6,10], which consequently affected the micro structure and hardness of the cover concrete. 
Table 4 Summary of the statistical analysis of micro hardness of OPC concrete 

 cast against CPF and IF at 2 mm from the formwork surface, using t Test.

	W/C ratio
	Form- work
	Mean, hV 
	Variance
	standard deviation
	Variation, %
	      T
	P(T<=t) two tail
	Significance of the difference

	0.5
	CPF
	55.00
	182.30
	7.420
	13.10
	-0.20
	0.811806
	Insignificant

	
	IF
	56.06
	130.60
	11.43
	20.38
	
	
	

	0.6
	CPF
	96.62
	798.90
	28.27
	29.20
	8.21
	1.13E-07
	Significant

	
	IF
	34.12
	127.85
	11.30
	33.10
	
	
	

	0.7
	CPF
	73.81
	284.03
	16.85
	22.80
	10.3
	3.08E-08
	Significant

	
	IF
	28.40
	44.990
	6.700
	23.60
	
	 
	


4. CONCLUSIONS 

The use of CPF enhanced the pore size distributions (PSD), total and capillary porosity of the covercrete. The use of CPF also improved the properties of the aggregate/cement paste transition zone (TZ) in the near surface affected by the CPF.


The micro hardness of the cover concrete cast against CPF is enhanced due to the use of CPF. The degree of enhancement was pronounced in concrete with higher w/c ratios. The zone affected by the CPF (CPFAZ)  increased from 0 to 18 mm in terms of the micro hardness of the cement paste matrix  with increasing w/c ratio.  
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Figure     Effect of the form work type on the hardness and width 

           of the transition zone of  OPC concrete.


