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, 

5 "urn 

. Fig. 6.23 SEM micrograph of an air entrained paste 
specimen (W/C = 0.4) initially cured for 3 
days and subjected to 144 freeze/thaw cycles 
in 4% salt solution (Mag. 2500) 

Fig. 6.24 

, 

SEM micrograph of a paste specimen (W/C = 0.4) 
initially cured for I day and subjected to 72 
wet/dry cycles in 0% salt solution (Mag. 2500) 
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• 
_ Fig. 6.25 SEM micrograph of a paste specimen (W/C = 0.4) 

initially cured for I day and subjected to 72 
wet/dry cycles in 4% salt solution (Mag. 2500) 

Fig. 6.26 

• 
SEM micrograph of a paate specimen (W/C ~ 0.4) 
initially cured for 1 day and subjected to 72 
wet/dry cycles in saturated solution of sodium 
chloride (Mag. 2500) 
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CHAPTER 7 

EFFECTS OF FREEZE/THAW AND WET/DRY CYCLES ON THE PORE 

STRUCTURE OF CEMENT PASTES IN SOLUTIONS OF SODIUM 

CHLORIDE OF DIFFERENT CONCENTRATIONS. 

7.1 Introduction 

Frost resistance of a material is greatly influenced 

by the presence of pores filled with water. Hence the 

structure of the pores of the material must be one of the 
, 

decisive factors determining its frost resistance. Although 

this fact was recognised by several workers, very little 

effort has been directed towards a systematic investigation 

into the relationship between the pore structure of cement 

paste and its resistance to frost action. 

The presence of sodium chloride adds an additional 

complication to the subject of the pore structure of cement 

paste when subjected to frost action and thus affects the 

durability of concrete in general. Chlorides, specially 

calcium chloride in certain concentrations have been found 

to influence the strength properties of concrete possibly 

by changing the pore pattern of paste matrix. The study 

of the pore structure of cement paste when subjected to 

freeze/thaw or wet/dry cycles in presence of solutions of 

sodium chloride has been made. In this chapter the 

porosity of hardened cement paste subjected to different 

test conditions is studied. Measurements of total porosity 

and of pore size distribution were performed for samples 

representing different stages of normal curing and samples 
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that had been subjected to freeze/thaw and wet/dry cycles 

in different solutions of sodium chloride for various 

periods. However, owing to-the importance of this subject 

and its possible bearing on future research into durability 

and strength, it is considered desirable to give a brief 

review of the previous works in this field and to discuss 

briefly the different methods used to determine pore 

sizes. 

7.2 Porosity of Cement Paste - Gel Pores and Capillary 

Pores 

The pore structure of hardened portland cement paste 

has great influence on its physical characteristics such 

as gain of strength, permeability and durability. Cement 

paste is interpreted as a conglomerate of cement gel, 

calcium hydroxide together with other coarsel y crystalline 

hydration products, residual unhydrated cement grains and 

capillary pores. The most important of these constituents 

is thought to be cement gel which is viewed as consisting 

of a solid part, the finely divided or colloidal hydration 

products and a nonsolid part, the gel pores. The pores 

are treated as an intrinsic part of the gel and are said 

to occupy a characteristic proportion of its volume, 

approximately 28%. (98) Copeland and Hayes(l46) found that 

gel porosity which is the minimum porosity of completely 

hydrated cement containing neither unhydrated cement nor 

capillary pores is 26%. The gel pores are initially 

filled with water, but the water can be removed by evapor­

at ion as can the wat er in the capillary por es. Accordi ng 
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to Powers (98) there are a range of pore sizes in the gel 

as a whole. The smallest size might be of monomolecular 

dimension, the largest would seem to be that size just 

smaller than the smallest in which nucleation was possible. 

In contrast to the characteristic volume and size of 

gel pores, the capillary pores of the paste are thought to 

vary in volume and possibly in size depending on the water/ 

cement ratio and the degree of hydration of the particular 

paste. It is also considered that in pastes of low water/ 

cement ratio if allowed to hydrate continuously, the 

capillary voids will eventually be filled with gels. The 

size ranges of capillary pores are generally larger than 

gel pores, a number of inferential items of evidence are 

cited by Powers to this point. (98) These pores vary in 

shape but as shown by the measurement of permeability form 

an interconnected system randomly distributed throughout 

the paste matrix. These interconnected capillary pores are 

mainly responsible for the permeability of the hardened 

cement paste and for its vulnerability to frost. For 

pastes of reasonable water/cement ratios it~ considered 

that the capillary pores become discontinuous as hydration 

proceeds. When this occurs transmission of fluid between 

capillary pores must involve passing through gel pores of 

very much smaller size. 

7.3 Direct Measurement of Porosity in Cement Paste 

To measure the porosity of cement paste several direct 

methods such as mercury intrusion porosimetry, capillary 
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condensation and dye adsorption can be used. Mercury 

intrusion porosimetry was used to study the pore size 

distribution of the cement pastes subjected to freeze/thaw 

and wet/dry cycles in presence of sodium chloride solutions 

in this investigation, but the author considers that a 

brief introduction to the above mentioned techniques would 

be of interest. 

7.3.1 Mercury Intrusion Porosimetry 

This method was originally developed by Washburn(147) 

and it has been applied by other workers to many porous 

materials. Recently attention was drawn by Winslow and 

Diamond(133) and Diamond(99) to the usefulness of this 

method in the study of pore structure of hardened cement 

paste and it has subsequently been applied in a number of 

S uc h · t . t . ( 14 8, 149 ) 1nves 19a 10ns. 

The method involves the measurement of the mercury 

volumes penetrating the porous material under progressive 

increases in pressure. The pore size distribution of the 

material may be calculated from the well known physical 

relationship describing the penetration of a non-wetting 

fluid (whose contact angle is greater than 90
0 

with the 

particular solid) as given by Washburn(147) for cylindrical 

pores: 

where 

P = 
-4 0' Cos 9 

d 

P - pressure required to intrude a pore 

d - diameter of the intruded pore 
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~ = surface energy of the liquid 

g = contact angle between the liquid and the pore wall. 

Using the above equation in case of hardened cement 

paste Winslow and Diamond (133) considered the value ofl( to 

be well established as 484 x 10- 6 N/mm(150) (484 dynes/cm) 

and determined the value of Q by performing tests using 

accurately known cylindrical pores. Under the conditions 

of these tests in which the paste specimens were oven 

dried at 105°C the value of Q was found to be 1170C. They 

used oven dried paste specimens all through their experi-

ments on the assumption that more complete removal of 

water prior to intrusion of mercury was achieved by this 

method than by other techniques. They also showed 

experimentally that there was no danger of microcracking 

or other irreversible changes accompanying this drying 

procedure. 

The author holds the view that this particular method 

of drying adopted might be of significance in determining 

the final results obtained and that more work is needed to 

establish the effect of different drying techniques. This 

t · of L1·tvan(151) view is strengthened by the observa 10ns 

on the differences obtained in the measurements by nitrogen 

absorption of the surface area of hardened cement paste 

dried by different techniques. 

From their work Winslow and Diamond proposed a model 

of the pore size distribution in cement pastes. Their 

model consisted of mainly continuous veins of pores of 

diameter close to a value referred to as the 'threshold 
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diameter' and of local pores of smaller s;zes b ~ ranching 

from the main continuous pores. As particulate hydration 

products were formed, the proportion of intermediate sized 

pores would be expected to increase initially as the coarse 

pores were subdivided and then gradually to decrease as 

spaces between grains of hydration products grew finer and 

finer. It was also found that much of the pore spaces 

present at all ages occurred in pores between 0.1 and 

0.01 ).lm, i.e. between the conventional concepts of 

capillary and gel pore diameter. Mercury intrusion 

porosimetry can be applied for assessing porosity ranging 

from an upper limit of pore diameter around 1000flm to a 
o 

lower limit of as small as 25 A provided the pressurizing 

capacity is available. 

7.3.2 Capillary Condensation 

The capillary condensation method of determining pore 

size distribution depends on the Kelvin equation. Basically 

the method involves the measurement of the uptake by the 

solid under investigation of a vapour, which is allowed to 

reach equilibrium at controlled temperature and controlled 

relative pressure. 

Application of capillary condensation to cement paste 

has been performed by several workers, most of whom used 

nitrogen as the condensate. Diamond(99) compared mercury 

intrusion porosimetry and capillary condensation as applied 

to cement paste porosity studies and reported discrepancies 

in the results obtained. He pointed out that while 
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mercury intrusion data indicated coarse size distributions 

with mean diameters of the order of several hundred ~ , 

the capillary condensation data yielded mean pore diameters 

between 50 and 100 ~ and indicated that most of the space 

was in the form of pores of diameter less than 100 ~. 

7.3.3 Method of Dye Adsorption 

Unlike the previous two methods, which measure the 

pore VOlume, the method of dye adsorption measures the 

internal surface area of the pores. It was originally 

devised for the measurement of specific surfaces of solids, 

mainly nonporous powders. Giles and his colleagues have 

given an account of the method and its application in 

1 · t . t . (152, 153) severa 1nves 19a 10ns. 

The application of this method to cement paste has 

yet to be performed but the author holds the view that such 

application to cement powder and paste is worthy of serious 

invest igat ion. 

7.4 Scope of Tests in the Present Work 

Total porosities of the samples were measured by 

assessing the difference between the weights of surface 

dry saturated samples and their corresponding weights oven 

dried at 10SoC until constant weight was achieved. For 

using mercury intrusion porosimetry the sample preparation 

and apparatus details are discussed in chapter 3 of this 

thesis. Tests were conducted on the following categories 

of samples. 
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1. Samples that were normally cured for different 

periods. 

2. Samples that were cured in different solutions 

of sodium chloride. 

3. Samples that were normally cured and then subjected 

to freeze/thaw cycles in solutions of sodium 

chloride. 

4. Samples that were cured normally and then subjected 

to wet/dry cycles in solutions of sodium chloride. 

7.5 Results and Discussion 

A computer programme (given in Appendix D) was prepared 

to calculate the pore size distribution of the samples from 

the measurements of mercury intrusion and also to obtain 

the curves. The ICL 1904S computer at Strathclyde 

University was used for this purpose. Plotting was done 

using the "GHOST" graphical syst em. TWo types of pore 

size distribution curves are presented here: (1) cumul-

ative curves, i.e. cumulative volume of pores (Vg ) 

against the pore diameter (d) and (2) frequency curves, 

i. e. :r:~ a against the pore diameter. 

The pore size distribution curves for cement pastes 

of water/cement ratios 0.4 and 0.3 normally cured for 

different periods are plotted in Figs. 7.1 and 7.2. The 

trend of these curveS as a function of curing period is 
. . (133 154) 

similar with the findings of previous invest1gat10ns. ' 

The curves move towards the left with a decrease in total 

porosity which is found to be consistent with the generally 

accepted concepts of the hydration of portland cement. As 
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the hydration proceeds capillary porosity decreases as a 

result of the lower density hydration products growing 

into the original water filled spaces between the cement 

. (11) F th 
gra~ns. rom e curves in Figs. 7.1 and 7.2 it is 

noticed that the average capillary pore diameter is a 

function of both water/cement ratio and curing period. 

The specimens of 0.3 water/cement ratio had less total 

porosity at a particular curing period than that of 

specimens made with 0.4 water/cement ratio. But the pore 

size range was quite large for the specimens of both 

water/cement ratios varying from a few microns at very 

short time to about 100 nm for well hydrated continuously 

cured specimens. 

In order to study the effect of sodium chloride on the 

hydration of cement paste, specimens of both water/cement 

ratios were placed in 4% and saturated solutions of sodium 

chloride after being stripped from the moulds. The 

frequency curves against pore diameter of such specimens 

are plotted in Figs. 7.3 to. 7.6. From Figs. 7.3 and 7.4 

it may be noticed that when cement paste of 0.4 water/ 

cement ratio cured in 0%, 4% and saturated solutions of 

sodium chloride, the pore size characteristics of the 

specimens differ considerably from one another. There 

were more pores in the range of 170 nm to 1 ~m in case of 

normally cured specimens than those cured either in 4% or 

saturated solution of sodium chloride. The samples 

hydrated with salt solutions exhibited higher amount of 

microporosity in the range of 40 nm to 100 nm. This 
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appeared to be due to the greater degree of hydration and 

different morphological features as observed in the 

previous chapter due to the presence of sodium chloride. 

In addition to the microporosity the samples cured in 

saturated solutions of sodium chloride seemed to have a 

greater proportion of larger pores in the range of 200 nm 

to l.).lm diameter than those cured in 4% solution. Similar 

effects were also observed with the specimens of 0.3 

water/cement ratio when cured in 0%, 4% and saturated 

solutions of sodium chloride as in Figs. 7.5 and 7.6. The 

microporosity of the specimens of both the water/cement 

ratios cured in 4% and saturated solutions of sodium 

chloride in the range of 40-100 nm diameter and the 

formation of larger pores in the range of 100 nm and up-

wards in case of specimens treated with saturated solution 

indicated that the concentration of sodium chloride must 

have a significant role in.the hydration characteristics 

of cement pastes. From the above discussion it would 

therefore appear that sodium chloride produces more rapid 

hydration as shown by the increasing microporosity. 

Ben_yair(60) has however suggested that with increased 

concentration of sodium chloride, calcium chloride is 

produced by reaction with calcium hydroxide. It is 

possible that leaching played an important part in removing 

calcium chloride due to its higher solubility in concen­

trated solution of sodium chloride resulting formation of 

the larger pores initially near the surface and subsequently 

inside the specimens. 

The effects of alternate freezing and thawing cycles 

on the pore size distribution of the paste samples in 
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presence of solutions of sodium chloride are shown in 

Figs. 7.7 to 7.10. Specimens of 0.4 water/cement ratio 

cured normally for 3 days when subjected to 24 freeze/thaw 

cycles in 0%, 4% and saturated solutions of sodium 

chloride showed changed pore size characteristics (Fig.7.7). 

Formation of larger number of pores in the range of 

diameters of 70-300 nm was noticed in the case of specimens 

subjected to freeze/thaw cycles in water. The 4% 

solution produced considerably more pores in the range of 

diameters of 15-80 nm. Saturated solutions were found to 

produce a greater number of pores in two distinct ranges 

of diameters, i.e. 15-60 nm and 80-400 nm. The 15-60 nrn 

range is similar to that of the 15-80 nm range in the case 

of specimens frozen and thawed in 4% solution and the 

curve in 80-400 nm diameter range is also similar in nature 

to that of the 70-300 nm diameter range in the case of 

specimens cycled in 0% solution. It was also noticed that 

in the range of diameters 80-400 nm the saturated solution 

produced more bigger pores such as 160-400 nm in diameter 

than did the 0% solution. 

When the specimens were initially cured for 7 days and 

subjected to 54 freeze/thaw cycles in the solutions the 

pore size distribution curves were almost identical in 

nature with those of 3 days initially cured samples when 

subjected to 24 freeze/thaw cycles in corresponding 

solutions. The great er number of pores in three different 

ranges of diameters were noticed for the specimens 

subjected to freeze/thaw cycles in different solutions as 
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was observed previously in Fig. 7.7. But the comparison 

between Figs. 7.7 and 7.8 revealed that the redistribution 

of pore sizes took place for the specimens in 0% and 

saturated solution. When subjected to freeze/thaw cycles 

in water 3 days normally cured specimens showed the peak 

of pore sizes in the range 100-200 nm whereas for the 7 

days normally cured specimens the peak was found to occur 

in the range of 45-90 nm. Freezing and thawing cycles in 

saturated solution changed the peak of the pore sizes from 

the range of 70-300 nm to 60-160 nm in diameter for the 7 

day cured specimens. The other peak in the range of 

30-60 nm in case of the specimens subjected to freeze/thaw 

cycles in saturated solution was found to be present as 

found earlier with the 3 days initially cured specimens. 

The peak of the pores for the specimens cycled in 4% 

solution was in exactly the same range as before. The 

other significant change in pore sizes was found to occur 

in case of specimens subjected to freeze/thaw cycles in 

saturated solution. A sizeable amount of pores in larger 

diameters in the range of 100-300 nm was noticed for both 

the 3 day and 7 day initially cured specimens. It is 

possible that the observations may reflect the leaching 

of calcium chloride by dissolution process due to higher 

concentration of sodium chloride in the solution as 

discussed earlier. 

When the specimens were initially cured for 28 days 

and subjected to 84 freeze/thaw cycles in 0%, 4% and 

saturated solution the pore size distributions as in Fig. 

7.9 were very similar to those of 3 day and 7 day initially 
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cured specimens. The only difference noticed was in the 

case of specimens in saturated solution where only one 

peak was present instead of two peaks as in the previous 

cases. Higher numbers of large diameter pores were found 

to be formed in saturated solution indicating the formation 

f 1 · hI' d (60) . o ca c~um c or~ e and ~ts subsequent leaching from 

the samples. The redistribution of pores in the compara-

tively smaller diameter ranges as found in case of the 

specimens when subjected to freeze/thaw in water or in 

sodium chloride solutions reflects two possible mechanisms. 

In the case of freeze/thaw cycles in water gradual collapse 

of the materials surrounding the larger pores possibly 

took place thereby causing the larger pores to be subdivided. 

When sodium chloride was present in smaller concentrations 

as in the case of 4% solution the hydration rate was 

accelerated and the hydrated product s filled up the 

capillary pores significantly as a result of which the 

number of smaller diameter pores were increased. The 

behaviour of higher concentration of sodium chloride was 

possibly different as mentioned earlier and it resulted in 

the formation of larger pores. In addition it is possible 

that some complex salts were formed and grew signific­

antly as discussed in the previous chapter due to presence 

of saturated solution of sodium chloride. The formation 

and growth of these products made the pastes microporous. 

Paste specimens of 0.3 water/cement ratio initially 

cured for 3 days and when subjected to 36 freeze/thaw 

cycles in 0%, 4% and saturated solution had exactly 
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similar pore size distribution curves as those of 0.4 

water/cement ratio specimens. Fig. 7.10 compares very 

well with the Figs. 7.7 and 7.8 confirming the formation 

of pore sizes in different ranges due to the presence of 

4% and saturated solution of sodium chloride. Freezing 

and thawing cycles together with saturated solution 

produced two significant peaks of pore sizes, one of which 

was comparatively larger than those present either in 0% 

or 4% solution in the diameter range of 100-200 nm. 

Comparing the Figs. 7.7 to 7.10 and the nature of the 

curves for the pore sizes in 0%, 4% and saturated solution 

of sodium chloride it may be concluded that freeze/thaw 

cycles in the presence of sodium chloride changed the pore 

structure of cement pastes significantly. Saturated 

solution was found to produce comparatively larger pores 

while 4% solution produced more microporous structure. 

The effect of wetting and drying in different solutions 

of sodium chloride on the pore size distribution of 1 day 

normally cured cement paste of 0.4 water/cement ratio is 

shown in Fig. 7.11. It was noticed that 72 wet/dry cycles 

in 0%, 4% and saturated solutions of sodium chloride 

produced significantly larger numbers of pores in the 

30-90 nm diameter range. Saturated solution was found to 

produce another peak of larger pores in the 100-250 nm 

diameter range. Comparing these observations and other 

findings in the case of paste specimens subjected to freeze/ 

thaw cycles in saturated solution of sodium chloride it may 

be concluded that saturated solution produced some products 
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which were leached out subsequently leaving behind larger 

pores in the paste matrix. The formation of the peak of 

pores in 30-90 nm diameter range in case of specimens 

wetted and dried in 0% solution was not observed in those 

specimens subjected to freeze/thaw cycles in 0% solution 

where the similar peak was formed in 50-110 nm diameter 

range. The less deleterious effect due to wet/dry cycles 

and the simultaneous curing effect for 72 days during 

wetting cycles changed the pore structure of the specimens 

to a microporous one. The effect of 4% solution of 

sodium Chloride was similar again, the only difference 

being noticed in the case of pores of the 100-250 nm 

diameter range where the pores were more numerous than 

those in 0% solution. Saturated solution produced 

significantly larger amount of pores in this range as 

mentioned earlier. Comparing all the Figs. 7.3 to 7.11 it 

is therefore concluded that sodium chloride in different 

concentrations changed the pore size distributions of the 

cement pastes to a different pattern irrespective of 

attacking conditions i.e. freeze/thaw or wet/dry. This 

behaviour of pore sizes plays a significant role in 

determining the mechanical properties of the cement pastes. 

The relationship of the pore sizes with mechanical strength 

of cement pastes when subjected to freeze/thaw or wet/dry 

cycles in presence of sodium chloride solutions of 

different concentrations is more fully discussed in 

Chapter 9 of this thesis. 
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7.6 Conclusions 

(1) The average capillary pore diameter of hardened 

cement pastes was a function of both water/cement ratios 

and curing periods. 

(2) Sodium chloride when present in different 

concentration in the curing solution produced different 

pore size distributions of the hardened cement pastes. 

(3) The rate of hydration of paste specimens was 

accelerated when the specimens were cured in 4% solution 

of sodium chloride as a result a more microporous structure 

than that of normally cured specimens was obtained. 

(4) The saturated solution of sodium chloride also 

showed a higher degree of hydration. In addition it 

produced some products possibly calcium chloride which was 

leached out producing significant amount of larger pores 

in the paste specimens. 

(5) Freeze/thaw cycles in sodium chloride of any 

concentration caused redistribution of pore sizes. The 4% 

solution produced one large peak of pores in the diameter 

range of 15---80 nm whereas saturated solution produced two 

distinct peaks, one in a similar range and the other in 

comparatively larger diameter range. 

(6) Wet/dry cycles in saturated solution of sodium 

chloride did not restrict the hydration of cement pastes 

but at the same time it had similar leaching action that 

in freeze/thaw cycles on some products causing considerable 

amount of larger pores to occur. 
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CHAPTER 8 

DIFFERENTIAL THERMAL ANALYSIS OF CEMENT PASTES SUBJECTED 

TO FREEZE/THAW CYCLES IN PRESENCE OF SODIUM CHLORIDE 

SOLUTIONS 

8.1 Introduction 

The chemical reactions involved in the hydration of 

portland cement have been studied with increaSing interest 

in recent years and modern techniques are gradually adding 

more information to that pool of knowledge. The 

technique of differential thermal analysis (DTA) is one of 

these techniques and it has provided a means of studying 

the hydration products of hydrating paste cured normally 

or subj ected to any test condition. (43, 53) DTA has been 

applied to study the change in the hydration character-

istics of cement due to the presence of chloride ions 
, (32,33,39,40) 

specially calcium chloride by many research workers. 

Those studies were mainly concerned with the influence of 

calcium chloride on the hydration characteristics of the 

individual components of portland cement which were useful 

for evaluating the effect of calcium chloride on the 

hydration of portland cement, but similar investigations 

of portland cement in presence of sodium chloride are 

few. (58) 

The freeze/thaw cycles in presence of sodium chloride 

solutions was found to have a deleterious effect on the 

strength properties, morphology and pore structure of 

cement pastes as discussed in the previous chapters. It 
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was decided that DTA should be used to study th h d . e y rat~on 

mechanism of cement pastes when subjected to alternate 

freeze/thaw cycles in presence of solutions of sodium 

chloride of different concentration and an attempt made to 

correlate these measurements with the other properties as 

detailed in previous chapters. However, owing to the 

importance of DTA and its possible bearing on future 

research into the hydration characteristics of cement paste 

and concrete in different environments, it was considered 

desirable to discuss briefly the technique first and then 

to present the results of DTA obtained in the present 

investigation. 

8.2 Thermal Analysis and Differential Thermal Analysis 

Thermal analysis(155) is the name applied to a group 

of techniques having a common operating principle: as a 

sample is heated or cooled according to a predetermined 

programme, some physical property of the sample is recorded 

as a function of temperature on a thermal analysis curve. 

Differential thermal analysis, DTA, is one of the thermal 

analysis techniques which records the difference between 

some property of the sample and that of a standard material 

e.g. their temperature difference, differential measure-

ments. The sample and a reference material are separately 

heated in identical environments. The reference material 

undergoes no thermal event in the temperature range under 

study, and therefore its temperature is the same as the 

Hence a programmed temperature throughout the heating. 

differential thermal curve represents the difference 
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between the sample and reference temperatures against the 

furnace temperature. Recording the DTA curve of a sample 

is not a difficult procedure once suitable conditions are 

established. The interpretation of such curves involve 

firstly the distinction between experimental features and 

genuine transitions in the sample and secondly the 

quantification, where possible, of those transition 

processes. The physical processes such as reversible 

phase transformations (endothermic on heating) and 

irreversible chemical changes (exothermic) occur in DTA 

and are plotted in the curves. 

8.3 Results and Discussion 

8.3.1 Normally Cured Cement Paste 

Figs. 8.1 and 8.2 illustrate the typical DTA curves 

of cement pastes of 0.3 and 0.4 water/cement ratios 

respectively, cured normally for different periods. Fig. 

8.1 also illustrates a curve for the unhydrated cement 

used throughout these investigations. The curve for the 

unhydrated cement showed a typical endothermic reaction 

000 
for gypsum between about 130 and 160 C. At about 475 C 

there was a broad endotherm for calcium hydroxide formed 

during exposure to the air. 

After 6 hours hydration the DTA curve as in Fig. 8.1 

shows double peaks around 1000C and 125
0

C and a small 

o 
peak around 160 C. 

o 
The first peak at 100 C was due to 

the free water present in the sample and the second at 

12SoC was due to the formation of tobermorite gel (CSH). 
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The peak near 160
0

C was that of gypsum as found earlier 

with unhydrated cement. The other peak found around 4750 C 

indicated the start of formation of crystalline calcium 

hydroxide. Aft er 1 day hydration the DTA curve showed 

no peak for gypsum, instead a small shoulder like formation 

was found to occur at around 2000 C. This was due to the 

formation of calcium sulphoaluminate hydrate. The double 

peaks, i.e. those of free water and tobermorite gel 

became deeper. The peak of calcium hydroxide at 5000 C 

was found to be broader than that of 6 hours hydrated sample. 

The 3 day, 7 day and 28 day cured samples produced similar 

thermal curves. The peaks for free water and calcium 

silicate hydrate were there as usual, the peak for the 

latter becoming deeper with the longer hydration period. 

The shoulder like formation previously noticed at 2000 C 

grew broader with increasing hydrat ion period. This was 

the calcium sulphoaluminate hydrate. There was also a 

marked increase in the peak for calcium hydroxide which was 

possibly responsible for producing a dense paste structure. 

The thermal curves for 0.4 water/cement ratio paste 

samples (Fig. 8.2) were very similar to those of 0.3 water/ 

cement ratio samples cured normally for similar period. 

These findings for normally cured paste specimens were 

consistent with the results obtained by other workers. (53) 

From all the curves in Figs. 8.1 and 8.2 it was noticed 

that there existed a peak like 'kinking' in the vicinity 

·of 4800 C, just before the formation of calcium hydroxide 

peak. The character of such 'kink' was not very clear. 
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8.2.2 Samples Cured in Salt Solutions 

Figs. 8.3 and 8.4 illustrate the typical differential 

thermal analysis curves for cement paste specimens with 

0.4 water/cement ratio cured in 4% and saturated solution 

of sodium chloride respectively for various periods. The 

specimens cured in both the solutions produced thermal 

curves similar in nature with those for normally cured 

specimens (Fig. 8.1). Differences were however noticed 

in the peak areas for the hydrated products such as calcium 

silicate hydrate, calcium sulphoaluminate, calcium 

hydroxide. There was also the formation of a new peak 

at 300-320
0

C. 

The peak for calcium sulphoaluminate was found to form 

more intensely when the specimens were cured in 4% solution 

of sodium chloride for 1 day than that produced in normal 

curing for the same period of time (Fig. 8.3). In the 

vicinity of 3200 there seemed to be the beginning of a 

broad peak that of calcium chloroaluminate. The peak for 

calcium hydroxide was deeper and its area was also 

increased in the case of the specimens cured in 4% solution. 

After 3 days of curing in 4% solution the calcium sulpho­

aluminate peak was increased and the formation of calcium 

chloroaluminate peak clearly observed. Both of these 

peaks were more significant in the case of the specimens 

cured 7 days in such solution. The 7 day cured specimens 

in 4% solution of sodium chloride also showed peaks of 

calcium hydroxide much larger in area, this increase being 

attributed to the presence of the chloride solution during 
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curing. 

When cured in saturated solution the DTA curves showed 

clear and deep peaks for calcium sulphoaluminate and 

calcium chloroaluminate even after 1 day (Fig. 8.4). These 

peaks were markedly increased in size with increasing 

curing period in saturated solution. The peak areas for 

calcium hydroxide were found to be less in such cases than 

those from specimens cured in 4% solution. Comparing all 

the thermal curves in Figs. 8.1 to 8.4 and also the 

formation of the calcium sulphoaluminate peaks it was 

concluded that the presence of sodium chloride solution 

enhanced the formation of calcium sulphoaluminate hydrates 

and also possibly formed a complex salt of calcium chloro-

sulphoaluminate hydrates. It was further concluded that 

presence of sodium chloride in cement paste tended to 

produce calcium chloroaluminate hydrates but the intensity 

of such hydrates depended mainly on the concentrations of 

sodium chloride present and also on the periods of curing 

in such solutions. 

8.2.3 Samples Frozen and Thawed in Salt Solutions 

Fig. 8.5 illustrates the thermal curves for 3 day 

cured cement pastes of 0.4 water/cement ratio when subjected 

to 24 freeze/thaw cycles in 0%, 4% and saturated solution 

of sodium chloride. The thermal curve for specimens 

Subjected to freeze/thaw cycles in water showed a broad 
o 

peak of calcium sulphoaluminate hydrate at about 200 C. 

Such a broad peak was absent for 7 day normally cured 

samples and also for the samples cured normally for 28 days 
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as in Figs. 8.1 and 8.2. The other characteristics of 

the curve for samples frozen and thawed in 0% solution 

were very similar to those of normally cured samples. 

When samples of similar age were subjected to freeze/ 

thaw cycles in 4% solution of sodium chloride, the thermal 

curve showed the CSH peak as usual around at 125°C, a 

broad deep peak of calcium sulphoaluminate at 190oC, and 

also a broad peak at 320
0

C of calcium chloroaluminate as 

well as the peak for calcium hydroxide at 5l0oC. Comparing 

this curve with that of 7 day normally cured sample and 

that of 7 day cured' in 4% salt solution as in Fig. 8.3 

significant differences were noticed. The peak areas 

for calcium sulphoaluminate and calcium chloroaluminate 

hydrates were increased significantly in the first curve 

and the peak area of calcium hydroxide was found to 

decrease in the curve for 3 day normally cured specimen 

subjected to 24 freeze/thaw cycles in 4% solution of 

sodium chloride. 

When specimens of similar age were subjected to 

freeze/thaw cycles in saturated solution of sodium chloride 

the thermal curve differed profoundly from those mentioned 

earlier. The peak for calcium silicate hydrate almost 

vanished producing a broad single peak for loose water 

with a kink in the vicinity of 135°C. The peak for 

calcium sulphoaluminate at 190
0

C was intense and the peak 

due to calcium chloroaluminate became more intense 

producing a broad and deep peak at 320
o

C. Comparing this 

curve with that of specimens cured in saturated solution 
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for 7 days, it was noticed that freeze/thaw cycles changed 

the characteristics of the thermal curve resulting in the 

formation of more calcium sulphoaluminate hydrate or 

possible calcium chlorosulphoaluminate hydrate and also 

calcium chloroaluminate hydrate. The peak for calcium 

hydroxide in such case was as usual in shape but with much 

less area than that either in normal curing or cured in 4% 

solution of sodium chloride. 

Figs. 8.6 and 8.7 represent the thermal curves for 7 

day normally cured cement paste of 0.4 water/cement ratio 

subjected to 54 freeze/thaw cycles and 0.3 water/cement 

ratio subjected to 72 freeze/thaw cycles respectively in 

0%, 4% and saturated solution of sodium chloride. The 

nature of these curves in different solutions were very 

similar to the corresponding curves shown in Fig. 8.5 as 

mentioned above. The peaks for calcium sulphoaluminate 

and calcium chloroaluminate were significantly larger in 

area for the samples frozen and thawed in saturated 

solution of sodium chloride. A remarkable difference 

between the DTA curves for the same samples was noticed at 

a temperature of 5800 C when the curves showed the onset of 

an intense exothermic peak. This type of exothermic peak 

was absent for samples subjected to freeze/thaw cycles 

either in 0% or 4% solution of sodium chloride but was 

present for the samples frozen and thawed in saturated 
(33) . 

solution of sodium chloride. Ramachandran obtained 

similar effects in C S 'with calcium chloride and suggested 
3 

that it might have been caused by the chemisorbed chloride 
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on the CSH surface and possibly also by chloride ions in 

the interlayer positions. The other interesting feature 

noticed was that the peak temperatures of the thermograms 

of different hydrates differed considerably from one 

another due to the variations in concentration or in 

composition of the chloride phase. Comparing all the 

thermograms in Figs. 8.3 to 8.7 it was concluded that 

either lower temperature or freeze/thaw cycles in salt 

solutions produced more calcium chloroaluminates in the 

cement paste, the saturated solution producing more than 

4% solution. It was further concluded that calcium 

chlorosulphoaluminate instead of calcium sulphoaluminate 

was possibly the hydration product that increasingly 

formed due to the freeze/thaw cycles in sodium chloride 

solutions. 

8.3 Conclusions 

1) Calcium chloroaluminate hydrate was formed whenever 

cement was exposed to sodium chloride solutions of any 

concentration, and such hydrate increased in quantity with 

the increase of exposure period. 

2) The formation of calcium chlorosulphoaluminate 

hydrate was found to increase due to the presence of sodium 

chloride solutions in cement pastes. 

3) Freeze/thaw cycles also increased the formation of 

calcium chlorosulphoaluminate in cement paste and this 

increase was dependent on the concentration of sodium 

chloride solutions, higher concentration producing higher 

amount of such hydrate. 
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4) Concentration of sodium chloride had significant 

effect on the formation of calcium chloroaluminate in 

cement paste. Saturated solution produced more calcium 

chloroaluminate than 4% solution either in normal curing 

or when present in freeze/thaw cycles. 
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CHAPTER 9 

RELATIONSHIP BETWEEN MICROSTRUCTURAL FEATURES 

AND STRENGTH CHARACTERISTICS OF PORTLAND CEMENT 

PASTES SUBJECTED TO FREEZE/THAW AND WET/DRY 

CYCLES IN SALT SOLUTIONS 

9.1 Introduction 
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In chapters 4 and 5 a study of the strength properties, 

such as compressive as well as flexural strengths of cement 

pastes and mortars subjected to alternate freeze/thaw and 

wet/dry cycles in different solutions of sodium chloride 

was made and the subsequent results in connection with the 

deterioration of the pastes and mortars have been illustra-

ted and discussed. The subsequent chapters were 

concerned with the study of the microstructural features 

of hardened cement pastes subjected to similar testing 

cond it ions. The techniques used were scanning electron 

microscopy, x-ray spectrometry, mercury intrusion 

porosimetry and differential thermal analysis. The 

changes in the microstructural features as a result of 

freeze/thaw and wet/dry cycles in presence of sodium 

chloride solutions of different concentration have also 

been illustrated and discussed. In this chapter an 

attempt will be made to relate the development and changes 

in strength characteristics to the development and changes 

that occur in the microstructural features of cement 

pastes. This relationship has been carried out in the 

light of some important previous investigations and 
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findings which the author believes to be worth mentioning 

in brief. 

9.2 Effects of Pores 

9.2.1 Everett's Thermodynamic Model 

(Ill) 
Everett presented a thermodynamic model to 

account for crystal growth in porous structure (the model 

is described in Appendix A). From his model he deduced 

that frost damage is associated with structures in which 

coarse pores are separated from one another by microporous 

regions. For a material like hardened cement paste of 

a given mechanical strength, there will be a critical pore 

size difference which if present, may lead to frost damage. 

9.2.2 The Concept of Hasselman and Fulrath 

Hasselman and Fulrath(156) investigated the effect of 

stress concentrations on strength of composite materials 

to determine whether engineering stress concentration 

theories could be applied to these types of material. On 

the basis of the experimental work a hypothesis was 

developed relating the relative size of the region in the 

glass matrix over which stress concentrations act to the 

size of Griffith flaws(157) responsible for failure. 

Based on this hypothesis, the effect of porosity on 

strength can be viewed in terms of three possible 

conditions~ 

a) The pore size and resultant micromechanical stress 

fields are large relative to the size of the Griffith flaw. 
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b) The flaw size is of the order of the pore size. 

c) The pore size is small relative to the flaw size. 

In case (a) the pore size is substantially larger 

than the flaw size, so that a flaw lies entirely in 

material stressed to the maximum value of stress concen-

trat ion. Here the stress concentration approach can be 

applied successfully and the strength shows a precipitous 

decrease after the introduction of a small fraction of 

pores. For case (c) the pore is considerably smaller 

than the Griffith flaw and it will be completely unaffected 

by the stress concentrations near the pores. Strength 

should show a monotonic decrease with increasing porosity 

without the precipitous decrease in strength characteris-

tics of case (a). In intermediate case (b) the flaw size 

is of the order of the pore size so that only a segment of 

the flaw is subjected to the stress concentration. The 

effect of porosity on strength in this region causes a 

precipitous decrease in strength on introduction of the 

first pore but not to a value corresponding to the maximum 

stress. 

9.3 Interrelation Between Mechanical Properties and 

Microstructural Features of Cement Pastes Obtained 

from various Test Condition~ 

Figs. 9.1 to 9.4 illustrate the percentage changes in 

compressive as well as flexural strengths of 3 day and 7 

day initially cured cement paste specimens of both 0.4 and 

0.3 water/cement ratios when subjected to different number 
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of freeze/thaw cycles in 0%, 4% and saturated solution of 

sodium chloride. From all these figures it was clearly 

noticed that freezing and thawing in saturated solution of 

sodium chloride caused maximum losses of compressive and 

flexural strengths of cement pastes at any number of cycle 

whereas 4% solution caused the minimum losses of strengths 

even less than those in 0% solution. In chapter 4 

detailed results of strength properties of the paste 

specimens subjected to freeze/thaw cycles in various 

concentrations of sodium chloride solutions were given and 

discussed. In Figs. 9.1 to 9.4 it may also be noticed that 

the rate of fall in flexural strength of paste specimens at 

any number of freeze/thaw cycles was greater than that in 

compressive strength. The 7 day normally cured paste 

specimens of 0.3 water/cement ratio gained 5% and 8% of 

their initial 7 day compressive strength after being 

subjected to 72 freeze/thaw cycles in 0% and 4% solutions 

of sodium chloride respectively. But similar specimens 

in the saturated solution lost 11% of their initial 

compressive strength after 72 freeze/thaw cycles. Similar 

specimens lost 21%, 14% and 45% of their initial 7 day 

flexural strength after 72 freeze/thaw cycles in 0%, 4% 

and saturated solution of sodium chloride (Fig. 9.4). 

Microcracking inside the specimens and the subsequent crack 

propagation were thought to be the causes for such 

behaviour. This concept was further supplemented by the 

results of strength properties of mortar specimens when 

subjected to freeze/thaw cycles in the solutions. In 
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each solution the mortar specimens showed much better 

resistance than the paste specimens against freeze/thaw 

cycles (Figs. 4.9-4.11, 4.23, 4.24). The aggregate 

particles were responsible for the arrest in the crack 

propagation resulting in better resistance to freeze/thaw 

cycles. The saturated solution was once again found to 

cause the maximum deterioration of compressive and flexural 

strengths of the mortar specimens and the 4% solution 

caused the minimum. But an interesting feature was 

noticed in that the mortar specimens frozen and thawed in 

4% solutions of sodium chloride showed gradual crumbling 

of the surfaces with increasing numbers of cycles without 

showing any deep cracking, scaling or spalling of the 

material. The saturated solution on the other hand 

produced cracks initially which became wider and finally 

at a larger number of freeze/thaw cycles separated a large 

portion of material altogether from the mortar specimens. 

These features are well illustrated in Figs. 9.5 and 9.6 

which show the photographs of 3 day initially cured mortar 

specimens subjected to freeze/thaw cycles in saturated and 

4% solution of sodium chloride respectively. 

The process of surface deterioration in case of paste 

specimens showed different behaviour. The 4% solution 

did not show any gradual crumbling instead scaling and 

spalling were found and these were increased with the 

increase of cycles. On the other hand the saturated 

solution caused scaling and spalling comparatively in a 

lesser degree but large number of minute cracks were found 
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These cracks on 

many occasions became continuous and separated the 

specimens into two or more pieces. Even 28 day initially 

cured paste specimens were found to break into two pieces 

aft er 216 freeze/thaw cycles in saturated solut ion, though 

no sign of scale was observed in this caSe. The 

observation of maximum surface deterioration in paste and 

mortar specimens when subjected to freeze/thaw cycles in 

4% solution of sodium chloride was consistent with the 

findings of Verbeck and Kleiger. (102) F' l.g s . 9. 7 t 0 9. 9 

show the photographs of paste specimens subjected to 

freeze/thaw cycles in solutions of sodium chloride for 

different test conditions. 

The morphological features of the paste specimens 

when subjected to freeze/thaw cycles in solutions as 

detailed in chapter 6 appeared to have a significant effect 

on the different behaviour ,of strength properties. Figs. 

6.17 - 6.19 showed that the freezing and thawing cycles in 

saturated solution produced numerous long needles in the 

fracture surface of cement paste. These long needles of 

calcium sulphoa1uminate hydrates or calcium chlorosulpho­

aluminate hydrates and calcium chloroaluminate grew longer 

with the increase of freeze/thaw cycles. The growth of 

large number of such needle like structures caused the 

initial microcracking inside the paste specimens which at 

later stages propagated at further increase of cycles. 

The solutions moving into the cracks also exerted pressure 

against the material when frozen. The 4% solution on the 
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other hand changed the morphological features into a 

'lace like' structure and also produced few needle like 

structures (Figs. 6.13-6.16). Study of fracture surface 

of paste specimens when subjected to freeze/thaw cycles in 

0% solution showed broken coarse grained portlandite 

crystals surrounded by large voids (Fig. 6.11). Williamso~77) 

has also suggested portlandite crystals as one of the 

probable flaws in cement pastes. These cleaved portlandite 

crystals surrounded by large pores were responsible for the 

losses of strength of the paste specimens subjected to 

freeze/thaw cycles in 0% solution. 

The pore size distributions of the paste specimens 

were found to have very significant effect on their 

strength properties. The presence of 4% solution of 

sodium chloride immediately produced microporous structure 

in pastes resulting in large volumes of smaller pores in 

the diameter range of 30-70 um. The increased rate of 

hydration due to the presence of chloride ions at this 

concentration produced such a structure. This was also 

revealed in the micrographs from the scanning electron 

microscope where lace like formations of CSH hydrates were 

noticed. Initially these smaller diameter pores probably 

formed near the surface of the paste specimens. The 

minimum loss of strengthS as found with the specimens 

subjected to freeze/thaw cycles in 4% solution of sodium 

chloride was due to the increased hydration. But in such 

specimens the surface deterioration in the form of scaling 

was found to be maximum. This discrepancy, less loss in 
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strengths but more scaling may be explained qualitatively 

in terms of the theory developed by EVerett. (Ill) The 

formation of smaller pores near the surfaces separated 

from comparatively larger pores inside the specimens 

caused excess pressure resulting in local failures in the 

form of scaling. The gradual crumbling of mortar 

specimens was also due to similar effects. In the case 

of paste specimens the excess pressure caused a crack at a 

particular point near the surface and the crack finally 

propagated removing some material in the form of scales 

but in case of mortars the excess pressure loosened the 

aggregate particles causing gradual crumbling. The 

formation of smaller diameter pores near the surface as 

detailed above can also be argued from the observations of 

mortar specimens when subjected to freeze/thaw cycles in 

4% solution of sodium chloride. The gradual crumbling of 

materials was the resultant of the increase in freeze/thaw 

cyc les. The solution produced micropores near the surface 

as usual separating the larger pores inside. When 

freezing occurred pressure was exerted and cracks were 

formed near the surfaces. Due to the presence of 

aggregate particles cracks propagated along the periphery 

of the aggregates as they were strong enough to be 

penetrated. This mechanism loosened the particles causing 

crumbling. Further freezing cycles acted on subsequent 

layers and, as a result, gradual crumbling of particles was 

noticed with increasing number of freeze thaw cycles. Fig. 

9.6 illustrates such specimens of different freeze/thaw 
• 

cycle. 
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The specimens when subjected to freeze/thaw cycles 

in saturated solution produced different pore size 

distributions. These specimens showed a considerably 

larger percentage of pores in the diameter range greater 

than 80 nm as discussed in chapter 7. This would appear 

to have a very significant effect on the strength properties 

of the material as discussed in chapter 4. The discrep-

ancy in the strengths may be explained qualitatively in 

terms of the theory developed by Hasselman and Fulrath. (157) 

In the light of this theory it may be seen that large pores 

tend to produce a more significant fall in strength than 

those which are small or of the same order of size as 

Griffith flaws. The specimens frozen and thawed in 0% 

solution also produced significant amount of larger pores 

which again were responsible for loss of strengths. 

The study of the hydration products made by DTA added 

further information and confirmed the mechanism which 

caused the deterioration in strength of paste specimens 

subjected to freeze/thaw cycles in different solutions of 

sodium chloride. The 4% solution produced comparatively 

larger peaks of calcium hydroxide at any number of freeze/ 

thaw cycles in the paste specimens. The C-S-H peaks were 

also deeper. Such significant peaks were the result of 

accelerated hydration of cement pastes due to the presence 

of 4% solution of sodium chloride and these specimens 

showed better strength properties than the specimens in 

other solutions. Specimens subjected to freeze/thaw 

cycles in saturated solution produced comparatively smaller 
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peaks of calcium hydroxide and the C-S-H peaks were also 

found to disappear or to form very insignificantly. The 

formation of calcium chloroaluminate peak at 3200 C was 

large for the specimens subj ect ed to freeze/thaw cycles in 

saturated solution and this peak was found to increase with 

the increase of freeze/thaw cycles. This observation was 

consistent with the findings of Serb-Serbina et al. (55) 

The peaks for calcium sulphoaluminate hydrates at about 

o . 
200 C were also found to be very ~ntense due to the presence 

of saturated solution of sodium chloride. The scanning 

electron micrographs revealed numerous needle like crystals 

that of calcium sulphoaluminate and calcium chloroaluminate. 

The growth of these crystals appeared to have significant 

effect on the strength properties of paste specimens 

subjected to freeze/thaw cycles in saturated solution of 

sodium chloride as discussed earlier. The calcium chloro-

aluminate was also formed in the paste specimens when 

subjected to freeze/thaw cycles in 4% solution but the 

amount of such hydrate, as. observed in the DTA results, was 

much less than that in saturated solution of sodium chloride. 

Increased freeze/thaw cycles also caused a larger quantity 

of calcium chloroaluminate hydrates to be formed in 4% 

solution as noticed in DTA curves in Figs. 8.6 and 8.7. 

The significant formation of such hydrates at a greater 

number of freeze/thaw cycles in 4% solution appeared to 

have influenced the flexural strengths of paste specimens. 

The flexural strengths were found to drop sharply in these 

cases having similarity with the specimens in saturated 

solut ion.-
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The chloride content analyses at 6 mm intervals to a 

depth of 25 mm in the paste specimens subjected to freeze/ 

thaw cycles revealed different distributions of chlorides 

in 4% and saturated solution of sodium chloride. The 

specimens in saturated solution appeared to have an almost 

constant distribution of chlorides throughout the depth up 

to 25 mm as shown in Fig. 9.10. The specimens in 4% 

solution of sodium chloride displayed a normal diffusion 

type chloride distribution! higher concentration at the 

surface, decreasing with depth (Fig. 9.11). This obser-

vat ion was further supplemented by the results of DTA of 

samples taken from 6 mm intervals up to 25 mm depth of the 

specimens subjected to freeze/thaw cycles in 4% and 

saturated solution of sodium chloride as in Figs. 9.12 and 

9.13. The DTA curves of samples taken at different depths 

from the specimens subjected to 36 freeze/thaw cycles in 

saturated solution showed peaks of calcium chloroaluminate 

hydrates at 3200 C which were almost equal in area. But 

curves for similar samples from specimens subjected to 36 

freeze/thaw cycles in 4% solution showed such peaks of 

o 
different sizes at around 320 C. The sample taken from 

surfaces up to 6 mm depth showed a considerably bigger 

peak for calcium chloroaluminate hydrates, but this peak 

was found to decrease in area with increasing depth. 

Microporosity of the specimens as found with 4% solution 

of sodium chloride reduced the diffusion mechanism whereas 

formation of larger pores and the microcracks formed near 

the surfaces of the specimens when subjected to freeze/ 
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permeability of the material to chlorine ions. 
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As a 

result reactions took place at a further depth inside the 

specimens and calcium chloroaluminate and calcium chloro­

sulphoaluminate hydrates were formed as found in the 

electron micrographs. The growth of the crystals of such 

hydrates again exerted pressure initiating further cracks 

inside the specimens which in turn made the specimens more 

permeable to chlorine ions. This mechanism continued 

with the increase of freeze/thaw cycles and affected the 

strengths of paste and mortar specimens. It was therefore 

concluded that freeze/thaw cycles in solutions of sodium 

chloride of different concentration produced chemical as 

well as physical attack on cement pastes and mortars 

resulting in significant losses of strength o 

The paste specimens of 0.4 water/cement ratio cured 

normally for 3 days and subjected to freeze/thaw cycles 

in different solutions of sodium chloride suffered maximum 

losses in their compressive and flexural strengths and the 

rate of such loss was also maximum. But similar specimens 

with 0.3 water/cement ratio were found to be more 

resistant and they lost less strengths. The water/cement 

ratio of the mix played an important role in this case and 

the chemical attack as mentioned above coupled with the 

dependence of the hydraulic pressure mechanism explains 

such behaviour of paste specimens of immature age. The 

mature specimens such as 28 day normally cured specimens 

of both 0.3 and 0.4 water/cement ratios showed no loss in 
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compressive strengths even after 180 freeze/thaw cycles in 

any solution of sodium chloride (Figs. 4.1-4.6). But the 

flexural strengths of similar specimens dropped significantly 

(Figs. 4.15-4.20) under similar conditions because of the 

formation of microcracks and their subsequent propagation. 

When the paste specimens were subjected to wet/dry 

cycles in salt solutions similar microstructural features 

as before were observed. The long needle like crystals 

of calcium sulphoaluminate and calcium chloroaluminate 

were seen in the micrographs (e.g. Fig. 6.26). The 

crystals were in abundance when the specimens were subjected 

to wet/dry cycles in a saturated solution of sodium 

chloride. These crystals caused the flexural strengths 

of paste specimens to fall considerably after a number of 

wet/dry cyc les. Since freezing and thawing cycles were 

absent the det eriorat ion process was slow with wet/dry 

cycles. It was therefore concluded that concrete should 

not be placed in contact with sodium chloride especially 

when freezing occurs, if present, the concrete should be 

properly cured at least for 28 days before it is subjected 

to any chloride environments. 

Air entrained cement paste specimens were found to 

provide much better resistance against freeze/thaw cycles 

in solutions of sodium chloride (Figs. 4.14 and 4.25). 

After 144 freeze/thaw cycles the losses in compressive and 

flexural strengths of air entrained paste specimens were 

found to be significantly less than those of specimens 

without air entrainment subjected to 72 freeze/thaw cycles 



in solutions of sodium chloride. 
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In the case of air 

entrained specimens the formation of microcracks were 

delayed. The air bubbles received the expelled solution 

without disruption of the material and the chemical 

reactions occurred inside the bubbles. As a result the 

needle like crystals could grow longer without exerting 

additional pressure on the walls of the bubbles. The 

micrographs also revealed such morphology as in Figs. 6.22 

and 6.23. But at a considerably larger number of freeze/ 

thaw cycles the needle like crystals grew much longer and 

started to exert pressure initiating microcracks. These 

in turn affected the strengths of the specimens. It was 

therefore concluded that air entrainment in concrete 

provides much better resistance against freeze/thaw cycles 

in sodium chloride solutions but it is not the absolute 

solution against such attack. 
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Fig. 9.1 Effect of freeze/thaw cycles on 3 day 
normally cured cement paste (W!C = 0.4) 
in sodium chloride solutions of different 
concentr at ions 
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in sodium chloride solutions of different 
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Fig. 9.4 Effect of freeze/thaw cycles on 7 day normally 
cured cement paste (WjC = 0.3) in sodium 
chloride solutions of different concentrations 
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. Fig. 9.6 
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Effect of freeze/thaw cycles on 3 day cured 
mortar specimens (cement/sand = 1:2, W/C = 0.4) 
in saturated solution of sodium chloride after 
(1) 36, (2) 54 and (3) 72 cycles. 

Effect of freeze/thaw cycles on 3 day cured 
mortar specimens (cement/sand = 1:2, W(C = 0.4) 
in 4% solution of sodium chloride after 
(4) 36, (5) 54 and (6) 72 cycles. 
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Fig. 9.8 
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Effect of freeze/thaw cycles on 1 day cured 
paste specimens (W/C = 0.3) in 4% solution of 
sodium chloride after (9) 72 and (10) 18 cycles 

Effect of freeze/thaw cycles on 1 day cured 
paste specimens (W/C = 0.3) in saturated 
solution of sodium chloride after (7) 72 
and (8) 18 cycles. 



Fig. 9.9 Effect of 216 freeze/thaw cycles on 
cement paste (W!C = 0.4) initially 
cured for 28 days in (11) 4% and 
(12) saturated solution of sodium 
chloride 
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Fig. 9.10 Chloride contents of 3 day initially cured 
paste specimens (W/C = 0.4) exposed to 
freeze/thaw cycles in saturated solution 
of sodium chloride measured at 6 mm intervals 
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Fig. 9.12 DTA curves for samples of 3 day normally 
cured paste (W/C = 0.4) exposed to 36 
freeze/thaw cycles in 4% solution of 
sodium chloride taken at 6 mm intervals 
up to 25 mm depth 
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Fig. 9.13 
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DTA curves for samples of 3 day normally 
cured cement paste (W/C = 0.4) exposed to 
36 freeze/thaw cycles in saturated solution 
of sodium chloride taken at 6 mm intervals 
up to 25 mm depth 



CHAPTER 10 

GENERAL CONCLUSIONS AND RECOMMENDATIONS FOR 

FUTURE RESEARCH 

10.1 General Conclusions 
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a) Subjecting hardened cement paste and mortar to 

alternate freeze/thaw and wet/dry cycles in different 

solutions of sodium chloride deteriorated the compressive 

and flexural strengths significantly. The flexural 

strengths dropped at a faster rate and also they suffered 

maximum damage compared with the rate and fall of compres­

sive strengths in both paste and mortar specimens. The 

mortar specimens were more resistant than the paste 

specimens. These results suggested the formation of 

microcracks inside the specimens causing sharp deterior-

ation in flexural strengths but the mortar specimens 

behaved in a better way due to the temporary arrest of 

such microcracks by the aggregate particles. 

b) The concentration of sodium chloride in the 

solutions in which the specimens were subjected to freeze/ 

thaw cycles had significant effects on the deterioration 

mechanism regarding the loss of strengths. The saturated 

solution was found to cause maximum damage whereas the 

4% solution caused minimum even less than 0% and 2% 

solutions however the 4% solution caused maximum surface 
f 

degradation in both the paste and mortar specimens. 

c) When cement paste was subjected to the alternate 

cycles of freeze/thaw in different solutions of sodium 
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chloride the microstructure of its fracture surface was 

found to change significantly from a predominantly inter­

locked mass of hydration products to other patterns. In 

0% solution microstructure was changed to massive well 

developed hexagonal crystals of calcium hydroxide with 

voids surrounding them. In 4% solution the micrographs 

showed lace like CSH products with few needle like structures 

of calcium sulphoaluminate or calcium chloroaluminate or 

both together whereas saturated solution produced numerous 

similar needle like structures which grew more in number 

due to increase in freeze/thaw cycles. 

d) The author believes that the easily cleaved 

portlandite crystals surrounded by large pores constituted 

flaws in the material and the formation and subsequent 

growth of numerous long needle like structures with 

increasing freeze/thaw cycles initiated microcracks which 

were the cause of the loss of strength of pastes and 

mortars. 

e) A study of the pore size distribution of the paste 

specimens cured normally, cured in solutions of sodium 

chloride and when subjected to freeze/thaw cycles in 

different solutions of sodium chloride with the aid of 

mercury intrusion porosimetry indicated a significant 

redistribution of pore sizes. The 4% solution in general 

produced microporous structure with a peak of pores in the 

diameter range of 15-80 nm whereas saturated solution 

produced two distinct peaks, one in a similar range and 

the other in comparatively larger diameter range. 
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f) The author believes that the microporosity 

developed in the specimens due to the presence of 4% 

solution was responsible for the observed effects such as 

maximum scaling, spalling etc., and for the least loss of 

strengths of the specimens when they were subjected to 

freeze/thaw cycles. The higher proportion of pores of 

comparatively larger diameters produced in the specimens 

frozen and thawed in saturated solution of sodium chloride 

were found to be associated with the initial stages of 

cumulative damage in the specimens. 

g) A study of the hydration products of the paste 

specimens cured normally or in salt solutions and when 

subj ected to freeze/thaw cycles in different solutions of 

sodium chloride by the technique of differential thermal 

analysis revealed changes in the peak intensities of 

different hydrates under different conditions. Calcium 

chloroaluminate was formed in the paste whenever sodium 

chloride was present in curing water or in the freeze/ 

thaw cyc les. But the intensities of the peaks of this 

hydrate depended mainly on the concentration of the 

chloride solution and the number of freeze/thaw cycles. 

The increase in freeze/thaw cycles together with the 

increase in concentration produced intense and deep peaks 
o 

for calcium chloroaluminate hydrates at 320 c. Another 

peak around 2000 C that of calcium sulphoaluminate together 

with some other form of calcium chloroaluminate was also 

intense due to the higher concentration of sodium chloride 

and increasing freeze/thaw cycles. 
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h) The author holds the opinion that the large 

quantities of calcLum chloroaluminates formed in the paste 

specimens when subjected to freeze/thaw cycles in saturated 

solution of sodium chloride was responsible for the 

observed strength deterioration of the specimens. 

i) When the paste and mortar specimens were subjected 

to wet/dry cycles in solutions of sodium chloride a chemical 

mechanism, similar to that involved in freeze/thaw cycles 

in the solutions of sodium chloride was responsible for the 

deterioration of the strengths. But the effects of wet/ 

dry cycles were much slower compared with the effects of 

freeze/thaw cycles. 

j) Air entrainment in cement paste was found to have 

changed the response of the material to freeze/thaw cycles 

in different solutions of sodium chloride. The accompanied 

changes in the morphology of such specimens were also 

observed in the scanning micrographs. The specimens with 

air entrainment could resist significantly higher number of 

freeze/thaw cycles in solutions of sodium chloride than the 

specimens without air entraining agents before showing any 

fall in the strengths. 

k) The author considers that air entrainment was 

reasonably effective in helping concrete to withstand 

freeze/thaw cycles in different solutions of sodium chloride, 

but it was not the complete answer to obtaining durable 

concrete immune to such environments. 

1) It was observed that an interrelationship existed 

between the strength properties and microstructural features 
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of hardened cement paste when subjected to freeze/thaw 

cycles in different solutions of sodium chloride. The 

loss of strength was found to be associated with the 

formation of microcracks as a result of the growth of 

large numbers of calcium chloroaluminate and calcium 

sulphoaluminate crystals as revealed by scanning electron 

microscope and also by the differential thermal analysis 

techniques. The observed physical properties were also 

associated with the pore size distribution of the specimens 

under different test conditions. 

m) Finally the author holds the opinion that the 

concrete used in structures which are liable to be exposed 

to environments similar to those used in this investigation 

should be a rich mix made as dense as possible to reduce 

the porosity and should be cured for a longer period than 

normal. Considering the findings of this investigation 

it is surprising to note that in CPllO(l58) Table 48 which 

gives the minimum cement content required to ensure 

durability, the value quoted for plain concrete (20 mm 

aggregate) is 280 kg/m3 for severe exposure (alternate 

wetting and drying and freezing when wet) with a maximum 

free water/cement ratio of 0.5 whilst for concrete 

subjected to de-icing salts the minimum cement content is 

reduced to 250 Kg/m3 and the maximum water/cement ratio 

allowed is increased to 0.55. Instead of reducing the 

quantity of cement in concrete exposed to salt for de­

icing it should ,rather be increased and the maximum free 

water/cement ratio should be reduced to produce a more 
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durable concrete. 

10.2 Suggestions for Future Research 

In the light of the present investigation the author 

believes that the following lines of research may be of 

value for the increase of knowledge of concrete when 

subjected to extreme environments. 

a) More extensive research into other cement pastes 

subjected to the effect of freeze/thaw and wet/dry cycles 

in different solutions of sodium chloride and other 

chlorides or combination of two or more chlorides. 

b) The research in (a) extended to cover mortars and 

concretes using different types of aggregates. 

c) An investigation into the effect of sodium chloride 

solution or any other salt solution in different concen­

trations when used as mixing water in cement paste t mortar 

and concrete subjected to freeze/thaw and wet/dry cycles. 

This will enable the effect of using salt contaminated 

water or aggregates on strength and durability. 

d) Extended research into the effect of air entrain­

ment agents in paste, mortar and concrete coupled with the 

studies as mentioned above. 

e) A study of other types of deterioration such as 

the corrosion of main reinforcement or fibre reinforcement 

present in pastes, mortars or concretes when exposed to 

solutions of sodium chloride or any other salts. 
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APPENDIX A 

EVERETT'S MODEL FOR ICE CRYST AL GROWTH 

When a small crystal was immersed in and kept in 

equilibrium with a fluid subjected to some hydrostatic 

pressure the chemical potential can be expressed in the 

form 

. .. (1 ) 

where 

...u = chemical pot ent ial of the small crystal 

P(PI) = chemical potential of bulk solid at a pressure PI 

Vs = molar volume of the solid 

6 = interfacial free energy between solid and liquid 

(or mean surface free energy of the solid) 

A = area of interface 

v - total volume of the solid. 

For a spherical particle of radius r, the above 

expression becomes 

. .. (2) 

If the pressure P
s 

within the crystal increased, then 

the chemical potential of the crystal exceeds that of the 

bulk solid by: 

From (1) and (3) 

c dA 
[} . dv 

. .. (3 ) 

. .. (4) 

Equation (4) is the general formula for equilibrium. 
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If it is possible to subject the solid phase to an 

isotropic pressure different from that in the liquid phase 

then the shape of the interface between the solid and 

liquid should change such that ~~ will satisfy equation 

(4) . 

The above concept was presented in the following model; 

considering cylinders A and B as shown in Fig. A-I to be 

full of water and connected by a capillary. If crystal 

nucleation is only allowed in B and the pistons are allowed 

to move, the crystal will continue to grow in B until all 

the water in B freezes. If temperature is depressed still 

further, then either one of the following two possibilities 

will occur ~ 

a) Crystal growth will penetrate through the 

capillary. 

b) The crystal in B will continue to grow over its 

lower surface and thus cause an upward movement 

of the upper piston. 

If the pressures exerted by the pistons are equal and 

then according to equation (4), = Ps = Pref erence' 

_ 0, and the interface between the solid and the liquid 

will be a plane (Fig. A-2), and there will be no tendency 

for the ice to penetrate the capillary. 

For the ice crystal to grow into the capillary, it 

should have a higher chemical potential such that 

dA 
..AI (cap) =.AI (bulk) + vs· 6'. CIV s s 

(5) 

. d t nt growth of the ice in B will Thus if p rema~ne cons a , s 
continue until all the water has been withdrawn from A. 
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Such is the condition of weakly consolidated material 

where no large difference in pressure exists, so macro­

scopic ice lenses grow withdrawing the water from the 

surrounding mat erial. 

If Ps was increased, however, while PI is maintained 

at Pref.' propagation of the ice along the capillary should 

occur. The equilibrium state will be reached when 

(6 ) 

or (7) 

So if the upper piston is held while heat is being 

withdrawn from the syst em, ~ p will build up in B by the s 

migration and freezing of water. Frost damage happens if 

this ~ Ps exceeds the strength of the walls. 

If PI is reduced while Ps is kept constant at Pref.' 

the equilibrium is still controlled by the pressure 

difference Ps - Pl(= Pref. ~ Pl)' and ice growth will 

commence in the capillary when 

. .. (8) 

which explains the reduction of heaving when the capillary 

water is in a state of tension. Thus heaving (growth of 

bulk ice) can be stopped either by applying pressure to 

the ice or tension to the water or both. 

Everett showed that if the radius R of cylinder B is 

then .! should replaced 
1 1 

not large, be by - - 'R' r r 
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APPENDIX B 

PROCEDURE FOR DILATOMETER FILLING 

With the aid of the diagrams of Figs. B-1 and B-2 

the st eps to be followed are! 

a) Sample is weighed accurately before placing into the 

dilatometer. 

b) All joints are greased with high vacuum grease before 

joining together. 

c) Small springs are attached to ensure tightness and 

secure the sample compartment and the stopper cap in 

posit ion. 

d) Dilatometer is placed above extension joint 10. 

e) All taps in the system are opened except 6 and 8 which 

open to the atmosphere. Now taps 1 and 5 are closed. 

f) The mechanical pump is operated. Tap 5 is now opened 

slowly so that mercury goes up slowly in the manometer. 

g) When pressure becomes sufficiently low, on the vacuum 

gauge ( ~ 0.03 mm) cold water tap is opened to 

circulate in the mercury pump. 

h) Liquid nitrogen is now poured into the chambers and the 

mercury pump is put on. Pressure is checked until the 

desired vacuum is achieved. 

i) When high vacuum is obtained tap 1 is closed so that it 

separates the mercury pump from the rest of the system. 

Taps 4 and 7 are now closed. 

j) Situation is now ready for introduction of mercury. 

This is done by very slowly opening tap 8. This causes 



229 

mercury to rise in the tube through tap 9 and into the 

dilatometer. 

k) Mercury is allowed to continue rising until sample is 

completely covered and the level of the mercury in tube 

T is above the small bulb. At this point tap 10 is 

closed and tap 7 is opened. Tap 6 is slowly opened. 

The dilatometer is now full at atmospheric pressure. 

1) Tap 9 is opened to drain the mercury down. 

m) Dilatometer is removed from apparatus from below joint 

10. It is put right side up, jOint 10 is dismantled, 

excess mercury is carefully collected and joint 10 is 

cleaned and returned in position in the apparatus. 

n) The mercury pump is switched off when it is cool and 

the water tap is closed. 

• 
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APPENDIX C 

PROCEDURE FOR HIGH PRESSURE POROSIMETRY 

The following procedure is carried out with the help 

of Figs. C-l and 0-2. 

a) Before commencing the operation, the metallic scale and 

probe are placed in a vice at the side of the table. 

b) A drop of mercury is placed in the side cap of the 

dilatometer in order to provide electrical conductance. 

c) The dilatometer is connected to the scale by means of 

the fitted screw. 

d) The head of the wire that is connected to the probe 

assembly is immersed in the mercury that is in the side 

cap of the dilatometer. 

e) The probe assembly with the dilatometer attached to it 

is carefully removed from the vice and introduced 

slowly into the pressure chamber and screwed properly in 

position. Care is taken that there is sufficient oil 

in the chamber. 

f) The electric line is connected. The hand pump is 

connected and the pump knob is closed. 

g) Valves A, B, C, D and F are opened. Valve E is closed. 

h) Pressure is applied very slowly with the help of hand 

pump so that the indicator needle of the probe is 

lowered. When it touches the top surface of mercury in 

the dilatometer the bulb glows. At this stage the 

reading is taken and recorded as the initial reading. 

i) Valves D and F are closed and valve E is opened. 



233 

j) Rotate valve A clockwise till light is off. 

k) Apply pressure by hand pump slowly till the light is on 

again. 
Pressure is read in gauge 3 and corresponding 

reading in the scale. 

1) Steps (j) and (k) are continued till the pressure in 

gauge 3 reaches around 500 psi. 

m) Valve E is closed and valve F is opened. 

n) The nitrogen cylinder is opened and a pressure of 10 

psi is applied. 

0) Regulator is controlled so that pressure in the cylinder 

increases and light goes off. 

p) Pressure is again applied by hand pump till the light 

is on again. Pressure is read in gauge 2 and corres-

ponding reading in the scale. 

q) Steps (0) and (p) are repeated till pressure reaches 

around 5000 psi in gauge 2. 

r) Valve C is closed now and valve D is opened fully. 

s) Nitrogen cylinder pressure is increased to 40 psi. 

Steps (0) and (p) are repeated till pressure reaches 

15000 psi. But for readings of pressure it is read in 

gauge 1 now. The readings of the scale give the 

distance travelled by probe which is equal to the 

distance travelled by mercury. • This mercury enters 

the sample. So knowing the diameter of the dilatometer 

tube, the volume of mercury that is introduced into the 

sample during a pressure interval can be evaluated. 

t) The nitrogen cylinder is closed. 

u) The valve C is opened slowly so that pressure in gauge 



1 drops to around 4000 pSi. 

is closed. 
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At this point valve C 

v) The hand pump knob is opened very slowly so that the 

probe gradually returns to its original position. When 

the probe sufficiently rises up the hand pump knob is 

closed. Valve C is opened completely. 

w) The probe assembly is removed from the pressure chamber 

and is attached to the vice. The dilatometer is then 

removed from it. 

x) Oil is washed out with heptane. Then mercury is 

removed and collected for purification and reuse. 

Dilatometer is dismantled and washed with heptane then 

put in an oven at 600 C to dry. 
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APPENDIX D 

A COMPUTER PROGRAMME FOR THE CALCULATION 
OF PORE SIZE DISTRIBUTION DATA AND 
PLOTTING THE CURVES 

F 0 I~: T I~: [; N E I;: :::: 1 F A I L. , l~ UN, L. 1ST , F' L. 0 T ::: P 0 R E 
LIBRARY(ED,SUBGROUPGOST) 
1:'l~OGI~:Ai"l (CMt-tl~ ) 
1 i'~F'UT 5:=CI::':0 
OUTPUT 6:::LP0 
COMPRESS INTEGER AND LOGICAL 
TI::':t-,CE 2 
COi'1Pt-,CT 
END 

C THIS 1:'F\:OGI:;':AMi'iE t='1~EP,~I~ES THE I::':ESULT'-~)I-IEET FI::':Oi'1 
C I:' 0 I::': () S 1 i'i E T I~ F.: E X P E I~: I i'i E N T II i-1 T A i; N It 
C I::' L. 0 T S T H I:. P 0 I~ E ,- S 1 Z E II 1ST I~ 1 I-{ UTI 0 N CUI::': 'J E S • 
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C CHi; N GET HE j=' 0 L LOW 1 N G P A I::': ,; i'1 E T E I~ F 0 I::': E (; C H SET 0 FDA' . ASH E E T 
C N~NO. OF I,I::AD I NGS 
C HE(~tII1:=INITIAL HEAD I~EADING 
C 
c 
c 
c 

SEC,~d::':Ef;-,:=X'-SECT IOi\-!AL (~tI::':Ef-'j OF SAi'1PLE 
II I::': W T ::: II 1\ Y I.J E I G H T 0 F SA i'1 P L E 
SIGMA=SURFACE TENSION OF HG AT 20C IN DYNE 
THE'TA=CON'fACT ANGLE BETWEEN HG AND MA·.,DEGREE 

C PRESS IN PSI 
CPO I::': E It I A j',,\ I:: TEl::': Ii"~ M I C I::': 0 N 

i'1 A S T I:: I::': S H I~ i'1 1 i'1 
I I ''''I::'Nc I' 0"1 1-11-' "II (,-,1=') 1-'1-'1-""'"' ( '71:') VG ( '-}I:') V' '71::' ) I 1'\ t:..:> I ~ :. i-I .-..J., - '\:. ~ .;:) ,'..J, /.J, I "" ..J 

II If,ENS 1 ON II I 1::-j='I-IE(;D (/5) ,PO\;:ED I (!} (75) , t)OL I NTI~D ()'~:,) , 
... ALP 0 I;: E ( ? 5 ) 'I It E L t) G ( ? 5) ,11\:: L (~ L P ( )' 5 ) ,F INC 0 L ( ? ~j ) , X ( ; '5 ) 

:0 A T t~ I-I E A II1 , S I:: C,~ I;; E t~ , It I~ W T , N 12 3 • 1 ,:2!2J. 0 , 8 • 64 B 5 , 1 :3 / 
:O(~IT(; THETA,SIGMI~/1'1/.0,484.0/ 

ItU 100 1:=1,N 
I;: E t-, It (~::j 'I 1 0) HE A It ( I ) , j=' H E ~3 S ( I ) 

'1 0 F () I~ i'1 A T ( 2 F 0 • 0 ) 
'100 CUi'-!T INUE 

W r:: I T E (6 , 20 ) 
20 I=- 0 I~: j'<j ,; T ( 2 >~ , ", S L. • i'-! 0 • ,,' , 4 X , ,,' HE f; D'" , 5 X , ,,' D IFF I-II::: f;:O ", ~? X y 

... ", F' r;: E S G ", ,<S:X , ", r:' 0 I::': E :(1 I (~I ,,' 1 ? X , ", I.,) 0 L I i~ T F\ :0 ", ,? X , ", V G ", , 
, '7 ",,' ,~ III:' L V· G: ,,' .. ., 'x' ", '("11:'1 (" I t=' ,,' 4 X"' FIN COL ", ) 
+-'-/'" _ ,'" "--,-;- 1 , 

C C(~LCUL,~T I Oi~ OF I:;;E::SULT SHEET 
ItO 200 I=1,N 
It 1 F F \-I E ,; It ( I ) ::;; H E A:O ( I ) - H E ,-!t 111 
POI;:EIII,~( I ):::( ("-4.0):t:SIGi"1,;:t:COSCTHETA):t:0. '145)/PI~ESS( I) 
ALPOI;:!:: ( I ) :=i~LOGI0 (POI~I:::Ctl,:-' ( I ) ) 
VOL I NTI;:D ( I ) ::::11 I 1:'FHEi;It ( I ) :I:SECI~I~E:A 
V G ( I ) ::: t,) 0 LIN T I~ It ( I ) .I [II::': W T 

20~3 CONT I NUl:: 



Ill:: L Iv' G ( 'I )::::!(j.!O 

I1ELi.'1LP 0: 1 ) :::;~j .0 
DO 300 I ;::;2 , N 
DELVG(I)~VG(I)-VG(I-1 ) 
DEL ALP ( I ) '~I:;LPOI~:E ( 1'-,1 ) "-(~ILF'OI~:E ( I ) 
FIN COL ( I ) ;::; II I:: L I.,,' G ( I )./ II I:: L (; u:' ( I ) 

300 CONTINUE 

I) 0 -4 0 (6 I :;;; 'I ,N 
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W 1:-': I T E ( <'.> , 4!7J) I, I-I E A II ( I ) ,II IFF I-II:: PI II ( I ) , P i~ E S~) ( 1 ) , 
... r~' 0 F, E II I {:'j ( I ) ,t) () LIN T 1:;::0 ( I ) • V G ( I ) ,II E L ~.J G ( I ) ,It I:: L 1; U:' ( I ) , F I i~ C CJ L ( I ) 

40 j:' OI~i11~T ( 2X , 15, 3F 1 2 .2,61::-12.4) 
400 CONTINUE 

C PLOTTING (jj::- j::'O!:;:E'··SIZE I1ISTI~I£<UTIOi~ CUI~VE 
t.J Ii: I T E ( 6 , 3!(j ) 

30 I:' 0 F, i"t AT ( I / / / .,' COO I:;: It I N (; T E S 0 F THE G I~ (; F , S E j', I L () G F'L 0 T ,,' / / / ) 
It 0 50!7J I :::: 'j , N 
.A ( I ) :::; {,~d., F' () !::: E ( I ) 
"( ( I ) :=F I NeoL ( 1 ) 
W 1:-': 1 T E ( 6 , 5 t21 ) 1 , :'1.. ( I ) , Y ( I ) 

~50 1:'Oi;:i'1AT (2X, I:; ,2F 1 ~.5. ~=.;) 
500 CONT Ii'iUE 

.. "I I 1-'1:'(':' TO'" ({i\ 0" 'j 0 (" (' 'I 0) C I; __ . '\ _ :J ,.. 1"1 ,(I. , • ,,". ,0. • 

I ~'IT~'0 0 6 0 ~ ~ 0 0) C (; L. L· L, 1'1 I~;) ~ I ." • , !~ • !" , \:J • 

C(;LL BOI~\I1EI~ 

C I; L L. I~ E G ION ( ._. 2 • 0 , 0 • 0 1 0 • 0 , 300 ) 
CALL LIMITS(0.5,5.5,0.5,7.5) 
CALL CI;:SFT ( -4 ) 
C {; L '- C I=< S I Z E ( !o • 1 ) 
CI~ _L 1-' , 1 6XI_~SSI(0.5,50.) 

II 0 ? 0 I ;;:': 'I ., i'.J 
C~IL'- PLOTi~C ( :~ ( I ) , Y ( 1 ) , ~54 ) 
C(;L.L J(J I i~ (.~ ( I ) , Y ( I ) ) 

70 CONTINUE 
C(iLL GI~END 

~3TOP 

END 
F II\j ISH 
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