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ABSTRACT 

The pore size distribution of fired clay bodies formed by extrusion was 
studied with the aid of a mercury porosimeter.The results of these 
investi gati ons were than rel ated to the cri teri on postul ated by Zsembery 
and Phillips (3) for grading fired clay bodies according to their 
resistance to cycles of soaking in a sodium sulphate solution followed by 
oven drying . The same 55 samples of 11 Victorian clay mixtures prepared and 
fired by Zsembery and Phillips were used again in these investigations. 

Over the range of temperatures studied, total porosity decreased from 
around 30% on firing at 900 °c to around 20% at 1100 oCo 

Until the fusion point of a particular body was reached, this decrease in 
porosity with increased firing temperature was accompanied by a significant 
increase in the diameters of the modal pore sizes contained in the body. As 
more of the body fuses, the 1 arger pores seal over so that total open 
porosity is reduced. 

Pore size distribution does not itself provide an adequate guide for 
grading these bodies into order of their resistance to soluble salt attack. 
The relationship between salt attack resistance, as measured by the salt 
cycling method, and total porosity or Rockwell hardness seems to be better 
than that between salt attack and pore size distribution. It is possible 
that rapi d tests of hardness and porosi ty coul d broadly differenti ate 
bri cks of both poor and good durabil i ty cl asses, and mi nimi ze long term 
testi ng. Near cut-off boundari es, resul ts from these fast methods woul d 
give ambiguous results. However, further work is needed before any of these 
techniques may be used with confidence to predict brick durability. 

INTROOUCTION 

The porosities and pore size distributions of fired clay bricks have been 
considered to be important factors in determining resistance to salt 
attack, resistance to frost and strength. It was reported by A.Watson, 
J.O.May and B.Butterworth (1) ' that more frost resistant bricks had a 
smaller volume of fine pores than the less frost resistant. 

Working on various brick clays, R.O.Hill (2) showed that the higher the 
fi ri ng temperature, the greater tendency for a coa rse pore structure to 
devel op. The present report attempts to correl ate the pore si ze 
distributions of sets of extruded bars of single clays and brick bodies 
fired at different temperatures and their salt cycling resistance as 
measured by O.N.Phillips & S.Zsembery (3) 
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11. RAW MATERIALS 

Raw materi a 1 s and product i on b 1 ends 
manufacturers were used as fo110ws: 

1. Enfie1d Ye110w 
2. Pi t Sha 1 e 
3. Enfi e1 d Grey 
4. Bacchus Marsh C1ay 
5. Light Reef C1ay 
6. Wo11ert P1astic C1ay 
7. Cream Brick Mix 1 
8. Red Brick Mix 
9. Brown Brick Mix 
10 . Cream Brick Mix 2 
11 . Pink Brick Mix 

C 
R 
BR 
CR 
P 

= 30% CW + 65% GE + 
= 48% PS + 47% YE + 
= 48% PS + 47% YE + 
= 50% BM + 40% LCR + 
= 20% WP + 20% LCR + 

111. EXPERIMENTAL 

provided by two Victori an c1 ay br i ck 

(YE) 
(PS) 
(GE) 
(BM) 
(LCR) 
(WP) 
( C) 
(R) 
(BR) 
(CR) 
(P) 

basa1t 
basa1t 
MnO 2 
10% other 
60% other 

The test pieces were fired at temperatures ranging from 900 to 1100 °c in a 
programmed Tet10w kiln adopting a 5 hour heating period, a 5 hour soak 
period and subsequent coo1ing to ambient temperature over a total 24 hour 
cyc1e. Temperatures were monitored with No.27 Bu11er rings. 
Pore size distributions of the test pieces were determined by mercury 
intrusion porosimetry. The apparatus used was a Car10 Erba mercury 
porosimeter which measured the distributions of pores with radii between 
75,000 and 37 A (corresponding to pressures ranging from 0.0098 MPa to 9.8 
MPa). Checks on total pore volume were made by the evacuation method (BS . 
784 : 1973). The total pore vo1 umes usually agreed wi th the resu1 ts obtai ned 
from the mercury porosimeter within 0.5%. 

IV. RESULTS 

The original data were in the form of cumu1ative pore volumes into which 
mercury was forced by progressive1y increasing pressure. This was 
reca1cu1ated by interpo1ating the volumes fi11ed at mercury pressures that 
wou1d enter pores with the following diameters (actually neck diameters) 

10,1.6, 0.8,0.04, 0.2, 0.08 and 0.04 microns. Pore size distributions 
in 8 size ranges bounded by these diameter va1ues are given in Tab1e 1 and 
the resu1ts for representative brick mixes(C,R and P) are presented as 
histograms in Figs. 1,2,3. Tab1e 1 a1so gives the resu1ts of salt cyc1ing 
tests and hardness measurements on a11 bodies at the 5 temperatures. 

Histograms showing the frequency of various pore size parameters and their 
re1ation to hardness and durability to sa1t cyc1ing (after Phillips and 
Zsembery) are given in Fig.4. Figure 5 shows the re1ationship between sa1t 
durabi1ity, hardness, total porosity and various groupings of pore sizes. 

An examination of the pore size distributions of most c1ays and brick 
bodies in Tab1e 1 shows them to be predominant1y unimoda1 with the moda1 
va1ues chief1y in the ranges 1.6 to 0.08 microns. 
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Some bodi es show a sl i ght departure from unimodal i ty by havi ng a small 
secondary peak i n the 0.04 - 0.015 micron range. The one unique clay is WP 
which is distinctly bimodal , with peaks at the coarse and fine po r e sizes. 
The cl ay has the hi8hest volume of fine (0.04 - 0.015 microns ) pores of 
all bodies (at 900 C) and the highest volume of coarse (10-1.6 microns ) 
pores of all bodies at 1050 and 1100 oCo It has the highest resistance to 
salt attack of all the bodies at the 900 °c firing and the least resistance 
at the 1100 °c firing. 

Wi th i ncreas i ng fi ri ng temperature the fi ner pores are el imi nated (or 
become seal ed pores) and the modal pore val ue shi fts to 1 arger pore 
diameter ranges. Thus, as shown in Fig.4, the modal pore value is 0.4-0.2 
microns at 900°C, 0.8-0.4 microns at 960 and 1000 °C, and 1.6-0.8 microns 
at 1050 and 1100 °C. Large pores (over 1.6 microns) develop noticeably at 
the 1100 °c firing. The same trend to pore coarseness can be seen from the 
histograms of the two most frequent pore size ranges (Fig. 4). Coarsening 
of pore sizes with increasing temperature is accompanied by a reduction in 
total porosity, as also portrayed in Fig . 4. 

Microscopic examination of similar bodies and comparison with other ceramic 
investigations of sintering suggest that closing of finer pores as firing 
proceeds is due to sealing of pores by surface tension effects in liquid 
body components, by migration of pores along grain boundaries and by 
coal escence of small er pores i nto 1 arger ones. Larger pores are produced 
mostly by shri nkage effects causi ng star cracki ng around more refractory 
parti cl es and by pu" apart on 1 ami nar structures to accommodate 
differential shrinkage. 

Overall shri nkage of the body, especi ally at 1050 and 1100 oC, reduces 
total porosity. The effect is accentuated by manganese dioxide which 
promotes melting (See BR results, 1050 and 1100 °c Table 1). 

In Fig.5, a plot of hardness against total porosity shows a sigmoidal 
alignment of bodies. Low durability bodies are found at the low hardness, 
high porosity end of the band and high durabil ity ones at the high 
hardness, low porosity end. The dotted lines define areas for these bodies 
which correspond to the salt durability at the transition from intermediate 
to high durability categories of Phillips and Zsembery, i.e. high 
durabi 1 i ty (over 40 cycl es of 14% wjv sodi um sul phate decahydrate 
crystall i sati on) , i ntermedi ate durabi 1 i ty (10-40 cycl es) and poor 
durability (less than 10 cycles). Relatively small increases in hardness or 
reduction in porosity are accompanied by large increases in durability from 
20-30 to over 80 cycl es. In these bodi es a si gnifi cant degree of gl ass 
formation occurs at this transition. The zone of intermediate durability 
show anomalous relationships of durability to hardness and porosity. 

Specimens with high resistance to salt attack were those fired at 1100 °C. 
These were characterised by high hardness (greater than 95), reduced total 
porosity (less than 20%), and a diminution in the percentage of fine pores 
(less than 6% porosity in pores 0.2 microns diameter and smaller). 

Specimen with poor resistance to salt attack (i.e. failure in 10 cycles or 
less) were those fired at 900 , 960 , and 1000 °C. They were characterised 
by hardness less than 60, total porosity 25% or greater, and usually more 
than 5 % porosity in pores 0.2 microns diameter and smaller. 
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Specimens of intennediate salt resistance (failure in 10-40 cycles) were 
fired at 1000 and 1050 °C, had hardness of 60-95, and total porosities in 
the range 30-20%. 

Figs. 5B,C & D give the relationship of different parts of the pore volume 
to hardness and durability. Fig. 5B shows the reduction in fine pores that 
accompanies the trend to higher temperatures and durability. Fig. 5D shows 
that large pores account for a very sma11 fraction of the pore volume of 
low and i ntermedi ate durabi 1 ity bodi es, but i ncrease somewhat for hi gh 
durability and temperature. It is clear however from Fig. 5A and C that the 
bulk of the pore volume occurs in two or three subdivisions of intennediate 
diameter and it is very likely that the disruptive effects of salt 
crysta11 isation are exerted most effectively on these middle size pores 
1 argely because they are the most numerous. The attitude of the boundary 
between zones of di fferent durabi 1 i ty i n Fi g. 5B, C and D suggest that 
durability is more sensitive to hardness variation than to porosity in all 
ranges of diameter. 

V. DISCUSSION 

Durabi 1 i ty of cl ay bodi es agai nst sal t attack cl early resul ts from the 
ba 1 ance between di s rupt i ve forces exerted in the wa 11 s of open pores and 
the strength of the body (quantified by hardness in this investigation). 
The fewer the open pores the less effective is the force exerted per unit 
volume, hence the lower the porosity the greater the durability. The same 
volume porosity would represent many more small pores than pores of 
intennediate or large diameter, so elimination of fine pores in the course 
of firing would have a reinforcing effect on improving durability to salt 
crystallisation. 

Hardening, which increases progressively with increase in firing 
temperature, and is due to recrystallisation and cross bonding by the 
glassy phase, plays a very significant if not preponderant role in 
resisting salt attack. 

Tests of hardness and porosity can be carried out much more rapidly than 
salt cycling to failure.By using correlations of these properties with 
durabil ity for a wide spectrum of brick types, rel iable estimates of 
durabi 1 i ty can be offered to bri ck users wi thout the need for protracted 
salt cycling or exposure testing. 
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RElATION BETWEEN SAlT eyelES TO FAllURE. TABLE 1 
HARONESS I TOTAL POROSITY ANO PORE SIZE OISTRIBUTION 

SAI1Pl E Na
2

SO HARONESS TOTAL S S POROSITY Of VARIOUS SIZE PORES (HICRONS) 

CYClES POROSITY >10 10-1.6 1 .6-0.8 0.8-0 . 4 0 . 4-0 . 2 0.2-0.8 0 .08-0 . 04 0 .04-0 . 015 

900'C 

YE 7 45 30 . 95 0 . 14 0 . 23 0 . 02 4.76 10 . 70 .6 . 06 3.98 5 . 04 

PS 6 31 34 . 34 0.18 0 .30 15 . 75 9 . 70 3 . 71 2 . 45 1.01 1. 25 

GE 7 37 28 . 41 0.13 0 . 21 0 . 02 0.01 0.60 16 . 03 5 . 97 5 . 44 

BM 4 12 37 . 97 0.62 1.04 0 . 10 2.81 20.47 8 . 29 2 . 61 2.04 

lCR 5 14 36.08 0.55 0.92 0 .09 10 . 65 11.09 7 .89 2 . 34 2 .56 

WP 11 53 29.40 1. 92 4 . 22 5 . 92 1.72 0.B4 2 .83 1. 67 10.27 

C 8 29 30.20 0.29 0.49 0.05 2.46 13.96 6 . 33 3 . 56 3 . 06 

R 8 39 31.11 0.34 0 . 57 0 . 9B 12.76 5 . 98 4 . B2 2.90 2.76 

BR 9 47 29. 19 0 . 14 0.24 0 . 02 12 . 64 5 . B9 4.88 2.84 2 . 54 

CR 5 20 34 . B1 0.61 1.02 0. 10 1. 79 17 . 21 8 . 69 3 .01 2 . 38 

P 7 37 31. 72 0.04 0 . 07 0 . 01 11 . 59 7 . 30 7 . 52 3.59 1. 59 

960'C 

YE 9 60 29.36 0 . 26 0 . 44 0 . 26 13 . 11 6 . 79 4 . 33 1. 19 2.97 

PS 7 57 31. 79 0 . 44 0.74 19 . 25 7 . 54 2.26 0 . 79 0.22 0.55 

GE 9 57 26 . 35 0 .39 0 . 66 0 .06 0 . 03 11. 06 9 . 66 3 . 06 1 . 42 

BM 5 22 37 . 95 0 . 25 0 . 42 0 . 04 15 . 06 14 .04 5.09 1. 66 1. 39 

lCR 6 30 34.56 0.19 0 . 33 0 . 30 19 .81 8.63 3 . 67 0 . 70 1. 20 

IIP 14 54 28 .65 0 . 17 12.36 3.85 1. 92 1. 25 1.84 2 . 58 4 . 69 

C 10 59 27 .62 0.20 0 . 34 0 .06 13 . 40 7.84 3.87 1.19 0.71 

R 9 65 27 . 41 0 . 34 0 . 58 6 . 95 12 . 35 4.05 2. 18 0 . 42 0 . 53 

8R 13 73 26 . 36 0.22 0 . 37 9 . 94 9 . 61 3 . 44 1. 94 0.58 0 . 27 

CR 7 33 34 . 11 0.15 0 .26 0.02 14 .2 1 11. 74 5 . 29 1.07 1. 36 

P 10 56 29.2 1 0 . 15 0 .25 5.93 11. 43 6 . 33 3 . 51 1.05 0 .57 

1000'C 

YE 12 74 28 . 15 0 . 15 0 . 25 0 . 69 17.29 5 . 65 2 .99 0.71 0 . 51 

PS 10 62 29 . 48 0.15 3 . 61 19 . 27 4.44 1.03 0.41) 0 .06 0 . 53 

GE 12 76 23 . 72 0.22 0 . 37 0 .03 0 . 02 13 . 66 7 . 30 1.29 0 .84 

BM 6 28 36 . 74 0 . 38 0.64 0 .06 19 . 15 10.28 4.01 0.89 1. 32 

lCR 8 43 32 . 90 1. 59 2.67 2 . 32 18 .23 4.96 1.81 0 . 21 1. 12 

IIP 15 55 27 . 67 0 . 31 12 . 67 3 .56 1. 70 1.35 2. 28 2.57 3 . 24 

C 13 72 26 . 28 0 .2 1 0 . 36 0 . 03 16 .26 5 .92 2.52 0 . 65 0 .33 

R 12 73 25.56 0 . 34 0 . 98 13 .81 6 .68 2.20 1.00 0 . 26 0 . 29 

BR 14 82 23.38 0 . 13 0 . 57 10 . 41 8 . 13 2.45 1.13 0 . 15 0 . 40 

CR 10 40 33 . 08 0 . 15 0 . 25 0 . 02 19 . 94 7.99 3 . 21 0.47 1. 03 

P 16 64 28 . 33 0 .11 0.19 6 . 13 12 .70 5.84 2.47 0 . 56 0 . 32 

1050'C 

YE 22 82 24.65 0 . 14 0.24 9 . 52 9 . 92 3 .08 1.13 0 . 38 0 .24 

PS 19 77 24 . 32 0 . 10 10 . 18 11 . 18 11 . 13 1.81 0 . 49 0 . 15 0 .03 

GE 26 93 18.64 0 .2 7 0.46 0 . 04 0 . 27 13 . 20 3 . 13 0 . 58 0.68 

BM 22 65 31 . 01 0.52 0 .88 0.08 21.84 5 . 45 1. 24 0 . 46 0 .54 

l CR 22 66 28 . 07 0.24 0 . 39 15 .89 8 . 50 1. 91 0.42 0.13 0 .59 

WP 20 60 26 . 92 0.09 19.49 2 . 65 1. 45 1.06 0.9) 0 .24 1.02 

C 23 95 21.85 0 . 16 0 . 27 3 . 05 13 .87 3 . 02 1.04 0 . 28 0 . 17 

R 23 96 20 .19 0.24 1.58 12 . 31 3.88 0 . 98 0.61 0 . 33 0 .26 

BR 80_ 111 17 . 46 0.08 1.11 11. 73 2.64 0 . 71 0 . 64 0 . 21 0 . 34 

CR 26 78 26 . 45 0.07 0.39 6 .89 14.64 3.14 0.81 0.17 0.35 

P 28 86 22.66 0 . 23 1. 13 14 . 42 5 . 35 1. 52 0.01 0 . 00 0 .00 

1100'C 

YE BO- 103 17 . 49 0.09 0 . 44 8.81 4 . 60 1.37 1.27 0 . 53 0 . 38 

PS 80_ 111 13 . 19 0.12 5.55 3 .80 1.19 0 .86 0.95 0 . 27 0 .45 

GE 80_ 110 7 . 30 0.11 0 . 19 0 . 09 0 .22 0 . 41 1. 53 2.59 2.16 

BM 80+ 96 20 . 78 0.31 0 . 52 2 .72 13.89 2.28 0 . 49 0 . 13 0 . 44 

lCR 80+ 98 20 . 12 0 . 18 4.07 12 . 18 2 . 14 0 . 58 0 . 27 0 . 10 0.60 

IIP 25 60 24 . 97 2.10 19.07 2.09 0 .75 0.36 0 . 13 0 . 15 0 . 33 

C 80+ 115 15 . 35 0 . 10 0.18 2 . 64 9 . 11 1.63 0.93 0 .32 0. 44 

R 80+ 115 12 .3 1 0 . 09 0 . 62 4.82 2 . 57 1. 55 1. 70 0.38 0.58 

BR 80+ 122 9 . 18 0 . 04 0 . 17 0.93 2.14 2 . 73 2.20 0.47 0 .50 

CR 80+ 102 18 .61 0.16 0 . 73 10 . 47 5 . 44 1.07 0 . 35 0 . 19 0 . 19 

P 80_ 110 14 .24 0. 11 6.03 5 . 03 1.18 0.54 0 . 55 0.31 0.49 
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