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Les auteurs  ont bvalue l a  r e s i s t ance  aux cycles  gel-degel de  
mort iers  prgpargs suivant  des rappor ts  eaufciment e t  s i l i c e  
f i n e  [ e / ( c  + s f ) ]  (0, 10 e t  30 % en poids) de 0,45 e t  0.60. 
11s ont  d6termin6, par i n j e c t i o n  de mercure, l a  r 6 p a r t i t i o n  d e s  
pores se lon l e  d i a d t r e  e t ,  a p r b  d i s t i l l a t i o n  du mercure, on t  
procGd6 B des rbinject ions .  Les r g s u l t a t s  indiquent que 
l ' a j o u t  de s i l i c e  f i n e  modifie l a  s t r u c t u r e  des pores e t  que, 
dans l e s  g a m e s  de dimensions de pores 20 000 B 2 000 e t  2 000 
3 350 nm, l e  volume des pores augmente t and i s  que l eu r  

a c c e s s i b i l i t b  diminue. La r e s i s t ance  au g e l  des mort iers  ne  
contenant pas d ' a i r  ent ra tn6 e t  p r e p a r k  suivant  un rappor t  
e / ( c  + s f )  de 0,60 a augment6 considerablement avec l ' a d d i t i o n  
de s i l i c e  f ine .  
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Dependence of Frost Resistance on the Pore Structure of 

Mortar Containing Silica Fume 

by Huang Cheng-yi and R. F. Feldman 

Mortars prepared at water to cement and silica fume [w/(c + so] (0, 

10, and 30 percent by weight) ratios of 0.45 and 0.60 were assessed 

for resistance to freeze-thaw cycles. Pore size distribution was mea- 

sured by mercury intrusion and reintrusion experiments were per- 

formed qfter Histillation of mercury. Results indicate that addition of 

silica fume changes the pore structure, and that pore volume in the 

pore size ranges of 20,000 to 2000 and 2000 to 350 nm increases, 

whereas accessibility to the pores decreases. Frost resistance of mor- 

tars containing no entrained air and prepared at a w/(c + sf) ratio of 

0.60 was improved greatly with the addition of silica fume. 

Keywords: freeze-thaw durability; measuring instruments; microstructure; 

mortars (material); porosity; silica; water-cement ratio. 

The addition of condensed silica fume, a byproduct 
of the ferro-silicon industry, to cement mortars alters 
the microstructure of the product that forms on hydra- 
tion.'.* The changes improve the compressive strength 
of the mortars, but their effect on the durability of the 

matekial is not fully known. Recent work on mortarszJ 
and on c ~ n c r e t e ~ - ~  suggests that frost resistance is im- 
proved by the incorporation of silica fume into the mix, 
but there is little explanation given of the mechanism 
involved. 

A technique has been devised whereby mercury can 
be removed from bodies into which it has been in- 
truded by pressure during measurement of pore-size 
distribution, allowing study of a second intrusion to be 
made7 and thus providing additional information about 
pore structure. The technique has been applied to mor- 
tars with silica fume replacements so that the results 
can be used to explain their resistance to frost action. 

RESEARCH SIGNIFICANCE 
A major cause of concrete deterioration is frost ac- 

tion. The main protective action usually taken is to en- 
train air in the concrete which, however, introduces 
other problems. This paper presents another method to 
provide frost resistance. 

EXPERIMENTAL 
Materials 

Type I portland cement with a C,A content of 11.82 
percent and silica fume containing 95.2 percent SiO,, 
1.56 percent carbon, 0.27 percent K,O, and 0.10 per- 
cent Na,O (surface area = 21,000 m2/kg) were used. 
Ottawa silica sand passing ASTM C 109 was used for 
mortar with a sand:binder ratio of 2.25:l. Binder in the 

mortar contained 0, 10, or 30 percent silica fume. 
Mixes were prepared at water to cement and silica fume 
ratios [w/(c + sf)] of 0.45 and 0.60. A sulfonated mel- 
amine formaldehyde admixture was used in the amount 
of 0.3 and 2 percent by weight of binder at w/(c + sf) 
of 0.45 for mixes containing 10 and 30 percent silica 
fume, respectively. No air-entraining admixtures were 
used. 

Properties 
Pore size distribution (Hg porosimetry to a pressure 

of 414 MPa) was determined on all six mixes after 28 
and 90 days of curing time. Specimens were dried by 
vacuum and final heating for 24 hr at 100 C. Mercury 
was removed by heating specimens at 105 C in vacuum 
for three to four weeks until weight returned to the 

original value. Reintrusion was performed only on the 
same specimens intruded before on the six mixes cured 
for 90 days. Freeze-thaw resistance was determined in 
triplicate on all six mixes prepared in a laboratory type 
mixing machine in accordance with ASTM C 192 stan- 
dard method. The mortars were made in the form of 
25.4 x 25.4 x 127 mm prisms outfitted with steel studs. 
The freeze-thaw cycle consisted of freeze in air, thaw in 
water (-18 C to + 5 C), and two cycles in 24 hr, ac- 

cording to ASTM standard test method C 666, Proce- 
dure B. 

'Cheng-yi, Huang, and Feldman, R. F.,  "Influence of Silica Fume on the 
Microstructural Development in Cement Pastes," in press. 
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Table 1 - Summary of results of freezing and 
thawing test 

RESULTS 
Freeze-thaw resistance 

The freeze-thaw resistance results for mortars cured 
for 28 days are presented in Fig. 1 ,  which includes no- 
menclature for the various mixes. A summary of re- 
sults of the experiments is presented in Table 1 .  For 
mortars prepared at a w/(c + sf) = 0.45 the results are 
as follows: Specimens Ce and Bq, showed very little ex- 
pansion even after 722 cycles. Two different prepara- 
tions were tested for specimen BP,,; both failed, as 
shown in Columns 2 through 6 of Table 1 .  Because 
Specimen B:, displayed the greatest compressive 
strength and lowest permeability of the various speci- 
mens,' this result was not expected. 

Mixes prepared at w/(c + sf) of 0.60 displayed a 

somewhat different trend. The plain mortar specimen 

ranks third after B:, and CY, while B,H,, BiO, and CH 
have values of 5.0, 53.6, and 91.2, respectively. The re- 

placement of 10 percent cement by silica fume a t  a 
W/(C + sf) ratio o i  0.60 without air entrainment pro- 
vides considerable improvement in frost resistance of 
mortar exposed to freeze-thaw according to the proce- 
dure used here. 

Pore size distribution 
The mercury intrusion results (volume percent) for 

the specimens prepared at w/(c + sf) of 0.45 and cured 
for 90 days are presented in Fig. 2. Those for mortars 
with silica fume contents of 0, 10, and 30 percent are 
shown in Fig. 2(a) through (c). The curve for the sec- 
ond intrusion performed on the same specimen as pre- 
viously intruded is included with each first intrusion 
curve and is labeled R. The first intrusion curves and 
Table 2 show that pore volume in the pore size range 
97,000 to 875 nm increases considerably with addition 
of silica fume: 1.65, 5.06, and 5.63 percent by volume 
of sample for 0, 10, and 30 percent silica fume, respec- 
tively. If the volume of pores in the 875 to  175 nm 
range is also taken into account, the pore volume in the 
range 97,000 to 175 nm is 3.90, 7.0, and 6.38 percent 
for the same samples. Removing the mercury by distil- 
lation and repeating the intrusion experiments indicates 
that a significant portion of the pore volume of blends 
in the < 17.5 nm range now falls in the 97,000 to 875 
nm range. Volumes for the latter range are 2.86, 8.28, 
and 8.44 for additions of 0, 10, and 30 percent silica 
fume. Pore volumes in the 875 to 175 nm range are 

6.31, 9.48, and 9.40 percent, respectively. 

The mercury intrusion results for specimens pre- 
pared at w/(c + sf) of 0.60 and cured for 90 days are 

presented in Fig. 3(a) through (c) for silica fume addi- 
tions of 0, 10, and 30 percent, respectively. The results 
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Fig. I-Expansion of mortars with different silica fume contents as a result of 
freeze-thaw cycle exposure 
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Table 2 - Pore size distribution of mortars cured for 90 days before and 
after reintrusion, volume percent 

Pore diameter. 
nm C(90) Ct(90)R Bid90) B:,(90)R B:,(90) Bb(90)R CH(90) CH(90)R BZ(90)R Bk(90) B$W)R 

Total 15.91 15.78 19.95 19.57 15.58 14.77 17.77 16.73 23.35 20.95 1 22.82 1 22.42 

Table 3 - Pore volumes of mortars in pore size ranges beneficial for frost 
resistance 

Porosity, volume percent 

*(90) and (28) day curing. 
'R - after reintrusion. 

from the second intrusion experiments are also in- 

cluded. The pore volumes in the 97,000 to 875 nm 
range are 0.94, 3.61, and 6.75 percent for additions of 
0, 10, and 30 percent silica fume; volumes including 
those in the 875 to 175 nm range are 1.87, 6.37. and 
8.22 percent. Reintrusion experiments again indicate 
that a large portion of the pore volume formerly in the 
pore size range < 17.5 is shifted towards the 97,000 to 
875 nm range. The value decreases from 11.58 to 6.51 
percent for BZ(90) in the smaller pore range. The sum 
of the pore volumes for the 97,000 to 875 nm range and 
875 to 175 nm range is 4.30, 7.34, and 12.15 percent, 
respectively, for additions of 0, 10, and 30 percent. The 
total volume of Hg intruded for By0(90)R is less than 
that for By0(90) because the Hg was not completely re- 
moved from BE(90) during six weeks of distillation. 

Results of pore-size distributions for specimens cured 
for 28 days have previously been reported.* The trends 
in pore-size distribution curves for specimens cured for 
28 and 90 days are similar. In the freeze-thaw tests, the 
samples were initially cured for 28 days. Litvans has 
suggested that pore volume in the size range 2000 to 350 
nm, as well as pores > 10,000 nm, are effective in pro- 
ducing frost resistant mortar. Results for both 28- and 

90-day cured specimens for pore size ranges of 20,000 
to 2000 and 2000 to 350 nm are presented in Table 3. 
The pore volumes for both the 28- and 90-day cured 
specimens in these size ranges generally increase con- 

siderably with silica fume content, with the total vol- 
ume (including both pore size ranges) for the 28-day 

*See footnote, p. 740. 
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specimen being 2.65, 3.3 1, and 5.30 percent for Speci- 
mens Cf, B:,, and Bg,, and 1.38, 4.43, and 8.00 for CH, 
BE, and BE, respectively. 

DISCUSSION 
Silica fume replacements to mortar cause significant 

changes in the pore structure of the hydrated product. 

Pore volumes in the 20,000 to 2000 and 2000 to 350 nm 

ranges are significantly greater for mortars with silica 

fume by first intrusion measurements, and with second 

intrusion measurements they appear to be even greater 

in the 20,000 to 2000 nm range. These results, which 

are in agreement with those of L i t ~ a n , ~  explain the 

greatly improved frost resistance of Specimens Byo and 

BFo over that of CH. Previous work showed that 

Ca(OH), is preferentially deposited in the interfacial 

zone around inclusions such as aggregates in mortar 

and concrete and fibers in p a ~ t e . ~ . l ~ ~ *  The silica fume 

reacts with Ca(OH),, thereby affecting pore distribu- 

tion in the mortar and creating further pores in the 

range 20,000 to 350 nm at the interfacial zone around 

sand grains. Assuming that pores of this size-range 

form around homogeneously distributed sand grains of 

uniform size (0.5 mm) in a mortar having a 2.25:l 

sand-to-binder ratio, a simple calculation can demon- 

strate that spacing between these pores is less than 0.1 

mm. This conforms to specification ASTM C 457-71 

for frost durability. In addition, part of the pore vol- 

ume in these pore-ranges is of the ink-bottle variety and 

relatively inaccessible. This property may be important 

to maintain a low level of saturation of these pores 

during the freeze-thaw cycles, and allow them to act as 

reservoirs; they may accommodate water migrating 
from small pores during the freezing process. 

Specimen Cf also performed well. Although this mix 

contained no silica fume, the pore volume in the range 

20,000 to 350 nm increased from 1.85 to 5.41 percent 

by volume (Table 3) when mercury was reintruded, in- 

dicating that a large portion of these pores is relatively 

inaccessible. This compares with Mix CH which had 

comparable values of 0.92 and 2.45 percent and which 

performed poorly. In addition, the lower w/c of Cf 

would insure a lower general permeability and less cap- 

illary water than Specimen CH. 

The rapid deterioration of mortar Specimen B,,' with 

freeze-thaw cycles (although it exhibited the highest 

strength and salt solution resistance1.*) appears to be 

anomalous on first examination and is probably related 

to  its low permeability and large (30 percent) silica 

fume content. The silica fume is in excess of that 

needed for complete reaction," resulting in a higher ef- 

fective water:binder ratio. In addition, previous results 

indicate that hydration is not complete, and at a w/(c 
+ sf) ratio of 0.45 a relatively large amount of evapor- 

able water still remains in the pores.* It is entrapped 

during the freeze-thaw cycles as a result of the low 

permeability of the specimen and results in damage. 

The greater permeability of Specimens B,H, and B i  in- 

sures greater frost resistance. 

CONCLUSIONS 
1. Frost resistant mortars complying with ASTM 

C 666, Procedure B, at two freeze-thaw cycles a day 

can be made at a w/(c + sf) ratio of 0.60 by replacing 

10 percent of cement with silica fume. No air-entrain- 

ing agents or superplasticizers are required. 

2. Frost resistance is improved by silica fume addi- 

tion because of the increase in pore volume in pore sizes 

of 20,000 to 2000 and 2000 to 350 nm, and to the dis- 

continuity of these pores. 

3. The increased pore volume responsible for frost 

resistance occurs at the interfacial zone around sand 

grains. 

4. Although they possess greater strength, mortars 

formed at a w/(c + sf) ratio of 0.45 and 30 percent sil- 

ica fume content do not possess good frost resistance. 
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