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THE BASIC theories developed by T. C. Powers on freezing mechanisms in cement 
paste and concrete (1, 2) have been of outstanding value for winter concreting in Den-
mark. Around 1950 they formed the basis for practical recommendations (3) and gave 
rise to further research work in Scandinavia and a fruitful mutual exchange of ideas. 

Later Göran Möller carried out a greater number of laboratory experiments in his 
technological study of early freezing of concrete (5) and established an empirical 
relation between the water- cement ratio and the reuired prehardening time, i.e., the 
time during which green concrete attains such a degree of hardening that it may freeze 
without suffering damage. 

Subsequently Powers showed (6) that immunity to freezing was due to absence of 
destructive forces during freezing, and indicated an upper permissible limit of satura-
tion in concrete that is dependent upon the maturity factor (ratio of nonevaporable water 
content to ultimate nonevaporable water content at complete hydration). Powers further 
used Möller's data to formulate a semitheoretical expression for the relationship be-
tween the necessary prehardening time and the water- cement ratio. 

E. Rastrup defined the maturity factor in terms of heat of hydration and found the 
relationships between water-cement ratio and necessary prehardening time for different 
cement types and at different (constant) temperatures (8). 

Today the problem for winter concreting practice is—to convert the necessary pre-
hardening time into actual time units for structural concrete members. A given con-
crete structure should, for instance, be protected against freezing during a period cor-
responding to the necessary prehardening time. The protection can be provided by 
coverings and insulation; the prehardening time for a concrete member can be deter-
mined from the temperature history, which is dependent on many variables. 

THE TEMPERATURE HISTORY 

According to Powers the necessary prehardening time was dependent on water-
cement ratio and maturity factor. According to Rastrup the maturity factor could be 
expressed as a function of cement type and curing temperature. 

For practical application the constant curing temperature has to be replaced by the 
temperature history, which is a function of the heat development within the concrete 
mass and the heat exchange between concrete and environment. The heat development 
is determined by the cement type, cement content and temperature history; the heat 
exchange is determined by the shape and dimensions of the concrete mass, the heat 
transfer coefficient, the ambient temperature and the temperature history of the mass. 

The recurrence of the temperature history in the list of parameters implies that dif-
ferential equations have to be used in expressing the conditions of the temperature de-
velopment. 

P. Nerenst, E. Rastrup and G. M. Idorn calculated temperature histories for dif-
ferent concrete mixes as a function of these variables byusingfinite difference equations 
(3). The results of their calculations were presented in diagrams that make it possible 
to predict the stage of hydration, or degree of hardening, at the time the mix reaches 
0 C, when the properties of the concrete, its initial temperature and the ambient tem-
perature are known. 
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TABLE 1 

DIMENSION d = v/A AND TIME CONSTANT r FOR COMMON STRUCTURAL MEMBERS WITH TYPICAL INSULATION5  

SLABS, d"h WALLSd"b C0LUMNS,dSJ4 

a b c lV4"wooden 1 1/4 " wooden 
form form 

4cm (wet) 	(tarpaulin 4cm (air dried) straw 5cm mineral wool 
Straw mat 	over air mat in sisol-krofl 
or 	 space paper 

(k-30)  

(k"4,0) 	(k"4,0) (k=),6) (k"0,8) (k=3D)  

:II:8::::N —ti flflJIfl1)()1U(fliJe II 4 
	wooden 

acO 0 a form 	f7 
X//AV//Z  

I 1/4 	wooden form I /4 	wooden farm I 1/4"  wooden form . (k=3 0) 
)k"3,0) (k=3,0) )k"3,0) 

1 1/4  "wooden 

b 	- form 

)k"3) 

k27,0 wk"4,6 k"3,8 ek"6 cic"3,0 	s4 

T (hours) ha 	(cm) hb 	(cm) hC 	(cm) b 	(cm) s 	(cm) 

0 12 8 6 10 20 
121/2 15 10 8 13 25 
20 25 15 12 20 40 
25 30 20 15 25 50 
40 50 32 25 40 80 
50 60 40 32 50 100 
80 100 65 50 80 160 
00 1 	120 1 	 75 1 	 65 1 	 100 1 	 200 

aCorrespondii,g values of d and r are determined by the formula r = 	
d. 

Ek 

The construction members were characterized by their "cooling factor,'t i.e., the 
reciprocal value of the "time constant" r defined (in hours) as 

- VcbRb 
- LkA 

where v 

V = volume of concrete member (m3), 
cb = specific heat of concrete (kcal/kg, deg C), 
Rb = density of concrete (kg/rn3), and 

k A = coefficient of heat transfer by surface area (kcal/ deg C hr). 

By introducing the shape factor V/A and by assuming cb Rb = 600 kcal/deg C m3  for 
ordinary concrete, r-values from 10 to 100 hours for some common structural members 
with typical protective insulation give the dimensions shown in Table 1. 

CONCRETE COMPOSITION AND TEMPERATURE CONDITIONS 

In order to use the criteria for frost resistance in construction practice it is neces-
sary to classify the cement types available in accordance with, e.g., the principles 
introduced in the RILEM Recommendations for Winter Concreting (7). In these a Q25 
cement has a heat development of 20-30 cal/g cement during the fiit 72 hours at 5 C 
(w/c = 0.4), a Q35 cement has 30-40 cal/g, a Q45 cement 40-50 cal/g and a Q55 ce-
ment above 50 cal/g.*  In the following evaluation, the calculations are made for Q35, 
Q45 and Q55 cements. 

*The usual Danish portland cements, i.e., ordinary, rapid hardening and super rapid hardening, would 
by this definition be Q35, Q45 and Q55 types, respectively. The American type Ill would correspond 
to Q55, type I to Q45, whereas type 11 and type IV would both be of the Q25 type. 
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It should be noted that Nerenst et al. (3) computed concrete temperature histories 
starting with three initial temperatures (Nb), 5, 13 and 20 C (corresponding to mixes 
made without heating of concrete constituents, with heating of water, and with heating 
of both water andaggregate, respectively), and for three different temperatures of am-
bient air (Ne),  -1, -5 and -20 C. The concrete mixes were of cement contents (C) of 
150 kg/rn3  and 300 kg/rn3  from the three Danish cement types mentioned. 

Curves for a cement content C = 225 kg/m3, interpolated from the curves obtained 
with the cement contents first mentioned, have been deduced by the author (4). In 1953 
these calculations were rather laborious. They are, however, readily programmed 
for digital computers, and curves for Nu = -10 C are added by this means. 

INFLUENCE OF WATER-CEMENT RATIO 

The results were easily made applicable in practice since Nerenst et al. introduced 
diagrams which, for known initial concrete temperature, cement type and cement con-
tent, indicated the time it would take concrete members with varying time constant to 
cool down to 0 C at different temperatures of the ambient air. At the same time it was 
shown in accompanying diagrams whether 0 C would be reached before or after the con-
crete in question would be resistant to freezing, i.e.,  had obtained a certain degree of 
hardening expressed, for instance, as curing time (hr) at OC or 15C (3, Figs. 23-27). 

The borderline betweei:i degrees of 
hardening where frost resistance is ob-
tained or not obtained must now, accord- 

REQUIRED PREHARDENING TIME FOR 	 to Powers' and Rastrup's findings, be de- 
OBTAINING RESISTANCE TO FREEZINGa 	 pendent on the water-cement ratio. By 

Time (in hr at 0 C) for Cements 
using Rastrup's equations the values in 

w/c 	Q55 	 Q45 	 Q35 	Q25 	Table 2 are found. 

0.4 	28 	 48 	 67 	 120 	
As the temperature histories become 

0.5 	41 (44) 	68 (72) 	99(110) 	182 	available when the calculations are carried 

0.6 	57 (62) 	93 (100) 	144 (160) 	274 	out, it is further possible, in the same 
0.7 	77 (84) 	129 (140) 	205 (220) 	425 	part of the diagram which shows the time 
0.8 	105 (120) 	175 (190) 	299 (330) 	661 	for cooling to OC, to indicate at which 

	

ONun,bers in parentheses are values on the sole side as used 	time (tn) the necessary degree of prehard- 

	

in the diagrams: e.g., for Q45 the dotted vertical lines in 	ening has been reached—also dependent on 
Figure 1. 	 the water-cement ratio. Using the time 

necessary p ehardenung for 

__ III IIIN 

30 	60 	120 	240 	480 	960 

degree of harderling,t (hours at 0°C) 

10 	10 

12,5 	12,3 

20 	20 

25 	25 

40 
	

40 

50 
	

50 

80 
	

80 

nc, 

frostresistant for 

I W/CrO,5 
I W/Cr0 
I, _._._.. W/C°07 

A wiCr0 

I 	/ 

100 
0,5 

time after placing, t (doys) 

Example—The calculation of the temperature history for i = 40 gives the result that the concrete has cooled to OC after 76 
hours or about 34 days (b). At that time a degree of hardening corresponding to curing 270 hours at OC has been attained 
(a). Degrees of hardening corresponding to 72, 100, 140 and 190 hours (see Table 2) are obtained within 14, 18, 24 and 37 
hours after placing (b). 

Figure 1. Relationship between time constant T and time for the concrete to cool to OC (b) and the 

degree of hardening obtained (a). 
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constant r as the independent variable, Figure 1 establishes its relationship with the 
time for cooling to 0 C (Fig. ib) and with the degree of hardening reached during this 
period (Fig. la). The variable limit of resistance to freezing is indicated in Figure la 
by dotted vertical lines and the corresponding actual time periods by the similarly 
marked curves in Figure lb. 

Figure 1 is based on the calculations carried out for concrete made with 300 kg/rn3  
of Q45 cement with initial temperature of 20 C (water and aggregate heated) and placed 
at -10 C. Similar curves may be drawn for 3 cement types, 3 cement contents, 3 initial 
concrete temperatures and 4 different temperatures of the ambient air. This makes a 
total of over 100 diagrams, which, however, is rather incomprehensible for practical 
use. 

PRACTICAL APPLICATION 

In order to deduce simpler rules we will consider some standard construction ele-
ments—a 14-cm slab, an 18-cm wall and a 40-cm diameter column. From Table 1 it 
is seen that these elements may all correspond to a i-value of about 20 hr (if the medi-
um insulation is chosen for slabs— case b in Table 1). For slabs, 14 cm may also be 
obtained for a i-value of 121/2  hr with minimum insulation (case a) and for a T-value of 
25 hr with maximum insulation (case c). For walls and columns, however, i-values 
of 12/ and 25 hr are possible only if the standard dimensions are respectively reduced 
or increased. 

After arranging the diagrams according to falling ambient temperature, increasing 
cement activity and cement content and increasing initial concrete temperature, they 
are now all entered with the i-value for the standard element, 20 hours. 

It is shown in Figure 2 that the concrete in question (using the conditions of Fig. 1), 
during the time which it takes to cool down to OC (Fig. 2b), obtains a degree of hard-
ening (Fig. 2a) which gives immunity to freezing for water- cement ratios of 0.6 or 
below. Connected values of mix proportions, temperatures and protection time are 
shown. By repeating this procedure Table 3 is extracted from the pertinent diagrams. 

Table 3 may be summarized in the following simple rules for winter concreting: 

1. Temperatures not below -1 C: Cement content should not be lower, than 225 
kg/m3  (4 bags per cu yd) and the w/c ratio not greater than 0.6 or 0.7, depending on 

(a) - - - - necessoryprehardening for 

.-— 

CrO,5 
C0,6 
C0,7 

lC08 

_ 

N _ 
30 	60 	120 	240 	480 
degree of hardening, t C hours at 00 

Example—(a) A concrete member with T = 20 hr will have reached before freezing a degree of hardening (102 hr at OC) 
greater than necessary for obtaining frost resistance with w/c = 0.5 (72 hr) and with w/c = 0.6 (100 hr). Assuming w/c = 0.7 
or above, frost resistance will not have been obtained before the concrete freezes. (b) If w/c = 0.5 frost resistance will be 
obtained after less than 1 day (21 hr), and with w/c = 0.6, after less than 2 days (37 hr). The concrete will have cooled to 
OC in 39 hr after placing. This perthits the following entr' in Table 3: For N. = -10C, a Q45 cement and initial tempera-
ture 20C, the safe mix proportions would be C > 300 kg/rn and w/c 0.6 when the protection is maintained for 2 days. 

Figure 2. Determining safe combinations of mix proportions, temperature and protection time. 
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TABLE 3 

SAFE COMBINATIONS OF CONCRETE COMPOSITION, INITIAL CONCRETE TEMPERATURE 
AND PROECTION TIME AT VARIOUS WINTER CONCRETING TEMPERATURES 

- Cement Q35 Cement Q45 Cement Q55 

(Ordinary) (Rapid (Super Rapid 

Ambient 	Requirements for  Hardening) Hardening) 

Temperature, Cement Content, 
v/c Ratio, and Initial Tempera- 

Initial Tempera- Initial Tempera- N0 	
Protection Time ture of Concrete  5 	13 	20C ture of Concrete ture of Concrete 

(41 	55 	68 F) 5 	13 	20C 5 	13 	20C 
(41 	55 	68 F) (41 	55 	68 F) 

-1 C (30 F) minimum C, kg/m3  - 	225 	225 	225 	225 - - - 	- 
maximum w/c - 	0.6 	0.6 	0.7 	0.7 - - - 	- 
minimum t, days - 	5 	3 '/2 	4 Y2 	3 '/2 - 

-5 C (23 F) minimum C, kg/m3  - 	- 	- 	- 	300 300 300 - 	- 
maximum w/c - 	- 	- 	- 	0.6 0.7 0.7 - 	- 
minimum tp. days 	- - 	- 	- 	2 '/2 2 /2  2 '/, - 	- 

-10 C (14 F) minimum C, kg/m 3 	- - 	- 	- 	- 300 300 300 	- 
maximum w/c 	- - 	- 	- 	- 0.6 0.5 0.6 	- 
minimum t12 . days 	- - 	- 	- 	- 2 1 '/2 1 '/ 	- 

-20 C (-4 F) minimum C, kg/rn' 	—————— 300 	- 
maximum w/c 	——————-- 0.5 	- 
minimumtp. days 	—————— 1 	- 

cement type. Ordinary (Danish) portland cement should only be used when at least 
the water is heated. 

Temperatures between -1 C and -5 C: Cement content should not be lower than 
300 kg/rn3  (5'/2 bags per cu yd) and rapid hardening cements (type I and type ifi) should 
be used. The w/c ratio should be kept as low as 0.6 or 0.7, depending on cement type 
and to what extent concrete constituents are heated. 

Temperatures between - 5 C and -1OC: Cement content should not be lower than 
300 kg/rn3, using rapid hardening cement types and w/c ratios not greater than 0.6. 
Depending on cement type, water or water and aggregate should be heated. 

Temperatures between -10 C and -20 C: Cement content should be above 300 
kg/rn3  of super rapid hardening cement (type ifi), w/c ratio not greater than 0.5 and 
concrete made with heated water only. 

For other i--values, i.e., if different standard elements are preferred, Table 3 
would be different and the simple rules would be changed accordingly. 
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