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SYNOPSIS 
I T WAS POSTULATED that, as stated by the Bureau of Reclamation, "the object 
of curing is to prevent or replenish the loss of necessary moisture during the 
early, relatively rapid stage of hydration" of portland-cement concrete. Mois­
ture being integrally related to temperature, the evaluation of concrete-curing 
methods was made as a function of their ability to control water content and 
thermal variations. Electrical methods were chosen to secure desired data. The 
Bouyoucos plaster block and copper-constantan thermocouple were selected 
by process of elimination. Instrumentation included a specially designed and 
built A. C . ohmmeterfor moisture and a standard potentiometer for temperature. 
Proper calibration was empiric, and for moisture contents between 1 and 6 per­
cent, the relative error was less than ± 5 percent. For temperatures between 0 
and 135 F . the equipment manufacturer's guaranteed temperature accuracy was 
±1.155 F . A pilot investigation was made on an 8-in.-concrete slab (2 by3i ft.) con­
veniently located on the grounds of the University of Virginia. Results indi­
cated that the approach was practical and reliable. Data were gathered on the 
variations in temperature and moisture as a function of the distance from the 
surface of the slab. 

Using the experience gained, the same method of investigation was utilized 
on a paving project on Route 58 in southeastern Virginia to evaluate the relative 
merit of the four curing methods: liquid-membrane seal, liquid-membrane seal 
covered with a limewash, waterproofed paper, and damp burlap. For the purpose 
of comparison, slabs without any artificial curing were included in the project. 
Virginia road specifications were followed when applicable. Test sections were 
repeated and placed in regular and air-entrained concrete. Results indicate that 
overall variations in temperature and moisture were larger and more frequent 
near the surface while the bottom of the slab varied little and infrequently. A 
relation was established between the overall variations and climatic conditions. 
No major difference in the effectiveness of the curing methods on the regular and 
air-entrained concrete could be observed. From the results, the order in which 
the methods proved themselves best able to retain moisture was, on the average: 
waterproofed paper, damp burlap, liquid-membrane seal with limewash, liquid-
membrane seal, no cure. Records indicate the average order of effectiveness to 
maintain low and uniform temperatures to be: liquid-membrane seal with lime­
wash, damp burlap, waterproofed paper, no cure, liquid-membrane seal. 

• I T I S RECOGNIZED that without proper chemical reactions, poor water-tightness, and 
curing, the desired properties of hardened inadequate resistance to weathering, 
concrete may not be fully developed. In addi- The following definition of curing, by the 
tion to the easily observed loss of strength due Bureau of Reclamation (8), has been adopted 
to improper curing, a reduced durability is for this investigation: "The object of curing 
frequently encoimtered and diagnosed as is to prevent or replenish the loss of necessary 
follows: low resistance to wear and adverse moisture during the early, relatively rapid 
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stage of hydration." Curing is not always 
considered as providing sufficient moisture to 
the exclusion of other considerations. Some 
investigators have asked whether the distribu­
tion and condition were not at least as im­
portant as the quantity of available moisture. 
In other words, would it not be possible for 
concrete to be improperlj- cured even with a 
large supply of water available when not at 
the proper place or in the proper form in the 
concrete? Furthermore, is free moisture at all 
needed, and, if so, how much? The investiga-
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Figure 1. Chart for correcting resistance of plaster block 
units for temperature. 

tion reported in this paper is not concerned 
with these questions. Instead, since standards 
for curing methods are currently based on so-
called water-retention tests, it was postulated 
that the efficiency of the individual curing 
methods was a direct function of the quantity 
of free moisture in the concrete. 

The only other factor which was surveyed 
was temperature. I t is known that the gain 
of strength at early ages and other properties 
of concrete are related to temperature. No 
attempt was made to analyze the function of 
heat, since it was considered a parameter in 
the equation of curing with moisture as only 
variable. I t would be remembered that if 

heat accelerates h}-dration of cement, as il­
lustrated bj- the efficiency of steam curing 
{34), it is a well-accepted view that moderate 
and uniform temperatures are advisable to 
obtain so-called sound concrete. Thus, curing 
might be expressed by the following mathe­
matical function: 

C = f{Mt) 

where M is the free moisture at temperature t. 
I t is believed that everj-thing in this paper 
could be extrapolated, with minor adjustments, 

Figure 2. Calibration chart for copper and constantan 
thermocouples (L & N) 3S calibration (Leeds & Northrup). 

Figure S. Inside view of A. C. ohmmeter. 

to apply to any concrete member, but the 
investigation was Umited to curing of high­
way-pavement slabs. 

LABORATOKY INVESTIGATION 

The electrical-resistance method was chosen 
as best suited to measure moisture with the 
desired accuracy and continuously through the 
experiments. A rather exhaustive study of 
various systems was undertaken, since none 
was recommended for concrete by previous 
investigators {4S). By the process of elimina­
tion, the unit developed at the Michigan 
Agricultural Experiment Station by George J . 
Bouyoucos and A. H . Mick, was selected to 
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measure moisture in concrete as was done by 
the Michigan State Highway Department in 
cooperation with the Bureau of Public Roads 
(37). 

Resistance varies with temperature as well 
as with moisture, and it was therefore neces-

Figure 4. Outside view of A. C. ohmmeter. 

over-all were used to obtain a desired accuracy 
of ±1.55 F. Readings were made with a Leeds 
& Northrup portable temperature indicator 
using the calibration shart shown on Figure 2 

For the determination of moisture, a port­
able A.C. ohmmeter was designed and built 
by a student in electrical engineering at the 
university. I t is shown in Figures 3 and 4. 
"The fundamental idea in the design of the 
instrument is that an alternating current 
(needed to equalize the effect of polarization), 
when passed through a given area of the con­
crete, should, when returned to the meter and 
rectified, give an indication of the mobile 
ions in the concrete. This was achieved by 
generating an alternating current with a 
battery driven feed-back oscillator, by recti-

T A B L E 1 
P A R T L I S T F O R A. C . O H M M E T E R 

Quantity No. Description Specifications 

1 SW-1 Switch Double pole, triple throw, rotary 
1 . SW-2 Switch Triple pole, double tlirow, rotary 
1 SW-3 Switch Double pole, double tiirow, toggle 
1 SW-4 Switch Double pole, double throw, rotary 
1 SW-5 Switch Single pole, normally closed, push type 

Rubber covered 3 ft. Cable 3 wires 
Single pole, normally closed, push type 
Rubber covered 

1 R-1 Resistor 1.6 meg, i watt ± 10% 
1 1 R-2 Potentiometer 2,000 ohm, i watt, WW ± 10% 
1 R-3 Resistor 400 ohm, 1 watt ± 10% 
1 R-4 Resistor 15,000 ohm, i watt, precision ± 1%, WW (with 

lugs) 
1 R-5 Resistor 2,000 ohm, i watt, precision =h 1% 

14,000 ohm, 5 watt, precision =h 1% 1 R-6 Resistor 
2,000 ohm, i watt, precision =h 1% 
14,000 ohm, 5 watt, precision =h 1% 

I R-7 Resistor 50 ohm, i watt, precision ± 1%, WW 
1 R-8 Resistor 15.000 ohm, 1 watt ± 10% 
i R-9 Resistor 1,200 ohm, 1 watt =t 10% 
1 R-10 Potentiometer 1.0 meg., 1 watt, WW 
1 C-1 Condenser 1,000 mm F , paper, 600 V 
1 C-2 Condenser .05 MP, paper, 400 V 
1 C-3 Condenser 2.0 M F , paper, 60 V 
1 C-4 Condenser .01 M F , paper, 400 V 
1 VT-1 Tube 3V4 
2 B-1 Battery 1.5V Flashlight 
1 B-2 Battery 45V 
2 R E - 1 to 2 Crystal diode Germanium 
1 T-1 Transformer Interstage 2-3 
1 M-1 Microammeter 0-200 microamps 

sary to convert the resistance, as measured, 
to a base temperature, in this case 60 F. The 
chart of Figure 1 for making the conversion 
was obtained experimentally by Bouyoucos, 
using soils as test media (5). After careful 
study, it was postulated that the curves could 
also be used for concrete. 

For the determination of temperature, 
selected 20-gauge-duplex copper-constantan-
thermocouple wires having enamel, double-
wrapped glass-fibre, silicone-impregnated in­
sulation on each \vire and glass-fibre brand 

fying (with two germanium crystals) and 
measuring with a microammeter the amount 
of current returned to the meter from an 
electrical-resistance unit" (41)-

The meter was built in a portable case 
according to the circuit specifications of the 
Berkeley Scientific Co. (10). Due to avail­
ability, a 3V4 was substituted for a 3Q4 
tube, since both have the same electrical 
characteristics. In calibrating with precision 
resistors i t was found necessary to make 
several changes. The resulting diagram is 
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shown in Figure 5 and a list of parts in Table 
1. Further checking showed that temperature 
did not affect the meter and that the aging 
of the diy-cell batteries did not perceptibly 
change the readings so long as enough power 
was supplied to the 3V4 tube to "zero" the 
microammeter. The final calibration for the high 
and low ranges of the meter is shown in Figure 
6. I t is accurate to ±0 .05 percent. 

Xo standard procedure was available to 
calibrate the moisture units for concrete. The 
general practice used for soils served as a 
guide. The units (ha\nng been soaked 24 hr. 
in water) were cast in 6- by 12-in. concrete 
cylinders and, along with a thermocouple, 
were placed as near as possible to the center 

H i . H SW, RE, 

Figure 5. Circuit diagram for A. C. ohmmeter. 

of the specimen. Readings were started after 
the concrete had set enough for the cj-linders 
to be handled. At each reading, the resistance 
of the moisture unit, internal temperature, 
and weight of the cylinder were recorded. 
These readings were continued approximately 
on a logarithmic time scale until the changes 
in cj-linder weights were negligible or until 
the resistance of the moisture unit was out of 
the range of the ohmmeter. The specimens 
were then placed in an electric oven at 110 C . 
and dried to constant weight. The percents 
moisture based on the oven-drj- weight were 
plotted on an arithmetic scale against corre­
sponding readings from the ohmmeter on a 
logarithmic scale. 

A number of specimens were manufactured 
during the investigation and several were 
subjected to cj-cles of wetting and drj-ing to 
obtain a profusion of calibrations. Sundry 

mixes were used to try to localize any varia­
tions which might be due to the materials 
used, composition of the mix, or other factors, 
such as air-entrainment. All mixes were de­
signed in accordance with current practices 
of the council {32, 56). 

No correlation was established between the 
type of concrete and the moisture readings. 
The data are shown in Figure 7 for all the cali­
bration specimens through several cycles of 
wetting and drying. I t might at first glance 
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Figure 6. Calibration chart for A. C. ohmmeter. 

appear that the points are too scattered to 
warrant any reliable average curve. The units 
measured moisture at one point in the cylinders 
(approximately the center) while weight de­
terminations gave the average moisture con­
tent for the entire specimen. In addition, it 
is suspected that the dessication at the end of 
the first cycle may damage the plaster blocks, 
resulting in erroneous subsequent readings as 
the distribution of the individual calibration 
curves would indicate: the points were well 
grouped for the original dning cycle and al­
most all the values more than ± i percent 
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Figure 7. Distr ibution of points used i n determining tlie 
mean calibration curve. 

moisture from the mean calibration were 
obtained from subsequent cycles. 

The range of the A. C . ohmmeter was f rom 
100 ohms to 1 megohm. A mathematic 
approach was used to deduce the remainder of 
the curve f rom the known part (49). Two 
general equations f i t reasonably well the exist­
ing data, if used within the limitations of the 
tests, one being an exponential and the other 
a hyperbolic function. I f we have 

y = logioy 

we can write either: 

( j + f) = 100.5e - (0.348j? + 2.04) 

where 6 is Napier's constant, or: 

I t is interesting to speculate as to why the 
plaster blocks, which had been tried with 
indifferent success by many a previous in­
vestigator, gave such encouraging results 
which prompted the pilot and the field stud­
ies. I t appears that the high-pH medium in 
which the electrodes were embedded wil l 
not change appreciably in alkalinity in the 
presence ot concrete since the latter is also 
basic. I t is likely that enough lime was avail­
able through the e.xperiment to buffer the 
p H of the medium and regulate the flow of 

Figure 8 . Concrete slab for pilot study (thermocouples connected to potentiometer; arrow points to leads of plaster blocks). 
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Figure 9. Location of units in slab. 

equipment undoubtedly contributed to the 
success of the project. 

P I L O T STUDY 

Before attempting a large-scale field in­
vestigation of curing methods, a pilot slab 
was placed outside the laboratory on the 
grounds of the university. The simulated pave­
ment was 8 in. thick and 3J- by 2-ft. in area 
and is shown in Figure 8. 

Four moisture-temperature units were em­
bedded in the slab as shown in Figure 9 to 
study variations in moisture as a function of 
depth from the surface. Instrument readings, 
which had been started immediately after 
placing, were continued for 90 days. For the 
first 90 hr., the slab was covered with saturated 
cotton mats. The concrete was air-entrained 
and otherwise designed to meet requirements 
for Class A of the Virginia Department of 
Highwaj'B. 

Figure 10 shows time-moisture curves for 

T J M E I N D A Y S 

R E A D I N G S 

D I S C O N T I N U E D 

2 8 4 0 

R O M T O P 

C E N T E R 

1 /2 F R O M T O P 

T I M E - ( H 0 U N S 1 1 0 0 0 1 0 1 0 0 

Figure 1 0 . Time versus moisture content for pilot slab. 

ions during resistance readings. The extreme the units placed in the slab. As expected, the 
care exercised in preparing and placing the amplitude of moisture variation was a fune-
units as well as the quality of the electrical tion of the depth of embedment. Both the 
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Figure 1 1 . Time versus temperature for pilot slab (at time of readings) 

T A B L E 2 
D E S C R I P T I O N OF T E S T SECTIONS 

I I I I I I I • I I 

1 0 0 0 T I M E I N H O U R S 

Section 
No . Treatment 

1 . No cure 
2 Membrane 
3 1 Paper 
4 1 Burlap 
5 Membrane + limewash 
6 1 Membrane 
7 Membrane + limewash 
8 1 Paijer 
9 1 Membrane 

10 Burlap 
U ' PaiKsr 
12 Burlap 
13 j No cure 
14 Membrane + limewash 
15 Membrane 
16 1 Paper 
17 1 Burlap 
18 No cure 
10 Membrane -f- limewash 
20 Membrane 

Time of Pour 
Type Concrete 

Date 

9/11/51 

9/12/51 

9/19/51 

9/20/51 

Hour 

9:30 A . M . 
10.45 A . M . 
11:30 A .M. 

1:45 P .M. 
3:00 P . M . 

11 00 A . M . 
11:30 A .M. 

1 30 P .M. 
4:00 P . M . 
4-.30 P . M . 

10:00 A .M. 
10 .30 A M. 
11 00 A .M. 
11:30 A .M. 
12:00 A .M. 
9:00 A . M . 
9:20 A . M . 
9:40 A .M. 

10:00 A . M . 
10 30 A .M. 

Ordinary 

Ordinary 

Air-entramed 

Air-cntramed 

losses due to evaporation and the gains in 
moisture due to precipitations were magni­
fied in the readings obtained with the units 
nearest the surface. The temperature data 
shown in Figure 11 are only for the top and 
bottom units, since the intermediate ones 
averaged the thermal behavior of the extremes. 

The information gathered in the making of 

the pilot slab and the moisture-temperature 
data were considered reliable and accurate 
enough to warrant the undertaking of a 
field project. 

F I E L D I N V E S T I G A T I O N 

After both the laboratory investigation and 
the pilot slab study proved the practicability 
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of measuring the moisture content at any one 
point in a concrete slab in situ, the highway 
department selected a field project to compare 
several means of curing pavement concrete 
on the basis of their relative abiUties to 
retain moisture. The project chosen was 
located in Southampton County (Project 
No. 1787-04), Route 58, east of Emporia, 
in southeastern Virginia. 

Each curing treatment was appUed to a 
complete slab, twice in ordinary and twice in 
air-entrained concrete. This gave a total of 
four complete groups placed on different days. 

A C O h m m t o I 

P l . A t T K « B k O C I l . 

- E m s Op nwcMvuT 

r MMIMUMi 

&>I2 R . t lV4F»KCGMCMT 

a . 

Figure 12. Details for placing units. 

The experimental slabs are identified by sec­
tion and station in Table 2. The pavement 
was 8 in. thick with contraction joints spaced 
every 50 f t . A longitudinal joint along the 
centerline divided the pavement into 12-ft. 
lanes. 

The five different curing methods which 
were compared were: 
A = No treatment 
B = Liquid-membrane seal 
C = Liquid-membrane seal followed by lime-

wash 
D = Waterproof paper 
E = Damp burlap. 

Treatment B was applied by the contractor 
wi th a mechanical sprayer in accordance wi th 

current specifications. I n Group 2 there are 
two membrane and no no-cure sections, due 
to a misunderstanding on the part of the 
operator. The limewash coating in C, sprinkled 
with a watering can, was a solution of one 
part of lime to two parts of water. The water­
proofed paper in D was rolled on in two 11-
by 50-ft. blankets and 2-ft. strips overlapping 
the edges and the centerUne of the slab. 
Finally, sand was used for weighing down 
the outside edges and the centerline strips. 
I n F, burlap weighing 6.7 oz. per sq. yd. was 

Figure 13. Placing of center moisture-temperature uni t i n 
est slab. Note wire-mesh reinforcement removed to avoid 

interferences. 

placed across the slab wi th a minimum 6-
in overlap. Small piles of sand were placed on 
the burlap to hold i t secure. The burlap was 
maintained in a moist condition by sprinkUng 
at least three times dailj-. I n all cases, except 
as noted below, the treatments were started 
before midnight of the day of placing and 
were continued for a period of at least 72 hrs. 
The limewash in Sections 1, 2, and 4 was not 
sprinkled on unt i l 9:00 A . M . of the following 
day. Virginia Road and Bridge Specifications" 
(1947) were followed whenever applicable for 
the above treatments. Especially, the liquid-
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Figure 1 4 . Marking used for identification of typical test 
section. The A. C. ohmmeter is ready to be connected w i t h 

lead wires at edge of slab. 

membrane seal was sprayed under the de­
partment inspector's direct supervision and 
in f u l l compliance wi th current specifications. 

Three units were placed in each test slab 
as shown in Figure 12. Each plaster block was 
soaked in water for at least 2 hr. previous to 
embedment to bring its moisture content to 
approximately that of the fresh concrete. The 
bottom units were inserted in the first course; 
some 6 sq. f t . of wire-mesh reinforcement was 
removed before placing the center and top 
units to eliminate possible interference (Fig. 
13). When the top units had been placed in 
each slab, i t was necessary to maintain close 
watch on the finishing operations to prevent 
any dislocation. Extreme care was exercised in 
the placing of all units in order to secure a 
minimum of variation in the depth of em­
bedment, but in no way were the contractor's 
forces delayed in their work. 

After a complete group of units had been 
placed, a slump test (ASTM designation C 
143) was made. For Groups 3 and 4, the 
entrained-air content was determined wi th a 
Washington Airmeter (ASTM designation 

A e e I H D A V S 

B O T T O M 

o - T o P 

A - B O T T O M 

I I I I I J I 
A < S E I N H O O R « 
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Figure 1 5 . Moisture versus age for Test Section 1 ; treatment, none. Station, 90M8. 
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Figure 16. Moisture versus age for Section 2; treatment, membrane. Station. SlOOt. 
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Figure IT. Moisture versus age for Section S; treatment, paper. Station 9105S. 
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Figure M. Moisture versus age for Section 4 ; treatment, burlap. Station, 9 1 2 6 8 . 
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Figure 1 9 . Moisture versus age for Section 5 ; treatment, membrane plus limewash. Station, 9 1 3 U . 
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C 185). Finally, one check cylinder was made 
for each group following the same procedure 
used in the laboratory studies. All the ma­
terials used fully passed the requirements of 
Virginia Road and Bridge Specifications 

After several months, two cores were 
drilled from each test section. They were 
tested in compression to tiy to establish a 
relation between strength and curing of the 
concrete. 

AGE IN DAYS 

Paper and Burlap 
Removed 

25 Inches of 
nfall 

Paper 
Burlap 
Membrane 8 Limewosh 
Membrane 
No Cure 

Bottom 

AGE IN HOURS 
Figure 20. Moisture versus age for slabs in test sections. 

100 

Readings were started as soon as possible 
after brooming of the freshly placed concrete 
and continued during the 72-hr. curing period 
with an average of three readings per 24 hr: 
one in the morning, one in the afternoon and 
one around midnight. Proper identification was 
etched in the fresh concrete at the test points 
(Fig. 14). Three-in. cast-iron pipes, 2 ft. 
long, driven vertically at these locations along 
the edge of the slab, were used as terminal 
boxes to protect the lead wires. 

RESULTS 

Since the results of the field study are too 
bulky for presentation in extenso. Sections 1 
to 5 were selected as representative of the 
whole, in view of the good check between 
groups. 

The relationship of the moisture content 
as a function of the distance from the surface 
of the pavement is first shown in Figures 15 
to 19. The curing treatments are evaluated 
by comparing the moisture content in the top 
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Figure 21. Check calibration curves for field investigation. 

T A B L E 3 

M O I S T U R E C O N T E N T I N TOP U N I T S OF T E S T 
SLABS A T E N D OF 72-HR. C U R I N G P E R I O D 

Treatment 

Waterproofed paper 
Damp burlap 
Membrane plus lime-

wash 
Membrane 
No cure 

Group 

2'' 

percent 1 percent | percent j percent 
4 60 1 4.9S : 4 20 4.55 
3 50 ! 4 45 1 3 40 3.80 

3 20 3 75 2 85 3.80 
2.60 , 2 65, 3 60 2 55 2 W 
2 3S » 1 2.30 2.30 

" Group 2 containe<l two test sections of membrane 
curing, leaving out a no-cure section. 

•> Reprehents moisture content at 50 l ir . because of Iieavy 
rain oecuiring before end of 72-hr. curing period. 

T A B L E 4 

M A X I M U M LOSS I N M O I S T U R E C O N T E N T I N TOP 
U N I T S OF T E S T SL.\BS D U R I N G 72-HR. 

C U R I N G P E R I O D 

Treatment 

Paper 
Burlap 
Membrane plus lime-

wash 
Membrane 
No cure 

Group 

1 

percent 
0.50 
1 70 

1.90 
2 35 
2 45 

pel cent | percent | percent 
0 45 
0.45 

1 50 
1.10, 1.3 

1.15 
1.30 

1.70 
2 30 
2.40 

0.80 
1.30 

1.20 
2 10 
2 45 

and bottom units in Figure 20. The check 
calibration curves for the field cylinders, as 
compared with the mean calibration curve 
developed in the laboratory, are shown in 
Figure 21. I t is felt that their relationship veri­
fied the validity of the mean calibration curve. 

Table 3 gives the percent moisture in top 
units of the test slabs at the end of the 72-
hr. curing period. These values are tabulated 
below on the basis of difference in moisture 
from that in the no-cure sections. 

Treatment 
Grt up 

A v g . of 
1, 3,4 

1 2" 3 4 

Waterproofed paper 2.25 1.88 1.90 2.25 2.13 
Damp burlap 1.15 1.38 1.10 1 60 1.25 
Membrane plus limewash 0.85 0.68 0.65 1.60 0.97 
Membrane 0.2S 0.00 0.25 0.56 0.36 
No cure 0.00 0.00 0.00 0.00 

" Moisture content at 60 hr. on account of heavy rain 
before 72 hr. 

Table 4 lists the maximum losses in moisture 
content for the top units in the test slabs 
during the 72-hr. curing period. For compari­
son, these values are expressed as relative 
percentages of moisture loss with the no-cure 
section representing 100 percent change. 

Treatment 
Grc mp 

A v g . of 
1. 3, 4. 

1 2 3 4 

Paper 20.4 37.6 47.9 32 7 33.6 
Damp burlap 69.4 37.6 64.2 53 1 68.8 
Membrane plus l ime 

wash . 73.6 126.0 70 8 49.0 64.5 
Membrane . . 96.0 100.0 96.8 86.7 92 5 
No cure . . . 100 0 — 100 0 100.0 100.0 

Table 5 lists the maximum temperatures 
reached in the top units during the 72-hr. 
curing period. These values are tabulated 
below on the basis of number of degrees 
Fahrenheit above that reached in the mem-
brane-plus-limewash sections. 

Group 
Treatment 

1 ' 2 
.\verage 

Membrane 111 24 9 18 15.5 
No cure 2" — 8 14 8 0 
Paijer 10 2 10 7.5 
Damp burlap , 0 3 7 1 2.8 
Membrane plus limewash 1 » 0 0 0 0 

' Group 2 contained two test sections of membrane 
curing, leaving out a no-cure section. 

° Sliade of large tree protected slab. 

Table 6 shows the maximum temperature 
differential in degrees Fahrenheit between the 
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top and bottom units at any one time during 
the 72-hr. curing period. For the purpose of 
comparison, these values are expressed as 
degrees Fahrenheit of temperature differential 
above that in the waterproof paper sections. 

Group 
Treutment 

1 2 3 4 

Membrane 6 5 0 8 
No cure 4 — 5 4 
Membrane phis hmewash . 1 1 3 - 1 
Damp burlap 2 1 3 3 
Paper 0 0 0 

Table 7 lists the temperature variations in 
degrees Fahrenheit for the top units through­
out the 72-hr. curing period. The values are 
also tabulated below on the basis of degrees 
Fahrenheit variation above that of the mem-
brane-plus-limewash sections. 

Group 
Treatment 

1 2 3 4 

Membrane 6 17 - 1 15 
No cure - 1 — 2 14 
Damp burlap 1 1 3 7 
Paper 3 3 - 9 6 
Membrane plus limewash 0 0 0 0 

Atmospheric wet- and dry-bulb tempera­
tures were recorded at readings. In order to 
correlate weather conditions with the data, 
the corresponding humidity and precipitation 
were plotted on the time-moisture curves. 
Figure 22 shows a typical temperature rela­
tionship, for the various treatments, in the 
top units of Sections 1 through 5. The core 
strengths did not indicate any relation be­
tween the curing methods and the compressive 
strength of the hardened concrete. 

RESULTS A N D CONCLUSIOXS 

From the data presented in this report and 
under the conditions investigated, the follow­
ing conclusions may be drawn: (1) I t is possi­
ble and practical to measure continuously 
moisture and temperature at any point in a 
concrete slab during the curing period by elec­
trical methods. (2) Bouyoucos plaster blocks 
and copper-constantan thermocouples with 
ad hoc electrical instruments give satisfactory 
readings. (3) No significant difference exists 
between the effects of the curing methods on 
air-entrained and non-air-entrained concrete 
slabs. (4) There is no api)arent correlation 

between the compressive strength of the 
pavement concrete and the method used to 
cure it. 

Considering only the moisture variable, it 
is observed from the data that: (5) The rating 
of the curing methods based on the highest to 

T A B L E 8 
M A X I M U M T E M P E R A T U R E S FOR TOP U N I T S I N 
T E S T SLABS D U R I N G 72-HR. C U R I N G P E R I O D 

Treatment 
Group 

1 2 3 4 

F. F. F. F . 
Membrane 107 107, 117 97 100 
No cure . . . 98" b 96 96 

92 Paper 104 93 90 
96 
92 

Burlap 96 91 95 83 
Membrane plus limewash 96 88 88 82 

' Shade of large tree protected slab. 
" Group 2 contained two test sections of membrane 

curing leaving out a no^cuie section. 

T A B L E 6 
M A X I M U M T E M P E R A T U R E D I F F E R E N T I A L 

B E T W E E N T O P A N D B O T T O M U N I T S I N T E S T 
SLABS D U R I N G 72-HR. C U R I N G P E R I O D 

Group 
Treatment 

1 2 3 4 

F. F . F . F . 
Membrane 13 13, 12 7 14 
No cure 11 a 12 10 
Membrane plus hmewaah 8 8 10 5 
Burlap 9 8 10 9 
Paper . . . 7 7 7 6 

' Group 2 contained two test sections of membrane 
curing leaving out a no-cure section. 

T A B L E 7 
T E M P E R A T U R E V A R I A T I O N FOR TOP U N I T S I N 
T E S T SLABS D U R I N G 72-HR. C U R I N G P E R I O D 

Group 
reatment 

1 2 3 4 

F . F . F . F . 
Membrane 25 25,39 26 26 
No cure . . . . . 19 a 29 25 
B u r l a p . 21 16 30 18 
Paper. 23 18 18 17 
Membrane plus limewash . 20 15 27 U 

* Group 2 contamed two test sections of membrane 
curing leaving out a no-cure section. 

lowest amount of moisture retention is: 
waterproof paper, damp burlap, membrane 
plus Umewash, liquid-membrane seal and no 
cure. (6) Moisture contents vary appreciably 
through the 8-in slabs as a function of depth. 
(7) Moisture variations are larger the nearer to 
the surface and decrease at an increasing rate 



162 MATERIALS AND CONSTRUCTION 

A G E IN DAYS 
1 2 3 7 

Paper 
• - Burlap 

Membrane a 
Limewash 

o - Membrane 
X - No Cure 

Air Temperature 

Top of Slobs 

10 100 
AGE IN HOURS 

Figure 22. Temperature versus age for slabs in test sections. 

RELATIVE MOISTURE LOSS 

1% I 

NO C L R E MEMBRANE MEM a LHW BURLAP P A P E R 

nIM 

J RELATIVE MAXIMUM TEMPERATURES 

Figure 23. Summary of results for T2>hr. curing period in top 
of test slabs. 

toward the bottom. (8) The amplitude of 
moisture variations through the curing period 
is least with the paper; then, in order, with 

damj) burlap, membrane and limewash, mem­
brane, and no cure. 

CJonsidering only the temperature variable, 
it is observed from the data that: (9) Lowest 
temperatures are olitained with membrane 
and limewash; then, in order, with damp bur­
lap, i)aper, no cure and membrane. (10) 
Temijeiatures vary appreciably through the 
slabs as a function of depth. (11) The ampli­
tude of temperature variations throughout the 
thickness of the slabs is least for paper, with 
meml)rane and limewiish a close second, 
followed, in order, by burlap, no cure and 
membrane. (12) The amplitude of temperature 
variations near the surface of the slabs is 
least with membrane and hmewash; then, in 
order, i)aper, damp burlap, no cure and 
meml)rane. 

Considering only the climatic variables, it 
is observed from the data that: (13) Precipita­
tions are most clearly I'cflected in the no-cuie 
sections; then, in order, in the damp burlap, 
membrane, membrane with limewash, and 
paper. (14) Air temi)eratiire8 are most clearly 
reflected in the membrane sections; then, in 
order, no cure, damj) burlap, paper, and mem­
brane and limewash. (15) Relative humidity 
is most clearly reflecte(l in the moisture varia-
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tions of the damp burlap; then, in order, paper, 
membrane with limewash, no cure, and mem­
brane. 

A summary of the data shown previously is 
presented in Figure 23. In conclusion, this 
investigation indicated that the waterproof 
paper was the most-efficient and the liquid 
membrane the least-efficient method of re­
taining moisture in the fresh concrete. In 
addition, the temperature conditions most 
commonly required in pavement curing were 
obtained as a function of the tone of the 
surface. In other words, the ligliter the surface 
tone, the cooler the concrete. This explains 
the improvement in performance of the liquid-
membrane seal when painted with a limewash. 
A similar result would be expected if the 
waterproofed paper had a white surface. The 
good perfoi-mance of the damp burlap in 
maintaining a fairly low, unifoi-m temperature 
may be explained bj- the cooling effect resulting 
from evaporation. Logicallj- enough, the tone 
is also partially responsible for the moisture 
readings, since the rate of evaporation is a 
function of the temperature. 

I t is beheved that much additional informa­
tion on concrete curing may be obtained bj' 
using the methods developed in this investiga­
tion. I t is expected that this same approach 
may prove of value in studj'ing a number of 
problems where moisture and temperature in 
portland-cement concrete are of critical im­
portance. 
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D I S C U S S I O N 

R . E . JMADISON, Technical Director, Truscon 
Laboratories—We believe the authors have 
demonstrated the possibilities of a new and 
useful method for laboratory and field investi­
gation in connection with the measurement of 
moisture contents and temperature in concrete. 
However, we do not believe that they have 
proved or demonstrated that one method of 
curing is superior to the other. T h e y have 
merely obtained data on water-retention, as 
deteimined by the new apparatus and tech­
nique they have developed. I n other words, 
they have not related the effects of the water 
losses or gains during the early curing period 
to the quality of the concrete obtained. 

Since the paper mentions that "cores were 
drilled from the test sections," attempts were 
apparently made to relate what happened 
during the earlj* curing period to compressive 
strengths. There also appears a statement to 
the effect that "the core strengths did not 
indicate any relation between the curing 

^methods and the compressive strength of the 
hardened concrete," but no data are given. 

W e note the authore' specific reference to 
the effect that Virginia R o a d and Bridge 
Specifications were followed wherever applic­
able and that the liquid-membrane seal was 
applied in full compliance with specifications. 
Since such a high degree of precision has been 
brought to bear in this investigation, we be­
lieve that the authora should have obtained 
specific data on the actual coverage rate of 
the membrane seal. A scientific endeavor of 
this nature would seem to warrant more than 
a mere statement and should require actual 
data relating directly to the other data and 
measurements. 

P . L . M E L V I L L E and R . W . C Z A B A N , Closure— 
T h e authors appreciate Madison's interest 
in their work. I t was never intended to find 
out which curing method was "superior," as 
the study of criteria to determine superiority 
was not within the scope of this paper. 
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What was within the scope was the evaluation 
of several curing methods based on the 
amount of moisture retained under given 
temperature conditions during the first 72 
hr. in accordance with current practice 
(ASTAI Designation Clo6-44T). 

The data on core strengths was omitted 
as it did not add much information and space 
limitations had to be met. As a matter of 
information, the means of eight compressive 
strengths at appro.ximatelj- 80 days were as 
follows: waterpoof paper: 5.660 psi.; mem­
brane and limewash: 5,480 psi.; no cure: 
5,450 psi.; damp burlap: 5,370 psi.; liquid 
membrane seal: 5,260 psi.; but the variations 
encountered within each treatment were often 
larger than the differences between treat­
ments. It is possible that if coring and testing 

had taken place when the concrete was 72 hr. 
old (end of curing period) instead of several 
months, less erratic data would have been 
obtained and a correlation established between 
compressive strength and curing methods. 

The Uquid-membrane seal had been aj)-
proved as meeting specifications by the Divi­
sion of Tests of the Virginia Department of 
Highwaj-s and, as already stated, was me­
chanically applied under the state inspector's 
direct supervision in a manner believed typical 
of c u i T c n t field practice. 

As a matter of information, 3,025 gal. of 
liquid-membrane seal was used for the entire 
paving project of 4.874 mi. (an average cover­
age of slightly less than 204 sq. ft. per gal. to 
be compared with the specification of 200 sq. 
ft. per gal.) 

C U R I N G C O X C R E T E P A V E M E N T S I N K A N S A S 

11. L . P B Y T O X , Concrete Engineer, Kansas Highway Commission 

• T H E P R E S E N T specification for curing con­
crete pavements in Kansas requires the use of 
moist burlap covers for the first 24 hr., after 
which the pavement is covered with earth to 
a minimum depth of 4 in. The earth cover 
must be maintained in a moist condition for 
10 days, left in place for 20 days and all traffic 
including construction traffic is excluded for a 
total of 30 daj's. The only exception to these 
requirements is in the case of city sections 
where earth cover is difficult to obtain eco­
nomically. I n such cases, cotton mats may be 
used in lieu of earth cover; all other require­
ments of the specification apply when this 
option is exercised. 

This curing system precludes the use of 
membranes, either bituminous, nonbituminous, 
clear or pigmented. Paper covers, ponding, 
calcium chloride, and other types are also 
prohibited. 

There is nothing new in these requirements; 
actually they are almost exactly the same as 
the curing specifications used in this state in 
1924. Only the depth of cover has been changed 
from 2 in. to 4 in. 

The operation of curing concrete pavements 
may be defined as the process necessary to 
protect the fresh concrete from adverse action 
of the elements and other physical forces dur­

ing the period in which the concrete is harden­
ing and gaining strength. A\Tien this definition 
is examined in detail, it is apparent that proper 
curing involves protection from both high and 
low temperature extremes, driving rain, dry­
ing winds and the prevention of damage by 
premature loading of the slab. 

In Kansas it is believed no method of curing 
other than the one in use at present is suffi­
ciently versatile to accomplish all of these 
things. This conclusion was arrived at after 
a period of about 25 yr., during which time 
practically all types of curing systems were 
used as standard procedure at one time or 
another. Observation of the results derived 
from the use of various curing systems coupled 
with some investigations of the efficiency of 
some of the more modern types of curing have 
convinced Kansas that the present methofl is 
better than anything else available. A short 
review of the various requirements used 
throughout this period of time will indicate 
to some degree why the state returned to this 
early method of curing concrete pavements. 

From 1920 until 1930 the requirements were 
essentiallj- the same as those now in force. 
It was during this period that the so-called 
old-fashioned concrete pavements were con­
structed. In 1931 curing requirements were 




