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Abstract

Degree of hydration (DOH) and differential scanning calorimetry (DSC) measurements are used to characterize the effect of early

exposure to a 90% relative humidity (RH) environment on cement paste hydration. Early exposure to a 90% RH environment can lead to the

consumption of freezable water and altered microstructural development. The minimum duration of 100% RH curing required to eliminate

the effects of an unsaturated environment on microstructural development coincides with the appearance of a DSC peak near � 30 jC that

occurs in the range 1–14 days for the pastes studied. The Jennings colloidal microstructural model is used to argue that the � 30 jC peak

coincides with the cessation of capillary pore percolation. Alternatively, all samples cured under 100% RH conditions for 7 days prior to 90%

RH exposure hydrated at the same rate as those continuously exposed to 100% RH. The application of these results to the formulation of

separate curing practices for durability and strength is discussed.
Published by Elsevier Ltd.
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1. Introduction

Cement paste, the binding phase of concrete, is primarily

a calcium silicate hydrate (C–S–H) that develops its

interconnected solid structure from a chemical reaction that

consumes approximately 0.25 g water per g cement, with an

additional 0.15 g water per g cement incorporated into the

hydrated gel structure [1]. Although the majority of the

hydration reaction takes place during the first month, the

hydration during the first few days has the greatest effect on

the overall performance of the concrete. It is during this

initial hydration that the availability of water is critical to

proper C–S–H formation. Most concrete elements are made

with sufficient water for complete hydration and can there-

fore hydrate sufficiently under sealed conditions. When

evaporation from the surface occurs, however, moisture

transport through the concrete may be insufficient to replace

lost water from either the environment or the interior of the

concrete. Failure to maintain saturation at the surface can

have detrimental effects on concrete surface properties and,

possibly, on the overall concrete structural element perfor-
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mance. Industrial curing practices incorporate a number of

methods for either maintaining a humid environment at the

concrete surface or using chemical or physical barriers to

minimize moisture loss [2].

Because proper curing practices constitute a financial

burden that is proportional to their duration, and because

curing beyond a certain period will have no effect upon

concrete performance, an optimum curing practice is

sought. The ideal curing regimen maintains saturation

within the concrete surface for the shortest period of time,

such that additional effort would have negligible effects on

the desired concrete properties. The ACI Manual of Prac-

tice [2] recommends 7 days curing for concretes made

with Type 1 cement, regardless of the water–cement ratio.

Moreover, ‘‘Natural curing from rain, mist, high humidity,

. . . regarded as sufficient to provide ample curing. . .’’
(ACI 308-92, Section 2.10) may be considered, although

sufficiently high humidity is neither defined nor a lower

limit established.

The more important question, however, is the combined

effects of curing duration and the level of concrete satura-

tion required for normal hydration with respect to saturated

conditions (100% relative humidity (RH)). The minimum

sufficient level of saturation is not known because the
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effects of exposure to environments below 100% RH have

not been sufficiently quantified, inhibiting the development

of rational curing procedures.

A number of previous studies have attempted to quantify

the effect of environmental RH on portland cement paste

hydration. In the experiment reported by Powers [3], which

quoted previous results of Gause and Tucker [4], fresh

cement paste was placed into sealed glass jars. Periodically,

the jars were opened, and the RH was measured in the air

space over the paste. The measured RH decreased mono-

tonically, terminating at a value in the range of 80–90%,

depending upon the initial water–cement (w/c) mass ratio.

As cement paste hydrated, the chemical reaction consumed

the available free water. When all the surface water had

disappeared, continued hydration reduced the RH inside the

jar. At the same time, the reaction products were filling the

initially water-filled pore space, decreasing the effective

pore diameters and reducing the RH at which the pores

could still remain saturated via the Kelvin–Laplace effect

[5]. Within a sealed system, there is competition between

the decreasing RH due to water consumption and the

decrease in the equilibrium RH due to pore size reduction.

Based on the results reported by Powers [3], the rate of RH

reduction due to reaction was greater than the reduction in

equilibrium RH environment due to pore size reduction, and

the reaction terminated because the pores were unable to

remain saturated.

In a related experiment, Parrott et al. [6] reported

continued hydration for 0.59 w/c pastes at relative humid-

ities as low as 55%. Their specimens were 3-mm thick

slices cut from the middle of a prism after two days of

hydration. Coming from the middle of the prism, the

samples were initially able to draw water from the sur-

rounding paste. As such, the samples represented (virtual-

ly) saturated samples at the time of exposure. The degree

of hydration (DOH) was measured after 14 and 90 days of

exposure to various relative humidities, and the values

were compared with the DOH of continuously saturated

specimens. The ratio R of the DOH for a sample hydrating

at a relative humidity / to the DOH of a sample hydrating

under saturated conditions was approximated by a power

law relationship [6]

R ¼ / � 0:55

0:45

� �4

: ð1Þ

The ratio R for values of / less than 0.55 is, by

definition, zero. Using Eq. (1), the rate of hydration for

exposure to a 90% RH environment is 0.37 times that for a

continuously saturated specimen.

Unfortunately, neither experiment demonstrates the full

complexity of the effects that an unsaturated environment

( < 100% RH) during initial hydration can have on micro-

structural development. The rate of hydration in an unsat-

urated environment will depend upon the age of the cement

paste at the time of exposure, and the time required for the
specimen to reach equilibrium with the unsaturated envi-

ronment. A young specimen having large capillary pores

and exposed to an unsaturated environment could lose

sufficient free water through evaporation that the rate of

hydration at the surface could virtually cease. Conversely, a

specimen initially hydrating under saturated conditions for a

sufficiently long time would contain pores small enough

that water would not evaporate into an unsaturated environ-

ment, and the specimen could continue to hydrate in an

unsaturated environment at a rate nearly equal to saturated

conditions. Therefore, the rate of hydration for a specimen

exposed to an unsaturated environment should depend, in

part, upon the duration of the initial period of hydration

under saturated conditions.

To test this theory, an experimental plan was developed

to study the hydration and microstructural development in

specimens exposed to an unsaturated environment. In the

experiment, the unsaturated environment consisted of 90%

RH air at 25 jC. A 90% RH environment was chosen

because the common assumption, based largely on Powers

[3], is that hydration continues indefinitely in a 90% RH

environment. Moreover, 90% RH could be considered as

sufficiently high humidity for use as natural curing.

Thin cement paste specimens were initially exposed to a

100% RH environment. After either 6 or 12 h, or 3 or 7 days

of exposure to a 100% RH, each specimen was moved to a

90% RH environment. DOH measurements from these

exposed specimens, as a function of time, were compared

to with corresponding values from samples continuously

exposed to 100% RH. Differential scanning calorimetry

(DSC) measurements were used to detect freezable water

within a specimen as a function of time.

Arguably, a 100% RH exposure is not identical to moist

curing. A 100% RH environment can, however, supply

water to surface pores as needed, provided that the rate of

vapor transport through the atmosphere is faster than the rate

of water consumption due to hydration. Furthermore, due to

the ionic strength of the pore fluid, the pore fluid is likely in

equilibrium with a 95% to 97% RH environment. Therefore,

it is likely that the 100% RH environment will form a film

of liquid over the surface of the paste. Moreover, results will

show that the rate of hydration for the specimens exposed to

100% RH was identical, within experimental error, to the

independent measurements made on cement pastes in con-

tact with water.

A similar experiment with this one has been performed

by Bager [7]. In that experiment, specimens were exposed to

58% RH after water curing for 2, 3, 7, and 10 days. Bager

[7] used mercury intrusion porosimetry to characterize the

microstructure, DSC to determine the total freezable water,

and electrical conductivity and permeability measurements

to characterize the effect of exposure on transport. The

experiment reported herein extends the work of Bager [7]

by using the temperature-dependent DSC data to character-

ize the developing microstructure and the DOH to charac-

terize the macroscopic effects, both as a function of time. In
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this way, the time-dependent effects of early exposure can

be studied in more detail.
2. Experiment

The molds for the cement paste specimens were made

from 1.6-mm-thick (nominally 1/16 in.) polytetrafluoro-

ethylene (PTFE) sheets. For each mold, two pieces, each

150� 160 mm, were cut from the PTFE sheet. A mechan-

ical punch was used to create twenty-three 25-mm diameter

holes through one of the pieces. The two pieces were then

adhered to one another using a room temperature vulcaniz-

ing (RTV) adhesive, forming a mold for 23 cement paste

disk specimens, each 1.6-mm thick. A mold was assembled

for each initial 100% RH curing period, plus one mold for

the specimens remaining indefinitely in the 100% RH

environment.

Cement paste specimens having w/c mass ratios of 0.30,

0.40, and 0.50 were prepared from the Cement and Concrete

Reference Laboratory (CCRL) proficiency sample portland

cement number 116 [8] and distilled water. Table 1 shows

the cement chemical composition. For each experiment, at a

given w/c, the cement and water were equilibrated at 25 jC,
then combined in a resealable plastic bag and kneaded by

hand, with the aid of a vibration table, for a period of 5 min.

The mixed paste was spread over each PTFE mold using a

small strip of PTFE as a trowel. The cast specimens were

placed onto a shelf inside a sealed glass container, the

bottom of which contained distilled water to maintain a

100% RH environment. The glass container was located in

an environmental chamber maintained at 25 jC. To mini-

mize the effect of bleeding, the 0.5 w/c samples were

inverted every 15 min for the first hour, every 30 min for

the second hour, and every hour for the next 4 h.

For each w/c value, four initial 100% RH curing periods

were investigated: 6 and 12 hours and 3 and 7 days. Five

PTFE molds were filled with cement paste at the same time

and were then placed into the glass container and exposed to

100% RH at 25 jC. When a mold was removed from the

glass container, the two adhered PTFE sheets were pried

apart to expose both sides of the 23 paste disks remaining in

the perforated sheet. The PTFE sheet containing the 23 paste
Table 1

Chemical composition of the CCRL proficiency sample portland cement

number 116

Oxide Mass %

Calcium 64.96

Silica 20.57

Aluminum 5.40

Sulfur 2.91

Iron 1.99

Magnesium 1.28

Free Lime 0.99

Potassium 0.66

Sodium 0.12
disks was then placed into a glove box having an atmo-

sphere of 25 jC and 90% RH air and equipped with a fan

for circulation. To prevent carbonation, the glove box was

supplied with CO2-free air at a rate of three glove box

volumes per day.

The humidity and temperature within the glove box were

maintained using electronic feedback controllers with ther-

mocouple temperature and semiconductor humidity sensors.

The humidity sensor was standardized using a commercial

two-pressure humidity generator based upon the device

developed at NIST [9]. The electronic controllers main-

tained the temperature to within 0.5jC and the RH to within

0.5%. However, when the 6- and 12-h specimens were first

placed into the chamber, the RH would increase and

subsequently return to 90% RH after a few hours.

Periodically, specimens in the glove box were removed

from the PTFE mold for measurements of DOH and

freezable water content. The DOH was determined by mass

loss on ignition between 105 and 950 jC. The cement paste

disks were first ground using a mortar and pestle, and then

flushed with a volume of methyl alcohol approximately

equal to five times the sample volume. The ground and

flushed samples were placed into a 105 jC vented oven

overnight and were subsequently heated to 950 jC in a box

furnace for at least 3 h. The DOH was determined from the

ultimate loss on ignition (0.235 gm H2O/gm cement) for a

completely hydrated paste using the technique described by

Powers [10].

A qualitative measure of freezable water was made using

a differential scanning calorimeter (DSC). Samples having

masses ranging from 50 to 90 mg were taken from the cast

paste disks. A DSC scan consisted of three steps: equilibrate

the sample at a temperature of � 5 jC, equilibrate the

sample at a temperature of + 5 jC, and scan from + 5 to

� 60 jC at a rate of � 0.5 jC/min. (Equilibrating at � 5jC
ensured repeatable results.) This scan rate was chosen

because it is reasonably slow [11], and the rate of cooling

does not change the estimated volume of supercooled ice

formation [12]. In addition, this rate had the practical

advantage of allowing for multiple measurements in a single

day.

The DSC measurements were used to monitor the pres-

ence of water and not as a means of performing cryopor-

ometry. Quantitative cryoporometry relies on the melting

scan [13], and the results can be used to estimate the pore

size distribution using the Gibbs–Thomson equation [14].

Cryoporometry studies of cement paste have revealed a

unimodal pore size distribution (a single wide ‘‘hump’’)

over the entire freezing temperature range [15]. By compar-

ison, during freezing, the ice front penetrates the largest

pores first, then the progressively smaller pores as the

temperature decreases, analogous to mercury intrusion

porosimetry. Therefore, any localized peaks that may appear

during a DSC freezing scan must be due to reservoirs

composed of relatively large pores that are completely

surrounded by passages composed of smaller pores.



Fig. 2. Degree of hydration a versus time t since mixing for 0.40 w/c pastes

exposed to 90% RH after curing at 100% RH for 6 h, 12 h, 3 d, and 7 d. The

solid curve represents the degree of hydration for a continuously saturated

specimen. The horizontal dashed line labeled 20% refers to the capillary

porosity as estimated from Eq. (2). The vertical dashed line labeled DSC

denotes the age at which the � 30 jC peak first appears.
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3. Results

The experimental results are presented in two groups: the

DOH and the DSC data. The DOH data are discussed first

because their interpretation and relationship to concrete field

performance are straightforward. The DSC data, although

more complex, are only analyzed qualitatively to gain

additional insight into the DOH results and to study micro-

structural development.

Herein, the samples are referred to by their water–

cement ratios (w/c) and their duration of initial exposure

to the 100% RH environment. For example, the 3-day

samples are those that were exposed to the 100% RH

environment for 3 days prior to 90% RH exposure. Contin-

uous exposure to 100% RH is referred to as a saturated

water vapor exposure (SWVE). Conversely, exposure to

90% RH is referred to as an unsaturated water vapor

exposure (UWVE).

3.1. Degree of hydration

The DOH (a) data are plotted in Figs. 1–3 for each w/c

value. In each figure, there are four sets of data

corresponding to the four curing periods at 100% RH before

subsequent exposure to 90% RH. Measurements were

performed in duplicate pairs, and each datum is plotted on

the figure. In many cases, the difference between the

measured values was so small that the symbols overlap

one another. Additionally, the uncertainty in the individual

measurements was sufficiently small, typically less than 2%,

that the presence of error bars in the figure would have been

obscured by the datum symbol.
Fig. 1. Degree of hydration a versus time t since mixing for 0.30 w/c pastes

exposed to 90% RH after curing at 100% RH for 6 h, 12 h, 3 d, and 7 d. The

solid curve represents the degree of hydration for a continuously saturated

specimen, and the dashed curve represents the degree of hydration for a

sealed specimen. The horizontal dashed line labeled 20% refers to the

capillary porosity as estimated from Eq. (2). The vertical dashed line

labeled DSC denotes the age at which the � 30 jC peak first appears.
In addition to the measured DOH, in each figure, there

appears a solid curve, a horizontal dashed line, and a vertical

dashed line. The solid curve is the DOH for the SWVE

specimens. The curve represents a best fit using a parabol-

ic–hyperbolic equation [16–18], and the individual data

have been omitted for clarity. This curve was corroborated

by independent experiments using calorimetry on the same

cement at the same w/c values [19,20]. The horizontal

dashed line labeled ‘‘20%’’ indicates the DOH at which

the estimated capillary porosity is 20%, and the capillary

pores are assumed to be no longer percolated. The criterion

of 20% capillary porosity was chosen as a compromise
Fig. 3. Degree of hydration a versus time t since mixing for 0.50 w/c pastes

exposed to 90% RH after curing at 100% RH for 6 h, 12 h, 3 d, and 7 d. The

solid curve represents the degree of hydration for a continuously saturated

specimen. The horizontal dashed line labeled 20% refers to the capillary

porosity as estimated from Eq. (2). The vertical dashed line labeled DSC

denotes the age at which the � 30 jC peak first appears.



Fig. 4. Freezable water, evident as heat flow (W/kg) from the sample, as a

function of age for a 0.30 w/c cement paste cured at 100% RH. The data

labels indicate the age of the specimen since the time of casting. Individual

curves are offset for comparison purposes.

Fig. 5. Freezable water, evident as heat flow (W/kg) from the sample, as a

function of time for a 0.40 w/c cement paste cured at 100% RH. The data

labels indicate the age of the specimen since the time of casting. Individual

curves are offset for comparison purposes.
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among published values that range from 18% to over 22%

[21–23]. The corresponding DOH a at which the porosity h
equals 0.20 can be estimated using an equation that is based

upon the approach of Young and Hansen [24] and modified

to account for multiple clinker phases:

h ¼ 1� 1þ 1:15a
1þ 3:15ðw=cÞ : ð2Þ

The vertical dashed line labeled ‘‘DSC’’ denotes the age

when the DSC freezing peak at � 30 jC first appears in

SWVE samples.

In Fig. 1, for the 0.30 w/c specimens, there is a second

dashed curve just below the solid curve. This second curve

is the DOH for a specimen in which the fresh paste is

immediately placed inside a sealed container with no

additional water (sealed specimen). This curve was gener-

ated from data reported elsewhere [19,20]. The curve for the

sealed specimens is not visible for the 0.40 and the 0.50 w/c

in Figs. 2 and 3 because it overlaps the solid curve. At these

larger values of w/c, the initial volume of water within the

specimen is sufficient to hydrate the specimen at a rate

indistinguishable from a saturated specimen for at least 28

days.

As can be seen in Figs. 1–3, for all three w/c values, the

6- and 12-h specimens continue to hydrate for the first 2 to 3

days, and then appear to almost cease hydrating. During the

initial 2- to 3-day exposure to 90% RH, the specimens

evaporate free water and come to equilibrium with the 90%

RH environment. This result is dramatic, given that a 90%

RH exposure is not typically considered severe.

The 3- and 7-day specimens exhibit different behaviors

from the 6- and 12-h specimens. For all three values of

w/c, the UWVE 7-day specimens continue to hydrate at a

rate indistinguishable from SWVE specimen. Although

the 3-day specimens continue to hydrate, their rate of
hydration is less than that of the SWVE specimens. Of

all the 3-day specimens, only the 0.30 w/c paste contin-

ued to hydrate at a rate greater than a companion sealed

specimen.

3.2. DSC: 100% RH exposure

The DSC data for the SWVE specimens are considered

first as a basis for analyzing the specimens exposed to 90%

RH. The DSC data for the SWVE specimens are shown in

Figs. 4–6 for the three w/c values. Each figure shows a

series of curves, each with a label indicating the age of the

specimen. The curves are offset vertically from one another

and are plotted on the same ordinate scale to facilitate a

direct comparison of both the relative peak heights and the

corresponding freezing temperature.

Each figure gives a qualitative picture of microstructure

formation during hydration under 100% RH conditions,

indicated by the three peaks that may appear during

hydration. Fig. 4 shows that, chronologically, the first

peak appears (during the first few hours) at � 20 jC
and is due to water in the capillary pores. Figures 5 and 6

reveal that the next peak forms (after 1-day hydration) at

� 45 jC and is due to water freezing in the pores with

entryways only few nanometers wide. The last peak forms

near � 30 jC and is due to pores of an intermediate size,

which will be discussed subsequently. For this last peak, at

� 30 jC, the time of appearance, the time of subsequent

disappearance, and the freezing temperature appear to be a

function of the w/c value (initial solids fraction). As

mentioned previously, because the pore size distribution

in the cement paste is unimodal [15], the presence of

distinct peaks can only be attributed to the formation of

reservoirs, composed of relatively large pores, completely



Fig. 6. Freezable water, evident as heat flow (W/kg) from the sample, as a

function of time for a 0.50 w/c cement paste cured at 100% RH. The data

labels indicate the age of the specimen since the time of casting. Individual

curves are offset for comparison purposes.

Fig. 7. Freezable water, evident as heat flow (W/kg) from the sample, as a function

RH for 6 h, 12 h, 3 d, and 7 d. Individual curves are offset for comparison purp
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surrounded by passageways composed of relatively smaller

pores.

Figs. 4–6 also include estimates for the corresponding

equilibrium RH, shown along the upper x axis. The rela-

tionship between freezing temperature and equilibrium RH

has been calculated by Fagerlund [25]. Based on the

Fagerlund [25] derivation, to evaporate water from pores

with a freezing peak at � 30 jC, the external RH at 25 jC
would have to fall below 75% RH. This relation, however,

is only a physically motivated approximation. Moreover,

because the peaks indicate the size of the pores surrounding

the reservoirs, the RH corresponds to the equilibrium RH for

the smaller pores surrounding the reservoir and not the

equilibrium RH for the reservoir itself, which would be a

higher RH.

An important feature of these DSC results for 100% RH

exposure specimens is the time-dependent behavior of the

freezing peak at � 30 jC. This peak forms after the peak at

� 45 jC, indicating that the pore throats that freeze at � 30
of time for 0.30 w/c cement paste exposed to 90% RH after curing at 100%

oses.
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jC are the result of hydration. Moreover, the time at which

the peak at � 30 jC forms and disappears is a function of

the w/c value (initial solids fraction). The appearance of the

� 30 jC peak occurs roughly near the age at which the

capillary pores are assumed to be no longer percolated

(approximately 20% capillary porosity). The disappearance

of the � 30 jC peak occurs after 2 and 7 days of hydration

for the 0.30 and 0.40 w/c paste, respectively. For the 0.50 w/

c paste, the � 30 jC peak formed between 7 and 14 days,

and remained beyond 28 days.

In general, these results are consistent with previous

results of Bager and Sellevold [26,27] on cement pastes

aged for 4 months prior to DSC measurements. In that

experiment, the freezing peaks located at � 25 and � 45 jC
correspond to the � 30 and � 45 jC peaks, respectively,

seen here; the difference is attributed to the slower freezing

rate in the Bager and Sellevold [27] experiment. The Bager

and Sellevold [27] data also show an absence of a � 25 jC
Fig. 8. Freezable water, evident as heat flow (W/kg) from the sample, as a function

RH for 6 h, 12 h, 3 d, and 7 d. Individual curves are offset for comparison purp
peak (corresponding to � 30 jC peak here) for 0.35 and

0.40 w/c pastes at 4 months of age. Similarly, the same peak

remained after 4 months for pastes having a w/c equal to or

greater than 0.45.

3.3. DSC: 90% RH exposure

The DSC data for the samples exposed to 90% RH are

shown in Figs. 7–9. Each figure is composed of four

graphs, one for each initial exposure time at 100% RH prior

to exposure to 90% RH, and this age is shown at the top

center of the graph.

The 6- and 12-h data are quite similar for all three values

of w/c. The peak at � 45 jC either never forms or forms

and subsequently disappears. For those specimens where the

peak does occur, the age at which it appears depends upon

the w/c value. The peak at � 30 jC never forms for any 6-

or 12-h specimen, regardless of the w/c value.
of time for 0.40 w/c cement paste exposed to 90% RH after curing at 100%

oses.



Fig. 9. Freezable water, evident as heat flow (W/kg) from the sample, as a function of time for 0.50 w/c cement paste exposed to 90% RH after curing at 100%

RH for 6 h, 12 h, 3 d, and 7 d. Individual curves are offset for comparison purposes.
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For the 0.30 and 0.40 w/c pastes, the DSC data for 3 and

7 days of exposure to 90% RH were as expected, based on

the data from 100% RH exposure specimens. The � 30 jC
peak never appears in the 3- or 7-day 0.30 w/c paste because

it had already disappeared by this time in the 100% RH

exposure specimen. The disappearance of the � 30 jC peak

in the 3- and 7-day 0.40 w/c pastes is consistent with the

behavior of the SWVE specimens.

The 3- and 7-day exposure data for the 0.50 w/c paste

revealed an effect of exposure on microstructural develop-

ment. For the SWVE 0.5 w/c specimens, the � 30 jC peak

appears after 14 days of hydration. For the samples exposed

to 90% RH at 3 and 7 days, the peak does not appear before

the end of testing at 28 days.

Although not as dramatic, the peak at � 45 jC appears to

diminish and drift to higher temperatures over time for many

of the exposed specimens. This effect is noticeable for the 6-

and 12-h exposures and is arguable for the 3- and 7-day

specimens. Bager and Sellevold [27] observed similar
effects, with the peak area decreasing noticeably for expo-

sures below 90% RH and disappearing entirely for expo-

sures below 58% RH exposure.

Regretfully, the mass of the specimens was not deter-

mined to a meaningful precision. Very small pieces of paste

would stick to the mold and fall off during handling. Minor

revisions to the experimental setup are needed to avoid this

problem.
4. Discussion

The results from the 90% RH exposure are sufficiently

unexpected to warrant the development of a conceptual

model (CM) to explain what could be happening within

the microstructure to account for the behavior. The CM

developed here is built upon the Jennings Colloidal Model

(JCM; [29]). Because the JCM is so important to the

conceptual model, it will be described briefly.



Fig. 10. Schematic of JCM. LD C–S–H is composed of globules, and the

interglobule pores freeze at � 45 jC. The Inter LD C–S–H microstructure

is composed of LD C–S–H clusters, and the inter LD C–S–H pores

freeze at � 30 jC.
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4.1. Jennings Colloidal Model

The behavior of both the SWVE and UWVE specimens

can be explained in a manner that is consistent with the

microstructural model for 1- to 100-nm length scales by

Jennings [29] and Jennings and Tennis [30,31]. The JCM

[29] identifies four types of pores, as shown in Table 2. Also

shown in Table 2 are the corresponding DSC peak freezing

temperatures from Valckenborg et al. [31], Bager and Sell-

evold [26,27], and this work.

A schematic of the JCM is shown in Fig. 10. According

to the JCM, the basic unit of C–S–H is a colloidal particle

having a radius on the order of 1.5 nm. During the middle

period of hydration (4 to 24 h), these smallest units form

globules. These globules, in turn, condense to form low-

density (LD) C–S–H clusters having pores that are emptied

of water only below 20% RH [29]. The globules probably

form first and condense to form the LD structure during the

period between 10 and 24 h [29].

During the late period of hydration (after 24 h), collec-

tions of LD C–S–H clusters aggregate to form a micro-

structure having inter-LD cluster pores. These pores are

characterized as being full of water at 90% RH and empty

by 40% RH [29]. Therefore, the JCM is consistent with the

DSC results for SWVE specimens, assuming that the � 45

jC peak corresponds to water within the LD C–S–H pores

and the � 30 jC peak corresponds to water that is only

accessible via the inter-LD pores. These freezing temper-

atures are denoted in the schematic in Fig. 10.

The JCM forms a foundation for understanding the DSC

results for the 100% RH exposure. From the JCM and the

DSC results, a self-consistent CM is developed to explain

the observations. The CM is first developed based on the

SWVE specimens and then used to explain the DSC results

for the UWVE specimens.

4.2. CM: 100% RH environment

Here, it is conjectured that the inter-LD C–S–H forms

on the walls of both the capillary pores and the intercapil-
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Table 2

Summary of pore size classes and approximate DSC pore freezing

temperature Tm

Pore class Pore size (nm) Description Tm (jC)

(a) (a,b) (b) (a) (c) (d)

C–S–H Gel – Chemically bound –

Mono-layer 0.25–0.45 Globule pores � 70

Dense gel 1.2 Interglobule pores

within LD structure

� 60 � 45 � 45

Open gel 1–10 Pores between LD

and HD units

� 20 � 25 � 30

Capillary >10 Larger than gel pores � 10 � 10 � 20

(a) Valckenborg et al. [31].

(b) Jennings [29].

(c) Bager and Sellevold [26,27].

(d) This work.
lary spaces, and a schematic of the CM is shown in Fig.

11. Initially, the inter-LD C–S–H thickness is far smaller

than either the capillary pores or the intercapillary spaces.

As a result, for water to freeze within the capillary pores,

the advancing ice front has to penetrate only the interca-

pillary pore space, manifesting itself as a DSC peak at

� 20jC. This situation is depicted in Fig. 11(a).

Upon further hydration, the inter-LD C–S–H continues

to fill both the capillary pores and the intercapillary spaces.

Eventually, the intercapillary pore space becomes filled

with inter-LD C–S–H, and the capillary pores are no

longer percolated via the intercapillary pore space. For

water to freeze within the existing capillary pores, the

advancing ice front must now pass through the inter-LD

C–S–H pores. As a result, DSC data no longer exhibit a

peak at � 20 jC, but at � 30 jC instead. This situation is

depicted in Fig. 11(b). Unfortunately, in this experiment,

measures were not taken to eliminate supercooled surface

water through the use of silver iodide [28]; thus, the
Fig. 11. Schematic of capillary pores, each lined with Inter-LD C–S–H. (a)

Capillary pores are continuous. (b) Capillary pores are accessible only via

regions filled with Inter-LD C–S–H.
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physical interpretation of the � 20 jC peaks cannot be

stated definitively in this experiment.

As seen in Figs. 1–3, the 20% capillary porosity (based on

Eq. (2)) and the appearance of the � 30 jC peak give

different estimates for the age at which the capillary pores

are no longer percolated. There are a number of explanations

for this difference. In a pixel-based model, percolation is a

well-defined quantity and has a binary value. By contrast, in a

hydrating cement paste, there is a critical pore diameter dc
[32] that, conceptually, defines the diameter of the largest

sphere that can pass through the system. For these systems,

there will always be a critical pore diameter, even if the length

scale of dc must approach atomic dimensions; hence, there is

no definite point at which porosity is no longer percolated.

Therefore, in cementitious systems, percolation can only be

defined with respect to a given threshold pore diameter.

In addition, the permeability of the system can be

approximated by dc
2 [32]. If at early ages, the critical

capillary pore diameter has dimensions of micrometers,

the permeability has a value that is on the order of 10� 12

m2. When the � 30 jC peak appears, the critical pore

diameter has decreased to the range 1–10 nm, and the

permeability has fallen to approximately 10� 18 m2, which

is typical for cementitious systems. This is consistent with

the dramatic change in permeability that Powers et al. [21]

originally observed and attributed to the cessation of capil-

lary pore percolation.

There are three possible explanations for the subsequent

disappearance of the � 30 jC peak: loss of water from the

capillary pores, collapse (and densification) of the phase

containing the inter-LD C–S–H pores, or the cessation of

percolation of the inter-LD C–S–H phase. The loss of water

from the capillary pores (due to hydration) is unlikely to

occur within 7 days in a SWVE 0.40 w/c paste (the age at

which the � 30 jC peak disappears in this experiment).

Given that the SWVE specimens hydrated at virtually the

same rate as the saturated specimens did, water imbibition

through chemical shrinkage probably occurred at a sufficient

rate to keep the pores saturated with water. Alternatively, a

physical collapse of the inter-LD C–S–H phase would

suggest a freezing peak near � 30 jC that slowly moves

toward lower temperatures, but this was not observed here.

The cessation of inter-LD C–S–H pore percolation is

plausible if continued hydration could fill in the inter-LD

pores with a regular microstructure, possibly LD C–S–H,

until the freezable capillary pore water is only accessible via

the LD C–S–H pores, similar with the argument for the

appearance of the � 30 jC peak. If this were to happen,

available freezable water would not freeze until � 45 jC, as
was observed. The rate at which this occurs would also

depend on the initial solids fraction (w/c), as was also

observed in this experiment.

The disappearance of the � 30 jC peak in the SWVE

specimens suggests the critical pore diameter dc decreases

from the size of the inter-LD pores (1–10 nm) down to the

size of LD C–S–H pores (approximately 1.2 nm). The
corresponding decrease in permeability would be one to

two orders of magnitude. Based on this assumption, ex-

tremely low-permeability concretes can only be achieved in

those systems for which the � 30 jC peak has disappeared.

Upon studying Figs. 1–3, the disappearance of the � 30

jC freezing peak appears to coincide with the age at which

the capillary porosity is approximately equal to 20%. One

could argue that the disappearance of the � 30 jC peak

corresponds to a significant reduction in the critical pore

diameter dc and accounts for the dramatic change in perme-

ability that Powers et al. [21] based their conclusions on. The

agreement between the age when the peak first appears and

the predicted minimum curing duration by Powers et al. [21]

may have only been coincidental, attributed to the changes in

cement production in the intervening decades. The only

definitive way to resolve this question would be to perform

simultaneous DSC and permeability measurements.

4.3. CM: 90% RH environment

The analysis of the UWVE specimens can now be

formulated in the context of the CM for SWVE specimens.

For the specimens exposed to 90% RH, the primary differ-

ence is the loss of freezable water within the pores.

The water loss was most evident in the specimens

exposed to 90% RH at a young age. For all values of

w/c, the UWVE specimens at 6 and 12 h never exhibited

a freezing peak at �30 jC. Moreover, those 6- and 12-

h specimens that formed a peak at �45 jC eventually lost

all the water from those pores. The loss of water from

the �45 jC peak indicates that upon consumption of all

the available free water, the chemical driving force for

hydration is sufficient to extract water from the reservoirs

surrounded by LD C–S–H pores.

The 3- and the 7-day data for the 0.3 and 0.4 w/c pastes

were, in general, consistent with the data from the SWVE

specimens. Because the � 30 jC peak had disappeared

prior to 3 days for SWVE 0.3 w/c pastes, the paste was

sufficiently able to retain moisture to continue hydrating at a

rate equal to that of a sealed specimen. As has been

observed from chemical shrinkage measurements, as imper-

meable as the SWVE 3-day 0.3 w/c paste is, it is still able to

absorb moisture in a 100% RH environment. This accounts

for the difference in the hydration rate between the 3- and

the 7-day 0.3 w/c pastes.

The 3-day 0.4 w/c paste, having only just formed the

� 30 jC peak, was still able to lose water to the environ-

ment (the rate of hydration was slower than that for a sealed

specimen) because a sufficient volume of capillary pores

was not surrounded by inter-LD pores. The 7-day 0.4 w/c

paste (being under similar conditions, with respect to the

� 30 jC peak, as the 3-day 0.3 w/c paste) continued to

hydrate at a rate equal to a sealed specimen, which is

identical to SWVE specimen at this w/c value.

The 3- and 7-day 0.5 w/c paste data highlight different

aspects of cement hydration. For both cases, the � 30 jC
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peak has not formed at the time of exposure. Based on

previous arguments, the capillary pores are sufficiently

percolated to lose a large quantity of evaporable water.

Interestingly, both the 3- and 7-day 0.5 w/c pastes continued

hydrating at a measurable rate. Although some capillary

water was probably lost from both systems, it appears as

though that hydration continued by consuming water trapped

in the LD C–S–H pores that freeze at � 45 jC (6- and 12-

h DSC data demonstrate that hydration can remove water

from these pores). In fact, the � 45 jC peak heights for both

the 3- and 7-day systems appear to decrease. The fact that the

7-day system is able to hydrate at the same rate as an SWVE

system is not altogether surprising because higher w/c pastes

contain greater volumes of water in the LD C–S–H pores

that freeze at � 45 jC [33].

4.4. Implications: Microstructure development

The absence of the � 30 jC peak on the 3- and 7-day

exposures for the 0.5 w/c specimen raises questions

regarding microstructure formation under UWVE. Al-

though DOH data exhibit only a minor effect due to the

exposure, the DSC data suggest that the microstructure

might be considerably different. The absence of the freez-

ing peak at � 30 jC indicates that either capillary pores

remained percolated or the capillary pores were enclosed

by inter-LD C–S–H, but no water remained within the

capillary pores. Regardless, given evidence that the pastes

hydrated at lower relative humidities exhibited higher

levels of silicate polymerization [34], that the observed

� 45 jC peak height decreased, and that the amount of

bound water is proportional to the amount of free water

[26,33], it is quite likely that the final microstructure of the

0.50 w/c 3- and 7-day specimens at 28 days are different

from the corresponding saturated specimens. Evidence to

this effect for 0.4 w/c mortars can be found in the Bager

experiment [7]. Using the diffusion coefficient of 14 days

of curing as a reference, Bager [7] found that the diffusion

coefficient of specimens cured for 2 and 7 days were a

factor of 3 and 2 greater, respectively.

Moreover, simply rewetting a paste that has been ex-

posed prior to the formation of the �30 jC peak might not

negate any detrimental effects. Based on rewetting experi-

ments on 0.40 and 0.60 w/c pastes [27], water loss in both

the �30 and �45 jC peaks is not recovered upon rewetting,

even though the total initial evaporable water content was

nearly fully recovered upon rewetting.

4.5. Implications: Curing

The practical result of this experiment may be a means of

determining the minimum required curing duration, depend-

ing upon the performance criterion. Based solely on the

DOH data, one would conclude that the minimum duration

of curing is 7 days, regardless of w/c value, for these are the

only UWVE specimens that hydrated at a rate equivalent to
a specimen. This recommendation would agree with ACI

308 guidelines.

If the criterion changes from observed DOH to micro-

structure and durability performance, the fixed 7-day

curing may be too burdensome for lower w/c pastes and

insufficient for higher w/c pastes. Delaying the exposure to

an unsaturated environment until the � 30 jC peak first

appears would ensure, at the very least, proper micro-

structural development. Based on these experimental

results, the minimum curing at 25 jC for the 0.30, 0.40,

and 0.50 w/c ordinary portland cement pastes are approx-

imately at 1, 3, and 14 days of saturated curing, respec-

tively. Remarkably, these recommendations agree with the

recommendations of Powers et al. [21] that were made

nearly 45 years ago.
5. Conclusion

The effect of an unsaturated water vapor environment on

the rate of cement paste hydration depends on the duration

of the initial hydration under saturated conditions. The

minimum duration of curing required to meet performance

objectives depends upon the specific performance criterion.

When the performance criterion is a rate of hydration equal

to that of a continuously saturated specimen, the minimum

curing time appears to be 7 days for all w/c values ranging

from 0.3 to 0.5. When the criterion is microstructural

development, the time required for the paste to develop a

sufficiently dense microstructure, to mitigate the effects of

exposure, appears to coincide with the formation of a DSC

freezing peak near � 30 jC. For the 0.30, 0.40, and 0.50 w/

c pastes studied here, the � 30 jC peak forms at 1, 3, and

14 days, respectively. Arguably, the disappearance of the

� 30 jC peak may be a more reliable indicator of micro-

structural development, but further experiments are needed

to justify this. A colloidal microstructural model is used to

argue that the appearance of the � 30 jC freezing peak

coincides with the time at which the capillary pores are no

longer percolated. Consistent with this hypothesis, samples

exposed to 90% RH after the appearance of the � 30 jC
freezing peak continued to hydrate at a rate equal to, or

greater than, the rate of hydration under sealed conditions.

As a result, the observation of the DSC freezing peak at

� 30 jC in ordinary portland cement concretes is a likely

candidate for the development of a field test for the

minimum duration of curing required to ensure that subse-

quent exposure to an unsaturated environment will have

little effect on the microstructural development.
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