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Abstract

The effect of selected conditioning (drying and resaturation) and freeze/thaw exposure on the moisture profile in a two-powder concrete

(equiv. w/c = 0.39, 8% silica fume) has been investigated. For comparison, the effect of conditioning and freeze/thaw testing according to

SS 13 72 44 (‘‘Borås method’’) on moisture profiles in a three-powder concrete and two plain concretes (w/c = 0.45) was measured. The

investigations were supplemented by determination of frost resistance and chloride profiles after freeze/thaw exposure, as well as

petrographic analysis. The investigations indicate that the present methods of conditioning only have very limited effect on high-performance

concretes (HPC). D 2001 Elsevier Science Ltd. All rights reserved.
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1. Introduction

As part of an evaluation of selected methods of testing

the freeze/thaw resistance of high-performance concrete

(HPC, w/c < 0.4, two- or three-powder blends), the effect

of selected conditioning (drying and resaturation) and

freeze/thaw exposure on the moisture profile has been

investigated [1]. The need for procedures for freeze/thaw

testing of HPC became relevant during the 1990s, when

lack of air void stability was observed during the execu-

tion of some HPC structures and direct performance

testing thus required. The effect of selected mix composi-

tions and pumping on the air void stability has, e.g., been

dealt with in Ref. [2].

The moisture content of concrete has a significant

effect on the durability. Therefore, the initial moisture

content should be controlled in accelerated durability

tests. It has been shown that drying and resaturation of

virgin cement paste increase the freezing taking place [3].

This indicates that to provide a conservative evaluation of

the freeze/thaw resistance of concrete, not virgin but

resaturated samples should be tested. This is in agreement

with the work of RILEM TC 117-FDC [4].

Only very limited information appears to be available

on the transport of moisture in HPC. Compared to

ordinary concrete, the low permeability in combination

with the small moisture capacity (low dw/dRH, where dw

is the change in moisture content and dRH is the change

in relative humidity) [5] of HPC is expected to limit the

moisture movements taking place.

2. Materials, exposure, and testing

The specimens for measurement of moisture profiles

were prepared by cutting prisms (35� 35� 70 mm)

from concrete cylinders (diameter 150 mm and height

300 mm) and sealing the prisms on all sides, except

one cut 35� 35 mm face (Fig. 1). The composition and

curing conditions of the concrete cylinders are given in

Table 1.

The ability of the sealer to remain unchanged during

exposure has been documented (no deterioration, no

weight change). However, leakage (diffusion of water

vapor), especially at the joint between bottom and sides,

may have happened, see profiles for drying according to

method D2 (Fig. 6).
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The effect of selected combinations of the exposure

conditions given in Table 2 on the properties listed in

Table 3 was investigated.

3. Results and discussion

The conditioning according to SS 14 72 44 (D1/S1)

had no significant influence on the moisture content of

the dense concretes (HUA) (Fig. 2). The concretes with

higher w/c ratio (DBT) were, as expected, more affected

by the conditioning, but did only absorb less than half

of the moisture lost during drying. These observations

are in accordance with the measured moisture profiles

(Fig. 4).

Prolonged resaturation (D1/S2) caused a slightly

increased moisture content (Fig. 3). Vacuum saturation for

2 days resulted in only half of the absorption obtained after

14 days of resaturation (S2). That is, compared to saturation

by submersion vacuum saturation does not provide

increased saturation of concretes samples of the investigated

size and composition.

The depth of the effect of conditioning and testing

according to SS 14 72 44 (D1/S1/T1) is illustrated in

Fig. 4. We observe that only the slice of the outer

0–10 mm of the HUA concretes is affected, whereas

the depth of effect on the prisms of the DBT concretes

is approximately 20 mm. This is in accordance with the

chloride profiles measured after freeze/thaw exposure

(Fig. 5).

The effect of various combinations of exposure on the

moisture profiles in the HUA-3 is shown in Fig. 6.

Fig. 1. Subdivision of prisms for determination of moisture content.

Table 1

Composition and curing of concrete cylinders

HUA-3 HUA-5 DBT-1 DBT-2

Equiv. w/c (w/(c + 0.5fa + 2sf)) 0.39 0.35 0.45 0.45

Low-alkali

sulphate-resistant cement (c),

kg/m3

327 320 330 330

Silica fume (sf), % of binder 8 5 0 3.5

Fly ash (fa), % of binder 0 12 0 0

Air, % 5.5 5.5 1–2 1–2

Compressive strength

at 28 days, MPa

51 53 NA NA

Water-cured, months 12 12 1 1

Packed in plastic, months 7.5 7.5 1.5 1.5

Table 2

Exposure conditions

Exposure Comments

Drying

D0 none

D1 20 �C, 65% RH, 21 days according to SS 13 72 44,

‘‘Borås method’’ [6]

D2 50 �C, 20% RH, 14 days

Resaturation

S1 3 days of submersion according to SS 13 72 44,

‘‘Borås method’’

S2 14 days of submersion

Freeze/thaw exposure

T1 35 cycles in 3% NaCl according to SS 13 72 44,

‘‘Borås method,’’ except number

of cycles not 56

Table 3

Properties investigated

Property Method

Moisture content

Variation during exposure weight change

Moisture profiles as degree

of capillary and vacuum

saturation at the end

of exposure

samples were obtained

by splitting the prisms

in approximately 10 mm

thick slices (Fig. 1)

the degree of saturation

was determined by 24-h

capillary suction followed

by 24 h under vacuum

(approximately 20 bars)

in boiled and cooled tap water

and 24-h drying at 105 �C
(� constant weight)

Chloride content

Chloride profiles after

freeze/thaw exposure

profile grinding and Volhard

titration of powder samples

Freeze/thaw durability

Scaling according to SS 13 72 44

Expansion length change ( ± 2 mm)

parallel to the exposed surface

at two depth (5 mm, 25 mm)

Microstructure

Petrographic analysis thin sections placed

perpendicular to surface

and containing surface
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It is observed that the more severe drying (D2) and

subsequent resaturation and testing affects the HUA-3 con-

crete to a depth of approximately 10 mm. The decreased

degree of vacuum saturation at larger depths is assumed

caused by leakage, especially at the joint between bottom

and sides of the prisms. Thus, only changes in the moisture

content of the near surface part of the prisms are considered

in the study.

The response to 28–35 freeze/thaw cycles according to

SS 14 72 44 is given in Table 4. The effect of varying

the conditioning (D0, D1/S1, or D2/S1) on the freeze/

thaw scaling of the HUA-3 concrete after 28 cycles is

observed to be negligible. However, the observed lack of

effect of conditioning may be due to a high-frost resis-

tance of the concrete cylinders tested, and the effect of

conditioning should be investigated further—both on

other concrete compositions and on on-site cast (‘‘real’’)

concretes—before changing current conditioning proce-

dures. Based on personal experience a non-frost-resistant

concrete will exhibit initial freeze/thaw damage after 28

cycles. Varying the concrete composition, both HUA-3

and HUA-5 are insignificantly affected by 35 freeze/thaw

cycles, whereas as expected, the higher w/c ratio and

non-air-entrained DBT concretes are not frost-resistant.

The results are in agreement with observations on fluor-

escence impregnated thin sections (Fig. 7). Neither micro-

cracking nor increased capillary porosity are seen

(coarsening of pore structure is not detectable) in the

HUA-3 concrete, whereas marked damage was observed

in both DBT concretes.

Only limited data appear to be available on the effect of

moisture content on the rate of absorption [7–13]. Based on

background data on capillary suction as a function of RH

and sorption isotherms from Partner 1 in the project reported

in Ref. [11] (OPC, w/c = 0.4, moist-cured 7 days, age

28 days), capillary suction as a function of the initial degree

of vacuum saturation has been estimated (Fig. 8). Data from

Ref. [12] are also given in Fig. 8. Finally, data from the

present study are given. These data show the rate of

absorption vs. mean degree of saturation in the outer

10 mm of the samples. Data marked with ‘‘6’’ and ‘‘5’’

are based on only two measuring points (assuming constant

rate of absorption). Values of R2 > .96 were obtained for the

other data series of 4, 11, and 11 data points. Apparently, the

data fit a square root time function even though the initial

moisture content was not uniform. As expected, an

increased rate of absorption is observed for drier samples

(decreased degree of saturation). Also, a lower rate of

absorption is found for the older concrete and silica fume

containing concrete. However, it should be kept in mind that

the difference in duration of capillary suction would affect

the rate of absorption similarly.

Applying the correlation between sorptivity (rate of

absorption) and initial moisture content proposed in

Ref. [8]: Si/S0 = (1�1.08qi)
½ (S0: sorptivity of dry sample,

Si: sorptivity of sample with degree of saturation at qi with
uniform moisture content), values of S0 at approximately

0.01 and 0.001 kg/m2 s½ are obtained based on the data

from Ref. [11] and data from the present investigation,

respectively (data are shown in Fig. 8, R2 = .89 and .74).

Freeze/thaw exposure in combination with a salt solution

exposure appears to increase the rate of absorption. An

explanation for observations of increased rate of absorption

of freeze/thaw exposed concrete in contact with salt solu-

tions compared to concrete in contact with pure water was

suggested in Ref. [14]: ‘‘Soluble salts will reduce the

freezing point of the liquid. The freezing point of the pore

liquid is � 1 to � 2 �C (� 3 �C), whereas a 3% sodium

chloride solution freezes at � 2 �C. During melting the

temperature will only increase after all the ice with the

actual freezing point has melted. Thawing of water is

accompanied by a volume contraction. If pure ice is present

on the surface, when the ice in the pores melts, the concrete

may maintain its original degree of saturation. However, if

the surface is exposed to a liquid salt solution, some of this

solution will be absorbed. The determining factor is thus the

difference in freezing point between the pore liquid and the

liquid of exposure.’’

Applying the finite difference model proposed in

Refs. [15,16], the mean degree of saturation measured in

the outer 10 mm after drying according to method D2 can be

Fig. 2. Weight change of samples conditioned according to D1/S1.

Fig. 3. Effects of selected conditioning on the weight change of samples of

HUA-3 concrete.
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simulated using coefficients of moisture transport (d) at

5� 10 � 8 and 1�10 � 7 m2/s and moisture capacities

(dw/dRH) at 10 and 20 kg/m3, respectively. Moisture flow

properties (d) at 2.7� 10� 7 and 1.2� 10� 7 m2/s have

been obtained for an almost similar concrete (equiv.

w/c = 0.38, 400 kg/m3 cement, 5% silica fume) after 0.5

and 3.5 years, respectively (reverted cup method, 65–85%

to 100 RH) [13].

4. Conclusions

Only limited effect of conditioning according to SS 14

72 44 (‘‘the Borås method’’) is observed on selected HPCs

(equiv. w/c = (w/(c + 0.5fa + 2sf ) = 0.35–0.39; 5–8% silica

fume and 0–12% fly ash). This is explained by a combined

Fig. 5. Chloride content after freeze/thaw exposure (D1/S1/T1).

Fig. 6. Moisture profiles (degree of vacuum saturation) in prisms of HUA-3

concrete after exposure to various conditioning and testing conditions.

Fig. 4. Effect of conditioning and testing according to SS 14 72 44 (D0: – – – ; D1: – – – D1/S1: — D1 S1/T1: — ).
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low moisture transport coefficient and a small moisture

capacity. Moisture transport coefficients (d) at 0.05� 10� 6

to 0.1�10� 6 m2/s have been estimated for the concrete

with (equiv. w/c = 0.39; 8% silica fume).

An increased rate of absorption is observed for drier

samples (decreased degree of saturation). Freeze/thaw

exposure in combination with exposure to a salt solution

exposure appears to increase the rate of absorption.

Table 4

Response to 28 or 35 freeze/thaw cycles according to SS 13 72 44 (two

samples of each mix)

Concrete HUA-3 HUA-5 DBT-1 DBT-2

Conditioning D1/S1 D0 D2/S1 D1/S1 D1/S1 D1/S1

Scaling

28 days, kg/m2 0.01 0.01 0.00 0.03 2.52 3.31

0.00 0.01 0.01 0.05 2.37 3.49

35 days, kg/m2 0.01 NA NA 0.04 3.64 4.75

0.00 NA NA 0.05 2.64 4.72

Expansion

Top, 35 days, % 0.012 NA NA � 0.008 0.163 0.470

0.021 NA NA 0.051 0.515 0.475

Mid, 35 days, % 0.016 NA NA 0.015 0.026 0.354

0.000 NA NA 0.015 0.516 0.494

Fig. 7. Close-up of surface fluorescence-impregnated thin sections showing the microstructure of the upper 3 mm of the HUA-3 concrete (left) and upper 2–5

mm of DBT-2 concrete (right) after D1/S1/T1. The uppermost 2 mm of the DBT concrete was fully disintegrated and is not shown.

Fig. 8. Effect of initial degree of saturation on the rate of absorption. Data

from this study (degree of vacuum saturation) and Refs. [11,12] (estimated

degree of vacuum saturation) have been 14 days capillary section, as well as

28 days of freezing and thawing.
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