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Abstract

A method for calculation of the liquid transport into high-performance concrete (HPC) during wet freeze/thaw exposure is proposed. This

transport, or pumping effect, which is larger than absorption above 0 jC, is in the present calculation assumed to be caused by diffusion of

water from the wet surface, through hardened cement paste (HCP) where water in nonfreezable, to large voids with very low vapour content.

Saturated flow is assumed between the wet concrete surface and the active voids. Cranks solution for stationary transport into a hollow sphere

of mean radius r̄ is combined with Powers spacing factor. The shell thickness is the mean void spacing factor (L̄). The flow into voids was

calculated (‘‘good’’ vs. ‘‘bad’’ void system) for various maximum possible moisture potentials between wet surface, saturated HCP and active

void (at 263 K and 1 atm; Dp = saturation pressure = 260 Pa or Dv =moisture content = 0.00215 kg/m3 in void, etc.). Realistic voids and

diffusivity were used. The calculation fits with liquid uptake measured in wet freeze/thaw of HPC with exposed surface equal to the surface

of the active voids. The lower the void content, the lower is the pumping effect. Nonstationary transport, further experiments and simulations

are discussed briefly.
D 2004 Elsevier Ltd. All rights reserved.
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1. Introduction and significance

The deterioration of concrete by frost, reinforcement

corrosion and chemical attack (leaching, sulphate attack,

alkali aggregate reactions, etc.) depends mainly on transport

properties. Transported matter can be various liquids, gases,

dissolved and more or less aggressive ions, concrete con-

stituents, etc. Air entraining is the traditional technology to

protect concrete against frost deterioration. High-perfor-

mance concrete (HPC) with low water/binder ratio (w/b),

however, can be very durable without air entraining, even

after very severe freeze/thaw exposure in the presence of

deicing salt, as found by many researchers [1]. One key

factor is that water in the hardened cement paste (HCP) of

saturated HPC cannot freeze at winter temperatures [2,3].

Air entraining complicates production, makes HPC more

dependent of quality assurance, resulting in a more expen-

sive product. This paper presents a model for prediction of
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the moisture flow into HPC during wet freeze/thaw, to

proceed in the development of frost resistant HPC without

air entraining.
2. Discussion of previous research

The most common way of laboratory testing is to expose

the concrete to repeated freezing and thawing with liquid on

the surface at all times. This wet freeze/thaw exposure leads

to a pumping effect [4] with much higher absorption rate

compared to the slow long-term absorption rate under

isothermal conditions (see Fig. 1). Because the degree of

saturation of the concrete will increase dramatically, damage

may arise much faster in wet frost testing in the laboratory

than in most real exposure situations. The pumping effect

was even observed in wet freeze/thaw testing on HPC down

to � 20 jC where no freezable water was detected in the

low-temperature calorimeter on saturated specimens taken

from the same concrete binder [3,4]. In Refs. [5,6], the

magnitude of the transport caused by the pumping effect and

the mechanisms causing this transport were reviewed. For



Fig. 1. Pumping effect in 040-05/040-05A (air) concrete, 2.8 and 4.9 jC/h cooling rate [4].
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low w/b concrete, it was concluded that the type of

mechanism described by Powers and Helmuth [7] is most

relevant.

Diffusion of vapour from HCP saturated with nonfreez-

able water towards large voids with lower vapour pressure

will cause more liquid to be absorbed at the wet concrete

surface. The driving potentials and associated flow have

been quantified for ordinary concrete. Pickett [8] calculated

the flow between gel and capillary pores based on Ref. [7]

and on diffusion theory. Litvan [9] explained internal flow of

water towards large voids somewhat similarly to Powers and

Helmuth. Setzer [10] derived the pressure associated with

microice lens formation in the cement paste. These authors,

however, focused on the deterioration and based their experi-

ments on ordinary Portland cement binders of w/b = 0.4–

0.8. Therefore, in their specimens of OPC binders, signifi-

cant amounts of pore water would freeze down to � 20 jC
contrary to HPC where the freezing point depression is much

larger.

In an HPC in which water in the saturated HCP cannot

freeze down to � 20 jC, but with, say, 2% of voids with as

much as 10% of the void volume filled, less than 0.001 g

ice/g dry concrete can form as bulk water freezes at 0 jC.
This is in the low range of what is reported from low-

temperature calorimetry [2–4], but may still cause the kind

of vapour diffusion described by Powers and Helmuth [7].

Furthermore, in a concrete with 35 vol.% of paste, ice

formation of this magnitude in saturated pores is also lower

than the 0.7% freezable water required to create harmful

pressure of hydraulic or closed container type at freezing
Fig. 2. Vapour flow from saturat
to � 20 jC as calculated by Fagerlund [11]. Therefore,

neither external nor internal hydraulic pressure and/or

suction seem to be created as driving forces at such low

content of freezable water. However, even empty voids

cause transport during freezing because their low vapour

content creates a potential from the wet surface. Diffusion

from the wet surface towards larger pores/voids with low

or no water content was therefore proposed as mechanism

for the observed liquid uptake [5]. Most probably, the voids

are empty at first, but a little bit of condensation of

moisture from the air in the pores may freeze as temper-

ature drops.

An estimate of the vapour pressure gradient in saturated

HCP adjacent to a void in Ref. [5] was based on transport

measured during wet freeze/thaw and assuming steady state

flow. Assuming linear vapour pressure gradient and saturat-

ed flow, Ficks’ first law applies (Eq. (1)):

dp

dx
¼ g

dp
ð1Þ

Here, dp (Pa) is vapour pressure difference between

saturated HCP and void in which there can be dry air or

perhaps ice; dx (m) is length from saturated paste to void

where the vapour pressure is at minimum; dp (kg/(mPas)) is

vapour diffusivity or permeability and g (kg/(m2 s)) is

transport rate. Fig. 2 illustrates this case.

Table 1 shows length of the linear vapour pressure

gradient calculated using Eq. (1) for various temperatures.
ed HCP towards void [5].



Table 1

Calculated length of the vapour pressure gradient, dx, in Fig. 2.

dp/dx (Pa/m) dpmax (Pa) Saturation

pressure at (jC)
dx in HCP

(mm)

2� 10� 6 550 � 1 0.69

260 � 10 0.33

100 � 20 0.13
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The maximum possible vapour pressure difference dp, is

then equal to the saturation pressure of vapour at the actual

temperature and 1 atmosphere. The transport was measured

during wet freeze/thaw exposure of high-strength light-

weight aggregate concrete in the laboratory [4,5]. It is seen

that dx is similar to the critical spacing factor, Lcrit, needed

to protect concrete against wet freeze/thaw.

However, the flow rate towards a spherical void increases

when the distance to the void is reduced. The gradient dp/dx

of Fig. 2 is therefore not linear [12]. To calculate the flow

more accurately, this and some other factors are investigated

further in this paper.
Fig. 3. Diffusion into an air void with a shell of cement paste [13].
3. Diffusion through a thick-walled sphere

In this paper, the HPC is assumed to have saturated HCP

in which water vapour can flow but not freeze. This

assumption is based on the two experimental observations

already described: (1) liquid uptake in HPC is increased

during wet freeze/thaw compared to at isothermal absorp-

tion (the pumping effect) and (2) water cannot freeze in the

same concrete in the temperature range of the frost test. One

can imagine this material as one with only gel-type pores

that are saturated.

As a first attempt towards more realistic calculation of

the transport into HPC during wet freeze/thaw exposure, the

diffusion is calculated as going into a thick-walled sphere.

The global transport is still assumed stationary. The latter is

most realistic for the saturated HCP closest to the surface of

a continuously wet HPC. This is done according to Crank

[13] (see Fig. 3 and Eq. (2)).

G ¼ 4pdp
ab

b� a
Dp ð2Þ

G (kg/s) is flow rate into the void, and Dp (Pa) is the

vapour pressure difference over the shell wall of thickness

(b� a)(m). Powers spacing factor, L̄, is based on hydraulic

flow [14] but expresses the air void distribution as a mean

concrete thickness smeared over the surface of the air voids.

Using the parameters of Cranks solution, we then have:

b� a ¼ L̄ ð3Þ

a ¼ r̄ ð4Þ

b ¼ L̄þ r̄ ð5Þ
with the mean spacing factor L̄ (m) and mean void radius

r̄ (m). The simplification Eqs. (3)–(5) does not give a

100% realistic air void system, but an estimate of the

shell thickness in a stationary diffusion calculation.

Snyder [15] has analysed various studies and equations

for void spacing, including overlapping of shells, 3D and

effect of size distribution of the voids, as a basis for

further improvement. Snyder et al [16] also studied

hydraulic flow into voids in HPC during wet freeze/thaw

and found that HPC could be very freeze/thaw resistant

when properly cured. However, real flow was not mea-

sured in their tests.

The transport in Eq. (2) given as flow into a void of

radius r̄ is then

G ¼ g4pr2 ð6Þ

if the surface area of the active voids is equal to the

exposed concrete surface area. [If the area of the active

voids, Aactive voids, is larger than the exposed concrete

surface area, Aexp surface, the relation between flow through

exposed concrete surface, gexp.surface, and flow through

active void surfaces, gactive voids, is: gexp surface=(Aactive voids/

Aexp surface)gactive voids]. By combining Eq. (2) with Eqs. (3)–

(6), the relation between stationary diffusion and void

spacing in HPC can be expressed as:

gr2 ¼ dpDp r̄ þ r2

L̄

 !
ð7Þ

The diffusivity, dp, is assumed constant in the saturated

HCP. Eq. (7) can also be expressed as

L̄ ¼ r̄

gr̄

dpDp
� 1

where

gr̄

dpDp
¼ FðFrost factorÞ > 1 is dimensionless ð8Þ

If FV 1, the expression (8) has no meaning. We then have

a void- (and microdefect-) free system without driving



Fig. 4. Effect on flow of various void systems for Dp= 260 Pa and

dp = 10
� 13 kg/(mPas).
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forces for transport into the material when L̄!l. Com-

pared to traditional experiences with the protective effect of

air voids, the following F values yield:

F ¼ 2Z fair air void systemðL̄ ¼ r̄Þ

F ¼ 1:1Z bad air void systemðL̄ ¼ 10r̄Þ

Stationary transport into an air void during wet freeze/

thaw exposure, the pumping effect illustrated in Fig. 1, is

then:

g ¼ F

F � 1

� �
dp

Dp

L̄
ð9Þ

4. Results and discussion

4.1. Flow into void

Table 2 shows the rate of stationary transport into a void

according to Eq. (9). Various temperatures and thus maxi-

mum possible vapour pressure differences from wet surface,

through saturated paste and into the void, have been used. dp
was set at 10� 13 kg/(mPas). This is a very low value [17],

realistic near the wet surface where the HCP can be assumed

saturated. Fig. 4 shows flow as function of void character-

istics for Dp = 260 Pa and dp = 10
� 13 kg/(mPas). We see

that for the particular data, a large variation in void

characteristics causes flow to vary almost two decades.

The moisture transport into HPC with lightweight aggre-

gate (LWA) was measured during wet freeze/thaw [4,5]. The

flow, g, was found to be in the order of 4.7–9.3� 10� 7 kg/

m2 s in the period with frozen material and wet surface.

Flow of similar magnitude was also observed in several

other HPCs in Ref. [4] during wet freeze/thaw, e.g., the

absorption after start of freeze/thaw in Fig. 1. In addition,

many other researchers observed flow in this order, as found

in the review [5]. There are some uncertainties about the real

vapour pressure difference between the wet surface and the

void, as well as amount of active voids. Still, Table 2

indicates that the proposed approach can be used in the

further modelling of this transfer problem.

The w/b of the above LWA concrete was 0.35 with 8%

silica fume. The content of freezable water in the HCP was
Table 2

Steady state transport into a void at the surface of saturated HPC, Eq. (9)

Temperature Dpmax Maximum moisture transport, g (10� 7 kg/m2 s)

(jC) (Pa)
Good air void system,

L̄= 0.33 mm, F= 2

Bad air void system,

L̄= 3.3 mm, F = 1.1

� 1 550 3.3 1.8

� 10 260 1.6 0.9

� 20 100 0.6 0.3
measured to be zero in a low-temperature calorimeter down

to � 20jC [4]. The concrete had no frost damage (scaling,

cracking), neither in 300 rapid freeze/thaw cycles in water

nor in 98 freeze/thaw cycles with deicer salt. It is therefore

realistic to assume zero ice formation in the HCP throughout

the actual freeze/thaw exposure period. If there is freezable

water in the HCP, due to high w/b or pore structure

coarsening, microice lenses can form and cause destructive

pressure according to Ref. [10].

The progression of deterioration in this case was studied

in Ref. [4]. Bager and Jacobsen [18,19] described the

process thoroughly based on a series of Nordic cooperative

research projects.

4.2. Depth of saturation, xsat

The concept depth of saturation was discussed by Powers

[20] for hydraulic pressure. In the following, a rough

attempt to estimate this figure is performed based on the

present idea of transport. Let the surface area of the active

voids be equal to the exposed surface of the concrete

specimen [Aexp surface (m2)]. The surface area of the total

void content in the concrete specimen is Avoids (m2).

Furthermore, the HCP near the wet surface, around the

active voids, is assumed saturated. Then, fsat (m
3/m3), the

volume fraction of surface concrete with active voids and

saturated HCP, is:

fsatc
Aexp surface

Avoids

ð10Þ

The depth of saturation, xsat (m), is under these assump-

tions:

xsatc
Vspec fsat

Aexp surface

c
Vspec

Avoids

ð11Þ

where Vspec (m3) is specimen volume. Table 3 shows the

void parameters of the w/b = 0.35 HPC, including voids in

the LWA [4,5]. It can be seen that the void spacing was poor

compared to traditional spacing requirements of L̄c 0.25



Table 3

Void spacing characteristics of HPC with LWA exposed to wet freeze/thaw

[4]

Property Parameter Quantity

Void characteristics Air content 1.7 vol.%

(ASTM C457) Spec. surface 8.1 mm� 1

L 1.3 mm

Characteristics of

LWA

Content 41.3 vol.%

(43.7 vol.% pores)

Spec. surface 0.75 mm� 1

HCP layer on LWA 1.9 mm

Fig. 5. Nonsteady state flow situation into HPC with voids.
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mm for frost protection. The spacing of the highly porous

LWA, calculated by smearing the concrete over the LWA

surface, was similar to the spacing of air voids.

The depth of saturation can then be estimated for the two

test methods and the concrete investigated in Ref. [3] using

Eq. (11) (see Table 4). The low depth of saturation estimated

in Table 4 is in accordance with measurements of moisture

profiles in HPC. Nilsson [21] observed that the humidity of

HPC dropped rapidly from surface and inwards even after

long-time water storage. The concrete in Ref. [21] had not

been freeze/thaw exposed. Furthermore, the present estimate

is very coarse. However, this indicates that at the start of

freeze/thaw exposure, transport can be very high at the

surface.

4.3. Nonstationary flow and sink-term, gsink

The assumption of steady state will make the calculated

flow too high, more so the larger portion of the specimen

that is counted in when using Eq. (9). The nonstationary

transport into a unit area of concrete surface can be

calculated by assuming a unidirectional vapour pressure

gradient. The flow into each void, as given by Eq. (9), must

then be superimposed as a ‘‘sink term’’, gsink. Fig. 5

illustrates this case.

If using vapour content, v, instead of vapour pressure, p,

as driving potential, the vapour diffusivity or permeability

dv (m
2/s) must be used. Then, Dv = 0.00215 kg/m3 of pore
Table 4

Estimated depth of saturation, xsat

Parameter Test method

(Eqs. (10) and (11))
SS 137244 ASTM C666

Avoids (m
2) 0.503 1.566

(0.05� 0.15� 0.15)

m3� (0.413� 750 +

0.017� 8100) m� 1

(0.05� 0.15� 0.15)

m3� (0.413� 750 +

0.017� 8100) m� 1

Aexp surface (m
2) 0.0225 0.16

fsat (m
3/m3) 0.0225/0.503 = 0.045 0.16/1.566 = 0.102

Vspec (m
3) (0.05� 0.15� 0.15) =

0.001125

(0.1� 0.1� 0.35) =

0.0035

xsat (mm) 2–2.5

Surface area of active voids = specimen surface.
air instead of Dp = 260 Pa for saturated air at � 10 jC and

atmospheric pressure, etc. For a nonsteady state flow

description, the vapour content, v (kg/m3), as function of

time and length must then be calculated. According to

Nilsson [17], the translation of dp (kg/mPas) to a description

in vapour content, v, is given by:

dv ¼
RT

m
dp ð12Þ

Here, dv = vapour diffusivity (m2/s), R = gas con-

stant = 8.314 (J/K mol), T= absolute temperature (K) and

m =molar mass of water (0.018 kg/mol). At T= 263 K

( =� 10 jC):

dvc1:215� 106dp ð13Þ

This is of the same magnitude as found experimentally

by Hedenblad [22]. However, the transport mechanism

(diffusion or permeation) in HPC can complicate the calcu-

lation. Most certainly, we only have diffusive transport in

HPC. Most experimental data, however, include both types.

Ficks’ second law yields for vapour concentration gradient

driven transport:

dv

dt
¼ � RT

m
dp

d

dz

dv

dz

� �
¼ �dv

d

dz

dv

dz

� �
ð14Þ

[Here, it is important not to mix vapour diffusivity dv
(m2/s) with diffusivity D (m2/s) based on total water

content (kg/m3 concrete). The water content is obtained

via the sorption isotherm.] By superimposing the ‘‘sink

term,’’ gsink, Eq. (9) on Eq. (14), the following kind of

expression is obtained:

dv

dt
¼ dv

d

dz

dv

dz
� F

F � 1
� dv

L̄act voidsðzÞ

 !
ð15Þ

L̄act voids (z) is the spacing of active voids going down to

a certain depth. Eq. (15) can be solved for various assump-

tions on vapour diffusivity, amount of active voids, vapour

pressure, period of freezing in wet condition, period of

freezing with sealed surface, etc. In such a case, the
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transport coefficient would, however, vary strongly as

moisture content is reduced and it would perhaps be better

to use the flow potential [22].

4.4. Discussion—modelling and experiments

The higher vapour content in the surface concrete [21]

(resulting in increased dv and more active voids near the

surface) supports the simplification that the surface layer is

saturated but with steep moisture gradient below (see Table

2). However, there are additional effects. Temperature gra-

dients will cause moisture movement of the kind described

by Eq. (14) in all porous materials. For HPC exposed to wet

freeze/thaw, the most probable situation is that the surface is

sealed by ice during freezing, unless salt is present. This will

stop moisture on its way out towards the cold surface. (A

propagating ice front can force water inwards as described by

Powers [20] if there is significant ice formation in the pore

system of a material, or if there is an external confinement by

ice pressure [5].) During thawing, on the other hand, it is

more probable that there is ice and/or that the vapour

pressure is low inside the concrete while the surface is wet

and warmer, sucking or driving moisture into the concrete.

Clearly, both heat and mass transfer are important. Such

considerations should be included in numerical simulations.

In addition, the discussion by Setzer [10] indicates that

multiphysics models can be used. Relevant experimental

setups and other possible modelling approaches are for

example Refs. [4,23–29].

Some important parameters to be measured during wet

freeze/thaw in the further study are:

	 moisture transport/uptake
	 ice formation/freezable water
	 length change of material during freeze/thaw
	 void characteristics, including spacing of microdefects

near the surface
	 depth of saturation
	 vapour permeability
	 measurements of relative humidity (RH) at microlevel
	 temperature distribution in concrete and surrounding

liquid.

In addition, deterministic service life calculations are

possible. The maximum exposure period to wet freeze/thaw

before a critical degree of saturation is reached will then be

an initiation period [30]. The actual exposure situation is

then a frozen concrete with liquid available at an ice-free

surface. Using the flow of Table 2, it can be found that the

service life of the particular HPC can be very short at the

surface of the concrete (days) for this very aggressive

exposure situation. Outside the laboratory, however, the

access of liquid is often low, which is of course positive

for service life. Finally, mechanisms for larger inflow than

outflow should be studied as indicated by Jepsen [31], who

differentiated between reversible and irreversible water
uptake. Some reasons for this irreversibility are now inves-

tigated by the present author (exposed surface vs. void

surface, self desiccation, free energy of adsorbed water,

suction created by crack opening, etc.).
5. Conclusion

Estimates based on measured flow during wet freeze/

thaw indicate that diffusion is the most relevant transport

mechanism causing the accelerated moisture uptake, or

pumping effect, in wet freeze/thaw exposure of HPC. The

transport is assumed to be diffusion of nonfreezable water

from the wet surface via HCP to the voids. Calculations

based on the combination of Powers spacing factor and

Cranks solution for diffusion in a thick-walled sphere

further support that the pumping effect measured in wet

freeze/thaw of HPC is caused by diffusion. Improvements

on the understanding of the pumping effect can be made

combining improved modelling with instrumented wet

freeze/thaw exposure. The most important physical param-

eters to be measured are as follows: moisture transport,

length change, void characteristics (including spacing of

microdefects near the surface), depth of saturation, ice

formation, relative humidity at microlevel, vapour perme-

ability, and temperature distribution in concrete and sur-

rounding liquid.
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