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Abstract 
Once ice forms in highly saturated concrete material, internal tensile stress will be generated and causes damage to the 
material, which is a serious problem for concrete structures in cold and wet regions. On one hand, each component (po-
rous body, ice and liquid) should satisfy the compatibility of stress and strain, which has been discussed by the poro-
mechanical theories. On the other hand, if some empty voids exist, the hydraulic pressure will release when liquid water 
escapes from the expanded area according to Darcy’s law. Recent closed freeze-thaw tests on the saturated mortar showed 
a consistent tendency: as the number of freeze-thaw cycles (FTC) increases, the deformation changes from the expansion 
to the contraction. In order to make clear the physical and mechanical changes during this process, a more comprehensive 
hydraulic model is developed, which combines both the mechanisms mentioned above. The estimated strain behavior by 
this model is in a good agreement with experimental measurements, and also, it has good potential and is more flexible to 
be applied to different cases such as different saturation degrees and cooling rates. The permeability change can be also 
considered in this model as a reflection of frost damage level. 
 

 
1. Introduction 

Frost damage is an important issue for concrete struc-
tures, and has been studied for several decades. The 
deformation behavior and degradation of properties by 
frost action has been well studied at the material level. 
Kaufmann (2002) developed a qualitative sequential 
damage model, separating a freeze-thaw cycle into five 
phases and discussed in detail. Fagerlund (2002) dis-
cussed the different effects between open and closed 
freeze-thaw tests (FTC test with open or closed moisture 
condition), and the effect of saturation degree. For the 
open test, the deformation measure by Hasan et al. 
(2004) up to 300 cycles showed a continually increasing 
behavior. This agrees with our common sense and can be 
explained easily by the existing models. However, recent 
closed tests up to 30 cycles by the authors showed dif-
ferent phenomenon: there was expansion during first few 
cycles, but converted to contraction as the number of 
cycle increased (Sicat et al, 2013). Although the damage 
of material would affect the measured deformation, this 
change of tendency can only be explained by the change 
of forces: from positive forces dominant to negative 
forces dominant. Thus, more comprehensive stress 

model is needed to explain this complex strain behavior. 
The stress that causes frost damage is believed as the 
hydraulic pressure at the beginning. Powers (1949) de-
veloped the hydraulic pressure model based on Darcy’s 
law, and according to that model, the maximum spacing 
factor of the entrained air can be determined so that the 
damage can be avoided. Recent studies discussed that, 
other than hydraulic pressure, the crystallization pressure 
is another mechanism (Scherer, 2005), because damage 
was observed even in partially saturated cases, in which 
the hydraulic pressure can be avoided. In addition, due to 
the thermodynamic equilibrium between three phases of 
moisture, there is always a cryosuction pressure in the 
unfrozen water. Sun and Scherer (2010a) also developed 
the mathematical way to calculate the overall stress and 
strain caused by crystallization and cryosuction pressures. 
Coussy and Monteiro’s model (2008) was developed 
based on the poromechanics and was improved later 
(2009), which included hydraulic pressure and cryosuc-
tion. However, both Sun’s and Coussy’s models ignore 
the hydraulic flow and pressure release like Powers’ 
model. Once the specimen is sealed, the internal forces 
are thought to be almost the same during each cycle. It is 
true for a few cycles because the permeability of ce-
mentitious materials is very small. But as the number of 
cycle increases, damage will accumulate and the liquid 
water can move more easily. Therefore, the pressure 
release should also be considered in this problem. 

In this paper, we will combine all the mechanisms 
mentioned above to obtain a more comprehensive, 
flexible but not too complex model to explain the meas-
ured strain behavior under closed FTC test. Crystalliza-
tion pressure and cryosuction pressure are static pres-
sures that only rely on the temperature and pore size 
distribution, while the hydraulic pressure is a dynamic 
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pressure which depends on the permeability of the ma-
terial. Previous studies have shown that there is no sig-
nificant change in pore size distribution during the first 
few FTCs (Sun, 2010b), so it means the crystallization 
pressure and cryosuction pressure are not responsible to 
this tendency change (expansion at the beginning but 
converted to contraction at last), and the main reason is 
the hydraulic pressure reduction due to the permeability 
increment caused by frost damage accumulation (Yang et 
al, 2006). The measured deformation in different cycles 
is used to verify the proposed model. And the application 
potential of this model is also discussed at last. 

 
2. Theoretical model 

2.1 Existing hydraulic pressure models 
There are two main hydraulic theories for the freezing 
process in porous material. One is proposed by Powers 
(1949), aiming at discussing the suitable spacing factor 
of the air bubbles to avoid frost damage in the 
air-entrained concrete. In his model, it was assumed that 
all the liquid water can be expelled into the entrained air 
once ice forms in the surrounding material. According to 
Darcy’s law, a pressure gradient is necessary to drive 
such kind of water flow, thus hydraulic pressure is gen-
erated.  

Figure 1 shows the basic concept of Powers’ model. 
The central circle represents the empty air void with a 
radius of r, and the influential volume has a radius of R. 
Since the deformation of porous body was neglected, the 
expanded volume during ice formation should be bal-
anced by the flow into the air void. According to this 

assumption and Darcy’s law, Powers gave the hydraulic 
pressure at x ( r x R≤ ≤ ) along the radial direction as: 

2

2

1
( ) (1.09 1 / )

3

Rf
h r r

dw dT R
p x S x dx

k dT dt x
η

φ= ⋅ − ⋅ ⋅ ⋅ −
⎛ ⎞
⎜ ⎟
⎝ ⎠

∫  (1) 

where ( )hp x  is the hydraulic pressure at each location, 
k  is the permeability of porous material (m2), η  is the 
viscosity of liquid water ( Pa s⋅ ), rS  is the saturation 
degree, φ  is the void ratio, fdw dT  is the ice forming 
rate as temperature changes, which depends on the pore 
size distribution, and finally /dT dt  is the cooling rate.  

Other than Powers’ model, Coussy and Monteiro 
(2009) ignored the water flow, and proposed a porome-
chanical model for saturated porous materials, in which 
the increased volume can be balanced by the 
self-compression of liquid and solid water, and the pore 
pressure hp  is approximately obtained as follows 
(Coussy and Monteiro, 2009): 

0.09
/ (1 ) /

C
h

C C C L

p
K K

ψ
ψ ψ

≈ ⋅
+ −

 (2) 

where Cψ  is the ice content, 1 Cψ− 1 is the liquid water 
content. CK  and LK  are the bulk moduli of the ice and 
liquid, respectively. This model also describes an ideal 
condition based on the assumption that the hydraulic 
pressure resulting from the volume change cannot be 
released (like in the sealed condition or the case of air 
voids that are very far apart from each other). So actually 
this model shows the upper bound that the pore pressure 
could reach. 

However, in reality, both water flow and 
self-compression exist, and which would be the domi-
nant effect depends on the distribution of empty pores 
(like entrained or entrapped air) and permeability of the 
materials. That is, an upper bound of hydraulic pressure 
will be reached if there is only self-compression effect. 
But if the liquid water can move more easily to the empty 
voids (when empty voids are closer to each other or the 
permeability becomes bigger), the hydraulic pressure 
will release due to the escaped flow. Then if the water 
flow becomes the dominant effect, the hydraulic pressure 
will decrease and even become negligible. For example, 
Fig. 2 shows the measured deformation on the wa-
ter-saturated mortar with closed moisture condition 

 
Fig. 1 Empty space and influential volume. 

 
Fig. 2 Strain behavior during 30 cycles (water saturated, sealed and without thermal strain) (Sicat et al, 2013). 
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during 30 freeze-thaw cycles (Sicat et al. 2013). The 
reversing strain behavior from expansion at the begin-
ning to contraction at last also reflects the change of total 
internal pore pressure: from positive value to negative 
value. The total pore pressure is the sum of hydraulic, 
crystallization and cryosuction pressures, and the crys-
tallization and cryosuction pressures are always coex-
isting and regarded unchanged during the test (details 
will be discussed later). The sum of crystallization and 
cryosuction pressure is negative under the given envi-
ronmental condition, but the hydraulic pressure is large 
enough at the beginning so that the total pressure is still 
positive. Since this total internal pressure can easily 
exceed the tensile strength of the porous body, damage 
will happens as internal micro-cracks and the perme-
ability will increase (Yang et al. 2006). Then the hy-
draulic pressure will decrease until it cannot cause fur-
ther damage, and the total internal pressure will become 
negative in this study and results in contraction in the 
strain, which reduces the tensile remaining strain and 
may eventually increase the compression remaining 
strain (Fig. 2). Therefore the hydraulic pressure de-
creasing in the above test means a change from 
self-compression effect dominant to water flow domi-
nant in the model, thus the two effects should be com-
bined together to describe the observed phenomenon. 

 
2.2 Proposed hydraulic pressure model 
If the specimen is not fully saturated, the empty voids 
have the potential to hold the increased volume. Usually 
the water saturated specimens without special treatment 
(like vacuum saturation) are not really fully-saturated 
(95.8% in our test). Therefore, even for the closed test 
with the non-air entrained samples, there is still enough 
space to allow the volume increase when ice forms. But 
since the permeability of cement paste is extremely low, 
the water flow cannot be fast enough to avoid the hy-
draulic pressure. 

Actually Powers’ model was aiming for the hydraulic 
pressure in the air-entrained cement pastes, which is 
slightly different with our case (non-air-entrained con-
crete with different saturation degree). However, the 
concept and method can be used for this study. Even the 
air-entrainment agent was not used, the central sphere 
can still represent the empty space (Fig. 1), while the 
outer influential volume shows the range of pore water 
that will flow into this empty space. In addition, it is 
assumed that the liquid water will always occupy the 
smallest pore first, so if the central sphere represents the 
empty part, then the surrounding shell should be fully 
saturated. 

If the saturation degree is rS , the critical radius 0r  
between empty and fulfilled pores can be determined by 
Fig. 3, and the pore size distribution can be obtained by 
experiments or empirical equations (Gong et al., 2014). 
Also in Fig. 3, it is assumed that the pores whose radii are 
bigger than 0r  will stay empty. Here the equivalent 
radius Er  can be chosen by the weighted mean value of 

empty volume: 

0

0

( )

( )

r

E r

r v r dr
r

v r dr
∞

∞

⋅
= ∫
∫

 (3) 

where ( )v r is the volume density of pores. The volume 
ratio of the central sphere to outer sphere should be equal 
to the real volume fraction of empty space to the whole 
material: 

3

3 (1 )E
r

E

r
S

R
φ= − ⋅  (4) 

where RE is the influential volume corresponding to rE. 
Using Q  to represent the water flow driven by the av-
erage pore pressure ( hp ) in the surround area, which is: 

AQ qdt
V

= ∫  ( 24 EA rπ= , 3 34 ( )
3 E EV R rπ= − ) (5) 

Δ
Δ

hpkq
xη

= ⋅  (Δ h hp p= ,Δ ( ) / 2E Ex R r= − ) (6) 

The pore pressure ( hp ) can be converted to the hy-
draulic stress ( HP ) by the poromechanics, which is: 

H hP bp=  (7) 

where b is the Biot coefficient, and defined as 
2 /(1 )b φ φ= +  (Coussy, 2004). At the same time, due to 

this pressure HP , the material will expand while the 
liquid and ice will be compressed, that is: 

/
/
/

p H p

C h C

L h L

P K
p K
p K

ε
ε
ε

=⎧⎪ = −⎨
= −⎪⎩

 (8) 

where pε  Cε  Lε  are the volume strain of the porous 
body, ice and liquid water, respectively. And here linear 
behavior is assumed for all these three components for 
convenience. Usually there is plastic deformation on the 
material, which will be discussed later, here we just 
choose the simple poroelastic relation. Then the in-
creased volume by ice forming can be balanced by two 
parts: 

Fig. 3 Typical cumulated pore size distribution. 
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0.09 C p C C L LQφψ ε φψ ε φψ ε− = − −  (9) 

After differentiation of Eq.(9) with respect to time, the 
following equation is derived: 

0.09 C p C C L L
A q
V

φψ ε φψ ε φψ ε− ⋅ = − −  (10) 

Taking Eqs. (5), (6) (7) and (8) into Eq. (10): 

2
0.09 C L

C h h
E E p C L

A k b
p p

V R r K K K
φψ φψ

φψ
η

− ⋅ ⋅ = + + ⋅
−

⎛ ⎞
⎜ ⎟⎜ ⎟
⎝ ⎠

(11) 

Eq. (11) is the proposed hydraulic model in this paper, 
if knowing the environmental conditions, moisture con-
ditions and the material properties, the time dependent 
hydraulic pressure ( hp ) can be calculated by solving Eq. 
(11).  

For convenience, let 1
2

E E

A kC
V R rη

= ⋅ ⋅
−

, 

2
C L

p C L

bC
K K K

φψ φψ⎛ ⎞
= + +⎜ ⎟⎜ ⎟
⎝ ⎠

 and 3 0.09 CC φψ= , then Eq. 

(11) becomes: 

1 2 3h hC p C p C⋅ + ⋅ =  (12) 

According to Eq. (12) and Fig. 4, some basic charac-
ters of the modified model can be seen as below: 
(1) During the freezing process, ice forms so that 

0Cψ > , and only part of the increased volume will 
flow away based on Darcy’s law 
( 1 0.09h CC p φψ⋅ < ). Therefore, the hydraulic pre-
ssure is increasing according to Eq. (12) ( 0hp > ). 

(2) When the temperature reaches the lowest value and 
keeps constant, the ice formation stops ( 0Cψ = ) 
and C1 and C2 are positive, which means hp and 

hp should have opposite sign. Since 0hp > , so 
0hp < , then the hydraulic pressure should still be 

positive but gradually release. 
(3) When the temperature raises up, the ice content will 

decrease ( 0Cψ < ), the hydraulic pressure will 
continue to decrease but much faster compared to 
the constant temperature period. Once the hydraulic 
pressure becomes negative, the expelled water will 
move back again from the central void. So it is 
possible to have short period with negative hy-
draulic pressure (Fig. 4 (b)). At last, all the expelled 
water during ice formation will move back so the 
moisture distribution is assumed same as the be-
ginning. 

(4) According to different saturation conditions, Eq. 
(12) can be changed back to Coussy and Monteiro’s 
model or Powers’ model. For example, if the release 
of hydraulic pressure is quite limited ( 1 0C ≈ , like 
very high saturation condition), then it becomes: 

0.09 C L
C h

p C L

b p
K K K

φψ φψ
φψ

⎛ ⎞
= + + ⋅⎜ ⎟⎜ ⎟
⎝ ⎠

 which is 

similar to Coussy and Monteiro’s model. If the 
permeability is higher (like due to frost damage 
accumulation) so that the water corresponding to 
increased volume can move to the central void more 
quickly ( 2 0C ≈ ), then it becomes Powers’ model. 

 
2.3 Ice formation and permeability 
For porous materials, the freezing point (T) of liquid 
water depends on the curvature of crystal/liquid interface, 
which is (Scherer, 2005): 

0Δ ( )CL CL fvS T Tκ γ = −  (13) 

where CLκ is the curvature of crystal/liquid interface, 
CLγ is the specific energy of the crystal/liquid interface. 

3Δ 1.2J / cm KfvS ≈ ⋅  is the molar entropy of fusion. 0T  
is the freezing point of free water, here the pure water is 
assumed for convenience so that o

0 0 CT = . The curva-
ture CLκ can be also written as: 

2cos CL
CL r

θ
κ

δ
=

−
 (14) 

where CLθ is the contact angle of the crystal/liquid inter-
face, and which can be assumed as 0. r is the radius of the 
pore entry, andδ is the thickness of the liquid film be-
tween ice crystal and the pore wall ( 0.9nm≈ ). Given a 
certain temperature T (T<0), it is assumed here that all 
the pores that are bigger than r calculated above would 
freeze, while the rest would stay unfrozen. Therefore, the 
ice content (the volume fraction of pore space filled with 
ice) can be drawn as a function of temperature. There are 
limited ways to measure the ice content inside the con-

 

(a) 

(b) 

(c) 

, ,fT w V− Δ

t

t

t

,h ip V

Q

Positive pressure 

Flow out 
Negative pressu

Flow in 

Fig. 4 Change of each parameters (a) temperature (-T), 
frozen water amount ( fw ), total increased volume (ΔV ) 
(b) hydraulic pressure ( hp ), volume balanced by defor-
mation ( iV V QΔ= − ) (c) the released flow ( Q ). 
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crete, such as the thermoporometry (Sun and Scherer, 
2010a; Johannesson, 2010) and electronic method (Cai 
and Liu, 1998). Among those experimental data, Sun’s 
test (2010a) is chosen to give general characters of ice 
forming and melting process, because the experiments 
were more precisely controlled and the results can cor-
relate different variables reasonably and comprehen-
sively, such as the ice content, pore shape, pore size 
distribution and deformation. In addition, the majority of 
formed ice is in the smaller pores (r < 100 nm), of which 
the normalized pore size distributions are very similar 
among different W/C ratios (Gong et al., 2014). There-
fore, the ice content of fully saturated specimen can be 
empirically regressed based on Sun’s DSC data (2010a), 
in regarding with the temperature: 

4 23.585 10 0.0236fw T T−= − × −  (-40oC<T<0oC) (15) 

0.449
2.525m

Tw
T

=
−

 (-40oC<T<0oC) (16) 

where fw  and mw  are the volume fraction of total 
voids that occupied by ice during freezing and melting 
for in a fully saturated case, respectively. The freezing 
curve (Eq. (15)) and melting curve (Eq. (16)) are not the 
same, because the freezing point is usually controlled by 
the size of pore entry while the melting point is by that of 
pore body (Sun, 2010b), and the pore shape factor λ  
can be defined as: 

Δ
Δ

M

F

T
T

λ =  (17) 

where Δ MT  and Δ FT  is the drop of melting point and 
freezing point with the same ice content. For the same 
amount of ice content, Δ MT is always smaller thanΔ FT . 
Sun’s experimental data show that λ is usually between 
0.1 and 0.5 for cement-based materials (Sun, 2010b).  

The melting point is always higher than the freezing 
point for the same pores. If the temperature reaches the 
lowest value minT , and then increases again, the existing 
ice would not start to melt immediately, until the tem-
perature reaches minTλ  (Fig. 5). Thus, the melting curve 
should be adjusted according to the lowest temperature 
as: 

4 2

min min min min

o

min

3.585 10 0.0236 ( )
0.449

( 0 C)
2.525

m

T T T T T
Tw

T T
T

λ

λ

−− × − < <
=

< <
−

⎧⎪
⎨
⎪⎩

 (18) 

If the specimen is partially saturated (Sr<1), which 
means the biggest pores with volume fraction of (1-Sr) 
are empty, then the real ice content can be assumed as the 
value calculated by Eqs. (15) and (16) but subtracted by 
(1-Sr): 

{ (1 ) (freezing, (1 ))
(1 ) (melting, (1 ))

f r f r
C

m r m r

w S w S
w S w Sψ − − > −= − − > −  (19) 

The permeability of unsaturated porous material has 
been well described by the van Genuchten equations as 
(van Genuchten, 1980): 

1
0.5 2

0

[1 (1 ) ]mm
r L L

kk S S
k

= = − −  (20) 

1/(1 )

0

[1 ( ) ]m m
L

PS
P

− −= +  (21) 

where k0 is the permeability of fully saturated material, k 
is the permeability under the saturation degree of Sr, kr is 
the relative value that shows the reduction effect. m is the 
parameter that needs to be determined using Eq. (21), in 
which the Sr can be experimentally measured as a func-
tion of capillary pressure P/P0. Although van Genuchten 
equations are originally for soil media and also for the 
vapor-liquid system, Coussy (2005) has discussed the 
feasibility to use those equations to describe the ce-
ment-based materials and also the effect of ice formation. 
It has been discussed that the permeability mainly de-
pends on the “liquid saturation”, which means no matter 
the larger pores are occupied by gas or ice crystal or both, 
they have the same effect on the permeability of liquid 
water. A more practical expression for cement-based 
material was given by Coussy (2005) as: 

1/(1 )*[1 ( ) ]m m
L

f

R
S

R
− −= +  (22) 

where fR is the critical pore size for freezing under dif-
ferent temperatures. * 4.26nmR =  for cement-based 
materials, which is a factor reflecting the radius of pores 
which can be percolated to each other. Then the pa-
rameter m can be determined according to Sun’s DSC 
data (2010b), and it is approximately equal to 0.5. 
Therefore, the relative permeability by liquid saturation 
should be (also see Fig. 6): 

0.5 2 0.5 2

0

[1 (1 ) ]r L L
kk S S
k

= = − −  (23) 

 
2.4 Crystallization pressure and cryosuction 
pressure 
Due to the surface tension, there is a pressure difference 

‐40oC

Ice content

freezing

melting

Tmin minTλ  
Fig. 5 Freezing and melting curve used in the analysis.
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between liquid and crystal on the crystal/liquid interface, 
and also a difference between liquid and gas on the liq-
uid/vapor interface. If assuming that the pressure of the 
gas is the same as the ambient pressure (zero), then the 
cryosuction pressure is always negative, depending on 
the liquid saturation degree. The pressure uniformity of 
liquid phase requires that the surface tension of crys-
tal/liquid interface and liquid/vapor interface should be 
equal: 

CL CL LV LVκ γ κ γ=  (24) 

where LVκ and LVγ represent the curvature and surface 
energy of liquid/vapor interface respectively. Then, the 
cryosuction pressure can be related to the freezing point 
by: 

0Δ Δ ( )LV LV fvp S T Tκ γ= − = −  (25) 

Therefore, the cryosuction pressure can be calculated 
simply from the temperature distribution: 

0Δ ( )l L fvp S T Tψ= ⋅ −  (26) 

And the crystallization pressure acting on the pore 
wall is always accompanied with the cryosuction pres-
sure (Fig. 7), and also depends on the shape of the pores 
(λ ) based on data from Sun (2010a): 

0(1 )Δ ( )c C fvp S T Tψ λ= ⋅ − −  (27) 

According to the experimental data (Sun, 2010), the 
shape factor that defined by Eq. (17) can be approxi-
mately rewritten as a linear function of freezing point 
(Fig. 8), then, Eq. (27) becomes: 

0(0.875 0.0095 )Δ ( )c C fvp T S T Tψ= ⋅ + −  (28) 

 
3. Comparison to test results 

3.1 Experiment and simulation 
The mortar specimens in this experiment (Sicat et al. 
2013) used ordinary Portland cement with density of 
3.14 g/cm3, fine aggregate which is 1.2mm or less in size 
with density of 2.67 g/cm3 at 1467.6 kg/m3 of concrete 
without air entraining agent to promote damage. Mix 
proportion for specimens is 1:2:6 (water: cement: fine 
aggregate). After curing, specimens were cut into size of 
40mm x 40mm x 2mm (see Fig. 9 (a)). Specimens were 
submerged underwater until mass was constant to attain 
full saturation. Finally, the specimens were sealed with 
vinyl tape to prevent water uptake or loss. The 
preparation of the specimens is shown in Fig. 9 (a) and 
(b). The size distribution of entrapped air can be obtained 
from image anlysis (Fig. 9 (c)). The critcal radius r0 
between empty and fullfilled pores can be estimated 
combining pore size information and saturation 
condition (Gong et al. 2014), which is shown in Table 1. 

Ice

cp

Liquid water 

lp

 
Fig. 7 Crystallization pressure and cryosuction pressure 
in a cylindrical pore. 
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Fig. 8 Pore shape factor as a function of freezing point, 
based on Sun (2010a). 

 
Fig. 6 Relative permeability to liquid saturation degree.
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Fig. 9 Outline of the experiment (a) 40 x 40 x 2mm cut 
specimens; (b) sealed specimens; (c) X-ray CT scanning 
(6.2x6.2mm).
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Finally Fig. 9 (d) shows the temperature history of each 
cycle. 

Reasonable parameters are chosen for the calculation 
model (see Table 2). The critical radius (r0, the radius 
between empty pores and pores filled with water ac-
cording to Fig. 3) can also be estimated using the em-
pirical pore size distribution (Gong et al. 2014), and for 
the macro pores (r>10μm), the estimation formula is 
(Shimomura et al, 1992): 

1( ) ( ) exp( )C Cv r V B C r B r−= ∞ ⋅ ⋅ ⋅ ⋅ − ⋅  (29) 

where ( )v r  is the density of pore volume of concrete or 
mortar, ( )V ∞ is the total pore volume of unit concrete, 
r is the radius of pore (m), B and C are the parameters 
depending on the water cement ratio w/c. If w/c=0.5, the 
empirical values were given as ( ) 0.015V ∞ = , B=12000, 
and C=1.2 (Takewaka et al, 2003). The estimated r0 is 
2×10-4m, which is quite close to the value calculated 
based on the information in Sicat et al.’s paper (2013), 
which is 1.7×10-4m. Therefore, the empirical estimation 
is reliable and easier to be applied to other cases. 

Adopting the parameters listed in Table 1 and Table 2 
to the proposed model, the three kinds of pore pressure 
can be calculated (Fig. 10). The crystallization and 
cryosuction pressures are always coexisted and the sum 
of two pressures are always less than or equal to zero. 

The hydraulic pressure is closely related to the perme-
ability (k0), for the first freeze/thaw cycle, the perme-
ability of undamaged material can be assumed, which is 
around 10-21m2 according to Valenza and Scherer’s 
beam-bending test (2004). Thus, for closed test without 
water uptake, the hydraulic pressure will reach the 
maximum value during first FTC, and then reduce 
gradually. The total pressure (sum of three pressures in 
Fig. 10) is still positive, which means expansion occurs 
at the beginning. In Fig. 10, the crystallization pressure 
and cryosuction pressure are calculated by Eq. (28) and 
Eq. (26). The hydraulic pressure is calculated by Eq. (11). 
The basic characters of hydraulic pressure in Fig. 10 is in 
agreement with the discussion of Fig. 4. 

It is difficult to measure the pore pressure in cementi-
tious materials directly, however, the measured strain can 
be used to verify the model sufficiently, because the total 
deformation directly results from the total internal forces. 
More precisely, the stress-strain relationship of the po-
rous body is nonlinear under the high pressure condition, 
and the plastic deformation was also observed during the 
experiment as seen in Fig. 11. The detailed stress-strain 
relation under cyclic freeze thaw has been discussed in 
previous work (Gong et al. 2013). The plastic deforma-
tion is mainly shown as the residual strain, but for the 
peak strain of each cycle, it is still almost linear to the 
stress level. Therefore, in order to focus on the hydraulic 

Table 1 Parameters by experimental measurements. 
Type (w/c) Mortar (0.5) 
Mix proportion by weight  
(water: cement: aggregate) 1:2:6 

Water saturated (vacuum saturated) 0.228 g/cc (0.238g/cc)
Real water saturation  
(compared with vacuum saturation) 0.958 

Critical radius r0  
(by X-ray CT scanning) 1.7×10-4m 

Lowest temperature -28oC 
Cooling rate (also heating) 15 oC/h 
Elastic modulus of concrete  
material E (measured) 34 GPa 

 
Table 2 Parameters by empirical estimation. 

Saturated permeability  
(undamaged) k0 

10-21m2 

Viscosity of water η (Coussy, 2005) 2.88×10-5 exp[509.53 
/(123.15+T)] Pa s⋅  

Poisson’s ratio of concrete  
material ν 0.2 

Bulk modulus of porous  
body /[3(1 2 )]pK E ν= −  18.9 GPa 

Bulk modulus of ice crystal CK  8.8 GPa 

Bulk modulus of liquid water LK  2.2 GPa 

Critical radius 0r   
(by empirical equations) 

2×10-4m 

Equivalent Er  (by Eq. (3)) 6×10-4m 

Equivalent ER  (by Eq. (4)) 0.0028m 
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Fig. 11 Calculated strain and experimental test (first cy-
cle, 21 2
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model proposed in this study, a simple stress-strain rela-
tion is assumed. Then according to the poroelastic theory, 
the one-dimensional strain should be: 

( )
3x h l c

p

b p p p
K

ε
⎛ ⎞

= + +⎜ ⎟⎜ ⎟
⎝ ⎠

 (30) 

From Fig. 11, it can be seen that the estimated strain 
matches experimental measurements well. The differ-
ence between the nucleation temperatures is because the 
nucleating agent (metaldehyde) was used in Sun’s test 
(where we took the ice amount information from). While 
in our test, the super cooling effect existed because nu-
cleating agent was not used. Although the freezing point 
of bulk water should be at 0oC, if the water is too pure 
and lack of nucleating particles, the freezing point can 
still drop below 0oC, such as -8oC in our test. However, 
this difference does not affect the stress level as tem-
perature continues to decrease. Another difference in Fig. 
11 is the residual strain resulting from the plastic de-
formation, which is just a response of the material and 
thus ignored in this model. Here it should be emphasized 
that the main purpose of this work is to develop the stress 
model which can express both the self-compaction 
self-compression effect and pressure release effect, fur-
ther to describe the deformation tendency in closed 
condition for moisture. In order to make the model sim-
ple, the stress model is still based on poroelastic theories, 
although plastic deformation actually exists during the 
test. And also, since the strain is usually within a few 
hundreds of microns, there is no big difference between 
stress estimated by elastic model and plastic model. If 
only concerning the plastic deformation as a “response” 
of the material, this materials property can be discussed 
separately, like author’s previous work (Gong, et al. 
2013). Therefore, the influence of the plastic behavior is 
not taken into consideration in this model. 

 
3.2 Reduction of hydraulic pressure 
As discussed at the beginning, once the moisture content 
is constant, the crystallization pressure and cryosuction 
pressure only depend on the pore size distribution of 
micro pores(r<100nm), which has been observed un-

changed within 3 cycles in Sun’s test (2010b). Thus, 
these two kinds of pressures can be assumed unchanged 
in the following cycles. Then we only need to focus on 
the hydraulic pressure. From Eq. (11), the three most 
important factors are cooling rate, saturation degree and 
permeability. Cooling rate is set manually and kept con-
stant during the test. The change of saturation degree can 
be also neglected (even a residual strain of 500μ is cor-
responding to 0.1% volume increase of empty space). 
Therefore, the reduction of hydraulic pressure mainly 
results from the change of permeability. Actually previ-
ous studies also observed permeability increase by frost 
damage (Yang et al. 2006). This increment of perme-
ability or reduction of hydraulic pressure is mainly due to 
the occurrence of micro cracks during the early 
freeze-thaw cycles, which might change the micro 
structure in mortar although the pore size distribution 
might still be unchanged. Thus, the hydraulic pressure 
would be continuously reduced in the latter cycles. 

Then by increasing the permeability, the reduction of 
hydraulic pore pressure can be calculated (Fig. 12). It 
should be noticed that in reality, negative hydraulic 
pressure cannot reach -40MPa, because liquid water has 
good capability for compression but not tension. Still 
here, in order to reduce the complexity of the model, this 
aspect is not considered. 

Figure 13 shows the comparison between estimated 
strain and measured strain. The 4th and 28th cycle are 
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Fig. 12 Calculated hydraulic pore pressure with different 
permeability. 
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chosen to show the typical change of the strain behavior, 
which are corresponding to the permeability of 10-20m2 
and 10-18m2, respectively. Although it is difficult to 
measure the permeability during the test, the above val-
ues of permeability can be estimated based on the fol-
lowing arguments: first it is proved that the permeability 
change is the reason of the reverse phenomenon in the 
test, and it is also qualitatively known that the perme-
ability will increase due to frost damage (Yang et al. 
2006). Therefore a proper value of permeability should 
be existed that can match the observed behavior best. 
Together with Fig. 11, three kinds of typical strain be-
havior are shown: State 1: always expansion dominant; 
State 2: change from expansion to contraction; and State 
3: always contraction dominant. Actually State 2 is a 
transition state between State 1 and 3, and State 3 is a 
final steady state in the closed test. 

 
4. Discussions 

According to the comparison and discussion above, the 
reliability of the proposed model can be verified, then 
deeper discussions are able to be made. The most affec-
tive parameters are cooling rate, saturation degree and 
the permeability. Among three factors, the cooling rate is 
certain and controlled manually; the saturation degree is 
considered constant in closed test, but it will increase in 
the open test. Finally, the change of permeability is due to 
the damage caused by hydraulic pressure, and at the same 
time, the hydraulic pressure will decrease if permeability 
becomes larger, so an equilibrium steady state can be 
achieved at last. 

Setting the cooling rate as 15oC/h, the hydraulic pore 
pressure (maximum value) can be obtained regarding the 
vacuum saturation degree, and for each level of perme-
ability (Fig. 14). It is certain that the peak pressure would 
decrease as saturation degree decreases, and also as 
permeability increases. The effect of permeability be-
comes less significant if Sr is closed to 100%. It is be-
cause once all the empty spaces are filled up, the water 
flow and pressure release will stop so that the perme-
ability has no effect on the stress. Therefore, in the closed 
test, we can observe a big changing tendency from ex-
pansion to contraction due to the permeability change. 
But in the open test, the saturation degree will increase 
gradually due to the water uptake. For example, if 
Sr=99%, the permeability change would not reduce the 
hydraulic pressure effectively, then there is always ex-
pansion in the open test. It is also easy to understand that 
higher cooling rate will result in higher hydraulic 
pressure, as shown in Fig. 15. And for the 95.8% 
saturation, the permeability has a great effect on the 
calcualted pressure. 

The permeability is a very important factor for con-
crete durability. Previous study only discussed the per-
meability increase qualitatively (Yang et al. 2006) and 
indirectly (by testing the water absorption speed). 
However, there are only few direct experimental meas-

urements on it. One reason is that the damage is difficult 
to evaluate under different frost conditions. And also the 
permeability itself is not easy to be measured for con-
crete materials. Here the proposed model can provide a 
“back analysis” way to evaluate the permeability change. 
For example, Fig. 16 shows peak value of the hydraulic 
pore pressure depending on permeability, which will 
decrease if the permeability increases due to damage. 
Then once the magnitude of hydraulic pressure can be 
estimated according to the measured deformation, it is 

 
Fig. 14 Hydraulic pore pressure (peak value) change with 
vacuum saturation degree (cooling rate=15oC/h). 
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increases (cooling rate=15oC/h, Sr=95.8%). 
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also possible to calculate the change of permeability 
accordingly. Considering the fact that the permeability of 
concrete materials are usually difficult to measure, and 
also the permeability increment by frost damage is also a 
crucial problem for concrete durability, it is much more 
convenient to apply this model to predict the permeabil-
ity change by frost damage. The model does not need 
additional test and can be applied to any environmental 
conditions. However, if making this model to a testing 
method, more experimental verifications are needed, 
which will be conducted in the future studies. 

 
5. Conclusions 

In this paper, a comprehensive hydraulic pressure model 
is proposed, trying to cover all the existing main 
mechanisms. The poromechanical rules and Darcy’s law 
are combined to calculate the hydraulic pressure, which 
becomes a half static and half dynamic force. The hy-
draulic pressure is closely depending on the permeability 
of the material, and might decrease gradually at the 
number of freeze thaw cycles increases. The total pres-
sure is the combination of three pressures (hydraulic, 
crystallization and cryosuction), which will be positive at 
the beginning but convert to be negative later. This 
mechanism explains the reverse phenomenon of the 
strain during test with closed moisture condition. 

The experimental measurements are used to verify the 
reliability of the proposed model. Poroelastic relation is 
assumed to estimate the strain based on the calculated 
total pressure, and the estimated strain is in good agree-
ment with experiment data. 

The effect of the main parameters on the calculated 
results is also discussed. The saturation degree plays a 
crucial role in the super high saturation region (higher 
than 96%), which makes the reverse phenomenon only 
happens in test with closed moisture condition but not in 
open condition. And at last, the permeability change is a 
result of frost damage, but at the same time, the increased 
permeability will help to reduce the stress level, and 
finally the system will achieve an equilibrium steady 
state. 

The relationship between stress level and permeability 
revealed by this model can also provide a possible way to 
evaluate the durability problem under a given environ-
mental condition. That is, after a certain number of freeze 
thaw cycles, we can estimate the permeability according 
to the strain behavior during that cycle. This quick 
method is convenient, based on the same specimen, and 
the permeability can be tracked during the entire test. But 
the reliability needs further investigation (for example, 
by comparing with direct permeability measurements), 
which will be conducted in the further work. 
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Notations 
E  — Elastic modulus of porous body (GPa) 
v  — Poisson’s ratio of material 

pK  — Bulk modulus of porous body (GPa) 
CK  — Bulk modulus of ice crystal (GPa) 
LK  — Bulk modulus of liquid water (GPa) 

k  — Actual permeability (m2, 0 rk k k= ⋅ ) 
0k  — Saturated permeability (m2) 
rk  — Relative factor of permeability 

η  — Viscosity of liquid water ( Pa s⋅ ) 
CLK  — Curvature of liquid/crystal interface 

LVκ  — Curvature of liquid/vapor interface 
CLγ  — Specific energy of liquid/crystal interface 
LVγ  — Specific energy of liquid/vapor interface 

fvSΔ  — Molar entropy of fusion ( 3J/cm K⋅ ) 
λ  — Pore shape factor 

φ  — Void ratio 
b  — Biot coefficient (= 2 /(1 )φ φ+ ) 

pε  — Volume strain of porous body 
Cε  — Volume strain of ice crystal 
Lε  — Volume strain of liquid water 
xε  — Strain of porous body in one dimension 
fw  — Ice content during freezing (for saturated 

condition) 
mw  — Ice content during melting (for saturated 

condition) 
Cψ  — Ice content (percent of the total void) 
Lψ  — Liquid content (percent of the total void) 
rS  — Total saturation (ice + liquid) 
LS  — Liquid saturation (= Lψ ) 
CS  — Ice crystal saturation (= Cψ ) 
hp  — Hydraulic pore pressure (MPa) 
lp  — Cryosuction pressure (MPa) 
cp  — Crystallization pressure (MPa) 

0r  — Critical radius of empty pores (m) 
( )v r — Volume density of pores 
Er  — Equivalent radius of empty space (m) 
ER  — Radius of influential volume (m) of Er  

A  — Surface area of the equivalent empty space 
( 24 EA rπ= ) 

V  — Volume of the influential volume 
( 3 34 / 3 ( )E EV R rπ= ⋅ − ) 

HP  — Hydraulic stress caused in the material 
(MPa) 

q  — Flow into and out of empty pores (m/s) 
Q  — Amount of released liquid water 

fR  — Critical radius of freezing temperature 
*R  — Parameter reflecting the percolation of 

pores (= 4.26nm) 
  

 
 
 




