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We simulate the glue-spall stress due to mechanical interactions between a frozen saline solution (brine-ice
composite) and a non-air entrained concrete surface including the impact of the micro-structure of the frozen
solution. The presence of brine channels at the ice/concrete interface was found to be a prerequisite to induce
stress during freezing and hence for scaling to occur. Pure ice does not result in scaling as it does not have brine
channels. Furthermore, the size of the brine channels and their distribution was found determinant for the

magnitude of the glue-spall stress in the concrete and the experimentally observed pessimum effect of a medium
salt concentration was explained based on the change of the microstructure of the brine-ice composite at
different salt concentrations and temperatures. The predicted results are in good agreement with the experi-
mental observations and the few numerical demonstrations related to frost salt scaling in the literature.

1. Introduction

Frost damage is one of the durability issues that faces many Nordic
countries and requires expensive repair and maintenance [1-4]. When
concrete structures are exposed to freezing and thawing cycles, two
types of damage can occur: internal frost damage and surface scaling.
The internal damage takes place mostly due to water expansion upon
freezing, which generates hydraulic- and crystallization pressure on
pore walls and leads to microdamage within the whole concrete body
[5,6]. While frost salt scaling (FSS) originates from the interaction be-
tween ice and concrete surface in the presence of salt [7-10]. FSS causes
superficial progressive damage to the concrete which consists in the
removal of small flakes from the material surface. While the internal
damage does not require the presence of salt for it to happen, the FSS of
concrete is observed when saline solutions are used [11].

FSS has been subject to extensive experimental investigation. How-
ever, its modelling has been a difficult task. The difficulty with model-
ling FSS arises from the lack of a comprehensive theory that accounts for
the complex physical, chemical, and mechanical processes behind it. For
instance, surface scaling does not occur in the absence of an ice layer on
the concrete surface [5,11]. Scaling is observed in the presence of salt in
the ice layer while little or no scaling occurs in the case of a pure ice
layer on the top of concrete [12,13]. Another major observation related
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to FSS is that the maximum damage occurs at relatively moderate de-icer
concentrations (e.g. 2 to 4% of de-icer by weight), the so-called pessi-
mum concentration [11,14]. In addition, Verbeck and Klieger [11]
found that scaling appear independently of the type of solute used for de-
icing in their study (i.e. NaCl, CaCly, Urea and Ethyl alcohol). Moreover,
the level of surface scaling increases as the thickness of the ice layer
increases [15,16]. Air entrainment of concrete has proven beneficial in
improving the concrete resistance to both internal damage and frost salt
scaling [4,17,18]. Nevertheless, understanding the mechanisms by
which salt generate scaling is still needed.

Recently, Valenza and Scherer [7,13,19] presented a comprehensive
theory capable of explaining the FSS and the various intriguing experi-
mental observations related to it. The theory presented by Valenza and
Scherer [7,19] is based on an old technique used for glass decorations,
called the ‘glue-spall’ [20]. For instance, during glass manufacturing, an
epoxy resin is glued on a sandblasted glass, heated in the oven, and then
cooled. As the epoxy resin hardens, it shrinks and cracks into small
epoxy-islands. Upon further cooling, each epoxy-island continues to
shrink and generates tensile stresses at the boundary of the island that
propagate the already existing flaws in the glass and results in small
glass particles being removed from the surface [20]. A schematic
description of an epoxy-island on a glass substrate is presented in Fig. 1.
a, where for convenience the epoxy and glass in the original work of
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Gulati and Hagy [20] are replaced by ice and concrete. The stresses
being generated in the glass (here concrete) and epoxy (here ice) are the
result of the large mismatch between their respective thermal expansion
coefficients. A schematic description of the horizontal stress distribution
in the epoxy (ice, 6;) and glass (concrete, . and o) is presented in Fig. 1.
b. At the concrete interface we distinguish between o, the stress in the
concrete which is in contact with ice-island, and oy (the glue-spall
stress) which is the stress in the concrete at the ice-island boundaries.
It is seen that while the stress in the concrete along the x direction re-
mains compressive at the centre of the ice-island, it becomes tensile at
the boundary of the ice-island and declines to almost zero afterwards
[20].

Based on finite element analysis and narrow sealed sandwich theory,
Gulati and Hagy [20] proposed an analytical solution for the elastic
stresses in ice, o;, and concrete, (o, og). The approximation of the
extreme values of these stresses (parallel to the x-axis) provided by
Gulati and Hagy [20] is given in the following equations, where t;, Ej, v;
are respectively the thickness, Young's modulus and Poisson's ratio
relative to the material j, where j ¢ {i = ice, ¢ = concrete}, Aa is the
mismatch between the thermal expansion coefficients, and AT corre-
sponds to the temperature drop of ice and concrete. The equations have
been adapted in accordance to the definition of the thickness parameters
for the single-sided loading of the concrete as illustrated in Fig. 1.a:
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Valenza and Scherer [7] argued that the concrete frost salt scaling
occurs following a similar process to the glue-spalling. For instance, the
mismatch between the thermal properties of the ice and the cementi-
tious material is the cause of the concrete damage [7]. In addition,
Valenza and Scherer [7] presented a thermo-visco-elastic analysis of the
ice based on the analytical solution provided by Gulati and Hagy [20]
where various observations related to FSS were explained. In particular,
the damage was related to the fracture behaviour of the brine-ice com-
posite. In fact, the ice having a thermal expansion coefficient five times
greater than the concrete, shrinks more upon cooling and is in tension.
When the viscoelastic stress in the brine-ice composite exceeds its tensile
stress, the brine-ice composite cracks. The cracks in the brine-ice com-
posite propagate into the concrete which result in surface scaling. Ac-
cording to this approach, pure ice does not crack as its tensile stress
never exceeds its tensile strength which explains why no scaling occurs
in case of frost testing with pure water [7,19]. With increasing salt
concentration (up to 3%) the brine-ice composite becomes fragile, as it
could be seen from the decline of its mechanical properties presented in
Table 1 (values corresponding to T = —20 °C). The decrease of the
tensile strength of the brine-ice composite as the salt concentration rises
makes it more likely to fracture. At higher salt concentration (beyond
3%), the highly porous brine-ice composite does not have sufficient
strength to generate enough stresses on the concrete surface and thus
does not result in concrete scaling [7,19].

Copuroglu and Schlangen [15] investigated the frost salt scaling
through both experiments on concrete and modelling of the glue-spall
with a lattice model. Their simulations were capable of reproducing
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Fig. 1. (a) Description of the seal geometry used for modelling the glue spall mechanisms in the original paper by Gulati et Hagy [20]. The figure has been modified
for convenience, where the epoxy is replaced by the ice and the glass by the concrete and where the two-sided loading of the glass is replaced by a single-sided
loading of the concrete. (b) A schematic description of the stress distribution of ice and concrete, based on Gulati and Hagy [20]. (c) Description of the geome-
try used for modelling the FSS in Copuroglu and Schlangen [15] with homogenous properties of the brine-ice. (d) The geometry adopted in this study, where the
brine-ice composite is nonhomogeneous and composed of isolated ice island separated by brine channels.
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Table 1

Mechanical properties of brine-ice composite for different salt concentrations at
T = —20 °C. The values are derived from relevant equations relating the Young's
modulus and tensile strength to the brine volume fraction ¢p. The Young's
modulus was estimated from the equation provided by Vaudrey [21] (E(GPa) =

10 exp(—7.1 N )). The ice flexural strength was estimated from the

following equation o7 = 1.76 exp( —5.88 /o, ) provided by Timco and
O'Brien [22].

Salt concentration (%) Pure ice 1% 3% 5%
Young's modulus (GPa) 10 2.23 0.74 0.34
Flexural strength (MPa) 1.80 0.50 0.21 0.11

some of the important features of FSS such as the existence of a pessi-
mum salt concentration and the increase of salt scaling with increasing
ice thickness. Table 2 recapitulates the literature work discussed here
together with the assumptions relative to these studies. It can be seen
that the different studies presented in Table 2 assume homogenous
properties of ice. In what follows a demonstration of the limitation of
this assumption is given. For instance, in modelling of FSS by Copuroglu
and Schlangen [15] and Valenza and Scherer [7], the ice was considered
as a homogenous slab (see Fig. 1.c) with its mechanical properties
decreasing with increasing salt concentration (see Table 1). Let us
examine the glue-spall stress in the concrete, just outside the ice-island,
for two different scenarios: pure ice on the top of concrete and NaCl 3%-
ice on the top of concrete, and estimate this stress based on Eq. (3). The
predicted glue-spall stress (the stress in the concrete at the ice-island
boundaries), for these two cases is presented in Fig. 2, where the cor-
responding material properties used for ice, 3%-NaCl ice and concrete
are recapitulated in Table 3. It is seen from Fig. 2 that the glue-spall
stress is higher in the case of pure ice, owing to the higher mechanical
properties of the pure ice. Therefore, pure ice would be expected to
cause a higher damage to concrete than a brine-ice, which is contra-
dicting to the well-established observations related to FSS. Conse-
quently, a modelling approach based on the glue-spall theory while
considering the homogenized mechanical properties of the brine-ice
composite is incompatible with experimental observations.

Similarly, the approach proposed by Valenza and Scherer [7] based
on the fracture behaviour of brine-ice, seems to be limited when trying
to explain the increasing concrete scaling with increasing ice layer
thickness. For instance, the stress in the brine-ice is inversely propor-
tional to the brine-ice thickness as can be seen from Eq. (1). Corre-
spondingly, the stress in the brine-ice composite decreases as its
thickness increases. At a given temperature, the stress will exceed the
tensile strength of the thinner brine-ice composite, while it is still below
the tensile strength in the case of a thicker brine-ice composite. Ac-
cording to the approach presented by Valenza and Scherer [7,19], the
thinner brine-ice composite will then fail and will be more likely to crack
and propagate cracks in concrete. However, experiments show that
concrete scaling increases with the increase of the ice layer thickness
[15,16,42]. An explanation of the increased concrete salt scaling when

Table 2
Compilation of literature work analysed and discussed in this study and the
assumptions related to the different studies.

Material Modelling and assumptions

Gulati and Hagy =~ Homogenous epoxy and glass Elastic stresses in epoxy and
[20] (geometry as Fig. 1.a) glass
Valenza and Homogenous ice Modelling viscoelastic

Scherer [7] stresses in the ice

Gopuroglu and Homogeneous ice and Elastic stresses in ice and
Schlangen heterogeneous concrete (Fig. 1. concrete, crack development
[15] c) in ice and concrete

This study Heterogeneous ice (brine-ice Viscoelastic stresses in brine-

composite) and homogenous
concrete (Fig. 1.d)

ice composite and concrete
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Fig. 2. Evaluation of the stresses o, based on the analytical estimation of stress
at the concrete interface close to ice boundaries provided by Gulati and Hagy
[20]. The typical values of thermal and mechanical properties of ice, 3% NaCl-
ice and concrete presented in Table 3 are used in the calculation.

Table 3
Typical values of thermal and mechanical properties of ice and concrete used in
FSS experiments (adapted from Valenza and Scherer [6]).

Material Pure ice 3% NaCl- Non-air entrained
ice cement paste
Young's modulus, E (GPa) 10 0.74 25
Poisson's ratio, v 0.33 0.33 0.2
thermal expansion 5.1 x 5.1 x 1.0 x 107°
coefficient, & (°C™1) 1075 10°°
Thickness (mm) 3 3 36

the ice thickness increases seems groundless if we only consider the
fracture behaviour of homogenous ice as presented by Valenza and
Scherer [7].

It is clear from the above presented review that considering the ho-
mogenous behaviour of the brine-ice is inconsistent with some experi-
mental observations. The glue-spall theory supports that the presence of
gaps is a pre-requisite for the build-up of tensile stresses at the concrete
surface. Indeed, during freezing of a salt solution on a concrete material,
the solute ions are ejected outside the ice and contained in the brine
pockets and the brine channels [23,24]. Various ice-islands form on the
surface with brine channels between them. Upon lowering the temper-
ature, the ice-islands grow together to form a porous material,
depending on the salt concentration. When the ice-islands are isolated,
stresses at the boundaries of these ice-islands will generate tensile
stresses at the concrete surface. However, in the previous studies
[7,15,20], the effect of the film (ice in this case) microstructure was not
investigated. For instance, how the synergy created between different
isolated islands covering the substrate (i.e. Fig. 1.d) would affect the
stress distribution on the substrate, was not discussed. Furthermore, the
saline ice layer is a dynamic porous medium where the ice fraction and
correspondingly the brine fraction (brine filled porosity) evolve with the
temperature and the bulk salinity of the ice [25]. Similarly, the brine-
pockets or pores vary in size, distribution, and degree of connectivity
[24,26]. These changes related to the ice microstructure are likely very
important in the build-up of stresses at the concrete surface, which leads
us naturally to inspect its effects on the stress build-up at the ice concrete
interface. For instance, how would the brine channel size and the island-
width influence the magnitude of stresses that build-up at the surface of
concrete during a freeze-thawing cycle need to be investigated.

The aim of this paper is to extend the glue-spall theory and provide
further insights on the parameters that have a critical influence on the
FSS. The model is intended to address the mechanical surface in-
teractions between the brine-ice layer and the concrete substrate. The
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present paper has the following objectives. First, it presents a numerical
simulation of the glue-spall theory to simulate the elastic stresses in ice
and concrete as a function of temperature. Second, it extends the glue-
spall theory to account for the effect of ice microstructure on the
magnitude of simulated stress (as recapitulated in Fig. 1.d), where the
effect of the ice-island width, thickness and the gap between two-
neighbouring-islands is explored. Finally, it presents explanations for
the different mechanisms related to FSS based on the glue-spall and the
ice microstructure.

2. Modelling aspects
2.1. Geometry and boundary conditions

Numerical simulation of thermal stresses generated due to the ther-
mal mismatch between ice and concrete during a temperature cycle was
simulated using COMSOL finite element analysis code. Different geom-
etries corresponding to a bi-layer material ice (or ice-islands) covering a
concrete substrate were simulated. In 2D plane stress analyses, the
concrete specimen had a width of 65 mm and a thickness of 20 mm. The
ice-islands width and thickness, as well as the spacing between the two
islands will change throughout the paper, as the effects of the geomet-
rical aspects related to ice were of interest in this study. First the as-
sumptions linked to the glue-spall theory were investigated. Secondly, in
an attempt to explain the different observations related to salt scaling,
based on the glue-spall theory, the effect of the ice geometry and its
distribution along the concrete surface were investigated. Three

a)
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Py X »

Homogenous concrete

c)

Homogenous concrete
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parameters were studied: the width of the ice-island, the distance be-
tween two neighbouring ice-islands and finally the thickness of the ice-
island. Various numerical simulations corresponding to two separate
pure ice-islands on the top of concrete surface (as in Fig. 3.c), were
performed while only varying the parameter of interest and keeping the
other parameters constant. The four following cases were simulated:

i.1 A comparison of the effect of the ice homogeneity on the stress
distribution was conducted. Numerical simulations were per-
formed for two geometries (case 1),

- where a homogenous ice layer is covering the entire concrete surface
Fig. 3.a (homogenous ice).

- where a homogenous ice-island is partly covering the concrete sur-
face Fig. 3.b. This configuration is intended to represent heter-
ogonous ice in the sense that the ice has brine channels, represented
by boundaries with the concrete.

i.2 The effect of the island width is investigated by varying the width
w; of the two ice-islands from 5 mm to 30 mm, while the gap d;
between these two islands and their thicknesses t; were kept at 1
mm and 2 mm respectively (case 2, Fig. 3.c).

i.3 The effect of the gap size between the two-ice-islands was
examined by keeping the ice-islands width to 25 mm and thick-
ness to 2 mm, while the gap between the two neighbouring-
islands was varied from 0.1 mm up to 5 mm (case 3, Fig. 3.c).

b)
l &
te
VL
Py X >
Homogenous concrete
d)

Boundary conditions for all configurations: u, (P¢)=0 and u, (x,0)=0

Fig. 3. Geometry and boundary conditions used in the numerical analysis: (a) a homogenous ice layer covering a concrete substrate. (b) An isolated ice-island
partially covering the concrete substrate. (¢) Two ice-islands are placed symmetrically on the top of a concrete substrate with a gap separating them. The con-
crete had a width of 65 mm and a thickness of 20 mm. The widths and thicknesses and gap sizes of ice-island vary in simulations and are recapitulated in appropriate
sections of the paper. The movement are pinned in the corner (0,0), while the displacement along the y-axis are prevented at the bottom of the substrate (y = 0). (d) A
detail of the finite element model with a refined mesh close to the expected glue-spall peak stresses.
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i.4 The thickness of the ice-island was explored, where the thickness
of the two ice-islands covering the concrete was varied from 1
mm to 10 mm, while keeping the ice width at 25 mm and the gap
size at 1 mm (case 4, Fig. 3.c).

For all simulated cases a perfect bond between the ice and the con-
crete substrate is assumed. Mapped meshing with quadrilateral shaped
elements was used. The element size was minimised near the film-
substrate surface (Fig. 3.d), as this area is very prone to stress concen-
tration. A fine mesh was also introduced at the gap between two
neighbouring ice-islands. For the different simulations 5 elements were
distributed over the gap between the two ice-islands. Movements were
restricted in all directions at the bottom left corner (x = 0, y = 0), while
the displacement along the y-axis were prevented at the bottom of the
substrate (y = 0) (Fig. 3).

The applied thermal loading is described in Fig. 4, where the refer-
ence temperature is set to T = 20 °C. The considered temperature
variation is comparable to temperature cycles usually applied when
testing concrete for frost salt scaling [16]. During the simulation of the
freeze-thawing cycle, the ice phase is considered active only when the
temperature drops below T = 0 °C.

2.2. Solid mechanics background

The model presented hereafter is intended to describe the effect of a
temperature change on a bi-layer material (ice/concrete). The me-
chanical behaviour of the bi-layer material is described within the
framework of thermo-elasticity assuming that both concrete and pure
ice are isotropic. Considering the infinitesimal theory of elasticity, the
strain is related to displacements u via the following equation where ¢ is
the symmetric strain tensor:

. % (Y, + V) @)

The equilibrium equations can be written, when neglecting the in-
ertial terms as follows, where ¢ is the stress tensor and Fy refers to the
body forces:

Ve+Fy=0 5)

The stresses are related to the elastic strains via the Hooke's law as
follows, C(E,v) being the 4th order elasticity tensor for isotropic material
which is a function of the Young's modulus and the Poisson's ratio of a
material:

c=C(E,v): (e—en) (6)

The thermal strains are related to the temperature change and the
thermal expansion coefficients of the given material via the following
equation:

25

15 A

Temperature (°C)

-25 T T T T
0 5 10 15 20 25

Time (h)

Fig. 4. The temperature cycle applied during simulations for generating frost
scaling damage. This cycle corresponds to typical cycles applied during freeze-
thawing of concrete.
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€y = — a(T — TO)5,7 (7)

5;j being the components of the unit tensor I and Ty is the strain
reference temperature.

2.3. Heat transfer background

The heat transfer in continuum medium is governed by the following
equation assuming only conduction and uncoupled thermo-elasticity:
DT

—tfiVT:O ()]

C,
p’D

p being the density, C, is the specific heat capacity, 1 the thermal
conductivity and VT is the temperature gradient.

2.4. Creep in the ice

Ice exhibits rapid creep which leads to rapid stress relaxation within
the ice. In addition to the thermo-elastic description provided above, the
creep in the ice is accounted for. The temperature-dependent creep
behaviour of the ice is well described in the literature [27-29]. It was
shown that over a large temperature range the creep behaviour can be
described by a single equation [27], which is a modified version of the
creep power-law equation [30], where A is an empirical constant, Q is
the energy activation, R is the universal gas constant and T is the
temperature:

éc, = A sinh(fo,) e ¥ ©

The empirical constants were calibrated on experiments and depend
on the temperature range [27]. The thermo-mechanical properties of ice
and concrete used for the modelling and the empirical constants used in
the creep law equation are, reported respectively in Tables 4 and 5.

3. Results

3.1. Validation of the glue-spall theory: application to the bilayer material
ice/concrete-case 1

The results corresponding to the geometries presented in Fig. 3.a and
b are presented in Fig. 5, where the stresses at the uppermost surface of
concrete (y = 20 mm) parallel to the x-axis (0xx), and the parallel to the
y-axis (oyy) and the shear stress (cxy) are presented, along the x-axis. The
stresses correspond to t = 12 h, where the temperature reaches —20 °C
for the first time, as it can be seen from the temperature cycle in Fig. 4. It
is worth noting that the stresses are higher at t = 12 h, as although the
temperature is kept constant at —20 °C for a couple of hours, the creep in
the ice results in important stress relaxation and thus decreases the stress
at the concrete interface. It can be clearly seen that the stresses parallel
to the x-axis (oxy) at the concrete surface are compressive (i.e. <zero) at
the region of contact between the concrete and the continuous ice layer
or ice-island. When we approach the boundary of the ice-island, the

Table 4
Input parameters used in the numerical modelling.
Property Notation ~ Value Unit
Pure ice Concrete, non-air
entrained
Young's modulus E 10 [7] ~24 [31,32] GPa
Poisson's ratio v 0.33 [7] 0.2 [7] -
Thermal o 5.1 x 107° 10 x 1070 [7,33] 1/K
expansion [71
Thermal A 2.16 ~2.6 [35] W/
conductivity [33,34] m-K
Heat capacity Cp 2110 1100 [36] J/kg-K
[33,34]
Density » 917 [33,34] 2130 [36] kg-m?
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Table 5
Creep law parameters for undamaged isotropic polycrystalline ice adapted from
Barnes et al. [27].

Creep law empirical —2to -8 —8to —14 —14to —22 Unit

parameters °C °C °C

A 4.6 x 10" 3.14x10'° 1.88 x 10"

Q 120 78.1 78.1 kJ/
mol

i 0.279 0.254 0.282 MPa !

n 3.14 3.08 2.92 -

stress (0xx) becomes tensile (i.e. >zero), with its peak value being at the
edges of the ice and then declines rapidly as we move away from the ice-
island boundary.

The stresses (0xx) along the x-axis in the case of a continuous ice layer
stay compressive over the whole concrete surface. Furthermore, the
stresses parallel to the y-axis (cyy) and the shear stress (cxy) are negli-
gible at the region where ice and concrete are in contact and increase at
the proximity of the ice boundary to become tensile and drop thereafter.
Similarly, (cp1) the first principal stress, is only non-negligible at the
boundaries of the ice. It is worth mentioning that the peak values of the
stresses at the edge are greatly dependent on the mesh and will increase
upon mesh refinement. The stress distribution in concrete and at the ice
concrete boundaries are in line with the glue-spall analysis provided by
Gulati and Hagy [20], where it is shown that the tensile stresses build-up
at the boundaries of the epoxy. Results in Fig. 5 confirm that the pres-
ence of boundaries between ice and concrete is essential for the build-up
of tensile stresses at the concrete surface and thus for the scaling to

a)  ,, b) 30
1.0 H =
ped o
2
O;
w
g
&
'2.0 T T T T T T -1~0
0 10 20 30 40 50 60
X (mm)
c) d)
1.0 2.0
0.5 : =
L 5 ]
s R . <
< 00 i ; &
o L E @
2 § $ 00 -
5 -0.5 3 &a
= ;
'1.0 T T T T T T T _1.0
0 10 20 30 40 50 60

X (mm)

Homogenous ice-island

=
o
1

°©
o
1
wedes
o

Cement and Concrete Research 157 (2022) 106803

occur.

3.2. Implication of the ice geometry on frost salt scaling

3.2.1. Effect of ice-island width on the stress distribution at the concrete
interface (case 2)

The stress parallel to the x-axis (0x) corresponding to case 2 where
the two-neighbouring ice-islands have varying widths w;, while the gap
d; = 1 mm and the thickness t; = 2 mm is presented along the x-axis in
Fig. 6. It is clearly seen that the smallest ice-island of 5 mm width results
in lower tensile stress at the gap between the two islands on the concrete
surface. Upon increasing the island width from 5 mm to 15 mm the stress
at the gap increased. Further increasing of the ice-island width beyond
15 mm did not result in an increase of the stress level. It is worth noting
that the tensile stress builds up a few mm before reaching the ice
boundary and it reaches its highest value nearby the edge. This is sug-
gesting that depending on the tensile strength distribution of the con-
crete surface, the particle being removed from the concrete surface
might cover both the gap region and the ice-covered region nearby the
gap. Fig. 7 shows the distribution of stress parallel to the x-axis (ox) at
the center of the bi-layer material, where it can be confirmed that the
scalloped particle can be expected at the gap and the small region
nearby.

3.2.2. Influence of the gap size between neighbouring ice-islands on the
stress distribution at the concrete interface (case 3)

The distribution of stress parallel to the x-axis (cxx) along the x-axis
corresponding to case 3, where the gap d; between the neighbouring ice-
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Fig. 5. Overview of the stress distribution at the uppermost surface of concrete (y = 20 mm) for two different ice geometries (a continuous ice layer (65 mm width
and 2 mm thickness, Fig. 3.a) covering the entire concrete surface and an ice-island (25 mm width and 2 mm thickness, Fig. 3.b) covering a part of the concrete
surface). The results correspond to t = 12 h and T = —20 °C. 0y, Oyy, Oy are respectively the stress parallel to the x-axis, y-axis, and shear stress. op; is the 1st
principal stress.



S. Bahafid et al.

5.0
......... 5 mm
S
s - ==15mm
°§
A —25mm
(0]
&
— - 30mm
_3.0 T T T T

30 31 32 33 34 35
X (mm)

Fig. 6. Results of the simulation corresponding to two ice-islands on a concrete
substrate, where the island width was varied from 5 mm to 30 mm, while the
gap between these two islands and their thicknesses are kept at 1 mm and 2 mm
respectively (results corresponding to case 2). The results correspond to the
uppermost surface of concrete (y = 20 mm), t =12 hand T = —20 °C.

Fig. 7. Stress distribution corresponding to two-neighbouring islands (5 mm in
width and 2 mm of thickness) placed on the top of a concrete surface. The gap
between the two island is of 1 mm, the results corresponds tot =12hand T =
—20 °C.

islands was varied while keeping the islands-width and thicknesses fixed
to respectively w; = 25 mm and t; = 2 mm, is presented in Fig. 8. The
effect of the gap on the stress distribution is obvious. It is clear that
reducing the gap size between the two ice-islands increases the stress at
the level of the gap between the ice-islands. For instance, the stress at the
center of the gap increases from 0.22 MPa at 5 mm to 3.7 MPa at 0.1 mm.
Further decreasing of the gap between ice-islands will lead to further
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Fig. 8. Results of the simulation corresponding to the case 3 where the two-ice-
islands have a width of 25 mm and thickness of 2 mm. The gap between the
neighbouring islands was varied from 0.1 mm up to 5 mm. The results corre-
sponds to the uppermost surface of concrete (y = 20 mm), t = 12h and T =
—20 °C.
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increase of the stress level. It seems that reducing the gap size between
two neighbouring ice-islands leads to an increase of the stress at the gap
as a result of the interference between the two ice-islands. Fig. 10 shows
the stress distribution parallel to the x-axis (0xx) for both concrete and
ice bi-layer material. Indeed, the maximum of tensile stress occurs at the
gap level. It is again clear that the size of the gap influences the size of
the zone where the tensile stress builds up (the damage zone), with a
narrow gap resulting in higher stress and smaller damaged zone
compared to a wide gap.

In Fig. 9 the stresses at the center of the gap between the two
neighbouring-ice-islands are presented, for different gap sizes, when the
material is subjected to the temperature cycle presented in Fig. 4. It is
clear that upon lowering the temperature, the tensile stresses generated
at the gap level increase. When the temperature reached T = —20 °C, at t
= 12 h, the stresses started decreasing slowly while the temperature was
held constant. This is attributed to the progressive stress relaxation in
the ice. One can also note a change in the slope of stress variation with
temperature where two different slopes are identified. The change in
stress build-up rate is the combined action of the temperature dependant
behaviour of the ice-creep and the change in the freezing rate during the
freezing process. Furthermore, when the temperature is increased, the
stresses become compressive at the gap level, which is an effect of the
creep in the ice. During the thawing, tensile stress develops underneath
the ice as well (not presented here). However, these tensile stresses
remain lower compared the tensile stresses observed in the gap during
the freezing process. This would suggest most of the scaling would occur
during the freezing of the concrete.

3.2.3. Effect of the ice thickness on the stress distribution at the concrete
interface (case 4)

The stress parallel to the x-axis (6xx) corresponding to the 4th case
where the thickness t; of the ice-islands was varied from 1 mm to 10 mm
while keeping the islands-width fixed to (25 mm) and the gap between
the ice-islands at 1 mm, is presented along the x-axis in Fig. 11.
Evidently, the thickness of the ice has a direct influence on the magni-
tude of stresses at the gap level. It is apparent that increasing the
thickness of the ice leads to increasing stress at the level of the gap be-
tween the ice-islands, as expected. For instance, the stress at the center
of the gap rises from 0.68 MPa for 1 mm thick ice to 1.14 MPa for a 10
mm thick ice. For instance, the thinner the ice, the less it is capable of
deforming the concrete, and therefore results in lower stresses at the
surface of concrete. Results are consistent with the analytical solution
provided by Hagy and Gulati [20] and the previous experimental ob-
servations, confirming that the thicker the ice the greater the scaling
damage.
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Fig. 9. Stress development at the gap between two-neighbouring ice-islands
during a freeze thaw cycle for different gap sizes. The temperature was varied
according to the cycle presented in Fig. 4. The arrows indicate the path of the
temperature cycle.
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Fig. 10. Simulation of the effect of the gap size on the 64 stress distribution in the bi-layer material ice/concrete material. The two-ice-islands have a width of 25 mm
and thickness of 2 mm. The gap between the neighbouring islands was varied from 0.1 mm up to 5 mm. Results corresponding to t = 12 h and T = —20 °C.
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Fig. 11. Results of the simulation corresponding to the case 4 where the
thicknesses of the two ice-islands covering the concrete was varied from 1 mm
to 10 mm, while keeping the ice width at 25 mm and the gap size at 1 mm. The
results corresponds to the uppermost surface of concrete (y = 20 mm), t =16 h
and T = —20 °C.
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Fig. 12. Distribution of tensile stress oy along the y-axis for the upper part of
the concrete body that is prone to surface scaling.
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Fig. 13. Ice volume fraction (—) vs. temperature and salinity. Ice volume
fractions are estimated based on NaCl-H20 phase diagram using the lever rule,
where ®;.e = 1 — Wo/Wr; Wy being the original concentration of the solution
and Wr is the liquidus concentration at temperature T. An illustration of the
lever rule can be found in [7]. The corresponding brine fraction can be esti-
mated using the equation ®Pppjpe = 1 — Djee.

In Fig. 12 the stresses parallel to the x-axis (0xx) at the center of the
gap between the two neighbouring-ice-islands along the y-axis are pre-
sented for different ice thicknesses at t = 12 h and T = —20 °C. For
convenience, only the positive stresses (i.e. tension) in the upper surface
of concrete (y > 10 mm) are presented. It can be seen that the area under
the curve where the stress 6y > O is increasing with increasing ice
thickness. This together with the increasing stress with increasing ice
thickness noted earlier (Fig. 11) suggest that the damaged zone is greater
for the thicker ice. It can be also noted that the depth of the damage zone
increases as the thickness of the ice increases.

4. Discussion
When a bi-layer structure composed of film covering a substrate is

subjected to cooling, the large mismatch between the coefficients of
thermal expansion and the Young's modulus of the film and the substrate
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creates a state of tensile stress in the film (=ice) and compressive stress
state at the substrate region (=concrete) near the film, when the film has
a larger thermal coefficient [28,29]. In the case of a continuous ice layer
fully covering the surface of concrete (as in Fig. 3.a), the ice having a
higher thermal expansion coefficient, will develop tensile stresses upon
cooling. While the upper surface of concrete in contact with ice will be in
a compressive stress state, as it was demonstrated in Fig. 5. Conse-
quently, no failure under tensile stress is expected. The analysis pre-
sented here confirms that the presence of gaps between neighbouring
ice-islands is crucial for the build-up of tensile stresses at the concrete
surface, which is in line with the experimental observations by Valenza
and Scherer [7]. Furthermore, it is demonstrated that the gap size be-
tween two ice-islands and their distribution change the magnitude of
scaling during freeze-thawing of concrete: the narrower the gap (i.e. the
thinner the crack or the smaller the defect) the higher the tensile (glue-
spall) stress.

In the following an explanation of FSS is provided based on the dy-
namics of saline-ice upon freezing. For instance, using the NaCl-H>O
phase diagram, the fraction of the ice is calculated and presented for
different salinities and temperatures in Fig. 13. As it can be seen from
Fig. 13, for the range of temperatures usually considered in frost testing
(up to —20 °C), the brine volume fraction at a given temperature is
increasing with increasing salt concentration. For example, the brine
volume fraction increases from 0% in a pure ice, to occupying 53% of the
12% NaCl-Ice. During freeze-thawing of pure water (0%) on concrete
there will be no brine pockets on the surface of concrete. Instead, a
homogenous ice layer will fully cover the surface of concrete. The
absence of gaps during freeze-thawing of concrete reduces the scaling
likelihood, as shown in Fig. 5. This strengthens the idea that upon freeze-
thawing of concrete exposed to pure water, no scaling will occur as pure
ice does not have brine channels/brine pockets, which is consistent with
experimental observations [11,17].

Instead, when freezing a saline solution on concrete, various ice-
islands will cover the surface, leaving brine channels filled with
liquid. Based on the simulation presented in Fig. 5, the FSS damage is
dependent on the presence of those brine channels and will be observed
at the level of the brine channels/pockets depending on the tensile
strength distribution at the concrete surface. These results compare well
with experimental observations of Valenza and Scherer [6,12]. For
instance, Valenza and Scherer [6,12] demonstrated that upon freezing
an isolated ice cube on a mortar surface, cracking at the surface is clearly
visible at the perimeter of the ice-island during post-experiment in-
spection. The cracking of the concrete occurred although the pure ice
itself did not crack, illustrating that the crack propagation in concrete
based on ice fracture is not the only mechanism involved in FSS damage.

As for the ice microstructure, it was shown that both the ice-island
width and distribution have a crucial role in the level of stress gener-
ated at the surface of concrete. For instance, increasing the island width
increases the stress at the concrete surface. The same goes for the effect
of reducing the gap size between two neighbouring-islands. The size of
the gap has a more determinant effect compared to the island width. A
gap of 0.1 mm between the two ice-islands, generated stresses as high as
3.7 MPa, which is above the average tensile strength of cement paste of
around 3 MPa. The brine pores cover a wide range of sizes from few mm
to few pm. The smallest pores, referred to as brine-layers have sizes in
the sub-millimetre range and a spacing of around 1 mm [24]. A brine
layer may disappear, join another brine layer or split into many layers
upon ice growth [37,38]. A mathematical model developed by Lie-
blappen et al. [38] supported by X-ray micro-computed tomography
imaging of sea-ice, have demonstrated that brine layers with size be-
tween 100 and 200 pm have a higher probability to remain during sea-
ice growth. A brine channel of 100 pm in size that can generate tensile
stress of 3.7 MPa (see Fig. 8) seems to form the majority of the brine.
This suggests that FSS with NaCl concentration close to sea-ice con-
centration can generate tensile stresses capable of damaging cementi-
tious materials. It is worth recalling that this stress estimated in this
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study corresponds to the 2D simulation and that even higher stresses
might result from the interference of more than two islands in an FSS
experiment. The experiments performed by Valenza and Scherer [7] to
prove the significance of an ice-island in the build-up of stress, did not
investigate the effect of the gap size between islands nor their width on
the level of stress. These parameters are significant for the level of
damage that is going to be observed during frost salt scaling. However,
to the authors' knowledge, there are no experiments which can support
the present simulations.

When the concentration of the saline solutions varies, the way ice is
distributed on the concrete surface will be a result of its microstructure.
The pessimum effect could for instance be qualitatively explained based
on the glue-spall theory and the changing ice microstructure with salt
concentration. For instance, two major changes occur when we freeze
saline solutions with different concentrations. As seen in Fig. 13, at a
given temperature, the brine fraction of the brine-ice composite solution
increases with increasing salt concentration. At the same time, the size
of the brine-pockets/channels varies with the brine fraction [39], and
therefore will be different for different salt concentrations, at a given
temperature. The literature regarding the changes of the sea-ice
microstructure with the temperature is abundant [23,38-40]. Howev-
er, very few studies (i.e. [41]) describe the evolution of the ice micro-
structure for different salt concentration and types of de-icers.
Nevertheless, one could assume that the volume fraction of the ice
(respectively brine) is the determinant parameter for the resultant ice
microstructure, at given freezing rate and freezing conditions. There-
fore, it is possible to make correlations between the freezing tempera-
ture and the salt concentration, at a similar ice/brine volume fraction.
For instance, freezing a moderately concentrated saline solution at a
certain temperature would generate the same brine fraction as freezing
highly concentrated saline solution at a lower temperature. Such as a
12%-NaCl-ice will have a brine fraction of 53% at T = —20 °C, while a
2%-NaCl reaches the same value at T = —4 °C (Fig. 13). Hence, the ice
microstructure generated upon increasing the temperature when
freezing a saline solution at a given concentration, would be comparable
to the one obtained upon increasing the salt concentration at a given
temperature. Experimental investigation of sea ice with p-computed
tomography [39] showed that the brine channel size decreases as the
fraction of the brine decreases when the temperature is decreased.
Correspondingly, when freezing saline solutions with different concen-
trations down to the same temperature, the brine channel sizes will in-
crease as the salt concentration increases. It was clear from Fig. 8 that
the size of the gap (in our case brine channel) between two-
neighbouring islands determines the magnitude of tensile stress that
builds-up at the concrete surface, where decreasing the gap size leads to
an increase in the stress magnitude at the level of the brine channel.
Consequently, the increasing sizes of the brine channels upon increasing
salt concentration will reduce the level of stresses at the brine channel.
This would suggest that the scaling will decrease with increasing the
concentration of the saline solution, which is not what is exactly seen
during experiments, as the maximum damage occurs for moderately
concentrated solutions. It is worth re-calling that the size of scaled
particle covers the gap size and a small region nearby. This suggests an
inter-dependence between the size of the scaled particle and the brine
channel size. For instance, the smaller the brine channel the smaller the
size of the scaled particle will be. Therefore, even if the small brine
channel size results in high tensile stresses and higher probability of
scaling, the scaled zone will be small. Also, the width of the ice-island
will change with the salt concentration. It is clear that both the size of
brine channels and the width of ice-island influence the amount of
scaled material at each brine channel and the stress level. It is their
combined effect which contributes to the pessimum effect. However,
experimental input is needed for a more quantitative evaluation of the
frost salt scaling magnitude. For instance, experimental quantification of
the saline-ice microstructure at different salt concentration and types of
de-icer is required to model the pessimum effect.
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Another important observation during FSS is that increasing the
thickness of ice, results in increasing scaling damage [15,16,42]. As seen
in Fig. 11 the effect of the ice thickness layer on the FSS damage is quite
direct from the simulation, and simply a thicker ice, results in higher
tensile stress at the level of brine channels located at the concrete
interface. Furthermore, recent analysis [7] based on fracture mechanics
of thin film on a substrate, linked the likelihood of crack development in
the concrete to the ice thickness. It was concluded from these analyses
that increasing thickness of the ice layer, intensifies the concrete scaling
as it results in higher crack depth and higher stress intensity factor at a
given crack depth. These findings are coherent with results in Fig. 12
showing that the depth of the damaged zone increased as the thickness
of the ice increased. In the different standards available for FSS testing,
the thickness of the ice layer varies between 3 and 10 mm. The ice
thickness is a determinant parameter in the level of scaling and hence
results of the different testing standards would not be easily comparable.

The visco-elastic analysis of stresses in the ice by Valenza and Scherer
[7] correlated the pessimum effect to the increasing ability of ice to
crack as the salt concentration increases and that cracking of ice will
lead to propagating of assumed pre-existing cracks in the concrete. Now
similarly to the glue-spalling process where the glass is sand-blasted to
create flaws, the uppermost surface of concrete might contain initial
flaws and cracks which might propagate further as a result of ice
cracking. However, it is demonstrated in the present study that inde-
pendently of the presence of initial flaws, the surface of concrete might
scale as a result of the presence of individual ice-islands separated by
brine channels (gaps). In the analysis by Valenza and Scherer [7], the
brine concentration controls the ice cracking. Here it suggested that the
changing microstructure of the brine-ice composite with salt concen-
tration and temperature is responsible for the pessimum effect.
Furthermore, the simulations in Fig. 11 show that the glue-spall when
considering heterogenous ice explains the effect of increasing ice layer
thickness on the scaling increase, which could not be explained based on
the ice fracture behaviour.

The analysis presented here is a direct application and extension of
the glue-spall theory that account for the different observations related
to frost salt scaling. However, the concrete was treated as a homogenous
non-porous material. In particular, concrete specimens without air
pores, expand upon freezing if the pore system is highly saturated, while
sufficiently air-entrained concretes show a net contraction [33]. The
simulation in this study does not account for this expansion observed for
non-air entrained concrete, and the simulated tensile stresses will be
even higher if this expansion is considered. A more complete study of the
FSS mechanisms would require considering the hygro-thermo-
mechanical response of concrete during freeze-thawing combined with
the glue-spall theory. This will help to better understand the mecha-
nisms involved in frost salt scaling and define the parameters to better
control the concrete performance against frost salt testing.

5. Conclusion

The glue-spall mechanism suggested responsible for frost salt scaling
of concrete exposed to salt solutions is presented, modelled, and dis-
cussed. It was demonstrated that the presence of brine channels between
ice-islands on the concrete surface is a prerequisite for the scaling during
freeze-thawing of concrete in the presence of salt. Observations of the
effect of salt concentration and the thickness of the brine-ice layer on
frost-salt scaling were explained assuming concentration and tempera-
ture dependent geometry of ice and brine. For instance, pure water does
not cause scaling simply because there are no brine pockets in pure ice,
which contributes to less stress. Furthermore, the increasing scaling for
increasing ice thickness and the existence of a pessimum concentration
were explained through modelling. The ice microstructure seems to play
a determinant role on the level of frost salt scaling. The pessimum effect
appears to be the result of the fraction of the brine determining the size
of ice-island on the concrete surface and the size of the brine channels
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(gaps) between them.
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