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ABSTRACT

Severe deterioration of concrete joints has developed at a rapid rate for several
Michigan highway projects. This deterioration was found to be linked to deicer salt
applications during the winter season. Surface scaling was found to be associated with
frost deterioration of the portland cement mortar from exposure to a salt solution on the
surface during a freeze-thaw cycle.  Inadequate entrained air content in the portland
cement paste was found to be the major factor.

A variety of mechanisms and associated models have been proposed in the literature.
So far no clear consensus has been developed due to the lack of detailed measurements
based mainly on macroscopic observations. From the experiments in this study the major
findings are:

The driving force responsible for developing surface scaling can be explained by
means of an exiting theory known as the Cryogenic Suction Pump. This mechanism is
thermodynamic-based. As ice starts forming inside a large pore, capillary transport will
form within triple-phases zone. If the surface liquid is unfrozen, then a cryogenic pump
stays active within a surface region. Surface liquid consisting of salt-water is an example,
because salt-water does not freeze instantly as opposed to pure water. This is because
the solutes lowers the freezing point while removal of water increases the solute
concentration in the remaining solution, so an initial 3% salt solution stays unfrozen

above the eutectic point (-21.2 °C).
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Surface scaling can develop as a result of excessive internal pore pressure from either
critically saturated pores within the paste without air-entrainment as pressure relief, or
when surface liquid is present, then the cryogenic pump exacerbates the problem as this
creates an additional source for ice formation.

This study is the first to identify a link between surface scaling from exposure to pure
water and salt-water (i.e. 3 % sodium chloride concentration) on the surface. For pure
water the cryogenic suction pump is limited to capillary pore-suction since external liquid
is not available for ice-crystal growth.

Another first, this study found a connection between surface scaling and the Interfacial
Transit Zone (ITZ) localized zone around the aggregate, which is a higher porosity zone.
In this case the cryogenic pump initiates in the ITZ region. Scaling is localized and
propagates with depth and width. This type of scaling is more severe than regular
surface scaling, which is spread out over more surface area, but less deep. Substantial
improvement in resistance to surface scaling resistance was achieved by eliminating the
weak-1TZ by means of pozzolanic reactions between the Portland cement paste and
ground granulated blast-furnace slag (GGBFS). The pozzolanic reactions further
reduced capillary sorptivity (i.e. rate of capillary suction versus square-root time) as seen
from water sorption results. A decrease in capillary sorptivity reduces the rate of transport
by the cryogenic suction pump during freezing.

Entrained air was found to be the major factor in mitigating the cryogenic suction
pump. The cryogenic suction pump starts as soon as freezing develops inside the larger
pores. This was concluded from results using a unique experimental procedure called

low temperature dilation. Initial freezing in these pores is due to pure water from the

xii



fully saturated capillary pores. Ice crystal growth inside the surface pores due to the
cryogenic pump is reduced with increasing entrained air content as air decreases pore-
filling and creates capillary discontinuity, which inhibits suction.

However, increased entrained air alone cannot stop the cryogenic suction pump as long
as surface liquid is available during freezing (i.e. temperatures down to -20 °C).
Freezing exposure to pure surface water is much less severe as liquid transport is only
possible within the pore system. Increasing entrained air content in a fully saturated
pore-system can prevent internal frost damage, but cannot prevent salt-scaling surface
damage.

Paste sorptivity was found to be a measure of the liquid transport property as affected
by entrained air content, and pozzolanic reactions. Once the expansion was initiated, a
gradient of expansion was related with a cryogenic pump flow rate which was controlled
by paste sorptivity. The cryogenic suction pump accelerates critical saturation levels in

the paste.
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CHAPTER 1
INTRODUCTION

Concrete is the most common material for construction material because it is inexpensive
material and has many structural benefits. On the other hand, concrete is difficult to
repair and remove and causes large amounts of construction waste at the end of the
service life. Thus, people expect that concrete structure and pavement will remain in good
shape for at least a couple of decades. However, the service life of concrete structure can
be shortened by durability problem without structural failure. In cold regions especially,
concrete experiences deterioration caused by freezing and thawing. Deicing salts
exacerbate this problem. Two types of deterioration are observed. One is surface scaling
(Figure 1.1) which is critical only in the presence of deicing salt. The other is internal
damage (Figure 1.2). Frost deterioration might shorten the service life of concrete
structure, especially slab or pavement. It has been believed that the internal damage
might be caused by ice expansion when the critical degree of saturation is reached. Thus,
no Portland cement concrete could be placed in below freezing weather without thermal
protection such as entrained air. In contrast, the mechanisms causing surface scaling have
been unknown. Besides, it is not clear to which factors salt scaling resistance of concrete
IS more sensitive.

Therefore, the purpose of this study is to contribute to the knowledge of those



mechanisms and to suggest optimal concrete mix design for deicing salt scaling
resistance. More specifically, several questions related to salt scaling including internal
frost attack need to be answered. First, what causes the occurrence of salt scaling of
concrete and which factors contribute most to salt scaling? Also, how do present
protection methods improve salt scaling resistance? This study will also examine what is
an optimal concrete mix design and construct procedure? And finally, what criteria are
available for avoiding salt scaling? Addressing these questions will be the major objective

of this study.

Figure 1- 1 a) Example of salt-scaling damage, b) Example of freeze-thaw damage



CHAPTER 2
LITERATURE REVIEW

2.1 INTRODUCTION

Porous materials such as concrete experience frost deterioration, internal damage and
surface scaling under cyclic freeze/thaw conditions. The deterioration is more severe in
the presence of a de-icing salt solution than water. Damage might occur when saturation
reaches a critical degree before freezing. Saturation might not be reached at a critical
degree by osmotic pressure or it might take too long to happen in the field. To explain
this contradiction, the micro-ice-lens model is suggested by Max J. Setzer. [1]

Since the radius of the porosity in concrete is very small, condensed matter in pores can
coexist stably as liquid, solid and vapor much below a bulk freezing point (up to -20°C).
This triple-phase condition in the pores can generate negative pressure with decreasing
temperature. The pressure difference might cause microstructure shrinkage or damage. As
temperature increases, the pressure difference decreases. However, the liquid is entrapped
in the micro-ice-lenses. This submicroscopic pump leads to an artificial saturation with
repeated freeze/thaw cycles. This micro-ice-lens model might explain part of the surface
scaling mechanism as well as internal damage even though there is no agreement

regarding the surface scaling mechanism yet.



Microstructure of the surface cannot be considered to be the same as bulk concrete. M.

Pigeon, C. Talbot, J. Marchand and H. Hornain observed an extremely porous layer at the
surface [2]. This porous layer at the surface (Weak Zone) might weaken the scaling
resistance during the early cycles. This fact is also supported by my own test results in
this study. The depth and porosity of the weak zone may be related to the amount of the
supplementary cementing materials (SCM) such as GGBFS or fly ash as well as water-
binder ratio (w/b).
When a concrete surface is exposed to de-icing salt solution, the microstructure of the
surface might be changed by a chemical reaction such as carbonation. The chemical
reaction leads to changes in the pore size distribution. The change of the pore size
distribution can effect the saturation as well as the salt scaling resistance. Even if it is not
clear yet whether the deterioration by the chemical reaction is very serious and whether it
occurs under real conditions, alterations of the microstructure and pore solution through
carbonation must be considered in order to more precisely understand surface scaling. In
[3], the test result shows that the interfacial transition zone (ITZ), which foamed between
the aggregate and the cement paste by the chemical reaction, may cause the deterioration
of the frost durability as well as the surface scaling.

There is no exact agreement of the mechanism of the surface scaling while ice crystal
expansion in the pores might be the major reason of the internal damage. The mechanism
of the salt scaling could be multiple phenomena. Even though the reasons are not yet
clear, several variables, which affect salt scaling, have been determined by many
researchers [3,4,5,6]. These variables are air content, water-binder ratio (w/b), the amount

of cement replacement by supplementary cementing material (SCM) such as GGBFS or



fly ash, aggregate and curing duration.
By observing the change of the scaling amount by such variables, we can more

precisely approach the mechanism of the salt scaling.

2.2 SALT SCALING

When it snows in severe climate regions, de-icing salts are commonly spread on roads
and sidewalks for removing ice or preventing snow from freezing. Thus, the roads
experience cyclic freeze/thaw in the presence of a salt solution. It has been well
documented that the combination of de-icing salts and frost causes serious degradation of
concrete structures. The degradation mainly affects the surfaces of a structure and tends
to be more severe when the concentration of de-icer in the solution is rather moderate, i.e.
around 3%. Concrete particles are taken off by the salt-frost attack. This degradation is
often referred to as salt scaling. The result is severe. If a concrete structure has the poor
resistance of salt scaling and if the surface of concrete is exposed to salt solution in a
cyclic freeze/thaw climate environment the entire concrete cover would be removed in
just a few cycles. In addition, the depth of scaling can be a few centimeters. These

observations were supported by this researcher’s test results. See Figure 2-1.



Figure 2- 1 a) The concrete surface after 24 freeze/thaw cycles in 3% NaCl solution
b) The concrete surface after 24 freeze/thaw cycles in water

As shown in Figure 2.1, it is obvious that the salt scaling takes place only in the
presence of salt solution. When the de-icer frost attack has destroyed the entire concrete
cover, the adhesion of the reinforcement to the concrete is reduced, resulting in serious
loss of structural strength. In this severe case, the salt scaling may shorten the service life
of the structure.

Unfortunately, the exact mechanism of the salt scaling is not clear at this time. Thus, we
cannot avoid the degradation perfectly until the true mechanism is revealed. Therefore,
tests with variables which can affect the scaling resistance and possible mechanism
suggested by many researchers appears to be the best way to approach and pinpoint the
contribution of mechanisms or to develop a better model for salt scaling.

Before examining the variables which can affect scaling resistance, it is necessary to

review the basic characteristics of Portland cement paste and thermodynamics.



2.3 BASIC CHARACTERISTICS OF CONCRETE

2.3.1 Hardened Portland Cement (HPC)

Hardened Portland Cement is a porous material and consists of a crystalline calcium
silicate hydrate (3CaO-2SiO, -4H,0) and crystalline Ca(OH,). Tricalcium silicate
and dicalcium silicate together make up 75-80% of Portland cement. In the presence of a
limited amount of water, the reaction of C,S with water is represented as follows:

3Ca0-Si0, +xH,0 — yCaO-SiO, - (x+y-3)H,0+(3-y)Ca(OH), 2.1)

or typically

2[3Ca0-SiO, ]+ 7H,0 — 3CsO- 2Si0, - 4H,0 + 3Ca(OH), 2.2)

This calcium silicate hydrate is denoted C-S-H gel or cement gel. The dimension of its
particles is less than 1zm.

When mixing concrete, hydration, which is the reaction of cement and water, begins
immediately and continues in the presence of water. During hydration, water is
chemically bound to cement. For ordinary Portland cements, the degree of hydration, a,

can be calculated by equation (2.3)

_ W, 23
%= 0.25C 23)

Where,
W, = weight of chemically bound water
C =weight of cement
The amount of chemically bound water for OPC at complete hydration is

approximately 0.25g.



The porosity of the HPC is related with the degree of hydration and water-cement ratio.
Powers and Brywnyard [7] suggested the equations of the porosity of the hardened
cement paste as follows:

w/c—-0.19«

= v 2.4
P 0.32+w/c 24)
Where,

P_...= total porosity

paste
o = degree of hydration
w/c = water cement ratio
0.32 = specific volume of Portland cement [I/kg]

The gel porosity is due to the porosity of the cement gel and its typical width ranges up
to 30nm. The capillary porosities are larger than gel pores and are not filled with reaction
products. The part of the total paste porosity due to the porosity of the gel is called gel
porosity and is calculated:

0.20x

=———— 2.5
*“0.32+wlc 29
As a result, the capillary porosity can be as follows:
w/c—0.39«
PcapiII:anast_e gel:m (26)

The pore system is rather heterogeneous where transport phenomena take place. The
physical and chemical behavior in this system is not only subjected to macroscopic bulk
phenomena but also to submicroscopic surface physics and chemistry. To separate the
different effects M.J.Setzer distinguished between gel pores, capillaries and coarse pores

[8]. See Table 2.1. In gel pores surface physics are at least not negligible or even



dominant. In capillaries water behaves mostly macroscopically. However, due to

interfaces capillary suction takes place.

2.3.2 Bleeding and segregation

In a freshly placed concrete which is still plastic, settlement of solids is followed by the
formation of a layer of water on the surface. This is known as bleeding. In lean mixes,
localized channels develop and the seepage of water transports some particles to the
surface. Bleeding may thus give rise to laitance, a layer of weak, nondurable material

containing diluted cement paste and fines from the aggregate.

Table 2- 1 Classification of pores [8]

Name R, Characteristics Type of pore water
Coarse Empty
Macro
<1lmm Suction : Instantly
Capillaries
Macroscopic
Meso
< 30um Suction : minutes to week Bulk
Capillaries
water
Micro Suction : no macroscopic
<lum
Capillaries equilibrium
Transition from bulk to Prestructured

Meso gel pores | <30nm
surface physics condensate

Structured surface
Micro gel pores | <1nm Surface Physics
water




During the handling of a concrete mixture, there may be some separation of coarse
aggregates from concrete mass. This is known as segregation. Segregation may lead to
flaws in the final product and honeycombing may occur in some instances. Segregation
may result during handling, placing, vibrating, or finishing operations. The primary cause
of segregation is the differences in the size of the particles and specific gravity of the mix.
The tendency to segregate increases with slump, reduction in cement content, or increase

in the maximum size and amount of aggregate.

2.4 WATER

For better understating of water flow during freeze/thaw action, the properties of water
such as density, heat capacity and surface energy need to be observed. The density of
water varies with temperature. The density can be calculated as follows [9]:

p =—3479.56 + 46.301T —0.1591T * +1.8171-10T? (2.7)
Where,
p= the density of water (kg/m?)
T= temperature (K)
Thus, the molar volume is:

V_, =-3.4228-10"T> +2.9896-10°T* —8.6806-10'T +1.0182-10"* (2.8)

ml —
The density of water contained in the pores of hardened Portland cement paste is higher
than that of bulk water even though the exact difference is not known. The density of the
deicing agent solution may depend on its concentration. In case of NaCl solution, the

density at 20°C can be expressed as the following [10]:
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p(C) =7.2416¢ +997.98 (2.9)
in which c is the concentration of NaCl in % by weight of the solution. This relation is
valid up to 26%.

The surface tension of water or deicing agent solution is related with the characteristic
of pore water. The surface tension of a surface liquid water-vapor varies with temperature
and content of solutes in the liquid. The surface tension is described as a function of the
concentration of NaCl by:

72.72 +0.325¢c
01, (C) 03 = 1000 (2.10)

in which o(c) is given in J/m?® and the concentration of NaCl (c) is given in % by

weight of the solution [10]. In the interval 265<T<298K, the temperature dependence of

the surface tension of a surface liquid water-vapor is as follows [10]:

o, (T)=-0.1484-10"T +0.11623 (2.11)

25I1CE

There are two types of nucleation. Ice nucleation may be homogeneous if nucleation
takes place in the liquid so that the ice crystal is entirely surrounded by the liquid and an
ice-liquid interface is created. The other case is that the ice nucleation may be
heterogeneous if it nucleates and grows on a foreign surface. The solid-liquid interface of
homogeneous nucleation causes a rise in the free energy of the system which must be
overcome by the loss of free energy due to the phase transition itself in order for

nucleation to occur. Thus, a nucleus smaller than a certain size at a certain temperature is

11



thermodynamically unstable and immediately melts. The critical radius of a spherical ice
nucleus as a function of temperature can be expressed as the following:

r = 2O-s—lvm,s
* " 0.0997T 2 —76.4532T +13444.483

(2.12)

Where,
T = temperature [K]

\

m,s

= molar volume of ice, m*®/mol

o, , = free energy of the interface liquid-solid, J/m?’

It is well known that the density of ice is lower than that of water. In fact, the density

of ice at 0°C is 916.4 kg/m® [11]. As the density of water at the same temperature is

999.8395kg/m?, the phase transition brings about an expansion of 9.1%. This is the

most apparent reason of frost damage. The density of ice as a function of temperature
may be estimated from the following equation:

0(273.15)

- (2.13)
(1+ a(T —273.15))

p(T)=

Where,

p(T) = density at temperature T
p(273.15) = density at T=273.15K, 1 atm (916.4kg/m?)
o = coefficient of linear expansion

The surface energy of ice at different temperatures may be estimated from:

. 33+0.20 (2.14)
- 1000 '

or

12



o = 0.2T —21.63 (2.15)
1000
An alternative equation by studying spontaneous freezing of small water droplets has
been expressed by Hesstvedt as follows:

o, =0.0305-{1—0.0093(T, —T)} (2.16)

2.6 FLOW IN CONCRETE

2.6.1 Moisture uptakes mechanism
The moisture uptake is not only an important variable of frost damage but also it is
complicated to calculate the amounts. G. Fagerlund[12] suggested three ranges of the

moisture levels depending on the major mechanism for water absorption.

Complete

b -~ -

S Over-capillary saturation
= range _

S _ v Y« Capillary
O Capillary saturation
= range

= F'y

——
&

o v
2 Hxygroscopic
range
| v |
50 100
RH% 79

Figure 2- 2 Different moisture ranges in regard to the basic water absorption
mechanism[12]
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The “hygroscopic range” is determined by water absorption by capillary condensation
of water vapor and capillary suction. Moisture transport in the hygroscopic range when
there is no temperature gradient can be calculated by [12]:

q=—o,(dc/dx) (2.17)

Where,

q = the water flux [kg/(m?®-s)]
S, = the transport coefficient [m?/s]

dc/dx = the vapor concentration [kg/m?®-m]

Within the capillary range, water is absorbed by capillary suction from a free water
surface. When pores are still unfilled and the water front has not reached the top surface,
water content increases rapidly. Once the water front gets through the top surface, the
absorption rate is very low and depends on a mechanism other than capillary forces.
When no more water can be absorbed by capillary suction, the concrete has reached

capillary saturation. (Figure 2.3)
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/Water front at top
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Water front at height =z
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0 t Time
(square-root scale)
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=

Figure 2- 3 A capillary absorption test of a thin slab. The steep line corresponds to
moisture ranges 1 and 2. The breaking point corresponds to capillary saturation in
Figure 2.2. The slow absorption after the breaking-point corresponds to moisture
range 3. [12]

The gradient of water transport in the capillary range is expressed in terms of water
content, w[kg/m®]. Then, the water transport equation becomes:
q = -9, (dw/dx) (2.18)

Transport data for concrete in the capillary range have been determined as follows:
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Table 2- 2 Material data for concrete showing relation between relative humidity, #,
moisture content, w, and Kirchhoff potential, ¥ [13].

¢ (%) w (kg/m®) w (kg/ms)
0 0 0
50 42 3.107%°
60 54 6-1071°
70 68 10-107°
80 84 16-107t°
90 110 30-1071°
93 120 38.1071°
95 130 57.107%°

2.6.2 Diffusivity

Diffusivity is one of the important factors in terms of liquid flow in porous materials
such as concrete. The effective diffusion coefficient describes diffusion through the pore
space of porous media. The effective diffusion coefficient for transport through the pores,

D,, is estimated [39] as follows:

D, = (2.19)

Where,
D = diffusion coefficient in gas or liquid filling the pores (m?s™)
g, = porosity available for transport (dimensionless)

o = constrictivity (dimensionless)
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r = tortuosity (dimensionless)

The diffusion channels in concrete paste are tortuous and constricted or disconnected.

The characteristics of channels are explained in Figure 2. 4.

|-|—Eurutridivi;y
. Conenetivity
(dead-end affect
Lieguid
s Tortuosity

Figure 2- 4 Schematic of constrictivity, connectivity and tortuosity of a pore network
[40]

2.6.3 Permeability of cement paste

The rate of movement of water through concrete under a pressure gradient, termed
permeability has an important bearing upon the durability of concrete. The measure of the
rate of fluid flow is sometimes regarded as a direct measure of durability.

Nyame and IlIston [16] have used mercury intrusion data to define a parameter, termed

the maximum continuous pore size (r,), and related it to permeability. The relationship

was found by linear regression to be

K =1.684r,3.284%10 % (2.20)

with a correlation coefficient of 0.9576 where K=permeability (m/s) and r, =maximum
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continuous pore radius (,OA).
Permeability can be related to pore structure using the hydraulic radius theory, which
relates flow rates to the viscous forces opposing flow. Permeability is related to hydraulic

radius as follows:
log K = 38.45+ 4.08log(&r.?) (2.21)
Where,

r, = the hydraulic radius and ¢ is the porosity.

2.7 THE AIR VOID SYSTEM

The effectiveness of air entrainment in providing frost resistance to concrete is well
known to the industry. In order to make HCP frost resistant, an additive is used which,
during the mixing of the concrete, forms foam. The bubbles thus formed are preserved in
the hardened paste. Provided these cavities remain air-filled, they provide space for the
volumetric expansion which occurs when pore water freezes. The extent to which such
bubbles are able to protect the materials from frost deterioration is dependent on the total
amount of air and on the distances across which water must be transported in order to

relieve the pressure that rises occurring during ice formation.

2.7.1 Spacing factor for durable concrete
The general consensus is that the Powers spacing factor must be less than 200um if
concrete is to be durable in freezing-and-thawing exposure. Assuming that the air bubbles

are cubically arranged in the cement paste, Powers [17] defined a spacing factor which is
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half the maximum distance between cubically arranged spheres with a diameter equal to

the mean diameter of all the air bubbles in unit volume of the paste. See Figure 2.5

- Air pore

‘-(runi paste :

' L
| '! | |' "
JIl s - :l 5

o | I

g . —
T i
tlg" I.-.,.,;"I_-

Figure 2- 5 Illustration of parameters used in equation 2.21
Powers derived the following relation between total air content, mean air bubble

diameter and the spacing factor

V 1/3
a= %{1.4&’ +1J 1} (provided V, /L >4.33) (2.22)

Where,
a = spacing factor [mm]
D= mean diameter of the bubbles [mm]
V, = volume of paste [m® /m?]
L = volume of air [m®/m?]
If the nature of the concrete or its exposure is not usual, the required spacing factor

may be different. If the freezing rate is low, as is typical of mild exposure, larger spacing
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factors have been shown to be adequate [18]. Critical spacing factors were found to be

lower for protection during the salt-scaling test than for the standard freeze-thaw test [19].

2.7.2 Influence of air entrainment on durability of concrete

Water experiences a volume increase when it freezes. This increase amounts to
approximately nine percent. If the water in a critically saturated pore freezes and forces
some unfrozen water out into and through the as yet unfrozen pore system of the cement
paste, a hydraulic pressure would be generated. This pressure will be directly
proportional to the flow rate and the flow path length, and inversely to the permeability of
the medium being traversed. When the tensile stress generated by this pressure exceeds
the strength of the material, it will fail. The role of air voids is to provide a lot of small,
closely-spaced, empty escape places for the excess water when freezing occurs. If any
flow path is not longer than the critical distance from a void, disruptive pressures cannot
be generated.

Gel Water Diffusion generates another pressure on the pores. It was based on
observations of expansion of cement pastes with time, as the temperature was held at
some subfreezing level. Saturated, non-air-entrained pastes continued to expand, while
air-entrained pastes not only did not expand but also even contracted. The freezing point
of water in a pore is decreased below that of bulk water. Until temperature drops to a
critical degree, i.e. -40°C [20], all of the water does not freeze. Thus, ice particles are
formed in larger pores while the water in small pores is not frozen at the higher
temperature than the critical temperature. The free energy of the unfrozen water is higher

than that of the ice. Thus, a potential exists to cause the water to migrate to the ice body
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and generate pressure. In the case of salt solution, an osmotic component should be added.
When salt solution freezes, the solid formed is pure ice, and the remaining unfrozen
solution increases in concentration. Therefore an osmotic potential exists between the
more concentrated solution in the partially frozen pore and the less concentrated solution
in the unfrozen pores. This osmotic component is thought to be the main reason for the
salt scaling of concrete. According to the gel-water-diffusion mechanism, entrained air
bubbles protect against freezing distress by allowing an alternate path to the unfrozen
water. Air voids are not fully saturated, so the unfrozen water can either travel to the ice-
filled pore or to the ice in the air bubble. The first will increase the pressure, raising the

free energy while the later will not.
2.8 BASIC THEOMODYNAMICS

The chemical potential pn of any phase (index k) can be given by:

T p
t = 4 (Ty, o) — [ 5,dT + [v,dp (2.23)

To Po
with: k=[L,S,V]
Where,
p is pressure, v the molar volume, s the molar entropy and T the temperature. The
phases are liquid (L), solid ice (S), and vapor (V).
At the triple phases point (273.16K), ice and water are in equilibrium, i.e. their
chemical potentials are equal. For infinitesimal changes in pressure and temperature, the

change in chemical potential of each is:
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du = u—p, =-SdT +VdP (2.24)
If the equilibrium is maintained by the changes in temperature and pressure, then:
dey = dyg (2.25)
and thus:
—S,dT +V,dP, = -S.dT +V,dP, (2.26)
If temperature and pressure are both equal in both phases, this leads to:
(S, =S,)dT =V,dP, —V.dP, (2.27)
For a reversible change, the entropy change of the system is equal to its change of molar
enthalpy divided by the temperature, at which it occurs, so that:

AH

S, -8, = (2.28)
Where,
AH ; = enthalpy on freezing (J)
T=freezing temperature of water (K).
AH, = Ahg -, -m (2.29)
Where,
w, ; = freezable water content (kg/kg dry material) of the porous material at
temperature T(°C)

Ah, = heat of fusion of freezable water (J/kg) assumed constant

m,,.. = mass of specimen (kg).

spec

This results in Clapeyrons equation in the form:

AH,
VidR -V, 0P, =—*dT (2.30)
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Three possible ways of transferring additional absolute pressure (AP) in a highly
saturated and freezing pore system can be deduced from equation. (2.30) [25].

At first, if the pressures of ice and unfrozen liquid are equal,

AH . dT AH
f ! ( T ) (2.31)

=—— = AP= In
Vv, -VT Vv, -V,) \273.16
Secondly, if the pressure of the unfrozen liquid is unchanged while the pressure of the ice

changes, then dP, =0.

AH AH T
dP, = - dT = AP = In (2.32)
V. T V, 273.16

S
Finally, if the pressure of ice is unchanged while the pressure of the unfrozen water

changes, then dP, =0.

AH AH T
dP = dT => AP = In (2.33)
Al Vv, 273.16

In the case of a highly saturated porous material, equation (2.31) appears most realistic.
2.8.1 Transport

If a gradient of temperature, dT /dx (K/m), is negative from a wet surface, a flow

may take place inwards. Figure 2.6 illustrates this case.

23



T<273.16 T>273.16 v
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K g water

dx

Figure 2- 6 Set-up in wet frost exposure [25]

Based on D’ Arcy flow, the steady-state flow can be obtained. D’Arcy flow is as follows:

g=K ‘;—z (2.34)

Where,
g= steady-state flow (kg/m?-s)
K= coefficient of permeability (kg/Pa'm's) assumed constant with K=k/n

where k=permeability (kg/m)
n=viscosity (Pa’s).
Combining with equation(2.31) the steady-state flow illustrated in Figure 2.6 can be
obtained.

KAH
o 1.dt (2.35)
V,—V,) T o

g:

Where,

g = steady-state flow through a section of temperature T.
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The minimum radius where ice is forming at T is found by combining equation (2.31)
with Kelvins law, which for cylindrical pore shape is [25]:

dp = _2° (2.36)
r

Where,

o=surface tension and r=pore radius (m).

2.9 MICRO-ICE-LENS

2.9.1 Micro-Ice-Lens theory

The freezing and melting point of liquid in concrete pores decreases with decreasing
pore radius. Since concrete matrix has very small pores, condensed matter in pores can
coexist stably as liquid, solid and vapor over a wide temperature range (up to —20°C).
This is because the surface tension at internal surfaces of the matrix increases when ice is
formed. Besides, the surface tension of the salt solution is higher than water, and the
maximum surface tension of salt solution is reached at around 3% concentration. Thus,
the radius of the pores of the triple-phase condition might be higher in salt solution than
in the water (Especially when the concentration of the solution is 3%).

Since the condition for the free mechanical potential is the free exchange of mass with
the surrounding system the chemical potential is equal for all components in all phases.
Thus, if they are stable in pores below bulk transition, high negative pressures are
generated in the triple-phase region. This negative pressure increases with decreasing
temperature. Therefore, pore water is squeezed out and freezing by the micro-ice crystals.

In addition, pore microstructure might shrink or damage if the pressure difference is
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higher than matrix tensile strength.

As temperature increases, a reversible phenomenon occurs. The pressure difference
decreases and the ice front melts causing the pores to expand. However, the squeezed out
water is entrapped at the micro-ice-lenses. Therefore, external water will be sucked into
the pores if the external water is available. This process is called micro-ice-lens pumping.
Thus, an artificial frost-saturation increases with every freeze-thaw cycle. However, the
amount of sucking water by micro-ice-lens might be different between the water and salt

solutions.

2.9.2 Micro-Ice-Lens pumping between water and salt solution

At first, the radius of the pores, in which triple phases can coexist, might be larger in
the salt solution than in the water due to its high surface tension. The surface tension
might have a maximum value when its concentration is around 3%. As the maximum

radius of the pore increases, the amount of the microscopic transport may increase. The
mean flow velocity u_I of the pressure gradient through a pore system with constant

cross section is:

mas

MORE- I (r)r—@v (r)dr 237

when 7 is the viscosity of pore water. The functions represent the differential pore size
distribution Vs and a characteristic tortuosity T. Mrex s the largest pore radius filled

with unfrozen water. Since the function is decreasing very fast fmin can be set to zero. If

V Vtotal / g,max

we assume pore size distribution and tortuosity as constant. T~1 and

with the total porosity, then equation (2.37) can be integrated to:
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T Vtotainaxap

o(r)=
I() 24gmax77 al (238)

As shown in equation (2.37) and (2.38), the flow velocity will rapidly increase with

increasing frax | In addition, an external water source may be available for longer time
since pure water in bulk system does not melt until the temperature reaches 0°C while
this occurs at much below 0°C in the salt solution even though its phase is liquid or gel
type.

As a result, in the salt solution, more porous system act as the pipes of the micro-ice-
lens pump and pumping duration is longer than water. Thus, the porous material might

reach the critical degree of the saturation quickly in the salt solution.

2.9.3 Pressures in pore water

As mentioned above, the triple phase condition in pores generates negative pressure in
the pore matrix. The pressures in pore water before and after freezing have been
presented [21]. If the liquid is water and no ice is presented in the pore system, water

pressure in a porous material is governed by Kelvin’s equation

P— P =—In{ Py J (2.39)

v va

w

in which T is ambient temperature presented in Kelvins, p is the pressure of water, p,

denotes the reference pressure, which has been chosen as the atmospheric pressure 0.1
Mpa. Pv is the vapor pressure in the pore system and Pvo = Pvo(T+ Po) s the saturated

vapor pressure of the liquid in the pressure Po s the saturated vapor pressure of the
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liquid in the pressure Po at the ambient temperature. R is the gas constant 8.314
JImol/K and Vw is the specific volume of the liquid. The relative humidity of the pore
system ¢ equals Pv/ Puo.

When ice forms in the pore system of a porous material freezing-induced pressures are
generated. Penttala [23,24] has derived a theory by which the liquid pressure can be
calculated in a freezing porous material.

RT , AR,
p—p,=—In P + T -T)
Vi 7wxunf va ViTO

+1r IT Coi ~Cow 414t (2.40)
V; “To*To T

Ah;,
-p.=—— W (T -7
P~ P (vi—vW)To( o= T)

c.—cC°
1 [ [ =e—=egTaT
(Vi _VW) To <To T

(2.41)
Equation (2.40) represents the situation when ice is forming in a pore partially filled

with gas and pore liquid while Equation (2.41) gives pore pressures when the freezing

o

pore is totally free of gas bubbles and all pores are filled with liquid. Ahy; is the

T

freezing heat of the liquid at the reference temperature 'o and Vi is the specific

volume of the solid phase of the liquid. The specific heat capacities of ice and water, Cpi

c

and :nw, cannot be considered constant in the rather large temperature range in question

and therefore the following equations will be used [22].

c;;(T) =38.052[1+373.7x10° (T —T,)] (2.42)

Cou (T) = 75.996[1-54.0x10 ° (T ~T, )] (243)
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X

The term “uf denotes the mole fraction of pore water before freezing, and if no

X

additional salt has been dissolved into the pore water “unf =1 The activity coefficient

7w has the value of 1 in the case of ideal solution in which both solvent and solute obey

Raoult’s law.

2.10 THERMAL EXPANSION MISMATCH MECHANISM (BI-MATERIAL

MECHANISM) [30]

In addition to the hydraulic pressure, the potential between water and ice and the
osmotic potential between the more concentrated solution and the less concentrated
solution, another cause generating tensile stress on the concrete surface has been
suggested by John J. Valenza II and George W. Scherer [30].

The stress is related to the physical properties of ice: since ice has a much higher

thermal expansion coefficient than concrete. In fact, the thermal expansion coefficient of
ice, «;,isabout 50ppm/°C while that of concrete, «,, is about 10ppm/°C.

When a saturated surface layer is frozen, the thermal strain of the surface is equal to
that of the bulk concrete system since the ice layer cannot force the concrete to deform.

Thus, the stress in the frozen layer can be calculated as follows:

o, = Ei(a —a.)(T, —T) (2.44)
1-v,

Where,

E; = Young’s modulus of ice
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v, = Poisson’s ratio of ice
T,, = the melting temperature.

When outer liquid is pure water, this equation is easy to apply. In case of salt solution,
however, pure water ice begins to form and the concentration of remaining solution
increases when a solution starts freezing.

At the end of the first temperature step below the melting point, a certain volume
fraction of ice has formed and is stress free. In each subsequent temperature decrement,
new stress-free ice is formed, while the stress increases in all of the previously existing

ice. The total stress in the ice network at any given temperature is

o,(M) =["B(T)(a ~a,)dT (2.45)
where,
B= the volume-averaged biaxial modulus
However, this elastic solution provides a serious overestimate of the stress, because ice
exhibits rapid creep. When creep occurs, the thermal mismatch strain, &;, has to be
corrected by subtracting the creep:
de; = (o — e, )dT +deg (2.46)

Thus, stress development in solid ice is as follows:

o,(M) = [ BT )@ ~, + Ac] exp(~Q/T)/ q)dT (2.47)
Where,
q=dT /dt
ddgts = Ac"exp-Q/T) (2.48)
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If dT <O, the positive creep strain will offset negative thermal strain.
The average tensile strength reported for ice/brine composites by Weeks, o, is given

approximately by

o, (Mpax247-515/1-v, (2.49)
Where,

Vi

= Volume fraction of ice in the composite

The tensile strength is the function of the volume fraction of ice in the composite. As
shown in Figure 2.6, the volume fraction of pure water ice rises to near 1 just below
melting point. Thus, the strength of pure ice (o) is about 2.5Mpa and the calculated

stresses remain below the strength of pure ice for the rates used in a typical scaling test.

This indicates that no cracks should occur in pure ice. See Figure 2.7.

7 wt%

12 wth

Vol Frac ice (wt%)

-20 -25

Figure 2- 7 Volume fraction of ice in solutions of NaCl at the indicated
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concentrations versus temperature

3 & . ] \ 1
4 !
, Yol Frac /
| !
2.5 1 Strength
I P PP - 0.8
| TS St
| /- /
2 i I3 ! s
! X g
& 1-' ! Elastic o
= ] ! -n
S 1.5 :I ! E
bx 5 1 g'
! Viscoelastic - 0.4 £
) )
1 o m
i/
1
/ 4 0.2
0.5 [
L e e S I o
0 -5 =10 -15 ~20
T (°C)

Figure 2- 8 Calculated stresses and volume fraction of ice in solution containing 0.01%
NaCl, where the volume fraction of ice is near 1

When the calculation is repeated for a solution containing 1% NaCl, the stresses are
predicted to be about equal to the strength of the layer, and when the salt content rises to
3%, as shown in Figure 2.8, the stress exceeds the strength. A brine containing 7% NaCl

only contains v, ~0.7 at -20°C, so it would have no tensile strength, according to

equation (2.36). Thus, a layer of pure water ice on the surface of concrete is predicted to
remain uncracked, whereas any brine containing > 1% NaCl should crack upon freezing.
Ice containing 3% NaCl only acquires strength when the temperature drops below -10°C,
which accounts for the observation that scaling damage does not occur if the minimum
temperature of the cycle is higher than -10°C. At salt contents exceeding 5%, the frozen
layer is expected to have negligible strength, so it cannot exert significant stress on the

concrete. The pessimum occurs because pure water ice does not crack, whereas ice with >
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1% solute does. The cracking causes damage to the underlying substrate; however, when

the salt content is high, the ice layer is too soft to exert enough stress to harm the

substrate.
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Figure 2- 9 Calculated stresses and volume fraction of ice in solution containing 3%
NacCl

2.11 COMPOSITE MATERIAL LAYER

When the concrete surface is exposed to an outer solution and experiences freeze/thaw
cycles, the part of freezable pores are filled with solution. If the temperature drops below

the freezing point, ice expansion will occur in the concrete and the slope of dilatation
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curve is changed after freezing. The condensed layer should be considered as composite
material. To analyze this, a simple composite model was suggested by Zdenek P. Bazant

et al [31]. See Figure 2.10.
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Figure 2- 10 Example of dilatometric tests

The equilibrium of longitudinal normal stresses in the specimen requires:
c=@-n)o, +no, (2.50)
Where,
n= the volume fraction of freezable pores in concrete
o = the total stress

o. = the normal stress in the solid structure of concrete
o, = the normal stress in ice

A reduced strain is
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g, = 0s, (2.51)
Where ¢,is the volume expansion of water of water on freezing and q indicates a

reduction in volume decrease due to the fact that pore volume n may be filled by liquid
water only partially or that part of the water may be expelled from these pores before it

freezes. The strain of the composite layer after freezing can be calculated as follows:
e=al +¢,+0lE (2.52)
The elastic modulus of the composite layer, E, can be calculated by equation (2.53)
E = (1-n)E, +nE, (2.53)
in which E_ and E, are elastic moduli of concrete and of ice. Finally, one can obtain

the thermal coefficient of the composite layer after freezing, o, and the strain of the

composite layer due to ice expansion, 8_0 as the following:

(1-n)E.a. +nE;¢q,
E

o =

(2.54)

> |

0= ?iqng(')

inwhich «, and «; are linear coefficients of thermal expansion of concrete and ice. If
the freezing temperature, T, , is known, the values of n and g can be calculated and

consequent stress due to the ice expansion and the change of slope after freezing.
2.12 THE MICROSTRUCTURE OF THE CONCRETE SURFACE

The microstructure of the concrete surface is strongly related with its durability since

the permeability of the surface is determined by its microstructure. There is an extremely
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porous layer at the surface and an interfacial transition zone (ITZ) between cement paste
and coarse aggregate.

The microstructure of the concrete surface cannot be considered the same as the bulk of
the material. In [2], an extremely porous layer was observed at the surface. The existence
of this porous layer might increase permeability decreasing the salt scaling resistance.
Even though it may not be able to explain precisely the reasons, the properties can be
affected by w/b ratio and SCM.

An interfacial transition zone exists around the coarse aggregate. In this zone, the
porosity is much higher than that of bulk paste [3,4] and the ITZ has a significant effect

on the permeability and durability of concrete.

2.12.1 The weak surface layer

As the porosity of the concrete increases, the permeability increases causing the
reduction of the surface scaling resistance. The porosity is extremely high at surface
layers with a high water/binder ratio. The porosity decreases with depth from surface.

The use of SCM increases the thickness and the porosity of the surface layer.

2.12.2 Interfacial transition zone (ITZ)

There is an interfacial transition zone around coarse aggregate. This transition zone
exists as a thin shell between aggregate particles and hydrated cement paste. Since the
porosity of the ITZ is higher than that of the bulk paste, the ITZ has a significant effect on
the permeability and durability of concrete.

The properties of ITZ might be related with w/b ratio and the use of SCM. However, it
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has been determined that the size of the coarse aggregate has a significant effect on the
properties of the zone. Two possible reasons are suggested in [4]. When the size of the
coarse aggregate increases, there is a reduction in the tortuosity of the flow path, which
tends to increase the permeability. The second reason is that when larger size coarse
aggregates are used, the possibility of the bleed water getting collected below the coarse
aggregate increases, which leads to an increase in local water-cement ratio and hence the
porosity.

In fact, cement paste covering aggregates at the surface and around the aggregates
were flaked off during the first few freeze/thaw cycles. This region might be ITZ. Thus,
the salt scaling may begin from ITZ so that the aggregate underneath the cement paste
was revealed after a few freeze/thaw cycles. Figure 2.11 shows the concrete surface

which has experienced 5 freeze/thaw cycles in 3% NaCl solution.
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Figure 2- 11 The concrete surface after 5CDF cycles in 3% NacCl solution

2.13 CHEMICAL PARAMETERS

The question has been raised as to whether chemical reaction has a direct effect on salt
scaling mechanisms since a true mechanism of salt scaling is not clear yet. Some
researchers insist that significant stress is generated by the crystallization of salt in pores
[26, 27]. However, the crystallization may occur under relatively low humidity
circumstances which affect solubility and the pores as the outer surface are probably
always saturated. Thus, the stress by crystallization might not be a big concern. Instead,
alterations of the microstructure and pore solution through carbonation must be
considered since the microstructure of concrete plays a significance role in salt scaling.

The effect of carbonation is probably due mainly to its effect on the permeability of the
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surface zone. In fact, carbonation causes a denser pore structure for ordinary Portland
cement-based materials while cements rich in ground granulated blast furnace slag

(GGBFS) become coarser [28].

2.13.1 The composition of Portland cement and Ground-Granulated Blast
Furnace Slag

Portland cement consists of the Portland cement clinker mixed with a few percent of

gypsum (CaSO, - 2H,0) or anhydrate (CaSO,). Portland cement clinker contains four
major phases: tricalcium silicate (C,S), B-dicalcium silicate (S —C,S), tricalcium

aluminate (C;A), and ferrite solid solution (C,(A,F)) (in the cement nomenclature,

C=Ca0, S=Si0,, A=ALO,, H=H,0, F=Fe,0,, M=MgO and S=S0,).
The main reaction product of Portland cement is a very poor crystalline calcium silicate

hydrate, C—-S—H . This is produced by the hydration of C,S and S-C,S.

C—-S—H is often designated as a gel when there are other phases admixed on a sub-
micrometer scale. It is generally accepted that the Ca/Si molar ratio of C—S—H gel
is in the range of 1.5-2, and in most cases around 1.7. C—-S—H gel represents the
primary binding phase in Portland cement and controls the strength development of the

paste.

2.13.2 Carbonation
Temperature change could have a strong impact on the stability of certain cement stone

phases, which would induce salvation and crystallization processes in the matrix. This
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reaction causes secondary ettringite formation in cold climate of calcium aluminate
monosulpahte and the formation of the metastable calcium carbonate phases vaterite and
aragonite in the concrete with high GGBFS content. The volume changes due to re-

crystallization are shown in figure 2.12.

AV >0

Portlandite > i
A > 25% Calcite
] AV <0
Vaterite > Argonte V>0 > Calcite
AV <0

Figure 2- 12 Impact of the carbonation on the volume [28]

Vaterite and aragonite are mainly discovered in GGBFS concretes with slag content
over 65%. A re-crystallization from vaterite to calcite leads to a volume reduction while a
re-crystallization from aragonite to calcite leads to an enlargement and probably to a
crystallization pressure in the matrix. It can be generally observed that portlandite
transfers to calcite in an ordinary Portland cement-based material when it is carbonated.
This kind of carbonation leads to a volume enlargement and to a shift of the pore size
distribution to lower values. Thus, the carbonation of OPC can make the surface denser,
resulting less permeability. On the other hand, the transformation from vaterite to
aragonite and calcite, which can be generally observed for high slagged blast-furnace
concrete, leads to a volume reduction and to a shift of the pore size distribution to larger

pores. This kind of carbonation causes a coarser surface and consequent high
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permeability. J. Stark [29] showed that the reason for the heavy scaling of concretes made
with blast furnace cement is the carbonation of a thin surface layer as well as the

formation of the metastable CaCO, modifications vaterite and aragonite.

2.14 HYPOTHESIS REGARDING THE MECHANISM OF SURFACE

SCALING

2.14.1 Moisture uptake

When concrete is exposed to a reservoir of liquid, capillary suction occurs above the
freezing point. When an ice lens forms in the pore system of hardened cement paste,
micro-ice-lens pumping might accelerate moisture uptake with cyclic freezing/thawing.
The saturation starts from the surface of the concrete. In addition, the surface layer may
be easily saturated due to its high permeability while permeability decreases along the
depth from surface. Therefore, the surface layer might be locally saturated up to the

critical degree before the bulk system reaches the critical degree of the saturation.

2.14.2 Microscopic pores

At the triple point of water, ice and water are in equilibrium. As temperature drops
below the freezing point, the free energy of the water increases more than that of the ice
because the entropy of liquid water is higher than that of ice. Consequently, a transition
of molecules from the liquid to the ice will reduce the free energy of the system. However,
if they are stable in pores below the bulk freezing point, high negative pressures are

generated in the triple phase region. If the negative pressure were too high, it would cause
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damage. In the case of salt solution, an osmotic potential exists between the more
concentrated solution in the partially frozen pores and the less concentrated solution in

the unfrozen pores, causing more pressure.

2.14.3 Macroscopic pores

When the surface layer is saturated locally, the ice expansion leads to additional
hydraulic pressure directed toward the surface layer rather than the entire system since
the surface layer is weaker than the bulk system. If there were not enough space to

release the pressure, it would cause surface heaving and salt scaling.

2.14.4 Bulk system

The critically saturated surface layer may expand when the ices in the pores of the
surface layer freeze and expand. However, the bulk concrete system, which is not
saturated yet, shrinks as the temperature decreases. This dilatation difference between the

bulk system and the surface layer might generate stress at the boundary.

2.15 THE VARIABLE AFFECTING SURFACE SCALING

Surface scaling can be affected by outer environmental conditions such as temperature
cooling rate, available duration for the outer water reservoir, as well as the concentration
of the de-icing salt solution.

If the cooling rate is too low, the effect of the micro ice-lens pumping would decrease.

In this study, a constant cooling rate of 10K/h is taken as RILEM recommended. The
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cooling rate of 10K/h may be severe since a cooling rate is rarely reached at 10K/h in situ.

During the freeze/thaw test, the specimens were always stored in 10mm de-icing salt
solution even though this appears not to happen in the field. Salt scaling might be
proceeded only in the presence of the de-icing salt solution. Besides, the degree of the
scaling may be various with the concentration of the solution. There is the apparent
existence of a "pessimum” de-ice concentration. This is around 3%. Thus, the 3% NaCl
solution is used in this study.

Since the outer condition is set up as severe, the variables affecting the properties of
concrete, chemical reactions such as carbonation as well as specimen preparation

procedure such as curing are focused on in the study.

2.15.1 Air Content

Entrained air voids have an important role to prevent internal damage and surface
scaling. Air voids perform as extra space in which the ice crystal grows releasing the
pressure due to the ice expansion and osmotic pressure due to potential between ice and
pore water and between more and less concentrated solution. During the melting phase,
the compressed air by the ice expansion expands and pushes the water, which was sucked
in during the cooling phase, out.

However, after all voids are filled with the solution resulting entrained air out, air voids
may not prevent further frost damage. An air content of 6% or above is believed to be a
reasonable value. Too much air content might cause enfeeblement of concrete strength. It
is still not clear whether air voids are well distributed through the whole system, for

instance, between the surface and inner part.
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In addition, it is already known from numerous investigations that the frost-deicing salt
resistance of blast furnace cement concrete rich in granulated slag cannot satisfactorily be
improved by adding air-entraining agents. The addition of air-entraining agents to super-
sulphated cement concrete will even lead to a further increase in the amount of scaling.

[29]

2.15.2 Water-binder ratio (w/b)

In general, lower water-binder ratios produce more durable concrete. Many studies
have shown that the lower the water/binder ratio, the lower the diffusion coefficient. Thus,
a low water/binder ratio raises not only strength but also the durability of concrete. In
addition, low water/binder ratio might improve the density of the concrete surface
causing the reduction of its permeability and the amount of the freezable water in pores.
In fact, many test results show that the concrete with low w/b ratio such as around 0.3 has

satisfactory scaling resistance irrespective of other variables.

2.15.3 Supplementary Cementing Materials (SCM)

The use of Supplementary Cementing Materials such as Fly Ash (FA) or Ground
Granulated Blast-Furnace Slag (GGBFS) can result in numerous potential benefits. In
fact, they reduce long-term chloride penetrability, mitigation of alkali-silica reaction, and
temperature in mass and hot weather concreting. However, the SCM used in concrete was
found to increase the bleeding of concrete. Thus, the addition of SCM was found to
increase the thickness and the porosity of the surface layer [2].

In contrast to this, J. Stark insists that the degree of hydration and, consequently, the
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pore size distribution of the concrete do not have a significant effect on salt scaling and
that the frost-deicing salt resistance of concretes made with cement rich in GGBFS might
be dependent on the state of the carbonated surface layer [29].

Although there is not an agreement of the effect of the SCM on salt scaling, salt

scaling and microstructure of the surface layer might be affected by use of SCM..

2.15.4 Aggregate

The interfacial transition zone (ITZ), which has much higher porosity and permeability
than the bulk material, exists around coarse aggregate. Due to its high porosity, the
transition zone is considered to influence the transport processes in the concrete. In
addition, the diffusion coefficient of chloride ions can be 6-12 times greater in the
transition zone compared to the bulk paste [3,4].

When the size of coarse aggregate and the proportion of larger size coarse aggregate
increases in a mix, there is an associated increase in interfacial transition zone porosity
volume and permeability.

Several investigators used the pre-soaked lightweight aggregate (LWA) as internal
water reservoirs, to ensure the correct content of water needed for the hydration process.
The surface layers of concrete with lightweight aggregate should be denser than
traditional concrete, and therefore more resistant to scaling. However, in one observation
[5], replacement of LWA was shown to be effective only for low water/binder ratio

concretes.
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2.15.5 Curing Duration

It has been known that reducing the moist curing period results in the concrete
microstructure remaining more porous since for cement to properly hydrate sufficient
curing conditions are required to prevent moisture loss. This condition is more sensitive
for SCM concrete since the SCM concrete has longer hydration duration than OPC. In
fact, there exists a linear relationship between the degree of hydration and the frost
resistance of GGBFS concrete. This relates to the amount of capillary pores that decrease
with an increasing degree of hydration. As a result the amount of freezable water in the
concrete is reduced [29].

In addition, the amount of scaling observed in concrete containing supplementary
cementitious materials is greatly increased with increased drying time. The drying front
penetrates deeper into the concrete the longer the specimen dries and the increase in
permeability depends on the wi/c ratio, degree of hydration, and extent of drying. Also,

the microstructure of the surface becomes coarse during drying.
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CHAPTER 3
MATERIALS MATRIX AND EXPERIMENTAL
METODS

3.1 INTRODUCTION

A detailed experimental program was developed to evaluate the mechanisms associated
frost damage and to understand the relationships between these mechanisms and the
mechanical properties of concrete. This research focuses on pavement concrete and
building materials with typical strength development. Thus, laboratory concrete
specimens were designed with typical strength development in mind.

As discussed in previous chapters, the emphasis of this study is the frost protection
properties of air voids. Thus, field specimens with various levels of frost damage have
been chosen to evaluate the effects of air voids system on frost durability from 11
different field locations.

The beneficial effect of supplementary cemetitious materials (SCMSs) on frost durability
has been argued. As a result, Ground Granulated Blast Furnace Slag (GGBFS) has been
used as a SCM in this study. The lab specimens have been prepared with varying GGBFS
portions and air contents.

This chapter describes the materials, the lab and field concretes specimens, and the
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experimental methods that were used to evaluate their frost resistance properties.

3.2 EXPERIMENTAL REGIME

3.2.1 Materials

For this thesis, field pavement concretes from 11 different locations were used to
incorporate the effect of air voids systems with actual frost damage rates. The damage
rates of the field concretes are shown in Table 3.1.

In addition to field samples of concrete, concrete specimens produced in the laboratory
were prepared for study. The laboratory mixes contained Ordinary Portland Cement
(OPC) from two sources (I and 1) and GGBFS. The chemical compositions are listed in

Table 3.2.

3.2.2 Material Matrix

To be able to find out significant conclusion about the mechanisms of frost damages
and the roles of variables, it is important to narrow down the variables for one series of
specimens. The water-to-cement ratio and curing time are not varied because this study is
targeted at normal strength and hydrated concrete.

The OPC mix was used to evaluate frost durability and surface scaling mechanisms of
ordinary Portland cement concrete, and also served as a reference mix for the blended
cement concrete. Four binary mixtures containing GGBFS were prepared at a water-to-
binder ration (w/b) of 0.45. The cement replacement levels by GGBFS were 25%, 35%,

50% and 65% by weight, respectively. The target air contents of these mixes was 0% (no
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entrained entrainment), 4% (moderate air entrainment), and 7% (high air entrainment).
The specimens were de-molded after 24 hours and were moisture cured for 28 days. See

Table 3.3.

Table 3- 1 Frost damage rates of field specimens

Frost damage rate in field Location 1.D. number
Severely damaged #1, #2 and #3
Moderately damaged #4, #5, #6, #7, #8 and #9
Barely damaged #10 and #11
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Table 3- 2 Chemical compositions of materials

By weigh oo P e O
Sio, 20.4 37.49 20.6 25
ALO, 5.04 7.77 4.7 1
Fe,0, 2.51 0.43 2.6 <0.02(trace)
CaO 62.39 37.99 65.1 73
MgO 3.43 10.69 2.7 0.5
Na,0 0.25 0.28 <0.01(trace)
K,O 0.67 0.46
Cl 0.03
SO, 2.75 3.21 2.5
c,s 53.66 - 66.4
C,S 18.01 9.24
C,A 9.11 - 8.06
C,AF 7.64 - 7.91
(Na,0),, 0.69 0.58 0.52
Loss on Ignition 1.45
Insoluble 0.4
residue
Free Lime 1.31
Blaine 4290 6020 3650
(cm?®/g)

“(Na,0),, = Na,O +0.658K,0

C,;S =4.071xCa0O — 7.6 xSiO, —6.718x Al ,O, —1.43x Fe,O, —2.852x SO,

C,S =2.867=<Si0O, —0.7544 < C;S

C,A=2.65x% Al,O, —1.692 x Fe,O,

C,AF =3.043x Fe,O,
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3.3 TESTING METHODS

3.3.1 RILEM CIF/CDF Test

Adequate resistance of concrete to freeze-thaw attack should be verified by laboratory
tests such as the CIF (Capillary suction, Internal damage and Freeze-thaw) test. The CIF
test is based upon the RILEM recommendation of the CDF-test (Capillary Suction, De-
icing agent and Freeze-thaw Test), where precision data for scaling has been determined,

and complements this test.

Table 3- 3 Matrix for test specimens

Sample ID  Cement | GGBFS wi/b Target Curing duration
(Type I1&I1) Air(%)
OPC 100 0.45 7 28days
25S 75 25 0.45 7 28days
50S 50 50 0.45 7 28days
65S 35 65 0.45 7 28days
OPCI 100 0.45 4 28days
OPC Il 100 0.45 8 28days
HPC | 65 35 0.45 0 28days
HPC Il 65 35 0.45 3 28days
HPC 111 65 35 0.45 6 28days

3.3.2 Test Specimens
The dimensions of the standard test specimen is 150mm wide by 110mm long by

70mm thick (5.9*%4.33*2.76in). For testing concrete mixes or concrete constituents in a
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miXx, the test specimens are cast and compacted on a vibrating table in a 150mm (5.90 in.)
cube moulds according to prEN-ISO 2736/2. The concrete surface at the poly-tetra-
fluoro-ethylene (PTFE) plate (Figure 3.1) is the test surface. The PTFE plate which is
non-sticky material can be easily detached from test surface without de-molding oil so
that the test surface is not only not damaged by de-molding but also not contaminated by
de-molding oil. After 24+2 hours of curing the specimens are removed from the mould
and submersed in tap water at 20 °C. After storage under water, the specimens are cut
into rectangular prisms measuring 150mm by 110mm by 70+2mm. The first cut is made

along the top (rough) upper side at 1210mm. See Figure 3.1.

PTFE Plates
= Test surfaces
150mm
Cutl
1
e
o
o
70£2mm
1 specimen

150mm cube

PTFE Plate

Figure 3- 1 Sawing of test specimens and PTFE Plate
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After cutting, the specimens must be sealed on their lateral surface. For this study,

aluminum foil with butyl rubber is used for lateral sealing.

3.3.3 Test Procedure

The test specimens are stored on test liquid (de-mineralized water for CIF and 3% NaCl
solution for CDF test) for 7days so that a degree of saturation reaches to similar condition
with field. Then, freeze-thaw cycles start. Apply a 12hours freeze-thaw cycles to the
prepared specimens.. Starting at 20°C(+68 °F) the temperature is lowered in 4 hours with
a constant cooling rate of 10°C (18 °F/hr). It is kept constant for 3 hours at — 20 °C (-
68°F) and increased in 4 hours with a constant heating rate of 10 °C (18°F/hr). Then, it is

kept constant for 1 hour at 20°C (+68°F). The temperature profile is shown in Figure 3.2.
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Figure 3- 2 F-T machine température cycle
The specimens are exposed to a freeze-thaw cycle in a temperature controlled chest.

Figure 3.3 shows the temperature controlled chest and the test container.
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Figure 3- 3 Temperature controlled chest & Test container
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3.3.4 Measurements

3.3.4.1 Sequence of Measurement with Respect to Scaling, Moisture Uptake and
Internal Damage

Measurements are taken at the start of the freeze-thaw test (O freeze-thaw cycles) and
after every 4™-6" freeze-thaw cycle. The following sequence of the measurement is
imperative: Surface scaling, Moisture uptake, and Internal damage (ultrasonic transit time

as reference method).

3.3.4.2 Determination of Surface Scaling

Once freezing-thawing cycles start, the test surface is damaged by frost action. The
damaged concrete flakes fall down on the bottom of container (figure 3.3). The scaled
materials are collected in a filter paper. The total amount of scaled material, m_, related
to the test surface after the nth cycle is to be calculated for each measuring interval and

each specimen:

m, = 2t (3.1)

Where,

m, = the total mass of scaled material related to the test surface after each

measuring interval, in g/m?

U, = the mass of scaled material at each measuring interval, in grams + 0.01g.

A= the area of the test surface, in m?2.
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3.3.4.3 Measurement of Moisture Uptake

The relative increase in mass of each specimen, Aw, , after nth cycle is calculated by:

W —W, +
Aw, = 25 w100 (3.2)
WO

Where,
Aw, = the moisture uptake in mass of each specimen after the nth cycle, in M-%
4, = the mass of total scaled material at each measuring interval, in grams with

an accuracy of 0.01g. The sum is taken over all measurements of the mass of the scaled
material until the nth cycle.

w, = the reference mass of the each specimen without mass of aluminum foil
with butyl rubber for lateral sealing after 7days pre-storage on test liquid, in grams.

w, = the mass of each specimen including sealing mass before re-saturation starts,
in grams.

w, = the mass of each specimen at each measuring interval, in grams.

3.3.4.4 Evaluation of the Internal Damage

The transit time in the coupling medium, t, , is calculated using the following relation:
t, =—*% (3.3

Where,

t. = the transit time in the coupling medium, in ms

I, = the transit length 1, +1_, in the coupling medium, in mm
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v, = the velocity of the ultrasonic signal in the coupling medium, which can be

assumed to 1490 m/s for water between 20C+5C.

The change of relative transit time 7, after n freeze-thaw cycles is calculated

separately for each specimen and transit axis by:

7, =3¢ (3.4)

Where,

7, = the relative transit time
t., = the total transit time in ms before the first freeze thaw cycle
t. = the total transit time after n freeze-thaw cycles (ftc), in ms

Instead of expressing internal damage as the change of relative transit time it is

convenient to use the dynamic modulus of elasticity of ultrasonic transit time, R, . In

this test procedure the relative change in dynamic modulus of elasticity after n freeze-

thaw cycles is calculated by the relation:

R,, =1’ (3.5)

3.3.5 Air void analysis

As mentioned before, one of the most important parameters that affects the durability of
concrete is the amount of entrained air voids. RapidAir 457 is an automated image
analysis system that performs the analysis of the air void distribution within hardened
concrete according to the ASTM C 457 : “Standard Method for Microscopical
Determination of Parameters of the Air-Void System in Hardened Concrete” method A

and B, and EN 480-11: “Admixtures for concrete, mortar and grout — test methods — Part
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11: Determination of air void characteristics in hardened concrete”.

3.3.5.1 Test sample
The dimensions of the test samples are 100mm by 100mm (4 in. by 4 in). The samples
are polished using the concrete polisher (Figure 3.4), a lapping device, which is

constructed to lap concrete plane sections.

Figure 3- 4 Concrete Polisher

The concrete samples to be analyzed using automatic analysis performed by RapidAir
457 are prepared using a surface contrast enhancement technique that results in a black
surface with white air voids. After polishing the specimens, the sample surface is colored
by black ink and air voids are filled with a white fine-grained powder (BaSO4) so that the
best contrast enhancement is given. Fig. 3.5 shows a polished sampled surface and a final

sample surface.
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Figure 3- 5 A) Sample surface after polishing, and B) is same surface after treatment

RapidAir 457 determines the volume of air (percent volume), specific surface, the
spacing factor, the void frequency, and the average chord length. Results are provided in
three categories: chord sizes less than 0.5mm in. (0.02in.), less than 1.0mm (0.04in.) and
all chord sizes. RapidAir 457 also calculates the modal chord length and the zero-order
standard deviation of a lognormal representation of the normalized chord length

frequency versus the chord length.

3.3.6 Low Temperature Dilatation (LTD) Test

The LTD test is a precision measurement of the continuous length change versus
surface temperature during a F-T cycle. The freezing temperature of the pore-liquid and
specimen expansion during freezing as well as permanent length change due to internal
damage is obtained from this test. The concrete dilatometer is shown in Figure 3.6. A
typical prismatic specimen has dimension of length 90mm (3.55in.) and cross section

dimensions of 10mm by 10mm (0.4in. by 0.4in.).
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NETZSCH

Figure 3- 6 Dilatometer for LTD test
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CHAPTER 4
PRELIMINARY LABORATORY STUDIES WITH
FIELD SPECIMENS

4.1 INTRODUCTION

Michigan has a very severe wet-freeze climate with many freeze-thaw (F-T) cycles per
year. To assure a concrete pavement sustains its inherent long term durability requires
several factors be performed properly during design and construction. Some of concrete
pavements exposed to the severe climate have experienced severe frost damages while
some pavements do not seem to have any problem with the weather conditions. To
understand what factors cause the differences, macro and microscopic tests and

observations were carried out.

4.2 AIRVOID SYSTEMS OF FIELD SPECIMENS

4.2.1 Air Contents and Spacing Factors of field specimens
Entrained air is the most general frost protection method. The air voids system of
concrete is very important as it influences the properties of the material such as frost

durability. Therefore, most concrete pavements were designed to be constructed with
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sufficient entrained air. It is, however, still obscure how much air contents are sufficient
and what parameters of air voids affect the durability. In order to evaluate these
relationships, air voids systems of field specimens have been analyzed. See Table 4.1.

In terms of entrained air contents, Specimens #1 to #3 which have poor frost scaling
resistance are under 3% while specimens # 4 to #9 with ordinary resistance have 3% to 5%
air contents of entrained air. The specimens #10 and #11 which were seldom damaged by
frost action in the field have over 6% entrained air contents. The spacing factors of

nondurable concrete specimens are over 200 um while that of durable concrete is less
100 zm. In the range of this study, entrained air content and spacing factor are the

variables independently affecting concrete scaling resistance.

Table 4- 1 Air voids properties of field specimens

i i Spacin . }
Total Ajr  ENtrained Air PG Average radius of air  Frost damage in
RS yal Factor L ids, 1 (10 field
(<05mm) (10—3 m) Volds, ( m)
1 3.8 1.47 0.29 0.24 Severely
damaged
2 4.3 2.42 0.22 0.16 Severely
damaged
3 3.8 2.49 0.22 0.173 Severely
damaged
4 4.24 2.67 0.20 0.143 Moderately
damaged
5 5.9 3.01 0.13 0.153 Moderately
damaged
6 5.7 3.19 0.18 0.17 Moderately
damaged
7 6.3 3.58 0.15 0.18 N(;Oderately
amaged
8 5.8 3.87 0.10 0.124 Moderately
damaged
9 6.93 4.29 0.12 0.127 Moderately
damaged
10 8.14 6.5 0.07 0.1 Little damaged
11 9.57 7.71 0.08 0.1 Little damaged
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4.2.2 Air voids distribution.

In addition to quantitative properties of air voids, one important qualitative property of
air voids is distribution. Air content and chord length frequency for each class are shown
in Figure 4.1 to 4.4. Appendix A contains are the air voids distributions of all specimens.

Figure 4.1 shows air content for each class up to 500 #m and Figure 4.3 over 500 zm.
The durable concrete has higher air contents of all classes up to 1mm. On the other hand,
specimen #11, durable concrete, has higher frequencies of small void classes. In fact, the
sum of frequencies up to 50 zm voids of specimen #11 is 53% while that of specimen #3

and 4 are 31% and 37%, respectively.

Entrained Air (<0.5mm)
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3

o
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Air Content, fraction (%)

0.1

0.0

0.00-0.01
0.01-0.02
0.02-0.03
0.03-0.04
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Figure 4- 1 Air content for each class (Entrained air)
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Figure 4- 2 Chord length frequency for each class (Entrained air)
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Figure 4- 3 Air content for each class (Entrapped air)
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Figure 4- 4 Chord length frequency for each class (Entrapped air)

Figure 4.5 to 4.7 show the test surface of air voids blocks of specimens #3, #4 and #11.
In the figures, white represents air voids. Paste and aggregates are colored by black ink. It
can be clearly seen that the durable concrete, #11, has many small air voids and the air

voids system is well distributed throughout the entire surface.

4.2.3 Air voids infilling

If liquid in capillary and voids contains salt, crystallization can occur. According to [33,
34], super-saturation of salts can result from capillary rise and evaporation, or from
cycles of wetting and drying and solubility of sodium sulfate in water decreases
dramatically when the temperature drops below 32 ‘C (Figure 4.8). Besides, as ice
begins to freeze out of the salt water, the fraction of water in the solution becomes even
lower, and the concentration of remaining solution increases. At some point the solution

will become saturated
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Figure 4- 5 air voids system of non durable concrete, specimen #3.
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Figure 4- 6 air voids system of ordinary concrete, specimen #4.
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Figure 4- 7 air voids system of durable concrete, specimen #11.
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Figure 4- 8 Solubility of sodium sulfate in water. Cooling the liquid from 30 C 1o
10 C without crystallization creates super saturation.

with salt. This happens for salt in  bulk water at -21.1°C , which therefore is the coldest

a saturated solution of salt and water can get. At that temperature, the salt begins to

crystallize out of solution, along with the ice, until the solution completely freezes. Thus,

the amount of salt crystals in voids grows with repeated drying and wetting cycles as well

as freezing and thawing cycles. It may cause air voids infilling and consequently worsen

air voids properties. Figure 4.9 and 4.10 show some voids with infillings.
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Figure 4- 9 Air voids infillings of specimen #1
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Figure 4- 10 Air voids infillings of specimen #3

Due to severe weather condition in Michigan, 6.5%+1.5% of air for pavement concrete
is recommended. However, non durable concretes have less than 4% of total air and 2.5%
of entrained air. To evaluate how much air content has been lost by infilling, the ASTM C

457 point count method has been performed. The number of points is 3000. See Table 4.2.
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Table 4- 2 Total air content and In-filling air content by 3000 points count

Specimen | Total air content (%) In-filling (% of total)
I.D. By Point Count By Point Count
1 5.8 34

2 5.8 26

3 4.8 21

4 6.3 19

5 7.5 21

6 6.7 15

7 7.2 13

8 6.8 15

9 1.7 18

Based on the point count results (Table 4.2), most field concretes had approximately 6%
air at the beginning of service. After many repeated freezing and thawing cycles, parts of
the air voids lost their frost protection properties. Nondurable concrete specimens had
relatively low air contents (4.8% and 5.8%) at the beginning compared to other

specimens. Furthermore, they have lost more air voids by infilling.

4.3 RILEM CIF AND CDF TEST

The RILEM CIF and CDF tests have been conducted with the field specimens obtained
from field cores. Dimensions of specimens are 100mm by 100mm in width and 70mm in

height as shown in Fig. 4.11. Once cut form cores, the specimens have been dried in an
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oven of 45°C #5°C until the weights of the specimens were not changed. Therefore, it

can be sure that there is no evaporable liquid in the field specimens.

100 mm

Y

100 m

]
1 !
! . !
Fee . TestSurface .- |
E /,’* ‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘‘ 1. ::\_‘ E 70m
1 ’ e
)
!
p

Figure 4- 11 Sketch of a prismatic F-T specimen obtained from a core

4.3.1 Pre-saturation stage
Prior to freezing-thawing cycles, the specimens have been stored in test liquids (water
for CIF test and 3% NaCl solution for CDF test) for 7days. The weight gains have been

monitored. See Figure 4.12 and 4.13.
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Figure 4- 12 Moisture uptakes in water during pre-saturation stage
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Figure 4- 13 Moisture uptakes in 3% NaCl during pre-saturation stage

4.3.2 Freezing-Thawing cycles

After the pre-saturation stage, Freezing-Thawing cycles were started. To evaluate the
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frost durability of the specimens, the relative dynamic modulus of elasticity, the mass loss

and the moisture uptakes have been observed up to 200 freezing-thawing cycles. See

figure 4.14 to 4.109.
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Figure 4- 15 The evaluation of internal damages in 3% NaCl solution
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Figure 4- 17 The evaluation of surface scaling in 3%NaCl solution
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4.3.3 Internal damage VS surface scaling

As shown in Figure 4.16 and 4.17, the mass loss due to surface scaling tends to increase

linearly. Thus, the gradients of the mass loss plotting can be considered as mass loss rate.

The mass loss rate can be calculated by equation 4.1.

Where,

MaskosRateA; /N;

A = Total mass loss (g /m?)

N, = Total number of freezing thawing cycles

(4.1)

The mass loss rates have been compared with the number of freezing thawing cycles

when internal damages start. See Figure 4.20.
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Figure 4- 20 Internal damage versus mass loss rate

A good correlation was found between the two F-T test methods. This was concluded

from results in Fig. 4.20. The concrete samples which did not have any reduction in
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dynamic elastic modulus within the more than 100 F-T cycles of exposure to water
(upper left corner) also had the lowest mass-loss rate from the deicer scaling test. The
concretes in the lower right-hand corner failed within 10 F-T cycles in water and also
exhibited highest mass-loss rates from the deicer scaling test. These findings span a
range of nearly 50 between the lows and the highs for each exposure condition.

Both test methods correlate well with entrained air content and spacing factor as seen
from Figure 4.21 to 4.24. Therefore, entrained air content is the single-most important
factor in avoiding surface scaling. However, good resistance to deicer surface scaling
requires more air than for good resistance to F-T exposure in water. This is consistent
with recommendations by the NRMCA CIP2-Scaling Concrete Surfaces[33], which

recommends 6%-7% air content in fresh concrete for severe exposure conditions.
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Figure 4- 21 Scaling sensitivity to remaining entrained air (%)
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Figure 4- 23 Internal damage versus entrained air content
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4.3.4 Similarity in scaling mechanism between F-T testing in water and 3%
sodium chloride solution

Figure 4.25 through 4.28 show that surface scaling occurs for both exposure conditions
and that deicer scaling mass-loss is about 10 times as much as freezing in water. This
suggests that the mechanism of surface deterioration is the same in 3% sodium chloride
solution and in water. For these concretes the mass-loss is nearly linearly proportional
to F-T cycle, except initially. Mass-loss data for duplicate specimens for the laboratory

concrete specimens were found to have excellent reproducibility.
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Figure 4- 25 Surface scaling of specimen #1 in CIF and CDF test
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Figure 4- 26 Surface scaling of specimen #6 in CIF and CDF test
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Figure 4- 27 Surface scaling of specimen #10 in CIF and CDF test
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Figure 4- 28 Surface scaling of specimen #11 in CIF and CDF test
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4.4 SUMMARY OF FINDINGS

The objective of this chapter is to determine what characteristics of concrete
contributed to frost durability in the field. In order to connect information on laboratory
performance to field performance, 11 specimens cored from 11 different fields were
categorized into three groups as ‘Nondurable’ (Severely damaged), ‘Moderate’
(Moderately damaged) and ‘Durable’ (Barely damaged). Then, the laboratory tests, air
voids system analysis according to ASTM C 457, RILEM CIF-CDF and microscopic
observations were carried out with the field specimens The following findings and

indications have been made:

Air voids system analysis

» Field performance seems to be closely correlated with air voids contents and properties.
In the range of this study, nondurable concrete had less than 2.5% of entrained air content
and over 200 micro meters of spacing factor while durable concrete had more than 6% of
entrained air content and less than 100 micro meters of spacing factor.

* Durable concrete seems to have more entrained air frequency. The tendency is more
significant in the classes of less than 50 micro meters chord lengths.

* Parts of air voids have been filled with white crystals. The amounts of infillings are in
the range between 13% and 34% of total air contents. More air voids seem to have been

filled in nondurable concrete. The hypothesis of infillings has been suggested.
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RILEM CIF-CDF Test

* Nondurable concrete specimens failed both in water and 3% sodium chloride solution
within 20 freeze-thaw cycles in terms of internal damage while durable concrete
successfully remained without any internal damage throughout 200 freeze-thaw cycles.

» Mass losses of nondurable concrete specimens exposed to 3% sodium chloride solution
were extremely high during freezing-thawing cycles. Surface scaling rates per freeze-
thaw cycle are proportionally related with air contents and spacing factors in this study.

* Surface scaling of specimens exposed to water had similar tendencies with that of
specimens exposed to 3% sodium chloride although the scaling was much less severe.

» The number of F-T cycles of internal damage and the surface scaling rate seems to be

proportionately correlated not only to the air voids system but also to each other.
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CHAPTER 5
MECHANISMS OF SURFACE SCALING

5.1 INTRODUCTION

In wet-freeze regions such as in the mid-west states like Michigan, Illinois, Wisconsin,
Minnesota etc, concrete frost resistance in the presence of deicer salts is of major concern.
Many researchers have suggested that pore pressure build-up due to freezing expansion
of saturated pores in concrete can cause internal cracking within the porous paste.
Sufficient amounts of entrained air with a spacing factor less than 200 micro meters can
release the pore pressure successfully. As a result, excessive internal stress build-up in
air-entrained concrete can be avoided through air-entrainment.

Deicer scaling is a surface scaling phenomenon associated with frost damage of a
concrete surface layer in the case where the surface is exposed to a salt solution.
Therefore, salt or surface scaling is another type of frost damage, which can be mitigated
through air-entrainment. Typically, surface scaling in laboratory tests starts after only a
few freeze-thaw cycles and progresses at an almost linear rate with F-T cycles. The
detailed physical process that causes this phenomenon is still debated. In this Chapter,
differences of freezing and thawing actions between bulk concrete and the surface

concrete containing a liquid reservoir are suggested. In addition, an improved mechanism
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and a qualitative surface scaling model are suggested.

5.2 EXISTING MECHANISMS

Although the surface scaling is very significant in presence of deicing salt under
freezing temperature, there is not a consensus of the actual mechanism. There are several
existing mechanisms, the bi-material mechanism due to a coupling between the surface
and the interior [30, 34], a salt crystallization induced pressure buildup [27] and hydraulic

pressure in pores due to freezing expansion [25, 35].

5.2.1 Hydraulic pressure

The 9% increase in volume as water transforms to ice can cause a hydraulic pressure. It
is widely believed that frost damage is caused by this pressure. In fact, G. Fagerlund
suggested the critical degree of saturation at which the destructive pressure can be created
[12]. It is clear in this mechanism how the air voids help to protect the concrete matrix
from hydraulic pressure and how the pressure can cause internal damages. However, it
may take a long time to reach the critical degree of saturation by capillary suction. Max J.
Setzer explains how cyclic freezing thawing accelerates the degree of saturation by the
micro ice lens model [1]. This model still needs improvements because the surface
scaling occurs within a couple of freeze-thaw cycles even when the degree of saturation

stays under the critical saturation state at the end of the cycle.
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5.3 CRYOGENIC SUCTION PUMP MECHANISM

5.3.1 Background
The freezing point of pore liquid varies with pore sizes. As the radius of liquid channel
decreases, the freezing point is depressed. The relationship between liquid channel radius

and the freezing point depression is shown in [23, 52].

_ 271
r_—zm(_l_m S (5.1)

Where,
r= the radius of the pore where the current solid-liquid interface

7, = the crystal-liquid interface energy
Y » = the melting entropy
T,,= the melting point

T = the temperature

In the equation 5.1, r is the radius of the smallest channels where the ice crystals can be
formed at the temperature, T. Therefore, liquid in the pores and capillaries having
smaller radius than r remains as liquid while the pores having a greater radius than r
freezes.

Microstructures of porous materials such as concrete are comprised of gel-pores,
capillaries and voids (entrained/entrapped air) of various sizes [1]. As a result, a triple
phase zone consisting of ice, liquid, and vapor, coexist. Due to coexistence of different
phases, a pressure difference is created at an interface between ice and liquid. An

equation for these pressure differences was derived by Setzer as shown in the following
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[1]:
The chemical potential u of any phase (index K) can be given by:

T p
Hy =uk(T0,p0)—ISde+Idep (5.2)

To Po
with : k=[L,S,V]
Where,
P= pressure
v= the molar volume
S= the molar entropy
T= temperature.
The phases are liquid (L), solid ice (S), and vapor (V). The chemical potentials must be

equal in all phases. The chemical potential can be separated by a temperature term

T P
(Isde) and a pressure term (jvkdp). The pressure term between ice and liquid is
TO PO

given by:
Allp s = Hps — Hp =V AP + (v, =V (P — Py) (5.3)
With Aps = p_ — Ps

The temperature term can given by:
Aflp g = s —ly | = IASSLdT (5.4)

Cs —C

.
With ASg =S5 -8 = ASg o+ J-[ de —(Vsas —via )(Ps — Po) + VL2 AP s
TO

Where,
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c= the specific molar heat capacity
a= the coefficient of thermal expansion
Temperature term (equation 5.4) should be balanced by the pressure term (equation 5.5)
because the chemical potential must be equal in all phases. Therefore, pressure
differences are created as the temperature drops below the bulk freezing point. The

pressure difference can be given as follows [8]:

Aps = Ps — P,
- _%Tj;AsSLdT +(Z—i—1j(ps ) (5:5)
Where,
Index S= Solid
Index L= Liquid

v = the molar volume
T= Temperature
Index 0= the bulk values at triple point where the chemical potentials of all three-
bulk-phases are equal.

The equation can be expressed approximately:

Aps = A\S/SLO ((T -Ty) +{ s ~G —a} (T _TO)ZJ (5.6)

L TOASSLO 2
The pressure difference can cause artificial suction as driving forces. Assuming a linear

pressure gradient and saturated flow, Ficks’ first law applies [25]:

dp ¢
d_9 5.7
dx o (7

p

Where,
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dp = pressure difference in Pa

dx = flow travel length to void where the pressure is released
g = transport rate in (kg/(m?s))

o, = vapor diffusivity of permeability in (kg/(mPas))

Figure 5.1 illustrates this case.

2
Paste P

S

Figure 5- 1 Pressure difference and liquid and vapor flow toward an ice crystal

5.3.2 Local Frost Actions

As shown above, when saturated concrete undergoes freezing, pressure differences and
liquid transport toward ice crystals in air-voids are generated. Consequently, the degree of
saturation can approach a critical value for a given paste system, which causes destructive
hydraulic pressure [38]. However, capillary pores and voids just below the surface should
be considered separately from voids and pores further below the surface as surface pores

and voids are directly connected to the surface liquid through channels. See Figure 5.2
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Liquid

Figure 5- 2(a) Surface voids (b) bulk voids

Thus, liquid flow develops between the surface liquid and surrounding near-surface
capillaries towards ice crystals while ice crystals further below the surface can empty and

shrink. See Figure 5.3.

Liquid empty and shrink

Hydraulic
Pressure

(@) (b)

Figure 5- 3 a) Frost Action in coarse pores or voids underneath the surface, (b) Frost
Action far below the surface

The small pores and capillaries at the surface are refilled with outer liquid if unfrozen
liquid is available on the surface (Figure 5. 3 (a)). The ice crystals keep growing while
the temperature stays under the freezing point. The voids far below the surface are not
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connected with surface liquid directly so the small pores and capillary around ice crystals
are dried and contracted (Figure 5. 3 (b)). As the coefficient of thermal expansion (CTE)
of ice is much larger than concrete’s CTE, the hydraulic pressure is modified by the
shrinking of the ice volume so as the temperature drops it tends to lessen the effect of the
ice-pressure buildup. The hydraulic pressures in the surface pores are then a balance of
the two effects and it can be reduced by proper air-entrainment content to act as a buffer,
consequently improving the surface scaling resistance. The amount of air-entrainment
needed depends on the concrete surface density and number of liquid channels. Also the
microstructure of concrete is not homogeneous. Surface scaling initiates in the largest

pores, either ITZ pores or air-voids. [2,3,4]

5.4 EXPERIMENTAL STUDIES

5.4.1 Low Temperature Dilatometer Test

This freeze-thaw test method is a cyclic process subjecting the sample to repeated
freeze-thaw periods. A 12h freeze-thaw cycle is applied. Starting at +20C the
temperature is lowered in 4h with a constant cooling rate of 10K/h. It is kept constant for

3h at -20C and increased in 4h with a constant heating rate of 10K/h and finally kept

constant for 1h at +20°C [1]. The temperature profile is shown in Figure 5.4.

93



Temperature Vs. Time (12hr=1cycle)

25

15
10

Temperature (C)

-10
-15

20 N, L

-25

Time (hr)

Figure 5- 4 Temperature Profile for LTD test

To measure the length change during freeze-thaw cycles, a Low Temperature Dilatation
(LTD) apparatus was used. These measurements are performed to glean additional

information from the overall process.

5.4.2 Specimen Preparation and Pre-saturation

A typical specimen is made as a prism with dimension of 90mm*10mm*10mm by
sawing and stored in an oven at 50+5C" until the evaporable water in the specimen is
dried up so that the mass is not changed. Then the specimen is placed in contact with a
test liquid for pre-saturation (Figure 5. 6) . The weight gain by moisture uptake is
monitored and plotted versus square root time as shown in Figure 5. 8. The temperature
profile for 1 F-T cycle is same as the CIF-CDF test profile shown in Figure 5. 4. Two
different test liquids (de-mineralized water and 3% NaCl Solution) are used and the LTD

tests have been carried out with and without surface liquid (Figure 5. 5). The LTD test
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without surface liquid represents the frost action of bulk concrete far below the surface
and those with liquid represent a deicer surface scaling exposure test.

Soaked paper towels are placed on the top surface in order to provide a surface liquid
reservoir. Then, the LTD prism is wrapped with plastic foil in order to avoid drying

during the test (Figure 5. 7)

Wet paper reservoir
]

"
SN
.

| 90mm \A{mm

' @ ! (b)

Figure 5- 5(a) LTD test prism without surface liquid reservoir, (b) with surface
liquid reservoir

Figure 5- 6 Pre-Saturation Figure 5- 7 Complete specimen
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Figure 5- 8 Moisture uptakes during pre-saturation

5.4.3 Results and discussion

5.4.3.1 Specimen conditioning prior to F-T exposure.

Case 1: Pre-conditioning in water and surface liquid (Water) during F-T testing.

—=— Wet Surface (water,

T 0 T T T

[ 20
-100 - -100 4

-200 | -200 ; Fo

Strain (microns)
Strain (micron)
(D) ainyesadwa |

-300 - -300 4

-20

-400 T T T -400 T T T T T T T
20 0 20 0 100 200 300 400 500 600 700 800
Temperature (C)

Time (min)

Figure 5- 9 LTD test results for field specimen #6 with surface liquid (de-mineralized
water)
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When the pore liquid freezes the expansion occurs, but after further freezing the
specimen contracted at the rate of the concrete matrix. In this case since the liquid on the
surface also freezes no liquid is able to add to the internal ice formation. Since no
additional ice was formed inside the pores and voids there is no significant influence
from the melting process except to see that the expansion of the ice-matrix combination is

higher than the expansion of the liquid-matrix combination per degree of temperature rise.

Case 2: Pre-conditioning in 3% NacCl solution and surface liquid (3% NaCl solution )

during F-T testing.

—=— Wet Surface (saline
T

20

2100 4 -100

2004 200 o

Strain (microns)
Strain (microns)
(D) sumesadwia ]

23004 -300 4

k20

; ; ; -400
-20 0 20 0
Temperature (C) Time (min)

-400

T T T T T T T
100 200 300 400 500 600 700 800

Figure 5- 10 LTD test results for field specimen #6 with surface liquid (3% NacCl
solution)

As shown in Figure 5.10 a much larger and broader expansion develops during first
freezing. As opposed to case 1 (Figure 5.9) the expansion increases after freezing starts.
The rate of strain reduction does relax towards the matrix reduction but tapers off to a
constant level as the lower temperature limit (-20C) is reached. This indicates that ice
continues to form in the pores. However, this process is counter-balanced by the

shrinking of the ice volume as the temperature drops. During the constant temperature
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period only small strain changes take place. During the heating period the ice expands
more than the concrete matrix putting a stress on it, this expansion slowly disappears as
the ice melts causing a contraction and after the melting process is complete it reverts to

the thermal expansion of the combined system.

Case 3 Dry Surface Versus Wet Surface (water or 3% NaCl).
The test results from the three different cases are compared in Figure 5. 11 and 5. 12.
The three cases are nearly identical during the part of the process where water is in the

liquid phase that is before it freezes during the cool down and after it melted in the heat-

up period.
0

-100
m
c
o
£ 200 4
£
£
fu —=— Dry Surface (saline)
n — e+ — Wet Surface (saline)

-300 —»— Wet Surface (water)

-400 T T T T T

-20 0 20
Temperature (C)

Figure 5- 11 Dilatation VS Temperature during Freezing Thawing (#6)

98



-100

-200

Strain (microns)

—»— Dry Surface (saline)
—=— Wet Surface (saline)
—=— Wet Surface (water)

-300

-400

T T T T T T T T T T T T T T T 1
0 100 200 300 400 500 600 700 800
Time (min)

Figure 5- 12 Dilatation VS time during Freezing Thawing cycle (#6)

However there are relatively large differences among three test conditions during the
freezing temperature range. When the test liquid is a 3% NaCl solution and surface liquid
is available the difference of the combined expansion is about 200 microns compared to
the case of no surface liquid and 170 microns when the test liquid is water. It is noticed
that in the case of pure water the ice formation does reduce the total shrinkage of the
specimen by about 50 microns compared to the dry surface and salt solution in the pores.
Since the salt solution stays as a liquid longer it is squeezed out of the smaller pores into
larger pores and voids. As some of the water forms ice the remaining solution becomes

stronger in salt concentration with a further reduction in its freezing temperature.

Case 4: Capillary pore-saturation with 3% NaCl solution Pore liquid without
surface liquid

Field Specimen #6 has average frost durability. First, the specimen was stored in 3%

99



NaCl solution for a day. The moisture uptake (M%) was 5.7% and the LTD test was

carried out without surface liquid.

—+»— Dry Surface (saline;

20
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-200 -200 4 0
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Figure 5- 13 LTD test results for field specimen #6 without surface liquid (3% NacCl
solution)

As shown in Figure 5.13, an expansion occurred when the pore liquid froze at about -
6C. However, upon further cooling the ice formed in the pores contracts more than the
matrix due to the higher CTE of ice. Thus, the pore-pressure is decreasing quickly upon
further cooling, and the overall specimen contraction reduces to the one for the matrix.
This indicates that the ice has enough available volume and the hydraulic pressure from
the ice does not increase the volume. The second observation is that there is only a
gradual effect of the melting process (volume reduction of the water) during the warm up

period.

5.5 QUALITATIVE SEQUENTIAL SURFACE SCALING MODEL

5.5.1 When there is no outer liquid reservoir on surface

As the temperature decreases, the concrete contracts. If the concrete is saturated it
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would expand when the pore liquid freezes. This expansion will be diminished because
the ice contracts more than concrete as the temperature decreases. The pore liquid
expansion will not cause a critical damage until the degree of saturation reach a critical

point.

Dilatation VS Temperature during Freezing Thawing cycle in

39% NaCl solution without Wet Surface Dilatation VS Time during Freezing Thawing in 3% NaCl

solution without Wet Surface

pore liquid
freezing
point
’ ' 0 | L ] H '
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Figure 5- 14 Dilatation curves without surface liquid

5.5.1.1 20C to freezing point (Step 1) and Freezing point (Pore liquid freezing)

Step 1 shows the concrete specimen contracts as temperature decreases before the pore
liquid freezes. When temperature drops under freezing point ice crystals are created and

concrete specimen expands instantly.
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Figure 5- 15 Step 1 and Pore liquid freezing

5.5.1.2 Freezing point to -20°C (Step 2) and Isothermal at -20C (Step 3)

As temperature decreases As temperature decreases below the freezing point concrete
specimen contracts and it shrinks as pore liquid transport toward ice crystal in the larger
pores and air voids (Step 2). When temperature stays at -20 thermal contraction stops but
shrinkage by pore liquid transport is still working (Step 3) but it is a slow process leading

to only minor shrinkage.

|
i

I Concrete i e .
<_:__| Thermal : Liquid .-
! ; I Transpoft--...

| Contraction | p _,II < shrink
T T R N V2 1o

Cryogenic pumping effect (Step2) Cryogenic pumping effect (Step 3)

Figure 5- 16 Step 2 and Step 3

5.5.1.320C to melting point (Step 4) and melting point to 20°C (Step 5)

The thermal coefficient of ice is larger than that of concrete, so the ice expands more
than the concrete creating a higher pressure on the concrete wall until the temperature
rises up to the melting point. Thus, the thermal expansion of concrete is affected by that
of ice (Step 4). When the temperature reaches the melting point, the high pore pressure
from the over expanded concrete is squeezing the melting liquid out (step 5) so the
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thermal expansion is less than Step 4.
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Figure 5- 17 Step 4 and Step 5

5.5.2 When there is a water reservoir on the surface

Surface pores connect to the outer liquid reservoir through channels depending on
porosity and density. The source of liquid transport in bulk concrete is porous liquid in
the vicinity of the larger pores. However, as liquid is transferred to the larger pores and
voids the surface liquid is drawn into the porous structure keeping the transport process
active. If surface liquid is not totally frozen after ice crystal is created in surface pores the
liquid will transfer towards surface pores where the chemical potential is smaller. Then
the degree of saturation of the surface pores will reach to a critical point locally
depending on porosity and density. When pore ice crystal melts excess liquid will be
pushed out because the high pore pressure and the surface concrete shrinks. In the most
freeze thaw test methods the weight and the length changes are measured before freezing
thawing cycle starts and after the cycle ends. With that data we cannot know what
happens during the freezing and what differences accelerate the surface damages in

presence of de-icing salt compared to pure water.
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Figure 5- 18 Capillary Suction and Cryogenic pump effect

As shown in Figure 5. 18 capillaries and some of the voids and pores are filled with
liquid within surface material. After temperature drops below the freezing point, surface
liquid freezes instantly and micro ice crystals are created in the voids or the pores. After
ice crystals form inside the structure, the ice crystal starts attracting available liquid.
However, in case of pure water the outer liquid reservoir will be totally frozen before ice

crystals forms inside.

5.5.3 When there is a de-icing salt solution reservoir on the surface
When the surface liquid is a salt solution or any other de-icing solution the liquid is not
frozen instantly. Some part of it remains in the liquid phase below the first freezing point

as water is removed the remaining solution becomes stronger lowering the freezing point.
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Dilatation VS Temperature during Freezing Thawing cycle in 3% NaCl Dilatation VS Time during Freezing Thawing in 3% NaCl solution with
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Figure 5- 19 Dilatation curves with surface liquid (3% NaCl solution)

5.5.3.120C to freezing point (Step 1) and Freezing point (Pore liquid freezing)

Thermal expansion and pore liquid freezing expansion are very similar to the previous

case op to the point where micro ice crystals are created in the pores.
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Capillary Suction (Step 1) Pore Liquid freezing

Figure 5- 20 Step 1 and Pore liquid Freezing

5.5.3.2 Freezing point to -20°C (Step 2) and Isothermal at -20°C (Step 3)

Once pore liquid is frozen the ice crystals start attracting unfrozen liquid from the

surrounding structures. Surface pores are connected to surface liquid by capillary and
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surface liquid is available down through Step 2 and Step 3. As temperature decreases
cryogenic pumping effect increases (Step 2). Even when temperature stays at -20 Cthe

expansion keeps growing by cryogenic pump (Step 3).
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Figure 5- 21 Step 2 and Step 3

5.5.3.3-20°C to melting point (Step 4)

Additional expansion occurs when the temperature increases up to the melting point
because the thermal coefficient of ice is larger than that of concrete. Because degree of
saturation already reached to very high point by cryogenic pump the additional expansion

can be critical (Step 4).

Ice
Liguid

Ice i\ Concrete
— Thermal E> Thermal
|

expand Expansion

i

Ice Thermal Expansion (Step 4)

Figure 5- 22 Step 4

5.5.3.4 Melting point to 20C (Step 5)

Ice crystals in pores starts melting before surface ice starts melting because pore ice crystals
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are under extremely high pressure. When pore ice starts melting, the specimen shrinks slowly by
expelling pore liquid even though the thermal expansion of concrete itself occurs. After
temperature raises more so that surface ice melts, the rate the expelling pore liquid increases.

Thus, the specimen shrinks so quickly (Step 5).
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Figure 5- 23 Step 5 when pore ice crystals start melting and Step 5 when surface ice
starts melting

5.6 Conclusions

There seems to be a limitation to improve surface scaling resistance because there is not
a consensus regarding the mechanism involved. In fact, there are opposite opinions about
the benefits of entrained air and GGBFS to surface scaling resistance.

The existing mechanisms were reviewed .. The salt crystallization mechanism seems to
conflict with the fact that surface scaling is more severe with low-concentration salt
solution. In addition, destructive hydraulic pressure is created after the degree of
saturation reaches the critical point while surface scaling occurs during early freeze-thaw
cycles.

Therefore, improved mechanisms of surface scaling were suggested based on the
micro-ice-lens [1] and the flow by the hydraulic pump in wet concrete [2]. These
mechanisms seem to fit well with frost actions during freeze-thaw cycles. The
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mechanisms were supported by the LTD test results with various test conditions such as

test liquid concentrations and the presence of surface liquid.
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CHAPTER 6
FLOW AND EXPANSION BY CRYOGENIC PUMP
EFFECT

6.1 INTRODUCTION

The degree of saturation of surface concrete keeps increasing in pores or air voids by
cryogenic pump effect as temperature drops down under freezing point. When the degree
of saturation reaches to a certain point, destructive pressure would be created. The flow
rate is related with the microstructure of concrete paste. In addition, if there are enough
surfaces to store the inward flow, the expansion by cryogenic pump and consequently
surface scaling can be reduced. In this chapter, relationships among flow rates, air voids,
expansion during freezing and surface scaling have been studied so that more information
for durable concrete can be provided. To identify surface scaling mechanism, dilatation
test during freeze-thaw cycles were carried out with two different test liquids (de-

mineralized water and 3% NaCl solution) and with and without surface liquid reservoir.
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6.2 PORE PRESSURE DIFFERENCES AND DIFFUSION IN CONCRETE

Stefan Jacobsen has suggested in his research linear pressure gradient and saturated

flow as following using Fick’s first law [42].

dp ¢
g_9 6.1
dx o 6.1)

p
Where, dp (Pa) : Pore pressure difference
dx (m) : length from saturated paste to void where pressure is released

o, (kg/(mPas)) : vapor diffusivity or permeability

g (kg/(m?s)) :transport rate.

p, vapour pressure (Pa)
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Figure 6- 1 Vapour flow from saturated Hardened Concrete Paste towards void [41]

Assuming g and ¢, are constant, dp increases as dx increases. The transport

into concrete during wet freeze-thaw exposure has been calculated by Crank [43].

G = 475, kf‘—bAp 6.2)
—a

Where, G (kg/s) : flow rate into the void

Ap (Pa) : the vapor pressure difference over the shell (b-a)m (See Figure 6.2.)
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Figure 6- 2 Diffusion into an air void with a shell of cement paste [43]

As shown in Figure 6.2, we can consider b-a as spacing factor ([) and a as the radius

of void (r). The transport can be calculated as flow into a void of radius .
G = 4grr? (6.3)
By Equation (6.2) + Equation (6.3)
- ab r-(r+L)
=8 —Ap=5, ——=——2A 6.4
g P =% T p (6.4)

Then, stationary transport into an air voids during Freezing Thawing cycles by cryogenic

pump effect is
Ap—=—— (6.5)

The average radius of air voids and spacing factors of the field specimens are shown in

Table 4.1. Assuming 6, , diffusivity, and Ap , pressure difference are constant,

g (kg/(m?s))transport rate can be calculated using voids characteristics in Table 4.1.

Figure 6.3 and Figure 6.4 show the transport rate of field specimen.
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Figure 6- 3 Transport rate into an air void (average radius) by cryogenic pump VS.
Spacing Factor
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Figure 6- 4 Transport rate into an air void by cryogenic pump VS. Average Void
radius
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As shown in Figure 6.3 and Figure 6.4, Good scaling resistance concrete specimens
(#10 and #11) need 3 times higher transport rate to create similar pressure difference
compared with poor scaling resistance concrete specimens (#1, #2 and #3). If we can
assume the transport rates are constant, the pressure differences can be calculated using

the given information. Figure 6.5 and Figure 6.6 show the pressure differences of field

specimens as function of void characteristics for g =3.0x107".
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Figure 6- 5 Pressure differences of field specimens by cryogenic pump VS. Spacing
Factor

113



m  Severe
® Moderate
A No damage
400 - -
300
© n2 m3
o ®6
o o4 o7
e5
200 +
®9
e8
A
413
100 : , . ,
0.08 0.16 0.24
r (mm)

Figure 6- 6 Pressure differences of field specimens by cryogenic pump VS. Average
void radius

The pressure difference of specimen #1 is almost 3 times higher than that of specimen
#10 and #11 which are durable concrete in field. Even though quality of concrete paste
such as porosity, permeability and density are assumed as same, the flow rates and the

pressure are very different due to air voids systems.

6.3 LOW TEMPERATURE DILATATION TESTS

The flow rates of the field specimens during wet freezing have been studied. The higher
flow rate can cause the bigger expansion by cryogenic pump mechanism. The Low
Temperature Dilatation (LTD) tests have been performed with surface liquid. To find out
cryogenic pump expansion, the test results have been compared with calculations based

on dilatations before freezing.
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Figure 6- 7 Dilatation of non-durable concrete (#1) during a freeze-thaw cycle
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Figure 6- 8 Dilatation of non-durable concrete (#2) during a freeze-thaw cycle
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Cryogenic Pump effect (#6)
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Figure 6- 9 Dilatation of moderate concrete (#6) during a freeze-thaw cycle

Cryogenic Pump effect (#10)
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Figure 6- 10 Dilatation of moderate concrete (#6) during a freeze-thaw cycle

As shown in above, the surface concrete with surface liquid has experienced a huge
expansion by cryogenic pump after pore liquid start freezing. The cryogenic expansion

can be easily calculated by subtracting Calculation strain (&) from test strain (&7 ).
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Figure 6- 11 Expansion due to cryogenic pump effect

Non-durable specimens (#1 and #2) have experienced huge expansions due to
cryogenic pump. Besides, the amounts of the expansion are correlated with the flow rates.
According to cryogenic pump surface scaling mechanism, surface scaling should be
proportional to the expansions by cryogenic pump. The relationship between the

cryogenic pump expansion and surface scaling is shown in Figure 6.12.
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Figure 6- 12 The relationship between mass loss rate and max cryogenic expansion

No matter what liquid is inside pores, ice crystals in pores and voids draw liquid in
capillary or small pores in the vicinity. The flows remain until the adjacent capillary or
small pores are emptied. If air voids systems in concrete are not good enough and degree
of saturation approaches to near a critical point, destructive pressure can be created even
in case of water. Thus, Surface scaling happens not only in presence of salt solution but
also water on surface under extreme conditions. Cryogenic expansion also happens even

when there is water on surface even though the amounts are relatively small.
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Figure 6- 13 Dilatation of non-durable concrete (#1) with only water on surface

during a freeze-thaw cycle
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Figure 6- 14 Dilatation of non-durable concrete (#2) with only water on surface

during a freeze-thaw cycle

119




Cryogenic Pump effect (#6)

300

200 +

100
5
& 01
E
£
© -100
n

-200 +

—»— Test (Saturated Surface)
-300 Ag — = — Calculation (SSD)
T T T T T T T T T T T 1
-30 -20 -10 0 10 20 30
Temp (C)

Figure 6- 15 Dilatation of moderate concrete (#6) with only water on surface during
a freeze-thaw cycle
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Figure 6- 16 Expansion due to cryogenic pump effect with only water on surface
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Even though the test liquid was water, big expansions over 100 micro strains were
generated in non-durable concretes (#1 and #2). In case of specimen #1, an extra
expansion occurred as temperature went up to melting point. The ice crystals in pores
grew as temperature went up but there were not enough spaces to store. Consequently, the
extra expansion might be created. The amount of surface scaling should be proportional
to the expansion due to cryogenic pump not only in presence of salt solution but also

water.
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Figure 6- 17 The relationship between mass loss rate and max cryogenic expansion

As a result, a destructive expansion and consequent pressure can be generated both in
salt solution and in water while salt can extremely magnify the expansion. Thus, de-icer
may not be an essential factor causing surface damage during freeze-thaw cycles but an
exacerbated factor and the surface damage is called as surface scaling instead of salt

scaling in this study.

121



6.4 THE RELATIONSHIP BETWEEN CRYOGENIC PUMP AND SURFACE

SCALING

Pore pressure is generated both in water and in salt solution even though the amount of
pore pressure in salt solution is much higher than in water. Also the pore pressure in
water is affected by cryogenic pump. Thus, mass loss rates should be related with the
amounts of cryogenic pump expansion no matter what types of test liquid are used. The
mass loss rates (Mass loss per cycle) from RILEM CIF-CDF test [3] are compared with

the amounts of cryogenic pump expansion,

Scaling Sensitivity to Cryogenic Pump Effect
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Figure 6- 18 Mass loss rate VS Cryogenic pump expansion

As shown in Figure 6. 18, mass loss rates of the field specimens are linearly related
with cryogenic pump expansion both in de-mineralized water and in 3% sodium chloride

solution. In other words, if the hydraulic pressure of the surface concrete causes the
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surface scaling, de-icing salt can accelerate the surface damage but it is not the essential

variable.

6.5 MICROSCOPIC OBSERVATION ON THE SURFACE AFTER LTD TEST

The LTD prisms have been observed under a microscope. Each prism has been exposed
to 3 freeze-thaw cycles during the test. The prisms with dry surface and water wet surface
have not been damaged at all after 3cycles test. The specimens with saline wet surface

have been damaged by cryogenic expansion during the test.

6.5.1 Cryogenic pump expansion < 100 micro strain
The cryogenic expansion of the specimen #10 was less than 30 micron. The lateral
surface which is not exposed directly to the surface liquid is compared between before

and after test in Figure 6.19.
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Figure 6- 19 a) Lateral surface of #10 LTD prism before Freeze Thaw cycles b) Same
location after 3 Freeze Thaw cycles

The durable concrete, #10, had almost no damage except a few pieces pop out.
Specimen #6 has a moderate resistance of surface scaling. Its cryogenic pump expansion

was between 50 and 100 micro strain. See Figure 6.20.

Figure 6- 20 a) Later surface of #6 LTD prism before Freeze Thaw cycles b) Same
location after 3 Freeze Thaw cycles

The thin paste skin swelled up after 3 Freeze Thaw cycles even though the surface was
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not directly exposed to surface liquid.

6.5.2 Cryogenic pump expansion > 100 micro strain
The cryogenic expansion of the specimen #2 was around 200 micro strains. The top
surface which contact directly to surface liquid and the lateral surface after 3 freeze thaw

cycles are shown in Figure 6.21.

Figure 6- 21 a) Top surface of specimen #2 after 3 freeze thaw cycles of LTD test b)
Lateral surface of same specimen

After 3 freeze-thaw cycles, many spots of the test surface of specimen #2 popped out.
The damages of lateral surface ware progressed through the half of the depth (5mm).
Specimen #1 is non durable concrete in the field. High expansion around 700 micro
strains was created during the 3 freeze thaw cycles. The test surface and lateral surface

after the LTD test are shown in Figure 6.22.
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Figure 6- 22 a) Top surface of specimen #1 after 3 freeze thaw cycles of LTD test b)
Lateral surface of same specimen

Most parts of the test surface were scaled off and the depths of scaling were deep. The

cracks and swellings of lateral surface occurred through whole depth (10mm).

6.6 SUMMARY OF FINDINGS

This study evaluates the frost actions of wet concrete. Flow rates into the voids of the
field concrete specimens were calculated based on S. Jacobsen’s work [25]. In order to
support the cryogenic pump mechanism, the LTD tests were performed and the test
results were compared with surface scaling rates and microscopic observations after the

tests. The findings and indications are as follows.

Flow from wet concrete toward voids

* It is almost impossible to quantify the flows from wet concrete paste toward voids at
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this point due to a lack of information of micro-structure as well as its environmental of
concrete paste. With reduced variables, the flows seem to be correlated well with flow
path length and void radius. Nondurable concrete specimens tend to have high flow rates

with a fixed pressure difference as well as high pressures with a fixed flow rate.

Expansion by cryogenic pump

» Nondurable concrete specimens experienced a very large expansion of over 300
microns during a freezing and thawing cycle while only small expansion less than 100
microns occurred in durable concrete specimens.

» The expansions due to cryogenic pump seem to be proportionally related with the

scaling rates both in water and in 3% sodium chloride solution.

Microscopic observation after LTD test

» Not only were the surfaces exposed to surface liquid damaged but the lateral surfaces
were also damaged. Most pastes of nondurable concrete were scaled off after 3 freeze-
thaw cycles while aggregates seemed not to be damaged.

* The cracks and the scaling were expedited through the entire depth of the nondurable
concrete specimen while cracks may not have been created along the depth of durable

concrete. However, there was some damage on the surface exposed to the surface liquid.
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CHAPTER 7
METHODOLOGY FOR IMPROVING SURFACE
SCALING RESISTANCE OF CONCRETE

7.1 INTRODUCTION

In the previous chapters, causes and mechanisms of frost damages have been studied.
The objective of the study in this chapter is to optimize the concrete properties in terms of
frost durability based on the finding in previous studies. Although it seems to be
impossible to fully understand what happen in concrete during freezing and thawing, one
major factor deteriorating the frost damage can be a flow toward pores and voids. In
addition, entrained air as frost protection method seems to contribute not only to
improving scaling resistance but also to reducing a flow rate. In order to improve one
factor, another problem may arise. For instance, if water/cement ratio is reduced to
improve density of paste, workability would be worsened. In fact, many researchers have
suggested a lower water-cement ratio for scaling resistance. However, it is doubted if the
water/cement ratio can be reduced and controlled in the field. Therefore, the
water/cement ratio is fixed to 0.45 in this study. Also, it has been found out durability in
previous chapters that the air content and properties seem to be proportionally related

with frost. However, it has been reported that too much air content can reduce strength of
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concrete. Thus, laboratory mix concrete specimens have been studied in this chapter to

give more information on optimal concrete properties.

7.2 FROST ACTIONS OF WET CONCRETE PASTE DURING FREEZE-THAW

CYCLE

For better understandings, cryogenic pump expansion process is simplified. For this
explanation, assume that ice volume and void volume are same at a freezing point (T,).
As a temperature drops down to subfreezing point, T, both the void and ice shrink.
However, ice has a much higher thermal expansion coefficient than concrete so that a part
of the void becomes empty as much as the difference of volumetric shrinkage between

ice and air void. See Figure 7.1.

Vvoid atT

VO:'Vice = Vvoid at TO

Vice atT

at Ty : freezing point

Figure 7- 1 Schematic explanation of ice shrinkage in a void

The difference between ice volume and void volume at temperature T can be calculated.
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AVT =(ﬂice_ﬂconc)é\/é'(-r0 _T) (71)
Where,

AV; : The empty volume of void at T("C ) in m?®

V, : The empty volume of void at freezing point, T,('C)
B - Volumetric thermal coefficient of ice = 153ppm
Peonerete - VOlumetric thermal coefficient of concrete = 36ppm

T, :Freezing pointin "C

T :Temperature in 'C

p2

Vice = Vwig at Ty G

Figure 7- 2 Schematic explanation of flow toward a void
After ice is created in a void, liquid may travel toward a void by pore pressure (Figure

7.2). If the liquid transport rate is less than the volume contracting rate;
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G< AV (7.2)
AT

Where,

G : the liquid transport rate toward void in m®/°C

. 3,0
ice_ﬁconcrete)'VO’m m°/ C

% :the volume contraction rate, (5

the cryogenic pump expansion would not arise. In addition, the total volume of flow

transport during freezing and thawing can be calculated as follows:
T
V,=[G.dT (7.3)
TO

Where,

V, : The total volume of flow transport during a F-T cycle

If the total volume of flow transport is less than the total volume of air void, the
expansion would occur. However, too much air content can cause to decrease concrete
strength. The transport rate should be controlled. Unfortunately, it is almost impossible or
too complicated to quantify the flow rate along temperature, time and so on. Instead,
variables affecting the flow rate such as porosity, absorptivity and Interfacial Transition
Zone (ITZ). In this study, Ground Granulated Blast-Furnace Slag (GGBFS) was used for

improving quality of paste.

7.3 IMPROVED PASTE QUALITY BY SUPPLEMENTARY CEMENTING

MATERIAL (GGBFS)

The use of Supplementary Cementing Materials such as Fly Ash (FA) or Ground
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Granulated Blast-Furnace Slag (GGBFS) can result in numerous potential benefits. In
fact, it reduces long-term chloride penetrability, mitigation of alkali-silica reaction, and
temperature in mass and hot weather concreting. Besides, using GGBFS can reduce the
cost of construction materials, promote recycling and waste minimization and improve
concrete durability [44]. However, SCM use was found to increase the bleeding of
concrete. Thus, the addition of SCM was found to increase the thickness and the porosity
of the surface layer [19].

In contrast to this, J. Stark insists that the degree of hydration and, consequently, the
pore size distribution of the concrete do not have a significant effect on salt scaling and
that the frost-deicing salt resistance of concretes made with cement rich in GGBFS might
be dependent on the state of the carbonated surface layer [29].

And also other researchers have found that GGBFS can improve the fluidity of fresh
concrete, reduce its bleeding and delay the setting with replacing Portland cement by
GGBFS[45, 46].

Although there is no agreement of the effect of the SCM on salt scaling, salt scaling and

microstructure of the surface layer might be affected by use of SCM.

7.3.1 Absorptivity of concrete containing GGBFS
In order to find out the effect of GGBFS on absorptivity, four disks of 50mm thickness
were cut from each specimen, OPC, 25S, 35S and 50S and then the mean value of four

results are shown in Figure 7.3.
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Figure 7- 3 Absorptivity test results with various contents of GGBFS

Absorptivity seems to be improved by increasing GGBFS content up to 35% while 50S
specimens had similar absorptivity with 35S specimens. These results tell that GGBFS

may contribute to denser paste as well as consequently lower absorptivity.

7.3.2 Comparison of form surface scaling resistance between ordinary Portland
cement concrete and concrete containing GGBFS

GGBFS has been limited to use because GGBFS has been believed to reduce frost
durability. However, opposite results has been argued. Therefore, surface scaling tests

were performed with OPC and 50S concrete specimens.
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Evaluation of Scaling of Form surface
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Figure 7- 4 Surface Scaling of OPC and 50S

GGBFS concrete may have a thicker weak surface than Type | concrete. Thus,
50%GGBFS specimens had more surface scaling during the early F-T cycles than Type |
specimens. However, once the weak surface of 50% GGBFS specimens were removed
the ratio of surface scaling decreased. In addition, the depth of damage by scaling of OPC
concrete was deeper than 50s concrete while mass loss of 50S specimens were larger
during early F-T cycles. Scaled surfaces have been observed in Table 7.1.

As shown in Table 7.1, concrete containing GGBFS were quickly scaled off in weak
paste surface. However, the deterioration on GGBFS concrete was homogeneous while
that on Type | was concentrated around aggregates in early F-T cycles. Besides, mass loss
of 50% GGBFS concrete reduced after the weak surface was removed.

Surface scaling is evaluated by the amount of mass loss. Thus, concrete containing

GGBFS reached to failure criteria (2000g/m”2) in terms of mass loss. However, the depth
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of scaling of OPC was deeper during early F-T cycles and long term scaling resistance of
OPC concrete seems to be worse than concrete containing GGBFS.
Therefore, the quality of paste of concrete containing GGBFS seems to be

homogeneous resulting uniform depth of scaling which can be optimal.

7.3.3 Comparison of cut surface scaling resistance between ordinary Portland
cement concrete and concrete containing GGBFS
To avoid weak surface effect, a few millimeters of specimen’s skin were removed

before F-T test was started.

Evaluation of Scaling of Cut surface
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Figure 7- 5 Cut Surface Scaling of OPC and 50S

As shown in Figure 7.5, cut surfaces of 50% GGBFS specimens had about 40% less
mass loss than that of Type | specimens. Surface deteriorations of cut surface specimens

were monitored. See Table 7.2.
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Table 7- 1 Scaled surface by F-T attack

k-1 OPC in 3% NacCl solution 50S in 3% NaCl solution
cycles
20
Paste on and _around aggregates was Whole surface was evenly removed.
scaled off while other parts remained
26
The scaling area was getting wider and The depth of scaling was still
deeper. homogenous.
70
A few mm of whole surface were | The depth of scaling was not deep as
removed much as Type | specimens.
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Table 7- 2 Scaled cut surfaces of OPC and 50S specimens by F-T attack

c;;;lt-as Type | in 3% NaCl solution 50% GGBFS in 3% NaCl solution
12
The deteriorations were getting de-e-f)-er._ The depth of scaling became deepéra
Some of them became holes. little.
22
The scaling area was getting wider and The depth of scaling was still
deeper. homogenous.
42

A few mm of whole surface were

removed

The depth of scaling was not deep as
much as Type | specimens.
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7.4 EFFECTS OF AIR VOID DISTRIBUTION AND INTERFACIAL TRANSIT

ZONE (ITZ) ON SURFACE SCALING RESISTANCE

Now it might be clear that air voids system is one of the most important factors of
concrete surface scaling resistance. Not only the air contents improve the surface but the
qualities of air voids such as spacing factors and distributions are strongly related.
Besides, microstructures of paste which affect diffusivity, absorptivity and permeability
have effects on durability of concrete, especially surface scaling resistance. The concrete
paste has locally different properties of microstructure. There is very porous interface
between paste and aggregates called Interfacial Transition Zone (ITZ) and air voids tend
to be congregated around aggregates. These factors affect bond strength between paste
and aggregates. Due to high porosity the ITZ has more moisture uptakes than bulk paste.
As a result, the ITZ experiences higher stress and expansion during freezing thawing
cycles. With these reasons the 1TZ is weak point in terms of frost damages. The ITZ can

be improved by replacement cement with GGBFS.

7.4.1 Test specimens

The materials used and the mixture proportions for test series are summarized in Table
7.3.

The water-to-binder ratio of specimens is 0.45 respectively. The ordinary Portland
cement (ASTM Type 1) is used. Ground Granulated Blast Furnace Slag is used for
supplementary cementitious materials (SCM). Parameters of air void system in hardened

concrete have been determined. RapidAir C 457 has been used based on ASTM C 457

138



linear traverse method. The parameters and distributions are shown in Table 7.4 and

Figure 7.6 and 7.7.

Table 7- 3 Matrix for test specimens

Specimen | w/b OPC GGBFS Target air

ID (% by wt.) (% by wt.) content
OPC-I 0.45 100 0 Medium (4%)
OPC-II 0.45 100 0 High (8%)
HPC-I 0.45 65 35 Low (0%)
HPC-II 0.45 65 35 Medium (3%)
HPC-11I 0.45 65 35 High (6%)

Table 7- 4 Air voids parameters of test specimens

Average
Air Content Specific
Specimen | Air Content Spacing Chord
(<0.5mm) Surface
ID (%) Factor (mm) Length
(%) (mm~”-1)
(mm)
OPC-I 4.48 4.02 47.31 0.093 0.085
OPC-II 7.29 6.37 53.11 0.060 0.075
HPC-I 1.63 0.77 16.34 0.445 0.245
HPC-II 3.52 2.96 54.90 0.093 0.073
HPC-III 5.75 4.98 60.48 0.049 0.066
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Figure 7- 7 Distribution of chord length frequency (>0.5mm)
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As shown in Figures, most entrained air voids are from 20 to 500 microns of diameters
especially under 200 microns. The distributions of OPC 1 and HPC 2 which have
medium air contents are compared in Figure 7.8.

HPC 2 has more fine voids from 10microns to 50microns while OPC 1 has many mid-
size voids from 50microns to 200microns. Over 60% of HPC 2 air voids are in the ranges

between 10 and 50microns. The distributions of OPC 2 and HPC 3 which have high air
contents are compared in Figure 7.9.

HPC 3 also has more fine air voids between 10 and 30 microns than OPC 2. The results
may tell that concrete containing GGBFS creates finer air voids compared with OPC
concrete independent of air contents. OPC 1 and 2 and HPC 2 and 3 are compared with

HPC 1 which is non AEA concrete in Figure 7.10 and Figure 7.11.

141



21 -

N
>
1

Frequency (%)

~
1

I OPC 1
I HPC 2

(0]
Chord size (mm)
Figure 7- 8 Chord length frequency of OPC 1 and HPC 2
I OFC 2
N HPC 3
21 o
14 -
<
B
S
g
o

N
=
s
S
S

0.03-0.04

0.05-0.06

0.08-0.10

0.12-0.14
0.16-0.18
0.20-0.22

Chord size (mm)

0.24-0.26

0.28-0.30

0.35-0.40
0.45.0.50

Figure 7- 9 Chord length frequency of OPC 2 and HPC 3
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Clearly, HPC specimens created sufficient small air voids which may reduce diffusivity

and accordingly a pore pressure.
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7.4.2 Critical spacing factor and flow distance
G. Fagerlund has suggested the critical degree of saturation theory. The relation

between critical flow distance and critical water content is illustrated in Figure

Water—filled ?air-pore” Air-filled air-pore

. \.Q 0..

-Q
0.0

Di1<Dcr D2=Dcr D3=Dcr
Wi1<WcCR W2=WcCRr W3=>WCR

Figure 7- 12 At a given, critical water content in a unit cell, the actual flow distance
equals the critical value [12]

As explained before, the pore pressure increases as flow distance increases. According to
the critical degree of saturation theory some air voids are filled with liquid as liquid
content increases and it causes flow distance to be longer. Besides, the degree of
saturation of surface paste of concrete becomes very high by cryogenic pump during
freezing in presence of salt solution. Thus, destructive pore pressure can be generated in

the area.
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7.4.3 Expelling air by cryogenic pump

Once pore liquid freezes, micro ice crystals in large pores or voids suck the liquid from
capillary and consequently outer liquid reservoir. The volume increase cause to expel
excess liquid and air. The expelled air can be trapped in the surface ice because top
surface of liquid is frozen before air come out. The phenomenon may occur when surface
liquid is de-icing salt solution of low concentration. A schematic explanation is shown in
Figure 7.13 and a microscopic photo of ice layer of 3% sodium chloride solution on
concrete surface in Figure 7.14. Many air bubbles were entrapped in the ice layer.

Ice

Unfrozen liquid
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Micro-ice crystal Liquid flow
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O egaslie

Air burble

© © 6

Figure 7- 13 Schematic explanation of expelling air burbles in salt solution during
freezing
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Figure 7- 14 Microscopic photo of the ice layer on concrete surface at -20C (3%NacCl
Solution, 2F-T cycles)

When surface liquid, however, is pure water, surface liquid is totally frozen and micro-
ice crystal may not filled the voids so that air may not be expelled. Not many air burbles

have been found in ice of water.
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Figure 7- 15 Schematic explanation when surface liquid is water
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1000 micron

Figure 7- 16 Microscopic photo of the ice layer on concrete surface at -20C (water,
2F-T cycles)
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7.4.3 Air voids clustering and ITZ

As a result, not only is air content essential factor but spacing factor is also key factor.
However, air voids system with sufficient numbers of air content and spacing factor can
work properly when the voids are spread out through whole paste. In fact, air-void
clustering and agglomerates were reported in [47]. According to the report, the air-void
clustering can cause low compressive but the cause of the clustering has not been
established. The air void-clustering also has been observed in this study. It is noticeable
that the clustering seems to coincide with ITZ around aggregates. In the early stages of
hydration there is much solution-filled space. The mass content of this water-rich zone is
very low (i.e. very porous zone) even after long duration of hydration [48]. See Figure
7.17. Thus, high local water-cement ratios seem to create very porous zone called 1TZ
around aggregates [48, 49, 50]. In case of air entrained concrete, Air-Entrain-Agent (AEA)
can flow along with water. Then, water-rich zone can contain a higher portion of AEA.
As a very porous zone, the ITZ can be easily damaged by frost attack due to high local
degree of saturation as well as low strength. In fact, the ITZ was damaged in early freeze-

thaw cycles in this study.
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Figure 7- 17 Schematic impression of the interfacial transition zone [48]

7.4.3.1 Microscopic examination air voids clustering on OPC specimens

To find out how serious the ITZ and air-void clustering are, the surfaces of OPC 1 and

OPC 2 concrete have been observed at microscopic level.
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Figure 7- 18 Polished surface of OPC-I specimen

In the Figure 7.18, it is seen that air voids tend to congregate around aggregates. For a

close look, spot A and B are magnified.
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Figure 7- 19 Spot A and B of OPC-I specimen in Figure 7.18

Fine voids gathered around aggregates and some voids were united. This phenomenon
reduced the efficiency of air voids system. Besides, the gathering voids prevent paste
from bonding to aggregates. As the air contents increase, the phenomenon became more

significant. See Figure 7.20 and 7.21.
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Figure 7- 21 Spot A and B of OPC-I1 specimen in Figure 7.20
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The congregated air voids may not protect paste from hydraulic pressure but weaken
bond strength between paste and aggregates. The drawbacks have been observed almost
every interface between paste and aggregates on OPC concrete. See Figure 7.22 and

Figure 7.23.

———
1000 micron

Figure 7- 22 Interface between aggregates and paste (OPC-I)
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Figure 7- 23 Interface between aggregates and paste (OPC-I1)

7.4.3.2 Microscopic examination air voids on HPC specimens
Among many structural advantages, the use of GGBFS can improve the fluidity of
fresh concrete. This benefit seems to reduce water-rich zone and therefore air-void

clustering. See Figure 7.24 and 7.25.
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The air-void clustering has not been observed almost every interface between paste and

aggregates on HPC concrete. See Figure 7.26 and Figure 7.27.

—
1000 micron

Figure 7- 26 Interface between aggregates and paste (HPC-I11)
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Figure 7- 27 Interface between aggregates and paste (HPC-111)

7.4.3.3 ITZ and air voids with in the ITZ of OPC concrete

As concrete is a composite material the cement paste cannot be considered as a
homogeneous phase. In fact, hydrated cement paste surround sand and coarse aggregate
called Interfacial Transition Zone (ITZ). The ITZ has very high porosity so it has higher

degree of saturation than bulk past. The diffusivity is rely on porosity. The effective

158



diffusion coefficient for transport through the pores, D,, is estimated as follows:

_ D¢
T

D

(7.4)

e

Where:
D: diffusion coefficient in gas or liquid filling the pores (m*s™)
&, . porosity available for the transport (dimensionless)

7 : tortuosity (dimensionless)

Porosity is linearly related with diffusivity and pore pressure. As results, ITZ may have

higher water contents and consequently higher pore pressure during freezing.

Figure 7- 28 ITZ and air voids in the zone (OPC-I)

In addition to high porosity, ITZ tends to draw fine air voids rather than coarse voids. It
has been observed that many fine air voids have been entrapped in ITZ reducing the
efficiency of air void system of bulk paste. See Figure 7.29 and 7.30.

A lot of fine air voids in ranges from 10microns to 100microns are entrapped and place

very closely. The air voids are surrounded by very porous paste thus they can be easily
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filled with liquid. Once the voids are filled they cannot be considered as protection
method but as resources creating cryogenic pump.

As fine air voids are entrapped in ITZ, there are relatively coarse air voids in bulk paste
causing longer flow distances. The drawbacks are getting worse with higher air content.

See Figure 7.31 to 7.33.
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Figure 7- 29 Air voids in ITZ of OPC-I
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Figure 7- 30 Air voids in ITZ of OPC-II
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Figure 7- 31 Air voids in bulk paste of OPC-I
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Figure 7- 32 Air voids in bulk paste of OPC-11
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Figure 7- 33 Another examination of air voids in bulk paste of OPC-I1
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7.4.3.4 ITZ and air voids with in the ITZ of concrete containing GGBFS
ITZ has not been observed significantly in HPC concrete. Air voids are well distributed.
Congregations of air voids do not occur as well. The properties of air voids are consistent

between interfaces and bulk concrete. See Figures 7-34.

Figure 7- 34 Interface of HPC-II

Air voids at interface of HPC concrete seems to distribute well in terms of radius as
well as distance between voids. It seems not to be different both in HPC-2 (Figure 7.35)
and HPC-3 (Figure 7.36). As a result, bulk paste also has well distributed air voids system.

See Figure 7.37 through 7.39.
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Figure 7- 35 Air voids in interface of HPC-11
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Figure 7- 36 Air voids in interface of HPC-I111
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Figure 7- 37 Air voids in bulk paste of HPC-111
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Figure 7- 38 Another air voids in bulk paste of HPC-I111
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Figure 7- 39 Air voids in bulk paste of HPC-I111
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7.4.3.5 Damage of ITZ by expansion during F-T cycles

Concrete paste can be protected by air voids from destructive hydraulic pressure until
degree of saturation reach to the critical point. The porosity of ITZ may be extremely
high up to 40% which is 10times of bulk paste. Thus, the degree of saturation of ITZ can
be easily reached to critical point while that of bulk paste sill remain under critical point.
Once temperature drop under freezing point, the water content of ITZ increases by
cryogenic pump. As a results, expansion can be concentrated within ITZ. The strain of

paste can be divided as strain of ITZ and strain of bulk paste.

gtotal = gITZ +gpaste (75)
Al I -Al

g, = 2 a9 T2 (7.6)
Isz 2‘Pagg‘|'||Tz
Al Al

5paste _ I paste ~ = pasteI (7.7)

paste paste ’
A=Al +Al L, (7.8)

Where,
| is total length of concrete

Al ;, is the length change of ITZ

|, isthe length of ITZ

.4, is the mean value of aggregate diameter

Pagg is aggregate content

Al . . is the length change of paste

l, . isthe length of paste
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Assuming that paste is protected perfectly from expansion by air voids, and then the

equations can be;

I -Al
_ . lagg"Alinz
Eotal =€z — (7.9)

2-Pyy 1,

Al=Al,, (7.10)

It is simulated in Figure 7.40.

[ Paste
B Aggregate
£ 1Tz

Figure 7- 40 Schematic explanation of expansion in ITZ during F-T cycles

In fact, the average width of ITZ may be 30 to 40 micro-meters[49][50][51]. The ITZ

strain of LTD test prism is shown in Figure 7.41.
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Figure 7- 41 ITZ strain (ITZ width =30micron, aggregate content = 70% and
average diameter of coarse aggregates = 25mm) for LTD test prism (Length=90mm)

OPC-2 concrete has very high air content and short flow distance. Although the bulk
paste reaches seldom to critical water content, the concrete has experienced cryogenic

expansion during freezing thawing cycle.
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Figure 7- 42 Dilatation of OPC-2 during a F-T cycle

Even though OPC concrete has excellent air voids system, ITZ of the concrete can be
easily damaged by cryogenic pump. The damages of ITZ have been observed on OPC

concrete surface from early freezing thawing cycles. See Figure 7.43 to Figure 7.45.
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Figure 7- 43 OPC-I11 Specimen after 4 F-T cycles in 3% NacCl solution
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Figure 7- 44 OPC-11 (after 4 F-T cycles in 3% NacCl solution)

Figure 7- 45 OPC-I1 (after 10 F-T cycles in 3% NaCl solution)
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7.5 TEST RESULTS WITH LABORATORY CONCRETE SPECIMENS

7.5.1 LTD test

LTD tests were performed with laboratory mix concrete specimens. As found out in
previous studies, cryogenic pump effect seems to be related with the air voids system.
However, the expansion of OPC specimen may not be fully removed by increasing air
content. Expansion within ITZ seems to be independent of air voids system. See Figure

7.46.

—«—OPC | (4.5%)
— 1+ OPC I (7.3%)

1000

500

Strain (micron)

Temp (C)

Figure 7- 46 Expansion of OPC concrete specimens due to cryogenic pump effect
(Ag)

The use of GGBFS seems to be beneficial to reduce ITZ. Thus, the expansion of

concrete can be successfully removed by sufficient air voids. See Figure 7.47.
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Figure 7- 47 Expansion of HPC concrete specimens due to cryogenic pump effect
(Ag)

7.5.2 Microscopic examination into damage of LTD specimens of OPC concrete

After 5 F-T cycles of LTD test, the surfaces of OPC | LTD prism were examined.

Figure 7. 48 shows the locations of surface of LTD prism.

Test Surface

/

2 !

N

N

Lateral Surface

Figure 7- 48 The locations of surfaces of LTD prism
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Figure 7- 50 Spot A and B of OPC-I LTD prism in Figure 7.49
Scaling centralized to edge and interfaces between aggregates and paste on the test

surface of OPC-II specimen.

Figure 7- 51 The lateral surface of OPC | LTD prism after 5 Freeze-Thaw cycles
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Figure 7- 52 Spot A and B of OPC-I LTD prism in Figure 7.51

The cracks on lateral surface prolonged from the top to the middle of lateral surface
along the interface. In addition, most paste close to test surface was removed so that

aggregates were uncovered. The scaling and cracks seem to be concentrated to ITZ.

7.5.2 Microscopic examination into damage of LTD specimens of HPC concrete
After 5 F-T cycles and 10 F-T cycles of LTD test, the surfaces of HPC Il LTD prism

were examined.

Figure 7- 53 The test surface of HPC-11 LTD prism after 5 F-T cycles
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Figure 7- 54 Spot A and B of HPC-I1 LTD prism in Figure 7.53

Only few scaled particles were observed on the test surface of HPC-11 LTD prism after 5

freeze-thaw cycles.

Figure 7- 55 The test surface of HPC-11 LTD prism after 10 F-T cycles
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Figure 7- 56 Spot A and B of HPC-II LTD prism in Figure 7.55
The scaling was observed occasionally through entire paste after 10 freeze-thaw cycles.

Interfaces between paste and aggregates do not seem to be damaged severely.

Figure 7- 57 The lateral surface of HPC-11 LTD prism after 5 F-T cycles
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Figure 7- 58 Spot A and B of HPC-I1 LTD prism in Figure 7.57
Almost no scaled particles were observed on the lateral surface of HPC-I1 LTD prism

after 5 freeze-thaw cycles.

Figure 7- 59 The lateral surface of HPC-11 LTD prism after 10 F-T cycles
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Figure 7- 60 Spot A and B of HPC-I1 LTD prism in Figure 7.59

Only few scaled particles were observed on top parts of the lateral surface of HPC-11 LTD
prism after 10 freeze-thaw cycles. Due to improved ITZ, scaling, damage and cracks of
concrete containing GGBFS seem to be shallow. Long-term durability can be improved

by the improved interfaces. See Figure 7.61.
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Figure 7- 61 After 130 F-T cycles in 3%NaCl solution (concrete containing GGBFS
(left) and Ordinary Portland Cement Concrete (right))

7.5.3 Surface scaling test

RILEM CDF tests were carried out with laboratory concrete specimens. The results of

surface scaling are plotted in Figure 7.62.
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Figure 7- 62 The evaluation of surface scaling of laboratory specimens

The mass loss results of HPC specimens are proportionally related with the air contents.
However, OPC concrete specimen with high air content had more mass loss compared
with any other HPC and 50S specimens except HPC concrete with no entrained air. 50S
specimen had more scaling than HPC 111 specimen in early freeze-thaw cycles but the

scaling rate of 50S specimen decreased after 6 to 8 freeze-thaw cycles.

7.6 SUMMARY OF FINDINGS

Adequate air content seems to improve surface scaling resistance. On the other hand,
too much air can reduce strength of concrete. Therefore, it is needed to minimize air
content of concrete as much as it has scaling resistance. In order to optimize the air
content, well distributed air voids are required. Thus, microscopic observations were
performed on polished surfaces of laboratory mix concretes as well as image analysis of
RapidAir C 457.
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In addition to air voids, properties of paste such as sorptivity and homogeneity are
important factor for surface resistance. Absorption tests were performed and paste
damage by surface scaling was examined.

LTD tests were conducted with OPC concrete and concrete containing 35%GGBFS of
various air contents. The effects of improved properties of air void system and paste on
cryogenic pump expansion were studied. Furthermore, cracks of LTD prisms were

monitored after LTD tests.

Air-\oid system

* HPC concrete specimen seems to have more fine air voids compared to OPC concrete
specimen. This was observed in both moderated air content and high air content.

* Air voids clustering were observed in OPC concrete specimens. The clustering
occurred around aggregates so that the aggregates were separated from paste. The
concentrated air voids can create a localized zone of weakness. Furthermore, fine air
voids were united so that the clustered air voids do not seem to work effectively as a frost
protection method.

 Air voids clustering around aggregates seem to reduce effectivity of air voids of bulk
paste.

* The use of GGBFS successfully minimized the air void clustering.

Paste properties
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 Absorption rates reduced with increasing portion of GGBFS replacement up to 35%.
Concrete containing GGBFS seems to have less sorptivity.

* Highly porous zones, ITZ, were observed interfaces between aggregates and paste of
OPC concrete. ITZ seems to occur with air voids clustering. The coincidence seems to
worsen the resistance of scaling as well as the strength of interface.

* Due to the defects of interface between aggregates and paste, ITZ of OPC concrete were
easily damaged by frost attack and the depth of damage became deeper with more F-T
cycles.

* The defects of interface were significantly reduced by the use of GGBFS

Expansion by cryogenic pump

* Due to ITZ, highly porous zone, OPC concrete does not seem to protect from cryogenic
pump expansion just by increasing air void. In fact, OPC 1 (4.5% air) and OPC Il (7.3%
air) expanded similarly during the LTD test.

» With improved air voids distribution and paste properties, the cryogenic pump
expansion of HPC-II specimen, 35% of replacement by GGBFS with 5.8% air, was

successfully removed.

Microscopic observation after LTD test

* Damage of OPC concrete was concentrated to ITZ on the test surface of LTD specimen.

In addition, the cracks on lateral surface were prolonged through ITZ and reached the

189



middle of height of specimen
* Damage of concrete containing GGBFS was observed only on the test surface and top
of lateral surface which is close to top surface. The damage seemed to spread evenly

through entire test surface.

Surface scaling resistance

» Surface scaling resistance seems to be obviously improved by the use of GGBFS. HPC

Il specimen (3.5% air) had less mass loss up to 70 F-T cycles than OPC Il specimen (7.3%
air).

* As a result, the use of GGBFS can replace some of air content.

* HPC I (no entrained air) concrete specimens were severely scaled off by frost attack.

The use of GGBFS may not be able to replace entire air voids.
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CHAPTER 8
MAJOR FINDINGS AND RECOMMENDATIONS
FOR FUTURE WORK

The major focus of this work was to investigate the surface scaling property from a
comprehensive laboratory testing program of a variety of highway field concretes of
different air-contents and field performance. Additionally, laboratory concretes of
different air-content and GGBFS content were investigated. Another major focus was to
study the mechanism of surface scaling. This part was investigated from unrestrained
specimen dilation versus temperature relation from freeze-thaw tests between 20 C and —
20 C on small specimens. Scaling tests were conducted based on the German CDF
(Capillary Suction, De-icing agent and Freeze-thaw Test) and CIF tests (Capillary
Suction, Internal damage and Freeze-thaw Test). Specimen sizes used for these tests were
70 mm thick and 80 mm by 80 mm is width and length??? Air void analysis was based on
ASTM C 457 Linear Traverse method. Capillary sorptivity was determined from
specimen sorption tests on 37 mm thick discs of 100 mm diameter size. Microscopic
observations were based on digital stereomicroscope measurements using high resolution

CCD camera.
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8.1 Major Findings

In this study the driving force responsible for developing surface scaling can be
explained by means of an exiting theory known as the Cryogenic Suction Pump. This
mechanism is thermodynamic-based. As ice starts forming inside a large pore, capillary
transport will form within triple-phases zone. If the surface liquid is unfrozen, then a
cryogenic pump keeps activating within a surface region. Surface liquid consisting of
Salt-water is an example, because salt-water does not freeze instantly as opposed pure
water because the solutes lowers the freezing point while increasing the solute
concentration in remaining solution, which keeps a 3% salt solution unfrozen above the
eutectic point (-21.2 C).

Surface scaling can develop as a result of excessive internal pore pressure from either
critically saturated pores within the paste without air-entrainment as pressure relief, or
when surface liquid is present, then the cryogenic pump exacerbates the problem as this
creates an additional sink for ice formation.

This study is a first to identify a link between surface scaling due to pure water and salt-
water (i.e. 3 % sodium chloride concentration). For pure water the cryogenic pump is
limited to capillary pore-suction, and is less severe than if additional liquid is available in
the case of deicer salt.

Also, another first to identify is the connection between surface scaling and Interfacial
Transit Zone (ITZ) which is a localized zone around the aggregate consisting of higher
porosity. Due to the larger pore-size and high porosity damage from cryogenic pump

initiates in this region. Scaling is localized and propagates with depth and width. This
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type of scaling is more severe than regular surface scaling which is spread out over more
surface area, but less deep. Substantial improvement is surface scaling resistance was
achieved by eliminating the weak-1TZ by means of pozzolanic reactions between the

Portland cement paste and GGBFS. The pozzolanic reactions further reduced capillary

sorptivity (i.e. rate of capillary suction versus Jtime ) as seen from water sorption results
and thus reduced the rate of transport by cryogenic pump.

Entrained air was found to be the major factor in mitigating the cryogenic suction pump.
The cryogenic suction pump starts as soon as freezing inside the larger pores is initiated.
Specimen expansion as determined by the LTD test does not develop until ice expansion
has filled part of the large pores. Initial freezing in these pores is due to pure water from
the fully saturated capillary pores. This freezing initiates the cryogenic suction pump.
Cryogenic pump expansion is reduced with increasing entrained air content as air
decreases pore-filling and creates capillary discontinuity, which inhibits suction.

However, increased entrained air alone cannot stop the cryogenic suction pump as long
as surface liquid is available during freezing (i.e. temperatures down to -20 C).
Freezing exposure to pure surface water is much less severe as liquid transport is only
possible within the pore system. Increasing entrained air content in a fully saturated
pore-system can prevent internal frost damage, but cannot prevent salt-scaling surface
damage.

Paste sorptivity was found to be a measure of the liquid transport property as affected
by entrained air content, and pozzolanic reactions. Once the expansion was initiated, a
gradient of expansion was related with a cryogenic pump flow rate which was controlled

by paste sorptvity. The cryogenic suction pump accelerates critical saturation levels in the
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paste.

The cryogenic pump mechanism was found to be essential to understanding frost
actions, especially surface-scaling, which is a surface phenomenon of the porous paste.
Surface scaling occurs regardless of whether the surface liquid is pure water or contains
salt-solution. However, surface scaling in terms of rate of mass-loss is about an order of
magnitude greater when the surface liquid contains about 3% salt-solution.

The cryogenic pump was studied using LTD method, which measures continuously the
specimen free deformation versus temperature on smaller specimens where temperature
gradients are small. The results seem to agree with predictions based on the cryogenic

pump mechanisms.

8.2 RECOMMENDATIONS FOR FUTURE RESEARCH

In the course of this research, major variables affecting surface scaling resistance, frost
actions during repeated freeze-thaw cycles, laboratory tests with field specimens and lab
specimens, and microscopic and macroscopic examinations on damaged surface by frost
actions were studied. The results of these examinations raise several questions that merit
further investigation. Recommendations regarding the questions are categorized as
follows:

Cryogenic pump mechanisms of surface scaling

Based on cryogenic pump mechanisms, the effects of air voids and use of GGBFS
during frost actions can be explained. However, it is still very complicated to quantify the
deteriorations due to lack of information of microstructure of concrete. Furthermore, flow
rates toward ice crystals in concrete are varied along temperature and freezing gradients
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as well as liquid characteristics. Therefore, there seems to be no quantification of the flow
rate during freeze-thaw cycles. It should be valuable to quantify frost actions and flow

rates during free-thaw cycles.

Laboratory versus field

There does not seem to be a criterion of laboratory tests for durable concrete in the field.
It is thus important to pay attention to laboratory versus field performance. As studied in
this research, frost deterioration seems to be proportionally related with air contents as
frost protection method and paste qualities such as sorptivity and ITZ. However, side
effects of overuse should be counted. For instance, too much entrained air can reduce the
strength of concrete. Furthermore, RILEM CIF-CDF tests seem to represent very harsh
weather conditions. Every specimen in the range of this study eventually failed in terms
of surface scaling. However, many road pavements do not seem to be deteriorated
severely by surface scaling during their service lives. It is highly recommended that it
should be decided how many CIF-CDF cycles represent the real service life of pavement
concrete under a certain conditions. Once this is identified, concrete mix properties can

be optimized under real weather conditions.

Air voids system as frost protection method

Entrained air is one of most important properties for frost durability. On the other hand,
the entrained air seems to be very difficult to control in the field. In fact, the efficiency of
air voids seems to decrease by size of air burbles and unexpected phenomena such as

clustering around aggregates and infillings of air voids. Thus, the air void contents should
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be optimized by improving distributions of air voids and removing defects such as

clustering.

Supplementary Cementitious Material, GGBFS

ITZ and sorptivity of concrete paste seem to be correlated with surface scaling
resistance. The use of GGBFS successfully recued the ITZ and decreased sorptivity in the
range of this study. The portion of replacing cement by GGBFS was limited up to 50%.
In fact, the portion of GGBFS has been limited due to scaling resistance. However, any
defects of GGBFS have not been found during this research except weak skins. As a
result, it is suggested that the content of GGBFS needs to be increased followed by

monitoring of how surface scaling resistance is affected as well as weak skins.

Other variables

It has been reported that there are many variables affecting surface scaling such as
water to cement ratio, curing method and duration, and high concentrations of deicer
solution. In this study, water to cement ration was fixed at 0.45, curing duration was fixed
to 28 days, and the concentration of solution was kept at 3%. It may be valuable to
perfume test with high concentrations of deicer solutions for a better understating of the
mechanisms. In addition, if there is a request to increase frost durability of concrete after
air voids contents and GGBFS replacement are optimized, w/c ratio and curing process

may be considered.
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