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Abstract

In North America, where winter temperatures frequently dip below freezing, deicing salt is a
common solution for melting snow and ice on roadways. However, this practice can result in the
top layer of concrete flaking off, a phenomenon known as salt frost scaling. This problem not only
leads to costly damage to infrastructure such as roads and bridges but also poses safety hazards for
drivers and pedestrians. Therefore, it is crucial to understand the mechanisms underlying salt frost
scaling and to develop effective strategies to mitigate its impacts. This thesis proposes a three-
pronged approach to investigate this issue, including laboratory studies, mechanistic analyses, and
predictive modeling. The experimental results have shown the low concentration of salt solution
causes the most severe scaling. The previously established cryogenic suction mechanism
combined with the micro-ice-lens pumping provides a sound explanation for the phenomenon.
Pore drying and ice expansion due to freezing likely creates additional space for moisture uptake
during freeze-thaw (F-T) cycles by enlarging the capillary pores and opening the channel to
connect previously unconnected pores. This study also has revealed that hydrophobic
impregnations fail to prevent the pumping effect associated with the F-T cycles and a marked
negative effect of hydrophobic impregnation on the F-T resistance has been observed. These
results shed light on the link between salt frost scaling and internal cracking, both of which depend
on the degree of saturation, with the former associated with local moisture conditions and the latter
with global moisture conditions. Large moisture uptake and poor air void system increase the
likelihood of reaching the critical degree of saturation which leads to severe damage. These
findings pave the way for modeling scaling. The polynomial regression model is proposed to
quantify the scaling based on sorptivity, which is a measure of capillary suction and freezing water
susceptibility, and the ability of the air void system to provide pressure relief. The results show
that more permeable concrete should be equipped with a better-quality air void system. Finally, a
machine learning model implemented by XGBoost algorithms was proposed to distinguish

between scaling-resistant and non-scaling-resistant concrete based on previously identified

xii



important parameters. The results demonstrate the importance of sorptivity and spacing factor in
scaling. This model, combined with the Shapley value, provides valuable insights into the scaling
resistance of concrete and can be used as a reliable and efficient assessment tool for concrete

quality.
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Chapter 1. Introduction

1.1 Background

The phenomenon of frost damage may be familiar to many who have accidentally left a full bottle
of drink in the freezer. When water freezes, it undergoes volumetric expansion of about 9%, which
can potentially destroy the container. The mechanisms behind frost damage may differ depending
on the material, but any material containing moisture, whether it is in the cracks of rocks or the
pores of the concrete, is susceptible to this type of damage, known as internal cracking or internal
frost attack. Internal cracking is a common form of distress in concrete and can result in a

significant decrease in the concrete’s modulus of elasticity and eventual disintegration.

In addition to internal cracking, salt frost scaling is another common form of concrete deterioration
in Northern America caused by F-T in combination with the deicing salt solution. Salt frost scaling
is a progressive type of deterioration that gradually erodes the very thin layers of paste or mortar.
The initial layer is destroyed with the increase in F-T cycles and subsequent layers are repeatedly
attacked, potentially leading to the destruction of the concrete structure in some extreme cases.
Spalling, for example, is one common distress associated with the salt frost attack as illustrated in
Figure 1.1 which shows the joint spalling in joint plain concrete pavement (JPCP) on M-14 in Ann
Arbor, Michigan. The joint core in Figure 1.2 demonstrates the erosion of the cementitious binder
at the bottom. This in tandem with truck loading and trapped liquid in the joint can cause shear

failure and joint spalling, which can worsen over time and eventually require full-depth repair.

Salt frost scaling is a complex issue that is not yet fully understood. However, certain common
features are typically observed in association with salt frost scaling. For instance, it occurs only
when surface liquid is present and when the concrete reaches a particular level of saturation.
Moreover, exposure to a salt solution exacerbates the issue, making it much more severe than

exposure to pure water.
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Figure 1.2 Joint core showing erosion of the cementitious binder (courtesy of Prof. Will Hansen)

Salt frost damage is caused by the uptake of liquid, and most materials-related distress (MRD)
mechanisms in concrete require liquid for the distress to progress. The reduction of permeability
can diminish moisture ingress and mitigate the effects of a given MRD, including salt frost scaling
(Hansen et al. 2010). Hydrophobic admixtures have proven effective in non-freeze applications
for controlling moisture uptake and penetration of chloride ions, thus reducing the risk of
reinforcement corrosion. Although they seem to be a simple solution for preventing salt frost
scaling, previous studies have been limited and have shown conflicting results. Therefore, further

research is needed in this area.

To evaluate the salt scaling resistance of concrete and predict its performance in field exposure

conditions, different countries and regions have established their own standard procedures. The



most common standard procedures include ASTM C 672 (2012), MTO LS 412 (2006), NQ 2621-
900 (2002), SS 13 72 44 (Swedish Institute for Standards, 2019), and CDF test (Setzer et al. 1996).
These standard procedures usually involve subjecting a specimen to a large number of F-T cycles
and measuring its mass loss, which can be laborious and time-consuming. There is a growing
interest in using durability related factors, such as water transport properties or air void system
quality, to rapidly evaluate salt scaling resistance and improve concrete design and durability.
Consequently, the prediction of scaling using different modeling methods has become a major

research focus.

1.2 Objectives and scope of research
The primary objective of this study is to enhance the comprehension of F-T related damage in

pavement applications and provide guidelines for a rapid assessment of salt frost scaling resistance.

Hydrophobic impregnation has been demonstrated to be an effective method to reduce water
uptake and reduce corrosion risk at room temperature. However, there is limited research on the
impact of hydrophobic treatment on salt frost durability, and the available data provide conflicting
results. Consequently, this study aims to assess the effectiveness of two types of hydrophobic
impregnation, applied either internally as part of the mix components or externally as a surface
treatment, on the F-T and deicer scaling resistance using the RILEM TC 176-1DC Capillary suction,
Internal damage, and Freeze-thaw (CIF) Test. The laboratory concretes used for pavement
applications are characterized by a wide range of air content and supplementary cementitious
material (SCM) types. The study aims to examine the link between surface scaling and internal

cracking based on the analysis of the results.

The air void system is an important factor in the salt frost scaling resistance of concrete. Concrete
exposed to a freezing environment requires a sufficient number of air voids to protect its structural
integrity by providing internal shelter spots to accommodate excessive pressure build-up.
Therefore, the quality of the air void system has been an important indicator for salt frost scaling
resistance and many efforts are made to investigate and improve the characterization of the air
void system using different parameters. This thesis conducts a comprehensive study of these
parameters and the correlation between scaling and air void parameters is discussed. However, in
most cases, it is challenging to characterize scaling using one single parameter due to the complex

nature of the problem. A polynomial regression model is being proposed to predict scaling based



on the balance between the quality of the air void system and the isothermal water uptake property

from a sorption test.

Since 2009, machine learning has been utilized for the study of cement hydration, concrete
degradation mechanisms, and the discovery of concrete materials. In this study, an XGBoost
algorithm is employed to implement a binary classification model aimed at determining if a
concrete sample is scaling resistant or not. Shapley value, based on cooperative game theory, is
employed to interpret the feature importance and feature effects on the scaling resistance. Machine
learning provides a quicker and more efficient way to predict concrete behavior, reducing the need

for extensive experiments while still providing accurate results.

1.3 Organization of the thesis

This doctoral thesis consists of a comprehensive investigation into salt frost scaling in concrete.

In Chapter 2, an in-depth review of the common features and mechanisms of salt frost scaling is
conducted, and the key factors that affect its occurrence are summarized. This chapter also covers

the theory of water transport properties, which is fundamental to understanding salt frost scaling.

Chapter 3 introduces the experimental program used in the thesis, including the raw materials and

mix characteristics, as well as the detailed test procedures.

Chapter 4 delves into the laboratory F-T results of high-performance concrete, discussing moisture
uptake behavior in various conditions, the pessimum effect, and an extended cryogenic suction
model explaining salt frost scaling. The effect of lightweight aggregate on concrete durability is

also explored.

Chapter 5 explores the influence of hydrophobic impregnation on the behavior of concrete in F-T
cycles. The surface impregnation by the use of silane treatment, and the internal impregnation
using a kind of permeability-reducing admixture at mixing are discussed separately. The way that
they affect the F-T behavior is analyzed combined with their working mechanism. Based on the

analysis, the link between salt frost scaling and internal cracking is discussed.

In Chapter 6, the relationship between scaling and key parameters is thoroughly investigated. This
involves the exploration of the water transport properties as well as a comprehensive study of the

characterization of the air void system. The chapter also attempts to quantify scaling using a



polynomial regression model including both the water transport property as a pressure cause and

the air void system as a pressure relief.

Building upon the previous chapters, Chapter 7 proposes a binary classification model based on
the XGBoost algorithm to classify concrete as scaling resistant or not using 18 predictor variables,
such as water-cement ratio (w/c), curing age, sorptivity, and spacing factor. To interpret the feature
importance and their effects on scaling resistance, the Shapley value based on cooperative game

theory is employed.

Finally, in Chapter 8, conclusions of the thesis study are provided, along with recommendations

for future research directions.

The thesis roadmap is displayed in Figure 1.3.
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Chapter 2. Review of Freeze-Thaw Scaling in Concrete

2.1 General

It has been well documented that the deterioration caused by F-T exposure mainly lies in two
aspects: surface scaling and internal cracking. Powers first described these damages in 1945
(Powers 1945) defining surface scaling as the progressive loss of material from the surface layer
of the paste or mortar, and internal cracking as large losses in strength and resilience, with little
change in weight or appearance. This definition has been constantly recognized and used by
laboratory and field results in recent decades. Surface scaling is a complex problem due to its
strong dependence on the microstructure of the concrete surface layer (Pigeon et al. 1996). The
irregular arrangement of hydrated cement paste, various hydration products, and pore spaces make
it challenging to model the microstructure of concrete (Marchand et al. 1996). Furthermore, the
presence of salt solutions and freeze-thaw action further complicates this issue, requiring a
comprehensive understanding of the deicer salt scaling mechanism and careful consideration of
important parameters to accurately characterize concrete frost durability. In the context of this
study, the terms "salt frost scaling", and "surface scaling" are used interchangeably when the

scaling is attributed to the repeated freeze-thaw cycles in combination with salt solutions.

In this chapter, the fundamentals of water transport properties are discussed, which is crucial in
understanding the mechanism behind salt frost scaling. Additionally, a review of its common
features is provided. The proposed mechanisms by various researchers are presented and key

properties that impact salt frost scaling are identified.

2.2 Basic properties of water and ice
Water plays a significant role in the F-T damage of concrete. This section aims to provide an
overview of the fundamental properties of water and ice, which serve as a theoretical foundation

for accurately analyzing transport phenomena.



2.2.1 Water
In order to better understand the water flow in concrete, the properties of water such as density,

heat capacity, as well as surface energy need clarification.
The density of the water varies with temperature and can be calculated as

p = —3479.56 + 46.301T — 0.1591T2 + 1.8171 - 1074T3, Eq. 2.1
where p is the density of the water (kg/m3) and T is the temperature (243.15°K<T < 293.15K)
(Lindmark 1998).

The density of the deicer salt solution depends on the concentration. For the most common NaCl

solution, the density at 293°K is

p(c) = 7.2416¢ + 997.98, Eq. 2.2
where c is the concentration of NaCl in % by the weight of the concentration and ¢ should be less

than 26% with an error of less than 1%.

The surface tension of water or deicing salt solution varies with the temperature and content of the

solutes in the liquid. When the temperature is 293°K, the surface tension is

72.72 + 0.325¢
1000 '

where g,_,(c) is in J/m? and c is the concentration of NaCl in % by the weight of the

01—y (€)203°k = Eq.23

concentration. ¢ should be less than 20% with an error of less than 1%.
The surface tension of a surface liquid water vapor is also a function of temperature as

01_(T) = —0.1484 - 1073T + 0.11623, Eq. 2.4
where T should be between 265 and 297°K.

2.2.2 Ice

The density of ice as a function of temperature can be estimated as

~ p(273.15)
P = A —27318)

where p(T) is the density at temperature T, p(273.15) is the density at T = 273.15°K, 1 atm

Eq.2.5

(916.4 kg/m3) and a is a coefficient of linear expansion.



The density of the ice is known to be less than that of water. At 0°C, the density of ice is 916.4
kg/m3 while that is 999.8 kg/m3 for ice at the same temperature. This phase transition brings an

expansion of about 9.1%.

The surface energy of ice at different temperatures can be estimated by

02T —21.63

_ Eq. 2.6
Oi-s 1000 q

2.3 Flow in concrete

2.3.1  Moisture flow at room temperature
There are three primary mechanisms responsible for moisture transport in concrete: diffusion,

permeability, and capillary suction.

Diffusion is the transfer of mass from areas of high concentration to areas of lower concentration.
Fick’s first law of diffusion states that the rate of diffusion is directly proportional to the

concentration gradient and the diffusion coefficient, which is given by the following formula

0
F=-Dot Eq.2.7
0x
where F is the mass flux (g/m?s), D is the diffusion coefficient (m?/s), c is the concentration of

the solution (g/m?) and x is the flow distance (m).

Diffusion is a complex mass transfer process that is not restricted to one-way movement. In the
context of deicing salt solutions, diffusion occurs as a result of salt ions moving from areas of
higher concentration to areas of lower concentration, and water molecules from areas of lower
concentration to higher concentration until equilibrium is reached. It is important to note that
osmosis, which is a special type of diffusion, involves only a one-way movement of the solvent
across a semi-permeable membrane towards a high-concentration solution. The driving force
behind osmosis is the vapor pressure difference between the solutes or solvents in the two solutions,

as illustrated in Figure 2.1.
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Figure 2.1 Schematic representation of diffusion and osmosis process (Liu 2014)
Permeation refers to the penetration of a liquid or gas into a solid under the influence of a pressure
head. This process is typically associated with a material property known as the coefficient of
permeability. In the case of an incompressible liquid flowing through concrete, the flow can be
described using Darcy’s Law for laminar flow through a porous medium

dgl K'pgAh
dt A n L’

Eq. 2.8

dq . . . o
where d—z is the flow rate (m3/s), A is the penetrated area, K’ is the permeability of the concrete

(m?) and is an intrinsic material property independent of liquid. Ah is the pressure head drop along
the flow length L (m). p is the density of the liquid (kg /m?), g is the acceleration due to gravity
(m/s?), n is the dynamic viscosity of the liquid (Pa - s).

For water, the expression can be simplified as

dql Ah
dtA ~ L’
where K is the coefficient of water permeability (m/s) and is equal to 9.75 - 106K’ at 20°C

Eq. 2.9



Permeation is a transport mechanism associated with saturated flow, whereas capillary suction is
related to unsaturated flow, which is more prevalent in civil engineering materials and can more

accurately describe the transport behavior of moisture in concrete.
The physics of the unsaturated flow is expressed using the extended Darcy equation (Hall 1989)

q = K(6)F.(9), Eq. 2.10
where q is the vector flow velocity, 0 is the water content, K is the hydraulic conductivity and F

is the capillary force which can be determined as the gradient of the capillary potential ¥

F. = -V¥(0). Eq.2.11

For one-dimensional cases with isotropic conductivity,

d¥
— _ Eq. 2.12
q=—-K(@) dx q

Eq. 2.12 is usually written as

do
_ Eqg. 2.13
q=-D(0) i q

where D(60) is the hydraulic diffusivity and equals to K(8) %. The unsaturated flow equation is

mathematically transformed into a diffusion equation, while it is important to note that capillarity,

rather than molecular diffusion, is the underlying process.

2.3.2  Moisture flow under freezing

The process of moisture flow under freezing can be explained through the thermodynamic
properties of water which are influenced by temperature, pressure, surface tension, and the
presence of salt solutions. The equilibrium phase of the water is determined by the minimum of

the partial Gibbs function (chemical potential) which can be written as (Borgnakke et al. 2012)

g=go—JsdT + [vdP + [ 0dA + RTln y, Eq. 2.14
where g, is the reference Gibbs function, g is the Gibbs function due to the effect of surface
tension and salt with change in pressure and temperature. — [ sdT + | vdP is the Gibbs function
due to changes in pressure and temperature, | odA is the effect of surface tension, and the integral
is used from a cylindrical geometry. Additionally, the effect of salt is given by RTn y, where y

represents the mole fraction of solvent. For ice, y = 1 while for salt-water, y < 1.

10



The final expression for the Gibbs function of ice in a pore of radius 7 is

1 2V T
g =gsatT+vsatT(P_PsatT) [1_E.BT(P_PsatT)] +Gs—l ;,at ) Eq' 2.15

where o,_; is the surface energy change when a liquid spreads over the matrix surface, [ is the

isothermal compressibility = — (%) (Z—Z) =250 X 107°kPa~!, v is the variation of the
T

specific volume, P, r is the saturated pressure, 7 is the pore radius. Surface tension develops as
a very thin layer of liquid covers the solid phase. The surface energy of the matrix-air interface

can be estimated based on that of the liquid-air interface (Lindmark 1998).

The Gibbs function for pure water is expressed as:

3 4
Jiigr.p, = RTr <c1 + c,T + c3TInT + Z a;a™ + Z biﬁmi>, Eq. 2.16

=1 =1
where R = 461.51805 ] - kg~!- K=, Tz = 10K, dimensionless coefficients a;, b;, ¢;, n;, and m;
are tabulated. Dimensionless temperature coefficients are determined by

T Tx Tx

e s BT

where T, =593 K, T}, = 232 K, which is in the valid range of application.

For a salt solution in a pore of radius r, the Gibbs function can be calculated as

2v
9 = Guigrp + O—v Tlo +RTIny. Eq.2.17

Figure 2.2 (a) depicts the Gibbs free energy of water and ice as a function of pore size at a
temperature of —20°C. The results demonstrate that the Gibbs free energy of ice is considerably
lower than that of water in larger pores. Notably, water in pores that are less than 10 nm does not
freeze due to the high surface tension. This implies that, in a frozen state, moisture will flow from
finer capillaries or gel pores to coarser pores that contain ice because of the chemical potential
difference. The low vapor pressure around ice exerts an attraction on water from finer pores,
promoting the growth of ice from the gel pores or finer capillaries. This phenomenon occurs
because freezing cannot occur in situ, as has been observed in previous studies (Pickett 1953,

Powers et al. 1953, Renning 2001).

11



The decrease in temperature leads to a decrease in the Gibbs free energy of water and ice (Figure

2.2 (b)). The rate of decrease is much faster for ice than for water, which increases the driving
potential for spontaneous liquid transport.
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Figure 2.2 Gibbs free energy of water and ice as a function of (a) pore size at -20 °C and (b)
temperature (Liu 2014) (Note: 3%S and 12%S means 3% and 12% salt solution, respectively)
24 Salt frost scaling features in concrete
Although the cause of salt frost scaling is still subject to debate, certain features have been
consistently observed in laboratory and field results which are summarized in this section.

12



2.4.1 Importance of exterior solutions

One of the prerequisites for the development of salt frost scaling is the presence of outer solutions.
Researchers have shown that, when concrete is frozen and no liquid is present on the surface, no
scaling occurs (Verbeck et al. 1957, Studer, 1993). Moreover, Fagerlund and Lindmark reported
that salt concentration outside the concrete is more important in terms of causing scaling than inner
concentration which has a marginal effect as shown in Figure 2.3 (Fagerlund, 1993; Lindmark,
1993).

ot conc. (9)

Figure 2.3 The salt scaling after 56 freeze-thaw cycles of the same concrete but with different
outer and inner salt concentrations (Lindmark, 1993)
2.4.2  Paste swelling
Upon close examination of the exposed surface of concrete, a notable characteristic has been
discovered that the paste region surrounding the coarse aggregate particles in concrete mixes with
high w/c or insufficient air entrainment swells as shown in Figure 2.4 (Liu 2020). The scaled

materials collected from such concrete mostly consist of flat flakes, with a close-up view of a flake,

13



revealing embedded sand particles in the cement paste. This indicates that stresses causing scaling

originate from the surface in the paste phase.

Figure 2.4 Swelling of paste around coarse aggregate particles under salt exposure

2.4.3  Pessimum effect

The pessimum effect of salt in concrete refers to a phenomenon where a low level of salt
concentration in concrete can actually worsen its durability and increase the risk of damage from
F-T cycles, typically occurring at around 3% salt solution (see Figure 2.5 and Figure 2.6). The
presence of salt in concrete can cause an increase in the material’s moisture content, which can in
turn increase the likelihood of damage from freezing and thawing. However, if the salt
concentration continues to increase, it can inhibit the formation of ice crystals during freezing,
which can lead to decreased damage from ice expansion. This phenomenon has been observed in
several studies (Verbeck et al. 1957, Fagerlund 1973, Sellevold et al 1991, Lindmark 1998,
Renning 2001).
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Figure 2.6 Salt frost scaling with different salt concentrations (Sellevold et al. 1991)

2.4.4  Protection from air entrainment
Air entrainment in concrete is a process of deliberately introducing tiny air bubbles into the mix
during the mixing stage to improve the concrete’s resistance to F-T cycles. Researchers discovered

the benefits of air entrainment accidentally in the late 1930s when they observed that concrete

15



blended with Portland and natural cement containing "crushed oil" exhibited greater resistance to
surface scaling (Jackson 1944). The air bubbles provide space for the expansion of water when it
freezes, preventing the buildup of pressure that can cause cracking or scaling in the concrete. A

comprehensive discussion of the air void system is presented in Chapter 6.

2.5 Salt frost attack mechanism

The mechanisms behind salt frost scaling are complex and multifaceted, involving a range of
physical, chemical, and mechanical processes. In this section, some of the key mechanisms that
have been proposed to explain salt frost scaling are reviewed. Understanding these mechanisms is
crucial for developing effective mitigation strategies to minimize salt frost scaling and improve

the durability of concrete structures in cold regions.

2.5.1  Hydraulic pressure and osmotic pressure

In the introduction, the closed container was mentioned as the most straightforward mechanism of
frost deterioration. It suggests that if more than 91.7% of the container is initially filled with water,

pressure will develop as the specific volume of ice is larger than that of water. However, in 1945,

Powers challenged this theory by noting that even if concrete contains enough air which can

accommodate the volume increase during freezing and seems less critically saturated, it would still

fail (Powers 1945). He proposed an alternative theory known as the ‘hydraulic pressure hypothesis’
which suggests that the failure is not caused by ice expansion pressure, but rather by the hydraulic

pressure resulting from the expelled water from the pore during ice formation. The hydraulic

pressure in concrete is influenced by a range of factors, such as the freezing rate, cooling rate,

coefficient of permeability of the gel, and the length of water passages. Fagerlund (1979) proposed
a model to describe hydraulic pressure, which is illustrated in Figure 2.7. The maximum
hydrostatic pressure is associated with the cooling rate, freezing rate, and the distance between air

voids, and can be expressed mathematically by the following equation:

Pmax =P._d = —— =7 = d%, Eq.2.18
*=z
d . L .
where dlef represents the freezing rate, which is the volume increase of frozen water for every 1 °C

decrease in temperature (m*/(m*-°QC)), Z—Z is the cooling rate (°C/s), k is the coefficient of

16



permeability of the frozen material, d is the distance between two air voids and x represents the

distance between the freezing point and the air void on one side.
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Figure 2.7 Powers hydraulic pressure model (Yu et al. 2017)
The hydraulic pressure hypothesis fails to account for the impact of salt solution. In response to
this limitation, Powers and Helmuth conducted further research and observed that non-air-
entrained concrete paste expands during the cooling process and at constant sub-zero temperatures,
while air-entrained paste contracts (Powers et al. 1953). To explain this phenomenon, they

proposed osmotic micro ice body growth as a mechanism for concrete deterioration.

In order to comprehend the theory, it is crucial to note that the freezing point of pore liquid is

influenced by the size of the pore, and this correlation can be described as follows:

_ AL
Zm (Tm - T)’

where r is the radius of the pores, y; is the crystal liquid interface energy, .., is the melting

r Eq. 2.19

entropy, T, is the melting point and T is the temperature. In concrete that has pores and air voids
of different sizes, the melting/freezing points are different. This leads to the coexistence of ice,

water, and vapor.

The hypothesis suggests that in the presence of a salt solution within concrete pores, the freezing
process commences in the larger pores. As cooling progresses, the concentration of the salt
solution within these large pores increases, leading to the migration of unfrozen water from smaller
pores toward the site of ice formation. This migration is attributed to the potential difference

created by the differences in free energy. Osmotic pressures generated by the presence of salts

17



result in the transportation of additional moisture toward the pores where both ice and salt solution

coexist, thereby promoting the growth and expansion of ice lenses.

2.5.2  Critical degree of saturation

It has been demonstrated that only when the water content extends a certain value, deterioration
can possibly develop. The degree of saturation at which the deterioration occurs is called the
critical degree of saturation, S,,-. In practice, not all water in concrete freezes at 0°C and a higher
degree of saturation above 91.7% is permissible, known as the effective degree of saturation S,z .
The effective degree of saturation is defined as

Vi
eff — Vf + a,

S Eq. 2.20

where V; is the volume of freezable water and a is the volume of air (Fagerlund 1973). However,

it is usually hard to determine the freezable water amount so a simpler calculation is used as

W _ W
Vpore Vw +a

S = Eq.2.21

where 1}, is the volume of water in ‘water-saturated’ specimen (Lindmark 1998). In 1977,
Fagerlund conducted a study on the critical degree of saturation and the rate of moisture uptake
(under isothermal conditions) to estimate the potential service life of a material (Fagerlund 1977).
However, he acknowledged that the true service life can be influenced by the changes in the
microstructure of the material in the exposed environment. The mechanism of water uptake beyond
capillary suction remains unknown. Moreover, the critical degree of saturation is a macro

description that cannot explain the micro mechanism.

2.5.3  Micro-ice-lens model

Setzer established the theory of micro-ice-lens based on the non-equilibrium thermodynamics and
three-phase (unfrozen water, ice, and vapor) equilibrium in porous solids (Setzer 2001). The
deterioration process is divided into two stages. During cooling, a frost shrinkage is generated
because the unfrozen gel water is sucked into the ice front due to a negative pressure which is
needed to reach the thermodynamic equilibrium. During heating, the water is prevented from
flowing back by the micro-ice lenses. If external water is available, it will be sucked in. When it
reaches critical saturation, the expansion of ice bodies exerts on the matrix (Setzer 2004). The F-

T cycle is analogous to a low-temperature pump, which is powered by the change of temperature
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A: Macroscopic plot

and migration of supercooled water. The saturation of concrete increases with an increase in the

number of F-T cycles, and when the critical saturation is reached, the concrete fails.

B: Microscopic plot
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Figure 2.8 Micro-ice-lens model (Setzer 2001)

2.5.4  Glue Spalling

In the 2010s, Valenza et al. introduced the concept of “glue spall” to explain the mechanism of
salt scaling (Valenza et al. 2007). The term “glue-spalling” was originally used in the manufacture
of ornamental glass. The procedure is illustrated in Figure 2.9. In the first step, a type of epoxy is
spread onto the glass surface, similar to an ice layer on a concrete surface. After the epoxy is cured,
the composite is cooled. During cooling, high tensile stresses are generated in the glass surface

due to the mismatch in the coefficient of thermal expansion between the glass and glue at the
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boundary of the islands, as the epoxy shrinks relative to the substrate (Figure 2.10—a;). Cracks

develop under the tensile stress and ultimately cause the removal of a thin piece of glass.

a) Sandblasted Glass Surface
Y Y VY Y VYvy VvV
Glass ‘{
b) T=T
E
0 - Epoxy

7///////////////////////////////////I//I//I//Illl(////A
Glass

Scalloped Surface

Figure 2.9 Illustration of Glue-spall mechanism by the fabrication of ornamental glass (Valenza

et al. 2007)
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Figure 2.10 Geometrical dimensions (A) and stress profile (B) (Valenza et al. 2007)

Similarly, according to Valenza et al., cracking in the concrete surface formed in the ice layer can

also lead to scaling. Glue-spalling occurs when two conditions are met: (a) a crack forms in the ice
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layer, and (b) the tensile strength of the ice layer is high enough to induce stress on the concrete
surface, promoting crack development in the concrete surface. The authors conclude that the
tensile strength of concrete is the main factor affecting F-T scaling resistance in this case. The
main deficiency of this model is that it is based on the assumption that the existence of strong
bonding between the ice layer and the concrete surface. Otherwise, cracks cannot penetrate the
substrate. Additionally, scaling typically consists of small flakes of paste and sand grains, whereas
this theory suggests that scaling should be granular and much larger than the flakes due to the

specific distance at which cracks occur in ice or brine layers.

2.5.5  Nanofluidic salt trapping

A recent study by Zhou et al. proposed a mechanism for freezing-thawing damage in concrete
known as "nanofluidic salt trapping," which involves mathematical models of dissolved ions that
are confined between the growing ice and charged pore surfaces (Zhou et al. 2020). In an open
pore, water and ions can move freely without causing any pressure (Figure 2.11 (a)). When
freezing begins, ions become excluded from the advancing ice, leading to an increase in salt
concentration in the surrounding confined liquid electrolyte. The bottleneck between ice crystals
and long, tortuous pore pathways results in the trapping of many ions, causing a dramatic increase
in salt concentration inside the trapped freezing zone (Figure 2.11 (b)). The formation of ice in
closed pores creates a large disjoining pressure that expels ions from the nucleus until surface ions
are condensed or solid salt precipitates. This pressure is transmitted to the solid matrix, leading to
surface cracking and spalling. However, this model is unable to explain the relationship between
the concentration of the salt solution and the degree of freeze-thaw damage, as well as the benefits

of the air-entraining agent.

Figure 2.11 Schematic pictures of nanofluidic salt trapping. (a) open pore (b) bottleneck pore (c)

confined freezing
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2.6  Properties affecting the salt frost scaling resistance

To evaluate the salt scaling resistance of concrete, it is crucial to understand the principal
contributing factors. Environmental conditions, such as the concentration of deicing salt solution,
lowest temperature, and cooling rate, can significantly impact salt scaling. However, although the
outer environmental factors are important for a better understanding of the mechanism of salt
scaling, they are not in the scope of this section as they are usually unrealistic to be controlled in
the field. Consequently, this section will primarily focus on concrete properties. The properties of
concrete that affect salt scaling resistance can be categorized into three groups: material properties,

mixture characteristics, and hardened properties.

2.6.1  Material properties

e Portland cement

The cement bears the brunt when exposed to the freeze-thaw cycles. The type of Portland cement
obviously is a key factor in producing durable concrete. The use of finer cement has been shown
to increase scaling resistance by reducing the average size of capillary pores (Marchand et al. 1994).
It has also been hypothesized that the faster hydration rates of finer cement reduce the chance of
damage due to plastic shrinkage, although this has not been systematically verified. The cement
composition also plays a major role in the scaling resistance. Fagerlund suggested that the use of
low alkali/low C3A cement increases scaling resistance, as high alkali/high C3A cement can
interfere with air entrainment, leading to a coarser air void structure as shown in Figure 2.12
(Fagerlund 1995). Lower cement content has also been linked to better scaling resistance as long
as the w/c is low enough and the workability is sufficient (Marchand et al. 1994). This is because

a higher paste content typically results in higher concrete porosity.
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Figure 2.12 Relationship between spacing factor and alkali content in the mixing water

e Supplementary Cementitious material

Silica fume (SF) is a by-product of silicon material or ferrosilicon alloys. It is known to increase
the early strength by providing nucleation sites for hydration products and leads to grain
refinement which in turn reduces porosity (Scrivener et al. 2004). Additionally, it increases the
fracture toughness of the interfacial transition zone (ITZ) (Detwiler et al. 1989). Despite the
benefits of silica fume, its impact on salt frost scaling resistance is still controversial. Some studies
have shown that silica fume can strengthen resistance by reducing the permeability of concrete,
refining capillary pores, and improving concrete with a higher w/c (>0.40) and non-air-entrained
concrete (Aitcin et al. 1986). However, when the w/c is less than 0.35, the benefits of silica fume
are marginal (Sorensen 1983, Sellevold et al. 1991). On the other hand, some studies have
suggested that the use of silica fume can undermine the scaling resistance of concrete. For example,
Figure 2.13 shows that the development of scaling in concrete with SF accelerates after a few F-T
cycles, possibly due to rapid water uptake in the air void structure (Fagerlund 1995). The critical
degree of saturation is achieved after a shorter period. However, it should be noted that the content
of SF in Figure 2.13 is unacceptably high. The replacement level of SF should not exceed 10%
(usually less than 5%) due to its high silica content (Neville 1995).
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Figure 2.13 Salt scaling development of concrete with and without silica fume (S = silica fume;
C = Portland cement; W = water)
Fly ash (FA) is a by-product of the coal-fired power industry and its particle size range is similar
to that of Portland cement particles, which are at least two orders of magnitude larger than SF
particles. This suggests that it has a slower pozzolanic reaction and requires a longer curing period
to achieve its benefits. The moisture uptake of FA concrete can be reduced depending on the curing
regimes and the content of FA (Gopalan 1996, Olufemi 2016). However, many studies have
reported that the addition of FA diminishes the resistance to salt scaling, probably due to
inadequate curing periods and increased brittleness of the cement paste resulting from reduced
calcium hydroxide content (Langlois et al. 1989, Whiting 1989, Bilodeau et al. 1992, Talbot et al.
2000). On the other hand, the refinement in the capillary pore structure reduces the amount of
freezable water. This is why some studies have shown that FA has improved the scaling resistance,
both in the laboratory (Islam 2018) and in the field (Thomas 1997). FA is also found to make the
air void content more unstable and unpredictable, which may result in a high spacing factor. This
issue can be addressed by increasing the dosage of air-entraining agents (Gebler et al. 1983).
Moreover, the reactive silica content in FA is only about 50% compared to 90% in SF. For these

reasons, the recommended FA content is not to exceed 30% (Neville 1995).
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Blast furnace slag is a waste product during the production of pig iron. When quenched and ground
to a fine powder, it is referred to as ground granulated blast furnace slag (GGBFS). The hydroxyls
present in the water must break down the glassy structure of GGBFS, leading to slow hydration.
Compared to ordinary concrete, GGBFS concrete generally exhibits lower early strength, but
longer curing periods can yield a denser microstructure and stronger concrete. An increasing
percentage of GGBFS may reduce water absorption due to the blocking of capillary pores resulting
from the chemical reaction between the salt solution and the cementitious material (Cheng et al.
2005, Panesar et al. 2009). Research on the effect of GGBFS on salt scaling resistance has yielded
conflicting results. Some studies report reduced salt-frost resistance of concrete with increasing
GGBFS content, particularly for larger additions (Panesar et al. 2007, Tavasoli et al. 2018, Correia
et al. 2020). However, some field observations and laboratory tests conducted on cored specimens
indicate that GGBFS concretes have better salt scaling resistance, as long as the GGBFS does not
exceed 50% (Hooton, 2012; Liu et al. 2014). These conflicting results clearly highlight the need
for further research to clarify the influence of GGBFS on the deicer salt scaling resistance of

concrete.
e Aggregate

It has been demonstrated that aggregate does not play a significant role in determining scaling
resistance. Sound aggregate particles are usually able to withstand freezing without sustaining
damage. Nonetheless, low-porosity aggregate is suggested to be used concerning that water
expelled from high-porosity aggregate may cause disruptive pressure at the interfacial transition
zone (ITZ) (Marchand et al. 1994). However, some studies have also found that the use of low-
weight, highly porous aggregate does not significantly impact the scaling resistance of low w/c
ratio concrete (Jones et al. 2015). In fact, the internal water reservoirs of such aggregates may

facilitate the hydration process, resulting in denser surface layers.

2.6.2  Mixture characteristics

e Water-to-cementitious ratio

The water-cementitious ratio (w/cm) is a fundamental and critical property of concrete that

determines its porosity, affecting almost all mechanical properties and durability.
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The relationship between permeability and capillary pore space is illustrated in Figure 2.14
(Powers et al. 1954), which demonstrates that as capillary pore space increases, permeability also
increases rapidly. This means that an increase in micropore porosity promotes the growth of ice
bodies. As the w/c increases, capillary porosity also increases, leading to an increase in moisture
absorption, which is directly proportional to the number of ice bodies present during freezing.
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Figure 2.14 Water permeability vs. capillary porosity of cement paste. w/c ratios 0.46- 0.71, a =
0.93 (Powers et al. 1954)
Most field and laboratory studies have shown that decreasing the w/cm increases the scaling
resistance of concrete (Hammer et al. 1990, Rose et al. 1989, Sakai et al. 1995, Lindmark 1998).
For Portland cement without SCM, some studies have proposed a critical value of 0.3 for the w/cm,
below which air entrainment is unnecessary for protection against salt-frost attack (Gagné et al.
1990, Sakai et al. 1995). This is because the dense nature of the paste and aggregate-paste
interfaces reduces the amount of freezable water in the concrete, preventing the degree of
saturation required for damage to occur. It is recommended that a maximum w/cm of 0.45 should
be used to ensure adequate scaling resistance, as permeability increases rapidly above this

threshold (ACI committee 201 2016, American Concrete Pavement Association 1996).
e Curing regimes

Concrete curing is an important process that involves maintaining proper moisture levels and
temperature to promote cement hydration in the early stages. Proper curing is essential for
achieving adequate workability and durability of concrete, particularly in the surface layers

(Fagerlund 1986, Langlois et al. 1989). The duration of curing is dependent on various factors such
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as the composition and properties of the concrete mix, including the w/cm and the presence of
SCMs. Longer curing periods can decrease the sorptivity of the concrete and improve its scaling
resistance, as demonstrated by the decrease in permeability of the cement paste (Bai et al. 2002,
Tasdemir 2003). Gagné et al found that extending the curing period from 14 to 28 days improves
the scaling resistance of the reference concrete (Gagné et al. 2011). Ho et al. found an increase in
the quality of concrete based on their sorptivity results after they increased the initial water curing
period from 1 to 7 days (Ho et al. 1989). Hewlett et al showed that the surface absorption is
decreased as the water curing period extends for concrete with different w/cm (Figure 2.15) (Dhir
et al. 1987). In addition to the curing duration, the type of curing can also affect scaling resistance,
with some studies indicating that membrane-forming curing compounds may be more effective
than water curing (Delegrave et al. 1997, Radlinski et al. 2008), although the reasons for this are

not yet fully understood.
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Figure 2.15 Influence of curing conditions on concrete water absorption (Dhir et al. 1987)
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2.6.3  Hardened Properties

e Air void system

To prevent salt frost scaling in concrete, it is necessary to prevent the formation of internal ice and
pressure buildup on the pore walls. This is where air voids come into play, serving as a protective
shelter for the concrete. For durable concrete, it is essential to have uniformly distributed, fine-
sized air voids that are close together throughout the paste (Whiting et al. 1983). During freezing,
water can transfer to nearby air voids and have extra space to accommodate the volume change
associated with icing. However, once all air voids are filled with water, they cannot provide further
protection against frost damage. It is important to note that the air content should not be too high
as it may compromise the compressive strength of the concrete. More details about the air void

system will be discussed in Chapter 6.
e Water transport property

One prerequisite for F-T damage to develop is sufficient water uptake, as dry concrete specimens
or concrete that has not reached the critical saturation level are usually free from F-T attacks, as
discussed earlier in this chapter. Higher permeability and greater connectivity of the capillary
network can lead to higher saturation and more severe damage, and therefore, water transport-
related properties can be a good indicator of freeze-thaw scaling resistance. More details about the

water transport property will be discussed in Chapter 6 as well.

2.7  Summary

This chapter presents an overview of the fundamental characteristics of the moisture transport
properties in concrete. Capillary suction is the dominant property due to the nature of moisture
conditions in concrete in the field. Additionally, water flow in concrete during freezing due to
potential differences is discussed, followed by a discussion of common phenomena observed in
scaling and hypotheses put forth in recent decades. However, no single mechanism can explain
salt frost scaling due to complexity of the issue. Some key factors such as w/cm and SCMs that

are related to scaling resistance are summarized.
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Chapter 3. Experimental Program

3.1 General

In this Chapter, the properties of raw materials, the mix design, and the testing procedures
employed in this thesis work are discussed. An extensive experimental program has been
undertaken, including surface scaling test, internal cracking test, moisture uptake test, air void

analysis, and rapid chloride permeability test.

3.2  Materials
Table 3.1 shows the chemical analysis of the two fly ashes used in this study, as well as the low-
alkali Portland cement and grade 100 slag cement. The silica fume used in the experiment was

obtained from another state, and its chemical analysis is not available.

For all mixes, 2NS sand from Martin Aggregate was selected with a fineness modulus of 2.74, an
absorption capacity of 0.92%, and specific gravity (oven dry) of 2.66. For mixes with silica fume,
26A coarse aggregate (CA) from Ottawa lake with an absorption capacity of 1.98%, and a specific
gravity of 2.66 was employed, while 6AA coarse aggregate from Port Inland that had an absorption
capacity of 1.19%, and a specific gravity of 2.56 was used for other mixes. The lightweight fine
aggregate (Haydite, LWA) was obtained from MDOT’s Brighton storage yard with an absorption
capacity of 21.5% with a specific gravity of 1.5.

33 Mix characteristics and specimen preparation

Air-entrained concrete mixes were prepared with a w/cm ranging from 0.35 to 0.45. The
replacement level with GGBFS and fly ash was set at 30%, while that with silica fume ranged
from 4 to 8%. One mix consisted of a 0.45 w/cm ternary blend containing 25% GGBFS and 6%
silica fume. The air-entraining agent dosage rate was determined to achieve a target air content of
6.5%. The target slump was between 75 to 100 mm, with a superplasticizer dosage of 4.0 ml/kg
cementitious material. Cylindrical specimens (100 mm in diameter and 200 mm in height) and
concrete beams (100 mm x 100 mm x 400 mm) were cast in the laboratory following ASTM C

192 (2014). All the specimens were removed from the mold after one day and submerged in tap
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water at 20 C until testing. The mix design is listed in Table 3.2, with further information given

in the corresponding chapters.

Table 3.1 Chemical analysis for cement and supplementary cementitious material

Compound Formula | Cement GGBFS Class C flyash Class F fly ash
Silicon Dioxide Si0, 19.78 37.69 31.12 49.63
Aluminum Oxide Al O3 4.42 8.43 16.84 16.17
Iron Oxide Fe,0s3 3.06 0.53 5.37 5.85
Calcium Oxide CaO 63.33 37.75 29.66 14.76
Magnesium Oxide Mgo 2.26 11.94 7.86 4.77
Sodium Oxide Na,O 0.2 0.3 2.22 3.64
Potassium Oxide K,O 0.47 0.48 0.46 2.2
Titanium Oxide TiO; 0.29 - 1.36 0.64
Manganic Oxide Mn;O; | 0.11 0.43 0.02 0.04
Phosphorous Pentoxide P»0s 0.13 0 1.27 0.34
Strontium Oxide SrO 0.06 0.06 0.37 0.3
Barium Oxide Bao 0.06 0.06 0.73 0.63
Sulfur Trioxide SO3 2.56 2.49 2.2 0.85
Tricalcium Silicate CsS 66.11 - - -
Dicalcium Silicate (N 6.83 - - -
Tricalcium Aluminate CiA 6.53 - - -
Tetracalcium C4AF 9.33 - - -
Aluminoferrite

3.4  Test procedures

3.4.1  Air void analysis

The air-void system in hardened concrete was evaluated using both point count procedures and the

linear traverse method, as per ASTM C457 (2012). To perform this assessment, an air void

analyzer (shown in Figure 3.1) was utilized. Square specimens with dimensions of 100 mm (length)

% 100 mm (width) x 20 mm (thickness) were cut from the beam for this purpose (Figure 3.2 (b)).

To obtain a smooth surface, specimens were first polished using silicon carbide abrasives (Figure
3.3 (a)). The point count procedure involved determining the volume fractions of air voids, paste,

and aggregate on the polished surface by recording the number of stops over each phase under the
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crosshair of a microscope (as shown in Figure 3.2 (d)). The same scanned surface was used for the
linear traverse test (Figure 3.2 (c)). Prior to the start of the linear traverse test, the surface was
coated with barium sulfate to fill all the air voids, and the remainder of the surface was painted
black to create a sharp contrast between the air voids and the concrete matrix (Figure 3.3 (b)). The
automatic image analysis was used to scan this area and the air void characteristics report could

be automatically generated.

Table 3.2 Mix design of concrete systems

Mix proportion (kg/m?)
Batch ID
Water CA  Sand LWA Cement GGBFS SF FA
035-30%GGBFS 137 1068 693 0 273 117 0 0
035-30%GGBFS-10%LWA | 137 1068 623 47 273 117 0 0
035-30%GGBFS-25%LWA | 137 1068 519 118 273 117 0 0
035-30%GGBFS-40%LWA | 137 1068 416 188 273 117 0 0
037-8%SF 156 922 820 0 391 0 31 0
039-4%SF 156 922 826 0 391 0 16 0
040-30%GGBFS 156 1068 640 0 273 117 0 0
040-30%GGBFS-25%LWA | 156 1068 480 109 273 117 0 0
040-30%GGBFS-40% LWA | 156 1068 384 174 273 117 0 0
040-8%SF-18%LWA 156 922 616 138 359 0 31 0
040-4%SF-18%LWA 156 922 619 138 375 0 16 0
040-Control 156 910 842 0 390 0 0 0
040-30%F]ly ash Class C 134 1054 741 0 234 0 0 100
040-30%Fly ash Class F 134 1054 741 0 234 0 0 100
045-30%GGBFS 150 1112 655 0 234 100 0 0
045-6%SF-25%GGBFS 160 910 849 356 245 89 21 0
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Figure 3.1 Air void analyzer
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(a) (b) (c) (d)
Figure 3.2 Schematic plot for air void analysis (a) concrete cubes (b) surface for image analysis

(c) ASTM C 457 linear traverse method (d) ASTM C 457 point count method
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(a) (b)

Figure 3.3 Concrete samples for image analysis (a) before coating (b) after coating

3.4.2  Sorption test, surface scaling, and internal cracking test

After being water cured, 100mm (length) x100mm (width) X70mm (height) duplicate specimens
were prepared for each batch mix cutting from casted beams using a diamond blade sawing
machine. The RILEM CIF method was employed for conducting the freeze-thaw test, which
involves three stages according to RILEM: drying process, capillary suction (pre-saturation), and

freeze-thaw test (Setzer et al. 1995, 2004).

Specimens prepared for freeze-thaw testing were dried in an oven at 50°C for about two weeks
until a constant weight was reached. The mass of specimens was monitored throughout the drying
process to ensure the moisture condition of the specimens was well-defined before the F-T test.

This was crucial for evaluating the salt frost scaling results in a laboratory test procedure.

After the specimens were dried, they were cooled down to room temperature and then the lateral
surfaces of the specimens were wrapped in aluminum foil with butyl rubber. The mass before and
after wrapping was recorded. A one-week saturation test was commenced in deionized water and
the weight gain was monitored at regular intervals. This period is critical for the filling of capillary

pores and the distribution of moisture into unconnected pores or entrained air voids.

Bulk moisture uptake Q in concrete was calculated from the weight measurement of the specimen
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W, — W
_—
PAc

where p is the density of the test liquid, in g/cm?3, A, (cm?) is the effective area of the concrete

Q.(mm3/mm?) = 10, Eq. 3.1

test surface. W, is the mass of the specimens during saturation at time t, in g. W, is the mass of

the specimens before the start of saturation, after wrapping, in g.

Prepared specimens were transferred to a salt frost test machine as shown in Figure 3.4 (a) and
placed in a steel container (Figure 3.4 (b)). The test was conducted at a rate of two cycles per day,
using the temperature profile presented in Figure 3.4 (c). The specimens were placed on spacers
measuring 5 mm in height (Figure 3.4 (d)) with the bottom surface in contact with test liquid (salt
solution or pure water). During the one-hour isothermal period at 20°C, scaled-off materials were
collected and dried to a constant weight (Figure 3.4 (e)). The mass loss per unit surface area (g/m?)

was determined by the following formula

u
Mypss = A_n X 10%, Eq.3.2

c

where u,, (g) is the cumulative dry weight of the scaled-off materials after the n™ F-T cycle.

The bulk moisture uptake of each specimen at the n cycle was calculated as

W= Wo tttn
PAc

where W, is the weight of the specimen at the n™ cycle.

10, Eq. 3.3

n

Internal damage in concrete after the n'" F-T cycle was evaluated by the relative dynamic modulus
of elasticity (RDM) shown in Figure 3.4 (f). The transit time in the coupling medium ¢, is
calculated by

t.= <, Eq.3.4

where t is the transit time in the coupling medium, [, is the transit length, and v, is the velocity
of the ultrasonic signal in the coupling medium. It was usually assumed that v, is 1490 m/s for

water at about 20°C.

The change of relative transit time is determined by the following equation
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Tp=——) Eq. 3.5

where 7, is the relative transit time of the specimen and has no unit, t. is the total transit time at
the end of pre-saturation and before the F-T test, in ms, and t,, is the total transit time after the n™

freeze-thaw cycle, in ms.

The internal damage is indicated by the relative change of dynamic modulus of elasticity R, ,,

which is determined as

Eq. 3.6

Stainless
} .
container

Temperature, °C

e

Figure 3.4 F-T test setup
3.4.3  Shrinkage test
Autogenous shrinkage beams were cast in sealed 7.5 by 10 cm steel molds, measuring 84 cm in
length. Displacement measurements, accurate to within 0.1 micrometers, were taken every 10
minutes from the time of placement, with the resulting displacement values being converted to
strain. A schematic of the autogenous shrinkage test setup is presented in Figure 3.5 which shows

the specimen was fixed at one end while an LVDT was attached to the moveable endplate at the
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other end. To minimize friction between the specimen and the mold, a flexible membrane covered

the bottom and two sides. The laboratory test setup is displayed in Figure 3.6.

LVDT
supporter

1000 mm
Movable plate

Figure 3.5 Schematic illustration of uniaxial shrinkage test.

Figure 3.6 Shrinkage test setup

3.4.4  Rapid chloride permeability test and resistivity test
The evaluation of chloride ingress resistance in concrete was tested according to ASTM C1202

(2012) and the test setup was displayed in Figure 3.7.

The specimens of 100mm in diameter and 50mm long were positioned in the measuring cell,
containing a fluid reservoir at each face of the specimen. One reservoir was filled with sodium
chloride (3.0% NaCl) solution, while the other was filled with sodium hydroxide (0.3 N NaOH)
solution. The reservoir containing the NaCl was connected to the negative terminal, and the NaOH
reservoir was connected to the positive terminal of the device’s unit. Once started, the test

automatically measured the total electrical current passing through a concrete specimen for a
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period of 6 hours at a standard voltage of 60 VDC. The chloride permeability is divided into five

categories based on the value of the total charge as shown in Table 3.3.

Figure 3.7 RCPT setup

Table 3.3 Chloride permeability rating of concrete

Chloride permeability Charge (Coulomb)
High >4000
Moderate 2000-4000
Low 1000-2000
Very low 100-1000
Negligible <100

It can be seen that the addition of SCM can greatly reduce the chloride permeability of the concrete,

especially after 28 days (Figure 3.8). Extending the curing period can also reduce the permeability

as all concrete have a low to very low permeability after 90 days.
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Figure 3.8 Age-related changes in concrete’s chloride permeability
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Chapter 4. Preliminary Laboratory Studies on High-Performance Concrete

4.1 General

High-Performance Concrete (HPC) in this context is defined as being resistant to freeze-thaw
exposure in the presence of deicer salt, while also possessing low shrinkage and low permeability
characteristics. HPC is characterized by a low w/c and the use of SCM (Aitcin 1998). Its superior
durability and sustainability have made it increasingly popular for use in infrastructure such as
pavements, bridge decks, and off-shore platforms. This chapter focuses on evaluating the behavior

of HPC, particularly its F-T performance.

Moisture conditions are critical to the durability of HPC under F-T exposure. Concrete has been
found to exhibit additional moisture uptake during F-T cycling beyond capillary suction due to the
pumping effect, which can result in an increase in saturation levels and F-T damage. This chapter
investigates the behavior of control concrete and HPC with respect to moisture uptake during pre-
saturation and F-T cycling. Additionally, an extended cryogenic suction model is discussed that
can explain the cause of scaling during F-T cycles as well as the pessimum effect previously

mentioned in Chapter 2.

Shrinkage-related cracking is a common issue for HPC. To address this problem, this study
investigates the potential benefits of adding pre-soaked lightweight fine aggregate to HPC to
improve its crack resistance. The effectiveness of internal curing (IC) is explored, which is based
on maintaining high internal pore humidity (>90%) to mitigate self-desiccation and consequent
autogenous shrinkage (Wei 2008). Another potential benefit is that the additional water can
promote long-term cement hydration (>28 days), resulting in the densification of the pore space
and reduced permeability. However, there are some drawbacks to consider, such as an increase in
internal pore saturation levels, which may impact frost durability resistance. Laboratory testing is
necessary to demonstrate that key durability properties, including long-term low shrinkage (>28
days), low permeability to unsaturated liquid uptake, and frost durability, can be achieved through

internal curing.
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4.2 Moisture uptake in isothermal conditions and during the F-T stage

This study measures the bulk moisture uptake in both isotherm room temperature conditions and
during the F-T cycles. During the pre-saturation stage, all the concrete samples are exposed to
deionized water. The moisture uptake of concrete during this stage can be caused by two
mechanisms: quick capillary suction and slow diffusion process (Sandstrom et al., 2012). Figure
4.1 provides a summary of the moisture uptake process, which is divided into three stages. In Stage
I, capillary suction is the primary mechanism in moisture uptake which depends on the capillary
porosity and pore structure of the hydration products within the cement paste. This process
continues for the first several hours. Stage II is a transition process from capillary suction to
diffusion, which occurs after most of the connected capillaries are filled with water. After about
one day, moisture uptake mainly depends on diffusion into the unconnected pores or entrained air

voids and is relatively slow (stage III).
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L '3 % . 3% . Secondary diffusion
) / . . YR Pumping effect into air voids after
ST, ST, leading to the the pore filling
’ . moisture uptake in
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. Transition . .
oy 3 5N . air voids
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. . ===r-5mm  capillary m
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-5 mm suction to
diffusio
y Transition stage
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pores , _ : :
Capillary suction [SCapillasyAsuction
Capillary
suction
T I I i v \'
Start of the About first About one day One week and About 20 cycles
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Figure 4.1 Summary of moisture uptake in the entire process
After one week, the specimens with the container are transferred to the F-T test chamber. A
prolonged F-T test is adopted in order to observe the complete behavior of concrete with the change
in the degree of saturation. Concrete samples have notably accelerated moisture uptake in stage

IV. This is caused by the ‘pumping effect’ and has also been reported by many other researchers
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(Jacobsen et al. 1994, Fagerlund 1995, Auberg et al. 1997, Renning 2001, Setzer 2009, Liu et al.
2018). Jacobsen conducted a thorough review of the pumping effect mechanism (Jacobsen 2002).
Previous studies by Powers and our group suggested that during freezing, the external ice
surrounding the exposed surface forms first and generates hydraulic pressure that forces the liquid
into the unsaturated concrete pores. Upon thawing, the melting of internal ice results in a
volumetric contraction and creates suction that draws liquid inside the concrete as shown in Figure
4.2 (Powers et al. 1953, Liu et al. 2018). After most of the pores are filled with water, there is an
even slower moisture uptake due to the secondary diffusion into the air voids or other unconnected

pores in stage V.

(a) Upon freezing (b) Upon thawing
Subsequent internal ice meltin
- Unfrozen liquid q ! S B
Cooling 5 creates extra suction and surface Heating
forced inwards o "
T liquid is sucked inwards
emp. Temp.

§ 2
-E NS f) T K2 E
< o M
= s s o
[ TR
(i T G T T T
t
Gradient inward ice Ice on the surface melts
formation creates pressure preceding the interior

Figure 4.2 A conceptual model for the pumping mechanism associated with the external pressure
and internal suction upon freezing and thawing, respectively.
During the F-T stages (IV and V), different test liquids are used to investigate the effect of salt
concentration on F-T damage in the concrete systems. Specifically, deionized water, 3%, and 12%
salt solutions are selected for this study. Figure 4.3 shows that the salt solution causes additional
moisture uptake in the five different systems compared to water exposure, which is consistent with
findings from previous studies (Jacobsen et al. 1994, Lindmark 1996, Renning 1999, Liu et al.
2015a). The concrete samples exposed to the 12% salt solution exhibit the greatest moisture uptake
during the F-T cycles, as shown in Figure 4.4. However, the difference in moisture uptake between

different test liquid exposure is not significant, with only a 1 to 2 mm variation.
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Figure 4.3 Moisture uptake in isothermal room-temperature conditions exposed to deionized
water and during F-T cycles exposed to different test liquids (0, 3%, and 12% salt solution) for
systems of (a) 037-8%SF, (b) 039-4%SF, (c) 045-6%SF-25%GGBFS, (d) 040-Control-28day,

(e) 040-Control-90day.
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Figure 4.4 Comparison of total moisture uptake during F-T cycles exposed to different test

liquids
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4.3 Pessimum effect on salt frost scaling

The surface of concrete exposed to 3% develops a severe scaling after about 56 cycles. The scaling
of concrete with water exposure is negligible (all below 0.5 kg/m?) (Figure 4.5). Most of the
concrete exposed to 12% has a scaling of less than half of the concrete exposed to 3% which
develops the highest scaling. This is in agreement with the other researchers’ findings (Verbeck et
al. 1957, Sellevold et al. 1991, Lindmark 1998, Marchand et al. 1999, Setzer 2009, Liu 2014),

known as the ‘pessimum effect’.

110 - 40 -
100 § 351
3.0 1
20 £25 -
. 2 | RILEM Limit 1.5
°. o kg/m? at 28 cycles
z o S5 {------ 1
~ n 1
60 Failure Limit 1.0 1 :
0.5 A :
50 T T T T 1 0,0 'Ir g ™ __l_ T T T 1
0 20 40 60 80 100 0 20 40 60 80 100
F-T cycles F-T cycles
037-8%SF-w 037-8%SF-3%salt 037-8%SF-12%salt
(a)
110 A 4.0 7
100 331
3.0 A
90 - F:
£254 RILEM Limit: 1.5
= 80 - "52.0 1 ke/m?at 28 cycles
p =
<15 A=-=-=-=-=-- T
a 70 4 A |
0 Failure Limit 1.0 1 !
0.5 A :
50 T T T T 1 0.0 S ’”__—I'—‘—-L"_T' T T 1
0 20 40 60 80 100 0 20 40 60 80 100
F-T cycles F-T cycles

039-4%SF-w 039-4%SF-3%salt 039-4%SF-12%salt

(b)
45



110

100 &

RDM, %

110

100 f

RDM, %

Failure Limit

RILEM Limit:

o .
W
1

20 40 60
F-T cycles

1.5

kg/m? at 28 cycles

100 0 20

40 60
F-T cycles

045-6%SF-25%GGBFS-w
045-6%SF-25%GGBFS-3%Salt
045-6%SF-25%GGBFS-12%Salt

Failure Limit

(©)

=4 RILEM Limit:

1.5

kg/m? at 28 cycles

80

100

040-Control-28day-w
040-Control-28day-3%Salt
040-Control-28day-12%Salt

(d)

46



110 - 4.0 -

100 & 3.5 1
3.0 1
201 £25 4
© ~4 RILEM Limit: 1.5
> 80 A c52.0 5
r kg/m? at 28 cycles
= R154--=-=-=-
2 70 - 3 1
60 Failure Limit 1.0 1 :
0.5 1 :
50 T T T T 1 0.0 45— —wrt ! T ¥ =T 1
0 20 40 60 80 100 0 20 40 60 80 100
F-T cycles F-T cycles

040-Control-90day-w
040-Control-90day-3%Salt
040-Control-90day-12%Salt

(e)

Figure 4.5 RDM and scaling development for systems of (a) 037-8%SF, (b) 039-4%SF, (c) 045-
6%SF-25%GGBFS, (d) 040-Control-28day, (e) 040-Control-90day with exposure to different
test liquids (0, 3%, and 12% salt solution)

Photos presented in Figure 4.6 illustrate that the 039-4%SF system with 3% salt solution exposure
has much more severe surface damage compared to the water and 12% salt solution exposure.
According to the literature review as shown in Figure 4.7 (a), the pessimum salt solution lies in
the range between 0.5% and 6%. The salt solution concentration above the range causes much less
damage. This is consistent with our laboratory findings in Figure 4.7 (b). The only exception is the
040-Control-28day exposure to 12% salt solution which develops a comparable scaling with 3%
salt solution exposure. This may be associated with the poor quality of the air void system which

is discussed in Chapter 6.
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Figure 4.6 Surface of 039-4%SF exposed to pure water (left), 3% salt solution(middle), and 12%
salt solution (right)
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Figure 4.7 Pessimum effect (a) from literature review (Liu 2014) (b) from this study

4.4  New insights regarding the cryogenic suction mechanism

In a pre-wetted cementitious material subjected to freezing conditions, the growth of ice bodies
occurs in the pores or voids of the cementitious matrix once nucleation begins. This phenomenon
is associated with the spontaneous movement of unfrozen water in gel pores or very fine capillary
pores toward the micro ice bodies until a thermodynamic equilibrium is established between the
ice body and the surrounding pore solution (Powers et al. 1953). The driving force behind this
moisture flow has been extensively explained in terms of the Gibbs function difference between
ice and unfrozen water, which is facilitated by the wide distribution of pore size and the presence

of dissolved alkalis (Borgnakke et al. 2012, Liu et al. 2015a).

Concrete may also have access to external liquids, and when the liquid is pure water that freezes
completely at temperatures below 0 °C, there is little ice growth in the concrete (Conde et al. 2018)

as shown in Figure 4.8 (a). However, when the test liquid is a salt solution, and the temperature is
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below freezing point but above the eutectic temperature of the solution, the solution does not freeze

completely. Rather, it exists as a mixture of ice and brine channels as shown in Figure 4.8 (b). A

microscopic image of brine channels is presented in Figure 4.9.
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Figure 4.8 Schematic illustration of cryogenic suction when concrete is exposed to (a) pure water

(b) deicing salt solution
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Figure 4.9 In situ microscopic image of ice crystals and brine pockets (Junge et al. 2001)
Cryogenic suction mechanism attributes the salt frost scaling to the continuous growth of ice body
under sub-freezing temperature. The formation of ice depletes the nearby pore solution, causing
the concrete to take in the outer solution. The ice bodies grow continuously, exerting pressure on
the pore walls to a depth that allows moisture to flow with ease (Figure 4.10). This process
continues until the concentration in the pore liquid surrounding the ice body reaches equilibrium
and becomes sufficiently high (Lindmark 1998). The cryogenic suction theory emphasizes the
absorption of concentrated brine that is not frozen at the core. As deicer concentrations increase,
scaling should be intensified. However, the reduced impact of high salt concentrations in salt frost
scaling tests cannot be completely accounted for by this theory. This suggests that there are
additional mechanisms involved in liquid absorption that must be taken into account (Mueller
2022). During thawing, the outer test solution melts before the ice in the concrete can melt, causing
the hardened cement paste to expand and the gel pores to strive to regain their pore solution.
However, the internal redistribution of moisture is inhibited as the pore solution is still trapped in
the frozen capillaries. Instead, the concrete takes up the melted test solution, leading to an intensive
saturation that exceeds the uptake by cryogenic suction of brine. The major part of liquid uptake
occurs during thawing, and suction by the micro ice lens pump (Setzer 2009) can balance the
deicing salt concentration and should account for reduced scaling intensity when test solutions
exceed a certain salt concentration. Consequently, the extended cryogenic mechanism provides

strong evidence for the pessimum effect.
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Figure 4.10 Ice body growing close to the surface of a micro-porous material (Lindmark 1998)

This study presents a hypothesis that the pore drying process, which involves the migration of
water in gel pores and small capillary pores to the ice front, and ice expansion during freezing,
may contribute to an enlargement of capillary size. This enlargement creates channels that link
previously unconnected pores, resulting in an increase in pore connectivity as shown in Figure
4.11 (Pigeon et al. 1995). This increased connectivity is expected to allow for more moisture

uptake during freeze-thaw cycles and increase the amount of freezable water.
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Figure 4.11 Schematic illustration of the influence of drying on the continuity of the capillary
pores in hardened cement paste (Pigeon et al. 1995)
To model this phenomenon, three components are considered: a) the initial amount of ice
formation in the capillary pores, b) the presence of unfrozen brine transported through the capillary
network, and c) the capillary pore system that controls both the rate of capillary suction and the

amount of freezable water (Liu et al. 2015a). The unfrozen brine serves as the source of the
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cryogenic suction, while ice formation and nucleation act as the initiator. Furthermore, the
expansion of capillary pores also provides additional space for moisture uptake and contributes to
the continuation of cryogenic suction. This process repeats and leads to the expansion of the

surface region and generation of scaling.

4.5 F-T behavior of control concrete and HPC
To simulate the worst-case scenario for HPC, the test in this study uses a 3% salt solution. The

performance of control concrete and HPC are compared in this section.

4.5.1  Control concrete

The control concrete with a 0.40 w/cm is not immune to F-T damage even with an extended curing
age as illustrated in Figure 4.12. The scaling of concrete accelerates after a certain number of
cycles, followed by a reduction in RDM, which is related to the critical saturation of concrete
(Fagerlund 1975). Figure 4.12 (a) shows that the longer curing age, from 28 days to 90 days,
reduces the moisture uptake of concrete. This decrease is due to longer hydration leading to a
denser paste and a decrease in concrete permeability (Gagné et al., 2011). However, as discovered
by Gopalan (1996), longer curing seems to have a marginal effect on the scaling development of
control concrete (Figure 4.12 (b)). Both control systems experience significant surface damage as
shown in Figure 4.13. While the control concrete meets the RILEM limit of 1.5 kg/m?, it does not
guarantee good long-term F-T performance. As a result, this study imposes a more stringent

requirement of 1 kg/m? after 56 cycles for HPC.
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Figure 4.12 Moisture uptake and F-T test results of control systems with (a) 28-day water curing
(b) 90-day water curing

(a) 040-Control-90day (b) 040-Control-90day
Figure 4.13 Comparison of 040-Control-28day and 040-Control-90day systems (a) before and
(b) after the F-T test
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4.5.2  High-performance concrete

In this study, the strength and durability of HPC are improved through the addition of SCM and/or
by lowering the w/cm. To achieve the desired HPC properties, a 30% replacement level of Portland
cement with GGBFS and fly ash is adopted, which is supported by previous studies (Marchand
1994, Thomas 1997, Neville 2005). The GGBFS concrete is wet-cured for 28 days, while the fly
ash concrete is wet-cured for 90 days due to the slower pozzolanic reaction and compressive

strength development, as shown in Figure 4.14.
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Figure 4.14 Compressive strength development for control concrete and HPC with a w/c of 0.40

e Discussion about the calculation of moisture uptake

The conventional method for calculating moisture uptake, as per ASTM C 1585, considers the
entire exposed surface area, including the aggregates that have low water absorption capacity and
limited connectivity. To make this study more comparable to others, we have adopted the

conventional moisture uptake calculation method throughout, except for this particular section.
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The capillary pores are primarily responsible for moisture uptake, particularly during Stage I in
Figure 4.1. Consequently, this section proposes a modified calculation method that takes into
account the capillary volume or capillary surface area to assess the impact of SCM and w/c on

capillary porosity and moisture uptake.

The capillary porosity of concrete can be estimated by (Nielsen 1993)

Veap _ w/c—0.38a W> 0.38 Ea. 4.1
o 03ztwie ¢ 039 a- =
Veap w/c(1—a) w

= , = <038 Eq. 4.2
Voo 032 + w/c (c ) 4

where Vg, 18 the volume of capillary pores, in cm?, Vo, is the volume of cement paste, in cm?,

w/c is the water-to-cement ratio, « is the relative maturity. For simplicity, it can be estimated as

0.2

t
a~1-05 (f) . Eq. 4.3

For non-drying ordinary Portland cement hydrated at normal room temperature, an average

relaxation time of tz = 3 days is suggested.

The height of moisture uptake can then be calculated as

mliquid

Hcap =

)

Vea
P
X Pliquid

Eq. 4.4

H specimen
where my;q,,i4 1s the weight of the moisture uptake, Hgyecimen 18 the height of the specimen, pyiqyiq

is the density of the liquid.
The capillary pore saturation level can be calculated from

mliquid

p= X 100%. Eq. 4.5

Vcap X pliquid

Using Eq. 4.4 and Eq. 4.5, H.4p, and P can be plotted as a function of time or F-T cycles.

As the concrete samples approach a capillary moisture uptake of 70 mm (which corresponds to the
height of the specimens, Figure 4.15 and Figure 4.16 (a)) or a capillary suction of approximately
100% (Figure 4.15 and Figure 4.16 (b)), they begin to undergo a transition from capillary suction

to diffusion into unconnected pores or entrained air voids. This marks the end of capillary suction
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in isothermal conditions. The control concrete reaches 100% capillary saturation quickly. The
addition of SCM in HPC reduces the rate of moisture uptake (i.e., sorptivity) and total water
absorption under isothermal conditions. Compared to the control concrete, the SCM concrete has
a shorter stage I and II and lower moisture uptake (see Figure 4.15 (a) and Figure 4.16 (a)). This
is mainly because the pozzolanic reaction of SCM will densify the microstructure of the concrete,

reduce the average size of the pores and increase the pore discontinuity.

After a certain number of F-T cycles, the average pore size and porosity increase (Pogorelov et al.
2016). This increase together with the moisture accommodating function of air voids, explains
why the saturation level can go much higher than 100%. The total moisture uptake of GGBFS
concrete is well below that of the 28-day control concrete in the entire process. Fly ash concrete
develops a comparable moisture uptake in the long term compared to the 90-day control concrete
under pumping effect. Nevertheless, all concrete with SCM is found to reduce salt frost scaling.
The scaling in HPC linearly increases with F-T cycles and remains less than about 0.5 kg/m? during
the test period. This observation suggests that the phenomenon of scaling cannot be entirely
explained by the overall moisture uptake of the bulk material, as scaling primarily occurs on the
surface of the material, while the bulk moisture uptake represents a universal status. This is

consistent with the cryogenic suction model.

The w/c, as one of the most important properties of concrete, also plays a critical role in the F-T
resistance. Many studies have suggested that the lower the w/c, the lower the capillary suction
(Fagerlund 1982, Pinto et al. 2018, Yang et al. 2021). A low w/c might densify the microstructure
of the concrete surface causing the reduction of its permeability and the amount of freezable water
in pores. This can be seen from the fact that the 035-30%GGBFS concrete has an even smaller
moisture uptake compared to 040-30%GGBFS concrete during room temperature. However,
lowering the w/c of 040-30%GGBFS does not further improve the scaling resistance as it already

has a very low scaling. More details will be discussed in Chapter 6.
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Figure 4.15 (a) moisture uptake based on capillary pore volume and (b) saturation level and (c)

F-T test results of control systems and GGBFS concrete with 28-day water curing
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Figure 4.16 (a) moisture uptake based on capillary pore volume and (b) saturation level and (c)

F-T test results of control systems and fly ash concrete with 90-day water curing
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4.6  Effect of lightweight aggregate on HPC

One concern for HPC is the shrinkage-induced cracking associated with the low w/c, exacerbated
by the replacement of Portland cement with GGBFS (Wei 2008). This can be addressed by internal
curing. Internal curing has emerged as a new curing methodology with great promise for producing
HPC with increased resistance to early-age shrinkage-related cracking and enhanced durability
associated with increased hydration of the Portland cement. Internal curing in this project is
accomplished by using pre-wetted LWA. This type of material is currently included in an
established practice in the U.S. (ACI Committees 308, 213 2022, Bentz et al. 2011). The major
benefits of internal curing are to maximize the hydration of cement and minimize self-desiccation
(i.e. pore-drying) and associated early-age shrinkage (autogenous) cracking. Figure 4.17 illustrates
the differences between internal and external curing (Castro et al., 2010). External curing can only
penetrate a few cm into the concrete due to capillary pore discontinuity while a partial replacement
of fine aggregate with pre-wetted LWA offers more effective curing as it enables water to be
distributed more equally across a cross-section. Internal curing is especially preferred in low w/cm
concretes (<0.42) where capillary water is insufficient for maximizing the hydration of cement
(Bentz 2008). Moreover, due to pore-drying from curing to between 80% and 90% internal RH,

these mixes undergo autogenous shrinkage, which in turn increases cracking potential.

The objectives of this project are to determine from a laboratory testing program the efficacy of
using presoaked LWA shown in Figure 4.18 for internal curing on compressive strength, shrinkage,
water permeability, and frost durability. This is accomplished by investigating these properties for
two w/cm (0.35 and 0.40) and different LWA to sand replacement levels for concrete mixes
consisting of 30% GGBFS. A total of seven concrete batches were produced in the concrete

laboratory at MDOT.

4.6.1  Compressive strength

One of the factors that designers, contractors, and owners are most concerned with is the
mechanical properties of the mixture, especially compressive strength. Based on the experimental
results, the addition of LWA does not affect the compressive strength for both w/cm systems
(Figure 4.19). In general, two opposite factors affecting LWA’s effect on the strength are a) the

strength and water-entrained porosity of LWA, and b) the contribution of internal curing to the
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Figure 4.17 Illustration of the difference between external and internal curing (Castro et al.

2010).

Figure 4.18 Lightweight fine aggregate used in this study
hydration. It is known that LWA usually has lower strength compared to normal aggregate but at
the same time, considering the IC effect, the hydration degree of concrete with LWA is increased
resulting in a higher strength of concrete. Although some researchers found LWA has reduced the
strength of concrete and the negative effect is more obvious if the percentage of LWA is increased
(Costa et al. 2012), many would argue that LWA has not undermined or even enhanced the
concrete strength (Jozwiak-Niedzwiedzka 2005, Cusson et al. 2008, Byard et al. 2010, Streeter
2012). This may depend on the LWA type, moisture content, strength and concrete properties such

as mixture proportions, curing conditions, and testing age (Bentz et al. 2011).
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Figure 4.19 Effect of LWA on the compressive strength of concrete

4.6.2  Autogenous shrinkage

Consistent with results from the literature review (Bentur et al. 2001, Geiker et al. 2004,
Henkensiefken et al. 2009), the addition of 25% to 40% LWA is effective in mitigating hydration-
related shrinkage (e.g. autogenous) for both w/cm studied.

The autogenous shrinkage development results are presented in Figure 4.20 and Figure 4.21.
Positive values mean expansion while negative values mean shrinkage. The results clearly show
that for both w/cm, after several days’ expansion, the control SCM mix begins to shrink
significantly during the research period and probably keeps shrinking because of the continuous
pozzolanic reaction. A mix containing 25% and 40% LWA, after the expansion stage, remains
stable during the research period despite some minute fluctuations due to temperature change.

Consequently, LWA has efficiently mitigated autogenous shrinkage.
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Figure 4.20 Effect of LWA replacement level on autogenous shrinkage for 0.40 w/cm
Moreover, as the LWA replacement volume increases, autogenous shrinkage decreases. The
concrete containing 10% LWA by total fine aggregate volume is effective in mitigating shrinkage
for a shorter sealed curing period (about 28 days) (Figure 4.21), while a 25% to 40% LWA content
is effective for much longer periods. This is consistent with other researchers’ conclusions

(Henkensiefken et al. 2009).

Microstrain
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Figure 4.21 Effect of LWA replacement level on autogenous shrinkage for 0.35 w/cm
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4.6.3  F-T behavior

The concrete with LWA shows a similar moisture uptake profile as the concrete without LWA
during both stages. The reason may be that like normal aggregate, the aggregate is isolated and has
a much lower level of connectivity compared to capillary pores. It can only take water through
slow diffusion which makes the moisture uptake through LWA limited and no appreciate

difference to that of the normal concrete (Figure 4.22 (a) and Figure 4.23 (a)).

One of the reasons why LWA is not widely used in the cold climate is the concern that it may
adversely affect the F-T resistance (Mao 2004, Jones et al. 2014). However, scaling for all
specimens in both systems is quite low and far below the 1.0 kg/m? mass loss limit after 56 cycles
(Figure 4.22 (b) and Figure 4.23 (b)). The scaling for specimens containing LWA was slightly less
than the control mix. The good scaling resistance of concrete with LWA could be attributed to the
remaining porous structure (Figure 4.24) after water provided for internal curing leaves the LWA
and is used for hydration which may function like the air void system and provide pressure relief
(Gong et al. 2019). Another explanation could be that the surface layers of concrete with LWA
should be denser than traditional concrete, and therefore more resistant to scaling. Samples for all

batches do not show any internal cracking as RDM stays above 90% for the research period.
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4.7 Summary

This chapter discussed the moisture uptake behavior of concrete in isothermal conditions with
deionized water exposure and during F-T cycles with water/salt solution exposure followed by the
study of the internal cracking and salt frost scaling resistance. The test variables include salt
solution concentration (0, 3%, and 12%), w/cm (0.35-0.45), SCMs (GGBFS, fly ash, and silica
fume), curing length (28 and 90 days) and LWA content (0 — 40%). The major findings are

summarized as follows:

e The extended cryogenic suction model provides a reasonable explanation for salt frost
scaling and the pessimum effect. Pore drying and ice expansion due to freezing likely
creates additional space for moisture uptake by enlarging the capillary pores and opening
the channel to connect previously unconnected pores.

e The aggregate constitutes the majority of the concrete but remains largely unconnected,
resulting in low water absorption. To account for this, a modified method for measuring
moisture uptake in concrete that takes into account the capillary pore volume or area is
proposed. The modified method sheds more light on the moisture uptake behavior of the
concrete.

e The addition of SCM, a low w/cm, and lengthening of curing periods can reduce the
capillary suction due to the decrease in the connectivity of the pores and fining pore size.
The GGBFS concrete with 28-day curing and fly ash concrete with 90-day curing at a 30%
replacement level can improve the F-T performance.

e Long-term autogenous shrinkage can be mitigated by adding pre-wetted LWA at a 25% to
40% volume content of total fine aggregate. Excellent F-T resistance are found for all LWA
mixes. LWA contents of 25% or 40% do not compromise F-T resistance or compressive

strength.
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Chapter 5. Study of Hydrophobic Impregnation on the Freeze-Thaw Resistance

5.1 General

The superhydrophobic properties of plant leaves, such as lotus, have garnered significant interest
among scientists, as illustrated in Figure 5.1 (Shirtcliffe et al. 2009). The unique hierarchical
structures of convex or papillar epidermal cells, combined with three-dimensional wax structures
on top, make it difficult for these surfaces to become wet. As a result, water droplets on such

surfaces have low energy through adsorption and tend to form spherical droplets.

Figure 5.1 Plants showing retained water droplets. (a) Lady’s Mantle, (b) Echeveria, (¢) Lupin,
(d) Euphorbia. (Shirtcliffe et al. 2009)
Hydrophobic impregnation is a well-known method to reduce water absorption and improve the
corrosion resistance of reinforced concrete. However, its effectiveness in enhancing the F-T
resistance of concrete remains unclear. This study aims to evaluate the impact of two hydrophobic
impregnation methods, namely internal impregnation (IIP) using a pore blocking admixture during

mixing and surface impregnation (SIP) with a penetrating pore liner applied to the surface of pre-
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dried hardened concrete after extended curing, on F-T and deicer scaling resistance using the
RILEM TC 176-IDC CIF test. The results demonstrate that only the control concretes without
hydrophobic impregnation remain F-T resistant. The surface impregnated concrete shows severe
scaling in the long term, while the internally impregnated concrete is damaged both externally and
internally soon after reaching critical saturation. The study clearly demonstrates that hydrophobic
impregnation does not benefit concrete with good F-T resistance, and maintaining a hydrophilic
pore structure is crucial to ensure the free flow of water and the normal functioning of the air void
system. The results also suggest that salt frost scaling shares a similar mechanism with regular F-

T attacks both of which depend on the pore structure and the quality of the air void system.

5.2 Effect of surface impregnation on F-T durability

5.2.1 Mechanism of surface impregnation

Silane, a common type of pore liner, consists of small molecules (1.0x10° — 1.5 x10°® mm in
diameter) and can effectively penetrate into the concrete. Silane molecules can combine with the
hydrated cement paste in the near-surface region of the concrete and form a pore liner on the walls
of pores, which act as water repellents (see Figure 5.2). This pore lining blocks the penetration of
water and water ions while still allowing air and water vapor to move in and out of the concrete,

enabling it to breathe.

(b) Treated surface
with a pore liner

(a) Untreated surface

Untreated Silane lining
capillary pore capillary pore

Figure 5.2 Illustration of hydrophobic effect on water-repelling (Liu et al. 2016b)
The wettability of a solid surface by a liquid can be quantified using the water contact angle.
Geometrically, the contact angle is defined as the angle formed by the three-phase boundary
between the liquid (/), vapor (v), and solid (s), as shown in Figure 5.3. The relationship between

the surface tension and contact angle can be explained by the well-known Young equation.
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vV =yt +y¥ cos 6, Eq. 5.1
where 6 is the contact angle, 5! is the solid/liquid surface tension, ¥V is the solid/vapor surface

free energy, and ¥ is the liquid/vapor surface tension.

vapor

Figure 5.3 Schematic representation of the relationship between surface tensions and contact
angle

From Eq. 5.1,

SU __ ysl
cosl = ———. Eq. 5.2
14
The solid/vapor surface free energy y*Vof the concrete surface with hydrophobic treatment is
smaller than solid/liquid surface tension ¥!, and cos 8 will be negative (i.e., contact angle 6 > 90°)

which suggests that the surface has low wettability.

Washburn’s equation shows that increasing the contact angle can limit water penetration under
considerable pressure. The pressure head (p) required to force water with surface tension (o) into

a pore of radius (7) is given by (Washburn 1921)

-2 0

p= 20087 Eq. 5.3
r

For example, if a contact angle of 120° for surfaces coated with fatty acids and a maximum

capillary size of 5000 A, the pressure head that is required for water to enter the concrete is 14 m.
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5.2.2  Mix design and specimen preparation

The mix design of the systems studied in this section is presented in Table 5.1. The raw material
properties are previously explained in Chapter 3. Both the concrete with and without SIP have the
same mix design. The hardened air properties are displayed in Table 5.2. It can be seen that all
concrete systems meet the recommendations of ACI 201 (2021) with a spacing factor of smaller

than 200 microns and a specific surface greater than 25 mm™.

Table 5.1 Mix design and fresh air content of concrete

Mix Design (kg/m?) air
Batch ID content
Water C.A. Sand LWA Cement SCM (%)
035-S-(SIP) 136 1062 620 0 272 116 3.7
040-S-(SIP) 156 1068 640 0 273 117 7.1
040-S-25L-(SIP) 156 1068 480 109 273 117 10.0
040-S-40L-(SIP) 156 1068 384 174 273 117 7.7

Note: S means GGBF'S; 25L means addition of 25% LWA;

Table 5.2 Hardened air properties of concrete

air spacin specific
Batch ID content, % fag[or, fm surf‘fce, 1/mm
035-S-(SIP) 2.9 170 37
040-S-(SIP) 6.1 108 43
040-S-25L-(SIP) 8.8 73 46
040-S-40L-(SIP) 5.8 110 42

After 28 days of water curing and drying, the surface of the concrete is treated with a silane water
repellent layer before conducting the sorptivity test. The application process of the silane is shown

in Figure 5.4.

4. Weigh
dl-CO()l 2.Apply 3 Aird the sargples 5. Repeat szﬁglilst?gr
own to s . Arr dry an )
room I:> thl?asg?ne I:> the samples I:> calculate I:> ifrlc)e ezgggs 24 rlt)o(;lr;s at
temperature 4 the silane temperature
amount

Figure 5.4 Surface impregnation procedure
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5.2.3  Moisture uptake and F-T test results

Previous studies have established that a SIP is effective in reducing water sorption and penetration
of chloride ions, thereby reducing the risk of reinforcement corrosion at temperatures above
freezing (Nolan et al. 1995, de Vries et al. 1997, Basheer 2006, Tittarelli et al. 2008, Medeiros et
al. 2009, Dao et al. 2010, Gong et al. 2012, Christodoulou et al. 2013, Zhu et al. 2013,
Christodoulou et al. 2014, Franzoni et al. 2014, Gilineyisi et al. 2014, Hassani et al. 2017, Matar et
al. 2020. Zhang et al. 2022). Figure 5.5 - Figure 5.8 display the moisture uptake under isotherm
and F-T conditions for both surface impregnated and control concrete, along with their respective
F-T test results. The results of moisture uptake at isothermal room temperature, as shown in Figure
5.5 - Figure 5.8 (a) indicate that SIP is highly effective in resisting water penetration, resulting in
a reduction of around 75% in the total moisture uptake at ambient temperature due to the
hydrophobic liner on the pore walls of capillaries. The capillaries of concrete with SIP remain

unsaturated when the F-T test began.

During the F-T test, all concrete systems exhibit an accelerating moisture uptake beyond
isothermal conditions, with the system with SIP showing an even more pronounced water uptake
(Figure 5.5 - Figure 5.8 (b)). The reference concrete has a lower moisture uptake as the connected
pores are near-saturated in isothermal conditions. The concrete with SIP rapidly absorbs water
until it reaches the same total moisture uptake as the reference concrete under capillary suction
and diffusion process in isothermal conditions indicated by the black dashed line, after which the
curve tapers off. This indicates that the hydrophobic effect is incapable of resisting the pumping
effect linked with the F-T cycles, which is consistent with the findings of other researchers

(Perenchio 1988, Cleland 2002, FrentzelSchirmacher 2005, Liu et al. 2018).

The effectiveness of surface impregnation in reducing salt frost scaling over the long term is
questionable. Prior to critical saturation, SIP concrete exhibits minimal scaling as illustrated in
Figure 5.5 - Figure 5.8 (d). However, once the concrete is critically saturated, scaling significantly
worsens, as seen in the steeper slope of the scaling curve. Conversely, the scaling rate of the
reference concrete appears unaffected, remaining nearly linear with F-T cycles. In fact, the scaling
rate of 035-S is higher than that of its 040-S counterpart due to a weaker air void system. The 035-
S has a spacing factor of 170 microns while the reference concrete with 0.40 w/cm all have a

spacing factor lower than 110 microns as listed in Table 5.2. Nevertheless, all the reference
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concrete has a scaling of less than 1.0 kg/m? before 100 cycles which is much less than that of the
SIP concrete in the long term. These results suggest that SIP does not provide any advantages to
high-performance concrete and may actually cause potential problems. However, the problem
seems limited to the surface, as most concrete samples do not develop internal cracking during
testing. RDM of 040-S-SIP drops slightly below 90% after approximately 120 cycles due to the
oversaturation in the concrete’s interior after the development of severe scaling on the surface as

shown in Figure 5.5 (e).
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040-S-SIP at start 040-S-SIP after test

(e)

Figure 5.5 040-S-(SIP) system: moisture uptake (a) at room temperature and (b) in F-T

conditions, (¢) RDM, (d) scaling and (e) photos of exposure surface
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Figure 5.6 040-S-25L-(SIP) system: moisture uptake (a) at room temperature and (b) in F-T
conditions, (¢) RDM, and (d) scaling
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conditions, (¢) RDM, and (d) scaling
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5.3 Effect of internal impregnation on F-T durability

5.3.1 Mechanism of internal impregnation

Hydrophobic impregnation can also be achieved through the use of permeability-reducing
admixtures (PRA) during mix proportioning, noted as internal impregnation (IIP). PRAs comprise
a variety of mineral and chemical admixtures that differ in mechanism, performance, and
acceptance by the concrete industry (ACI Committee 212 2016). ACI Committee 212 on Chemical
Admixtures divides PRAs into five main categories a) hydrophobic water repellents, b) polymer
products, c¢) finely divided solids, d) hydrophobic pore blockers, and e) crystalline products.

Among these, hydrophobic pore blockers are less studied and are the focus of this thesis.

Hydrophobic pore blockers can react with metallic ions supplied by cement, resulting in water-
insoluble polymers that can block capillary pores in the concrete (Figure 5.9), thus increasing the
disconnectivity of the pores (ACI Committee 212 2016, Tibbetts 2021). Additionally, the reactions
between hydrophobic compounds and hydrating cement phases can modify the cement paste
matrix and alter the surface tension of the solid/vapor interface, thereby reducing the capillary
movement of water, although this effect is less dominant. In other words, the pore blocker

admixture relies more on the physical effect rather than the chemical effect.

BRI, |
AR 5 .!.A..

Unsaturated
Capillary
Pores

Test Liquid

Pore Saturated
Blocker Capillary
Pores

Figure 5.9 Hydrophobic pore blocker working mechanism
In a study conducted by Civjan et al, the freeze-thaw durability of concrete mixtures containing

hydrophobic pore blockers was investigated, and the results indicated reduced resistance to F-T
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cycles compared to the control mixes. The authors attributed this to a decrease in strength (Civjan
2008). Sharp et al found similar results in both durability factor and surface rating when comparing
concrete with pore blockers to the control concrete (Sharp 2007). These conflicting results and the
limited data available highlight the need for further studies to better understand the performance

of pore blockers under F-T conditions.

5.3.2 Mixdesign

The properties of the raw materials are the same as those mentioned in Chapter 4. One type of
commercial liquid PRA based on a water-soluble molecule with a dosage of 10 L/m’ is added
during concrete mixing. The concrete samples are cured for 90 days, taking into account the slower
pozzolanic reaction of the fly ash concrete. The concrete mix design is displayed in Table 5.3. All

concrete systems except for 040-S-IIP exhibit a favorable air void system, as listed in Table 5.4.

Table 5.3 Mix design and air content of concrete

Mix Design (kg/m?) air
Batch ID content

Water C.A. Sand LWA Cement SCM (%)

040-S-11P 134 1054 741 0 234 100 4.6
040-C-11P 134 1054 741 0 234 100 8.9
040-F-IIP 134 1054 741 0 234 100 9.0
040-S-Ref 134 1054 741 0 234 100 6.1
040-C-Ref 134 1054 741 0 234 100 7.6
040-F-Ref 134 1054 741 0 234 100 5.0

(Note: S means GGBF'S; C means Class C fly ash; F means Class F fly ash; Ref means reference

concrete without IIP.)

Table 5.4 Hardened air properties of concrete

Batch ID air content, %  spacing factor, um SSF; i;;glg, Umm
040-S-11P 33 237 24
040-C-IIP 7.3 99 34
040-F-11P 8.1 89 39
040-S-Ref 4.4 172 30
040-C-Ref 6.1 133 35
040-F-Ref 4.2 149 32
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5.3.3  Moisture uptake and F-T results
Figure 5.10 - Figure 5.12 display the moisture uptake under isotherm and F-T conditions for both

ITP and reference concrete, along with their respective F-T test results.

The results indicate that similar to SIP, IIP can reduce moisture uptake in isothermal conditions
although the mechanisms behind these effects are different. Concrete with IIP has roughly half the
moisture uptake of its reference counterparts (Figure 5.10 - Figure 5.12 (a)). It should be noted
that the systems examined in this section were 90 days cured with the addition of 30% SCM (slag
or fly ash). As discussed in Chapter 4, the reference concrete has low moisture uptake. Therefore,
IIP appears to be less effective than SIP in isothermal conditions. Once the F-T cycle starts, the
IIP concrete has a rapid moisture uptake as shown in Figure 5.10 - Figure 5.12 (b). It takes even
fewer cycles for the capillary pores in IIP concrete to become saturated. Within 40 cycles, the total

moisture uptake of IIP concrete reaches the same level as or exceeds that of the reference concrete.

The rapid moisture uptake in IIP concrete is accompanied by accelerated scaling and internal
cracking development, as illustrated in Figure 5.10 - Figure 5.12 (c) and (d). Unlike SIP concrete,
which exhibits a long period of low scaling before the start of non-linear scaling, IIP concrete
experiences significant scaling within 20 cycles, irrespective of the type of SCM. Meanwhile, the
reference concrete does not show any signs of surface scaling or internal cracking. There is a great
scaling intrusion on the surface of IIP concrete with the removal of coarse aggregate. Instead, the
reference concrete has an almost intact surface. The comparison of the specimens before and after

the F-T test can be seen from the photos in Figure 5.10 - Figure 5.12 (e).
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5.4  F-T Deterioration with the presence of hydrophobic impregnation

The laboratory results indicate that both SIP and IIP are effective in preventing water ingress into
concrete under isothermal room-temperature conditions, which can be utilized to protect
reinforcement steel from corrosion. However, the use of hydrophobic impregnation has a
significant impact on salt frost resistance. Neither surface impregnation nor internal impregnation

is advantageous in concrete under investigation.

Figure 5.13 (a) and (b) shows the effect of air content and spacing factor on scaling under the
presence of hydrophobic impregnation. Regardless of the air void system quality, the IIP concrete
demonstrates a huge scaling development at about 56 cycles. Although concrete with SIP has low
scaling initially, it exhibits high scaling in the long term. All the reference concrete systems have

a spacing factor of less than 200 microns and insignificant scaling, below 1 kg/m? at 56 cycles.

As shown in Figure 5.13 (c) and (d), the reference concrete systems have an RDM of over 90%,
suggesting no internal cracking. The concrete with SIP mostly experiences damage beneath the
layer penetrated by impregnation. However, the concrete with IIP exhibits internal cracking for all
three systems at different extents besides severe surface damage. The plots suggest that the air
void system in ITP concrete does not function similarly to regular concrete and cannot provide any

pressure relief.
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Figure 5.13 Effect of air content and spacing factor on RDM and scaling at about 56 cycles with

the presence of hydrophobic impregnation.
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One hypothesis proposed for the deterioration of concrete quality resulting from the use of SIP
involves water entrapping and accumulation in the surface layer, as illustrated in Figure 5.14.
During freezing, ice first forms on the surface of the concrete and gradually moves inward. The
ice formation gradient generates external pressure overcoming the water-repelling effect and
forcing water to penetrate the concrete. Once the nucleation begins, the growth of ice bodies in
surface pores or voids occurs accompanied by the spontaneous movement of unfrozen pore water
toward the micro ice bodies until a thermodynamic equilibrium is reached between the ice body
and the surrounding pore solution (Powers et al. 1953). The underlying driving force of this
moisture flow has been extensively explained in terms of the Gibbs free energy difference between
ice and unfrozen water (Borgnakke et al. 2012). During the thawing process, the ice in the
container and near the surface of the specimen melts first, making liquid available to be drawn
towards the surface ice front. Enhanced suction due to volume relaxation of middle and top
portions of concrete can overcome the hydrophobic effect and draw in unfrozen liquid (Liu et al.
2018, Gong et al. 2019). However, water is prevented from flowing back due to the presence of an
impermeable layer that can restrict the free movement of water, called the water entrapping effect.
This can cause less water to leave the surface-treated layer of concrete than to enter it during an F-
T cycle (Perenchio 1988). As the F-T cycle continues, water accumulates in this layer, and the
surface layer of the concrete becomes critically saturated, which can result in damage due to
pressure build-up. The surface layer may rapidly become debonded from the rest of the concrete,
leading to the deterioration (Marchand et al. 1994). However, once the surface layer is eliminated,
the rest of the concrete should be similar to untreated concrete (Hazrati et al. 1997), and the internal

part of the concrete will generally not be affected.
Based on the analysis, the development of damage can be divided into three stages (Figure 5.15):

e The first stage involves gradual saturation under the impregnated layer, up to a critical
saturation point. This stage occurs from the first freezing and thawing cycle until the onset
of nonlinear scaling. The use of SIP may effectively delay the surface layer from reaching
a state of critical saturation. The length of this stage may vary, depending on the category
of SIP and treatment depth. This could also account for the fact that in field conditions,
silane 1s typically more effective than in laboratory settings, which are often harsher, such

as those involving continuous water contact.
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e The second stage occurs when the use of silane has a negative effect. In this stage, water
movements are impeded by the presence of an impervious concrete layer, trapping much
of the moisture inside the concrete, unable to be released. As water pressure builds up under
the hydrophobic layer, the concrete surface, which is several millimeters deep, is mostly
damaged when water expands upon freezing.

¢ In the third stage, after the impregnated layer is completely eliminated, the scaling behavior
is similar to that of untreated concrete. However, this stage requires an extended number

of freeze-thaw cycles to be observed.
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Figure 5.14 Water accumulation of silane-treated surface layer

Concrete with IIP behaves differently from that with SIP because of the presence of pore blockers
dispersed throughout the matrix, which obstructs access to air voids. As a result, the pressure relief
function of the air void system in the entire specimen is ineffective, as shown in Figure 5.16. This
is demonstrated by the fact that, regardless of the air void system’s quality, concrete with IIP tends
to experience severe damage, either internally or externally in Figure 5.13. The absorbed water
cannot be expelled into the air voids under the hydraulic pressure induced by ice expansion, instead
accumulating in the capillary pores. When the moisture saturation reaches a critical point, the

hydraulic or ice expansion pressure (crystallization pressure) causes significant damage, ultimately
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leading to concrete failure. In this aspect, concrete with IIP behaves similarly to non-air-entrained
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Figure 5.15 Schematic illustration of scaling development in concrete with SIP
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Figure 5.16 Illustration of the blocking effect during F-T cycles

5.5 The link between internal damage and surface scaling

The critical degree of saturation theory proposed by G. Fagerlund suggests that F-T damage occurs
only when the moisture content in concrete reaches a certain condition. When it exceeds the critical
saturation level, concrete deteriorates rapidly (Fagerlund 2004). The relationship between critical
flow distance and the critical water content is illustrated in Figure 5.17. According to this theory,

as the degree of saturation increases, some air voids become filled with water, causing the flow
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distance to become longer and leading to an increase in pore pressure. This suggests that both flow

distance and moisture content are important in determining pore pressure.
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Figure 5.17 At a given, critical water content in a unit cell, the actual flow distance equals the
critical value (Fagerlund 2004).
Based on Fagerlund’s theory, it is proposed that the surface scaling mechanism shares similarities
with internal cracking as noted in other studies (Eriksson et al. 2021). Both types of damage are

influenced by moisture uptake and air void system quality.

A qualitative model has been proposed in Figure 5.18. The level of saturation during F-T cycles
becomes higher in both hydrophobic impregnated and reference concrete. In Figure 5.18 (a), when
the moisture uptake condition does not reach the critical saturation point during the testing period,
for instance in less porous or less interconnected microstructures, the damage to the concrete
develops slowly and the surface scaling occurs linearly with respect to F-T cycles as seen from the
reference concrete systems in this study. Internal cracking is also less likely to occur in these cases.
The air void system’s quality also affects the likelihood of concrete reaching the critical degree of
saturation: when air voids have a low spacing factor, water flow distance is small, and pore
pressure is low, preventing severe damage. As the air voids gradually fill with water (Fagerlund
1993, Liu et al. 2016) or if the concrete has a large spacing factor with a more connected and
porous pore system as shown in Figure 5.18 (b), the flow distance may increase, and the pore
pressure may rise. Once the critical degree of saturation is reached, the concrete deteriorates

rapidly, leading to an accelerated scaling development or a drop in RDM.

However, there is a fundamental difference between surface scaling and internal cracking. Surface
scaling is influenced by local conditions of moisture uptake and air void system in the surface

layer, while internal cracking depends on the overall moisture conditions and quality of the entire
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air void system. Bulk moisture conditions measured in experiments do not accurately represent the
moisture conditions of the surface layer. Consequently, the time for concrete to reach local and
global critical saturation may not be synchronous, which is why the start of accelerated scaling
and drop in RDM may not occur at the same time for many concrete samples. The quantification

of scaling based on moisture uptake properties and air void system quality will be discussed further

in Chapter 6.
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Figure 5.18 Effect of air void system and moisture uptake on the development of surface scaling

and internal cracking
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This finding may also explain why exposure to water and salt can produce different results in terms
of scaling, while internal cracking is less sensitive to changes in salt concentration. Salt exposure
causes the added degree of saturation to reach the critical degree of saturation on the surface, based
on the cryogenic suction model discussed in Chapter 4. However, this increase in moisture content
may be too small to cause a significant difference in the bulk degree of saturation that is associated
with internal cracking. The internal cracking can occur even with pure water called regular F-T

attack.

The reference concrete used in this chapter had a low scaling rate and no internal cracking, which
can be attributed to the addition of SCMs and a low spacing factor. These factors prevented the
concrete from reaching the critical saturation condition, either locally or globally. The surface-
impregnated concrete reached critical saturation only on the surface layer, so severe scaling
occurred without any internal cracking. Conversely, the internally impregnated concrete nullified
the entire air void system, making the concrete quickly reach the critical degree of saturation and

resulting in the most severe damage.

5.6  Summary

Hydrophobic impregnation is commonly employed to control moisture uptake, limit chloride ion
penetration, and reduce the risk of steel corrosion. It has shown the potential to improve the F-T
resistance of pavement concrete. In this regard, a laboratory study was conducted to evaluate the
efficacy of hydrophobic impregnation, both internal and external, on the F-T durability of air-

entrained concrete pavement mixes with a 0.40 w/cm ratio.

The study aimed to achieve three major objectives. Firstly, it sought to investigate the effects of
two different impregnation methods on the F-T resistance of pavement mixes, one involving the
addition of a pore blocking admixture during the mixing process and the other involving surface
treatment with a hydrophobic silane on a pre-dried surface. The second objective focused on
assessing the effectiveness of hydrophobic impregnation in preventing moisture uptake during F-
T pumping. Finally, the third objective aimed to determine whether the air void system remained

effective in the presence of hydrophobic impregnation. The study yielded several major findings.

e The hydrophobic impregnation involved in this study is ineffective in preventing pumping

during an F-T cycle and eventually leading to oversaturation.
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The hydrophobic impregnation in this study does not produce supplementary protection
for concretes with good F-T resistance. Internal pore-blocker application results in the most
severe F-T deterioration, characterized by a decrease in modulus and accelerated surface
scaling, irrespective of SCM type and air void parameters. In contrast, surface-treated
specimens develop severe damage only in the superficial treated layer after saturation.
The surface impregnation turns the pore structures from a hydrophilic to a hydrophobic
state and causes the entrapping effect in the surface treated layer while the internal
impregnation nullifies the air void system in providing pressure relief. The importance of
maintaining a hydrophilic pore surface under F-T conditions can be concluded based on
the negative effect of a hydrophobic treatment.

The mechanisms of surface scaling and internal cracking both rely on moisture uptake
conditions and air void quality. However, surface scaling is more related to local moisture
uptake conditions, while internal cracking is associated with the overall degree of
saturation. This explains why accelerated scaling and internal cracking may not occur
simultaneously, with the former being more sensitive to changes in salt concentration,

while the latter is not. .
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Chapter 6. Quantification and Modeling of Salt Frost Scaling Resistance in

Concrete

6.1 General

Conventional laboratory evaluation of salt frost scaling is known to be extremely time-consuming
and labor-intensive. As a result, researchers have been exploring alternative methods to efficiently
assess and predict the F-T performance of concrete in the field. In particular, they have been
investigating properties such as sorptivity and air void parameters, with the aim of correlating
concrete scaling resistance with these hardened properties. This approach has generated significant
interest within the research community, as it has the potential to improve both quality control and

service life design of the concrete by allowing for a quicker assessment of concrete performance.

This chapter is organized into three main sections. The first section provides a detailed discussion
of the primary moisture transport method in concrete and introduces the theory of sorptivity.
Through analysis, the relationship between scaling and critical moisture uptake properties is
explored. The second section examines various air void parameters. The correlations among them
and their impact on scaling are discussed. Finally, a polynomial regression model is proposed,
which quantifies scaling using selected parameters, such as sorptivity and spacing factor. These
topics collectively shed light on the intricate mechanisms governing scaling and offer valuable

insights for designing and assessing durable concrete structures.

6.2  Water uptake properties as a predictor of salt frost scaling resistance in concrete

An understanding of moisture transport in concrete and mortar is crucial for estimating their
service life as building materials and improving their quality. Concrete structures absorb water
through diffusion, permeation, and capillary suction. Diffusion is a mass transfer process from
high to low concentration areas (Dullien 2012) which is a very slow process. Permeation is a kind
of saturated flow that occurs when a liquid or gas penetrates a solid under pressure and is related

to the material’s permeability (Yong et al. 1992). However, saturated flow is uncommon in
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concrete structures due to alternating moisture and dryness exposure. On unsaturated
concretesurfaces, capillary suction is a significant mode of transport and better characterizes the

transport behavior (Hall 1989, Wilson et al. 1999).

6.2.1  Discussion on the unsaturated flow and sorptivity theory

When a tube of a small diameter such as a capillary pore comes into contact with free water, a
meniscus can form within the tube as a result of the contact angle between water and the tube walls.
This meniscus is formed to meet the minimum surface energy requirements. A pressure drop AP
will be produced by the surface tension force at the interface which can be captured by Laplace’s

law

AP = vk, Eq. 6.1
where y is the surface tension of the liquid and k is the average curvature of the interface

(Adamson et al. 1967) and k can be calculated as

= 2 cos 9, Eq. 6.2
r
where 7 is the average radius of the pore tube and 6 is the contact angle. As a result,
2 0
Ap = 2V O3 Eq. 6.3
r

According to Darcy’s Law (Whitaker 1986), the average flow velocity V can be obtained from the

following equation

V=———— Eq. 6.4
where K is the permeability, u is the viscosity of the liquid and [ is the length along which the
pressure drop is obtained. Assuming a capillary cube where K = r2/8

r
V= 4_pdy cos 6. Eq. 6.5

This equation does not take the effect of gravity and effects due to the details of the contact line
motion into consideration. As V changes according to the radius of the tube, porous materials that

have smaller pores will have slower liquid uptake. Take V = %, the following equation can be

obtained (Martys 1997)
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Sellevold developed a model for the computation of sorptivity based on the total porosity and
average radius of the pores shown in Figure 6.1 (Sellevold 1990). Here, the permeability of the
tubes assumed can be replaced by the permeability of the porous medium. Sorptivity can be

calculated as

yr 0.5
S = (ﬂ) SO' Eq 67

where g, is the total porosity (cc/cc concrete) in the surface region and r is the average radius of
the pores. This model gave a theoretical basis that sorptivity is dependent upon the total porosity,

and the average size of pores.

VCDnCTEt(" ACO"("?!Q

quren Apore' r
o A SR s T e Annotation
R4 -~ ¥ wrom . . y »' 3 j S
X 5 pore

pore liquid

el solid skeleton

Figure 6.1 A simplified schematic model for estimating the sorptivity of concrete (Sellevold

1990)
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A deficiency of this equation is that it only applies to the Portland cement concrete. SCM has a
great impact on the average size of the pores, connectivity of the concrete, and thus the porosity
of the concrete. To account for this, sorptivity is plotted against capillary porosity for concrete
containing 30% GGBFS, as shown in Figure 6.2. Other concrete systems are also included. The
plot demonstrates that sorptivity is linearly proportional to the total porosity of the concrete, which

is consistent with Eq. 6.7.
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Figure 6.2 Relationship between the sorptivity and capillary porosity
It is inconvenient to obtain the pore size distribution and porosity to calculate the sorptivity. Instead,
sorptivity is typically determined by analyzing the initial slope of the moisture uptake curve plotted

against the square root of time, as illustrated in Figure 6.3. The moisture uptake can be described
by
% 1
I=Z=St2 + Sy, Eq. 6.10

where [ is the cumulative moisture uptake per inflow concrete area, V is the volume of water
uptake, and A is the surface area exposed to water, S, is usually found which is attributed to the

filling of open surface pores.
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Figure 6.3 A typical moisture uptake curve in concrete

6.2.2  Relationship between F-T resistance and water transport properties
It is challenging to measure the moisture conditions in the surface layer, which is directly related
to scaling. As a result, parameters such as sorptivity and total moisture uptake, which can indicate

such a moisture uptake level should be considered.

The studies regarding the relationship between scaling and sorptivity are quite limited. Gagné et
al. (2011) found a strong correlation between scaling resistance and sorptivity as shown in Figure
6.4. A higher sorptivity value is typically associated with larger scaling, and concrete with a low
sorptivity (<0.1 mm/min®°) is considered durable while they admitted other parameters may
influence the scaling resistance of concrete. Similar results were obtained in our research group.
Liu and Hansen proposed that concretes with a high sorptivity exhibit poor scaling resistance as

illustrated in Figure 6.5 (Liu et al. 2014).

This study examined 17 different air-entrained concrete systems, which varied in w/cm (ranging
from 0.35 to 0.45), SCM addition (30% GGBFS, 30% fly ash, and 4-8% silica fume), and
lightweight aggregate content (at 10%, 25%, and 40% levels). Table 6.1 presents the results of the
sorption test and F-T test. Among the tested samples, 035-30%GGBFS-10%LWA exhibited the
lowest sorptivity value of 0.09 mm/min®, while the 040-Control-28day sample demonstrated the
highest sorptivity value. This finding is consistent with the discussion in Chapter 4, which

highlights the impact of w/cm, and SCMs on moisture uptake.
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Figure 6.5 An empirical correlation between scaling rate and sorptivity in air-entrained concretes
As illustrated in Figure 6.6 (a), scaling generally increases as sorptivity increases, as a lower
sorptivity suggests a denser cement paste matrix and better resistance to water penetration, which
reduces the pressure source on the concrete. The most durable concrete has a sorptivity value of
less than 0.15 mm/min® and a scaling of less than 1 kg/m?. However, some data points within the
black oval in Figure 6.6 (a) do not conform to this trend. The systems that are in the black oval

have a much smaller spacing factor compared to those with a similar sorptivity but higher scaling.
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Table 6.1 Sorption test and F-T test results

Sorption Test F-T performance
Curing at 56 cycles
Barch ID ?1%5,’ sorptivity Watgr Scaling
mm/minds absorption, ke/m’ | RDM, %
mm
035-30%GGBFS 28 0.123 43 0.37 98.9
035-30%GGBFS-10%LWA 28 0.102 3.5 0.28 99
035-30%GGBFS-25%LWA 28 0.144 4.6 0.09 93.5
035-30%GGBFS-40%LWA 28 0.105 4.3 0.08 98
037-8%SF 28 0.142 4.6 0.76 96.6
039-4%SF 28 0.257 7.7 1.23 97.6
040-30%GGBFS 28 0.189 6.6 0.23 97.4
040-30%GGBFS-25%LWA 28 0.207 7.5 0.20 99.3
040-30%GGBFS-40% LWA 28 0.198 7.2 0.18 98
040-8%SF-18%LWA 28 0.162 4.5 0.44 94.4
040-4%SF-18%LWA 28 0.173 5.2 0.18 100
040-Control-28day 28 0.263 9.2 245 95.9
040-Control-90day 90 0.202 7.8 2.12 86
040-30% Flyash Class C 90 0.110 33 0.47 96
040-30% Flyash Class F 90 0.097 4.2 0.35 92
045-30%GGBFS 90 0.125 6.9 0.50 99.1
045-6%SF-25%GGBFS 28 0.178 6.1 1.15 97

This indicates that other factors may also play a role in scaling resistance (Gagné et al. 2011). The
relationship between scaling and total moisture uptake exhibits a similar trend as shown in Figure
6.6 (b), with concrete having a total moisture uptake of less than 5.5 mm and being more resistant
to salt frost scaling. Similarly, there are also concrete systems in the black oval that do not adhere

to this trend.
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The relationship between sorptivity and total moisture uptake is shown in Figure 6.7. Although
there is a strong linear correlation between sorptivity and total moisture uptake, sorptivity should
be a superior indicator of scaling resistance compared to total moisture uptake. The distinction
between these two parameters stems from the fact that total moisture uptake is linked to the total
connected pore volume and provides an overall indication of moisture levels throughout the
specimen, whereas sorptivity is related to the total porosity, pore connectivity, and capillary size
(Liu et al. 2015b). Sorptivity reflects the ease with which water can saturate the pores and can be
useful for predicting how easily critical saturation is reached (Martys et a. 1997). Therefore,
sorptivity is a more effective indicator than total moisture uptake for determining scaling resistance.
Most of the concrete systems did not exhibit internal cracking after 56 cycles with only one system,

040-Control-90day, having a slightly below 90% RDM after 56 cycles, possibly due to over-

saturation.
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Figure 6.6 Scaling at 56 cycles with respect to (a) sorptivity (b) 7-day water absorption
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Figure 6.7 Relationship between sorptivity and 7-day total moisture uptake
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6.3 A comprehensive study on the characterization of air void system

6.3.1 Introduction to air void system

The importance of an air void system in salt frost scaling resistance has been widely recognized
based on laboratory and field results. While the specific physical mechanism of F-T deterioration
is still debatable, it is indisputable that a sufficient number of entrained air voids in the cement
paste can greatly enhance F-T durability (Snyder 1998). As a consequence, extensive efforts have
been devoted to characterizing the air void system for several decades. The key characteristics
pertaining to the air void system include the amount, spacing, and size distribution of the air
bubbles. The specific surface which relates to the size distribution of the air voids and the air void
content (with respect to paste content) are the most basic properties of the air void system. A more
comprehensive parameter that represents the quality of the air void system should include both of
these aspects. A summary plot of the relationship between air void content, specific surface, and

other parameters is shown in Figure 6.8.

Power’s
Entrained Air Total Air Spacing Factor
Content Content

Air Void
Air Content Density

Air Void System
Air Void Size
Distribution

Philleo’s Factor

Accumulated
Specific Surface Surface
(Average)

—

Figure 6.8 A summary of the air void parameters
ASTM C125 (2013) provides a categorization of air voids based on their size and shape. The first
category is known as entrained air voids, which are spherical or nearly spherical and typically have

diameters between 0.001 and 1 mm. These voids are intentionally introduced into the concrete
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through the use of air-entraining agents. The second category is called entrapped air voids, which
are irregular in shape and have diameters of 1 mm or more. These voids are unintentionally created
during the mixing or placing of the concrete and may have a negative impact on the concrete’s
strength and freeze-thaw durability. It should be noted that large entrapped air voids while
increasing the air content of the concrete, do not significantly affect the spacing between air voids.
Figure 6.9 shows examples of these two types of air voids under a microscope. The air content of
the concrete can be calculated as either total air content or entrained air content, with or without

the entrapped air voids, respectively.

The air content is a critical parameter in evaluating the quality of concrete and is commonly
expressed as a percentage of the cumulative air volume to the concrete volume. Specific air content
requirements are recommended by standards and provisions such as ACI 201 (2016), ACI 301
(2016), and ACI 318 (2019) depending on the severity of the exposure. However, it is essential to
note that meeting the recommended air content does not always guarantee optimal freeze-thaw
performance. For instance, some concrete mixes with acceptable air content may have large
portions of entrapped air, which offers minimal protection to the concrete, leading to an
overestimation of the freeze-thaw resistance. Consequently, air content may not be a reliable

indicator.

Entrained air

Entrapped air

Figure 6.9 Microscopic image of concrete containing entrained and entrapped air
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Specific surface a is defined as the surface area of the air voids divided by their volume. The unit
of specific surface is a reciprocal length as it is associated with the average chord length of the air

voids. Specific surface can be calculated using the following equation,

4
a ==
l

Eq. 6.11

)

where [ is the average chord length. As the equation suggests, larger values of a correspond to

lower [ value, i.e., finer air voids on average.

It is widely acknowledged that the spacing of the voids, rather than their total volume, is what
determines the susceptibility of concrete to frost damage. To obtain a more accurate diagnosis of
concrete performance, the spacing can be measured using polished sections of hardened concrete.
Numerous spacing equations have been proposed by researchers (Powers 1945, Philleo 1983, Lu
et al. 1992, Attiogbe 1993, Pleau et al. 1996, Lindmark 1998, Lindmark 2010, Liu et al. 2019).
These equations can be broadly divided into two categories: void-void proximity and paste-void
proximity. Void-void proximity measures the surface-to-surface distance between two air voids
and can be classified into nearest air voids or the average length of paste between two air voids
intersected by a random line (i.e., Attiogbe’s spacing factor or mean free path). Paste-void
proximity estimates the volume fraction of paste within some distance from the surface of the air
voids and is more frequently used. This study focuses on the well-known paste-void spacing

factors from Powers, Philleo, Lu and Torquato.

6.3.2  Powers spacing factor

Powers spacing factor (PSF) is the most used paste-void spacing factor. It was originally proposed
by Powers who suggested that hydraulic pressure is the cause of damage during frost action
(Powers 1949). When water freezes, its volume increases and expels unfrozen water from the site
of ice formation. This expelled water generates hydraulic pressure in the pores and can cause
damage to the concrete. The pressure buildup depends on the flow length to a free surface, which
is provided by the air voids. Although the validity of this hypothesis has been questioned, PSF is
the earliest attempt to quantify the air void system’s spacing. It has been proved effective in many

experimental and field results.

Powers considered two scenarios to calculate the spacing factor. In the first scenario, where there

is little paste around each air void, Powers used the ‘frosting’ approach by assuming that all the
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paste was uniformly distributed in a layer over each air void. The mean thickness of the cement
paste around the air voids can be obtained using the volume of the cement paste divided by the
total surface area of the air voids. This approach was used when the paste-to-air ratio (p/A) was

not greater than 4.342. In this case, the spacing factor can be calculated as

- p
L=—, Eq. 6.12
aA d

where L was the spacing factor, p was the paste content, a was the specific surface and A was the

air content.

In the second scenario, when the paste-to-air ratio is large, the model divides the total cement paste
volume into equal-sized unit cubic cells that contain a spherical air void of constant size in the
center, as depicted in Figure 6.10. In this case, Powers’ spacing factor is defined as half the mean
distance between the periphery of the air voids and provides an estimate of the longest distance to

an air void surface. It can be calculated using the following equation when p/A exceeds 4.342:

Eq. 6.13

Computation of
Reality Simplifying assumptions the spacing factor

Figure 6.10 Assumption of cubic arrangement of the air voids in cement paste for spacing factor
computation

It is acknowledged that the calculated spacing factor according to Powers’ method tends to

overestimate the actual spacing factor. Therefore, the smaller value between the two equations is

generally used. Powers’ equation estimates the distance from the surface of all the air voids that

would include a significant portion of the paste, but the percentile of the paste included in the

estimate is not specified.
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Many regulating bodies and agencies adopt a spacing factor of 200 um for concrete to achieve
good salt scaling resistance. In general, scaling decreases with the decrease in the spacing factor.
However, the relationship between scaling and spacing factor is not straightforward, and
experimental results do not always show a strong correlation (Tanesi el al. 2007, Lindmark 2010,

Hasholt 2014, Amini et al. 2019).

6.3.3  Effect of entrained air voids and entrapped air voids on spacing factor and specific
surface
Powers spacing factor provides only a rough estimate of the real spacing in hardened concrete
(Pigeon et al. 1996). This is due to the hypothetical system of equal-sized spherical voids uniformly
distributed throughout the paste. The actual air voids in concrete are randomly distributed in space.
Moreover, the entrapped air voids, which account for a significant proportion of the total air
content, contribute little to the actual spacing of the air void system. The calculation of the spacing
factor is based on the average specific surface of all the air voids in ASTM C 457 and thus the

original value of a spacing factor is greatly affected by the large air voids.

Figure 6.11 shows cumulative air content percentage and cumulative number of air voids
percentage plots based on the air void size of typical concrete. It is important to note that chords
smaller than 30 microns are not included in the analysis as they are not easily detectable during
analysis and may cause an overestimation of the number of air voids (Taylor et al. 2021). This
exclusion has been applied by many researchers in previous studies (Jakobsen et al. 2006, Ley
2007, Peterson et al. 2009, Ramezanianpour et al. 2010, Taylor et al. 2021). Figure 6.11
demonstrates that although the number of air voids larger than 500 microns (mostly entrapped air
voids) only accounts for 2% of the total number of air voids in the concrete, this portion contributes
about 20% of the total air content. Consequently, it is a good practice to exclude this part of
entrapped air voids when calculating the spacing factor (Pleau et al. 1990, Kang 2010, Liu 2014).
The concrete presented in Figure 6.11 has a total air content of 6.1% and an entrained air (up to
500 microns) content is 4.9%. The specific surface of all air voids is 42.5 mm™! compared to 51.7
mm' of the entrained air voids. The original spacing factor based on all air voids changes from

108 microns to 98 microns based on entrained air voids only.
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Figure 6.11 Cumulative percentage of air content and number of air voids for 040-30%GGBFS

system (Powers spacing factor = 108, total air content = 6.1%)
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The entrained air voids can provide a more accurate estimate of the ‘real’ spacing factor. The
theoretical line in Figure 6.12 is drawn based on the average paste content, air content, and specific
surface of all concrete samples. Depending on the paste-to-air content, the appropriate equation is
used to calculate the theoretical value. The experimental data points in Figure 6.12 (b) are more
closely clustered around the theoretical line than those in Figure 6.12 (a). The coefficient of

determination between the spacing factor and entrained air content increases from 0.47 to 0.58.
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Figure 6.12 Relationship between spacing factor and (a) total air content (b) entrained air content
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The relationship between the Powers spacing factor and the spacing factor based on entrained air
voids was investigated, and a strong linear correlation was found (see Figure 6.13). The spacing
factor based on entrained air voids accurately represents the original spacing factor, indicating that
entrained air has a dominant effect in determining the spacing of the air void system. The exclusion
of a few large air voids results in a smaller value of the spacing factor due to a decrease in the
mean diameter of the air voids and a larger value of the specific surface. This finding is consistent
with the results of previous studies (Sommer 1979, Walker 1980, Langan et al. 1986, Pleau et al.
1990).
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Figure 6.13 Comparison between Powers spacing factor and spacing factor based on entrained
air voids (a) from this study (b) from literature review (Pleau et al. 1990)
The specific surface of air voids is independent of the air void content and instead depends on the
distribution of air voids, as illustrated in Figure 6.14. The entrained air void system has an average
specific surface of 45.6 mm!, which is much larger than the specific surface of the entire air void
system. Notably, the variation in specific surface is greater for the total air content than for the
entrained air content. The standard deviation of specific surface for entrained air void system is
6.4 mm™!' compared to 7.6 mm! for the entire air void system. This is due to the fact that the
entrained air void system has a smaller size range and specific surface is less influenced by
extremely large air voids. Consequently, this may explain why the data points in Figure 6.12 (a)

appear more scattered.
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The impact of specific surface on the spacing factor issignificant, as illustrated by the simulation
in Figure 6.16. Concrete with a larger specific surface, which indicates finer air voids, will result

in a smaller spacing factor for the same air content.
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Figure 6.15 Relationship between spacing factor and entrained air content and specific surface
6.3.4  Air void density
Calculations involving paste-void proximity often include determining the number of air voids in
a given volume of paste (N) or the air void density (4 VD). Its calculation and applications to other

parameters such as the Philleo factor are of considerable interest.

The chord size distribution can be obtained through the linear traverse test prescribed by ASTM
C457, with the help of image analysis software. To represent the distribution accurately, the zeroth-
order logarithmic radius distribution proposed by Roberts et al. (1981) is utilized (Roberts et al.
1981) and can be characterized by

1(In (rr_o) 2

exp|— 7 ,

Eq. 6.14

¢(r) =

2

V2mo,1, exp <%’>

where 7, is the modal chord length and o, is the zeroth-order log standard deviation. Although
the chord size usually does not represent the real radius of the air voids and the relationship

between the radius and chord size can be found in other’s work (Reid 1955, Snyder et al. 2001,
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Fonseca et al. 2015), it is assumed that the chord size distribution can approximate the air void
radius distribution in this study for simplicity. According to a general formula (Dirac 1943,

Sjostrand 2002), the average chord length can be approximately 4/3 of the average air void radius

_ 4
[=3R, Eq. 6.15

where [ is the average chord length, microns, R is the average radius of air void.

The number of air voids N in the scaling (paste) volume Vs can be calculated as the total volume

of air voids divided by the volume of a single air volume

YVs

4

N = ,
§T[R3

Eq. 6.16

where y is the ratio of air void in the paste, calculated as ij‘ If the Vs is 1 mm?, then N represents

the air void density and the unit is 1/mm?.

Combine these two equations, the following is obtained

Vs
N=;ﬁr——f; Eq. 6.17

where k is a constant that equals 1.767.

As mentioned above, the entrapped air has a great impact on the average chord length and thus on
the calculation of N. Two methods can be taken to mitigate the effects of entrapped air. Firstly,
the entrained air which has a narrower size range (< 500 microns) can be used instead of the total
air to calculate the average size. Alternatively, the real air void size distribution can be employed
to calculate the number of air voids in each class and get the total number of air voids from each
size group. The percentage of the air voids of class i in paste is

A;

oA Eq. 6.18

where A; is the air content of the specific class i, p is the cement paste content, A; is the total air

content.

Consequently, the number of air voids based on the air void distribution is

109



n

I/NS
22 p.l_At -3’ Eq.6.19
k()L

l

where n is the number of air void classes, [, is the chord size length of the specific class i, the [,
takes the middle value of the class range. For example, [, is 35 microns for chord size ranging
between 30 and 40 microns size group. An example of concrete with 0.40 w/c from ASTM C 457
is given in Appendix A.

A comparison of AVD in 17 concrete systems calculated by entrained air voids, total air voids,
and air void size distribution is displayed in Figure 6.16. It is obvious that the real number of voids
should be much greater than that based on all air voids. This finding supports other researchers’
discoveries that the actual number of air voids is significantly greater than the number utilized in

calculating Powers spacing factor (Lord et al. 1951).
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Figure 6.16 Number of air voids per volume calculated by average chord length of all air voids,
entrained air voids, and chord size distribution
According to Eq. 6.17, if the specific surface is similar, the AVD increases with the air content.
This is suggested in Figure 6.17 and Figure 6.18 where these three systems have a close specific
surface but quite different air content. The air void density is also highly correlated with the

spacing factor demonstrated in Figure 6.19. This is due to the similarity in the calculation of these
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two parameters in essence. They are both associated with air content, paste content, and chord size

distribution.
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6.3.5  Modified Philleo factor
The Philleo model, based on the Powers spacing factor, introduced the concept of a protected

volume (Philleo 1983). The Philleo factor is defined by the ACI Concrete Terminology (2021) as:

a distance, used as an index of the extent to which hardened cement paste is protected from the
effects of freezing, so selected that only a small portion of the cement paste (usually 10%) lies

farther than that distance from the perimeter of the nearest air void.

The model involves generating points in the cement paste to represent the air void system, where
the air void has no volume. The paste-void proximity distribution is then described by the Hertz
distribution, which is improved to account for finite-sized spheres. A point can be protected if it
falls within a critical distance S from the closest air void, as illustrated in Figure 6.20. The Philleo
factor is regarded as a more realistic approach than the spacing factor to estimate the spacing of
air voids in concrete for evaluating its frost durability (Pigeon et al. 1995). Moreover, the Philleo
model assumes that the air voids are randomly distributed, which is a closer approximation to

reality (Fagerlund 2017).
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Figure 6.20 [llustration of Philleo factor
The percentage of paste (F) located within a distance of S can be calculated by

2
3

3 2
Foq —4.19(51\/%) —7.80<SN%> [fnl/(l—A)]%—4.84<SN%>[fnl/(l—A)] Eq. 6.20
=1-e

)

where A is the air content by volume in the paste including the air voids, N is the number of air

voids per unit volume.

The Philleo factor accounting for 90" percent (i.e., F=0.9) of the paste within a distance S of the

nearest air voids is usually adopted and can be determined by

1 1
3

0.62 1 3 1
= - Eq. 6.21
S N% [(ln (1 — A) + 2.303) <ln (1 — A)) . q

It was found that Powers’ spacing factor is almost equivalent to the original Philleo factor as shown

in Figure 6.21 (a) which is consistent with previous studies (Dewey 1991). However, Philleo only
utilized an estimated average value of N and neglected the size distribution of the air voids when
computing S. As revealed in section 6.3.4, the Philleo factor can be improved by taking into
account the actual air void size distribution. Although Philleo did not consider the air void radius
distribution in the equation’s development, incorporating this distribution results in a much smaller

Philleo factor as shown in Figure 6.21 (b) which is more realistic (Snyder 1998).
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6.3.6  Lu and Torquato Equations

Prior to Lu and Torquato’s study, the problem of paste-void spacing distributions had mainly been
solved for systems consisting of monosized spheres, using various approximation techniques that
were verified by Monte Carlo simulations. However, Lu and Torquato extended these
approximations to include polydispersed sphere radii, which can be used both for paste-void and
void-void spacing distribution. In order to calculate paste-void and void-void proximity, they

defined specific quantities as follows:

T
0 = 3N2HRE) Eq. 6.22
4(R?)
_ Eq. 6.23
‘Tioa 1
MR 120,
d= R2), Eq. 6.24
=4t a=ofY 4
4 80, 16 Bo?
- R) + ———222__(R3 Eq. 6.25
I=3a=n a3 aa F 4

where (R¥) is the expected value of R*for the radius distribution. The value of B depends on the

exact way how the system is built and for the calculations here B = 0 is selected (Lu et al. 1992).

One approach used in the study was to estimate the probability of a randomly selected point in the
system lying within a distance s from an air-void surface (paste-void proximity). The probability
of finding the nearest air void surface at a distance s from a random point within the paste portion

can be expressed by the following equation:

E,(s) =1 —exp[—-mN(cs + ds? + gs3)]. Eq. 6.26
As the equation suggests, the probability is only a function of s for a given concrete system. By
plugging in different s the probability can be calculated. The s value represents the 90%
probability that was adopted in order to compare with the Philleo factor (90%). As shown in Figure
6.22, the Lu and Torquato Factor was about 20% larger than the Philleo factor but there was a
strong linear relationship between them (R’ = 0.96). Lu and Torquato factor is found to be the most

accurate among all the parameters in a study by Snyder (1998).

Other parameters such as Pleau and Pigeon factor which only performs well when the air content

is low and Attiogbe’s factor which is for void-void spacing are not included in this study.
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Figure 6.22 Relationship between the Lu and Torquato factor and Philleo factor

6.3.7  Accumulated surface area
More investigations are conducted in a recent couple of decades by including the surface area of
air voids. For example, Lindmark came up with the accumulated surface area (ASA) of all air

voids to evaluate the quality of an air void system (Lindmark 2010) which can be calculated as

7= ngA(d), Eq. 6.27
d

where T is the accumulated surface area, d is the average size of a certain class of air voids, n, is
the number of air voids in that size and A(d) is the surface area of the air voids.
The accumulated surface area is not related to either paste-void or void-void proximity. They
argued that in order for the air void system to protect the concrete, two conditions must be met.
On the one hand, the total air volume should be large enough to provide space for ice formation.
On the other hand, the distance between the air voids should not be too long. Small air voids have
a high surface-area-to-volume ratio. However, if there are few small air voids, the total air volume
will be low. In contrast, large air voids provide a large volume for ice formation but if there are
too few of them the flow distance will be too large. Based on this reasoning, one can hypothesize

that the accumulated surface area of all air voids in a reasonably normal air void system might be
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a useful parameter for assessing the quality of the system. This is because a sufficient accumulated
surface area would ensure that the total volume of air is adequate and the flow distances are kept
short enough. A good correlation between scaling and accumulated surface area is observed by
Lindmark in Figure 6.23 when w/c= 0.4 but not when w/c = 0.5. Moreover, the author admits that

the evaluation is based on a purely qualitative analysis, as no theory predicts the shape of the curve.

One notable limitation of this parameter is its inability to account for the distance between air
voids. For instance, if two systems have the same total surface area but one system contains more
air voids of larger size and the other has more smaller air voids, the flow distance will differ.
Therefore, this formula is only applicable when air void distributions are similar. Additionally, the
author partitioned the samples into two categories based on w/c for the plot, implying that other

factors should be taken into account when assessing salt frost scaling beyond the air void system.
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Figure 6.23 Scaling vs accumulated surface of air voids
The study again demonstrated a strong linear correlation between the spacing factor and the
accumulated surface area, as illustrated in Figure 6.24, using the 17 concrete systems analyzed.
Although all the recently proposed parameters including the Philleo factor, air void density, and
accumulated surface area have different ways to characterize the air void system and are different
from the spacing factor in values, they are in essence associated with air content and air void size

distribution. As a result, these parameters exhibit a strong correlation with the Powers spacing
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factor, whether linearly or non-linearly. This is consistent with findings by other researchers, as
shown in Figure 6.25 (Snyder 1998). Although the spacing factor may not precisely represent the

actual spacing between air voids, it is a useful indicator of the air void system’s quality.
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Figure 6.24 Relationship between accumulated surface area and Powers spacing factor

6.3.8  Relationship between scaling and air void parameters

Although the paste-void proximity parameters such as the Philleo factor are well-established,
limited data exist on the relationship between scaling and these air void parameters. In light of the
findings from earlier sections, the scaling is plotted in relation to these parameters and the results
are summarized in Table 6.2. All concrete samples examined were air-entrained, with total air
content ranging from 2.9% to 8.8%. The entrained air (<500 microns) content was between 1.7%
and 7.6%. The spacing factor varied from 73 to 226 microns, and the specific surface area ranged
from 24 to 46 mm™'. Fourteen out of 17 concrete systems met the ACI 201 recommendation that
the spacing factor should not exceed 200 microns and the specific surface should be at least 25

mm! (Powers et al. 1949, Powers 1954, ACI Committee 201 2016).
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Figure 6.25 Relationship between Powers spacing factor and other paste-void spacing factors
(Snyder 1998) (Note: The estimates include results from Philleo (F); Pleau and Pigeon (KA) and
(KK) using the normalization factors of 1 - A and 1 - K'(0), respectively; Lu and Torquato (Ev);

and Powers. 95 indicates the percentile.)
As discussed in section 6.2.2, sorptivity is important in considering salt scaling resistance. As a
result, in Figure 6.26, the impact of air void parameters on salt frost scaling is demonstrated for
concrete categorized by their sorptivity. Concrete with low (<0.15 mm/sqrt(min)), medium (0.15
— 0.20 mm/sqrt(min)), and high sorptivity (> 0.20 mm/sqrt(min)) are represented by blue, orange,

and grey dots respectively.

Total air content is being widely used in the field as it can be quickly and easily measured. Despite
total air content being a commonly used parameter, there is generally no correlation between
scaling and air content. Concrete with at least 6% total air content, typically considered adequate,
can still develop very high scaling, as shown in Figure 6.26 (a). Conversely, concrete with air
content less than 4% had a scaling of less than 0.5 kg/m?. This indicates that air content alone is
not a reliable indicator of freeze-thaw scaling resistance. For concrete with high sorptivity, air
content greater than 6% is typically recommended to reduce the scaling, while concrete with

medium sorptivity should have air content greater than 5%. Low sorptivity concrete is freeze-thaw
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resistant even with very low air content, which aligns with the plot in Figure 6.26 (b). A minimum

entrained air content of 4% and 3% is recommended for concrete with high and medium sorptivity,

respectively.
Table 6.2 Summary of air void parameters and scaling
AC SS PSF ESF AVD PhF LT ASA | Scaling
% | mm™! | microns | microns | mm™ | microns | microns | mm! | kg/m?

035-30%GGBFS 2.9 37 170 140 183 95 105 3.32 0.37
035-30%GGBFS-10%LWA 3.0 28 226 174 122 109 126 2.47 0.28
035-30%GGBFS-25%LWA 53 38 139 118 276 74 88 4.92 0.09
035-30%GGBFS-40%LWA 34 31 193 154 157 98 114 3.08 0.08
037-8%SF 4.9 29 190 154 154 95 110 3.45 0.76
039-4%SF 9.0 29 134 120 234 71 85 5.99 1.23
040-30%GGBFS 6.1 43 108 98 346 66 75 7.12 0.23
040-30%GGBFS-25%LWA 8.8 46 73 74 510 53 60 10.43 0.20
040-30%GGBFS-40% LWA | 5.8 42 110 100 330 68 76 8.02 0.18
040-8%SF-18%LWA 5.0 26 204 161 136 97 115 3.33 0.44
040-4%SF-18%LWA 7.0 28 164 133 208 79 95 4.67 0.18
040-Control-28day 6.0 24 193 158 151 87 108 4.00 2.45
040-Control-90day 6.0 24 193 158 151 87 108 4.00 2.12
040-30% Fly ash Class C 6.1 35 133 116 253 73 84 6.14 0.47
040-30% Fly ash Class F 4.2 32 149 120 242 81 91 5.06 0.35
045-30%GGBFS 4.4 29 160 140 163 91 105 4.11 0.50
045-6%SF-25%GGBFS 4.7 24 216 177 126 99 119 3.19 1.15

(Note: AC = air content, SS = specific surface, PSF = Powers spacing factor, ESF = spacing factor
by entrained air, AVD = air void density based on air void distribution, PhF = Philleo Factor 90%
percentile, LT = Lu and Torquato equation 90% percentile, ASA = Accumulated Surface Area;

scaling is the mass loss at 56 F-T cycles)

The scaling generally decreases as specific surface increases (Figure 6.26 (c)). For concrete with
high sorptivity, a finer system (i.e., a larger specific surface) can significantly reduce the scaling.
However, the specific surface has less impact on the concrete with medium to low sorptivity. As
long as the specific surface is greater than 25 mm™', which is in line with the requirement in ACI
201 (2016), these concrete samples develop a scaling of less than 1 kg/m?. The specific surface

itself simply represents the fineness of the air void system. If the total volume of air void is low,
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the concrete still cannot provide sufficient protection to the concrete. A more comprehensive
parameter should also take the air content into account. Consequently, specific surface is not the

best choice when determining the salt scaling resistance.

The data presented in Figure 6.26 (d) shows that scaling tends to increase with an increase in the
spacing factor. The larger spacing factor indicates that water flow must travel a greater distance to
prevent pressure buildup, which can lead to paste destruction before it can be released. The impact
of the spacing factor is greatest in concrete with high sorptivity. For example, the 040-
30%GGBFS-25%LWA concrete system has a high sorptivity (0.207 mm/sqrt(min)) but low
scaling (<0.5 kg/m?) due to a high-quality air void system with a spacing factor of 73 microns. On
the other hand, the scaling of the 040-Control-90day system, which has similar sorptivity, is over
2 kg/m? due to a spacing factor close to 200 microns, the limit specified in ACI 201. The trend
lines for concrete with high and medium sorptivity indicate that as sorptivity increases, the spacing
factor must be reduced to achieve the same level of scaling resistance. Meanwhile, the F-T scaling

resistance for concrete with low sorptivity is not sensitive to changes in the spacing factor.

As mentioned in previous sections, the spacing factor has a strong correlation with all other
synthetic air void parameters such as Philleo Factor, air void density, etc. It is expected that a
similar trend also applies to these parameters. As seen from Figure 6.26 (e) to (i), these parameters
have the greatest impact in concrete with high sorptivity, as scaling increases with Philleo Factor
and Lu and Torquato Factor and decreases with air void density and accumulated surface area.
However, concrete systems with low sorptivity are still unaffected by changes in these air void

parameters.
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From the results, the sorptivity combined with the spacing factor can be used to predict the scaling
resistance of the concrete. Sorptivity measures how easily the surface layer of concrete can absorb
water and is a key factor in moisture uptake, which can be seen as the pressure cause in salt frost
scaling. Meanwhile, the air void system acts as a buffer, providing pressure relief to the moisture
absorbed. Therefore, salt frost scaling is determined by the balance between water uptake and the

quality of the air void system in the concrete.

6.4 Quantifying salt frost scaling using two parameters
Based on the analysis, a polynomial regression model can be constructed to establish the

correlation between salt scaling, sorptivity, and Powers spacing factor.

6.4.1 Modeling
Based on the analysis, a polynomial regression model can be constructed to establish the

correlation between salt scaling, sorptivity, and Powers spacing factor.

Denote the dataset of n experimental points by (x;, y;, z;) i, where x; is the sorptivity, y; is the
spacing factor and z; is the scaling in the i-th experiment. Then, the polynomial regression model

is given by

_ k.l
zZi = Z (aklxi J’i)»
k+lsp
k,l EN

Eq. 6.28

where N = Z U {0} is the set of natural numbers, p is the order of this polynomial model, and ay;

is some coefficients. Note that for a given p, the number of elements in set {(k,l) € Nk + 1 <

p}is

P+1Dp+2)
z .

Hereafter, the polynomial models are restricted with the order of not greater than 2, i.e., in the rest
of'this study, let p < 2. In such cases, it is recommended to use a regularization method to suppress

coefficients in nonlinear functions, whereas linear functions do not require such terms (Wan 2019).

Then for a given dataset (x;,y;, 2;)i~,, the appropriate coefficients {ay;} in a polynomial

regression model in Eq. 6.28 can be solved by the optimization

126



?ur}l](a) = mmz: | z; — Z (aklx yl) +Allall,, Eq. 6.29
axi

where vector @ = (ayg, 19, Ao1, A20, Aoz, A11) " € R® consisting of all the coefficients, |||l is the
vector norm, and A is the regularization constant. In Eq. 6.29, the sum in the first term includes all
the squared residuals, and the second term serves as a regularization. Without loss of generality,

£1 and £2 norm can be utilized in the regularization, which are defined as follows, respectively.

lali= Z |ag;

ST Eq. 6.30
k1 €N
Iel,= Eq. 6.31
Furthermore, the optimization problem can be written in the matrix form, i.e.,
min || z - Ga 13+ Al all, Eq. 6.32

where
_ T
zZ= (ZI'ZZ'"'IZn) )
a = (ayg, 19, Ag1, Az0, Aoz, A11) |
00> @10, Qp1, A20, Ap2, A11

1 1 .2 2
1 x3 yi x1 yi )
1 1 .2 2
G = 1 x3 y2 x3 y3 X
1 1 .2 2
1 xn yn xn yn xnyn

The optimization of Eq. 6.32 is a convex optimization problem.

When there is no regularization term in the optimization (Eq. 6.32), i.e., when 4 = 0, the problem

has an analytical solution that is given by

a=(GT6G)"Gz. Eq. 6.33
For the problem with regularization term, i.e., when A > 0, in this work, the CVX toolbox is

employed to solve this convex optimization (Grant et al. 2014).
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o Linear function

To investigate the interpretive capacity of linear models, we begin by setting the order of the
polynomial to p = 1. This results in having only ay, a;¢ and ay; coefficients and the problem is
then given by

n
min (z; — ai0X; — Ap1Y; — Ago)>
i 10X 01Yi 00/ -
Q00,210,201 4 !

i=

To facilitate the comparison of the contribution of each variable to the output, it is necessary to
normalize the original values of spacing factor and sorptivity, which can be achieved by applying

the following formula:

__ Xoriginal—H#
Xnorm = > Eq. 6.34

g

where u is the average value of all samples, and o is the standard deviation of all samples.
Xoriginar Means the original value of sorptivity/spacing factor and Xy, is the value after
conversion which follows the standard normal distribution. The coefficients of the linear model
that provide the best results are presented in Table 6.3. The modeling plots are presented in Figure

6.27. A discussion in detail is provided in section 6.4.2.

Table 6.3 Coefficients and coefficient of determination for the linear function

Type Qoo A0 Ap1 R?
Linear -2.384 9.759 0.009 0.66
Linear Normalized 0.651 0.524 0.380 0.66

o Nonlinear polynomial function

In the nonlinear model, we use polynomials of the order of not greater than 2 and utilize a £1 norm
to minimize the number of terms in the model. Additionally, a regularization parameter of A =
0.01 is applied, and the convex optimization in Eq. 6.32 is solved to obtain the optimal coefficients.

The resulting coefficients are presented in Table 6.4.

Table 6.4 Coefficients and coefficient of determination for the nonlinear function

2
Term Qoo QA9 Qzg Ap1 Ny ajq R

Coefficient 0.000 -4.565 0.000 -0.005  0.000 0.091 0.77
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It can be seen that even if only a small regularization parameter A = 0.01 is used, there are only
three terms appeared in the resulting polynomial model, which includes terms x;, y;, and x;y;. The

obtained model is shown in Figure 6.28.
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Figure 6.27 Quantification of salt scaling in concrete based on sorptivity and spacing factor:

linear relationship (a) 3-D plot (b) contour plot
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6.4.2  Discussion regarding the modeling results

The linear model provides a simple and direct way to describe the relationship between scaling,
sorptivity, and spacing factor. The modeling results show that higher sorptivity and spacing factor
lead to higher scaling. A notable finding is that in the linear normalized model, the sorptivity
coefficient is about 37% larger than the spacing factor coefficient, indicating that sorptivity is the
dominant factor in salt frost scaling. To control scaling development, reducing pressure sources
by decreasing concrete porosity or connectivity is more effective than enhancing the air void

system.

The findings in section 3.2 suggest that the impact of the spacing factor on scaling is dependent
on changes in sorptivity, which a linear model is unable to capture. As expected, the model’s

performance is less than satisfactory, as evidenced by the relatively low R? value.

To address these limitations, more terms are added to the nonlinear model, including a term that
multiplies the spacing factor and sorptivity which can characterize the synthetic effect of these two
parameters on scaling. As a result, the R? score has increased from 0.66 to 0.77, indicating that the
nonlinear model has better interpretive capabilities. It is observed from Table 6.4 that only terms
x, y and xy have nontrivial coefficients, with the rest having a coefficient of almost zero. This

means that the scaling can be described by the following equation

Z = aq9Xx + ag1y + a1xy, Eq. 6.35

where z is the scaling, x is the sorptivity and y is the spacing factor.

Next, we analyze the sensitivity of the scaling with respect to the variation of the sorptivity and

spacing factor. If we take the derivative of y in Eq. 6.35, it results in

9z Eq. 6.36
- = a01 + allx.

dy
According to the results in Table 6.4, a,; has a positive value, indicating that when sorptivity is
high, the output is more sensitive to changes in the spacing factor, which aligns with the result in
Section 6.3. Using a similar technique, it can be seen that when the spacing factor is high,
variations in sorptivity can also greatly affect the output. In contrast, when either of the two values

is small, changes in the other value do not significantly impact the output.
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The modeling results offer an explanation for the observation that concrete with a poor air void
system or high sorptivity may not develop high scaling. On the one hand, if the concrete has a high
spacing factor, which indicates a poor air void system, it may not experience significant scaling if
the sorptivity is low. In this case, the concrete is resistant to water penetration, and the critical
degree of saturation required for severe damage may not be reached. This observation is supported
by Figure 6.28 (b), which shows that concrete with low sorptivity is not impacted by changes in
air void parameters. Additionally, it has been found by other researchers that in low w/c ratio
concrete, which has fewer interconnected capillary pores and lower sorptivity, an air-entraining
agent may not be necessary (Marchand et al. 1994). On the other hand, if the concrete has high
sorptivity, which indicates higher connectivity of capillary pores and creates a favorable situation
for ice formation, and also has a good quality air void system, the water can flow from the capillary
pores to the nearest air voids quickly without generating high stress on the paste matrix.
Specifically, when sorptivity is greater than 0.2 mm/min®>, the spacing factor can be maintained
below 160 microns to keep the scaling under 1 kg/m?. Conversely, when sorptivity is low, the
scaling can remain low even if the spacing factor exceeds 200 microns. This situation also leads
to low scaling. In short, to achieve low scaling, concrete with higher sorptivity should be equipped

with an air void system of better quality.

6.5 Summary

This study examined key parameters affecting the salt frost scaling of high-performance concrete
specimens. The analysis identified at least two independent variables that affect salt deicing scaling:
1) sorptivity, which measures the capillary suction property, and 2) the quality of the air void
system. To visualize the impact of these variables, a polynomial regression model was proposed
and a 3-D plot was created, providing an initial quantification method. The key findings of the

study are:

o The ability of external water to penetrate the porosity of cementitious binder under
capillary suction, measured by water sorptivity, is a crucial physical property that
determines scaling resistance to deicer salt solution.

e Entrained air voids are dominating in determining spacing factor. The actual spacing

between air voids should be smaller than the Powers spacing factor, and other proposed
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parameters such as the Philleo factor and accumulated surface area can be highly correlated
with Powers spacing factor.

It is difficult to attribute deicer salt scaling to a single parameter. The scaling is instead a
result of high sorptivity and low resistance. Moreover, scaling in concrete with higher
sorptivity is more sensitive to changes in the air-void system quality.

A polynomial regression model, which incorporates the capillary suction property causing
surface ice formation and the air-void system providing resistance to pressure build-up, is
proposed. The modeling results suggest that a better-quality air-void system is required for
more permeable concrete. This model provides a sound explanation for why, in some cases,

high scaling is not observed in concrete with a high spacing factor or high sorptivity.
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Chapter 7. Concrete Salt Scaling Resistance Predictions Using XGBoost

7.1 General

Machine learning (ML) is a powerful tool that involves training a model using sample data to make
predictions on unseen data, which has a wide range of applications, including e-commerce, health
analytics, logistics, cybersecurity, and others. The use of ML in concrete science dates back to
1992 when Pratt and Sansalone published their research on the automated field system (Pratt et al.
1992). In recent years, advancements in ML technology have made it more accessible to users and
have led to an increase in its use in concrete research. Since 2009, ML has been used to study
cement hydration and concrete degradation mechanisms, and assist in concrete material design and
discovery. In this context, some of the major research topics using ML for concrete science are

outlined below.

1) Property prediction: Determining the properties of concrete through traditional experimental
tests can be both time-consuming and labor-intensive. One of the most significant applications of
ML is to predict the mechanical and durability-related performance of concrete materials based on
available information, such as composition and mixture properties. For instance, ML can be used
to predict the compressive strength of concrete by utilizing information such as mixture
characteristics, curing age, and others. This can streamline the process of mix design and curing

regime optimization (Feng et al. 2020).

2) Materials characterization: The combination of ML and non-destructive evaluation techniques,
such as acoustic, electromagnetic, and optical methods, has been used to evaluate concrete
properties and detect damage. For example, deep learning can be utilized in image-based
characterization for the segmentation of elements such as pores, cracks, and fibers (Hilloulin et al.

2022).

In this study, a binary classification model is implemented by the XGBoost algorithm to determine

if the concrete is salt frost scaling resistant or not. The dataset involves 18 predictor variables,
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including w/cm, curing age, sorptivity, spacing factor, and others, which are identified as key

factors impacting the salt scaling resistance of concrete based on previous discussions and analysis.

7.2 Theoretical background

The algorithm of XGBoost and the analytical tool — Shapley value are reviewed in this section.

7.2.1  XGBoost

The XGBoost algorithm (which stands for extreme gradient boosting) is an efficient
implementation of the gradient boosting algorithm. XGBoost creates a sequence of decision trees
to predict the output for a given input. These decision trees are constructed in a greedy manner,
meaning that the algorithm chooses the splits to the tree in a way that maximizes the improvement
in a certain performance metric (such as accuracy) at each step. The algorithm trains these trees in
a stage-wise manner, where each tree is designed to correct the errors made by the previous tree
in the sequence and their predictions are combined in a weighted manner to produce a final
prediction. To find the optimal solution, XGBoost takes the Taylor expansion of the loss function
to the second order and incorporates a regularization term. The schematic illustration of the

XGBoost algorithm is shown in Figure 7.1 (Chen et al. 2016, Guo et al. 2020).

The XGBoost model can be characterized as

K
9i= ) feladf€F, Eq. 7.
k=1

where K is the number of decision trees, f; (x;) is the function of input in the k™ decision tree, 9;
is the predicted value, and F is the set of all possible Classification And Regression Trees (CART).

The objective function of XGBoost includes training error and regularization, which is

n K
Xons = ) 109D+ ). 00, Eq.72
i=1 k=1

where n is the number of data points involved in training datasets, Y,i~; [(y;,7;) is the loss
function used to measure the difference between the predicted value and the real value.

YK_, Q(fi) is the regularization term that can be determined by

1
Qfi) =yT+54lw 12, Eq.7.3
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where T is the number of the leaf node, w is the scores of the leaf node, y is the leaf penalty

coefficient, and A ensures that the scores of a leaf node are not too large.

In order to find the objective function which can be minimized, take the Taylor expansion of the

loss function up to the second order. Then, the objective function is approximated as

100 = 3" [1 (3035 + D) + RO + 0G0, g 74
i=1

Add the loss function values of each data, and the process is as follows:

1
ob] Z gi Wj+§ z hi+/1 sz + AT, Eq.7.5

lEI} iEIj
where g; = 095" 1(y;, PX71) is the first derivative, h; = 329X~ 11(y;, PX~1) is the second

derivative. The optimal w and objective function values obtained by the solution are as

w; = — ‘ ) Eq. 7.6
J H; +2 o
Xopj = 1ET 6 + AT Eq. 7.7
T 2LiH 42T 40

where G; = ZLEI gi» H; Zieljhi

Node splitting by
objective function

ka(X’gk)

Figure 7.1 Illustration of the boosting algorithms (Guo et al. 2020)
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A more detailed algorithm can be found in the work by Guo et al. (2020).

7.2.2  Shapley value
The lack of interpretability of machine learning predictions can be a hindrance to their adoption
and widespread use (Molnar 2020). To overcome this challenge and build trust in the model and

its outcomes, interpretability is crucial.

Shapley value is a concept in cooperative game theory that measures the contribution of each
player (or player’s coalition) to the overall value of the game. In the context of machine learning,
the Shapley value can be used to evaluate the contribution of each feature (or set of features) to
the prediction of a model (Mateo 2012). The Shapley value has the property of being both linear
and fair, meaning that it assigns a value to each feature in proportion to its contribution, with the
sum of all values equaling the total prediction of the model. This makes the Shapley value a useful
tool for explaining the predictions of complex machine learning models, such as neural networks

and ensemble models.

Denote the dataset of n data points by (xi I yl-)n, where x;; is the feature j value of instance i with
j €1{1,...,p}, where p is the number of features. The feature effect (or shapely value) ¢;; of x;;

on the prediction f(x;.) is its contributions to the output, weighted and summed over all possible

feature value combinations and can be calculated as (Molnar 2020)

St (p — IS —1)!(

¢ij(v) = o

Sg{xil,...,xip}\{xil'}

v(S U {x;}) —v(S)), Eq. 7.8

where S is a subset of the features used in the model called a coalition, |S|! represents the number
of ways features can join the coalition before feature j, (p — |S| — 1)! represents the number of
ways features can join a coalition after feature j, p! is the number of ways to form a coalition of p
features, x;. is the vector of feature values of the instance i to be explained. v(S) is the prediction
for feature values in set S that are marginalized over features that are not included in set S.
v(S U {xi ]}) — v(S§) is the marginal contribution of x;; to coalition S and v(S) can be calculated

as

v(S) = ff(xil, "-inp)d[PXi;eES — Ey (f(X)). Eq. 7.9

An approximate Shapley value estimation algorithm is attached in Appendix B.
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The process involves assigning weights to each marginal contribution of feature j based on the
probability that they make the contribution. These weighted contributions are then summed across

all possible coalitions that feature j can join, resulting in an expected marginal contribution.

The author has transformed the prediction for XGBoost using the log odds ratio so the output

A

f(x;.) is written as

p
7 p
f(xij) = In 1—p = ¢o + z bij, Eq. 7.10
j=1

where p is between 0 and 1 and can be regarded as the possibility of the instance being a positive

class.

7.3 Data exploration and pre-preprocessing

7.3.1  Data source

The data used in this study is collected from a number of previous studies beyond this thesis
(Pigeon et al. 1996, Panesar et al. 2009, Gagné et al. 2011, Marks et al. 2012, Liu et al. 2015,
2016¢, Hilloulin et al. 2022, Nowak-Michta 2022). The study adopts binary classification (a
classification problem), rather than predicting the scaling value (a regression problem), as the exact
scaling value is dependent on various factors such as specific test methods, test environments, and
the number of freeze-thaw cycles (F-T cycles) which are not the main focus of this study. Each F-
T test method (e.g., Swedish standard, CDF/CIF, BNQ, ASTM C672) has established a scaling
limit to determine the acceptability of concrete for scaling resistance after a specified number of
F-T cycles (e.g., 28, 50, or 56 cycles). By using binary classification, the outcome is less subject

to variation from the specific test method, compared to the scaling value.

7.3.2  Data exploration and manipulation

The dataset used in this study contains 161 data points, each with 18 predictor variables, including
w/c, total cement content, water amount, cement amount, slag amount, slag content, fly ash amount,
fly ash content, silica fume amount, silica fume content, air content, spacing factor, compressive
strength, sorptivity, curing age, type of Portland cement, type of GGBFS, and type of fly ash.
Further details regarding these features can be found in Appendix C. The response variable in this
study is a binary response variable indicating whether the concrete sample exhibited salt frost

scaling in excess of the limit specified by the corresponding test method. Samples with scaling
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values exceeding the limit were labeled as non-resistant, while those with scaling values within
the limit were labeled as resistant. The dataset included 99 samples labeled as scaling resistant (1)
and 62 samples labeled as non-resistant (0). A histogram of the collected data can be found in
Appendix D. A correlation heatmap of the variables has been included in Appendix E. Highly
correlated features may lead to overfitting and should be carefully considered when selecting
features for the model. It is recommended to eliminate features that exhibit a high degree of

correlation, as they may not provide significant additional information to the model.
e Data imputation

There are four features in the dataset that have missing values (missing rate is in the parenthesis):
compressive strength (6.2%), air content (6.2%), spacing factors (6.2%), and sorptivity (63.3%).
To handle these missing values, the mean values are used to impute air content and spacing factor.
The missing values of compressive strength are imputed using Abram’s law as follows:

A

= Eq. 7.1

O¢

where g, is the compressive strength of concrete, w/c is the water/cement ratio, and A and B are

constants for a given material, age, and test conditions (ABrAMS 1919).

Unfortunately, sorptivity has a high number of missing values due to a limited availability of data
that have investigated its correlation with scaling. Typically, features with high percentages of
missing values are dropped from analysis. However, since sorptivity contains valuable information
regarding scaling, it was decided to impute the missing values based on domain knowledge.
Sorptivity is strongly related to the pore structure of concrete and has been shown to be correlated
with compressive strength at 28 days, as demonstrated in Figure 7.2. Therefore, the missing values

of sorptivity were filled using the formula provided in Figure 7.2.
e Feature Encoding

The 18 predictors are a combination of continuous and categorical variables. To prepare the
categorical features such as GGBFS type for processing in the ML algorithm, they need to be
transformed into numerical values. Common encoding techniques include One Hot Encoder and
Label Encoder. One Hot Encoder encodes the type columns into separate columns of binary values

while Label Encoder generates numerical categories in the same column. However, Label Encoder
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Figure 7.2 Relationship between compressive strength and sorptivity
may introduce false ordering relationships between categories, which could mislead the model.
Therefore, this study employs One Hot Encoder to encode the cementitious material type columns
(PC _type, GGBFS type, and FA type). Each generated column represents a specific cementitious
material category and a ‘1’ in a column indicates that the concrete contains the corresponding type

of cementitious material as illustrated in Figure 7.3.

GGBFS_TYPE 5 GGBFS TYPE 6 GGBFS TYPE 7 FA TYPE @ FA TYPE 1

1.0 0.0 0 0.0

1.0 0.0 .0 0.0

0.0 0.0 0 0.0

0.0 0.0 .0 0.0

1.0 0.0 0 0.0

Figure 7.3 A screenshot of part of the GGBFS type and FA type columns

e Response and features of key interest

For data exploration purposes only, the data is separated into two categories: scaling-resistant
concrete and non-scaling-resistant concrete. The distribution of key features of interest is analyzed
and visualized in Figure 7.4. The difference in distribution curves between the two groups for a

particular feature indicates its potential importance in developing the model. The results showed
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that scaling-resistant concrete typically has higher air content, lower spacing factor, w/c, and
sorptivity, which aligns with previous findings.
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Figure 7.4 Density plot of features for scaling resistant and non-resistant concrete: (a) air content

(b) spacing factor (c) w/c (d) sorptivity
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7.4  Results and analysis

7.4.1  Model tuning and metrics

The XGBoost model was implemented using the standard Python library XGBoost (Chen et al.
2016). In order to optimize the model’s performance, a set of hyperparameters needed to be fine-
tuned. 80% of the data was used to train the model while 20% of the data was used to test the
model. To determine the best combination of parameters, a grid search was performed using 5-
fold cross-validation, as illustrated in Figure 7.5. The ranges used in the cross-validation and the

final selected parameters can be found in Table 7.1.

Training data (80%)

“roo1 W ou2 W roos W rous B rous

Model
Training

and
Parameter
Tuning

Model

Evaluation

Figure 7.5 Illustration of fivefold cross-validation (the fold in gray is used to validate the model)
Table 7.1 The searching range used in cross-validation

Best Value (Grid

Parameters Explanation
Search Range)

Minimum loss reduction required to make a
gamma - 0(0-5)
further partition on a leaf node.

max_depth Maximum depth of a tree. 2(1-4)

The minimum sum of instance weight (hessian)
min_child weight 2(1-4)
needed in a child.

n_estimators The number of trees to be produced 40 (20 - 100)

learning_rate The step size at each iteration in optimization. 0.05 (0.001 - 0.1)
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The performance metrics of the trained XGBoost model on the test dataset are presented in Table
7.2. The model achieves high values for both ROC-AUC and accuracy on both the training and

test datasets. This indicates that the model has a strong capability for predicting scaling resistance.

Table 7.2 XGBoost metrics

Metrics Training Dataset Testing Dataset
Accuracy 0.81 0.79
ROC-AUC 0.91 0.82
FI 0.83 0.87
Precision 0.82 0.88
Recall 0.85 0.85

7.4.2  Feature importance and selection

The SHAP (Shapley Additive exPlanations) tool is employed to understand the outputs produced
by an XGBoost model. This tool computes the SHAP values for each feature, which provide
insights into the feature’s contribution to a specific decision outcome. The magnitude of these
contributions is reflected in the SHAP values, making it possible to evaluate the relative

importance of each feature in the model’s decision-making process.

As shown in Figure 7.6, the features are listed in order of importance, with ‘spacing_factor’,
‘sorptivity’, ‘w/c’, ‘air_content’, and ‘compressive_strength’ being the top five contributors. Each
dot in the plot represents a single data point, and its color is indicative of the value of the feature
it represents. The higher the feature value, the redder the dot will appear, providing a visual
representation of the relationship between the features and the output. For example, in the case of
the ‘spacing factor’ feature, redder dots indicate a high spacing factor and the corresponding

SHAP value is negative suggesting a greater likelihood of the concrete being non-resistant.

The compressive strength and cement, while appearing to be important, should be viewed with
caution as they may have a spurious correlation with scaling resistance. This is because it is highly
related to the air content and pore structure of the concrete, which is influenced by factors such as
w/c, curing age, and the addition of SCMs. The cement content ranks as the sixth important factor
and can be attributed to its correlation with the w/c. It may be used as an alternative feature to w/c

by the model.
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The SCMs do not hold a prominent position in terms of scaling resistance prediction. This is due
to a combination of factors, including limited data availability for fly ash and silica fume as most
concrete mixtures in this study do not incorporate these materials. Furthermore, SCMs do not
directly impact scaling resistance, but rather affect it indirectly through their impact on porosity,
pore continuity, and thus, sorptivity - which is considered the primary factor in scaling resistance.
As a result, the relationship between scaling resistance and SCM content is more complex and
implicit. Moreover, according to the modeling results, the type of cement and SCMs appear to be

less significant factors compared to others.
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Figure 7.6 Visualizing feature importance with single data points using SHAP values
Figure 7.7 shows the importance of features based on the average absolute SHAP value of each

feature for all data points. This again verifies what have been discussed above.

The following chart (Figure 7.8) summarizes the most crucial elements that affect the resistance
to salt scaling. Sorptivity and spacing factor are regarded as the primary factors, while w/c, curing
age, air content, and SCM are considered secondary factors. The w/c, SCM, and curing age
influence the pore structure and thus the sorptivity. The air content is closely linked with the
spacing factor. Despite being a vital attribute, compressive strength does not exhibit a direct cause-

and-effect relationship with scaling.
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Figure 7.8 Summary of important features determining salt scaling resistance
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7.4.3  Model training after feature selection
Based on the feature importance and correlation analysis, the most important features (spacing
factor, sorptivity, w/c, curing age) are used to train the model again. The search range and optimal

value in cross-validation are summarized in Table 7.3.

Table 7.3 Search range and optimal values in cross-validation after feature selection

Optimal Value (Grid

Parameters Explanation
Search Range)

Minimum loss reduction required to make a
gamma . 0(0-53)
further partition on a leaf node.

max_depth Maximum depth of a tree. 3(1-4)

. ‘ ) The minimum sum of instance weight (hessian)
min_child weight 2(1-4)
needed in a child.

n_estimators The number of trees to be produced 25 (20 -100)

learning_rate The step size at each iteration in optimization. 0.05 (0.001 - 0.1)

The performance of the trained XGBoost model on the training and test dataset is presented in
Table 7.4. Compared to the model before feature selection, the accuracy, F1 score, prediction, and
validation of the test dataset are comparable. The only metric that has changed is the ROC-AUC.
Nevertheless, its impact on the model’s ability to distinguish between scaling-resistant and non-

resistant concrete can be effectively mitigated by selecting the appropriate threshold value.

Table 7.4 XGBoost metrics after feature selection

Metrics Training Dataset Testing Dataset
Accuracy 0.80 0.79
ROC-AUC 0.89 0.73
FI 0.82 0.87
Precision 0.83 0.88
Recall 0.81 0.85

The beeswarm chart and summary plot of the SHAP value for the model after feature selection
(Figure 7.9 and Figure 7.10) are similar to the ones for the model before feature selection. The

results have revealed that the sorptivity and spacing factor are the most important features for
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scaling resistance prediction. This confirms the findings from Chapter 6 that the scaling is

primarily dependent on the balance between these two properties.
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Figure 7.9 Visualizing feature importance with single data points using SHAP values after

feature selection
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Figure 7.10 Average absolute SHAP value of features after feature selection
The dependence plot in Figure 7.11 provides a more detailed view of how each feature affects the
SHAP value and salt frost scaling resistance. The spacing factor value of smaller than 200 microns
has a positive impact on the output as indicated by a higher SHAP value and the concrete is more
likely to be scaling resistant. This conclusion is in line with the general recommendation that
suggests limiting the spacing factor to 200 microns or less for concrete. Once the spacing factor
exceeds 200 microns, the SHAP value of this feature drops quickly. This indicates that the
resistance of concrete to scaling decreases at an accelerated rate. Sorptivity is another important
feature in determining scaling resistance. The results have shown that when sorptivity is less than

approximately 0.12 mm/sqrt(min), the SHAP value of sorptivity is positive implying that the
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concrete is more likely to be scaling resistant. This conclusion is consistent with the findings of
Gagné et al. (2011) who found that the scaling durable concrete has a sorptivity of 0.10
mm/sqrt(min). It is important to note that for sorptivity values above 0.15 mm/sqrt(min), some of
the SHAP values may appear scattered, which could be attributed to the imputation of data based

on the compressive strength.

In addition to spacing factor and sorptivity, other features including w/c and curing age are also
important in determining the scaling resistance of concrete. When the w/c is greater than 0.42, the
scaling resistance decreases quickly as indicated by the sharp drop in the SHAP value around that
point. The curing age of concrete is also a relatively important factor. As predicted by the curve,
the 7-day curing period may not be sufficient to produce a positive impact on the scaling resistance.
Instead, the curing length should be extended to at least 14 days and ideally to 28 days, in order to

strengthen the scaling resistance.
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Figure 7.11 Impact of feature value on the SHAP value
The individual concrete instances can be analyzed to identify the factors contributing to their
resistance or vulnerability to scaling. With the use of this analysis tool, the resistance of concrete
to scaling can be predicted based on key features without the need for conducting F-T tests. This
information can provide valuable guidance for concrete mix design. The mean of all predictions,
also known as the expected prediction, E[f(x)], is 0.185. A concrete instance with a high
likelihood of being scaling resistant is analyzed in Figure 7.12 (a) using a waterfall plot. The
prediction for this particular concrete is 1.367, represented as f(x), with a probability of 79.7%
resistance to scaling as calculated from Eq. 7.10. The selected concrete has a low sorptivity of
0.073, which accounts for an increase of 0.42 in the prediction value compared to the expected
value. Furthermore, the concrete’s favorable properties such as a spacing factor of 165 microns,
w/c of 0.35, and 28-day curing age contribute an additional 0.38, 0.29, and 0.09 to the prediction
value, respectively, further enhancing its resistance to scaling. In Figure 7.12 (b), a concrete
instance with a low likelihood of scaling resistance is presented. The prediction value f(x) for this
concrete is -0.704 corresponding to a probability of only 33.1% that the concrete will be resistant

to salt scaling. This low likelihood of resistance can be attributed to its high spacing factor of 247
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microns, a sorptivity of 0.128 mm/sqrt(min), and low curing age of 7 days. These factors together
negatively impact the concrete’s ability to resist scaling. A challenging instance is depicted in
Figure 7.12 (c) as it has feature values that are mixed in their impact on the concrete’s resistance
to scaling. The concrete has a very poor air void system as evidenced by a spacing factor of more
than 500 microns. However, the concrete’s low w/c and sorptivity indicate that it is resistant to
water penetration and scaling. The prediction for this concrete is 0.15 corresponding to a 53.7%
probability that the concrete is resistant. This suggests that in this case, the scaling of the concrete

should be close to the limit in the specific test standard.
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Figure 7.12 Individual concrete analysis with SHAP value: characterizing (a) Highly likely

resistant, (b) Non-resistant, and (c¢) Challenging instances

7.5 Summary

A binary classification model is developed using the XGBoost algorithm to differentiate between
scaling-resistant and non-resistant concrete. The model is trained using 18 features that are
previously identified as being significant in determining the scaling resistance. The Shapley value,
a method based on cooperative game theory, is utilized to analyze the relative importance of each
feature. Based on the feature importance and correlation analysis, the top four features are selected
to train a new model. The results are found to be comparable to those obtained from the original

model. The key insights of this study are:

o The XGBoost algorithm proves its effectiveness in predicting concrete scaling resistance
with an accuracy of 79% after feature selection.

e Based on the SHAP value analysis, sorptivity and spacing factor have been identified as
the major factors affecting concrete scaling resistance, with secondary considerations
being given to w/c, and curing age.

e The use of the Shapley waterfall plot allows for individual concrete instances to be
analyzed, providing valuable insights into the concrete mix design and production

Process.
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Chapter 8. Conclusions

8.1  Major conclusions

Freezing thawing conditions combined with deicing salt solution has led to severe deterioration of
concrete in North America. Multiple previous studies have attempted to identify the underlying
mechanisms responsible for scaling damage. However, no consensus has been reached on this
topic. This thesis aims to shed light on the mechanism behind frost damage in concrete and provide
insights into the cause of scaling, followed by quantification and predictive modeling using
statistical and machine learning methods. The major conclusions are summarized based on three

levels: laboratory results, mechanistic analysis, and predictive modeling.
From the laboratory results,

e (Capillary suction is a primary mode of water transport in concrete. Moisture uptake based
on capillary pore volume or area proposed in this study can better reflect this process. The
addition of SCM, a lower w/cm, and lengthening of curing periods can reduce the capillary
suction by decreasing the connectivity of the pores and fining pore size and thus improve
the F-T resistance.

¢ Hydrophobic impregnation is found to be ineffective in preventing the pumping effect and
improving the resistance of HPC to F-T cycles. Surface impregnation resulted in the
conversion of pore structures from a hydrophilic to a hydrophobic state, causing the
entrapping effect and severe scaling in the surface-treated layer. Internal impregnation
nullified the air void system’s ability to provide pressure relief and develops damages both
internally and externally. Therefore, maintaining a hydrophilic pore surface and the
effectiveness of air entrainment are crucial factors in ensuring concrete’s resistance to frost

damage.
At the mechanistic analysis level,

a) Similarities and differences between scaling and internal cracking
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The development of both deteriorations depends on the moisture uptake and air void system
quality. High moisture uptake and poor air void system increase the likelihood of reaching
a critical degree of saturation which suggests the onset of severe deterioration.

Scaling is more associated with local saturation while internal cracking depends on global
saturation. This explains why the development of severe scaling and internal cracking may
not be synchronous. The 3% salt solution is found to promote ice growth only on the
surface layer. The difference in moisture uptake between water and salt exposure is not
appreciable and does not significantly impact the whole matrix. Consequently, the scaling

is more sensitive to the external salt concentration change compared to internal cracking.

b) Sorptivity and air void systems are the key parameters in scaling resistance

Sorptivity which is uniquely related to the pore structure is a better indicator of the moisture
condition in the surface layer where direct measurement is challenging. Concrete with
higher sorptivity can be more easily filled, reaching a critical degree of saturation and
developing severe scaling.

The quality of the air void system depends on its spacing which is a synthetic parameter of
air void volume and size distribution. Air void density based on the air void size
distribution is proposed to calculate the paste-void spacing parameters such as Philleo
factors. Powers spacing factor is found to be strongly associated with these parameters and
it is regarded as an essential indicator of the air void system quality and scaling resistance.

Entrained air void system plays a dominating role in determining Powers spacing factor.

Based on the predictive modeling,

Scaling can be quantified using a polynomial regression model involving sorptivity
representing the pressure cause and spacing factor as pressure relief. The severity of scaling
depends on the balance of these two parameters. Concrete that is more permeable should
be equipped with a better-quality air void system.

The machine learning model implemented by XGBoost algorithms verified the importance
of these two parameters as well as other factors such as w/c and curing age in scaling. This

method combined with the Shapley value based on cooperative game theory provides
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valuable insights into the scaling resistance of concrete and can be used as a reliable and

quicker assessment of concrete quality.

8.2 Recommendations for future work

In terms of future work, there are several recommendations that can be made.

Firstly, the measurement of pore structure and determination of the moisture uptake based on
capillaries can be further investigated. While the porosity in this paper is estimated based on the
w/cm and hydration degree, it does not involve the effect of SCM on the pore size and volume.
The actual porosity and pore size distribution can be obtained by Mercury intrusion porosimetry
(MIP) and nitrogen sorption. This would enable a more accurate characterization of moisture
uptake based on capillary suction, which would in turn shed light on the relationship between
capillary suction, pore structure, and frost damage and may demonstrate the hypothesis that ice

expansion leads to capillary pore structure change and additional space for moisture uptake.

Secondly, air void size distribution determination can be improved. In this study, the air void size
distribution was estimated using the chord size distribution. However, the use of X-ray computed
tomography (XCT) can enable the determination of the real air void size distribution. This would
help refine air void parameters and provide a more accurate representation of the air void system

1n concrete.

Thirdly, more investigations on the mechanism of the combinations of sorptivity and spacing
factor are required to further improve the predictive modeling results. While the study suggests
that sorptivity and spacing factor are key parameters that affect scaling, more research is needed
to better understand the synergistic effect of these two parameters. Furthermore, the use of machine
learning methods, such as regression models or multi-classification models, can also be explored
to predict the exact value of scaling or the condition of the surface (similar to the rating class
mentioned in ASTM C 672) with the availability of more data. The performance of other models

such as logistic regression and neural networks can also be investigated and compared.

Finally, more studies on the effect of hydrophobic impregnation on field specimens should be
conducted. While laboratory testing has shown that hydrophobic impregnation does not improve
the freeze-thaw resistance of air-entrained concrete, its effects in the field need to be further

investigated. For example, the use of silane treatment for non-air-entrained concrete that may be
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exposed to F-T conditions can be beneficial. This is particularly relevant given that the conditions
in the field are typically less severe, and the use of a surface treatment may delay the time of

reaching critical saturation and improve performance.
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Appendices

Appendix A Example Calculation of The Number of Air Voids In Each Class
The concrete given as an example has a total air content of 6.1% and a paste content of 29.9%.
The spacing factor is 108 microns. The first three columns are obtained from the linear traverse
results based on the ASTM C457. The last column is the number of air voids in each size group in
a unit cube (1 mm?). The decimal part means that some of the air voids are partially intercepting
the unit cube of interest. For example, in Class No.2. with a chord size between 40 and 50 microns,
the air content of that class is 0.480% and the mid-point of the chord size group is 45 microns.

Consequently, the number of air voids in this class is

v 1
N, = k (p +th) l—,3 = - (29.9% + 6.1%> . (45 * 10-3)? = 82.80
A ' 0.48%

AVD considering the air void distribution should be the sum of the number of air voids in each
class which corresponds to the last column in the table which equals 346 mm™. This suggests that

in 1 mm® of cementitious paste, there are approximately 346 air voids.

Table A.1 Results of number of air voids based on air void size

Class | Chord size Air Mid-point | number of air
No. (microns) Content | of the chord | voids in each

in Class | size group class

1 30-40 0.420 35 154.19

2 40-50 0.480 45 82.80

3 50-60 0.470 55 44.46

4 60-80 0.880 70 40.38

5 80-100 0.690 90 14.90
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6 100-120 0.440 110 5.20
7 120-140 0.270 130 1.93
8 140-160 0.180 150 0.84
9 160-180 0.210 170 0.67
10 180-200 0.070 190 0.16
11 200-220 0.100 210 0.17
12 220-240 0.070 230 0.09
13 240-260 0.060 250 0.06
14 260-280 0.020 270 0.02
15 280-300 0.070 290 0.05
16 300-350 0.170 325 0.08
17 350-400 0.230 375 0.07
18 400-450 0.020 425 0.00
19 450-500 0.060 475 0.01
20 500-1000 0.480 750 0.02
21 1000-1500 0.190 1250 0.00
22 1500-2000 0.270 1750 0.00
23 2000-2500 0.090 2250 0.00
24 2500-3000 0.120 2750 0.00
25 3000-4000 0.000 3500 0.00
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Appendix B Shapley Value Algorithm

Approximate Shapley Estimation Algorithm (Molnar 2018):

Each feature value x;;’s contribution towards the difference f (x;) — E( f ) for instance x; € X.

e Require: Number of iterations M, instance of interest x, data X, and machine learning
model f

e Forallj€e({l,..,p}:
o Forallme{l,..,M}:

o Compute the Shapley value as the average: ¢;;(x) = %Z%zl ¢

draw random instance z from X

choose a random permutation of feature o € (S)

order instance x: x, = (xol, e Xo ) ...,xop)

order instance z: z, = (zol, s Zoj) ...,Zop)
construct two new instances —x**/ = (xol, s Xo; 19X0j Zojygr s Zop) x*7) =
(xol, s Xo; 11 %0 %041 ...,zop)

¢y = Fx) = f(x))

(m)
ij

First, select an instance of interest i, a feature j and the number of samples M. For each sample, a

random instance from the data is chosen and the order of the features is mixed. From this instance,

two new instances are created, by combining values from the instance of interest x and the sample.

The first instance x**/ is the instance of interest, but where all values in order before and including

feature j are replaced by feature values from the sample. The second instance x*~/ is similar, but

has all the values in order before, but excluding feature j, replaced by features from the sample.

The difference in prediction from the black box is computed:

¢y = Fx) = f(x))
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All these differences are averaged and result in

M

1 m

¢y (x) = MZ ¢i(j )
m=1

Averaging implicitly weighs samples by the probability distribution of X.
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Appendix C Explanation of Features
Table A.2 Summary of features

Feature Explanation
x1 w/c Water to cementitous ratio
x2 total cement The total amount of cementitious material, kg/m?
x3 water _amount The amount of water, kg/m?
x4 cement amount The amount of Portland cement, kg/m?
x5 slag_amount The amount of GGBFS, kg/m®
x6 slag_content The percentage of GGBFS, no units
x7 fly ash amount The amount of fly ash, kg/m?
x8 fly ash content The percentage of fly ash, no units
x9 silica_fume_amount | The amount of silica fume, kg/m?
x10 silica_fume content | The percentage of silica fume, no units
x11 air_content Air content, %
x12 spacing_factor Powers spacing factor, microns
x13 compressive_strength | Compressive strength at 28 day, Mpa
x14 sorptivity Sorptivity, mm/sqrt(min)
x15 curing_age Curing age of concrete, day
x16 PC type Portland cement type
x17 GGBFS type GGBEFS type
x18 FA type fly ash type
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Appendix D Histogram of the Variables
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Figure A.0.1 histogram of variables
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Appendix E Correlation Between Features and Response
The heatmap shows the linear correlation between the two variables ranging from -1 to 1. -1 means

strongly negatively correlated while 1 means strongly positively correlated. 0 means there is no

correlation.
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