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ABSTRACT

Concrete is fragile to freezbaw cycles (FTCs) in coldénd wet regions,
especially with the presence of-uéng agents (eg. sodium chlorid&)hile surface
scaling spoils the appearance, more importantly, the internal frost damage threats to
the safetyof concrete structure#lthough it is well known that the sodium chloride
(NaCl) can accelerate the frost damage,itibernaldamage mechanisms due to the
combined effects of FTCs and NaCl attack still have not reached an agreement. On
one hand, chloride ions may have reactions Wttirated product® form new salts
(eg. FriedelOs salt). The sdilisthe mortar voidsandthe degree of frost damagge
reduced because of lessemter content and porosity. On the other hand, the
expanson due tosaltcrystallizationinduces internal pressures, subsequently, resulting
in micro cracksof mortar The calcium leaching could be accelerated due to the
existing of NaCl, which deteriorates the mechanical performandeircreases the
porosity. Besides, with the salt presence, the freezing point of conerdeereased,
the ice content reduction eagbe pressures in pores, but the sudden ice formation
may be enough to cause serious damageerefore, the amounts of ice and
crystallized salt wh freezing temperatures are essential to understanding the salt frost
damage mechanism. If the phase changes are known, it is possible to model the
combined effects. In order to predict and evaluate the mechanical performance of
concrete suffered from treombined effects, this study conducted the following steps:
(1) estimation of ice content in mortar saturated with deionized (DI) water during
FTC based on electrical measurements, which includes the combined effects of
moisture and temperature to the #leal properties of mortar; (2) estimation of ice
amount in mortar saturated with NaCl solutions during FTCs based on electrical
measurements, which includes the combined effects of moisture, temperature,
microstructure, pore solution concentration to électrical properties of mortar3)(
moisture transport property change due to NaCl attakméchanical property and
chemical components change before and after FTB)s;mechanical property
prediction model for the combined effects.

Since NaCl concdrations are not uniform along with the depth, the pressures in
porescouldbe very differentln order to understand the role of Nagifrost damage
guantitatively, the solution concentration in porebetterto be uniform. Therefore,
the mortar speciran in mesescale vas deployed in this studyln this case, the
mechanical behavior of each layer could be obtained, which could be applied for a
specific position of bulk specimen.

Electrical measurement is a useful technique, which was widely used to study the
durability problems of cementitious materials. Because electrical conductivity of
mortar is determined by the moisture content, temperature, microstructural
characteristics ahpore solution compositions, they were coupled to estimate the ice
content in mortar saturated with NaCl solutions during FTCs. Firstly, by introducing
the relationship between activation energy for conductance and saturation degree, the
combined effect®f moisture and temperature to electrical conductivity of specimen
was clarified. Sequentially, an ice content estimation model was proposed, test results
of bulk cylinder specimens saturated with DI water were applied to verify the model.
After that, theelectrical response of mesoale specimen saturated with NaCl
solutions during FTCs was investigated. A damage index was developed to evaluate
the frost damage degree based on the electrical resistivity at reference temperature
and activation energy, thedfect of microstructural change was clarified as well. Then



the ice content estimation model was extended to the cases of NaCl solutions.
Besides, since the pore solution concentration was considered in the model, the
crystallized salt with FTCs can aldme calculated. In addition, the results from
experimentation were compared with theoretical analysis, which shows acceptable
agreement.

After NaCl attack, the pore characteristics will be altered due to the calcium
leaching and salt crystallization. To derstand the salt effect tamesescale
specimens, the absorption of NaCl solutions and reabsorption of DI water tests were
conducted. As foundwhen exposed to low concentration NaCl solution, the
diffusivity of mortar would increase due to fastatciumleaching. However, for high
concentration NaCl solution, it would be reduced since pores filled by crystallized salt
have dominant effect in this case.

In addition, after immersed in NaCl solutions for 7 days, the reesl®
specimens were sealed and esqubto FTCs. Afterwards, thrg®int bending test and
TG/DTA test were applied to evaluate the mechanical performance and chemical
components alterationdccording tothe mechanical and chemidakt resultsbefore
FTCs, the flexural strength and elastmodulus fluctuated with the NaCl
concentration, which was mainly due to Portlandite leaching during the immersing
process. After FTCs exposure, for specimens with higher s@tment ratiow/c),
the frost damage was severer and the damage develogeishlly with increase of
FTCs. For specimens saturated with deionized water and intermediate concentration
solution (5%wt NaCl), the flexural strength and elastic modulus dropped to less than
60% after 30 FTCs, while there was almost no damage for specimtnw/c=0.3
(high strength and stiffnesslFor specimens exposed haggh concentratiorsolution
(20%wt NaC]J, over than 20% mechanical reduction after 30 FTCs was observed in
the case ofw/c=0.7. The salt can contribute to the frost damage, but the ichém
results imply that the formation of FriedelOs isaless likely to cause destructive
crystallization pressurd=inally, the mechanical performance of specimen exposed to
FTCs and NaCsolution was predicted based on the ice amount, which has acceptable
agreement with the experimental results.

Keywords: mesascale, ice formation, salt crystallization, NaCl solution, mortar,
combined effect, mechanical deterioration
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Chapter 1

INTRODUCTION
1.1BACKGROUND

Frost damage of concrete issarious and common durability fmem to concern
(Powers, 1945), especially for the concrete infrastructure related to transportation. In order to
remove the ice on the surface of concrete during winter, deicing agents are usually sprayed to
walkways, roadiays and so on for the safety of vehicles ancegtedns. However, with the
existing of deicing agent such as sodium chloride (NacCl), the frost damage of concrete can be
accelerated (Litvan, 1976;Valenza and Scherer, 2007).

The damage phenomenon contdime aspects. On one hand, the concsetgace could
be scalling, removing the small flakes or chips of binder, spoiling the aesthetic appearance.
The scaling mechanism is rather complex. It may be the combination effects-apgllieg,
thermal shockpsmotic pressure and precipitation of NaCl. Among them, theggaking
was considered as the dominant effect since it can account for the majority of the observed
phenomenon. According to the mechanism, the scaling damage is determined by the
mechanicaproperties of ice on the concrete surface and the mechanical properties of concrete
surface (Sun and Scherer, 2010). The mechanical properties of ice depend on the volume
fraction of ice (Valenza and Scherer, 2006). For different concentrations of laéitirgahe
ice formation is different since the existing of salt decreases the freezing point (Scherer and
Valenza, 2005). Besides, the mechanical properties of concrete surface could be deteriorated
by the combined effects of salt attack and frethzsv cycles. Because the frost resistance of
concrete could be highly improved if the binder added is Istgbngth or contains air
entraining agent (Sun and Scherer, 2010). Thus, the ice formation in surface and inside of
concrete is essential for understangdihe salt frost damage mechanism.

On the other hand, the mechanical properties of internal concrete could be reduced due
to the combined effects of salt attack and frebzev cycles (Wuet al, 2014). The
decreasing of strength and stiffness may thtedhe safety of concrete structures, but less
attention was paid to this problem. Compared with classic frost damage of concrete simply
due to the ice formation, the salt frost damage coulddmeto the combination of ice
formation, crystallization of FedelOs salt and precipitation and growth of salt crystal. For the
ice formation, it may induce the hydraulic pressure, crystallization pressure and cryosuction
pressure. The micro cracks and then cracks could occur and propagate when the overall pore
presure exceeds the tensile strength of concrete. The frost damage can be predicted based on
the total pore pressure (Goagal, 2015). According to Farnaet al (2014), the most severe
frost damage occurred at the case of 15%wt NaCl solution saturatéa seonple and the
reason could be the formation of FriedelOdIdaliiever, from deformation measurements of
Zenget al (2014), it seems themgasno significant frost damage for cement paste saturated
with 15%wt NaCl solution.In addition, the precipiteon of NaCl crystal was also reported
can cause destructive damage when the sample is in a supersaturated condition (Winkler and
Singer, 1972; Thaulow and Sahu, 2004). Thus, the salt frost damage mechanism still needs
further investigation. The informatioof ice formation and salt crystallization inside of
concrete is essential for predicting the mechanical deterioration.

Another, the pore solution concentration in bulk concrete is not uniform, since the
diffusion of NaCl is time dependent (Wang and U&fH,3). As a result, the damage degree
due to salt frost action would vary with layer of concrete, determining by the pore solution
concentration. To predict the damage of concrete with high accuracy;scaeos needed



because the pore concentration safmple can be ensured the same in this case. The
relationship of each factor affecting the salt frost deterioration of concrete can be viewed on
the Fig.1.1.
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Fig.1.1 Factors affecting the salt frost damage of con{vietienza and Scherer, 2007)
1.20BJECTIVES AND SIGNIFICANCE

The main objectives of this study were to evaluate and predict the mechanical behavior
of mortar suffered from FTCs and Na@itack in sealed condition. The research flow is
shown in Fig.1.2 and objectives are listed specifically as follows:

1) To estimate the ice formation in mortar saturated with DI water/NaCl solutions with FTCs
based on electrical measurements.

2) To evaluge the damage degree of mortar suffered from the combined FTCs and NacCl
attack based on electrical measurements.

3) To investigate the pore characteristics change due to salt crystallization and its effect on
transport properties of mortar.

4) To understad the mechanical performance of morsarffered from the combined FTCs
and NaCl attack and to clarify the mechanical deterioration mechanism due to the combined
effects.

5) To predict the mechanical behavior of mortar specimens suffered from the comb@ed F
and NaCl attack.

The significance of this study is also described in this section. According to the
experimental and analytical studies, the mechanical properties of concrete structures in cold
regions can be predicted more accurately with the FT@shencontent of sprayed salt from a
mesaescale point of view. In this case, the life cycle of concrete structures could be evaluated.
Another, with regard to the clarified damage mechanism, effective measures to reduce the salt
frost damage could be dewpkd as well. Besides, electrical measurements could be applied
as an effective nedestructive technique to evaluate the quality of concrete. The damage
degree of concrete can be known from the electrical properties change, after that, related
rehabilitaton method can be proposed correspondingly to prolong the life cycle of concrete
structures.
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1.30UTLINE OF THE DISSERTATION
This dissertation contains seven chapters. The organization is shown Fig.1.3.

Chapter 1describes the background, objectives and significance of the present research. The
organization of this dissertation is also brieflgscribed.

Chapter 2shavs the proposed model to estimate the ice content by applying electrical
measurements and clardi¢he combined effects of temperature and moisture content for
electrical conductivity of mortar. The ice content of mortaestimaed with the model by
conducting the electrical test. To confirm the reliability of the model, the resatempared

with theoretical results from thermodynamic analysis and the existing calorimetric test results.

Chapter 3clarifies the relationship between temperature, saturation degree and solution
concentration to electrical conductivity of mortar specimen. A model to estimate the ice
content by applying electrical measurements is proposed for specimens with ice formation
and saltcrystallization. In addition, the ice formation within cementitious materials with
different concentrations of NaCl solutions is theoretically investigatiediri€al response of
mesaescale mortar specimenssaturated withNaCl solutionswith FTCs is expeimentally
studied.The variatios of electrical resistivity at reference temperature and activation energy
with FTCs areinvestigatedspecifically The electrical resistivity at lowest temperature and
freezindthawing pointchange with FTCsare also discssed. The electrical results are
interpreted with the proposed modeéhe results from electrical measurements are compared
with the theoretical calculations.

Chapter4 presents change in aisture uptake behaviors due MaCl contamination.By
obtaining tle absorption curves of specimen immersing into NaCl solutions addecke
specimen immersing into DI watehet salt contamination effetd mesescale specimen is
understoodBased on the test results, tatage solution diffusion moded developed, wiah
can describe the solution absorption process efficiently.

Chapter 5 describes the mechanical properties of mortar specimen in-soako and
corresponding chemical analysis results under FT@e. damage mechanism due to NaCl
attack and FTCs is clarified. Empirical equations to predict the mechanical performance of the
specimens exposed to the combined effects are propbsegluantitatively evaluate the salt
frost damage of mortar based on electrical response, theoretical fobdlamage index is

also developed.

Chapter6 proposesa theoretical model to predict the mechanical performance of mortar
under the combined effects. During freezing, the ice content is used as the parameter to
calculate the pore pressures which canseathe damage of specimen. Then the predicted
results are compared with our experimental data.

Chapter7 shows the conclusions of the finished work. The significant findings in this study
are highlighted as well. Some suggestions for future study arpralsented in this chapter.
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Chapter 2

ESTIMATION OF ICE CONTENT IN MORTAR BASED ON
ELECTRICAL MEASUREMENTS UNDER FREEZE -THAW CYCLE

2.1INTRODUCTION

Frost damage to concrete is of great concern in cold regions, especially for concrete
infrastructure related to transportation (Valenza and Scherer, 2007). Many models have been
proposed to gdain the mechanism of frost damage such as hydraulic pressure (Powers,
1945), crystallization pressure (Scherer and Valenza, 2005) and cryosuction pressure (Sun
and Scherer, 2010a). A comprehensive hydraulic model was also developed by Gong et al.
(2015a)to explain the relationship between internal pressure and deformation of concrete.
According to Gong et al.Os model, to obtain the internal pressure withtfraezeycles
(FTCs), it is rational to apply the sum of the above three pressures. Howewdrtrabe
models require the information of ice content as a known input, which still cannot be
measured confidently during freetteaw cycles, even though some studies provide useful
information by using differential scanning calorimeter (Johannessof), 3dh and Scherer,
2010Db), but it is limited to pore size from 4nm~100nm and the result would be complicated to
interpret if there is solute in the pore liquid since the salt can change the heat flow state in
concrete (Kjeldsen and Geiker, 2008).

Recenty, using electrical measurements to investigate the roitaoacteristics of
cementbased materials has attracted more interest because of its high efficiency and easy
application (Spragg et al., 2012). It seems also quite promising to use thaglrteettudy the
frost damage of concrete, especially for the ice formation process (Perron and Beaudeth, 2002
Sato and Beaudoin, 2011). The electrical conductivity of concrete depends on five factors:
porosity, connectivity, chemical composition of porduson, saturation degree (moisture
content) of concrete and temperature (Weiss et al., 2012). Generally, when the temperature is
decreasing below the freezing point, the content of unfrozen water gradually decreases.
According to existing understandings (Whittowg et al., 1981, Katsura et al.,1996, Sato and
Beaudoin, 2011, Spragg et al., 2013), both temperature and moisture content have a
significant influence on the electrical conductivity of concrete. Weiss et al. (2012) suggested
the relationship between etdcal conductivity and degree of saturation of concrete under
normal temperatures considering the porosity, connectivity of concrete and chemical
composition of the pore solution (modified from the model of Archie (1942) in soil science).
Effect of tempeature on electrical conductivity of concrete has also been studied by applying
ArrheniusOs law (Chrisp et al., 2001, Liu and Prédoeéno, 2014). Wang et al. (2014a,
2014b) observed the electrical resistivity change in response to temperature anddkeotha
ice nucleation temperature during FTCs. However, current studies only focused on the effect
of either moisture content or temperature on the electrical conductivity of concrete (Villagrin
Zaccardi et al., 2009). The combined effect of moisture abiated temperature on electrical
conductivity should be clarified firstly if one wants to monitor the ice formation process
reliably based on the electrical measurements.

In terms of estimating ice content based on electrical measurement, Cai and Bu (199
developed a simple model to predict the ice content by assuming that the electrical resistance
of the pore solution is constant and is equal to the electrical resistance of the specimen,
however, in reality, the resistance of the specimen varies agansimperature and moisture
condition. McCarter et al. (2015) also proposed a model to predict the ice content based on
electrical measurement with a similar equation to Cai and LiuOs, but it considers the effect of



temperature on pore solution. Neveldlss, in their study the contributions of porosity and
connectivity to the electrical conductivity of the specimen are ignored and the ice formation
process is instant rather than continuous. Farnam et al. (2015) studied the electrical response
of mortar under FTC to detect the phase change. In their study, a damage index based on the
ratio of electrical resistivity before and after FTC was used to evaluate the frost damage of
mortar with different degrees of saturation. A comprehensive relationship betineséce

content and the electrical conductivity of mortar considering the combined effects of moisture
and temperature has not been derived.

The purpose of thishapteris to derive a rational relationship between the ice content
and the electrical condtieity of mortar and to understand the ice formation process in mortar
under FTCs based on electrical measurements. A better understanding of combined effects of
temperature and degree of saturation on electrical conductivity is to be achieved. In addition
to the combined effects, with regard to serious damage of concrete after repeated FTCs, the
model is extended to multiple cycles by considering the damage within each cycle. The
results of thishapterare of significance in predicting the mechanical ddgtion of concrete
under FTCs, as well as life cycle of concrete structures in cold regions. Furthermore, the
knowledge of combined effects of temperature and degree of saturation can also be used to
improve the understanding of hydration process of cemertar by electrical monitoring the
combined effects of temperature and moisture content.

2.2THEORETICAL MODEL FOR THE COMBINED EFFECTS OF
TEMPERATURE AND MOISTURE CONTENT

The degree of saturation is an importéanttor for electrical conductivity of concrete
since it is related to the electrical conductivity of pore solution, water filled porosity and water
connectivity, which are the dominant factors of electrical conductivity. Recently, Bteass
(2012) suggestedh saturation functior(Eq. (2.1)) to account for the electrical properties of
partially saturated concretbased on the fact that the water filled porosity and water
connectivity are proportional to a power law function of degree of smtmyathich was
originally developed in Archie (1932

'/C _ n
_,——S (2.1)

cs

where ! . is the electrical conductivity of partially saturated concrétg,is the electrical
conductivity of fully saturated concret8,is the degree of saturation of concrates the
saturation coefficient which simplified from termn@/-1 for convenience. It idetermined
by two parts,the intrinsic properties of concrete such as porosity and connectigtand
chemical composition of pore solutigi-1) (Based on existig experimental dat@NVeisset
al., 2012) for w/c=0.5, n of mortar approximately equals to 3.®uring freezing, water
content loss due to ice formation, concentration and conductivity of the pore solution
increasesSince the parameten@is related to pore solution composition which could account
for the nonlinear relationship between conductivity and concentratsodiscussed in Weiss
et al.(2012) Eq. (2.1) can be used to estimate the degree of saturation change based on the
changeof electrical conductivity

Temperature also hassignificant effect on electrical conductivity of concrete because it
can change the mobility of ions. Under high temperature, the amesmore active,
consequentlythe electrical conductivityis higher aml vice versa. Generally, researchers
consider thathe Arrhenius equation (Eqg2.2) and (23)) can be reliable in describing the



relationship between electrical conductivity and temperature (for temperature range of 0
50 ), and it is less temperatudependent when the temperature is higher than(Spragg

et al, 2013, Chrispet al, 2001, Liu and Presudloreno, 2014) Moreover with regard to
recent research resul®anchmatiaet al, 2014) the equation is also applicable under
temperature ofl8 | therefore, it is possible to use it for investigating ice formgirocess
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where! is the electrical conductivity measured at the absolute tempemafilg ! is the
conductivity at absolute reference temperaflite the measured one and the reference one
are the same degree of saturatidiis the nominal conductivity at infinite temperatui@ ()

in S/m E, is theactivation energy for the conduction proceskJ/mol andRy is the universal
gas constant8.314 Jmol/K.

The activation energy of concreté,) is the parameter that determines the sensitivity of
electrical conductivity of concrete with regard to temperature. However, it is not a constant
and increases with the decreasing of degree of saturation dsasting experimental
observationsChrispet al, 200]). The value ofE; has been reported to range from 16.9 to
42.8 kJ/mol(Liu and PresueMoreno, 2014) In order to anae the temperature effecn
electrical conductivity of concrete quantitativelydaaccurately, it is necessary to clarify the
relationship between the activation energy and the degree of saturation.

For the above purpose, as derived in the Appendix, the activation energy of partially
saturated concrete can be writtertreesfollowing equations

I #
Rgln% L 3 (2.A.7)

E,,=E..! RT,n(S)

(2.A.14)

whereE,yis the activation energgf partially saturated concrete for the conduction process
andE, is the activation energy of fully saturated concfetethe conduction procesksrs is
the electrical conductivity dully saturated concrete at the absolute temperature: sis the
electrical conductivity of fully saturated concrete at the reference tempefature

Based on the above equation, the normalized electocaluctivty (see Fig2.1) can be
calculatecas(see detailed derivation in appendix)
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By reversing Eq(2.A.15) we have theelative content of unfrozen water (the same
valueasliquid saturation degree during freeziagd thawing as

" (2.4)
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During freezing the water transforms to ice. Since the conductivity coefficients of ice
(solid) and vapor are very low comparemthat of water {,=1~20 S/m," o110 ° S/m,
"ad10 > S/m (Rajabipour and Weiss, 2007) afigl!10® S/m (Petrenkp 1993)), the
conductivity is mostly determined by the conductivity of pore solution. Therefore, the degree
of saturation can be considered as relative content of unfrozen water. The relative ice content

| is thendetermined ds
l

11'S" S (2.5)

whereSyis theinitial saturation degree.
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Fig. 2.1The relationship between the electrical conductivity and degree of saturation

In addition, the frost damage may also affect the electrical conductivity by altering the
porosity and connectivity of concrete, which raakhe accuracy of the calculated ice content
with FTCs reduced. Howeveat this stage, it isrery difficult to quantitativly analyze the
frost damage based on temperature change. The internal pore pressure in concrete can be
calculated by ice formatioralong with temperature change which could be used for
evaluating the damage, but once the damage developed, the ice content estimation would be
affected, as a result, the damage cannot be evaluated accurately with temperature. According
to Gonget al (2015b), during freezing, damage increases, while during thawing the damage
rather remains, thereforepassible simple solution is to differentiate the freezing and thawing
process with and without considering damage evolution based on the damage mmechanis
difference respectively In this case, the estimated ice content for multiple cycles would be
more accurate. But this is only a simple approach for understanding the damage effect on ice
estimation. In order to analyze the damage development quaetitdiased on ice formation,
it still needs further investigation. With regard ke tdamage development during freezing,
the referenced electrical conductivigt i cycle may change with temperature after ice
formation until it reaches the referenced &leal conductivity ai+1 cycle (see discussion in



Section2.4.5) since it could be considered as a parameter to evaluate the damage @tarnam
al., 2015. Thus, Eq(2.4) is extended to the caserepeatedreezethaw cycles as follos
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whereSg andSr are unfrozen water content during freezing and thawing at a cedyaute,

"refis and "refiv1,s are the electrical conductivity of fully saturation concrete at the reference
temperature before and after thecycle. Tg is the freezing point and, is the lowest
temperature (K).

2.3EXPERIMENTAL METHODOLOGY
2.3.1 Specimen preparation

Mortar specimens were prepared. The mix proportion is based on ACI Committee 211
(1991), in which the coarse aggregate was not iecludhew/c ratio is 0.5, water is 207
kg/m®, cement is 414 kg/mand fine aggregate is 990 kg/nThe materials used were
Ordinary Portland Cement with density 3d4nt, fine aggregate of 1.2 mm or less in size
with density 2.67 g/cfhand there is no admixture added. After proper mixing, the specimens
were cast intg?50 mm'100 mm cylinders and cured for 24 hours before demolding. Once the
specimens were demolded, they were cured under water for 90 days at room temperature
23t2 . Thecuredspecimens were oven drietl 105 for 24 hours in order to remove the
evaporable wateAlthough there is possibility that the specimens have initial damage when
the drying temperature was set 105the ovendrying induced damage is insignificant
compared with further frost damagaccording to the test results of Sicgtal (2013).
Therefore, the estimated ice content based on normalized electrical conductivity is still
reasonableThen the specimens weseibmersedn water until mass was constant &itain
full saturation Finally, the specimensvere sealed with polyvinylidene chloride plastic
(commonly known as Saran) and vinyl/mastic tape to prevent moisbse Before
conducting the electrical measurements, the tape and Saran in the end of the cylinder
specimerwereremoved and thus the specimen can contact with sponges.

2.3.2 Test method

In this test, we adopted end to end AC two point test and referrbd setup of Spragg
et al. (2011) as shown in Fig. 2.2(a). The cylinder mortar was placed inside of the
environmental chamber, two steel plate electrodes connect with the alligators of a commercial
resistivity meter and the ends of the cylindBne wet spnges which were saturated with
20%wt NaCl solutionto have high conductivitywere used between plate electrodes and
cylinder specimen for better contabtoreover, because the thinner the sponge is, the smaller
the resistance would be, the thicknesghef sponge in this test is about 2mm which is the
thinnestfound in the market (see Fi@.2(b)). To assure a good contact between electrodes
and specimenwhich mayaffect the resistivity measurement significantly, external pressure
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of 6 kPawasappliedas an external mass on the top electrode, as recommended by Newlands
et al.(2008) Since the direct curremtauss polarization effect whiclncreass the electrical
resistivity, alternating current with a frequency of 1kias chose for measuement asthe
optimized frequency confirmed by McCartet al. (2015) The uniaxial resistivity of
specimen was measured continuously by the resistivity meter and the data was doylected
computer automatically every 3 seconds. Three specimens at the same covelitéiarsed

for testing and they were measured continuously for shturget stable valuefor each
designed temperatusnd obtain the exact value of activation energy of mortar at saturation.
Theelectrodes were sandblasted befseh measurement to asstirattheir resistaceis the
same for different specimenshéd electrical resistance tfie sponge was measured first
because the resistance of the sponges during the FTCs may influence the total resistance.

(@ (b)

Fig. 2.2 Setupof thetest(a) Testsetup(AC deviceis acommerciaresistivitymeter)(b)
Detailsof thewetsponge

2.3.2.1Method of calculating the electrical conductivity

Resistance of mortavas calculatethased on the meth@ppliedby Spragget al. (2011)
Since high external pressungas usedn this test, there is monuch differencebetweentop
and bottom sponge resistance and

R= Rneasured! 2 Rspong (28)

whereR is the electrical resistance of mortar cylind®heasurediS the measured value of the
whole system anBsyongdS the electrical resistance of sponge.
To consider the geometrical effect, the conductivity of the specimen is

""KR ™ aR (2.9)

where$is the resistivity of the mortak is the geometrical parameteris the crossectional
area and. is the length of the test specimen.

2.3.22 Freezethaw tests

As shown inFig. 2.2, specimens were set in the environmental chambiich can
control temperature and relative humidity. The temperature histote environmental
chambemwasmeasured by temperature sensgrcorded by computer. The temperature cycle
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(Sicatet al.2013)startedat 10 for 90 minutesthendecreased by 0.25 per minute until it
reached28 and remained constant for 90 minutes, deth increased by.25 per minute
until the maximum temperature 1Q The FTC was repeated 3 times for three saturated
specimensThe detailed temperature history of one cycle can be viewedRFign2.4. The
relative humidity in the chambext 10 is around 90%Since the specimens were sealed
during the test,the relative humidity controlled in the environmental chamber had
insignificant effect to the electrical conductivity of specimens.

2.4RESULTS AND DISCUSSION
2.4.1 The activation energy at fully saturation

According to the theoretical model for calculating ice conEgs.(2.4) and (2.5) only
the activation energy at full saturati@®, s andthe saturation coefficientn) are needed. The
activation energy ofthe specimen is a parameter which can indictite electrical
conductivityOs sensitivity to temperatuaad highly depends on the degree of saturation of
the specimen and the material properties. As showirign 2.3, although there is some
differencebetweeneach specimen, the electrical conductivity and temperature ahiaoear
relationship for all three specimength similar slope valuesThe activation energs of the
three specimens at full saturatiane all about 16kJ/mol, whiclwas calculated from Eq
(2.A.7)with regard to the measured electrical conductivity and temperature.
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Fig. 2.4Comparison of the electrical resistance of specimen and sponge undetleeze
cycle
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24.2 The electrical resistance of sponge under FTC

As shown inFig. 2.4, the electrical resistance tife sponge was not constant along with
temperature change andhigis observed negligible when the temperature is higher20an.
To be more exact, at temperature above zero, the electrical resistance of the wet sponge is less
than2 #. Due to the ice formation ithe sponge at temperatwbeelow-20 , the electrical
resistance increased exponentially thoughasstill very small compared with the electrical
resistance of mortaBy subtradhg the electrical resistance thfe sponge (Eq.4.8)) from the
measured total electrical resistance, correct electrical aesestof mortar under FTCs was
obtained.

2.4.3 The electrical resistivity of specimen under FTCs

Due to complexity of measuring the inside temperature of samples, only the temperature of
sample surface was measured, which was found to be the same set teenperature.
According tothe study of Hasaat al (2003, the temperaturimside a concreteylinder with

size of #100mm"200mm was rather uniform. Therefore, the ifwrmly distributed
temperaturenside of the specimengas assumed in this paper besathe sample size in this
study ismuchsmaller than HasanOs cadee resistivity of three specimens under three FTCs

is shown inFig. 2.5. The electrical resistivity of specimenBangeddramatically in response

to temperature change, especially underer temperaturdf the temperature variations are

not the same during each cycle because of the change of thermal conductivity coefficient
caused by frost damage, the electricagistivity variations would be also very different
However, as can be seenFig. 2.5, the electrical resistivity becomes almost constant when
the temperaturbecomed 0 , which meanshatthe temperature hysteresisangedue to the

frost damage was negligiblen addition, the temperature variationaaincrete samples with
FTCs was measured in (McCarstral 2015) Their temperatur@ysteresigesults showittle
differencebetweenwo temperature cycles, which can also confirm thattangeof thermal
conductivity coefficient is not obvious aftene cycleof frost damage. So it is reasonable to

use the set temperature as the index of the temperature of the salmaegh there isa

slight difference in resistivitpetweerthe three specimens at 10 their variation tendencies

are almost the samehich means they have the similar ice formation proddss difference

may be due to the testing scatter. The sample 3 may be slightly less porous or have lower
degree of saturation than the other two. As a result, it has less frost damage andrémeeliffe
becomes larger with increasing numbers of the cy@esause the three specimens show
very similar results, only the result of sample one is presented in oefdd. 2.6 for the
electrical resistivity change during freezing and thawing processdch cycle. When the
temperature is above 0, thelogarithm ofelectrical resistivity is in linear relationship with
temperature which means the change is simply due to the temperature variation, there is no
ice formation.When thetemperature drapbelow about-7 , the resistivity starts to increase
shargy. This turning pointmay be interpretedsthefreezing point, while the turning point of
resistivity with temperature increasirgg the thawing phasean also be interpreted #se
thawing point. For three freezbaw cycles, the freezing poiimicreasesvith cycles while the
thawing pointdecreasesyhich was also observed by Wagigal (2014)(see details in thEig.

2.7). Generally, the freezing point of mortar lielow O , which may be due to the
supercooling nature of mortafSun and Scherer, 2080 Because the supercooling
phenomenon is a random phenomenon (Zsrag., 2015), from the statistical point of view,

the freezing point change tendency needs further experimeomdirmation. In a short
temperature rangafter the freezingoint, the logarithm ofelectrical resistity is in linear
increasing which means the resistivity difference is mainly due to temperature change

13



However,with further changing of temperatyrtte nonlinearityof resistivity curve is more
obvious which indicates thaiheice formationis continuous under lowering temperature due

to pore radiusvariation (water filled in smaller pores has lower freezing point) resulting in
continuous decreasea iliquid saturation ratelf the ice formation is instant at a certain
temperature rather than being continuous, after a sudden change of slope, the curve is
supposed to be linear. At the lowest temperature, the resistivity still increases to some extent,
which may be caused by wates-distribution at the maintainedtemperature. Since the
chemical potential difference caused by ice formation may induce the water to flow from
smaller pores to bigger pores, the ice formation could continue even under gtanton
temperature. As a result, the electrical resistivity would increase due to the reduced liquid
saturation degree. During thileawing process, the curve seems smoother titafreezing

process because there is no supercooling effect, but the thawimgip higher than 0

which may be due to the size of specimen. Owing to the temperature hysteresis, the smaller
the specimen size, the closer of the thawing point to Dhis is because the heat needs time

to be transfeed, if the specimen is pretty tg. It may take a certain time to achieve @t

the center of the specimen for thermal conducting. Therefore, the temperature at the surface of
the specimen may be very different from 0

4
20 : ‘ i i -m- Temperature  —f -
! : b - Sample 1 S

10 €
£
o £10° O
s 9] >
s s
B ki
g 109 . 8
ld_EJ F10 @
-204 =
ks
L

—n —a —a 1

-304+— 10

T ¥ T ¥ T ¥ T T T T T T T T
0 200 400 600 800 1000 1200 1400 1600
Time (minute)

Fig. 2.5Electrical resistivity changaunder three freezthaw g/cles

_ — " cyde
g 2“cycles
% 10°1 ——3“ cycles
> ] Thawing
= ‘ .
12] .
g 10° N
= \"
2
8
L

10" - .

-30 -20 10

-10
Temperature (‘C)

Fig. 2.6Electrical resistivity changaunder freezing and thawing

14



8—- —=— Freezing point
Thawing point

Temperature (C)
2

T T T T
0 1 2 3 4
Freeze-thaw cycles

Fig. 2.7Freezing and thawing points of specimens with FTCs

0.6 :
] - 1% cycle
——2Ycycle

0.5 el
3" cycle

Theoretical result
(Thawing
0.3 N

0.2

Relative ice content

0.1

0.0 — T T T T T T T T
30 -25 -20 -15 -10 -5 0 5 10
Temperature (C)

Fig. 2.8Estimation of relative ice conteimt case oh=3.5(Weisset al, 2012)

2.4.4 Estimation of icecontent in mortar under FTCs

Egs.(2.4)and(2.5) are used for calculation of ice content, in which the activation energy
at full saturation (16kJ/moljasobtained from our previous test stsown inSection 4.1 and
the saturation coefficient approximatts 3.5 (referred to Weisst al. (2012). From the
results shown irFig. 2.8 and Fig. 2.9, under freezing, the relative ice content incesas
continuously after ice formation starts, reaching around 0-38at. When the temperature
was kept at28 , the te content still has a slight ris€his is mainly due to the unfrozen
water redistributioras a result othe chemical potential differeagn pores with ice formation.
During the thawing, the amount of ice content is higher than that of the freezireggpaiche
same temperature, which is probably because of the natural supercooling effect of the porous
medium. To be more precise, water in some of the pores reached the freezing point cannot
form to ice due to lacking of ice nucleation crystals durimgZing. However, this kind of
phenomenon would not happen during thawing, which will result in the ice amount difference
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between the two processes. The theoretical result from ice formation ar@lgsiget al,
2013)based on thermodynamics and pore size distribution information of fiGdaget al,
2014)is also presented in Fig.8. It seers the theoretical result agrees reasonably well with
the test results if we exclude the supercooling effect, which was amstidered in the
theoretical resultsn this study.The ice content vaation with FTCsis shown inFig. 2.9.
From the results of the three specimens, they show almost the same change with temperature
which confirms thathe proposed method to estimatecgoatents is reliable

After revealing the ice formation process in mortar with electrical measurements, the
resultswere compared witkxisting testesults Data from Sun and Scher@010b)was used
for comparison. The study of Sun and Scherer appliddferential scanning calorimeter
(DSC) to obtain the amount of ice formation in the mortar. It can be seerFg@.10 (a)
that the shapes of results from Sun and Schereoartdst results are similar for freezing and
thawing stages. The differenpeobably is due to different curing conditions and specimen
sizes. Firstly, specimens from Sun and Scherer were immersed into limewater for six months
beforethe test whileour specimens were cured under tap water. This meanspecimens
would be more prous because of Céeaching. Even though the w/c 8tin and SchererOs
specimens is 0.55, the maximum value of ice content is still lowerahacase /c=0.5).
Secondly, the specimeBun and Scherewsed is 5 mm"5 mm"1l mm disk whereasir
specimen is#50 mm"100 mm cylinder. The reason wloyr specimen shows the greater
differencebetween freezing and thawing poimsthe larger specimen size. The response to
temperature differencen other words, temperature hysterdsises longer time. This point
can alsoexplain why there is slight increase in ice content during constant lowest temperature.
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Fig. 2.9Estimation of relative ice content with FTCs

In addition, the relative ice content of mortar specimens with different degrees of
saturation under éezing and thawing from test results of Farredral (2015)wascalculated
by the proposed model. Farnaghal. (2015) also tested the electrical response of mortar
under FTC but they used a nickel conductive coating to reduce the interface effect between
electrodes and specimen instead of wet spmngesides, by following ASTM C36082, the
mortar samples were sealed to cure for 28 .d&ysce they used relatively small size
specimens (25.4 mm"25.4 mm"50.8 mnm) comparison with our specimethe differencen
relative ice content between freezing and thawing process is smalleutteaseas shown in
Fig. 2.10 (b). Becauselte energetic barrier to nucleation may vary with sample $&es
and Scherer, 2010ajeice formation procegsvaried accordinglyAlthoughthe shape and
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the tendencyf the curvesre similar the maximum relative ice conteint Farnamet alOs test
is less than 0.5 for a fully saturated specimen. The reason may be explained by the lower
water to cement ratio (0.2

Furthemorg the calculated relative ice content of the different saturated spexareen
shown inFig. 2.11 (a) and compared to the theoretical resul&£0.42 was used) from Gong
et al. (2013) in Fig. 2.11 (b) for the freezing process. It seentisat the results havema
acceptableagreementEven though there is a slight difference at temperature near to the
freezing point due to supercooling effect and lower H2&8n due topossiblyice percolation,
the model can reasonably predict the ice fdioman partidly saturated case
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2015) (calculated bthe authorOs model)
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Fig. 2.11Calculated relative ice content from electrical test results of Fagham(2015)by
using authorsO model (a) Relative ice content of different degree of saturation under freezing
and thawing (b) Comparison dfé test results and theoretical results from Getrgg. (2013a)

245 Estimation of ice contentwith consideration of frost damage

It is common understanding that the frost damage may change the microstructural
characteristics of mortar (eg. porosity acmohnectivity) thereforeelectrical resistivity of
mortar may be affected as well. As a consequence, electrical conductivity of fully saturated
mortar at the reference temperatuygs activation energy of fully saturated concrete for the
conduction pocessE, s and saturation coefficiemt (see Eq(2.1)) would be different before
and after FTC. Among therk, sandn arecorrelated with! <. Therefore, the change bfkss
may represent the damage effect ansliththe basic concept for E(R.6). The frost damage
does not suddenly happen but is accumulated with FTCs, which needs cycles to be serious. It
may be ignored within one cycle for estimating relative ice content. As it is shown in Fig.
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2.12 where the electrical data cited from Farnanetal. (2015, and the damage evolution is
assumed to be linear with temperature variation during freezing phase, the estimated relative
ice content with and without considering frost damage does not show much difference within
one cycleTo evaluate ice cdant more precisely during thawg process, we need for further
experimentation to investigate the effects of damage on electrical conductivity. And further
verificationis necessay under multiple FTCs
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Fig. 2.12Calculated relative ice content from test res(flily saturated case)f Farnamet al.
(2015)by usingauthors@odelwith and without considering frost damage development

2.5CONCLUSIONS

(1) The combined effect of temperature and moisture content on edécoieductivity of
concreteis explained from a theoretical point of view. Under freezing condijtithre
two effects both play significant roles in the electrical behavior of concrete and the
interactive effect is more obvious under higher temperaturdshagher degres of
saturation. In this studyhe relationshifpetweerthe activation energy and the degree of
saturationis derived A method to estimate the ice content based on elaltric
measurements is proposed considering the coupled effect ofregaorpeand moisture
content.Although the ice formation in partially saturated specimens was calculated for
one cycle based on the test results of Fareaml (2015), the proposed model still
needs further experimental study with multiple FTCs for thidieation of applicability.

(2) Based on the proposed method, the relative ice content of mortar is estimated by
conducting the electrical test. The test results of threeplsamduring FTCs are
consistent and the ice formation procsssontinuous with temgrature variation, which
means the proposed test method is reliable and repeatable. The freezing point of
specimens increasing with cycles while the thawing poinslaa opposite tendency. In
addition, during FTCs, theelativeice content (the mass ratio of frozen water content to
the total water content in mortar) during thawisgigher than that of freezing under the
same temperaturd he maximum valudor the samples iaround 0.5 at temperature
28 . These results can lbseful forthe prediction of frost damage of concré¢&ong,et
al. 2015a)

(3) The calculated ice content from the developed miedebmpared with theoretical result
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from thermodynamic analysis and foundanceptableagreement with each other. The
calculatel ice content is also compared with existing experimental results of other
researchersO, which were based on calorimetric test and electrical test data interpreted
with this studyOs model. The shape of ice content and temperature curves looks similar.
Thedifference in ice contents between our test anexiiing test can be explained by
difference in material properties and curing conditibhe frost damage of mortar to
electrical conductivityis also discussed and concluded that the damage effecbenay
ignored within one FTC for estimating ice formation because the frost damage is
cumulative and it is not so significant for a cyclkheseverify the reliability and
applicability of the proposed model.

APPENDIX. Normalized electrical conductivity ("1 " ref,9

Normalized electrical conductivit{r o/ e s (€lectrical conductivity of partially saturated
speimen at temperaturd slash electrical conductivity of fully saturated specimen at
reference temperaturBes) is vitally important for estimati the ice content and it can be
derived as following

|
© ref, Coref.p Sn I
P (2A.1)

* ref,s

/ /
T1p K

~

T.p ~ _Tp n
= ST 7 # (2.A.2)

/
“ref,s ° ref,p ref, p

where ! s IS the electrical conductivity of fully saturated concrete at the reference
temperatureTyer, !rerp IS the electrical conductivity of partially saturated concrete at the
reference temperature (the same degree of saturation with measuetdesnperatur@ (K))
and !, is the electrical conductivity of partially saturated concrete at the absolute
temperaturer.

By substitutingof Eq. (2.3) into (2.A.2), the normalized electrical conductivity would be

‘Eapdl 1, %

! T.p — e( gip)ﬁ( Tref**,.' /S (2.A.3)

© ref,s

whereE,is the activation energy giartially saturatedoncretefor the conduction process
From Eq.(2.A.3), the activation energy @artially saturatedoncretefor the conduction
process may be calculated as following

(eEen®y 1%
e &R T T1p g (2.A4)
* ref,s
Edp ] "y o F
R %f$_( §|n(s )$in %_é (2.A.5)
ref ' e,
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R i, % !
Eap i— 2.A.6
S ff (S) T3 EA0
T T, F

Whensaturation degre$=1, then

Rg | ) '/ T,s #
ng——14%
Ea,s = ( L/ (2A7)
(

1.1
T Tref
whereE,s is the activation energy of fully saturated concffetethe conduction procesis;s
is the electrical conductivity dtilly saturated concrete at the absolute temperature
Egs.(2.A.6)and R.A.7) are functions to calculate the activation energy only. Although
thereis atemperature parameter in the equations, it does not mean that the activation energy
is dependent on temperature sin¢ers and * 1, will change with temperature so the
temperature parameter can be removed finally.
Besides, the normalized valley/ " ers canalso be calculated based on E2)2) directly:

"Eq #
$l,/ T
= Ae TR,T (2.A.8)
$0 as # I
Tref ‘
! ref,s Ase Pg ( (2A9)

where A, is the nominal conductivity at infinite temperature at the measured degree of
saturationAs is the nominal conductivity at infinite temperature at the fully saturation

FromLiu and PresueMoreno (2014)the value ofA fluctuates with different degreef
saturationwas found but the differencavas not significant (see details iWWang et al,
2014). So this value imssumed to beonstant. By dividing Eq(2.A.8) with Eq. (2.A.9), if
Ay=As is assumd here,then

oy as "
b — g T BT (2.A.10)
© ref,s

By combiring Egs.(2.A.3) and(2.A.10), the relationshigpetweenactivation energy for
fully saturated and partially saturated specimmy be rewritteras following
|

CEapfl 1% !

T 5)s (e Eay
o %R (T Tref>+_&_sn _ ngT R Ter} (2.A.11)
IEap Eas ap Eap I
#HE——# #——+———0
eaRgT Rle RT RBkro_ Q (2.A.12)
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LB p#Eqr s

el Rt g 2.A.13)
E.,=E.! RTuIn(S) (2.A.14)

Finally, by substituting Eq.(2.A.14) into Eq. (2.A.3), the normalized electrical
conductivity is

/ ' T,
- T’ _ v Rg T+ ref
STe —g

$:I Ea.s$RgTref|n( g‘)0/‘!|.$ 1 :{%
/ (2.A.15)

© ref,s
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Chapter 3

ESTIMATION OF ICE FORMATION IN MORTAR SATURATED
WITH NACL SOLUTIONS

3.1 INTRODUCTION

To predict the mechanical properties of the concrete damaged under the comisihed fro
action and NaCl attack, the ice formation of different concentrations of Na@iosols of
significant importance. According to Ghspall theory (Valenza and Scherer, 2007), the
mechanical properties of ice on the surface of cementitious materials are essential for
understanding of salt scaling. Since the thermal mismatch betweecetlandcementitious
materials can cause cracks of ice,and the crackdurther propagate int@ementitious
materials coverwhich resuls in scaling. The degree of damage depends on the volume
fraction of ice duringfreezing temperature as a result, itvaries with the solution
concentratioron the surface of cementitious materi@falenza and Scherer, 2006; Sun and
Scherer, 2010a). On the other hasidceice can induce pore pressures such as the hydraulic
pressure, crystallization pressure and crgten pressure, the ice formation inside of
cementitious materials is the key point to understand internal frost damage (Coussy and
Monteiro, 2008; Liu et al., 2011, 2014a,b; Powers and Willis, 1949; Scherer and Valenza,
2005; Zeng et al., 2014). Frothe study of Gong et al. (2015a,b), the total pore pressure
cementitious materialsan be calculated with the ice contearidthe damageaused bythe
pore pressures can be predicted correspondingly. Therefoiee tfttgmation informatioron
the cementibus materialOs surface and pores is needed.

To clarify the mechanisms of concrete frost damage, many researchers concerned about
the ice formation in cementitious materials (Coussy and Monteiro, 2008; Chatterji, 1999; Dai
et al., 2012; SetzeR001; Scherer and Valenza, 2005; Zeng et al., 2013, 2015, 2016; Zuber et
al., 2000). Based on chemical potential equilibrium, ice formation in confined pores with
solution was analyzed (Scherer and Valenza, 2005; Zeng et al., 2014; Zuber and Marchand,
2004). However, most of the studies focused on the pure water case, or only thermodynamic
equilibrium equation was givefor porous materials saturated with NaCl solutiohkese
functions are difficult tdoeappliedto engineering purpose.

In addition to tle analytical study of ice formation, several techniques have been applied
to measure the ice content. For example, electrical measurement was proposed by Katsura et
al. (1996) and Cai and Liu (1998), which was further developed by McCarter et al., (2015)
and Wang et al., (20Hp. Besides, dielectric capacity method was deployed by Fabbri and his
coworkers (2006, 2009, 2013). Thermoporometry (also called low temperature calorimetry)
was applied by Johannesson (2010) and Wu et al., (2014), based on ice tustegchnique
was also used to determine the pore size and shape (Sun and Scherer, 2010). Since the ice
formation is related to pore size distribution, mercury intrusion porosimetry (MIP) was used
to estimate the ice formation (Fabbri and f&hong, 203; Zeng et al, 2014; Zuber and
Marchand, 2004))Becausethe electrical measurement is easy and rapid to apply, it was
favored in this study.

Although using the electrical measurement to estimate ice content of specimen saturated
with deionized (DI) watehas been successfully applied in pueviousstudy (Wang et al.,
2016), the case of NaCl solution is much more complicatée. pore solution concentration
may also be changed with temperature decreases thecttemical reactions (Farnnam et al.,
2014), which may affectthe electricalresults significantly Therefore, the ice content
estimation model for specimens saturated with NaCl solutions needs further investigation.
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The objective of this Chaptés to estimate the ice amount in mortar specinauarated
with NaCl solutionsThe ice formation estimation model based on electrical measurements
was extended from DI water case to NaCl solutidnsaddition to analytical stuels the
experimentation was also conducted to verify the prediction model.

3.2 ESTIATION OF ICE FORMATION IN MORTAR SATURATED WITH NACL
SOLUTIONS
3.2.1 Ice formation in bulk NaCl solutions

When the temperature drops to below the freezing point of salt solwich) depends
on the solution concentratiowater transforms tace. After ice formationthe concentration
of the solution will increase since the solvent redu@ég increasing concentration further
reduces the freezing pointhus,the ice formation will occugradually ashe temperature
decreases to the freezingipt of the new solutionthe amount of ice formation differs from
that of DI water for the same temperature leBgi collecting the data from Weast and Astle
(1981), the relationship between the freezing point and solution concentration by weight has
bea regressed (see Fig.1). Based on solute mass conservation, the approach on how to
calculate the volume fraction of ice with temperature change is derived as below and the
results of certain concentrations and comparison with existing test result®démwich and
Gow (1996) are shown in Fig.2 (a) and (b).

The regressed relationship fdret freezing point of a certain concentration of NacCl
solution can bexpressea@sEqg. 3.1) (Fig. 3.1(a)).

TCo =10.0157N?*! 0.5153N (3.1)

whereT, is the freezing point!( ) while N is the concentration of NaCl solution by weight
(Yowt).

For a certain temperature, the concentration of solution just befeches the freezing
pointcan beregressed as Eq. (3.2[rig. 3.1 (b)).

N=! 0.028TC§ ! 1.6744TCO (3.2)

-20 25
y=-0.0157x"-0.5153x
R?=0.999

. y=-0.028x*1.6744x

= R’=0.999
\

=
o
1

-10- "

Freezing point ("C)
\
Solution concentration (% wt)
IS
/.

o

0 5 10 15 20 25 20 16 12 8 4 0
(a) Solution concentration (% wt) (b) Temperature (°C)

Fig. 3.1Freezing point versus solution concentration by weight (Weast and Astle, 1981)

If the initial concentration of solution 5%, once the temperature drops to its freezing
point, the ice would form and then the concentration would change
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T, =10.0157¢?! 0.515%, (3.3)

Herewe assume the mass ratio of icens so the brine solution is 106,, and water is
100-c,-m,, the new concentration of solution would be

_ 100c,

C = 3.4
' 100! m (3.4)

In addition, current temperatuiie(! ) should be freezing point @f concentrated NaCl
solution. As a result, the new equilibrium can be

100c,

=1 0.028T?%! 1.6744T (3.5)
100! m,

So the mass ratio of ice and the volume fraction of ice in solution of NaCl are
determined as

m =100/ 1906, (3.6)
: 1 0.028T2 ! 1.6744T
/ 1,
_ m/!, | 09m, (3.7)

V.= !
° m /! +(100! ¢t m)//, = 0.09m +100" c,

whereV, is the volume fraction of icé,, and! , are the density of ice and watér£916.7
kg/m® and! ,=999.8kg/m at 0°C), respectively.
By substituting of Eq(3.6) into Eq.(3.7), there is

(0.028T +1.6744T +100),
V =1!
c | ) | 2 |
(1001 c,)( 0.028T21 1.6744T )1 9c, a9
10 10
—=—3% s
5%
.g 081 +102A: .8 081
G 15% 5 —=— Our model
g 0.6 ——20% _E 0.6 Perovich et al.(1996)
g g
8 (4l Z o4
‘o ©
E 0.2 E 0.24
g § ‘ Initial solution concentration=2.5% wt ‘
0.0 ' ' aAgyam - 0.0 T T T
-20 .15 -10 5 0 -20 -15 -10 -5 0
(a) Temperature (*C) (b) Temperature (C)

Fig. 3.2Volume fraction of ice in solutions of NaCl versus temperature
The thermal stress develops in the ice depends on its stiffness, which will increase with

the ice volume. When the stress exceeds the strength of ice, the cracks will occur. For the
flexural strength and static elastic modulus, Sun and Scherer (201033sextjtbe data from
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existing tests and proposed model for estimation. The best available data for the flexural
strength and static elastic modulus of frozen Na&ter solutions are

!+ (MPa) :1.76exp(! 5.88,/11 vc) (3.9)
E(GPa) =10exp(! 7.1/1T V;) (310)
!

0.30
T 0.254 E_B\
S )
g 0.204 g
< Pl
g 0.15+ '§
= £
B 0.101 o
7
§ 0.05 8
b 00 deseey ‘ ‘ 1 & N
-20 -15 -10 5 0 oo 3 g 0 + !
!(a) Temperature (C) (b) Temperature (C) !

Fig. 3.3 Flexural strength and static elastic modulus of frozen solutions of NaCl (applied the
model of Sun and Scherer, 2010)

Based on the model, mechanical properties of 3%, 5%, 10%, 15% and 20% NacCl
solution are estimated, as can be seen in F8.It is ckar that the flexural strength and
stiffness of ice in high concentration solution are rather small compared with ice properties in
low concentration solution. This can explain why the serious damage occurs at intermediate
concentration solution (3~5%). Bause high concentration solution, the ice is too soft to
penetrate cracks into concrete while for low concentration, the ice is too strong to induce
cracks.

3.2.2Ice formation in cementitous materialssaturated with NaCl solutions
3.2.2.1Freezingoint change with pore radius

Ice formation in cementitious materials is very different from bulk solution, because the
freezing point would change due to chemjmatentialdifference with different pore size. The
smaller thepore size is, the lower th&eezing point is (see Fig3.4). According to
thermodynamics analysis (Scherer and Valenza, 2005), if there is no additional pressure and
liquid/vapor menisci are flat, the ice formation in brine system could be described as

Vgl =t (s 1 s)(T!T,)+RTIn(a) (3.12)

¢ CLcL
wherev, is the molar volume of icé,., is the specific energy of crystal/liquid interfagg, is
the mean curvature of the solid surfaBeand S are the entropy of liquid and icB,is the
gas constanta is the water activity in the solutiomvhich depends ro the solution
concentration T is the absolute temperature when the freezing occurs (K)Tand the

freezing point of a large flat ice crystal (K) in pure water.
Then the freezing point in pore solution(K) (cementitious materials) can be

(SL! SC)Tm I Vel ol o 2
* (s.rs.!Rinfa)) (S!S Rin(a)) (3.12)
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If the ice crystal is in macroscopié., is aboutzero, the second term of Eq. (3.12)
become zero. In Eq3(12), the unit of temperature is K since the derivation is based on
thermodynamics. Cordering the temperature unitien the freezing point! () of NaCl
solution is

T = T’“(SL!SC) 'T 3.13
° (s!s!Rinfa) " (5.13)

For a spherical crystal in a pore radius,jst., =2/(r, - $). ! is the thickness of the liquid
film between crystal and the pore wall (about 0.9 rf@png et al., 2015a)f the pore
solution is pure water, the water activity is 1.tBe freezing point of pore wat&g(! ) is

2! 2!

CL " —_n * CL

T =T T = (3.14)
p m m
(r1)s, (rir)s,

wherer  is the radius of pore} is the thickness of the liquid film between the crystal and the
pore wall, and%3=(S-S)/V, is the molar entropy of fusion. For icé,"0.04J/n?,
%%,"1.2*10°%(J/n/K), for water$"0.9nm (Scherer and Valenza, 2003 combine with the
regressed Eq3.1), we have

T = Tm(SL! SC) I T =10.0157N?! 0.5153N
(SL! S.! Rln(a)) (3.15)
) T.(s! s)
S %! Rinfa) = (T,! 0.0157N? I 0.5153N (3.16)

Substituting of Eq(3.16) into Eq.(3.12), and considering the pore curvatutg in Eq.
(3.12),#c. =2/(r, - $), the freezing point of pore solution (K)(see B#) is

_(r,t oous7NrosISIN)# o &
rorommnesey 2 o7

Then, by changing the unit, the freezing point of pore solltioft ) could be

(Tm! 0.0157N?! 0.5153N)# o &
T, = oF ! & E PT (3.18)
T, %" (r11])"s,
Substituting Eq. (3.13nto Eg. (3.18), we can obtain the following equation.
T +T
T = wn T"T (3.19)
% 21 mom
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For a certain temperature and a certain size of pore, the concentration of solution just
reaches the freezing pointabtained from Eq. (3.18) as follows;

2

# & # &
% ( % (
T +T T +T
N=100287 ‘w” m T 7( 1167447 " m T 7 (3.20)
% o2, o % o2,
o | od !
@m (r11)"s, fon (rr1)"s, E

-204

-404

-604

Freezing point (°C)

-80
10

T T
-6 -5

10° 10° 10" 10
Poreradius (m)

3 -2

10 10

Fig. 3.4Freezingpoint of solutions of NaCl versus pore radius (m)

3.2.2.2 Ice formation in cementitious materials with different NaCl solutions
For the initial concentration of solutiowith c,%, the ice would be formed once the
temperature drops to its freezing poift,(! ) as shown in Eq. (3.21) (see Eq. (3.18)).

. _(T, ! 0.057¢; 0.5253c0)f;{ oy & (3.21)
. T, go" (rp!!)"Sg "

Here we assume the mass ratio of icenis,) in pore radiusr(,) so the mass of ice in
cementitious materials is

m = +'!' mc(rp)v(rp)dr (3.22)

"

wherev(r,) is the relative volume of pore with radius The brine solution is 10@n, and
water is 106c,-m,, the new concentration of solution in the pore would be

100c
C = 0 (3.23)
' 100! mci r j

Current temperature should be freezing pointcatoncentrated NaCl solution. As a
result,
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! $ ! $
# & # &
100c T(T+T T (T+T
o =1 0028, T+, | T, & 16744% oT+T,) TS (3.24)
100! m (r ) T Za i1 %
# (rp!!i!sw &) # {rp!/)!sw %
So the mass of ice in the pomduld be
100
m,(r,)=100! % (3.25)
! $ ! $
# & # &
T.(T+T,) T.(T+T,)
# m m &l # m m &
| | |
0.028}; 5 I T.g 167447 5 ' Tg
#T 1 & #T 1 &
# irp!!i!sfv §6 # (rp!/j!sfv é;

As it is shown in Eq(3.25), three parameters (initial solution concentration, temperature
and pore size) are in need for calculating the ice content in a pore. To sum the ice content in
all of the pores, we may get the ice contertbutk cement paste, mortar or concrete. For ice
formation in cement paste, mortar and concrete, the difference is due to the pore size
distribution and this can be calculated by an empirical model proposed by Gong et al. (2014).
To be more precise, basedthe empirical pore size model, we could get the volume density
of each size of pores and the ice formation for different size of pores §8.E5). Combing
the ice formation in each size of pores and pore size distribution witli3E28), the ice
formation in cementitious materials can be obtained. As a result, the amount of ice forming
for different concentration of NaCl solutions under different temperature is estimated (see Fig.
3.5). Compared with cement paste and mortar, there is more ice comteahgrete at a
certain temperature for different solution concentrations. The reason may be attributed to the
existence of interfacial transition zone (ITZ). Because of the ITZ, concrete and mortar have
more meseores while cement paste has more mpoees that is difficult for ice to form.
Meanwhile, the ice amount in different size of pores and its static elastic moduR8s &t
are also analyzed (see F3¥).

100 100
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Fig. 35 Amount of ice content with different concentrations of NaCl solutions in (a) cement
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saturated with indicated concentrations of NaCl solution

3.3 THEORETICAL MODEL FOR ICE CONTENT ESTIMATION IN MORTAR
SATURATED WITH NACL SOLUTIONS BASED ON ELECTRICAL
MEASUREMENTS

3.3.1 Moisture content

The ice content estimation model was preliminarily developed in chapter 2, which can be
applied to specimen saturated with DI water. However, for specimen saturated with NaCl
solutions, the model is not sufficient enoughettimate the ice content upon freezing since
the chemical reactions could occur. Therefore, the model not only needs to clarify the
relationship between moisture content and temperature, bubatemsidethe pore solution
concentration. Besides, to consider the effect of frost damage, the pore characteristics change
with FTCs also needs to be included.

As described in chapter 2, the moisture content can change the electrical conductivity of
specimen sigfiicantly. The relationship can be presented as ArchieOs law (1949). In this
chapter, the model was further derived to consider the pore solution concentration Ebange.
cementitious materials, the electrical conductivity at full saturation is
=F!/

/ =
© ref,C,s.¢

ref,p,s,cy (326)
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where ! eicso IS the electrical conductivity of cementitious material specimen at full
saturation with pore solution concentration equalsptat reference temperaturger, ps.0 iS

the electrical conductivity of pore solutiavith concentration equals @ in fully saturated
specimen at reference temperature && the formation factor which accounts for the
connectivity and porosity of specimen. For partially saturated cementitious materials (Weiss
et al., 2012)

=F!/

! =
© ref,C,p,c,

1 (S) (3.27)

ref,p.p.c;

f(s)=s (3.28)

where ! ercpe IS the electrical conductivity of cementitious material specimen at partial
saturation with pore solution concentration equals,tat reference temperatur@espp.e IS
the electrical conductivity of pore solutiomith concentration equals to, in partially
saturated specimen at reference temperat{8gis the saturation functior§is the degree of
saturation and is the saturation coefficient.

If there are no anic interactions in pore solution, the relationship of electrical
conductivity of pore solution and degree of saturation can be

/
_ " ref,p,scy

e = (3.29)

Combning the Eg. (3.26-(3.29, the variation of electrical conductivity of cementitious
materials based on changing of degree of saturation can be calculated as following

! ref,C.pc; — ! ref, p,p,c, 'f (S) zin — Sn"l
S

! ref,C,s,co ! ref,p,s,co (330)
3.3.2 lons concentration

Since the electrical conductivity is sensitive to the pore solution concentitatoeffect
of concentrationchange due to saturation degree reduction (solvent charage) salt
crystallization (solute change) should be clarifiédcording to Weiss et al. (2012), the
electrical conductivity of pore solution is changing with the ionic strength a8.Bd).

=31 7 (3.32)

wherel,, is ionic strength (for species with valercand molar concentratiar), parameteG
and c are the known valuesGE conductivity parameter [assumed to be approximately 0.4
(mol/L)™2 for a typical pore solution);, is designed solution concentratiémol/L)). In the
phase transition process, for E®.32), valence would nobe change and only molar
concentration would be affecteBesidesfor sodium chloridesolution theionic strength has
the same value of malaoncentratiorof solution

Theporesolution concentrationould be changediue toredudion of solute content such
as salt crystallization. As a result, the electrical conductohigngeof pore solution will be
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Voo -l G lw, _g 146G (3.34)
Papse 1+GT, 1. G 1+GJq

where lyo and Iy, are the ionic strength of pore solutionvimy concentrationc, and ¢;
respectively namelylyi/lmo=C1/Co. Co andc; are the pore solution concentration before and
after salt crystallization

On the other hand,uding drying or freezing, the increasing sulutionconcentration is
due to the reducing of solver@ince the solutdoes not change, so the solution concentration
is corresponding to the saturation degigased on Eq. (3.34}he electrical conductiwitof
pore solution change due to drying or freezing can be simplifiéd/aiss et al., 2012)

! ref,p,p,c, _& l+G\/70 1 1+G\/TO (3 35)
apse  w, 1+GT, S 1+G/ /S '

where"( is the correction term which can account for ionic interactions (or ion concentration
change) in pore solutiQy andc, are the pore solution concentration before and after drying
or freezing Because of the drying or freezing, the solution concentration could be changed
and it can be calculated based on the saturation degree due to solute mass conservation,
C,=Co/S So the ionic stregth of poke solution ratiois lya/Imo=1/S.

According to the data presented in Weiss et al. (2012), the relationship between the
correction term and ionic strength can be regressed as below

/, =0.0565In(1,,)+0.213 (3.36)

In the case of NaCl solution, when5%wt, $,=0.207 and when=15%wt,$,=0.276.

3.3.3Temperature
As shown in chapter 2temperature effecto electrical conductivity was usually
described byArrehious equatioChrisp et al., 2001) as follawv

! |£$"£| i.o/[_’.
© T,C,56 — e' )% Ry T Tref&:

¢ ref,C,s,c (337)

where & ., IS the electrical conductivity of cementitious material specimen at fully
saturation with pore solution concentration equals, o measured temperatufeK), & c <o

is the electrical conductivity of cementitioogaterial specimen at fully saturation with pore
solution concentration equals ¢pat the reference temperatukg,, is the activation energy

for specimerfully saturaedwith solution(kJ/mol) andR; is the universal gas constant (8.314
J/mol/K). Among them, the activation energy shows the sensitivity of electrical conductivity

of specimen to temperature. It depends on saturation degree, pore characteristics and pore
solution concentration. The investigation of saturation degree was presented ter &ap

while the pore characteristics in Chapter 6. The combed effect of saturation degree and pore
characteristics can be (see details in Chapter 6)
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E =E...,! Aln ':ref‘c‘s’%’o%+Aln(S”a)! RgT,dln(S“a) (3.38)

a,p,C,a a,5,Cq,0 *
- ref,C,p,cl,a&

whereE, ; oo andE, ., , are the activation energy of fully saturated specimen before and after
salt frost damageA is the fitting parameter which can account to the effect of pore
characteristics (about 15.313 from our regressed resultsh,aadhe saturation coefficient
after frost damage.

However, from our experimental results, the activation energy has no big variation with
FTCs (see Section 3.4). To simplify the derivation at this stage, the effect of damage and ion
concentration changduring FTCsto activation energy was neglected. So the Eq. (3.38) was
reduced to Eq. (2.A.14)

E.p=E,.! RT4In(S®*") (2.A.14)

whereE,s andE,, are the activation energy of fulgnd partiallysaturated specimen

3.3.4 Combined effect of moisture, temperature andsolution concentration

Firstly, the combined effect abns concentration and saturation degree was studied. As
described in the above section, both of the moisture content and solution concentration
change affect the electrical conductvaf specimenUsually, for drying or freezing process,
while the saturation degree decreases, the solution concentration iacfeas®aluate the
moisture content exactly, the combined effentsnecessary to be clarified.yBonsidering
Egs.(3.26)-(3.28) and (3.35), the variation of bulk conductivity of cementitious materials can
be written as Eq4.39.

! ref.C.pc, — Fl ref,p.p.c; ' (S) — ! ref, p.p.c, 1S = S”o"l!sn - S"o"1+ﬂ (3.39)
Fl/

',ref,C,scO ref,p,s,cy ',ref,p,s,cO

From the derivation, the saturation estimation equation was obtained as Weiss, et al.
(2012) presented. Based Bn. (3.39), the saturation degree of cementitious materials can be
obtained by using the electrical conductivity results. The detailed discussion of this equation
was shown in chapter 2.

Furthermorefrom the existing test resust salt crystallizatioror calcium leaching is very
likely to occur when temperature decreas. In this casethe electrical conductivity of
specimen changes with the ions concentration and temperature. To analyze the amount of
crystallized salt, e combined effest of concentratio and temperaturg¢o electrical
conductivity should be consideredVith regard to Eg (3.34) and (B.37), the electrical
conductivity variation due to combined effeaif concentration and temperature can be
written as Eq(3.40

|,)Ea$§1,, 1 E?«

#Ry 4T Tt JEasfl, 1 &

! tese _ ! sy '€ :&|1+G C, e TRE T

'Iref,C,s,c0 'Iref,C,s,c0 C0 1+G\lcl (340)

By reversing the Eq3(40, the pore solution concentration after salt crystallization can
be
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_ 'ITCscl | IE%CT—E(

G _
1466, ! wcse 1+G\F (3.41)

In order to simplify the derivatiomere we may definthe right term oEq. (3.41),
which is the known value, as follows;

JE JEas¥1,
/
azlrese ) G | IR (3.42)
! e 1+ G\/?
Then, by substituting E¢3.42) into Eq.(3.41), Eq.(3.41) can be rewrite as
c =a+aG,fc, (3.43)
The Eq.(3.43 can be solvednd the solution is as folley
_2a+a’G®+aGy4a+a’G®
= > (3.44)
lc=c," ¢ (3.45)

where%cis the concentration difference before and after salt crystallization.
If the salt crystallization is reversiblduring the thawing process the pore solution
concentration changdérom c, to ¢,. Based on Eq. (3.44), the tendency can also be observed.
During freezing or thawing, the degree of saturation chewwgk temperature, as well as
solution concentrationWith ice formation,the combined effects of temperature, saturation
degree and solution concentration are as below

Pt Ly
R, 5T T
D rcne _ ! 1cme ol wese _ ! wcoe e Gl 1+Gy/c,

'Iref.C,s.,cD !ref,C,s,cl 'Iref,C.s,c0 !reszcl C 1+G\/_
o EasRiT In([s*)gq g (3.46)
W SN - R BTl
¢ 1+GJc
where

gotn G LGV (3.47)

¢ 1+Gc,

The Eq. (3.47) was derived from Egs. (3.34) and (3.35). Since Eg. (3.34) equals to Eqg. (3.35),
comparing the final term of the two equations, the Eq. (3.47) can be obtained.

Thenby solving the Eq. (3.46)he saturation degrexan begivenas follows
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1, 1&

T, 96" =
S:(!Omn)g!mp% G 1t Gyc, Eﬁ Tt

P 1+G\/_ (3.48)
Then relative ice contentan be calculated as
=515 (3.49)
where $is the initial saturation degree.
Considering Eq. (3.45)heamount of crystallized salt can be evaludigd
m=(c! ¢)","V, 35

wherem is the mass of crystallized salgis the porosity of the sample aNglis the volume
of the sample.

If there is no salt crystallization when ice starts to form, in the ice formation stage, the
concentratiorvariation is due to degree of saturation chande. Eq. (3.48) can be reduced to
Eg. (2.4). The solution concentration change can be calculated based on Egs. (3.34) and (3.35),
as below

C I1 G\/—
Cy 1+G\/7 (3.51)

wherecy andc; is the pore solution concentration before and after freezing.
The above equation can be rewritten as

ol

1+G\/7 _1+G\/’ (3.52)

If we define

— ISIOI]_
1+ G\/’ (3.53)

b=

!
Then the Eq.3.52) can be solved and the solution is

_ 2b+b’G® +bGy4b +G?b?
2 (3.%4)

Considering the case with salt crystallization, the solution concentration with freezing
can also be calculated by Eq. @.5However, for calculating the paramektein Eq. (3.3),
Co should be represented with

According to the study ofFarnam et al. (2014), upon freezing, the salt crystallization
would occur above the freezing point. The salt could be the reason for damage of specimen
saturated with high concentration of NaCl solutions. In this case, the salt crystallization and
ice formation processes are in separate etaghe amount of salt could be calculated with
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regard to combined effects of ions concentration and temperature, while the ice amount
involved the combined effects of saturation degree, ions concentration and tersperatur

Thereforethe pore solution concentration change and relative ice content during FTC could
beobtainedas follows;

(a) When temperatures higher than freezing poift>Tg

m
o
»

d
[y

‘ (=

&
-
W&

_ 2a+a’G? +aGy4a+a’G? gz Tosa jelRET

2 ; '/ref ,.C,s,¢ 1+G\/7 | (353

(b) When the temperature is less than the freezing point but higher than the lowest
temperaturd  <T<Tg

_ 2b+b’G” +bGv4b+ G’ G g
2 el (3.56

(c) When the temperature is higher than the freezing point but less than the thawing point
T <T<Tt

c 2b+b°G* +bGv 4b + G*b? G g
2= 2 ;P 1+G\/7 (3.57)

(d) When the temperature is higher than the thawing FGimt

x.!""

S$1 1 %
_2a+a’G’+aGy4a+a’G’ s ! 1csg / Rﬁfﬁﬂ}

, 'Iref ,.C,5,6 1+G\/— (35&

Consideringhe effect ofthe salt frost damagen the electrical property of cementitious
materials, the ice formation estimation model could be extended to the case of FTCs

- G (1+eye,)

Easi#ln 1 &
Aot (.
+ Rg T Ts "

)
le

S St T e [1+G 3.59
dcse P T ( . !rd,c,S%,‘) qi( + CO,i) (3.59)
L* 'Fi
Sr- :(I ! 14n)-LE !T,C,p,cg'i |C0,i (1+G\/§) )Eas.z‘% i&.
i ! vt e G (1+G Co’i) (3.60)

wherei is the number of cycle&, sj is the activation energy of fully saturated specimein at
cycle of FTC, T is the freezing point of specimen iatycle of FTC. For the electrical
conductivity of specimen and solution concentration, only number of FTCs is different from
previous definitionEq. 3.59 is applicable to the icbormation estimationfor the freezing
process while Eq.3(60) is for thethawing process.

The data from Farnam et al.Os study apasied for the calculatiohased on the above
four-stages estimation modelThe results of relative ice content and pore solution
concentration were shown in Figand7 respectively. Note that thee content of 5% NaCl
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case is even higher than DI water case, which may be the reason why the 5% NaCl case has
the most severe damagéhe much higher amount of salt crystallization is calculated for 23.3%
NaCl concentration than the 15% concentrati@sec There is no crystallization in the case of

5% concentration.

Fig.3.7 Relative ice content of different concentrations of NaCl solution saturated mortar under
freezing and thawingcalculated from the data of Farnam et al., 2015)

\Uc

A

l—s

y C

Fig. 3.8 Solution concentration change with temperafaedculated from the data of Farnam et al.,
2015)

3.4 TEST PROGRAMS
3.4.1 Specimen preparation

Mortar specimens were used in this experimental progMdim. proportions with
different watesto-cement ratio /c), excluding coarse aggregateere based on ACI 211.1
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(1991) designas shown in Tabl8.1 with different wateto-cement ratio /c), excluding
coarse aggregate. The materials incloddinary Portland cemenfThe physical properties
and chemical comgitions are presented in Tald&. The size of fine aggregate is 1.2 mm or
lesser and its density is 2.67 gfcrifo promote frost damage, no-aintraining agent was
incorporated. After proper mixing, it was cast into 40"400L6mm form and cured for 24
hours prior to removing the form. Once demolded, specimens were cured under water for 90
days at the temperature of 20 to¥3Then the specimens were cut into size of"B0 ™5
mm after curingsee preparation details in Fig9B.The mesescale size was cken becase
the pore solution concentration can be assumed to be unifotine specimenAs a result,
salt frost damage could be quantitatively understood.

The preparation procedures of electrical test samples were shown B IBigFirstly,
theelectrodes were attached to mortar samples with conductive paste (s&édta]). Once
the conductive past@ascured, to solidify the interface bonding of electrodes and specimens,
the epoxy resin was also deployed to cover the conductive paste atrddele(see Fig.
3.10(b)). After one week curing of epoxy resin, the samples were placed into a vacuum
desiccator for another week to obtain dried condition. After drying, they were sealed with a
plastic bag (see Fid.10(b)) to prevent moisture transfand kept in a vacuumed chamber
until testing. In order to obtain fully saturated specimérstly, the samples were vacuumed
for 20 minutes to remove the air insider. Then the contaimigh solutionswerealso placed
in the desiccator under vacuumirgy L5 minutes to remove the air in the solutiéfier that,
the samples were immersed into DI water, 5% and 15% NaCl solutions respectively (see Fig.
3.10(c)) and continuous vacuuming for one hdthienthe samples remained in solution for 7
days at roonmtemperature until they were taken out. To prevent moisture transfer, they were
sealed with saran and tape after surface dried by towel paper (s8el®dj)).

(a)sieving the sand (1.2mm or less)  ¢b¥ting the mortar (c) curing under water

(d) cutting procedures (e) cut specimetBI#9 mm

Fig. 3.9 Preparation of specimens

Table3.1 Mix proportions and properties of mortar

Fine Bulk dry Skeletal
aggregate  density density Porosity
kg/m® (%) kg/m® (%) kg/m?

Water/Cement Water Cement
Ratio (w/c) kg/m® kg/m®
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0.3 207 690 755 2173 2676 0.188

0.5 207 414 990 2137 2688 0.205
0.7 207 296 1090 2125 2703 0.214
Table3.2 Physical properties and chemical compositions of cement (OPC)
o . Specific surface :
Physical Specific gravity (crlg) Compressive strength (MPa)
properties 3d 7d 28d
3.16 3350 31.3+1.63 47.1+1.76 63.5:1.88
Composition CaO SiO, Al,03 FeOs SO; MgO K,0 Na,O
Content (%wt) 64.20 21.40 5.51 2.92 2.03 1.74 0.36 0.21
Conductive pastt
e
-
@ Electrode ) © (d

Fig. 310 Prepared specimen detailsmn# 30 mm# 5 mm
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Fig. 311 Temperature history (one cycle)

3.4.2 Electrical and freezethaw cycles tests

In the electrical test, the electrical resistance of specimen was measured by alternating
current (AC) twepoint method with FTCsGhapter 2 The frequency of the alternating
current is 1kHz and the test data was collected every 10 seconds by computer continuously.
Before the test, the electrical resistance of conductive paste under FTCeasagad and the
value was around 0.5#, which can be neglected compared with electrical resistivity of mortar
samples. To consider the geometrical effect, the electrical resistivity of the specimen is

AR
/=— 361
2 (361)

whereR is the resistance of the specimAns the crossectional area aridis the length of
the specimen.

The prepared specimens were placed into an environmental chamber to undergo FTCs
The freezeghaw temperature history of the chamber can be seen in3RAM. Since the
specimens wersealed, the relative humidity inside the chamber has no effect on the frost
damage process, therefore only the temperature was controlled and measured by a
temperature sensor recorded by computer. The temperature started &ir2B00 minutes,

then decresed by 0.2% per minute until it reached the minimum temperat2&¥ and
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remained constant for 100 minutes, and then increased by¥O0@5 minute until the
maximum temperature 28. The freezethawcyclewas repeated lfimes
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Fig 312 Electrical resistivity changes under freghaw cycleqa) w/c=0.3 (b)w/c=0.5 (c)
w/c=0.7

3.5 TEST RESULTS AND DISCUSSIONS
3.5.1 Electrical resistivity of specimen under FTCs

During FTCs, the electrical resistivity of specimens was changingtentperature. As
shown in Fig.3.12, the measured electrical resistivity was presented as a function of time.
Since the temperature was also changing with time, the relationship between electrical
resistivity and temperature was further plotted with regardcTCs (see Fig3.13). The
freezing and thawing points can be seen from the slope change of the curves. Because once
ice nucleates in meso and macro pores, the amount of movable ions would be reduced, as a
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result, the electrical resistivity of mortar reases dramaticallyClearly, there is a big
difference among NaCl solution saturated specimatisdifferent concentration®\s shown

in Fig. 3.13, at reference temperature (23, the electrical resistivity reduces with increasing

of NaCl concentratiortowever, the 5% NaCl case specimen reached the maximum electrical
resistivity at the lowest temperature except \ide=0.7 cases. The pore characteristics of
hydrated products may be accounted as the reason. At the lowest temperature, water in pores
partidly forms to ice, and the salt crystallization is also possible to occur to fill the pores. As
a result, the amount of movable ions in 5% NaCl saturated samplesviesth.3 and 0.5
would beless than in DI water saturated samples as more pores are bbgyctkedice and salt.
However, forw/c=0.7 case, 5% NaCl saturated samples stilelgood connectivity under
freezing because of more porous nature and can be more conductive than in DI water.

Fig. 313 Electrical resistivity changes with temperature

In addition, for eachv/c samples, the electrical resistivity decreases withat reference
temperature because of the greater amount of water in the samples. It is worthy to note that
there were no addinal phase changes (6grmation of FriedelOs salt and crystallization of
NaCl) been observed during the freezing and thawing even for 15% NaCl saturated samples,
which is different from Farnam et al. (2015)Os results. This implies that the addit@sel ph
change depends on the chemical composition of cement pastes (B&oghglet al., 2012),
which needs further investigation. Besides, after the ice nucleation, tHen@ancurve of
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electrical resistivittemperature relationship indicates thatah@unt of ice formed increases
nontlinearly. From previous results (Wu et al., 2014), we understand that the samples contain
5% NaCl solution have more severe damage tharDl water case, but in theory the ice
amount in 5% NaCl solution saturated samgless than in DI water saturated sample. Since
the range of electrical resistivity in the case of 5% is highest irBH®, it was believed that
salt crystallization contributed to the electrical resistivity increase as well. However, no
obvious changelue to salt crystallization was observed. Therefore, it was assumed that the
salt crystallization may occur gradually at subzero temperature.
|
3.5.2 Electrical resistivity at reference temperature and lowest temperature

According to the study of Farnam et al. (2015), electrical resistivity at reference
temperature can be used to evaluate the frost damage, whereas Wang et al. (2014) regarded
the maximum electrical resistivity as the parameter of damage. Therefore, paplis as
shown in Figs3.7 and 3.8, normalized electrical resistivity at temperatures8nd-28;C
were considered, respectivelfhe normalized electrical resistivity means the ratio of
electrical resistivity with FTCs to electrical resistivity at fiist cycle. Electrical resistivity at
reference temperature (@3 and lowest temperature28;C) at first cycle were presented in
Table3.3. Figures3.7 and3.8 show that along with frost damage development, the electrical
resistivity of mortar at 28 and -28{C decreases. However, for 5% and 15% NaCl
concentration solution exposed samples with w/c=0.3, contrary tendency were observed at
23iC. The increase tendency was also observe?8a€ in the case of DI water and 5% NacCl
solution exposed samplestivw/c=0.7. It indicates that the frost damsagethe cases of 5%
and 15% NacCl solution saturated samples witt=0.3 were not significant, becausiehas
lesser amount of moisture and saftd higher strength than the casesva=0.5 and 0.7
Besides, for the samples saturated with NaCl solutions, the chloride binding reduced the
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movable ions conterdnd increased the electrical resistivity. For the samples with w/c=0.5
and 0.7, even the chloride binding also occurs, the salt frost damage was more severe, so the
electrical resistivity showed decrease tendency. However, for the case of DI water and 5%
NaCl solution exposed samples with w/c=0.7, the increase of electrical resistivity at the
lowest temperature was due to more severe frost damage. Although the frost damage can
increase the connectivity and decrease the electrical resistivity, the santple/ew0.7 had

good connectivity before frost damagehich madethe effect of increased connectivitess

on thechange irelectrical resistivitylnstead, because of the severe damage, the increasing of
porosity yields the reduction of saturation degra@ch increases the electrical resistivity.
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Fig. 315 Electrical resistivity at lowest temperatur@gj C) changes with FTC&)w/c=0.3
(b) w/c=0.5 (c)w/c=0.7

Table 33 Electrical resistivity at reference temperature (33and lowestemperature-g8 )
at first cycle

Electrical resistivity at temperature Electrical resistivity at temperatus28

23 (!''m (! 'm)
w/c=0.3 w/c=0.5 w/c=0.7 w/c=0.3 w/c=0.5 w/c=0.7
DI water 129.59 112.14 95.17 4622.47 3986.5 4745.47
5% NacCl 30.249 17.15 13.01 10835.95 5500.58 1879.03
15%NacCl 11.03 11.57 6.23 762.15 476.87 296.41

For fully saturated specimen, during freezing, the ice expansion can cause residual
deformation resulting in the increase in pore volumA@ad then he moreunfrozen watefrom
smaller pores will move to the ice front and @é&e formation(see Fig. 3.8). With FTCs,
the damage would develop, so the ice amount in the bigger pore increases and the bulk water
amount in smaller pores decredsgkeanwhile, the specific surface of pores increases, then the
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amount of wateradsorbedat pore surfacencreases.The movable water at the lowest
temperature is possible to reduce. With this regard, the electrical resistivity at lowest
temperature may incase. However, because of the hydraulic pressure, not only the porosity
increasedbut alsothe connectivity of pores increases. So the electrical resistivity is possible
to decrease.

(@)

Empty

(b)

(c)
Fig. 3.16 Mechanism during FTC (a) before FTC (b) during freezing (c) after FTC

3.5.3 Activation energy changes with FTCs

Activation energy of mortar sample is a parameter to quantify the sensitivity of electrical
resistivity to temperature and it is maintprrelated to the pore characteristics (Liu and
PresuelMoreno, 2014). The value of activation energy for fully saturated santple@scan
be calculated as Eq. 68) (Chrisp et al., 2001).

(3.62)

The obtained activation energy resudi® shown in Fig. 3.17. The higherw/c is, the
higher volume ratio of moisturevhich samples can contais. For DI water cases, activation
energy decreases wittic. In the cases of/c=0.7, the activation energy increases with NacCl
solution concentratiorT-he reason is due to formation of FriedelOsadatth consumed water
and movable ions. In particular, for higher concentration exposed samples, the absorbed
moisture content is lesser because the formation of FriedelOs salt can fill the pores and the
amaunt of salt increases with NaCl concentratiseg Chapter)4 Although the concentration
of remaining pore solution is high, the sensitivity to temperature would increase. Besides,
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because of less amount of FriedelOs salt crystallization in the cages®8 and 0.5, the
activation energy of the two saturated with 5% NaCl are similar, but for 15% NaCl case, the
differences become obvious due to the salt crystallization and total moisture amount. With
frost damage development, both of porosity and cdiviggycof pores would increases. As a
result, activation energy decreases with FTCs. When the porosity and connectivity gpcrease
the electrical resistivity at reference temperature decreases. According to the study of Liu and
PresuelMoreno (2012), for D water saturated concrete samples, there is a relationship
between the activation energy and electrical resistivity at reference temperature. Once the
electrical resistivity at reference temperature decsghise to the frost damage, the activation
energywould decrease correspondingly. However, after frost damage, the degree of saturation
would decrease since the deformation and cracks caused the connection of air voids and
increase volume of air voids. Besides, it is known that the activation energyrtair would
increase with the reduction of water saturation degree (Chrisp et al., 2001). Therefore, as
shown in Fig. 3.7, there is no general tendency for the activation energy changes with FTCs,
which varies withw/c and NaCl solution concentration. According to the results, it sésahs

the variation of activation energy due to FTCs is not significant in the cage=df.3 and 0.5,

but the decrease of activation energy in the casgaf0.7 and 15% NaCl solutioraturated
sample cannot be simply neglected.
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Fig 3.17. Activation energy of specimens changes with Fasv/c=0.3 (b)w/c=0.5 (c)
w/c=0.7

3.5.4 Change in feezing and thawing points change with FTCs

With regard to Fig. 33, the freezingand thawing points with FTCs were detected and
are shown in Figs. 38land 319 respectively. The freezing point of solution in mortar
depends on the pore size and solution concentration. After frost damage, the porosity and
connectivity would increase, wdh means that the pore size can incre@smsequently, the
freezing and thawing points may increase. However, as3Hig shows, no obvious freezing
point change tendency can be obserd variationn freezing point with FTCsay be due
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to the heterogeneous ice nucleation nafdieng et al., 2015). The freezing and thawing
points decrease with the NaCl solution concentration. With diffeventhe trend is not clear
We can see thahe case ofv/c=0.5 has the lowest freewj pointof the case of DI water,
whereaghefreezing points of 5% and 15% Na€dsesare similar amount different/c.

Fig. 3.18 Freezing point changes with FT@9w/c=0.3 (b)w/c=0.5 (c)w/c=0.7

Fig. 319. Thawing point changes with FTCa&) w/c=0.3 (b)w/c=0.5 (c)w/c=0.7

It seems that the thawing point of sample was steady compared with freezing point. For
the DI water case, the thawing point increases with which means the macro pore size is
bigger in highemw/c. But for 5% and 15%NaCl solution cases, this conclusion may not be
appropriate because of the pore solution concentration and possible salt crystallization. When
the NaCl penetrates into mortar, the formation of FriedelOs salt could occur and fill the pores,
altering the pae size of mortarsee Chapter)4With increasing NaCl solution concentration
andwi/c, the amount of FriedelOs salt increases Chapter)5 Therefore, for 5% and 15%

NaCl solution saturated samples, the macro pore size is not bigger inwigher

3.55 Estimation of ice content with consideration of frost damage

The experimental results were calculated based on the proposed model. Although from
the thermodynamic properties of NaZhter system, the eutectic point is arou?tl.3 |, the
NaCl$2HO would get crystallizedwhen the temperature is below this poifthe turning
point due to this salt crystallizatiphowever,was not found in the electrical resutikthis
study We may assume that the NaCl crystal was not precipitated at temperaturehagher
28 in this study, so only the ice formation needs to be considered. In this case, with regard
to the frost damage to the electrical property, the ice formation could be estimated based on
the model (Egs. (89 and (360)), as shown in Fig. 3® Then the ice formation with 10
FTCs was further calculated and presented in Fid.. &inilar to the results of Farnam et al.
(2015), the ice amount of 5% NaCl case reached the highest. But there was no significant
changein the ice content with FTCs. Thepmerimental results of ice formation in mortar
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(W/c=0.5) saturated with NaCl solutions were compared with the theoretical results. As shown
in Fig. 3.2, for 5% NaCl solution case, the experimental and theoretical results can basically
reach an agreemertiowever, for 15% NaCl case, the predicted results have an acceptable
agreement with our test results, but slightly lower than the results of Farnam et al. (2015)Os
study.
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Fig. 3.20 Estimated relative ice content of specimen saturated with differentd¢a@ions
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Fig. 3.21 Estimated relative ice content change with FTCs
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Fig. 3.22 Comparison the relative ice content from our theoretical calculations and
experimental observations (during freezing process)
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3.6 CONCLUSIONS

In this Chaptey the ice formation in cementitious materials with different concentration
of NaCl solutionswas theoretically investigatedBeside, ice content in mortar specimens
saturated with NaCl solution was estimated basedlectrical measurements. Based on the
results and discussion, the following conclusions could be reached.

(1) According tothe solute mass conservation, ice content informdborbulk NacCl
solutionsunder freezing werealculated Fromthermodynamic angsis, the effect of salt and
pore size to freezing poimtas foundn a product relationship. As a result, the freezing point
of solution in cementitious materials can be calculated. Then the ice formation of NaCl
solutions in cementitious materials candséimated as well.

(2) The ice content estimation modelr DI water casewas extended to the NacCl
solutioncases by clarifying the combined effects of moisture, temperabureoncentration
andelectrical properties of pore solution. Based ondhseved phenomeas, four-stageice
content estimation model was proposed.

(3) To verify the modelthe electrical response of mortar in masale saturated with DI
water, 5% and 15% NaCl solutions under FTCs was studied. The electrical results were used
to estimate the ice content. Besidése experimental data from FarnamOs was applied to
estimate the ice formatioand salt crystallizatiomased on the proposed model. Acceptable
agreement was found when the calculated ice content from FarnamOsarebuits test
resultscompared with the theoretical results.

(4) Both of the electrical resistivity at highest and lowest temperatures changes with the
damage developmenwhile ativation energy does not show apparent relationship with frost
damagedevelopment Freezing and thawing points was detected from the relationship
between electrical resistivity and temperature. From the previous report, the freezing point
increases with FTCs. But in our mescale test results, such tendency was not observed
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Chapter 4

MESOSCALE STUDY OF WATER TRANSPORT IN MORTAR
INFLUENCED BY SODIUM CHLORIDE

4.1 INTRODUCTION

In cold and wet regions, frost damage of concrete is an important durability issue to
concern, especially for the concrete structures exposed to deicing agents i(\Vafdgaza
andScherey2007) In order to predict the service life of concrete structures exposed to frost
action, water transport properties were used as an ifitagerlund, 1996)However, when
the concrete is contaminated by the deicing salt, the transport premértiencrete would be
very different with the one exposed to frost action qiMgng et al., 2006Hashimoto and
Yokota, 2013) Thus, the transport properties of conereixposed to deicing agent need
further investigatiorfFarnam et al., 2015)

When the chloride ion penetrates into concrete, on one hand, it binds to cement pastes by
chemical reactions (salt crystallization) and physical adsorflarogheiBounyet al., 2012;

Florea and Brouwers, 2012The salt crystallization increases soldtsume because the
formation of FriedelOs salt filling the voids may induce exparg@ienza and Scherer, 2005)
and consequently alters the pores diameter of mfirtaret al., 2014) On the other hand,
when the concrete was exposed to salt solutidojuca hydroxide in concrete may dissolve
into solution and leach out. In particular, with the presence of sodium chloride (NaCl), the
process of calcium (&9 leaching may be accelerated and the porosity will increase
correspondingly(Sato et al.,, 2015)Since the rate of liquid absorption is related to the
diameter of each por@elham,1988 Martys and Ferrarjsl997;Liu and Hansen2015, if

the pore diameter changed due to the salt crystallization 8t I€aching, the solution
transport will be affeted. Therefore, by analyzing the liquid absorption, the salt effect on
pore characteristics of concrete may be clarified.

Researchers have studied the liquid absorption for decades because it is an important
parameter for durability of concrefelall andTsg 1986 Wang and Ueda201]). Since the
liquid absorption test was mainly conducted in macro g€handra and XuL992 Spragget
al., 2011, for the salt solution absorption, the pore solution concentration may vary from
surface to depth of concref@Vang and Ueda, 2013yhich makes the salt crystallization
effect on transport properties difficult to understand. So the specimen in small size is a good
option for this study, but there are few studies concerning on the small scale. Although
Macinnis anl Nathawad(1980) developed mesecale solution absorption testing method,
their purpose was to measure the absorptivity and permeability of concrete. The absorption
process difference with different concentration NaCl solutions was described, however, how
the micro characteristics had been changed with different NaCl solutions and how'the Ca
leaching and salt crystallization would affect transport properties of concrete were still not
clarified.

In this paper, the main purpose is to understand how tmdined salt crystallization
and C&" leaching alter the pore characteristics of mortar with different concentrations of
NaCl solutions and then influence the water transport. Since the coarse aggregate has rather
low permeability, the transport propertiesconcrete are mainly determined by mortar. The
experimentation was conducted in masale. In the messcale, which is in the order of five
millimeters, the pore solution concentration in mortar could be considered as uniform
(Valenza and Schere2007) thus the salt effect can be analyzed by comparing the results of
absorption of NaCl solutions and reabsorption of deionized (DI) water. Based on the solution
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properties analysis and the proposed liquid transport model, the effect of salt crystallization

and C&" leaching to pore characteristics of mortar can be analyzed separately. The analyzed
results such as relative absorbed water, matrix mass change and diffusivity change are
discussed in detail in this paper.

4.2 TEST PROGRAMS

To understand thpore characteristics and transport properties change due to combined
Cd* leaching and salt crystallization, the absorption test was adopted in this study by
applying gravimetry. The microstructural alterations due to FriedelOs salt formation and
calcium kaching were observed through SEM images by Liu ef2@ll4) In their study,
immersed in DI water, the pore size of concrete increased due to calcium leaching, while it
decreased with 5%wt NaCl solution because of formation of FriedelOs salt. Thénreasarc
gualitatively provided the information of microstructural alterations due to NaCl existence,
and their results are consistent with our findings. Therefore, the SEM observation was not
carried out in this study.

4.2.1 Specimen and solution preparatio

Mortar specimens were used in this experimental program. The materials used were
ordinary Portland cement with density of 3.16 g/and fine aggregate which is 1.2 mm or
less in size with density of 2.67 g/tmithout air entraining agent. Mix proportis are based
on ACI Committee (1991j§lesign, as shown in Tabdel with different wateto-cement ratios
(w/c). The materials were mixed properly, and then cast into 40#40#160 mm form and cured
for 24 hours prior to removing the form. Once demolded, specimens were cured under water
for 90 days at the temperature of 20 to 23jC. After curing, specimens wereacuasd
scale size of 70#30#5 mm for absorption test. As can be seen id.Hd), the surface of
mortar was removed and the core part was used for test. In this case, the property of samples
can be assumed uniform. The details of preparation of spectaanse seen in Figh.1. To
obtain dry condition, specimens were put inside of oven for 24 hours at 105;C to remove
evaporable water. After drying, they were sealed with saran carefully to prevent moisture
transfer until measuring their weight under nadrtemperature and vacuumed chamber was
used to store the dried specimens for test.

In order to get fully resolved solutions, the NaCl solute was stirred properly with
deionized water in plastic container with volume of 4 liters. Sodium chloride solatid)s3%
and 20% by mass concentration were prepared 24 hours before testing.

The density and porosity of mortar were measured gravimetrically by immersing
samples into DI water. First of all, the samples were dried by oven at 105;C and the mass was
measued at normal temperature. Then the samples and DI water were put into vacuum
desiccator separately for 15 minutes to remove the air inside of samples and DI water. After
that, the samples were immersed into the DI water in a container. They were cohtinuous
keptin the vacuum desiccator for one hour until they were moved out, sealed and placed at
room temperature 20 to 23;C. After immersing for 7 days, it was assumed that the samples
were fully saturated and then measured the mass. The apparent voluaraptésswas
obtained by suspending the sample into DI water. When the samples are suspended in the
water, the measured mass change of water container (before and after the sample immersing
into water) is equal to the mass of water flow away and this anodwmater volume is the
same as apparent volume of sample (apparent volume means including the pore inside since
they were filled with water beforehand). Finally, the porosity and bulk dry density of samples
were calculated based on the measured mass almnes. Skeletal density was also
calculated with porosity and bulk dry density subsequently. The results are presented in Table
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41.

The test performed and number of specimens is summarized in4Table

Table4.1 Mix proportions and properties of marta

Water/Cement| Water | Cement Fine Bulk qlry Skeletal density )
Ratio (w/c) kg/m® kg/m® aggreggate den5|ty3 (%) ka/n? Porosity
kg/m (%) kg/m
0.3 207 690 755 2173 2676 0.188
0.5 207 414 990 2137 2688 0.205
0.7 207 296 1090 2125 2703 0.214
Table4.2 Summary of test performed and numbers of specimens
Absorption test .

Test performed DI water 3% NaCl 20% NaCl Porosity
w/c=0.3 3 3 3 3
w/c=0.5 3 3 3 3
w/c=0.7 3 3 3 3

(a)sieving the sand (1.2mm or less)  ¢b¥ting the mortar (c) curing under water

(d) cutting procedures (e) cut specimetBI#9 mm

Fig. 4.1 Preparation of specimens

4.2.2 Absorption test procedures

Firstly, the dried weights of specimens were measured with scale (accuragyng).O.
During the first one minute, the specimen was grasped by a tweezer. By doing so the
specimen could be fixed to a certain place and easily taken out from solution. As a result, the
time of specimen immersed into solutions can be exact as designéag(sk&(a)). The first
minute is highlighted because the immersion time at the initial stage is very sensitive to the
absorption results. Based on the understanding of solution abso(pgsamm, 2004) the
interval time of measurement is not constant, but increasing with absorption period (3s, 6s,
10s, 15s, 30s and 1 minute) since the solution absorption rate is not constant. After taking the
specimen out of solution, the surface moisture of specinanramoved rapidly with towel
paper and put on the scale to measure its weight immediately. To eliminate the effect of
moisture evaporation, the whole measurement process was less than 30 seconds. Since the
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sample is in mesecale, though the evaporatedtgraamount is small, it may be sensitive to

the initial absorption results. When the absorption period is more than one minute, the
specimen was put into solution with settled position by spacer. The measurement would
continue with the steps described ab@xcept the interval time changes with the absorption
period to 2, 3, 5, 10, 15, 20, 30, 40, 60 minutes, 8 hours and 1,2,3 days. In total, nine
specimens (three of each for three different w/c) were tested in one container. The volume
ratio of solution tasamples was controlled over 40:1 (see Eigb)).

After the three days of absorption, the specimens were swudfackby towel paper, and put

into oven 24 hours with 105;C for drying again. When they were taken out of oven, again, the
saran was usetb prevent moisture transfer. Once the specimenOs temperature decreased to
normal temperature, the dried weight of dried specimens was measured again. As a result, the
mass change of dry weight and water loss during drying were obtained. Containers of
deionized water were prepared for reabsorption. Regardless of DI water or NaCl solutions
absorbed in the first stage, all the specimens were put into DI water for reabs@ptiog.
theinitial solutionabsorption, calcium leaching and salt crystallizatounld occur to alter the

pore characteristicsBy conducting the watereabsorption testhe alterationin pore size
distribution due tdNaCl attackcould beunderstood Initially, the dried samples may contain
NaCl salt if the sample was immersed in NaGlutions. After rammersing into DI water,

water penetrates into the sample while NaCl salt dissolves into Watesidering the ionic
exchangdéetween pore solution and container waliening the reabsorption, the process was
prolonged to seven days bbserve the moisture transfer equilibrium.

Plastic Tweeze
containe — ,
/ The brst one minu

(b)
Fig. 4.2 Absorption test setup (a) side view (b) top view

4.3THEORETICAL BACKGROUND
4.3.1Two-stage absorption model

For onedimensional liquid absorption, typically, the sorptivity of the sample can be
obtained by fitting the following equatidiviartys and Ferraris, 1997)

w
e §"+§ =C(l! exp(! ¥?/C))+S "+

(4.1)

whereW is the volume of water absorbeljs the crossectional area of the water exposed
surface C is the constant related to the distance of initial sorp&igns the coefficient for the
relaxation effectSis the sorptivity ands, is the constant for initial water content. At long
time dsorption, the water absorption is dominated bySJa!é/z term (Martys and Ferraris,
1997) The relaxation effect means that after bulk water absorption, the air voids in small
pores flow out and the pore characteristics may be changed dué*te&thing and salt
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crystallization, which may promote further water ingress. However, these phenomena can also
occur during the bulk water absorption, and they are related to the degree of saturation.
Therefore, to have more accurate prediction, the coefficien¢laxation effect should be
modified to consider the bulk water absorption, as below

S
S g0 (42)

b c(1 expf st /)

However, for threglimensional liquid absorption, the model is supposed to be modified
based on the water absorption capacity to consider the size of sampllee aollition uptake
amountq (g/g) may be determined by the dried mass of the sample

|
g="'m (4.3)
my

where m is the mass of specimen having absorbed solutionngnd the mass of dried
specimen.

In three dimensions, the liquid exposed area could be considered as the exposed sample
volume. If the sample is initially dried, tlenstant for initial water contef is equal to zero.
So Eq. 4.1) can be transformed to E4.4)

W _(m" m ), =S(1+s,t7) (1" exif" st 1) (4.4)

whereV is the apparent volume of the sample (the volume including the pore \®idsihe
density of solution$, is the bulk dry density of sampl§, is the modified coefficient for
relaxation effect and is the thickness of the sample.

Combing Eq.4.3) and 4.4), yields

_CY

o (1+5,¥2)(1#exq# St 1 Q) (4.5)

q

Besides, a more general parameter to evaluate the moisture transport is the apparent
moisture diffusivityD,, which can be estimated based on normalized sorpsiyiiyang and
Ueda, 2013)

D, =s°/123.13: (4.6)

5= Sm, /| 4.7)
imﬁt I'm, i!b

g= 1AM r/n") /B (4.8)
My

wherem,, is the mass of saturated sample

After the initial sorption, the capillary pores are fully filled by solution. The sample is in
a quasiequilibrium condition, in which almost all the pores are occupied bydigucept
small pores filling by air, so that the sample is very close to full saturation and the liquid
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absorption rate becomes almost zero at that condition. It is reasonable to define the quasi
equilibrium solution uptake as:

g =(m$m)/ m=Q,/ W, (4.9)

wheremQ, is the mass of quashaturated sample.
Therefore, the solution uptake could be described with the followingtage model

# # o ypte &
- 12 onn ox! . 0 41
a=q (1+s;t )£ expéglllgoh—2 ( (4.10)

However, for different concentration solution, the solution mass gain mahoat the
transport characteristics very clearly. It is more realistic to normalize the solution uptake
amount as Eq4(11)

q_/b:(m! md)!b _

/ /
" md'l

Q:

v
v (4.11)

whereQ is the volume ratio of liquid volume to apparent volume of sampleVansl the
volume of lquid.

4.3.2 Relative sorptivity

Liquid absorption in mortar is mainly depending on liquid properties and pore structures.
If the liquid properties change with solution concentration and temperature is known, the
analysis of pore structure can be achielvased on the liquid absorption phenomenon.

For NacCl solution, three properties which may affect the solution absorption are surface
tension, viscosity and density. Besides, all of them are sensitive to the solution concentration
and temperature. Thereforéhe relationships between the three solution properties and
coupled concentration and temperature effect are supposed to be developed. Then the solution
absorption with different concentration solutions and temperatures can be clarified and the
salt crysallization can also be analyzed.

Surface tension of NaCl solution has been studied by Villani €2@14) By regressing
the experimental results, they fitted the parameters of a semiempirical formulation proposed
by Szyszkowski to calculate the surfaeasion with temperature and concentratienEqg.
(4.12) (Villani et al., 2014)

/=1 URT &Inf1 4%(? (4.12)

water, T
)

where' *=-3.86#10°mol/n?, b=16.11%,&is the surface tension of solution at temperafyre
&aer71S the surface tension of water at the same temper&tafehe solution and is the
concentration of solution (% by masa). 25;C, the surface tension of water is 71.97 mN/m
(wikipedia Surfacetensior).

In the above equation, the effect of temperaturéhe surface tension of water is still not
clear.The relationship between surface tension of water and temperature can be as EStvSs
rule (Kensington,1941)
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'/water,T = k(Tc" T) (413)
wherek is a constant(about 0.2056 mN/m/jd), is the critical temperature of the surface
tension of water/air reaching a value oflp=374;C).

Substituting Eq. 4.13) into Eq. 4.12), the surface tension could be a function of
temperature and solution concentration as Bd.4j and the predicted gelts of different
temperatures are shown in FHg3(a).

/=k(T, %T) oRT &nf1 £ (4.14)
; 0

For the viscosity at normal temperature, Villani et al. (2014) also conducted test and
predict it based on the equation proposed by Kaminsky as ij€ltbani et al., 2014)

7 wer(1+2C7 +8 0+ 8) (4.15)

where’ is the viscosity of NaCl solution at a certain temperature and prg8aag ' .. IS
the viscosity of pure water at the same temperature and pressweanda; are constant
parameters fitting by testing results agd0.1134,a,=-0.0551,a,= 0.0027.

The temperature effect on viscosity can be described with Arrhenius type of law as Eq.
(4.16)

" #
= ASexpgpr—2
'/?R?T( (4.16)

From the test results of Villani et §2014) E, is the activation energy which is around
20.9kJ/mol for NaCl solutionR; is the universal gas constant (8.318nM/mol), and the
parameteA is a constant changing with concentration of NaCl.

For the sme concentration solution, the viscosity may be predicted based on the
viscosity at reference temperature from EqL7)

14 jexp 2ylel (4.17)

where' 4 is the viscosity at reference temperaftye
Therefore, the viscosity of salt solutiowgh temperature and concentratidmage can
be derived as follows

E$1 1%
RT T

where ' ... 10 IS the viscosity of pure water at the reference temperature. From Wikipedia
(viscosity) at 25iC, the viscosity of water is 80 Paas. Based on E¢.18), the viscosity
is predicted as shown in Fig.3(b).

The density of NaCl solution at 23 {C is calculate&gs@.19) (Yang, 2007)

7 ey &1 8C” H8,C 48 ) &pg (4.18)
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/,=7.201t+ 997.8 (4.19)
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(a) Concentration (% by mass) (b) Concentration (% by mass)

Fig. 4.3 Influence of temperature on NaCl solution properties (a) Surface tension and (b)
viscosity

Following Hall and Hoff(2002) if samples share the same pore structure, then the
solution absorption would vary with the ratio of surface tension and viscosigyrelative
sorptivity can be defined a&’' (Hall and Hoff, 2002) which is shown in Fig4.4. The
relative sorptivity changes with temperature and concentration and it may reach the maximum
value at intermediate concentration (3% to 10% by mass).

16

—=—0C

23C

lQ-N

0.8+

Relative sorptivity

0' 4 T T T T T T T T T
0 5 10 15 20 25

Concentration (% by mass)

Fig. 4.4 Relative sorptivity change with solution concentration

4.4 RESULTS AND DISCUSSIONS
4.4.1 Absorbed water content during the first absorption

After 3 days immersion into solutions, the water absorbed was measured by
gravimetrical method. Theoretity if there is no C& leaching and salt crystallization, the
absorbed water content can be calculated based on total amount of absorbed solution and the
concentration of pore solution. The total amount of absorbed solution can be known with the
difference between the mass aliyf saturation and initial dried of samples. Since the sample
size is in meso scale in this study, the concentration of pore solution can be considered as the
same with surrounding environment (solution concentration to which the sample was
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exposed). Thefore, the absorbed water amount could be normalized to the dried mass of
sample as Eg4(3), and the normalized absorbed water will be

M, = O (1" O (4.20)

whereq,.,is the maximum normalized solution uptake.

Due to the possible €aleaching, the absorbed water content is not equal to the
difference between the initial dried sample mass and saturated sample mass. Instead, it is
more reasonable to calculate the absorbed water based on the difference betweéneithe re
sample mass and d@hsaturated sample mass, considering the water absorption capacity
difference, it can be normalized as below

m, = Mt r;d My (4.21)

wherem,,. is the redried mass of sample.
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Fig. 4.5 Normalized absorbed water content with differefat(a) 0.3 (b) 0.5 (c) 0.7

As shown in Fig4.5, samples exposed to DI water show that the absorbed water amount
calculated by Eq.4(21) is higher than Eq4(20), which means part of mortar matrix was
replaced by water due to Cadeaching. Clearly, samples exposed to 3% NaCl solution also
show the tendency, in this case, the matrix mass change is dominated” bgachang
although it is ceexisting with salt crystallization. However, samples expose®06 NaCl
solution show different tendency compared with the two cases mentioned above except the
w/c=0.3 case. This can be explained by the filling of pores by crystallizedisaé the
amount of crystallized salt increases with the increase of caatientof solutionHowever,
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due to the less porous media in samples wittx0.3, the specific surface area is limited for

salt crystallization to occur. As a result, the effect of salt crystallization cannot compensate
the effect of leaching in the casé w/c=0.3. Also, it is interesting to note that the actual
absorbed water content in samples exposed to high concentration solution is much lower than
the one absorbed from DI water, which means that samples saturated with higher
concentration solution ngasuffer from smaller internal stress induced by ice expansion.
However, for intermediate concentration case (3% NacCl), in terms of absorbed water amount,
there is no big difference compared with DI water. If the temperature decreases to subzero,
the waterwould form to ice and the ice expansion could induce internal pressures to cause
micro cracks and then macro cracks. At low temperature, the solubility of calcium hydroxide
would be higher than at normal temperature since it increases with decreasimperfature.

In this case, NaCl may have reaction with the calcium hydroxide to form FriedelOs salt.
Because of the expansion of FriedelO salt, additional pressures will be induced. Therefore, the
internal pressure due to the combined ice formation andryatallization during freezing is

more severe than the pressure induced by ice formation alone in the case of DI water. This
may imply the reason why the most destructive damage happens at the intermediate
concentration case.

4.4.2 Mass change of mortamatrix after solution absorption

After the sample was exposed to solution, the mass of mortar matrix may be changed. In
the case oDI water, the only possible mass change besides water uptake is the leaching of
calcium hydroxide. However, for NaCl conterated samples, in addition to the reduced mass
due to leaching, the formation of salt and precipitation of NaCl can gain the mass. Since the
mass increase contributed by NaCl precipitation is known, the proportion from crystallization
can be estimated.

The amount of mass change can be calculated based on the difference between the initial
dried mass and +édried mass, considering the water absorption capacity difference, it can be
normalized as below

= My MMy (4.22)

In addition, if thee is no leaching or salt crystallization, the mass change is due to the
precipitation of NaCl. Since the concentration of pore solution is known, the amount of mass
gain can be estimated as following:

(m%_lt md)#:
'm,  =—7—— (4.23)

m,

As shown in Fig4.6, the matrix mass loss was observed in the case of DI water, and the
amount reduces with the increasingnt. This phenomenon is corresponding to the amount
of absorbed water and the reason is due f6 l€aching as explained in tiection4.4.1.
With the increasing of solution concentration, the mass change increases gradually. It seems
that the mass change tendency of the case 3% NaCl is from negative to positive with the
increasing ofw/c, which may indicate that the amount of crystallizadt is increasing with
the porosity. More importantly, for the case of 20% NaCl, the mass change value from Eq.
(4.22) is higher than the value from E4.43) for the case oi/c=0.5 and 0.7. It proves that
there is formation of new salts (eg. Friedal@, which increased the matrix mass of sample
in addition to NaCl precipitation. The difference between the two results could be contributed
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to the newly formed salt (eg. FriedelOs salt), and it is found that the amount of the salt is even
higher than lte precipitation of NaCl. In addition, it is worth noting that, for the case of
w/c=0.3, the different tendency was observed. This implies that even under high concentration,
the C4&" leaching phenomenon is still happening. Therefore, the actual crystséiteamount

is greater than the estimation and this amount of salt may have expansion enough to cause
damage in the mortar specimen.

ME=n

4] [EJEq. (22)
[ Eq. (23)

‘t- ] T Fl
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.
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1 BmEq. (23)
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Fig. 4.6 Mass change of mortar before absorption and oven dried after absorption with
differentw/c (a) 0.3 (b) 0.5 and (c) 0.7

4.4.3 Solution absorption and water reabsorption of sample

For a short period of immersion (1 hour), the test results of cumulative solution
absorption characteristics are presented in£&310 with the square root of tim&/hile for
a longer period (7 days), as shown in Hid.1, the absorption results are presented with the
exponent of time. The absorption amount is analyzed based od.Bq.npormalized by the
dried mass of sample. As found in Hg7(a), the absorptio process may be divided into two
stages, initial absorption and long time absorption. The differences among the two stages are
more obvious in Figd.11. During the initial absorption, the mass of sample increased linearly
and rapidly. This may be contrted by the capillary pore absorption. If the pores can be
assumed to be continuous tubes for solution transport, the larger diameter can transport the
solution more speedilyKelham, 1988 Martys and Ferraris, 199Liu and Hansen2015.
For the long tine absorption, it is also linear (see FdL1). The gel pore solution absorption
and filling of air voids may responsible for mass gain during this period. Due to the small size
of gel pores, the solution transport inside could be rather slow, so it adedg time to
totally fill by water. In macro scale test in past st@pandra and XuL992) only the above
two processes are obvious and it is a knee point separate them. However, iscaheso
absorption test, there is no clear knee point, insteadansition region in a exponential
relationship with time was observed, which is clearly shown in Bigsl0.
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In Figs 4.7-9, the solution absorption is related to solution mass gain. Due to the
solution density difference, the absorption amount in terms of volume for each concentration
solution @nnot be seen. In order to see the concentration effect, the absorbed solution volume
to sample volume ratio, which was calculated based on4Hl)( was compared among
different concentration cases in Fig.10. For differentw/c, the absorption resultare
different. In the case of 20% NaCl solution, samples witt+0.3 has the lowest absorbed
solution volume while it is increasing witki'c and becoming the highest for the sample with
w/c=0.7.

The twoestage absorption model, which is shown by soliddim Figs4.7-10, fit well
the absorption processes of mortar sampMe=0.3, 0.5 and 0.7) in 0, 3% and 20% NacCl
solutions and reabsorption processes in DI water (see4:1gt0). The parameters, Q,, D,
and§, are summarized in Tabk3. Comparedvith water absorption and water reabsorption
curves in Fig.4.7, the slope during initial absorption becomes smaller in the reabsorption
process, but the cumulative absorption amount exceeds the initial absorption at long time
absorption period. Besides all 3% NaCl solution cases, parametBgsand S, decreased
during reabsorption while the parametgysand Q, increased. This trend implies that the
volume of capillary pores is reduced because the solution can be transported faster in capillary
pores ompared with in gel pores as aforementioned. The total pore volume is increased since
the maximum absorption amount, which is determined by the total pore volume, is increased.
The reduction of capillary pores may be caused by salt crystallization anihetimeal
shrinkage due to oven drying, whilst the increasing of porosity may be caused by‘the Ca
leaching and it mainly affects the gel pores.

Table4.3 The fitted parameters during NaCl solution absorption or water reabsorption

Absorption (v/c=0.3) Reabsorptionw/c=0.3)
Immersed| q, Q Do S q Q Do S
solution | (%) | (%) | #10°mmé/s) | (#10°s"3) | (%) (%) | (#10°mm?s) gzlllzc))'
Dl water | 0.071| 0.153 5.09 1.6 0.077| 0.166 3.35 1.05
3% NaCl | 0.072| 0.153 4.93 1.09 0.071] 0.155 5.71 2.26
20% NaCl| 0.073] 0.139 3.91 2.12 0.073| 0.159 2.08 -0.31
Absorption (v/c=0.5) Reabsorptionw/c=0.5)
Immersed| q, Q Do S q Q Do S
solution | (%) | (%) | #10°mmé/s) | (#10°s"3) | (%) (%) | (#10°mm?s) gzlllzc))'
Dl water | 0.094| 0.201 2.48 -0.52 0.139| 0.298 0.65 -4.67
3% NaCl | 0.097| 0.204 4.86 -0.90 0.105| 0.225 1.82 -1.48
20% NacCl| 0.107| 0.200 3.2 -0.99 0.074| 0.158 0.94 -4.7
Absorption (v/c=0.7) Reabsorptionw/c=0.7)
Immersed| q, Q Do S q Q Do S
solution | (%) | (%) | #10°mm?/s) | (#10°s"3) | (%) (%) | (#10°mm?s) gzlllzc))'
DI water | 0.088| 0.187 1.59 1.96 0.109| 0.231 0.55 -0.65
3% NaCl | 0.121| 0.254 0.89 -4.1 0.052| 0.112 2.32 13.47
20% NaCl| 0.125| 0.232 1.77 -2.33 0.082| 0.175 1.2 -4.26

In the case of 20% NaCl solution exposed samples, the reabsorption curves are very
different from the samples exposed to DI water, especially for higher porosity samples.
Besides, as shown in Tabie, the fitted parameter of quasguilibrium solution utake and
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relaxation parameter of 20% NaCl solution exposed samples are smaller while the apparent
diffusion coefficient is higher except the casewi=0.3. Interestingly, for 3% NaCl solution,

both of the apparent diffusion coefficient and relaxatioraipater are the highest compared

with other two solution cases. This is because the precipitated salt is insignificant to porosity
alteration for the low concentration one and also the effect of leaching may compensate the
effect of precipitated salt. Hower, the porosity is dramatically reduced for high
concentration NaCl solution immersed samples, which means the leaching effect will not
increase with solution concentration but the salt crystallization effect will. In addition, the
porosity alteration isncreasing withw/c. This is due to the possibility that more porous
microstructural characteristics can promote the salt crystallization.
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Fig.4.11 Comparison of solution absorption and water reabsorption mass in mortar within 7
days (aw/c=0.3 (b)w/c=0.5 and (cWw/c=0.7

4.5 CONCLUSIONS

Based on the proposed twstage NacCl solution diffusion model, experimental results of
mortar solutions absorption and water reabsorption can be described well. The following
conclusions can be reached.

(1) The solution transport depends on the pore characteristics of mortar. As a result, it varies
with different w/c. The solution property change with solution concentration and
temperature are analyzed and the relative sorptivity change with cotioenti®
presented. The overall transport behavior difference with solute differe@8Catan
be explained by the difference in two phenomena, salt crystallization dhle&ing.

(2) Exposure to intermediate concentration (3% by weight) soluticghpwdh the salt
crystallization and Caleaching were c@xisting, the sample absorbed almost the same
amount of water as DI water case. When ice formation and salt crystallization occur at
subzero temperature, the expansion due to ice and salt indeoealnpressures. The
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pressure is more severe than the pressure in the DI water case, which is induced by ice
formation alone, resulting in more destructive frost damage.

(3) Exposure to high concentration (20% by weight) solution, the salt crystallizai®n
greater effect on transport properties of mortar tha# I€aching. The salt fills the voids
or blocks the gel pores with solution transport. Subsequently, it reduced the further water
penetration, so that the specimen would have less degree osexparien the water
transforms to ice.

(4) The rate of absorption in each stages is related to the pore diameters of mortar. By
developing the model connected with pore diameter and absorption, the pore diameter
change in each range may be understoodratay. This will be reported in the future
study.

REFERENCES

ACI Committee (1991) Cstandard practice for selecting properties for normal, heavyweight,
and mass concre@Detroit: American Concrete Instituté&Cl 211.191.

ASTM, C. 158%04. (2004) OStandard Test Method for Measurement of Rate of Absorption
of Water by Hydraulie€Cement ConcreteSASTM International

BarogheiBouny, V., Wang, X., Thiery, M., Saillio, M., and Barberon, F. (2012). "Prediction
of chloride binding isotherms of cementitis materials by analytical model or numerical
inverse analysis.Cement and Concrete Researd(9), 12071224,

Chandra, S., and Xu, A. (199Z)nfluence of presaturation and freeth@w test conditions on
length changes of portland cement mo@&emet and concrete researci22(4), 515
524.

Fagerlund, G. (1996§Predicting the service life of concrete exposed to frost action through a
modelling of the water absorption process in thepahe systenOSpringer

Farnam, Y., Washington, T., and Weiss(2D15). "The Influence of Calcium Chloride Salt
Solution on the Transport Properties of Cementitious Materidldvances in Civil
Engineering 2015, 113.

Florea, M., and Brouwers, H. (2012). "Chloride binding related to hydration products: Part I:
Ordinary Portland cementCement and Concrete Researd(2), 282290.

Hall, C., and Tse, T. KM. (1986). "Water movement in porous building mateNa\&l. The
sorptivity of mortars.'Building and Environmen®1(2), 113118.

Hall, C. and Hoff, W. (2002) OWater transport in brick, stone and concBgerOPress,
London

Hashimoto, K., and Yokota, H. (2013). "Pore Structure Analysis of Mortar under Freeze
Thaw Cycles Using Mercury Intrusion Porosimetdiournal of the Societyf Materials
Science, Japar62(8), 486491.(In Japanese)

https://en.wikipedia.org/wiki/Surface tension

https://en.wikipedia.org/wiki/Visosity

Kelham, S. (1988). "A water absorption test for concrd#atjazine of Concrete Reseaych
40(143), 106110.

KensingtonA. N. (1941)OThe Physics and Chemistry of Surfac8e@0xford University
Press

Liu, J., Tang, K., Qiu, Q., Pan, D., Lei, Z., and Xing, F. (2014). "Experimental Investigation
on Pore Structure Characterization of Concrete Exposed to Water and Chlorides.”
Materials, 7(9), 66466659.

Liu, Z., and Hansen, W. (2015). "Pore damage in céitrers binders caused by deicer salt
frost exposure.Construction and Building Material©98, 204216.

Macinnis C., and Nathawad, Y. (1980). "The effects of a deicing agent on the absorption and

67



permeability of various concreteASTM special technicglublication691), 485496.

Martys, N. S., and Ferraris, C. F. (1997). "Capillary transport in mortars and concrete."
Cement and Concrete Researzfi(5), 747760.

Sato, Y., Miura, T., and Nakamura, H. "MeSoale Analysis of the Mechanical Properties of
ChemicallyDeteriorated Mortar.'Proceedings of the Y0International Conference on
Mechanics and Physics of Creep, Shrinkage, and Durability of Concrete and Concrete
Structures Vienna, Austria.

Spragg, R. P., Castro, J., Li, W. T., RP@maz, M., HuangP. T., and Weiss, J. (2011).
"Wetting and drying of concrete using aqueous solutions containing deicing salts."”
Cement Concrete ComB3(5), 535542.

Valenza, J. J., and Scherer, G. W. (2005). "Mechanisms of salt scaWaggetials and
Structures 38(4),479-488.

Valenza, J. J., and Scherer, G. W. (2007). "A review of salt scaling: Il. Mechan{3emsent
and Concrete ResearcB7(7), 10221034.

Villani, C., Spragg, R., Pol&haz, M., and Jason Weiss, W. (2014). "The Influence of Pore
Solutions Propertie®n Drying in Cementitious MaterialsJournal of the American
Ceramic Society97(2), 386393.

Wang, L., and Ueda, T. (2011). "Mesoscale modeling of water penetration into concrete by
capillary absorption.Ocean Engineering38(4), 519528.

Wang, L., and Ueda, T. (2013). "Mesoscale Modeling of Chloride Penetration in Unsaturated
Concrete Damaged by Freezkaw Cycling."Journal of Materials in Civil Engineering
26(5), 955965.

Yang, Q. (2007). "Effects of sodium chloride concentration omrgébn degree in concrete
under freezinghawing cycles."Journal of the Chinese Ceramic Socjety 96100. (In
Chinese)

Yang, Z., Weiss, W. J., and Olek, J. (2006). "Water transport in concrete damaged by tensile
loading and freez@haw cycling."Journd of materials in civil engineeringl8(3), 424
434.

68



Chapter 5

MECHANICAL DETERIORATION OF MORTAR SUBJECTED TO
FREEZE THAW CYCLES AND SODIUM CHLORIDE ATTACK

5.1 INTRODUCTION

In cold and wet regions, concrete destroyed by fréteae cycles (FTCsand deicing
agents is a serious durability problem to concern, especially for bridge deck and walkways
(Litvan, 1976; Valenza and Scherer, 2007). Deicing agents such as sodium chloride (NaCl)
can accelerate the frost deterioration, specifically, spoilegappearance (surface scaling)
and further reducing the strength and stiffness (internal damage) of concrete stwithures
FTCs(Penttala, 2006; Valenza and Scherer, 2007). Thus, there is in need to investigate the
frost deterioration of concrete combuh with salt ingress as it may threat to the safety of
concrete structures. According to glue spall theory (Valenza and Scherer, 2006), the surface
scaling is caused by the propagation of cracks in the ice on surface of concrete. The damage
depends omot only the mechanical properties of ice on the concrete surfagealso the
mechanical properties of surface concrete layeraddition tothe surfaceice induced
cracking, the mechanical properties of surface and internal concrete could be deterjorated b
the combined salt attack afrdst action as wellHowever, there is still no agreement about
the combined damage mechanism until now (Liu and Hansen, 2015a,b).

In order to understand the mechanism of salt scaling, Valenza and Scherer (2005)
observed swéng of cement paste exposure to NaCl brine, and the subseqtragtpowder
diffraction results reveat that theswelling was mainly contributed by the formation of
FriedelOs salt. In this case, the intefradt damage of concrete may be attributedtte
combined ice and FriedelOs salt formation (Wu et al., 2014; Farnam et akia6é4joth of
them can cause damagBesides, if the lowest temperature is beledl degree, the
precipitation of NaCl crystatould alsoinduce destructive damage of cogie when the
specimens in a supersaturated condition (Thaulow and Sahu, 2004; Lubelli et al., 2006). For
frost damageof concretedue to ice formation alone, simulation model (Gong et28l15)
based on ice content fralready been well developed artice content can be estimated
based on electrical measuremen@hdpters 2 and)3 However, a comprehensive model
explains the contributions by the combined ice and salt crystallization has natdvedrped
yet To achieve so, the understanding oftiechanism of combined effect to the mechanical
properties of mortar is supposed to be sufficient.

For the damageffect of NaCl alone, Wang et §R006) studied the micro characteristics
of concrete under 60 wettirdyying cycles by using Xay diffraction (XRD) and scanning
electron microscope (SEM), from which the effeculd be attributed to the leaching of
cement hydration products and salt crystallizatisiowever, how the leaching and
crystallization affect by NaCl concentrations has not been stwel. In a sealed condition,
the leaching is not likely to occur with FTCs since the solubility of calcium hydroxide is
constant at a certain temperatufidie salt crystallization may cause destructilanage,
which was observed dyarnam et al(2014) baed on acoustic emission test. They fothat
the most severe damage is not happened at specimens saturatBid@igdolution around
3%wt but 15%wt due toa new phase transformation (eg. FriedelOs s&fljle from
deformation measurements of Zeng e{(2014), it seems there is no significant frost damage
for cement paste saturated with high concentration NaCl solsicawse of lesser ice content
at lowest temperaturéwith the NaCl salt presence, the freezing point of cementitious
materials decreases, the ice content reduction could ease the pressures in pores. The damage
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effect due to ice formation and salt crystallization may vary with the different concentration
of salt solution.The results reveal that the damage process is much more complicated than
what the existing models (Sun and Scherer 2010) explained and needs further investigation.

Recently, investigating the frost damage of concrete by electrical measurement was
proposedas a great potential methodology (Sato and Beaudoin, 2011). This technique was
applied to study concrete for decades (Whittington et al., 1981), moreover, it is believed that
the electrical resistivity of concrete is related to the pore characteristios, sptution
composition, saturation degree and temperature (Weiss et al., 2012). Since ice formation is
essential for understanding the frost damage of concrete (Gong et al., 2015), electrical
measurements was applied to estimate the ice content belamf@eint (Cai and Liu, 1998;
Wang et al., 2016b). In addition, Wang et al. (2014) attempted to use the maximum electrical
resistivity to evaluate the frost damagfecement paste immersed to water with FTCs. On the
other hand, Farnam et al. (2015) stddtee mortar saturated with different concentration
NaCl solution and the electrical resistivity change at reference temperatu¥e) (28s
considered to be the dag®index, but only the first FTC was considered. Since they use the
macro scale samples ftasting, the salt frost damage may be not uniform along the depth of
sample. So evaluation of salt frost damage of mortar with RI0sieeds furthestudy.

In fact, the concentration of chloride ion in pore solution of concrete is not uniform
along the dpth from surface in macro scale, but varying from high to low due to the time
dependence of ion penetration (Wang and Ueda, 20633 resultthe damages different
for each layer of concrete. In order to predict the mechanical behaviour of concrete mo
accurately, messcale modeling (Gong et al., 2015) was applied in previous study. In meso
scale, the uniform moisture content, temperature and concentratmoreoolutioncan be
achieved, so the damage process of each layer could be known. ThenefloissChapter, to
provide inputs for moding, the mesescale mechanical response of mortar samples suffered
from FTCs with and without the presence of NaCl solutions was studied. Meanwhile, the
chemical analysis was also carried out to clarify theadtgmmechanism of combined calcium
leaching and salt crystallizatiotnonFTCs) and damage mechanism of combined ice
formation and salt crystallizatiguvith FTCs) To evaluate the salt frost damage under FTCs,

a damage index was proposed to evaluate that ttamage of specimens. The results from
threepoint bending test of normalized elastic modulus were compared with the damage index
from electrical measurements with FTCs.

5.2 TEST PROGRAMS
5.2.1 Specimen preparation

Mortar specimens were studied in tl@gperimental program. Mix proportionsere
based ormACI Committee(1991), in which coarse aggregates were excluded, as shown in
Table5.1 with different watetto-cement ratioswj/c). Ordinary Portland cement was used and
the physical properties and chemical compositions are shown in3.ablEhe maximum size
of fine aggregatevas1.2 mm and its densitwas2.67 g/cm. To promote frost damage, -air
entraining agent was not added eThaterials were mixed properly. Firstly, mortar specimens
were cast into 40#40#160 mm form and cured for 24 hours prior to removing the form. After
demolding, specimens were cured under water for 90 days at temperature of 23+£2!. With
regard to the bleedineffect, the mortar surface was removed and the core part was cut into
size 70#30#5 mm samples by using a wet e Fig. 5.1)As discussed, the small size was
chosen because the mechanical degradation mechanism of mortar due to different NaCl
solutionexposure and FTCs can be clear in resale. To assure the sample pore solution
has the same concentration as designed, specimens were initial dried by putting inside of oven
for 24 hours at 105! to remove evaporable water. The drying method was adbptsdise it
can remove the watertdlly and has been verified Iicat et al.(2013) that the drying

70



damage is insignificant compared with frost damage. After drying, they were sealed with
polyvinylidene chloride plastic (Saran) carefully to prevent mogstuansfer until storing

them into vacuumed chamber. To get fully saturated samples, the NaCl solutions were first
put into vacuum condition for deaeration, after 15 minutes, the mortar samples were
immersed into solution and continuously staying in theuwam condition for another one

hour. Then the container with the salt solution and samples was taken out from the desiccator
and sealed with its cap. After 7 days, it is assumed that the samples were full saturation and
had the same solution concentratwith the solution in container (Wang et al. 2016b). When

the specimens were fully saturated, they were taken out from the NaCl solution and surface
dried with papertowd in a short timeNext, Vinyl/mastic tapewas appliedfor moisture

sealing and the $an was used again between the external sealing and the specimens to
prevent damage during unsealing (Sicat et al. 2013). The density and porosity of mortar were
measured gravimetrically by immersing samples into deioni2gdwater Chapter 4 The

resuts are also presented in Tablé.

Table5.1 Mix proportions and properties of mortar

Water/Cement Water Cement aggFrlggate %Lgﬁs?g Skeletal density Porosity
. 3 3 3
Ratio (w/c) kg/m kg/m kg/n?® (%) kg/n? (%) kg/m
0.3 207 690 755 2173 2676 0.188
0.5 207 414 990 2137 2688 0.205
0.7 207 296 1090 2125 2703 0.214

Table5.2 Physical properties and chemical compositions of cement (OPC)

Specific surface

Specific gravity Compressive strength (MPa)

Physical (cm?/g)
properties 3d 7d 28d

3.16 3350 31.3t1.63 47.1+1.76 63.5:1.88
Composition CaO SiO,  Al,O3 Fe,0s SG; MgO K0 Na,O
Content 64.20 21.40 5.51 2.92 2.03 1.74 0.36 0.21
(Yowt)

(a)sieving the sand (1.2mm or less)  ¢b¥ting the mortar (c) curing under water

(d) cutting procedures (e) cut specimefdd#8 mm
Fig. 5.1 Preparation of specimens
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5.2.2 Freeze thaw test

The prepared specimens were placed into an environmental chamber to undergo FTCs,
the freezehaw temperature history of the chamber can be seen in5Flg.Since the
specimens were sealed, the relative humidity has insignificant effect on the frost damage
process, only the temperature was controlled and measured by a temperatureesernded
by computer. The temperature started at 23! for 100 minutes, then decreased by 0.25 ! per
minute until it reached28! and remained constant for 100 minutes, and then increased by
0.25! per minute until the maximum temperature 23!. After certai repeated FTCs, the
specimens were taken out from the environment chamber and kept at room temperature
before threebending test. To understand the effect of NaCl to the mechanical properties of
specimens, specimens from all thuge cases were immersedto 0,3,5,10,15 and 20 %wt
NaCl solution individually. More importantly, to understand the gradual mechanical
degradation due to FTCs, specimens exposed to 0,515 and 20 %wt NaCl solution
experienced 5,10 and 30 times FTCs, respectively. In additiow/6s0.5, to have more
clear understanding of the frost damage process, specimens experienced 1 and 3 FTCs were
tested additionally. There were three samples for each case.

30

204

10+

100 200 100 200

Temperature (C)

0 100 200 300 400 500 600
Time (minute)

Fig. 5.2 Temperature history of one FTC

5.2.3 Three point bending test

After exposed to NaCl attack and FTCs, the specimens were unsealed. Then they were
placed at vacuumed desiccator for three months until testing. As can be seenSid(&)g.
the bending span was setm@n and deflection was measured by LVDTs located at theecen
of the specimens and supporting points (Sato et al., 2015). In addition, the loading rate was
set as 0.001 mm/sec. Before the testing, the specimen was well labeled. To control the
location ofcrack propagation, notch with 5mm depth were made in thesides of specimen
central crossection (it becomes #20#5mm finally (Fig.5.3(b)). Based on the test results,
the loaddeflection curve can be obtained, and then the flexural strength and elastic modulus
can be analked as well.

The flexural strengthHq. 6.1)) and elastic modulus (Ecp.2)) were calculated based on
JCI standard 00@2003), as following equations

3P
| = —
= (5.1)
P,J°
=B 2
4! .bh’ 5-2)

72



where" is the flexural strength (MPal is the elastic modulus (GP#®),s the maximum load
in (N), I is the bending span (mn ;s the width andh is the thickness of the specimen (mm).
P, is the one third of the maximum load (M), is deflection of specimen at one third of
maximum load (mm).

Fig. 5.3 (a) Setup of threpoint bending test (HYlotched specimen

5.2.4 Test on Portlandite and FriedelOs salt

Since the mechanical deterioratioinspecimen may involve the chemical phases change,
the amount of Portlandite and FriedelOs salt are important to clarify the frost damage
mechanism with difrent NaCl concentrations. After thrpeint bending test, the specimens
were crushed into pieces by hammer. Mixing with appropriate amount of acetone, with the aid
of a ball mill device, the samples were further grinded into fine powder with size less
than15Qum. They were sealed with plastic bags after sieving. To get dried samples, they were
placed in a vacuuming condition for 4 days. Then a vacuumed chamber was applied to store
the powder samples until testing.

Although XRD was reported can be used tantify the content of FriedelOs salt (Ishida
et al., 2008), thermogravimetry/differential thermal analysis (TG/DTA) test was @pplie
this study. Because ftot only can estimate the amount of FriedelOs salt (Csizmadia et al.,
2001), but also the amouat Portlandite (Villain et al., 2007; Nguyen et al., 2016). As can be
seen in Fig5.4, the internal reference material is alumina, the samples were involved in
nitrogen atmosphere, the test includes heating and cooling whisprogram controlled by
PC.The heating ratevas10! /min, from 20 to 90D . When the temperature cooled to room
temperature, the powder sample was taken out and the container was cleaned with 0.1M HCI
and ethanol sequentially. Besides, to avoid contamination, the container was &tgynol
until using.

Fig.5.4Test setup of TG/DTA
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During heating, the mass of the powder samplesigsedually with temperature increase,
which can be observed from TGA curve. Once the dehydration of Portlandite occurs, owing
to its endothermal nature, a peak may be observed from DTA curve. Because of this
phenomenon, Nguyen et al. (2016) calculatedctirgent of Portlandite based on the gross
mass loss around the peak. The mass loss of samples can be attributed to the evaporation of
dehydrated water, the mass of Portlandite can be obtained by back analysis (S&8)eqsl (

(5.4)). However, due to themall amount of Portlandite, the DTA peak may not be observed
clearly. Itwasreported that the DTG is more sensitive than DTA, which can be applied for
computing the amount of Portlandite (Csizmadia et al., 2001; Villain et al., 2007). From our
test reslis, the peak of DTA curve is corresponding to the peak of DTG curve when the
Portlandite is hydrated at temperature around 370 td 45@ee Fig.5.5a)). For some test
results, even though the peak of DTA is not clear (see5E(h)), the peak can bebserved

from the DTG curve. Therefore, in this study, the data of TG and DTG were applied together
for calculating the amount of Portlandite (see Fg). Although Villain et al. (2007)
suggested that the mass loss of TG corresponding to DTG peak atdaamg around 4%0

is the water amount dehydrated from Portlandite, it is clear that the DTG value at the
beginning and ending of the peak is not zero and the decrease tendency can also observed
from TG curve. It seems that this amount of mass loss itotally attributed to the loss of
water, so it should be excluded from the calculation. Therefore, the following equation was
proposed to calculate the amount of Portlandite

Ca(OH), " ***4 CaO+H,0 (5.3)
— |VICH # " " # mDTGb + rTlDTGe‘g‘gL
Mey = MHZO !ggnreb Mrce %If(( (5.4)

whereM, is molecular mass of calcium hydroxide (g/m),,, is molecular mass of water
(g/mol), m;5, is mass of sample (TG) at the beginning of the peakr{?4),js mass of sample
(TG) at the ending of the peak (%)is time range of the calcium hydroxide dehydration
(min), myg, IS mass change ratio of sample (DTG) at the beginning of the peak (%/min) and
Mprc.IS Mass change ratio of sample (DTG) at the ending of the peak (%/min).

According to the study of Birniivauri and Glasser (1998), 10 mol water of FriedelOs
salt will first lose 4 mol water at temperature around!29@nd then further losing its 6 mol
water at about 670 . Since the decarbationalso occurs at temperature range 600 td 700
it is difficult to calculate the amount of FriedelOs salt based on the high tem@esage.
Besides, it is clear that the dehydration of FriedelOs salt caused obvious DTG peak at
temperature from 230 to 360 (see Sectiorb.3.1.2). Similar to Portlandite calculation, the
equation to calculate the amount of FriedelOs salt was propdssdvas

3Ca0!Al,0,!CaCl, 110H,0" ®*¢¥0i% 3Ca(OH),!2AI(OH),!CaCl, +4H,0 (5.5)

M._. | | + " "
Mriedel = MLM%/JWGIJ $Mme. $|)/0t TGb 5 Mhrce &3’@( (5.6)

H,0 (

whereM,...,is molecular mass of FriedelOs salt (g/mol)ranid mass loss at the case of DI
water.
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