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The aim of this study is using electrical resistivity method to investigate how moisture
penetrates into structurally sound, post-fire concrete, by performing experiments on mortar and
concrete specimens. The chloride and CO; penetrations into post-fire mortar specimens are
also investigated in this study to assess the durability of post-fire concrete structures.

Mortar and concrete specimens with water to cement ratio of 0.35 and 0.45 (M035 and M045
for mortar specimens and C035 and C045 for concrete specimens) were prepared in this study.
Polypropylene (PP) fibers was also applied to mortar and concrete with W/C of 0.35 (MO35PP
and C035 PP for mortar and concrete specimen, respectively) at a dosage of 0.2% by volume.
After curing in water for 28 days and storing for 30 days, one surface of each specimen was
exposed to a temperature of 350°C for 15 minutes. Then, the moisture transfer in the specimens
stored at 20°C and 60% relative humidity was assessed by measuring their electrical resistance.
The penetration of CO> and chloride ions was also examined in the both of specimens. Ca(OH),
(CH) content in mortar specimen was examined in mortar specimen.

For each W/C of mortar and concrete specimen, compressive strength of heated M035, M045
and MO35PP specimens was reduced by 17, 28 and 15%, respectively. On the other hand, high
temperature reduced the compressive strength of heated C035, C045 and C035 PP by 25, 18
and 15%, respectively. Micro-cracking inside heated specimen due to pore pressure caused
deterioration of compressive strength which increment of porosity of heated specimens is an
evidence.

Using the electrical resistivity method, two-point uniaxial technique, it was observed that the
electrical resistivity of heated specimen at the depth from exposed surface was higher than that
of the inside of specimen. Compared with the unheated specimen, the resistivity at the inside
of the heated specimens suddenly decreased. Electrical resistivity and conductivity are
reciprocals. Thus, it indicated that the moisture contents of heated specimens at a shallow depth
was lower than that of the greater depth. It could be said that the moisture at a shallow depth
was evaporated to outside and a part of vapor migrated to greater depth which condensed into
moisture. The volume increments of pore of all heated specimen also led to easier transfer of
water vapor.

The penetration of CO2 and chloride ion into the heated mortar and concrete specimens were
easier than that in the unheated specimens. The volume increments of pores due to micro-crack
and space generation of melting of PP fibers are supposed to accelerate the penetration of
heated specimens. Furthermore, the low moisture contents at a shallow of the heated specimen
also led to easier penetrate of CO; and chloride ion. And the CH was not dehydrated by high
temperature in this study.

The moisture at depths close to the exposed surface of mortar, and concrete specimens during
the heating is evaporated, and then, a part of vapor migrates to the inside and condenses into
moisture inside the specimen. That phenomenon can be observed by the electrical resistivity
method. The increase porosity caused by micro-crack and melting of PP fibers leads to easier
penetration of CO» and chloride ions into the specimen after heating.
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In the case of fire accident, it was found that post-fire concrete structures do not need repairing
when they have no spalling and their remaining compressive strength is appropriate for using.
Even if it seems not to need repairing, when temperatures in concrete rise highly, chemical
compositions and physical structures can be changed, such as dehydration reaction and
cracking, resulting in easier ingress of moisture into post-fire concrete.

The aim of the research is to understand how moisture, carbon dioxide (CO;) and chloride ions
penetrate into usable post-fire concrete using electrical resistivity method. The residual calcium
hydroxide (CH) is also investigated.

Mortar and concrete specimens with water-to-cement ratios (W/Cs) of 0.35 and 0.45 were
prepared for testing. Polypropylene (PP) fiber was applied to the specimens with W/C of 0.35.

Five surfacew of each specimens were covered by insulation materials to ensure that the high

temperature could not affect the side of the sides of the specimen. One surface of each specimen
was placed on a hot plate and exposed to a temperature of 350°C for 15 minutes with increment
of temperature at a rate of approximately 20°C/min. The compressive strength and splitting
tensile strength were measured after cooling down of heated specimen. On the other hand, the
moisture transfer in the specimens stored at 20°C and 60% relative humidity was immediately
assessed by measuring their electrical resistance through a couple of stainless steel rod (two-
point uniaxial technique). The penetration of CO- and chloride ions was examined in the mortar
and concrete specimens. The residual CH was investigated to ensure that the CH was not
dehydrated by high temperature and did not produce calcium oxide (CaQ), which it can affects
carbonation.

After heating, the pore volume of heated mortar specimens was increased due to micro-
cracking and melting of PP fiber, which the cracking and melting of PP fiber could be observed
in SEM images. The micro-cracking also reduces the residual compressive strength of heated
mortar and concrete specimens. The residual compressive strengths of heated mortar and
concrete specimens are higher than 70% and 75% of unheated specimen, respectively.

By using two-point uniaxial technique, the electrical resistance of surface regions of the
specimens was greater than at greater depths and the unheated specimens had the lowest
resistance. It could imply that these regions of the heated specimens with and without PP fibers
are drier than those of unheated specimens. It is due to evaporation and migration of moisture
under high temperature. The increment of pore water vapor due to vapor migration into inside
the mortar and concrete specimen create micro-cracking. The heated mortar specimens
exhibited greater penetration of CO> and chloride ions compared to the unheated specimens. It
could be said that the increment of pore volume and low moisture content in the heated
specimen can accelerate carbonation and chloride penetration. PP fibers and high W/C also
increased the rate of carbonation and chloride penetration into the mortar and concrete
specimens after heating.



Contents
Summary of the diSSertation ..................ccoooiiiiiiiiiii e B
ADSTIACT ...ttt ettt et ee C
Figures and tables CONtENTS...............cccoiiiiiiiiiiiiiiceeee e G
I INErOAUCTION .......oiiiiiiiiii ettt sttt et e sbee e as 1
L1 BaCKZIOUNG ...oooviiiiiiciiee ettt ettt s eesaeeenseennees 1
1.2 Objectives and HMITAtIONS ......c.eeeviereiieieeiie et eiee ettt ete et see et esteeenreeseaeseseeseesnnes 1
2. LIteratulre FeVICWS ......c..ooiiiiiiiiiiiiiiiitcet ettt sttt st 2
0 B O § OO OO P PSPPSR 2
2.2 The response of concrete to high temperature ............cceevvvereeieeeeiieecie e 4
2.2.1.  The characteristic 0f CONCIELE .......c.eeiiiriiieiiiiiieiieeee e 4
2.2.2.  The compressive strength and modulus of elastiCity ...........cccevvvieeivierciieenieenne, 5
2.3 The response of moisture content t0 CONCIELE..........eeruuerurerrieriieiienieeieeriee e e 7
2.4  The response of electrical resistivity to moisture Content...........oceeeeevuereerereeneennens 7
2.5 The response of Polypropylene fibers (PP fibers) to high temperature ...................... 8
2.6 MOtivation OF WOTK......cooiiiiiiiiiieiieie ettt sttt e 8
30 MEtROAOIOZY ...ttt e e e e e et e e e e e e e aba e e e ennaaeeeennns 10
3.1  Materials and MiXtUre ProPOTtIONS .......c.eerueeereerrieeiieerieesreeteesreesseesaeeseessreesseessneans 10
3.2 Preparation Of SPECIMENS ......ccuviriieiiieiiieriie et eite et eieeeteeteeseaeeseessaeesseessaeenseensneans 11
3.2.1. MOTAT SPECIMETL ..uevieuiieiiieiiieeiieeieeeiteeteesteeeteeseteebeeseessseeseesnseenseeesseenseensseenns 11
3.2.2. CONCIELE SPECIMEI ...cuuvieueieeitieiieeiiientieeteerteeenteenteesteenseessseenseessseenseessseeseessseenne 13
3.2.3.  Curing and pretreatmMent ..........ccveeeiieeeiieeriee et eeree e e e e e eree e seaeeenee 15
TN B & 1< 151 0 Pl (<4101 <SRRI 16
3.4  Scanning electron microscope (SEM) eXxamination ...........ccccceeeevveeerereenineeenveeennnennn 17
3.5  POroSity €XamINAtION......ccccuieeiiieeiieenireerteeerteeetteeetteesseeessreeessneessseeesseeessseesssseenns 17
3.6  Compressive strength and splitting tensile strength test ..........ccccevvieneniiniienennene. 17
3.7  Moisture transfer eXamination ............cceeeueerieerieeniienieeiee sttt et saee e 17
3.8 Electrical resiStance MeaSUTCMENT .........cecueeriieruieeieeiieeieeiiesteeteeseeebeeseeeeseesaeeens 18
3.9  Electrical resistivity calculation ..........ccccovuieeiiieeiiieeiee e 18
3.10 Accelerated carbonation teSt..........cvveriiriirierieierceeee e 19
3.11 Calcium hydroxide eXamination.............c.eecueerieeiieriienieerieeeeeeieesee e esieesneeeeens 19
3.12 Accelerated chloride penetration ............cccueecuierieriieiiienieeie e 20
4. Mechanical Properties ...........cocooiiiiiiiiiiiiiiiee e e e 21
4.1 Temperature NISTOTY .....ccvieeiieeiieeeiieeeiee ettt e et e e e e e e et eesereeesnaeeennaeeenneees 21

4.2 SEM ODSEIVALION ...ttt e e e e e e e e e e e e e e e e e e aaeeeeeeeeeenaas 23



4.3 POTOSILY Of SPECIMENS. ..c.uuieiiieiiieiieiieetie et eieeeteestteeteeteeeaeeebeessaeeseesseesnseessaeenseens 27
4.3.1.  MOTtAr SPECIMIENS ....veeeeieniieeiieetiesieeeteestteeteesttesnteeseesseeenseesseesnseesseeenseenseesnseenne 27

4.4 Compressive SEENGN .......oooiiiiiiiiiiii e 29
4.4 1. MOTtAT SPECIMENS ..eeeeuerieeuireeeirieeriireerteeesateestreesseeeaseesssseesssseesssseessseeessseesssseesns 29
4.4.2.  CONCTELE SPECIMEILS ....eeeruereerurieeiieeeireeeireesareeasseeessseeensseesssreesseessseessseessseenns 29

4.5  Splitting tensile Strength teSt.......c.oocviieiiiiriieiieieee e 30
4.5.1.  MOILAr SPECIMIEI ..e.uviievieniieeiieetieeiteeteesteeeteeteeeeseesseeesseesseesssesnseensaeesseenseessseenns 30
4.5.2.  CONCTELE SPECIMET.....viieeuiiieeirieeriieeeieteeesteesseeesseeessseeessseesssseesssseesseeessseesssseenns 31

4.6  Modulus of elasticity Of CONCIELE .......ccvuvieiiiieeiie et 32

5. MOiSture tranSfer ...........coooiiiiiiiiiiii e e 34
5.1  Electrical resistivity of mortar SPECIMEN.......ccueeevvieerieeeieieeeiie e eevee e e ereeesaeeens 34
5.2 Electrical resistivity of the concrete Specimen...........coecveveieeriieniienienieeieeree e 34
5.3 DISCUSSION ..euutiiiiniieiieeitete ettt ettt ettt ettt eat e bt e bt ebt e bt et sae e bt et e bt enae e 34

6. The effect of the moisture transfer on durability.......................coooiiiiii. 38
6.1  Accelerate carbonation .............coouiiiiieiiiiiiieiie e 38
6.1.1.  MOTAr SPECIMEIIS ... .eeuvieeiieiieriieeieeetteeteesteeereesseeebeesseeesseesseeseseesaeesseeseessseenns 38
6.1.2.  CONCIELE SPECIMEIN ...c.uvieeiieirieiieeiientieeteerteeeteesseeeteeteessseesseessseesseessseenseessseenne 39

6.2  Accelerate chloride penetration............ccoecueervieriierieeieeiie ettt 40
6.2.1.  MOTAr SPECIMEIL ....uvieiiieiiieiiieeiieeieeeiteeteesteeeteeseeeebeesteeesseenseessseenseessseeseessseenns 40
6.2.2.  CONCIELE SPECIMEI ....veieueiieerereeireeeteeesteeeseteeesteeeseeessseeasseesssseesseeessseeenssessnns 41

6.3  Amount of calcium hydroxide (CH) ......cccouveeiiieiiiieceee e 42

To COMCIUSIONS ...ttt et et e e e e 44
8. Further research ... 45
9. AcCKNOWIEAZEMENTS ...........cccooiiiiiiiiiieiieceeee et e 46
REFEIEIICES ...ttt ettt et e et e et e s bt e s bt e e 47
APPECIIAIX ...ttt st e e e et e bt e e ehb e e s bt e sbeeesbeeeeas 50
Determination of internal relative humidity and relative water content............c.cccceevenneee 50
Resistivity and relative water content of calibration Specimens...........cccccveeeevveeecreeeereeennne. 50
The relation between resistivity and relative water content of calibration mortar specimens
.......................................................................................................................................... 50

The relation between resistivity and relative water content of calibration concrete
SPECIIMICIIS ...ttt eaite ettt enieeeeteenteeetteesseesateenbeensseeaseeseeenseensteenseenseeesseanseesnseenseeenseenseennseenne 52
Internal relative RUMIAILY........cooveiiiiiiiiie et e 54
IMIOTEAT SPECIIMIEIIS ...eeuieiteentieetteeieeeeteeiteesteeeateeeteeeateenseeseteenseasseeenseenseesnseanseeenseenseesneeenne 54

CONCTELE SPECIIMEINS ....vveueieniieeuiieiieeieerieeeteestteeteesteeesseeseesnseeseessseeseesnseenseessseenseenseeenne 55



Image of carbonation depth .............

Image of chloride penetration depth



Figures and tables contents

Fig. 1 Temperature development stages in a real fire (Deno€l 2007) ........cceeveevvervenenienennene 2
Fig. 2 Standard fir€ CUIVES .......oiiiiiiiiiiiiicet et 3
Fig. 3 Surface of concrete exposed to elevated temperatures (Omer 2007) ......ccccevveveeveneennen. 5
Fig. 4 Variation of compressive strength at elevated temperature by Eurocode........................ 6
Fig. 5 Thermal incompatibility of the aggregate and cement paste causing parasitic thermal
SETESS 1ttt ettt ettt ettt ettt et ettt ettt a bt e bt e e e bt e e ettt e eab e e e eh bt e e bt e e s bt e e e bt e e nabeeeeabeeeeabeeeneeeea 6
Fig. 6 Micro-cracking due to thermal incompatibility of coarse aggregate and cement paste..6
Fig. 7. Mortar specimen configuration for temperature monitoring...........cceecveeeevveercveeerveennns 12
Fig. 8. Mortar specimen configuration for moisture transfer examination..............c.cceeeeuvennn. 12
Fig. 9. Mortar specimen configuration for accelerated carbonation test...........ccccceceeverriennns 13
Fig. 10 Concrete specimen configuration for temperature monitoring .............ceceevververeeennene 14
Fig. 11 Concrete specimen configuration for moisture transfer examination ..............cccc..... 14
Fig. 12 Concrete specimen configuration for accelerated carbonation test.............ccecevueennene. 15
Fig. 13 Heating specimens 0n hot plate..........cocueviiiiniiiiiiiiieicieceeeeee e 16
Fig. 14 The temperature history of hot plate during heating and the internal temperature of
IMLO3S ettt 22
Fig. 15 The temperature history of hot plate during heating and the internal temperature of
ILOAS ettt h bttt b et h e bbbt n ettt be e ene e 22
Fig. 16 The temperature history of hot plate during heating and the internal temperature of
IMOBSPP ..ttt ettt 22
Fig. 17 The temperature history of hot plate during heating and the internal temperature of
03 et a bt ettt a e bt ettt eae 23
Fig. 18 The temperature history of hot plate during heating and the internal temperature of
COAS et h ettt ettt sttt et 23
Fig. 19 The temperature history of hot plate during heating and the internal temperature of
COBSPP .ttt ettt 23
Fig. 20 SEM images of mortar specimen with W/C of 0.35 before and after heating ............ 25
Fig. 21 SEM images of mortar specimen with W/C of 0.45 before and after heating ............ 25
Fig. 22 SEM images of mortar specimen with W/C of 0.35 and PP fibers before and after
REATITIZ ...ttt et ettt et e et ehe e et et e e eab e e bt e e nb e e beeeateenbeennaeenneen 26
Fig. 23 Melting of PP fiber observed by visual INSPeCtion...........coceevierieiniiniieeniiiiceienenn 27
Fig. 24 Pressure—induced tangential spaces (PITS).......ccooiieriiioiiiiieeeeee e, 27
Fig. 25 The porosity of MOItar SPECIMENS ......c.eeverueerierieriieieeiieeieeie ettt eae e 29
Fig. 26 The residual splitting tensile strength and compressive strength as percentage of those
Of UNhEAtEd SPECIMEN.....cuviiiiiieiiiiiieiieeie ettt ettt et eesaeebeesaaeesseeseeesseenne 32
Fig. 27 The electrical resistivity of mortar SPECIMENS.........eeevrerierieriieerieeieeieeereereenene e 36
Fig. 28 The electrical resistivity of CONCIete SPECIMENS.......ccuveeviereieeiieriieeieeieeereereesere e 37

Fig. 29 Carbonation depth and carbonation rate of heated and unheated mortar specimens ..39
Fig. 30 Carbonation depth and carbonation rate of heated and unheated concrete specimens40

Fig. 31 Chloride penetration depth of mortar SPECImMens ...........ccoeeveeeeierienieeniienie e 41
Fig. 32 Chloride penetration depth of concrete Specimens...........ceevcvveeeeieeeriieeenieeecieeeiee e, 42
Fig. 33 Residual amount 0f CH ........ooouiiiiiiiiiiecece e e e 43

Fig. 34 Influence of internal relative humidity on resistivity of calibration specimens of the
MO035, M045 and MO35PP SPECIMENS ........eeeiuiieeiiieeiieeeiieeeieeeeiee e eireesrreesaeeeseseeeeasee e 51



H

Fig. 35 Influence of internal relative humidity on resistivity of calibration specimens of the

C035, C045 and CO35PP SPECIMENS.......ueeiuiieiieiieeiieeiie et etteeite et e eiee e esiteeteesteesneeeneesseeenne 53
Fig. 36 Moisture transfer in M035, M045 and MO35PP specimens..........cccceeveeveenieneniennens 55
Fig. 37 Moisture transfer in C035, C045 and CO35PP Specimens .........cccceeueevenueevuenvenieennenn 56
Table 1 PP fiber CharacteriStiCs .......oueruieuirieriieieiiierieete e 10
Table 2 Mixture proportions for mortar SPECIMENS ...........eeveerreereeerrierireeieerieeneeereesseeeneenns 10
Table 3 Mixture proportions for CONCrete SPECIMENS. ........eevierreerieerieerireeieerreeeeeereeneeeeneenns 11
Table 4 Designed and measured properties of fresh mortar and concrete ...........cccccceeveeenenee. 11
Table 5 SUMMAary Of SPECIMENS .....ccuviiiiiieiiie et ree e s e e sereeeseeeeanees 15
Table 6 The rate of internal temperature increase in mortar and concrete specimens............. 21
Table 7 Chemical composition of PP fIbers..........ccccvveviiieiiiieeceeeeeeeee e 27
Table 8 The compressive strength of the mortar and concrete specimens............ccceeeeveennee. 30
Table 9 The splitting tensile strength of the mortar and concrete specimens ......................... 31
Table 10 The modulus of elastiCity Of CONCIELE ..........cevuviieriiiieiiiiciieeie e 33
Table 11 The saturated salt SOTUTION........coouiiiiiiiiiii e 50
Table 12 The equations of internal relative humidity on resistivity of the mortar calibration
SPECIITIEINS .t euetieeneteeetteeeutteesnteeesateeesseeensaaeansaeeassaeensseeanssaeansseesnsseensseessseeensseesnssesssseesnnseesnnsens 52

Table 13 The equations of internal relative humidity on resistivity of the concrete calibration
SPECIITIEIS ...t eueteeeuiteeeniteeeutteesateeeaateeesteeensaaeansaeeasseeensseeenssaeessaesansseessseeesseesnsseesnsseesnseeennseesnnsens 53



1. Introduction

1.1 Background

Concrete is one of the most favorite material in modern construct work. Nowadays, there are
several types of concrete that are used in the world, high strength concrete, compaction concrete
and chemical resistance concrete and etc. However, whatever, concrete have been degraded by
several factors such as environment (i.e. freeze-thaw, sulfate in seawater and acid rain etc.),
accident and its quality such as low-skill labor, impurity of material etc. In the case of
environmental, although, carbon dioxide (CO;), chloride and sulfate are causing of
deterioration, it still takes many years to corrodes reinforcing steel bar or crack on concrete.
But an accident can be occurred in any time and immediately cause the damage on concrete.
Fire accident is a scenario that concrete structure can be exposed to at any time. The loss in
compressive strength, modulus of elasticity, chemical bonding or cracking is immediately
occurred after fire accident. Behavior of concrete under fire condition has been known since
the last century and studied by many researchers (Papayianni and Valiasis, 1991, Lin et al.,
1996, Chan et al., 1999)

Nowadays, several assessment techniques have been used to determine the condition of
concrete and the changes to the physical properties of material after exposure to fire such as a
Schmidt Rebound Hammer, Differential Thermal Analysis (DTA), Thermal Gravimetric
Analysis (TGA), micro-crack density analysis, image analysis, etc (Annerel and Taerwe, 2013).
However, these tests can be divided into two types, in situ techniques and laboratory tests. The
situ techniques include Destructive Testing (DT), coring test, Non-Destructive Testing (NDT)
and Ultrasonic Pulse Velocity (UPV).

However, less attention has been paid to post-fire durability of fire exposed concrete structures
where the mechanical properties are not considerably influenced. The durability of concrete is
governed by the transport properties under the presence of moisture, CO> and chloride. Post-
fire concrete at this state may or may not need repairs. In the case of required repairing, the
cost of fire damage restoration will be determined by the condition of post-fire concrete. But
the investigation method on post-fire concrete is limited by the unknowable damage of concrete.

1.2 Objectives and limitations

The aim of this study is to investigate how moisture penetrates into structurally sound post-fire
concrete, using electrical resistivity method by performing experiments on mortar and concrete
specimens. In this study, the high temperature, 350°C at the surface of specimen, is applied in
the experiment instead of fire in order to degrade some mechanical properties and avoid
changing of Calcium Hydroxide (CH) content. The chloride and CO; penetrations into post-
fire mortar specimens are also investigated in this study to assess the durability of post-fire
concrete structures. This study focuses on mortar and concrete exposed to high temperature.



2. Literature reviews

This chapter discusses, the literature study on fire mechanism, properties and mechanism of
concrete under fire, moisture role in concrete under fire, the relation between electrical
resistance and moisture inside the concrete and benefit of polypropylene fibers (PP fibers). The
motivation of the study is also presented in this chapter.

2.1 Fire
Three elements must be present simultaneously: oxygen, combustible material and a heat
source to ignite. The different phases in the development of a fire are shown in Fig. 1. It shows
the evolution of the temperature in the compartment as a function of time.
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Fig. 1 Temperature development stages in a real fire (Denoél 2007)

A heat source causes a fire to start in a quantity of materials (fuel). In a closed environment, if
the oxygen is sufficient for combustion, the fire will be controlled by fuel. During the
development of fire, the temperature is so high that it causes any combustible element in the
compartment to ignite. This phenomenon is called flash-over. The heating rate is accelerated
during flash-over which could be life threatening (FIB 2007). Then, the fire is growing up to
be fully developed. The oxygen at this phase is insufficient for combustion. Thus, the fire will
be controlled by ventilation. After that, when more or less 70% of the fuel has been consumed,
the temperature drops as seen in the final phase.

The response of concrete to fire depends upon the nature of the fire which can vary considerably.
The key feature of the fire relevant to the concrete structure is the temperature-time curve
imposed by the fire at its surface. The key parameters of those are as follow:

A) The heating rate which influences the development of temperature, moisture and pore
pressure gradients within the concrete structure

B) The maximum temperature which influences the nature of the physical-chemical relations
in the material and its properties



C) The duration of the fire which influences the temperature development in the structure with
time.

D) The cooling regime, water cooling would have a different influence upon the material and
the temperature distribution from natural cooling.

The simply way of representing a fire exposure is to use standard fire curves that is giving the
evolution of the temperature of the gases as a function of time. The standard fire curves were
developed to test structural elements experimentally. The curves most frequently used are
Hydrocarbons curve, Hydrocarbon modified curve, ISO 834 curve and ASTM E119 curve, as
seen in Fig. 2 and equation 1-4.
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Fig. 2 Standard fire curves
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2.1.1. Fire severity

Fire severity is not a standardized term. It is, however, generally accepted that is represent the
detrimental effect of a fire on the concrete structure elements. There are a number of methods
which, utilizing various input parameters, convert the calculated intensity of a fire, expressed
by various means, to the equal duration of exposure in a test furnace under one of the
standardized time-temperature conditions.

In summary, the severity of the fire is characterized by the following factor: A) the duration of
the fire, B) the average temperature in the compartment and C) the speed with which the fire
developed and with which the temperature rise (Wade et al.,2014, Denoél 2007)

2.2 The response of concrete to high temperature

2.2.1. The characteristic of concrete

Generally, when exposed to high temperature lower than 100°C, concrete is still sound. When
concrete is exposed to 300°C, the color of concrete is changed to red/pink due to oxidation of
ferric salts in aggregates (concrete society 2008) and its compressive strength is reduced by
about 15%—-40% because tiny cracks appear along the boundaries of calcium hydroxide (CH)
crystals (Georgali and Tsakiridis 2005). For CH dehydration, the actual temperature at which
CH dehydrates is not established. Several literatures have reported that it is in the range of 350
- 550°C (Lin et al. 1996; Georgali and Tsakiridis 2005; Omer 2007; Rongviriyapanich et al.
2016). At 550°C, the compressive strength is reduced by approximately 55-70% and aggregates
begin to deteriorate. Quartz in siliceous aggregates polymorphically changes with a volumetric
expansion and consequent damage (Georgali and Tsakiridis 2005; concrete society 2008).
Large cracks appear within cement paste and around aggregate particles when concrete is
exposed to 600°C. At this temperature, the color of concrete begins to change to white/gray
due to calcination of calcareous components in cement matrix and fine aggregate (concrete
society 2008). When concrete is exposed to 1,000°C, cracks become extensive but at 1,200°C,
the concrete completely decomposes and lost its binding properties due to excessive cracking,
spalling and explosion (Lin et al. 1996; Omer 2007; Kalifa et al. 2001). The degradation of
concrete 1s shown in Fig. 3 (Omer 2007)



Fig. 3 Surface of concrete exposed to elevated temperatures (Omer 2007)

2.2.2. The compressive strength and modulus of elasticity

As mentioned in previous section, there are physical and chemical changes in cement paste and
aggregates. Many factors affecting the concrete damage level are as follow: heating rate,
maximum temperature, duration of exposure to temperature, moisture content of the concrete,
etc. The residual compressive strength of post-fire concrete depends on the exposed
temperature. However, fib (2007, 2008) and Kodur (2014) reported that the various factors of
concrete have significantly affected the degradation of compressive strength such as type of
aggregate, concrete age and the type of cement. Fig. 4 shows the compressive strength of
concrete at elevated temperature which is reported in Eurocode (2004). It diminishes with
respect to an increment of temperature in both siliceous and calcareous aggregates. During fire,
thermal incompatibility between the aggregate and cement paste cause parasitic thermal stress
inside, resulting in micro-cracking and reducing compressive strength as seen in Fig. 5 and Fig.
6. Furthermore, in the case of the normal strength concrete (NSC), it is usually highly
permeable and allows easy diffusion of pore pressure caused by water vapor. On the other hand,
high strength concrete (HSC) produces a dense microstructure, the use of binders such as slag
and silica fume can improve the compressive strength at room temperature, durability also,
resulting in dense microstructure, which attributes to high impermeability and enhances pore
pressure. Finally, the built-up pore pressure results in rapid development of the micro-crack
resulting in deterioration of the compressive strength. Rongviriyapanich et al. (2016) reported
that the flexural strength of mortar specimens was slightly increased compared with the
compressive strength in the early stage of burning. After that it was rapidly decreased in the
greater burning time due to the existence of cracks induced by fire.

Additionally, the lower value of the compressive strength is also attributed to supplementary
damage due to additional stresses caused by cooling. The extent of stresses depends on the rate
of cooling. Therefore, rapid cooling or quenching results in higher levels of damage (Hanger,
I. 2013). Consequently, the modulus of elasticity of concrete decreases with the increment of
temperature regardless of water to cement ratio (W/C).
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2.3 The response of moisture content to concrete

Concrete is porous material that contains water and moisture inside. Several mechanical
properties are influenced by the moisture content because of the interaction of solid matrix and
pore water, such as the rate of reinforcement corrosion, freeze thaw attack, carbonation reaction,
high temperature spalling, etc. Therefore, it can be said that water/moisture penetration and
water/moisture content as well as high temperature is one of the factors related to the
degradation and deterioration of concrete, which the penetration is permitted by the
microstructure of any concrete. The main transport of water/moisture occur through the
continuous phase of the cement paste. The higher transport properties are found in the porous
zone between the aggregate and the cement paste which it is called the interfacial transition
zone (ITZ). Nevertheless, the contribution to the total transport is depended on continuity of
ITZ. Additionally, the moisture condition inside the concrete even influences transport of gases
and ions. In the other words, reducing the moisture transport in concrete will considerably
improve the durability.

Yufang and Lianchong (2011), Ozawa and Morimoto (2014) and Lu (2015) reported that the
migration of moisture and water in concrete during heating is in the porous network of concrete,
where water vapor not only evacuates to the heated surface and evaporates to atmosphere, but
they also migrate to the inside of concrete, which is a cooler region. Nearest the heated surface
there is a dry zone, thickness of which increases with exposure time. The vapor that migrated
inward is cooled down and condenses to water. It means that the moisture content at inside the
concrete is increased. This process continues during heating, despite the inside being saturate,
which causes less vapor transport towards the inside. The moisture clog generates high
pressured, resulting in micro-cracking, spalling and explosion.

Generally, the permeability of post-fire concrete has been rapidly increased on high and
moderate fire exposed (Kalifa et al. 2001; Noumowe et al. 2009; Joakim 2015). This results in
easier penetration of moisture and gas into post-fire concrete (Poon et al. 2001, 2003). However,
less attention has been paid to moisture transfer of post-fire concrete structures where the
mechanical properties and chemical properties are not considerably influenced.

2.4 The response of electrical resistivity to moisture content
As a method for measuring the water content inside concrete, gravimetric determination
has been used but concrete must be cut to measure its mass. The destruction of the concrete
is a disadvantage of this method, even though it is a reliable method. Furthermore, a lot of
specimens are required to know the changes in the mass over time. The electrical
conductivity of a concrete material is capability of concrete to transfer ions, which, the
electrical resistivity is the invert of electrical resistance. Generally, several electrolytic, such as
K', Na', SO" and OH, contain in pore water. Therefore, electrical resistivity in concrete is
expected to be a function of the degree of water saturation of concrete. The electrical resistivity
of wet concrete is in the range of 10°Q-mm, while dry concrete has resistivity in the range
10'2Q-mm. The variation of electrical resistivity in wet and dry concrete can be interpreted
as meaning that the electrical resistance has been significantly affected by evaporated water
(Madhavi and Annamalai 2016). Electrical measurement (resistivity and conductivity) is
an alternative method to monitor the moisture of concrete in place and is a non-destructive
method (Mccarter et al. 1995, 2001; Rajabipour et al. 2004). Additionally, the electrical



resistivity method is more economical because a few of specimens are required. The
electrical resistivity method has been carried out to monitor moisture content at specific
time and specific position in a mortar specimen by several researchers. But the information
of the method on post-fire concrete has been scarce in literature. A non-destructive
measurement method which can be applied in place is necessary to assess the damage of post-
fire concrete. Therefore, in the present study, the electrical resistivity method is used to
investigate moisture content inside the mortar and concrete specimens after exposed to high
temperature.

Elkey and Sellevold (1995), Layssi et al. (2015) and Madhavi and Annamalai (2016) have
reported that the current flow in concrete is due to the ionic movement within the pore
structure, and ionic movement is affected by temperature. An increase in the temperature
increases ionic movement, which turns to decreases the electrical resistivity (electrical
resistance). It has been reported that the temperature change in 1°C at 21°C can result in
3% change in electrical resistivity of concrete at saturated surface dry condition and result
in 5% change in electrical resistivity of concrete under 30% saturation, with resistance
increasing with decreasing temperature (Elkey and Sellevold 1995; Layssi et al. 2015). The
effects of temperature, internal moisture content and pore structure are also discussed in
this paper.

2.5 The response of Polypropylene fibers (PP fibers) to high temperature

Generally, 1-2 kg/m® of PP fibers are used in the concrete mix to reduce the fire spalling of
concrete, although amounts both below and above this range are sometimes used. This amount
corresponds to 0.4-0.8% of the cement paste volume assuming that the cement paste occupies
30% of the volume of concrete. The most common type of PP fibers starts to melt at
approximately 160°C and the degradation reaction is completed at approximately 380°C
according to Schneider and Horvath (2003). However, some researcher reported that melting
point of PP fibers is 150°C and the temperature at approximately 176°C is complete melting
(Khoury and Willoughby 2008).

After melting of PP fibers, capillary pores are created leading to an improved permeability of
concrete. Schneider and Horvath (2003) claim that the fibers must gasify before free space of
pores are created, while Kalifa et al. (2001) conducted an experiment to show that PP fibers
can be absorbed by cement matrix during heating. However, the concept that PP fibers can be
absorbed into the cement matrix has been criticized by Khoury and Willoughby (2008) because
of the high viscosity of the PP fiber melt which will limit this absorption whereas Richardson
and Dave (2008) supported the concept of absorption of melted PP fibers into the cement matrix.

2.6 Motivation of work
The most of research in the past paid attention to chemical and physical properties of concrete
during and after fire. But less attention has been paid to durability of post-fire concrete where
the mechanical properties and chemical properties are not considerably influenced. At this level,
the post-fire concrete may not appear to need repairs as mentioned in this chapter, but some of
its chemical and physical properties could have changed, due to dehydration reactions,
degradations of modulus of elasticity, etc. Consequently, those concrete structures exposed to



high temperatures have a risk of deterioration due to changes in mechanical properties and
mineral compositions. Moisture is one of main factors causing the degradation and
deterioration of concrete structure. Thus, the reliability information of moisture in usable post-
fire concrete is important to observe. However, the appropriate method should be applied. Thus,
the electrical resistivity method which is an in situ and nondestructive method is chosen. In
addition, post-fire concrete is easy for chloride ions and carbon dioxide to penetrate into
concrete after exposure to high temperatures. A study of the diffusion of these two species is
also necessary to indicate the durability of concrete.
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3. Methodology

In this experimental work different standardized and non-standardized test methods were used
to evaluate residual concrete properties after exposed to high temperature. The parameters
varied are concrete mix proportion and time.

3.1 Materials and mixture proportions

In this study, ordinary Portland cement and crushed sand were used as cement (C) and fine
aggregate (S), respectively, to make mortar. The fine aggregate used in this study is quartz
porphyry. Superplasticizer (SP) and air-entraining admixture (AE) were used to achieve the
target air content of 4.5 + 1.5% and appropriate workability for casting. Mortar specimens with
water-to-cement ratios (W/Cs) of 0.35 and 0.45 were prepared. Polypropylene (PP) fiber was
applied to the mortar specimen with W/C of 0.35 at a dosage of 0.34% by volume of mortar.
This dosage approximately corresponds to 0.2% by volume of concrete, which is generally
adopted from the industrial point of view (Behnood and Ghandehari 2009). The characteristics
of the PP fibers used in this study are shown in Table 1. The target compressive strength of
mortar specimens at the age of 28 days was above 60 MPa to get a fire resistant concrete. The
mixture proportions of mortar specimens are shown in Table 2.

For concrete specimens, crushed stone (G) was prepared as coarse aggregate in addition to the
above materials. The coarse aggregate used in this study is quartz porphyry. The targets of air
content and slump were 4.5 + 1.5% and 14£2 cm, respectively. The target compressive strength
of concrete specimens at the age of 28 days was above 60 MPa. The mixture proportions of the
concrete specimens are shown in Table 3. The measured properties of fresh mortar and concrete
are shown in Table 4.

Table 1 PP fiber characteristics

Density (g/cm?) Diameter (um) Length (mm)
0.91 48 20

Table 2 Mixture proportions for mortar specimens

Name Ww/C kg/m? Percentage of
cement by mass

" C S PP AE SP
MO035 035 289 835 1,117 - 0.001 0.5
MO045 045 289 654 1,270 - 0.001 0.5

MO35PP 035 289 835 1,117  3.13 0.001 0.5

W: water
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Table 3 Mixture proportions for concrete specimens

Name W/C kg/m? Percentage of
cement by mass

\% C S G PP AE SP

C035 035 170 486 651 978 - 0.001 1.5
C045 045 170 378 738 980 - 0.001 0.5
CO035PP 035 170 486 651 978 1.82  0.001 1.0

Table 4 Designed and measured properties of fresh mortar and concrete

Name Designed Measured

Slump  Aircontent  Slump  Aircontent Temperature

(cm) (%) (cm) (%) (9]
MO035 - 45+1.5 - 4.5 21.5
MO045 - 45+1.5 - 4.5 22.6
MO35PP - 45+1.5 - 5.0 22.8
C035 14+2 45+1.5 16.0 4.5 18.1
C045 14+2 45+ 1.5 12.0 5.0 19.2
C035PP 14+2 45+1.5 16.0 4.5 21.3

3.2 Preparation of specimens

3.2.1. Mortar specimen
Mortar was mixed in a mortar mixer, and was casted and compacted in cylindrical and prismatic
molds. Mortar specimens of 50-mm diameter and 100-mm height were prepared for
compressive strength testing. For temperature monitoring, thermocouples were inserted at
intervals of 20 mm in the prismatic specimens of 40-mm width, 40-mm height and 160-mm
length, as shown in Fig. 7. For comparison of the internal temperature between the mortar and
concrete specimens, the thermocouples were inserted at the same intervals. An interval of
20 mm was selected to limit the effect of aggregates on temperature monitoring because the
maximum size of coarse aggregate used in this study was 20 mm. In addition, to measure the
temperature near the exposed surface, the first thermocouple was inserted at a depth of 2.5 mm
from the exposed surface. The embedded thermocouples were placed approximately 20 mm
from the bottom of the specimens.

For moisture transfer examination, stainless steel rods of 0.9 mm in diameter were arranged at
intervals of 15 mm in the prismatic specimen of 40 mm width, 40 mm height, and 160 mm
length, as shown in Fig. 8. To limit the effect of fine aggregates on the measurement of
electrical resistance, an interval of 15 mm, which is three times as large as the maximum size
of fine aggregate, was set up. Prismatic specimens of 80 mm width, 40 mm height, and 160 mm
length were prepared for carbonation examination, as seen in Fig. 9, and the prismatic
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specimens of 40 mm width, 40 mm height, and 160 mm length were prepared for chloride

penetration examination.
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Fig. 8. Mortar specimen configuration for moisture transfer examination
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Fig. 9. Mortar specimen configuration for accelerated carbonation test

3.2.2. Concrete specimen

Concrete was mixed in a concrete mixer, and was casted and compacted in cylindrical and
prismatic molds. Concrete specimens of 100 mm diameter and 200 mm height were prepared
for compressive strength tests. The temperature was monitored by thermocouples which were
inserted at intervals of 20 mm in the prismatic specimens of 100 mm width, 100 mm height
and 150 mm length, as shown in Fig. 10. Similar to the mortar specimens, the first
thermocouple was inserted at the depth of 2.5 mm from the exposed surface to measure the
temperature at the depth near the exposed surface. The depth of the embedded thermocouples
was approximately 50 mm from the bottom of the specimens.

For the moisture transfer examination, stainless steel rods of 0.9 mm diameter were arranged
at a horizontal interval of 20 mm and a vertical interval of 60 mm in the prismatic specimen of
100 mm width, 100 mm height and 150 mm length, as shown in Fig. 11. Similarly to the mortar
specimen, an interval of the stainless steel rod of 20 mm was selected to limit the effect of
coarse aggregates on measurement of the electrical resistance.

In this study, the carbonation examination was also conducted. The prismatic specimen of 100-
mm width, 150-mm height and 400-mm length was prepared for carbonation examination, as
seen in Fig. 12. Meanwhile, the prismatic specimens of 100 mm width, 100 mm height, and
150 mm length were prepared for chloride penetration examination.

All of mortar and concrete specimen of each tested were summarized and shown in Table 5.
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Fig. 12 Concrete specimen configuration for accelerated carbonation test

Table 5 Summary of specimens

Tested Type Size (mm) No. (each  Age
mixture  (days)
proportion)
Prismatic Cylindrical
(Wxhx1) (@xh)
Temperature Mortar 40x40x160 2 58
monitoring Concrete  100x100x150 2 58
SEM examination Mortar 10x10x20
Poros.1 vy . Mortar Free shape, size between 2.36-4.75 1 38
examination
Compressive Mortar 5x10 3 28, 58
strength Concrete 100x200 3 28, 58
Splitting  tensile Mortar 5x10 3 28, 58
strength Concrete 100x200 3 28, 58
Electrical Mortar 40x40x160 1 58
resistance Concrete  100x100x150 b 38
measurement
Carbonation test ~ Mortar 80x40x160 1 58
Concrete  100x150%x400 1 58
CH examination ~_Mortar Powder, size less than 150x1073 1 58
Concrete 1 58
Chloride Mortar 40%x40x160 1 58
penetration Concrete  100x100x150 1 58

3.2.3. Curing and pretreatment
Mortar and concrete were mixed in a mixer, in laboratory, and were casted in prepared mold.
All top surfaces were covered with plastic sheets and wet cloths to prevent water evaporation,
and then stored at 20°C and 60% of relative humidity (RH). At 24 h after casting, all of
specimens were demolded and cured in water at 20°C for 27 days, and then stored at 20°C and
60% RH for 30 days; this was done to reduce free water in the capillary pores, which would
otherwise allow for a buildup of pore pressure during the heating test, and consequently,
spalling or explosion (Ozawa and Morimoto 2014; Lu 2015). In the case of a fire, one surface
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of a concrete structure is generally exposed to fire. Therefore, one day before heating, five
surfaces (all but one) of each specimen were covered with five layers of aluminum adhesive
tape and insulation materials to simulate the conditions of a real fire. Aluminum adhesive tape
was used for the first, third, and fifth layers to prevent the moisture evaporation from the sides
of the specimen. Two types of insulation materials, rock wool and silica aerogel, were used for
high temperature protection. The silica aerogel insulation material, a high quality insulation
material, was used for the second layer. Meanwhile, the rock wool insulation material was used
for the fourth layer to ensure that the high temperature could not affect the sides of the
specimen.

The unheated specimens were cured in water at 20°C for 27 days and stored at 20°C and 60%
RH for 30 days, similar to the heated specimens; subsequently, five surfaces of the unheated
specimens were covered with aluminum adhesive tape in one layer to prevent the moisture
absorption or migration from the sides as a reference.

3.3 Heating regime
A hot plate was used in this study for rising up the temperature at the surface of specimens to
350°C of which temperature was chosen to prevent dehydration of CH (Lin et al. 1996;
Georgali and Tsakiridis 2005; Omer 2007; Rongviriyapanich et al. 2016). Furthermore, the
Architectural Institute of Japan standard (2015) even suggests that concrete exposed to this
heating level, 350°C, do not require repair.

At the age of 58 days, the uncovered surfaces of the specimens were exposed to high
temperature by placing these on a hot plate as seen in Fig. 13. The temperature of the hot plate
was raised up to 350°C at a rate of approximately 20°C/min and kept at 350°C for 15 min. The
maximum temperature and heating rate were chosen because Lin et al. (1996) reported that the
temperature at 350°C with a rate of 20°C/min were not enough to dehydration of CH and
generate large cracking. After that, the specimens were removed from the hot plate for testing.
The total heating time was approximately 31 min. The temperature at a hot plate was monitored
by thermocouple during testing.

Fig. 13 Heating specimens on hot plate
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3.4 Scanning electron microscope (SEM) examination

The microstructure of mortar specimens was changed due to high temperature such as micro-
cracking. To investigate the microstructure of heated and unheated mortar specimens, scanning
electron microscope (SEM) was used. The heated mortar specimens for temperature
monitoring were collected three days after heating (i.e. at the age of 61 days) and cut at the
depths of 2.5, 20 and 40 mm from the exposed surface into 10 mm width, 10mm height and 20
mm length. For the unheated specimens, the specimens at the age of 61 days were cut into the
same size at the center of the specimens.

3.5 Porosity examination
At the age of 58 days, after heating, all of the aluminum adhesive tape and insulation materials
were removed from the mortar specimens, which were cooled naturally at 20°C and 60% RH.
The mortar specimens were cut at the interval of 20 mm from the exposed surface, crushed to
2.36-4.75 mm, and then soaked in acetone and put in a desiccator at -0.1 MPa for 1 h to stop
further hydration reaction. Then, the specimens were kept in acetone before being measured
by mercury intrusion porosimetry (MIP).

Subsequently, the acetone was drained from the sample by using a desiccator for 24 h. The 58-
day-old mortar specimens before heating were prepared similarly. The porosity of the mortar
specimens was studied using MIP.

3.6 Compressive strength and splitting tensile strength test

The compressive strength test of three cylindrical specimens was conducted at the ages of 28
and 58 days as per JIS A1108 (Method of test for compressive strength of concrete). The
average value of three specimens was recorded as a compressive strength. At the age of 58
days, the test was carried out on the heated specimens before and after heating. The insulation
material of specimen for conducting were removed and all of the aluminum adhesive tape also.
Then, the specimens were cooled down naturally at 20°C and 60% RH to prevent from the
thermal shock before further testing. The aluminum adhesive tape was removed from the
unheated specimen also.

The splitting tensile test was conducted on the concrete specimen at the ages of 58 days. The
average value of 3 specimens was recorded for the splitting tensile strength.

3.7 Moisture transfer examination
After the aluminum adhesive tape of the third and fifth layers and all insulation materials were
removed from the heated mortar and concrete specimens, moisture transfers in heated
specimens were immediately measured at 20°C and 60% RH for 120 days. The unheated
mortar and concrete specimens were covered with single layer of aluminum adhesive tape and
stored in the same place, and the moisture transfers were also measured at the same time.

Because concrete conductivity is correlated with water content, the moisture transfer in mortar
and concrete specimens was assessed by measuring electrical resistance as a function of time
through stainless steel rods. The electrical resistance at each depth from the exposed surface
was measured using an inductance capacitance resistance (LCR) meter. The electrical
resistance was recorded at the specific times.
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3.8 Electrical resistance measurement

Concrete is a conductive material owing to ionic movement occurring inside it; thus, it can hold
electrical charge. Electrical resistivity is measured from the resistance of concrete when
electrical current passes through it. Direct current (DC) can induce polarization that affects the
stainless steel rod-concrete interface and pore-solution to solid-phase interface. Therefore, the
DC current cannot be measured stably. On the other hand, when concrete is subjected to
alternating current (AC), the dipoles of ions in pore solution can direct the electric current
(Layssi et al. 2015), resulting in stable measurement. Thus, AC is appropriate for measuring
electrical resistance.

Madhavi and Annamalai (2016) and Layssi et al. (2015) reported many configurations to
measure electrical resistivity of concrete. The two-point uniaxial technique has been widely
used for this purpose (Elkey and Sellevold 1995; Layssi et al. 2015; Madhavi and Annamalai
2016) and was also used in the present study. Layssi et al. (2015) reported that an electrical
frequency of 0.5 — 10 kHz is appropriate to obtain the real resistance of concrete using the two-
point uniaxial technique. Elkey and Sellevold (1995) also reported that the difference in the
electrical resistance of concrete for variable electrical voltage (V) disappeared when applying
at least 1 kHz of electrical frequency. AC with 1kHz frequency and 1 V was used in this study.

3.9 Electrical resistivity calculation
In the two-point uniaxial technique, electric current between two electrodes, i.e., stainless-steel
rod in the present study, passes through concrete and the electrical resistance is measured. The
stainless-steel rods (electrode) in this study were inserted into the mortar and concrete specimen
to ensure a proper electrical connection during the measurements. Equation (1) describes the
relation between the resistivity and resistance:

p=k-R (5)

where,
p: electrical resistivity (k€2-cm)
k: geometrical factor (cm)

R: electrical resistance (kQ2)

The geometrical factor depends on the size and shape of the specimen as well as the distance
between the stainless-steel rods. In the two-point uniaxial technique, the geometrical factor is

k = d (6)
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Where,
I: depth of electrode (cm)
d: interval of electrode (cm)

a: electrode radius (cm)

Finally, the electrical resistivity in expressed as

p=—maXR (7)

3.10Accelerated carbonation test

Similar to the moisture transfer examination, after removal of the aluminum adhesive tape of
the third and fifth layers and all insulation materials and then the cooling period, the heated
mortar specimens were stored at 20°C, 60% RH, and 5% concentration of CO> for an
accelerated carbonation test as per the JIS A 1153 standard test method of accelerated
carbonation for concrete. The unheated specimens were also stored under the same conditions
as the heated specimens. The specimens were cut at every 20 mm (Fig. 9) for mortar specimen
and 50 mm for concrete specimen (see Fig. 12) from the side edge perpendicular to the exposed
surface after 1, 4, 8, 13, and 26 weeks. Then, the carbonation depths of the cut surface were
measured using phenolphthalein. The average of 10 measurements of carbonation depth was
recorded for the mortar specimens and 20 measurements for concrete specimens.

3.11Calcium hydroxide examination
The accelerated carbonation test method was used in this study to assess the durability of
postfire concrete. Generally, CO; in atmosphere diffuses into concrete and can react with
calcium hydroxide Ca(OH), (CH) and calcium silicate hydrate 3Ca0.2Si02.3H>O (C3S2H3),
in the presence of moisture.

Ca(OH), + CO; — CaCO;3 + H0 (8)
3Ca0.28i0,.3H,0 + 3CO, — 3CaCOs + 28i02.H,0 + 2H,0 (9)

The availability of calcium oxide (CaO) also affects carbonation as shown in equation (6).
Especially, when concrete is exposed to high temperature, it undergoes greater deterioration of
the hydration products, thus potentially producing more CaO for the reaction, as seen in
equation (7).
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CaO + CO2 — CaCOs3 (10)
Ca(OH), — CaO + H>O (11)

Therefore, in this study, we observed that CH did not produce CaO after heating. There is a
molecule of water in the chemical structure of CH that vaporized at a high temperature.
Therefore, TG/DTA was used to determine the remaining amount of CH in the mortar specimen.

As in the compressive strength test specimens, all of the aluminum adhesive tape and insulation
materials were removed after heating and the mortar specimens were left to cool at 20°C and
60% RH. The aluminum adhesive tape of the unheated mortar specimens was also removed.
Powder samples of the heated mortar specimens were collected at depths of 2.5, 20, 40, 60, and
80 mm from the exposed surface by drilling with diameter 6 mm. For the unheated specimens,
samples were collected at the center of the specimens and then pulverized. The powder samples
were passed through a 150 um sieve, and then soaked in acetone and put in a desiccator at -0.1
MPa for 1 h to stop further hydration. Then, the specimens were kept in acetone. Subsequently,
the samples were dried in a desiccator for 24 h before testing.

3.12 Accelerated chloride penetration

As in the compressive strength test, after removal of all of the aluminum adhesive tape and
insulation materials, the mortar specimens were left to cool at 20°C and 60% RH. The
aluminum adhesive tape of the unheated specimens was also removed. Five surfaces of both
heated and unheated specimens were covered with epoxy resin so that the chloride ions
penetrate the specimens in one direction. After coating, the specimens were stored at 20°C and
60% RH for 1 day to ensure the setting of the resin. The uncovered surface of heated and
unheated specimens was then immersed in a 3% sodium chloride solution (NaCl) for 1 day
before being dried for 6 days. This cycle was selected because the pretest results. For pretest,
the dummy specimens, mortar and concrete, were immersed in NaCl solution for 1 day then
they were dried at 20°C and 60% RH until they became constant mass. It takes 6 days for this
process. These wet and dry operation were repeated 45 times.

The chloride penetration depth in the mortar and concrete specimens was measured at the
fifteenth, thirtieth and forty fifth cycles by using silver nitrate solution. The average value of
10 measurements of chloride penetration depth was recorded for the mortar specimen and 20
measurements for concrete specimen.
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4. Mechanical properties

An experimental study in this chapter has been conducted in order to study properties related
to microstructure and strength of mortar and concrete, with and without addition of PP fibers,
after heating. The results of temperature inside the specimens are shown to indicate the
maximum temperature. Then, the images of SEM and total pore volume of heated and unheated
mortar specimen are investigated to observe the changing in microstructure. Finally, the
strengths of mortar and concrete are summarized and discussed.

4.1 Temperature history
Fig. 14-Fig. 16 show the temperature of the hot plate during heating and the internal
temperature of the mortar specimens for 60 min after the beginning of heating. The temperature
history of the concrete specimen is shown in and Fig. 17-Fig. 19 The temperature history of
the hot plate is slightly different for each mixture because heating is controlled manually and
separately for each mixture. When the mortar and concrete specimens are exposed to high
temperature, the internal temperature at each depth gradually increase with exposure time.

Compared to the C035 and C045 specimens, the temperature of the CO35PP fluctuated slightly
from 150 to 180°C at 2.5 mm depth. This is due to the melting of PP fibers in the specimen
because the melting point of PP used in this study is around 160°C. Table 6 lists the rates of
temperature increase at depths of 2.5, 20 and 40 mm for the mortar and concrete specimens,
which were determined by linear regression between 0-31 minutes of the heating time.
Although the rate of temperature increase at 2.5 mm for CO35PP specimen is higher than that
for the C035 specimen, the rates at 20 and 40 mm for CO35PP specimen are lower than those
for the C035 specimen. Heating energy might be consumed by the melting of PP fibers in
CO35PP.

Table 6 The rate of internal temperature increase in mortar and concrete specimens

The increasing rate at the depth from exposed
surface (°C/min)

Name
2.5 mm 20 mm 40 mm
MO035 6.57 4.03 2.64
Mortar MO045 6.99 4.25 2.62
MO35PP 7.32 5.22 3.24
C035 7.50 6.23 3.85
Concrete C045 6.47 5.13 2.84

CO035PP 8.96 4.34 3.37
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4.2 SEM observation

The microstructure of the mortar specimens is observed with an SEM, and the images are
shown in Fig. 20-Fig. 22. Fig. 20(b) and (c), Fig.21(b) and (c), and Fig. 22(e) show
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microcracks formed in the M035, M045 and M0O35PP specimens after heating, respectively.
Cracking occurred in the mortar at depth of 2.5 and 20 mm where the internal temperatures
were approximately 200°C and 150°C, respectively. However, microcracks were not observed
at a depth of 40 mm in the mortar specimens.

Fig. 22 (a-e) shows PP fibers and microcracking in the MO35PP specimen. The chemical
composition of PP fibers from SEM observation is shown in Table 7. The images show that
the diameter of the PP fibers at the depths of 2.5 and 20 mm decreases to approximately 35 and
32 um, respectively, possibly because a part of the PP fiber melts at depths of 2.5 and 20 mm,
where the temperatures are approximately 200°C and 150°C, respectively. Additionally, the
losing of PP fibers due to melting also can be observed by visual inspection as seen in Fig. 23.
However, the temperature of 150°C is not consistent with the melting point of PP fibers, i.e.,
160°C. The observed change in Fig. 22(c), Fig. 23 and the temperature profile suggest that the
temperature of the thermocouple in the MO35PP specimen at a depth at 20 mm depth is affected
by the melting of PP fibers, as mentioned in Section 4.1. At the depth of 40 mm, PP fibers do
not melt because their diameter is approximately 49 pm, as shown in Fig. 22(d).

The melting of PP fibers create pressure-induced tangential spaces (PITS) (Ozawa and
Morimoto 2014), as shown in Fig. 24.
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exposed surface after heating
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Fig. 20 SEM images of mortar specimen with W/C of 0.35 before and after heating
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Fig. 21 SEM images of mortar specimen with W/C of 0.45 before and after heating
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b) MO35PP at the depth of 2.5 mm from
exposed surface after heating

d) MO35PP at the depth of 40 mm from

exposed surface after heating

e) Micro-crack at the depth of 2.5 mm from exposed surface of MO35PP after heating

Fig. 22 SEM images of mortar specimen with W/C of 0.35 and PP fibers before and after
heating
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Table 7 Chemical composition of PP fibers

Chemical  Percentage by mass

C 72.58
(@) 13.87
Al 0.47
Si 0.94
N 0.18
Ca 1.55
Pd 2.02
Pt 8.39
total 100.00
20 mm

PP fibers
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Fig. 24 Pressure—induced tangential spaces (PITS)

4.3 Porosity of specimens
4.3.1. Mortar specimens
Fig. 25(a)-(c) shows the pore volume of the M035, M045 and MO35PP specimens at 58 days,
before and after heating. The diameter of pores is divided into the following three ranges:
0.006-0.1, 0.1-1 and 1-10 pm. For the unheated specimens, the pore volume of the M045
specimen is higher than those of the MO35PP and M035 specimens. After heating, the pore
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volume at 0—20 mm from the exposed surface for all heated specimens clearly increased. The
volume increments in the pores of 1 — 10 pm in diameter for the heated M035, M045 and
MO35PP specimens are 200%, 174% and 304%, respectively. This suggests that the
microcracks generated by pore pressure occur at this depth, and their widths, as estimated from
the SEM images of all heated specimens, are approximately 2 — 3 pm. At 20 — 40 mm from the
exposed surface of the M035 specimen, the pore volume also increases, especially in the range
of 0.1 — 1 um, and the volume in this range is higher than that at the depth of 0 — 20 mm.
However, the volume in this range at the depth of 20-40 mm is smaller than that at the depth
of 0-20 mm, in the M045 and MO35PP specimens. This suggests that the increase in pore
volume in the MO035 specimen is also due to pore pressure-induced cracks. The dense
microstructure of mortar with a low W/C prevents water vapor from easily transferring during
heating, increasing the pore pressure and generation of micro-cracks. Thus, the increase in pore
volume is not observed in the M045 specimen. For the heated MO35PP specimen, the increase
in pore volume is caused by not only microcracks but also PITS. This explains why the volume
increase in the MO35PP specimen of pores with 1-10 pm in diameter are higher than those in
the M035 specimen. However, the pore volume at 20-40 mm depth does not increase, which
suggests that the PP fibers do not melt.
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Fig. 25 The porosity of mortar specimens

4.4 Compressive strength
4.4.1. Mortar specimens

Table 8 shows the compressive strengths of mortar specimen, M035, M045 and M035 PP, at
the ages of 28 and 58 days. The results at 58 days include the compressive strengths before and
after heating. For the unheated specimens, at 58 days, the compressive strength of the M035
and MO35PP specimens are approximately 75 MPa and that of the M045 specimen is
approximately 60 MPa. There was observed that the PP fibers did not increase compressive
strength in the mortar specimen with PP fiber before heating. Behnood and Ghandehari (2009)
and Noumowe et al. (2009) also reported that the used of PP fiber and the increase in a dosage
of PP fibers do not have a significant effect on the compressive strength of concrete.

After heating to approximately 330°C, the compressive strengths of the M035, M045, and
MO35PP specimens decreased to approximately 63, 43, and 65 MPa, which correspond to 83,
72, and 85% of the compressive strength of the unheated specimens, respectively. The
reduction in compressive strength of the mortar specimen after exposure to 330°C could
explained as follows: some of the moisture inside the mortar specimen evaporates, which then
migrates deeper into the specimen and builds pore pressure. When the pore pressure exceeds
the tensile strength of mortar, crack stars to occur, and the strength drops sharply, as seen in
SEM images in Section 4.2.

4.4.2. Concrete specimens
For the concrete specimens, the compressive strengths of C035, C045, and CO358PP specimens
are listed in Table 8. For the unheated specimens, at 58 days, the compressive strengths of
C035, C045, and CO35PP specimens are approximately 75, 63, and 82 MPa, respectively.
Although the compressive strength of CO35PP specimen is higher than that of C035, the
difference in compressive strength between them was less than 10%. Apparently, the PP fiber
do not affect the compressive strength of concrete with the same W/C.

After heating, the compressive strengths decreased and the residual compressive strengths of
the C035, C045, and CO35PP specimens are approximately 56, 52, and 70 MPa, respectively,
which corresponds to 75, 82, and 85% of the compressive strength of the unheated specimens.
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The reduction in compressive strength of the concrete specimen is due to pore pressure-induced
cracks, as mentioned in Section 4.2.

Regarding the unheated specimens, the compressive strength at each age of the concrete
specimens is higher than that of the mortar specimens with the same W/Cs except for M035
and CO035 specimens. Meanwhile, for the heated specimens, the percentage of residual
compressive strengths of C035 specimen is lower than that of M035 specimen. The differential
thermal expansion between cement paste and coarse aggregate at the internal temperature
between 100-220°C is a reason for the reduction, which can affect the residual compressive
strengths of concrete (Behnood and Ghandehari 2009; Yermak et al. 2017; FIB 2007).
However, the thermal incompatibility problem was mitigated by the free space generated by
the melting of PP fibers. This is the reason why the residual compressive strength of the
concrete specimen with PP fibers is higher than that of the concrete specimen without PP fiber
and the residual compressive strength is almost the same in the mortar specimens.

Table 8 The compressive strength of the mortar and concrete specimens

Name Compressive strength (MPa) (S.D.)
28 days 58 days
Before heating ~ After heating
MO035 75.22 (3.71) 75.87 (0.96) 63.16 (0.64)
Mortar MO045 38.97 (0.46) 60.27 (1.35) 43.31 (1.89)
MO35PP  63.38 (2.19) 77.70 (1.32) 65.87 (1.33)
C035 66.98 (0.29) 75.01 (1.32) 56.10 (0.85)
Concrete  C045 59.86 (0.80) 63.66 (2.23) 52.45 (1.92)
CO35PP  69.20 (3.36) 82.48 (0.58) 70.52 (2.17)

S.D.: standard deviation

4.5 Splitting tensile strength test

4.5.1. Mortar specimen
Table 9 shows the splitting tensile strength of mortar specimen, M035, M045 and MO35PP, at
the ages of 58 days before and after heating. For unheated specimen, splitting tensile strengths
of M035, M045 and MO35PP specimens were approximately 6.30, 5.50 and 6.40 MPa,
respectively. There was observed that the M045 specimens showed the lowest splitting tensile
strength due to less density of mortar. Addition of PP fibers was not a significant effect on
splitting tensile strength.

After heating, the residual splitting tensile strengths of M035, M045 and M0O35PP specimens
were approximately 5.40, 4.90 and 5.50 MPa, respectively, which corresponds to 86, 89 and
86% of the unheated specimens. The decrease in splitting tensile strength could be explained
that was occurred by micro-cracking as discussed earlier in compressive strength section.
Generally, tensile strength is more sensitive to macro- and micro-cracks of concrete than is
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compressive strength. But, this study, the residuals of splitting tensile strength are higher than
compressive strength, as seen in Fig. 26. It can be implied that the generated cracks inside the
specimen is not much enough to influence the tensile strength of the specimen.

4.5.2. Concrete specimen

For the concrete specimens, the splitting tensile strengths of C035, C045, and C0358PP
specimens are shown in Table 9. For the unheated specimens, the splitting tensile strengths of
C035, C045, and CO35PP specimens were approximately 4.10, 4.30, and 4.20 MPa,
respectively, at the age of 58 days. It can be observed that the splitting tensile strength of
CO035PP specimen was almost same as the C035 specimen. It can be said that PP fibers do not
have a significant effect on the splitting tensile strength. And the difference of splitting tensile
strength between CO35PP and C045 specimens was less than 5%. Generally, concrete is weak
in tension, and for NSC, tensile strength is only approximately 10% of its compressive strength
and for HSC tensile strength ratio is further reduced.

After heating, the splitting tensile strengths decreased and the residual splitting tensile strengths
of the C035, C045, and CO35PP specimens were approximately 3.30, 3.30, and 3.70 MPa,
which corresponds to 79, 76, and 87% of the unheated specimens, respectively. The reduction
of compressive strength of the concrete specimen is due to cracks caused by the pore pressure
as mentioned in Section 4.3. It is clearly that the addition of PP fiber can reduce a loss of
splitting tensile strength of the heated concrete specimens.

Table 9 The splitting tensile strength of the mortar and concrete specimens

Name Splitting tensile strength (MPa) (S.D.)
58 days

Before heating After heating
MO035 6.30 (0.20) 5.34(0.53)
Mortar MO045 5.47 (1.20) 4.87 (0.10)
MO35PP 6.37 (0.65) 5.47 (0.17)
C035 4.14 (0.33) 3.26 (0.28)
Concrete C045 4.38 (0.12) 3.34 (0.16)
C035PP 4.22 (0.07) 3.66 (0.12)
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Fig. 26 The residual splitting tensile strength and compressive strength as percentage of those
of unheated specimen

4.6 Modulus of elasticity of concrete
The modulus of elasticity is determined as the slope of the best fitting line on the stress-strain
curve, as shown in equation 12.

$1=5

_ -3
E. = p— X 10 (12)
Where

E. = Modulus of elasticity of concrete (GPa)
Si = Stress at 1/3 of the maximum load (MPa)
Sz = Stress at 50p of strain (MPa)

€1 = Strain at 1/3 of the maximum load

€ =50u

Table 10 shows evaluation of modulus of elasticity of concrete that was calculated from
cylindrical concrete specimens. The CO35PP specimen showed the highest value at the ages of
28 days and 58 days before heating. There was observed that the modulus of elasticity of all of
concrete specimens were increased at the ages of 58 days. Meanwhile, the modulus of elasticity
of heated specimens was decreased after heating. As mention in Section 4.4.2, the compressive
strength decrease, the modulus of elasticity losses of the C035 and C045 were approximately
4 and 10% compared to those unheated specimens, respectively, while the decrease of
specimen with PP fibers (CO35PP) was approximately 6% .

The modulus of elasticity of concrete is dependent on moisture content and the microstructure
of hydrated cement products in paste. This is the why the modulus of elasticity of heated
specimens is lower than the unheated specimen. The result of moisture inside the specimen are
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shown in next section. Ghosh and Nasser also found that the decrease in elastic modulus was
due to a gradual deterioration of the binding matrix with the rise in temperature and it could be
associated with micro-cracking observed in micro structure of mortar that is consistent with
previous studies (Chang et al., 2006). In the other words, these results are attributed to the loss
of moisture due to the heating of concrete and the degradation of microstructure and chemical
bonds within concrete, resulting in the development of microcracks. Compared with C035
specimen, the addition of fibers had not significantly degraded of modulus of elasticity.

Table 10 The modulus of elasticity of concrete

Name Modulus of elasticity (MPa)(S.D.)
28 days 58 days
Before heating After heating
C035 37,250.18 (1,267.64) 39,183.91 (1,092.24) 37,511.87 (2,898.92)
C045 33,312.33 (777.12)  38,631.37(763.11)  34,973.94 (543.06)

CO035PP 38,895.20 (369.14)  40,067.50 (932.36)  37,474.10 (288.00)
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S. Moisture transfer

This experimental study consists of the results and discussion of moisture transfer inside the
specimen. The electrical resistivity method and non-standardized test methods were used to
monitor the moisture. All tests were conducted on the specimens in laboratory environment,
20°C and 60%RH. In this chapter a discussion of moisture transfer using electrical resistivity
method is given.

5.1 Electrical resistivity of mortar specimen
Fujioka et al. (2013) and Bui et al. (2015) reported that electrical resistance measurements
using stainless steel rods can be used to determine the moisture content of the cement paste or
mortar owing to the correlation between electrical resistivity and internal RH. Therefore,
electrical resistivity is used in this study to examine the moisture transfer in mortar and concrete
specimens.

Fig. 27 shows the electrical resistivity of heated and unheated mortar specimens with time. It
is observed that the electrical resistivity at 7.5 and 22.5 mm depths for all specimens with and
without PP fibers suddenly increased after removal from the hot plate, while that at other depths
suddenly decreased, except at 127.5 and 142.5 mm, for the M045 specimen.

The electrical resistivity at each depth for all specimens increased with time. The electrical
resistivity of the M035 and MO35PP specimens at depths between approximately 60 and 160
mm increased to nearly that of the unheated specimens at each age, except at 82.5 mm depth,
for the M035 specimen. However, the electrical resistivity at 37.5 and 142.5 mm depths for the
MO045 specimen sharply increased to higher values than that of the unheated specimen. The
electrical resistivity of the unheated specimens also increases constantly at 58, 118, and
178 days.

5.2 Electrical resistivity of the concrete specimen
The electrical resistivity of the concrete specimens is shown in Fig. 28, where the electrical
resistivity of concrete specimens at a depth of 7.5 mm exhibited a behavior similar to that of
the mortar specimens. After being removed from the hot plate, the specimens’ electrical
resistivity at 7.5 mm depth suddenly increased, while that at the other depths suddenly
decreased.

The electrical resistivity inside the heated specimens increased, and is higher than that of the
unheated specimens at the same age. The electrical resistivity of the unheated specimens also
constantly increased at 58, 118, and 178 days.

5.3 Discussion

The changes in the electrical resistivity of the concrete specimens show a similar trend to that
of the mortar specimens. Generally, water at the hot surface evaporates first when the
temperature reaches 100°C (Jansson 2013; Ozawa and Morimoto 2014; Anderberg 1997;
Zdenek 1997). As the temperature increases further, the evaporation process continues. The
extremely high electrical resistivity near the exposed surface, where the internal temperatures
are approximately 150 to 220°C, suggests that moisture turns into vapor and escaped into the
surroundings because the concrete conductivity correlates with the moisture content.

We observe that the microcracks in SEM images and the increase in pore volume in the heated
specimen are caused by thermal instability, melting of PP fibers, and high pore pressure. The
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increase in pore volume of the heated specimens favors the transfer of vapor. In other words,
the resistivity at greater depths, where the internal temperatrue is lower than 150°C, is lower
than that of the unheated specimen owing to the condensation of the vapor migrating from
shallower depth. This suggests that the extremely high electrical resistivity at shallow depths
is also caused by the transfer of moisture.

The relations among microcracks, porosity and electrical resistivity are explained as follows:
the high porosity at 0 — 20 mm from the exposed surface of all heated specimens facilitates the
transfer of vapor, which increase the resistivity at depths of 7.5 and 22.5 mm. On the other
hand, at 20 — 40 mm depth in the heated MO35PP specimen, the porosity changed slightly, as
seen in Fig. 25 (c). Therefore, at this depth, the resistivity of the heated MO35PP specimen is
lower than that of the M035 and M045 specimens. Compared to the heated M045 specimen at
the 0 — 40 mm from the exposed surface, the lower volume of pores 0.1 — 1 pm in diameter of
the heated M035 specimen hinders the vapor transfer, resulting in lower electrical resistivity.

For the unheated specimens, the continuous increase in the electrical resistivity of the mortar
and concrete specimens at 120 days suggests that the unheated specimen gradually dry when
stored at 20°C and 60% RH. This trend is also observed in the heated specimens, at
approximately 40—160 mm.

The unheated mortar and concrete specimens in this study were stored at 20°C and 60% RH
after curing. Therefore, the unheated specimens are in a desorption phase when the electrical
resistance of the specimens is measured. On the other hands, for the heated specimens, the
migration and condensation of water vapor inside the heated specimens can result in an
absorption phase in the inside of the specimens. Thus, it could be explained by the hysteresis
effect that some electrical resistivities inside the heated specimens are higher than those of the
unheated specimens at the same age.

An increase of 1°C at 21°C can reduce 3% of electrical resistivity in saturated surface-dry
concrete. In the other hand, under 30% saturation, the electrical resistivity of concrete can
be reduced 5%. However, the moisture inside the mortar and concrete specimen changes
during heating and the specimens do not remain saturated and surface-dry. The temperature
of the heated specimens is increased to 350°C, but their resistivity is higher than that of the
unheated specimen, and the electrical resistivity of the heated specimen at a temperature
lower than 110°C suddenly decreased after heating. For example, the internal temperature of
all mortar specimens at the depth of 60-140 mm 60 minutes after heating (i.e. 90 minutes in the
temperature) is approximately 50°C. Therefore, the electrical resistivity should be
approximately 40% of the unheated specimen. But the actual electrical resistivity is almost
the same as the electrical resistivity of the unheated specimens.

In this study, the electrical resistivity does not decrease with increasing temperature. As a result,
the moisture transfer in the concrete and mortar specimens is consistent with the electrical
resistivity data. The electrical resistivity increases when the moisture decreases at high
temperature. Therefore, in this study, electrical resistivity can be used to investigate the
moisture transfer inside the heated specimen without the reduction in electrical resistivity
induced by temperature increase.
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6. The effect of the moisture transfer on durability

The aim of this chapter was to study the influence of moisture transfer and microstructure on
residual durability properties of the heated mortar and concrete specimens. Their properties are
evaluated by means of standardized test methods. The results obtained in this part are
summarized and discussed in this chapter.

6.1 Accelerate carbonation

6.1.1. Mortar specimens

Fig. 29 shows the carbonation depths and rates of both heated and unheated M035, M045, and
MO35PP specimens. For the unheated specimens, carbonation is not observed for the M035
and MO35PP specimens until 13 weeks (i.e., 3.6 Vweeks) but it is observed for the M045
specimen after four weeks (i.e., 2 Vweeks). The increase in carbonation depth for the unheated
specimens is rather small compared to the heated specimens. The carbonation depth for the
unheated MO35PP specimen is slightly smaller than that for the unheated M035 specimen.
Zhang and Li (2013) reported that the addition of PP fibers improves the carbonation resistance
of concrete.

For the heated specimens, the carbonation depth of the M035 and M045 specimens is observed
one week after heating, while that for the MO35PP specimen is observed immediately after
heating. It indicates that CO, penetrated the heated mortar specimen more easily than the
unheated specimen. The electrical resistivity data suggest the formation of a region with very
low moisture near the exposed surface of the heated specimen. The pore moisture at this depth
is eliminated owing to high temperature. Therefore, the penetration of CO; into the heated
mortar specimen through the low-moisture content region (i.e., the depth of 0—40 mm) is easier
than that in the unheated specimen. The increase in pore volume owing to microcrack and space
generation because of melting of PP fibers accelerate the carbonation of the heated specimens.
In addition, the carbonation depths in the heated specimens with and without PP fibers increase
with time.

The carbonation depths and rate of the heated M045 specimen are slightly higher than those
for the M035 specimen because the total pore volume of the M045 specimen is higher than that
of the M035 specimen. After heating, microcracks in the M035 specimens occur due to pore
pressure, which increase space in the M035 specimen and affects the carbonation depth. The
volume of pore of 0.1-1 pm in diameter for the M045 specimen is higher than that for the M035
specimen, which increases the carbonation rate. However, the carbonation depth and rate for
the heated MO35PP specimen are higher than those for the M035 and M045 specimens. The
higher carbonation depth for the specimen containing PP fiber in this study is attributed to the
melting of PP fibers, as suggested by the increase in pore volume (i.e., 1-10 pm in diameter).
As seen in Fig. 22 (b) and (c), the melted PP fibers created PITS where water vapor can escape
and migrate. The free PITS facilitate the penetration of CO, and acceleration of carbonation.
Noumowe et al. (2009), Bosnjak et al.(2013), Ozawa and Morimoto (2014) and Serrano et al.
(2016) reported that the permeability of concrete with PP fibers at 80-170°C increases
suddenly and is higher than that of concrete without PP fibers. This study suggests that the
higher pore volume of a large pore diameter also affects the carbonation depth and carbonation
rate. However, the low values at 8 weeks (i.e. 2.8Vweeks) were because carbonation depth was
measured at different locations of the same specimen.



39

30 -Heated M035

-®-Heated M045

25  “®Heated MO35PP vy =4.7262x
<rUnheated M035
“O-Unheated M045 -

20  &Unhcated MO35PP y=3.3985x

Carbonation depth (mm)

0 1 2 3 4 5 6
Accelerated carbonation time (Vweek)

Fig. 29 Carbonation depth and carbonation rate of heated and unheated mortar specimens

6.1.2. Concrete specimen
Fig. 30 shows the carbonation depths and carbonation rates of the heated and unheated
specimens for C035, C045 and CO35PP. Unheated C035 and CO35PP specimens were not
carbonated during this period, while carbonation of unheated C045 specimens was observed 1
week after exposed to CO». Concrete with a low W/C is more difficult to be carbonated than
that with a high W/C because of dense microstructure of concrete and the addition of PP fibers
can also improve the carbonation resistance of concrete as mention in previous section.

On the other hands, all heated specimens for C035, C045 and CO35PP were carbonated one
week after the start of accelerated carbonation test and the carbonation depth increased with
the CO2 exposure time. It indicates that CO2 penetrated into the heated specimen more easily
than into the unheated specimen, regardless of the W/C. The results of SEM and porosity of
mortar specimens showed the increase porosity and the generation of pores due to the melting
of PP fibers in mortar phase, while the results of the moisture transfer measurement showed
the formation of very low moisture condition at the depth closer to the exposed surface due to
heating. Considering these results, it is indicated that increased porosity and low moisture
content accelerated carbonation of the heated specimens. The carbonation depth of CO35PP
specimens was almost the same as that of C035 specimen although the porosity of specimen
with PP fibers is higher. It could be supposed that melted PP may cover the hardened cement,
resulting in contribution to the protection against carbonation.
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Fig. 30 Carbonation depth and carbonation rate of heated and unheated concrete specimens

6.2 Accelerate chloride penetration

6.2.1. Mortar specimen

Fig. 31 shows the chloride penetration depths of both heated and unheated mortar specimens.
Generally, the permeability of high strength concrete is low because of dense microstructure
of concrete, especially concrete containing fiber (fib 2007). As a result, the chloride penetration
depths of the unheated specimens for M035 and M035PP were observed at 30 cycles, which
are approximately 4 and 2 mm, respectively. Meanwhile, the chloride penetration depth of the
unheated M045 specimen was observed at 15 cycles, which is approximately 7 mm. Meanwhile,
the chloride penetration depths of heated specimen were firstly observed at 15 cycles.

The penetration depths of the heated specimens for M035, M045, and MO35PP at 45 cycles
were approximately 13, 18, and 20 mm, respectively. Similar to the result of the carbonation,
the chloride penetration depth of the heated specimens was larger than those of the unheated
specimens due to the low moisture content, high porosity and melting of the PP fibers in the
heated region. The region having low moisture content near the exposed surface can absorb
NaCl solution more than the unheated specimen because of capillary suction, while high
porosity and melting of PP fibers result in easier penetration of chloride ions.

The difference in the chloride penetration rate between the unheated M035 and M045
specimens was caused by the different pore volume, while the influence regions of heating
were different in both heated specimens and affected the chloride penetration rate. In addition,
chloride penetration depth of both heated and unheated specimens increased with time.

The chloride penetration depth of the heated specimen containing PP fiber was higher than the
others because of the generation of spaces due to the melting of PP fibers.
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Fig. 31 Chloride penetration depth of mortar specimens

6.2.2. Concrete specimen
The chloride penetration depth of the specimens is shown in Fig. 32. The chloride penetration
depth of the unheated specimens for C045 specimen at the age of 30 was approximately 12
mm., while the chloride penetration depth of unheated C035 and CO35PP was observed at the
age of 45 cycles because of dense microstructure of concrete.

The chloride penetration depths of heated specimens for C035, C045 and CO35PP were
approximately 23, 34 and 26 mm at 45 cycles, respectively. Similar to the results of the
carbonation test, the chloride penetration depths of the heated specimens were larger than those
of the unheated specimens. However, the chloride penetration depth of the heated specimen for
CO035PP was larger than that for C035. The generation of pores due to the melting of PP fibers
affected the chloride penetration. Besides, the rates of chloride penetration for the heated
specimens were different between 0-15 cycles, 15- 45 cycles, while the chloride penetration
depth of the unheated specimen for C045 was almost proportional to the cycle number. This
must be related to the influence region of heating, which means the depth of micro-cracks. Also
from the difference in the changes of the chloride penetration rates between C035 and C045,
the influence region of heating may be different in both mixtures. From the internal temperature
profile of CO35PP specimen shown in Fig. 19, PP fibers up to the depth of 10 or more
millimeters must have been melted. Therefore, chloride penetrated earlier in CO35PP specimen
than in C035 specimen up to the depth around 20 mm.
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6.3 Amount of calcium hydroxide (CH)

Fig. 33 shows the residual amount of CH of the mortar specimen. The amount of CH of the
unheated M035, M045 and MO35PP specimens were approximately 7.34, 6.25 and 7.16%,
respectively. The CH contents of the M035 with and without PP fibers specimens are almost
the same, meanwhile there are higher than the M045 specimen due to the amount of cement.
After heating, the residual amounts of CH of the heated mortar specimen were investigated at
the ages of 0 min, 12 hr, 1, 2 and 3 days after heating time. The percentages of CH of all heated
mortar specimens are quite same as the unheated specimens, approximately different +10%. It
could imply that the CH was not dehydrated by high temperature in this study.
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7. Conclusions
The conclusions from the experimental results obtained in this study are as follows:

1) High temperature exposure at approximately 350°C reduced the compressive strengths of
mortars with W/Cs of 0.35, 0.45, and 0.35 with PP fibers by 17, 28, and 15%, respectively. It
also reduced the compressive strength of concrete specimen with W/Cs of 0.35, 0.45, and 0.35
with PP fibers by 25, 18, and 15%, respectively.

2) PP fibers left the pressure-induced tangential spaces (PITS) during heating and could
increase the porosity of the mortar and concrete specimens.

3) The electrical resistivity method can be used for the investigation on moisture content and
moisture transfer in mortar and concrete after exposed to high temperature at 350°C without
multiplying factor for reducing due to the increment of temperature. It also shows that there
is a strong correlation between electrical resistivity profile and internal temperature of mortar
and concrete specimen. The electrical resistivity increases when the internal temperature is
higher than approximate 150°C.

4) The moisture content at depths approximately between 0—40 mm from the exposed surface
of the heated mortar specimens with and without PP fibers is lower than that of the unheated
specimens. For concrete specimens, the moisture content at depths approximately between 0—
50 mm from the exposed surface of the heated specimen is lower than that at the other depths.
The region of mortar and concrete specimens at the depths far from the exposed surface
gradually dries with time.

5) The low moisture content in the heated mortar specimen accelerates carbonation and
chloride penetration. The total pore volume and pore diameter also significantly affect their
acceleration.

6) Although the residual compressive strength of the heated specimens is greater than 70% and
CH is not dehydrated, the durability of heated specimens is degraded by heating.

Consequently, moisture at depths close to the exposed surface of mortar and concrete
specimens during the heating is evaporated, and then, a part of vapor migrates to the inside and
condenses into moisture inside the specimen. That phenomenon can be observed by the
electrical resistivity method. It has shown that the electrical resistivity method, which is an in-
situ resistance measurement and nondestructive method, can be carried out for post-fire
concrete and mortar. The increase in pore volume caused by micro-crack and melting of PP
fibers leads to easier penetration of CO» and chloride ions into the specimen after exposed to
high temperature. Concrete with a low W/C has better strength and durability, but it develops
more micro-cracks when exposed to high temperature. Although the addition of PP fibers is an
effective method of preventing explosive spalling, PP fibers could contribute to degradation of
durability of fire-exposed concrete.
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8. Further research

It is well known that the high temperatures cause the movement of moisture inside the concrete,
especially the region closest to the exposed surface. Although, the electrical resistivity method
can be used to monitoring the behavior of moisture transportation, the method should be able
to determine the exact internal relative humidity of concrete and mortar. The calibration
specimens to determine the internal moisture movement were conducted, as seen in appendix,
but the results are unclear. The calibration method should be developed to make more accuracy
and improve more reliable. Then, the model to predict the moisture transportation inside heated
specimen will be established with function of fire severity and type of concrete.

High temperature exposure resulting in concrete temperature up to 350° (at the exposed
surface) reduces the strength but repairing to recover the load carrying capacity is commonly
not necessary. However, this study shows that the liquid and gas transport properties are
changed considerably due to the increment of pore and crack volume, regardless of the PP
fibers. Thus, the resistance of frost damage should be investigated.

In this study, the concrete and mortar without any corrosion were used as specimen. Normally,
the concrete structure in real life has been corroded by the environment, CO» from vehicle and
chloride from sea, before fire accident occurring. Thus, the corroded concrete should be
considered.

Generally, PP fiber is used for increasing pore volume of posed fire concrete and reducing
spalling. But the PP fibers do not have a significant effect on the compressive strength and the
increasement of pore volume reduces the compressive strength. Therefore, the idea is
increasing pore volume of posed fire concrete to against spalling and keeping/increasing the
compressive strength. The new material will be used for this idea such as ferronickel slag that
it was used to increase the density and porosity of mortar without sacrificing compressive
strength.

Finally, the damage of post-fire concrete depends on the fire severity. Therefore, the several of
degree of fire damaged on concrete need to be studied further.
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Appendix
Determination of internal relative humidity and relative water content

For calibration specimen, the mortar specimen of 40-mm width, 40-mm height and 15-mm
depth with stainless steel rod was cut from the heated and unheated prismatic mortar and
concrete specimens. For concrete specimen, the calibration specimens were also cut from
heated and unheated specimens into dimension of 100-mm width, 100- height and 15 mm depth
with stainless steel rod. The calibration specimens were exposed to different humidity boxes at
20 °C and measured the electrical resistivity in order to obtain the relationship between internal
relative humidity and electrical resistivity, assuming that the relative humidity in the specimens
reaches the same humidity as a state of equilibrium in the box. The creation of specified
humidity conditions in the box that the calibration specimens absorb or desorb moisture until
the mass of specimen became constant were made using saturated salt solutions as shown in
Table 11. Then, the equilibrium relative humidity was obtained.

Table 11 The saturated salt solution

Relative humidity (%) Saturated salt solution

98 Potassium sulfate

85 Potassium chloride
75 Sodium chloride

70 Potassium iodide

60 Sodium bromide

43 Potassium carbonate
33 Magnesium chloride
23 Potassium acetate
12 Lithium chloride

6 Lithium bromide

Resistivity and relative water content of calibration specimens

The relation between resistivity and relative water content of calibration

mortar specimens
The electrical resistance of calibration specimens was calculated in term of electrical resistivity.
The correlation between resistivity and relative water content of calibration specimens at each
depth of specimens are shown in Fig. 34. It could be explained that the electrical resistivity of
calibration specimens increased with the decrease in internal relative humidity at 20°C. By the
correlation between the electrical resistivity and internal relative humidity of calibration
specimens, the equations were obtained in order to determine the internal relative humidity of
mortar specimens and are also shown in Table 12. R-squared values of equations vary from
approximate 0.3 to 0.65.
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Table 12 The equations of internal relative humidity on resistivity of the mortar calibration

specimens

Distance from
exposed
surface (mm)

MO035 (eq)(R?)

MO045 (eq)

MO35PP (eq)

7.5

22.5

37.5

52.5

67.5

82.5

97.5

112.5

127.5

142.5

157.5
Unheated
specimen

H=-8.86In(p)+119.9 (13)
H=-10.1In(p)+118.39 (14)
H=-15.98In(p)+145.23 (15)
H=-16.95In(p)+144.26 (16)
H=-15.2In(p)+127.01 (17)
H=-15.04In(p)+123.09 (18)
H=-15.86In(p)+128.38 (19)
H=-15.7In(p)+128.52 (20)
=-15.16In(p)+125.02 (21)
H=-14.68In(p)+123.46 (22)
H=-15.42In(p)+129.14 (23)
H=-13.48In(p)+164.48 (24)

H=12.781n(p)+159.44 (25)
H=-13.53In(p)+146.78 (26)
H=-12.14In(p)+130.15 (27)
H=-8.79In(p)+108.37 (28)
H=-10.281n(p)+110.49 (29)
H=-10.82In(p)+111.98 (30)
H=-10.52In(p)+109.38 (31)
H=-9.86In(p)+107.58 (32)
H=-10.221n(p)+109.06 (33)
H=-10.47In(p)+111.35 (34)
H=111In(p)+117.34 (35)
H=-9.54In(p)+107.75 (36)

H=-9.324In(p)+125.65 (37)
H=-10.47In(p)+118.98 (38)
H=-10.05In(p)+111.67 (39)
H=-9.27In(p)+103.64 (40)
H=-9.19In(p)+100.62 (41)
H=-9.8In(p)+104.1 (42)
H=-9.14In(p)+99.19 (43)
H=-9.05In(p)+98.76 (44)
H=-9.03In(p)+98.62 (45)
H=-9.35In(p)+100.29 (46)
H=-9.72In(p)+104.99 (47)
H=-9.15In(p)+100.16 (48)

k

p = electrical resistivity

The relation between resistivity and relative water content of calibration
concrete specimens

Similar to mortar specimens, the correlations between the electrical resistivity and relative
water content of concrete calibration specimens at the depths 7.5, 27.5, 47.5, 67.5, 87.5 and
147.5 mm from exposed surface were shown in Fig. 35. The equations to determine the internal
relative humidity of concrete specimens were shown in Table 13. R-squared values of equations

vary from 0.60 to 0.75.
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Fig. 35 Influence of internal relative humidity on resistivity of calibration specimens of the
C035, C045 and CO35PP specimens

Table 13 The equations of internal relative humidity on resistivity of the concrete calibration
specimens

Distance from CO035 (eq) C045 (eq) CO35PP (eq)
exposed
surface (mm)
7.5 H=-13.66In(p)+158.91(49) H=-14.05In(p)+170.11 (56) H=-14.81In(p)+170.88 (63)
27.5 H=-14.83In(p)+155.84 (50) H=-13.53In(p)+146.78 (57) H=-23.491In(p)+206.64 (64)
47.5 H=-18.65In(p)+172.2 (51)  H=-13.52In(p)+141.75 (58) H=-20.34In(p)+178.56 (65)
67.5 H=-13.33In(p)+132.39 (52) H=-13.04In(p)+134.69 (59) H=-24.17In(p)+190.55 (66)
87.5 H=-14.56In(p)+136.29 (53) H=-15.82In(p)+146.69 (60) H=-21.25In(p)+174.49 (67)
147.5 H=-12.53In(p)+138.55 (54) H=-14.05In(p)+170.11 (61) H=-14.28In(p)+148.95 (68)
Unheated H=-13.54In(p)+134.56 (55) H=-15.91In(p)+147.21 (62) H=-22.491In(p)+182.37 (69)
specimen

*p = electrical resistivity
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Internal relative humidity
Mortar specimens

Using equations (13) — (48), internal relative humidity of M035, M045 and MO35PP specimens
are shown in Fig. 36. It appears that the internal relative humidity of M045 and MO35PP of the
unheated specimens are approximately 65% at the ages of 58 days, which is nearly to 60%RH
of storing place. Meanwhile, the internal relative humidity of M035 unheated specimen is over
100%. The internal relative humidity of all unheated specimens constantly increased after
heating time (i.e., the ages of 58, 118, and 178 days). After heating, there appeared that the
moisture of M045 and MO35PP specimen at the depths of 7.5 and 22.5 mm from the exposed
surface suddenly decreased by approximately 30%, compared with unheated specimen.
Meanwhile, the internal relative humidity at the other depth increased. Then, the internal
relative humidity of heated specimen at the depth of 7.5 and 22.5 mm slightly decreased in the
greater time, while the other depths were slightly increasing. The tendency of decreasing also
occurred on the unheated specimen.

However, for the specimen with W/C of 0.35 without PP fibers, the moisture of unheated
specimens was over 100% which the moisture might be not correspond with electrical
resistivity. The reason for this phenomenon is still not know.
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Fig. 36 Moisture transfer in M035, M045 and M035PP specimens

Concrete specimens

Similar to mortar specimen, the equations 49-69 were used to determine the internal relative
humidity of the concrete specimens before and after heating. As seen in Fig. 37, the internal
relative humidity of unheated concrete specimens is approximately 100% at the ages of 58 days,
while CO35PP specimen reached to approximate 120%. They could be observed that the
internal relative humidity at any position of unheated specimens was quite constant at each age.
Then, the internal relative humidity of all unheated concrete specimens constantly decreased
in the greater time (i.e., the ages of 118 and 178 days).

After heating, the internal relative humidity at a depth 7.5 mm from exposed surface of C035,
C045 and CO35PP suddenly decreased to approximate 30, 45 and 70% after removing from the
hot plate, respectively. Meanwhile, they suddenly increased in the greater depth of all heated
specimens which are over 100% and internal relative humidity of unheated specimens. After
that, the internal relative humidity at the greater depth continuously decreased until 120 days
after heating. However, at 30 days after heating, there was observed that the internal relative
humidity of all heated specimens was lower than that the unheated specimen at the same ages.
There were also observed at 120 days after heating.

It appears that the internal relative humidity of M045 and MO35PP of unheated specimens are
approximately 65% at the ages of 58 days, which is nearly to 60%RH of storing place.
Meanwhile, the internal relative humidity of M035 unheated specimen is over 100%. The
internal relative humidity of all unheated specimens constantly increased after heating time
(i.e., the ages of 58, 118, and 178 days). After heating, there appeared that the moisture of
MO045 and MO35PP specimen at the depths of 7.5 and 22.5 mm from the exposed surface
suddenly decreased by approximately 30%, compared with unheated specimen, after removing
from the hot plate. Meanwhile, the internal relative humidity at the other depth increased as
seen in Fig. 37. After storing, the internal relative humidity of heated specimen at the depth of
7.5 and 22.5 mm slightly decreased in the greater time, while the other depths were slightly
increasing. The tendency of decreasing also occurred on the unheated specimen.
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However, for the specimen with W/C of 0.35 without PP fibers, the moisture of unheated
specimens was over 100% which the moisture might be not correspond with electrical
resistivity. The reason for this phenomenon is still not know.
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Fig. 37 Moisture transfer in C035, C045 and CO35PP specimens
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Mortar with W/C of 0.35 with PP fibers
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Concrete with W/C of 0.35 with PP fiber
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Image of chloride penetration depth

Mortar with W/C of 0.35
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Mortar with W/C of 0.35 with PP fibers
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Concrete with W/C of 0.35 with PP fibers
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