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ARTICLE INFO ABSTRACT

Keywords: The application of ultra-high-performance polypropylene-fibre-reinforced concrete (UHPPFRC)
Ultra-high-performance polypropylene fibre has become widespread due to its superior mechanical properties and non-flammable charac-
reinforced concrete teristic. Compared to UHPC, the fire resistance of UHPPFRC, which is crucial in ensuring struc-
Aging effect tural integrity and safety during fire incident, has been improved by the addition of PP fibres. In

Sulphate attack
Fire resistance
Probability of failure

recent years, the escalation of industrial emission has resulted in a more pronounced pollution of
acid rain, a major type of sulphate attack on outdoor concrete structures, leading to the aging of
UHPPFRC. Given the long service life of civil engineering structures, the fire performance of aging
UHPPFRC should be given significant consideration, yet few studies have taken it into account.
This study, for the first time, analyses the deterioration of fire resistance of acid-rain-induced
aging UHPPFRCs and compares their probability of failure under fire condition across different
corrosion durations, providing guidance for the maintenance of UHPPFRC in acid-rain-prone
areas. A novel coupled chemo-thermal-mechanical model is developed, which is employed to
investigate the sulphate penetration process and internal stress development within UHPPFRC
during the corrosion stage, and to predict temperature and internal stress distribution during the
subsequent heating stage. The effects of sulphate concentration, heating rate and fibre dosage on
the probability of failure of aging UHPPFRC are then studied. The results obtained from the
numerical investigation indicate that the aging effect can significantly compromise the fire
resistance of UHPPFRC and augment the probability of failure at elevated temperature. Also, the
probability of failure of aging UHPPFRC is more sensitive to changes in sulphate concentration
than changes in heating rate.

Nomenclature

¢° volume fraction of solid phase
¢! volume fraction of liquid phase
¢ volume fraction of gas phase
4 volume fraction of water vapor
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volume fraction of liquid water

volume fraction of water dehydrated
volume fraction of PP fibres

volume fraction of ettringite

volume fraction of gypsum

porosity of the UHPPFRC

initial porosity of the UHPPFRC
residual porosity after corrosion

initial tensile strength of UHPPFRC
initial tensile strength of cementitious matrix
initial tensile strength of PP fiber

total internal tensile stress in UHPPFRC
Initial tensile stress in UHPPFRC
density of the paste

density of the aggregate

density of the water

reaction rate of SO~

reaction rate of ettringite

reaction rate of calcium aluminate

reaction rate of gypsum

mass sink of liquid water due to evaporation

mass formation of liquid water caused by bound water releasing into pores
concentration of SO

chemical reaction rate

initial effective diffusion coefficient

effective diffusion coefficient

the content of each aluminate phase

the degree of cement hydration

molar mass of each phase

the total concentration of reaction products

solid-based concentration of gypsum

solid-based concentration of ettringite

matrix-based concentration of gypsum

matrix-based concentration of ettringite

volume fraction of cement

specific heat of dehydration

specific heat of evaporation

the mass change caused by the reaction consuming aluminate phase
mass formation of gypsum

mass formation of ettringite

increase of internal tensile stress at corrosion stage
increase of internal tensile stress at heating stage
thermal stress

total strain within UHPPFRC
sulphate-attack-induced strain

thermal strain

changing rate of thermal strain

elastic strain limit of UHPPFRC

changing rate of temperature

pore pressure

vapor pressure

saturation vapor pressure

mass flux of liquid water transferred by convection
mass flux of water vapor transferred by convection
displacement vector

coefficient of thermal expansion
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oy Kronecker delta

b body force

Py failure probability of the UHPPFRC
mt mass content of phase i within UHPPFRC (i=s, [, g ...)
B Biot coefficient

K intrinsic permeability of UHPPFRC
K& permeability index

8 velocity of gas phase

V! velocity of liquid water

R gas constant for water vapor

v volume of UHPPFRC

kesr thermal conductivity of UHPPFRC
(pC)on heat capacity of UHPPFRC

1. Introduction

Ultra-high-performance concrete (UHPC), known for its excellent mechanical properties at room temperature and non-
combustibility [1,2], is now widely used in infrastructure engineering. Fire, as a destructive hazard to buildings, can cause severe
cracking and spalling of construction materials like UHPC, resulting in strength degradation and even failure [3-7]. In recent years,
there have been an increasing number of high-rise building fires, which could rapidly spread upwards along the building’s exterior due
to the extensive use of combustible composite materials. Compared to normal strength concrete, the denser microstructure of UHPC
can cause greater pore pressure within pores, making it more susceptible to cracking and spalling at elevated temperature [8,9]. To
enhance its fire performance, polypropylene (PP) fibre has been employed to reinforce UHPC (UHPPFRC) [10,11]. The melt of PP
fibres under high temperature can provide more pathways for water vapor within UHPPFRC, significantly mitigating internal pore
pressure, thereby protecting concrete against cracking and spalling and improving the tensile property [12,13].

Studies about permeability and pore pressure were carried out to further understand the spalling-mitigation mechanism of PP fibre
[14-16], among which several experiments were based on the previous research conducted by Kalifa et al. [15]. These experiments
have confirmed that during the heating process, the permeability and pore pressure within HPPFRC keep changing due to the phase
change of PP fibre during heating. Li et al. [16] experimentally and numerically investigated the pore pressure, thermal stress and
explosive spalling within UHPPFRC at elevated temperature. It was proved that thermal stress, rather than pore pressure, was the
primary factor in initiating UHPPFRC cracking, and PP fibre can mitigate pore pressure within UHPPFRC to some extent. Some nu-
merical studies were also conducted to predict the build-up pore pressure based on heat and moisture transfer theories [9,17-23].

However, UHPPFRC structures, given the long design life, are susceptible to various long-term erosion including sulphate attack,
which can significantly compromise their strength and fire resistance [24-26]. The rapid increase of industrial emission has resulted in
a more pronounced pollution of acid rain, a major type of sulphate attack on outdoor structures [27,28]. The presence of chemical
components like gypsum and ettringite, resulting from the reaction of sulphate ions with the cementitious matrix, leads to the
development of expansive internal stress and reduced porosity. The accumulation of internal expansive stress and the decrease in
porosity within UHPPFRC can gradually impair its residual tensile strength at ambient temperature and increase pore pressure at
elevated temperature, thereby further compromising its fire resistance. The erosion-induced structural vulnerabilities can make aging
UHPPFRC more susceptible to cracking, spalling or even failure during fire incidents, posing significant risks to the safety of buildings
and occupants. The impact of acid rain on UHPPFRC durability is particularly evident in structures in long-term exposure scenarios.
Therefore, the fire behaviour of aging UHPPFRC at elevated temperature should be carefully evaluated. To date, however, brand-new
UHPPFRC specimens were used in most studies associated with fire resistance, where the aging effect on UHPPFRC has not been
studied yet.

With regard to concrete subjected to sulphate attack, its mechanism was investigated by Liu et al. [29], and the experimental results
demonstrated that, instead of salt crystallization, large amounts of ettringite, gypsum and brucite were found and identified as the
cause of concrete failure. A classical theoretical model, which characterised the reactive-diffusion process and mechanical deterio-
ration within concrete, was first proposed by Tixier and Mobasher [30,31]. It has been further modified with the consideration of the
effects of different factors on external sulphate attack [32-38]. For instance, a meso-level model was developed by Idiart et al. [35] to
predict the cracking effect on concrete degradation under sulphate attack. Based on the classical model, Qin et al. [38] established a
chemo-transport-damage model to investigate the effects of calcium leaching and temperature on sulphate attack, emphasizing the
importance of considering calcium leaching and porosity change. Although extensive simplified theoretical models have been pro-
posed in this field, not a unified theory has been developed because of the complex deterioration processes.

The theory of porous media has been utilized to model the aging process within concrete [25,32,39]. Previous studies revealed that
the time-and-space dependent reaction products can cause the porosity change, which then further causes internal expansive stress,
change of diffusion coefficients and failure of concrete [29,40]. Sun et al. [25] developed a coupled chemo-mechanical model using
pore-elastic theory to predict the elastic deformation of conventional concrete under sulphate attack, and the study indicated that the
internal expansive stress started to increase rapidly when the normalized ettringite concentration reached 20 %. It was found by Sun
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et al. [41] that the time for concrete to reach the reliability index limit state was significantly shortened with the increase of sulphate
concentration. In summary, the fire resistance of aged UHPPFRC induced by acid rain has not been thoroughly studied. Specifically,
the variations in porosity and internal expansive stress throughout the entire strength reduction process, which involves long-term
corrosion and exposure to fire shock, have not been adequately investigated.

In this study, a coupled chemo-thermal-mechanical model is developed to investigate the fire resistance of acid-rain-induced aging
UHPPFRC panels. Focusing on high-rise fires which can rapidly spread upwards from the building’s exterior, the fire behaviour of
aging UHPPFRC panels exposed to fire and corrosion on the same side is studied. The model incorporates the diffusion-reaction
behaviour of sulphate ions, the theory of porous media and Hill function with updated factors. It takes into account the changes in
porosity, the internal stress that accumulates during the corrosion stage, as well as the reduction in tensile strength of UHPPFRC due to
PP fibres melting. Finally, to explore the effects of different factors (i.e., sulphate concentration, heating rate and fibre dosage) on the
probability of failure and crack propagation of the aging UHPPFRC panels, a parametric study is conducted on corrosion duration and
sulphate concentration. Given the complex deterioration process of UHPPFRC, this study primarily focuses on the linear elastic stage of
UHPPFRC at elevated temperatures to provide an initial insight into its underlying mechanism. Once the UHPPFRC panel reaches its
elastic strain limit, cracks begin to form. This results in a permanent decrease in tensile strength, necessitating a reassessment of the
overall structural reliability. Therefore, the prediction of the critical point of the linear elastic phase in UHPPFRC panels can offer
valuable insights into the extent of damage in aging UHPPFRC panels at elevated temperatures. This, in turn, aids in evaluating the fire
resistance of aging structures with varying degrees of corrosion.

2. Theoretical model

In the present model, the acid-rain-induced reactions and the corresponding internal expansive stress within UHPPFRC are firstly
described using the theory of porous media and Hill Function, where the properties of UHPPFRC are updated with consideration of the
effect of reaction products on its porosity and residual tensile strength. Following this, the coupled heat and moisture transfer in
UHPPFRC at heating stage is described by a set of equations that include mass, energy, and linear momentum conservation. The
present model is able to predict the temperature, pore pressure, and stress distribution in aging UHPPFRC by solving this set of
equations [42,43]. During this process, further reduction in tensile strength and increase in porosity due to melting of fibres are taken
into account. The following three basic assumptions are made in the proposed model, which are in line with those employed in other
experiments and models [25,41,44,45].

(i) The occurrence of cracking is identified as the failure criterion.
(ii) Acid rain exposure is regarded as continuous.
(iii) At the corrosion stage, the isotropic expansive stress within the UHPPFRC panel is generated by the accumulation of ettringite in
the pore.

The tensile strength of UHPPFRC %2, consists of tensile strength of cementitious matrix f7 - and tensile strength of PP fibres fI¥ .

Their tensile strengths both decrease over temperature, where the tensile strength of PP fibre gradually decreases to zero due to its
failure at high temperature.

Previous studies [12,46] propose that PP fibre starts melting at about 165°C and vaporising over 341°C. Therefore, the residual
tensile strength of PP fibres over temperature is regarded as a piecewise function in this study and given by

Table 1
List of main parameters in the present model.
Parameter Value Reference
Degree of cement hydration h, 0.50 [82]
Volume fraction of cement 0.45 [25]
Initial diffusion coefficient of SO2~ in water Do 1.07 x 107° [m? /s] [25]
Chemical reaction rate k; 3.05 x 10-8 [m3 mol-! _571} [25,83]
Chemical reaction rate ky 1.22 % 10-° [m3 mol-1 ,571} [25,83]
Initial concentration of Ca®* 21.25 [mol /m?) [25]
Specific heat C T T\? [16,20]
900 + 80 (m -4 <m> [J/(kgK)]
Water vapor constant R, 461.5 [J /(kg-K)] [20,21]
Heat transfer convection coefficient hq 25 [W/(m?-K)] [20,21]
Thermal conductivity kg T T\?2 [16,21,84]
2-0.24 (ﬁo) + 0012(@) [W/(mK)]

Specific enthalpy of evaporation iz 2.672 x 105(647.3 — T)** [J /kg] [20]
Specific enthalpy of dehydration 4p 2.4 x 10° [J /kg] [20]
Coefficient of thermal expansion 1x10°° [85]
Tensile strength of the matrix 9.6 [MPa] [23]
Tensile strength of PP fibre 600 [MPa] [12]
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> o (1.1 -0.005T), T < 165°C
Jets =ik { (0.5328125 — 0.0015625T),165°C < T < 341°C m

where f%  is the initial tensile strength of PP fibre, and T is the temperature (°C) [9].
As for the tensile strength of matrix fglc,v its degradation process over temperature can be defined by Eq. (2) as reported in Ref. [47].

T-20
Jeee =Fko % (1 _W) @

where ff; , is the tensile strength of matrix at room temperature. The values of Cp,ﬁ o and 7 ; are listed in Table 1.

Fig. 1 shows the tensile capacity change of UHPPFRC after long-term acid rain induced sulphate attack. The horizontal axis rep-
resents time, and the vertical axis represents normalized time-dependent tensile stress within UHPPFRC ot (t) /fi7", (t), where fi', (t) is
the time-dependent tensile capacity of UHPPFRC, and ¢ (t) is the time-dependent total tensile stress which can be described as the
sum of the internal tensile stress ¢3(t) caused by sulphate attack and the internal tensile stress ¢ (t) induced by elevated temperature.
The initial tensile stress of UHPPFRC oy equals to 0. With the gradual penetration of sulphate ions over time, ettringite is generated
within UHPPFRG, causing the increase of normalized internal tensile stress Ac;(t)/fi, (t). When UHPPFRC undergoes a fire incident
(as indicated by the red vertical line in Fig. 1) at a specific time t, its normalized internal tensile stress experiences a further increase by
Adl(t)/, o, (t), and this occurs within a short period time due to the rapid increase of thermal stress and pore pressure. The remaining
tensile strength of UHPPFRC is governed by a probability distribution based on structure reliability method [41,48].

The time-dependent performance function can be expressed by using two factors, namely the elastic tensile strength f*°* (t) and the
internal tensile stress within the UHPPFRC panel 6"{(t).

Z(t) =ftot (t) — otot(t) =g(X,t) =g(X1, Xz, ..., Xn, t) 3)

where X, represents the vector of n-th random variables that related to the performance of concrete. Therefore, the probability of
failure can be defined as

pr=P(Z<0)=1-¢(p) Q)

where ¢( -) represents the standard normal distribution function and f represents the reliability index. The mean and the standard
deviation of n-th variables are defined as y, and o,, respectively. By using Taylor series expansion, the performance function is
expressed as [49],

_ n 0g 1 n n agz
Z=g(u)+ ;a—&'*‘iig;;m(xi—ﬂl)(&—ﬂz)"'m )

In the current study, other previously occurring environmental factors X; and chemical composition of the UHPPFRC panel X, are
considered as two random variables [41,50]. By applying first-order approximations, the mean and standard deviation of the per-
formance function can be obtained,

Hy ~ 8(X1,X2) Q)

Normalised time dependent internal

stress of UHPPFRC 0%t (t) /1% (t) +
PoF
1 — - 5 Failure threshold
Remaining tensile capacity
1= (Agl(©) + Ao () /f50e ()
—————————————————————— = > dW (y)

Increase of tensile stress Aaf(t)/ fct,é’_ﬁ(t)
due to elevated temperature

______________________ /

3

Increase of tensile stress Aoy (t)/. fct,f § ®

due to acid rain induced sulphate attack

Time

te——————%

Fig. 1. Fire resistance of UHPPFRC panel after long-term acid rain induced sulphate attack.
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2 | ()de ; ( 1) ar ) ( )

where COV/(X;,X;) is the covariance of X; and X;. Assuming all the variables are statistically independent, the reliability index can be
calculated as,

p=te ®

0z

2.1. Tensile stress within UHPPFRC

2.1.1. Tensile stress induced by acid rain

Fig. 2 shows the penetration of sulphate ions from the surface of UHPPFRC into its interior under acid rain condition. As shown in
Fig. 2 (a), the UHPPFRC panel is divided into two parts, named sulphate ions penetration zone and uninvaded zone. Fig. 2 (b) describes
the generation process of microscale internal expansive stress within a single pore. Solid gypsum and ettringite are subsequently
generated in pores by the reactions mentioned above, resulting in the porosity reduction of UHPPFRC and internal expansive stress o}.
The associated chemical reactions are briefly introduced in this section, and the details of stress-related equations can be found in
Section 2.2.3.

Experimental investigations [29,51] revealed a strong correlation between the deterioration of concrete strength and the expansion
stress caused by the expansive reaction products such as ettringite (CsASsHs2) and gypsum (CSH3). Firstly, the reaction between
calcium ions and sulphate ions leads to the formation of the secondary gypsum.

Ca?" + S0 + 2H™CSH,

Subsequently, ettringite is formed through the chemical reaction between the secondary gypsum and hydrated calcium aluminates

[25,30,52]. That is,

C3A + CSH, + 26H—CgAS3H3,
C4AH, 3 + 3CSH, + 14H — C¢ASsHs, + CH
C4ASH:, + 2CSH, + 16H—CsAS;Hs,

3C4AF + 12CSH, + aH — 4CsAS3Ha, + 2[(A, F)H,]
The four reactions above can be expressed using one simplified formula as follows [25,35,53,54].
CA + anHngGAggng

where k; and k; are the chemical reaction rates of corresponding equations, respectively [25]. y; represents the content of each
aluminate phase [32,53]:

[ {
‘ ACID RAIN

Expanded pore Paste

Corrosion depth
~

Zoom in
Penetration

SO+ —_—

Expansive stress 6’

Panel depth
d =120mm

(@ (b)

Fig. 2. Microscale analysis of the UHPPFRC panel subjected to long-term sulphate attack.
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CAi

>iCasi

Vi=

8
n=3y; + 2y, + 3y3 + 41,4 =3

CA = y,C3A +7,C4AH3 + y3C4ASHi2 + 74, C4AF
where C,4_; is the molar concentration of each aluminate phase.

2.1.2. Tensile stress induced by elevated temperature

Under high temperature, the water vapor generated by evaporation of free and bound water within UHPPFRC can cause tensile
stress and associated tensile strain. The heat and moisture transfer within the A-A section of the UHPPFRC panel after prolonged
exposure to sulphate attack under fire condition is depicted in Fig. 3. As shown in Fig. 3 (a), due to the external elevated temperature
T, the heat transfers into UHPPFRC from the surface on the left. The temperature gradient, represented by the variation of colour from
red to light blue, results in water vapor migration from the surface to the deeper area of UHPPFRC. Once the temperature in a specific
region reaches a critical level, the intact fibres in that area start to melt, gradually turning into “damaged fibres”, and eventually
becoming “melted fibres”. Fig. 3 (b) depicts the microscale expansive stress generation process within an individual pore. The overall
expansive stress in the pore consists of ettringite-induced stress and water-vapor-induced pore pressure, caused by reaction during
sulphate attack and elevated temperature during heating, respectively. The volume fraction of water vapor ¢" in the pore is primarily
influenced by three factors, i.e. water vapor flowing from the higher-temperature regions to the pore, water vapor generated by liquid
water within the pore, and water vapor releasing from the pore to cooler region. Water vapor accumulates in the pore when inflow
exceeds outflow, leading to an increase in pore pressure P,. Moreover, when the temperature exceeds 200 °C, chemical bound water is
released from the cementitious matrix, thereby further increasing the volume fraction of liquid water [20,21].

In addition to the pore pressure, thermal stress induced by intense heating can also lead to great thermal expansion. According to
Ref. [55], the thermal expansion of all kinds of UHPCs show subtle variation between 20 °C and 500 °C, so the coefficient of thermal
expansion measured by previous experiments is employed in the present study as shown in Table 1.

2.2. Governing equations

The UHPPFRC panel used in the current study can be considered as a mixture of solid phase (i.e., paste and fibre), liquid phase (i.e.,
free water) and gas phase (i.e., water vapor) at both corrosion and heating stages. The volume fraction of each phase can be defined as,

P ©)

where V is the volume of the UHPPFRC panel, i=p, gyp, ett, f, and v, representing the volume fractions of paste, gypsum, ettringite,
liquid water and water vapor, respectively.

To simulate the acid rain environment, it is assumed that the external surface of the UHPPFRC panel is initially submerged in the
solution with a specific SO3~ concentration at the beginning of the corrosion stage according to previous experimental settings [25,56,
571. Sulphate ions then penetrate into UHPPFRC and reacts with calcium ions to form gypsum ¢®7. Subsequently, solid ettringite ¢ is
generated in pores by the chemical reaction between secondary gypsum and hydrated calcium aluminates, resulting in a permanent
decrease in porosity. When fire shock occurs, temperature increases due to heat transfer, and water vapor is gradually generated in

Total internal stress 6" = 6' + 6"+ PI
I s — ]

Damaged fibre

Melted fibre Paste Aggregate Intact fibre Increased porosity due

- Further expanded pore to fibre melting

‘Water vapor

I
i
|
1

Thermal stress !

ey | ¢
3 1
1

—>
y —>
—>
4
External heat Th

Expansive stress ¢
E

pore pressure PI

I
I
1
I
1
'
'
'
'
1
'
|
I
|
1
I
|
|
|
|

o

Evaporation process

e
e
S0 corrosion depth  Depth without corrosion

(2 (b)

Fig. 3. Microscale analysis of the UHPPFRC panel subjected to elevated temperature after long-term sulphate attack.
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pores by evaporation. It is assumed that the summation of the volume fractions of solid ¢° (i.e. paste ¢*, gypsum ¢®? and ettringite ¢°"),
liquid ¢' (i.e. liquid water ¢/) and gas ¢9 (i.e. water vapor ¢") phases is equal to 1, given as

P =1 1o
P =4+ ¢ + 4" an
¢P is the residual porosity of UHPPFRC after sulphate attack as given in Eq. (12).
e =i — (77 +0%) (12)
where ¢ is the initial porosity of UHPPFRC prior to sulphate penetration. According to Ref. [25], it can be expressed by
H o =

where h, is the degree of cement hydration. f,., the volume fraction of cement in concrete, which can be determined by Ref. [58]:

_ 1
1+ %ﬁsc + ﬂ”’—;wc

e 14)

where p?, p*, and p* represent the densities of cement, aggregate and water, respectively. s, and w, are the aggregates-to-cement mass
ratio and water-to-cement mass ratio, respectively.

At heating stage, the porosity of UHPPFRC should be always equal to the summation of the volume fractions of liquid phase and gas
phase.

P =4+ g (15)
Where the temperature dependent ¢ can be further described as
1,T <100°C
PP =T aT® +bT? + T +d,100°C < T < 800°C (16)
3,T > 800°C

where a, b, ¢ and d are the coefficients of a cubic function so that ¢ and its temperature derivative are continuous [25]. With
consideration of the melt of PP fibres during the heating process, the ultimate porosity can be expressed as,

o P T < 165°C
T P+ ¢, T > 165°C

res

a7)

In the present study, only the transfer of water vapor is considered at elevated temperature. Liquid water is regarded as a static
phase, and the effect of dry air within UHPPFRC at elevated temperature is ignored. This method, adopted by Dwaikat et al. [59], is
considered to be reasonable because permeability of liquid water in concrete is much smaller than that for water vapor, and the mass of
dry air is small compared to the mass of water during heating.

2.2.1. Conservation of mass
The mass conservation of each phase could be expressed as

om'

s VI = (18)

where m is the mass content of phase i within UHPPFRC. dm'/dt represents the rate of phase change in a unit volume of UHPPFRC. J* is

the mass flux of phase i transferred by convection. S; represents the mass sink or mass formation of phase i, which is a partial derivative
of mass change to time.

m = plgf = e M; 19

where p! is the density of each phase, ¢' representing the volume fraction, ¢; the matrix based molar concentration of each phase, and
M; the molar mass of each phase.

Ji — Pi(f)ivi (20)

where V! is the velocity of each phase.
2.2.1.1. Mass conservation of solid phase. In the current study, the solid phase within UHPPFRC consists of paste, gypsum and
ettringite. Their conservation of mass can be expressed as.

Paste:
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(qu/)")

+V- v =8 1)
Gypsum:
a(pr ¢g’“’)+v . PP gDy — GO (22)
Ettringite:
(p%flf“) LV ety (23)

where ¢?, ¢*7, and ¢°" represent the density of paste, gypsum and ettringite, respectively. Under static condition, the velocity of
paste, gypsum and ettringite relative to a fixed REV equal to zero [25]. &, $**, and s represent the mass change caused by the mass
sink of cementitious paste, and due to the reaction and formation of gypsum and ettringite, respectively.

The volume fraction of gypsum and ettringite can be expressed as

_ CopMep _ CopMepd’ 24
(2, 1) o e (24)
(]’JEH(Z, t) :aMett _ CmMett¢ (25)

pett - pett
By substituting Egs. (10), (24) and (25) into Egs. (22) and (23), the mass conservation equations become (¢ equals to zero during
the sulphate attack because no water vapor generated under room temperature)

f
—a(ngngtp (1-4)) + V- (CaypMygyp (1'¢f))vgyp =§%" (26)
a(cetrMett (1'¢‘f))
ot
2.2.1.2. Mass conservation of solute phase. Previous studies have revealed the mechanism of solute transport in deforming porous
media [42,43,60,61]. According to the ions transport equation derived by Sun et al. [25], the mass conservation of the sulphate ions
can be described as

dcsoz- '
ot

+V- (cettMett (1'¢f))ven =8 (27)

502~
RS (28)

JSor

. . : - 5503 _
where cgp;- represents fluid-based concentration of sulphate ions, the mass flux of sulphate ions, and $°% the S0% ions con-

centration sink due to chemical reaction.
The reactive transport process consists of diffusion and reaction, where the former could be described by Fick’s second law.
Therefore, the mass flux of sulphate ions in the fluid phase is derived as

IO = — Doy Vesge ¢ + Vg o/ (29)

where D, represents the effective diffusion coefficient [62,63], and it changes over time due to the filling effect of reaction products,
namely gypsum and ettringite. Its relationship with the reaction processes can be expressed by the initial effective diffusion coefficient
Dgﬁ, concentrations of gypsum and ettringite, and two parameters @ and q representing the filling effect of reaction products on Dg:

Dt Cp
=exp |af - — 30)
Dgff { ( q-¢ )]

where ¢, represents the total concentration of reaction products (i.e. cgyp and cer), and ¢y represents the maximum possible con-

centration of reaction products [54]. a and q are constants given in Ref. [61]. Deff depends on the characteristics of pore structure in
material [25] and can be described by
or

ini
3_ or

ini

DYy = Dot = Do (31)

7= (32)
3 ini

where D, represents the initial diffusion coefficient of sulphate ions in water and 7 is the tortuosity [25].
According to the chemical reactions within UHPPFRC at corrosion stage, sulphate ions react with Ca** to form gypsum, followed by
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the generation of ettringite caused by chemical reaction between secondary gypsum and hydrated calcium aluminates. The reaction
rates of SO2~, ettringite, C3A and gypsum in this process can be respectively expressed by the following equations [53,54]

§ =ki - Ccer ~ C02- (33)
$" =k, - Cop” * Cca (349
§¥ = _ ko - cgp™ - Cea (35)
S = ki - cop- “Csor- — N -ka - Cop - Cca (36)

where ccq2+ represents the constant calcium concentration at saturated solution, and cca represents the concentration of hydrated
calcium aluminates reacting with secondary gypsum.
2.2.1.3. Mass conservation of liquid phase. During the sulphate attack stage, mass conservation of liquid water can be defined as

W v ()¢

where § represents the mass change due to chemical consumption and partial substitution of ettringite. The volume sink of water
should be equal to the volume formation of gypsum and ettringite, so the time and depth dependent volume fraction of liquid phase can
be expressed as

or CopMgpd’® cmMm(/)S>
z2,t) = — + (38)
# @0 ( PP P
Subsequently, mass conservation of liquid water during fire can be expressed as
d(pfcbf) £ f -de -ev
= +V~(p¢v>—s $ (39

where §* is the mass of liquid water formed by dehydration process at elevated temperatures, and $” the mass sink of liquid water due
to evaporation.

As the mobility of liquid is negligible compared to that of gas [59], in the present study, it is assumed that ¥ = 0.

Thus, the conservation of liquid water becomes

a(pf ; v
(/a;/)f) :Sde _ Se (40)

2.2.1.4. Mass conservation of gas phase. In the current study, the effect of dry air is ignored at elevated temperature, so the gas phase
consists of water vapor only [9,59]. Water vapor is generated by the evaporation of liquid water in pores. The conservation of water
vapor mass within UHPPFRC can be defined as

W) =5 “n

The mass flux of water vapor J” can be expressed in terms of pressure and concentration of gradients, assuming that Fick’s and
Darcy’s laws are applicable [20,21].

T =V — DY C%) 42)
KK?
AL (43)

where 18 is the velocity of gas, ;¢ the dynamic viscosity of gas, P, the pore pressure, K the intrinsic permeability of UHPPFRC [23], and
K8 the permeability index defined as a function related to saturation of liquid water

K=1-¢'/¢"" (44)
Substituting Eq. (42) and Eq. (43) into Eq. (41) leads to

a(p*¢") ,  KKE PPN _ g

o V(PR #DY (55 ) ) =8 (45)

In the present study, water vapor is assumed to behave as ideal gas, so its partial density and pressure can be expressed by ideal gas law
as

10
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P,=R'p'T (46)

Since the transfer and expansion of dry air are ignored in this study [59], Py = P,, ¢* = ¢". Therefore, the final equation for water
vapor conservation can be written as

a(pv¢V) \ VKKg v v v
3 -V- p:/)ﬂ—gVR/)T =S 47)

2.2.2. Conservation of energy
In the current study, Fourier’s law is introduced to define the energy conservation of a pore at elevated temperature (i.e. at the
heating stage)

(pc)con%f = — V- (ke VT) — (p'C'¥) - VT — 2,8” — 248* (48)

where (pC)

con

is the heat capacity of UHPPFRC, T the temperature, and k. the thermal conductivity of UHPPFRC. /. and A4 are the
specific heat of evaporation and the specific heat of dehydration, respectively. (p'C'v) relates to the energy transferred by water vapor.

PICY=p ' C'Ve (49)

where p”¢” represents the volume fraction of water vapor in matrix. According to Tenchev [21], (p'C'v) should be used if the thermal
conductivity is determined experimentally for absolutely dry concrete. Otherwise, the effect of the convective transfer is represented
by the temperature dependency of thermal conductivity. Since effective thermal conductivity ks used in the current study is tem-

perature dependent, (p'C'v) in Eq. (48) can be considered as zero [20,21,64]
oT o e
(PCleng + V- (kg VT) = — 48" - 248" (50)

2.2.3. Conservation of linear momentum
2.2.3.1. Sulphate corrosion stage. According to previous studies [25,30,34,35,65], the crystallization stress resulting from the accu-
mulation of ettringite would exert on the walls of pores. With the consideration of the complicated and unclear influence of gypsum on
the expansion of UHPPFRC, the current study mainly considers the internal expansive stress caused by the crystallization of ettringite
[25]. The accumulation of ettringite in a REV of UHPPFRC generates an isotropic internal stress 6. in the microscopic scale, and the
governing equation is

’u

Va-&-ae,t:C:se-i-(im:pﬁ (51)

where 6 is Cauchy stress tensor, C the fourth-order stiffness tensor of cementitious matrix, €, the infinitesimal strain tensor and u the
displacement vector. By assuming the quasi-static loading condition, Eq. (51) can be simplified as,
V6 +6er =C: € + Cor =0 (52)

During the sulphate corrosion stage, the total stress within UHPPFRC is assumed to consist of both the elastic stress and internal
ettringite pressure. According to Sun et al. [25], the conservation of linear momentum can be expressed as

[(AF +uF)V(V - 1) + VU] + 6ee =0 (53)

where 2% and p¢ are the Lame parameters that can be determined by Young’s modulus E and Poisson’s ratio v as follows.

Ev
eff _
A o) (54)
E
eff _
TS ) (55)

These two coefficients may change under the filling effect of reaction products, thereby for simplification, it is assumed that the
accumulation of gypsum and ettringite within UHPPFRC has little impact on A% and 4% during the linear elastic deformation stage of
UHPPFRC [25].

The relationship between the concentration of ettringite c., and the corresponding pressure 6} at liquid and crystal surface can be
described using Hill function [25,66]

Vmax(cett/cen_max)w

& — 56
tOKY+ (Cm/cen_max)w (56)

where Vi, is a parameter related to maximum internal expansive stress caused by ettringite, K the “activation coefficient” defining
where ¢+ would lead to an apparent increase of ;. As the steepness of Hill function, w normally changes from 1 to 6. The parameters of

11
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Hill Function adopted by Sun et al. [25] are further updated in this study (i.e. Viax = 107, @ = 2 and K = 40%), which has a high
prediction accuracy of the concentration distribution of sulphate ions and the internal expansive stress within concrete during the
corrosion stage.

2.2.3.2. Fire shock stage. During the fire, the increasing concentration of water vapor in UHPPFRC is assumed to generate an isotropic
internal stress P¢I in microscopic scale [25]. The total strain ¢ consists of elastic strain &, and thermal strain &y [64].

Ex Exy Ex
(Vu+VTu) = | ex &y &y (57)
Eax  Ezy  Ey

E=Egt+En=

N =

where u is the displacement vector. The changing rate of thermal strain &3 can be expressed as
Eh= aTrSij (58)

where a is the coefficient of thermal expansion, T the rate of temperature change, and 6; the Kronecker delta.
The total stress inside UHPPFRC ¢ is considered to consist of thermal stress 6, and internal pore pressure P, and given as

6 =0+ agPl (59)

where a5 is the Biot coefficient. Therefore, the stress-strain relationship for UHPPFRC can be defined as

b *u
V- (6 —apPgI) +b= T (60)
where b is the body force [64]. By assuming quasi-static loading condition, d°u/dt* equals to 0, thus

V- (6 —agP) +b=0 (61)

2.2.4. Constitutive relationships

To develop a system encompassing mass conservation of each phase, energy conservation and continuum mechanics, the equations
presented in the former sections are integrated. To achieve the closure of these equations and to calculate the corresponding variables,
the following relationships are required.

According to Refs. [9,20,21], the mass change $%* caused by dehydration can be expressed by

e _a(d)depl)
S == (62)

where ¢% is the volume fraction of dehydrated water and can be expressed by

oo 0 for T < 200°C
gl =27 7.0 x 10°4(T — 200) for 200°C < T < 300°C (63)
0.4 x 10~4(T — 300) + 0.07 for 300°C < T < 800°C

Moreover, the volume fraction of liquid water can be calculated by sorption isotherms (curves). The one proposed by Bazant [18],
derived by using numerous experimental data, has been widely used in previous papers [20,21,59,67]. Even though it was initially
designed for normal strength concrete, Dwaikat and Kodur [59] discussed and used it in their numerical model for HPC, and the
corresponding theoretical results were in good agreement with the experimental data. Furthermore, Ren [22] used both Bazant’s
model and an improved one to investigate the fire behaviour of reactive powder concrete (RPC), a type of cement based
ultrahigh-performance concrete (UHPC). The prediction given by two models showed some discrepancies, but they were not evident,
indicating that Bazant’s model is suitable for concrete with denser structure and lower permeability. Therefore, the sorption isotherm
curves proposed by Bazant [18] is employed in the current study and given by Eq. (64). where,

5 ( P, ¢éﬂ’>
Pyt ¢°p*

Pt = P {1 + 0,12<;V - 104)} (64)

sat

1/m(T)

¢'p'(1.04) — ¢'p'(0.96)
0.08

#'p'(0.96) + (If—v - 0.96)

sat

p, .. Py . P,
—<0. —>1. . .
If,P _O961f,P _1041f,096<P < 1.04

sat sat sat

(T+10)*

m(T)=1.04 — . .
(T +10)* +22.3(25 + 10)

(65)
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2.3. Procedure for analysing aging UHPPFRC damage at elevated temperatures

Fig. 4 (a) shows the schematic flow chart for the analysis of damage in UHPPFRC under the combined influence of sulphate attack
and elevated temperatures. The UHPPFRC initial properties and the concentration of sulphate ions are given as input for the model.
The volume fraction of gypsum and ettringite at different depths at time t;, as well as the corresponding internal expansive stress, are
then determined, followed by the updates of porosity and residual tensile strength of UHPPFRC. By using the updated UHPPFRC
properties and the external temperature T}, as input, the model can further predict the temperature distribution within UHPPFRC at
time t; = ty + At and proceeds to determine and compare the residual tensile strength and internal stress within UHPPFRC. If the
residual tensile strength is greater, then the model will update the mechanical properties of UHPPFRC and continue to calculate the
temperature distribution at the next time step, followed by a new round of comparison between the corresponding residual tensile
strength and internal stress. This calculation-comparison process repeats until the internal stress is greater than the residual tensile
strength, which is regarded as the sign of structure failure. Given the complex spalling phenomena at elevated temperatures, the
current study mainly focuses on the linear elastic stage of UHPPFRC.

2.4. Boundary and initial conditions

Fig. 5 (a)and (b) demonstrate the dimensions, boundary conditions and initial conditions of the established models. Considering the
practical engineering applications, the UHPPFRC panel with dimension of 300 x 300 x 120 mm demonstrated in Li [23] is employed,
which has a water-to-cement mass ratio of about 0.33 and aggregate-to-cement mass ratio of about 1.35, and its porosity is thereby
calculated and set as 0.1 according to Eq. (13). The thickness of the specimen is chosen based on that of concrete panels commonly used
in engineering practice. Details of other information required can be found in Table 1.

2.4.1. Boundary conditions in corrosion stage
During the corrosion stage, the concentration of sodium sulphate cgp- at the front surface ABCD is set as

Initial UHPPFRC properties
[e.g., tensile strength, s (t = 0), porosity, ¢ |

| Concentration of SO3~, cg,z2- ’7
Input

[ Numerical model of UHPPFRC under sulphate attack ]
¢ Output

4>| Concrete porosity, $P°7(t = 0) |
!

| Diffusion coefficient, Dys |

¥
4{ Gypsum/ettringite generation |

v

| Internal expansive stress within concrete at time ¢, |

| External temperature, Tj, I—

[ Updated numerical model at elevated temperature }=
l Output

tn = tn_g + At
44 Time-dependent temperature distribution when t; = to + At |

| — l

Update

Input

Update

Residual tensile strength £20%(t,) Thermal stress Pore pressure Porosity
provided by matrix and fiber oen(t1) Fy(t) ¢P (t)
2 [ |
g | E— —
Corresponding strain limit Total stress o(t,) and corresponding strain of the
Ecke(t1) UHPPFRC panel &(t;) = & (t1) + &ailts)

Probability of failure

I

No

€ > Ecpt

Yes

Fig. 4. Schematic flow chart of generation processes of internal stress and damage processes of the UHPPFRC panel at elevated temperature.
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Cooz =Cgz- (66)

where ch o2 is a constant dependent on different cases in parametric study as shown in Table 2 (i = 0, 1, 2 representing the control case,
4

Case 1 and Case 2, respectively). The sulphate concentrations are set as 2.5, 1, and 5 mol/m® in these three cases, respectively. At the
other five surfaces, cspz- is set as zero.

2.4.2. Boundary conditions in heating stage
When exposed to elevated temperatures, face ABCD serves as the heating surface. The temperature T, (°C) is raised from the
ambient temperature 20°C to 600°C at a heating rate of 2°C/min as shown in Fig. 5 (b), where t is the heating time (min).
The pressure on the surface of the UHPPFRC panel is equal to the atmosphere pressure [21].
P, =P, (67)

According to Ref. [18], the boundary condition for water vapor transfer at the panel surfaces is
n-J,=B, (p;f - pg‘m) (68)

where n is the unit outward normal vector of the surface, J, the water vapor flux vector, and B,, the surface emissivity for water vapor.
psgf and p, ., are the densities of water vapor at UHPPFRC panel surfaces and at adjacent environment, respectively. According to

Ref. [21], a simplified boundary condition can be used by assuming n - ;—:{ = 0, therefore, in the current study
P =Py (69)

The boundary condition for heat transfer at UHPPFRC surfaces is given by Eq. (70) [20,68].
oT
K g+ hor(T =T ) +de - Jy =0 (70)

where hg, is the heat transfer coefficient, hy (T —T, ) the heat energy dissipated by convection and radiation to the surrounding
medium, 4, n - J;, the heat energy used for evaporation of liquid water at boundary. Since the exposed surface of the UHPPFRC panel
will become dry in a very short period of time when heating starts, the liquid fluid can be omitted, i.e. (n-J.) = 0, then the boundary
condition can be simplified as

6_T
T on

Furthermore, the displacement of the centre point of the UHPPFRC matrix, u(x = 150,y = 150,z = 60), consistently remains at
zero.

Kejp—+ hgr (T — Toy ) =0 71)

2.4.3. Initial conditions
At t = 0, the concentrations of SO?{, Ca?*, hydrated calcium aluminates CA, and ettringite within UHPPFRC are

Cso2- (%,y,2,t=0)=0 (72)
Cear (%,Y,2,t=0) = iy, (73)
cea(x,y,z,t=0)=cl (74)
Cerr(X,y,2,t=0)=0 (75)
Table 2
Different cases in parametric studies.
Cases soj* concentration (mol/ m3) Heating rate (°C/min) Volume fraction of PP fibre (%) Corrosion duration (years)
Control 2.5 2 0.33 5/10/15/20
1 1 2 0.33
2 5 2 0.33
3 2.5 1 0.33
4 2.5 3 0.33
5 2.5 2 0.22
6 2.5 2 0.44
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Fig. 5. Numerical model description, (a) boundary conditions and initial conditions, (b) the heating curve.
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Fig. 6. Results of different parameters, (a) internal stress (b) temperature (c) pressure, predicted by different mesh densities in the convergency study.
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3. Model validation
3.1. Mesh size analysis

Convergence study is carried out for the current model by using COMSOL Multiphysics. Referring to the recommended mesh size
reported by Sun et al. [10] and Zhang et al. [9,25], four models with different mesh numbers, 1.2 x 10%, 4.0 x 104, 8.8 x 10%, and
1.5 x 10%, are established for comparison, namely coarse, medium, fine and finer, respectively. The curves representing internal stress
at corrosion stage, temperature at heating stage, and pore pressure at heating stages are shown in Fig. 6 (a) — 6 (c). The analysis results
indicate that the predictions obtained by fine and finer models depict a similar trend and peak value. Thus, the fine model with a mesh

number of 8.8 x 10* is chosen for both efficiency and accuracy. The corresponding maximum and minimum mesh size are 0.0127m
and 0.0038m, respectively.

3.2. Model validation

Due to the lack of comprehensive research on the fire performance of aging UHPPFRC panels, validation of the present model is
divided into two parts. The accuracy of the model in predicting the changes in internal expansive stress and porosity at corrosion stage
is validated to ensure precise updates of UHPPFRC properties employed in the following heating stage. Meanwhile, the accuracy of
temperature and stress distribution within UHPPFRC at heating stage is validated by comparing the current prediction with experi-

mental measurements in the previous paper, thereby confirming that with the properties given, the present model can provide accurate
predictions to investigate the fire resistance of UHPPFRC.

3.2.1. Corrosion stage
An UHPPFRC prism of 25 x 25 x 285 mm employed in Sun et al. [25] is established as the geometry in the present model, and the
corresponding parameters and boundary conditions are set based on the experimental condition of immersing the specimen in 5 g/L

sodium sulphate solution. The time dependent longitudinal expansion and porosity obtained in the simulation is then compared with
the results given in Sun et al. [25].

0.020 SE
— Numerical solution in the current study -
+  Experimental data in Sun et al.
0.0154 -- Numerical solution in Sun et al.
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Fig. 7. Comparisons of longitudinal expansion and normalized porosity within UHPPFRC obtained by Sun et al. [25] and present model (a) internal stress, and (b)
normalized porosity at different depths of UHPPFRC.
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Fig. 7 (a) illustrates the comparison between the time-dependent longitudinal expansions of concrete bar predicted by the present
model and from Sun et al.‘s study [25]. Compared to the prediction in Sun et al. [25], the one given by the present model shows faster
upward trend and fits better with the experimental measurements. Given that strain correlates to stress within linear elastic stage, it is
thereby confirmed that the present model can accurately predict the internal stress within concrete throughout the corrosion stage. As
shown in Fig. 7 (b), the change of normalized time-dependent porosity over time given by the current model also has a good agreement
with those given in Sun et al. [25].

3.2.2. Heating stage

To verify the accuracy of the model in predicting temperature and stress at heating stage, the dimensions of the UHPPFRC panel in
the present model is set as 300 x 300 x 120 mm based on the corresponding experimental setup in Li et al. [23], with the front 300 x
300 mm face set as the heating surface.

Fig. 8 (a) and 8 (b) show the temperature and pore pressure predicted by the current model, and they are compared to the
experimental measurements reported by Li et al. [23]. As can be seen, both curves from theoretical predictions and experimental
measurements exhibit similar trends. In particular, the predicted peak pore pressures are only 5 % and 3 % higher than the test data at
gauges P5 and P30, respectively. The slightly delayed occurrence of the predicted peak pore pressure at gauge P5 is caused by the lower
temperature predicted at the same depth, while a little earlier occurrence of peak pore pressure at P30 is a result of the corresponding
higher temperature prediction. Thus, the proposed model shows its ability to conservatively and accurately capture temperature and
pore pressure distribution within the UHPPFRC panel at heating stage. Based on the comparison, the present model is considered to be
highly suitable for the purpose of the current study to accurately predict the probability of failure and the crack propagation of aging
UHPPFRC at elevated temperatures.
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Fig. 8. Comparison between the tested temperature and pore pressure within the UHPPFRC panel in Li et al. [23] and the theoretical predictions (a) depth-dependent
temperature, (b) depth-dependent pore pressure.
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4. Parametric study

In this section, the influence of acid-rain-induced aging on the fire resistance of the UHPPFRC panel is firstly investigated. The
probability of failure of the aging UHPPFRC panel predicted by the current model is compared to that of brand-new UHPPFRC panels
and subsequently serves as the control case, in which the panel has the same dimension as the one demonstrated in Section 2.4. After
that, a parametric study is carried out to explore the effects of different factors on the probability of failure and crack propagation in
UHPPFRC panels with different degrees of aging. Five cases with various SO2~ concentration, heating rate and corrosion duration,
namely Case 1 to 4 and the control case, are studied. The details of the five cases are listed in Table 2. Both internal stresses caused by
corrosion and fire are considered, along with the application of reliability principles to account for the fluctuant performance of
UHPPFRC panels. As the cracking phenomenon occurs at high temperature, the UHPPFRC panel transitions from linear elastic
deformation stage to plastic deformation stage. This results in a permanent reduction in its tensile strength, corrosion rate increase,
ultimately causing structural failure or an increased probability of failure. Therefore, in this section, the occurrence of crack at a
specific depth in UHPPFRC is considered as an indicator of structure failure.

4.1. Acid-rain-induced aging effect on the fire resistance of UHPPFRC

According to previous studies [56,57], SO3~ concentration in acid rain can vary between 0.05 and 60 mol/m3, depending on the
region and specific country in the world. In previous research [44,69,70], 10 mol/m® is widely applied in acid rain corrosion ex-
periments considering dry-wet cycle where various dry-wet modes and durations are chosen, while 1 to 60 mol/m?® is employed in
those considering continuous sulphate exposure. Therefore, as the first step towards to understanding the complex deterioration
process, constant and continuous sulphate concentration, 1, 2.5 and 5 mol/m?, are employed in this section. Among them, 2.5 mol/ m®
is employed in the control case, in which a 120-month sulphate attack is introduced as the precondition for the following heating
process with a heating rate of 2 °C/min.

The investigation on the probability of failure of UHPPFRC at elevated temperatures is carried out with the consideration of the
increasing internal expansive stress and the porosity change caused by corrosion over time. Fig. 9 (a) and 9 (b) show the comparison of
probabilities of failure of UHPPFRC with and without corrosion at heating time t;, = 30 min and 40 min, respectively. As can be seen in
Fig. 9 (a), Py of UHPPFRC with corrosion demonstrates a rapid increasing trend, changing from 7 % (after 5-year corrosion) to 95 %
(after 20-year corrosion), while Py of UHPPFRC without corrosion remains consistently low, around 2.9 %, and does not vary with
time. To be specific, the discrepancies in Py between the results from the two models are 2.8 %, 17.9 %, 49.3 % and 90.9 % after 5, 10,
15 and 20 years, respectively. This maximum 25-fold discrepancy indicates that the aging effect can significantly reduce the fire
resistance of UHPPFRC and increase its probability of failure at elevated temperatures. The stepwise increase of Py also demonstrates
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Fig. 9. Comparison of probability of failure between UHPPFRCs with and without corrosion, (a) at 30-min heating time (b) at 40-min heating time.
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that the aging effect of UHPPFRC becomes more pronounced over time. Fig. 9 (b) depicts a similar trend, where P; of UHPPFRC with
15-year corrosion reaches 100 % after 40-min heating, indicating its failure, while Py of the brand new UHPPFRC is only 8 % at the
same heating time.

In conclusion, aging effect significantly impairs the fire resistance of UHPPFRC. The ettringite accumulated during corrosion stage,
as well as the decreasing porosity, might be responsible for this degradation. The accumulation of ettringite in pores generates internal
expansive stress that weakens the tensile strength of UHPPFRC. Meanwhile, it can reduce porosity, which, in turn, increases pore
pressure at elevated temperatures, causing an increased probability of failure.

4.2. Effect of external sulphate concentration

In practical, different regions may have different levels of SO~ contamination and different precipitation, which means the sul-
phate concentration may change region by region. Therefore, the effect of external sulphate concentration on the aging effect of
UHPPFRC should be further investigated.

In addition to the control case, two additional cases, Case 1 and Case 2, with reasonable sulphate concentrations of 1 mol/ m® and 5
mol/m3 [56,57] respectively, are analysed in this section to investigate the effect of sulphate concentration on the fire performance and
the probability of failure of UHPPFRC. All the other parameters remain the same.

Fig. 10 depicts the internal expansive stress Fe; within UHPPFRC at the end of the corrosion stage in the three cases. Evident
differences among the calculated internal expansive stresses can be observed at the superficial area and gradually diminish with the
increase in depth. At the surface, the internal stress in Case 1 is 74.0 % lower than that in the control case, while in Case 2, itis 71.2 %
higher, indicating its rapidly increase with the growth of sulphate concentration. It should be noticed that the UHPPFRC panel in Case
2 almost reaches its tensile limit, resulting from the internal expansive stress generated by ettringite. The sulphate corrosion itself can
lead to cracking of the UHPPFRC panel in Case 2 after around 13 years even without the following fire attack. This prediction is
consistent with the previous study [25].

Fig. 11(a) and (b) show the probabilities of failure of the UHPPFRC panels with different sulphate concentrations at heating time
t, = 30 min and 40 min, respectively. Pss of all three cases show increasing trends due to the increase of internal expensive stress
caused by corrosion over time. As shown in Fig. 11, the concentration differences have a relatively minor impact on the fire resistance
of UHPPFRC with 5-year corrosion, where the probabilities of failure Prs of the control case, Case 1 and Case 2 are 3.3 %, 5.7 % and
18.2 %, respectively. For UHPPFRC panels exposed to sulphate corrosion environment for a longer duration, the sulphate concen-
tration has a more significant effect on their fire resistance. To be specific, for those with 10-year sulphate corrosion, the UHPPFRC in
Case 1, with a Py of 4.9 %, demonstrates excellent fire performance after 30-min heating. In contrast, the UHPPFRC in Case 2, with a Py
of 84.9 %, indicates a high risk of cracking and structural failure at the same temperature. When the corrosion duration comes to 20
years, both Pss of UHPPFRGs in the control case and Case 2 exceed 90 %, whereas that in Case 1 remains at a relatively low level (13.9
%). Similar trends could be observed at heating time of t;, = 40 min, as shown in Fig. 11 (b), where Pys of the three UHPPFRCs increase
due to the higher temerature.

Besides, for UHPPFRCs with 5-year corrosion, Py in Case 1 increases by 3.7 % (rising from 3.3 % to 7.0 %) as the heating time t,
changes from 30min to 40min, while Pys in the control case and Case 2 increase by 6.5 % (rising from 5.7 % to 12.2 %) and 18.1 %
(rising from 18.2 % to 39.3 %), respectively. Similar but more significant discrepancies in Py increments could be observed among
UHPPFRCs with longer corrosion durations, indicating that higher sulphate concentration can accelerate the structural failure of
UHPPFRC with the increase in temperature.

To further investigate the effect of sulphate concentration on UHPPFRC structures, comparisons of crack propagations in different
cases are carried out. Fig. 12 shows the variation of tensile strains at a depth of 20 mm in UHPPFRCs for three cases, in which a
normalized strain reaching 1 represents the occurrence of cracks. In the control case, Case 1 and Case 2, the cracks in UHPPFRC reach a
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Fig. 10. Internal expansive stress at the end of the corrosion stage as a function of the depth with different sulphate concentrations.
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Fig. 11. Comparisons of failure probability of UHPPFRCs with different sulphate concentration at elevated temperatures, (a) after 30-min heating time; (b) after 40-

min heating time.
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Fig. 12. The variation of tensile strain at 20 mm depths of UHPPFRC with 10-year corrosion.

depth of 20 mm at 85 min, 90 min and 75 min, respectively. Compared to the crack occurrence in the control case, the cracking time in
Case 1 is postponed by 5.9 %, while in Case 2, it is advanced by 11.8 %.

On one hand, it can be observed that higher sulphate concentration leads to a greater initial tensile strain accumulated during the
corrosion stage. Specifically, the initial tensile strains of the control case, Case 1 and Case 2 at 0 min indicate that the corresponding
accumulated strains in the preceding corrosion stage are 0.09, 0.02 and 0.28, respectively. On the other hand, higher sulphate con-
centration can decrease the porosity of UHPPFRC by generating a larger amount of ettringite within pores, thereby further increasing
the pore pressure accumulated within the pores at elevated temperatures. To investigate the extent of the effect of sulphate
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concentration on pore pressure, comparisons of pore pressure at a depth of 20 mm are carried out and shown in Fig. 13. As can be seen,
pore pressures in different cases demonstrate subtle differences. Compared to the pressure peak in the control case, the ones in Case 1
and Case 2 only depict a 2 % decrease and a 2.8 % increase, respectively. This is because the melt of PP fibres during the heating, which
is considered in the current model, can significantly increase the porosity of UHPPFRC [71], thus reducing the effect of ettringite
formed by corrosion in decreasing the porosity. Moreover, the curves of pore pressure exhibit almost no upward trend before 230 min,
indicating that pore pressure constitutes only a very small fraction of the overall internal stress when cracks occur at this depth in
UHPPFRC, thereby lacking a decisive influence on crack propagation at elevated temperatures.

To sum up, the significant discrepancy in initial strains at heating time t;, = 0, which is determined by the sulphate concentration
during the preceding corrosion stage, is the main factor affecting crack propagation in UHPPFRCs with varying degrees of aging at
elevated temperature.

4.3. Effect of heating rate

The probability of failure of aging UHPPFRC may be influenced by heating rate. In fire behaviour experiments of concrete samples,
constant and relatively low heating rates have been widely adopted to avoid premature cracking and spalling [72-74]. According to
previous studies [12,75-77], the most commonly used temperature increase rates ranged from 1 °C/min to 5°C/min. In this study, the
heating rate of 2°C/min is employed in the control case, and the heating rates of 1°C/min and 3°C/min are applied to Case 3 and Case 4,
respectively.

The effect of heating rate on the probability of failure of aging UHPPFRC subjected to different heating time are shown in Fig. 14 (a)
and 14 (b). As can be seen, a higher heating rate can accelerate the deterioration of the residual tensile strength of UHPPFRC by
increasing the accumulation of thermal stress within aging UHPPFRC, thereby causing a higher probability of failure. Considering a 5-
year corrosion period, when compared to the control case with a heating time of 30 min (P; = 5.7 %), Case 3 exhibits a 2.7 % decrease,
while Case 4 shows a 6.2 % increase. These two discrepancies increase with the extension of the corrosion duration. For instance, after
a 10-year corrosion period, the corresponding discrepancies became —10.7 % (negative sign representing a decrease) and 25.2 %,
respectively. When the corrosion duration reaches 15 years, UHPPFRC in Case 4 experiences inevitable failure after 30-min heating,
while in Case 3, there is only a 25.2 % probability of failure at the same time. Moreover, when the heating rate is 1 °C/ min, the
difference in probability of failure between UHPPFRC with 5-year corrosion and that with 15-year corrosion is approximately 20 %.
With an increase in the heating rate to 3 °C/min, the corresponding difference rises to around 88 %.

Fig. 15 shows the variation of tensile strains in UHPPFRC panels over time at a depth of 20 mm under different heating rates.
Heating rate has a significant impact on the initiation of crack formation. Compared to the control case, crack initiation is delayed by
51 min in Case 3 and advanced by 19 min in Case 4. To reach the same tensile strain, Case 3 and Case 4 show a 58 % delay and a 22 %
acceleration respectively, compared to the control case throughout the entire process.

4.4. Effect of fibre dosage

In practice, the probability of failure in aging UHPPFRC is determined by both its load and tensile strength. In addition to the effects
of load-related parameters like sulphate concentration and heating rate, the effect of fibre dosage is also investigated in the current
study as a strength-related parameter. Three cases, the control case, Case 5 and Case 6, are introduced in this section. According to
previous studies, fibre dosages between 0.1 % and 0.5 % have been widely employed for enhancing the fire behaviour of concrete [12],
where 0.11%-0.44 % are adopted in many experiments [73,74,78-81]. Therefore, the corresponding fibre dosages are 0.33 %, 0.22 %
and 0.44 %, respectively.

Fig. 16 (a) and 16 (b) demonstrate the probability of failure in UHPPFRC panels in three cases. It can be seen that Case 5, which has
the lowest fibre dosage, consistently exhibits the highest probability of failure, regardless of the corrosion duration and heating time.
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Fig. 13. Comparisons of pore pressures within UHPPFRCs subjected to different sulphate concentration at the depth of 20 mm.
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Fig. 14. Comparisons of failure probability of UHPPFRCs with different heating rate at elevated temperatures, (a) after 30-min heating time; (b) after 40-min

heating time.

Normalised strain &'s,, ,

=
%
1

bt
o
|

<
~
1

=
o
|

0.0 T

T
100
Time (min)

200

Fig. 15. Time dependent normalized maxiumum strain distribution at 20 mm depth of the UHPPFRC panel under different heating conditions.

Similar to other parameters, for UHPPFRC exposed to a longer duration of sulphate corrosion environment, fibre dosage has a more
pronounced impact on its fire resistance. To be specific, when considering a 5-year corrosion period, all three cases have nearly
identical probabilities of failure after 30-min heating. For UHPPFRC panels with longer corrosion durations, the discrepancies in the
probability of failure become more evident, but the maximum probability of failure is still only 25 % (after 10-year corrosion). When
the corrosion duration extends to 20 years, all three UHPPFRC panels fail after 30-min heating, regardless of the fibre dosage. As shown
in Fig. 16 (b), at a heating time of 40 min, Py of all three aging UHPPFRC panels with a 15-year corrosion period reach 100 %,
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Fig. 16. Comparisons of failure probability of UHPPFRCs with different fibre dosages at elevated temperatures, (a) after 30-min heating time; (b) after 40-min
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indicating their inevitable failure.

4.5. Sensitivity study on different parameters

Fig. 17 shows a spider plot to quantify the extent to which variations in different parameters affect the probability of failure in aging
UHPPFRC with a 10-year corrosion period at elevated temperatures. All three parameters mentioned above (sulphate concentration,
heating rate and fibre dosage) are compared to those in the control case. It can be seen that load-related parameters exhibit a positive
correlation with the probability of failure, while the strength-related parameter, PP fibre dosage, shows a negative correlation. Under
the same percentage of change, sulphate concentration Csoz- demonstrates a greater impact on the probability of failure Py than the
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Fig. 17. Comparison of the sensitivities of probability of failure to different parameters.
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heating rate r. When the two load-related parameters each increases by 50 %, the probability of failure in UHPPFRC subjected to higher
sulphate concentration increases by an additional 10 % compared to the one subjected to a higher heating rate. On the other hand, the
curve representing PP fibre dosage demonstrates the smallest slope in the figure, indicating that fibre dosage has a lesser impact on the
probability of failure of UHPPFRC. This suggests that in practical applications, increasing the volume fraction of PP fibre can improve
the aging resistance of UHPPFRC, but it is not a highly effective method. When fibre dosage increases by 50 %, the probability of failure
of UHPPFRC decreases by 6 %.

5. Conclusions

In this study, a coupled chemo-thermal-mechanical model, incorporating the theory of porous media and Hill function, is proposed
to investigate the fire resistance of aging UHPPFRC at linear elastic stage.

The deteriorating tensile strength and decreasing porosity of UHPPFRC panels under acid rain condition, which are mainly caused
by the accumulation of reaction products within pores, are first derived with the consideration of the sulphate-related diffusion and
reactions. By employing these updated properties, comparison between the fire performances of brand-new and aging UHPPFRC
panels at elevated temperature is subsequently carried out, followed by the further investigation on the impact of sulphate concen-
tration, heating rate and fibre dosage on the probability of failure and crack propagation of the aging UHPPFRC panels. The key
findings of this research are drawn below.

1. The acid-rain-induced aging effect, mainly driven by the internal expansive stress caused by ettringite, can greatly impair the fire
resistance of UHPPFRC, and this effect becomes more pronounced with an increase in the duration of corrosion. For UHPPFRC
subjected to 20-year corrosion, its probability of failure after 30-min heating exceeds 90 %, whereas the brand new UHPPFRC only
shows a probability of failure of 14 % at the same time.

2. The fire resistance of aging UHPPFRC deteriorates significantly with the rise in sulphate concentration. When the corrosion
duration reaches 20 years, the probabilities of failure for both UHPPFRC panels with 2.5 mol/ m® and 5 mol/ m® sulphate con-
centrations exceed 90 %, whereas that with 1 mol/ m® sulphate concentration remains at a relatively low level of 13.9 %. Therefore,
different regions should establish corresponding UHPPFRC maintenance standards based on the local PH values. A lower PH value
indicates the increase of hydrogen in acid rain, which usually accompanies an increase of sulphate ions.

3. The fire resistance discrepancy between UHPPFRC panels with different degrees of aging becomes more pronounced under a higher
heating rate. At a heating rate of 1 °C/min, the difference in the probability of failure between the UHPPFRC panel with 5-year
corrosion and the one with 15-year corrosion is about 20 % after 30-min heating. However, with a heating rate of 3 °C/ min,
the corresponding difference increases to around 88 %. This indicates the importance of UHPPFRC routine maintenance in acid-
rain affected areas. Compared to brand new UHPPFRC panels, aged ones fail prematurely in real fire scenarios, where the heat-
ing rate is even higher.

4. The probability of failure of aging UHPPFRC is more sensitive to the changes in sulphate concentration than to changes in heating
rate. Compared to these two factors, variations in PP fibre dosage have a less significant impact. In regions affected by acid rain,
rather than simply employing a high-volume fraction of pp fibre, in combination with coating techniques or spraying alkaline
solutions on the UHPPFRC panel to reduce sulphate concentration can better maintain its fire performance.

As an initial step towards understanding the complex acid-rain induced aging effect on the fire behaviour of the UHPPFRC panel,
the current model still has some limitation requiring improvement and further discussion. For instance, given the complex deterio-
ration process of UHPPFRC at elevated temperature, the change of internal expansive stress and porosity resulting from de-
compositions of the gypsum and ettringite during heating are not considered, leading to a more conservative prediction. Moreover, the
heating rate in real fire scenarios, generally following the standard fire curve, is higher than the employed ones in the present study,
which may cause a quick transition of the UHPPFRC panel from linear elastic to nonlinear stage, resulting in premature cracking and
spalling. Furthermore, UHPPFRC panels subjected to corrosion and fire on opposite sides requires further investigation, as some fires
affect the interior while acid rain primarily affects the external surface. These issues, together with the dimension- and shape-related
factors, will be further studied and integrated into further models, allowing for a more comprehensive understanding.
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