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Abstract

Performance-based approach, introducing a new two-phase computational model for determining the response

of prestressed hollow-core concrete slab exposed to natural fire including heating and cooling phase, is presented.
Firstly, the two-dimensional coupled hygro-thermo-chemical model is used to determine time dependent tempera-
ture and moisture field in the characteristic cross-section of the concrete hollow-core slab during fire. In addition,
the influence of opening on the temperature distribution over prestressed hollow-core concrete slab is accounted
for. Secondly, stress—strain state of prestressed concrete hollow-core slab is determined with a newly developed
one-dimensional geometrical and material non-linear model, which includes a slip between concrete and tendon.
Temperature dependent mechanical properties of concrete, tendon and bond stiffness are accounted for in the
model. Model validation showed that the presented two-phase computational model is suitable for the analysis of
prestressed hollow-core concrete slab exposed to natural fire. Furthermore, parametric studies revealed that heat

exchange between the concrete section and the opening has a significant influence on the development of tempera-
tures in the slab, particularly in the cooling phase, and consequently also on the development of slab displacements.
In addition, it was identified that accounting for the slip between concrete and tendon enables the determination of

mechanical analysis, FEM

the bond stress distribution and evaluation of the load bearing capacity of the contact.
Keywords: prestressed hollow-core concrete slab, natural fire, bond stress-slip, hygro-thermo-chemical analysis,

1 Introduction
Prestressed hollow-core concrete slab (hereinafter HC
slab) is known as one of the most frequently built-in
precast concrete elements nowadays. Among the many
advantages offered by the HC slab there is also a favorable
behaviour during fire (Bailey and Lennon 2008; Aguado
et al. 2012; Park et al. 2019). However, precise determina-
tion of the fire behaviour of the HC slab is far from trivial,
meaning that it is necessary to understand the physical
and chemical phenomena that govern the behaviour of
the slab.

At elevated temperatures, different chemical and
physical processes occur in concrete (Tufail et al. 2017).
Being a hygroscopic and porous material, the transfer of
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moisture has an important influence on the temperature
distribution within concrete during fire (Davie et al. 2006;
Hozjan et al. 2010; Kol$ek et al. 2014). Therefore, heat and
moisture transfer needs to be treated as a coupled prob-
lem. In addition, the dehydration of chemically bound
water also effects the temperature field, therefore chemi-
cal processes need to be coupled to the heat and mois-
ture transfer as well. Furthermore, concrete is subjected
to extensive creep and material degradation at elevated
temperatures, which results in reduced load bearing
capacity of the HC slab. The behaviour of prestressing
steel at elevated temperatures has even greater influence
on the behaviour of the HC slab in fire. Namely, strength
and stiffness properties of prestressing steel significantly
deteriorate with temperature increase, especially for
the temperatures above 400 °C, where, in addition, vis-
cous creep of steel occurs, resulting in significant loss of
mechanical properties of prestressing steel, followed by
the increased deformability and reduced fire resistance
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and possible failure of the HC slab (Bratina et al. 2003;
Wei et al. 2016). Besides that, bond degradation between
concrete and prestressing tendon at elevated tempera-
tures can also have significant influence on the HC slab
behaviour during fire.

Although the performance of the HC slab in fire is
driven by different complex phenomena, the traditional
engineering practice to determine fire resistance of the
HC slab still follows tabulated data that can be provided
by the manufacturers or found in simple design meth-
ods such as given in CEN (2005). An essential drawback
of these methods is that they are based on the standard
ISO fire exposure. However, it is well known that the fire
behaviour is highly uncertain phenomenon and the ISO
curve cannot describe all the possible fire scenarios. In
addition, when applying tabulated data or simple design
methods, the behaviour of the HC slab during fire is not
known and the estimation of post fire capacity is impossi-
ble. To overcome the described drawbacks, an advanced
approach has to be introduced, called performance-based
approach, which is based on the use of advanced numeri-
cal models to describe the behaviour of the HC slab in
fire.

Recently developed numerical models for the simula-
tion of the behaviour of the HC slabs during fire can be
found in (Aguado et al. 2016; Ellobody 2014; Shakya and
Kodur 2015; Kodur and Shakya 2014; Min et al. 2010;
Chang et al. 2008; Shakya and Kodur 2017; Khalaf and
Huang 2016). Although these models represent state-
of-the-art in this field, they still lack the description of
some important physical phenomena, with certain sim-
plifications taken into account. Namely, in all models
simplified thermal analysis was performed based on the
Fourier partial differential equation, describing the heat
transfer through solid body, thus neglecting the influ-
ence of moisture transfer on temperature distribution,
pressure increase in concrete pores, dehydration of
chemically bound water and many others. Further on,
the influence of creep and transient strain of concrete at
elevated temperatures was neglected. What is more, in
most models (Aguado et al. 2016; Ellobody 2014; Shakya
and Kodur 2015; Kodur and Shakya 2014; Min et al. 2010;
Chang et al. 2008; Shakya and Kodur 2017) rigid contact
between concrete and tendon was considered, while in
other models where slip was accounted for (Khalaf and
Huang 2016; Ellobody 2014), the intake mechanism and
transmission length of the prestressing force as well as
the possible failure of the contact at elevated tempera-
tures were not directly addressed. Due to the described
simplifications in the models, some discrepancies were
observed when validating the results of these mod-
els against experimental results. In addition, only the
response of the HC slab exposed to standard fire was
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investigated, thus, potential failure and other phenomena
occurring in the cooling phase were not investigated.

Therefore, the main objective of this paper is to pre-
sent a new developed two-phase numerical model based
on the precise physical description of the phenomena
occurring in the HC slab during natural fire, thus provid-
ing more accurate determination of fire resistance and
response of the HC slab exposed to fire for both heat-
ing and cooling phase. In order to consider the influ-
ence of moisture transfer and dehydration of chemically
bound water on the behaviour of the HC slab in fire, own
developed coupled hygro-thermo-chemical model (Hoz-
jan et al. 2010; Kolsek et al. 2014), adopted from Davie
et al. (2006), is used in the first phase of the numerical
model, where, in addition, the influence of the opening
within the HC slab geometry on temperature distribution
is considered. In the second phase, the newly developed
mechanical model to determine the behaviour of the
HC slab simultaneously exposed to fire and mechanical
load is given. The formulation of the mechanical model
is based on the detailed physical description of the prob-
lem, where different strain increments are introduced.
Even more important, slip at the contact between con-
crete and tendon is considered, allowing to identify pos-
sible failure mechanism of the contact, which has not
been addressed so far.

Below, the basic equations of the new numerical
model are presented first. In the section numerical solu-
tion, novelties and main features of numerical models
are emphasized. In the last section numerical example,
model validation and parametric studies are given.

2 Basic Equations

Basic equations for the analysis of the HC slab subjected
to fire are written separately for the hygro-thermo-
chemical analysis and mechanical analysis. The coupling
between both phases is performed in a weak manner,
i.e. through computational procedure, where the results
from the hygro-thermo-chemical analysis are used as
an input data for the mechanical analysis. In case of fire,
the HC slab is usually in the hot zone, meaning that air
temperature along the HC slab does not change signifi-
cantly. This implies that temperature and moisture field
does not change along the HC slab and hygro-thermo-
chemical analysis can be determined over a characteristic
cross-section of the HC slab. Therefore, basic equations
of hygro-thermo-chemical model are written for the 2D
domain (Fig. 1). The considered precast element is char-
acterized as a slab, although, in principle, it behaves as a
beam element, since load is transmitted to the support
only in the longitudinal direction. For this reason, basic
equations describing mechanical model are formed on
the 1D beam theory.



Pec¢enko et al. Int J Concr Struct Mater (2019) 13:60

Page 3 of 17

seeses

N

2D hygro-thermal analysis

Coupling

Cross-section
symmetry

1D mechanical analysis

et

Sl

A

U

Fig. 1 Modelling of the HC slab.
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2.1 Basic Equations of Coupled Hygro-Thermo-Chemical
Model
Numerical model for coupled hygro-thermo-chemical analy-
sis is based on the model of Davie et al. (2006) with modifica-
tions given in Kolsek et al. (2014). The model is suitable for the
2D hygro-thermo-chemical analysis across the concrete beam
cross-section, where the influence of tendon on the distribu-
tion of temperatures within the cross-section is neglected.
Further on, the model takes into account the evaporation of
free water, the liquefaction of water vapour and the dehydra-
tion of chemically bond water. In addition, the capillary pres-
sure and the part of the free water co-existing in an absorbed
state is also taken into account. The model is described by the
system of mass conservation equations for each phase sepa-
rately and by the energy conservation equation.
Water conservation:

d(erw PFW) . d(epprw)
————=—-ViJw—Erw+——, (1)
ot ot
water vapour conservation:
d(egpv) .
———— =V Jv+Erw, (2)
ot
air conservation:
9(eGpa)
— 2 =V 4, 3
o Ja (3)
energy conservation:
oT
(ﬁ)a = -V .(=kVT)— (pCv)-VT
; 0)
, s (epprW)
— AEEFW — AD———————.

at

In Eqgs. (1-4) prw, pv and py4 is the mass of free water,
water vapour and dry air per unit volume of gaseous
mixture. £Gp04, €0y and epw ppw denotes the mass of
air, water vapour and free water per unit volume of con-
crete. J; refers to the mass flux of phase i (i = FW,V, A),
Epw is the rate of evaporation of free water (desorption
included), t is time and V is nabla operator. Furthermore,
k and pC are conductivity and heat capacity of concrete,
pCv is energy transferred by the fluid flow, Az and Ap are
the specific heat of evaporation and dehydration, epprw
is the mass of bound water released by dehydration per
unit volume of concrete, and T is the temperature.

By summing Eqs. (1) and (2) three partial differen-
tial equations are obtained describing the transfer of
dry air, moisture and energy conservation. This three
partial differential equations are the rearranged so
that the basic unknowns of heat and moisture trans-
fer problem are temperature 7, pore pressure Pg and
water vapour content py (Kolsek et al. 2014). Tempera-
ture variation of thermal properties of concrete, air
and water vapour are taken according to CEN (2005)
and Davie et al. (2006).

The cooling phase of fire is also addressed in the
paper. Therefore, certain assumptions are introduced
in order to describe the behaviour of concrete in cool-
ing phase. First of all, when chemically bond water is
adsorbed into capillary pores it can no longer return to
the previous state, i.e. dehydration of chemically bond
water is irreversible process and thus simply neglected
in the cooling phase. In addition, it is assumed that
porosity and permeability of concrete does not change
in the cooling phase and are determined at the maxi-
mum temperature in each point of concrete section.
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Similarly it is applied, that thermal properties of con-
crete remain constant in the cooling phase and are
equal to the values reached at the maximum tempera-
ture in each point of the cross-section.

In order to account for the heat and mass exchange
between concrete body and the surrounding, the boundary
conditions at the boundary layer are prescribed. The heat
surface flux at the boundary is given as:

n~VT=%(TOO—T) (5)

where n is normal unit vector of the boundary surface,
T is the surrounding temperature and /g is the heat
transfer coefficient composed of convective part 4, and
radiative part 4,. The mass transfer at the boundary is
determined as:

n-Jy =—B(0v,c0 — OV) (6)
where Oy is the concentration of water vapour in the
surrounding and B is mass transfer coefficient deter-
mined in Cengel (1998). Further on, it is assumed that the
pressure in concrete pores at the boundary is equal to the
environmental pressure Pg, o, hence:

Pg = PG, (7)

2.1.1 Air, Temperature and Moisture Exchange
in the Opening

When analysing the HC slab, the opening in the geometry
has an influence on the temperature and moisture distri-
bution within the HC slab. For this reason, the cross-sec-
tion is divided on two subsections, first is represented by
the concrete part and second represents the air within the
opening. The exchange of heat through the contact bound-
ary layer of these two subsystems, is formally expressed by
the heat flux density. In general, both radiative and convec-
tive heat transfer has to be considered. However, simplifica-
tion is introduced, assuming only convective heat exchange
between the body and the opening. In view, the heat flux
density between the two subsections.

qB = hq,B(TB — Top), (8)
where Tp denotes temperature of the boundary surface,
T,p is the air temperate inside the opening and /5 is the
convective coefficient at the boundary surface. Assuming
the uniform air temperature inside the opening, the heat
flux through the boundary surface size of 1 x ds, can be
written as:

dQp = hq,B(TB - Top)ds' (9)
where ds denotes the partial arc-length of the boundary
surface. The entire heat flux at the contact between the
two subsystems can be obtained by integrating heat flux
density along internal edge of opening:
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Qp = /hq,BTBdS— Top/hq,gds, (10)
0 0

where L,, denotes the perimeter of the opening. The
internal energy of the air is dependent on the air mass m,
specific heat at constant volume ¢, and on the change of
air temperature dT,, within the opening.

Qpdt = mc,dT,p. (11)
Air mass can be expressed as product of air density ps

and total air volume Vy4 within the opening. After the
arrangement the heat flux can be written as:

Lop Loy
dTyp
QB =pa VACVW = [ hypTpds — Top [ hgpds.
0 0

(12)

Equation (12) represent the basis to determine air tem-

perature inside the opening and is solved iteratively,

based on the temperature of the boundary surface from
the previous time step.

For the exchange of moisture between the two subsys-
tems Eq. (6) is applied.

2.2 Basic Equations of Mechanical Model

In this section the second phase of the fire analysis of the
HC slab is presented, where the mechanical response of
the HC slab simultaneously exposed to external mechani-
cal and fire load is determined. Mathematical model to
describe the deformation of concrete part of the HC
slab is based on the Reissner exact beam theory (Reiss-
ner 1972), while the behaviour of prestressing tendon is
simplified with the wire model. To interconnect these
two systems (concrete part and tendon) constraining
equations are introduced, allowing for the tangential
slip at the contact between concrete and tendon, while
neglecting the normal separation. Further on, mechani-
cal properties of the contact between concrete and
tendon are temperature dependent. Mechanical and
rheological properties of concrete and prestressing steel
are temperature dependent as well. Another important
feature of the model is considering additive decompo-
sition of the increment of the extensional strain of ran-
dom concrete fiber, being composed of the increment
of mechanical, temperature, creep and transient strain:
Age = Aggc + Agphc + Aerec + Etre.  Similarly, incre-
ment of extensional strain of tendon consists of the incre-
ment of mechanical, temperature and thermal-creep
strain which occur due to the viscous creep of steel at
elevated temperatures: Agp = Agyp + Ay p + Aerp.
Although the mechanical model is based on a physically
highly precise description of the problem, there are two
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assumptions that somewhat simplify model a bit. First
one is neglecting tension strength of concrete since it
does not have a significant influence on load-bearing
capacity of the HC slab. Second one is disregarding the
influence of shear strain on the deformation of the HC
slab given the fact that the span of the HC slab is usually
by factor of 25 or more greater than the height of the HC
slab, meaning that shear strain does not have consider-
able influence.

To better understand model derivation and basic quan-
tities involved, undeformed and deformed configuration
of prestressed beam is given in Fig. 2. Concrete beam
with the initial length L and constant cross-section A is
prestressed by n, tendons, that are symmetrically distrib-
uted over the cross-section. Cross section of each tendon
is labelled as Ak (k=1,2,...,mp), </) is the tendon diam-
eter, while N K o denotes the initial prestressmg force of
individual tendon The reference axis of the concrete part
of beam is in the centre of the cross-section of the beam,
while the reference axis of the kth tendon is in the centre
of the cross-section of each tendon.
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When setting the governing equations of the math-
ematical model the derivation can be simplified by intro-
ducing a material coordinate x** which determines a
particle of the kth tendon in undeformed configuration
(point Qg) that is in contact with a particle of concrete
in deformed configuration whose material coordinate is
xc (point Tck) (see Fig. 2). This means that the particles
of concrete (point Tck) and kth tendon (point Tlf ), which
in undeformed state coincide, occupy different points in
space in deformed configuration, i.e. slip A (x.) between
them occurs. Since the tendon dimension are relatively
small it is simplified that zg = zK. Considering the fact
that the slips between concrete and tendon are relatively
small, it is further assumed:

L*

()5 ~ (o)f and (.)*k dx*

A / ()pdx, (k =1,2,...,mp).
0

a Undeformed configuration:

Cross section C-C:

N

b Deformed
configuration:

We

Wl*)k: WII; (x;/r)

zkcos P,

zepla

External
load:

zeplzf

=

Fig. 2 Undeformed (reference) and deformed (current) configuration of prestressed concrete beam.
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which means that differences between functions
determined at x* and x are insignificant for any
k=1,2,..., np

2.2.1 The Stress-Strain Field
The basic equations of prestressed concrete beam sub-
jected to fire are composed of kinematic, constraining and
equilibrium equations. In addition, constitutive equations
and corresponding constitutive laws are needed to consider
properties of each material.

In accordance to the Reissner planar beam model, the
kinematic equations written separately for concrete part
of the beam and tendon are as follows (see Markovic et al.
2013):

concrete part of the beam: 1 + u, — (1 + £¢p) cos ¢ = 0,

(14)
we + (1 + £co) singe = 0, (15)
Yo — ke =0, (16)

tendon: 1 + upk/ — (1 + eé) cos (p{; =0, (k=12,...,mp).
(17)
Here (o)’ represents a derivative of selected quantity with
the respect to material coordinate x. (see Fig. 2), quan-
tities u. and w, denote horizontal and vertical displace-
ment of a random point on the reference axis of concrete
part of the beam, similarly, ”11; is horizontal displacement
of the reference axis of kth tendon. g¢g and k. are exten-
sional strain and pseudo-curvature of the reference axis
of the concrete part of the beam, while ¢. represent the
rotation of the concrete cross-section. The geometrical
strain of concrete part of the section is thus determined
as: &c = &co + zcke. The extensional strain of kM ten-
don and the rotation of the k' tendon cross-section are
denoted as 55 and <p’p‘ , respectively.

The constraining equations provide the description of the
interaction at the contact between concrete and k™" tendon.
Considering the simplification that zlg = z’g, than vectors
describing the deformed position of the chosen particle of
concrete beam (point Tck ) and tendon (point Ql[g) at the con-
tact become the same.

R. =R} (18)
In component form, Eq.(18) can be written:
Xe + ue + zf sin@; = x;k + u;k ~ x;k + ulg, (19)
k _oxk ok
We + Z¢ COS e = Wy X W, (20)

Page 6 of 17

where Wé represents vertical displacement of the refer-
ence axis of kth tendon. Slip at the contact between con-
crete and kth tendon (see Fig. 2) is given by the following
equation:

Ak(xc)z/k(ug’g)dx, k=1,2...,m). (21)
p

Based on the constraining equations (Egs. 19 and 20) and
kinematic equations (Eqs. 14—17) and taking into account
the assumptions (13), the following relationships can be
given:

1+8§

k
K
1+ 60 + z8ke

Yp = Pc

and « ¢ (22)

k
p
The above equations simplifies the rotation of tendon
cross-section, making it equal to the rotation of concrete
part of the cross-section while the pseudo-curvature of
the reference axis of the kth tendon Kg can be determined
via trivial expression.

The equilibrium equations deliver the relationship
between beam internal forces and external load. Internal
forces in the concrete part of the beam are represented by
equilibrium axial and shear force (.4"¢, 2c) and by equi-
librium bending moment .#, A" ][‘, is the equilibrium axial
force of the kth tendon. It is assumed that the external
load acts along the beam reference axis and is presented
by conservative line traction g. = gx,c Ex + gz, Ez and
moment traction m. = my Ey (see Fig. 2). At the con-
tact between concrete and tendon contact load is consid-
ered. Loads pf = P?(,c Ex +py« Ez and K = pﬁ‘(,czf Ey
represent the impact of tendon on the concrete part of
the beam. On the other hand, the influence of concrete
on tendon is, due to the wire model, expressed only by
line load pg = pf,‘(’p Ex + pgp Ez, where the equilibrium
of contact forces must be met, namely:

Pp+Pxe=0 (23)
ko+ps. = k=1,2
Pzptpz.=0 (k=12...,np). (24)
The equilibrium equations are:
p
. g k
concrete part of the beam: Zy o + gx,c + Z =0,
k=1
(25)
p
Rz, +qz,c+ Zpgc =0, (26)

k=1
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np
My — 1+ o) 2e +myc+ Y Pzt =0,
pt (27)
tendon: A/'pk/ +plt<,p =0, k=1,2,...,mp), (28)
Php— Nk =0, (k=12...,m). (29)

In Egs. (25) and (26) Zx c and %z  denotes the equilibrium
horizontal and vertical component of the internal forces .4,
and 2.. They are related as: Zx . = A" cos ¢ + 2. sin ¢
and Rz = —AN¢singc + 2. cos ¢. pﬁ,p in pép
are so-called normal and tangential components of
the contact load for the kth tendon defined in the
material basis (xé, zlg). They are linked to the com-
ponents of contact load in a fixed Cartesian coordi-
nate system as: pﬁ,p = pg‘(,p sin ¢¢ + pgp cosgp. and

k k :
Pip = p)‘(,p COS Q¢ — pé,p sin @c.

2.2.2 Constitutive Equations and Constitutive Laws
Constitutive equations interconnect equilibrium quanti-
ties with the deformation quantities:

concrete part of the beam: /'c = N = / o.dA.,

c

(30)

Mo = %c,c = / zc0cdAc, (31)
Ac

tendon: (/Vlg = /Vé"p = aIfAlg k=1,2..., np).(sz)

Above, oc(¢5,c, T) and og (8§’p, T) denote normal physi-

cal stresses in concrete and k™" tendon, which are func-
tion only of the mechanical strain and temperature. The
stress—strain relationship is given by the chosen consti-
tute law. In addition, the constitutive law of slip must be
defined in order to determine the relationship between
slip A* and shear stress pltf ¢ at the contact between con-
crete and kth tendon. In what follows the chosen consti-
tute laws for concrete, prestressing steel and contact are
presented.

The behaviour of concrete in compression at elevated
temperatures is described by the constitutive law found
in EN 1992-1-2 (see Fig. 3a). Load bearing capacity of
concrete in tension is neglected. Temperature depend-
ent material parameters are compressive strength f. T, the
corresponding strain ec;,v and the ultimate compressive
strain ecy1,1. Further on, the constitutive law given in EN
1992-1-2 (see Fig. 3b) is used to represent the behaviour of
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tendon in tension and compression. Here the temperature
dependent material parameters of prestressing steel are
the maximum stress level f,y 1, the corresponding strain
ept,T, the proportional limit f,, T, the modulus of elastic-
ity Ep 7 and the ultimate strain epy,,1. In constitutive mod-
els for both materials, the isotropic hardening is accounted
for. The unloading slope is linear and equal to the current
modulus of elasticity. For concrete this is a secant modulus
of elasticity Ecm,1 = 0.4 f,1/(0.2693 £c1,1), while for pre-
stressing steel this is E; 1.

The idealized multilinear law introduced by Keuser
and Mehlhorn (1983) describes the relationship between
the shear stress p{fc and slip AX at the contact between
concrete and kth tendon (see Fig. 3c). It is applied that
pf’C = qbg hk=12,..., np), where ¥ represents the
bond stress at concrete-tendon contact. Temperature
dependent material parameters are bond stresses 11,7,
7o,7 and the bond strength 7,1 (see Khalaf and Huang
2016).

In the cooling phase it is assumed that the concrete
does not recover the compressive strength, the same is
applied for the bond strength, while prestressing steel
fully recovers its strength. Additional assumption is made
by considering temperature strains of steel as fully rever-
sal. Creep of concrete is the same in heating and cooling
phase, while the viscous creep of steel in cooling phase
is disregarded. Likewise, the transient strain of concrete
is not accounted for in the cooling phase (Bratina et al.
2007).

2.2.3 Boundary Conditions

A set of kinematic, equilibrium and constitutive equa-
tions is supplemented by the corresponding static and
kinematic boundary conditions:

concrete part: S1,c + Zx,c(0) =0 or u;c = uc(0),

(33)
Sne+ R7(00 =0 or uye =we(0), (34)
S3c+ M(0) =0 or uzc=¢(0), (35)
Saec — Ax,c(L) =0 or wuge=uc(l), (36)
Ssc— Rz,(L) =0 or wusc=wc(l), (37)
Sec— Mc(L) =0 or ugc=pc(L), (38)

tendon: ,/I/'IS(O) =0 or uf u/lg(O), (k=1,2...,mp),

1p =
(39)

ML) =00ruf , =uf(L), (k=12...,m).
(40)
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a Constitutive law of concrete
in compression

at high
temperature 7'
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¢ Bond stress-slip relationship
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Fig. 3 Constitutive law of a concrete in compression, b prestressing steel and ¢ bond slip.

b Constitutive law of prestressing steel

O,

() S L.
N\ at high

fpy,T
fpp,T

1
1
1
1
1

In Eqgs. (33-38), ujc (i=1,...,6) and ujlfp (j=1lor4)
denote the given values of the boundary displacements,
similarly S;. (i = 1,...,6) mark given forces at the begin-
ing and at the end of the concrete part of the beam.

3 Numerical Solution

3.1 Coupled Hygro-Thermo-Chemical Model

The solution of three partial differential equations
describing the transfer of dry air, moisture and energy
conservation, together with boundary and initial con-
ditions is obtained numerically using finite element
method based on Galerkin discretisation. Difference
scheme is used for time discretisation, where the entire
computational time domain is divided on time incre-
ments [ti_l ti]. Implicit time difference scheme is used to
solve governing equations within each time step. A more
detailed description of the finite element formulation is
given in (Davie et al. 2006; Hozjan 2009).

3.2 Mechanical model

Mathematical model presented in Sect. 2.2 is solved
numerically with the finite element method. Strain-
based finite element is employed (Bratina et al. 2004;
Markovi¢ et al. 2013), where the unknown strain func-
tions (sco,/cc,elg), unknown coordinates x;k and the

normal component of the unknown contact load pﬁ,p
are interpolated over the finite element by Lagrangian
interpolation polynomials with N interpolation points.
The total time of fire analysis [O, t*"| is divided into
time increments [ti_l, ti]. The system of algebraic equa-
tions of the prestressed concrete beam finite element at
time ¢! consists of N(2 + 3np) + (9 + 3mp) equations for
the same number of unknowns: N(2 + #,) unknown

deformation nodal values (Séo,n’ Kén, 815,’;), N(2np)

unknown nodal values of variables x;ﬁ;" and pﬁ:;,n
(n=1,2,...,N), 3+ np) unknown equilibrium values
(% 0), R (0), MLO), /F(©0) and  (6+ 2mp)

unknown nodal displacements and the rotations (ué(O),
Wi(0), ¢i(0), uki(0), wi(L), wi(l), ¢i(L) and ul(D)).
Hereafter the N'(2 + 3np,) internal degrees of freedom of
finite elements (e, K¢, slg:;, x;k,;’ and pﬁ:;,n) are con-
densed, while the remaining degrees of freedom are
combined into the structure equation:

G(xi, A, T ti) =0. (41)
where vector x’ represents the equilibrium quantities and
nodal displacements and rotations of the finite element
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at the time ¢/, parameter A’ is load factor for structure
at time ¢’ and T? is temperature field at the same time.
Equation (41) is solved by Newton increment-iterative
method.

In the subsequent the detailed procedure to compute the
mechanical strain of concrete &,  and kth tendon 85,}, at the
end of time increment [ti_l, ti] is presented. It is assumed
that within time interval [ti_l, ti] the stress—strain state is
firstly determined at time £/~1, In order to compute stress—
strain state at time ¢/, new temperature field in concrete 7"
at time ¢ has to be calculated, based on the hygro-thermo-
chemical analysis. Employing this results into the mechani-
cal model, the extensional strain of individual concrete fibre
or kth tendon at ¢/ can be given as:

el =™l 4 Agl, (42)
sg’i = s/[;";l + Aslg’i, (43)

where Asé(p) represent the increment of extensional
strain within time interval [£/~1, ¢/]. Using the aforemen-
tioned additive decomposition, the increment of
mechanical strain in concrete fibre or kth tendon yields
to:

Al = Agl — Asyy, (TY) — A&, (of, T',t')

. . . 44
- Aeér,c(aé’ 8éh,c’ Tl)’ ( )

Aekl = (e ) + Askt — Ael (T — Akl (o}, T, 1),

th,p cr,p
(k=1,2...,mp), (45)
meaning that the mechanical strain at time ¢* is:
foe = oo T Aty (46)
s];’,i) = 85’,’;1 + AE{;'}P, k=1,2...,np). (47)
where 8;0 denotes the initial deformation of kM ten-

don at time t° due to the initial prestressing force
(5][;,0 = N{;O/EPA/[;). Detailed description of each strain
increment is given in Bratina et al. (2007). It should be
noted, that some strain increments are also a function of
stress at given time, meaning that iterative computation
is needed on order to determine some of the stress and
strain increments within time interval [£/}, ¢].

4 Numerical Example

4.1 Validation of Presented Model for Natural Fire

The main emphasis of this part of numerical example
is the validation of the presented numerical model with
the experimental results provided by Bailey and Len-
non (2008). In their research, two large-scale natural fire
tests (Test 1 and Test 2) on the HC slabs were performed.
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Figure 4 shows geometric and material data and mechani-
cal load acting on the analysed HC slabs. Each HC slab was
prestressed by seven tendons with the nominal diameter
¢p =125 mm (Ap, =93 mm?). Tensile strength of tendon
was not reported in Bailey and Lennon (2008), therefore,
the assumed value was fp,0.11/fpk = 1670/1860 MPa which
represents the strength of the most widely used prestress-
ing steel. In addition, there was no data about the level of
initial prestressing force. It was considered in the analysis,
that the stress in each tendon at the beam midspan, prior
fire occurrence, was equal to apl = 0.52 f0.1k- Character-
istic compressive strength of concrete given in Bailey and
Lennon (2008) is 86 MPa (tested on cube). The HC slab is
modelled as simply supported beam with the span of 7.0 m
and loaded with line traction gz, = 9.2 kN/m (self-weight
plus applied load).

Different quantities were measured during the experi-
ment, the chosen ones for the validation are development
of temperatures within the HC slab and the development
of midspan vertical displacement. Since natural fire is
designed, it is important to note that the validation is done
also for the cooling phase. As already described before,
the response of the HC slab exposed to fire with presented
numerical model, is divided in two general steps.

4.1.1 Hygro-Thermo-Chemical Analysis of the HC Slab

The HC slab was subjected to natural fire (Test 1 and Test 2)
from the bottom side. Measured development of tempera-
tures within the fire compartment for both tests is given in
Fig. 5a. Maximum gas temperature is similar in both tests
(1069 °C at 52 min in Test 1 and 1047 °C at 62 min in Test
2). However, temperature increase is slightly faster in Test
1. Figure 5b demonstrates the development of temperature
in tendon at the HC slab midspan for Test 1.

It is presumed, that temperature along the HC slab is
uniform, therefore hygro-thermo-chemical analysis is
performed only over the HC slab cross-section. Further
on, due to the symmetry of the cross-section with the
respect to Z axis, only one-sixth of the cross-section is
analysed (see Fig. 6), assuming zero moisture and heat
flow along the cut edges (Edge 2 on Fig. 6).

The part of the cross-section is modelled with 114
four-node isoparametric quadrilateral finite elements.
The effect of tendon on hygro-thermo-chemical analysis
is neglected (CEN 2005). Thermal conductivity for the
hygro-thermo-chemical analysis is described with equa-
tion k= 1.7 —0.19 x T/100 + 0.008 x (T/100)2> and
takes place between upper and lower limit of thermal
conductivity as given in CEN (2005). The values of surface
emissivity and convection coefficient are taken according
(CEN 2004). On the exposed side (Edge 1) surface emis-
sivity of concrete and convection coefficient are ¢ = 0.7
and &y = 25 W/m?K, respectively. On the unexposed side
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Fig. 4 HC slab: geometry and material data.

E, =195 GPa

(Edge 3) convection coefficient is /1, =9 W/m?K, the same
applies to the opening, i.e. Edge 4, where ;5 = 9 W/m’K.
Boundary conditions are summarized in Table 1. The
remaining data for the hygro-thermo-chemical analysis
are: density of cement pcem = 300 kg/m?, density of con-
crete p. = 2400 kg/m3, initial temperature Ty = 20 °C,
initial pore pressure PG = 0.1 MPa, initial water vapour
content jy = 0.07 kg/m3, water vapour content on
boundary v~ = 333 kg/m?, initial permeability of con-
crete K = 1x10716, initial porosity of concrete poro= 0.1
and initial free water amount pry 0 = 70 l<g/m3.

Three simulations are performed with advanced hygro-
thermo-chemical model (Hozjan et al. 2010). Input data
as well as boundary conditions for the first case S1 is pre-
sented above. Second case S2 assumes different bound-
ary condition in the opening (q7 = g7(7p)), meaning
that the temperature inside the opening remains Ty dur-
ing simulation. In the third case S3 the heat and mass flux
into the opening is prevented, meaning that the open-
ing is isolated from the rest of the cross-section. The

corresponding boundary conditions on Edge 4 for this
case are: 31 = 0, ‘);JHG =0, Bg’n" =0.

Figure 7a, b demonstrate development of calculated
temperatures in concrete at tendon position for all three
analysed cases (S1, S2, S3), separately for Test 1 and Test
2. Hatched area represents the temperature distribution
in concrete at tendon position for case S1. The upper
boundary of hatched area is the temperature in concrete
at the bottom of tendon (ap — ¢p/2), while the bottom
boundary of the hatched area is concrete temperature
determined at the top of tendon (a, + ¢,/2). Supple-
mentary, Fig. 7a shows development of measured tem-
peratures at tendon position. The measured temperature
at tendon position from Test 2 is not given in Fig. 7b,
since it was not measured in the experiment.

By comparing calculated temperatures (cases S1, S2,
S3) with each other, the following can be observed: (i)
development of temperatures with time in the heating
phase (52 min in Test 1 and 62 min in Test 2) for all three
considered cases (S1-S3) is almost equal. This implies,

a Gas temperatures
1200
1000 F from Test 2 4
4 (Bailey et al. 2008)
800 1
£ 600 ]
~
400 e ]
from Test 1
200/ (Bailey et al. 2008) .
0 I I I I I I
0 40 80 120 160 200
t [min]
forTest 1.

b Measured temperatures in tendon

1200 ———
o~ __gas temperatures
1000 - v S 1
, Ve
_ 800 r ’ 1 from Test 1
8 600 | / N\ (Balley et al. 2008)
= A L \\\ /
4001/ ’ .
2000 T ]
0 s I I I I I 3
0 40 80 120 160 200
¢ [min]

Fig. 5 a Development of gas temperatures in fire compartment for Test 1 and 2, b development of temperatures at the tendon location with time




Pec¢enko et al. Int J Concr Struct Mater (2019) 13:60

Page 11 of 17

OO GO

%

& &

Test 1 and Test 2

b b b b

 Edge2
Edge 2

(ﬁ) Edge 1®

Fig. 6 The HC slab cross-section geometry and finite element mesh to determine the distribution of temperatures.

that considering the opening in the hygro-thermo-
chemical analysis does not have a significant impact on
distribution of temperatures in the heating phase, (ii)
in the cooling phase opening acts as an energy sink and
has a considerable impact on temperature development.
Thus, the most rapid temperature decrease is observed
in case S2, when the temperature in the opening is equal
to the initial one throughout the entire simulation. On
the other hand, the slowest decrease occurs in case S3,
when the opening is isolated, i.e. when heat and mass
flux in the opening is prevented, (iii) in average the cal-
culated temperatures in the heating phase are lower in
Test 2 than in Test 1 (see Fig. 7b), while the opposite
is identified in the cooling phase. This arise due to the
slower temperature increase within fire compartment in
Test 2, while the gas temperatures in the cooling phase
were a bit higher compare to the Test 1 (see Fig. 5).

Next conclusions can be given by comparing numeri-
cally and experimentally determined temperatures: (i)
minor discrepancies are observed when comparing tem-
perature developments in heating phase. The reason
for this might be different measuring position as it was
reported in Bailey and Lennon (2008), (ii) experimentally
measured temperature decrease in cooling phase is faster
than in cases S1, S2 and S3. As described in Bailey and
Lennon (2008), cracks occurred at the measuring point
(midspan of the HC slab). Therefore, heat flux through-
out cracked zone increased, which led to the faster
decrease of temperatures. However, cracking of concrete
in numerical formulation is not taken into consideration.
Thus, calculated temperature decrease is slower com-
pared to the measurements.

4.1.2 Mechanical Analysis
The HC slab is modelled as simply supported beam
with the span of 7.0m and loaded with line traction

qz,c = 9.2kN/m, as shown in Fig. 4. Beam is discretized
with 36 finite elements (see Fig. 8a). To ensure the com-
putation stability, short constant-strain elements are used
(Bratina et al. 2004), meaning that the strain quantities
in the concrete part of the beam are constant along each
element (g0 = const., kc = const.). Due to the symme-
try, only one-sixth of the cross-section is considered and
divided on 31 rectangular fields, inside each, 3 x 3 Gauss
integration scheme is applied to determine the distribu-
tion of normal stresses over the concrete cross-section
(see Fig. 8b, c). Prestressing tendon is considered as a
point.

As stated before, the behaviour of concrete and tendon
at elevated temperatures is described by the constitu-
tive laws proposed by CEN (2005), presented on Fig. 3a
and b. The HC slabs were composed of high strength
concrete, therefore, temperature dependency of com-
pression strength fc7 in the analysis is taken for high
strength concrete class 2 (see Fig. 9). However, mate-
rial parameters ec1,T and €cqu1,T are considered according
to the normal weight concrete. The properties of cold
worked class B prestressing steel are used to describe the
material parameters of tendon at elevated temperatures.
Reduction of strength with temperature for maximum
stress level fyy 1 is shown in Fig. 9. In the applied con-
stitutive law for prestressing steel, creep strain of steel
gcr,p is combined with the plastic strain. Together they
form inelastic strain. For this reason, explicit formula-
tion of creep strain increment is not necessary. Therefore,
Agerp = 0. For concrete, creep strain increment Asggc
is explicitly expressed by the formulation given by Har-
mathy (1967). Further on, transient strain increment for
concrete Aegy is proposed by Anderberg and Theland-
ersson (1976). Thermal strain increments for concrete
Agh, and prestressing steel Agy,;, are taken in accord-
ance with CEN (2005). Finally, the material parameters
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Table 1 Boundary conditions for Edges 1, 2, 3 and 4.

Edge 1 Edge 2 Edge 3 Edge 4
T qr = qr(Test 1, Test 2) i — 0 qr = qr(Tee = 20°C) ar =qr(Top)°
Pgi PG = 0.1MPa % =0 PG =0.1 PG =0.19
bV Qv = Qv ()5\/00) % =0 Qv = qv (ﬁV,oo) 4y = Qv (ﬁ\/,oo)a

@ Boundary conditions for case S1.

a temperatures in tendon for gas temperatures
from Test 1 (Bailey et al. 2008)
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Fig. 7 Development of temperatures in concrete at tendon position with time: a in Test 1, b in Test 2.

for the constitutive law of contact (see Fig. 3c), are as fol-
lows (Keuser and Mehlhorn 1983): 7y = 5 MPa, 1, = 5.45
MPa and 13 = 0.5 MPa. Temperature dependency of
these parameters is adopted from Diederichs and Schnei-
der (1981) and shown for 7,1, 71,T and 7, in Fig. 9.

The calculated development of vertical midspan dis-
placement (see wM on Fig. 8a) is presented in Fig. 10a,
b for Test 1 and Test 2 separately. The demonstration of
midspan displacement is adopted from Bailey and Len-
non (2008), where the horizontal axis takes values of
temperatures in fire compartment, while calculated or
measured displacement is applied on the vertical axis.
The displacements are computed for all three analysed
temperature fields, i.e. S1, S2 and S3.

Figure 11 presents the development of midspan displace-
ment wM with time. It is discovered that the development
of displacement wM in the heating phase (up to 52 min in
Test 1 and 62 min in Test 2, see Fig. 5) is almost identical
for all three analysed cases (S1, S2 and S3). The result is
expected, considering the fact, that calculated temperatures
for all three cases were very similar (see Fig. 7). The calcu-
lated displacement in the heating phase also agree relatively
well to the measured one, especially for the Test 2.

In the cooling phase of fire compartment, the calcu-
lated displacement coincide best for case S1 and fire
development according to Test 2. In this case the maxi-
mum computed displacement wM =418 mm is

¢, max

achieved at time ¢ = 98 min (see Figs. 10b or 11b). For the

results when Test 1 is embedded, the maximum displace-
ment wé\f[max = 353 mm is calculated at time £ = 82 min
(see Figs. 10a or 11a). When constant temperature inside
opening is considered, i.e. Tp = 20°C (case S2), the dis-
placement in the cooling phase is in average 15% smaller.
The reason for this lays in faster cooling due to the
increased heat flux throughout the opening compared to
the case S1. Computational failure in the cooling phase
occurs only in the S3 study (for both Test 1 and Test 2).
In this case the opening is isolated and the cooling of the
HC slab has a considerably slower rate. The failure is a
consequence of high tensile stresses in tendon at the HC
slab midspan, that reach tensile strength of prestressing
steel. This is well observed in Fig. 12, where the com-
puted time development of normal stresses in tendon
op and compression stresses in concrete fiber o in point
C (see Fig. 8) at the HC slab midspan are demonstrated.
The stresses are compared to the corresponding temper-
ature dependent strengths of tendon f,, 1 and concrete
fe,1- The values are normalized.

In addition, time development of normal stresses in
tendon and concrete fiber for case S1 are represented
in Fig. 13. The observed location is the same, i.e the HC
slab midspan and point C for concrete. As noticed, the
computational failure does not take place. However, the
stresses in tendon in the cooling phase are getting very
close to the tensile strength of tendon, particularly for
Test 2 (see Fig. 13b).
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Fig. 8 FE mesh and distribution of integration points over the HC slab cross-section.

Based on the analyses, the most important conclusion
is that the opening within the HC slab needs to be con-
sidered in case of natural fire, since it has a very impor-
tant influence on temperature distributions over the HC
slab cross-section in the cooling phase which eventually
affects also the mechanical response of the HC slab.

4.2 Influence of Contact Stiffness Between Tendon

and Concrete on the Mechanical Behaviour of the HC

Slab During Fire
The presented numerical model allows to analyse stress—
strain state of prestressed member taking into account
the slip at the contact between tendon and concrete.
Thus, the aim of parametric study is to analyse the influ-
ence of contact stiffness on the mechanical behaviour of
the HC slab subjected to fire. The results of the analysis
where slip was allowed (see Sect. 4.1.2) are compared
with the result where fully stiff contact between ten-
don and concrete was considered. The other parameters
remains the same. The considered fire scenario is accord-
ing to Test 2, while temperature field was taken from case
S1. Different outcomes of this parametric study are pre-
sented in Figs. 14, 15, and 16.

The contact stiffness does not have a significant impact
on the development of midspan displacement wM. There
is a minimum discrepancy observed only in the cool-
ing phase of fire compartment (see Fig. 14a). However,
contact stiffness has a decisive role on the distribution

1.2 w \ \ ‘
Joy1/0.9f5-cw, class B
1.0 (CEN 2005) 1
AN ,g T/ Ty
08F \\ N (Diederichs et al. 1981) -
-7\ /
0.6 \ik Jer/fa-HSC, class 2 |
: * (CEN 2005)
0.4 L /
\\/
0.2 7
0 L L L L = =~
0 200 400 600 800 1000 1200
T[°Cl
Fig. 9 The variations of strengths with temperatures.

of normal stresses o}, at the HC slab ends (see Fig. 14b).
When modelling fully stiff contact it is impossible to
account the intake mechanism of prestressing force on
the concrete section. Further on, it is also not possible to
determine the distribution and development of slip A at
the contact (see Fig. 14c) during fire, and consequently
to evaluate the change of bond stresses 7 at the contact
(see Fig. 14d). Without this information it is difficult to
assess the load bearing capacity of the contact and possi-
ble influence of contact failure on the mechanical repose
of the HC slab during fire. In this study it is discovered
that the maximum bond stress of the contact appear
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Fig. 10 Development of computed and measured vertical midspan displacements as a function of fire compartment temperature: a gas
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Fig. 11 Development of computed and measured vertical midspan displacements with time: a gas temperatures from Test 1 and b from Test 2.
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exactly at the HC slab ends. Maximum bond stress prior
fire occurrence takes values teqge = 5.41 MPa (i.e. 99% tu)
and reduces with higher simulation time. Simultaneously,
the bond stresses as well as slips in the middle of the HC
slab begin to increase due to the crack occurrence in
concrete, and get a typical oscillating development (see
Fig. 14c and d). Similarly was found in (Markovic¢ et al.
2013; Rabczuk and Belytschko 2006). After 90 min of fire
exposure the maximum bond stress at the HC slab ends
is Tedge = 3.29 MPa, while in the middle it is 2.6 MPa. At
this time, the corresponding bond strength at the beam
ends is 7, T = 3.43 MPa, meaning that the bond stress
represent the 96% of the bond strength.

Increase of the bond stress at the tendon—concrete
interface on certain part of beam’s span is a result of con-
centration of cracks and strain localization as observed
on Fig. 15a and b, where distribution of extensional strain
and pseudo-curvature of the reference axis of the con-
crete part along the length of the beam is depicted. Due
to the assumption of constant strain distribution over the

length of the finite element somewhat stepwise distribu-
tion of strains on Fig. 15 can be observed.

Strain localization is also observed in the distribution
of extensional strain in the tendon ¢, (see Fig. 16). This
holds true also in case of rigid concrete-tendon contact,
where extensional tendon strains are equal to extensional
concrete strains at the position of tendon (g, = &c). It is
further discovered, that in case of slip contact, the ten-
don strain at the HC slab ends is the same as temperature
strain of tendon. This is s consequence of unloaded ten-
don at the HC slab ends and the assumption of additive
decomposition of geometrical strain (see Sect. 2.2).

5 Conclusions

The paper presents a new two-phase numerical model
to determine the response of the HC slab exposed to
natural fire. In the first phase, own developed coupled
hygro-thermo-chemical model was used. In addition,
the impact of the opening within the HC slab geometry
on temperature distribution across the concrete part of
the HC slab was considered. In the second phase, the
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a Gas temp. from Test 1 (Bailey et al. 2008)

b Gas temp. from Test 2 (Bailey et al. 2008)
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Fig. 12 Time development of normalized stresses in tendon and concrete (point C) at the HC slab midspan for case S3: a gas temperatures from
Test 1 and b from Test 2.
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Fig. 13 Time development of normalized stresses in tendon and concrete (point C) at the HC slab midspan for case S1: a gas temperatures from
Test 1 and b from Test 2.

new developed mechanical model was given, accounting
for material and geometrical non-linearity as well as the
slip between concrete and tendon. Based on the studies
presented in the paper, the following conclusions can be

given:

(i)

(i)

(i)

geometrical opening in the HC slab had a minor
impact on the temperature distribution in the heat-
ing phase. However, it had a considerable influ-
ence on the temperature distribution in the cooling
phase, acting as an energy sink. When the opening
was isolated (prevented heat and mass flux) much
slower temperature decrease occurred in the cool-
ing phase,

the opening did not have any impact on the devel-
opment of midspan vertical displacement of the
HC slab in the heating phase, while significant
influence was observed in the cooling phase,
comparison of the calculated and measured tem-
peratures (Bailey and Lennon 2008) revealed good
agreement in the heating phase, whereas some dis-
crepancies were found in the cooling phase. The
reason for this may be attributed to the concrete

(iv)

(v)

(vi)

cracking occurring in the experiment. The cur-
rent hygro-thermo-chemical model does not allow
to account for the influence of concrete cracking
on the distribution of temperature and moisture
within the concrete cross-section,

numerically determined time development of mid-
span displacement agreed well with the experimen-
tal results,

considerable discrepancies between the numerical
and the measured displacements were obtained in
case S3, i.e., when the opening was isolated and,
consequently, cooling rate of the HC slab was
much slower. In this case, failure of the HC slab
was noticed as a consequence of exceeded tensile
stresses in tendon in the cooling phase.

the parametric study revealed that different con-
tact stiffnesses between concrete and tendon (fully
rigid or slip allowed) had minor influence on the
development of midspan vertical displacement.
However, consideration of the slip was decisive in
the evaluation of bond stresses and load bearing
capacity of the contact, meaning that the potential
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Fig. 15 The distributions of extensional strains and pseudo-curvature along the concrete part of the beam at different simulation times.

contact failure could be accounted for, which was Although the newly presented two-phase numerical

not possible with the fully rigid connection. Thus, model is based on a highly detailed physical descrip-

more realistic and more accurate behaviour of the  tion of the problem, some future work is still needed to

HC slab in natural fire was possible. fully generalize the model. Thus, further validation of the

model for other natural fire curves is needed. Further

Based on the performed validation and parametric on, the radiative heat transfer between the concrete and

studies it can be concluded that the newly presented the opening is planned to be considered. With smaller

two-phase numerical model is appropriate for the adjustments of the boundary conditions, the post-ten-

analysis of the HC slab exposed to natural fire and pre-  sioning can also be included in the model. The aim is also

sents an important way towards performance-based to develop fully coupled thermo-mechanical model in
approach. order to analyse the spalling of concrete.
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Fig. 16 The distributions of extensional strains in the tendon along

the beam at different simulation times.
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