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Abstract. In the present paper a transient three-dimensional thermo-mechanical model for concrete is
presented. For given boundary conditions, temperature distribution is calculated by employing a three-
dimensional transient thermal finite element analysis. Thermal properties of concrete are assumed to be
constant and independent of the stress-strain distribution. In the thermo-mechanical model for concrete
the total strain tensor is decomposed into pure mechanical strain, free thermal strain and load induced
thermal strain. The mechanical strain is calculated by using temperature dependent microplane model
for concrete (Ozbolt, et al. 2001). The dependency of the macroscopic concrete properties (Young’s
modulus, tensile and compressive strengths and fracture energy) on temperature is based on the
available experimental database. The stress independent free thermal strain is calculated according to
the proposal of Nielsen, et al. (2001). The load induced thermal strain is obtained by employing the bi-
parabolic model, which was recently proposed by Nielsen, et al. (2004). It is assumed that the total
load induced thermal strain is irrecoverable, i.e., creep component is neglected. The model is
implemented into a three-dimensional FE code. The performance of headed stud anchors exposed to
fire was studied. Three-dimensional transient thermal FE analysis was carried out for three embedment
depths and for four thermal loading histories. The results of the analysis show that the resistance of
anchors can be significantly reduced if they are exposed to fire. The largest reduction of the load
capacity was obtained for anchors with relatively small embedment depths. The numerical results agree
well with the available experimental evidence.
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1. Introduction

Concrete does not burn, however, when its temperature increases for a couple of hundred of
degrees Celsius its behavior changes significantly. The concrete mechanical properties, such as
strength, elasticity modulus and fracture energy, are at high temperatures rather different than for the
concrete at normal temperature. At high temperature large temperature gradients lead in concrete
structures to temperature-induced stresses, which cause damage. Furthermore, creep and relaxation
of concrete that is due to high temperature play also an important role. The main reason for the
complexity of the behavior of concrete at high temperature is due to the fact that concrete contains
water, which at high temperature changes its aggregate state. Moreover, at high temperature the
aggregate can change its structure or it can loose its weight through the emission of CO,, such as
calcium based stones. Although the behaviour of concrete at high temperature is in the literature
well documented (Bazant and Kaplan 1996, Khoury, et al. 1985a, Schneider 1986, 1988,
Thelandersson 1983) further tests are needed to clarify the tensile post-peak behaviour of concrete,
which has significant influence on the response of concrete structures. The main problem in the
experimental investigations is due to the fact that such experiments are rather demanding, i.e., one
has to perform loading and measurement at extremely high temperatures. Furthermore, such
experiments can be carried out only on relatively small structures. To better understand behavior of
concrete structures, as an alternative to the experiments one can employ numerical analysis.
However, one needs models which can realistically predict behavior of concrete at high temperature.

There are principally two groups of models: (i) Thermo-mechanical models and (ii) Thermo-
hydro-mechanical models (Gawin, et al. 1999, Pearce, et al. 2003, Stabler 2000, Terro 1998). The
first group of the models are phenomenological. In these models the mechanical properties of
concrete are temperature (humidity) dependent whereas the temperature (humidity) distribution is
independent of the mechanical properties of concrete. The second group of the models are from the
physical point of view more realistic. Namely, in these models the physical processes that take place
at concrete micro structural level are coupled, i.e., the interaction between mechanical properties,
temperature, humidity, pore pressure and hydration is accounted for. These models are interesting
from the theoretical point of view. They are rather complex and therefore for practical engineering
applications one has to employ the first group of the models.

In the present paper a three-dimensional (3D) model that is based on the thermo-mechanical
coupling between mechanical properties of concrete and temperature is discussed. The isothermal
microplane model is used as a constitutive law for concrete with model parameters being made
temperature dependent. The model is implemented into a three-dimensional finite element code and
its performance is first compared with the experimental results known from the literature.
Subsequently, the influence of high temperature on the pull-out concrete cone resistance of a headed
stud anchors is investigated. The finite element analysis is performed in two steps. For given
temperature boundary conditions (air temperature and/or concrete surface temperature) it is first
calculated distribution of temperature. In the second step the required load history is applied with
taking into account the influence of temperature on the concrete mechanical properties.

2. Transient thermal analysis

As the first step of coupling between mechanical properties of concrete and temperature, for given
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thermal boundary conditions at time 7 it has to be calculated temperature distribution over a solid
structure of volume (2. In each point of continuum, which is defined by the Cartesian coordinates
(x, » z), the conservation of energy has to be fulfilled. This can be expressed by the following
equation:

AATC, 3,20+ W21, T)-0p D (x,,20) = 0 ()

where T = temperature, 4= conductivity, ¢ = heat capacity, o= density, /¥ = internal source of heating and
A= Laplace-Operator. The surface boundary condition that has to be satisfied reads:

ﬂ% = oTy~T) @)

where n=normal to the boundary surface [/, a=transfer or radiation coefficient and
T),=temperature of the media in which surface 7/~ of the solid (2 is exposed to (for instance
temperature of air). To solve the problem by the finite element method the above differential Egs.
(1) and (2) has to be written in the weak (integral) form that reads (Belytschko, et al. 2001):

A 21CL U oveT
Naax a0 za

where v is trial function. After introducing the condition that the functional is stationary one obtains
the following system of linear equations (Voigt notation):

)dm [v (cp%f )dm [veT-T,)dr =0 3)
0 r

[CIH{T}+([K]+[HD{H} = {R} (4a)
with

[C]= [ep[NI'[N1d2; [K]= [[B]'[A][Blde2;
Q Q

[H]= [a[N]'[N1dI"; [R]= [[N]aT\dl" (4b)
I I

where [N] is the column matrix of shape functions that relates temperature field and nodal
temperatures and [B] relates the field of temperature gradients and nodal temperatures. Eq. (4a) is
solved using direct method based on the following assumption for the solution in the (n+1)" time
step

(T}, = {T},+A6(1=B)Tu+ B Toe1) Q)

Parameter S has been set to f=0.5 what yields to the unconditionally stable Crank-Nicolson
method that reads (Cook, et al. 2002):

1 (1
(L1 MK U )T = (SO =AAKI D T}, + =B R}, BiRY 0 (6)

The above equation has been programmed for 3D solid finite elements.
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3. Decomposition of strain

In the present model the total strain tensor g; (indicial notation) for stressed concrete exposed to
high temperature can be decomposed as (Khoury, et al. 1985a, Schneider 1986, Thelandersson,
1987):

g;= (T, o)+ (D) +e (T, 01)+ & (T, 03) (7)

where 5;? = mechanical strain tensor, g{; = free thermal train tensor, gg-" = thermo-mechanical
strain tensor and &;° are strains that are due to the temperature dependent creep of concrete.

In general, the mechanical strain component can be decomposed into elastic, plastic and damage
parts. In the present model these strain components are obtained from the constitutive law. Free
thermal strain is stress independent and it is experimentally obtained by measurements on a load-
free specimen. In such experiments it is not possible to isolate shrinkage of concrete. Therefore, the
temperature dependent shrinkage is contained in the free thermal strain. The thermo-mechanical
strain is stress and temperature dependent. It appears only during the first heating and not during the
subsequent cooling and heating cycles (Khoury, et al. 1985a). This strain is irrecoverable and lead
in concrete structures to severe tensile stresses during cooling. Temperature dependent creep stain is
of the same nature as the thermo-mechanical strain except that it is partly recoverable. In an
experiment it is not possible to isolate this. For low temperature rates, which is normal case in the
experiments, this strain component compared to the thermo-mechanical strain is small. Therefore,
temperature dependent creep stain is in the present model neglected.

4. Mechanical strain

The mechanical strain components are obtained from the constitutive law of concrete. In the
present model for the temperature independent (isothermal) constitutive law the microplane model is
used (Ozbolt, et al. 2001). The temperature dependency is adopted such that the macroscopic
properties of concrete (Young’s modulus, compressive and tensile strengths and fracture energy) are
made time dependent.

4.1. Isothermal constitutive law for concrete — microplane model

In the microplane model the material is characterized by a relation between the stress and strain
components on planes of various orientations. These planes may be imagined to represent the
damaged planes or weak planes in the microstructure, such as those that exist at the contact between
aggregate and the cement matrix. In the model the tensorial invariance restrictions need not be
directly enforced. Superimposing in a suitable manner the responses from all the microplanes
automatically satisfies them. The basic concept behind the microplane model was advanced in 1938
by Taylor and developed in detail for plasticity by Batdorf and Budianski in 1949 under the name
“slip theory of plasticity”. The model was later extended by Bazant and co-workers for modelling of
quasi-brittle materials that exhibit softening (Bazant, et al. 1988, 1990, Carol, ef al. 2001).

The microplane model used in the present study, was recently proposed by Ozbolt, et al. (2001).
The model is based on the so-called relaxed kinematic constraint concept and it is a modification of
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Fig. 1 The concept of the microplane model: (a) Discretization of the unit volume sphere for each finite
element integration point (21 microplane directions — integration points), (b) Microplane strain components

the M2 microplane model proposed by Bazant and Prat (1988). Let ignore the effect of temperature
and assume that the total strain tensor is identical to the mechanical strain tensor, i.e., g; =g In
the model the microplane (see Fig. 1) is defined by its unit normal vector of components #;.
Microplane strains are assumed to be the projections of &; (kinematic constraint). Normal and shear
stress and strain components (oy, o7, &, &) are considered on each plane. Based on the virtual
work approach (weak form of equilibrium), the macroscopic stress tensor is obtained as an integral
over all possible, in advance defined, microplane orientations (S denotes the surface of the unit
sphere):
0y === [ovnmdS+ 2= [ZE(n,8,+n,5,)dS ®)
i 27ZSN11 2”52 i%rj %y
To realistically model concrete, the normal microplane stress and strain components have to be
decomposed into volumetric and deviatoric parts (oy=0y+0p, ev=&+&p; see Fig. 1), which leads to
the following expression for the macroscopic stress tensor:

3 élz-) 3 (o7
0Vt SjaD(ninj— )55, [men g )ds ©)

For each microplane component, the uniaxial stress-strain relations read:

oy=F&)); O-D:FD(gD,eff); Oy :FTr(gTr,effa &y) (10)

where Fy, Fp and F7, are the uniaxial stress-strain relationships for volumetric, deviatoric and shear
components, respectively. For the deviatoric and shear microplane strain components in Eq. (10)
only effective parts of microplane strains (&p; and &..p), defined below, are used to calculate
microplane stresses. Finally, the macroscopic stress tensor is obtained from Eq. (9). The integration
over all microplane directions (21 directions, symmetric part of the sphere) is performed
numerically.

To model concrete cracking for any load history realistically, the effective microplane strains are
introduced in Eq. (10). They are calculated as:
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gM,eff: ngr//M(gMa O-l) (1 1)

where subscript M denotes the corresponding microplane components (¥, D, Tr), &, is the microplane
strain obtained from the projection of the total strain tensor (kinematic constraint) and i is the so-
called discontinuity function which depends on the microplane strain components and maximum
principal stress o;. On the individual microplanes this function accounts for discontinuity of the
macroscopic strain field (cracking). It is calculated such that for dominant tensile load the ratio
between the volumetric and deviatoric stiffness remains constant for the entire load history. The
function “relaxes” the kinematic constraint, which is in the case of strong localization of strains
physically unrealistic. Consequently, in the smeared fracture type of the analysis the discontinuity
function  enables localization of strains not only for tensile fracture, but also for dominant
compressive type of failure. Detailed discussion of the features, development and problems related
to various versions of the microplane models are beyond the scope of the present paper. For more
detail refer to the above cited literature.

4.2. Thermo-mechanical coupling

To account for the effect of temperature the macroscopic mechanical properties of concrete need
to be temperature dependent. The nonlinear finite element analysis is incremental and the load
increment is defined by the time step A¢ in which the load, the boundary conditions, the temperature,
etc. change. In the present model it is assumed that during load increment the temperature is constant.
Consequently, the material parameters that are temperature dependent are during the load step
constant as well.

4.2.1. Young’s modulus

The experiments show that with the increase of temperature Young’s modulus £ decreases
(Thelandersson 1983). It is assumed that at relatively low temperatures decrease of E is caused by
the loss of capillary water (vaporisation). However, at higher temperatures decrease of £ is due to
the decomposition of individual concrete components (cement paste and aggregate). In the present
model, temperature dependent Young’s modulus follows the proposal of Stabler (2000), i.e., £ is
assumed to be a scalar function of temperature that reads:

E(T) = [1-max(a, z)]-E,
for 0<6<10  @,;=026-0.01¢ (12)
for 6>10 o, =1
where E,= Young’s modulus at temperature 7,=20°C and 6= (T-T;)/100°C is the relative
temperature. Eq. (12) is plotted in Fig. 2. As can be seen, it shows good agreement with the

experimental evidence. Note that max(w, ) corresponds to the maximal temperature ever reached,
i.e., by cooling Young’s modulus does not increases.

4.2.2. Compressive strength of concrete

According to the experimental evidence (Abrams 1971, Schneider 1986, Zhang and Bicanic,
2002), for temperatures up to 300°C the concrete compressive strength slightly increases with
increase of temperature. However, with further increase of temperature, the concrete strength
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Fig. 2 Relationship between the Young’s modulus and Fig. 3 Relationship between the concrete compressive
temperature strength and temperature

decreases almost linearly. Namely, at lower temperatures hydration of cement paste is more
advanced. Moreover, due to the thermal strains the frictional and aggregate locking phenomena are
even stronger than for the concrete at normal temperature. Due to these effects the compressive
strength does not decrease. At extremely high temperature, microcracks, vaporisation and decomposition of
cement paste and aggregate cause decrease of the concrete compressive strength. In the present
model it is assumed that up to 7=300°C the cylinder compressive strength f. is temperature
independent and for higher temperature it decreases as a linear function of temperature:

E(T) = max(o,p)f.o
for 0<6<2.80, @, =10 (13)

for 6>2.80, w,;=143-0.1536

where £, = uniaxial compressive strength at 7=20°C. The adopted dependency is plotted in Fig. 3
and compared with experimental results. As can be seen the comparison shows good agreement.

4.2.3. Tensile strength of concrete

The experimental evidence indicates that the tensile strength of concrete decreases almost linearly
with increase of temperature (Schneider 1986, Zhang and Bicani¢, 2002). At lower temperatures
thermal strains lead to micro cracking and damage of the aggregate-cement paste interface which
reduces tensile strength of concrete. With increase of temperature, micro-cracks, vaporisation and
decomposition of cement paste and aggregate also lead to further decrease of the concrete tensile
strength. In the present model the following dependency of tensile strength on temperature is adopted:

f(T)=max(o, ), 0, @,;=1-0.1316 (14)

where f;( = uniaxial compressive strength at 7= 20°C. The plot of Eq. (14) is shown and compared
with the test data in Fig. 4.
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Fig. 4 The relative tensile strength as a function of Fig, 5 The relative concrete fracture energy as a
temperature function of temperature

4.2.4. Fracture energy of concrete

A recent experimental investigation (Zhang and Bicani¢ 2002) show that with the increase of
temperature up to approximately 300°C the concrete fracture energy increases for approximately
60%. However, with further increase of temperature it starts to decrease and at approximately
600°C reaches about 90% of its initial value. This can be explained by the fact that at temperatures
between approximately 100 and 300°C, the degree of hydration is higher than at normal room
temperature. Moreover, at this stage temperature strains contribute to the frictional effects and
aggregate interlock, which increases ductility. At higher temperatures the microcracks, vaporisation
and decomposition of cement paste and aggregate cause decrease of concrete ductility. In the
present model, the dependency of the concrete fracture energy Gr on the temperature is obtained by
fitting of the test data by Zhang and Bicani¢ (2002). The adopted dependency reads:

GHT )= max(a)t,GF)GF,O
for 0<0<2.80, @, = 1+0.4070-0.07276° (15)
for 6>2.80, @, ,=0.917+0.46700-0.08330°

where G, (= concrete fracture energy at 7=20°C. Eq. (15) is plotted in Fig. 5 and compared with
experimental results. As can be seen, the comparison shows good agreement.

5. Thermal strain

As mentioned before, the total thermal strain generated as a consequence of heating of concrete
can be decomposed into strains that are stress independent (free thermal strains) and strains, which
are stress dependant (stress induced thermal strains).
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5.1. Free thermal strain

The experimental evidence (Schneider 1986) indicates that free thermal strains in concrete
specimen mainly depend on the type and amount of the aggregate. As can be seen from Fig. 6, the
relationship between the free thermal strain and temperature is highly non-linear and dependent on
the thermal stability of the aggregate. Although the experiments indicate that the free thermal strain
depends on the rate of temperature, in the present model is assumed that this strain depends only on
the temperature. Moreover, it is assumed that in the case of a stress free specimen, thermal strains
in all three mutually perpendicular directions are the same (isotropic thermal strains). In the present
model the rate of the free thermal strain is calculated as (indicial notation) (Nielsen, et al. 2001):

g",f,’:a'ra,,

-5
for 0<6<6, a=% (16)
for 6>6, a=0

where o; is Kronecker delta. The above equation is plotted in Fig. 6. In the same figure are also
shown the experimental results for concrete made of three different aggregate types (Schneider,
1986). It can be seen that the free thermal strain very much depends on the aggregate tape. Up to
approximately 600°C the free thermal strain increases with increase of temperature, however, further
increase of temperature causes no further increase of thermal strain. The reason for this is that
beyond 600°C the change of the crystalline structure of the aggregate takes place (Bazant and
Kaplan 1996). The relationship (16) is chosen such that only the main trend is covered but not the
exact development of free thermal strains for particular concrete type.

5.2. Stress induced thermal strain — creep

When a concrete specimen is first loaded and than exposed to high temperature, the resulting
thermal strain is different from the one when the specimen is not loaded (Bazant and Chern 1987,
Khoury, et al. 1985b, Thelandersson 1987, Thienel 1993, Thienel and Rostassy 1996). The
difference can be obtained if the free thermal strain is subtracted from the resulting thermal strain.
This difference is in the literature known as stress induced thermal strain. As already mentioned, the
stress induced thermal strain consists of two parts — irrecoverable part and partly recoverable part
(temperature dependent creep). Since the partly recoverable part has only theoretical meaning and is
much smaller than the irrecoverable part, in the present model it is neglected, i.e., the total stress
dependent thermal strain is assumed to be irrecoverable.

Based on the experimental evidence, in the present model the bi-parabolic thermo-mechanical
strain model is used (Nielsen, et al. 2004). The uniaxial (scalar) rate form of this model reads:

£"(T,0)= 2 pT
2-4-6+B for osese*=4.5}
2-C-(6-0%)+2-4-0*+B  for 6>0

(17)
B=0.01 {
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for concrete with three different aggregate
types (Schneider, 1986)

where 6* is a dimensionless transition temperature between the two expressions which correspond
to 470°C. The above two expressions are introduced to account for abrupt change in behavior
detected in the experiments. 4, B and C are experimentally obtained constants that are in the present
model set as: 4 =0.0005, B=0.00125 and C = 0.0085.

All experimental investigations for stress induced thermal strain are performed for sustained
compressive load and there is no test available for sustained tensile load. Because of this and the
fact that the tensile stress is limited by the relative small tensile strength of concrete, it is assumed
that Eq. (17) applies only on compressive stress. Furthermore, it is assumed that the Poisson’s ratio,
which relates axial and lateral stress induced thermal strains, is a material constant equal to the
Poisson’s ratio of undamaged concrete. Based on these assumptions the three-dimensional form of
Eq. (17) reads:

&1(T,0,) = L1+ )0~ VG ) T(T)
fe (18)

(T,.)=T for T>T, . ;I(T,.)=0 for T<T,

ax

¢

where indicates compressive stress, i.e. tensile stress components of the stress tensor are set to
zero. Thax is the maximal temperature reached so far and it is introduced in Eq. (18) to recognize
the irreversible nature of thermo-mechanical strain.

6. Numerical studies

The presented thermo-mechanical model for concrete is implemented into a 3D finite element
(FE) code. The implementation is first verified on two examples from the literature. Subsequently,
the influence of the high temperature on the performance of a headed stud anchor that is pulled out
from a concrete block is studied.
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6.1. Verification

In the first example, transient test data reported by Thelandersson (1987) are reproduced using the
presented model. The concrete cylinder was loaded by different levels of sustained compressive
loads and heated by constant heating rate. The specimen geometry (cylinder) was discretized by
eight node solid finite elements. The results of the numerical analysis are shown in Fig. 8. As can
be seen, the numerical prediction fits the experimental data for all load histories very well.

In the second example a concrete specimen with in-plane fully restrained ends and with only two
restrained ends, respectively, were exposed to the constant heating rate (Ehm 1986). The numerical
analysis for both boundary conditions was performed by the use of the eight node solid finite
elements. The results of the analysis are shown in Fig. 9. The comparison between numerical and
experimental results shows again good trend.

6.2. Pull-out of headed stud anchor from a concrete block

The performance of a headed stud anchors exposed to high temperature is numerically
investigated. A concrete block with a single headed anchor (see Fig. 10) was exposed to fire at its
upper side (anchor side). The analysis consists of two parts. In the first part a 3D transient thermal
FE analysis was carried out. The resulting thermal distribution is then used in the second part of the
analysis in which the above presented thermo-mechanical model was applied.

The investigated geometry was principally the same as the one tested by Reick (2001). However,
in the experiment the concrete block was relatively large. To save computer time, a concrete
member of a diameter ds =370 mm and thickness # =160 mm was used for the analysis of anchors
with embedment depths 4,=25 and 50 mm. For anchors with 4,= 150 mm the dimensions of the
concrete member were take as ds=2180 mm and #=550 mm (see Fig. 10a). The typical finite
element mesh, in which a four node solid elements were used, is shown in Fig. 10b. One fourth of
the geometry was discretized, i.e., double symmetry was utilized. To approximately meet experimental
boundary conditions, two outer vertical rows of the finite elements around the concrete block were
taken as linear elastic. The upper (heated) side of the specimen was supported in vertical direction.
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Fig. 10 Pull-out of the headed stud anchor from a concrete block: (a) Geometry of the specimen, (b) Typical
finite element discretization of the concrete specimen

Table 1 Mechanical and thermal properties of steel and concrete used in the FE analysis.

Concrete Steel
Young’s modulus £ [MPa] 28000 200000
Poisson’s ratio v 0.18 0.34
Tensile strength f; [MPa] 2.5
Uniaxial compressive strength £, [MPa] 21.25
Fracture energy Gr [Nmm/mm?] 0.07
Conductivity A [W/(mK)] 2.0 53.0
Heat capacity ¢ [J/(kgK)] 900 470
Density p [kg/m’] 2300 7850
Transfer coefficient o [W/(m*K)] 8.0 99.0

The diameter of the supporting ring was 345 (2000) mm. The thermal and mechanical properties of
concrete used in the analyses are summarized in Table 1. To prevent anchor failure, the behaviour
of steel is assumed to be linear elastic.

The FE analysis was carried out for three different embedment depths 4,=25 mm (d;=8 mm
and dy =13 mm - see Fig. 10a), s,,=50 mm (d; =10 mm and dy =20 mm) and 4, = 150 mm (d4
=10 mm and dy =26 mm). For all analysed embedment depths, anchor was first pre-loaded by
design load at temperature of 7=20°C (h,=25 mm, Pp=1.5 kN; h,=50 mm, Pp=15.7 kN;
he=150 mm, Pp=30.0 kN). In the next step the fire was applied at the anchor side of the
specimen. The air heating temperature at the upper specimen side was taken according to ISO 833
(equivalent to DIN 4102, part 2):

T (D)= T, (1) = 34310g(81+ 1) (19)

where Tj;(t,) is the air starting temperature (in our case room temperature of 20°C) and ¢ is time in
minutes measured from the start of the fire. In the case of cooling, it was assumed that the air
temperature is linearly decreasing from the start of cooling back to the room temperature of 20°C
(see Fig. 11a). The temperature at the bottom side of the specimen was assumed to be constant
during the entire thermal loading history and equal to 20°C.
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Fig. 11 Thermal loading: (a) Assumed temperature increase of air as a function of time, (b) Calculated
temperature distribution in °C after =90 min

Fig. 11 b shows distribution of temperature in the concrete specimen (4= 50 mm), 90 minutes
after start of fire. As one would expect, due to the relatively high conductivity of steel, temperature
of concrete around the anchor is higher than in the rest of the specimen. The numerical analysis
shows that after cooling of the upper concrete surface down to the room temperature (180 minutes
after start of fire), in the mid of the concrete specimen the temperature was still around 300°C.

To investigate the pull-out resistance, the anchor was pulled out from a concrete block for the
following thermal loading histories: (i) before heating, (ii) 30 minutes after start of heating, (iii)
90 minutes after start of heating and (iv) after 90 minutes of heating followed by 90 minutes of
cooling back to the air temperature of 20°C. Calculated load-displacement curves for s.= 25 and
150 mm and for four thermal loading histories are plotted in Fig. 12. The relative resistance is
calculated as the ratio of the calculated temperature dependent resistance to the calculated pull-
out resistance of unheated concrete. Fig. 13 shows the relative anchor resistance as a function of
embedment depth (Fig. 13a) and the relative anchor resistance as a function of time (Fig. 13b) for
all three embedment depths and for all thermal loading histories. For the third loading history,
Fig. 13a shows the available test data (Reick 2001). It can be seen that the numerical results fit
well the experimental results.
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Fig. 12 Typical calculated load-displacement curves for all four thermal loading histories with embedment
depths: (a) sy=25 mm, (b) =150 mm (solid dots indicate maximum load)
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Fig. 13 Relative pull-out resistance: (a) A function of embedment depth, (b) a function of temperature

As expected, due to damage caused by thermal loading, the pull-out resistance of a headed stud
anchors is significantly reduced. It can be seen that with increase of temperature the peak load and
stiffness of anchors decrease. Moreover, displacement at peak load significantly increases if the
concrete member was exposed to fire. Compared to the initial resistance at =0 and T;. = 20°C, the
largest reduction of the ultimate load was obtained for the smallest embedment depth (/=25 mm)
and for the forth thermal loading history (90 min. heating followed by 90 min. cooling). However,
this does not hold for all embedment depths. The pull-out behaviour of anchors with 4.,= 150 mm
shows somewhat different response from the one for anchors with smaller embedment depth.
Namely, for the second and third thermal loading history there is no reduction of the pull-out
capacity. Moreover, for cooling the pull-out resistance is even greater than the pull-out resistance at
room temperature.

For relatively small embedment depths the anchor lies over the entire length in the zone of very
high temperature in which the concrete is almost completely destroyed. Extreme cases are observed
for embedment depths h,=25 and 50 mm and for the forth loading history. For these cases the
ultimate pull-out capacity is even smaller than the initially applied design load (see Figs. 12a), i.e.,
the anchors failed during cooling. The reason is the existence of large thermal strains, which are
partly irreversible, and which in restrained concrete member generate tensile stresses and damage.
This damage, together with the degradation of concrete mechanical properties at high temperature,
causes significant reduction of the pull-out resistance. To illustrate the effect of the thermal strains,
Fig. 14a shows damage (dark zones) of the concrete block with /.= 25 mm, which was heated and
than cooled down according to the forth thermal loading history, through the maximal principal
strains of the mechanical strain tensor. The vertical cracks in concrete, which appear as a
consequence of cooling, can be clearly recognized.

For larger anchors and especially if the embedment depth is large compared to the thickness of a
concrete member, the head of the stud lies in the zone of lower temperature. In this zone the
concrete is less damaged. Moreover, due to the restraining conditions it is possible that the head of
the anchor comes into the zone in which the stresses perpendicular to the axis of the anchor are
compressive. Such conditions contribute to the relatively low reduction of the pull-out resistance or,
as in the present case, to an increase of it. To illustrate this, Fig. 14b shows distribution of
horizontal stresses (o;,) for the embedment depth of 150 mm after cooling of the concrete member
(=190 min). As can be seen, the head of the stud comes into the compressive zone. This explains
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Fig. 15 Typical crack patterns for 4,,=50 mm: (a) Unheated specimen, (b) Specimen exposed 90 min. to fire
(loading history (iii)), (c) The concrete cone for the case shown in (b)

why the resistance of the anchor in case of the fourth loading history becomes large than the
resistance of the anchor pulled out from unheated concrete member.
Fig. 15a shows a typical crack pattern (maximal principal strains of the mechanical strain tensor)
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for unheated concrete member (/=50 mm). Fig. 15b shows a typical crack pattern for the anchor
(her=50 mm) pulled out from heated concrete member (third thermal loading history). As can be
seen, for unheated specimen a typical concrete cone forms. The crack starts from the head of the
stud and propagates under an average angle of 35° to the horizontal plane. On the contrary to this,
for the heated specimen the angle of the crack propagation close to the anchor head is rather steep.
As it approaches the surface of the concrete member, where the concrete is completely destroyed,
the crack becomes almost horizontal. Typical failure cone is shown in Figure 15¢c. This observation
is in a very good agreement with experimental evidence.

7. Conclusions

In the present paper a transient three-dimensional thermo-mechanical model for concrete is
presented. For a given boundary conditions, temperature distribution is calculated by the three-
dimensional transient thermal finite element analysis using direct integration method. The thermal
properties of concrete are assumed to be constant and independent of the stress-strain distribution.
In the thermo-mechanical model the total strain is decomposed into pure mechanical strain, free
thermal strain and load induced thermal strain. The mechanical strain is calculated based on the
temperature dependent microplane model for concrete (Ozbolt, et al. 2001). The dependency of
the macroscopic concrete properties (Young’s modulus, tensile & compressive strength and
fracture energy) on temperature is taken from the available experimental database. The free
thermal strain, which is stress independent, is calculated by following the proposal of Nielsen, et
al. (2001). The bi-parabolic model proposed by Nielsen, et al. (2004) is used for the prediction of
the load induced thermal strain. It is assumed that the total load induced thermal strain is
irrecoverable, i.e., creep component is neglected. The model is implemented into a three-
dimensional FE code.

To check the model and its implementation two examples taken from the literature were analyzed.
In the first the load independent strain and the load dependent thermal strain were predicted. In the
second example the thermal induced stresses were calculated. In both cases the model prediction
agrees well with the experimental data. Subsequently, the performance of headed stud anchors under
fire was investigated. For a given geometry of the concrete member with a constant concrete
properties, three-dimensional transient thermal FE analysis was carried out for three embedment
depths and for four thermal loading histories. The analysis shows that the resistance of anchors with
relatively small embedment depth can be significantly reduced if they are exposed to fire. This is
especially true if the concrete member is first exposed to fire and than cooled down. In such a case
for small embedment depth the anchor resistance is even smaller than design load. These results
agree well with the experiments. For /> 150 mm a slight increase of the pull-out resistance was
obtained.

Further studies are needed to investigate the pull-out problem in more detail. Finally, it can be
concluded that the presented, relatively simple, model is a powerful numerical tool which can be
used to clarify the behavior of a number of structures and structural components exposed to fire.
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