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ABSTRACT

The timber-concrete composite (TCC) slabs have become a preferred choice of floor systems in modern multi
story timber buildings. This TCC slab consisted of timber and a concrete slab which were commonly connected
together with inclined self-tapping screws (STSs). To more accurately predict the fire performance of TCC slabs,
the mechanical behavior of TCC connections under high temperature was investigated by numerical simulation in
this study. The interface slip of TCC connections was simulated by a proposed Finite Element (FE) model at room
temperature, and different diameter and penetration length screws were considered. The effectiveness of this FE
model was validated by comparing with the existing experimental results. Furthermore, the sequentially coupling
thermal stress analyses of this model were conducted, and the relationship between the reduction coefficient of
connection performance and the effective penetration length of screws was summarized. This study gave the fit-
ting expressions for the reduction coefficient of slip modulus and joint strength. Finally, the numerical investiga-
tions of the fire performance of TCC slabs considering the char fall-off of Cross Laminated Timber (CLT) were
performed to verify the effectiveness of the proposed reduction law. Comparing the fire-resistance time with
experimental results showed deviation of the proposed model was —14.02%.
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1 Introduction

With developing different production processes, Laminated Veneer Lumber (LVL), Glued Laminated
Timber (GLT), Parallel Strand Lumber (PSL), Oriented Strand Lumber (OSL), Cross Laminated Timber
(CLT) were widely used in engineered wood production. In which CLT with high stiffness and strength in
both in-plane directions can compensate for the defect of wood anisotropy [1] and is suitable to be used
in floor systems [2]. The CLT and concrete slab are commonly connected together by shear connections
to develop the timber-concrete composite (TCC) slab. This TCC slab as one of the most environmental
friendly floor systems is widely used in modern multi story timber buildings, which takes the following
advantages: high bearing capacity and rigidity [3], improved vibration and acoustic performance [4,5],
reduced floor depth [6], excellent fire resistance [7,8] and so on.
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Self-tapping screw (STS) is one of the most common connectors of TCC slab because of combining the
advantages of high connection performance, simple production process and quick assembly. There has been
much research on the connection properties of STSs for this composite slab. However, most of these studies
[9] were conducted under ambient temperature condition. The failure mechanism and mode of inclined cross
lag screws for TCC beams has been demonstrated and critically discussed [10]. With varying screw
diameters, embedded depth, inclination angle and arrangement, push-out tests of TCC beams were
conducted to assess the shear behavior of STSs in term of both the strength and stiffness [11,12]. In the
theoretical analysis, various calculation models of screw shear behavior under ambient temperature have
been proposed [11,13] and good agreement was found between calculation and experimental results. As
for finite element analysis, many researchers have developed various reliable FE models of push-out test
[14—17], which could accurately predict the connection behavior of screw between wood and wood at
ambient temperature. The two FE models respectively proposed by Dias et al. [18] and Oudjene et al.
[19] could provide accurate predictions when comparing connection performance of TCC beams with the
experimental results.

Nowadays, many studies related to the fire resistance of STS have been conducted in the past few
decades. The FE model proposed by Bedon et al. [20] predicted the fire behavior of axially loaded screws
precisely. Palma et al. [21] carried out an experimental study on the fire resistance of steel-to-timber
dowelled connections, which showed the cross section of wood members had a significant impact. Frangi
et al. [22] carried out a research on the fire resistance performance of TCC beam-type slabs with screwed
connectors. Authors found that the reduction of connection performance in fire is mainly governed by the
thickness of wood on the screw side instead of on the screw bottom. As CLT can provide adequate
thickness of wood on the screw side, CLT can be regarded as the fireproof layer of screws. However,
Auclair et al. [23] and Dagenais et al. [24] built a numerical model to predict the fire resistance of TCC.
The results showed that the connection performance of screws under high temperature has a great
influence on the bearing capacity of TCC slab. This FE model adapted the connection strength by
multiplying the JPL factor [25] related to the lag screw penetration length. But there is no study to
discover the effect of the reduction of screw connection property under high temperature on the structural
performance of this composite slab [24].

In this paper, a FE model of shear behavior of TCC connections with different diameter and penetration
length screws at room temperature was proposed. The proposed model was validated by the experimental
data. Furthermore, this numerical model was used to provide the reduction law of connection
performance under high temperatures. The coupled thermo-mechanical model considering the reduction
law was developed. This model can predict the fire resistance of TCC slabs in a fire precisely.

2 Simulation of the Shear Behavior of Inclined STSs at Ambient Temperature

The finite element software ABAQUS was used to conduct the numerical simulation. The FE model of
TCC connection was composed of the two concrete members and a timber member connected by inclined
self-tapping screws with an angle of 45°, as shown in Fig. 1. Different screw diameters and penetration
lengths summarized in Tab. 1 were employed in the simulation analysis. And only a quarter of the model
was adopted because of the symmetry of the test specimen [11,12].

2.1 Materials

According to the isotropic, elastic-plastic constitutive law of steel [26,27], the constitutive behavior of
screw was modeled, as shown in Fig. 2a. Therefore, the elastic modulus and Poisson’ ratio of steel screw
were taken as 210 GPa and 0.3, respectively. The yielding and ultimate stress values were f, = 330 MPa
and f, = 450 MPa, respectively. Similarly, concrete was regarded as an isotropic elasto-plastic material,
and its constitutive law was presented in Fig. 2b. The constitutive behavior of concrete was modeled by
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elastic and softening behavior for tension, and elastic, hardening and softening behavior for compressive.
And the concrete damage behavior was modeled by the concrete damage plasticity (CDP) theory. The
elasticity modulus (E,.), the compressive strength (fc’) and Poisson’s ratio coefficient (v) of concrete
[11,12] were presented in Tab. 2. The yield surfaces of steel and concrete were both defined by von
Mises yield criterion.
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Figure 1: FE model of push-out TCC beams joints with inclined STSs. (a) Symmetry plane 1-1, (b) symmetry
plane 2-2 and (c) a quarter of the model

Table 1: Screw parameters

Configuration Diameter [mm] Penetration length [mm]

L80-8 8 80

L80-10 10 80

L80-11 11 80

L100-11 11 100

27 c
Compression
T C
- Strain
Strain Tension T
(@ ®)

Figure 2: Stress-strain relationships for (a) steel and (b) concrete [27]
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Table 2: Mechanical properties of concrete

Configuration Ec [GPa] fc’ [MPa] v
L80-8/L80-10 31.256 35.62 0.2
L80-11/L100-11 29.4 39

Due to the anisotropy of wood, an orthotropic elastic-plastic model based on the Hill criterion was
adopted. The elastic modulus, the shear modulus and the Poisson’ ratio in the various directions were
given in Tab. 3. The compressive strength value parallel to the grain was determined as f.; = 43 MPa.
The remaining Hill stress ratio were calculated along radial (R) and tangential (T) directions, so as to set
the compressive strength value perpendicular to the grain to f.g = f.r = 5.16 MPa. The shear strength
value was set to f, = 5.16 MPa.

Table 3: Mechanical properties of timber reference [28]

Elasticity Moduli [MPa] Poisson’ ratio Shear Moduli [MPa]
EL Er Er VLR  Vir VRT Gk Gir Grr
12000 816 600 0.292 0.499 0.390 768 936 84

2.2 Boundary Conditions and Contacting Law

As a quarter of the model was built, the symmetric boundary conditions were needed for symmetry plane
1-1 and 2-2 (as shown in Fig. 1). The supports were at the bottom of the concrete. They were simulated by
setting the three translations of all the nodes that correspond to support areas to values of zero displacements.
The push-out tests controlled by displacements were applied on all the nodes at the top of the timber.

About contact, two types of contact properties need to be defined to simulate the contact between the
wood and concrete, wood and screws, and concrete and screws. The surface-to-surface ‘hard’ method
was adopted to simulate the normal contact, while the surface-to-surface ‘penalty’ method was used to
simulate tangential contact. The static friction coefficient between timber and concrete was set as
p = 0.65 [13]. Since no slip between the concrete and screw was observed during the push-out tests, the
static friction coefficient between them was assumed to be 0.9 [18].

To consider the possible brittle failure at the screw-to-timber interface and the pretension around the self-
tapping screws, a simplified numerical model was proposed to simulate the withdrawal behavior of STSs,
which combines the friction and cohesive contact. The surfaces between the screw and timber around the
screw were interrelated by a tangential ‘penalty’/normal ‘hard’ interaction. And the contact between the
screw and timber under the screw was set to a ‘cohesive contact’ interaction (see Fig. 3). The friction
coefficients between the screw and timber around the screw are summarized in Tab. 4. The cohesive
surface behavior was defined as the linear elastic traction-separation. The elastic modulus is summarized
in Tab. 4. In this paper, the maximum nominal stress (MAXS) criterion [15] was adopted as the ‘damage
initiation criterion’ for the cohesive surface so that:

L & 4
max< —, —, — ¢ = 1

where t° is the maximum allowable values of normal contact stress in the pure normal (n) mode. tg, 9
represent the maximum allowable values of shear contact stress along the first (s) or second (t) shear
directions, respectively. The linear separation-based damage evolution law was set for the degradation of
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the cohesive stiffness. According to literature [14], the value of the post damage-initiation effective
separation at failure was set to 6 = 5 mm. For validating this simplified methodology, the screw pullout
model was established according to tests from literature [29]. Fig. 4 shows the comparison of the force-
displacement curves obtained from [29] and this paper. The trend of the force-displacement curves
simulated in this paper was consistent with test results. Because this model simulated the pretension
around STSs [30], the numerically estimated initial stiffness and pullout force were larger.

tangential ‘penalty’ /
normal ‘hard’ contact

‘cohesive’ contact

Figure 3: The contact behavior of the surfaces between the timber and screw

Table 4: Contact properties of the cohesive and friction surface [14]

Configuration Friction coefficient Elastic modulus [MPa] Contact stress [MPa]

L80-8 0.25 40 40.00
L&80-10 0.25 40 37.00
L80-11 0.25 40 27.00
L100-11 0.32 50 33.75
500
400
£ 3001
% 2001
= —=— FE model
100- —— FE model [29]
—— Test max [29]
9 —— Test min [29|:|

0.0 0.2 04 06 0.8 1.0 L2
Displacement (mm)

Figure 4: The force-displacement curves obtained from [29] and this paper

2.3 Validation of the Numerical Model

Fig. 5 shows the comparison of the load-slip curves of tests obtained from [11,12] and numerical
simulations. The ultimate load, slip stiffness and post-failure behavior obtained in the tests were
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reasonably simulated by this numerical model. The trend of the load slip curves obtained from the FE model
was consistent with test results, especially in the initial and degradation stage. But the load of the Specimen
L80-8 is underestimated when the value of slip is between 0.71 and 2.34. It should be pointed that the fell
segment of experimental curve is much steeper in the load slip curves of the specimen L100-11. The reason is
that the brittle failure models such as concrete cracking and wood cracking are not simulated by this FE
model. Besides, it was found the numerical results of the specimens L80-10 and L80-11 were
overestimated. According to EN 26891 [31], the slip modulus Ks can be expressed as:

04X Fuue 3 04 % Frux 04— 0.1F o
i mod 4 004 — 001 004 — 00.1

N

where F ., is peak load of load-slip curves. &y 4 and d, ; correspond to the slip observed at 0.4 - F,, and 0.1 -
Fmax, respectively. The comparison of FE model and test, which is presented in Tab. 5, shows that the peak
load of FE model and test is similar while there exists a larger discrepancy of slip modulus. Especially, it can
be seen that the relative errors of the slip modulus Ks for specimens L80-10 and L80-11 were +29.97% and
+19.66%, respectively. The probable cause of this deviation of slip modulus is that the enhancement effect of
screw diameter on withdrawal stiffness was overestimated. It is probable that the increase of withdrawal
stiffness is mainly caused by the penetration length rather than the screw diameter.
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Figure 5: Experimental and numerical load-slip curves. The specimens are (a) L80-8, (b) L80-10, (c) L80-
11, (d) L100-11, respectively
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Table 5: Connection behavior comparison between experimental [11,12] and FE numerical results

Configuration Kg [kKN/mm] Relative error Fnax [KN] Relative error
Test FE Test FE

L80-8 9.2287 8.1669 -11.51% 12.7358 12.6834 —0.41%

L80-10 8.2873 10.7714 +29.97% 18.0000 17.8878 —0.62%

L80-11 10.9951 13.1571 +19.66% 17.0571 16.9992 —0.34%

L100-11 17.5430 15.2835 —12.88% 20.0108 20.0216 +0.05%

3 The Reduction Law of STSs Connection Performance with Increasing Temperature

Aiming to find the reduction law of screw connection performance under the high temperature, the
sequentially coupling thermal stress analyses were conducted based on Section 1. The screw diameter and
penetration length of the numerical model are 8 and 100 mm derived from [7], respectively. Firstly, a
thermal analysis was carried out to determine the temperature profile of the push-out specimens. Then,
the temperature field was input into the structure of the model for a stress analysis.

3.1 Thermal Analysis

In the thermal model, the involved thermophysical properties, including the density, thermal
conductivity and specific heat, was set. According to EN1995-1-2 [32] and EN 1993-1-2 [33], the
property parameters of wood and screw weakened with increasing temperature were set, respectively. The
temperature of concrete was always at a low-level, hence the reduction of material properties with
temperature was ignored. The thermophysical properties of concrete were determined in accordance with
EN1994-1-2 [34]. The model was simulated by one-dimensional heat transfer throughout the cross
section of the TCC components under standard fire curve CAN/ULC-S101 [35]:

Ty = To + 7501 — exp(—0.49v/1)] + 22/t (3)

where t is the burning time (min). T, and T represent the air temperature in the furnace at t and initial time,
respectively (°C).

When calculating the temperature field, all contact surfaces were defined as the ‘tie’ contact. The
boundary conditions for surface heat thermal radiation and heat convection of the exposed surfaces need
to be defined, during heat transfer. The emissivity and convection coefficients derived from
Eurocodel [36] were 25 W/m?K and 0.8, respectively.

3.2 Mechanical Analysis

Considering the change of mechanical properties with high temperature, the reduction of elasticity
modulus and strength of wood and steel were obtained from the EN1995-1-2 [33] and EN 1993-1-2 [34].
As the temperature of concrete was always at a low-level, the reduction in mechanical properties with
temperature was ignored according to EN 1994-1-2 [35].

In addition, the reduction of contact properties of the surfaces between wood and screws needs to be
considered because of the charring of timber and softening of steel. The contact properties are related to
the withdrawal behavior of the screw. The withdrawal strength was calculated using the following
equation [13]:

fox (N /mm?) )

- TCdLef
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where N is the withdrawal resistance, d is the screw diameter and L is the effective penetration length.
In the numerical analyses, the relationship between the withdrawal strength and contact property is
represented as follows:

nd?
N:FN‘ﬂ+Tfn ®)
. Fy u d t,
Jo =24 Ly *3 Ly ©

where Fy is the normal force, 1 is the friction coefficient between the timber and fastener, and t,, is the contact
stress in the pure normal (n) mode. When the screw diameter is constant, the friction coefficient and contact
strength have positive correlation to the effective penetration length.

The withdrawal stiffness was calculated using the following equation [13]:

S 3
K= (/o) )
where S is the slope of the load-displacement curve at 10%—40% of maximum load. Therefore, this paper
assumes that the contact parameters, including friction coefficient, contact strength and cohesive stiffness,
have positive correlation to the effective penetration length. Due to this relationship, the contact
parameters presented in Tab. 6 were calculated. According to the effective cross section method (ECSM)
[37], the screw penetration length in the virgin wood determined with the charring model is considered as
the effective penetration length. The charring temperature was defined as 300°C. The temperature fields
of the thermal analysis in different exposure time (including 30 min, 47 min, 60 min, 75 min, 90 min,
105 min, 120, 150, 180 and 200 min) were input into the stress analysis model.

Table 6: Contact properties of the cohesive and friction surface at different temperatures

Burning time Effective penetration Friction Elastic modulus Contact stress
[min] length [mm)] coefficient [MPa] [MPa]
0 100.00 0.320 50.000 50.000
30 100.00 0.320 50.000 50.000
47 100.00 0.320 50.000 50.000
60 90.52 0.290 45.260 45.260
75 80.48 0.258 40.240 40.240
90 70.73 0.226 35.365 35.365
105 61.67 0.197 30.835 30.835
120 52.91 0.169 26.455 26.455
150 36.93 0.118 18.465 18.465
180 23.77 0.076 11.885 11.885
200 17.69 0.057 8.845 8.845

3.3 Result Discussion

Fig. 6 presents the load-slip curves of the numerical simulations at different burning times. The reduction
of the joint strength F,,,, and slip modulus Kg with the burning time are shown in Fig. 7. Considering the
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different timber section and screw penetration length, this reduction relations were not always effective in
modelling the behavior of STS under high temperature. The reduction of joint performance under
elevated temperature is mainly related to the following factors: a. the reduction in mechanical properties
of timber and steel with elevated temperature, b. The reduction of withdrawal behavior between wood
and screw under high temperature. These negative factors are all related to the distribution of temperature
field. The temperature field distribution of the screw and its surrounding timber is reflected by the
effective penetration length. Thus, for determining the effective penetration length of screws, the
calculation model shown in Fig. 8§ was applied. The effective penetration length L.; is calculated as
follows [22]:

dchar,l + dchar,z
2

L dgf <t
Ly=q, (dg—1) dy > 1 )

de - dchar,ave + kOdO - + kOdO (8)

* sin45°

where d.¢is effective charring depth, depar, ave 1S the average notional charring depth, dehar, 1 and dpay, 2 are the
notional charring depth on both sides of the screw, kg = 1.0, zero strength layer dy = 7 mm, Ly is the initial
penetration length of screw, t is the thickness of the timber under the screw. The graph of relation between the
effective penetration length and reduction coefficient is shown in Fig. 9. Based on the above relationship, the
fitting expressions (see Fig. 10) for the reduction coefficient of slip modulus and joint strength were given by
Eqgs. (10) and (11). The R? value of slip modulus and joint strength are 0.99247 and 0.98966,
respectively.

Ry = 0.00676 + 0.0357 exp(0.03296L,) (10)
Rg = —0.10994 + 0.01045L,¢ 11

where Ry and Rg are the reduction coefficient of slip modulus and joint strength, respectively.
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Figure 6: Numerical load-slip curves at different burning times
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Figure 8: The calculation model for the effective penetration length of screws
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Figure 10: The fitting expressions for the reduction coefficient of (a) slip modulus and (b) joint strength

4 Full-Scale TCC Slabs

4.1 The Coupling Thermal Stress Model of TCC

Because of the symmetry of the test specimen [7], only a quarter of the model was built. According to the
specimen of full-scale fire-resistant experiments, the thickness of the 5-ply CLT and concrete were simulated
to be 175 and 89 mm, respectively (see Fig. 11). Since the specimen dimension was 1829 mm x 4800 mm,
the size of the numerical model was set to 914.5 mm x 2400 mm. The sequentially coupling thermal stress
analysis was adopted to simulate the fire resistance test.

concrete connection area

Figure 11: The numerical model of full-scale TCC floor

The model of the TCC slab consisted of the concrete and CLT slab. The cross lamination of CLT was
simulated by assigning the material direction of each ply timber.

‘Tie’ contact was adopted between all wood panels. For the thermal analysis, the surfaces between the
concrete and timber were interrelated by the tie contact. The contact properties of these surfaces for
the mechanical analysis were presented in Section 4.2. The bottom layers of CLT were deactivated during
the fire simulation to simulate the char fall-off of timber. The first, second and third layers of CLT were
deactivated by creating the model change interaction at 90, 120 and 180 min of fire exposure [7], respectively.

Due to developing a quarter of the numerical model, two boundary conditions were required for
symmetry planes. The three translations of all the nodes that correspond to support areas was set to
values of zero displacements to simulated the supports at the bottom of timber. The fire loading was
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simulated by one-dimensional heat transfer throughout the TCC slab section under standard CAN/ULC-S101 fire
curve. The temperature filed from the thermal analysis was input into the structural model to conduct structurally

analysis. A pressure of 2.4 kPa was applied to the upper surface of the concrete to simulate the live load. The self-
weight loads of the TCC slab were also applied to the numerical model.

4.2 Simplified Model of Screw Connection

Considering the reliability and efficiency of the TCC slab models, the surfaces of all the nodes that
correspond to the connected areas of screw were simplified as a special cohesive contact [38], as shown
in Fig. 12. Since the screws along the width were spaced at 102 mm, a 102 mm X 20 mm rectangular
area at the interface between the timber and concrete was adopted as cohesive contact. As only quarter of
the model was built, the cohesive contact areas were adjusted to 51 mm x 20 mm.

friction contact

777

TR

AL

cohesive contact

@ (b)

Figure 12: (a) The quarter of simplified model, (b) the contact of the surfaces between the timber and concrete

The cohesive contact parameters were calibrated, according to modifying the slip stiffness and shear
strength of the simplified model. The shear strength F... is defined by the peak load of the load-slip
curves. The slip modulus K, at ultimate limit state is determined from the load-slip curves according to
the formulation offered by [39]:

0.8 X Fax

K, = 12
0.8 — 004 + 3004 — do.1 (12)

where 9 g, 094 and 8¢ ; correspond to the slip observed at 0.8 - F,,,x, 0.4 - Fiac and 0.1 - Fo,.,, respectively.
Fig. 13 compares the load-slip curves of refined and simplified models. The refined model has been presented
in Section 3. Thus, the properties of the cohesive contact with different burning times were defined.
According to Tab. 6, the interface temperature corresponding to different burning times was determined.
Finally, the contact parameters as a function of interface temperature were obtained. The reduction of the
contact properties shown in Tab. 7 was used for the numerical model of TCC slab.

4.3 Validation of the FE Full-Scale Model

As shown in Fig. 14, the deflection-time curves of the numerical simulation and test [ 7] was consistent. It
can be observed that the FE model could provide good predictions of displacement at the initial stage.
However, this FE model overestimates the deflection when the burning time is from 96 to 156 min. The
simulated deflection increased sharply at 170 min until the TCC slab failed at 184 min, while ultimate
fire-resistance time of test was 214 min. A comparison between the fire resistances obtained from the
numerical simulations and experimental tests shows that the deviation of numerical simulation is up to
—14.02%. The reason is that the delamination simulated by the FE model is assumed as the whole layer
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of the laminate exposed to fire falling off, while the delamination during the test is a local phenomenon.
Therefore, the numerical model of TCC slab overestimates the weakening structural performance by fire

and underestimates the fire resistance.
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Figure 13: The load-slip curves of refined and simplified models for different effective penetration length

Table 7: Cohesive contact properties of TCC floor at different temperatures

Burning time [min]

Temperature [°C]

Stiffness [MPa]

Contact stress [MPa]

0 20.00 6.40 2.40
90 22.80 3.90 0.73
105 26.60 3.49 0.52
120 29.00 2.84 0.41
150 33.49 1.59 0.34
180 44.67 0.80 0.28
200 96.91 0.60 0.23
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Figure 14: Numerical model of TCC floor and experimental deflection-time curves

5 Conclusions

In this paper, the structural performance of the TCC connections and the fire performance of the TCC
connections and TCC slabs were numerically investigated. Besides, the obtained reduction law was also
applied to the full-scale FE model to investigate the fire performance of TCC slab. The main conclusion
can be drawn as follows:

(1) A FE model was proposed to predict the connection behavior of concrete-timber-concrete push-out
specimens. The proposed FE model with different screw diameters and penetration lengths was
validated by existing experimental results. The developed numerical model shows the capacity to
describe the load slip behavior of push-out specimens. Although the maximum load of the
numerical model was predicted accurately, the initial stiffness was overestimated. The relative
error of the slip modulus was acceptable except +29.97% relative error for specimen L80-10.

(2) A sequentially coupling thermal stress model was developed to predict the connection behavior of
push-out specimens under different temperatures. The reduction law of the joint strength F, ., and
slip modulus Kg with the burning time were proposed. Considering the usability of reduction law,
the relationship between the effective penetration length and reduction coefficient was established.

(3) A sequentially coupling thermal stress model combined with the proposed reduction law of
connection performance was used to predict the fire performance of the TCC slab. Comparing
load-slip curves, a simplified push-out model with a special cohesive contact to replace the screw
connection was validated. For computational efficiency, this simplified push-out model was
applied to the composite slab model. The TCC slab deflection as a function of standard fire
exposure time was predicted by this numerical model in good agreement with the experimental
results. However, a comparison between the fire-resistance time obtained from the numerical
simulations and experiment shows that the deviation of numerical simulation is up to —14.02%.

The sequentially coupling thermal stress model with the reduction law proposed in this paper can
provide good predictions of the fire performance and fire-resistance time. The further research is
necessary, especially more detailed and extensive experimental results are needed to verify the reliability
of the proposed model. Finally, more experiments for TCC slab should be conducted to better validate the
numerical model.
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