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� Experimental investigation under
indoor environment was conducted.

� The influence of loading levels and
the number of shear connections on
long-term deformations.

� Long-term deflection, interface slip,
and timber strain were measured and
analyzed.

� Time-dependent behaviour of timber-
concrete composite beams were
predicted.
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This paper presents the results of long-term experiments performed on three timber-concrete composite
(TCC) beams. An innovative fabricated steel plate connection system, which consists of screws and steel
plates embedded in concrete slabs, was adopted in the TCC beam specimens. The adopted shear connec-
tion can provide dry-type connection for TCC beams. Steel plates were embedded in concrete slabs while
the concrete slab was constructed in factories. The timber beam and concrete slab can be assembled
together using screws at the construction site. In this experimental programme, the beam specimens
were subjected to constant loading for 613 days in indoor uncontrolled environments. The influence of
long-term loading levels and the number of shear connections on the long-term performance of TCC
beams was investigated and discussed. The mid-span deflection, timber strain, and interface relative slip
at the positions of both connections and beam-ends were recorded throughout the long-term tests. It was
found the long-term deflection of the TCC beam increased by approximately 60% while the long-term
loads were doubled. Under the influence of the variable temperature and humidity, the TCC specimens
with 8 shear connections showed slighter fluctuations compared with the TCC beamwith 6 shear connec-
tions. In the 613-day observation period, the maximum deflection increment recorded was 6.56 mm for
the specimen with eight shear connections and 20% loading level. A rheological model consisting of two
Kelvin bodies was employed to fit the curves of creep coefficients. The final deflections predicted of all
specimens at the end of 50-year service life were 2.1~2.7 times the initial deflections caused by the
applied loads. All beam specimens showed relative small increments in mid-span deflection, strain and
relative slip over time without any degradations, demonstrating the excellent long-term performance
of TCC beams using the innovative steel plate connection system, which is also easily fabricated.

� 2020 Elsevier Ltd. All rights reserved.
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1. Introduction

Facing with the serious pollutions brought by the industrial
process, the development of green buildings and the environmen-
tal protection during construction process are critically needed.
Accordingly, timber structures obtained pronounced attentions
due to all kinds of advantages, such as environmental friendly, liv-
able and assemblability [1]. In frame structure systems, the appli-
cation of timber structures may be constrained due to the
limitation of deflection deformation for the flexural members. An
effective measure to improve the bending stiffness and load-
bearing capacity of a new-built or existing timber beam is
strengthening it by arranging a concrete slab/beam on the top of
the timber beam [2]. In the regions highly corrosively to concrete
structures, the timber floors are also applied to the bottom of con-
crete slabs to prevent corrosive environment from corroding the
concrete [3].

The slip performance of shear connections and composite effi-
ciency of timber-concrete composite (TCC) beams/floors have been
the research topics of TCC systems. To obtain a superior composite
action and structural performance, many types of shear connec-
tions have been proposed and researched. Typical shear connec-
tions include dowelled, notched, glued, and hybrid connections.
Dowelled connections are characterized by the simple structure
and clear stress path. The dowelled connections exhibited better
shear performance by the inclination arrangement [4] and adding
additional shear plate [4,5]. Sebastian et al. [6] demonstrated that
screws developing tension at 45� inclination showed a 14.7%
improvement of bearing capacity than vertical screws in shear con-
nections. Khorsandnia et al. [7] discovered that the employment of
bidirectional inclined screw could enhance the slip stiffness by
65.9% than the vertical screw connections. In addition, notched
[8,9] and glued-in steel-plate connections [10,11] were proposed
to obtain better loading-capacity and slip stiffness. Djoubissie
et al. [12] found that the shear strengths and slip moduli of
notched-rebar connections were improved by 40% and 5.3 times,
respectively, compared with pure rebar connections. The compos-
ite efficiency of TCC floors with notched connections reached to
83.4% [13]. For the glued-in steel-plate connections, the shear
bearing capacity and slip moduli were tested as 276.0 kN and
3368.4 kN/mm, respectively [14], and the composite efficiency
for the TCC beams with glued-in steel-plate connections reached
to 93% at the initial loading stage [15].

Apart from improving the mechanical property of TCC systems,
the feasibility and convenience of construction were also the
research topics in recent years. Therefore, several types of prefab-
ricated TCC structures were proposed and investigated. Lukas-
zewska et al. [16,17] investigated several types of shear
connections which can realise the semi-prefabrication of TCC
beams. Crocetti et al. [18] proposed an effective method to realise
the ‘dry-dry’ connection of TCC beam by using inclined screws.
Khorsandnia et al. [19] also researched several possibilities for
the deconstructable TCC beams, and obtained desired structural
performances. Zhu et al. [20] proposed an innovative hybrid con-
nection, which consists of steel plated pre-embedded in concrete
and screws, aiming to explore the feasibility for prefabricated
TCC systems. Zhang et al. [21] investigated the prefabricated TCC
beam using coach screws, by embedding a wooden dowel in the
concrete slab, and achieved a composite efficiency of 81.9%.

The prefabricated TCC system is characterized by the following
advantages. (1) The concrete slab can be constructed in factories in
advance, saving time needed for concrete to cure and costing down
than traditional TCC structures which need cast concrete slabs
onsite. (2) To prevent the water penetrating to timber beams, an
interlayer made by plywood is necessary. It was found than the
2

interlayer could evidently decreases the slip moduli of shear con-
nections and bending stiffness of TCC structures [22]. (3) The pre-
fabricated concrete slabs could reduce the high creep of concrete
during curing [18]. (4) Reduce the pollution on the construction
site and improve construction efficiency [23].

Because timber and concrete show different creep properties,
the time-dependent behaviour of the TCC structure is more com-
plex compared with pure timber and concrete beams. The concrete
shrinks during the whole service life while timber shrinks or swells
with the variation of relative humidity and temperature [24].
Therefore, many experimental investigations about time-
dependent behaviours of shear connections [25–28] and TCC
beams [29–32] were conducted. It was found the type and config-
uration of connections have a great influence on the long-term slip
of composite beams [26,33]. In addition, Van de Kuilen et al. [27]
investigated the effect of dimension parameter on the time-
dependent behaviour of dowelled connections, and discovered that
increasing the dowel diameter could decrease the creep coefficient,
and the smooth dowel connection showed a minor creep coeffi-
cient than the profiled one.

Many experiments were performed to investigate the influence
of concrete and shear connection types on the creep performance
of TCC system [34–36]. Yeoh et al. [34] found the application of
low shrinkage concrete could decline the long-term deflection by
12.8% than the specimen with normal concrete. Fragiacomo &
Lukaszewska [35] investigated the long-term performance of TCC
floors with prefabricated concrete slabs, which verifies the feasibil-
ity of prefabricated TCC structures. Compared with the specimen
with screwed connections, the beam specimen with grooved con-
nectors showed less creep tendency while the specimen with
adhesive connection was characterized the biggest creep deforma-
tion [36]. In addition, Fragiacomo et al. [37] also demonstrated the
seepage of wet concrete won’t lead to a possible decay of timber
while there is no plywood interlayer between the timber member
and the concrete one. However, the construction methods such as
casting in situ or prefabricated, shoring time and shored or un-
shored have pronounced influences on the time-dependent beha-
viour of TCC structures [38].

An innovative shear connection consisting of metal plates and
screws, which can provide dry-type assembly between timber
and concrete members, was demonstrated to possess excellent
strength and slip moduli [20]. The TCC beam with this type of con-
nection is verified to show excellent structural performance, which
is easy to prefabrication [39]. Therefore, to further explore the fea-
sibility of TCC systems using this type of fabricated steel plate con-
nections, the long-term performance of TCC system with steel
plate connections need to be investigated. Furthermore, as sum-
mary above, the investigations about the time-dependent beha-
viour of shear connections and composite beams need to be
supplemented further, especially for the prefabricated TCC sys-
tems. Therefore, the primary objects of this article are to investi-
gate the long-term performance and feasibility of the
prefabricated beams using the steel plate connections. The influ-
ence of the number of shear connections and sustained loading
levels coupled with the changing environmental conditions was
considered in the long-term tests.

2. Beam specimens

2.1. Materials

The timber adopted in this experimental programme was made
of Douglas fir glued laminated timber. The glulam was fabricated
by Engineering Research Center of Modern Timber Structure Labo-
ratory, Nanjing Tech University. The strength class of the timber
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was determined as GL28h in accordance with EN 1194 [40]. The
average moisture content of structural lumbers was lower than
15% while the glulam was fabricated. The main material properties
of glulam parallel to the grain are displayed in Table 1. The ranges,
coefficient of variation (CoV), and the number of tested samples are
also displayed in Table 1. The elastic modulus Ew and bending
strength fm of glulam were tested as 12863 MPa and 30.8 MPa,
respectively, according to ASTM D198 [41]. The bending strength
of glulam was tested through by bending tests performed on three
full-size glulam beams according to GB/T 50329 [42]. The shear
and tension strengths were tested in accordance with the ISO
3347 [43] and ISO 3345 [44], respectively. The samples for testing
shear and tension strengths were made of the dimension lumbers
almost without defects. Therefore, their testing results were higher
than the characteristic values of GL 28 h in EN 1194. The shear
strength of adhesive bonds were tested as 9.9 MPa according to
ASTM D905 [45]. The moisture content of the wood was tested
as 10.9% in accordance with EN 13183-1 [46] while the material
tests were performed.

The strength class of concrete adopted in this experimental pro-
gramme was C30/35. The average cubic compressive strength was
measured as 38.3 MPa after curing 28 days. The modulus of elastic-
ity Ecm of concrete was evaluated as 3.3 � 104N/mm2 according to
Eurocode 2 [47].

The coach screw diameter is 6 mm while the length is
70 mm. The bending yield strength of screws was measured as
219.6 MPa according to ASTM F1575 [48]. The withdraw capac-
ity of the screw parallel to grain and perpendicular to grain
were measured as 5.78 kN and 7.30 kN, respectively, according
to EN 1382 [49].

2.2. Beam specimen description

Three TCC beams were prepared for the long-term tests. The
details of the TCC beams employed in long-term tests are displayed
in Fig. 1 and Table 2. The total length of beam specimens was
4800 mm, whereas their clear span during long-term loading tests
was 4500 mm. Eight shear connections were used to connect the
concrete slab with the timber beam for TCC-1 and TCC-3, while
six ones for TCC-2. The shear connections spaced at 600 mm cen-
ters for TCC-1 and TCC-3 at each half-span, while the center dis-
tance for TCC-2 was 800 mm.

Only one specimen was prepared for each configuration. A syn-
chronous investigation about notched-screw connections and TCC
beams was reported [50], in which three push-out specimens were
constructed for each loading level. It was demonstrated that the
difference between each specimens can be negligible. According
to existing literatures, the loading levels in long-term tests of beam
specimens mostly ranged from 10% to 30% [31,35,37,50]. Thus, the
lower loading levels was determined as 10% of the load-carrying
capacity, which was applied to the specimen TCC-3. To investigate
the influence of loading levels, the long-term loads sustained by
TCC-1 and TCC-2 were about 20% of their estimated short-term
load-carrying capacity. The shear connection quantity and loading
levels were the main research parameters for the long-term beha-
viour of the composite beams.
Table 1
Material properties of the adopted timber parallel to grain.

Designation Range (MPa) M

Elastic modulus 10521.7–14232.9 1
Compressive strength 27.8–32.4 2
Bending strength 28.2–32.1 3
Shear strength 3.1–8.9 6
Tension strength 38.8–75.9 5
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The configuration of the fabricated shear connection is shown in
Fig. 2. The cross-section dimension of the concrete slab was
400 mm width and 80 mm depth, while the cross-section dimen-
sion of the timber beam was 135 mm width and 300 mm depth.
The shear connection is composed of two steel plates and sixteen
screws. The details of the steel plate are displayed in Fig. 3. Two
steel plates were partly embedded into the concrete slab while
the concrete slab was constructed, and then laterally screwed on
the timber block. Two angle steel strips were bolted on each steel
plate to improve the cementation between steel plates and con-
crete. The strength grade of bolts adopted was grade 8.8. The
dimension of the bolt is 12 mm diameter and 40 mm length. Both
the steel plate and angle steel were made by S355 steel.

2.3. Short-term performance of the fabricated shear connection

The experimental outcomes of symmetrically push-out tests for
the steel plate connection were reported by a previous study [20].
Typical mechanical properties for two shear planes are displayed in
Table 3. The average ultimate bearing capacity of three push-out
specimens was tested as 174.1 kN, while the slip modulus K0.4 in
serviceability limit state was 48.2 kN/mm. The value of K0.8, denot-
ing the slip modulus in ultimate limit state, only showed slight
decline compared with K0.4 and K0.6.

Apparently, this innovative steel plate connection is character-
ized by acceptable strength, slip moduli, and superior ductility,
coupled with good feasibility for the assembly of prefabricated
members. Therefore, the long-term behaviour of prefabricated
TCC structures using this steel plate connection should be evalu-
ated to further ensure its feasibility in long-term service life.

2.4. Short-term performance of the TCC beam and simplified
calculations

To determine the ballast loads in long-term tests, the simplified
method based on ‘c-method’ was adopted to estimate the load-
carrying of TCC beam specimens as shown in the Appendix. The
effective bending stiffness of a TCC beam specimen can be esti-
mated in accordance with the ‘c -method’ suggested by Eurocode
5 [51]. The calculation formula for the effective bending stiffness
are displayed in Appendix Eqs. (1)–(4). Then, the mid-span deflec-
tion of TCC beam under the action of ballast loads can be estimated
by Eq. (5). Through by Eq. (10), the load-carrying capacity of TCC
beams can be estimated.

To demonstrate the accuracy of the simplified method in
Appendix, a preliminary experimental study reported by Shi
et al. [39] was cited for comparison. In addition, short-term exper-
imental results can also provide significant information about the
short-term structural performances, which is beneficial for us to
realise the TCC beams with steel plate connections. The TCC beam
with the total length of 6000 mm and 10 steel plate connections
(center space of 630 mm) was tested in the preliminary study,
and the cross-section was same as the TCC beam specimens
adopted in this long-term research. The timber was made of a same
batch of lumber as long-term tests, and the concrete strength class
was also C30/35.
ean values (MPa) CoV (%) Quantity

2,863 13.0 10
9.4 5.1 10
0.8 6.0 3
.1 27.5 34
5.8 22.6 10
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Table 2
TCC beams employed in long-term tests.

Specimens Number of
connections

Connection distance
(mm)

Loading
level

TCC-1 8 600 20%
TCC-2 6 800 20%
TCC-3 8 600 10%

Angle steel
4-150X45X5

30
0

80 Coach screws

16- 6L70

Steel plates
2- 0X180X5
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(b)(a)
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Fig. 2. Details of the shear connection: (a) front view, (b) cross-section diagram
(Unit: mm).
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Fig. 3. Details of the steel plate (Unit: mm).

Table 3
Mechanical properties of fabricated shear connec-
tions [20].

Properties Values

Load-bearing capacity Fmax 174.1 kN
Maximum slip smax 13.3 mm
Slip modulus K0.4 48.2 kN/mm
Slip modulus K0.6 45.3 kN/mm
Slip modulus K0.8 35.9 kN/mm
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The load–deflection curve of the 6000 mm long TCC beam with
steel plate connections is shown in Fig. 4. Moreover, Fig. 4 also dis-
plays the slope curves for various composition actions (including
effective bending stiffness, non- and full-composite action). The
bending stiffness for the TCC beam with non- and full-composite
action are calculated by Appendix Eqs. (6) and (7), respectively.
The slopes of the curves in Fig. 4 are calculated by the Eq. (8) in
the Appendix. The composition efficiency was estimated as 72.0%
according to the Eq. (9), which denotes the proposed fabricated
connection can provide superior composite action for TCC systems.

The comparisons between experimental and analytical results
for both effective bending stiffness and load-carrying capacity
based on ‘c -method’ are shown in Table 4. The analytical results
for bending stiffness and load-carrying capacity were calculated
Fig. 4. The load–deflection curve of the TCC beam.



Table 4
Comparisons between experimental and analytical results [39].

Item Bending stiffness
(1012N.mm2)

Load-carrying
capacity (kN)

Experimental results 9.16 87.7
Analytical results 7.62 98.2
Error �16.8% +12.0%
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by Eq. (1) and Eq. (10), respectively. As shown in Table 4, the avail-
able analytical methods show an acceptable accuracy, which agree
well the experimental results.

The available analytical methods were adopted to estimate the
short-term mechanical performance of TCC beams specimens
adopted in long-term tests, and the calculated outcomes are shown
in Table 5. The load-carrying capacity for TCC-1(-3) and TCC-2 are
118.7 and 113.2 kN, respectively. Thus, the long-term loads for
TCC-1 and TCC-2 are 24.0 and 22.8 kN, respectively, being basically
20% of their bearing capacity. The deigned long-term loads sus-
tained by TCC-3 is 12.0 kN, which was approximately 10% esti-
mated bearing capacity. In addition, the initial deflection was
estimated as 5.75, 6.22, and 2.88 mm for specimen TCC-1, TCC-2,
and TCC-3, respectively.
2.5. Test methods and devices

The timber beams were constructed on May 4, 2018. The con-
crete slab were constructed on May 12, 2018. The long-term loads
were applied to the TCC beam specimens on September 8, 2018.
The long-term test diagram and device are illustrated in Fig. 5(a),
and the photograph of a tested specimen is shown in Fig. 5(b).

The long-term loads were applied at the third-span points of
beam specimens as shown in Fig. 5(a). Long-term loads consisted
of concrete and steel weights. The long-term tests were conducted
inside the basement of the structural laboratory of Nanjing Tech
University. The surrounding environment of beam specimens was
uncontrolled and variable. The indoor conditions can protect the
specimens and testing instruments from strong winds and heavy
rainfall, thereby ensure the accuracy of experimental data. How-
ever, the RH and temperature in sheltered indoor environment
fluctuated more slightly than the outdoor conditions.

Long-term tests were started on 8th September 2018, which has
been carried out for 613 days while this article was submitted. It is
sufficient to reflect the effect of long-term loads and seasonal envi-
ronmental changes on the deformations of TCC specimens in terms
of loading time. Following variables were recorded over time dur-
ing the entire period of loading tests. (1) Initial mid-span deflec-
tions. (2) RH and temperature of surrounding air; (3) The
increase in mid-span deflection; (4) Relative slip at both beam-
ends and the positions of shear connections; (5) Strains of the bot-
tom of timber beam at third-span points. The RH and temperature
were recorded once per hour by a temperature and humidity sen-
sor. All deformations were monitored by dial gauges with the accu-
racy of 0.01 mm. The dial gauges were installed ahead before the
concentrated loadings were applied. The initial deformations were
Table 5
Estimated short-term performances and long-term loads of TCC beam specimens.

Items TCC-1 TCC-2 TCC-3

Estimated bearing capacity, 2Pmax (kN) 118.7 113.2 118.7
Effective bending stiffness, (EI)eff (1012N.mm2) 6.75 6.18 6.75
Long-term loads, 2P (kN) 24.0 22.8 12.0
Self-weight, q (kN/m) 1.2 1.2 1.2
Initial deflection, w0 (mm) 5.75 6.22 2.88

5

measured immediately after the loads were applied (all weight
blocks were applied in 15 min). The gauge data were recorded
manually. The dial gauges measuring the mid-span deflection,
the slip at beam ends, and timber strains were shown in Fig. 5
(a). The timber strains were evaluated through by measuring the
relative deformation of a 200 mm interval. The relative slip of shear
connections was measured by dial gauges which were fixed at the
positions of shear connections. All deformations were recorded
once per hour in the former 12 h, and then be obtained daily basi-
cally. The long-term tests are still on-going while authors submit-
ted this manuscript.
3. Experimental results

3.1. Initial deflection, surrounding RH and temperature

The comparisons between measured and estimated values are
displayed in Table 6. The estimated values are basically consistent
with the measured values, which demonstrated the reliability of
the estimated calculation method. The measured values for TCC-
1 and TCC-2 were 10%~12% smaller than estimated ones, while
the measured value of TCC-3 was 7% bigger than its estimated
value. Apparently, the measured values exhibited an evident fluc-
tuation by comparing TCC-1 and TCC-3. While the ballast loads
were doubled, the measured deflection of TCC-1 only increased
by 63.6% compared with that of TCC-3. However, it was supposed
that the deflection of the TCC beam linearly increased correspond-
ing to loads while the loads were less than 30% of load-carrying
capacity [16]. The load–deflection curve in Fig. 4 also demon-
strated this conclusion. The fluctuation of the deflection was
caused by the vibrations and irregularity during the process of
applying concrete and steel weights. Therefore, the displayed data
of dial gauges immediately caused by the applied loads was not
recommended to determine the initial deformations [50,52]. The
initial deformations estimated by simplified methods are
employed to calculate the creep coefficient as follows [28]:

uðtÞ ¼ mðtÞ � mðt0Þ
mðt0Þ ð11Þ

where, v denotes possible deformations (mid-span deflections in
this article); t0 and t signify the initial time of long-term load appli-
cation and the current time, respectively.

The recorded temperature and RH during the entire recorded
testing period are plotted in Fig. 6 coupled with deformation data.
The temperature ranged from 8.2 �C–30.4 �C, while the RH ranged
from 31.1%–94.3%. The temperature showed obvious seasonal vari-
ation, reaching the minimum value in the winter and peaking in
the summer. In addition, the relative humidity also certain evident
periodical changes. However, the RH maintained relative high val-
ues most of the time due to the rainy climate of Nanjing city. From
about 350 to 450 days, the RH exhibited the relatively low period
due to the long period of dry weather. This climate condition is
valuable to investigate the influence of long-term extreme envi-
ronmental conditions on the deformation of TCC beams. Combin-
ing the recorded temperature and humidity curves, the creep
tendencies of composite beams are analyzed hereinafter in mid-
span deflections, timber strains and interface slips.

3.2. Mid-span deflections

The measured mid-span deflections of all specimens are
depicted in Fig. 6. Based on the estimates values shown in Table 5,
the initial mid-span deflections in Fig. 6 were 5.75 mm for TCC-1,
6.22 mm for TCC-2 and 2.88 mm for TCC-3. Results in Fig. 6 show
the deflections evidently increased in the former 120 days, and
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Fig. 5. Long-term loading diagram: (a) elevation (Unit: mm), (b) the photo of a tested specimen.

Table 6
Comparisons between measured and estimated values for initial mind-span deflec-
tions (Unit: mm).

Specimens Measured values Estimated values

TCC-1 5.04 5.75
TCC-2 5.58 6.22
TCC-3 3.08 2.88
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then tended to stabilization with negligible fluctuations. The
increase of deflection in the first 120 days was dominantly con-
tributed by the creep deformation caused by the action the long-
term loads. From approximately 330 to 450 days, the decrease of
both temperature and RH caused the increase in mid-span deflec-
tion. During this period, the RH dropped to 31.1% from 84.9%,
whereas the temperature declined to 19.9 �C from 27.2 �C. All spec-
imens tended to stabilization again with the increase of RH
approximately from 1st December 2019, and two specimens
(TCC-2 and TCC-3) occurred slight decline in the spring of 2020
due to increase of RH and temperature. Due to the impact of
COVID-19, the recording was suspended on January 22 and
restarted on April 16, 2020.
TCC
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Table 7 displays the increase in mid-span deflection at some key
times, where Dec 1, 2018, Mar 1, Jun 1, Sep 1, and Dec 1, 2019 are
the dates expressed by the vertical dash lines in Fig. 6 from left to
right, respectively. The long-term deflections increased by 54.8% to
90.6% in the former 120 days compared with initial deflections.
From Mar 1 to Sep 1, 2019, the long-term deflections increase
slowly, and for the TCC-2 and -3, the deflection even declined,
which was caused by the high values of the RH and temperature.
The deflections also increased obviously from Sep 1 to the Dec 1,
2019. From Dec 1, 2019 (the 449th day) to the 613th day, the
deflection of each specimen increased slightly, and even decreased
in the spring of 2020. At the end of recorded dates, the deflection
increments were 6.56 mm, 5.35 mm, and 3.97 mm, respectively,
for specimens TCC-1, TCC-2, and TCC-3, which are the 114.1%,
86.0%, and 137.8% of corresponding initial deflections.

By comparing the specimen TCC-1 with TCC-3, it can be con-
cluded that the long-term deflection increased by approximately
60% while the applied concentrated loads were doubled. Therefore,
with the increase the load level, the creep coefficient will decline.
The increase in deflection of TCC-2 was slightly smaller than that
of TCC-1, which was contrary to the expectation. This may be
caused by the material differences among each beam component,
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Table 7
The increase in mid-span deflection at some key times.

Key times (days) TCC-1 TCC-2 TCC-3

Dw (mm) Dw/w0 Dw (mm) Dw /w0 Dw (mm) Dw/w0

Initial deflection, w0 (mm) 5.75 6.22 2.88
1st day 0.47 8.2% 0.50 8.0% 0.16 5.6%
10th day 1.39 24.2% 1.01 16.2% 0.68 23.6%
50th day 3.01 52.3% 2.54 30.8% 1.64 56.7%
Dec 1, 2018 (84th day) 3.87 67.3% 2.97 47.7% 2.32 80.6%
120 days 4.21 73.2% 3.41 54.8% 2.61 90.6%
Mar 1, 2019 (174th day) 4.54 79.0% 3.46 55.6% 2.84 98.6%
Jun 1, 2019 (266th day) 4.63 80.5% 3.26 52.4% 2.78 96.5%
Sep 1, 2019 (358th day) 5.00 87.0% 3.82 61.4% 2.89 100.3%
Dec 1, 2019 (449th day) 6.16 107.1% 5.67 91.1% 3.83 133.0%
500th day 6.36 110.6% 5.79 93.1% 4.06 140.9%
613th day 6.56 114.1% 5.35 86.0% 3.97 137.8%

B. Shi et al. Construction and Building Materials 266 (2021) 120892
and the structural performance difference between TCC-1 and TCC-
2 was relatively small. However, the TCC-2 exhibited a more obvi-
ous increase while the RH and Temperature decreased after Sep 1,
2019. This can be explained that the TCC with less shear connec-
tions is more sensitive to the surroundings temperature and RH.
This is because that the bending stiffness and the composite action
declined with the decrease of the shear connections. With the obvi-
ously decrease of RH, the creep deformation of concrete slabs
increased during the long-term loading. The specimen TCC-1
showed superior capacity of constraining creep deformation than
TCC-1, thanks to more shear connections and greater flexural
stiffness.

3.3. Strains of timber components

The creep tendencies of timber strains at the third-span points
are depicted in Fig. 7. The strain tendencies of TCC-1 and TCC-2
were basically similar throughout the entire record duration. The
timber strain linearly increased under the action of applied loads
in the first 18 days, and then experienced the decline phase (20
to 60 days) and fluctuation stages (60 to 170 days). The timber
strain increased during the sorption phase due to the high RH from
approximately 170 days to 340 days, and then decreased during
the desorption phase from approximately 380 days to 440 days.
The initial of timber strain TCC-3 basically kept the increase ten-
dency in the first 170 days, and also increased with the increase
of RH and decreased with the reduction of RH from the 300th to
440th day. From about 440 days to 613 days, the strain of timber
basically showed an increase tendency due to the RH recovered
to relatively high levels. The peaking values of timber strain for
TCC-1, TCC-2, and TCC-3 were reached as 1045, 1010, and 490
le, respectively.

Comparing Fig. 7 with Fig. 6, the timber strain was character-
ized by obvious fluctuations while compared with the mid-span
deflection. Apparently, the changing RH and temperature have a
more pronounced influence on the micro deformation than the
structural macro response. In addition, the strain tendency of the
timber showed the retardation phenomenon, while compared with
the tendency of RH. As shown in Fig. 7, the overall trend of RH
began to decrease at about the 320th, whereas the timber strain
began to decline at the 380th day for TCC-1, the 340th day for
TCC-2, and the 405th day for TCC-3.

3.4. Interface relative slips

Interface relative slips at the positions of both beam-ends and
shear connections are depicted in Figs. 8–10. By comparing the slip
curves in Figs. 8–10, the slip of TCC-1 was the biggest, TCC-2 was
less, and TCC-3 was the least for most of record time. And the slip
7

of the innermost shear connections was the smallest, whereas the
slip of connection #2 are the biggest. Main discoveries can be
obtained as follows: (1) Most curves showed an increase tendency
in the first 80 days, and then basically stabilised, except the con-
nection #2 and #3 in TCC-1 and connection #2 in TCC-3, which
almost have been increasing during the whole long-term tests.
(2) The long-term slips of beam-ends were smaller than those of
connections #2 and #3 for TCC-1 and TCC-3, and connection # 2
for TCC-2. (3) The variable RHs have a more pronounced effect
on the relative slip at the beam-ends than that at shear connec-
tions. Accordingly, the fluctuation amplitude of relative slip at
the positions of shear connections were much slighter than that
at beam-ends. (4) The long-term slip showed an obvious descent
stage from approximately 10th to the 25th day, while the RH
declined abruptly, which is consistent with the strain of timber
in Fig. 7.
4. Discussions

4.1. Creep coefficients

The creep coefficient reflects the relative deformation corre-
sponding to the initial deformation, and has been widely used to
describe the creep behaviours of timber beams [53] and TCC con-
nections [28]. The creep coefficients of mid-span deflections for
all specimens were calculated according to Eq. (11), and the curves
of creep coefficients were plotted in Fig. 11.

As shown in Fig. 11, specimen TCC-3 showed the biggest values
of creep coefficient in the later stage of long-term tests, TCC-1 took
the second place, and the creep coefficient of TCC-2 was the small-
est. The creep coefficient of TCC-3 showed the approximately 20%
enhance than that of TCC-1. The reason leading to the biggish val-
ues of creep coefficient for TCC-3 is that its estimated initial deflec-
tion is just 50% of TCC-1, while its long-term deformation
increment was about 0.6 time that of TCC-1. The TCC-2 showed
the smallest creep coefficient as the result of minor deformation
compared with TCC-1 and the biggest initial deflection among all
three specimens. The creep coefficient values at different key times
are shown in Table 7, the creep coefficient decreased with increase
of applied loads.

A rheological model consisting of two Kelvin bodies can be used
to fit the creep coefficient curves [28]. The constitutive model of
two Kelvin bodies can be expressed by Eq. (12). This model doesn’t
precisely consider the effect of variations of temperature, RH and
moisture content of component materials. However, the environ-
mental temperature and RH showed seasonal fluctuations, leading
to the slightly seasonal fluctuations of the deflections [33,36],
which was also reflected in Fig. 11. It has been demonstrated that
the long-term deflection fluctuated around the fitting curves sim-



0 100 200 300 400 500 600
0

200

400

600

800

1000

1200

Temperature

RH

TCC-3TCC-2TCC-1

St
ra

in
 (

Time (days)

0

20

40

60

80

100

SpringWinterAutumnSummerSpringWinter

R
H

 (%
) &

 T
em

pe
ra

tu
re

 (
)

Autumn

1st Dec 1st Mar 1st Jun 1st Sep 1st Dec 1st Mar

16th Apr

22nd Jan

Fig. 7. Strains of timber beams.

Beam-end

0 100 200 300 400 500 600
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

16th Apr

1st Mar1st Dec1st Sep1st Jun1st Mar

SpringWinter

RH

Temperature

R
el

at
iv

e 
sl

ip
 (m

m
)

Time (days)

Autumn Winter Spring Summer Autumn

Con. #3 Con. #4
1st Dec

Con. #2

22nd Jan

0

20

40

60

80

100

R
H

 (%
) &

 T
em

pe
ra

tu
re

 (
)

Fig. 8. Relative slips of specimen TCC-1.

0 100 200 300 400 500 600
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40

RH

Temperature

Beam-end

R
el

at
iv

e 
sl

ip
 (m

m
)

Time (days)

Con. #1 Con. #2 Con. #3
1st Dec 1st Mar 1st Jun 1st Sep 1st Dec 1st Mar

22nd Jan 16th Apr

0

20

40

60

80

100

R
H

 (%
) &

 T
em

pe
ra

tu
re

 (
)

Fig. 9. Relative slips of specimen TCC-2.

B. Shi et al. Construction and Building Materials 266 (2021) 120892

8



Con. #2

0 100 200 300 400 500 600
0.00

0.05

0.10

0.15

0.20

0.25

0.30

0.35

0.40
Beam-end Con. #4

R
el

at
iv

e 
sl

ip
 (m

m
)

Time (days)

Con. #3

0

20

40

60

80

100

SpringWinter

RH

Temperature

R
H

 (%
) &

 T
em

pe
ra

tu
re

 (
)

Autumn Winter Spring Summer Autumn

1st Dec 1st Mar 1st Jun 1st Sep 1st Dec 1st Mar

22nd Jan 16th Apr

Fig. 10. Relative slips of specimen TCC-3.

0 100 200 300 400 500 600
0.0

0.3

0.6

0.9

1.2

1.5

1.8

SpringWinterAutumnSummer

 TCC-1-Anal.
TCC-2-Anal.
TCC-3-Anal.

TCC-1-Exp.
TCC-2-Exp.
TCC-3-Exp.

C
re

ep
 c

oe
ff

ic
ie

nt

Time (days)

Autumn Winter Spring

Fig. 11. Creep coefficients of mid-span deflections.

B. Shi et al. Construction and Building Materials 266 (2021) 120892
ulated by similar creep models, and the range of fluctuation was
obviously smaller than the creep increment [34]. Thus, it was sup-
posed that the creep models are effective tools to simulate the
curves of creep coefficient [34,54].

uðtÞ ¼ J1 1� exp � t
t1

� �� �
þ J2 1� exp � t

t2

� �� �
ð12Þ

where, J1 and J2 are the undetermined coefficients of the rheological
model, t1 and t2 are the temporal intervals; t1 = 20 days and t2-
= 500 days are adopted in this study.

The analytical fitting results according to Eq. (12) are plotted in
Fig. 11. The undetermined parameters and R2-values of two Kelvin
Table 8
Constitutive parameters and R2 of two Kelvin bodies’ model.

Specimen J1 J2 R2

TCC-1 0.536 0.733 0.983
TCC-2 0.367 0.568 0.890
TCC-3 0.623 0.889 0.960

9

bodies’ model are shown in Table 8. It can be found the two Kelvin
bodies’ model can fit well the experimental results with the biggish
values of R2. As displayed in Fig. 11, the creep coefficients of mid-
span deflections for all specimens fluctuated up and down with the
seasonal cycle around the fitting curves. While the Kelvin model
was used to predict the deformation of the specimens in the whole
service life, the seasonal fluctuation will be ignored. This is because
the deformation caused by seasonal variation of the RH and tem-
perature also showed obvious seasonal fluctuation as shown in
Fig. 11.
4.2. Prediction of the mid-span deflection

The rheological creep model of Eq. (12) can be used to simply
predict the long-term deformation in the whole service life. Based
on the constitutive parameters in Table 8, the final deflections over
the 50-year period were evaluated to be approximately 2.1~2.7
times initial deflections. The specific creep coefficients were esti-
mated as 1.37 for specimen TCC-1, 1.14 for TCC-2 and 1.71 for
TCC-3. The TCC structures with the fabricated shear connections



Table 10
The deflections of all specimens at different key times (Unit: mm).

Designations TCC-1 TCC-2 TCC-3

Initial deflection 5.75 6.22 2.88
Total deflection at the 613th day 12.31 11.57 6.85
Final deflection 13.63 13.31 7.80
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showed commendable long-term behaviour. Accordingly as shown
in Table 9, the final deflections of each specimen at the end of 50-
year service life are estimated as 13.63 mm, 13.31 mm and
7.80 mm, respectively.

Eurocode 5 [51] provides a simplified method to calculate the
influences of load-duration and moisture on the long-term defor-
mations of structures. In the serviceability limit state, the final
deformation can be calculated by considering the modified elastic-
ity of timber and concrete, and modified slip modulus of shear con-
nection, as shown in Appendix Eqs. (13)–(15), respectively. For the
timber component, the values of kw,def are given according to dif-
ferent service classes, i.e. 0.6 for service class 1, 0.8 for class 2,
and 2.0 for class 3. The creep coefficient of concrete are influenced
by many factors, including strength class, ambient RH and theoret-
ical thickness of concrete section. For the concrete with an average
compressive strength of 38.8 MPa, the creep coefficient kc,def is
evaluated as 1.6 according to Eurocode 2 [47]. The shear connec-
tion of TCC structures is constituted of two components, having
different time-dependent behaviours. Thus, the modified slip mod-
ulus ks,def should be calculated by Appendix Eq. (16). Substituting
Eqs. (13)–(15) to the formula of effective bending stiffness Eq.
(1), the final mid-span deflection at the end of 50-year can be cal-
culated by Eq. (5).

Table 8 shows the final mid-span deflections at the end of ser-
vice life (50 years) for all specimens. The final values of deflection
predicted by Kelvin’s model are between the results at service class
2 and those at service class 3 which conformed to the actual situ-
ation that the surrounding RH of all specimens were frequently at
high levels exceeding 80%. This also demonstrated the reliability
and accuracy of the Kelvin’s model adopted.
4.3. Feasibility of the TCC beam with fabricated connections

The fabricated shear connection with lateral screws has been
verified to exhibit pronounced bearing capacity, slip moduli and
ductility, as shown in Table 3. The bending stiffness for a
6000 mm long TCC beam with 10 steel plate connections reaches
to 9.16 � 1012N.mm2 (shown in Table 4), corresponding to a com-
posite efficiency of 72%. Therefore, the TCC beam with the fabri-
cated connections is acceptable and feasibility in terms of short-
term structural performance.

The deflections of all specimens at different times are sum-
marised at Table 10. Under the action of long-term loads (20% of
static collapse capacity), the total deflection at the 613th day and
at the end of service life are 12.31 and 13.63 mm for the specimen
TCC-1, respectively, which were approximately 1/365 and 1/330 L0
(net span), respectively. The creep coefficients at the end of record
date (613 days) were 0.86 to 1.38. The final creep coefficients for
the tested specimens are predicted as 1.14 to 1.71. During the
613-day of long-term tests, all specimens showed no deterioration,
with superior state of sustaining loadings. Therefore, the experi-
mental and predicted results demonstrated that the prefabricated
TCC beam with steel plate connections showed acceptable long-
term performance.

In addition, the short- and long-term performance of TCC beam
could be optimized through further calculation coupled with prac-
Table 9
The final deflections predicted of all specimens (Unit: mm).

Specimens Service class (Eurocode 5)

Service class 1 Service class 2

TCC-1 11.16 12.38
TCC-2 11.78 13.09
TCC-3 5.58 6.19
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tical engineering background. In conclusion, the prefabricated TCC
beam with this type fabricated connection showed excellent short-
and long-term structural performances, which was characterized
by reliable bending stiffness, sufficient bearing capacity and eligi-
ble creep coefficient.
5. Conclusions

This article presented the experimental results about long-term
performance of prefabricated TCC beams using steel plate connec-
tions. The long-term loading levels, the number of shear connec-
tions and environment factors (RH and temperature) are
considered. Main discoveries can be concluded as follows:

(1) For the specimens TCC-1 and TCC-2 that sustained 20% of
static bearing capacity, the increase in deflection are 6.56
and 5.35 mm after 613-day of loading. The specimen TCC-
3 with the 0.10 loading level showed the deflection incre-
ment of 3.97 mm.

(2) The creep coefficients of all specimens were tested as 0.86–
1.38 after 613-day of loading, and was estimated as 1.14–
1.71 by the Kelvin’s model after 50 years. The prefabricated
TCC systems using this steel plate connections showed good
long-term performance, demonstrating this type of shear
connection exhibits the significant feasibility of application
in engineering practice.

(3) While the long-term load was doubled, the deflection incre-
ment increases by about 60%. Conversely, the creep coeffi-
cient reduced by approximately 20%. With the increase of
sustained loads, the creep deformation of the specimen did
not develop linearly coupled with the long-term loads.
Increasing sustained load led to the decline of the creep
coefficient.

(4) The timber strain and beam-end slip showed stronger envi-
ronmental sensitivity than deflections and relative slips at
the positions of shear connections. The specimens with more
shear connections exhibited slighter fluctuations with the
vibration of surrounding RH and temperature.

(5) The decrease in air RH and temperature will cause the
increase in deformation. The measured creep coefficient
curves fluctuated up and down around the predicted ideal
curve of the Kelvin model as the result of seasonal cycle of
the surrounding environment.

Further investigation will focus on improving the creep models
to consider the influence of periodic variation of RH and tempera-
ture. In addition, To decrease the creep deformation of steel-plate
connections and corresponding TCC beams, the configuration of
Prediction values by Kelvin model

Service class 3

17.39 13.63
18.75 13.31
8.70 7.80
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steel-plate connections also can be further improved, through by
providing a groove for the steel-plate on the timber, using bolts
instead of screw, and adopting built-in type steel-plate
connections.
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Appendix

This appendix presents the available theoretical formulas to
evaluate the mid-span deflection, bending capacity of TCC beam
specimens and the micro-stain of timber component. Also the
modified elasticities of timber and concrete as well as the modified
slip modulus suggested by Eurocode 5 [51] are displayed.

1. The effective bending stiffness can be calculated in accor-
dance with Eurocode 5 [50] as Eqs. (1)–(4).

EIð Þeff ¼ EcIc þ EwIw þ cEcAca2c þ EwAwa2w ð1Þ

c ¼ 1
1þ p2EcAcSs

KsL2

ð2Þ

aw ¼ cEcAc hc þ hwð Þ
2 cEcAc þ EwAwð Þ ð3Þ

ac ¼ hc þ hw

2
� aw ð4Þ

in which, subscripts c and w represent concrete and timber,
respectively; E, I, A and h mean elastic modulus, inertia moment,
section area and height, respectively; ss and Ks mean the average
distance and slip modulus of shear connections, respectively.

Accordingly, the mid-span deflection of a composite beam
under the action of two equal concentrated loads arranged with
equal intervals can be calculated by Eq. (5).

w ¼ 23PL3

1296ðEIÞeff
ð5Þ

in which, P is the total experimental load.
2. For the TCC beam with non- and full-composite cation, the

corresponding bending stiffness can be calculated by Eqs. (6) and
(7), respectively.

EIð Þnon ¼ EcIc þ EwIw ð6Þ

EIð Þfull ¼ EcIc þ EwIw þ EcAca2c þ EwAwa2w ð7Þ
To make comparisons with the slope of the bending test curve,

the bending stiffness can be transformed to the stiffness K (N/mm)
as suggested by Khorsandnia et al. [7].
11
K ¼ P
w

¼ 1296EI
23L3

ð8Þ

The concept of ‘composite efficiency’ [55] was adopted to
describe the composite action of shear connection, as illustrated
by Eq. (9):

/ ¼ wnon �wexp

wnon �wfull
ð9Þ

in which, wnon and wfull is the theoretical full- and non-
composite deflection, respectively. wexp is the measured deflection
of the specimen with incomplete composite action.

3. For the TCC beamwith the T-shape section, the dominant fail-
ure mode is the bending failure of the timber beam. Therefore, the
bearing capacity of TCC specimens can be calculated by Eq. (10)
[39].

Mu ¼ ðEIÞeff fm
Ewhe

ð10Þ

in which, fm is the bending strength of timber, he = hw/2 + aw,
and the slip moduli K0.8 was recommended to calculate the (EI)eff
at the collapse state.

4. Considering the effect of long-term load duration as well as
surrounding RH and temperature of specimens, the elasticity of
modulus for timber and concrete, and the slip stiffness of shear
connection should be modified as the expression of Eqs. (13)–
(15), respectively [51]. The modified coefficient of shear connec-
tion ks,def could be estimated by considering two components, as
shown in Eq. (16).

Ew;fin ¼ Ew

1þ kw;def
ð13Þ

Ec;fin ¼ Ec

1þ kc;def
ð14Þ

Ks;fin ¼ Ks

1þ ks;def
ð15Þ

ks;def ¼ 2
ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
kw;def � kc;def

q
ð16Þ
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