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ABSTRACT: Timber-concrete composite (TCC) bridges are ecologically and economically appropriate alternatives to 
conventional, solid structures, especially in the span range of 10 to 30 m. The collaborative research Project ‘HBVSens’ 
aims to establish a new type of road bridge with continuous adhesive bonding between timber main girders and 
prefabricated concrete deck elements using a highly filled, tolerance-compensating polymer mortar. Based on initial 
investigations on a robust manufacturing technology and a suitable concept for quality assurance and structural health 
monitoring, an adhesively bonded timber concrete composite (ATCC) superstructure segment is set up for analysing the 
climatic impacts and evaluating the capability of different integrated sensors under environmental conditions. In this 
study, the manufacturing process of the hybrid superstructure element, the monitoring concept, and the sensor integration 
are elucidated. With a focus on the measured temperature changes and the corresponding structural reactions of the 
superstructure, first results of the investigations are presented. 
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1 – INTRODUCTION 

ATCC construction methods have been subject of 
repeated investigations since the 1960s in various design 
variants, including "wet-in-wet" bonding or bonding of 
prefabricated reinforced concrete components. In [1] an 
overview is given. To date, mainly the short-term load-
bearing behaviour of ATCC components has been 
focused. In previous studies at the Bauhaus-University 
Weimar, mineral-filled polymer mortars based on epoxy 
resin (hereinafter also referred to as PC – polymer 
concrete) have proven to be suitable for the compensation 
of manufacturing tolerances between prefabricated 
components [1]. Due to large dimensions of TCC bridges 
the aspect of tolerance compensation is of major 
importance. Compared with the composite solutions used 
to date, which commonly rely on discontinuously 
arranged mechanical shear connectors (e.g. notches, stud 
connectors or bonded in connectors), the continuous 
adhesive bond between wood and concrete offers further 
mechanical and economic advantages. These include 
increased overall bending stiffness (wich allows a 
reduction in height of the superstructure) and load-
bearing capacity as well as an improvement in quality due 
to the possibility of efficient prefabrication under 
controlled climatic conditions in the factory. 
Consequently, production and assembly times can be 
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significantly reduced on the construction site - even 
compared to conventional solid construction methods. 

Figure 1: Superstructure segment of an ATCC road bridge 

Nevertheless, as bridge constructions aim for a service 
life of 100 years, the long-term load-bearing behaviour 
and durability of the bonding are of great importance. In 
this regard, the long-term hygro-thermal behaviour of 
ATCC components has been investigated in [2]. 
However, studies on the long-term behaviour of 
practically relevant bridge superstructures in an outdoor 
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climate have not been conducted yet. As the different 
thermal expansion coefficients of concrete and timber 
can lead to large constraining stresses, a major challenge 
regarding the structural design is to determine the thermal 
reactions within the hybrid structure precisely. Current 
design standards, such as DIN EN 1991-1-5 [3], only 
consider temperature profiles for superstructures made of 
steel and concrete. To analyse the hygro-thermal effects, 
temperature profiles, and the structural response under 
real climatic conditions, a segment of the superstructure 
of an ATCC road bridge has been set up and equipped 
with different sensors for quality assurance during 
manufacturing and for structural health monitoring 
(SHM) (Figure 1). 

2 – MANUFACTURING PROCESS AND 
SENSOR SETUP 

2.1 PRELIMINARY INVESTIGATIONS ON 
THE  ADHESIVE JOINT CONFIGURATION 
AND THE BOND BEHAVIOUR 

Based on inventigations on PC/wood composites at the 
TH Wismar between 1988 and 1993 [4] and subsequent 
further research work at the Bauhaus-University Weimar 
in cooperation with the Bennert GmbH [5] (e.g. regarding 
pull-off bond, shear and bending load-bearing behaviour) 
reinforcements of timber beams by adding a layer of PC 
in the compression zone have become state of the art for 
more than 10 years. Design and construction using the 
polymer mortar ‘COMPONO 100 S’ are covered by a 
national technical approval [6]. The PC consists of a 
cold-curing epoxy resin system (COMPONO) and a 
quartzitic aggregate mixture with a maximum grain size 
of 3 mm. In further research projects several PC-
formulations with matched properties were investigated 
for diverse other adhesive bonding applications in timber 
engineering, e.g. in combination with steel, concrete, or 
composite materials based on carbon or glass fibres 
[7][8]. 

Comprehensive experimental studies on PC/concrete 
composites under shear-loading using the system 
‘COMPONO 100 S’ have been presented in [1]. Three 
different pre-treatments of the concrete surface were 
tested within diverse test series: sandblasted, grinded and 
exposed aggregate surface (washed-out finish). 
Irrespective of the pre-treatment, the load capacity was 
limited by the shear strength of the concrete. However, a 
fracture surface lying particularly deep inside the 
concrete was only  reached with exposed aggregate 
surfaces. As part of the ongoing research project “Hybrid 
timber bridges with adhesive bond - quality assurance 
and structural health monitoring using integrated sensors 
(HBVSens)”, additional pull-off bond strength tests were 
carried out including variations in the pre-treatment of 
the concrete surfaces. The results confirmed that the 
surface should be profiled in order to prevent an adhesive 
failure at the PC/concrete interface. The better 
performance of an exposed aggregate surface compared 

to a sandblasted surface in terms of adhesion behaviour 
was also confirmed in delamination tests [9]. 

As for sandblasting, the process to produce exposed 
aggregate surfaces is an additional step in the 
prefabrication process of the precast concrete elements. 
Sandblasting requires special equipment and appropriate 
health and safety measures due to the dust exposure. 
However, exposed aggregate surfaces can be 
manufactured in any precast concrete factory with low 
equipment requirements and energy consumption. 
Therefore, the production of exposed aggregate concrete 
surfaces is preferred primarily for economic reasons. 
More detailed information on the pull-off bond strength 
test series and further composite shear tests is provided 
in [10]. 

The visco-elastic behaviour of the PC was studied using 
dynamic mechanical thermal analyses (DMTA)  on 
small-sized PC prisms (10 x 10 x 60 mm). The 
specimens were testet under three-point bending (support 
distance 50 mm) using an High-Load-DMTA Eplexor 
500 (Netzsch Gerätebau GmbH, Germany). The 
manufacturing, curing, and storage of the samples (for 
about four weeks after curing) up to testing were carried 
out at room temperature. The samples were tested strain-
controlled in the linear visco-elastic regime with a 
dynamic loading frequency of 10 Hz and within a 
temperature range of -25 °C to 150 °C using a heating 
rate of 1 K/min. The average curves determined for two 
representative samples for the storage modulus E’ and the 
loss factor tan δ are plotted in Figure 2. The onset of the 
dynamic glass transition as start of the ‘softening’ was 
determined from the E’-temperature-curve to approx. 
53 °C (Tg,onset at 10 Hz). Above this temperature, a 
change in mechanical properties is to be expected – the 
material transitions into a softer, rubber-like state. 
Therefore, temperatures above Tg,onset should be 
avoided for ATCC structures. 

Figure 2: Storage modulus E’ and loss factor tan(δ) as function of 
temperature of the PC from DMTA (frequency 10 Hz)  

2.2 DESIGN AND CONSTRUCTION OF THE 
SUPERSTRUCTURE SEGMENT 

The design of the superstructure segment is based on the 
results of a parameter study for TCC bridges [11]. The 
cross-section (Figure 4) represents half of a double-
girdered T-beam cross-section required for a single-lane 
road bridge with a span of 10 meters. The segment 
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mainly consists of a block glued glulam beam (b x h = 
100 x 60 cm, GL24h, spruce wood) and a prefabricated 
reinforced concrete slab element (b x h = 200 x 22 cm, 
C40/50). Using a surface deactivator (type HEBAU CSE 
pro 70), the concrete surface to be bonded was 
preproduced as an exposed aggregate surface with an 
expected washout depth of approx. 3 mm. As the thermal 
conduction in the grain direction of the wood is about 
twice as fast as in the transverse direction, the length of 
the superstructure segment was set to 2.5 meters, which 
corresponds to 2.5 times the width of the glulam beam. 
This allows a temperature analysis in the central part of 
the component over a length of approx. 50 cm, where the 
segment remains unaffected by the heat and moisture 
transport processes in the component's longitudinal 
direction. 

Based on the results of the preliminary investigations 
summarized in chapter 2.1, ‘COMPONO 100 S’ was 
used as adhesive. However, sanding or planing the timber 
surface within 24 hours before bonding, as it is typically 
done, could not be undertaken due to the sensors that had 
already been installed. With respect to the maximum 
grain size of the aggregate mixture and the necessary 

tolerance compensation the thickness of the bond line 
was adjusted to approx. 10 mm. By means of appropriate 
formwork (Figure 3f) the adhesive mortar was applied in 
five stripes, each with a height of 18 mm. Subsequently, 
the formwork was removed. The sufficiently stiff 
consistency of the fresh PC ensured that the stripe 
dimensions remained in a stable state until the concrete 
slab was placed (Figure 3g). The dead weight of the 
concrete slab was used to expand the stripes in width by 
compression to a final thickness of 10 mm. The objective 
was to achieve the best possible filling of the exposed 
aggregate structure on the concrete side and thus to 
ensure a close-fitting adhesive bond as free of voids as 
possible. To ensure optimal wetting and to improve 
adhesion at the PC/concrete interface, the exposed 
aggregate surface of the concrete slab was primed with 
the epoxy resin COMPONO just before placing the slab 
on the stripes (Figure 3e). In the design of the strip‘s 
geometry and spacing, care was taken to ensure that the 
amount of PC displaced by the concrete slab's dead 
weight was sufficient to grout the gaps between the strips, 
thus to achieve an almost full-surface bonding (Figure 
3h). During bonding procedure no additional weighting 
or bonding pressure was needed.

Figure 3: Manufacturing process of the superstructure segment: a) Integration of PT elements in the concrete slab ;b) Manufacture of the exposed 
aggregate concrete surface; c) Application of the sealing system; d) Sensor integration on the bottom side of the block glued glulam beam; e) Priming 
of the exposed aggregates concrete surface; f) and g) Strip-shaped bonding; h) Completed adhesive joint  

After the PC had hardened, the superstructure segment 
was transported to the site in the outdoor climate of 
Weimar. It was placed approx. 0.8 m above the ground to 
reduce the impact of the ground's temperature and 
moisture on the distribution of temperature and moisture 
of the superstructure segment. On site an 8 cm thick 
mastic asphalt layer was applied to the two-layer sealant 
that had already been bonded to the concrete slab in the 
factory (see Figure 3c and Figure 8). The mastic asphalt 
layer is required in order to record the effects of direct 
solar radiation on the temperature development in the 
superstructure realistically. Adequate weather protection 
of the timber is provided by the sealant and mastic asphalt 

on top of the concrete slab (as standardized for bridge 
decks in Germany [12]), the overhang of the concrete 
slab on both sides and by claddings at both end grain 
edges, see Figure 4. In addition, the south-facing end 
grain was vapour-tight sealed to prevent moisture 
diffusion between ambient air and this end grain.  

2.3 SENSOR SETUP 

The superstructure segment is used for the investigation 
of realistic moisture and temperature loads on the 
composite behaviour. This is implemented through 
permanent condition monitoring of temperature and 
timber moisture distributions in the component, as well 
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as by monitoring strain changes in relevant component 
areas. For this purpose, different types of sensors were 
combined on the superstructure segment (see Figure 4 
and Table 1). The sensor integration was carried out 
during and after the prefabrication of the components and 
was completed before bonding. A meteorological station 
is used to gather data on the outdoor environment. 

The timber moisture is measured using the conventional 
electrical resistance method at a total of 32 measurement 
points inside the component, using stainless steel screws 
as electrodes. Further information on this subject as well 
as initial research findings are given in [13].  

Temperatures within the component are primarily 
recorded using conventional thermocouples (PT 100 
elements) based on the electrical resistance method as 
well. In the south-facing half of the component, a total of 
72 PT elements were installed in five measurement 
planes (axes G, I, J, K, and L according to Figure 4): one 

for measuring the shade air temperature below the 
superstructure segment, twelve in the concrete slab, 45 in 
the glulam beam and 14 in the adhesive joint. Within the 
measurement planes the sensors are arranged at different 
heights at the center of the cross-section and, depending 
on the axis, with varying distances to the western edge of 
the component according to Figure 4. They were inserted 
into pre-drilled holes filled with thermal conductive paste 
at the corresponding positions in the wood, fixed on the 
wood top side and the bottom side of the concrete, or 
already attached to the reinforcement cage of the concrete 
slab before concreting (Figure 3a). The results of the 
temperature measurements inside the wooden component 
are also considered for temperature compensation of the 
timber moisture measurements. However, the timber 
moisture measuring points were mainly integrated in the 
north-facing half of the wooden component between axes 
A and G, to minimize mutual interference of the 
measurements, including from the measurement cables. 

Figure 4: Superstructure segment: geometry, measuring planes and locations of the different sensors in the cross-section

Table 1: Sensor types and measurement methods  

Sensor type Measured variable  Measuring 
method 

PT element Temperature 
Electrical 
resistance 

Electrodes  
(stainless steel screws 
with insulated shaft) 

Timber moisture content 
(TMC) 

Fibre Bragg Grating 
sensor (FBG) 

Strains and temperatures 
(at discrete measuring 
points) 

Reflected 
and/or 
transmitted 
light Distributed fibre optic 

sensor (DFOS) 
Strains (with high spatial 
resolution) 

Furthermore, different fiber optic sensors were applied 
on the top side as well as on the bottom side of the wood 
(Figure 3d). Both Fiber Bragg Grating (FBG) sensors and 
distributed fibre optic sensors (DFOS) were used. They 
enable either strain or temperature measurements, 
depending on the type of integration (rigidly fixed to the 

component or encapsulated in stainless steel capillaries). 
FBG sensors offer the possibility to record measurement 
values at predefined positions with high resolution and 
stability. The use of DFOS in combination with 
measurement of the rayleigh components in the 
backscatterd light by an optical frequency domain 
reflectometry (OFDR) allows the data acquisition with 
high spatial resolution over several meters of an optical 
fibre. The DFOS measuring technique offers great 
potential for comprehensive examination of timber and 
TCC structures as well as adhesive joints [14][15]. 
Detailed information and further insights in the results of 
the fiber-optical measurements are also given in [16]. 

Four FBG sensor fibers applied on the wood surface 
enable local strain and temperature measurement at a 
discrete measuring point in each of the 13 axes A to M. 
Additionally, five distributed measuring fibers were 
integrated along the length of the component, three on the 
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wood top surface, and two on the wood bottom surface. 
In the transverse direction of the component near axis G, 
three distributed measuring fibers were also integrated on 
the wood surface along with one encapsulated and one 
rigidly fixed FBG sensor fiber, each with six discrete 
measuring points. 

 3 – RESULTS 

3.1 TEMPERATURE MEASUREMENTS 

Following the start of monitoring in June 2023 
(continuous measurement using PT elements and FBGs), 
additional measurement campaigns were carried out with 
the distributed fibre optic sensors.  

Figure 5 shows the temperature developments for the 
year 2024 for the shade air temperature as well as for 
selected temperature measuring points inside the 
superstructure segment (according to Figure 6d). Due to 
its dimensions, the shading caused by the concrete slab, 
and heat storage capacity, the core of the wood reacts 

delayed to changes in the environment, while the 
concrete slab and the glued joint react more sensitively. 
In summer the temperatures in the concrete and the 
adhesive joint exceed the shade air temperature during 
the day due to solar radiation. The opposite is true at 
night. In winter, the components of the superstructure 
segment tend towards the shade air temperature, since the 
solar radiation is significantly lower than in summer. The 
marked times of the lowest shade air temperature, the 
maximum shade air temperature, and the maximum 
gradient in the component are particularly important for 
the strains on the superstructure segment. 

Figure 6 displays the vertical temperature distributions in 
the component in section G for three relevant times. It 
shows the times of the minimum (Tair,min = -13.9 °C; 
10.01.2024 01:52 a.m.) and maximum (Tair,max = 
34.6 °C; 13.08.2024 04:14 p.m.) shade air temperature, 
which are discussed here as representative of a hot and 
cold period, as well as the time of the maximum 
temperature gradient (ΔTmax = 20.3 K; 09.07.2024 
04:48 p.m.) in the superstructure segment.  

Figure 5: Results of the temperature measurements for the year 2024 for selected measurement points in cross-section G (locations see Figure 6d), and 
shade air temperature (blue line) 

Figure 6: Vertical temperature distribution measured (red) and simulated (blue) in the cross-section G of the superstructure segment (along the red line 
in (d)) for the minimal external temperature (a), the maximal external temperature (b) and the largest temperature gradient (c).

With the 40.4 °C heated concrete slab and the approx. 
20 °C warm core of the wood, the largest temperature 
gradient occures in the hot period. It can be assumed that 
the asphalt layer reaches even higher temperatures 
leading to increased gradients. In addition, the shading 

effect of the concrete slab on the timber component is 
clearly visible. Comparable temperatures are measured at 
the upper and lower edges of the timber component, with 
the core of the timber forming the coldest point of the 
component. 
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For the coldest day, it was observed that the temperature 
in the entire component fell below 0 °C. Lower 
temperature gradients occured than in summer. On the 
top and on the underside of the component, both 
temperatures tended towards the shade air temperature as 
a result of lower solar radiation in winter. The warmest 
point was in the core of the wood at approx. -2.2 °C, 
which is in line with expectations due to the heat-
retaining properties of the wood (analogous to the coolest 
point in the hot period) 

Irrespective of the hot and cold phases, an approx. linear 
temperature curve can be observed in the concrete slab, 
while the temperature in the timber component exhibits a 
highly non-linear and almost parabolic distribution.  

Considering the results to date, it can be concluded that 
the most relevant temperature load case for a design 
results from the larger gradients of the hot period. 

Figure 7: Temperature distributions at the height of the adhesive joint 
(grey and green dots/lines) and at the middle height of the block glued 
timber beam (orange dots/lines) at the maximum measured temperature 
in the adhesive joint (09.07.2024 06:47 p.m.); a) in longitudinal 
direction and b) in transverse direction of the superstructure segment 

On July 9, 2024, the day of the largest climate-related 
temperature gradient in the component, also the highest 
adhesive joint temperature due to climatic temperature 
influences was recorded at 38.2 °C. For this time the 
temperature distributions at the height of the adhesive 
joint in longitudinal and transverse direction are shown 
in Figure 7. The maximum shade air temperature on that 
day was 32.2 °C and thus 6 K below the highest adhesive 
joint temperature and only 5 K below the maximum 
shade air temperature of 37 °C as assumed for Germany 
according to DIN EN 1991-1-5/NA [17]. Based on the 
measurement results obtained so far, it can be assumed 
that the climatic-related temperatures expected in the 
adhesive joint may have a sufficiently safety margin to 
the glass transition of the PC (Tg,onset = 53 °C, see 
chapter 2.1 and Figure 2). Softening of the adhesive joint 
and thus potentially associated changes in stiffness, 
strength, or bonding behaviour are therefore not expected 

as a result of ambient climate influences in Germany and 
countries with comparable summer climate conditions.  

Figure 8: Paving of the approx. 230 °C hot mastic asphalt 

Figure 9: Development of the shade air temperature and the 
temperature in the adhesive joint of the superstructure segment during 
the period around mastic asphalt application  

In addition to climate-related thermal influences, effects 
due to thermal actions arising during the mastic asphalt 
paving process should also be considered in the case of 
bridge assembly or maintenance. The application of the 
hot asphalt, which can reach temperatures of up to 
230 °C, leads to a short-term, uneven heating of the 
superstructure. For the superstructure segment, the 
mastic asphalt layer with a thickness of 80 mm was 
applied at the test site (Figure 8). The paving process on 
June 28, 2023, was completed within one hour. Within 
approx. eight  hours, a heating up of the adhesive joint to 
a maximum of 42.3 °C was registered (Figure 9). The 
maximum shade air temperature on that day was 23.6 °C 
and fluctuated between 11 °C and 31 °C (average 
19.1 °C) within a period of about one week around June 
28th. Despite these comparatively mild outside 
temperatures, the peak temperature achieved in the 
adhesive joint surpassed the maximum adhesive joint 
temperature resulting from climatic effects by approx. 
+4 K. To minimize the thermal stresses and internal
constraints associated with the hot paving process, as
well as in consideration of the previously mentioned
safety margin to the glass transition temperature of the
PC, it is advisable to avoid the installation of mastic
asphalt on warm, sunny summer days with shade air
temperatures well above 20 °C for ATCC bridges.
Otherwise, hot paving should be appropriately
considered as an additional thermal effect in the design
and be superimposed with seasonal climate-related
thermal effects (see prEN 1991-1-5 [18]).
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3.2 STRAIN MEASUREMENTS 

In addition to the temperatures, strain changes using fibre 
optic sensors are measured. As the glass fibres 
themselves are subject to changes in strain due to 
temperature, the measurement data must be temperature-
compensated. This is done using encapsulated fibre optic 
sensors, which are not affected by mechanical, hygric, 
creep, and relaxation effects, as they are installed in a 
metallic capillary and only detect changes due to 
temperature. All measured strains are zeroed at the time 
of 01.07.2023 09:36 a.m.. Here, the temperature in the 
adhesive joint was approx. 20 °C, which corresponds to 
the temperature during the bonding process. Therefore, 
only strain changes will be evaluated subsequently.  

Figure 10: Distribution of measured strain changes with FBGS for the 
minimal and maximal measured strain changes in section G a) in 
longitudinal direction and b) in transverse direction 

The greatest strain changes in section G were measured 
on 09.07.2024 at 09:31 p.m., i.e. the day with the largest 
temperature gradient in the component, and on 11.01. 
2024 at 08:01 a.m., approx. one day after the minimum 
external temperature (see Figure 10). Shortly after the 
mastic asphalt was paved, similar strain changes were 
measured compared to the time of the largest temperature 
gradient. Over the period of almost half a year, in 
longitudinal direction this resulted in a strain difference 
regarding the adhesive bonded joint at section G of 
approx. 340 μm/m. The maximum strain difference of 
approx. 810 μm/m between the regarded points in time 
was measured at the edge of the component in section M. 
In transverse direction, the greatest strain difference was 
measured at the edge of the superstructure as well, with 
approx. 890 μm/m. As the edges of the component are 
subjected to greater thermal and hygric changes than the 
centre of the superstructure, this was to be expected. In 
addition, the influence of swelling and shrinkage is 
significantly greater transverse to the fibre than in the 
longitudinal direction. 

3.3 INTERPRETATION AND NUMERICAL 
SIMULATION 

The next steps focus on detailed analyses and 
comparisons with numerical simulation results to 
establish the basis for developing a temperature load 
approach for the design of ATCC bridges, which is 
currently not included in the relevant standards. 

For this purpose, numerical models were created using 
ANSYS 2024 R1. In a transient temperature field 
analysis, hourly measured component temperatures were 
first applied and the resulting temperature field was then 
transferred to a transient mechanical structural analysis, 
allowing for the evaluation of strain states. Figure 11 
depicts the procedure in the simulations considering the 
example of the cold period. 

Transient thermal 
analysis 

Structural 
analysis 

Setup: 
- initial temperature 20°C 
- hourly application of

measured temperature 
(31.12.2023 01:51 a.m. to 
10.01.2024 01:51 a.m.) 

Setup: 
- imported body temper-

ature for 02.01.2024
01:51 a.m. and
10.01.2024 01:51 a.m.

Results:  
- temperature fields for 

02.01.2024 01:51 a.m. and 
10.01.2024 01:51 a.m. 

Results: 
- temperature fields for 

02.01.2024 01:51 a.m. and 
10.01.2024 01:51 a.m.  

Figure 11: Procedure in the simulations as an exemplary case for the 
cold period 

During a period of one week, the influence of moisture 
changes in the core of the superstructure is negligible, 
allowing for a better comparison of the simulation results 
with strain measurements in this time period. Moreover 
it takes around three days to obtain a reliable temperature 
field. Therefore, each simulation covers ten days before 
the actual point in time of interest (see Figure 11). The 
geometry was modelled as one-quarter of the 
superstructure segment utilizing symmetry conditions to 
consider the influence of the remaining real geometry. 
Subsequently, the temperatures measured at the 
component edge were applied. The contribution of solar 
radiation can thus be neglected, as it is already included 
in the measured temperature data. Table 2 shows the 
thermal material properties, which were calibrated such 
the temperature fields closely match the measured data. 
Table 2: Thermal material properties used in the simulation  

Thermal 
expansion 
coefficient 
[10-6 1/K] 

Thermal 
conductivity 

[W/mK] 

Specific heat 
capacity 
[J/kgK] 

Concrete 13.0 2.5 1000 
PC 25.0 2.3 800 
Timber longitudinal 3.75 0.22 

2100 
Timber transversal 37.5 0.15 

In Figure 12 the geometry, mesh, and temperature field 
for the 09.07.2024 04:48 p.m. are shown. In Figure 6 a 
direct comparison of the measured and simulated 
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temperature distributions over the superstructure height 
in section G for the three evaluated points in time is 
presented. The simulation results show good agreement 
with the measured temperatures, with deviations within 
the tolerance range of the sensors. The thermal material 
properties (Table 2) are therefore considered to be 
sufficiently validated. The coldest part of a component 
(the lower third in the timber) might not be captured by 
the measurement sensors, as no temperature sensor is 
installed in this area. 

Figure 12: Geometry, mesh, and temperature field results of the 
simulation at the time of the maximum temperature gradient 
(09.07.2024 04:48 p.m.)  

Subsequently, for strain comparisons, the focus is placed 
on the time point of the maximum temperature gradient 
ΔTmax within the component on Juli 9, 2024. Around that 
time, a large strain change was observed (see Figure 10). 
For better comparability and to minimize hygric and 
other time-dependent mechanical effects, the simulated 
and measured strains are related to a point in time exactly 
one week before the examined event and compared with 
each other. Here, the difference of total strains between 
the two points in time is determined. Figure 13a contrasts 
the strain changes from the simulation with the measured 
data in the adhesive joint along the longitudinal direction 
in relation to the starting point. In Figure 13b the changes 
in the strain distributions in transverse direction are 
compared with each other. The outside shade air 
temperature increased by 16.3 K between the two points 
in time of the period analyzed. Figure 13a shows that the 
trend of the simulated strain changes aligns well with the 
measured strain changes in longitudinal direction. The 
measured and simulated values mostly match in 
transverse direction (see Figure 13b). 

Small deviations can be attributed to the aforementioned 
influencing factors, such as moisture changes, which are 
present in the measurement data but are initially not 
considered in the simulation, which only accounts for 
thermal influences. Particularly in the edge areas 
significantly higher strain changes are measured. These 
are presumably due to hygric expansion, among other 
factors. Furthermore, timber has a significantly higher 
swelling rate transverse to the fibre direction. This results 
in higher strain changes in transverse than in longitudinal 

direction. Additionally, the symmetry of the numerical 
modell does not take into account the effects of the 
ATCC’s orientation with respect to the sky direction. In 
future a full numerical model can help to understand the 
impact of the orientation. Furthermore the influence of 
moisture as well as visco-elastic effects like creep and 
relaxation should be taken into account. Especially the 
influence of moisture is much stronger in the end grain 
area than in the centre of the superstructure segment. 

Figure 13: Horizontal strain changes measured and simulated in the 
adhesive joint at the selected time ΔTmax (09.07.2024 04:48 p.m.) a) in 
longitudinal direction and b) in transverse direction 

For the cold period, the measured and the simulated 
changes in strain in longitudinal direction differ more 
than in summer. The reasons for this have not yet been 
conclusively clarified. The model, the measurement data, 
and the associated temperature compensation have to be 
investigated more in detail. In general, further research 
activities on the long-term load-bearing behaviour of 
ATCC components are required. While the behaviour of 
the superstructure segment under real outdoor conditions 
is being investigated over several years, further ongoing, 
accelerated experimental investigations within the 
research project aim to investigate the long-term effects 
of thermal influences on the short-term and fatigue load-
bearing behaviour of adhesively bonded timber-concrete 
composite joint (see [10]). 

4 – CONCLUSIONS AND OUTLOOK 
Based on investigations regarding bond behaviour of 
adhesively bonded timber-concrete composites as well as 
design and manufacturing technology, an ATCC 
superstructure segment has been successfully set up. It is 
used to analyse the climatic impacts under environmental 
conditions and to evaluate the capability of different 
integrated sensors for quality assurance and SHM. To 
prevent adhesive failure at the PC/concrete interface, the 
concrete slab was prefabricated with an exposed 
aggregate surface in the bonding area. Regarding 
prefabrication and the joining process, this only required 
a small amount of additional work. Compensation for the 
textured concrete surface and the manufacturing 
tolerances was achieved by using a highly filled adhesive 
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system, which was applied in stripes to the timber 
surface. The strips were deformed and displaced in width 
and height when the slab was placed such an almost full-
surface adhesive bond was achieved. Overall, the PC 
applied proved to be suitable for the production process 
– e.g. in terms of fresh mortar viscosity, processing time,
and curing behaviour. The component demonstrator has
been successfully installed outdoors and has been under
monitoring for more than 1.5 years now.

In general, the superstructure segment itself has not yet 
shown any significant cracks that would indicate 
overstrain due to thermally-hygrometrically induced 
stresses. Potential structural damage cannot be 
recognised visually or with the strain measurements to 
date. The influence of moisture changes also turns out to 
be uncritical, as the load-bearing timber beam is well 
protected against weathering by the concrete slab. More 
information on moisture monitoring ist given in [13].  

The analysis presented in this paper demonstrate that the 
sensor setup implemented on the superstructure segment 
is well suited to record temperature fields, as well as 
strains within a large ATCC component with high 
accuracy. Relevant for the decisive strain changes in the 
adhesively bonded joint are the time of the minimum 
outside temperature in winter and the time of the 
maximum temperature gradient in summer. Cold nights 
and subsequent summer days with high temperatures and 
high solar radiation are therefore more critical for the 
construction than periods with generally higher 
temperatures. As the fluctuation in daytime temperature 
is not as great in winter as in summer, it can be assumed 
that the lowest shade air temperatures cause the greatest 
strain changes in the component in winter.  

In addition to climate-related thermal influences, effects 
due to the mastic asphalt paving were also analysed. 
Although the paving took place on a summer day with 
moderate shade air temperatures below 24 °C, the 
temperature within the adhesive joint reached a higher 
level compared with the summerday of the greatest 
climate-related temperature gradient. The paving of the 
mastic asphalt also caused similar strain changes 
compared to those measured at the time of the greatest 
temperature gradient. Therefore, mastic asphalt paving at 
shade air temperatures above 20 °C is not recommended 
and should otherwise be considered as a separate 
temperature load case. Overall, the temperatures 
measured in the adhesive joint so far have always been 
significantly below the glass transition temperature of the 
PC. So there is no risk of a softening of the joint due to 
climate-related heating of the superstructure. 

A calibrated numerical model can map the effects of 
temperature changes on bonded ATCC bridges and 
calculate realistic temperature fields. The strain changes 
simulated with the model for short periods of time are in 
the same range as those measured. For most parts the 
strain curves agree with the locally measured strain 
values. However, influences from moisture changes, 

visco-elastic effects, and localised defects in the real 
component, have not yet been taken into account in the 
numerical model. Further research is needed to more 
accurately consider these influences and complex 
relationships in the material and numerical models. 
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