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Abstract: This paper describes the development of an innovative timber—concrete composite bridge
system and especially focuses on the evaluation of the load tests of an experimental bridge structure.
The load-bearing structure was designed as glue-laminated timber beams connected with only
60-mm-thick precast bridge deck segments made of ultra-high-performance concrete (UHPC). To
verify the production details and behavior of the designed structure, we built a full-scale experimental
structure and performed a load test. The load test was arranged as a four-point bending test. First,
we performed the overall load test until failure. Some bridge deck segments were consequently cut
from the structure in order to run further load tests of the bridge deck in the transversal direction.
The results of the experiments were evaluated in detail and compared with analytical calculations.

Keywords: timber—concrete composite bridge; UHPC; load test

1. Introduction

The current tendency for an efficient use of resources includes sustainable material
management and production with minimal impact on the environment. The effort to
use renewable materials leads to a more frequent application of timber for load-bearing
structures. Composite bridge structures made of timber and concrete represent an en-
vironmental benefit because they allow the application of timber, which is a renewable
natural material; effectively use the properties of both materials (timber and concrete);
and provide interesting architectonic values. The combination of timber and concrete
provides a number of advantages, especially compared to traditional timber structures;
e.g., a concrete bridge deck protects the timber beams against direct weather influences.

The topic of TCC bridge structures is extensive because of the many possibilities
of their application. These structures include various different composite materials, and
they have specific static behavior given by their semi-rigid connection. A comprehensive
research of timber—concrete composite structures was carried out, e.g., by Ceccoti [1],
Yeoh [2], Rodriguez [3], Simon [4], and others. A number of timber—concrete composite
(TCC) bridges have already been realized in recent decades in the world, e.g., the Birkberg
Bridge in Germany, the Ragoztobel Bridge in Switzerland, the Vihantasalmi Bridge in
Finland, the Quianos Bridge in Portugal, and others [3]. Based on the experience with their
application, it has been shown that timber—concrete composite bridges can be a competitive
alternative to commonly used reinforced concrete and steel structures.

The possibilities of using precast bridge deck segments made of UHPC for TCC bridge
structures were analyzed in our research program. Timber has a favorable weight-to-
strength ratio (e.g., commonly used grade C24 timber has an approximately two times
more favorable weight-to-strength ratio in bending than grade 5235 steel). UHPC makes it
possible to design thin slabs. A bridge deck made of UHPC adds much less dead weight to
the timber structure compared with a conventional standard-strength concrete bridge deck.
When using a precast UHPC bridge deck, the effects of creep and shrinkage of concrete are
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significantly reduced. Research in the field of development of special coupling elements
for timber—concrete composite structures with prefabricated concrete slab was realized,
e.g., by Kuklik [5], Fragiacomo [6], Crocetti [7], and others. The prefabrication represents
the benefits of generally higher structure quality and higher construction speed. In the
case of timber—-concrete composite structures, the reduction in the wet process on-site is an
especially important benefit. There is no need to use falsework and formwork on-site or no
need to use a lost formwork that increases the structure’s dead weight.

UHPC is still quite a new material, and design standards have been not published
in the Czech Republic yet (only some methodologies [8]), even though the standards for
UHPC have already been in place abroad for a long time, e.g., AFGC [9], Betonkalender [10],
and others.

According to LCA case studies, e.g., Hajek [11], timber—-UHPC composite structures
show a lower GWP environmental impact than traditional reinforced concrete struc-
tures in the field of building construction. No similar study has been performed for
bridge structures.

The optimization of TCC bridge structures using the application of a precast bridge
deck made of UHPC was studied in our research program. We studied computational
analysis of TCC structures, design and analysis of a specific type of coupling elements, and
design of a precast bridge deck made of UHPC in detail. There have been a number of
experiments carried out at the Klokner Institute of CTU in Prague under the support of the
Technology Agency of the Czech Republic (TACR).

2. Materials and Methods
2.1. Research Program

The first part of our research program was focused on the verification of mechanical
characteristics of the proposed shear connection system. The shear connection is carried
out by notches made of steel plates embedded in timber beams supplemented with welded
shear dowels (headed studs). A similar solution was already used, e.g., at the bridge over
the river Wipper in Germany (see Fragiacomo [12]). The precast segments are provided with
slots for the shear dowels, into which UHPC is poured after placing of the deck segments
on the timber beams. The application of UHPC to joints has already been successfully
used in steel-concrete composite structures (see Vitek [13,14]). The test specimens for the
push-out shear test were composed of two identical precast UHPFRC slabs and a timber
beam with connectors placed in the middle between them (see Figure 1b). The description
of this connection system, experiments, and their evaluation are presented in Holy [15-17].

Figure 1. Experiments performed at the Klokner Institute. (a) Special slab specimens—at the top, the 4-point bending test

with a 1.9 m span; at the bottom, the 3-point bending test with a 0.6 m span. (b) Timber-UHPC composite test specimen

during the push-out shear test of connectors.
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Because UHPC is still a relatively new material in the Czech Republic and no standards
have been issued yet, another part of the experiments was focused on the verification of the
load-bearing capacity of thin slabs made of a local mixture of UHPC. The flexural tensile
strength of UHPC is not an intrinsic material property (see in more detail, e.g., Duque [18]
and Kolisko [19]). Various bending tests for determining the flexural strength of UHPC
were performed. The results of the tests on special test specimens (see Figure 1a) were
compared with the results of bending tests according to different valid standards in the
Czech Republic. Performed experiments and their evaluation are presented in Holy [20,21].

The last part of our research program was devoted to the production and testing of
the experimental structure, which is described in more detail later in this article.

2.2. Material Characteristics

Ultra-high-performance concrete is a promising material, and its favorable material
properties allow one to design thin structures. The developed UHPC mixture consists of
CEM II 52.5 N cement, a fine aggregate with a maximum size of 2 mm; slag; silica fume;
and steel fibers (0.2 mm thick and 13 mm long). For some details about the development of
a local mixture in the Czech Republic, see Kolisko [22]. The volume of the fibers is 1.5%.
Some laboratory tests were executed on cubes, cylinders, and beams to determine the basic
material properties of UHPC (see Table 1). Some interesting structures of footbridges using
this mixture of UHPC were already designed and tested at the Klokner Institute, e.g., the
footbridge with double curvature (Kolisko [23] and KnéZ [24]).

Table 1. Material properties of UHPC at the age of 28 days.

Material Property Mean Value l:;;‘::szr?i Co\?aflf.iizi;:;;()f S:i::;fi
Density 2450 kg/m? 48 0.84% 20.6
Compressive strength (cubes a = 100 mm) 144.2 MPa 36 11.4% 16.4
Compressive strength (cylinder 3150 mm) 131.0 MPa 15 10.6% 13.9
Modulus of elasticity 49.6 GPa 15 3.70% 1.8

The load-bearing beams were made of glued laminated timber of class G124h. The
timber class GI124h was chosen mainly due to its good availability in the local market
(higher-strength classes are less available in the Czech Republic). The load test of the
experimental structure was supplemented by material tests of wood to determine moisture
and density. Density is the most important physical characteristic of wood, as most of
its mechanical properties depend on it. The following table compares the mean values
of density according to the standard CSN EN 14 080 [25] and the density obtained from
material tests.

The mean value of density was determined for 16 specimens, the coefficient of vari-
ation was 15%, and standard deviation was 62.7. It can be seen from Table 2 that the
used timber disposed of a similar mean value of density as the standard value of class
GI24h. The material properties of timber were therefore considered by standard values.
The selected important mechanical material properties are listed in Table 3.

Table 2. Mean values of density of used glulam timber of class G124h, comparison of density
according to standards [25], and density from material tests corresponding to wood moisture of 12%.

Timber Density According to Standards [25]  Density Determined Experimentally
Grade Omean (kg/m®) Omean,real (kg/m®)

GL24h 420 422
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Table 3. Basic material properties of glulam timber of class G124h according to CSN EN 14 080 [25].

Characteristic value of bending strength, f.,, 24.0 MPa
Characteristic value of tension strength parallel to grain, f; gy 19.2 MPa
Characteristic value of shear strength, f, i 35 MPa

Mean value of modulus of elasticity parallel to grain, Eg g mean 11.5 GPa

2.3. Experimental Structure

An experimental full-scale bridge structure was produced to verify some manufac-
turing details and the load-bearing capacity. After the overall load test was performed,
some bridge deck segments were cut from the structure and subsequent load tests of
the bridge deck in the transverse direction were carried out and compared with the
analytical prediction.

The design of the bridge system assumed that the bridge will be designed as a foot-
bridge for pedestrians and cyclists and the crossing of rescue or maintenance vehicles
up to 3.5 t and that the clear width between railings will be 3.00 m. The timber—concrete
composite bridge structure was designed on a scale of 1:1 as a simply supported beam with
a 10.24 m length, a theoretical span of 9.50 m, and a total width of 3.30 m. These variables
were used to design an optimized bridge system—it will be possible to universally apply
the given bridge system for different spans (ca. 10-25 m). The load-bearing structure
consisted of 2 timber beams at an axial distance of 1900 mm, with a rectangular cross
section of 450 mm height and 300 mm width made of glue-laminated GL24h class timber
and connected with bridge deck segments of constant 60 mm thickness made of UHPC
(see Figure 2).
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Figure 2. (a) Cross section of the experimental timber-UHPC composite structure (dimensions in millimeters). (b) Test
placement of bridge deck segments made of UHPC on timber beams (before installing connectors).

The bridge deck was made of transverse prefabricated segments with typical system
length 1.5 m and width 3.30 m. Three types of bridge deck segments were designed: typical
panels—type N; end panels—type K; and vertical panels on the end—type Z (see Figure 3).
The vertical panels were designed to protect timber beams from water running from the
bridge ends. For the same reason, some grooves on the bridge deck cantilevers were
designed. The bridge deck segments were reinforced with mesh using a 20 mm concrete
cover. The precast bridge deck segments were produced with slots for shear connectors.
For the handling of bridge deck segments, reinforcing bars passing through the slots in the
segments were designed.
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Figure 3. Assembly drawing of bridge deck segments (dimensions in millimeters).

The shear connection was carried out by steel plates with welded headed studs, which
were fixed to a timber beam by a pair of timber screws (see Figure 4). The timber screws
were designed to transfer a vertical tensile force, which could occur, e.g., due to temperature
load. The slots were designed with rounded corners to prevent stress concentration in
corners. The coupling elements were placed at a distance of 500 mm in the region of the
N panels and at a distance of 455 mm in the region of the K end panels. The coupling
elements were designed of 2 types with different heights of the steel plate (i.e., height of
notch)—near the supports with a height of 30 mm and in a span with a height of 20 mm.
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15 210 45 (- = 1~ UHPC SEGMENT
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I i
/ = g 7
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STUDS SCREWS /L
I IN\_TIMBER BEAM _

Figure 4. Detail of placement of panels on the coupling elements (dimensions in millimeters).

The bridge deck segments were connected using epoxy adhesive and special screw
connections, which helped the epoxy adhesive properly harden in the joints. The screw
connections were also designed to transmit tensile forces in the joints from the temperature
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load. After installing all panels, grouting was carried out in the slots for connectors and for
screw connections.

The erection of the test bridge structure was realized in July and August 2019. A total
of 9 bridge deck segments were produced. A custom formwork was used for each panel
type. A partly steel formwork was used to ensure constant dimensions of panels.

During the construction phase, there were temporary supports placed under the
timber beams in thirds of the span. First, the Z-type vertical panels were installed on
the ends of timber beams (the vertical panels were fixed to the timber beams via special
mounting brackets). The assembly of the bridge deck segments proceeded from one
end to the other. A K-type end panel was placed and connected to the vertical panel
by screw connections. The N-type epoxy adhesives were applied to the front faces of
two bridge deck segments before the installation of every following bridge deck segment.
After placing the new panel next to the previous one, the panels were fastened together
using screw connections, which helped to properly harden the epoxy adhesive in the
joint. After installing all panels, grouting was carried out in the slots for connectors and
screw connections. The temporary supports were removed 14 days after the application
of grouting.

2.4. Load Test of the Experimental Structure

The load test was carried out in August 2019. The load test of the experimental bridge
structure was performed by four-point bending until failure. The test setup is shown in
Figure 5. The span was 9.5 m, and the load was applied symmetrically at a distance of
4 m from the supports to the timber beams via 2 hydraulic cylinders linked together and
supported by reinforced concrete beams with ballast load from road panels.
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Figure 5. Setup of the load test (dimensions in millimeters).

The vertical displacement of the timber beam was monitored with 8 point sensors—
2 sensors placed in the middle of the span above both timber beams, 4 sensors placed at
the loading points, and 2 sensors placed in support axes. The slips between the bridge
deck and timber beams were also monitored—4 sensors were placed on the ends of both
timber beams, and the steel plates were equipped with marks, in addition. The force was
measured on the hydraulic cylinder.

The loading was controlled by force and was carried out in several phases. In the first
phase, the structure was 10 times cyclically loaded and unloaded with a force of 2 x 34 kN.
This load should generate the maximum shear force corresponding to a frequent load
combination. This cyclic loading was performed to press the contact surface of the notches.
In the second phase, the structure was loaded with a force of 2 x 44.5 kN. This load should
generate the bending moments corresponding to a characteristic load combination (thermal
load not included). In the third phase, the structure was loaded with force 2 x 67.1 kN. This
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load should generate the bending moments corresponding to the design load combination
in ULS 6.10 according to CSN EN 1990 (thermal load not included). In the last stage, the
structure was loaded by gradual load increase until failure.

Before the load test was performed, the forces on the cylinders corresponding to the
design load combinations according to CSN EN 1990 [26] for the final footbridge were
determined (see Tables 4 and 5). Analysis of the timber—concrete composite structure
with a semirigid connection was performed using lattice girder approximation with rigid
arms simulating the composite action according to [27]. The computational model of
the structure was created in SCIA Engineer software (see Figure 6). Timber beams were
modeled as bar elements, and the bridge deck was modeled as a slab. The coupling
elements were simulated using rigidly connected arms, with bending stiffness calculated
according to [27]. The arms were hinge-connected in the joint between the coupled parts.
At half the distance between the coupling elements, the hinge-connected rigid struts were
modeled. These struts ensure the same deflection of both coupled parts.

Table 4. Calculated design internal forces and deflection in midspan for the final structure—f4
design uniformly distributed load (dead load + live load), M bending moment, V shear force, and w
deflection. Material characteristics considered as in SLS, at time 0 (temperature load neglected).

f4 M \Y% w
Load Comb.
(kN/m) (kNm) (kN) (mm)
6.10 31.04 350 147 18.5
Characteristic 22.99 259 109 13.7
Frequent 13.99 158 66 8.3

Table 5. Simulation of design internal forces using 4-point bending and comparison of predicted
deflections with measured deflections—g dead load of the structure, G dead load of hydraulic
cylinders with steel transfer beam, F force on the hydraulic cylinder, wyet ca1c calculated deflection
caused by F, and Wnet,meas measured average deflection.

Load Comb. & G F M v w Whet,cale  Wnet,meas
(kN/m) (kN)  (kN) (kNm) (kN) (mm) (mm) (mm)
M—6.10 6.16 3 67.1 350 99 17.3 13.0 12.4
M—<char. 6.16 3 445 259 77 12.9 8.6 7.5
V—frequent 6.16 3 34 217 66 10.8 6.6 6.2

Figure 6. The computational model of the structure in the SCIA Engineer program.

3. Results
3.1. Load Test on the Experimental Structure

The records from the load test are shown in Figures 7-9. The development of load
and deflection in the middle of the span in time (test procedure) are shown in Figure 7.
Good immediate dependance of these two parameters was shown during the loading
process until failure. At the end, there was a significant drop in the loading force, with
a significant increase in deflection. The same characteristic is shown in Figure 8, where
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a development of load and slip between bridge deck and timber beam is shown over
several time points. The correlation between load and displacement (slip) is still evident.
In addition, a significant increase in slips after the maximum loading force was reached
was observed. The behavior of the structure corresponding to the characteristic load
combination was linearly elastic, and no plastic deformation was observed after unloading.
The theoretical load corresponding to the ultimate limit state (calculated with characteristic
values of material properties) was determined by a load of 2 x 130 kN.

80 | _ Development of load and deflection in time 400
70 E Average deflection at midspan §
60 15 = === Force on cylinder w | 300
50
40 200
30
20 100
10 =y
e = = = O = TN T e A (sl

0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000

Figure 7. Record from the load test—load on the hydraulic cylinder and deflection in the middle of the span, depending

on time.
3.5 : . . . 350
T Slip between timber beams and bridge deck in time .4  _
3| E LP slip /oy E| 300
25 B PP slip =4 [ v | 50
LZ slip ..../ :
2 PZ slip ; ] 200
- === Force on cylinder -~
1.5 N ad 150
s !
1 ! | 100
- J
0.5 R N - 50
FEL S L L P == esm mEn T A tis]
0 0
0 600 1200 1800 2400 3000 3600 4200 4800 5400 6000

Figure 8. Record from the load test—load on the hydraulic cylinder and slip between beams and the bridge deck on the
ends of timber beams, depending on time (LP = failed beam left end; PP = failed beam right end; LZ = remaining beam left
end; PP = remaining beam right end).

The experimental bridge structure reacted elastically up to a load of approx. 2 x 270 kN
(see Figures 7 and 9), and then the nonlinear increase in slip between the Z timber beam and
the bridge deck occurred (see Figure 8).

The experimental structure failure occurred by a tensile failure of the P timber beam
at aload of 2 x 330 kN (see the damaged timber beam in Figure 10). The second Z beam
remained intact. The P beam was suddenly broken by a brittle failure. A tensile crack was
observed in the lower half of the beam in the area of the middle of the span. The crack was
not straight but passed through areas with local weakening in the form of knots.
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Figure 9. Record from the load test—load-deflection diagram (P = failed beam; Z = intact beam).

(b)

Figure 10. (a) View of the tested structure after tensile failure of the timber beam in the middle of the span. (b) Detail of the
tensile failure at the bottom of the timber beam.

3.2. Load Test on Bridge Deck Segments

Although multiple bending tests were performed on special test specimens to design
the optimal thickness of bridge deck segments (see [16,17]), a load test of the bridge deck
in the transverse direction was also performed.

After the overall load test of the experimental bridge structure was performed, three
test segments with a width of 1 m were cut from the intact part of the structure. The
load test should confirm that the footbridge reacts elastically with a characteristic load
combination (uniformly distributed pedestrian load of 5 kN/m?). The test segments were
loaded gradually with sandbags (see Figure 11b).

The bridge deck in the transverse direction works as a simply supported beam with
overhanging ends (see Figure 11a), which means that loading in the span also influences
the deflection of the cantilevers and vice versa. During the test, the deflection and the load
of the span and of both cantilevers were recorded as a function of time. Different load
cases were tested, e.g., load on the cantilevers and load on the span, and sandbags were
manually gradually repositioned from the cantilever to the span.

The loading procedure is evident from the diagrams in Figure 12, where the follow-
ing values are recorded in time: uniformly distributed load acting on the span and on
cantilevers and predicted deflection, measured and by calculation, in the span and on
cantilevers. By the panels from 8.7. and 11.7., the cantilevers were first loaded and then the
load was rearranged into the span. The measured deflections of the test segments from 8.7.
and 11.7. were lower than the deflections estimated on the basis of linear elastic calculation.
No damage, no cracks, and no plastic deformations were observed.
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Figure 11. (a) Cross section of the test specimen with marked load areas—cantilever K1, span P, and cantilever K2 with
uniformly distributed loads f K1, f K2, and f P and with marked points for measuring of deflection w K1, w K2, and w P.
Below in the picture: static schema for prediction of deflection. (b) Simulation of the characteristic value of the uniformly

distributed pedestrian load—5 kN/m? using sandbags placed on the cantilevers and in the span.
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Figure 12. Records of the load test of individual test segments: w = deflection (positive = sagging; negative = hogging)—

meas. = measured and pred. = predicted by calculation; f = uniformly distributed load; P = span; K1, K2 = cantilevers.
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One of the cantilevers was tested for the maximum managed load with sandbags
stacked on top of each other for every specimen. A maximum load of 1275 kg corresponding
to a uniformly distributed load approx. 5 times higher than the characteristic pedestrian
load (51 sandbags of 25 kg, sandbags tower height of approx. 1.9 m—see Figure 13a) was
reached for the cantilever of panel from 10.7.2019. No visual failure was observed, and the
measured deflection was slightly higher than the prediction from the elasticity calculation.

Figure 13. (a) Sandbags placed on the cantilever with total weight ca. 1275 kg (corresponding to ca. 25.5 kN/m?).

(b) Loading in the span using reinforced concrete road panels and sandbags with total weight ca. 5270 kg (corresponding to

ca. 33 kN/m?2).

The way of loading was changed by the last test segment—panel from 10 July. The
load was applied through a pair of timber blocks located in thirds of the span. The static
schema of the loading test of the last test segment from 10 July was therefore arranged as
a four-point bending test. Due to the limited number of sandbags (total 2270 kg), three
pieces of reinforced concrete road panels weighing approximately 1000 kg each were used
for loading in the first stage, and subsequently, sandbags were used (see Figure 13b).

Under the load of three road panels, a significant non-linear increase in deflection
was observed (see Figure 13). During further application of sandbags, the development of
cracks was observed and the cracking of steel fibers was recorded. Despite the application
of all available sandbags and three road panels—a total load of 5.27 t—the load-bearing
capacity of the test segment was not reached.

4. Discussion
4.1. Load Test on the Experimental Structure

The load test of the experimental bridge structure showed that the structure is safe
and its behavior corresponds with the expectations. The actual load-bearing capacity
of the structure was about five times higher than the design load. Based on known
material characteristics, which were specified by additional material tests, a slip modulus
k =320 kN/mm was determined. The obtained value of slip the modulus corresponds to
the slip modulus values determined from the push-out shear tests, which were performed
before designing the experimental structure.

In the case of the timber-UHPC composite structures, the effects of non-force loads are
greater than in the case of regular TCC structures. UHPC has an approximately 10% higher
thermal length expansion coefficient and an approximately one-third higher modulus of
elasticity compared to normal-strength concrete (C30/37). Because the bridge deck made
of UHPC is slender and timber has lower thermal conductivity compared to concrete,
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a difference in temperature occurs between timber beams and the UHPC bridge deck
while warming up and cooling down the structure. For the design of a composite bridge
wood-UHPC structure, we considered the differential temperature component using the
temperature difference between the two parts of the composite cross section, which is less
favorable than considering the differential temperature component by a nonlinear method
in the case of a normal concrete bridge deck.

In case of the UHPC application, the dead load of the structure is considerably lower
than in the case of normal-strength concrete application, and this is the reason why the
effects of the thermal load are, in relationship to dead and total loads, significantly higher.

As for the connector design, the thermal load appears to be the determining component
of load.

4.2. Load Test on Bridge Deck Segments

The load test of the bridge deck segments showed that the structure is safe and reacts
elastically in the serviceability limit state. The measured deflections for the serviceability
limit state corresponded well to the predicted deflections determined on the basis of linear
elasticity calculation. The load-bearing capacity exceeds the design load by several times.
Despite the application of all sandbags and three road panels—a total load of 5.27 t in the
span (see Figure 14b)—a collapse of the structure was not reached.

25 - 100
- PANEL 10.7. (2)
20 E - 90
15 '; - 80 w P (meas.)
10 L 70 w K1 (meas.)
____________________ w K2 (meas.)
e e e t[s] - 60 . w P (pred.)
0 50 ===-- w K1 (pred.)
5 250(].-.,_:3'82(1—__3500 &—-409040 -----;NPKZ (pred.)
a0 | eSS, T i E F 30  cececenne fK1
E ......... fK2
-15 = 20
220 L 10
25 Lo Lo

Figure 14. Record of the load test of the test segment from 10 July 2019 for estimation of load-bearing capacity: w = deflection
(positive = sagging and negative = hogging)—meas. = measured and pred. = predicted by calculation; f = uniformly
distributed load; P = span; K1, K2 = cantilevers. The segment was gradually loaded first with 3 road panels and then with
sandbags. The point sensors on the cantilevers were out of range by a deflection of about —15 mm.

The designed bridge system has its advantages and disadvantages as basically any-
thing in the world. Composite bridge structures made of timber and concrete represent an
environmental benefit because they allow the application of timber, a renewable natural
material; effectively use the properties of both materials; and can be interesting from an
architecture standpoint. The concrete bridge deck protects the timber beams against direct
weather influences. The bridge deck made of UHPC is much slender compared to the
bridge deck made of normal-strength concrete. Due to the use of UHPC, the dead load is
significantly reduced and the effects of creep and shrinkage are reduced, especially in the
case of prefabrication.

Manufacturing the TCC structure requires a collaboration of various different profes-
sions; therefore, it is more demanding for coordination of the work. Due to the fact that the
beams are supposed to be delivered to the construction site already fitted with couplings
elements, the designed system requires compliance to regularly strict manufacturing toler-
ances. It is therefore necessary to design relatively complicated details, which increases the
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manufacturing demands. When comparing qualities of individual parts of the structure,
timber is definitely the weakest part of the whole system in terms of the load-bearing
capacity and durability. In the case of a timber collapse, a brittle failure occurs. Although
the timber beams are protected from direct effects of climatic conditions, their durability in
the area of the contact joint between both materials will be probably lower than in the case
of a UHPC bridge deck (durability of UHPC is estimated to be approximately 200 years).
For this reason, it would be convenient to modify the connection system, so it would allow
dismantling the bridge deck segments and their reuse.

5. Conclusions

This paper described the optimization of timber—concrete composite (TCC) bridge
structures. This optimization consisted mainly of the application of a precast bridge deck
made of ultra-high-performance concrete (UHPC or UHPFRC), which enables a reduction
in the bridge deck thickness associated with a reduction in the dead load and provides other
advantages: minimization of the wet process in contact with timber, faster construction
progress, and reduction in shrinkage and creep effects.

TCC structures are a complex topic because these structures include various different
complex materials and also because of their specific static behavior given by the semirigid
connection. The research focused on prefabrication and, using UHPC for TCC structures,
dealt with the computational analysis of TCC structures, with the design and analysis of
specific types of coupling elements and with the design of a precast bridge deck made of
UHPC in more detail. A number of experiments were carried out at the Klokner Institute
of CTU in Prague under the support of the research project TH02020730 of the Technology
Agency of the Czech Republic (TACR). The evaluation of the experiments was partially
rendered within the elaboration of a PhD thesis [28].

The first part of the presented experiments was focused on the verification of me-
chanical characteristics of the proposed shear connection system. The shear connection is
carried out by notches made of steel plates embedded in the timber beams supplemented
with welded shear dowels (headed studs). The precast segments are provided with slots
for the shear dowels, into which UHPC is poured after placing the deck segments on the
timber beams.

Because UHPC is still a relatively new material in the Czech Republic and no standards
have been issued yet, another part of our experiments was focused on the verification of
the load-bearing capacity of thin slabs made of local mixture a of UHPC. Various bending
tests for determining the flexural strength of UHPC were performed. Results of tests on
special test specimens were compared with results of bending tests according to different
valid standards.

The behavior of the optimized TCC bridge structure was explored both using para-
metric studies and experimentally. We created a computational program for the design and
verification of TCC structures. The experimental full-scale bridge structure was built to
verify some manufacturing details and the load-bearing capacity. After the overall load
test was done, some bridge deck segments were cut from the structure and a load test of
the bridge deck in the transverse direction was executed and the results were compared
with analytical predictions.

The authors evaluate their work as an input impulse into the design of timber—-UHPC
composite bridge structures. The authors strongly believe that the achieved findings
represent progress in the area of design of TCC bridge structures and in the area of design
of UHPC structures.
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