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1 INTRODUCTION
In the frame of the NR2C WP3 working group, three different solutions for new bridge constructions
are studied: a hybrid sandwich bridge deck, an UHPFRC bridge structure and a composite structure
using timber and UHPFRC. This report describes the concept of the hybrid sandwich bridge deck,
presents the experimental investigation and a design model for the shear strength prediction.

1.1

State of the Art

Fiber-reinforced polymer (FRP) composites have found increased applications in bridge structures in
recent years. Applications for strengthening and repair are already well established. A growing number
of new bridges are constructed as all-FRP or hybrid-FRP structures, combined with traditional
materials. This is predominantly due to the advantageous properties of FRP composites, such as low
self-weight, high strength, high degree of free formability, and substantial resistance to corrosion and
fatigue. In particular, FRP bridge decks for rapid deck replacement with minimum traffic interference or
new construction are a promising application as it was demonstrated by the first generation of all-FRP
bridge decks in the USA [1]. They enable an increase in the allowable live loads or a widening of
existing bridges via replacement of the heavy concrete decks. Furthermore, construction details can
be designed much simpler compared to concrete decks. The waterproofing layer and the associated
complicated parapet detailing are not necessary. However, this first generation of mainly pultruded
bridge decks also shows some technical weaknesses, in addition to the high costs, which hinder a
widespread application. The transverse span between main girders is limited to approximately 3.0 m
maximum (for pultruded decks). Due to this constraint, large overhangs are not possible and multigirder systems are required, which are not economic for longer spans. Compared to concrete decks, a
further important drawback is the low stiffness in main girder direction, which considerably reduces the
top chord capacity of the deck in compositely acting deck-girder cross-section [2]. Furthermore, still no
satisfying solutions exist for the anchoring of crash barriers in all-FRP decks. One possibility to
overcome these drawbacks is the transition from all-FRP to hybrid-FRP construction by using FRP
composites together with traditional materials, particularly with concrete, as several research works
have already demonstrated.
The Miyun Bridge in China, built in 1982, was the first hybrid FRP-concrete traffic bridge. The simply
supported two lane bridge consists of six honey comb sandwich FRP box girders and a 10 cm thick
reinforced concrete slab connected with shear bolts to the box girders [3]. In the nineties Descovic,
Triantafillou and Meier worked on a lightweight hybrid beam concept consisting of a GFRP filament
wound box section with a concrete layer on the top side, the compression zone, and a CFRP strap on
the bottom flange, the tension zone, [4] [5] [6]. A two-component epoxy adhesive was applied to
connect the GFRP flange and the concrete. Experiments showed that slightly prestressed shear
connectors (steel bolts) improved the GFRP-concrete interface behavior. Furthermore a favorable
pseudo-ductile system behavior was achieved. In 1998, Hall and Mottram [7] performed experiments
on hybrid GFRP-concrete beams consisting of pultruded GFRP panels with T-upstands and normal or
lightweight concrete. The concrete was either directly cast onto the FRP panel or onto an intermediate
epoxy adhesive layer that was not yet cured. Four point bending tests demonstrated that the bonded
interface improved the performance of the beams. Further research on hollow FRP tubes with a thin
concrete layer on top was performed by Canning et al. [8] and Hullat et al. [9]. The investigation of
different configurations of hybrid beams showed that the most practical and cost effective solution to
achieve maximum shear/bond resistance (full composite action) was to apply the fresh concrete on
water-based adhesive. The failure mechanism was concrete crushing and local buckling of the FRP. In
2002, Van Erp et al. [10] presented results of a composite bridge that was developed and built in
Australia. The 10 m span bridge consists of FRP beams placed side by side and bonded together with
epoxy adhesive and connected on the bottom with a transversal laminate to achieve plate behavior
and transverse stiffness. The compression zone consisted of a concrete layer, epoxy bonded onto the
FRP to achieve composite action. In 2004, Kitane et al. [11] presented a hybrid FRP-concrete bridge
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superstructure, where the cross-section consisted of three trapezoidal GFRP box sections bonded
together. A layer of concrete was placed on the compression side and connected with FRP shear keys
to the FRP sections. Static tests on a scale model showed that the bridge meets the stiffness
requirement and has significant strength reserve.
The reviewed research work shows a high potential for hybrid FRP–concrete construction where each
material is optimally used: FRP in tension and concrete in compression. Each of the developed
systems showed its own advantages and disadvantages. The main problems that occurred were
premature web buckling of hollow FRP sections, a brittle system behavior, insufficient interface
capacity to provide full composite action between the FRP and concrete, and a manufacturing process
that is too complicated for practical applications. A new hybrid FRP–concrete bridge deck system is
proposed that should allow preventing some of these problems. Experiments on hybrid beams are
performed to prove the feasibility of the proposed system.

1.2

Hybrid FRP-concrete bridge deck description

The proposed hybrid bridge deck is a sandwich structure consisting of three layers of different
materials: FRP composites for the tension skin, lightweight concrete (LC) as a core material and ultra
high performance fiber reinforced concrete (UHPFRC) for the compression skin (see Figure 1 and 2).
The use of LC thereby should make it possible to achieve a target total weight of the deck of less than
50% of a normal concrete deck. The FRP layer, consisting of a GFRP sheet with T-upstands, also
serves as formwork. The T-upstands should provide a mechanical interlocking between the basic
GFRP sheet and the lightweight concrete core to provide composite action. The fibers in the UHPFRC
layer are needed to carry possible local bending moments due to concentrated wheel loads and due to
the jointless application. A ductile or at least pseudo-ductile system behavior should be achieved by
failure in the top concrete layer and crushing of the lightweight aggregates.

a)
b)

c)
Figure 1: Composition, manufacturing and installation of hybrid bridge deck, a) prefabricated FRP/LC
panels, b) FRP/LC panels bonded together and onto girders, c) jointless UHPFRC casting

Contractor – EPFL-CClab
Authors : E. Schaumann, T.
Keller
EPFL_CCLAB_18/04/2008

Contract TST3-CT-2003-505831
PAGE : 6 OF 48

File : D34+D35_cclab_OUT_approved

WP 3

D3.4 + D3.5

03 - EPFL

2007-10-31

Deliverable
Detailed Design and Laboratory Testing

Rev1

50

200

LC

130

30

NC

40

5
FRP

400

Figure 2: Cross-section of hybrid beams
The shear forces in the deck are transferred by the LC and not by FRP webs sensitive to buckling.
Even though no hollow FRP sections are used, the deck is still lightweight due to a LC core density of
~ 1000 kg/m3. The FRP layer together with the LC core is easily prefabricated in large elements
(approximately 2.50 m x width of the bridge) that are transported to the site and rapidly installed on the
main girders. The joints between deck elements as well as between deck and main girders are
adhesively bonded (refer to [12]). Subsequently, the thin UHPFRC layer is jointlessly cast on site onto
the LC core. In regions of negative bending moments, GFRP reinforcement grids are laid into the
UHPFRC layer. Since the deck is steel free and the UHPFRC layer is watertight, no waterproofing
layer is required and the surfacing is directly applied onto the UHPFRC.
In comparison to normal concrete of similar strength, lightweight concrete is characterized by a more
brittle material behavior primarily due to a reduced aggregate interlock, which is caused by the crack
propagation through the porous lightweight aggregates. Two principal types of LC exist, which exhibit
considerable differences in this respect: sand lightweight aggregate concrete (SLWAC) and all
lightweight aggregate concrete (ALWAC) [13]. The dense sand aggregates of the SLWAC are better at
preventing crack propagation than, for instance, porous expanded glass aggregates of an ALWAC
mixture. Furthermore, the LC brittleness is higher for the latter than for the former, because sand
aggregates increase the concrete-to-concrete friction in fracture surfaces and delay crack propagation.
An indication of the concrete brittleness is the characteristic length, which stands for the length of a
tensile bar in which the required elastic energy is stored to create a transverse fracture surface.
Typical SLWAC values are generally higher than comparable ALWAC values, refer also Table 5 with
typical values acc. [13,14,16].
Similar to conventional reinforced concrete slabs, two different failure modes can be expected for the
hybrid system [17]: flexural failure, which comprises either crushing of the compression zone or tensile
failure of the reinforcement, or shear failure in the core. Shear failure can occur in two distinct zones:
in the span or at the supports with direct load transmission through a compression diagonal. It has
been recognized that the shear span-to-depth ratio, a/d, is an indicator for the dominant failure mode,
where a is the distance from the load axis to the support axis, and d the effective depth of the slab. As
a decreases, the shear resistance increases, because the load can be directly transmitted by a
compression diagonal to the support, [17,18]. For longer distances, however, compression diagonals
interfere with crossing tension diagonals, which lower the shear resistance compared to the shear
resistance over the supports (for concrete without shear reinforcement). Schlaich [19] introduced the
concept of D and B regions, where D stands for discontinuity or disturb (associated to nonlinear strain
distributions through the cross-section), and B stands for Beam or Bernoulli (where a linear strain
distribution can be expected). Typically, the region of direct load transmission extends to a/d ratios
around 2.5, while for higher ratios the beam mechanism predominates, [17,18].
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Objectives

To examine the feasibility and failure modes of the proposed slab concept, flexural experiments on
hybrid beams were performed. A less complex structural system than a plate was chosen in order to
better separate and understand the basic load-carrying mechanisms. The additional load-carrying
capacity of a bi-dimensional plate was, therefore, not yet exploited.
The following objectives were explored:

1.4

•

The shear capacity of different densities of LC was explored, because no reliable shear
properties were available for the LC concretes. Therefore, experimental work was performed
on a first series (S1) of eight SLWAC beams and a second series (S2) of four ALWAC beams.
All beams had a shear span-to-depth ratio a/d = 8.0 and exhibited shear failure at the ultimate
state in the LC core (as designed), refer also [20, 21]. Increasing the LC density thereby
considerably increased the ultimate load.

•

Experiments should provide information if a pure mechanical interlocking between the FRP
and LC through the T-upstands is sufficient to provide full composite action or if an additional
layer of adhesive is required. Alternatively to the LC–FRP connection, the use of NC anchor
blocks over the supports was investigated in the second series of beams (S2). They were
designed to prevent both the LC–FRP debonding at this location (observed for unbonded S1
beams) and the crack propagation over the support (observed for bonded S1 beams).

•

Further experiments were conducted on similar sandwich beams as used for the investigation
of the beam behavior. The a/d ratio, however, was reduced from 8.0 to 1.6, which corresponds
to an inclination of the compression diagonal of 33.7°, see [22].

•

A fracture mechanics based model was then developed to predict the shear resistance of the
unreinforced LC core. The results are compared to shear resistance predictions according to
Eurocode 2 [23]. Both pointed out that not only the static strength must be considered but also
fracture mechanics properties.

Content of this report

Chapter 1:

Introduction, state of the art and objectives

Chapter 2:
Experimental investigation and results of beam series with an a/d = 8.0: eight SLWAC
beams (S1) and four ALWAC beams (S2).
Chapter 3:
Experimental investigation and results of direct load transmission behaviour of short
beams with an a/d = 1.6: six hybrid SLWAC and two ALWAC specimens.
Chapter 4:
Comparison of experimental results to shear resistance predictions according to
Eurocode 2, proposition of a refined size effect coefficient, and development of a fracture mechanics
based model to predict the shear resistance of the unreinforced LC core.
Chapter 5:

Concluding remarks.
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2 LONG SPAN EXPERIMENTS
2.1
2.1.1

Beam description
Beam dimensions and parameters

The experimental program of the long span experiments consisted of two series, S1 using an SLWAC
as core material and S2 using an ALWAC.
S1 consisted of eight 3600 mm long, 400 mm wide and 200 mm deep beams. Figure 2 shows the
cross-section of the beams. For the FRP layer, 3,60m long standard pultruded GFRP element Plank
40HDx500 from Fiberline [24] were used which were cut on both sides to a width of 400mm. The
height of the T-upstands is 40 mm, their distance is 50 mm, and the total weight is 17 kg/m2. The
beam design showed that it was not necessary to use UHPFRC for the top layer of the experimental
beams and, therefore, only a 30 mm normal concrete (NC) layer was applied on the top. Lightweight
concretes of 900 and 1300 kg/ m3 average density were used (low and high density). Furthermore, two
types of FRP–LC interfaces were investigated: unbonded and pure mechanical interlocking between
LC and FRP T-upstands (the LC was directly poured onto the FRP formwork) and adhesively bonded
(an epoxy adhesive was applied onto the FRP first and the LC was then poured on the wet epoxy).
The epoxy adhesive used was applied on the top of the FRP sheet and on top of the T-upstands. The
webs of the T-upstands were only partially covered (lower half approximately) due to practical
reasons. The weight of the beams with lower LC density is 230 kg/ m3 and that of higher density 290
kg/m3 and, therefore, 46 or 58 % of the weight of a normal concrete beam of same thickness (weight
500 kg/ m3).
Beam
series

Beam
labeling

Type of LC

LC density
[kg/m3]*

LC-FRP interface

S1
S1
S1
S1
S2
S2
S2

900-1/2
900E-1/2
1300-1/2
1300E-1/2
1000
1000E
1000A

SLWAC
SLWAC
SLWAC
SLWAC
ALWAC
ALWAC
ALWAC

900
900
1300
1300
1000
1000
1000

S2

1000EA

ALWAC

1000

unbonded
bonded
unbonded
bonded
unbonded
bonded
unbonded
(NC-FRP bonded)
bonded
(NC-FRP bonded)

NC
anchor
blocks
no
no
no
no
no
no
yes
yes

Table 1: Experimental configurations (*rounded values).
The experimental program (S2) consisted of four 3600 mm long, 400 mm wide and 200 mm deep
sandwich beams. Figure 1 shows the cross-section of the beams. For the bottom skin, the same
GFRP Plank element 40HDx500 from Fiberline was used as for S1. The top skin consisted again of a
30 mm normal concrete (NC) layer. An ALWAC mixture was used in S2, that is, a low density of 1000
kg/m3 could be maintained by replacing the sand aggregates by expanded glass aggregates, thereby
improving the compressive strength considerably.
Four types of LC-FRP interfaces were investigated in S2: pure mechanical interlocking between LC
and FRP T-upstands and adhesive bonding as already investigated in S1. Furthermore two additional
LC-FRP connections were investigated: the LC over the supports was replaced by NC anchor blocks,
which was predicted to prevent both the LC-FRP debonding at this location (observed for unbonded
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S1 beams) and the crack propagation over the support (observed for bonded S1 beams). The
geometry of the NC anchor blocks is shown in Figure 3. For one experiment, the NC-FRP and LC-FRP
interfaces were adhesively bonded (similar to the bonded beams of S1), for the second experiment,
only the NC-FRP interface was adhesively bonded and the LC-FRP interface (between the anchor
blocks) remained unbonded (only mechanical interlocking).
Table 1 gives an overview of all investigated beam configurations and their associated labels. For
each configuration two beams were examined in S1 (the first one fully and the second one low
instrumented) and one beam in S2.

300

3000

50

300

Load

5

550

200

200

40 130 30

30

Load

200

200

400

300

3000

Extensometers
LVDT
Strain gages

300
450

3600

Figure 3: Experimental setup and configurations of beams without (above) and with (below) NCanchor blocks over supports for series S2.

2.1.2

Material properties

Table 2 gives the tensile strength and Young’s modulus of the GFRP Plank element (~45% by vol. Eglass fibers) and of the SikaDur 330 cold-curing two-component epoxy adhesive from Sika used for
the FRP-LC interface.
Material
GFRP Plank 40HDx500
properties from supplier
SikaDur 330
properties from [25]

Tensile
strength [MPa]
240

Young’s
Modulus [GPa]
23.0

38

4.6

Table 2: Material properties of GFRP element and epoxy adhesive
For the NC-layer, a standard mixture of self-compacting concrete was used, composed of Portland
cement, filler, plasticizer, gravel, sand and water. An average compressive strength of 51.2 MPa and a
Young’s Modulus of 29.7 GPa were measured on compression cylinders of 160 mm in diameter and
320 mm high.
The compositions of the LCs are given in Table 3, while Figure 4 shows their macrostructure. LC1000
was composed of expanded clay aggregates (Liapor F3, Ø4-8 mm), aggregate density ρa = 550-650
kg/m3 and expanded glass aggregates (Liaver, Ø1-2 and 2-4 mm, ρa = 350 and 310 kg/m3,
respectively), both delivered by Liapor (Switzerland), Portland cement (CEM I 42.5), filler (ZEOTOP
provided from Hauri, Germany), adjuvants (1.0% plasticizer Sikament-10 and 0.5% Sika Stabilizer229, both delivered by Sika, Switzerland) and water. LC900 and LC1300 consisted of the same
expanded clay aggregates (Liapor F3), normal sand, Portland cement (CEM I 42.5) and water. As
shown in Figure 4, the composition of LC1000 and LC1300 was visually very dense, whereas that of
LC900 was porous; the spaces between the aggregates were not fully filled with cement.
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Lightweight
concrete
LC900
(SLWAC)
LC1000
(ALWAC)
LC1300
(SLWAC)

Liapor F3
(4/8 mm)
~400

Liaver
(1/2 mm)
-

Liaver
(2/4 mm)
-

Sand

Cement

Filler

Water

~315

~250

-

~95

~260

~55

~250

-

~450

~50

~175*

~295

-

-

~570

~305

-

~195

Rev1

Table 3: Mixtures of lightweight concretes in [kg/m3] (*additional stabilizer and fluidifyer added).

Figure 4: Macrostructure of LC concretes, from left to right: LC900, LC1000 and LC1300. (Expanded
clay aggregates = porous black spots, expanded glass (only LC1000) = porous grey spots).
Mean compressive strengths, flc,m, and Young’s Moduli, Elc,m, were determined according to Swiss
code SIA 161/1 on six cylinders (Ø=160 mm), which were cast together with the beams.
Representative stress-strain curves of the three LC types are shown in Figure 5. The stiffness slightly,
but steadily decreased up to a brittle failure for all LCs. Magnitudes of stiffness and density showed a
good correlation, in contrast to compressive strength and density, which exhibited no correlation.
Furthermore, mean splitting tensile strengths, flctsp,m, were determined according to Swiss Code SIA
262 for each mixture. The LC densities were also measured on the cylinders after storage in a climate
room at 20°C and 95% humidity for 28 days. The results of the material properties are summarized in
Table 4 (average values and standard deviations). Based on Table 5 presenting typical values for
characteristic lengths of concretes from [13,14,16], characteristic lengths of 150 mm and 40 mm were
assumed for the SLWAC (exhibiting a low compressive strength, thus the maximum value was
chosen) and ALWAC (exhibiting a high compressive strength, thus the smallest value was chosen).
Lightweight
concrete
LC900 (SLWAC)
LC1000 (ALWAC)
LC1300 (SLWAC)

Density
ρ
[kg/m3]
882 ± 10
997 ± 7
1294 ± 70

Compr.
strength flc,m
[MPa]
2.1 ± 0.7
9.7 ± 1.4
5.6 ± 1.2

Young’s
modulus Elc,m
[GPa]
3.5 ± 0.2
6.4 ± 0.4
8.7 ± 1.0

Splitting tensile
strength, flctsp,m
[MPa]
0.65 ± 0.1
1.34 ± 0.14
1.30 ± 0.2

Table 4: Material properties of lightweight concretes.
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lightweight aggregates ρa < 1220 kg/ m3 [13,14]
lightweight aggregates ρa ≥ 1220 kg/ m3 [13,14]
Silica fume added [16]
lightweight aggregates ρa < 1220 kg/ m3 [13,14]
lightweight aggregates ρa ≥ 1220 kg/ m3 [13,14]
Silica fume added [16]

ALWAC

Normal concrete [13]
High performance concrete [13]
Steel-fiber reinforced concretes [35]

Rev1

lch [mm]
70 - 150*
120 - 230
30-70
40* - 70
70 - 120
15-30
250-750
150-250
1200-4850

Table 5: Typical values of characteristic length of lightweight and normal concretes (*values of
experimental LCs).
12

LC1000

Axial Stress [MPa]

10

8

6

LC1300

4

LC900
2

0
0

0.05

0.1

0.15

Axial Strain [%]

0.2

0.25

Figure 5: Stress-strain responses from representative LC900/1000/1300 cylinders.

2.1.3

Beam manufacturing

The FRP elements were prepared with strain gages (arrangement see below) and integrated in a
timber formwork in the laboratory. The FRP surface of the four bonded beams was roughened with a
grinding machine on the T-upstands and with emery paper in between. During the roughening
process, special attention was made to not reach the rovings to not prematurely damage the fibers.
After roughening, the so treated surfaces were cleaned using acetone. For beam 1000A and 1000AE
a special formwork was placed to prevent the anchor blocks from LC pouring. At a concrete plant, the
epoxy was then applied and the lightweight concrete was cast on the wet epoxy, respectively directly
on the FRP surface, and compacted with a vibrator. However, compacting was very difficult
particularly for the LC of lower density. In the last step, the NC layer was applied directly onto the fresh
LC. For beam 1000A and 1000AE the anchor formwork were taken out, the two-component resin was
applied on the GFRP elements and subsequently the NC was cast at the beams end and onto the
fresh LC layer. The fluid composition of the thin NC layer enabled a good distribution over the beam.
Back in the laboratory, the beams were painted white to better observe the cracking process.
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Experimental set-up and instrumentation
Experimental set-up and procedure

The experimental set-up is shown in Figure 6. All beams were simply supported on rollers with a span
length of 3000 mm and subjected to three-point bending using a hydraulic jack of a capacity of 200 kN.
The load was introduced at mid-span through a steel plate (300x400 mm2) and was applied at a
constant displacement rate of 1 mm/min. In order to investigate the amount of system ductility, up to
three load cycles at different displacements were performed. The experiments were performed beyond
the ultimate load up to a pronounced decrease of the load.
A

B

C

D

E

F

G

Load

375

375

375

750

375
750

750

B -

F

50

15
D

300

Strain gages on FRP
Omega transducer on NC, LC

D

55

20

750

3000

300

Displacement transducer (LVDT)

400

Figure 6: Experimental setup and instrumentation of fully instrumented beams for series S1 (crosssection of axis D)

2.2.2

Instrumentation and measurements

The instrumentation of beams of S1 is illustrated in Figure 6, while Figure 3 shows the instrumentation
of the cross section of the S2 beams. The load was measured with load cells between the jack and the
steel plate. For all beams, linear voltage displacement transducers (LVDT, accuracy ±0.10 mm) were
used to measure the deflection of the beams along the span in the centerline and the slippage of the
LC and NC from the FRP element at the beams end. Up to 20 strain gages on the top and at the
bottom of the FRP sheet and on top of the T-upstands and up to 30 omega-shaped extensometers on
the NC and LC concretes were applied to measure the strain distributions through the cross-sections
at axes B, C, D, E and F on both beam sides and in the centerline (only FRP sheet with T-upstands).
Strain gages of the type 6/120 LY 11, produced by HBM (Hottinger Baldwin Messtechnik), with a grid
size of 2.8 x 6 mm and with an electric resistance of 120 Ω were used. Omega-shaped extensometers
of the type PI-2-100, produced by Tokyo Sokki Kenkyujo Kenkyujo (accuracy ±0.01 mm), enabled the
measurement of the axial concrete displacements over a gage length of 100 mm.
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Experimental results – S1
Load-deflection response and failure mode of unbonded SLWAC beams

The load-deflection curves at mid-span, measured for the unbonded beams with low LC density
(beams 900-1, 900-2) and high LC density (1300-1, 1300-2), are shown in Figure 7. The four beams
showed an almost linear-elastic response up to 6.8-11 kN when first small vertical cracks appeared in
the tension zone of the LC below the loading plate. The cracks always went through the LC
aggregates. Then the response of the beams with low and high LC density changed.
35
1300-1
30

Load [kN]

25

1300-2

20
15
10

900-1

5
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0
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Displacement at mid-span [mm]

Figure 7: Load-deflection response of unbonded SLWAC beams
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Figure 8: Slippage of the LC from the FRP sheet at beam ends (SLWAC beams 1300-2 and 1300E-2)

Contractor – EPFL-CClab
Authors : E. Schaumann, T.
Keller
EPFL_CCLAB_18/04/2008

Contract TST3-CT-2003-505831
PAGE : 14 OF 48

File : D34+D35_cclab_OUT_approved

Deliverable
Detailed Design and Laboratory Testing

WP 3

D3.4 + D3.5

03 - EPFL

2007-10-31

Rev1

The load of the beams with high density could be increased significantly up to a first peak (at 31.0 kN
for beam 1300-1 and 22.8 kN for 1300-2). In this phase, further cracks formed in the LC below the
loading plate region. Furthermore, the LC started to debond from the FRP sheet (at 20.7 kN for 1300-1
and 17 kN for 1300-2) and the stiffness slightly decreased. An increasing slippage at the beam end
was measured from this load on, as shown in Figure 8. After this first peak, a phase of oscillating load
started for both beams with increasing deformation, whereby at each intermediate peak a loud crack
was audible and the load slightly dropped before re-increasing again. For beam 1300-2, two additional
load cycles were performed, before the first peak and after the oscillating phase. Both cycles showed
almost unchanged beam stiffness with large remaining deformations. The cracks in the LC did not
close during unloading. After this oscillating phase, a steadier slight load increase was observed up to
the ultimate failure. In this phase, one crack in each beam developed slowly through the whole depth
of the beam and then horizontally in the LC/NC interface to the loading plate and on the height of the
T-up stands to the support, as shown in Figure 9 and Figure 10. The LC was further pushed out at one
beam end as shown in Figure 10. At the sharp drop of the load, the crack, which always went through
the LC aggregates, reached the support. The experiments were stopped at this point.

300

3000

300

Figure 9: Schematic failure process of unbonded SLWAC beams

Figure 10: Failure pattern of unbonded SLWAC beam (left) and slippage of LC from FRP sheet (right)
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Contractor – EPFL-CClab
Authors : E. Schaumann, T.
Keller
EPFL_CCLAB_18/04/2008

Contract TST3-CT-2003-505831
PAGE : 15 OF 48

File : D34+D35_cclab_OUT_approved

Deliverable
Detailed Design and Laboratory Testing

WP 3

D3.4 + D3.5

03 - EPFL

2007-10-31

Rev1

The load of the beams with low LC density could only slightly be increased up to the ultimate load
(from 6.8 to 9.3 kN for 900-1 and 9.2 to 11.3 kN for 900-2). During this phase some more cracks
formed and the stiffness decreased. At ultimate load, debonding of the LC from the FRP sheets
started and a slippage between LC and FRP could be measured at the beam end. A second load
cycle performed for beam 900-1 in this phase already showed some remaining deformation of
approximately 5 mm. The maximum load of beam 900-1 could be maintained up to approximately 17
mm of mid-span deflection and the load started then to slightly decrease up to 34 mm deflection, when
a sharp drop occurred. The load of beam 900-2 started to slightly decrease immediately after ultimate
load up to a mid-span displacement of 32 mm, when also a sharp drop occurred. However, two
additional loading cycles still showed almost the same beam stiffness as in the first cycle and
increasing remaining deformations. In this phase, the same failure mechanism developed as
described for the unbonded beams with higher density, however, at much smaller deflections and at
much lower loads. The ultimate loads of the four unbonded beams and corresponding mid-span
deflections are listed in Table 6.
Beam

Ultimate
Load
Fu [kN]
9.3
11.3
31.2
30.4
32.1
23.3
42.8
50.5

900-1
900-2
900E-1
900E-2
1300-1
1300-2
1300E-1
1300E-2

Cracking
Load
Fcr [kN]
~6.5
~7.5
~10.5
~11.5
~9.5
~10.0
~13.0
~12.5

Mid-span
deflection
[mm]
11.5-17.3
9.4
8.7
8.1
47.8
40.4
12.3
14.1

Average
shear stress
[MPa]
0.06
0.07
0.20
0.19
0.20
0.15
0.27
0.32

Axial
stress NC
[MPa]
-3.3
-3.7
-10.0
-9.0
-9.9
-8.4
-15.6
-15.6

Axial
stress LC
[MPa]
-0.8
0.0
0.3
0.2
-1.7
-1.8
-2.5
1.7

Axial
stress FRP
[MPa]
11.8
12.6
30.5
30.2
49.5
35.7
42.6
47.8

Table 6: Experimental results at ultimate load of the SLWAC beams (negative stress values are
compression)

2.3.2

Load-deflection response and failure mode of bonded SLWAC beams

The load-deflection curves at mid-span, measured for the bonded beams with low LC density (beams
900E-1, 900E-2) and high LC density (1300E-1, 1300E-2), are shown in Figure 11. The responses of
all four beam showed a steadily but slight decrease of stiffness up to ultimate failure, which occurred
at 31.2 and 30.4 kN for beams 900E-1/2 and 42.8/50.5 kN for beams 1300E-1/2. A 2nd cycle
performed at 35.4 kN for beam 1300E-2 showed a small remaining deformation of 1.1 mm and an
identical stiffness as observed at the beginning of the experiment. First cracks in the tension zone of
the LC were observed between 20 and 26 kN for all beams. Subsequently a multitude of small vertical
or slightly inclined cracks (up to 15) developed in the tension zone below the loading plate, showing
crack distances of 110 mm on average. At ultimate failure, one of the cracks suddenly grew through
the depth of the beam and along the LC/NC interface to the loading plate and on the height of the FRP
T-upstands, just above the LC/FRP interface, over the support until the end of the beam, as shown in
Figures 11, 12, 13. The epoxy-bonded interfaces remained undamaged. The beams showed no
debonding of the LC from the FRP and no slippage at the beam end was measured, as shown in
Figure 8 for beam 1300E-2. After this brittle failure, the load dropped down and the experiments were
stopped. The ultimate loads of the four bonded beams and corresponding mid-span deflections are
listed in Table 6.
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Figure 11: Load-deflection response of bonded SLWAC beams
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Figure 12: Schematic failure process of bonded SLWAC beams

Figure 13: Failure pattern of bonded SLWAC beam 1300E-2 in the field (left) and of beam 1300E-1 at
support (right).
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Axial strain distributions of unbonded SLWAC beams

The mid-span strain distribution through the depth of the unbonded beam 1300-2 is shown in Figure
14 at different loads (25, 50, 0.75, and 100% Fu) up to the ultimate load (Fu). The upper points were
calculated from the Omega-shaped extensometer displacements on the two concretes (measured
displacements divided through the gage length), while the lower points are measured from strain
gages on the T-upstands and top and bottom sheet surfaces. The two different methods explain the
small shift between upper and lower lines (between LC and FRP) at 0.25 Fu. The curves show that the
axial strain distributions did not remain plane through the depth of the cross-section. Debonding
between LC and FRP occurred between 0.50 and 0.75 Fu and an increasing part of the load was
carried only by the FRP sheet with the T-upstands. At ultimate failure, the upper flanges of the Tupstands even worked in compression.

200

1.00 Fu
0.75 Fu
0.50 Fu
0.25 Fu

180

Beam depth [mm]

160
140
120
100
80
60
40
20
0
−0.1

−0.05

0

0.05

0.1

Strains at mid-span [%]

0.15

0.2

Figure 14: Mid-span strain distributions through depth of unbonded SLWAC beam 1300-2

2.3.4

Axial strain distributions of bonded SLWAC beams

Figure 15 shows the mid-span strain distribution through the depth of the bonded beam 1300E-2 again
at four load steps up to the ultimate load (Fu). The axial strain distributions remained plane up to the
ultimate failure and the strains increased almost linearly with the increasing load. The neutral axis was
very high, in the LC, approximately 15 mm below the NC
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Figure 15: Mid-span strain distributions through depth of bonded SLWAC beam 1300E-2

2.4
2.4.1

Experimental results – S2
ALWAC beams 1000 and 1000E

The load-deflection response of the ALWAC beams 1000 (unbonded) and 1000E (bonded) is
illustrated in Figure 16. The ultimate loads are summarized in Table 7. After the formation of the first
cracks in the LC tension zone below the jack at a load of approximately 9 kN, beam 1000 exhibited a
slight loss of stiffness, which then remained almost unchanged until the ultimate load of 35.0 kN, even
though further vertical cracks developed towards the beam supports with crack distances of
approximately 15 cm, see Figure 17. The cracks progressed up to the neutral axis of the beam and
reached widths of 0.1 to 0.15 mm at 25 kN (last measurement). At 35 kN one crack opened suddenly
vertically through the depth of the LC and developed progressively along the LC-NC interface to the
loading plate and on the height of the T-upstands towards the support. The corresponding crack
pattern of the beam at ultimate load is shown in Figure 18. Figure 19 shows that no relative
displacement between LC and FRP sheet could be measured at the beam end. The LC core
debonded from the FRP sheet and slippage occurred only after ultimate failure. This result is
contradictory, at first glance, to the measured axial strain distribution through the depth of the crosssection at mid-span, shown in Figure 20. The curve exhibits a small offset between the LC core and
FRP sheet, which points to a loss of full composite action. This offset, however, was observed from
the beginning of the experiment and could be ascribed to the different types of gages that were used
rather than to a loss of composite action (omega-shaped extensometers on the LC and strain gages
on the FRP).
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Figure 16: Load-deflection response of ALWAC beams.

Beam
1000
1000E
1000A
1000EA

Ultimate
Load
Fu [kN]
35.0
39.2
37.8
37.2

Cracking
Load
Fcr[kN]
~9.0
~8.0
~5.0
~5.0

Mid-span
deflection [mm]
11.5
9.9
11.4
10.6

Table 7: Experimental results of ALWAC beams.
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Figure 17: Schematic failure process of unbonded ALWAC beam 1000.

Figure 18: Crack patterns at ultimate load for ALWAC beams 1000 and 1000E.
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Figure 19: Relative displacement between LC and FRP sheet (slippage) at the northern beam end for
ALWAC beams 1000, 1000E and 1000A.
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Figure 20: Mid-span strain distributions over beam depth at ultimate load for ALWAC beams 1000,
1000E and 1000EA.
The load-deflection response of beam 1000E was similar to that of beam 1000, see Figure 16.
However, after first cracking at 8.0 kN, the behavior was markedly stiffer than that of beam 1000. At
25 kN, the cracked region amounted to half of the span, with an average crack distance of 8 cm and
crack widths of approximately 0.02-0.1 mm. With increasing load, the cracks closest to the beam ends
became increasingly inclined, as shown in Figure 21. At the ultimate load of 39.2 kN, a new and even
more inclined crack grew suddenly through the depth of the beam, along the LC-NC interface to the
loading plate and at the height of the FRP T-upstands to the beams end, also see Figure 18.
Subsequently the load dropped and the experiment was stopped. The shearing surface was observed
predominately above the FRP T-upstands and went through the LC aggregates. As is shown in Figure
19, no slippage at the beam end was measured until ultimate failure. Figure 20 shows a linear axial
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strain distribution through the depth of the beam at ultimate load; the continuous distribution indicates
full composite action of the cross-sectional parts.
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Figure 21: Schematic failure process of bonded ALWAC beam 1000E.

2.4.2

ALWAC beams 1000A and 1000EA

The load-deflection curves of beams 1000A and 1000EA lay between those of beams 1000 and
1000E, while beam 1000EA was slightly stiffer than beam 1000A. Similarly, average crack distances
and crack widths developed between corresponding values of the beams 1000 and 1000E. Visible
cracking of both beams initiated at approximately 5 kN. However, the beam stiffness markedly
decreased only at 11-12 kN. During loading, the upper part of one vertical crack started to turn
towards mid-span for each beam. At the ultimate load of 37.8 kN (1000A) and 37.2 kN (1000EA),
these cracks opened significantly and developed simultaneously along the NC-LC interface towards
the loading plate and along the LC-FRP interface towards the NC anchor blocks where propagation
stopped. The crack pattern at ultimate load of beam 1000A is shown in Figure 22; the pattern of beam
1000AE was similar. No slippage was measured at the beams’ ends, as illustrated in Figure 19 for
beam 1000A and an almost linear axial strain distribution through the depth of both beams was found,
see Figure 20 for beam 1000EA.

Figure 22: Crack pattern at ultimate load for ALWAC beam 1000A.
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Discussion

2.5.1

Failure modes

In all investigated beams, shear failure occurred in the LC in one part of the beam, where one crack
started to grow diagonally from a flexural crack through the LC depth and then propagated towards the
loading plate along the LC-NC interface and towards the support along the LC-FRP interface at the
height of the T-upstands.
While in the LC of all bonded beams a multitude of vertical cracks developed up to the sudden shear
failure, only few cracks developed in the unbonded beams, thus crack development could be
described as: the highest number of cracks together with the smallest crack widths for totally bonded
beams; the lowest number of cracks and the largest cracks for totally unbonded beams, intermediate
values for unbonded beams with anchor blocks.
Failure in the unbonded ALWAC happened suddenly followed by debonding of the LC-FRP interface,
while a slow and ductile failure occurred in the unbonded SLWAC beams. The LC was thereby
constantly pushed out at the beam end, while the main crack progressed slowly at the LC-FRP
interface and stopped at the support. The main crack of the bonded beams, instead, progressed
rapidly over the support to the beam end–the crack thereby always crossing the LC aggregates. The
LC shear strength therefore was smaller than the bonded interface shear strength. The crack stopped
at the LC-NC interface of the anchor blocks in those beams.

2.5.2

Degree of composite action and ultimate loads

All bonded SLWAC and all ALWAC beams exhibited full composite action up to brittle shear failure in
the LC core. In case of the unbonded beam 1000, the mechanical interlocking between LC and the
FRP sheet was strong enough to provide full composite action up to a sudden shear failure in the LC
core. Only then, debonding of the FRP-LC interface was observed. For the unbonded SLWAC beams
in contrast, debonding in the interface occurred at lower loads, subsequently, the composite action
between concrete and FRP was partially lost and the FRP sheet participated more and more in the
load transfer with increasing load. Accordingly, the deflections increased considerably up to ultimate
failure. The improvement for the unbonded ALWAC beams was ascribed to the superior mechanical
behavior of LC1000 compared to the SLWAC LCs. The much higher compressive strength of the
former (see Table 8) increased the friction resistance at the interface.
Beam

Density
ρ [kg/m3]

900-1/2
900E-1/2
1000/1000E
1000A/1000EA
1300-1/-2
1300E-1/-2

882 ± 10
882 ± 10
997 ± 7
997 ± 7
1294 ± 70
1294 ± 70

Compr.
strength
flc,m [MPa]
2.1 ± 0.7
2.1 ± 0.7
9.7 ± 1.4
9.7 ± 1.4
5.6 ± 1.2
5.6 ± 1.2

Splitting tensile
strength, flctsp,m
[MPa]
0.65 ± 0.1
0.65 ± 0.1
1.34 ± 0.14
1.34 ± 0.14
1.30 ± 0.2
1.30 ± 0.2

Fu,exp
[kN]
9.3 / 11.3
31.2 / 30.4
35.0 / 39.2
37.8 / 37.2
32.1 / 23.3
42.8 / 50.5

Table 8: Summary of main results, LC properties and ultimate loads of all investigated beams.
The ratio of ultimate loads of bonded to unbonded beams was correlated to the compressive strength
of the LC, as shown in Figure 23 (correlation coefficient R2=0.83, beams with anchor blocks were not
considered herein). Due to reduced composite action in the SLWAC beams, the ultimate loads were
much smaller than the ones achieved with bonding, resulting in average ratios of 3.0 for beams using
LC900 and 1.7 for beams with LC1300. In case of the ALWAC beams, the ratio was 1.1 corresponding
to almost full composite action up to failure.

Contractor – EPFL-CClab
Authors : E. Schaumann, T.
Keller
EPFL_CCLAB_18/04/2008

Contract TST3-CT-2003-505831
PAGE : 24 OF 48

File : D34+D35_cclab_OUT_approved

WP 3

D3.4 + D3.5

03 - EPFL

2007-10-31

Deliverable
Detailed Design and Laboratory Testing

Rev1

4.0

900E-2/900-2

Ultimate load ratio [-]

3.5
3.0

2.5 900E-1/900-1

1300E-1/1300-1

2.0
1.5

1300E-2/1300-2

1.0

1000E/1000

0.5
0.0
0

2

4

6

8

10

12

Compressive strength [MPa]

Figure 23: Composite action ratio (Fu,bonded/Fu,unbonded) versus compressive strength of the LC.
The ultimate loads of the beams exhibiting full composite action (bonded SLWAC and all ALWAC
beams) were ranked according to the LC density; see Table 8, with highest values for beams with
highest density. This trend was contrary to the distribution of the LC compressive strength, where
LC1000 recorded the highest compressive strength, as shown in Figure 24. Similarly, almost no
correlation was found between the ultimate beam loads and the LC splitting tensile strength, see
Figure 25 (correlation coefficient R2=0.51). For the ALWAC beams, the ultimate loads tended to vary
with the stiffness of the LC-FRP interface, with descending values from totally bonded interfaces
(highest stiffness), to unbonded interfaces with NC anchor blocks, to totally unbonded interfaces
(lowest stiffness). The beams with anchor blocks reached similar ultimate loads, indicating that the
additional bonding of the LC-FRP interface was not necessary.
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Figure 24: Ultimate loads and predictions according to EC2 vs. compressive strength of LC core
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Figure 25: Ultimate loads vs. splitting tensile strength of LC core.

2.5.3

Stiffness

The stiffness of the bonded beams could not be correlated clearly to the density and stiffness of the
LC, see Figure 26; the stiffness portion from the identical top and bottom skins clearly dominated the
slightly different stiffness portions of the different cores. The stiffness of all ALWAC beams was almost
identical before cracking (Figure 16 on page 20). Similar to the ultimate load, the beam stiffness after
cracking depended on the LC-FRP interface type with the highest stiffness for the fully bonded
interface and the lowest value for the totally unbonded interface (only mechanical interlocking, without
anchor blocks), see Figure 16. Intermediate values were achieved for beams with NC anchor blocks
and an unbonded interface between the blocks.
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Figure 26: Load-deflections responses of beams 900E-2, 1000E, 1300E-2.
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Conclusions

An experimental study on hybrid FRP-concrete sandwich beams was performed. The sandwich core
consisted of two different types of lightweight concretes (LC): SLWAC mixture with expanded clay and
sand aggregates and ALWAC mixture with expanded clay and expanded glass aggregates. All beams
exhibited brittle shear failure in the LC core. The following conclusions were drawn from the
experimental observations:
1) The ultimate loads of all beams were correlated to the LC density (higher densities implied
higher ultimate loads). No correlation, however, was found between ultimate loads and LC
compressive or splitting tensile strength.
2) Beam stiffness could not be correlated to LC density; the stiffness of the identical sandwich
skins clearly outweighed the slightly different stiffnesses of the different cores. For the same
LC type, beam stiffness depended on the type of LC-FRP interface: highest stiffness for
adhesively bonded interface, lowest stiffness for unbonded mechanical interlocking between
LC and FRP T-upstands.
3) In the case of mechanical interlocking in the LC-FRP interface, interface strength was
correlated to LC compressive strength due to the friction mechanism. The unbonded ALWAC
beam (with highest compressive strength) exhibited full composite action until ultimate load, in
contrast to the unbonded SLWAC beams, which lost composite action at an early stage due to
lower compressive strength. The use of normal concrete anchor blocks with bonded NC-FRP
interface can be considered an alternative to adhesive bonding of the whole LC-FRP interface.
4) The manufacturing of the beams proved to be rapid and easy. Epoxy, LC and NC were
applied wet-in-wet without intermediate curing times within less than 30 minutes per beam.
From this point of view the fabrication was very economic.
5) The experimental investigation proved the feasibility of the proposed new hybrid bridge deck.
Further optimization is possible regarding LC material properties and mechanical FRP-LC
interlocking.
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3 SHORT SPAN EXPERIMENTS
3.1
3.1.1

Beam description
Specimen description and parameters

Short span beam specimens 1200 mm long, 400 mm wide and 200 mm deep were cut from the
undamaged parts of 3600 mm long beams reported in [20, 21]. Figure 2 shows the cross-section of
the specimens. The top skin consisted of the same 30 mm normal concrete (NC) layer. For the bottom
FRP skin, the same standard pultruded glass-fiber reinforced (GFRP) elements Plank 40HDx500 from
Fiberline [24] were used, which were cut on both sides to a width of 400 mm. Two parameters were
investigated: the type of lightweight concrete for the sandwich core and the type of FRP-LC interface.
Three different LCs were used: two SLWAC mixtures of average densities of 900 and 1300 kg/m3 and
one ALWAC mixture of 1000 kg/m3. Furthermore, two types of FRP-LC interfaces were investigated:
pure mechanical interlocking between LC and FRP T-upstands (where the LC was directly poured
onto the FRP formwork) and adhesive bonding (achieved by applying an epoxy adhesive onto the
FRP first and then the LC poured on the wet epoxy). Table 9 gives an overview of all investigated
specimen configurations and their associated labels. Eight beam specimens were examined; two
specimens for each SLWAC configuration and one specimen for each ALWAC configuration.
Beam label

Type of LC

900E-1, 900E-2
1000
1000E
1300-1, 1300-2
1300E-1, 1300E-2

SLWAC
ALWAC
ALWAC
SLWAC
SLWAC

LC density
[kg/m3]*
900
1000
1000
1300
1300

FRP-LC
interface
bonded
unbonded
bonded
unbonded
bonded

Table 9: Experimental configuration of short span experiments (* rounded values)

3.1.2

Material properties

The short span specimens consist of the same materials as presented in section 2.1.2: For the NClayer, a standard mixture of self-compacting concrete was used, exhibiting an average compressive
strength of 51.2 MPa and a Young’s Modulus of 29.7 GPa. The GFRP Plank elements exhibited a
tensile strength of 240 MPa and a Young’s Modulus of 23 GPa. The epoxy adhesive SikaDur 330 was
used for the FRP-LC interface.
The SLWAC mixtures LC900 and LC1300, consisted of expanded clay aggregates, normal sand,
Portland cement and water, while the ALWAC LC1000 was composed of the same expanded clay
aggregates, expanded glass aggregates, Portland cement, some fillers and adjuvants, and water. The
LC material properties are repeated in Table 10 (average values and standard deviations).
Lightweight
Concrete
LC900 (SLWAC)
LC1000 (ALWAC)
LC1300 (SLWAC)

Density
ρ [kg/m3]
882 ± 10
1003± 1
1294 ± 70

Compr.
strength
flc,m [MPa]
2.1 ± 0.7
10.3 ± 1.1
5.6 ± 1.2

Young’s
Modulus
Elc,m [GPa]
3.5 ± 0.2
6.6 ± 0.5
8.7 ± 1.0

Splitting tensile
strength,
flctsp,m [MPa]
0.65 ± 0.1
1.44 ± 0.1
1.30 ± 0.2

Characteristic
length,
lch [mm]
150
40
150

Table 10: Material properties of lightweight concretes
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Experimental setup and instrumentation

All specimens were simply supported on rollers with a short span of 600 mm and subjected to threepoint bending using a displacement-controlled hydraulic jack at mid-span on a steel loading plate of
150 x 400 x 25 mm3 (see Figure 27). The northern roller was fixed, while the southern roller was
allowed to move horizontally. The specimens were subjected to a constant displacement rate of 0.12
mm/min until failure.
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Figure 27: Beam dimensions, experimental setup and instrumentation
Arrangement and labeling of the instrumentation are shown in Figure 27. Linear voltage displacement
transducers (LVDT, accuracy ±0.10 mm) were used to measure vertical displacements at mid-span,
on support sections and differential horizontal displacements between the LC and the FRP Plank at
both ends of the specimens. Omega-shaped extensometers, type PI-2-100, produced by Tokyo Sokki
Kenkyujo (accuracy ±0.01 mm), enabled the measurement of deformations over a gage length of 100
mm on the concrete surface and on the bottom of the FRP sheet. On the east specimen side, 2 x 5
extensometers (labeled O20–O24 and O25–O29) measured the transverse deformations due to
tension in distances of 40 mm along each diagonal, also see Figure 28. On the west side, to measure
the longitudinal deformations due to compression, extensometers O34–O38 were fixed parallel to the
northern diagonal in 30 mm distances (asymmetric arrangement, O37 in diagonal axis).
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Figure 28: Extensometers transverse to compression diagonals (and cracks) and on NC (top) and
bottom of LC
Furthermore, at mid-span, O30 measured the deformations on the NC, O31 on the lower part of the
LC (at a height of 20 mm from the bottom of specimen), and O32–O33 on the bottom side of the FRP
sheet. For the interpretation of the extensometer results, it was assumed that cracks could cross the
gage length, as shown in Figure 28. Furthermore, a grid of black dots was applied to the western
specimen side to record the displacements of the specimen using a digital camera. These results are
not included in this report.

3.3
3.3.1

Experimental results
Observed failure processes and load-deflection responses

3.3.1.1 Unbonded SLWAC specimens
The observed failure process and load-deflection responses of the two unbonded SLWAC specimens
(1300-1/2) were similar; thus only the behavior of specimen 1300-1 is described in the following. The
load-deflection response, shown in Figure 29, was almost linear and no differential horizontal
displacements were measured at the beam ends up to a load of 40 kN, also see Figure 30. At this
load, a vertical crack appeared almost at mid-span. Subsequently, the LC started to be pushed out
from the FRP sheet at the northern specimen end, see Figure 30, and the stiffness decreased (Figure
29). At a load greater than 55 kN, the crack started to propagate through the NC layer, just crossing
the O30 gage length. At 132 kN, the crack width of the vertical crack had opened up to 15 mm,
showing an almost complete separation of the northern and southern LC cores. Despite several loud
cracks and load drop-offs, the load could be slightly increased up to the ultimate load of 143 kN. At this
load, the outer T-webs of the FRP sheet exhibited a shear failure at the northern support and the load
decreased. Figure 31 illustrates the crack pattern of specimen 1300-1 at ultimate load and Table 11
summarizes ultimate loads and loads at first visual crack of both specimens.
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Figure 29: Load-deflection responses of beams
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Figure 30: Slippage between LC and FRP or differential horizontal displacement within failed LC at
end of beams
3.3.1.2 Bonded SLWAC specimens
Specimens 900E-1 and 1300E-1 behaved similarly to specimens 900E-2 and 1300E-2 and, therefore,
only the behavior of the former is described in the following. At 75 kN, a first diagonal crack appeared
on the southeast side of specimen 900E-1. With increasing load, this crack grew steadily through the
whole LC layer, and then propagated horizontally in the LC-NC interface towards mid-span. The
ultimate load was reached at 98.3 kN when a diagonal crack developed next to the northern support.
Subsequently, the load dropped slightly and increased again, while a horizontal crack propagated
along the FRP-LC interface towards the northern end of the specimen. The second load peak was
reached when the horizontal crack reached the end of the specimen, followed by a significant drop in
load. This was followed by large horizontal displacements between the upper LC and lower LC/FRP,
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as shown in Figs. 5 and 6. In this phase, only the FRP sheet, stiffened slightly by the cracked concrete
core, continued to carry load until shear failure in the webs of the FRP T-upstands occurred.
The first visible diagonal crack in the LC of specimen 1300E-1 occurred on the northeastern side at
approximately 85 kN. At 155 kN, a diagonal crack on the southwestern side had opened significantly,
followed by a drop in load to 145 kN, see Figure 29. Subsequently, the load could be increased again,
at a slightly lower stiffness, up to the ultimate load of 204 kN, when the crack in the northern part
opened significantly and simultaneous failure occurred just above the FRP-LC and in the LC-NC
interface, see Figure 31. At this point another load drop was recorded and significant horizontal
displacements between the upper and lower LC developed at the northern end of the specimen, see
Figure 30. The experiment was stopped when failure in the webs of the T-upstands occurred at the
northern support, as shown in Figure 32. Table 11 summarizes the loads at the first visual crack and
ultimate loads of the bonded SLWAC specimens.
Beam

Ultimate
load
[kN]

1300-1
1300-2
900E-1
900E-2
1300E-1
1300E-2
1000
1000E

143
146
98
83
204
185
164
201

Cracking load at
first visual crack
[kN]
* diagonal crack
** vertical at midspan
40**
40**
75*
80*
85*
85*
44*
35*

Cracking load from
omega-gages
Southern
Northern
diagonal
diagonal
from O22
from O27
[kN]
[kN]
(72)
70
(70-80)
65
87
87
80
80
45
(75)
50
(68)

Transverse deformations
at ultimate load
Southern
Northern
diagonal
diagonal
from O22
from O27
[mm]
[mm]
0.00
0.00
0.00
0.00
0.50
0.44
0.28
0.28
3.00
0.75
4.50
4.50
2.22
0.61
0.90
2.57

Table 11: Ultimate loads, LC cracking loads from visual observation and measurements, and
transverse deformations (due to tension) along diagonal at ultimate loads

Beam

1300-1
1300-2
900E-1
900E-2
1300E-1
1300E-2
1000
1000E

Ultimate
load [kN]

Deformation
O30, NC
[mm]

Deformation
O31, LC
[mm]

143
146
98
83
204
185
164
201

1.195*
0.003
-0.007
0.007
-0.016
0.358*
0.264*
-0.042

0.734*
-0.126
0.057
0.035
0.041
0.202
0.140
0.177

Deformation
av.
O32/O33
FRP [mm]
0.999
1.108
0.095
0.066
0.519
0.402
0.172
0.233

Table 12: Deformations of NC, LC and FRP at mid-span and ultimate load (* crack in gage length of
extensometer, negative signs = compression)
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Figure 31: Failure patterns of beams 900E-1 (bonded, SLWAC), 1000E (bonded, ALWAC), 1300-1
(unbonded, SLWAC), and 1300E-1 (bonded, SLWAC)

Figure 32: Typical failure of FRP T-upstands (beam 1300E-2 at end of experiment)
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Figure 33: Pushing out of LC from FRP (T-upstand on the left) in unbonded beam 1000 at the end of
the experiment
3.3.1.3 Unbonded and bonded ALWAC specimens
The load-deflection responses of specimens 1000 and 1000E are shown in Figure 29. The first
diagonal crack in specimen 1000 was visible on the south-east side at 44 kN. Subsequently, short
vertical cracks also appeared on the bottom part of the LC at mid-span. After further cracking, the LC
started to be pushed out from the FRP sheet on the southern end at 150 kN and the corresponding
slippage was measured, as illustrated in Figure 30. At this point, a decrease in stiffness occurred, see
Figure 29, while the load could be increased until the ultimate load was reached at 164 kN.
Specimen 1000E showed an almost linear response up to a load of 180 kN, although the first diagonal
crack was already observed at 35 kN on the southeastern side. Subsequent to this first crack, a
pattern of diagonal cracks developed progressively on both sides until the ultimate load was reached
at 201 kN. One of the northern diagonal cracks opened progressively and propagated horizontally
approximately 25 mm above the T-up stands until the beam end and in LC-NC interface, see Figure
31. The final drop in load occurred when the NC layer failed. Table 13 again summarizes the ultimate
loads and the loads at first visual crack.

3.3.2

Deformations over specimen depth at mid-span

The extensometer responses over the beam depth at ultimate load are summarized in Table 12 and
illustrated in Figure 34 (selected representative specimens). As already pointed out, some of the
measurements on the concrete were influenced by cracks propagating through the gage length. The
sign of some values that normally should show compression therefore changed to tension.
The unbonded specimens 1300-1/2 exhibited high deformations at the FRP sheet (0.999 and 1.108
mm) compared to the values measured on the concrete, see Figure 34 for 1300-2, while the unbonded
specimen 1000 showed similar values on the bottom of the LC (0.140 mm) and FRP (0.172 mm), see
Table 12. The bonded specimens 900E-1/2, 1000E and 1300E-2 exhibited an almost linear distribution
through the depth, while the bonded 1300E-1 showed a kink at the bottom of the LC.
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Figure 34: Distribution of measured deformations over cross-section at mid-span and ultimate load

3.3.3

Transverse deformations along diagonal

Selected representative load-deformation responses of the extensometers O22 and O27, which are
situated in the middle of the southern and northern diagonal, are illustrated in Figure 36. From these
curves, cracking loads (of cracks parallel to diagonal) could be determined. Crack initiation was
assumed when a sudden increase of the deformation due to tension occurred. The results of this
analysis are summarized in Table 11 (column 4 and 5). The smaller values of the two gages were
considered as cracking load; they compared relatively well to the cracking loads from visual
observations. The bonded SLWAC specimens exhibited significantly higher cracking loads (65-87 kN)
than the ALWAC specimens (45 and 50 kN). Only very small deformations (within the accuracy of the
gages) could be measured on the unbonded SLWAC specimens and therefore no cracking load could
be determined.
Typical representative transverse deformation distributions measured along the two diagonals at
different load steps are shown in Figure 37 (specimen 1000E). The measurements O20-O24 obtained
from the southern diagonal show the development of a parabolic distribution with maximum values
measured by O22 situated in the middle of the diagonal. At ultimate failure, the maximum deformation
was 0.90 mm. Along the northern diagonal, the maximum deformation at ultimate load (2.57 mm) was
again located almost in the middle of the diagonal, at O27. Table 11 gives the maximum transverse
deformations (due to tension) at ultimate load for all specimens.
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Figure 35: Transverse deformations (due to tension) in middle of southern (left) and northern (right)
diagonals
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Figure 36: Transverse deformations along southern (left) and northern (right) diagonals at different
load steps for beam 1000E

3.3.4

Longitudinal deformations transverse to diagonal

Typical deformation distributions due to compression transverse to the diagonals at different load
steps up to the ultimate load are illustrated in Figure 37 (specimen 1300E-2). Up to a load of 75 kN,
the deformations were almost evenly distributed over a large width (with a maximum value of –0.03
mm). Subsequently, after cracking at 80 kN, deformations started to increase significantly in a much
narrower range of approximately 30 mm on each side of the diagonal (in O36–O38) and reached a
maximum of -0.8 to -0.9 mm at ultimate load. The remaining specimens showed similar results.
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Figure 37: Longitudinal deformations due to compression transverse to northern diagonal at different
load steps for beam 1300E-2 (O37 in diagonal axis)

3.4
3.4.1

Discussion
Effect of type of FRP-LC interface

The unbonded beams 1300-1/2 lost composite action in the FRP-LC interface just after cracking.
Differential displacements (slippage) between FRP and LC were measured from this load on (see
Figure 33) and through-depth deformations at mid-span no longer remained linear, see Figure 34. The
absence of compression in the diagonals (shown in Figure 35) even indicated that the interface was
too weak to provide a support for the diagonals before cracking, which led to the single crack at midspan. The unbonded beam 1000 demonstrated different behavior: composite action was maintained
after cracking up to approximately 91% of the ultimate load. This improvement was already observed
in the beam experiments and was attributed to the much higher compressive strength of the ALWAC
mixture, which increased the friction resistance at the interface.
The bonded beams exhibited full composite action up to ultimate load. The kink in the through-depth
distribution of specimen 1300E-1 (shown in Figure 34) existed from the beginning of the loading and
was seen as a measurement problem from gage O31. The corresponding value from specimen
1300E-2 (0.202 mm), given in Table 12, matched the linear distribution. The bonded specimens
showed significant higher ultimate loads than the corresponding unbonded specimens. However, the
ultimate load ratio of bonded to unbonded specimens (1.35 for 1300E/1300 and 1.23 for 1000E/1000)
seemed to correlate with the degree of composite action of the unbonded specimens and to approach
unity for full composite action. Failure in the bonded beams over the supports always occurred in the
LC (just above the T-upstands); the LC shear strength therefore always was lower than the bonded
interface shear strength.

3.4.2

Effect of LC type

The cracking loads of the SLWAC specimens were significantly higher than those of the ALWAC
specimens, see Table 12. However, no correlation of the cracking load to the LC splitting tensile
strength was found, as shown in Figure 38. This fact was already observed for the beam experiments
and was attributed to the more brittle behavior of the ALWAC concrete as compared with the SLWAC
mixture. Comparing the cracking load to the product of the splitting tensile strength and the
characteristic length, the latter being an indicator of concrete brittleness (values see Table 10), gave a
much better correlation, as shown in Figure 39 (correlation coefficient R2 = 0.94). Cracking thereby
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always started approximately in the middle of the compression diagonal, where maximum transverse
deformations due to tension were measured, see Figure 36.
With the exception of the unbonded specimens 1300-1/2, direct load transmission occurred through
the compression diagonal. The compression thereby was almost parabolically distributed across the
diagonal. The width of this distribution decreased after cracking due to the crack propagation parallel
to the diagonal, which narrowed the width of load transmission, see Figure 37 (symmetry axis at O37).
However, no correlation between the LC compressive strength and ultimate failure load was found, as
shown in Figure 40 (correlation coefficient R2 = 0.36). Comparing ultimate loads with the LC splitting
tensile strength gave a much better correlation, see Figure 38 (correlation coefficient R2 = 0.86).
250
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Figure 38: Ultimate and cracking load (from omega-shaped extensometers) vs. LC splitting tensile
strength
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Figure 39: Cracking load (from omega-shaped extensometers) vs. product of LC splitting tensile
strength x characteristic length
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Figure 40: Ultimate load vs. LC compressive strength
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Figure 41: Ultimate load from direct load transmission vs. ultimate load from beam loading

3.4.3

Comparison to beam loading and system optimization

As already discussed, the direct load transmission and beam experiments showed similar results
concerning the effects of interface type (composite action) and LC brittleness. Figure 41 compares the
ultimate loads of corresponding specimens and beams of both experimental series. The former were
significantly higher (4.4 times on average) than the latter, as could be expected.
Based on the experimental results, the sandwich system can be further optimized. First, the FRP
sheet seems to be overdesigned. Maximum deformations at failure were 0.6 mm on a gage length of
100 mm (not considering 1300-1/2), which corresponds to stresses of approximately 138 MPa, that is,
only 58% of the tensile strength of the sheet. However, more research is needed regarding the shear
failure that occurred in the webs of the T-upstands. Second, to increase the cracking load and shear
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resistance, the ductility of the LC should be improved, e.g. by adding short fibers, and thereby
increasing the characteristic length. Third, it seems it is possible to omit the adhesive bonding of the
interface if the LC compression strength is high enough to provide sufficient friction and thereby full
composite action. In this respect, the geometry of the T-upstands could also be improved to provide
better concrete confinement. However, in view of intended bridge deck application, relaying on pure
mechanical interlocking needs more research regarding the fatigue behavior of such interfaces.

3.5

Conclusions

Short-span three-point bending experiments on eight hybrid FRP-concrete sandwich specimens
provided useful information on the direct load transmission behavior and the effect of two parameters
on the static load-bearing behavior: the FRP-LC interface (unbonded or epoxy bonded) and the LC
composition (low and high density SLWAC and ALWAC). The following conclusions were drawn:
1) Specimens with adhesively bonded FRP-LC interfaces showed significantly higher ultimate
loads than corresponding unbonded specimens. The ultimate load ratio of bonded to
unbonded specimens correlated with the degree of composite action of the unbonded
specimens and approached unity for full composite action. The degree of composite action of
the unbonded interfaces thereby depended on the LC compressive strength. Using an
ALWAC mixture of high compressive strength provided almost full composite action through
pure mechanical interlocking in contrast to a SLWAC mixture of low compressive strength,
which lost composite action already after LC cracking.
2) A correlation of the ultimate loads and the LC splitting tensile strengths was found. The
cracking load, however, did not exhibit a similar correlation. Combining the splitting tensile
strength and the characteristic length, a fracture mechanics property that characterizes
material brittleness, led to a good correlation with the cracking loads. Accordingly, the cracking
loads of the more ductile SLWAC compositions were significantly higher than those of the
more brittle ALWAC mixtures, although splitting tensile strengths were similar.
3) Direct load transmission experiments and previous beam experiments showed similar results
concerning the effects of interface type (composite action) and LC brittleness. Ultimate loads
or shear resistances of the former were significantly higher (4.4 times on average) than those
of the latter, because loads were transmitted directly by a compression diagonal to the
support. The compression diagonals of the beam experiments interfered with crossing tension
diagonals, which lowered the ultimate loads (or shear resistances).
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4 PREDICTION OF ULTIMATE BEAM LOADS
This chapter presents a shear strength prediction method for the hybrid beams, exhibiting full
composite action in the LC-FRP interface (bonded SLWAC beams 900E-1/2 and 1300E-1/2 and all
ALWAC beams). The unbonded SLWAC beams (beams 900-1/2 and 1300-1/2) did not provide full
composite action in the LC-FRP interface up to ultimate load and, therefore, exhibited a different
failure mode; they are not considered in the context of the prediction method.

4.1

Prediction of ultimate loads according to Eurocode 2

The failure mode of all beams presented herein was a shear failure in the LC core material. The shear
resistance of the beams was estimated based on the Eurocode 2 (EC2), using a semi-empirical
approach. Since the NC layer was thin compared to the beam depth and the maximum shear stresses
occurred in the LC, it could be assumed that the LC would extend up to the top surface of the beam.
The mean value of the LC shear resistance of lightweight concrete beams, VlRm,c, could then be
calculated as follows:
VlRm, c = C Rm, c ⋅ η1 ⋅ κ ⋅ 3 100 ⋅ ρl ⋅ f lc, m ⋅ bw ⋅ d

(1)

where: CRm,c is an empirical value, based on a statistical evaluation on mean resistances of shear
beams and lies between 0.18-0.20 [26]; η1 is a coefficient that takes into account the oven-dry density
of the LC, ρ, as follows: η1 = 0.4 + 0.6⋅ρ /2200; ρl is the steel reinforcement ratio, which can be
transformed to consider the FRP sheet as follows: ρl = (AFRP·EFRP)/(bw·d·Esteel), where: AFRP is the area
of the FRP sheet (3615 mm2), bw is the beam width (400 mm), d is the static height (185 mm), and
Esteel is the Young’s Modulus of steel (210 GPa). The scale coefficient κ depends on the static height
as follows: κ = 1 + √(200/d). Table 13 compares experimental ultimate loads, Fu,exp , and predicted
ultimate loads, Fu,pred. The predicted ultimate loads are twice the LC shear resistance according to
beam theory: Fu,pred = 2·VlRm,c. Similarly, Figure 42 shows this comparison for each beam type (solid
lines) and for the mean value of η1 = 0.68 (dashed line) in function of the LC compressive strength.

Beam
900E-1/2
1300E-1/-2
1000/1000E
1000A/1000EA

Fu,exp
[kN]
31.2 / 30.4
42.8 / 50.5
35.0 / 39.2
37.8 / 37.2

η1
[-]
0.64
0.75
0.67
0.67

Fu,pred
[kN]
35.4
57.8
62.0
62.0

Fu,pred/Fu,exp
[-]
1.14 / 1.17
1.35 / 1.15
1.77 / 1.58
1.64 / 1.67

Table 13: Ultimate load prediction according to EC2 (CR,m = 0.18, κ=2.0 and ρ=0.0054).
The experimental ultimate loads of the SLWAC beams were overestimated by 19 % on average, while
those of the ALWAC beams up to 67 %. Figure 42 shows that the trend of dashed curve is quite good
for the SLWAC beams. The experimental results from the ALWAC beams, however, differ significantly
from the prediction. This result, together with the bad correlation to the splitting tensile strength shown
in Figure 25, led to the conclusion that the shear behavior of LC beams cannot be predicted based
solely on mechanical strength properties such as compressive or tensile strength.
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Figure 42: Ultimate loads and predictions according to EC2 vs. compressive strength of LC core.
Zink [27] proposed an alternative value for the κ scale coefficient used in Eq. (1), κ’, which takes into
account not only the cross-sectional geometry, but also the characteristic length:
1

⎛ 5⋅l ⎞4
κ ' = ⎜ ch ⎟
(2)
⎝ d ⎠
By introducing this fracture mechanics based coefficient into Eq. (1), an average underestimation of
the ultimate failure loads of 15% for both, SLWAC beams and ALWAC beams was achieved, as show
in Table 14. An important improvement of the predictions was therefore reached, particularly for the
ALWAC beams.

Beam
900E-1/2
1300E-1/-2
1000/1000E
1000A/1000EA

lch
[mm]
([in])
150
150
40
40

κ'
[-]

Fu,pred
[kN]

Fu,pred/Fu,exp
[-]

1.42
1.42
1.02
1.02

25.2
41.0
31.6
31.6

0.81 / 0.83
0.96 / 0.81
0.90 / 0.81
0.84 /0.85

Table 14: Ultimate load prediction according to EC2 using a modified κ coefficient acc. to Zink [27].

4.2

Prediction of ultimate loads through fracture mechanics based model

The shear resistance of cracked concrete beams is composed basically of three portions: shear
resistance of a) the compressive zone, b) from the dowel action of the longitudinal reinforcing bars
crossing the cracks, and c) from the interface shear and tensile stresses across cracks [17,28,29]. The
interface shear transfer mechanism for normal concrete is aggregate interlocking, where aggregates
protruding from the crack surface provide resistance against slip. This effect is negligible for LC, since
cracks propagate straight through the aggregates. However, concrete cracks occur gradually and
tensile stresses across the cracks can be transmitted along the fracture process zone (FPZ), as shown
in Figure 43 [30]. The FPZ is the zone where the concrete has the ability to bridge the cracks and to
transmit tensile forces. The peak tensile stress at the crack tip amounts to the tensile strength of the
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concrete and decreases according to the softening behavior of the material until the critical crack width
is reached, beyond which no further stress transmission is possible. The incorporation of the FPZ in
shear failure models has been the subject of several research projects in the area fracture mechanics
[27,31-34].

Figure 43: Development of through-crack tensile stresses along an emerging crack (revised from
Uddin [30]).

45°

d

FPZ

VLC

xn

dNC

VNC

τxz,u =f lct,m

0.4

lch

VFPZ

Figure 44: Shear resistance components in hybrid sandwich beams.
In 2000, based on Hillerborg [15], Zink [27] proposed a fracture mechanics based model for the shear
resistance prediction of cracked normal and high performance concrete beams, which comprises the
portion of the shear resistance of the FPZ. Figure 44 shows the components that contribute to the
shear resistance of the hybrid sandwich beams, obtained through interpretation of Zink’s model and
expressed in the following equation:

VlRm ,c = VNC + VLC + VFPZ = ⎡⎣ 23 ⋅ d NC + ( xn − d NC ) + 0.4 ⋅ cos 45° ⋅ lFPZ ⎤⎦ ⋅ bw ⋅ f lct ,m

(3)

where VNC = shear portion transferred in NC layer (thickness dNC), VLC = shear portion transferred in
LC core (above the neutral axis, at depth xn), VFPZ = shear portion transferred in FPZ, lFPZ = length of
FPZ. The shear strength of the LC at the neutral axis, τxz u, can be set equal to the tensile strength flct,m
[27], which is approximately 90% of the splitting tensile strength [13]. VNC and VLC can then be
calculated according to Eq. (3). The NC layer influenced the shear load-bearing capacity insofar as it
raised the location of the neutral axis. Its shear capacity was not fully exploited, since the magnitude of
the shear stresses was governed by the tensile strength of the LC layer. The shear stresses through
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the NC developed in a parabolic form and was almost constant in the LC layer, since the ratio of the
LC/NC stiffness was low.
For the calculation of VFPZ, a crack inclination at the neutral axis of 45° was assumed and the length of
the fracture process zone was set to 0.4 lch (taken from Hillerborg [15], who suggests a value between
0.3 and 0.5 of the characteristic length). Furthermore, a parabolic development of the crack opening
and a softening proper to the LC in the FPZ are assumed [15,27], as schematically shown in Figs. 42
and 43. Since cracking in LC members always occurs through the aggregates and the shearing
surface is relatively smooth, the effect of interface shear was neglected. Furthermore, the dowel action
provided by the FRP sheet was neglected due to the very small contribution of this component in
unreinforced concretes [17].
Beam
900E-1/2
1300E-1/-2
1000/1000E
1000A/1000EA

xn
[mm]
46
45
45
45

VNC
[kN]
4.7
9.4
9.6
9.6

VLC
[kN]
3.7
7.1
7.4
7.4

VFPZ
[kN]
4.0
7.9
2.2
2.2

VlRm,c
[kN]
12.3
24.4
19.3
19.3

VNC+LC/VlRm,c
[-]
0.68
0.68
0.88
0.88

Fu,pred/Fu,exp
[-]
0.79/ 0.81
1.14 / 0.97
1.10 / 0.98
1.02 / 1.04

Table 15: Ultimate load prediction according to proposed shear resistance model.
Table 15 gives the results of the shear resistance prediction and the ultimate failure loads of the
experimental beams. A good agreement with the experimental results was achieved with respect to
the prediction of the ultimate failure loads (98% on average of the experimental values). NC and LC
layer of the SLWAC beams contributed only 68% to the shear resistance, while 32% of the shear was
transmitted through the FPZ. The ALWAC beams exhibited a different behavior, whereby the FPZ
contributed only 12% to the shear resistance, mainly due to the much shorter characteristic length and
corresponding short length of the FPZ.

4.3

Conclusions

An experimental study on hybrid FRP-concrete sandwich beams was performed. The sandwich core
consisted of two different types of lightweight concretes (LC): SLWAC mixture with expanded clay and
sand aggregates and ALWAC mixture with expanded clay and expanded glass aggregates. The
former LC exhibited a much higher fracture energy and longer fracture process zone (FPZ) than the
latter. All beams exhibited brittle shear failure in the LC core. The following conclusions were drawn
from the modeling of the shear resistance of the LC core:
1) Shear resistance prediction according to Eurocode 2 was not reliable, since the different
fracture behavior of SLWAC and ALWAC concretes is not considered. The predictions were
improved by introducing the characteristic length into the scale coefficient, κ.
2) Good agreement between predicted and ultimate loads were achieved from a refined shear
model originally developed for normal and high performance concrete that considers the shear
resistance of the fracture process zone. The shear resistance of the FPZ of SLWAC beams
was 2.7 times higher than that of the ALWAC beams, which exhibited a much more brittle
behavior with much lower fracture energy and length of FPZ.
3) The shear strength prediction method according Zink provides the basis to optimize the LC
material characteristics for any load condition by adapting splitting tensile strength and
characteristic length to the requirements.
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5 CONCLUSIONS
The proposed hybrid bridge deck is a sandwich structure consisting of three layers of different
materials: FRP composite sheet with T-upstands for the tension skin, lightweight concrete (LC) as a
core material and ultra high performance fiber reinforced concrete (UHPFRC) for the compression
skin.
To examine the load-carry behavior of the proposed slab concept, flexural experiments on hybrid long
and short span beams were performed. A less complex structural system than a plate was chosen to
better separate and understand the basic load-carrying mechanisms. A further objective of the
experiments was to examine if a pure mechanical interlocking between the FRP and LC through the Tupstands is sufficient to provide full composite action or if an additional layer of adhesive is required.
Furthermore, the shear capacity of three LCs exhibiting different densities and brittleness was
explored, because no reliable shear properties were available for the LC concretes. Therefore,
SLWAC mixtures with expanded clay and sand aggregates and an ALWAC mixture with expanded
clay and expanded glass aggregates were used. The former LC exhibited a much higher fracture
energy and longer fracture process zone (FPZ) than the latter.
A fracture mechanics based model was developed to predict the shear resistance of the unreinforced
LC core. A good agreement between predictions and the experimental results were found, always
pointing out that not only the static strength must be considered but also fracture mechanics
properties. The following conclusions were drawn:
•

•
•
•
•

•

The proposed FRP–concrete hybrid bridge deck exhibits advantageous properties such as,
low self-weight, and substantial resistance to corrosion. In particular, the prefabrication and
the low self-weight offer the possibility of rapid deck replacement with minimum traffic
interference or simpleness of installation for new construction. Furthermore, the lightweight
structure enables an increase in the allowable live loads or a widening of existing bridges via
replacement of heavy concrete decks without substructure strengthening.
Since the deck is steel free and the UHPFRC layer is watertight, no waterproofing layer is
required and the associated complicated parapet detailing are not necessary.
The manufacturing of the slabs is rapid and easy. Epoxy, LC and NC are applied wet-in-wet
without intermediate curing time. From this point of view the fabrication is very economic.
The ultimate loads of the long span beams were correlated to the LC density (higher densities
implied higher ultimate loads). No correlation, however, was found between ultimate loads and
LC compressive or splitting tensile strength.
In case of the direct load transmission experiments, a correlation of the ultimate loads and the
LC splitting tensile strengths was found. The cracking load, however, did not exhibit a similar
correlation. Combining the splitting tensile strength and the characteristic length, a fracture
mechanics property that characterizes material brittleness, led to a good correlation with the
cracking loads. Accordingly, the cracking loads of the more ductile SLWAC compositions were
significantly higher than those of the more brittle ALWAC mixtures, although splitting tensile
strengths were similar.
For both, long and short span beams, specimens with adhesively bonded FRP-LC interfaces
showed significantly higher ultimate loads than corresponding unbonded specimens. The
ultimate load ratio of bonded to unbonded specimens correlated with the degree of composite
action of the unbonded specimens and approached unity for full composite action. The degree
of composite action of the unbonded interfaces thereby depended on the LC compressive
strength. Using an ALWAC mixture of high compressive strength provided almost full
composite action through pure mechanical interlocking in contrast to a SLWAC mixture of low
compressive strength, which lost composite action already after LC cracking. The use of
normal concrete anchor blocks with bonded NC-FRP interface for the long span beams can be
considered an alternative to adhesive bonding of the whole LC-FRP interface.
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Direct load transmission experiments and beam experiments showed similar results
concerning the effects of interface type (composite action) and LC brittleness. Ultimate loads
or shear resistances of the former were significantly higher (4.4 times on average) than those
of the latter, because loads were transmitted directly by a compression diagonal to the
support. The compression diagonals of the beam experiments interfered with crossing tension
diagonals, which lowered the ultimate loads (or shear resistances).
Good agreement between predicted and ultimate loads were achieved from a refined shear
model originally developed for normal and high performance concrete that considers the shear
resistance of the FPZ. The shear resistance of the FPZ of SLWAC beams was 2.7 times
higher than that of the ALWAC beams, which exhibited a much more brittle behavior with
much lower fracture energy and length of FPZ.
The shear model provides the basis to optimize the LC material characteristics for any load
condition. Thus, the same range of bridge spans are possible as for conventional steel
reinforced concrete bridge slabs by adapting the LC properties (splitting tensile strength and
characteristic length) to the required strength.

The following research axes and future prospects can be formulated:
• To increase the cracking load and shear resistance of the sandwich core, the ductility of the
LC can be improved, e.g. by adding short fibers, and thereby increasing the characteristic
length, so that a ductile or at least pseudo-ductile system behavior can be achieved through
failure in the top concrete layer and crushing of the lightweight aggregates.
• The FRP sheet can be optimized. More research is needed regarding the shear failure that
occurred in the webs of the T-upstands through loads next to the supports.
• It seems possible to omit the adhesive bonding of the LC-FRP interface if the LC compression
strength is high enough to provide sufficient friction and thereby full composite action. In this
respect, the geometry of the T-upstands can also be improved to provide better concrete
confinement. Furthermore, the use of UHPFRC anchor blocks over the main girders can be
considered an alternative to adhesive bonding of the whole LC-FRP interface. However, in
view of intended bridge deck application, relaying on pure mechanical interlocking needs more
research regarding the fatigue and long term behavior of such interfaces.
• The regions of negative moments over the main girders need further investigation. The
arrangement of additional GFRP reinforcement grids in the UHPFRC layer has to be studied.
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