Local bending tests & punching failure of a ribbed UHPFRC bridge deck
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ABSTRACT: Local bending tests were carried out on critical locations of a new type of steel-concrete com-
posite bridge deck, as a part of the experimental validation of an innovative ultra-high performance fibre rein-
forced concrete (UHPFRC) ribbed slab made of segments assembled by post-tensioning. Local failure was
identified as one of the possible critical aspects of the design, due to lack of information on the real capacities
of UHPFRC materials in bidirectional bending and possible punching shear mechanism. Experimental valida-
tion of the design was first derived from the representation of Eurocode wheel models, with a standard
0.4 m x 0.4 m loaded zone. A reduced 0.19 m x 0.26 m had to be used for representing concentrated impacts,
and the representation of pavement layers was eliminated, so that the local bearing capacity could be reached.
It was finally obtained with a characteristic punching failure mechanism, the ultimate load corresponds to two

to three times the nominal wheel load of the Eurocode.

1 INTRODUCTION.

1.1 A UHPFRC ribbed slab applied as part of a
road bridge deck

Extending the economic span range of composite
bridge decks, classically applied for road bridges
from 50 to 100 m-spans, represents an important
challenge. For shorter spans, some prototype appli-
cations with thinner slabs made of C80 have led to
0.14 m-thick slabs, Causse & Montens (1992),
Chevallier & Petitjean (2001). Attempts for even
lighter short span bridge solutions using ultra-high
performance fiber-reinforced concrete (UHPFRC)
are currently under intense study, Tanis (2006),
Bouteille et al. (2006).

For longer spans, the concrete slab appears as too
heavy, and thinner slabs made of pre-cast high per-
formance concrete (HPC) segments might tend to be
developed. This could provide an alternative to steel
orthotropic decks, for which fatigue degradations are
a major concern. Pursuing this trend of lightness, du-
rability, and savings of natural resources with the
use of materials with optimized performance,
Bouteille & Resplendino (2005), a preliminary de-
sign of a UHPFRC ribbed slab, connected to twin
longitudinal steel beams, has been studied within the
frame of MIKTI French R & D national project aim-
ing to favor innovative steel-concrete composite ap-
plications, Resplendino & Bouteille (2003). The re-
quired frame of application consists in a 3-span 90 +
130 + 90 m-long, 9 m-wide road bridge (two 3.5 m-

wide lanes + 1 m-wide side strips) with two 1 m-
wide sidewalks. The general design, determination
of required pre-stressing tendons and detailing, was
carried out applying French Recommendations rela-
tive to UHPFRC, AFGC-SETRA (2002) in comple-
ment of French Bridge design codes for composite
and pre-stressed concrete bridges.

Definition of the slab thickness and of the trans-
verse ribs and pre-tensioning was first determined
considering the local and transverse bending. Then
longitudinal bending was considered, as well as spe-
cific design and connection aspects. Length of suc-
cessive segments was limited to 2.50 m for possible
truck delivery. Regular spacing and similar height of
longitudinal ribs was searched, except at the ends for
the anchoring of safety barriers. The resulting trans-
verse profile of the deck is represented in Figure 1,
and the transverse cross-section of one segment in
Figure 2. The current slab thickness is 0.05 m, the
total thickness with the ribs is 0.38 m, and the cur-
rent ribs spacing is 0.6 m from axis to axis in both
directions. Current longitudinal ribs are 0.05 m-wide
at bottom, 0.1 m-wide at the top. The average result-
ing weight of the slab is about 3,9 kN/m2. Trans-
verse pre-stressing is realized by 2 rectilinear T15S
tendons along the vertical axis of the ribs. The upper
one is anchored from one end to the other, the lower
one is sheathed along the corbels and on supports.
The resisting bending moment for a current T-
shaped 0.6 m-cross-section is around 115 KN.m, it is
limited by the tendons capacity. Longitudinal post-



tensioning ensures a minimum compressive strength
equal to 4 MPa for SLS (frequent combination).
Low creep of UHPFRC helps keeping the benefit of
this post-tensioning very efficiently. An important
detailing effort has been carried out for defining an-
choring of the safety barrier, connection to the steel
main girders, etc. This finally demonstrated the fea-
sibility of realizing a complete bridge design on the
basis of AFGC-SETRA UHPFRC Recommenda-
tions.

Figure 1. Transverse cross-section including longitudinal post-
tensioning (17 strands T15S in sum).
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Figure 2. Longitudinal cross-section of precast segments. Lon-
gitudinal ribs are 50 mm-wide only at bottom. Lengths in mm.

1.2 Experimental validation program

However, before this project can be applied, some
critical aspects require validation, since the assump-
tions of beams theory which have been used at pre-
liminary design stage are questionable regarding lo-
cal bending and possible partial rotation of the ribs
around the loaded honeycombs.

Experimental validation was thus undertaken,
Toutlemonde et al. (2005), on a 6.1 m-wide model
slab made of two ribbed segments, one made of
Ductal®-FM and the other of BSI®, at scale 1 for
the length and thickness, connected realistically with
a UHPFRC cast in place cold joint and longitudinal
post-tension (Fig. 3). Transverse span was reduced
to 3.98 m (clear span between longitudinal beams
used as simple supports) for bending tests aimed at
representing the effects of axle loads, and the canti-
lever side was used for tests of anchoring of the
safety barrier.

Local failure was identified as one of the possible
critical aspects of the design, due to lack of informa-
tion on the real capacities of UHPFRC materials in
bidirectional bending and possible punching shear
mechanism. Namely, resistance to local bending has
a direct implication on the slab thickness (0.05 m)
and ribs distance in the project. Experimental valida-
tion was first derived from the representation of
Eurocode standard wheel models, with a 0.4 x 0.4 m
loaded zone. But reduced wheel surfaces should also
be considered. Moreover, the favourable effect of
pavement layers should be quantified.

€)

Figure 3. Model ribbed slab for validation tests. a) Casting —
b) Cold joint — ¢) Honeycombs ; in the center, the connected
side ribs of the segments — d) Longitudinal post-tensioning — e)
Overview of the model under general ‘axle’ bending test.



2 LOCAL BENDING TESTS
2.1 Loading setup and objectives

The local bending tests should help quantifying the
effective bearing capacity with respect to possibly
concentrated loads over the bridge deck. The loads
should thus be concentrated at the centre of one par-
ticular honeycomb, where the deck is at the thinnest.
This location corresponds to the conventional design
situation. Assuming 45° diffusion through 9 cm-
thick bituminous concrete pavement layers and the
deck slab, this design case with a 150-kN service
live load according to Eurocode 1 appears as critical
with respect to the tensile strength of UHPFRC at
the centre of the honeycomb lower sides.

Figure 4. Transverse cross-section of the model in the local
bending tests configuration.

Figure 5. Supporting stays at corners of the loaded honeycomb.

For the experimental validation, since this phase
should be at least locally destructive, it was carried
out after the fatigue resistance verification described
in Toutlemonde et al. (2007). The 3.98 m-span
transverse support system was kept, however inter-
mediate supports at the four corners of the loaded
honeycomb were provided, so that the load applied
by the actuator could be significantly taken by the
reactions of the 4 stays (Fig. 4-5). Free rotation was
permitted on each support towards the centre of the
honeycomb using an intermediate roll, and the reac-
tion on each stay was measured using a load cell
(Fig. 6). The test was load-controlled during a first
linear phase with a loading rate of 1 kN/s, then the
actuator displacement was used as the load-control
signal with a reference 10 um/s rate. The testing ca-
pacity was limited by the stays (200 kN maximum
on each) or the actuator (1000 kN).

Figure 6. Support detail and reaction load measurement.

2.2 Tested zones

The tested honeycombs were chosen so that the re-
sults could integrate the influence of the UHPFRC
material (Ductal®-FM or BSI®), the influence of
the twin transverse key rib with cold joint, which
can be one side of the loaded honeycomb, and the
possible influence of previous fatigue cyclic pro-
gram, even though it has been shown as non-
damaging for the structure, Toutlemonde et al. 2007.
Four honeycombs were thus chosen for the tests
(Fig. 7). They are aligned between longitudinal ribs
NL8 and NL9 so that the actuator can be easily
moved over the zones to be tested, due to its fixation
on longitudinal steel rectangular girders 6 m-long
over the model (Fig. 8). This choice was also neces-
sary for adapting the supporting system of stays un-
der the slab (Fig. 5). Ends of the slab were avoided,
thus the tested zones were limited in the longitudinal
direction by transverse ribs referred as N2 and N3,
N3 and N4, N5 and N6, and N6 and N7. It was thus
expected to get some statistical relevance of the ul-
timate loading capacity experimentally identified.
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Figure 7. Location of local bending tests (dark circles).

Figure 8. Fixation of the actuator and superstructures.

2.3 Load diffusion configurations

In the reference case corresponding to the bridge
project, referred to as ‘configuration 1’, application
of the ‘wheel’ load included a 0.09 m-thick polymer
material (PA6 commercially available as ®Ertalon)
0.6 m-square plate, representative of the diffusion
induced by the bituminous concrete paving layers.
Young’s modulus of this material is about 2.5 to
3 GPa, close to an average value of bituminous con-
crete (which highly depends on temperature). For
correct load distribution between the rough
UHPFRC slab and the ®Ertalon plate confined sand
is provided. Over this plate, the load was distributed
over a surface deriving from Eurocode 1 wheel
model. The reference surface is 0.4 x 0.4 m corre-
sponding to fatigue load models 1 and 3. It is repre-
sented in the tests below a point ball hinge under the
jack end by a 0.4 x 0.4 x 0.04 m steel plate (Fig. 9).

Figure 9. Load distribution: Configuration 1.

However, reduced surfaces are also considered in
Eurocode 1 fatigue load models #2 and 4, with
wheel types A and C (0.22 x 0.32 m or 0.27 X
0.32 m). Similarly to the fatigue testing program,
Toutlemonde et al. (2007), a reduced steel plate of
dimensions 0.19 x 0.26 x 0.04 m with corners cut at
2 cm was used instead of the 0.4 m-square one in
‘configuration 2’ (Fig. 10). The longer side is along
the longitudinal direction.

Due to the very low porosity of UHPFRC materi-
als, which might permit to consider bridge decks
without watertight and paving overlays, and for a
safe evaluation of the slab capacity, tests were also
carried out without the 0.09 m-thick polymer layer,
possibly representing transient phases where the
bridge deck has not got any pavement layer. ‘Con-
figurations 3 and 4’ correspond to such situations
with the standard or reduced wheel surfaces, respec-
tively (Fig. 11-12). Under the steel plate, confined
sand under a 3 mm-thin cardboard is still provided.

Figure 10. Load distribution: Configuration 2.



Figure 12. Load distribution: Configuration 4.

2.4 Synthesis of tests carried out

A summary of the test configurations and locations
is given in Table 1. The first two zones (N5N6 and
N3N4) correspond to honeycombs previously sub-
mitted to fatigue loading as described in Tout-
lemonde et al. (2007). Especially, 100,000 cycles
between 5 and 155 kN had been applied on each of
these zones under “configuration 2°. The local bend-
ing tests were carried out from June 2006 to Sep-
tember 2006. The ribbed slab was about 2 years old.
Eighty measurement channels were used in order to
characterize the global and local bending of the
ribbed slab, local strains, deflection at the centre of
the honeycombs, vertical displacement at the corners
and at mid-span of the loaded honeycomb side ribs.
In the following focus is given on the major results
in terms of load, deflection and failure modes.

The materials of which the model was made had
already been used in real structures, St-Pierre-la-
Cour bridge or the roof of Millau bridge tollgate,
Bouteille & Resplendino (2005). One segment is
made of Ductal®-FM, having a water to cement ra-
tio equal to 0.21 and a volumetric fiber content equal
to 2.15 %. Thermal treatment was applied at an age
of 48 h, consisting in 48 hours exposure at 90°C and
95% RH. Average compressive strength measured
on cylinders, 70 mm in diameter, is 190 MPa. Aver-

age specific gravitgl determined on the same speci-
mens is 2.53 kg/m®, Young’s modulus 55 GPa and
Poisson’s ratio 0.17. Ductal®-FM characteristics in
tension were identified on six 0.05 x 0.20 x 0.6 m
plates tested under 4-point bending with a 0.42 m
clear span according to ‘thin plates’ procedure of
UHPFRC  Recommendations, = AFGC-SETRA
(2002). Average limit of linearity ‘ftj” identified on
these specimens corresponds to 9.8 MPa (mean
value). The conventional ‘ftu’ value which helps ac-
counting for the maximum bending moment of these
plates is 9.5 MPa (mean value).

The other segment is made of BSI®. Average
compressive strength measured after 2 years on cyl-
inders, 110 mm in diameter, is 219 MPa. Young’s
modulus is 68. Using ‘thin plates’ bending tests for
determining the design constitutive tensile behavior
leads to a limit of linearity “ftj’ equal to 9.3 MPa
(mean value). The conventional “ftu” value which
helps accounting for the maximum bending moment
of the plates is 8.3 MPa (mean value).

Table 1. Test configurations and locations (N4 is the joint).

Date  Zone Material Config. Result

Jun 14 N5N6 Ductal®-FM 1 limit of stays capacity
Jun 15 N5N6 Ductal®-FM 2 limit of stays capacity
Jun 26 N5N6 Ductal®-FM 3 limit of stays capacity
Jun26 N5N6 Ductal®-FM 4 punching shear failure
Jul12 N3N4 BSI® 4 punching shear failure
Aug 22 N2N3 BSI® 3 limit of stays capacity
Jul12 N2N3 BSI® 4 punching shear failure
Sept 15 N6N7 Ductal®-FM 4 punching shear failure

3 GLOBAL RESULTS
3.1 Progress of the experimental program

Before each test, stays were adjusted so that about
90 % of the slab dead weight (4 x 30 kN) is taken by
the stays, and contact of the actuator was ensured
with 10 kN-pre-load. Then, due to stays and model
compliances, about 60 % of the actuator load is
taken by reaction of the stays, while the remaining
load leads mostly to general transverse bending of
the slab. In these tests no irreversible degradation
was observed due to this residual transverse bend-
ing, on the contrary it was searched, in using the dif-
ferent configurations, to focus on local damage.
Therefore only the total reaction load (sum of the
loads taken by the stays) is considered in the follow-
ing as significant for the local honeycomb behavior.

Local failure which was searched could be ob-
tained neither with configurations 1, 2 nor 3, even
though the total reaction reached about 700 kN, both
on Ductal®-FM and BSI® zones. For zone N5N6
significant non-linear extension was observed with
configuration 1 beyond 300 kN, but whatever con-
figurations 1 to 3, bending cracks only 0.2 mm-wide
were opened with a 700 kN total local load. For



zone N2N3 the bending damage signs under 700 kN
were not so diffuse: diagonal “yield lines’ had been
initiated beyond ca. 400 kN from the center to cor-
ners of the loaded honeycomb. Residual deflection
however did not exceed 0.4 mm. Finally only with
configuration 4 the maximum local bearing capacity
could be reached over all tested zones. Next sections
consider the observed failure mode and loads.

3.2 Tests having reached failure : failure mode

Punching shear failure was observed in all cases as
shown in Figures 13 to 16. On top of the slab, the
critical crack reaches roughly the limits of the load-
ing plate (Fig. 14), even after previous other loading
configurations (Fig. 13a, Fig. 17). From lower side,
failure is located at the inner edge between the ribs
and the top slab. Cracks due to bending are visible
especially for zone N5N6 (Fig.13b), where they are
very fine and diffuse due to the progressive configu-
ration variation, and zone N2N3 (Fig. 15b) where
they are concentrated in a yield line pattern. Only for
zone N6N7 rotation was observed on one smaller
side (Fig 16a). Otherwise, the failure pattern was
fully symmetrical. For zone N3N4 it was even pos-
sible to isolate the failed punched element (Fig. 18).

b)

Figure 13. Punching shear failure. Zone N5N6. a) Top side. b)
Bottom side.

b)

Figure 15. Punching shear failure. Zone N2N3. a) Top side. b)
Bottom side.

Referring to classical schemes of shear mecha-
nisms, the shape of the failed element corresponds to
very inclined struts. This may be induced by the
rigid frame constituted by the ribs. When the top
slab is loaded, membrane tensile stresses due to this
frame may be superimposed to bending and shear
stresses. Moreover, the fiber distribution and orien-
tation are probably disturbed at the inner edges be-
tween ribs and the top slab, which may tend to focus
the basis of shear inclined cracks at this location.
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Figure 16. Punching shear failure. Zone N6N7. a) Top side. b)
Bottom side.
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Figure 17. left) Zone N2N3 after failure. Failure on top is con-
centrated around the reduced loading plate even with sand
cushion over the 0.4 m-square surface (configuration 3). Right)
Zone N3N4 after failure (configuration 4).

3.3 Failure loads

Failure loads (in terms of total reaction on the
stays) range from 352 to 417 kN (Fig. 19). Previous
loading configurations and fatigue cycles pre-
loading did not induce any bearing capacity reduc-
tion, as induced from comparisons of zone N5N6
(Fail_testl) vs. zone N6N7 (Fail_test4), and zone
N3N4 (Fail_test2) vs. zone N2N3 (Fail_test3), re-
spectively.

-

Figure 18. Punching shear failure. Zone N3N4. a) The punched
slab piece from top side. b) Fibers pulled out at the edge.

The failure loads are on average 12 % higher for
the zones of the Ductal®-FM segment (417 and
391 kN vs. 365 and 352 kN), which may be consis-
tent with the slightly higher tensile characteristics of
this UHPFRC material. When referring this punch-
ing load to the vertical cross-section along the load-
ing surface (0.05 m thickness x 0.85 m perimeter of
the plate), a shear stress value of 8.3 to 9.8 MPa is
obtained, which is close to the direct tensile strength
of the UHPFRC materials. This indication may be
useful for further design rules, due to the lack of
other experimental results under such failure modes.

From the load-central deflection curves (Fig. 19)
the non-linear behavior of loaded zones of the BSI®
segment turns out visible for loads exceeding
180 kN, and the stiffness reduction is more pro-
nounced. This is probably consistent with a more
ductile tensile post-peak behavior of Ductal®-FM as
identified on thin plates under bending, and could be
related to its higher number of thinner fibers. How-
ever in all cases the punching shear failure takes
place very suddenly and leads to a dramatic load de-
crease and deflection increase.

From the designer’s point of view, the safety fac-
tor on the maximum concentrated load (150 kN for
LM1 in Eurocode 1) ranges from 2.35 to 2.78. If a
maximum local pressure of 1125 kN/m2 is consid-
ered (parking loads), the safety factor reaches 6.
Concerning the maximum shear force around the
concentrated load, maximum design value of Euro-
code 1 (LM2) reaches 105 kN/m, the safety factor is
thus about 4.6.
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Figure 19. Global load / deflection behavior during tests
having reached punching shear failure

4 CONCLUSION

Experimental validation of an innovative design of
UHPFRC ribbed slab was carried out, regarding lo-
cal capacity over 0.05 m-thick, 0.6 m-wide honey-
combs. When diffusion was ensured efficiently
enough towards the ribs, no local failure was ob-
tained even with loads up to 700 kN. When the sur-
face of load application was reduced enough, punch-
ing shear failure was obtained for loads reaching
about 2.5 times the Eurocode design load, with a
mean shear stress along the load surface close to the
tensile strength of the UHPFRC material.
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