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Abstract

Existing solid slab bridges under a combinatiomvbé&el loads and distributed traffic loads sometimes
do not fulfil the code requirements for shear. Heere reinforced concrete slabs loaded close to the
support are subjected to shear stresses which magult in a failure mode of combined punching and
shear. This behaviour is studied in a first sedkgxperiments on slabs under a concentrated load
close to the support, and these experiments résinta set of recommendations. To verify if these
recommendations can be used when assessing saidbstiges under distributed and concentrated
loads, slabs under a combination of a line logoke®enting the dead weight, and a concentrated load
representing a wheel load, are tested up to faillihe experimental results are used to assess the
ultimate shear which can be carried at the supaod the influence of the varied parameters is
discussed. The results demonstrate how differgrestyf loading such as dead loads and live loads
can be superposed and how a stress check at thersupn be carried out.
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1 Introduction

The current first level assessment practice irN@#herlands for shear is based on comparing ther she
stress at the support due to dead load, superidpoads and live loads to the design shear capacity
If this first level approach indicates that the aeify is sufficient, no further analysis is carriedt.
Otherwise, the complexity of the approach can lmemsed to achieve more precise results. The
initial, first level approach is developed for thleear assessment of a large number of slab bridges.
This spreadsheet-based method as developed by tibeh Ministry of Infrastructure and the
Environment originally used the shear capacity ftbemformer Dutch code NEN 6720:1995.

The shear capacity according to the recently implged EN 1992-1-1:2005 is smaller for a
typical cross-section in a slab bridge than whenguslEN 6720:1995. On the other hand, due to the
increased traffic loads and volumes, the prescrilvedload models in the current codes (EN 1991-
2:2003) result in higher shear stresses at theosupfhe combination of higher prescribed loads and
smaller capacities has raised concerns with regate shear capacity of reinforced concrete solid
slab bridges, as the majority of these bridgesdasigned and constructed before 1976. In totdl, 60
slab bridges need to be assessed for shear:nst adiund, the first level method is applied tossi¢he
database; then, the bridges which need a highet Bpproach for assessment are studied in more
detail.

The live load model from EN 1991-2:2003 that igdigor assessment is Load Model 1. This
load model consists of wheel loads and a designltzad. The design truck, consisting of two axles a
1,2m spacing, has a tyre contact area of 400mnODrm#0and an axle load af,; x 300kN in the first
lane,aq, x 200kN in the second lane angs < 100kN in the third lane, with adlo; = 1 according to
the Dutch National Annex. The largest shear sta¢sse support is found when the first design truck
is placed close to the support.

When placing concentrated loads (such as the whadk) on a slab, an enhancement of the
shear capacity as a result from transverse loadtrnéaition might occur. The beam shear provisions
and design methods do not take into account theswease load redistribution, while the punching
shear provisions and design methods do not taleetdivad transfer into account. To investigate the



enhancement from transverse load redistributiotherbeam shear capacity and the behaviour of slab
bridges under concentrated loads close to the syppsearch was carried out.

2 Previousresearch

2.1 Slabs under concentrated loads in the litemtur

The provisions for shear from NEN 6720 and EN 1292005 are semi-empirical formulas, as a
function of the parameters which experimentally fmend to be governing for shear. Most of the
considered experiments are four-point bending testsmall, heavily reinforced, concrete beams.
Recent research on slabs in shear has mostly fdcaseslabs under distributed loads. It is
experimentally proven that a slab under a line Ipagpendicular to the span direction behaves as a
wide beam in shear (Sherwood et al., 2006; Luliell.2009).

For slabs under concentrated loads close to thposty not many results can be found in the
literature. The most comprehensive series of erpanis is carried out by Regan (1982). He used the
results of experiments on 7 small-scale slabhs=(84mm for the effective depth to the longitudinal
reinforcement) to enhance the punching provisiamscbncentrated loads close to the support. For
direct load transfer near the support, an enhancefaetor on the part of the punching perimeter at
the support is applied. To take into account thenemt distribution at the continuous support, an
enhancement factor is applied to the punching d¢gpdegan’s method combines elements of one-
way shear (direct load transfer as used in beararstiese to the support) and two-way shear
(punching perimeter). The disadvantage of Regaréshad is that it is aimed at quantifying the
maximum force on the concentrated load. For slathigbs under a combination of distributed loads
and concentrated loads, this method cannot beyeagilemented.

To overview the experimental work that has beenedon slabs and wide beams in shear, a
database is compiled (Lantsoght, 2012a). In thitaldese, all relevant results are gathered:
experiments on slabs or wide beams under distiblaieds and concentrated loads, experiments on
simply supported, continuously supported or cavgilsng specimens in the laboratory as well as
experiments on decommissioned bridges, punchimgyézi as well as (wide) beam shear failures. All
information with regard to the load and supportdibons as well as the failure mode observed from
pictures or sketches in the original test repartsirrciuded in the database.

2.2 First series of experiments from Delft Univgrsif Technology

A first series of experiments at Delft Universitf/Taechnology is carried out to study the enhancamen
due to transverse load redistribution for slabseurad concentrated load close to the support and to
determine the effective width in shear (Lantsodlale 2012a; 2013). In total, 18 continuous slahd

12 continuous slab strips were tested under a otrated load near the support. Overall, 133
experiments were carried out in the first seridge €xperiments carried out on uncracked specimens
are reported (Lantsoght, 2012b) separately fromeiperiments carried out in the vicinity of a local
failure (Lantsoght, 2012c), which reduced the capado an average of 81% of the shear capacity of
an undamaged specimen. It was initially not expkttat a damaged and locally failed specimen
would be able to carry large loads when testedhe Micinity of a local failure. This surprising
observation indicates the large capacity for |laadistribution in slabs.

The first series of experiments was designed shahspecimens are cast in pairs of two slabs,
one on which loading is carried out in the middi¢he width and then, on a damaged specimen, near
the edge. For the second slab the loading sequemttered such that the experiments near the edge
are executed first, and then, on a damaged spectimeexperiments in the middle of the width. The
parameters that are varied in the first seriexpéements are:

* the size of the loading plate to study the inflleentthe size of the tyre contact area,

* the loading sequence as discussed previously,

* location of the load: loading in the middle of tw&lth or near the edge as is the case for the
design truck in the first lane,

* the amount of transverse flexural reinforcemensttmly the influence of the properties for two-
way shear,



* loading near the simple or continuous supportadysthe influence of the moment distribution
at the continuous support,
« the distance between the load and the supporttly stirect load transfer,
« the concrete compressive strength which is tratillg considered (one of) the most important
parameter(s) determining the shear capacity,
« the overall width to study the effective width,
« the difference between deformed and plains barssed in existing bridges built before 1962,
and
« the difference between line supports and elastanbearings.
The results from the first series of experiments tle the conclusion that reinforced concrete slabs
under a concentrated load behave in an essertiadlg-dimensional way, which is distinctly diffeten
from the two-dimensional shear carrying behavioupéams (Lantsoght, 2012b). The test results have
indicated that the important parameter for the shapacity of slabs under concentrated loads d¢mse
the support are: the size of the loading plate,dis&ance between the load and the support and the
overall width of the member. This observation imdés that the shear capacity of slabs under
concentrated loads close to the support mainlymtépen the geometrical properties. The influence of
the concrete compressive strength is found to &ignificant for the studied mixtures.

2.3 Recommendations

The results from the first series of experimenwilted in a set of recommendations that are used to
improve the first level assessment practice. Tleermenendations are the following (Lantsoght et al,
2012b):
* Use the effective width resulting from the Frenchd spreading method. This method assumes
load spreading under 4fsom the far side of the concentrated load toféloe of the support.
 Use a minimum effective width ofd4 provided that this value is a lower bound 168(1,Bi0ag
+ d, + by) with bagthe width of the tyre contact area in the spanetiba andb, the
distance between the edge of the slab and theecehtine tyre contact area.
« For concentrated loads close to the support orssldie reduction factor from EN 1992-1-
1:20054 = a,/2d for 0,5, < a, < 2d, can be replaced .= a,/2,5d for 0,50, < a, < 2,5,
with a, the clear shear span, i.e. the face-to-face disthatween the load and the support.
» The minimum shear capacity is expressed as a fimofithe yield strength of the stdg| such
that the higher shear stress up to which a flexXarhire can be expected for a slab reinforced
with low strength steel can be taken into account.

3 Experiments

3.1 Goal: Study the hypothesis of superposition

The first series of experiments are the basistferrecommendations from 82.3. However, in reality
the loads on a slab bridge consist of distributel$ and concentrated loads. It needs to be \erifie
now if the larger capacity for a concentrated loada slab can be counted for when a combination of
loads acts on a slab. It also needs to be verifitlte contribution of the concentrated load can be
distributed over the chosen effective width whea skab is loaded under a combination of loads. In
short: the hypothesis of superposition for con@datt loads according to the recommendations with
distributed loads needs to be verified for the ltegyshear stress at the support.
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Fig. 1 Principle of the hypothesis of superposition apgplie a combination of a concentrated load over the
associated effective width and a distributed loger dhe full slab width.



The concept of the hypothesis is sketched in Fitf.the hypothesis of superposition is valid, thke
sum of the shear stress due to the concentratddolsex the effective width.,,c and the shear stress
due to the distributed load at failure over thd fmidth 7, should be larger than or equal to the
ultimate shear stress in an experiment with a aunated load onlys . For the assessment practice
for existing bridges, this principle can then belaga to the distributed and concentrated loads.

In the literature and resulting slab shear dawlfasntsoght, 2012a), no report is made of
experiments on slabs under a combination of cornatent and distributed loads, except for
experiments in which a small line load representingdge load is applied at the tip of a cantilieger
deck (Reif3en and Hegger, 2012; Rombach and L&169)2Therefore, it is decided to start a second
series of experiments on slabs under a combinafitoads.

3.2 Test setup

The experiments on slabs in shear under a combimati loads were designed such that the shear
stress at the support due to the line load corretpto 50% of the shear stress at failure observed
previously tested slab strips of 0,5 m wide. Thkifa shear stress in the specimens with a smalihwi

is considered to be representative for the fakinmear stress in a slab under a line load, as Shereio

al. (2006) showed that the behaviour of a slab uade load in shear is essentially the saméas t
behaviour of a very wide beam. As a result, allirae of 240 kN/m is applied at 1,2 m from the centr
of the support at which the experiment is carrietl(Big. 2). The resulting ratio of the contributiof

the concentrated load and the distributed loatiecshear stress at the support more closely ressmbl
the ratio of concentrated loads to distributed $ofdt the case of a slab bridge under compositd dea
load and live loads.
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Fig. 2 Top view of the test setup for the experimemtsiabs under a concentrated load and a line load.

The concentrated load, applied in a displacementralbed way by a hydraulic jack, can be moved
along the width and span of the slab. The line lwad applied through an HEM 1000 beam loaded by
a force-controlled hydraulic jack. In every expesgimy the line load was applied as preloading, after
which the concentrated load was increased untiliriaiof the slab. The experiments are carried out
both close to support 1 (SS, sup 1 in Fig. 2) ampert 2 (CS, sup 2 in Fig. 2). The supports caonsis
of a steel beam (HEM 300) of 300mm wide, on whichearings of 350 mm 280 mmx 45 mm
equipped with load cells and hinges were placed. @darings were either steel (S19 — S22, S25, S26)
or elastomeric (S23, S24) bearings. The elastontsrarings contained 3 layers of 8 mm natural



rubber, 4 layers of 4 mm steel S235 and 2 layeid®imm chloroprene, resulting in a compression
stiffness of 2361 kN/mm. On top of the steel beggjrthere was a steel strip of 100 mm x 15 mm x
2500 mm and 7 strips of felt type N100 of 100 mrh mm x 280 mm (for the properties of the felt,
see Prochazkova and Lantsoght, 2011).

Support 1 represents a simple support. Verticedtpessing bars coupled the cantilevering end of
the slab past support 2 to the laboratory floog.(R2). The force in the prestressing bars creates a
moment over support 2 and thus simulates a coniggapport (CS). The prestressing was applied at
the beginning of every experiment to offset thé-aelight. As a result of the deformation of thet fel
or the elastomeric bearings and the elongatiomefsteel prestressing bars, some rotation occurred
over support 2. Load cells measured the magnitdidieeoforce in the prestressing bars such that the
moment over support 2 is known at all time during éxperiment. Lasers on auxiliary frames over the
supports and close to the loads were used to nettsidisplacements. A complete description of the
experiments and instrumentation can be found iriutthéest report (Lantsoght, 2012c).

3.3 Specimens

An overview of the properties of the eight testbs (5 m x 2,5 m x 0,3 m) is given in Table 1. All
slabs were C28/35 concrete with glacial river aggtes (maximum aggregate size = 16mm) and were
reinforced with bars S500,(= 541 MPajf, = 658 MPa) (Prochazkova and Lantsoght, 2011). The
reinforcement layout was identical to the layoutha first series of experiments for comparisbine
concrete cover was 25 mm, resulting in an effeatiepth to the longitudinal reinforcemeshtof 265
mm. In Table 1, the following symbols are used:

f the average cube compressive strength measurthe aige of the first test on the slab
specimen

fet the average tensile splitting strength measutethea age of the first test on the slab
specimen

Dl the percentage of longitudinal reinforcementhef $pecimen

Dt the percentage of transverse reinforcement ofpleeimen

a the centre-to-centre distance between the loadrenslupport

d the effective depth to the longitudinal reinfarant

a, the face-to-face distance between the load andupgort

Zioad the size of the side of the square loading peEdeal®igad = livad

M/S loading with the concentrated load in the rfed@M) or near the edge (S) of the width
(Fig. 2)

age the age of the concrete slab specimen atdesti

Table1l Properties of slabs S19 — S26

Slab fc, fct P P a/ d av/ dI Zioad M/S age

nr. (MPa) | (MPa) | (%) (%) (mm) (days)
Si¢ 56,92 4,61 0,99¢ | 0,25¢ 2,2¢ 1,17 30C M 8¢

S2( 60,51 4,61 0,99¢ | 0,25¢ 2,2¢ 1,17/1,3t | 200/30( M 17¢
S21] 56,7¢ 4,4¢ 0,99¢ | 0,25¢ 2,2¢ 1,51 30C M 187
S22 57,9i 4,4¢ 0,99¢ | 0,25¢ 2,2¢ 1,51 30C S 18¢
S2¢ 58,8i 4,65 0,99¢ | 0,25¢ 2,2¢ 1,51 30C M 197
S2¢ 58,8i 4,65 0,99¢ | 0,25¢ 2,2¢ 1,51 30C S 18¢
S2¢t 58,51 4,47 0,99¢ | 0,25¢ | 2,26/1,5: | 1,51/0,71 30C M 17C
S2¢ 58,57 4,47 0,99¢ | 0,25¢ 1,51 0,7¢ 30C M&S 174

4 Results and Discussion

4.1 Test results

The results of the experiments on specimens tlahatr influenced by the failure due to a previous
experiment are given in Table 2, in which the failag symbols are used:
b, distance between the edge and the centre obtieentrate load



SS/CS

Py
I::'Iine
Mode

I:pres
Vinax

loading near the simple or continuous suppothe cases of the additional experiments
in which the prestressing was removed, and thewgiabrotated by 180the support side
is denoted as SS’
the force on the concentrated load at failure
the force on the line load, this force is thenristted over 2,5m.

the observed failure mode: failure as a widanb in shear with inclined cracks on the
bottom of the specimen (WB); failure as a beamhigas with a noticeable shear crack at
the side (B); beam shear failure away from the eupptypically between the
concentrated load and the line load (B’) or develept of a partial punching surface on
the bottom face (P)
the sum of the forces on the three prestressang b
the resulting maximum shear force at the suppaking into account the concentrated
load, line load, self-weight of the slab, self-wdigf the line load (HEM 1000 profile)
and the force due to the prestressing bars.

Table2 Overview of experimental results on undamaged spets

Test a/d b SS/ICS Py Piine Mode Fores | Vimax
(mm) (kN) | (kN) (kN) | (kN)

S19T: 2,2¢ 125( S¢ 148¢ 0 WB 112 | 124¢
S19T! 2,2¢ 125( C< 156¢ 0 WB 217 | 137¢
S20T: 2,2¢€ 125( S¢ 154z | 60< B 87C | 157¢
S20T2b | 2,2¢ 125( C< 155z | 601 WB 67¢ | 1657
S20T3 2,2¢ 43¢ C< 1337 | 601 WB + B 64z | 148
S20T4 2,2¢€ 43¢ C< 144¢ | 601 WB + B 637 | 156¢
S21T:! 2,2¢ 125( C< 1165 | 60z WB +B + B’ 34z | 147:
S21T: 2,2¢ 125( S¢ 138¢ | 60< WB + B’ 297 | 154«
S21TE 3,2¢ 43¢ SS 85¢ 0 WB+B+PB’ 0 67¢
S22T: 2,2¢ 43¢ C< 984 6C2 WB + B 33t | 132(
S22T: 2,2¢ 43¢ C< 961 60z WB + B 32z | 129¢
S22T: 2,2¢€ 43¢ S¢E 97¢ 60< WB + B 198 | 1221
S22T¢ 2,2¢ 43¢ S¢ 89¢ 604 WB + B 25z | 114:
S23T! 2,2¢ 125( C< 138¢ | 601 WB +B + B’ 33z | 165t
S23T: 2,2¢€ 125( S¢E 113z | 60z WB + B 23C | 134:
S24T: 2,2¢ 438 C< 135¢ | 601 WB + B’ 327 | 162¢
S24T: 2,2¢ 43¢ C< 118z | 601 WB + B 20t | 147:
S24T: 2,2¢€ 43¢ S¢E 99t 60z WB + B’ 19C | 123¢
S24T¢ 2,2¢ 43¢ S¢ 784 60z WB + B 26z | 104¢
S25T! 2,2¢ 125( S¢ 1461 0 WB + F 20z | 121«
S25T: 1,51 125( Cs 162C | 601 WB + B 37z | 194¢
S25T¢ 3,2¢ 43¢ SS 854 0 WB + B 0 67¢
S25T¢ 4,2¢ 43¢ SS 96¢ 0 WB + B 0 69t
S26T! 1,51 43¢ S¢ 144¢ | 60z WB + B’ 187 | 168¢
S26T: 1,51 43¢ S¢ 132¢ | 60z B 23¢ | 156¢
S26T: 1,51 125( C< 155F | 60z WB + B 41¢ | 189¢

4.2 Hypothesis of superposition

To verify the hypothesis of superposition, theuigl shear stress at the support from the seconds se
of tests is compared to the failure shear stresaninexperiment from the first series with the
concentrated load in the same position. If theqipie of superposition holds true, then the shear
stress of the experiment with a concentrated lody @, calculated oveb.s, should be not greater
than the sum of the shear stress due to the |asithg) @ver the full widthb (line load, dead load and
vertical prestressing load),,., with the shear stress due to the concentratetldoing ovebes, cone



In Fig. 3, the results of the experiments with enbmmation of loads are compared to the results of a
similar experiment with a concentrated load onlgere is a difference in the compressive strengths
of the concrete used in the experiments with mleltipads and the experiments with a concentrated
load only. Although all specimens were concrete/B28he age of testing was not the same, resulting
in higher measured compressive strengths in thengeseries of experiments. Therefore, a correction
has been made by multiplying, . with the cube root (as used in the expressiothershear capacity
from EN 1992-1-1:2005) of the ratio between the poaasive strength of the specimen loaded with a
concentrated load only ..ncand the specimen loaded with a concentrated Indddine load, combi

(f compl f cond™>, leading to the results denoted “compare, corfim 3.

6
X comparison
5 +compare,corr
+
X
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Fig. 3 Results for the verification of the hypothesis apesrposition, withze,n. = the failure stress in an
experiment with a concentrated load only aglhination= the failure stress in an experiment with muétifgdads.

The results in Fig. 3 confirm the hypothesis opesposition of a reduced concentrated load
distributed over an effective width with a line tbal'ypically, higher shear stresses can be attained
when combining different loads.

When considering 36 cubes tested in compressiam age of 28 days for C28/35 concrete, a
standard deviation of 3,68 MPa and a coefficientaration of 8,5% was found. The scatter on the
experimental results, with 2 cases of slabs undesmabination of loads resulting in a lower shear
capacity than for a slab under a concentrated twdyl corrected for the difference in compressive
strength due to the different age at testing, Wéhin the bandwidth resulting from the scattertba
material properties.

These experiments show that the wheel loads (tamele, from Load Model 1) can be
distributed per axle over the effective width oé taxle and combined with the contribution of the
composite dead load and lane load over the fulttwid the considered bridge.

4.3 Distance between load and support

The distance between the centre of the concenttaagidand the centre of the support is taken as 600
mm @/d = 2,26) and 400 mma(d = 1,51) (Table 2). The shear force at the supporailure
increases by 35% when the concentrated load igglat 400 mm from the support as compared to
when the concentrated load is at 600 mm from tippatt. The shear stress at the support, with the
concentrated load distributed over the effectivdtiMbe; increases by 67% when the concentrated load
is placed at 400 mm from the support instead 608t mm. The increase in the shear stress is lasgyer
the effective width influences the results, anddffective width depends on the distance between th
load and the support as well (Lantsoght, 2012d).

As can be seen in Table 2, S21T5, S25T4 and SaBd Barried out at a largafd distance for
the concentrated load. The line load is not apphetthese experiments. The results of the sheaefor
at the support at failure are shown as a functfoa,/d, with a, the face-to-face distance between the



load and the support in Fig. 4. The results fromi5454T2, S6T4 and S6T5 from the first series of
experiments are used in Fig. 4. The first 3 datapog,/d between 0,75 and 2,53) show a linear
decrease in the shear capacity as a functiom/df: V, = -314,/d, +1434 RZ = 0,9982). In beam
shear experiments, a decrease in capacity withnerease in distance between the load and the
support is observed as well (Clark, 1951; RichHE®27; Talbot, 1909).
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Fig. 4 Results of the shear capacity at the support asaibn ofa,/d, of the concentrated load

Another reason to carry out additional experimenta larger distance of the concentrated load
to the support, is to study the failure mechani$vhen the load is placed farther away from the
support, it is expected that at some point theifaimode will transition from beam shear to punghin
shear. The results in Table 2 however show thgiumzhing failure is observed as the load is placed
farther from the support. There are two explanatifor this observation: 1) these experiments were
carried out near the edge, and 2) these experinvegnts executed on slabs that were damaged by
earlier experiments. The capacity is lower, on ager81% of the capacity of an undamaged
specimen, and the influence of existing cracksatean the cracking pattern and failure mode.
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Fig. 5 Comparison between failure shear stress at theosufg, .q1and shear capacity according to EN 1992-
1-1:2005vrq @s a function oM.,dVd, expressing the increasing distance between theeotrated load and
the support.

The shear stresgsieq1at the support for comparison with the provisionsnf EN 1992-1-
1:2005 is based on the concentrated load, line, flmmde due to prestressing, self-weight of the lin
load and self-weight of the slab, reduced withftwor s for the loads close to the support. When the



resulting shear stress at the supp@iteq:iS compared to the shear capacity from EN 19922045,
Vra,o the results can be studied as a functioa/df a,/d, M¢ondVd andM,./Vd with M¢on.the moment

at the concentrated load alt},.x the maximum moment either at the location of thecentrated load

or at the location of the line load. All comparisomdicate that the ratio afestreq{Vrac DECOMES
smaller as the concentrated load is placed fadtey from the support. The underprediction of the
capacity by EN 1992-1-1:2005 thus becomes smafietha concentrated load is placed at a larger
distance to the support. The best correlation betvwtee decrease ifstredfVrac IS found when the
distance is expressed Mi,n/Vd, Fig. 5. However, for the studied experiments, mach difference

is found in theR? value Whe et reafVra c IS €Xpressed as a functionasdtl, a,/d;, M¢ondVd or M/ VA,

It is assumed that the effective widity associated with the concentrated load can berdeted
until the effective widthog equals the full widtth. The ratio between the experimental shear stress
and the shear capacity according to EN 1992-1-52Q0,.q{Vrac decreases as the distance between
the load and the support increases. Thereforeyubstion arises if there should be a limit sheansp
at which the effective width cannot continue torease. The additional experiments S21T5, S24T4,
S24T5 are carried out near the edge of the speciithés found from the decreasing trend of the
results that the effective width can be used @t 5,4d,. For this case, the associated effective width
is besf = 2,32m, which almost equals the upper boundHereffective width, the full widtl = 2,5m.
Nonetheless the effective width for loads neardtge is limited to 54 for the application to the
assessment of slab bridges.

4.4 Flexible and rigid supports
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Fig. 6 Force-displacement (concentrated Id&aghc versus jack displacemesi) diagrams showing the more
ductile failure for the case of a slab on elastacrigearings (S24T3) than for a slab on steel bgar{$22T4).

Slabs S24 and S25 were supported on flexible stgpibrshould be noted that the same centre-to-
centre distanca between the load and the support is used for theggeriments, but that the support
width is different, leading to a different faceface distanca, (Table 1). When comparing the failure
shear stress at the support, similar shear cagmeitere found for the slabs on flexible supportas
the slabs on rigid supports. The observed diffexeincthe experiments is that slabs on elastomeric
supports show a more ductile failure mode thansstabsteel bearings. This observation is refleicted
the load-displacement diagrams (Fig. 6). The redulim the measurements of the reaction forces in
the load cells at the support can be used to deteram effective width. These measurements show
that the effective width is larger in the case afupport line of steel bearings than for elastomeri
bearings. This observation corresponds to the ¢apews: a line of elastomeric bearings provides a
less uniform surface than a line of steel bearifigrefore, in a line of elastomeric bearings, more
load is distributed towards the stiffer parts of gupport line. The result is a higher peak vahe a
thus a smaller effective width.



EN 1992-1-1:2005 allows for a reduction in thetabmtion of loads close to the support due to
direct load transfer with the factgr= a,/2d for 0,5d < a, <2,5d. For flexible supports, the distanag
is not the clear shear span, but needs to be takisre centre of the support according to EN 1992-1
1:2005. However, the results of the experimentsndb support this code requirement, and more
uniform results are obtained when for the slab8exible supports, the distanegis taken to the face
of the support. Therefore, it is advised to usediear shear spam, to determine the factgt for all
support conditions.

4.5 Comparison to proposed method

The recommendations from section 2.3 in combinatwgh EN 1992-1-1:2005 are now compared to
experimental results. The shear stress at the siRQ.q42results from the concentrated load, the line
load, the self-weight of the slab and self-weighthe line load and the force in the prestressiasb
The reduction factof = a/2d is applied on the distributed loads near to th@pett ands = a./2,5d

on the concentrated loads near to the support.réfidts are compared for the shear capagiiy
from EN 1992-1-1:2005 based on measured mean averagerties an@zq4 = 0,15. This comparison

is shown in Fig. 7. The average valuegf .4Vrac €quals 1,906 with a standard deviation of 0,26 and
a coefficient of variation of 14%. These resultdicate the large margin of safety obtained by using
the recommendations.
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Fig. 7 Comparison between test results and shear caaatyrding to EN 1992-1-1:2005.

4.6 Results from finite element analysis

A nonlinear finite element analysis of S21T1 andB2in TNO Diana is available (Van Hemert,
2012). An analysis with two phases to representlitteeload and then a phase with loading at the
concentrated load until failure resulted in consatiée modelling difficulties. Especially when tensi
softening was assumed, several convergence issoss @and resulted in a poor representation of the
experiment. When tension stiffening was used, betsults were obtained. However, similarity
between the crack width in the experiment and tbdehwas hard to obtain. The shape of S21T1 at
failure, giving an overview of the elements and plagsed, is shown in Fig. 8.

Modelling the stiffness of the support is a chadie as well: using a fully fixed support resulted
in large cracking over the continuous support dutie application of the line load and significgintl
mitigated the results of the second loading steh thie concentrated load. The shear retention rfacto
was found to have a large impact on the resultwvgls as on the failure load. A nonlinear finite
elements model can be used to provide additiosaiin the experimental results, but is not alete
to predict the outcome of the experiment beforehasdtoo many input parameters need to be
functioned to simulate the experiment.



Fig. 8 Finite element model of S21T1 at failure: side viamd 3D view showing supports, line load and
concentrated load (Van Hemert, 2012).

5 Summary and Conclusions

To improve the shear assessment practice for sldgds under composite dead load and live loads
(from EN 1991-2:2003 Load Model 1), the followingcommendations are formulated based on
experiments on slabs under a concentrated load:

» Use the effective width resulting from the Frendad spreading method, assuming load
spreading under 4%rom the far side of the loading plate to the fatéhe support.

+ Use a minimum effective width ofdd

« For concentrated loads close to the support orssldie reduction factor from EN 1992-1-
1:20054 = a,/2d for 0,5, < a, < 2d, can be replaced .= a,/2,5d for 0,50, < a, < 2,5,
with a, the clear shear span, i.e. the face-to-face disthatween the load and the support.

» The minimum shear capacity is expressed as a amofi the steel yield strefg, such that the
higher shear stress up to which a flexural failcme be expected for a slab reinforced with
low strength steel can be taken into account.

The studied slab bridges are loaded with a comibimatf concentrated and distributed loads. To
verify if the hypothesis of superposition is valihen the concentrated load is distributed over its
associated effective width a second series of axpats was carried out. In total, 26 experiment§ on
specimens are reported. The experiments show higahypothesis of superposition leads to safe
results.

Experiments are carried out on slabs supportedtesi bearings and on elastomeric bearings.
The slabs on flexible bearings show a more dutdilere behaviour. The results do not support the
Eurocode requirement that for slabs on flexibleringa ing = a,/2d the value for, should be based
on the distance to the centre of the support. dnkté is recommended for all cases to use the clea
shear span faa,.

Additional experiments with the concentrated I@adh larger distance from the support have
shown that a linear decrease in the shear capatcftilure is found as the distance between thd loa
and the support is increased uatik 2,5d. The effective width of a concentrated load nbaredge
of the slab can be based on the French load spgeatithod up ta, = 5,4.

Comparing the experimental failure stress to theas capacity at the support based on the
recommendations gives safe results. A phased rearlifinite element analysis provides additional
insight in the experiments.
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