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ABSTRACT

In the Netherlands, approximately 70 prestressed slab-between-girder bridges are present, built
between the 1950s and 1970s. These bridges typically do not fulfil the requirements for shear in an
assessment, but show no signs of distress upon inspection. Additional load-carrying mechanisms and
effects of global bridge behaviour, such as compressive membrane action, compressive arch action,
load (re)distribution, and the influence of the crossbeams, which could significantly enhance the struc-
tural capacity, are typically not considered in the assessment calculations. This paper studies the global
structural behaviour experimentally of the full slab-between-girder bridge system as compared to the
isolated T-girder. For this purpose, two spans of an existing multi-span T-girder bridge, the Vecht
Bridge, built in 1962 were tested. In total, three experiments were carried out in span 4 (full system),
and four experiments in span 2 (after applying saw cuts in the deck to create isolated girders). This
paper reviews the state-of-the-art regarding collapse testing, global bridge behaviour, and slab-
between-girder bridges in the Netherlands. Then, the results of the experiments are presented and
analysed. It is expected that these experimental results will form the basis of improved assessment
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methods for slab-between-girder bridges in the Netherlands and beyond.

1. Introduction

After the Second World War, the Dutch highway network
was developed, resulting in the construction of a many
bridges, including reinforced concrete slab bridges, pre-
stressed girder bridges, and larger post-tensioned bridges,
using either post-tensioned bulb-T girders or boxes. The
bridges from that era are now reaching the end of their ori-
ginally intended service life (Lantsoght et al., 2013) and their
safety and adequacy are subject to discussion. Upon assess-
ment, engineers are faced with live loads as prescribed by
the currently governing code NEN-EN 1991-2:2003 (CEN,
2003) that are heavier than those used in the past and dur-
ing the design stage. Moreover, on the capacity side of the
equation, the shear capacity determined during design with
the national codes from the past (Dutch Institute for
Normalization, 1962) tends to be higher than the shear cap-
acity obtained using the currently governing Eurocode
NEN-EN 1992-1-1:2005 (CEN, 2005). In addition, for con-
crete girder bridges, the requirements for minimum shear
reinforcement in the currently governing Eurocode NEN-
EN 1992-1-1:2005 (CEN, 2005) will result in larger percen-
tages of minimum stirrups than provided in past designs.

As a result, the assessment of existing concrete bridges in
the Netherlands for shear is an important topic.

In the Netherlands, the post-tensioned bulb-T girder
bridges used to be constructed with the slab cast between
the top flanges of the girder, instead of cast on top of the
top flanges. This system is then post-tensioned transversally,
and crossbeams are used to generate global bridge behav-
iour. This system is known in France as ‘viaduc a travées
indépendantes a poutres pr écontraintes’, abbreviated as
‘VIPP’. Figure 1 shows the construction, using early princi-
ples of precasting, of the post-tensioned girder on site, and
the transportation for construction. At the moment, about
70 of these bridges are still in service in the Netherlands.
Upon initial assessment, the shear capacity of the slabs was
considered governing. However, experimental research indi-
cated that compressive membrane action develops in the
slabs, so that the punching capacity is on average 2.32 times
higher than when assessed using the punching shear provi-
sions from the currently governing Eurocode NEN-EN
1992-1-1:2005 (CEN, 2005; Amir, 2014; Amir et al., 2016).
Experimental research also addressed the question whether
compressive membrane action acts under cycles of loading,
and it was found indeed that the reduction of the capacity
is in line with the reduction of concrete under cycles of
compression (Lantsoght et al., 2019a; 2019b, 2019¢). As a
result of these insights, the focus of assessment shifted to
the shear capacity of the prestressed girders, which now
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Figure 1. Construction of a slab-between-girder bridge (Van Brienenoord Bridge,
girder on site; (b) on-site transportation of prefabricated girder using railway track.

became critical for assessment of the bridge (Lantsoght
et al., 2021; Zhang et al, 2020). In a number of cases, the
girders are found to be shear-critical and insufficient upon
assessment, but inspections indicate no signs of distress or
cracking.

Aspects that are not considered in the assessment of the
girders are related to load distribution, which differs in site
conditions from the assumptions used in an assessment, and
additional mechanisms and load paths that develop in the
global bridge structure, which increase the ultimate capacity.
For the bridge type studied, the following system effects
were indicated as potentially occurring: compressive mem-
brane action in the deck (even for cases when the concen-
trated load is not placed in the middle of the span of the
slab; effect in the transverse direction), compressive arching
action in the post-tensioned girder (effect in the longitudinal
direction), differences in load distribution and redistribution
between girders (effect in the transverse direction), and the
intermediate support provided by the crossbeams (effect in
the longitudinal direction).

This paper addresses the question of how global bridge
mechanics and system behaviour increases the capacity of
slab-between-girder bridges. To answer this question, we
reviewed the literature on collapse testing and global bridge
behaviour, carried out collapse tests on a bridge that was
being decommissioned, and analysed the test results in the
light of the system behaviour.

2, Literature review
2.1. Collapse testing

Bridge testing can be divided into diagnostic load testing,
proof load testing, and collapse testing (Alampalli et al,
2021). The first two types of bridge tests are used for bridge
assessment (Lantsoght, 2024; Pimentel et al., 2023; Saroufim
et al., 2023), whereas the latter type is only used for research
purposes. Collapse tests provide a unique opportunity to
analyse the full load-carrying capacity and failure mecha-
nisms in real bridge structures, with all relevant details and
after years of service. At the same time, collapse tests

Approach Bridge, Rotterdam 1963) (Rijkswaterstaat, 2020): (a) prefabrication of

involve very high magnitude loads, and pose a large risk
during the execution. As such, collapse tests need to be very
carefully prepared.

Table 1 gives an overview of relevant collapse tests that
resulted in a failure in the girder in prestressed concrete gir-
der bridges. This overview includes one frame structure, the
Stora Hoga 2 case. The information about these tested
bridges is compiled from the literature review of collapse
tests by Bagge et al. (Bagge et al., 2018), complemented with
the information about the Chikubetsu bridge (Sato et al,
2019). The review by Bagge et al. (Bagge et al, 2018)
included the information of 30 concrete bridges tested to
failure, of which the majority were reinforced concrete slab
or beam bridges, and only three prestressed concrete slab
bridges and seven prestressed concrete girder bridges were
identified. Table 1 includes information about the failure
mode, using F for flexural failure, P for punching and S for
shear, and the loading system, using W for kentledge
weights applied directly to the bridge and HJ for hydraulic
jacks. All bridges in Table 1 are roadway bridges, except for
the South Bank bridge, which was a pedestrian bridge. The
only bridge which consists of prestressed girders (T-beams
in this case) and the slab cast between the girder top flanges
is the Chikubetsu bridge. This bridge has only four girders
in the cross-section and did not fail in shear.

From the collapse tests presented in Table 1, it can be
concluded that there is technical value in testing the Vecht
Bridge to fail in shear, as it presents a case that has not
been tested before. In comparison to the Chikubetsu bridge,
the Vecht bridge has a larger numbers of girders in the sec-
tion (15 compared to 4) and the tests were designed to
result in a shear failure rather than a flexural failure, as
observed in the Chikubetsu bridge.

2.2. Global bridge behaviour

2.2.1. Live load distribution

In terms of global bridge behaviour, live load distribution is
the most commonly addressed aspect during design. Here, it
is important to distinguish load distribution, based on linear
elastic bridge behaviour, to load redistribution, which occurs



Table 1. Prestressed girder bridges tested to failure (Ensink, 2024).
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Name Country Construction year Test year Length [m] Nr of spans Failure mode Loading system
South Bank UK 1948 1952 86.56 4 F w
Boiling Fork Creek USA 1963 1970 80.47 4 P+S HJ
Penn State University USA 1977 1981 36.88 1 F HJ
Stora Hoga 2 Sweden 1980 1989 31.00 1 S HJ
Seoul-Pusan South Korea 1971 2000 360.00 12 F HJ
Xin Xing Tang China 1995 2005 114.00 3 F w
Kiruna Sweden 1959 2014 121.50 5 S+P-S HJ
Chikubetsu Japan 1960 2019 180.00 5 F HJ
after cracking, when more load may be redistributed to

adjacent girders. Live load distribution is typically based on

simplified models: either using analytical methods such as

those developed by Guyon and/ Massonnet (Bares et al, R compredsive tensile

1968) or Engesser-Courbon (Benitez et al., 2022), using lin- memobr membrane

ear finite element models, or by using code-prescribed dis-
tribution factors. ACI 342 has provided guidance on how to
derive flexural live load distribution factors from diagnostic
load tests (ACI Committee 342, 2016).

Experimental evidence of the live load distribution
for shear in post-tensioned T-girder bridges with cast-in-
between slabs is limited, and is only obtained through
diagnostic load tests, which do not provide insights on the
post-cracking redistribution and distribution at the ultimate
limit state. Experimental results from diagnostic load tests are
available of slab-on-girder bridges (Arockiasamy & Amer,
1998; Idriss & Liang, 2010; Jauregui & Barr, 2004; Mordak &
Manko, 2008; Wekezer et al., 2004). In terms of code-
prescribed distribution factors, we can highlight the live load
distribution factors from AASHTO §4.6.2.2 (AASHTO, 2015)
for shear. The AASHTO tables address both flexure and
shear, and internal and external girders. The live load distri-
bution factor (DF) for shear at an interior girder is prescribed
as (using S as the spacing of the girders in [ft]):

S
DF = 0.36 + —

25.0 )

2.2.2. Compressive membrane action

Compressive membrane action occurs in restraint slabs as a
result of the change in position of the neutral axis, through
which an internal arch develops (Hewitt & de Batchelor,
1975, see Figure 2). The results of this mechanism are an
increase in the flexural capacity, as well as the punching
capacity, which becomes governing (Taylor et al, 2003;
2007; Tong & de Batchelor, 1972). Compressive membrane
action is a function of the degree of edge restraint, the
member slenderness, and the concrete compressive strength
Figure 2.

Previous research on the compressive membrane action in
slab-between-girder bridges focused on cases with the load
on the slab (Amir et al., 2016). This work showed a linear
relation between the transverse post-tensioning force and the
punching load. However, the question whether compressive
membrane action occurs when the load is placed on top of
the girder, see Figure 3, and can activate the adjacent slab
portions, has not been addressed experimentally before. For
this compressive membrane action to develop, one of the

action action

applied load

action

y

midspan deflection —

Figure 2. Load-deflection relationship for restrained reinforced concrete slabs,
including the effects of membrane action. (Ensink, 2024).

arching

-

Figure 3. Compressive membrane action for case with load applied at the gir-
der (Ensink, 2024).

main conditions related to cracking in the cross-section may
not be met, as cracking is largely prevented by the presence
of the girder. Moreover, a relative deflection between the
loading point and arch ends is required to achieve the devel-
opment of the arching effect. This deflection is restrained by
the high stiffness of the girder, and it may be further pre-
vented at loading positions close to the crossbeam. On the
other hand, the structural system is expected to create a high
horizontal restraint on the sections.

2.2.3. Compressive arching action

In the longitudinal direction in girders, compressive arching
action can develop. In essence, arching action in beams
results from the basic relation between flexure and shear:

d(T2) d(T) _ d(z)

T dx dx dx

Where V is the sectional shear, Tz the bending moment
expressed as the multiplication of the tension T in the
reinforcement and the internal lever arm z. As the lever

T )
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arching
===
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Figure 4. Compressive arching action in girders (Ensink, 2024).

fictitious
support

Table 2. Results of initial assessment calculations to determine maximum concentrated live load.

Scenario x [m] A [m] Failure mode Fnax [KN] Relative load capacity [%]
Individual girder 34 34 flexure-shear 703 106
Individual girder 12.0 12.0 bending moment 662 100
Girder 1 (15) in system 38 4.2 shear-tension 1067 161
Girder 1 (15) in system 9.0 9.4 flexure-shear 995 150
Girder 5 (11) in system 1.4 1.8 shear-tension 1652 250
Girder 5 (11) in system 8.4 8.8 shear-tension 1416 214
Girder 8 in system 1.4 1.8 shear-tension 1659 251
Girder 8 in system 84 8.8 shear-tension 1424 215

arm decreases towards the support, the portion of arching
action can be expressed, whereas the first term is considered
the portion of beam action in shear (Alexander, 1990).
Arching action has been extensively studied in reinforced
concrete beams, often to address shear-compression capaci-
ties (Abbasnia & Nav, 2016; Pastore & Vollum, 2022;
Reissen et al., 2018). In recent years, similar models of com-
pressive arching action have been developed for prestressed
concrete (Gleich & Maurer, 2017; Kiziltan, 2012;
Kolodziejczyk & Maurer, 2017). The more advanced models
also include an additional compressive axial force resulting
from shear. These models help quantify the local arching
action in areas close to the supports, resulting in an increase
in shear resistance (Huber et al., 2018).

For the girders in slab-between-girder bridges with cross-
beams, Figure 4 shows the hypothesised arching effect in
the girder. Here, the compressive arching action develops
between the first support and the crossbeam, which acts as
a fictitious support thanks to the large stiffness of the post-
tensioned crossbeam. The same arching action is expected
to occur in the girder portion between two crossbeams. This
case of arching action differs from the previously researched
cases, which mostly considered individual girders, where no
hogging moments occur.

2.2.4. Effect of crossbeams

The effect of crossbeams has been studied only to a limited
extent. Cai et al. (2002) found that the live load distribution
is significantly more beneficial when diaphragms are pre-
sented, and that including the stiffness of the diaphragms in
finite element models reduces the maximum girder strains.
However, the value of the diaphragms stiffness is difficult to
estimate. Prestressed diaphragms are expected to be even
stiffer, resulting in better load distribution. Moreover, as
shown in Figure 4, diaphragms act as intermediate supports
in the girder, reducing the bending moment in the longitu-
dinal direction and distributing load in the transverse direc-
tion at these points. At the same time, the presence of the
crossbeams results in sectional forces being distributed in

the system, including the internally developed arching
forces, so that a complete arch cannot be achieved.

3. Overview of slab-between-girder bridges in the
Netherlands

Between 1953 and 1977, about 70 slab-between-girder
bridges were constructed in the Netherlands, and many of
these structures are still in use nowadays. As the method is
labour-intensive and time-consuming, the construction
method is not economically feasible anymore. The existing
bridges are often approach bridges for larger main spans
over rivers, and often located in the highway network of the
country. Typically, these bridges have multiple spans of
equal length and are simply supported structures with
expansion joints at the piers and abutments. Most bridges
are straight or with a negligible skew angle. Table 2 gives an
overview of typical dimensions of the bridges. The bridges
indicated with an * are not in use anymore. The Vecht
Bridge (Vechtbrug) is the topic of this study, and girders
from the Helperzoom bridge were tested in the laboratory
(Lantsoght et al., 2021; Park et al., 2021; Mustafa et al,
2022; Zhang et al., 2020).

Table 2 shows that the span lengths range between 17 m
and 50 m, with an average slenderness of 19.0. The slender-
ness is related to the girder spacing; with a larger girder
spacing resulting in a lower slenderness. Moreover, the gir-
der spacing is related to the girder height. As the width of
the top flange increases, the girder spacing increases.
Finally, the girder height is also related to the span length.
In addition, the number of crossbeams per span, spacing
between the crossbeams (at the support to intermediate, and
intermediate to intermediate) and width of the crossbeams
is also compiled in Supplementary Table Al. The properties
of the slab, including the width and thickness of the slab
and spacing between girders is also collected in
Supplementary Table Al. The thickness of the slabs is rela-
tively constant and ranges between 180 mm and 250 mm.
However, as the girder spacing increases, the width of the
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Partial overview of Vecht Bridge, longitudinal section (top) and top view (bottom) (Ensink et al., 2024).
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Figure 6. Cross-section of Vecht Bridge with 15 bulb-T girders (measurements in cm) (Ensink, 2024).

slab will increase accordingly, and the slab width ranges
from 150 mm to 2780 mm.

4, Description and assessment of Vecht Bridge
4.1. Location and geometry

The Vecht Bridge was a slab-between-girder bridge, consist-
ing of post-tensioned bulb-T girders, post-tensioned slabs
cast between the top flanges of the girders, and post-
tensioned crossbeams. The Vecht Bridge was built in 1962
in the Al highway, near the town of Muiden in the prov-
ince of Noord Holland in the Netherlands. The number of
spans was nine, and all spans were simply supported. One
span contained a movable bridge over the Vecht River. Two
parallel bridges, for both driving directions of the highway,
were constructed. As the Al highway was rerouted to
improve traffic flow, the Vecht Bridge became obsolete, and
a collapse test in two spans prior to its demolition could be
carried out.

Figure 5 shows the western approach bridge, marking the
tested spans (spans 2 and 4). In addition, span 3 was used
to take core samples of the concrete, to determine the con-
crete material properties. From span 3, samples of the pre-
stressing tendons were also obtained to determine the
properties of the prestressing steel. As identified
Supplementary Table Al, the Vecht Bridge has spans of
24 m in length, a girder spacing of 1225 mm, and a slab and
top flange of 180 mm. In the transverse direction, 15 pre-
stressed girders are used, as well as crossbeams spaced at
8m, see Figure 6. The girders were prefabricated on-site
and pretensioned after which the ducts were grouted.

Each girder is supported on an individual elastomeric
bearing of 206 mm x 306 mm X 46 mm. The bearings are

reinforced with three 3mm thick layers of steel. The outer
layers of the bearings consist of synthetic rubber and the
two inner layers of 15.5mm thickness consist of natural
rubber. During the 54 years of service life of the bridge, the
bearings were never replaced.

4.2. Material properties

Span 3 was used to obtain a large number of samples from
the concrete, the reinforcing steel and the prestressing steel
(den Boef, 2016; Koekkoek, 2017). A total of 61 concrete
cores were taken from the bulb-T girders (top flange, web,
and bottom flange, 30 cores in total), the slab (23 cores)
and the curb (8 cores). The concrete compressive strength is
processed according to the Dutch Guidelines for core testing
(Rijkswaterstaat, 2014), including the correction for the core
size. On average the cube concrete compressive strength,
Semycuber Of the T-girders is found as 106.9 MPa, of the slab
73.5MPa and of the curb 67.6 MPa. Using a factor of 0.82
to translate to an average cylinder compressive strength
femeyr (Gijsbers et al., 2011) gives f.,, i = 87.7 MPa for the
T-girders, 60.3 MPa for the slab, and 55.4 MPa for the curb.
On the original drawings, the characteristic cube compres-
sive strength fu .upe = 50 MPa is indicated, which results in
an average estimated cylinder compressive strength of f.,,, i
= 64 MPa. As such, it can be concluded that the concrete
compressive strength has increased over time. Visual inspec-
tion of the cores indicated that in general the concrete is
well compacted and no signs of deterioration, cracking or
reinforcement corrosion are observed. In 7 cores, local poor
compaction was observed and in 27 cores, flint aggregates,
which could result in alkali-silica reaction, were observed.
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The maximum aggregate size was found to range between
26 mm-59 mm.

To determine the material properties of the mild and
prestressing steel, three reinforcement bars and four pre-
stressing wires were tested in the laboratory. Of the
reinforcement steel, the average yield strength was found to
be 287.7 MPa, the average ultimate strength 351.8 MPa and
the strain at ultimate 10.0%. This result indicates that
reinforcement grade QR24 was used. Of the prestressing
steel, the average yield strength was found to be
1505.4 MPa, the average tensile strength 1769.5 MPa and the
strain at ultimate 9.0%. This result indicates that prestress-
ing steel grade QP170 was used.

4.3. Reinforcement layout and prestressing forces

In the girders, seven 1267 mm (A, = 462 mm?) draped ten-
dons of prestressing steel per girder with 42mm ducts are
provided. The tendons are numbered from 1 through 7,
indicating the original order of post-tensioning. The first six
tendons are anchored in the anchor block and the 7 ten-
don is anchored in the top flange, see Figure 8. Figure 7
shows the layout of the mild steel reinforcement. The
reinforcement in the bottom flange of the girders consists of
3910mm bars at 1107 mm from the face of the top flange
and 2¢10mm bars at 980 mm. In the web, 2010 mm are
provided at 785, 560 and 300 mm. The shear reinforcement
consists of @8 mm stirrups spaced at 500 mm on centre.

207 180

1150
331

o\

232

200

400
SECTION B

SECTION A SECTION C

Figure 7. Cross-section of girder at anchorage block (section a), of girder (sec-
tion B, showing reinforcement details) and at cross-beam (section C). Sections
as indicated in Figure 8. Dimensions in mm. (Ensink et al., 2024).

200

This low amount of shear reinforcement does not fulfil the
requirements for minimum shear reinforcement in the cur-
rent Eurocode. Moreover, the shape of the stirrups follows
the shape of the girder, which is not permitted anymore
nowadays.

The transverse post-tensioning in the slab and dia-
phragms consists of 1207 mm (A, = 462 mm?) per tendon
in ducts of 950 mm, with a total of 59 transverse post-
tensioning tendons per span. In the slab, 35 unevenly spaced
post-tensioning tendons are provided. The tendons are
more closely spaced in the vicinity of the intermediate
crossbeams. In the intermediate crossbeams, eight
straight tendons are provided and in the end crossbeams
five post-tensioning tendons are provided, two of which are
provided in the top flange. With the exception of the trans-
verse post-tensioning, there is no steel reinforcement con-
necting the cast in-between slab to the girder. The concrete
surface is roughened at the T-girder to improve the connec-
tion to the slab. In the slab, the mild reinforcement consists
of 466 mm bars and stirrups @6 mm at 400 mm on centre.
In the crossbeams, the mild steel reinforcement consist of 5
o8mm bars top and bottom and stirrups of @8 mm at
200 mm on centre.

4.4. Initial assessment using linear finite element
analysis

To prepare for the collapse test, an extensive initial assess-
ment using linear finite element analysis is carried out, with
the aim of determining the maximum concentrated load
during the test and the critical location and to frame the
experiments in the methods used for assessment of existing
bridges in the Netherlands. For this purpose, the first step is
thus to carry out an assessment of the bridge using linear
finite element analysis, modified to the use of a single con-
centrated load to mimic the test procedures. The analysis
considers all possible load positions along the length of the
girder, indicated as positions a;. Then, for every load posi-
tion a; all control sections x; are evaluated for cracking
moment, shear-tension, flexure-shear, and bending moment.
To be able to compare the different failure mechanisms,
load factors are used. The procedure determines the overall
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Figure 8. Detail of draped tendon layout in T-girder (dimensions in mm) (Ensink et al., 2024).



governing load factor, which provides information on the
governing failure mechanisms, critical load position, and
critical section. Figure 9 summarises the procedure used to

I il il

For control section
xj with j = L.n

For load position
a; with i = 1.m

Calculate load factors:
LFVB(a,',Xj)
LFvg(ai, xj)
LFm, (ai, xj)
LFy, (a;, xj)

1_1

LFys(ai, xj) J

LFshear(@;, xj) = max
shear\di, X j {LFVsr(ai’Xj)

Ll

<

LFshcar(ai-xj)
LFy, (aj, xj)

no ‘ LF(ai,xj) = min{

4200
4000 -
3800
3600
3400 -
3200 -
3000
2800
E 2600 [
g 2400
& 2200 -
2000
1800 -
1600 -
1400 -
1200 -
1000 [~
800 [~ al

600 : ! ! :

0

z [m]

Figure 10. Maximum load for all critical sections, illustrating results of girder 5
(11) (Ensink, 2024).

(b)

Figure 11. Photographs of sawing the slab and crossbeams (Ensink, 2024): (a) sawing through the deck slab; (b) sawing and drilling through the diaphragm.

STRUCTURE AND INFRASTRUCTURE ENGINEERING . 833

determine the governing load factor. Figure 10 shows the
results as a function of the control section for girder 5 in
the system, indicating that shear is governing over flexure.
No results are provided near the crossbeam as the cross-
beams acts as an interior support.

Table 2 gives an overview of the results of the assessment
calculations. The relative load capacity compares the max-
imum load of the calculation to the case of the individual
girder failing in flexure at 662kN. As the cross-section is
symmetrical, the results for girders 1 and 15 are the same,
and the results for girders 5 and 11 are the same. Girder 8
is placed in the middle of the transverse section. The results
show that the governing failure mode for the majority of
cases is shear-tension. For the girders in the system, the
governing control section is not close to the support, but
near the intermediate cross-beam. The exterior girder (gir-
der 1 and 15) is more sensitive to flexure-shear than the
interior girders. Flexure does not govern at any location for
the girders in the system, and the ratio between the max-
imum load for flexure and maximum calculate load is more
than 2 for the critical positions. The girder in the system
has a maximum load between 1.5-2.5 times the maximum
load on the individual girder.

5. Test setup
5.1. Load positions

The experiments on the Vecht Bridge were done in October
2016. The connected system in span 4 was used for three
experiments (of which two were continued to failure), and
the span with saw cuts, span 2 (Figure 11), was used for
four experiments. Figure 5 and Table 3 summarise the
experimental findings. In span 4, the original structural sys-
tem is unaltered. Tests 1 and 2 aim at testing interior gird-
ers and quantifying the effect of load distribution and
redistribution, and at least four girders are present between
the tested girder and the edge. In test 3, the exterior girder
itself is tested. Test 3 is stopped at 250 tons, as this load
was identified as the maximum load for stability of the
applied loading system. The saw cut in span 2 cuts through
the slabs and three out of the four crossbeams. The cross-
beam on the opposite side is not sawn. By comparing the
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Figure 12. Load application system (Ensink, 2024).

test results of the full structural system in span 4 to the
individual girder behaviour in span 2, the effects of the sys-
tem behaviour can be quantified.

The load position in the experiments is selected based on
an initial calculation. The results in Table 2, which were car-
ried out later to mimic a full assessment procedure, are a
refinement of the initial calculations used to prepare for the
experiments. Therefore, load positions of 4000 mm (in the
middle of the ‘span’ between the end and intermediate
crossbeams, to study the effect of arching), and 2250 mm
(first estimate of the flexure-shear critical position because
of the prestressing tendon layouts) are selected for the
experiments. Moreover, the same loading position is used in
spans 2 and 4, to have a direct comparison between the iso-
lated girders and the girders in the system.

5.2. Loading system

The single concentrated load is applied using a loading plate
of 400mm x 400mm and by using a hydraulic jack of
6000kN with a stroke of 250 mm. Figure 12 shows the full
loading system, built up using a 25 m steel spreader beam of
24.3m with counterweights (ballast) on top. When the sys-
tem is not activated, the load flows to the supports. When
the system is activated, the load is gradually applied from
the steel spreader beam to the girder via the jack. The cap-
acity of the system applied in this experiment is approxi-
mately 4000kN. This system has been used in the
Netherlands in a previous collapse test (Lantsoght et al.,
2017¢) and in proof load tests in viaducts Zijlweg
(Lantsoght et al, 2017a) and de Beek (Lantsoght et al,
2017b). To facilitate the larger number of test on the bridge,
a sliding system was added to the original design of the
loading system as used previously; this element is identified
as ‘sliding track’ in Figure 12. The sliding track contained a
jack to move the spreader beam and was equipped with
Teflon blocks to facilitate the sliding.

For the girder tests in span 2, steel chains were provided
through drilled holes in the slab. These chains were anch-
ored to an additional steel beams (a static and dynamic
beam), designed to take the static and dynamic forces in
case the girder should collapse completely and fall into the
chains. This measure was carried out for safety reasons to
avoid that the failed beam would fall in the ground under
the bridge.

Table 3. Overview of tests on the Vecht bridge.

Test Span Distance from support [mm] Structural system  Type of test

1 4 4000 not changed Interior girder
2 4 2250 not changed Interior girder
3 4 2250 not changed Exterior girder
4 2 2250 saw cut Individual girder
5 2 2250 saw cut Individual girder
6 2 2250 saw cut Individual girder
7 2 4000 saw cut Individual girder

5.3. Instrumentation

To reduce the time on site, the instrumentation on the
experiments is kept to a minimum. Linear potentiometers
are used to measure the deflections. The applied load at the
hydraulic jack is measured using a load cell. The vertical
deformation of the girders and at the crossbeam are meas-
ured using linear potentiometers installed on aluminium
frames from the ground under the bridge. The deformations
at the bearings are measured using a potentiometer next to
the bearings. The relative vertical slab deformation is meas-
ured using linear potentiometers on both sides of the tested
girder. An LVDT over 1m is also used to measure smeared
strains. Figure 13 gives an example of the instrumentation
plan used in the first test.

6. Test results
6.1. Failure loads

The results of the experiments are summarised in Table 4,
including the test number and span, with experiments in
span 4 on the system and in span 2 on the girders after
applying the saw cuts. The value of a/d is the ratio of the
shear span a (as given in Table 3) to the effective depth d of
the girder. F,,,, is the failure load in the test and J, is the
maximum deflection. The sectional shear at failure Vy is cal-
culated by considering the dead load, the prestressing force,
and the externally applied load (F,,,, at failure).

Table 4 also describes the failure mode observed in the
experiments. For tests 1 and 2, Figure 14 shows the shear
failure in the girder and Figure 15 shows the punching fail-
ure in the deck, where the failure initiated. All experiments
on the individual girders resulted in a flexural shear failure,
as exemplified in Figure 16. In experiments 4 through 6, the
unreinforced concrete filling at the anchorage location of
tendon 7 burst out. Figure 17 gives the load-deflection dia-
gram of the experiments in span 4 and Figure 18 gives this
result of the experiments in span 2.

From the test results, it can be observed that all individ-
ual tests resulted in a flexure-shear failure of the girder. The
scatter between tests 4 through 6, all carried out with the
same loading position is only 6%. Test 7 gives a low max-
imum load of only 59% of the load in experiments 4
through 6.

6.2. Comparison of individual girders and system

A first analysis looks at comparing the results from span 4
(system behaviour) to span 2 (saw cut). Figure 19 contains



STRUCTURE AND INFRASTRUCTURE ENGINEERING . 835

rri——"- - [~ T I M
| | | \
" ia LPO1 LP06 ~
DT R L R — R =
f f f
| | | |
il P02 WPo7 _ AL ~—"o
i T 800 , 800 |, 800 P ' —] -
: lLr16 ] LP15 [ LP14 [] LP13 ! : 7J
| 4y LPO3 LP08 LP11 —
[l e e e P P e =] — b
' LP2e——— 1$ ( j
! LP20 [} P19 [] Lp18 [] LP17 ! —l
i lgalPO4 P09 _ bl —
K i R Pl
I I I
t t t :]\
- -:-EE—LE%— ———————— _‘%_LP_OQ ————————— —: R /:\J 4
I — e e ST R P B L } fj
| | |
¥ 4000 £ 4000 o [ vertical deformation
: : : || relative deformation
| = I f | 1 strain deformation
e T I ! =1
200 LP21
Figure 13. Instrumentation for test 1 (dimensions in mm) (Ensink, 2024).
Table 4. Summary of experimental results.
Test Span a/d Frnax [kN] Vg [kN] Oy [mm] Failure mode
1 4 4.8 3004 1188 21 Punching of deck and shear failure of girder
2 4 2.8 3444 1525 14 Punching of deck and shear failure of girder
3 4 2.8 2506 998 1 Not tested to failure
4 2 2.8 1678 1301 79 Flexural shear T-girder
5 2 2.8 1703 1323 65 Flexural shear T-girder
6 2 2.8 1774 1385 74 Flexural shear T-girder
7 2 48 1022 774 132 Flexural shear T-girder

Figure 14. Shear failure of T-girder in test 1. The crossbeam is located on the left side and the end support on the right side (Ensink et al., 2024).

this comparison based on the results of the sectional shear
at failure, indicating that the sectional shear at failure is
larger in the system than in the individual member. For a/
d=2.8, the system is 114% of the individual shear and for
a/d=4.8 this value is 153%. However, a number of
aspects play a role here, including load distribution and
redistribution, which result in a change of failure mode
from flexure-shear in the individual girders to punching and
shear-tension in the system. In the system, compressive
membrane action in the slab and compressive arching
action in the beam provide additional capacity. The cross-
beams also increase the capacity, as the crossbeams work as
an internal support.

Using the shear distribution factor for interior girders
from AASHTO (see Equation (1)), a factor of 0.52 is found.
For a/d=2.8, the maximum load in span 4 is 3444kN,

which corresponds to a maximum load on the tested girder
of 1791kN according to this distribution factor. This value
can be compared to the average maximum load of the three
experiments in span 2 with a/d=2.8 of 1718kN, which is
slightly lower. For a/d =4.8 the maximum load in the con-
nected system is 3004kN, which would give a maximum
load on the tested girder of 1562 kN. The failure load in test
7 was 1022kN. This brief comparison shows that the
AASHTO distribution factors cannot fully capture the com-
plex system behaviour at the ultimate limit state and differ-
ent shear failure mechanisms that occur in the system.

7. Discussion

As shown in the literature review, collapse tests on bridges
are a rare type of experiment, difficult to prepare, and
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(a)

Figure 16. Flexural shear failures in test 4 and 5 (Ensink et al., 2024).
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Figure 17. Load-deflection diagrams of girders in span 4 (Ensink et al., 2024).

sometimes resulting in unexpected outcomes. The presented
experiments on the Vecht Bridge are unique for a number
of reasons: 1) the structural system tested, 2) the careful
preparation to obtain the intended shear failure during the
experiments, and 3) the ability to compare between the
behaviour in the full structural system and the girders
obtained after a saw cut through the deck.

To compare the behaviour of the individual girder to the
girder in the system, we have analysed both the sectional
shear (which, in itself is influenced by load distribution in
the system) and the maximum load at failure. The
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Figure 18. Load-deflection diagrams of girders in span 2 (Ensink et al., 2024).

experimental results are compared to the AASHTO load dis-
tribution factor and to the expected load distribution
obtained with a linear finite element analysis. It is expected
from the linear finite element analysis that the total load on
the system is between 2 and 2.5 times larger than the load
on the individual girder (see Table 2), and similarly, the
AASHTO load distribution factor is 0.52, meaning that 0.52
times the applied load is carried by the tested girder. The
test results show a larger effect of the system behaviour for
the experiments with a larger distance between the load and
the support (a/d=4.8) as compared to those with the load
closer to the support (a/d=2.8). The sectional shear in the
system is on average 114% that of the individual girder for
a/d=2.8 and 153% for a/d=4.38, and the maximum load is
on average 200% for the system as compared to the individ-
ual girder for a/d=2.8 and 294% for a/d =4.8. Overall, the
load distribution found in the linear finite element model is
in line with the experimental observations, and slightly on
the conservative side. Finally, we can also observe that the
overall system is much stiffer (as evidenced by the smaller
deflections at the ultimate) than the individual girders: the
deflection of the system at ultimate is 19% of the deflection
of the individual girder for a/d=2.8 and 16% for a/d =4.8.
However, comparing the expected failure loads with the
experimentally observed loads, show a larger maximum load
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Figure 19. Comparison between sectional shear force at failure for connected and disconnected members from Table 4. Note that the average result of tests 4-6

is used for this comparison.

Figure 20. Nonlinear finite element model, identifying development of compressive membrane action (Ensink, 2024).

for both the individual girders and the girders in the system.
For the individual girders, this observation can be attributed
to the compressive arching action that develops in the beam
to a certain extent. The larger increase in capacity for the
elements in the system shows the contribution of additional
load-carrying mechanisms, such as compressive membrane
action in the deck, compressive arching action in the girder,
and the restraint and intermediate support as provided by
the crossbeams. The reader should note here that compres-
sive membrane action occurred in these experiments, even
though the load was placed about the girder. This insight is
further supported by the insights gathered from the nonlin-
ear finite element analysis which is carried out as part of
the research, but outside of the scope of the current paper,
see Figure 20. The mechanism stipulated in Figure 3 is thus
observed experimentally and confirmed through numerical
analysis. In other words, we have provided the first experi-
ments showing that compressive membrane action can also
be activated when the load is not in the middle of the deck,
but right on top of the girder.

Moreover, the bridge system failed through punching of
the deck above the girder. If such a punching failure can be
avoided (as expected for a tandem with four wheel prints in
comparison to the single wheel print used in the experi-
ments), it is expected that the maximum load on the system
can be further increased and the premature punching failure
can be avoided. The observation on the large difference
between overall system behaviour in bridges and the cap-
acity of individual elements aligns with observations made
earlier in the literature to align system behaviour into bridge
design (Ghosn & Moses, 1998; Miao & Ghosn, 2016). The
two compressive mechanisms should be analysed together,
and both depend on the restraint provided by the overall

system to anchor the line of thrust of the arches. The result
of this global bridge behaviour is that the force flow and
failure mechanism differs in the bridge system as compared
to the individual girders, which all failed in flexure-shear.

While collapse testing of bridges is expensive (order of
magnitude of 400 k€), the cost savings for the service life
extension of the other slab-between-girder bridges (where
replacement would cost over 10 m€) is significant (approxi-
mately 45% cost savings on a 100-year time horizon when
comparing annual equivalent costs). Moreover, indirect cost
savings from avoiding traffic delays and ecological cost sav-
ings related to material use and transportation are obtained,
and these indirect cost savings could be quantified in a soci-
etal cost-benefit analysis. Based on previous projects, it is
expected that these indirect cost savings will be even larger
than the direct cost savings (Hendy & Petty, 2012).

At this moment, the effect of compressive membrane
action and compressive arching action is studied only for
the case of the Vecht Bridge. Besides the experimental work,
extensive nonlinear finite element models have been used to
study the force flow in the bridge in detail (Ensink, 2024),
looking both at the overall structure, a girder with the
boundary conditions as in the bridge, and a fully isolated
girder. A next step would be the extension to the geometries
of the existing slab-between-girder bridges in the
Netherlands, so that the insights can be broadly applied to
the assessment of these bridge types.

8. Conclusions

This paper reviews the existing literature regarding collapse
testing, global bridge behaviour (both topics as applicable to
prestressed slab-between-girder bridges in the Netherlands),
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gives an overview of typical geometries of these bridges in
the Netherlands, reports the results of seven experiments of
collapse testing the Vecht Bridge, and analyses the difference
between the capacity of the individual girders and the gird-
ers in the system. The Vecht Bridge was a slab-between-gir-
der bridge, consisting of 15 post-tensioned girders in the
cross-section, concrete slabs cast between the top flanges of
the girders and post-tensioned transversally, and four post-
tensioned crossbeams (at the ends and at one third of the
span). As such, the Vecht Bridge is an excellent case to
study global bridge behaviour, and this analysis was facili-
tated by testing the global bridge behaviour in one span
(span 4, three experiments) and providing a saw cut
through the deck and crossbeams for testing the individual
girders in another span (span 2, four experiments).

From the literature review and discussed experiments, we
can draw the following conclusions:

o Collapse testing is only carried out in exceptional cases,
requires careful preparation and execution, and gives
unique insights.

o The seven experiments carried out on the Vecht Bridge
resulted in the expected shear failure. The shear failure
mode differs between the system (punching in the deck
combined with shear-tension in the girder) and the indi-
vidual girder (flexure-shear failure).

e Linear finite element analysis and the AASHTO distribu-
tion factors give an overall estimation of the load distri-
bution in the system, but the capacity of the individual
girders and the connected girders are larger than esti-
mated using code equations as a result of the additional
load-carrying mechanisms that occur.

e In particular, for the failure load in the system, the max-
imum load is significantly larger than expected as the
result of the combination of compressive membrane
action in the deck and compressive arching action in the
girder, as well as the effect of the presence of the
crossbeams.

In conclusion, the experiments on the Vecht Bridge give
us a unique insight into the behaviour and ultimate capacity
of a real slab-between-girder bridge that has been in service
for decades, and that contains all the original details.

List of Notations

a shear span, distance from the centre of the load to the
centre of the support

a; possible load positions

d effective depth

Sekcube characteristic cube compressive strength of the concrete

Sfem,cube average cube compressive strength of the concrete

Jemeyt average cylinder compressive strength of the concrete

X analysed sections

z internal lever arm

DF distribution factor

ECB exterior crossbeam

F flexural failure

Foax maximum load

HJ load applied using hydraulic jack

ICB interior crossbeam

LF load factor, used in the linear finite element analysis
M., cracking moment

M, ultimate moment

P punching failure

S shear failure

N girder spacing in ft

T tension in reinforcement bar

14 sectional shear

Vs sectional shear at flexure-shear failure

Vr sectional shear at failure in the experiments
Vsr sectional shear at shear-tension failure

w load applied using kentledge weight

O, maximum deflection
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