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Abstract

Composite girders with corrugated webs and embedded shear connections have been developed in bridge design practice, making
structures more advantageous compared to conventional composite structures with flat web and headed studs. To understand
the structural behavior and determine the influence of structural parameters on longitudinal shear resistance, experimental and
numerical testing of embedded shear connectors is essential. An experimental program of 43 push-out tests on embedded specimens
with trapezoidal steel profiles has been completed at the Budapest University of Technology and Economics. Current paper presents
a detailed evaluation of the experimental results of the full-scale push-out test series, focusing on structural parameters causing
concrete failure (trapezoidal profile geometry, embedding depth, shear connectors). To investigate the influence of structural
parameters (number and geometry of cutouts) on the failure modes of the corrugated steel web, a numerical model is developed.
The study aims to investigate how structural parameters of the embedded corrugated web influence its behavior and failure modes,
with particular focus on avoiding non-visible steel deterioration through appropriate detailing. The objective is to identify structural
parameters that lead to concrete deterioration, occurring only after significant crack propagation, so that failure becomes visible
before it happens. Conclusions are drawn based on the results of experimental and numerical investigations.
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1 Introduction

1.1 Literature review
Corrugated web steel-concrete composite bridges have
been constructed since the 1980s due to their numerous
advantages, such as lower self-weight and faster construc-
tion compared to concrete structures, and higher transverse
stiffness and buckling resistance compared to flat web com-
posite structures [1]. Over the long term, the corrugated web
has proven to be an excellent structural solution, and further
developments have led to additional benefits. By omitting
the top and bottom steel flanges and embedding the corru-
gated web directly into the concrete slabs, further savings
in steel material and welding can be achieved. Additionally,
the embedded portion of the corrugated web also functions
as a shear connector. Bridges with embedded corrugated
web connections have been constructed in Japan, including
the Hondani Bridge and the Kurobegawa Bridge [2].

The currently applicable Eurocode [3] provides design
formulas only for the widely used headed stud connector,

considering two failure modes: shear failure of the headed
stud and crushing of the concrete at the base of the stud.
It does not address embedded corrugated connections,
nor even concrete dowel connectors. In 2018, the ECCS
published a comprehensive review [4] on non-conven-
tional shear connectors, which includes test results, com-
parative assessments, and analytical models, with con-
crete dowels playing a central role.

Concrete dowels with open cutouts exhibit four pri-

mary failure modes under static loading [5-9]:

1. Concrete shearing occurs through bilateral shearing
along the dowel interface and is decisive in cases of
small openings combined with thick steel plates.

2. Concrete pry-out results from transversal tensile
stresses, leading to a concrete cone fracture and it
is decisive when dowels are placed too close to the
concrete surface.
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3. Vertical splitting may occur in beam-type sections
with thin concrete elements, when splitting tensile
forces exceed the tensile strength of the concrete, pro-
ducing horizontal cracks at the height of the dowel.

4. Bending-shearing failure of steel leads to plastic
failure of the steel dowel and becomes critical when
steel thickness is low.

The first three failure modes are related to the concrete,
while the fourth is governed by the steel. When using thin
or weak steel in combination with strong concrete, failure
tends to occur on the steel side; otherwise, concrete failure
becomes decisive [10]. In the latter case, the amount and
arrangement of reinforcement significantly influence the
failure mechanism. Under cyclic loading, fatigue failure
may also occur [7]. However, experimental results indi-
cate that concrete fatigue failure can be ruled out as long
as the maximum longitudinal shear force remains below
70% of the characteristic static capacity of the dowels [11].

For perfobond-type concrete dowels with closed cutouts,
experimental studies have shown that the decisive failure
mode is a combination of concrete shearing and the dowel
action of penetrating reinforcement [12, 13]. Design rec-
ommendations have also been proposed for the economi-
cal and efficient detailing of concrete dowels [14]. Push-out
tests with embedded corrugated web connections, incorpo-
rating concrete dowels [15, 16] and headed studs [17-19]
welded to the embedded portion of the corrugated web, have
demonstrated that failure consistently occurs in the concrete.
The failure is characterized by severe cracking and crushing
of the concrete. Under out-of-plane bending, a gap between
the concrete and the corrugated web can be observed, result-
ing from the opening in the concrete slab [20, 21]. For
closed-cut concrete dowels placed on corrugated plates,
structural detailing recommendations have been proposed
regarding their geometric characteristics [22].

1.2 Objective of the study

An experimental program of a full-scale embedded corru-
gated push-out test series conducted at the Department of
Structural Engineering is presented in Németh et al. [23].
Within the test program, both slab opening failure and con-
crete crushing failure modes were observed. During con-
crete crushing, among the potential concrete dowel failure
modes, shearing was observed — pry-out and splitting fail-
ures could not develop due to the strong transverse rein-
forcement. Failures involving concrete crushing resulted
in significantly higher load-bearing capacities. The tested
specimens included reference setups without additional
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shear connectors, as well as specimens with open cut-
out concrete dowels or headed studs. In all cases, failure
occurred in the concrete, however, in specimens with mul-
tiple open cutouts per plate field, failure of the steel dowel
may become relevant. Therefore, one of the aims of the
study is to investigate this potential failure mode.

Another aim is to analyze the structural behavior of
embedded corrugated profiles without any additional shear
connectors through a detailed evaluation of the experi-
mental series [23], as well as to investigate the behavior
of concrete dowels where, in addition to the trapezoidal
profile, penetrating reinforcement is used as shear connec-
tion. Furthermore, the study seeks to determine the effect
of changes in key structural parameters on load-bearing
capacity, and to identify the factors that have the greatest
influence on shear resistance and failure mode.

2 Evaluation of concrete failure through push-out tests
The influence of the following parameters on the concrete
failure is investigated by comparing the results of the push-
out experimental program: geometry of the trapezoidal pro-
file (inclination angle, plate field width), embedding depth,
presence and geometry of concrete dowels. The resistance
of each specimen is evaluated and the effect of the param-
eters is presented by the increasing/decreasing of the resis-
tance comparing to the chosen reference specimen.

2.1 Experimental program and specimens
The specimens of the experimental program had different
geometries and materials. Current study only details the
evaluated 26 specimens, but properties for all specimens
can be found in Németh et al. [23]. Five corrugated profile
geometries (Fig. 1) were tested with different inclination
angles and plate widths: Profile 'A' 30°, Profile 'B' 45° and
Profile 'C' 60° with plate width of 200 mm; Profile 'D' 30°
and Profile 'E' 45° with plate width of 100 mm. The geome-
try of the profile influenced the size of the specimens, since
200 mm plate width specimens were manufactured with one
and a half, 100 mm plate width specimens were manufac-
tured with two wavelengths of the profile, as Fig. 2 shows.

Reference specimens with no additional shear connec-
tors and specimens with open cutout concrete dowels and
penetrating rebars are evaluated. Three dowel types were
investigated: CD1 short, CD2 long and CD3 double short,
all of them with a @14 mm penetrating rebar; the geome-
try of concrete dowels is presented in Fig. 1.

The format of the specimen codes is illustrated with
C-A1-C25-0: 'C" corrugated web, 'A": profile geometry,
'1": # of specimen in the same set, 'C25": concrete strength,
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Fig. 1 Geometry of corrugated profiles and concrete dowels
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Fig. 2 Influence of profile geometry on global specimen geometry

'0": diameter of penetrating rebar [mm] (0 means reference
specimen). Fig. 3 shows the two failure modes of the tests:
slab opening due to transversal tension forces and con-
crete crushing under compression.

2.2 Methodology of test result evaluation
Force-displacement diagrams present the global displace-
ment measured during the tests. No significant difference
is observed in the initial stiffness or in the overall shape of
the curves prior to reaching the ultimate load, although the
curves show varying degrees of resistance degradation.
Sudden jumps in the diagrams indicate signs of penetrat-
ing rebar failure. Diagrams are provided in Section 2.3,
where all tested specimens are analyzed.

Fig. 3 Failure modes: slab opening and concrete crushing

A quantitative comparison is also conducted, and
the results are summarized in tabular form. Each table
(Tables 1 to 7) has the same layout, introducing the
compared parameter(s) (e.g., inclination angle (@), plate
width (a,), embedding depth (¢,), concrete dowel (CD));
the ultimate longitudinal shear resistance measured
during the test (P, ); resistance increasing effect of the

examined parameters (A ) is calculated by Eq. (1):

A _ Pfest,comp
test — P -
test ,base
where P

test,comp

ined specimen (specimen to be compared), P

test

1] -100%, 1)

is the shear capacity of the currently exam-
test,base iS the

shear capacity of the reference specimen.
The value in the A, column is calculated as P
est test,comp

is the shear capacity of the given specimen, and P,
is the shear capacity of the nearest 'base' specimen listed
above. A 'base' label in the A, column indicates that the
specimens listed below are compared to this specimen
until the next 'base' label appears. Positive values indicate
an increase, while negative values indicate a decrease in
shear capacity. It should be noted that not all possible spec-
imen pairs are compared; only a representative selection is
included to clearly demonstrate the trends. Nevertheless,
the omitted comparisons are also taken into account when
calculating the average change in load capacity.

Where the area compressed by the corrugated profile
changes due to the compared parameters, the area of com-

pressed-sheared surfaces per unit length (acomp) is pro-
vided, calculated by Eq. (2):

a, -t
Aoy = 3L =, @

‘hw

where a, is the projection of the inclined plate width per-
pendicular to the longitudinal axis, L, is the length of
a half wave of the corrugation (see Fig. 4).

The experimental results are compared in Section 2.6
with the values calculated using the formulas presented
below. The shear resistance of the connection was calculated
as the sum of the shear resistance of compressed-sheared

Fig. 4 Notation of geometric parameters



concrete blocks under the inclined fields (P, ,) and con-

crete dowels placed on the parallel fields (P, ), normal-
ized to a half wavelength, according to Eq. (3):
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For embedded corrugated connections, the following
Eq. (4) estimate based on Japanese practice can be used
for the shear resistance [19]:

3
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where f, is the compressive cylinder strength of concrete.
Several proposals exist for estimating concrete dowel

resistance; one of the most accurate [13] is the formula

proposed by Chen and Limazie [14], given in Eq. (5):
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where f, is the compressive cube strength of concrete,

h, is the dowel height, ¢, is the web thickness, f, is the
w ct

tensile strength of concrete, £ is the modulus of elasticity

of steel, £ is the secant modulus of elasticity of concrete

and A4 is the cross-sectional area of penetrating rebar.

2.3 Effect of inclination angle
Figs. 5 to 7 present the load-displacement curves of the spec-
imens. The effect of inclination angle can be examined by
comparing corrugated profiles A—B—C (30°, 45°, 60°) and
D-E (30°, 45°). Fig. 5 presents load-displacement curves
of the reference specimens (no penetrating rebars used),
Figs. 6 and 7 show the curves for specimens with concrete
dowels containing 14 mm diameter penetrating rebars.

The failure mode (Fig. 3) can be inferred from the shape
of the curve: in the case of flatter curves, no concrete
crushing is observed at failure load — the flatter the curve,
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Fig. 5 Load-displacement curves of reference specimens — no concrete
dowels (continuous: o = 30°, dashed: a = 45°, dashed dot: o = 60°)
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Fig. 6 Load-displacement curves of specimens with CD1 concrete
dowels (continuous: a = 30°, dashed: a = 45°, dashed dot: & = 60°)
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Fig. 7 Load-displacement curves of specimens with CD2—CD3 concrete
dowels (continuous: a = 30°, dashed: a = 45°, dashed dot: & = 60°)

the more dominant the role of slab opening becomes,
resulting in lower resistance. In contrast, a shorter plateau
and stronger degradation indicate a greater extent of con-
crete crushing, leading to higher resistance (compared to
the respective reference specimen).

According to the test results, the inclination angle signifi-
cantly increases the ultimate shear capacity. For reference
specimens (Table 1) with a 200 mm plate width, the capacity
increased by 82—117% from 30° to 45°, by 214-224% from
30° to 60°, and by 50—72% from 45° to 60°. For a 100 mm
plate width, the increase was 52—65% from 30° to 45°. In the
case of specimens with concrete dowels (Table 2), the cor-
responding increases for 200 mm plates were 25-55%,
80-97%, and 44-58%, respectively; while for 100 mm
plates, the increase from 30° to 45° was 17-37%.

The observed increase in shear capacity with higher
inclination angles can be attributed to the growing area
of compressed-sheared concrete, as reflected by the val-
ues of Do A higher inclination angle results in a larger
concrete surface contributing to shear resistance, which
explains the significant capacity gains in reference spec-
imens. In contrast, in specimens with concrete dowels,
the inclination angle has a much smaller effect on shear
capacity. This is due to the role of the penetrating rein-
forcement, which holds the concrete slab together and lim-
its its opening. By preventing the separation of the concrete,
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Table 1 Test results of reference specimens for comparing the effect of inclination angle of the trapezoidal profile

Specimen o (degree) a, (mm) P, (kN/m) A, (@ @iy (cm?/m)
C-Al1-C25-0 30° 200 283 Base 2.7
C-B1-C25-0 45° 200 614 117% Base 4.1
C-C1-C25-0 60° 200 918 224% 50% 5.8
C-A2-C25-0 30° 200 366 Base 4.0
C-B2-C25-0 45° 200 666 82% Base 6.2
C-C2-C25-0 60° 200 1147 214% 72% 8.7
C-D1-C25-0 30° 100 498 Base 2.70
C-E1-C25-0 45° 100 755 52% 4.1
C-D2-C25-0 30° 100 577 Base 4.0
C-E2-C25-0 45° 100 950 65% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.

Table 2 Test results of specimens with concrete dowels for comparing the effect of inclination angle of the trapezoidal profile

Specimen o (degree) a, (mm) P, (kN/m) A, (@) oy (cm?/m)
C-A4-C25-14 30° 200 631 Base 2.7
C-B4-C25-14 45° 200 789 25% Base 4.1
C-C4-C25-14 60° 200 1137 80% 44% 5.8
C-A5-C25-14 30° 200 675 Base 4.0
C-B5-C25-14 45° 200 843 25% Base 6.2
C-C5-C25-14 60° 200 1329 97% 58% 8.7
C-A6-C25-14 30° 200 725 Base 4.0
C-B6-C25-14 45° 200 911 26% Base 6.2
C-C6-C25-14 60° 200 1415 95% 55% 8.7
C-A7-C25-14 30° 200 879 Base 4.0
C-B7-C25-14 45° 200 1358 55% Base 6.2
C-C7-C25-14 60° 200 1594 81% 17% 8.7
C-D4-C25-14 30° 100 1050 Base 2.7
C-E4-C25-14 45° 100 1228 17% 4.1
C-D5-C25-14 30° 100 1229 Base 4.0
C-E5-C25-14 45° 100 1689 37% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.

the penetrating rebars allow the corrugated steel web to
maintain proper contact even at smaller inclination angles.
As a result, increasing the inclination in these specimens
adds relatively little to the load-bearing capacity compared
to the reference specimens, where the slab can open freely.

Furthermore, the inclination angle influences the fail-
ure mode, especially in reference specimens, as Fig. 8
shows. At smaller angles, the horizontal component of the
internal force (H) is more dominant, leading to failure by
slab opening. At larger angles, the vertical force compo-
nent (V) is more dominant, resulting in concrete crushing
as the primary failure mode.

2.4 Effect of plate field width
The effect of plate width can be examined by compar-
ing corrugated profiles A-D (200 mm, 100 mm) and

(@ (b) ©
Fig. 8 Force components due to different inclination angles: (a) & = 30°;
(b) a=45° (c) a = 60°



B-E (200 mm, 100 mm). According to the test results,
reducing the plate width from 200 mm to 100 mm
increased the shear resistance by 23-76% in reference
specimens (Table 3) and by 56—-101% in specimens with
concrete dowels (Table 4).

In the case of smaller plate widths, the loaded concrete
area remains the same (as indicated in the - column).
The higher shear capacity can be explained by the geo-
metric interaction: as the two breakpoints of the inclined
plate fields move closer together, these inclined fields are
increasingly stiffened by the adjacent parallel plate seg-
ments. This stiffening effect enables the inclined plates to
transfer more load onto the concrete, resulting in a more
uniform stress distribution beneath them and, conse-
quently, a higher load-bearing capacity.

2.5 Effect of embedding depth

The effect of embedding depth can be examined by com-
paring corrugated profiles number X1 (¢, = 100 mm) and
number X2 (¢, = 150 mm) for the reference specimens,
where X = A, B, C, D or E. For specimens with concrete
dowels, profiles number X4 (¢, = 100 mm) and number
X5 (¢, = 150 mm) can be compared.

According to the test results, increasing the embedding
depth from 100 mm to 150 mm increased the shear resis-
tance by 8—29% in reference specimens (Table 5) and by
7-38% in specimens with concrete dowels (Table 6)..
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The increase in shear capacity with greater embed-
ding depth is primarily due to the growth of the com-
pressed-sheared concrete area, as reflected in the Do val-
ues. Although increasing the embedding depth from 100
mm to 150 mm enlarges the projected load transfer sur-
face by 50%, the resulting capacity gain is more modest.
This difference is explained by the uneven stress distribu-
tion along the embedded depth: shear deformations in the
unembedded web lead to greater interaction near the steel-
concrete interface, while the parts of the profile further
from the web are less engaged, reducing the effectiveness
of the additional surface.

The effect of increased embedding depth is also less
pronounced at smaller inclination angles, where the domi-
nant failure mode is slab opening. In such cases, the addi-
tional load-bearing surface contributes less to overall
capacity. It should also be noted that in the case of speci-
men C-A1-C25-0, the test setup allowed for some bending
moment absorption, resulting in lower measured capacity
and a larger difference between specimens Al and A2.

2.6 Effect of concrete dowels

The effect of concrete dowels on the embedded web was
studied by comparing trapezoidal profiles number X2 (ref-
erence) with numbers X5, X6, and X7 (X = A, B, C, D
or E), including short (CDI1), long (CD2), and double
short (CD3) dowels, respectively.

Table 3 Test results of reference specimens for comparing the effect of plate width of the trapezoidal profile

Specimen o (degree) a, (mm) P, (kN/m) A, (a) a,, (cm*m)
C-A1-C25-0 30° 200 283 Base 2.7
C-DI-C25-0 30° 100 498 76% 2.7
C-B1-C25-0 45° 200 614 Base 4.1
C-E1-C25-0 45° 100 755 23% 4.1
C-A2-C25-0 30° 200 366 Base 4.0
C-D2-C25-0 30° 100 577 58% 4.0
C-B2-C25-0 45° 200 666 Base 6.2
C-E2-C25-0 45° 100 950 43% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.

Table 4 Test results of specimens with concrete dowels for comparing the effect of plate width of the trapezoidal profile

Specimen o (degree) a, (mm) P, (kN/m) A, (@) a,, (cm*m)
C-A4-C25-14 30° 200 631 Base 2.7
C-D4-C25-14 30° 100 1050 66% 2.7
C-B4-C25-14 45° 200 789 Base 4.1
C-E4-C25-14 45° 100 1228 56% 4.1
C-A5-C25-14 30° 200 675 Base 4.0
C-D5-C25-14 30° 100 1229 82% 4.0
C-B5-C25-14 45° 200 843 Base 6.2
C-E5-C25-14 45° 100 1689 101% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.
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Table 5 Test results of reference specimens comparing the effect of embedding depth of the trapezoidal profile

Specimen ¢, (mm) o (degree) P, (kN/m) A, @) . (cm?/m)
C-A1-C25-0 100 30° 283 Base 2.7
C-A2-C25-0 150 30° 366 29% 4.0
C-B1-C25-0 100 45° 614 Base 4.1
C-B2-C25-0 150 45° 666 8% 6.2
C-C1-C25-0 100 60° 918 Base 5.8
C-C2-C25-0 150 60° 1147 25% 8.7
C-D1-C25-0 100 30° 498 Base 2.7
C-D2-C25-0 150 30° 577 16% 4.0
C-E1-C25-0 100 45° 755 Base 4.1
C-E2-C25-0 150 45° 950 26% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.

Table 6 Test results of specimens with concrete dowels comparing the effect of embedding depth of the trapezoidal profile

Specimen ¢, (mm) o (degree) P, (kN/m) A, @) . (cm?/m)
C-A4-C25-14 100 30° 631 Base 2.7
C-A5-C25-14 150 30° 675 7% 4.0
C-B4-C25-14 100 45° 789 Base 4.1
C-B5-C25-14 150 45° 843 7% 6.2
C-C4-C25-14 100 60° 1137 Base 5.8
C-C5-C25-14 150 60° 1329 17% 8.7
C-D4-C25-14 100 30° 1050 Base 2.7
C-D5-C25-14 150 30° 1229 17% 4.0
C-E4-C25-14 100 45° 1228 Base 4.1
C-E5-C25-14 150 45° 1689 38% 6.2

Alternating grey and white backgrounds indicate groups of comparable specimens.

Test specimens with the same plate width should be
compared, as concrete dowels contribute more to shear
resistance at smaller plate widths due to the higher number
of connectors per unit length. Fig. 9 illustrates the effect of
the number of concrete dowels through post-failure images:
in Fig. 9 (a), a specimen with three dowels is shown,

(@) (b)

Fig. 9 Specimens with concrete dowels: (a) 3 dowels on a longer web

in case of 200 mm plate width; (b) 4 dowels on a shorter web in case of
100 mm plate width

while Fig. 9 (b) presents a specimen with four dowels.
The increased number of dowels results in a more uniform
stress distribution, as shown by the more extensive cracking
and crushing of the concrete observed in Fig. 9 (b).

Table 7 presents the results of the examined specimens.
According to the test series, short dowels (CD1) increased
the ultimate shear capacity by approximately 16—123%,
long dowels (CD2) by 23-98%, and double short dow-
els (CD3) by 39-140%.

The test results show a clear difference between speci-
mens with 200 mm and 100 mm plate widths. As expected,
a shorter plate width results in a more significant increase
in load capacity due to the higher number of shear connec-
tors per unit length.

Additional shear connectors not only enhance shear
capacity but also influence the failure mode. However, their
effectiveness reduces with increasing inclination angle (pro-
files A — B — C). As detailed in Section 2.3, this is because
the horizontal force component — carried by the penetrating
rebars — decreases as the inclination angle increases, reduc-
ing the absolute contribution of the connectors.

Comparing profiles A, B, and C (which include all
dowel configurations), double short dowels (CD3) yield
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Table 7 Test results of specimens for comparing the effect of concrete dowels

Specimen CD P, (kN/m) A, (CD) A, (CD) (kN/m) P, . (kN/m) A
C-A2-C25-0 - 366 Base Base 1041 185%
C-A5-C25-14 CD1 675 85% Base 309 1156 71%
C-A6-C25-14 CD2 725 98% 7% 359 1214 67%
C-A7-C25-14 CD3 879 140% 30% 513 1414 61%
C-B2-C25-0 - 666 Base Base 1555 134%
C-B5-C25-14 CDl 843 27% Base 177 1915 127%
C-B6-C25-14 CD2 911 37% 8% 246 2053 125%
C-B7-C25-14 CD3 1358 104% 61% 692 1979 46%
C-C2-C25-0 = 1147 Base Base 2168 89%
C-C5-C25-14 CDl 1329 16% Base 182 2577 94%
C-C6-C25-14 CD2 1415 23% 7% 268 2749 94%
C-C7-C25-14 CD3 1594 39% 20% 447 2591 63%
C-D2-C25-0 - 577 Base Base 1006 74%
C-D5-C25-14 CDl1 1229 113% 652 1664 35%
C-E2-C25-0 - 950 Base Base 1610 70%
C-E5-C25-14 CD1 1689 78% 740 2274 35%
C-A1-C25-0 - 283 Base Base 543 92%
C-A4-C25-14 CDl 631 123% 348 890 41%
C-B1-C25-0 - 614 Base Base 906 47%
C-B4-C25-14 CD1 789 29% 175 1217 53%
C-C1-C25-0 - 918 Base Base 1262 37%
C-C4-C25-14 CDl 1137 24% 219 1599 41%
C-D1-C25-0 = 498 Base Base 586 18%
C-D4-C25-14 CD1 1050 111% 551 1167 11%
C-E1-C25-0 - 755 Base Base 906 20%
C-E4-C25-14 CDl 1228 63% 473 1534 25%

Alternating grey and white backgrounds indicate groups of comparable specimens.

the highest increase in shear capacity, followed by long
dowels (CD2), and then short dowels (CD1), as expected.
On average, CD3 dowels provide an additional 328 kN/m
(or 37.1%) shear capacity compared to CDI1 dowels.
The expected trend — namely that the capacity increase
from CD3 dowels is approximately double that of CD1 —
is roughly confirmed by the test series.

The results calculated using Eq. (3), along with their dif-
ference from the measured values, are showninthe P_, and
A columns. The formula consistently overestimates the
resistance; however, significant differences are observed
for most reference specimens (X1 and X2, X = A, B, C,
D or E). This can be attributed to the failure mode being
slab opening rather than concrete crushing. For a given
profile, the most accurate results were obtained for spec-
imens with CD3 dowels (X7), likely because the formulas
were developed for evenly spaced, closely arranged dowels
over one wavelength — a condition better approximated in
double-dowel configurations. For the same reason, the best
agreement is found in 100 mm plate width specimens with

dowels (Y4 and Y5, Y =D or E), where the dowels are most
densely spaced relative to the profile.

3 Evaluation of steel failure through numerical analysis
A numerical model was developed to complement the
experimental results, which resulted only in concrete fail-
ure modes. The FE model was calibrated by material test
results, then the geometry of the corrugated steel profile was
modified to investigate the structural behavior of the steel
component of the connection. The following parameters
were investigated: number, height and spacing of dowels.

3.1 Introduction of numerical model

In the numerical analysis, the aim was to examine the
influence of the geometry of the steel block between con-
crete dowels. For this purpose, simulations were per-
formed using geometry type 'B' (see Fig. 1). The height of
the trapezoidal plate is 450 mm, embedded into the con-
crete slab to a depth of 150 mm from the top edge.
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The concrete dowel connectors (Fig. 10) were modelled
as cutouts on the plate fields parallel to the longitudinal
axis, located within the embedded region. The total length
of short cutouts (CD1) is 60 mm, while long cutouts (CD2)
measure 100 mm. One cutout and two cutouts (CD3, CD4)
were applied per plate field. In the latter case, the steel
block between the two cutouts typically measures 60 mm
in width. Additionally, a modified version with double
long cut-outs placed closer (30 mm) to each other (CD5)
was introduced to analyze potential bending failure of the
steel block between the cutouts.

The numerical model was developed in ABAQUS/
Explicit [24] environment using C3D8R hexahedral ele-
ments. To avoid concrete failure, only elastic-plastic behav-
ior was defined for the concrete. The steel-concrete inter-
action was modeled using contact interaction with normal
behavior defined as "hard" formulation and tangential behav-
ior as "penalty" friction formulation with a friction coeffi-
cient of 0.40. The material model for steel was calibrated
based on the results of tensile coupon tests, following the
procedure of Pavlovi¢ et al. [25]. In addition to elastic and
plastic behavior, ductile and shear damage initiation and evo-
Iution criteria were also defined. Fig. 11 presents the result
of the material calibration. Fig. 12 shows the model with
the applied boundary conditions and displacement loading.
A mesh sensitivity analysis was carried out; the difference in
ultimate load between the adopted mesh (15 mm) and a finer
mesh (7.5 mm) was 2.4%, confirming sufficient accuracy.

For validation purposes, a numerical simulation of the
push-out specimen C-B2-C25-0 was performed using
a Concrete Damage Plasticity (CDP) model to represent
concrete failure. The material parameters were defined
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Fig. 10 Geometry of the concrete dowels
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Fig. 11 Experimental and numerical tensile coupon tests results

Fig. 12 Boundary conditions and displacement loading of the FE model

based on the measured compressive strength and values
derived from Eurocode provisions. The plasticity param-
eters were adopted according to the literature recommen-
dation [25]: ¢ = 0.1, 0, /o, = 1.16, w = 38° and K = 2/3.
The reinforcement bars were modeled using T3D2 ele-
ments with a bilinear material model.

Fig. 13 shows the comparison of the experimental and
numerical load-displacement curves. The predicted ulti-
mate load differed by —0.32% from the experimental
value. Good agreement was observed in both the initial
stiffness and the post-peak response. The results confirm
that the numerical model adequately reproduces the global
structural behavior within the investigated scope.

3.2 Results and evaluation of numerical analysis

Fig. 14 shows the force-displacement curves from the
numerical simulations investigating steel failure. For ref-
erence, the test result of the single short dowel (CD1) is
also included in Fig. 14. The initial stiffness shows good

== (-B2-C25-0 experiment  ====C-B2-C25-0 FEM

w7
wl
/
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Fig. 13 Experimental and numerical load-displacement curves of
C-B2-C25-0 specimen
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Fig. 14 Load-displacement curves of FE models (continuous: ref/single
dowel (CD1, CD2), dashed dot: double dowel (CD3, CD4), dot: closely
spaced double dowel (CDS5), dashed: test result)



agreement with the model; beyond this, comparison is not
relevant due to the differing failure modes. The models differ
only in the dowel geometry, as defined in Table 8 (for dowel
types, see Fig. 10). Table 8 summarizes the failure-specific
load capacities of the steel (p,) and concrete (p,) compo-
nents based on numerical and experimental results in rela-
tion to the number of cutouts and cutout length (/.,).

Fig. 15 shows the stress distribution around the cutouts.
Comparing the reference profile with those containing
cutouts reveals that, while stresses in the reference profile
concentrate near the inclined fields — mainly at the edges —
plastic zones also develop around the cutouts in the dowel
profiles. This indicates that the concrete transfers load
through the dowels, distributing the force over a larger
area compared to the reference specimens.

Unlike in the reference profile, the plate fields parallel
to the longitudinal axis contribute to load-bearing when
cutouts are present. Comparing single and double cutouts
reveals that bending and shearing occur in the steel blocks
between adjacent cutouts. When the cutouts are spaced far
apart, bending of the plate between them is visible, but
failure remains governed by material yielding near the
profile corner. In contrast, closely spaced cutouts lead to a
clear bending failure of the steel plate between them.

The steel web transfers the load to the concrete through
the inclined plate fields. The bearing surface is slightly
increased by the edges of the cutouts in the parallel plate
fields, resulting in a modest increase in the steel-side resis-
tance (1-6%). Similarly, doubling the number of cutouts
leads to only a minor further increase in resistance (2—7%).

Comparing long cutouts placed at different distances,
closer spacing results in higher load capacity. When cut-
outs are spaced farther apart, weakening occurs near the
edges of the parallel plate fields, reducing the stiffening

Table 8 Load capacities of steel and concrete part of shear connector

Specimen CD lop mm)  p (kN/m)  p_(kN/m) A, .
S-B2 - - 1892 666 184%
S-B5 CDI 60 1902 843 126%
S-B7 CD3 60 2038 1358 50%
S-B6 CD2 100 2005 911 120%
S-B15 CD4 100 2051 - -
S-B17 CD5 100 2153 - -
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Fig. 15 Stresses around the cutouts
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effect of the corner transitions and promoting early failure
near the edges. In contrast, closer cutouts maintain this
stiffening effect, leading to a bending-shear failure mode
between the cutouts and thus increased resistance.

3.3 Detailing rules to prevent steel failure

Steel failure — yielding around the edge or shear-bend-
ing failure of steel dowels — should preferably be avoided
to allow the concrete resistance to be fully utilized.
To ensure this, based on the failure mechanisms identified
in the numerical analysis, two simple detailing rules are
recommended, shown on Fig. 16.

To ensure proper support of the inclined steel plates by
the parallel fields, the distance from the cutout to the edge
must be limited. Assuming a 45° stress propagation angle,
the minimum edge-to-cutout distance can be calculated
using Eq. (6) (for notations see Fig. 16):

V2 ©)

bcd ZCd +TDd.

To avoid shear failure of the steel dowel, its shear resis-
tance must exceed that of the concrete dowel (P, > P, ).
The shear resistance of the steel dowel [7] can be calcu-
lated using Eq. (7):

PSI = f:v : bx : tw’ (7)

where fy is the yield strength of steel and b_ is the steel
dowel width.

The recommended amount of penetrating rebar can be
determined based on the ratio of concrete bearing capacity
to steel yield strength [22]. The first term of Eq. (5) corre-
sponds to the bearing capacity of the concrete dowel; thus,
the recommendation can be expressed by Eq. (8):

PEREVALNA
7

where f is the yield strength of the rebar. Substituting

; ®)

Eq. (8) into Eq. (5) and equating it to Eq. (7), then solving
for b, yields Eq. (9):

b, :il‘_d[l'm” +2.1f, (1+13.5 E, ﬂ]) ©)

E('m f;

v

b >c+R cosASI I b_>0.4h
ed d d s d

Fig. 16 Detailing rules and notations of dowel parameters
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In the formula, only material properties remain
besides /. Substituting typical material parameters used
in bridge construction — S355 steel, C40/50 concrete and
B500B reinforcement — yields Eq. (10):

b, 2 0.4h,. (10)

Thus, a linear condition can be defined between the
height of the concrete dowel and the width of the steel
dowel, applicable under the use of the above materials and
the penetrating rebar condition given in Eq. (8).

4 Conclusions
Based on the evaluation of push-out tests, the main con-
clusions regarding concrete failure are as follows:

1. Two failure modes were observed: slab opening at
smaller inclination angles governed by horizontal
force components, and concrete crushing at larger
angles driven by vertical components.

2. Higher inclination angles increase shear capac-
ity in reference specimens due to a larger com-
pressed-sheared concrete area and by limiting slab
opening. However, in specimens with concrete dow-
els, this effect is less pronounced, as the rebars limit
slab opening and enable efficient load transfer even
at smaller angles.

3. Smaller plate widths result in higher shear capacity,
as the closer spacing of parallel plate fields stiffens
the inclined fields better and leads to a more uniform
stress distribution in the concrete.

4. Greater embedding depth increases the load-bearing
surface, but the capacity gain is limited by uneven
stress distribution along the depth — especially
at smaller inclination angles, where slab opening
remains the dominant failure mode.

5. Concrete dowels significantly enhance shear capac-
ity and affect the failure mechanism. Their effective-
ness decreases with increasing inclination angle.
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