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Post buckling resistance reserve of corrugated girders
with support stiffeners

Witold Basinski!

Abstract: The analysis of web-corrugated and trapezoidal profiled web girders focuses on the description
of buckling resistance, possibly the ultimate resistance neglecting the post-buckling resistance reserve of
girders. The problem is still the post-buckling resistance reserve and its possible application in practice.
For this purpose this paper presents the analysis of tests on shear resistance of the corrugated web of SIN
girders with the support stiffeners in the pre- and post-buckling zones. There are also presented values of
the post-buckling resistance zone and the mutual relationships between pre- and post-buckling resistance
zones. Values of these zones are related to optimization of the web-corrugated girders, which consists
in enlarging the zone of pre-critical resistance and balancing between shear resistance and bending
resistance. The experimental tests were performed on 20 girders with the following web depth: 500,
1000, 1250, and 1500 mm, composed of three pre-assembled units. The girders with a simply supported
beam system and a simply supported beam with a single cantilever were made of pre-assembled units
joined by means of high strength preloaded bolts. The numerical analysis by FEM was conducted for
the models with web depth from h,, = 500 to 1500 mm at the full range of web thickness 2,0; 2,5,
and 3 mm. The tests showed that stiffness of the support stiffeners in the web-corrugated girders had
an impact on the size of pre- and post-buckling resistance zones, which consequently reduced the zone
of post-buckling resistance. Because the initiated loss of stability of the corrugated-web girders is an
irreversible and rapid process, and the resulting displacements in the non-linear area are permanent, the
application of the post-buckling resistance zone in practice can be troublesome. From the standpoint of
the structural reliability, however, the post-buckling zone provides a yield delay, i.e. it may be regarded
as a safety margin. Therefore, its most possible reduction is required.
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1. Introduction

Girders with corrugated web type SIN, which have recently become popular due to
their favourable mass distribution, have webs of three basic nominal thickness values: 2.0,
2.5, and 3.0 mm, and a height from 333 to 1500 mm. Nowadays, there are also available
additional nominal thickness values of the web: 4, 5, and 6 mm. Steel yield strength of
corrugated webs f;, recommended by the manufacturer is 235 MPa or 355 MPa [1].

Since the sheet corrugation is made by web stiffeners, its stiffness and elastic buckling
shear stress increase [2—7]. The buckling mechanism for corrugated web is classified
separately as local or global buckling [1,2]. But no description of the post-buckling
resistance reserve is given. On the other hand, local buckling of the trapezoidal corrugated
web is classified as the interactive one [8—14]. Shear buckling resistance for the girders with
trapezoidal corrugated webs is estimated by calculating the interactive buckling resistance.
In the common Moon solution [12] 2009 based on the interactive buckling resistance Yi [15]
and slenderness A, the buckling resistance was reduced to the value of yield strength at
shearing 7.

1.0 for 1, 0.6
(1.1) M _ 110614 (1, —0.6) for 0.6 <A, < V2
T
S YPE: for V2 < A,

Similarly in the solution suggested by Sause and Braxtan in 2011 [14], buckling resis-
tance expressed by the equation (2) was depended on the interactive slenderness and was
reduced to the yield strength at shearing 7.

. 1/3
1.2 T =7y ——
( ) n,SB y(/l?3+2)

However, for the sinusoidal corrugated webs similarly as for to the trapezoidal corruga-
tion, the solution related to the interactive critical buckling based on the regression analysis
from the FEM tests was proposed by Eldib in 2009 [16]. The author allowed for exceeding
the yield strength and did not limit the failure to the girder as the whole. Thus, there was
no description of the zone of post-buckling resistance of the girders with both corrugated
and trapezoidal webs.

On the other hand, the papers [17-19] demonstrated that the vertical stiffeners in the
web-corrugated girders increased the shear buckling resistance of the corrugated web. In
the computational model [18, 19], the shear buckling resistance based on calculating the
interactive buckling resistance was limited to the yield strength at shearing. Hence, shear
resistance of the girders was safely limited to the buckling load:

(1.3) VrRd = Vbow,Rd = Tns,R,BARww
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using values of shear buckling resistance for stiffened and non-rigid end posts from the
equations [19]:

5 1/6
(1.4) TnS,BA = Ty m
1/6
1.5 = 2
(1.5) TuR,BA = Ty W

where: A; ¢ is the interactive slenderness depending on the tangent yield strength 7, and
shear interactive buckling resistance 7,1 ¢:

Ty

(1.6) A6 =

Terl,6

The problem was still the post-buckling resistance reserve and its possible application
in practice. For this purpose this paper presents the analysis of tests on shear resistance of
the corrugated web of SIN girders with the support stiffeners in the pre- and post-buckling
zones. There are also presented values of the post-buckling resistance zone and the mutual
relationships between pre- and post-buckling resistance zones. These values were directly
related to optimization of the web-corrugated girders, that is, reducing the pre-buckling
resistance zone and balancing between shear and bending resistance. The experimental
tests were performed on 20 girders with the following web depth: 500, 1000, 1250, and
1500 mm, composed of three pre-assembled units. The girders with a simply supported
beam system and a simply supported beam with a single cantilever were made of pre-
assembled units joined by means of high strength preloaded bolts. The numerical analysis
by FEM was conducted for the models with web depth from #,, = 500 to A,, = 1500 mm
at the full range of web thickness of 2.0; 2.5, and 3 mm.

2. Experimental investigations

The experimental tests were performed on three groups of the girders and were used
to analyse shear buckling resistance of the corrugated web of SIN girders with support
stiffeners in the pre- and post-buckling resistance zone. The girders with a simply supported
beam system were classified into two first groups (Table 1), (Fig. 1a). The third group
included 10 girders with a simply supported beam system with a cantilever (Table 1),
(Fig. 1b).

All the girders with the corrugated web were designed and performed in accordance
with the current literature and standards [1, 3].

All the pre-assembled elements of the tested girders were assembled with by means
of M20 (h,, = 500 mm) and M 24 bolts grade 10.9 (h,, = 1000 and 1500 mm) with
resistance of the connection greater than that of the girders [3]. The girder webs were made
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Table 1. Experimental girders parameters

. Web Flange Support stiffener Span .
Girder hy Xty by Xty [mm] L/wyg Static scheme
[mm] [mm] [mm]

I group
M1.11 500 x2 300 x 15 25 x 300 7000 beam
M 1.21 | 1000x2.5 | 300 x 15 25 % 300 7825 beam
M 1.31 | 1000x2.5 | 300 x 20 25 % 300 7825 beam
M141 | 1250x2 | 300x 15 25 x 300 7825 beam
M1.51 | 1500x2 | 300x 15 25 % 300 7825 beam
M2.11 | 500x2.5 | 300x 15 25 % 300 5000 beam

II group
M221 | 1000x2 | 300x 15 25 x 300 + tee bar 5825 beam
M 231 | 1000x2.5 | 300 x 15 25 x 300 + tee bar 5825 beam
M241 | 1000 x 3 300 x 15 25 x 300 + tee bar 5825 beam
M251 | 1500%3 300 x 15 25 x 300 + tee bar 5825 beam

III group
M1.12 500 x2 300 x 15 2 %20 %300 5760/1000 | beam-+cantilever
M122 | 1000x2 | 300x15 2 %25 %300 6000/1500 | beam+cantilever
M 1.32 | 1000x2.5 | 300 x 20 2 %25 %300 6000/1500 | beam+cantilever
M142 | 1250x2 | 300x 15 2x25x%300 6000/1500 | beam-+cantilever
M152 | 1500x2 | 300x15 2 %25 %300 6000/1500 | beam+cantilever
M2.12 500 x 2 300 x 15 2 x20 %300 4000/1000 | beam+cantilever
M222 | 1000x2 | 300x 15 2x25%300 3750/1500 | beam-+cantilever
M232 | 1000x2.5 | 300x 15 2 %25 %300 3750/1500 | beam+cantilever
M242 | 1000 x 3 300 x 15 2 %25 %300 3750/1500 | beam+cantilever
M252 | 1500x2 | 300x 15 2% 25%300 3750/1500 | beam+cantilever

of steel with the guaranteed yield strength fy = 235 MPa, and the flanges were made of
steel S 275, as specified by the manufacturer.

The assembled girders were placed at the test stand. The frames (FR) were used to
load the girders (Fig. 2). In case of the girders with a simply supported beam system, load
exerted by a pair of forces 2P/2 was transferred by means of the actuator (1) through the
dynamometer (2) to the beam (3), and then to the tested girder (4) at the location of middle
stiffeners. Movable (5) and fixed (6) bearings were put on the tested girder to support



www.czasopisma.pan.pl N www.journals.pan.pl
T

POST BUCKLING RESISTANCE RESERVE OF CORRUGATED GIRDERS . . . 517
a) . C) HuAn
support tifener Detail "A
ML M2t)  C 5 M2 MASEMAAENS N
Il
: Il ’s o
i I S |~
i = q
: Il
U !! N
N e %
a=3162(2160) | b=1500{1000) | a=3162(2160) 2
© [=7825(5320)
M 221231 M 241, M 251 e 9 . Detail B"
THHAL i :
T N
262, b1 | a1 425 0.2
L=5625
b)
on ALl
P sfﬂ%ner\ M1.12 M212) © % Detail*C
Fod i o []]
C =i V
L Ik R s L=
a=3170 (a=2170) ] F=3T0 (@=2170) T | S ,
w=1000 L=5760 (L=4000) 580 (340) | :
” 20
P ngr MA.22;M1.32 M 142, M1.52 M2.22;M2.32 M 242, M252) H
TN .
D Detail 'D"
£y S
- .
a=3175 (2175) L a5 175) 8
w=1500 J( 1=6000 (3750) 350 (62%0) il ‘
225

Fig. 1. Girders with corrugated web: a) beam girders b) cantilever girders; c) d) e) f) support stiffeners

the beam (3). Load in case of the girders with a simply supported beam system with the
cantilever was transferred as the single concentrated force P by means of the actuator (1)
through a washer (7) to the end plate of the cantilever part. Two dynamometers (2) for
recording the reaction V versus load P were located below the support stiffener.

These tests were conducted to measure the load P acting on the beam girders, the

reaction V in cantilever girders, the total deflection y of the girders with the transducers (8),
and web strains with the gauges (9) to define the start of buckling. The load P of the girders
was gradually increased by 2 kN until non-linear displacements of the girders. Then, the
load increment was decreasing. The load was applied at the rate of 20 kN/min are reached.
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(a)

Fig. 2. Example of girders on the test stand: a) girder 2.41; b) girder 2.42
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3. Numerical tests

In case of the numerical analysis [20] of estimating shear buckling resistance of the
corrugated web of SIN girders with support stiffeners within the post-buckling resistance
zone, the tests were conducted on beam and cantilever girders (Table 2). Geometry of
the girder numerical models was equivalent to that of the experimental girders. Because
dimensions of the web, the support stiffeners, and the flanges affect the deformation shape
in the web-corrugated girders, the geometry of the tested girders: their height, thickness and
shape of web corrugation (during the material tests), of the end and intermediate stiffeners,
and of the flanges was precisely measured. Straightness and curvature of the flanges were
verified. The girders did not exhibit geometric imperfections both in longitudinal and

Table 2. Girder models parameters

hy tw Flange Sl?pport w a b L Number
Stiffener
[mm)] [mm)] [mm)] [mm)] [mm)] [mm)] [mm] | of models
[mm]
500-1500 | 2;2.5;3 {300 x 15| 300 x 25 - 3162 1500 7825 12
500-1500 | 2;2.5;3 [300x 15 300X 25 - 3162 1500 7825 12
+tee bar
500-1500 | 2;2.5;3 {300 x 15| 300 x 25 - 2162 1500 7825 12
500-1500 | 2;2.5;3 [300x 15 300X 25 - 2162 1500 7825 12
+tee bar
500 2;2.5;3 (300x 15[2x300%x20| 1500 - - 6000 3
1000 2;2.5;3(300x 15[2x300%x25| 1500 - - 6000 3
1250 2;2.5;3 [300x 15[2x300%x25| 1500 - - 6000 3
1500 2;2.5;3(300x 15[2x300%x25| 1500 - - 6000 3
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cross sections. The girders were protected against lateral torsional buckling to eliminate
this effect. It was very important because the lack of alignment in transmitting load to
the girder could affect a change in the deformation of the corrugated web. The reduced
dimensions of web by 1/10 of its thickness were regarded as the geometric imperfection [4].

The range of web thickness and span values was extended for the numerical analysis.
The rigid end plate connections in the numerical girders were replaced with intermediate
stiffeners whose thickness corresponded to the total thickness of end-plates, that is 50 or
40 mm (at h,, = 500 mm). The numerical analysis was conducted on 60 girders divided
into three groups: beam girders with non-rigid end posts (12 with a = 3.16 and 12 with
a = 2.16), beam girders with stiffeners reinforced with tee bars (12 with @ = 3.16 and 12
with a = 2.16), and the cantilever girders. In case of the cantilever girders, the modelled
cantilevers had a length w = 1500 mm, and the internal element with a span L = 6000 mm.
The corrugated web was modelled in the CAD environment as a sinusoidal shell and the
following thickness values were taken: 2, 2.5, and 3 mm. The flanges, the stiffeners, and the
web were modelled from the S4R (a 4-node doubly curved shell with reduced integration
had six degrees of freedom at each node, three translations and three rotations) and S3 shell
elements, which contained from 36488 (the model #,, = 500 mm) to 96417 (the model
hy, = 1500 mm L = 7825) finite elements [20].

3.1. Materials testing

Strength tests of the steel parameters used in the experimental girders were performed
in accordance with the standard EN [21] on six random specimens taken along the web
corrugation from the middle part of the web each girder and on three specimens taken from
the flanges. The selected results from materials testing of a few representative girders are
presented in Table 3.

Table 3. Material properties

Percentage Percentage Percentage Percentage
total total
? ? elongation total ? ? elongation total E
Girder Y u . elongation| - Y u . elongation
[MPa] | [MPa] | at maximum at fracture | [MPa]|[MPa] at maximum at fracture [GPa]
force (Fy;,) 07 force (Fy,) »
web flange
M 1.21| 2759 | 416.0 154 20.7 303.4 | 485.5 22.6 29.4 213
M 1.31|260.4 | 403.0 16.1 20.8 298.9 | 435.7 24.8 32.2 205
M 2.51|289.3 | 376.8 18.4 23.1 290.3 | 432.0 25.0 30.7 203
M 1.42|267.2 |360.9 134 19.9 302.8 | 440.4 22.9 30.8 199
M 1.52299.1 | 380.5 16.8 23.3 312.5|445.6 24.1 30.0 200
M 2.52|281.0 | 375.5 17.2 24.6 306.7 | 449.3 21.9 28.6 213
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The material tests of the girders were characterized by a significant variation of results
for the yield strength of the webs between the individual girders [22]. To standardize the
results, the material parameters for all 60 numerical girders were taken from the results
from materials testing of the girder M 2.52. (Table 3). Parameters of the materials used in
the numerical analysis were close to the yield strength of the girders M 1.42, M 1. 52, and
the beam girders M 1.21, M 1. 31 and M 2.51. Hence, they could be directly compared
with the results obtained from the numerical analysis.

3.2. Type of numerical analysis, load and boundary conditions

The boundary conditions for the numerical girders (Fig. 3) were the same as for the
experimental girders (Fig. 1). One end of the numerical girders was placed on the hinge
support, while the other end was on the roller support on the external end stiffeners, which
reflected the support used in the real structures. In case of the cantilever girders, the span
part was slightly elongated. However, it did not affect the buckling load. On the other hand,
the experimental girders were on the roller support, that is, the bearings, and on the hinge
support, on which the girder end was also placed.

Fig. 3. Boundary conditions of numerical girder: a) beams models b) cantilever models

For the hinge-sliding support, the vertical (U, = 0), longitudinal (U, = 0), and lateral
(Uy = 0) displacements were blocked. For the edge support, the vertical (U, = 0) and
lateral (U, = 0) displacements were blocked. To protect the girders from lateral torsional
buckling (LTB), the vertical displacements (U, = 0) at the stiffeners and the girder rotation
around the axis x(¢, = 0) were blocked.

Vertical load from the beam girders (Fig. 3a) as a pair of forces 2P /2 was exerted on
the intermediate stiffeners. For the cantilever girders, on the other hand, load (Fig. 3b) in
the form of the concentrated force P was exerted on the stiffener at the end of the cantilever.

The Riks method was used in the numerical analysis to find the solution regardless of

the type of the web buckling. It was related to the search of the static equilibrium in each
step of iteration [23].
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4. Analysis of buckling of corrugated web

4.1. Analysis of strains changes of experimental girders

To determine the point of beginning of the corrugated web buckling, courses of strains
were analysed for diagonal strain gauges glued to the web. The strain gauges were arranged
in the form of rosette in the direction of the greatest expected strains (Fig. 4). An angle
between the strain gauges in the rosettes was 120°.

2.5, 155
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Fig. 4. Location of strain gauges on the girder web M 2.11

Based on the type of strains curves, the initial point of buckling of the corrugated
web was determined and related to the buckling load P, p. That load was specified for the
point of losing the linear relationship between the load and strains P(g). The characteristic
point P (P.p) referred to buckling of the corrugated web, which was indicated by the
initial change in the geometric shape of the wave under the buckling load P, p. That point
corresponded to the buckling resistance of the web. Buckling of the web in all the girders
was observed at strain below 1/1000.

Fig. 5 illustrates the range of strains in the representative rosette R3 with strain gauges
T1, T2, T3 (the girder M 1.32) which clearly indicates the strain changes in the main

M 1.32 [WTB 1000/300x20] R3 (T1,T2,T3)
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Fig. 5. Load-strains diagrams of the corrugated web in girder M 1.32 in a rosette R3



www.czasopisma.pan.pl P N www.journals.pan.pl
Y

522 W. BASINSKI

direction x (T3). Strains in the direction z recorded in the rosette R3 by the gauge T3 were
minimal.

Fig. 6 illustrates examples of relationships between load and strain of individual rosettes
in the main direction x of the tested girders with a simply supported beam with support
stiffeners.
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Fig. 6. Load-strains diagrams of the corrugated web on main directions x: a) beam girders M 1.51
25 % 300 mm b) M 2.51 (25 x 300 mm + tee)

The linear range of strains in the graph P(&) was denoted as 0—P; (P, ). The occurrence
of local spots of buckling at the point P (P.p) separated the linear part of strains from
the non-linear ones. After exceeding the loading point P;(P.p), there was a notable
increment in strains of the web due to bending and shearing. The influence of elastic-
plastic displacements in the web caused by shear forces limited the flange resistance to the
shear resistance of the corrugated web.

In the girders with the support stiffener reinforced by the tee bar, the range of elastic
strains of the girder 0 — P, (P, p) increased. That indicated an increase of the shear buckling
resistance of the web. A dashed line in Fig. 6b illustrates how rigidity of the support
stiffeners in the SIN girders increased by bolting the tee bars affected an increase in the
linear range 0—P; (P, ), that is, the buckling load against the girders with the end stiffener
with a thickness of 25 mm. Increased stiffness of the support stiffeners was also correlated
with an increased linear range of the web displacements. The comparison of both girders
was justified despite the different length of the span a, because the impact of the span a at
a > h,, on the failure mode of the web, and on limit and buckling loads was regarded as
negligible.

It should be noted that the load-strain P(g) relationship generally corresponded to
the nature of the load-displacement paths P(z). The buckling point for the girders was
correlated with the course of the girder failure in accordance with the Subsection 4.3.

The experimentally-determined values of the buckling load P.p and the boundary load
P, r of the girders with the support stiffeners at the free end and with a single cantilever are
shown in Tables 4 and 5. The failure modes described in the Subsection 4.3 are denoted in
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Table 4. Summary of test results for girders with support stiffener

Lowest i ~ i
Web . o Ultimate Buckling Post-buckling
. Support | Failure . load zone
Girder | hy, Xty stiffener modes buckling p zone Py(Pog) —
[mm] load Pep | R Ho_pi(pp)| "1V B
[kN] [kN] Py(PyR)
1 2 3 4 5 6 7 8
MI1.11| 500x2 | 20x 300 L 260 330 0,79 0,21
M2.11|500x2.5| 20 x 300 L 280 436 0,64 0,36
M 1.21 | 1000x2.5 | 25 x 300 I 570 725 0,79 0,21
M 1.31|1000%2.5 | 25 % 300 I 605 745 0,81 0,19
M 1.41]| 1250 %2 | 25 %300 I 600 850 0,71 0,29
M 1.51| 1500 x 2 | 25 %300 I 600 828 0,72 0,28
M2.21| 1000 x 2 25 x300 I 570 621 0,92 0,08
+tee
M 2.31|1000%2.5 25 x 300 I 740 894 0,83 0,17
+tee
M2.41| 1000 x 3 25 x 300 I 830 1035 0,80 0,20
+tee
M2.51| 1500 x 2 25300 I 746 857 0,79 0,21
+tee
Table 5. Summary of test results for cantilever girders
Lowest i - i
Web ' finear Ultimate Buckling Post-buckling
. Suport | Failure . load zone
Girder | hy, Xty stiffener | modes buckling p zone P(Pug) -
[mm] load Pep “Ro-py(Pp) | "1V B
[kN] [kN] P2 (PyR)
1 2 3 4 5 6 7 8
M1.12| 500x2 |2x20x300| L 147 184 0,80 0,20
M212| 500x2 |2x20%x300| L 151 181 0,83 0,17
M 1.22| 1000 x 2 | 2x25x300 I 298 342 0,87 0,13
M222| 1000x2 |2x25%x300| L 296 343 0,86 0,14
M 1.32| 1000%2.5 | 2% 25 %300 I 380 478 0,79 0,21
M 2.32 | 1000%2.5 | 2 %25 %300 I 390 492 0,79 0,21
M2.42| 1000 x 3 | 2x25x300 I 510 694 0,73 0,27
M 1.42| 1250 x 2 | 2x25x%300 I 304 348 0,87 0,13
M 1.52| 1500 x 2 | 2x25x300 I 400 468 0,85 0,15
M2.52| 1500 x 2 | 2%x25x%300 I 399 459 0,79 0,21
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the tables in the following way: L — local mode of failure, I — interactive mode of failure.
Relative values of pre- and post-buckling zone of the tested girders are shown in columns
7 and 8.

4.2. Buckling point for numerical girders

The buckling point was correlated with the curve Px(z) representing the load step
(Px — connected to the search of the static equilibrium in each step of iteration in the Riks
method) and was placed at the beginning of the iterative densification. The resulting curving
of the diagram indicated the beginning of a change in the geometric shape of the web. The
buckling process for the corrugated web in the numerical girders started at the stability
failure point. Fig. 7 present the reference paths Py (z) with the determined beginning of the
web buckling in the numerical girders 1250 X 2.5 with the stiffeners reinforced with the tee
bar and 1250 x 2.5 with a single cantilever.

Px-z[1250x2,5] L=7,825 m Px-z[1250x2,5] w=1,50m L=6,35m
0,80 1,60
0,70 | | | 1,40
'go,eo | . » 51,20
S 050 P04835Ps=8687KN ) % 158
g 0,40 /\&(PeB) o0
("]
T | | o P1 P, |
g 0,30 g 0,60 ( 'e%)/Px=014749PeB =449 9 kN
;;‘ 0,20/ | 1250x2,5 20,40 1250x2,5
&
0,104+ A+ ~ 0,20 /
000 LLLLL Ly i 0,00 |
0 5 10 15 20 25 0 5 10 15 20 25
Y 4 z[mm] —_z z[mm]
(2) (b)

Fig. 7. Load step curve vs displacement of example of numerical girders: a) with stiffener strengthen
by tee 1250 X 2.5, b) with one-sided cantilever 1250 x 2.5

Tables 6 and 7 present the buckling load P.p and the boundary load P, g obtained from
the numerical analysis for the numerical girders with the support stiffeners at the free and
(for the support panel a = 3) and with a single cantilever, respectively. The failure modes
described in the Subsection 4.3 are denoted in the tables in the following way: L — local
mode of failure, I — interactive mode of failure. Values of pre- and post-buckling zone of
the tested girders are shown in columns 6 and 7.
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Table 6. Summary of the results of numerical analysis of numerical girders with support stiffeners

L.OWGSt . . Relative
Web lmee}r Ultimate | Relative Posi-

section Suport Failure buckling load Prej buckling
hyw Xty St[lgi]]e ' modes i;)ad :ZR3 BchOlﬂ;ng zone

[eara] 0l N] | 0-Py(Pog) | F1(FeB) =
[kN] Py (Pyr)
1 2 3 4 5 6 7

500 % 2 20 x 300 L 262,1 288.,8 0,91 0,09
500x2.5| 20x300 L 330,3 361,7 0,91 0,09
500x 3 25 % 300 L 395,1 4344 0,91 0,09
1000 x 2 25 % 300 I 527,1 5779 0,91 0,09
1000%x2.5| 25x300 1 659,7 724,5 091 0,09
1000 x 3 25 % 300 I 791,3 870,2 0,91 0,09
1250 x 2 25 % 300 I 659,9 722,8 0,91 0,09
1250%x2.5| 25x300 I 823,7 904,83 091 0,09
1250 x 3 25 % 300 I 988.,3 1086,7 0,91 0,09
1500 x 2 25 % 300 I 796,2 867,9 0,92 0,08
1500%2.5| 25300 I 989,6 1085,9 0,91 0,09
1500 x 3 25 % 300 I 1185,5 1303,9 0,91 0,09
5002 |25x300+tee L 261,9 288,9 0,91 0,09
500 x 2.5 | 25 x 300 + tee L 341,7 361,7 0,94 0,06
5003 |25x300+tee L 409,0 434,6 0,94 0,06
1000 x 2 |25 %300 + tee I 556,5 578,0 0,96 0,04
1000x2.5 | 25 x 300 + tee I 695,5 724,7 0,96 0,04
1000 x 3 |25 x 300 + tee I 8435 870,6 0,97 0,03
1250 25 | 25 x 300 + tee I 695,7 724,1 0,96 0,04
1250%2.5 | 25 x 300 + tee I 868,7 906,2 0,96 0,04
1250 x 3 |25 x 300 + tee I 1041,9 1088,2 0,96 0,04
1500 x 2 |25 %300 + tee I 839,5 869,4 0,97 0,03
1500%2.5 | 25 x 300 + tee I 1042,9 1087,6 0,96 0,04
1500 x 3 |25 %300 + tee I 1216,7 1305,8 0,93 0,07
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Table 7. Summary of the results of numerical analysis of numerical cantilever girders

Lowest . Relative
. . Relative
Web S linear Ultimate post-

. upport . . pre- .
section . Failure | buckling load . buckling
stiffener puckling

hy Xty (mm] modes load Pur sone zone
[mm] e Pes N | 0 p (pgy | F1(Pen) =
[kN] ¢ P (PyRr)
1 2 3 4 5 6 7
500%x2 | 2x20x300 L 149,1 154,1 0,97 0,03
500 % 2.5 | 2x20x300 L 186,8 192,2 0,97 0,03
500x3 | 2x20x300 L 224.6 231,3 0,97 0,03
1000 x 2 | 2 x25 %300 L 297,2 308,1 0,96 0,04
1000x2.5 | 2 %25 x 300 I 371,3 384,3 0,97 0,03
1000 x 3 | 2x 25 %300 I 4453 462,2 0,96 0,04
1250 x 2 | 2 x25 %300 I 360,1 384,6 0,94 0,06
1250%2.5 | 2 %25 %300 I 4499 480,4 0,94 0,06
1250 x 3 | 2 x 25 %x 300 I 539,5 576,5 0,94 0,06
1500 x 2 | 2 x25 %300 I 419,2 460,8 0,91 0,09
1500%2.5 | 2 x25x 300 I 531,9 575,6 0,92 0,08
1500 x 3 | 2 x 25 %300 I 635,7 687,5 0,92 0,08

4.3. Failure modes of the girders with support stiffeners
— the analysis of the buckling process

During the analysis of the buckling process for the corrugated web, failure of the low
girders h,, = 500 mm and high ones /,, = 1000 mm should be distinguished by assigning
buckling points which delimit the pre- and post-buckling zones.

For the low girders with a web depth of 500 mm with the support stiffeners, the buckling
process began by local buckling of the sinusoidal panel in the straight section between the
web corrugations. The point of buckling failure (PIUS-L) referred to the occurrence of the
first local buckling point. After development of the local point of buckling, the yield line
(2) was formed, beyond which the girder flanges were immediately loaded with shear force
which led to flange bending in the girder plane (3) (Fig. 8).

However, for the girders with a web depth 4,, = 1000 mm, buckling of the web
separating the pre-buckling area from the post-buckling area began, as in case of lower
girders, from local buckling between the tension flange and the girder axis. A few spots
representing local buckling points of the web occurred in the initial phase. The points of
buckling failure (PIUS-L) referred to a few local modes of buckling. In the next phase the
local points evolved into global buckling, which resulted in the snap-through of adjacent
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Fig. 8. Scheme of local instability of the sine wave girders with support stiffeners

groups of the web corrugations (1) in the opposite direction and was associated with the
formation of yield zone lines (2) (Fig. 9). After the snap-through of the corrugations and
the formation of the yield line, the girder flanges were immediately loaded with shear
force which led to their bending in the girder plane (3). Local buckling points after their
transformation into the snap-through of the web corrugations were connected and formed
the buckling spectrum. In that case the local buckling of the web walls initiated the global
mode of buckling. Thus, the local instability initiated the mechanism of the web failure
leading to the global buckling of the web. It means the local instability had an impact on
the global buckling, that is, there was an interaction between both failure modes.

The web failure in the described tests on the girders with the support stiffeners at the
free end was observed in the area loaded with the constant shear force. In each tested girder
with the scheme of a simply supported beam, the intermediate stiffener formed by the end
plate connection was unaffected. The process of the corrugated web instability began from
the local instability of the sinusoidal panel. After the occurrence of the local point of the
web instability (PIUS-L) in the girders 4,, = 500 mm (Fig. 10a), the yield line was formed
at the tension flange (2) (Fig. 10b).

The process of losing stability of the corrugated web in the girders with a web depth
from &, = 1000 mm began from the occurrence of a few local buckling points presented as
the initiation points of instability (Fig. 11a). Then, the process evolved to attain the global
mode. That resulted in the snap-through of adjacent groups of the web corrugations (1)
associated with the yield line (2) forming the so called buckling spectrum (the interactive
instability — I) (Fig. 11b).

Regardless of the height and stiffness of the support stiffener, the local bulging of the web
was observed in the numerical girders in the first phase of failure. The bulges represented
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Fig. 9. Scheme of interactive instability (the transition from local to global phase) of the corrugated
web of girders with support stiffeners (designations — description in the text)

(a) (b)

Fig. 10. Stages of failure mode of girder with corrugated web M 2.11 (500 X 2.5): a) initiation point
of instability (PIUS-L) of the girder web, b) final failure mode of the girder

the initiation point of instability of the numerical girders with a height 4,, = 500 mm
(PIUS-L in Fig. 12).

In the numerical girders with a low web having a height 4,, = 500 mm, with the non-
rigid and stiffened end posts, and in the cantilever girders, the yield line (2) was formed
near the tension flange after local buckling of the web. It caused the immediate loading
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(b)

Fig. 11. Stages of failure mode of SIN girders with cantilever: a) initiation points for the instability of
the (PIUS-I) girder web M 2.32 (1000 % 2.5), b), final failure mode of the girders M 2.32 (1000 x 2.5)

20%300

(@) (b)

Fig. 12. Initiation points of instability PIUS-L of numerical girders a) 500 X 2, b) 500 x 2 with tee

of flanges in the low girders £,, = 500 mm with the shear force, which caused the flange
yielding in the plane of the girders. The failure modes obtained for the numerical girders
with a web depth &, = 500 mm corresponded to the failure modes of the experimental
girders (Fig. 13).

After increasing the height of the numerical girders with the support stiffeners to
hy,, = 1000 mm, the failure mode of the web changed. In the first phase after reaching the
buckling load, local buckling of the web (PIUS-I) appeared (Fig. 14). However, the local
buckling of the web evolved in the next phase to the global mode with the snap-through of
adjacent corrugations of the web (1) in the opposite direction and was associated with the
formation of the yield line (2) (interactive instability — I). Immediately after the formation
of the yield line, the girder flanges were loaded with the shear force which led to flange
bending in the girder plane, and thus to the failure of the web frame.

The failure modes obtained for the numerical girders with a web depth from #4,, =
1000 mm to A,, = 1500 mm with the support stiffeners corresponded to the failure modes
of the experimental girders (Fig. 15). The impact of the flange length a at a > h,, on the
failure mode of the web, and on boundary and buckling loads was regarded as negligible.
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Fig. 13. Comparison of the failure modes: a) experimental girder M 1.11 (500 x 2), b) numerical
girder 500 x 2
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+ee P/2

25%300

(a)

(b)

Fig. 14. Initiation points of instability PIUS-I of numerical girders a) 1500% 2.5 b) 1500 2.5 with tee
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Fig. 15. Comparison of the failure modes: a) experimental girder M 2.31 (1000 X 2.5 + tee),
b) numerical girder 1000 X 2.5 +tee
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5. Influence of the support stiffeners stiffness
on the post-buckling resistance of corrugated girders

The zone of post-buckling resistance and its size compared to the pre-buckling zone is
a significant factor characterizing the corrugated-web girders. The pre-buckling resistance
is the zone of linear displacements from the moment of load application to the moment
of buckling load, that is, the moment of the web instability between the load levels 0 —
P1(P.p). On the other hand, the zone of post-buckling resistance is the zone of non-linear
displacements from the moment of local instability of the web at the point Py (P.p) until
the web failure while reaching the buckling load P,g.

The zones of pre- and post-buckling resistance are shown for the exemplary LDP (Load-
Displacement Path) P(y) experimental girders M 1.51 with the non-rigid end post and M
2.51 with the stiffened end post (Fig. 16). Coordinates of characteristic pointsP (P.p) and
P, (P,r) with the corresponding resistance zones are presented in the diagrams.

P-y [M.1.51 WTA 1500/300%15] L=7,825 m 1000 P-y [M.2.51 WTA 1000/300x15] L=5,825 m
1000 | T

900 900

o0 . P,r=828kN 800 N\ Pur = 857 kN
700 Post-Buckling Py(Pyr) 200 T
e il 1(Pea) B
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Z s00
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Fig. 16. LDP‘s P(y) of experimental beams with a buckling and post-buckling compartment:
a) M 1.51 stiffener 25 x 300, b) M 2.51 stiffener 25 x 300 + tee

For the girders with the corrugated web, the efforts should be made to optimize, that is,
enlarge the pre-buckling zone 0-P; (P, ), and simultaneously to reduce the post-buckling
resistance zone, and to balance the shear resistance against the bending resistance. Such
an effect was observed due to stiffness of the support stiffener which reduced the post-
buckling zone (Fig. 17b). The impact of stiffness of the support stiffener on the variation of
the post-buckling zone in the function of the girder height is illustrated in Fig. 17a and 17b.

For the girders with non-rigid end posts, the widest pre-buckling zone was found for
the girders with a web depth £,, = 500 and 1000 mm. With an increasing resistance of the
girders, the zone was narrowing with a simultaneous widening of the zone of post-buckling
resistance.

Stiffening of the support stiffener in the girders with the stiffener at the free end resulted
in widening the pre-buckling zone 0-P;(P.p) whilst the post-buckling zone P;(P.)-
P,(P,R) of the girders was reduced. The lowest value for the post-buckling zone was
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Fig. 17. Buckling and post-buckling zones of experimental girders with support stiffeners: a) with
support stiffeners at the free end, b) with one-sided cantilever

observed for the girder with a web depth 4,, = 1500 mm. The effect of increasing the
pre-buckling zone was slightly reduced with an increasing height of the web, that is, with
an increasing ratio between the support stiffener slenderness and the relative slenderness
of the web. Behaviour of the girders with a single cantilever was similar to that of the
girders with the stiffened end post, which led to an increased pre-buckling zone while the
post-buckling zone was reduced.

A change in the range of the pre- and post-buckling zones of the numerical girders in
the function of the web depth and thickness related to stiffness of the support stiffeners is
shown in Fig. 18a, 18b (with the stiffener at the free end) and in Fig. 18c (with a single
cantilever).

For the numerical girders with non-rigid end post, the pre-buckling zone was found to
be constant or greater when compared to the experimental girders. Stiffening of the support
stiffener with a tee in the girders with the non-rigid end post also resulted in a slightly
wider pre-buckling zone 0—P1(P,.p) whilst the post-buckling zone Py (P.p)—P>(P,g) of
the girders was reduced. On the other hand, for the girders with a single cantilever the
pre-buckling zone was enlarged with a reduced post-buckling zone.

Taking into account the pre- and post-buckling behaviour of the corrugated web in the
SIN girders, stiffness of the support stiffeners was found to increase the pre-buckling zone
and reduce the post-buckling one. However, the support stiffener did not stop the induced
process of the web failure. For the interactive failure mode, the loss of the stability of
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Fig. 18. Pre-Buckling and post-buckling zones of numerical girders with support stiffeners:
a) non-rigid end post, b) stiffened end post, ¢) with one-sided cantilever

the corrugated web was a very rapid and irreversible process in the final phase. The girder
flanges were finally bent, that is, the web frame made of flanges and stiffeners was destroyed.

Thus, the zone of post-buckling resistance was useless to be applied in practice. From
the standpoint of the structural reliability, however, the post-buckling zone provided a yield
delay, i.e. it may be regarded as a safety margin [17]. Due to irreversibility of the buckling
failure process for the corrugated web, the design shear resistance Vg4 for the pre-buckling
zone should be determined according to equation (1.3-1.6). Hence, the efforts should
be made to increase as much as possible the pre-buckling resistance to the level of the
resistance limit.
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6. Conclusions

The web-corrugated girders with support stiffeners are statically the non-determinable
internal structure.

The corrugated webs of girders suffered local, and also mutually interrelated local and
global stability failure. The yield lines on the web were immediately formed in the shallow
girders with a web depth £,, = 500 mm, where the local buckling in the corrugated web was
observed near the tension flange. However, in the web depth starting with 4, = 1000 mm,
local stability failure of the web was initiated simultaneously at several points, starting from
the local buckling between the tension flange and the girder axis. Then, the failure evolved
to the global mode. The local instability initiated the mechanism of the web failure and led
to the global buckling of the web, causing the interaction between both failure modes.

The performed tests showed that increasing stiffness of the support stiffeners in web-
corrugated girders had an influence on the size of pre- and post-buckling resistance zones,
which consequently reduced the zone of post-buckling resistance.

The post-buckling zone for the web-corrugated girders was the zone for both strains
and non-linear displacements of the web. That zone was regarded as not acceptable for
use because the initiated loss of stability was an irreversible and rapid process, and the
resulting displacements in the non-linear area were permanent. From the standpoint of the
structural reliability, however, the post-buckling zone provided a yield delay, i.e. it may be
regarded as a safety margin. The experimentally-determined reserves of resistance for the
corrugated-web girders ranged from 19% to 21% for the girders with the non-rigid end
post, and from 8% to 21% for the girders with the stiffened end post. The results obtained
from the numerical analysis were slightly lower and ranged from 8% to 9% for the girders
with the non-rigid end post, and from 3% to 9% for the girders with the stiffened end post.

The estimation of the resistance reserves for the web-corrugated girders provided
information on possibilities of increasing the pre-buckling resistance by optimizing the
structure using, i.e., the stiffened end posts or allowable diagonals of the tension stiffeners
as described in the paper [19].
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Pokrytyczne zapasy nosnosci dZwigaréw o falistym Srodniku
z zebrami podporowymi

Stowa kluczowe: element skoniczony, dZzwigar o falistym Srodniku typu SIN, strefa nadkrytyczna,

no$no$¢ na §cinanie, zebro podporowe

Streszczenie:

Analiza dZwigaréw o fali$cie wyprofilowanym $rodniku jak i §rodniku trapezowym koncentruje

si¢ na opisie no$nosci krytycznej, ewentualnie no$nosci granicznej pomijajac przedzial no$nosci
nadkrytycznej dZzwigaréw. Problemem otwartym pozostaje zatem przedzial no$nosci nadkrytycznej
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1 jego mozliwo$¢ wykorzystania w praktyce.W tym celu w niniejszej pracy przedstawiono analizg
badan nos$nosci postaciowe]j falistego Srodnika dZzwigaréw SIN z zebrami podporowymi w zakresie
do i pokrytycznym.

Badania do$wiadczalne przeprowadzono na dwudziestu dZwigarach o wysokosci §rodnika 500,
1000, 1250 i 1500 mm ztozonych z trzech elementéw wysytkowych. DZwigary o schemacie sta-
tycznym belki swobodnie podpartej oraz belki swobodnie podpartej z jednostronnym wspornikiem
zbudowano z elementéw wysylkowych potaczonych doczotowo na Sruby sprezone.

Z kolei analize numeryczng FEM przeprowadzono na modelach o wysokosciach srodnika od
hy =500 do 1500mm przy petnym zakresie grubosci Srodnika 2,0; 2,51 3 mm.

W celu okreslenia poczatku niestatecznosci falistego Srodnika przeanalizowano przebiegi od-
ksztatcen na ukoS$nych tensometrach naklejonych na §rodniku. Tensometry naklejono w postaci ro-
zety na kierunku spodziewanych najwiekszych odksztatcefi. Kat pomigdzy tensometrami w rozetach
wynosil 120°. Na podstawie charakteru wykreséw odksztalceri okreslono punkt poczatkowy utraty
statecznoSci falistego Srodnika, wigzac z nim obcigzenie krytyczne P, g, ktére przyjeto w punkcie
utraty liniowego charakteru zaleznosci obcigzenia od odksztalcenia P(¢).

Analizujac proces utraty statecznosci falistego Srodnika rozrézniono zniszczenie dZwigaréw
niskich o &, = 500 mm i wysokich od h,, = 1000 mm przyporzadkowujac im punkty utraty
stateczno$ci rozgraniczajace obszar dokrytyczny oraz nadkrytyczny.

W przypadku dZwigaréw niskich o wysokosci Srodnika 500 mm z zebrami podporowymi opisano
lokalny proces zniszczenia S$rodnika. Z koeli w przypadku dZzwigaréw o wysoko$ci §rodnika od
hy = 1000 mm stwierdzono wzajemne powigzanie lokalnej oraz globalnej postaci zniszczenia
prowadzace do ich interakcji.

W wyniku przeprowadzonych badan wykazano, ze w dZwigarach o falistym §rodniku wystepuje
wplyw sztywnosci Zeber podporowych na wielko$¢ przedziatéw do i nadkrytycznego, prowadzac do
redukcji przedzialu nadkrytycznego nosnosci dZzwigaréw.

W dzwigarach o falistym Srodniku przedziat nadkrytyczny jest przedzialem zaréwno odksztatcent
jak i przemieszczen nieliniowych §rodnika. Stwierdzono, ze nie nadaje si¢ jednak do wykorzystania
w eksploatacji, gdyz zapoczatkowany proces utraty statecznosci jest nieodwracalny oraz gwaltowny,
a powstale przemieszczenia w obszarze nieliniowym s trwate. Stanowi natomiast z punktu widzenia
bezpieczenistwa zabezpieczenie przed katastrofa w postaci przystanku plastycznego. Zapas no$nosci
dzwigaréw o falistym Srodniku wynidst wg badan dos§wiadczalnych od 19% do 21% w dZwigarach
z podporowym Zebrem podatnym oraz od 8% do 21% w dZwigarach z podporowym Zebrem sztyw-
nym. W przypadku analizy numerycznej byl nieco mniejszy i oscylowal w przedziale od 8% do
9% w dZwigarach z podporowym zebrem podatnym oraz od 3% do 9% w dZwigarach z zebrem
podporowym usztywnionym. Oszacowanie nadwyzki no$nosci dZzwigaréw o falistym Srodniku dato
odpowiedZ o mozliwosciach zwigkszania no§nos$ci dokrytycznej w drodze optymalizacji konstrukcji,
np. poprzez zastosowanie usztywnionych zeber podporowych, czy tez mozliwych przekatnych zeber
rozcigganych.
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