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ABSTRACT

A plate web subjected to shear load is well-known for its capability to develop remarkable post-buckling shear strength
when two pairs of boundary conditions of the web panel are provided sufficiently. So far, there are some theories and numerous
idealizations to explain this behaviour. Still, all of the existing web post-buckling theories need to be revised, and thus, the
elusive phenomena during the post-buckling stage remain a great challenge to researchers. By the finite element analysis results
combined with the existing experimental shear tests, the previous paper (Mai TH et al, 2017) not only shed light on the
weaknesses in the existing theories but also revealed new findings concerning the sources of the web post-buckling reserve. The
current paper continuously conducted intensive investigations of the web post-buckling behaviour in the plate I-girders under
shear load by a set of models, and the behaviour of intermediate transverse stiffeners was studied simultaneously. Consequently,
the current results revealed that the boundary condition behaviour at the junction between transverse stiffeners and web panels
depended primarily on the size of web panels (a/D). Next, a new design formula for ultimate shear strength in practical girders
was proposed based on the observed results from the set of models. Finally, its accuracy was verified by 48 existing test

specimens that possessed slight and moderate flanges.

KEYWORDS: Web buckling, ultimate shear strength, intermediate transverse stiffener, shear post-buckling strength

NOMENCLATURE

X, Y, Z = Coordinate system
k = shear buckling coefficient
Ver = shear buckling strength
Vp = plastic buckling strength
Vu = ultimate buckling strength
VBP = post-buckling strength
a = transverse stiffener spacing
bf = flange width
D = girder depth
tf, tw = flange, web thickness
E = Young’s modulus

= Poisson’s ratio
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1. Introduction

In the previous paper (Mai TH et al, 2017) by Mai et
al., the thorough literature review indicated the strengths as
well as the weaknesses of the existing theories. In general,
the classical theories related to the web post-buckling issue
in plate girders were based on analytical and experimental
investigations. Although the classical theories and modified
classical models differed in the distribution of the tension
field and the failure mechanism, all of them were based on
the fundamental assumptions that the web post-buckling
reserve was contributed primarily by the in-plane tension
field in the web panel. Basler (Basler, K. 1961a, 1962b,
1961c¢) assumed that the tension stress formed in a part of
the web panels after the buckling. In this mechanism, the
flanges did not participate in the equilibrium of the web
panels, but the transverse stiffeners were similar to anchors
to be balanced to the tension stress in the post-buckling
stage. In the theoretical models, Basler used the separate
web panels under shear load, which neglected the frame
action as in Figure. 1. However, Basler then used a series of
test specimens on the different model which included the
frame action to verify the accuracy of his formula as in
Figure.2
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Figure 2: Basler’s model in experimental study.

Basler (Basler, K. 1961a, 1962b) supposed that
flanges were too flexible to resist the induced force from
the tension field. This assumption implied that Basler’s
theory should be adopted for the girders with from the slight
flanges to the moderate flanges. Later on, Fujii (Fujii T,
1968) and Chern and Ostapenko (Chern A, 1969) presented
the different tension field which spread through the whole
cross-sectional area with the variable intensity as depicted
in Figure. 3(b).
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= =
(b) Fujii [22]

(a) Basler [13, 14]

Figure 3: Various tension fields.

Figure 5: Collapse mechanism of Porter’s model

(Cardiff model).

Porter et al. (Porter, 1975) introduced a novel
collapse mechanism in which the yielding zone ABCD
develops when the tensile stress equals the yield stress, as
depicted in Figure. 4. Subsequently, the formation of plastic
hinges on the flanges leads to the collapse of the girder, as
simulated in Figure. 5. This model, later referred to as the
Cardiff model, became a foundational reference in the study
of girder collapse mechanisms.

Over the past decades, contemporary researchers
such as (Lee SC et al, 1998, 1999, 2002, 2003), (Se-Kwon
Jung, 2006) and (Donald, 2008), (M.M Alinia, 2009, 2011),
and (Mai TH et al, 2017) have critically examined the
limitations of classical tension theories. While these
theories can reasonably predict ultimate shear strength
within certain parameter ranges for plate girders, significant
inconsistencies persist, as highlighted by the following
points:

1. As assumed in classical tension theories, the
equilibrium of web panels during the post-buckling
stage remains questionable.

2. Based on in-plane tension, classical post-buckling
theories fail to account for the geometrically nonlinear
behaviour inherent in the post-buckling stage.
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3. The singular model used in classical theories must
adequately capture the full range of web post-buckling
behaviour across practical girder parameters.

4. Findings in (Mai TH et al, 2017) demonstrated that in-
plane tension, posited in classical theories, does not
predominantly contribute to the web post-buckling
reserve strength

Numerical methods have enabled contemporary
researchers to achieve greater clarity in simulating web
post-buckling behaviour. For instance, Lee and Yoo (Lee
SC et al, 1998) employed an idealized model consisting of
a single web panel and flanges, excluding transverse
stiffeners and frame action. While this simplification
provided the lowest estimate of ultimate shear strength,
detailed analyses in (Mai TH et al, 2017) revealed
inaccuracies in the boundary conditions assumed in Lee and
Yoo’s model.

Subsequently, (M.M Alinia, 2009, 2011) conducted
investigations using a fixed aspect ratio of 1 and concluded
that Basler’s formula overestimated girder shear resistance.
Studies by Lee and Yoo (Lee SC et al, 1998) and (Mai TH
et al, 2017) further demonstrated that Basler’s formula and
derivatives overestimated shear resistance for girders with
an aspect ratio a/D=1. Still, they underestimated it for
girders with a/D>2. This finding highlights the
insufficiency of studying girders with a fixed aspect ratio to
represent web post-buckling behaviour across all practical
scenarios, necessitating further analysis of girders with
longer web panels.

White et al. extended this research by investigating
full-scale girder models with pre-selected transverse
stiffener sizes to ensure sufficient web post-buckling
strength development. However, as evaluated in (Mai TH
et al, 2017), this finite element (FE) model provided an
upper bound for shear resistance. It was deemed unsuitable
for practical design formulation, although it offered
valuable insights into post-buckling behaviour.

The proliferation of theories addressing web post-
buckling behaviour underscores the complexity and
inconsistencies inherent in this phenomenon, as no single
model has yet provided a comprehensive explanation. As a
result, web post-buckling behaviour remains a challenging
area of investigation, attracting considerable attention from
researchers.

In conventional analyses, transverse stiffeners have
received limited focus, typically assumed to meet the
requirements for web post-buckling development and
modelled with supported boundary conditions. To address
this gap, the present study examines the size and behaviour
of transverse stiffeners in conjunction with web post-
buckling phenomena.

Despite significant progress, understanding the real
web post-buckling behaviour under shear forces remains a
formidable challenge. This study investigates the post-
buckling behaviour of plate I-girders under shear loads
using models that specifically incorporate intermediate
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transverse stiffeners. The authors aim to comprehensively
explain web post-buckling behaviour across practical girder
parameters and propose a reliable design formula for
predicting the ultimate shear strength of steel plate I-
girders.

2. Behavior of intermediate transverse stiffeners

The current part considered the requirements of the
intermediate transverse stiffeners that can divide the web
panel successfully into smaller panels. The web panel with
D/tw = 200 was selected, and the expected sub-web panel
size was equivalent to a/D=1. With the depth of the girder,
D =2032 mm, the width of the flange was taken about D/3,
610 mm. The thickness ratio of the flange to the web tf/tw
was 3. Young’s modulus = 210 GPa, the yield stress = 345
MPa and Poisson’s ratio = 0.3 were used in the numerical
analyses. The analyzed model is presented in Figure. 6.

Investigated intermediate transverse stiffener

Or critical 'intermediate transverse stiffener
B =3P" , P=PJ
N
| ! ' i
:; 2a=2D 20 a=D | 2a=2D )E.
i I 6D + 0.6m ! Iqi

2P | Shear diagram

2DP

— 2DP Moment diagram

Figure 6: Investigated model for intermediate transverse
stiffeners.
The initial sizes of intermediate transverse stiffeners
were based upon the required moment of inertia as:

3
I,zatJ (1)

J=2.5(D/a)* -2.0>0.5

The transverse stiffener moment of inertia It was
computed about the mid-thickness of the web panel. The
transverse stiffener width was limited based on (AASHTO,
1998, 2004, 2012, 2020) as expressed:

b, <0.48t,./(E/F,)

Where: bt is the transverse stiffener width; tP is the
transverse stiffener thickness; Fys is the yield strength of
stiffeners;

Subsequently, the sizes of intermediate transverse
stiffeners were increased gradually by increasing their areas
first and then by increasing their moment of inertia as
shown in summary in Table 1. Additionally, the models had
four pairs of 250X 30MM bearing stiffeners at their ends
and load points as well

Table 1: Intermediate transverse stiffener sizes

@)
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Types I II I v \% Types I II I v \%
Sizes 80x7 80x18 120x12 120x16.3 140x30 Sizes 80x7 80x18  120x12  120x16.3  140x30
A(mm2) 560 1440 1440 1960 4200 VU (kN) 24228 2698.1 2873.9 2874.7 2875.9
I/lqg 112 288 649 88l 25.75 Wo(mm) 390 200 73 6.0 3.5

Is : Moment inertia of intermediate transverse stiffener;

I g : Minimum required moment inertia based Eq. (1)

\)\\\ x : Y axis restraint

Figure 7: Boundary condition and load used in Abaqus.

The girder model was composed of three spans. It
was simply restricted in the Y direction at the top and the
bottom of all bearing stiffeners to be against the lateral
displacement. The bearing stiffeners were created at
supported and loaded positions, and two pairs of bearing
stiffeners on the end panels were set up 300mm from the
edge of the girder. Intermediate transverse stiffeners were
in between the bearing stiffeners. The model was supported
vertically at the bottom of the bearing stiffeners at locations
A and B, as indicated in Figure. 7. The restraint along the
X direction was only modelled at the bottom line cross B.
With the forced boundary condition, the concentrated loads
were placed on lines across C and D points with the
amplitude of P and 3P, respectively. Each force was loaded
at three positions to avoid concentrated stress. Three-
quarters of a total magnitude was loaded at the web-flange
junction, and one-eighth of the force was placed on two
sides of this position.

Table 2: FE results for the selected girder
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Figure 8: Ultimate shear strength values against various
size of intermediate transverse stiffeners.
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O point is the middle of Size I of intermediate
the web-stiffener junction transverse stiffener

-(C)-(d)

Size II of intermediate
transverse stiffener

Size Ill of intermediate
transverse stiffener
Figure 9: Failure mode of web panel against various size
of intermediate transverse stiffeners.

The analyzed results are summarized in Table 2. For
intermediate transverse stiffeners with dimensions 80%7
mm, the maximum deflection at the midpoint of the critical
stiffeners was 39 mm. In this case, the post-buckling mode
of the web panel exhibited an interactive mode spanning
two adjacent panels, as illustrated in Figure. 9(b). When the
stiffener cross-sectional area increased to 80x18 mm (2.6
times the initial area), the ultimate shear strength improved
from 2422.8 kN to 2698.1 kN, and the deflection at point O
reduced to 20 mm. The failure mode remained interactive,
as shown in Figure. 9(c).
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Subsequently, with stiffener dimensions maintained
at 120%12 mm but the moment of inertia increased to 6.49
times the initial value, the ultimate shear strength reached
2873.9 kN. Further increases in stiffener sizes, such
as 120x16.3 mm and 140x30 mm, did not result in
additional increases in ultimate shear strength, as shown in
Figure. 8. However, deflection at point O continued to
decrease, as reflected in the fourth row of Table 2. These
findings suggest that the maximum ultimate shear strength
was achieved at a stiffener size of 120x12 mm.

These observations show that intermediate
transverse stiffeners primarily function as bending rather
than compressive components. To effectively divide the
web panel into sub-panels as intended, the intermediate
transverse stiffener must satisfy a minimum required
moment of inertia.

Furthermore, from observation in Figure. 8, the
ultimate shear strength of investigated girders increased
gradually with the increase in Is. However, the ultimate
shear strength rose slowly against the extra growth in the
size of the transverse stiffener when Is approached a certain
value. Then, the ultimate shear strength was maintained at
the plateau range regardless of an extra increase in the
stiffener size. It is concluded that the value at the plateau of
ultimate shear strength was the maximum ultimate shear
strength in the investigated girder and was a manifestation
of the successful subdivision of the web panel. The required
intermediate transverse stiffener has yet to be determined in
the present research. Therefore, the following part used the
plateau of ultimate shear strength to gain the girders'
maximum ultimate shear strength.

It is also noticeable that some prior researchers, such
as Lee and Yoo (Lee SC et al, 2002), believed that the
maximum ultimate shear strength was a manifestation to
express the full developing potential post-buckling in a
girder. However, as in the above discussion, the maximum
ultimate shear strength indicated that the web panel was
successfully divided into two smaller panels by the
minimum required intermediate transverse stiffener. It is
also emphasized that the web panel worked in an interactive
post-buckling mode before ultimate shear strength
approached the maximum value.

3. Set of the current models

This study used two models: the full-scale girder
model with various sizes of intermediate transverse
stiffeners and the single isolated panel model with zero
rigidity of transverse stiffener. With each set of investigated
parameters (slenderness ratio, aspect ratio), the full-scale
girder model aimed to provide girders' maximum ultimate
shear strength. The single isolated panel model was
expected to give the minimum ultimate shear strength of
girders.
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3.1. The full-scale girder model

First, as in Figure. 10, the full-scale girder model was
used to obtain the girders’ maximum ultimate shear
strength. This model included the full contribution of the
flange and the transverse stiffeners. The dimensions were:
D =2032mm (80 in), bf = 610 mm (about D/3), tf/tw = 3.
The main variables were the slenderness ratio, D/tw and the
aspect ratio, a/D. The sizes of the intermediate transverse
stiffeners were also variables. Corresponding to each main
variable of the girder, the sizes of the intermediate
transverse stiffeners varied until the maximum ultimate
shear strength of girders was obtained through the plateau
range. Besides, the model had four pairs of bearing
stiffeners with the size 0of 250 x 3. tf at supported points and
loaded points. Two pairs of outside bearing stiffeners were
300mm from the edge of the girders. This model type was
named Model Nol (a) and was described in Figure. 11.

The investigated

P| —3p wEb panel p,—p
v 2 v
| e ! i i
i 5 2a i a a | 2a
' 6a + 0.6m

Figure 10: Full-scale girder model.

x : Y axis restraint

Figure 11: Load and boundary condition in Model No1
(a) in Abaqus.
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x Y axis restraint

Figure 12: Load and boundary condition in Model Nol

(b) in Abaqus.

The initial intermediate transverse stiffener sizes
were chosen based on Eq. (1) and (2). Their values for the
moment of inertia rose gradually until all ultimate shear
strength values reached the plateau range and gained the
maximum ultimate shear strength values. The intermediate
transverse stiffener sizes were summarized in Tables 3 and
4. The additional model, Model Nol (b), was quite similar
to Model Nol (a) but excluded the intermediate transverse
stiffeners. This model was to study the behaviour of long
web panels, a/D =3 As in Figure. 12. The boundary
conditions and the applied shear were described in Part 2.
The initial geometric imperfection was introduced into the
full nonlinear analyses based on the first buckling mode
shape. The magnitude of the geometrical imperfection was

taken within typical fabrication tolerances, 1% of the web
thickness.

Table 3: Intermediate transverse stiffeners sizes with
aspect ratio =1

Slenderness ratio

Aspect ratio =1

90 120 150 200 250 300

Model Nol(a)- 140 x 120 x 100 x 80x7 70x6 60 x
size 1 13 9 9 5
Model Nol(a)- 220 x 180 x 160 x 120 x 100x 90 x
size 2 20 16 12 12 10 8
Model Nol(a)- 220 x 180 x 160 x 120 x 140x 140x
size 3 20 16 12 12 14 14
Model Nol(a)- 220x 180x 160x 120x 140x  140x
size 4 25 20 16 16.3 20 16

Size 1 of intermediate transverse stiffener possessed minimum requited

moment inertia;

Table 4: Intermediate transverse stiffeners sizes with
aspect ratio=2

Slenderness ratio

Aspect ratio =2

90 120 150 200 250 300
Model Nol(a)- 170x15 140x11  120x10  90x9 80x7 60x6
size 1
Model Nol(a)- 260x25 210x20 180x16  140x14  120x 120x
size 2 11 12
Model Nol(a)- 260x30 210x30  180x20  140x20  120x 110x
size 3 15 15

Size 1 of intermediate transverse stiffener possessed minimum requited moment

inertia;

8

s
8

8

Stress (MPa)
8

—O—Fy = 345 Mpa (A572:
Fy = 50 ksi)- Bi-linear

8

0 002 004 006 008 01 012
Strain

Figure 13: Strain-stress diagram.
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Number of elements

Figure 14: Convergence results from the FE analyses.

All models were conducted in two steps by using
Abaqus software. In the first step, the buckle procedure of
the linear perturbation option was selected to analyze the
Eigenvalue. Then, the first buckling mode shape obtained
from the previous step was used to create the initial
geometrical imperfection in the studied model. In the
second step, the modified Riks method investigated the
post-buckling analyses. The S4R shells from the available
element library in Abaqus were utilized in both the linear
and nonlinear analyses. In this research, A572 steel was
used for all components of the studied models with the
stress-strain real curve depicted in Figure. 13. Some extra
investigations indicated that the Bilinear or Multilinear
behaviour of the stress-strain relation did not influence the
value of ultimate shear strength. Therefore, the bilinear
stress-strain curve was used for these analyses.

In FE analyses, a mesh size was selected reasonably
to produce accurate results and reduce the analysis time on
Abaqus. Figure.14 presents the convergence results from
the studies by the simply supported panel model. For the
element size of 0.1x0.1m (the web panel included 400 shell
elements), the difference between the buckling shear
strength obtained from the FE analysis and the exact
solution was only 1.5%. Thus, this mesh refinement type
was used for the full nonlinear analyses. The flanges were
divided similarly. The yield stress was 345 MPa. Poisson’s
ratio and elastic modulus were shown in the notation table.

3.2. The single isolated panel model

Herein, the investigated web panel was isolated from
the girder to become the single isolated panel model. This
ideal model was so-called as Model No2 which was
analyzed with all studied parameters as in part 3.1. In
general, it was supposed that transverse stiffeners were stiff
enough to support the development of the web post-
buckling within the separate sub-web panel. For Model No2
as shown in Figure. 15, the two edges at the transverse
stiffeners were presumed to be simple supports. The
boundary conditions in the modeling procedure, which
would be sure the pure shear state in the studied model,
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were listed in Table 5. The shear force was applied in the
form of the uniform shell edge load along the middle
surface of plates. The flanges were modeled as the beam
elements and the concentrated forces V were assigned at the
middle point of the flanges as in Figure.15. This type of
models was expected to provide the most conservative
prediction for ultimate shear strength in girders.

Herein, the investigated web panel was isolated from
the girder to become the single isolated panel model. This
ideal model was called Model No2, which was analyzed
with all studied parameters as in part 3.1. In general, it was
supposed that transverse stiffeners were stiff enough to
support the development of the web post-buckling within
the separate sub-web panel. For Model No2, as shown in
Figure. 15, the two edges at the transverse stiffeners were
presumed to be simple supports. The boundary conditions
in the modelling procedure, which would ensure the pure
shear state in the studied model, are listed in Table 5. The
shear force was applied in the form of a uniform shell edge
load along the middle surface of the plates. The flanges
were modelled as the beam elements, and the concentrated
forces V were assigned at the middle point of the flanges,
as in Figure.15. This model was expected to provide the
most conservative prediction for ultimate shear strength in
girders.

Table 5: Boundary condition in Model No2

BC U Uy U, 0 0, 6
Edge 1 1 0 0 0O 0 O
Edge 2 1 0 0 0O 0 O
Edge 3,4,7,8 1 0 0 0O 0 O
Edge 5,6,9,10 0 0 0 0O 0 O
Point 11 0 1 1 0O 0 O
Point 12, 13,14 0 0 1 o 0 0
1: Restraint ; 0: Free
(a)
5 o/ —
3 P 1
R ] |
Point 11 ‘ | v h
Point 12 | D i
| I
Point 14 Point13 |44 \I—) v I
; <
8 .
v ‘
X

Figure 15: Applied load and boundary condition in Model
No2.
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4. FEA results and discussion

4.1. The shear buckling coefficient

In this part, the results obtained by using the present
models (Model Nol (a), Model Nol (b), Model No2) were
compared with the shear buckling strength values
calculated by the current design practices AASHTO LRFD
[16], Eq. (3) and by Lee and Yoo’s Eq. (6).
Shear buckling strength based on [16].
V, =CV, (3)
Herein, C is the ratio of elastic shear strength to plastic

shear strength. It was determined based on Eq. (4).

[Ek .,
if : t3<1.12 %:C:Lo

Ek ;. Ek .,
if: 112 l;lmcent <2<1.4 Vincent

W ty F, 4)
1.12 Ek

_ Vincent
D/t)\ F,
Ek .
if: 14 Vincent <R
F

w W

1.57 Ek ,
C — | Vincent
(D/tw )2 [ FW J

kVincent = 5 + (a/'i)z (5)

Shear buckling strength proposed by Lee et al. (Lee SC et
al, 1996).

2
Vcr = kLcc‘%th (6)
12(1-n")(DA,,)

With,

tw

4 2 t 1t
kLee :kss +g(kfs _k55)|:1_3(2_t\i):| for gﬁi<2

t
for —fz 2
tw

kLcc = kss + % (kfs - kss)

(7

ks 18 the shear buckling coefficient when all edges of web

panel are simple supports.

5.34
kg =4.00+ 5 for a/D<1
kgg =5.34+— 5 for a/D>1
(a/D)

k,; is the shear buckling coefficient when two opposite

edges of the web panel were simple supports and fixed

supports, respectively. And it was computed by Eq. (9).

534 231
f = 5+ -3.44+8.39(a/D)fora/D< 1
(a/D)” a/D ©)
61 1.
ksf:8'89+l_ % for a/D>1

@Dy (a/Dy

The comparisons of shear buckling strength
obtained from the present analyses and the various
equations were presented in Tables 6 and 7. Due to the
similarity, the results of web panels with a/D=2 were
omitted for brevity.

Table 6. Shear buckling strength for aspect ratio (a/D) =1

Aspect ratio 1

Slenderness ratio 90 120 150 200 300

(1) FEM by Model No1 2818.5 1207.98 361.69

9035.0 5520.3
(a) 2

(2) FEM by Model No2  9134.4 5392.8 27594 1180.9 355.7

12 0.99 1.02 1.02 1.02 1.02

(3) Lee&Yoo’s E.q (6) 12844.4 5418.7 27873 1169.2 346.8

(1)Y(3) 0.70 1.02 1.01 1.03 1.04
(4)AASHTO [16] 8753.9 44238 22650 9555 283.1
1)@ 1.03 1.25 1.24 1.26 1.28
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Table 7: Shear buckling strength for aspect ratio (a/D) =3

Aspect ratio 3

Slenderness ratio 90 120 150 200 300

(1) FEM by Model No1 2025.7 864.9 258.6
8242.1 3963.8

(b)

(2)FEM by Model No2  8231.4  4190.0 2141.6 914.6 274.5

1/(2) 1.00 0.95 0.95 0.95 0.94

(3) Lee&Yoo’s E.q (6) 9429.7 39782  2036.8 859.3 254.6

(1)/(3) 0.87 1.00 0.99 1.01 1.02

(4)AASHTO 1299.7 5483 162.5
6017.2  2538.5

[16]

(1)/(4) 1.37 1.56 1.56 1.58 1.59

With a/D=1, the shear buckling strength values
obtained from Model Nol (a) were similar to those obtained
by Model No2, as illustrated by the ratio (1)/(2) in Table 6.
Through the ratio (1)/(3) in the range of slender sections in
Table 6, we can see that the predictions of elastic buckling
strength by both Model Nol(a) and Model No2 were in
good agreement with those calculated by Lee and Yoo’s Eq.
(6) . This behaviour revealed that the flange-web junctions
behaved like fixed supports in the elastic analysis regardless
of the boundary conditions at transverse stiffeners.

In contrast, for the long web with a/D=3, Model Nol
(b) gave the elastic shear buckling strength values, about
95% of the results obtained from Model No2, as presented
in the fifth row of Table. 7. It means that there was a
reduction in elastic buckling strength in Model Nol (b),
which could be due to the free torsion of the flanges as in
Figure. 16. However, the smallest values of elastic buckling
strength from both models correlated well with Lee and
Yoo’s predictions.

The first mode buckling shape in
Model Nol (b) for a/D =3

Figure 16: First buckling mode shape in different models.

Besides, Tables 6 and 7 show that the elastic shear
buckling values based on AASHTO LRFD (2014)
(AASHTO, 2020) were much less than those obtained from
Model Nol (a) (or Model No2). It can be concluded that the
boundary conditions at the web-flange junctures, which
were assumed to be simple supports, were excessively
conservative. Particularly, for the plates with a/D=3, the
FEM predictions were 60% more than those calculated by
(AASHTO, 2020).

The first mode buckling shape i
Model No2 fora/D =3

25

Noticeably, all buckling analyses by Lee and Yoo in
(Lee SC et al, 1996) were carried out using the linear
procedure in MSC/NASTRAN, and because of this, Lee
and Yoo’s predictions based on Eq. (6) overestimated the
inelastic shear buckling of web panels with D/tw <120 as
observed in Table 6 and 7.

In brief, the elastic shear buckling strength values
obtained from the present finite element analyses in all
cases agreed with those calculated by Lee and Yoo’s shear
buckling coefficient (Lee SC et al, 1996). Therefore, Lee
and Yoo’s shear buckling coefficient was used reasonably
in this research for slender sections.

4.2. Ultimate shear strength

4.2.1.  Web panels with aspect ratio =1

The aspect ratio of 1 was discussed at first. The
numerical results are presented in Table 8. Columns 2 to 5
show the results obtained from Model Nol (a), in which the
sizes of intermediate transverse stiffeners were varied to
reach the maximum value of ultimate shear strength.
Column 6 includes the results of the single isolated panel
model, Model No2.

As illustrated in Figure. 17, with the stiffener size 3,
for all web panels in the range of the investigated
slenderness ratio, ultimate shear strength values approached
the plateau. Thus, it was believed that with size 3 of
intermediate transverse stiffeners, the girders provided the
maximum ultimate shear strength values, and sub-web
panels were divided successfully.

Table 8: Ultimate shear strength (kN) with aspect ratio

a/D =1

Aspect ratio = 1
D/t Model Model Model Model Model
w Nol(a) Nol(a) Nol(a) Nol(a) No2

Size 1  Size2 Size 3 Size 4
1 2 3 4 5 6
90 9033.7  9035.0 9035.0 9054.4 91344
120 5863.6 5879.8 5879.8 5890.5 5534.0
150 39594 42119 4211.9 4233.4 36443
200 2427.8 28783 2878.3 2874.7 2186.0
250 1695.0 1973.1 2146.7 2137.1 1446.6
300  1263.0 14372 1700.1 1697.0 1051.3

Model Nol(a) includes transverse stiffeners; Size 1, Size 2, Size
3, Size 4 are sizes of intermediate transverse stiffeners

Model Nol(a) with Size 3 of intermediate transverse stiffener
provides the maximum ultimate shear strength

Model No2: This is ideal model without transverse stiffeners
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Figure 17: Illustration of the plateau of applied shear
against the moment inertia of intermediate transverse
stiffeners with a/D =1.

The numerical results from all model types plotted
in Figure. 18 show that Model No2 provided the lowest
predictions, as shown by line 1. With Model Nol (a), the
ultimate shear strength values rose proportionally to the
moment inertia of intermediate transverse stiffeners when
the sizes of the intermediate transverse stiffeners were not
sufficient to approach the plateau, as illustrated by lines 2
and 3. Model Nol (a) provided the highest predictions
corresponding to the girders that possessed the stiffener size
3, as illustrated by line 4.

14
-+-FEA results from Model No1(a)-Size 1
Q.
a 12 -«--FEA rerults from Model No1(a)- Size 2
; 1 a ~»—FEA results from Model No1(a)- Size 3
Ne FEA results from Model No2
0.8 2 N
R
0.6
04

4

0.2 Model No1- Size 1, Size 2, Size 3, Size 4 include intermediate transverse stiffeners
Model Nol- Size 3 provides maximum ultimate shear strength.
Model No2 excludes transverse stiffeners

0

50 100 150 200 2 00

50 300 350
Slenderness ratio (D/tw
Aspect ratio (a/D) =1
Figure 18: Ultimate shear strength from FEM with
various model and various size of intermediate transverse
stiffeners.
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Table 9: Difference between maximum post-buckling
values and minimum post-buckling values (a/D=1)

Aspect ratio = 1

D/, 120 150 200 250 300
Vp 6885.1 5508.1 4131.1 3304.9 2754.1
Vo 5392.8 2759.4 1180.9 603.3 355.7
VUomin 5534.0 3644.3 2186.0 1446.6 1051.3
VUomax 5879.8 4211.9 2878.3 2146.7 1700.1
VBp-min/ 9.5 322 34.1 31.2 29.0
(VP _Vcr )%
VBpomax 32.6 52.8 57.5 57.1 56.1
(Vp—Ver)%
(VBpmax - Vep- - 20.6 23.4 25.9 27.1
min)/
(Vp—Ver)%
#-The lowest prediction from FEA results from Model No2
#-The highest prediction from FEA results from Model No1-Size 3
——Formula proposed for practical design with aspect ratio = 1
* G7-T1, G7-T2 (Basler)
W B (Nishino)
Q. ® TG14
al-“ A RTG1, RTG2
3 W 53/1,54/1
> A G1,G2, G3 (Lee&Yoo's test)
1.2 5_3
1
0.8
0.6
0.4
0.2 Formula for aspect ratio =1
' Vy =V, +045(V 5 -V,)
0
50 100 150 200 250 300 350 400

Slenderness ratio (D/tw)
Aspect ratio (a/D) =1

Figure 19: Illustration of the representative curve for a/D
=1.

For the lowest predictions VU-min, it realizes that
post-buckling strength, VBP-min was over 32.2% of the
difference between VP and Vcr for the slender section. For
the low slenderness range, the value of VBP-min was very
small compared to Vcr, as calculated in Table 9. However,
for the highest predictions VU-max, the post-buckling
strength, VBP-max was over 52.8% of the difference
between Vp and Ver .

As shown above, the lowest predictions were
obtained from Model No2, in which the rigidity of the
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transverse stiffener was equal to zero. In contrast, the
highest predictions were determined by Model Nol (a) with
the minimum required intermediate transverse stiffeners at
least. From observation in Figure. 19, the prediction domain
was formed by combining the lowest predictions and the
highest predictions. This prediction domain revealed that
the rigidity of the required intermediate transverse
stiffeners contributed significantly to ultimate shear
strength values, over 20.6% of (VP — Vcr), as calculated in
Table 9. Consequently, the curve between the lowest bound
and the highest bound, VU = Vcr + 0.45(VP — Vcr), was
proposed to calculate ultimate shear strength values with
the aspect ratio of 1, as described in Figure. 19.

Figure. 19 indicated that the proposed curve was
under the test results for all web panels. Therefore, it was
expected that the proposed curve could give conservative
predictions for practical design.

4.2.2. Web panel with aspect ratio greater than 1

Similarly, the minimum required moment of inertia
of intermediate transverse stiffeners based on Eq. (1) and
(2) in Model Nol (a) was used initially for web panels with
a/D=2. The intermediate transverse stiffener sizes gradually
increased until the maximum ultimate shear strength was
obtained. This implied that the web panels were divided
successfully. The results are given in Table 10 and Figure.
20, Model Nol (a) provided the maximum ultimate shear
strength values corresponding to the girders that possessed
the stiffener size 2.

Table 10: Ultimate shear strength (kN) with aspect ratio

a/D =2
Aspect ratio =2
D/tw  Model Model Model Model-
Nol(a) Nol(a) Nol(a) No2
Size 1 Size 2 Size 3
1 2 3 4 5
90 8282.5 8284.2 8273.5 8982.5
120 5032.7 5051.5 5019.5 51344
150 3481.2 3508.1 3510.1 3348.8
200 2143.8 2270.5 2270.8 1974.1
250 1454.8 1613.0 1615.1 1304.4
300 1085.3 1187.4 1192.6 946.8

Model Nol(a) includes transverse stiffeners; Size 1, Size 2, Size 3 are
sizes of intermediate transverse stiffeners

Model Nol(a) with Size 2 of intermediate transverse stiffener provides
maximum ultimate shear strength

Model-No2: is ideal model without transverse stiffeners
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Figure 20: Ultimate shear strength from FEM with
various model and various intermediate transverse
stiffener sizes (For aspect ratio = 2).
Table 11: Difference between maximum post-buckling
values and minimum post-buckling values (a/D=2)

Aspect ratio = 2

D/t 120 150 200 250 300

(VBp-max = VBp-min)/ -4.9 4.9 9.4 11.0 9.8

(Ve—Ver)%

Figure. 20 shows that the rigidity of the required
intermediate transverse stiffeners also contributed to the
post-buckling development of long web panels with D/tw>
120. The maximum ultimate shear strengths obtained from
Model Nol-Size 2 were greater than those from Model No2
in the range of the slender section, as shown in Figure. 20.
Otherwise, in inelastic ranges, Model Nol (a) provided
smaller predictions than those obtained from Model No2,
as illustrated by the part of line 3 that is below line 1 in
Figure. 20. The reason is that the failure of Model Nol (a)
in inelastic sections was caused by the shear and moment
mode, which resulted in the reduction in ultimate shear
strength.

The comparisons in Table 11 show that the
differences between the highest predictions and the lowest
predictions of ultimate shear strength values were from
4.9% to 11% of (VP — Vecr); these differences were not
significant. Therefore, for long web panels with a/D=2, the
lowest bounds were suggested to estimate ultimate shear
strength values as shown by the representative curve in
Figure. 21. The comparison in Figure. 21 indicated that the
representative curve was under the test results for all web
panels with a/D=2. Therefore, it was expected that the
formula based on the representative curve could give
conservative predictions for web panels with a/D =2
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Figure 21: [llustration of the representative curve for a/D
=2.

For panels with a/D=3, Figure. 22 expresses the
results of Model Nol (b), which only included bearing
stiffeners and Model No2 without transverse stiffeners. It
can be found that the bearing stiffeners also contributed to
the web post-buckling reserve of girders. However, the
maximum difference between the highest and lowest
bounds of ultimate shear strengths was only 8.3% of (VP —
Ver), as calculations shown in Table 12. Thus, the lowest
bounds, in this case, were also suggested to predict the
ultimate shear strengths of girders and illustrated by the
representative curve as plotted in Figure. 23. To be similar
to the behaviour of web panels with aspect ratio = 2, the
representative curve was lower than the test results for all
specimens with the aspect ratio = 3 as in Figure. 23.
Therefore, it was expected that the formula based on the
representative curve could give conservative predictions for
a/D =3.

1.2
E 1 FEA results from Model No1(b)
E)
>
0.8 FEA results from Model No2
0.6
0.4 1

2

0.2 - Model Nol(b}includes bearing transverse stiffeners and
provides maximum ultimate shear strength
Model No2 excludes transverse stiffeners

50 100 150 200 250 300
Slenderness ratio (D/tw)
Aspect ratio (a/D) =3
Figure 22: Ultimate shear strength from FEM with
various model for a/D = 3.
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0.6
A
0.4 =
0.3 The representative curve for aspect ratio=3
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Figure 23: Illustration of the representative curve for a/D

=3.

Table 12: Difference between maximum post-buckling
values and minimum post-buckling values (a/D=3)

Aspect ratio = 3

D/t 120 150 200 250 300
Ve 6885.1 5508.1 4131.1 33049  2754.1
Ver 4190.0 2141.6 914.6 464.1 274.5
VU-min 4848.0 3156.6 1821.1 11794 8432
VUimax 4879.7 3296.0 2057.5 1414.0 1020.9
VBp-min/ 24.4 30.1 28.2 252 229

(Vp—Ve)%

VBP-max/ 25.6 343 355 334 30.1

(Vp—Ve )%

(VBp-max - Vip- 1.2 4.1 73 8.3 72
min)/

(Vp—Ve)%
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4.2.3. Proposed design formula for ultimate shear
strength
14 ~Formula proposed for practical design with
5 aspect ratio =1
-m-The representative curve for aspect ratio = 2
12
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Figure 24: Representative curves for sizes of the web

panel.

As in the discussion from the previous part, when
the aspect ratio (a/D) =1, post-buckling shear strength Vgp
was suggested 45% of the difference between plastic post-
buckling shear strength and buckling shear strength (VP —
Ver), or VBP = 0.45(VP — Ver). For the long web panels,
the lowest bounds obtained from the FE analyses were
suggested for the predictions of ultimate shear strength. As
a result, for all investigated parameters, we had the
representative curves of sizes of web panels as plotted in
Fig 24. To generalize for all ranges of the practical girders,
the current study conducted the regression analyses from
the representative curves in Figure. 24. Then, the formula
for post-buckling shear strength was suggested by the
following equation:

0.45(1-C)

P =
140252 —1) |2
D D

The factor expressed in Eq. (11) is the function of
reduction in ultimate shear strength because of the rising of
the aspect ratio.

1
1+0.25(a—1)\F
D D

Ultimate shear strength included Ve and V. as the

v, Vv, (10)

With a/D>1 (11)

following expression
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0.45(1-C)

+
a a
1+0.25( - - D), =
i (D )D
(12)

With C is the ratio of elastic shear buckling strength to

Vy=V,+Vg, =|C

VP

plastic shear strength (T, /T, or V_/V,) it can be

determined as the following formula.

}Ek

if : E< —L= = C=1.0
tw Fw

i B Doy B oo L BRu
Fw tw Fw B Fw

t

Ek:Lcc <R:>C: 157 ] EkLcc
F, t, (DJQ F,

if: 1.4

(13)

kLee was presented in Eq. (7), (8) and (9).

-m-The represent curve for aspect ratio
=2 obtaining from FEM

14 The represent curve for aspect ratio
=3 obtaining from FEM
1.2 ——The proposed formula for aspect = 1

Vu/Vp

—The proposed formula for aspect = 2

The proposed formula for aspect = 3
0.8
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0.4 L
0.2
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Figure 25: Examination of correlation between
representative curves and curves by proposed formula.
The compact section limit in the present research
agreed with that in AASHTO. However, when this limit
was calculated using the shear buckling coefficient Kree,
some factors needed to be modified as Equation. (13),
compared to the original Equation (4) in AASHTO.
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For the plastic range of parameters of girders, there
was obvious evidence from experimental tests showing that
the ultimate shear strength values could be greater than the
plastic shear strength values due to the strain-hardening
phenomenon. However, the ultimate shear strength values
obtained from the experiment not only depended on the
yield strength but were also affected by the characteristics
of the stress-strain curve. Thus, in general, the plastic shear
strength values of the web cross-sections were suggested
for plastic ultimate shear strength. The strain-hardening
behaviour should be considered in the specific steel grade
studies. Figure. 25 shows the good correlation between the
representative curves and the curves by the proposed
formula. We verified the proposed formula using the
existing test results in the following section.

4.2.4.  Verification by existing test results

The accuracy of the proposed formula was evaluated
by the predictions of ultimate shear strength by different
existing models and by the presently proposed formula
against a set of 48 experimental test results (Lyse et al,
1935), (Evans, 1984), (Evans, 1986), (Kamtekar et al,
1974), (Rockey et al, 1972), (Adorisio, 1982), (Der
Avanessian, 1983), (Sakai F, 1966), (Cooper et al, 1964),
(Narayanan, 1981), (Evans et al, 1983), (Kamtekar, 1972),
(Bergfelt et al, 1968), (Carskaddan, 1968), (Basler, 1960)
and (Nishino, 1968). The considered test specimens had the
ratio of the flange to the web (tf/tw) < 4 and the aspect ratio
a/D < 5.5. The parameters of experimental works were
presented in Table 13 in eight groups according to the
aspect ratio and the slenderness ratio.

Table 13 indicated that with the aspect ratio of 1,
Basler’s formula gave greater predictions than test results.
When a/D= 1.5, test results correlated well with Basler’s
prediction. However, for the specimens with a/D > 2.
Basler’s formula underestimated ultimate shear strength, as
plotted in Figure. 26.

As discussed in (Mai TH et al, 2017), the suggestion
of the strength reduction factor Rd < 1 in (Lee SC et al,
1998) needed to be revised. Because of this reason, Lee and
Yoo’s equation, including Rd = 1, was utilized to compare
with experimental works. Figure. 27 recognizes that Lee
and Yoo’s model provided acceptable predictions for
certain ranges of practical parameters. However, their
model provides unsafe predictions for the web panels with
a/D>2
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Figure 28: Comparison of predictions by the
presently proposed formula with experimental results

Surprisingly, the predictions calculated by the
presently proposed formula correlated excellently with test
results according to the conservative tendency on all
practical parameters, as shown in Figure. 28.

It can be easily recognized that for the web panels
with a/D=1, the prediction domain in this research indicated
that the contribution of the transverse stiffeners to ultimate
shear strength was significant. However, with the rise of the
aspect ratio (a/D), the rigidity of the transverse stiffeners
decreased its effect on ultimate shear strength. Particularly,
with a/D=3, the web-transverse stiffener junctures behaved
nearly as simply supported boundary conditions
irrespective of the transverse stiffener sizes. This
observation revealed that the real behaviour of boundary
conditions at transverse stiffener edges disagreed with the
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expected behaviour from Lee and Yoo’s studied model (Lee
& Yoo, 1998).

5. Concluding remarks.

The present research reflected the comprehensive
views concerning the post-buckling behaviour of plate
webs in practical [-girders, which were summarized in the
following conclusions:

1. The intermediate transverse stiffeners needed to meet
the minimum required moment inertia value to divide
the web panel into the smaller sub-panel in which
post-buckling development took place within the
single sub-web panel. Meanwhile, in the girders with
insufficient intermediate transverse stiffeners, the web
panel worked in an interactive post-buckling mode
developed in the two adjacent sub-web panels.

2. The observed prediction domain revealed that for a
square panel (a/D =1), the rigidity of the required
intermediate transverse stiffeners and the bearing
stiffeners contributed significantly to ultimate shear
strength. However, for long webs a/D > 2, the rigidity
of transverse stiffeners reduced its effect on the
development of the web post-buckling regardless of
stiffener sizes. Even if for a/D= 3, the web-transverse
stiffener junctions behaved nearly as simple supports.

3. Both Lee and Yoo’s predictions and Basler’s
predictions were not accurate on the whole range of
practical parameters. All existing models themselves
included inconsistencies stemming from each theory's
misleading assumptions.

4. The currently proposed formula gave reliable
predictions for ultimate shear strength in all practical
parameters with the aspect ratio (a/D) < 5.5 and the
slight and moderate flanges tf/tw < 4.

In current works, the key finding was that the
behaviour of the web-transverse stiffener junctions varied
according to the web panel aspect ratio. Therefore, the
extent of contribution by the flanges, the transverse
stiffeners and the frame action to the shear resistance may
depend on the size of the web panels.

Shortly, work will be presented on the real web post-
buckling mechanism under shear load, and each component
of the contribution to the ultimate shear strength will be
clarified.
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Table 13. Compared the test results with predictions by various formulas
Girder  Ref D a/D D/ty ty t/tw E fyw Viess:m  Viest/ Vst Viest/ Viest/
Test VBasler Viee  Viee Vpropose
R¢< =1

G6-T3  Basler [35] 127 0.5 2592 409 4.04 21000 253 787 097 122 1.22 1.14
MCS1- Evans H. R [22] 100 0.7 227.1 44 343 21000 169.7 388 1.04 134 1.20 1.15
PB3 Evans H. R [23] 100 0.7 2273 44 343 20500 169.7 388 1.04 135 1.21 1.19
PB4 Evans H. R [23] 100 0.7 2273 44 343 20500 169.7 388 1.04 1.35 1.21 1.19
G6-T2  Basler [35] 127 0.7 2592 409 4.04 21000 253 662 093 1.26 1.26 1.15
TS1/3 Kamtekar.A.G. 813 0.8 2002 4.06 296 21000 265 312 0.78 1.00  0.95 0.91
TS1/4  Kamtekar.A.G. 813 0.8 2002 4.06 296 21000 265 387 097 1.24 1.18 1.12
Mean 0.97 1.25 1.18 1.12
G2 Lee [9] 600 1 150 4 2.50 20500 318.5 332. 095 1.15 1.04 1.01
G3 Lee [9] 600 1 150 4 3.75 20500 318.5 337. 097 1.16 1.05 1.02
Gl Lee [9] 400 1 100 4 3.75 20500 318.5 282. 0.99 1.20 097 1.02
TG22 Rockey K. C[25] 305 1 150.3 2.03 320 21000 229 79.0 1.12 1.31 1.12 1.11
Mean 1.01 1.21 1.05 1.04
B Nishino [36] 120 1 266.7 4.5 2.67 21000 490 760  0.76 1.06 1.06 0.97
S4/1 Adorisio D.[26] 351 0.9 3280 1.07 2.99 20000 169 21 0.83 1.09 1.09 1.01
S3/1 Adorisio D. [26] 300 1 2913 1.03  3.11 20000 169 19 0.90 1.13  1.13 1.06
G7-T1  Basler [35] 127 1 255.0 498 392 21000 253 623 097 123 1.23 1.15
TG14 Rockey K. C[25] 305 1 3144 0.97 322 21000 219 25 0.99 1.31 131 1.21
G7-T2  Basler [35] 127 1 255.0 498 392 21000 253 645  1.00 1.28 1.28 1.19
RTG1  Rockey K. C[25] 305 1 240.2 1.27 3.54 21000 244 40 1.03 1.28 1.28 1.21
RTG2  Rockey K. C[25] 305 1 240.2 1.27 3770 21000 244 41 1.06 1.32  1.32 1.24
RCP1/ Der Avanessian 718 09 3572 201 4.03 21000 271 127  0.85 1.19 1.19 1.07
S5/1 Adorisio D. [26] 399 1 366.1 1.09 294 20000 169 23 0.81 1.08 1.08 1.00
S-3 Sakai F. [28] 477 1.2 149.1 3.2 328 21000 317 198  0.97 1.09 1.00 0.98
Mean 0.92 1.19 1.18 1.10
G5 Lee [9] 600 1.5 150 4 2.50 20500 318.5 286. 0.99 1.03  0.96 0.97
G4 Lee [9] 400 1.5 100 4 3.75 20500 318.5 268. 1.06 1.17  0.96 1.03
G2-2 Nishino [36] 950 1.5 144 6.6 2.88 21000 486 1225 1.15 1.17 1.16 1.18
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Mean 1.07 1.12 1.03 1.06
S3/1.5  AdorisioD.[26] 301 1.5 2922 1.03 3.11 20000 169 16 0.93 098 0.98 0.99
S2/1.5  AdorisioD. [26] 249 1.5 237.1 1.05 3.05 20000 169 16 1.02 1.02  1.02 1.03
G1-2 Nishino [36] 120 1.5 182.0 6.6 3.48 21000 486 1264 1.01 1.08 1.08 1.10
G6-T1  Basler [35] 127 1.5 2592 49 4.04 21000 253 516  1.02 1.10 1.10 1.11
HIT2 Cooper [29] 127 1.5 1273 998 248 21000 745 3421 1.07 .11 1.11 1.12
CP1/1  NarayananR.[32] 500 1.4 2451 2.04 392 21000 246 88 1.06 1.13  1.13 1.14
G8-T2  Basler [35] 127 1.5 250 508 3.76 21000 263 445  0.81 0.87 0.87 0.88
G8-T3  Basler [35] 127 1.5 250 508 3.76 21000 263 516 094 1.00 1.00 1.02
LS3- Evans H. R [31] 608 1.5 2472 246 4.11 19700 201 103 1.05 1.07 1.07 1.10
Mean 0.99 1.04 1.04 1.05
S-2 Sakai F. [28] 319 1.8 99.7 32 3.28 21000 352 161 1.00 1.02 0.85 0.92
US2/5  Kamtekar.A.G. 359 2.1 1133 3.17 379 21000 230 135  1.12 1.15 094 1.02
STG1 Rockey K. C.[26] 279 19 1395 2 3.95 21000 255 60 1.12 1.06 094 0.97
STG2  RockeyK.C.[26] 253 19 158.1 1.6 4.00 21000 272 40 1.09 1.00  0.93 0.98
G7 Lee [9] 600 2 150 4 2.50 20500 2852 258. 1.11 1.03 0.96 1.01
G8 Lee [9] 600 2 150 4 4.00 20500 2852 276. 1.20 1.10  1.02 1.08
2.2 Bergfelt [33] 600 24 300 2 3.00 21000 255 75 1.08 0.88 0.88 1.10
Mean 1.10 1.03 0.93 1.01
G8-T1  Basler [35] 127 3 250 508 3.76 21000 263 375 1.07 0.75 0.75 1.02
HI1-T2  Nishino [36] 127 3 127 998 248 21000 745 2803 1.34 094 094 1.20
Gl-1 Nishino [36] 120 3 182 6.6 3.48 20500 486.3 970. 1.22 0.86 0.86 1.16
G2-1 Nishino [36] 950 3 144 6.6 2.88 20500 486.3 960. 1.35 096 0.96 1.20
Mean 1.25 0.88 0.88 1.15
C-AC2 Carskaddan P.S. 457 54 1475 3.1 3.13 21000 215 120 146 1.01  0.90 1.05
C-AC4 Carskaddan P.S. 457 55 1063 4.3 3.79 21000 236 245 1.31 1.17  0.96 1.09
C-AC5 Carskaddan P.S. 457 55 1063 4.3 444 21000 236 232 1.24 1.11 091 1.03
Mean 1.34 1.10  0.92 1.06
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