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a b s t r a c t

This research aims at developing a new simple but rational analytical model to predict web crippling
strength of cold formed steel Z beams. Results of the developed analytical model were verified experi-
mentally and numerically utilizing the finite element non-linear analysis. Web crippling strengths ob-
tained by the proposed analytical model, tests and numerical analysis were compared to the
corresponding strength calculated by the equations of AISI-2016 and Eurocode 1e3. Both codes adopt
empirical equations for estimating the web crippling resistance.

Comparison showed that, the predicted web crippling strength using the developed model compare
well with the experimentally and numerically calculated strength. On the other hand, it was found that
the design equations adopted by the AISI-2016 and Eurocode 1e3 overestimate the web crippling
strength compared to the experimental and analytical strength. Accordingly, it is recommended to adopt
the proposed equation as a rational formula for estimating web crippling strength of cold formed Z-
sections.

© 2019 Elsevier Ltd. All rights reserved.
1. Introduction

Web crippling is a common failure mode in cold formed steel
sections due to the thin gauge steel. It occurs at locations of
concentrated loads, where it is not practical to install web stiff-
eners. Web crippling failure is a combination of web buckling and
yielding in web thickness over the extended loaded area. There is a
set of factors that contribute in defining the web crippling strength
of cold formed steel sections, such as; cross section geometry,
loading length and location, material yield stress and fastening
conditions. Numerous researches and reports were carried out to
study the web crippling of cold formed steel sections. Most of these
researches are experimental, because the theoretical analysis is
very complicated due to the above mentioned factors that need be
considered. Recently, there are many trials by the researchers to
develop analytical solutions for estimating the web crippling
strength instead of the current empirical design formulae. How-
ever, theoretical study of web crippling phenomena in cold formed
steel section is still very complicated, that is due to, the too many
parameters that need to be considered in the analysis. These
y Abu-Sena).
parameters are summarized by Yu and LaBoube [1], as listed below:

�Non-uniform stress distribution under concentrated load.
�Local yielding at loaded area.
�Eccentric loading on web.
�Web flange restraining conditions, and
�Presence of Initial web imperfection.

There were some attempts by Young and Hancock [2,3], and Ren
[4] to develop design expressions for web crippling strength in cold
formed C-sections based on plastic hinge mechanisms. Bakker and
Stark [5] developed an analytical model for web crippling at inte-
rior supports of continuous hat and deck sections on the bases of
experimental research. Bakker and Stark defined two types of web
crippling failure modes on bases of inside bend radius. The two
failure modes are; the arc yield mode occurring in sections with
small bend radius and rolling mode occurring in sections with large
bend radius. Chen et al. [6] investigated the web crippling of cold
formed steel lipped channels under four loading conditions and
proposed design equations for estimating the web crippling load
under the four loading conditions on bases of test results and
extended verified finite element results. In their proposed design
equations, the effect of corner bend radius was ignored.

Dara and Yu [7] developed a semi-analytical model to predict
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Nomenclature

EOF End One Flange
IOF Interior One Flange
ETF End Two Flanges
ITF Interior Two Flange
h Flat web height
hw Web depth between mid-flanges thickness
t Web thickness
N Bearing plate length
R Inside bend radius
Pn Nominal web crippling strength
C,CN, CR &Ch Web crippling coefficients
Fy Yield stress
Fu Ultimate stress
εu Ultimate strain
Rwd Web crippling resistance
k, k1, k2, k3,k4 & k5 Web crippling coefficients
q Vertical web inclined

D Overall web depth
b Overall flange width
ds Overall lip depth
a Maximum out of plan displacement, mm
B Plate width at the location of maximum out of plane

displacement, Fig. 13
e The eccentricity of the applied load ¼ (R þ t/2) mm
E Young's modulus of steel,¼ 210 kN/mm2

I Second moment of area of the effective web
section¼ B t3/12, mm4

G Shear modulus of steel¼ 81 kN/mm2

J Torsion constant for lipped flange ¼
(ds þ b �4(R þ t) þ p (R þ t/2)) t3/3mm4

L Equivalent beam span for torsional rigidity ¼ Nþ2 h
or specimen length

Mo Moment due to eccentric applied load ¼ (P.e) kN.mm
P Applied load, kN
Kt Rotational stiffness
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the web crippling of C- section under IOF loading conditions and Z
sections under EOF loading conditions. Dara and Yu used the direct
strength method DSM concept to develop the semi-analytical
model. DSM assumed that the ratio of the nominal strength/yield
load is controlled by the square root of the value of yield load
divided by the elastic buckling load. The proposed DSM design
equations are based on the above mentioned assumptions and
using curve fitting methods.

As discussed above, most of researchers focused on studying the
web crippling of cold formed steel C sections under the four loading
conditions. On the other hand, limited researchers studied the web
crippling of cold formed steel Z-sections as surveyed by Beshara
and Schuster [8]. Gerges and Schuster [9] investigated the web
crippling of C-sections with large inside bend radius under end one
flange loading conditions. Gerges and Schuster proposed new co-
efficients for EOF design expressions of North American cold
formed steel design standard. Macdonald and Heiyantuduwa [10]
developed a new design expressions for predicting the web crip-
pling strength of cold formed lipped steel channel. The developed
design expressions were based on results from tests and validated
finite element models. Nat�ario et al. [11] presented a computational
modeling of flange crushing in cold formed steel sections subjected
to ITF loading. Nat�ario et al. pointed out that flange crushing
behaviour may occur before web crippling failure mode in case of
narrow bearing width. Rhodes and Nash [12] investigated theo-
retically the web crushing of cold formed steel plain and lipped
channels due to ITF and IOF loading conditions. Their investigation
firstly employed the finite element analysis to obtain the critical
buckling load, thereafter; the energy approach was used in web
crushing analysis. Rhodes and Nash observed that, web crushing
load of lipped channels is greater than web crushing load of plain
channels.

In Refs. [2,4,16,18] the web crippling of plain cold formed steel
channels was investigated under the four loadings (EOF, IOF, ETF
and ITF) and the experimental results were compared to the north
American standard NAS-2001b. It was concluded that, the North
American standard is not conservative for EOF and IOF loadings.

In Ref. [19] the web crippling test results for unstiffened
unfastened C-section under IOF and ITF loadings were compared to
Eurocode 3 part 1e3 (CEN 2006) and the American standard AISI
2007. It was observed that, the both standards are not conservative
for estimating the web crippling strength for IOF and ITF loadings.
T. Misiek, A. Belica [20] presented an empirical design approach
for C and Z sections in form of generalized equation calibrated to
comply with the safety concept described in EN 1990. The gener-
alized equation is similar to the unified design expression used in
the American standard AISI-2016 with minor differences.

Lavan Sundararajah et al. [21] investigated the web crippling of
cold formed lipped channel beams under ETF and ITF loadings. This
investigation included experimental work and numerical finite
element analysis. The web crippling tests conducted were based on
the new AISI S909 standard test method for LCBs under ETF and ITF
load cases. Comparison of the ultimate web crippling capacities
showed that the current AISI S100 (AISI, 2012) and AS/NZS 4600
(SA, 2005) design equations are very un-conservative for LCBs
under ETF load case, but are overly conservative for ITF load case.
New improved design rules were proposed in that study.

Lavan Sundararajah et al. [22] investigated the web crippling of
high strength lipped channel beams LCB under EOF and IOF loading
conditions using the AISI standard web crippling test method.
Comparisons with experimental web crippling capacities showed
that AS/NZS 4600 and AISI S100 design strengths are un-
conservative for EOF load case and agree well in case of IOF
loading. While web crippling capacities according to Eurocode 3
Part 1e3 are overly conservative for EOF and IOF load cases.

Y. Lian, A. Uzzaman et al. [23,24], experimentally investigated
the effect of web holes on theweb crippling strength of cold formed
steel lipped channels under EOF and IOF load cases respectively.
The tests included fastened and un-fastened flange specimens.
Finite element models have been developed and verified against
the experimental results in term of web crippling failure loads and
deformations. The verified models developed to do extended
parametric studies and give design recommendations.

L. Sundararajah, M. Mahendran, P. Keerthan [25] conducted
experimental and numerical studies on web crippling behavior of
SupaCee sections under one flange loading cases. The sections
flanges were un-fastened to support. Experimental and finite
element analysis results showed that the web crippling capacities
of SupaCee sections are reduced relative to lipped channel sections.
Suitable web crippling coefficients were proposed to be adopted in
the American and Australian/New Zealand cold-formed steel
design standards.

In the current research, an analytical model were developed to
help the designer engineer to accurately predict the web crippling
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ultimate load for cold formed Z-section using a simple but rational
formula. This model was based on the deformed shape obtained
from experiments and verified by finite element analysis, it also
accounted for the presence of web initial imperfection. The results
of the developed analytical model were verified against the
experimental numerical results, and a good agreement was noticed.
Results of the developed model along with the numerical and
experimental results were compared to the codes design equations.

2. Current design standards

In this research, two design standards are considered; the north
American specification AISI S100-16 [13], and the Eurocode 3 Part
1e3 EN 1993-1-3 [14]. In both design standards, the web crippling
resistance is clarified into four loading conditions; Exterior One
Flange (EOF), Interior One Flange (IOF), Exterior Two Flanges (ETF)
and Interior Two Flanges (ITF). In the Eurocode, there are one or
two design expressions including three coefficients for estimating
the web crippling resistance for each loading case. In AISI S100-16,
there is a unique design expression including four coefficients for
estimating the web crippling strength for each cross loading case.
The design equations used by the two codes for single web sections
subjected to web crippling under IOF loading are given below.

2.1. AISI S100-16

According to this design code; the nominal web crippling
strength of cold formed steel sections is calculated using the
following design equation provided that, h/t� 200, N/t� 210, N/
h� 2.0 and q¼ 90�;

Pn ¼C:t2: Fy: Sin q
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where; Pn is the nominal web crippling strength, t is the web
thickness, Fy is the material yield stress, R is the inside bend radius,
N is the loading length, h is the flat web height and q is the web
inclination angel. The coefficients C, CR, CN and Ch are defined in
Table 1.

2.2. EN 1993-1-3

According to this design code, for a cross-section with a single
un-stiffened web, the local transverse resistance of the web may be
determined as specified in the following expressions, provided that,
h/t� 200, R/t� 6 and 45�� q� 90�.

For sections with stiffened flanges subjected to EOF loading, the
web resistance is;

RWd ¼ k1:k2:k3:t
2: Fy
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(2.a)

For sections with un-stiffened flanges subjected to EOF loading,
the web resistance is;
Table 1
Web crippling coefficients of single web Z-sections un-fastened to support [13].

Load patterns Stiffened flanges Un-Stiffened flanges

C CR CN Ch C CR CN Ch

EOF 5 0.09 0.02 0.001 4 0.40 0.60 0.03
IOF 13 0.23 0.14 0.01 13 0.32 0.10 0.01
ETF 13 0.32 0.05 0.04 2 0.11 0.37 0.01
ITF 24 0.52 0.15 0.001 13 0.47 0.25 0.04
RWd ¼ k1:k2:k3:t
2: Fy
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For sections subjected to IOF loading, theweb resistance is given
by:

RWd ¼ k3:k4:k5:t
2: Fy
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For sections subjected to ETF loading, theweb resistance is given
by;

RWd ¼ k1:k2:k3:t
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For sections subjected to ITF loading, the web resistance is;

RWd ¼ k3:k4:k5:t
2: Fy

�
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t
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where;

k¼ Fy
�
228 (6.a)

k1 ¼ 1:33� 0:33 k (6.b)

k2 ¼ 1:15� 0:15 R=t 0:5 � k2 � 1:0 (6.c)

k3 ¼ 0:7� 0:3 ðq=90Þ2 (6.d)

k4 ¼ 1:22� 0:22 k (6.e)

k5 ¼ 1:06� 0:06 R=t k5 � 1:0 (6.f)

3. Experimental investigation

The test program has been designed to study the effect of
variation of cross section geometrical properties and bearing plate
widths. The considered cross section parameters are; web thickness
t, web full depth D and the load bearing plate width N as defined in
Fig. 1. The tests carried out in this research for web crippling under
IOF loading conditions as defined by the Eurocode EN 1993-1-3
[14].

The test specimens set up was simple beam loaded through
bearing plate at mid span and un-fastened to supports or loading
plates. As recommended byMacdonald and Heiyantuduwa [10], the
web of specimens have been strengthened at support locations



Fig. 1. Stiffened and unstiffened Z sections geometries considered in tests.

Table 2
Coupon test results.

t, mm Fy, N/mm2 Fu, N/mm2
εu %

1.0 298 373 25.1
1.5 345 414 28.0
1.9 398 457 22.1
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with wooden blocks as shown in Fig. 2, to make sure that web
crippling failure occurs under the loading plate at mid span of test
specimen and achieve the IOF loading conditions for web crippling.
The end bearing plates of test specimens at support locations have a
constant width of 100mm while the loading plates have been
fabricated with three different widths; 30, 50 and 100mm.

Table 2, defines the test specimens cross section dimensions,
length and loading plate widths. The specimens have been labeled
such that; the cross-section shape, dimensions and loading plate
width are defined as per the following example.

The material properties of the test specimens were determined
Fig. 2. Test setup for IOF loading conditions.
by tensile coupon tests. Three coupon tests were prepared ac-
cording to ASTM A370 for the tensile testing of metals using
12.5mm wide coupons of gauge length 50mm. The coupon tests
were carried out using the universal testing machine LLOYD-LR
300 K.

Table 2 summarizes the material properties determined from
the coupon tests; the yield stress Fy, ultimate stress Fu and the
elongation after fracture (εu) based on a gauge length of 50mm.
Fig. 3 shows the test specimen during coupon test.

During the tests, several measurements have been recorded
such as; the applied testing load, the lateral displacement of the
web in addition to the vertical movement of the bottom flange at
mid span loading location. Fig. 4 shows the web crippling failure in
test specimen and the measuring tools for web deformations.
4. Numerical investigation

The finite element package ANSYS [15] was used in this inves-
tigation to simulate the tested cold formed steel Z-sections for web
crippling under IOF loading conditions. It is aimed to present
simple accurate finite element models for the tested specimens
subjected to pure web crippling. The finite element models were
verified against the test results to be used in future extensive
parametric study for wide range of Z-section geometries. The
measured cross section dimensions, material properties, loading
and boundary conditions from tests were used in building the finite
elementmodels. In finite element models, the Z-section geometries
were based on centerline dimensions of cross section.

A thin shell element type “Shell18100 was utilized in the finite
element models to simulate the test specimens. This element is
four-node element and has six degrees of freedom at each node. It is
suitable for thin walled sections and has nonlinear capabilities
Fig. 3. Coupon test specimen.



Fig. 4. Web crippling failure under IOF loading.
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account for plasticity and large deformations [15].
The finite element mesh in the models has been carried out by

varying the element size along the specimen length and cross
section. A mesh size of approximately 5� 5mm have been utilized
for flat flanges and lips while a mesh size of approximately
2.5� 2.5mm have been utilized for flat web under loading plate to
simulate the web crippling deformation. A finer mesh size has been
utilized at each rounded corner of Z cross sections by dividing it
into four elements along the cross section. The typical arrangement
for finite element models of cold formed steel Z-sections subjected
to IOF web crippling is shown in Figs. 5 and 6.

The boundary conditions and loading were carefully simulated
in the finite elementmodels. In the tests the Z-specimens setupwas
hinged roller simple beams. In the finite element models, the same
boundary conditions were simulated by restraining the vertical,
Fig. 5. Typical meshing arrangem
lateral and longitudinal movements of flange nodes at hinge sup-
port while at roller support the longitudinal movement of flange
nodes was released and vertical and lateral movements were
restrained as shown in Fig. 5.

Furthermore, in the tests the movement of the loading jack was
only allowed vertically up and downward with no rotation or
lateral movement allowed. The same conditions were simulated in
the finite element models by restraining the lateral movement of
the top flange nodes at the intersection line between the top flange
and the rounded corner of theweb along the loading plate length as
shown in Fig. 6.

The loading simulation in the finite element models was care-
fully selected. It was observed in tests that, after placing the loading
plate on the top flange and once the test loading process start, the
top flange rotates, the contact between the loading plate and top
ent in finite element models.



Fig. 6. Finite element models, loading pattern and boundary conditions.
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flange surface is lost and the loading plate is supported on the line
of intersection between the top flange and rounded corner of the
web. Accordingly, in finite element modeling the test load was
simulated as a nodal load applied on the nodes at the intersecting
line between the top flange and rounded web corner. This type of
loading simulation was adopted in Ref. [19].

In the current finite element analysis, the material properties
and nonlinearity has been simulated on bases of the measured
coupon test results presented in Table 2 by applying the idealized
model proposed by Abdel-Rahman and Sivakumaran [17] for
stress strain relationship considering that, young's modulus
E¼ 210000 N/mm2 and passion ratio y¼ 0.3. The large strain
behavior of the material was implemented using the multilinear
isotopic hardening material model. Fig. 7 shows the idealized stress
strain curves adopted in the finite element models analysis for the
conducted three coupon tests.

The idealized stress strain curves are defined through five
segment lines as following; the first line segment extends from zero
to (0.75Fy) on stress axis with slop equals to young's modulus (E).
The second line segment extends to stress (0.875Fy) with slop
Fig. 7. Idealized stress strain curves for the three coupon tests.
equals to (E/2). The third line segment extends to stress value
equals (Fy) and has a slop equals to (E/10). The fourth line segment
has slop equals to (E/200) up to the ultimate stress (Fu). The last
segment has zero slop and extend to the ultimate strain (εu).

Figs. 8 and 9 show sample of the finite element analysis results
for stiffened and un-stiffened specimens respectively. The shown
stresses distribution are plotted at the ultimate loads and failure
loads. The finite element models have been validated against the
experimental work by means deformed shapes, ultimate loads and
load displacement curves. Fig. 10 shows the agreement between
the deformed shape from test and finite element analysis.

Table 3, shows that the predicted ultimate loads from finite
element analysis are in a good agreement with the measured tests
ultimate loads. The statistics shows that the mean value of the
predicted finite element ultimate loads to the test ultimate loads
equals to 1.03 and the coefficient of variation COV¼ 0.02. Fig. 11,
shows the load displacement curves from both finite element
analysis and the test results. The figure shows how results are
matching well.
5. Analytical model

This analytical model has been developed based on the good
agreement noticed between the deformed shapes from experi-
ments as well as from the finite element models as shown in Fig. 10.
Fig. 12 shows the deformed shape through the flat web height at
mid span of finite element models. The deformed shape has been
plotted at three different loading increments. It is observed that,
the maximum deformation occurs at about one third the flat web
height which is similar to the deformed shape of a simply sup-
ported plate with elastic rotational restraint at its lower edge, as
shown in Fig. 12.

Based on this similarity, the flat web of cold formed steel Z-
section can be idealized as, a rectangular thin plat simply supported
on its vertical sides and top edge and elastically restrained against
rotation at the bottom edge, as shown in Fig. 13. The elastic rota-
tional restrain at the bottom edge of the idealized plate is provided
by the rotational stiffness of the bottom flange and the adjacent
parts beyond the flat web height. The idealized thin plate is sub-
jected to locally distributed in-plan edge compressive force P and
bending moment Mo. The applied stresses are assumed to spread



Fig. 8. Sample of finite element analysis results for stiffened specimen Z204� 62� 16� 1.5-R2.0-N100.
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downward through the web height at an angle 45� beyond the
loading plate width till the location of the maximum out of plan
displacement as shown in Fig. 13.

The deformed shape along the plate width is assumed to follow
a sin curve with maximum displacement amplitude (a) at the mid
width as shown in Fig. 13. The rotational stiffness Kt at the bottom
edge of the idealized thin plate is equivalent to the torsional stiff-
ness of a fixed-fixed beam of span (L), with a concentrated twisting
moment at mid span; accordingly, it can be calculated according to
the following expression.

Kt ¼4 G J
L

(7)

where:

a Maximum out of plan displacement, mm
B Plate width at the location of maximum out of plane
displacement, Fig. 13
e The eccentricity of the applied load ¼ (R þ t/2) mm
E Young's modulus of steel,¼ 210 kN/mm2
Fy Steel yield stress, kN/mm2
G Shear modulus of steel¼ 81 kN/mm2
h Flat web height, mm
I Second moment of area of the effective web section¼ B t3/12,
mm4
J Torsion constant for lipped flange ¼ (ds þ b �4 (R þ t) þ p
(R þ t/2)) t3/3 mm4
L Equivalent Beam span for torsional rigidity ¼ Nþ2 h
Mo Moment due to eccentric applied load ¼ (P e) kN.mm
N Bearing plate width, mm
P The applied load, kN
t Web thickness, mm

For the previously described boundary conditions and loading
pattern, the idealized web plate has the following deformed shape
and bending moment equations:

qðyÞ¼ Moh
EI
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MðyÞ¼ Mo

�
ð1þCÞ y

h
�C
�

(8.c)

where; q(y), w(y), and M(y) are the slopes, deflection and bending
moment along the web height. The factor C represents the relative
stiffness of the web plate to the torsional stiffness of the flange,
where its value is given by the following expression:

C¼ 0:5
1þ 3EI

Kt :h

(9.a)

The value of (C) ranges from 0 to 0.5, where the two extreme
cases represent hinge-hinged condition (C¼ 0), and Fixed-hinged
condition (C¼ 0.5). the deformed shape and bending moment
distribution over the plate height are shown in Fig. 13.

The maximum out of plan displacement (a) corresponds to a
slope of zero value, which takes place at a height between h/

ffiffiffi
3

p
and

2 h/3 which are the extreme values for the elastically restrained
edge in case of hinged and fixed edges respectively. Accordingly, the
most stressed section is considered to be at the maximum



Fig. 9. Sample of finite element analysis results for un-stiffened specimen Z204� 62� 16� 1.5-R2.0-N100.

Fig. 10. Deformed shape of test specimen Z150� 62� 16� 1.5-R2.0-N30 according to:
(a) Finite Element Analysis & (b) Experimental Work.

Table 3
Web crippling ultimate loads from tests and finite element analysis.

Test Specimen Pt, kN PFE, kN PFE/Pt

Z150� 62� 16� 1.5-R2.0-N30 6.92 6.96 1.01
Z202� 60� 00� 0.9-R2.0-N30 1.91 2.39 1.25
Z204� 62� 16� 1.4-R2.0-N30 6.65 5.98 0.90
Z204� 64� 16� 1.9-R2.0-N30 12.51 13.71 1.10
Z204� 62� 00� 1.5-R2.0-N30 6.84 6.73 0.98
Z204� 62� 16� 1.4-R2.0-N50 7.78 6.75 0.87
Z204� 60� 00� 1.5-R2.0-N50 7.98 7.93 0.99
Z204� 62� 16� 1.5-R2.0-N100 9.60 9.50 0.99
Z202� 62� 00� 1.4-R2.0-N100 8.37 8.29 0.99
Z254� 62� 16� 1.5-R2.0-N30 7.85 6.84 0.87
Z202� 62� 16� 1.1-R2.0-N30 3.08 3.62 1.18
Z203� 62� 16� 1.0-R2.0-N100 4.35 5.27 1.21
Mean 1.03
COV 0.02
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deformed shape location. The applied loads is assumed to spread
through the web height at 45� angle on both sides of the loading
plate. According to this assumption, the effective web width B at
the critical section is given by the following expression:

B¼Nþ2ðh� yÞyN þ 0:8 h (9.b)

As can be noticed from Fig. 8, the straining actions affecting the
most critical section are;
a) The applied load P, which produce uniform axial compression
of the web plate thickness.
b) The moment resulting from its eccentricity M(y), which
produces compressive stress on one face and tensile stress on
the other face.
c) An additional moment due to the second order effect Madd,
that can be calculated by integrating the applied line load at the
critical section (P/B) multiplied by the corresponding out of plan
displacement

�
a sin px

B

�
as follows:

Madd ¼
P
B

ðB
x¼0

a sin
px
B

dx ¼ 2P a
p

(10.a)



Fig. 11. Load displacement curves for Z04� 62� 16� 1.4-R2.0-N100 according to:
Finite Element Analysis & Experimental Work.

Fig. 12. Flat web deformed shape at mid span of finite element models at three stages;
0.06, 0.5 and 1.00 of the ultimate FE load.

Fig. 13. Proposed plate model for web crippling
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d) An additional moment due to web initial imperfection, which
is given by:

Mi ¼ P di (10.b)

At the critical section, the total normal stress is resulting from
the axial load P, and the total bending moment M. The two stress
components are given by the following expressions:

Fa ¼ P
B t

(11.a)

Fb ¼
4M
B t2

(11.b)

where, Fa and Fb are the two stress components resulting from axial
load and bending moment respectively. According to the first yield
failure criteria, the failure occurs when the total stresses reach the
yield stress of material, then; the following expressions can be
formed:

P
B t

þ 4M
B t2

¼ Fy (12)

In equation (12), the total bending moment M represents the
contribution of; the applied bending moment (M(y), equation
(8.c)), the second order moment (Madd, equation (10.a)), and the
bending moment resulting from initial imperfection (Mi, equation
(10.b)). The initial imperfection (di) is usually considered as a per-
centage of the web depth, a practical range of h/250 to h/1000 can
be reasonably assumed. Effect of initial imperfection on web crip-
pling strength will be studied later on, however, a value of h/500
can be considered in the model derivation. Therefore the total
bending moment on the most critical section is given by the
following expression:

M¼Mo

�
ð1þCÞ y

h
�C
�
þ2P a

p
þ P

h
500

(13)

The value of (a), represents the maximum displacement
amplitude resulting from the bending moment diagram shown in
Fig. 8. This value can be obtained by equating the slope (q(y)) of
equation (8.a) to zero, to obtain the value of y corresponding to the
maximum value of (w(y)), then the value of (a) can be obtained
from equation (8.b).

The platemaximum lateral deflection occurs at a height of y¼ h/ffiffiffi
3

p
(0.58 h) for the simply supported boundary conditions, and

y¼ 2 h/3 for the fixed hinged boundary condition. For the general
case of elastically restrained boundary condition, the maximum
of Z-section under IOF loading conditions.



Table 4
Test specimens’ parameters and web crippling ultimate loads.

Test Specimen t,
mm

Fy,
N/mm2

h/t N/t R/t Pt, kN PFE, kN PEq (18), kN PEN, kN PAISI, kN PFE/Pt PEq (18)/Pt PEN/Pt PAISI/Pt

Z150� 62� 16� 1.5-R2.0-N30 1.5 345 95.3 20.0 1.33 6.92 6.96 7.32 9.78 10.87 1.01 1.06 1.41 1.57
Z202� 60� 00� 0.9-R2.0-N30 0.9 298 218.0 33.3 2.22 1.91 2.39 2.19 2.62 2.21 1.25 1.15 1.37 1.48
Z204� 62� 16� 1.4-R2.0-N30 1.4 345 140.9 21.4 1.43 6.65 5.98 7.49 7.92 9.25 0.90 1.13 1.19 1.39
Z204� 64� 16� 1.9-R2.0-N30 1.9 398 103.3 15.8 1.05 12.51 13.71 13.59 16.70 19.94 1.10 1.09 1.33 1.59
Z204� 62� 00� 1.5-R2.0-N30 1.5 345 131.3 20.0 1.33 6.84 6.73 7.42 9.22 8.15 0.98 1.08 1.35 1.19
Z204� 62� 16� 1.4-R2.0-N50 1.4 345 140.9 35.7 1.43 7.78 6.75 7.09 8.61 10.31 0.87 0.91 1.11 1.33
Z204� 60� 00� 1.5-R2.0-N50 1.5 345 131.3 33.3 1.33 7.98 7.92 8.15 9.97 8.88 0.99 1.02 1.25 1.11
Z204� 62� 16� 1.5-R2.0-N100 1.5 345 131.3 66.7 1.33 9.60 9.50 10.08 10.58 12.26 0.99 1.05 1.10 1.28
Z202� 62� 00� 1.4-R2.0-N100 1.4 345 139.4 71.4 1.43 8.37 8.29 8.64 10.61 8.83 0.99 1.03 1.27 1.05
Z254� 62� 16� 1.5-R2.0-N30 1.5 345 164.7 20.0 1.33 7.85 6.84 7.56 8.70 10.50 0.87 0.96 1.11 1.34
Z202� 62� 16� 1.1-R2.0-N30 1.1 298 178.0 27.3 1.82 3.08 3.62 3.47 4.20 4.85 1.18 1.13 1.36 1.57
Z203� 62� 16� 1.0-R2.0-N100 1.0 298 197.0 100.0 2.00 4.35 5.27 3.77 5.14 5.39 1.21 0.87 1.18 1.24
Mean 1.03 1.04 1.25 1.35
COV 0.02 0.008 0.01 0.03

Fig. 14. Comparisons of experimental ultimate loads and predicted loads from finite
element models, proposed analytical equation and Codes design approach.
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displacement can be assumed to take place at y¼ 0.6 h for
simplicity. Then, the total maximum moment given by equation
(13) can be re-expressed as follows:
M¼ P h

,
500 þð0:6�0:4 CÞðRþ t =2ÞP þ ðRþ t=2Þ ð0:128� 0:112 CÞðhÞ2

p EI
P2 (14)
Substituting M from equation (14) into equation (12) and rear-
ranging the different terms, results in the following expression:

"
ð0:512�0:448CÞ

�
R
t
þ0:5

� ðhÞ2
p EI

#
P2n

þ
�
1þ4h=t

500
þð2:4�1:6CÞ

�
R
t
þ 0:5

�	
Pn � Py ¼0 (15)

where, Pn is the value of applied load that causes failure due to local
web yielding (web crippling), which represents the nominal ca-
pacity of a section undergoing web crippling. Py, is the squash load
of the effective portion of the web that is given by the following
expression:
Py ¼B t Fy (16)

Equation (15), can be simplified to the following form:

a P2n þ b Pn � Py ¼ 0 (17)

Equation (17) can be solved to obtain the web crippling nominal
failure load Pn. Pn can be given by the following expression:

Pn ¼ 1
2a

� ffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffiffi
b2 þ 4a Py

q
�b

	
(18)

where, Py is given by equation (16), and a and b are given by the
following expressions:

a¼ð0:512�0:448CÞ
�
R
t
þ 0:5

� ðhÞ2
p EI

(19.a)

b¼1þ4h=t
500

þ ð2:4�1:6CÞ
�
R
t
þ0:5

�
(19.b)

Equation (18) gives the nominal web crippling load in terms of
the material properties E and Fy, bearing length N, geometrical
properties of the cross section h, R and t. A value of h/500 is
considered as a web initial imperfection in equations (18) and (19).
6. Results

In this section, the nominal web crippling capacities pre-
dicted by equation (18) (Pn) have been compared to the exper-
imental ultimate loads (Pt), the finite element ultimate loads
(PFE), the Eurocode web crippling resistances (PEN) and the
nominal strengths estimated by the North American specifica-
tion (PAISI). Table 4 presents the web crippling parameters for
each test specimen in addition to the ultimate loads according
to tests, finite element analysis, analytical model (for initial
imperfection of h/500), and the ultimate resistance or nominal



Fig. 15. Comparison between; (a) Finite element ultimate load and experimental ultimate load, (b) Analytical model predicted load and experimental ultimate load, (c) Eurocode
resistance load and experimental ultimate load and (d) North American Code nominal strength and experimental ultimate load.

Table 5
Initial imperfection effect on the predicted web crippling ultimate loads.

Test Specimen t (mm) Fy (N/mm2) Test Result Pt (kN) Analytical Model Result for different values of Si
0 h/1000 h/500 h/250 h/150 h/100

Z150x62xl6xl.5-R2.0-N30 1.50 345.00 6.92 7.71 7.51 7.32 6.95 6.51 6.00
Z202x60x00x0.9- R2.0- N 30 0.90 298.00 1.91 2.30 2.24 2.19 2.09 1.97 1.82
Z204x62xl6xl.4-R2.0-N30 1.40 345.00 6.65 7.91 7.69 7.49 7.10 6.64 6.11
Z204x64xl6xl.9-R2.0-N30 1.90 398.00 12.51 14.35 13.95 13.59 12.89 12.04 11.08
Z204x62x00xl.5-R2.0-N30 1.50 345.00 6.84 7.84 7.62 7.42 7.04 6.58 6.06
Z204x62xl6xl.4-R2.0-N50 1.40 345.00 7.78 7.48 7.28 7.09 6.74 6.30 5.81
Z204x60x00xl.5-R2.0-N50 1.50 345.00 7.98 8.61 8.36 8.15 7.74 7.24 6.67
Z204x62xl6xl.5-R2.0-N 100 1.50 345.00 9.60 10.66 10.34 10.08 9.57 8.95 8.25
Z202x62x00xl.4-R2.0-N 100 1.40 345.00 8.37 9.13 8.86 8.64 8.22 7.70 7.11
Z254x62xl6xl.5-R2.0-N30 1.50 345.00 7.85 7.99 7.77 7.56 7.18 6.70 6.16
Z202x62xl6xl.l-R2-N30 1.10 298.00 3.08 3.65 3.56 3.47 3.29 3.08 2.84
Z203x61x16x1.0-R2-N100 1.00 298.00 4.35 3.97 3.87 3.77 3.60 3.38 3.13
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Fig. 16. Variation of ultimate web crippling resistance with initial web imperfection for all studied sections.

Fig. 17. Variation of average web crippling strength reduction with initial web
imperfection for all studied sections.
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strength according to the design codes.
Fig. 14 shows a comparison between the experimental web

crippling ultimate loads on the vertical axis (Pt) and the strengths
predicted by the other different methods on the horizontal axis.
The comparison shows the values obtained from; the finite element
analyses (PFE), the analytical model (PEq (18)) utilizing equation (18),
the nominal strengths as per AISI (PAISI), and the resistances
calculated as per the Eurocode (PEN) versus the experimental ulti-
mate resistance (Pt).

For more convenience, comparison between each individual
approaches and the experimental results are shown in Fig. 15. From
the comparisons shown in Table 4, Figs. 14 and 15 it can be
concluded that, the ultimate load predicted by the finite element is
slightly higher than the load obtained from the tests (higher by 3%).
The proposed analytical model (equation (18)) compares well with
both experimental and finite element results. The average strength
of the developed model is 4% higher than the average test strength,
with a variance of 0.008. The average strength obtained by the
analytical model is 2% higher than the average resistance obtained
by the finite element method with a variance of 0.016.
On the other hand, the comparisons between test loads and

designs codes showed that, the North American specification and
the Eurocode overestimate the web crippling capacity by 35%, and
25% respectively.

Accordingly, the developed analytical model can be used as a
simple, but rational, design approach. The model predicts the ulti-
mate web crippling accurately using a simple equation (equation
(18)). On the other hand, the expressions used by the design codes of
practice overestimate theweb crippling resistance for the Z-section,
and further adjustments need to be introduced to these expressions.
However, this issue will be studied in another research.

The developed analytical model equation (18) is also applied to
investigate the effect of initial web imperfection on the ultimate
resistance of web crippling. Web crippling resistance has been
calculated for all studied sections under different values of initial
imperfection, di¼ 0, h/1000, h/500, h/250, h/150 and h/100.

Table 5 shows the effect of the initial web imperfection on the
predicted web crippling strength as per the proposed analytical
model for each test specimen in addition to the ultimate loads
according to tests.

Fig. 16 shows the variation of ultimate web resistance with
initial imperfection (di/h) for all sections. Fig.17 shows the variation
of average strength reduction of all sections with the values of
initial web imperfection.

From Table 5 and Figs. 16 and 17, it can be concluded that; the
presence of a practical level of initial imperfection (h/500), reduces
the web crippling resistance by about 6%. Increasing initial imper-
fectionvalue to (h/100) results in a strength reductionof about 22.5%
7. Conclusions

In this research, a simple but rational analytical model has been
developed to predict the nominal web crippling strength of cold
formed Z-sections. Results of the proposed model were validated
by comparison with experimental results, finite element analysis
and codes design approach. Based on the results of these compar-
isons, the following remarks can be concluded:

The developed analytical model (equation (18)), can be consid-
ered as simple and accurate tool for estimating the web crippling
nominal strength for cold formed steel Z-sections. The developed
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model is capable to account for the effect of initial web imperfec-
tion. The developed analytical model results agree well with the
experimental result, with an average difference of 4% and with a
variance of 0.008.

Results of the model also are in a very good agreement with the
finite element results obtained using ANSYS software. The average
difference between the developed model results and finite element
analysis is 3%, with a variance of 0.016. This means that, the
developed model is a reliable tool to predict web crippling resis-
tance of Z-sections.

The design codes included in this study are not conservative for
estimating the web crippling nominal strengths compared to both
finite element and experimental results. Further adjustments are
recommended to be applied for the studied codes design approach,
however, this will be thoroughly investigated in another research.
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