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Elastic and Inelastic Behavior of Overhanging C-Beams: Experimental Study
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Abstract: Due to the lack of researches, either experimentally or theoretically, concerning the behavior and the
strength of overhanging C-beams, the design of such C-beams is not sufficiently covered in the current
standards and specifications. Their buckling length coefficients, specified in the current standards and
specifications, were conducted for doubly-symmetric I-sections. In this research, an experimental program was
performed to study the elastic and inelastic behavior of overhanging C-beams, bent about the major axis. Six
full-scale overhanging beams were tested. The tip of the cantilever was subjected to a concentrated load applied
at the top flange and was laterally-restrained at top and bottom flanges. The cantilever segment length ranged
from 2700 mm to 4500 mm. Two sections were considered in the experimental program, UPN 160 and UPN 260.
The longitudinal strains, near the root section were monitored. The vertical deflections, at the tip as well as
other locations along the beam length, were recorded. The lateral displacements at many locations along the
beam length were also observed. The failure modes of the tested beams ranged from yielding at the root section
to lateral-torsional buckling, depending on the cantilever segment length and the beam section. A comparison
showed that the ultimate moment capacities, computed according to different standards and specifications,
ranged from conservative to overconservative, when compared to those obtained experimentally.
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INTRODUCTION suddenly in a Lateral-torsional mode. "He also added

Most of open steel sections have a good resistance bending and torsion is needed, which currently can only
in bending about the strong axis but a low resistance be determined accurately with a finite element method
about the weak axis as well as a low resistance in torsion. (FEM)".
When laterally-unrestrained beam bends about its strong The elastic critical lateral-torsional buckling moment
axis it exhibits instability and may suddenly go in lateral- (M ), for simply supported doubly-symmetric I-beams,
torsional behavior. Thus, the lateral-torsional buckling is subjected to equal and opposite end moments, was
a limit state that may often control the design of steel presented by Timoshenko and Gere [2], as follows:
beams. Although the overhanging C-beams are sometimes
used in many industrial projects, such as Cement and (1)
Fertilizer factories, in walkways, gangways, beams for stair
trades, roof purlins (when supporting fascia or sun
breaker),....,....,etc., very limited research programs are
conducted on such C-beams. Ziemian [1] reported that where, E = modulus of elasticity; I  = the second moment
"Channel sections loaded in bending possess structural of area about minor axis of bending; C  = warping
properties  that  are  different  from  wide-flange beams. constant;   L     =    laterally-unsupported   beam   length;
The shear center and centroid do not coincide and both G = shear modulus; and J = torsional constant.
are not on a material point of the cross section. It is Timoshinko and Gere [2] also expressed a differential
important to note that only when a  section  is  loaded equation of equilibrium for unbraced built-in cantilever
through its shear center will the section deflect without with doubly-symmetric I-sections, using infinite series.
twisting. At a critical load, the sections will buckle They  assumed full fixity at the root and a point load at the

that" For the overall method, the plastic capacity in
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tip, applied at the level of the centroid. As a result of the boundary conditions at the root and the tip on the
research, they presented a formula for  the  critical  load. behavior and strength of singly-symmetric overhanging
Nethercot   [3]   presented  buckling   length  coefficients monorail I-beams. They studied the effect of web
for built-in cantilevers and overhanging beams with distortion at the root on the ultimate moment capacity of
doubly-symmetric sections. The coefficients took into such  beams.  They incorporated nonlinear geometrical
consideration the effect of load position, with respect to and material analyses in the finite element model.
the section height, on the ultimate moment capacity of Dessouki et al. [12] conducted a research program to
such beams. These coefficients are incorporated in most investigate, experimentally, the behavior of overhanging
standards and specifications. However, according to C-beams. Abdel-Rahim [13] studied the elastic and
those standards and specifications, these coefficients are inelastic behavior of overhanging cold formed C-beams.
allowed to be used in the design of built-in cantilevers He studied the effect of different boundary conditions at
and overhanging C-beams. Özdemir and Topkaya [4] the tip on the ultimate moment capacity of such beams.
studied the lateral-torsional buckling of doubly-symmetric It is clear that the design of overhanging C-beams,
overhanging crane trolley monorails, with single and according to the current standards and specifications,
double overhangs. The effects of load position and depends on   research   programs   conducted  for
support location, among the cross sections, were doubly-symmetric I-beams, while very limited number of
investigated. Simple expressions were developed for research programs   was   conducted   on  overhanging
predicting the moment gradient coefficient (C ) values for C-beams. Thus, in this study, an experimental study ofb

different  boundary  conditions.  Andrade, et al. [5] overhanging C-beams was carried out to investigate the
studied  the  elastic critical moments for doubly and behavior and strength of these types of beams.
singly-symmetric I-cantilevers. The so-called 3-factor
formula, included in the ENV version of Eurocode 3, is one Experimental Program: The experimental program
of the most commonly used general formulae to estimate included testing of six full-scale overhanging C-beam
the elastic critical moments in steel beams subjected to sections, as shown in Fig. 1, three specimens with UPN
lateral-torsional buckling. They extended the application 160 section-size and the other three specimens with UPN
of this formula to built-in cantilevers by providing 260 section-size. The sections had web height-to-
approximate analytical expressions to determine the C , C thickness ratio (h/w) equal 21 and 26, respectively. In1 2

& C  factors. The study considered the cantilever end addition, the flange width-to-thickness ratio (b/t) equal3

support full built-in or free to warp and subjected to 6.19 and 6.33, respectively. These ratios met the compact-
uniformly distributed load or concentrated load at the tip. section limits according to the AISC Specification [14].
Nethercot [6] used the finite element method to The length of the cantilever segment (L ) was 2700 mm,
investigate the effects of variations in the conditions of 3600 and 4500 mm, while the back span length was kept
loading, including the location of the applied loads and constant for all specimens to be 3150 mm. The ratios of
lateral supports, on the lateral-torsional buckling behavior the cantilever lengths to the back span length (L /L )
in the inelastic range of simple and built-in cantilever were 0.86, 1.14 and 1.43, respectively. The average
beams. Trahair [7] studied the influence of restraints on measured  dimensions  for  all  specimens are listed in
the elastic critical lateral-torsional-buckling of monorails, Table 1. The web height (h) and the flange width (b) as
without distortion. In his study, he used the finite element well as the thickness of the flanges (t) were measured at
method to analyze simply supported, continuous, 500 mm intervals along the whole length of each specimen
cantilever and overhanging beams with doubly-symmetric in two different locations on each side. The web thickness
I-sections. Mohsen et al. [8, 9, 10] studied, experimentally (w)  was  measured  only at the ends of each specimen.
and theoretically, the elastic and inelastic lateral-torsional The height (h), the specimen total length (L) and the
buckling   behavior   of   singly-symmetric  overhanging flange width (b) of the sections were measured with an
I-beams bent about the major axis. Only concentrated load accuracy of 0.10 mm, while the flanges thickness (t) and
at the tip was considered. The tip was laterally-restrained the  web  thickness  (w) of the sections were measured
at both flanges, at top flange only, at bottom flange only with an accuracy of 0.05 mm. The mechanical properties of
and laterally-unrestrained. They proposed a modified the material were determined in accordance with the
buckling coefficient (k ) to be used in calculating the ASTM Standard A607 [15]. Six standard tension testmod

effective buckling length for the cantilever segment of coupons were cut from the webs of the beams. The yield
such beams. Abdulhameed et al. [11] used the finite strength  (F ),  the  ultimate  strength   (F )   and  the
element analysis to investigate the effect of different elastic  modulus  (E) were obtained from the coupon tests.
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Fig. 1: Overhanging beam

Table 1: Average measured dimensions of specimens

Fig. 2: Initial out-of-plane straightness of the overall length of the specimens

Fig. 3: Specimen boundary conditions

The average yield stress (F ) of UPN 160 section was laterally-restrained  at  the  end  of  the  beam. However,y

found to be 398 MPa and the average yield stress (F ) of the  bottom  flange  and  100 mm  of  the  web heighty

UPN  260 section was found to be 358 MPa. The initial above the bottom  flange,  at  the  root  support,   were
out-of-plane deformations, shown in Fig. 2, were only laterally-restrained, as shown in Fig. 3. Both the
measured at 500 mm intervals along the length of each bottom and  the  top  flanges at the tip of the
specimen and the values were less than (L/1000), except overhanging C-beam were laterally-restrained, as shown
one specimen, as shown in Table 2. in Fig. 3. To prevent local failure, stiffener plates of 8 mm

The overhanging beam was loaded by applying a thickness were welded to the section, using 6 mm weld
downward  load  at  the top flange of the cantilever tip. size at the end support, at the root support and at the load
The back span of the overhanging beam was fully location.
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Table 2: Average measured out-of-plane straightness of the overall length of
the specimens

SPECIMEN 1(mm) *  (mm)Lall

RA270LU315-160 3 5.85
RA360LU315-160 8 6.75
RA450LU315-160 6 7.65
RA270LU315-260 5 5.85
RA360LU315-260 6 6.75
RA450LU315-260 7 7.65
*Maximum allowable imperfection  (L/1000) stub-columns were constructed to provide vertical

Instrumentation: The instrumentation, used in the
experimental investigation, were selected to measure the
vertical displacements of the specimens at the tip of the
cantilever, the lateral deformation of the specimens at
different locations and the longitudinal strains near the
root of the tested specimens. Fig. 4 shows the distribution
of all instruments used in the experimental program. Linear
Variable Differential Transducers (LVDTs) were used to
measure the vertical and lateral displacements of the
specimens at various locations. Five LVDTs were placed
at the top and bottom flanges of the tested specimens to
monitor the horizontal displacements. Three LVDTs were
located at a distance of 400 mm from the root in the
cantilever segment, while other two LVDTs were located
at a distance of 500 mm from the root support in the back
span part, as shown in Figs. 4 and 5. An additional LVDT
was placed at the top flange of the back span support to
monitor the vertical movements therein (if exists), as
shown in Fig. 6. Since high values of vertical
displacements at the cantilever tip were expected, a
wooden ruler, shown in Fig. 7, was used to monitor the
vertical displacement therein. To measure the longitudinal
strains near the root of the cantilever segment, five
electrical resistance strain gages were used in each
specimen. Two strain gages were placed on the web at
distance of 30 mm from the tension and compression
flanges. One strain gage was placed at mid-width of the
tension flange. Two strain gages were placed on the
upper face of the compression flange, as shown in Fig. 4.

Test Setup and Procedure: A great effort and time were
spent in designing and constructing the test setup to
study the expected deformation and behavior of the
specimens. All specimens were tested using the setup
shown in Fig. 8. The specimens were loaded at the tip
point  of  the cantilever by pushing down the top flange.
A hydraulic jack of 8-ton capacity was used at the
loading-point. The jack was placed to react against the
test frame and the load was applied to the top flange of
the beam at the tip of the cantilever. A pre-calibrated load

cell  was  placed  between  the  hydraulic  jack  and  the
test  frame to monitor and control the applied load. A
loading  roller  consisting  of  two  plates  and a cylinder
was placed between the hydraulic jack and the upper
flange of the specimen. The cylinder allowed the bottom
plate to be in full contact with the top flange of the
specimen and at the same time allowed the specimen to
rotate at the loading point, as shown in Fig. 9. Two steel

supports for the specimen. Each column was welded to a
base plate. This base plate was connected to the
structural floor by stiff anchor bolts. The  vertical
supports  were  considered  as   hinged  at the end of the
specimen and as roller at the root support. A  steel head,
over the specimen, was provided at the end-supporting
column  to  prevent  the  uplift  of  the  specimen  during
the test. A lateral-supporting frame was placed at the tip
of the cantilever. Both top and bottom flanges were
laterally and torsionally-restrained. The lateral-supporting
frames  consisted  of  the  loading  frame  and  two
stiffened plates located on both sides of the specimen;
each plate was connected to the frame columns by 4
anchors. The end support and the root support were
laterally-restrained by using two angles 240×130×5 mm.
The angles were bolted to the structural steel bed, as
shown in Fig. 8.

The following procedure had been followed for each
specimen to conduct the test. The specimen was cleaned
first from  rust  and the dimensions were determined.
Then, the specimen was positioned in the test setup using
an overhead crane and was attached to the vertical and
lateral supports. The specimen was leveled and aligned
followed by mounting the strain gages as well as all
LVDTs at the desired locations. Finally, all
instrumentations were connected to the Data Acquisition
System to monitor all the data.

Each test started by adjusting the loading jacks so
that a full contact with the top flange of the specimen was
achieved, as shown in Fig. 9. The load cells at the load
position and at the ends were checked. Initial readings of
all used instrumentations were then recorded. The
specimens  were  loaded  using an increment load rate of
2 kN/min. to allow for the readings of the wooden ruler to
be recorded. Readings were recorded at two seconds
interval time. The readings of the vertical deflection ruler
were recorded manually. Visual observations were also
made during the test. Loading of the specimens was
terminated after the maximum load was reached. Once the
recorded load started to drop, it was difficult to maintain
load control.
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Fig. 4: Instrumentation distribution

a. LVDT'S at 400mm from the root

b. LVDT'S at 500mm from the root

Fig. 5: LVDTs near root support
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Fig. 6: Vertical LVDT at back span support

Fig. 7: Wooden ruler at beam tip

Fig. 8: Test setup

Fig. 9: Loading jack and loading roller
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RESULTS DISCUSSION The failure mode was due to yielding. The ratio of the

The experimental results of the six full-scale
overhanging C-beam tests are presented herein. Three
major measurements are discussed, as follows;

Vertical Deflection: The vertical deflection at the tip of
the  cantilever  was  monitored  using  a  wooden  ruler.
The load-vertical deflection curves of all specimens were
presented in Fig. 10. For RA270LU315-160 specimen, a
linear behavior was observed for the load-vertical
deflection curve, until a load, P = 19 kN was reached, as
shown in Fig. 10, which corresponds to (M /M ) = 0.93,u p

where  M   is the plastic moment of the beam section.P

Then nonlinear behavior was observed until failure
occurred. For RA360LU315-160 specimen, a linear
behavior was observed for the load-vertical deflection
curve, until a load, P = 14 kN was reached, which
corresponds to (M /M ) = 0.918. Then nonlinear behavioru p

was observed until failure occurred. For RA450LU315-160
specimen,  a  linear  behavior  was  observed   for   the
load-vertical deflection curve, until a load, P = 9 kN was
reached, which corresponds to (M /M ) = 0.73. Thenu p

nonlinear behavior was observed until failure occurred.
For RA270LU315-260 specimen, a linear behavior was
observed for the load-vertical deflection curve, until a
load, P = 55 kN was reached, which corresponds to
(M /M ) = 0.93. Then nonlinear behavior was observedu p

until failure occurred. For RA360LU315-260 specimen, a
linear behavior was observed for the load-vertical
deflection curve, until a load, P = 35 kN was reached,
which corresponds (M /M ) = 0.79. Then nonlinearu p

behavior was observed until failure occurred. For
RA450LU315-260 specimen, a linear behavior was
observed for the load-vertical deflection curve, until a
load, P = 31 kN was reached, which corresponds to
(M /M ) = 0.87. Then nonlinear behavior was observedu p

until failure occurred.

Horizontal Displacement: Three LVDTs were placed at
distance 400 mm from the root support in the cantilever
segment,  as  shown  in  Figs.  4  and  5.  LVDT  1  and
LVDT  3  were  placed  at  the top flange, while LVDT 2
was  placed  at  the  bottom  flange.  Figs. 11 to 14 show
the Load-horizontal displacement relationships for the
tested specimens.

As shown in Figs. 11 to 13, for specimens
RA360LU315-260,  RA270LU315-260  and  RA270LU315-
160, respectively, the horizontal movements obtained at
the bottom and top flanges were too small, due to their
short  cantilever  length  relative  to    its    cross   section.

ultimate moment  capacity  to  the  plastic moment
(M /M ) was 0.94,  1.00  and  1.02  for  those specimens,u p

respectively. For specimen RA360LU315-160, shown in
Fig. 14, the horizontal displacement obtained at the top
flange (tension flange) was less than that obtained at the
bottom flange (compression flange). The relationship
between the load and the horizontal displacement was
linear and with small values till the ultimate load was
reached, then the horizontal displacement increased
suddenly with no further increase in the load. The
horizontal displacement increased by 5 to 10 times, for the
tension and compression flanges, respectively. This was
due to failure by combined lateral-torsional buckling and
yielding. For specimen RA450LU315-160, Fig. 14 shows
that the section near the root, experienced large horizontal
displacements, which indicates that the failure mode was
due to lateral-torsional buckling. 

Longitudinal Strains: To evaluate the longitudinal strains
of the tested specimens, five-electrical resistance strain
gages were mounted on the web and the flanges at a
distance equal 200 mm from the root support, in the
cantilever  side  of  each  specimen,  as shown in Fig. 4.
The values of such strains had a negative sign in the
compression side and a positive sign in the tension side.
Figures 15 to 20 show the relationship between the load
and the longitudinal strains at the tension flange, at the
compression and tension zones of the web and at the
compression flange for the six tested specimens. For the
specimen RA270LU315-160, at the compression side, the
load-strain relationship was linear until the load reached
19 kN, which corresponds to (M /M ) ratio equal 0.90.u p

Then the behavior became nonlinear. The behavior of the
load-strain curve became almost horizontal until failure
occurred  due  to yielding, as shown in Figs. 17 and 19.
The same behavior, observed in the compression side,
has occurred in the tension side, but with opposite sign
of strains, as shown in Figs. 15 and 17.

For specimen RA360LU315-160, at the compression
and tension zones of the web and at the compression
flange, the load-strain relationship was linear until the
load reached 14 kN, which corresponds to (M /M ) ratiou p

equal 0.918. Then the behavior became nonlinear, as
shown in Figs. 15 and 17. The same behavior, observed in
the compression side, has occurred in the tension side,
but with opposite sign of strains, as shown in Figs. 17 and
19. The strain gage (SG5) indicated an increase in strains
until the load of 14 kN was reached then a decrease in the
strains was observed until failure occurred due to yielding
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Fig. 10: Vertical deflections at the cantilever tip of all specimens

Fig. 11: Horizontal displacements at 400 mm from the root of specimen RA360LU315-260

Fig. 12: Horizontal displacements at 400 mm from the root of specimen RA270LU315-260

Fig. 13: Horizontal displacements at 400 mm from the root of specimen RA270LU315-160
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Fig. 14: Horizontal displacements at 400 mm from the root of specimens RA360LU315-160 and RA450LU315-160

Fig. 15: Load-strain relationships at tension flange of UPN 160 specimens

Fig. 16: Load-strain relationships at tension flange of UPN 260 specimens

Fig. 17: Load-strain relationships at the web of UPN 160 specimens
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Fig. 18: Load-strain relationships at the web of UPN 260 specimens

Fig. 19: Load-strain relationships at the compression flange of UPN 160 specimens

Fig. 20: Load-strain relationships of at the compression flange of UPN 260 specimens

and lateral-torsional buckling of compression flange, as Standards and Specifications: A comparison between the
shown in Fig. 19. For specimen RA450LU315-160, at the ultimate loads obtained experimentally and those
compression side, the load-strain relationship was linear computed according to the AISC Specification [14],
until the load reached 7.4 kN, which corresponds to BS5950 [16] and Eurocode 3 [17], was performed, as
(M /M ) ratio equal 0.61. Then the behavior became shown in Table 3 as well as Figs. 21 and 22. The effectiveu p

nonlinear, as shown in Figs. 15 and 17. The same behavior buckling length coefficients, presented by Nethercot [3]
was observed in the tension side, but with opposite sign and recommended by the SSRC Guide [18], are
of strains, as shown in Figs. 17 and 19. The strain gage incorporated  in  most  of the standards and
(SG5) indicated an increase in strains until a load of 7.4 kN specifications.  The  ultimate  loads computed according
was reached then they decreased until failure occurred to the AISC Specification [14], BS5950 [16] and Eurocode
due to lateral-torsional buckling of the compression 3 [17], ranged from conservative to overconservative,
flange, as shown in Fig. 19. when   compared    to     those     obtained experimentally.
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Table 3: Comparison between the ultimate loads obtained experimentally and those computed according to the AISC Specification [14], BS5950 [16] and
Eurocode 3 [17]

P P P Pu u u u

EXP. AISC BS5950 EC3 P P Pu AISC u BS u EC3

SPECIMEN kN kN kN kN /P /P /Pu EXP. u EXP. u EXP.

RA270LU315-160 20.7 15.81 8.63 4.89 0.76 0.42 0.24
RA360LU315-160 14.6 8.77 5.1 2.78 0.60 0.35 0.19
RA450LU315-160 9.02 5.57 3.36 1.84 0.62 0.37 0.20
RA270LU315-260 58.7 58.7 29.9 19.03 1.00 0.51 0.32
RA360LU315-260 41.4 32.3 17.59 10.56 0.78 0.42 0.26
RA450LU315-260 32 20.2 11.56 6.7 0.63 0.36 021

Fig. 21: Comparison between the ultimate loads obtained experimentally and those computed according to the AISC
Specification [14], BS5950 [16] and Eurocode 3 [17] for UPN 160 specimens

Fig. 22: Comparison between the ultimate loads obtained experimentally and those computed according to the AISC
Specification [14], BS5950 [16] and Eurocode 3 [17] for UPN 260 specimens

The behavior of the tested specimens was analyzed and shown in Fig. 25. According to the AISC Specification
the experimental results can be explained as follows; the [14] specimen RA270LU315-260 failure mode was due to
failure mode of specimens RA270LU315-160, yielding, while for the other specimens the failure mode
RA270LU315-260 and RA360LU315-260 was due to was due to lateral-torsional buckling.
yielding, as shown in Fig. 23. The failure mode, of Figures 21 and 22 show that the ultimate loads,
specimen RA360LU315-160 and RA450LU315-260 was due computed according to the Eurocode 3 [17], are the most
to combined lateral-torsional buckling and yielding, as conservative loads, when compared to those obtained
shown in Fig. 24. The failure mode of specimen experimentally. On the other hand, the ultimate loads,
RA450LU315-160 was due to lateral-torsional buckling, as computed according    to   the   AISC   Specification  [14],
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Fig. 23: Specimen RA270LU315-260 at failure due to yielding

Fig. 24: Specimen RA360LU315-160 at failure due to combined yielding and lateral-torsional buckling

Fig. 25: Specimen RA450LU315-160 at failure due to lateral-torsional buckling

are  the  least  conservative loads, when compared to compact-section limits according to the AISC
those obtained experimentally. Meanwhile, the ultimate Specification [14]. The overhanging C-beam was
loads, computed according to the BS5950 [16], are subjected to a concentrated load applied at the top flange
between those computed according to the AISC of the tip of the cantilever. The cantilever segment length
Specification [14] and those computed according to the ranged from 2700 mm to 4500 mm. The longitudinal strains,
Eurocode 3 [17]. near the root section were monitored. The vertical

SUMMARY AND CONCLUSIONS beam length, were recorded. The lateral displacements at

An extensive experimental program has been observed. The back span of the overhanging beam was
conducted to investigate the behavior and strength of fully laterally-restrained at the end of the beam, while at
overhanging C-beams bent about the major axis. In this the root, the bottom flange and 100mm of the web height
experimental program, six full-scale overhanging beams above the bottom flange were laterally-restrained. At the
were tested. Three specimens were UPN 160 section-size tip of the overhanging beam, both the top and the bottom
and the other three were UPN 260 section-size. The flanges were laterally restrained. Standard tension tests
sections had web height-to-thickness ratio (h/w) of 21 and were performed on coupons, cut out from the web of the
26, respectively and flange width-to-thickness (b/t) ratio tested beams, in order to evaluate the actual mechanical
of 6.19 and 6.33, respectively. These ratios meet the properties.

deflections, at the tip as well as other locations along the

many locations along the beam length were also
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For the overhanging C-beams that failed by yielding 10. Mohsen, H.A., A.M. Fadel, A.B. Abdel-Rahim and
of the cross section, the yielding occurred at the root B.L.  Gindi,  2007.   Proposed   design  model for
support (location of maximum bending moment). The mono-symmetric over-hanging I-beams (Part II-
buckling length coefficients recommended by the SSRC Laterally unrestrained). The 12  International
guide [18], which incorporated in most standard and Colloquium on Structural & Geotechnical
specifications, are not suitable for calculating the ultimate Engineering, December 10-12, Ain Shams University,
moment capacities of overhanging C-beams. The ultimate Cairo, Egypt.
moment capacities, computed according to the AISC 11. Abdulhameed,    D.O.,      A.K.       Dessouki    and
Specification [14], BS5950 [16] and Eurocode 3 [17], A.B. Abdelrahim, 2015. Proposed design model for
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