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Abstract: Experimental testing and numerical analysis were conducted on steel structure with 20 x 20 mm
rectangular section loaded with combination of bending moment (M) and torsion (7), used to validated the
previous study. Specimen used in the research was cantilever grid beam with fixed constraint at the end of
the beam. The specimen was incrementally loaded parallel with gravity direction until failure occurred.
Load, displacement and strain at observed point were recorded to analyze failure criteria based on Von
Mises criteria. Numerical model using DIANA was used to analyze further the internal forces and stress
distribution at the beam structure. 3D solid model was used for the numerical analysis in order to represent
the experimental results. Experimental and numerical analysis results were in good agreement compared to
the previous study. The experimental strain data shows that plastic joints formed gradually in one location
and followed in other locations. Analysis using Von Mises criteria shows that the yield of the structure was
significantly affected by bending with proportion of = 90%. Numerical model located the same position of
plastic joints compared to experimental. The stress distribution shows that the maximum stress is located
at the vertical outer side of section which indicated that the bending stress is dominant.
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1. Introduction

Structures loaded with combination of bending moment (M) and torsion (7) are often found in the
field, this type of structures can be found on the grid construction or other type of construction.
Plastification of the structural element is usually designed based on the magnitude of bending
moment (M). Structures loaded with high torsion (7), the plastification is based on the interaction
of the bending (M) and torsion (7). Analytical study of elastoplastic structural element impacted
by the combination of bending and torsion has been done by [1], [2]. Research about the structural
behavior of a beam loaded by combination of torsion (7)) and bending (M) also has been done by
[3], [4], but most of the structures studied were hollow or I-section [5], [6] meanwhile a solid
section was rarely studied. Experimental test and numerical modelling were carried to verify the
plastification process in a structure impacted by the combination of bending moment (M) and
torsion (7). One of the results from the experimental and numerical was the ultimate capacity of
the beam which then compared to the space frame limit design [7].
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2. Literature review

Structure which gradually loaded with proportional increment will result in the increased number
of the plastic hinge. The increasing of plastic hinge will decrease the structural strength and may
lead to structural failure. Plastic hinge can be observed by incrementally load the structure up to
failure so that in the process, plastic hinge will occur at the critical location. Steel material has an
isotropic behavior, independent from the hydrostatic stress and has an equal strength in
compression and tension. Von Mises criteria will be used for the yield criteria [8]. Von Mises
criteria state the yield of the material is determined by the octahedral shear stress or strain
distortion energy working at the material. In terms of principal stress, Von Mises criteria can be
written as:

2 2 2
(0,-0,) +(0,-0,) +(0y-0,) =20, (1)
In (o, 7) plane, Von Mises can be written as [4]:
o’ +3c’ =0, ()

For the steel structure loaded with combination of bending and torsion stress so the Von Mises

criteria satisfies:
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with o, = (01, 02, 03) = principal stress, oo = gy = yield stress, o = actual normal stress, 7 = actual
shear stress, M = actual bending moment, My = bending capacity of the beam at yield condition,
T = actual torsion and 7y = torsion capacity of the beam at yield condition. The value of My dan
Ty can be computed with:

y

M :%xbxhzxay %)

T,=C,xb*xhxt,

__9 (6)

RVES

with b = width of the section, /# = height of the section and Cs = constant (0.20875). Unit used in
the Eq. (6) must be in kilogram (kg) centimeter (cm).
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3. Research Method
3.1. Specimen and experimental setup

Experimental test of a beam to analyze the bending-torsion yielding in a space frame structure
was conducted by using similar specimen from [1], [2]. Specimen used in this research was a 3D
statically indetermined beam structure with 20 x 20 mm solid rectangular section, 3 specimens
were prepared for the experiment. Fixed constraint was used at the end of each beam. Observed
location for the yield is determined at point A, B and C which A and C are the fixed constraint
points meanwhile B is located below the loading point. Steel used for the experiment has 390
MPa of yield (ay) strength and 200000 MPa of elastic moduli (Es). Setup of the instruments,
LVDTs, data logger, load cell and strain gauges, is based on [9]. Detail of the setup and
specimen’s dimension is shown at Fig. 1.
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Fig. 1. (a) Test setup, (b) plan view and (c) section view of the beam specimen [10]
Incremental load was applied at the point B until failure occurred. Load cell was used to record
the load data during the testing. LVDTs were installed at B and D (beam-column joint) to measure

the displacement. Strain gauges were installed at A, B and C to measure strain which would be
used to determine the yield at the observed points.

3.2. Numerical model

Numerical modelling was done using DIANA FEA 10.3 with 3D analysis (solid model) to
realistically model the 3D statically indetermined beam. Element used for the analysis was a cube
element with 8 main nodes and 12 additional nodes (CHX60, quadratic). Mesh size used for the
model was chosen by 5 mm. Deformation control was used for the loading type with loading rate
of 0.05 mm/step which also similar with the experimental. The model of the beam can be seen at
Fig. 2. Output from the model is load (P), displacement (6), internal forces and stress distribution.
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(b)
Fig. 2. (a) Model of the beam and (b) beam’s meshing.

3.3. Analysis

Data recorded from the experiment were load (P), displacement (J) and strain (¢). Load-
displacement data (P-0) recorded from experiment then used as the reference to build the
numerical model. Model output was compared by load-displacement (P- J) from experimental
data to validate the model. Strain reading from strain gauge (¢) was used to determine the yield
condition. Numerical model then was used to obtain the value of bending moment (M) and torsion
(7) which used to evaluate the 3D statically indetermined structure plastification process based
on Von Mises criteria.

4. Discussion
4.1. Results

Load-displacement (P- d) responses from experimental result and DIANA FEA 10.3’s numerical
model is shown at Fig. 3. Results from [1], [2] and calculated capacity based on [7] analysis are
also shown to compare and validate the current research’s result.
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Fig. 3. Load-displacement graph of specimens.

Fig. 3 shows a non-linear response from the 3D structure which indicated that plastic joint was
formed in the structure. Based on the strain data (¢), first plastic joint’s location was located at
point A (fixed constraint location), followed by point C (the other fixed constraint location) and
ultimately occurred at point B (below the loading point P). Load-displacement (P-d) shows
similar results between experimental and numerical results. Recapitulation of ultimate load is
presented at Table 1 and load when plastic joint was formed is presented at Table 2. Results show
that numerical model from DIANA FEA 10.3 is accepted as experimental representative due to
very similar output.
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Table 1. Recapitulation of beam’s ultimate load

Ultimate load (kN)
Moestopo and

No. Sample Experimental DIANA Refinda [1], Heyman [7]
Model 2]
1 Sample 1 7.8388 7.654 7.34 7.68
2 Sample 2 7.8965 7.654 7.34 7.68
3 Sample 3 7.9538 7.654 7.34 7.68

Table 2. Recapitulation of beam’s yield load

Yield load (kN)
Plastic joint Moestopo and
No. Sample locatijon Experimental DIANA ReﬁndI; [1],

Model 2]

A 3.605 3.487 3.27

1 Sample 1 C 6.180 5.746 5.53
B 6.924 6.875 6.29

A 3.950 3.487 3.27

2 Sample 2 C 6.070 5.746 5.53
B 6.980 6.875 6.29

A 3.780 3.487 3.27

3 Sample 3 C 6.580 5.746 5.53
B 6.690 6.875 6.29

4.2. Data analysis

Plastic joint was predictable by using Von Mises criteria, bending moment (M) and torsion (7)
values were taken from DIANA FEA 10.3 to analyze the Von Mises criteria. Internal forces taken
then used to predict and compare the result with the experiment. Bending moment (/) and torsion
(T) values are shown at Table 3.

Table 3. Recapitulation of bending moment (/) and torsion (7)

Load M (KNm) T (kNm)
(kN) Point A Point C Point B Point A Point C Point B
0.00 0.00000 0.00000 0.00000 0.00000 0.00000 0.00000
0.72 -0.01133 -0.00490 0.00362 -0.00120 -0.00120 0.00057
1.44 -0.02265 -0.00980 0.00724 -0.00240 -0.00240 0.00114
2.16 -0.03398 -0.01470 0.01087 -0.00361 -0.00361 0.00171
2.88 -0.04531 -0.01960 0.01449 -0.00481 -0.00481 0.00228
3.61 -0.05679 -0.02457 0.01816 -0.00603 -0.00603 0.00286

Von Mises criteria in terms of internal forces was calculated using Eq. (4). Values of M, and Ty
calculated from Eq. (4) and (5) yield My = 0.0520 kNm and 7y = 0.0374 kNm. Ratio M/M, and
T/Ty of are shown at Table 4. Evaluation of Von Mises criteria is presented at Table 5 and Fig. 4.
Based on Fig. 4, it can be seen that yielding affected by bending moment (M) is more dominant
compared by torsion (7). Ratio analysis presented at Table 4 and 5 indicate that failure proportion
affected by bending moment (M) is = 90% and + 10% affected by torsion (7).
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Table 4. Ratio of bending moment and torsion with respect to capacity

M/My T/Ty
Load (kN) Point A Point C Point B Point A Point C Point B
0.00 0.000 0.000 0.000 0.000 0.000 0.000
0.72 -0.218 -0.094 0.070 -0.032 -0.032 0.015
1.44 -0.436 -0.188 0.139 -0.064 -0.064 0.030
2.16 -0.653 -0.283 0.209 -0.096 -0.096 0.046
2.88 -0.871 -0.377 0.279 -0.128 -0.128 0.061
3.61 -1.092 -0.473 0.349 -0.161 -0.161 0.076
Table 5. Von Mises criteria evaluation
(MIMy)*+(T/Ty)*
Load (kN Point A Point C Point B

0.00 0.000 0.000 0.000

0.72 0.048 0.010 0.005

1.44 0.194 0.040 0.020

2.16 0.436 0.089 0.046

2.88 0.776 0.159 0.081

3.61 1.219 0.249 0.128
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Fig. 4. Bending moment-torsion interaction.

Experimental results showed that plastic joint was initially formed at point A (left fixed
constraint), followed at point C (right fixed constraint) and ultimately at point C (below the
loading point). Model from DIANA FEA 10.3 predicted the exact same location compared with
experimental result. Stress distribution at the section shows that the highest stress is located at the
outer vertical of the beam section, this emphasizes that the failure is more affected by bending
moment (M) rather than torsion (7). The detail of stress distribution is presented at Fig. 5.
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Fig. 5. Stress distribution of DIANA model.
5. Conclussion

Based on experimental result and numerical result from DIANA FEA 10.3 done for the 3D
statically indetermined beam specimen tested with combination of bending moment (M) and
torsion (7), it can be concluded that:

1. Experimental result and model from DIANA FEA 10.3 resulted in a representative output
compared with previous study.

2. Bending moment (M) is the major factor in yielding process of the structure loaded with
combination of bending moment (M) and torsion (7).

3. The elastoplastic behavior of 3D statically indetermined structure loaded with
combination of bending moment (M) and torsion (7) can be observed.

4. Internal forces proportion in yielding process of 3D statically indetermined structure are
+ 90% affected by bending moment (M) and = 10% affected by torsion (7).
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