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ABSTRACT: This report gives details of a study of the overload
behaviour and strength of concrete framed structures when subjected to
non-proportional loadings. A special analytic procedure was devel oped
to simulate the overload behaviour and collapse of a concrete frame
when subjected to vertical and horizontal loads which are applied in
sequence.

Comparisons were made of the effects of applying loads sequentially and
simultaneously to a variety of structural systems. It is concluded that
load capacity for sequentially applied loads can be predicted with good
accuracy by using an equivalent proportional load system.
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1. INTRODUCTION

Concrete structures are designed to resist various combinations of loads,
which act both vertically and horizontally. To simplify the design
calculations, it is always assumed that the loads comprising any one
combination are applied simultaneously and proportionally, and the load
effects are usually evaluated by means of linear elastic frame analysis.

In reality, the loads always occur in sequence. For example, the vertical
loads due to self weight and dead and live loads preceding the horizontal
loads due to wind or earthquake. Furthermore, concrete structures
behave in a highly non-linear manner, even under working load
conditions.  Although non-linear analysis packages are gradualy
becoming available commercially, they usually predict structural
behaviour under conditions of a progressively increasing, but
proportional, system of loads.

This paper reports on an investigation of concrete structural behaviour
under non-proportional loading. The aim of the study was to evaluate
the effect of the sequence of loading on the load capacity of concrete
frames. The situation to be investigated isillustrated in Fig. 1.

In Fig. 1a, asimple frame is considered with a vertical load system V and
a horizontal load system H. Three load sequences are considered. In the
first sequence, Fig.1b, the vertica load is increased to a value
represented by Vinax and the horizontal load is then progressively
increased until collapse occurs at the value Hyy. I1n the second sequence,
Fig. 1c, the horizontal load is first increased to a maximum value of
Honax, Which is chosen to be equal to Hyy¢, and the vertical load is then
increased until failure occurs at V,y:. In the third case, Fig. 1d, the
vertical and horizontal loads are applied simultaneously. They are
proportionally increased in the ratio Vimax :Hiut until failure occurs at
loads of V3 and Hay;. Clearly, the load combinations at collapse are not
necessarily the same in these three cases. Unfortunately, very little
research has been undertaken on the effects of load sequences and non-
proportional loading (Kenyon and Warner, 1993), and the purpose of the
present study was to obtain the quantitative estimates of the effect of
load sequence on load carrying capacity.



2. METHOD OF ANALYSIS

In order to undertake the investigation, a computational procedure was
developed to simulate the sequential application of the loads. Only two
load systems (Fig. 1a) were considered in the present study, in order to
limit the computations, however, the method can easily be extended to
treat any number of load systems. The first load system is progressively
increased to a pre-determined value and maintained. The second |oad
system is then progressively increased on the loaded structure until a
condition of collapseisachieved.

Vertical load system V

[XXXXXXXXXXXXZ’

Horizontal load system H —

(a) Load systems

\%
v 1max >
H
Hyuit
Y (b) Loading type VH
V2u|t
H
H 2max
Vv (c) Loading type HV
V3u|t
H
Haurt

(d) Loading type PROPORTIONAL

Figure 1. Diagrams showing the various loading paths
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The simulation program is part of an ongoing study of the non-linear
behaviour of concrete structures (Warner, 1975; Warner and Y eo, 1984a,
1984b; Wong, Yeo and Warner, 1988, 1990; Wong and Warner, 1988,
1990). Non-linear analysis can be undertaken using deformation control,
load control, or a combined load-deformation control. Load-control
methods tend to have convergence problems when used to determine
load capacity, athough methods have been devised to deal with peak
loads and post failure decreasing loads. Deformation control procedures
have been developed which use curvature control in a local region
(Wong, Yeo and Warner, 1988), and deflection control at a suitable point
(Kawano and Warner, 1995). An early application of the combined |oad-
deformation control is the approach of Crisfield (1983), which is very
effective athough computationally intensive in dealing with peak |oad
behaviour. While the deformation control and load-deformation control
methods are both suitable for determining the behaviour of the structure
at collapse under proportional loading, the curvature control method was
found in the present study to provide a simple and efficient basis for the
analysis of non-proportional loading. In a previous preliminary study,
Kenyon and Warner (1993) used load control for the first load system
and the first part of the second load application and then changed over to
defomation control for the second part of the second load application to
failure. In the present study, the use of curvature control throughout has
greatly ssmplified the computational procedure.

The computational procedure for using curvature control for proportional
analysis is briefly describe in Appendix A. A more detailed description
of the procedure can be found in an earlier paper (Wong, Yeo and
Warner, 1988). The extension of this procedure to non-proportional
analysis will now be explained.

The two load systems are represented by two unit load patterns which are
progressively increased by means of scaling factors.

In Fig. 1a, the rectangular portal frame is subjected to a vertical load
system consisting of a uniformly distributed load of w kKN/m and two
point loads of awL kN which act on each column. To represent various
levels of loading, an initial value of w (eg 1.0 kN/m) is taken, and a
progressively increasing scaling factor A; is introduced. For the
horizontal load system, aunit load H (eg 1.0 kN) is scaled using A,.
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Load pattern 1 isapplied in several steps by increasing the load factor A;
In steps using curvature control until it reaches A;ax. From this stage on,
Ay is kept at this value while curvature control is used to increase A, until
collapse occurs at Ay

As in the proportional analysis described in Appendix A, the frame is
modelled by dividing it into numerous segments and each of these
segments is assumed to have a uniform flexural stiffness equal to that of
the most critically stressed section within it. The section behaviour is
modelled by dividing it into numerous concrete and steel layers. The
concrete layers are assumed to have a non-linear stress-strain relation,
and the steel layers are assumed to have a linearly elastic-plastic stress-
strain relation. These stress-strain relations allow for unloading paths
due to strain reversal. Structural members such as beams and columns
are assumed to have equal size segments. The number of segments
chosen to represent each member gives a length to depth ratio of
approximately unity.

An incremental-iterative curvature control solution strategy is used. The
full range behaviour is obtained by subjecting a nominated key segment
to increasing curvatures. This key segment is selected at the start of the
analysis. A basisfor this selection isthat it has monotonically increasing
curvatures as the loading process progresses, initially under the influence
of load pattern 1 and subsequently under the additional influence of load
pattern 2. At the start of atypical curvature-increment step, the targeted
curvature for the key segment is calculated by adding a preset curvature
increment to the targeted curvature of the preceding step. The load
factors A; and A,, consistent with this targeted curvature in the key
segment, are then determined by carrying out severd iterative cycles of
calculations until convergence is achieved.

Computational steps required for a typical iterative cycle within an
incremental step which has been assigned a targeted curvature Ky, are:

1. The frame with the latest full-load stiffnesses El; in all the segmentsis
subjected to the unit load pattern 1. A second order elastic analysis
routine is used to determine unit curvatures ki, Ko, ..., Kiey, Ki, -....,
Knsega 1N @l the segments. Similarly, the frame with the latest full-load
stiffnesses El; in all the segments is subjected to the unit load pattern
2. A second order elastic analysis routine is used also to determine
unit curvatures Ky, Koo, ...., Kkgyz, Kizy ..., Knsege 1N @l the segments. If
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thisis the first cycle, then these stiffnesses are set to those calculated
at the end of the previous step, else these stiffnesses are set to those
calculated at the end of the previous cycle.

2. Theload factor A; to give the key segment atotal curvature ( the term
total curvature means curvature under full loading) of Kge, is then
estimated :

_Ksep
M=—" 1
1 ‘kk ‘ ()

where ki1 iSthe curvature of key segment under unit load pattern 1.

3. If Ay is less than or equal to A, Ar IS taken to be the value
calculated in step 2 above and A, is set to zero. Proceed to Step 5.

4. If A1 exceeds Aimax the following steps are required:

» Estimate the full load curvature of the key segment under load
pattern 1 Kyq,s Which will give a A; value equal to Ajmax:

Kieyt = Mmax X|Keeya 2
» Load factor A isthen set to Ajpax:
M = Mmax (3)

* The required total curvature of the key segment for the frame
subjected to load pattern 2 to give a total curvature of Kgep
under the combined application of the two load patterns is
calcul ated:

Kkey2 = Ksep ~ Kkeyr (4)



» The load factor A, to give the key segment a total curvature of
Kiey2 IS then cal cul ated:

(5)

where ki, is the curvature of key segment under unit load
pattern 2.

5. After having calculated both A; and A,, they are used to scale the
corresponding unit curvatures of the segments to give corresponding
total curvatures. For a typical segment i, the principle of
superposition is then used to calculate the total curvature K;:

Ki = (A xkip)+ (A2 xki2) (6)

where k;; is the curvature of the ith segment under unit load pattern 1 and
ki, is the curvature of the ith segment under unit load pattern 2. Note
that the ssmultaneous application of A; and A, in the above equation
will give acurvature of Ky, in the key segment.

6. For each segment i with curvatures K; , a section analysis routine
which takes account of the material stress-strain relations is used to
calculate the corresponding bending moment, M;. The stiffnesses of
all the segments are updated:

Elj =—L (7)

7. Convergence of the El; valuesis checked at this stage. |f convergence
Is achieved, a solution has been obtained for the present curvature
step. The targeted curvature is then set to that of the next step.
Proceed to step (1) to start a new set of iterative cycles. If
convergence is not achieved then proceed to step (1) maintaining the
present targeted curvature for more iterative cycles.

The solution procedure caters for both geometric and material
nonlinearities. The geometrical nonlinearity is taken into consideration



when the second order elastic analysis is carried out, and the materia
non-linearity is taken into consideration when the section analysisis used
to update the stiffnesses of the segments.

3. FREE-STANDING COLUMN

Initially a 3.0m, uniform, free-standing, 300mm x 300mm square column
shown in Fig. 2 was analysed. The following properties were assumed:
f.=32MPa, fy,=400MPa with mean values. f.,=37.5MPa and
fo, =460 MPa. The tota amount of reinforcement is 1800 mm?, with
concrete cover to centroid of steel reinforcement of 40 mm. The peak
stress used for the stress-strain relation of in-situ concrete is assumed to
be 0.85 f.,. This takes into account the difference between the strength
of the concrete in the structure and the cylinder strength obtained from
tests.

section

Figure 2: Free-standing Column

V isthe vertical, downward point load acting at the top of the column and
H is the horizontal point load acting at the top of the column as shown in
Fig. 2. Three loading paths were considered. For the first, type VH,
curvature control was used to increase the vertical load V until it reached
a predetermined value Vi This was followed by curvature control to
increase the horizontal load H until its peak value Hyy; was traversed.
After having obtained H,; for the predetermined Vi, another loading
path, type HV in Fig. 1(c), was simulated. This caused an increment of H
to Homax, Where Hyo IS set to Hyy, obtained earlier, followed by
increments of V until its peak value V,,; was traversed. The final loading
path proportional in Fig. 1(a), iswith increments of V and H (the ratio of
V to H maintained a Vimex:Hiue) until their peak values Hsy: and Vayy
were traversed. This loading path will be referred to as the equivalent
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proportional load for the non-proportional loading type VH in this
reports.

A strength interaction diagram based on values of (Vimax, Hiut) for the
non-proportional type VH is shown in Fig. 3 as a continuous line. This
strength interaction line is plotted from results obtained using non-linear
analyses and therefore includes the effect of material and geometric non-
linearities. For comparison purposes, values of (Vaut, Homax) for the non-
proportional type HV and (Vsy:, Hayut) for the loading type proportional
are also plotted on the same diagram.

3000

——nonpro type VH- fixed V
& propor
A honpro type HV- fixed H
2500 \

2000 + \
\<
1500 :

1000 +

Vertical load, V (kN)

500 +

o -

0 10 20 30 B 40 50
Horizontal load, H (kN)

Figure 3: Interaction diagram for free-standing column

Fig. 3 shows that in the case where H is caused to increase first, it cannot
be increased beyond a value indicated in the figure as point B. Therefore
this loading type cannot be applied to give loading states represented by
line AB. However, these states are attainable to both loading type VH
and loading type proportional. This behaviour is consistent with
previous observation on the stiffening effect of thrusts on concrete
section behaviour (Ehsani and Alameddine, 1987).

In those cases where solutions are attainable, the peak loads predicted for
the frames subjected to non-proportional loads (types HV and VH) agree
well with those predicted using their corresponding equivalent
proportional |oads.



4. PORTAL FRAMES

The rectangular portal frame shown in Fig. 4 was first subjected to non-
proportional load of type VH. The properties of the concrete and
reinforcing steel are the same as those used for the column analysed
earlier. The vertical pattern load was applied by increasing a until it
reached a predetermined value ax. When a reached this value, the
uniformly distributed load on the beam simultaneously reached a value
Of 0.5Wheam, Where Wiean, 1S the failure load of the frame with only the
vertical uniformly distributed load w acting along the beam. Limiting the
maximum value of a to this value ensured that the frame did not failed
prematurely by forming a local beam failure mechanism. Curvature
control was used to increase the horizontal load until it reached its peak
value of Hyy. After having determined Hyy; for a given @iy, the frame
was then subjected to an equivalent proportional loading (ie with the H:a
ratio maintained at Hyy: Oimax) Until failure occurred at (Haye: @aut). The
frame was aso subjected to non-proportional loading of type HV. For
this loading type, H was increased until it reached a value of Hoyyux
(where Honax IS Set equal to Hyyy); it was then maintained constant while
a was increased until it reached its peak value a,,;. Resultsfor the three
loading types for the 4m tall frame are presented in the form of a strength
interaction diagram shown on Fig. 5. Note that this interactive diagram
also includes the effects of both geometric and material non-linearities.

a Wheam L a Wheam L
2 a W peam T
| 2 O'max |
H_j¢¢¢¢$¢¢¢¢¢¢¢HV$HV¢¢H,¢
L=6.0m
h e o iSOmm
400 mm
¢ o jﬁSOmm

Figure 4. Portal Frame

The results show that, generally, equivalent proportional loading gives a
good estimate of the peak loads for frames subjected to non-proportional
loading. Similar to the observation earlier for the free-standing column,
states represented by the portion of the interaction diagram to the right of
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the horizontal load H of 223 kN are not attainable using the loading
type HV.

Horizontal 1oad versus sway deflection curves for type VH corresponding
t0 Onex Of 10.0 are shown in Fig. 6. The sway deflection is taken as the
horizontal deflection at the top of the left column of the portal frame.
Results obtained for the equivalent proportional load, type proportional,
are also plotted in the same figure. The results show that while the peak
loads for both loading types are almost the same, type VH has a smaller
sway stiffness over alarge portion of the loading curves.

16 +

14 + N

12 \

S 53\\
S
<= 10
g ™
< 8- N,
©
2 — NONPRO -TYPEV H N
g ° R
g 4| O PROPORTIONAL }
2 | 4
A NONPRO-TYPEHV /
0 T T T }
0.00 50.00 100.00 150.00 200.00 250.00 300.00
H (kN)

Figure 5: Strength interaction diagram for 4m tall portal frame

Curves of vertical load factor a versus sway deflection are shown in
Fig. 7 for the non-proportional load type HV and the proportional type
proportional. The sway deflection is aso taken as the horizontal
deflection at the top of the left column of the portal frame. The results
show that for type HV, the lateral stiffness of the frame increases initially
on the application of the vertical load. This behaviour is consistent with
previous observations (Ehsani and Alameddine, 1987) of the stiffening
effect of thrust on moment curvature relations of concrete sections.

The use of an equivalent proportional load for loading type HV
underestimates the sway deflection of this frame over most of its loading
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history. At haf the peak load level of a, the sway deflection for the
equivalent proportional load case is less than half that of non-
proportional type HV.

180
160 A

140 4

120 - /
100 - PP

80 +
60 +

40 7
20 /

non-prop|type VH

Horizontal load, H (kN)

0 10 20 30 40

Sway deflection(mm)

Figure 6: Horizontal load versus sway deflection for case dmax = 10
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9 ///:\\|
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=2 / \
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0 10 20 30 40
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Figure 7: Vertical load factor versus sway deflection for case @ o = 10

Another two sets of rectangular portal frames were also analysed by
subjecting portal frames to the three different loading types described
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above. These frames are the same as those described above with only the
height been different. The column heights of the second and third set of
portal frames are 8m and 12m respectively. Strength interaction
diagrams for these two sets of frames are shown in Figures 8 and 9.

The results show that equivalent proportional pattern loads can generally
be used to predict the strength of practical concrete portal frames
subjected to non-proportional pattern loads.
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Figure 8: Strength interaction diagram for 8m tall portal frame

9
u\ ——— NONPRO - TYPEVH

8
S D\ O PROPORTIONAL
o 7
o '3\ A NONPRO - TYPEHV
QS 6+
8
- 57
I
S 4+
©
0 3T
o 2
>

1 £

O T }

0 20 40 60 80
H (kN)

Figure 9: Strength interaction diagram for 12m tall portal frame
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5. THREE STOREY FRAME

The behaviour of a three-storey concrete frame under non-proportional
loading was investigated. The dimensions of the frame and typical cross
sections of its members are shown in Fig. 10. The total reinforcement for
each column is 2 percent of its gross cross-sectional area. The total
amount of steel in the beamsis 2 percent of its own gross cross-sectional
areawith an equal amount of top and bottom steel. Concrete cover to the
centroid of the steel reinforcement is 50mm. The properties of the
concrete and reinforcing steel are the same as those used for the column
analysed earlier.

The investigation was carried out by first loading each of the storeys
using a uniformly distributed load. This was to locate the vertical loads
for beam failure at each storey. The peak |0ads Wiean fOr the first, second
and third storey were found to be 45.8 kN/m, 45.8 kN/m and the 43.1
KN/m respectively. Non-proportional pattern load was first applied to
the frame. The vertical load pattern w was increased incrementally up to
a value of 21.6 KN/m. This corresponds to approximately half the
smallest Wpeam Of the storeys. The vertical |oads were then maintained at
21.6 KN/m while the horizontal pattern load of H was applied until the
latter reached its peak value. This peak value was found to be 34.2 kN.

A proportional loading simulation was subsequently carried out with the
ratio of the horizontal load to vertical load maintained as the ratio at the
peak load condition for the non-proportional loading case above.

Plots of horizontal load versus sway deflections at the top of the extreme
right column is shown in Fig.11. The plots show that peak load
condition of the multi-storey frame under non-proportional loading can
be obtained using an equivalent proportional loading. The sway stiffness
of the frame was found to be the same at peak load. However, the sway
stiffnesses of the frame under non-proportional pattern loads is smaller
than that of the same frame under equivalent proportional loads over part
of its loading history. This reduction in sway stiffness shows the de-
stabilising effect of constant vertical load of 0.5Wpeym for the non-
proportional loading case as compared to the gradual increasing vertical
load to reach 0.5Wyeam fOr the proportional loading case.
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Figure 10: Configuration of 3-storey frame
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Figure 11: Load versus Sway Deflection Plots for Multi-storey Frames
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6. CONCLUDING REMARKS

A curvature-controlled based procedure has been developed which is
efficient for tracing the full-range behaviour of non-linear reinforced
concrete frames under non-proportional pattern loads. The superiority of
the approach is that throughout the entire range, a key-segment
curvature-controlled procedure is used. This approach is complementary
to an earlier approach developed to study concrete frames under
proportional loading. Both are currently being used to study the non-
linear behaviour of concrete frames with the ultimate aim of developing a
computer-based method for non-linear design of concrete structures.

Load versus deflection relations for columns and frames under non-
proportional loading have been obtained. They were compared with
those obtained for corresponding frames under equivalent proportional
loadings. Results obtained show that an equivalent proportional pattern
load may be used to predict the peak loads for a structure subjected to
non-proportional load patterns.

Results obtained show that for unbraced practical frames designed to
carry predominantly vertical loads, the peak load is virtually independent
of the loading paths taken.

7. REFERENCES

Crisfield, M.A. (1983), “An Arc-Length Method Including Line Searches
and Accelerations,” International Journal for Numerical Methods in
Engineering, Vol.19, pp.1269-1289.

Ehsani, M.R. and Alameddine, F. (1987), “Refined Stiffness of Slender
Circular Reinforced Concrete Columns,” ACI Sructural Journal,
Vol.84, No.5, Sept.-Oct., pp.419-427.

Kawano, A. and Warner, R.F. (1995), “Nonlinear Analysis of the Time-
Dependent Behaviour of Reinforced Concrete Frames,” Research
Report No R125, Department of Civil and Environmental
Engineering, The University of Adelaide, January 1995, 41 pp.



16

Kenyon, JM and Warner, R.F. (1993), “Refined Analysis of Non-Linear
Behaviour of Concrete Structures,” Civil Engineering Transactions,
Institution of Engineers Australia, Vol CE35, No 3, August 1993,
pp.213-220.

Warner, R.F. (1975), “Segmental Analysis for Non-linear Concrete
Frames,” Fifth Australasian Conference on Mechanics of Structures
and Materials, University of Melbourne, pp.535-548.

Warner, R.F. and Yeo, M.F. (1984a) “Collapse Behaviour of Concrete
Structures with Limited Ductility,” Research Report No R61,
Department of Civil Engineering, The University of Adelaide,
January 1984, 41 pp.

Warner, R.F. and Yeo, M.F. (1984b), “Ductility Requirements for
Partially Prestressed Concrete,” Proceedings of the NATO Advanced
Research Workshop on ‘Partially Prestressing, From Theory to
Practice’, Paris, France, June, pp.315-326.

Wong, K.W. and Warner, R.F.(1988), “Analysis and Design of Slender
Concrete Frames by Computer,” The Second International
Conference on Computer Applications in Concrete, Sngapore
Concrete Institute, March 1988, pp.158-166.

Wong, K.W. and Warner, R.F. (1990), “Middle Tier Analysis and Design
of Slender Concrete Columns,” Twelfth Australiasian Conference
on the Mechanics of Sructures and Materials, Queenland
University of Technology, pp.163-168.

Wong, K.W., Yeo, M.F. and Warner, R.F. ( 1988), “Non-linear
Behaviour of Reinforced Concrete Frames,” Civil Engineering
Transactions, Institution of Engineers Australia, Vol CE30, No 2,
July 1988, pp.57- 65.

Wong, K.W., Yeo, M.F. and Warner, R.F. (1990), “Collapse Behaviour
and Strength of Slender Concrete Frames,” Proceedings, George
Sved Symposium, University of Adelaide, May, pp.394-408.



Al

APPENDIX A: CURVATURE CONTROL PROCEDURE FOR
CONCRETE FRAMES SUBJECTED TO PROPORTIONAL
PATTERN LOAD.

The concrete frame to be analysed is subjected to a unit load pattern.
This unit load pattern may be a combination of several vertical and
horizontal loads. At any stage during the analysis, the total load is equal
to the unit load pattern scaled by a load factor. An example of a frame
with aunit load pattern comprising of avertical udl load of w =1.0 KN/m
along the beam and a horizontal load of awL at beam level, where a =
0.1,isshowninFig. Al.

The frame is modelled by dividing it into numerous segments and each of
these segments is assumed to have uniform flexural stiffness equal to that
of the most critically stressed section within it. The section behaviour is
modelled by dividing it into numerous concrete and steel layers. The
concrete layers are assumed to have a non-linear stress-strain relation,
and the steel layers are assumed to have a linearly elastic-plastic stress-
strain relation. These stress-strain relations allow for unloading paths
due to strain reversal. Structural members such as beams and columns
are assumed to have equal size segments. The number of segments
chosen to represent each member should give a length to depth ratio of
approximately unity.

An incremental-iterative curvature control solution strategy is used. The
full range behaviour is obtained by subjecting a nominated key segment
to increasing curvatures. This key segment is selected at the start of the
analysis. A basisfor this selection isthat it has monotonically increasing
curvatures as the loading process progresses. At the start of a typical
curvature-increment step, the targeted curvature for the key segment is
calculated by adding a preset curvature increment to the targeted
curvature of the preceding step. The load factor consistent with this
targeted curvature in the key segment is then determined by carrying out
severadl iterative cycles of calculations until convergence is achieved.

Computational steps required for a typical iterative cycle within an
incremental step which has been assigned a targeted curvature Kge, are :

(1) The frame with the latest full-load stiffnesses El; in all the segmentsis
subjected to the unit load pattern. A second order elastic analysis
routine is used to determine unit curvatures k, ko,...., Kiey, Ki, -...., Knseg
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in al the segments. A second-order elastic analysis is one which
takes into consideration the geometrical nonlinearity effects. If thisis
the first cycle, then these stiffnesses are set to those calculated at the
end of the previous step, else these stiffnesses are set to those
calculated at the end of the previous cycle.

(2) The load factor to give the key segment a curvature of K, is then
calcul ated:

A=

(Al
ki

(3) After having calculated A, it is used to scale the unit curvatures of the
segments to give corresponding total curvatures. The term total
curvature here means curvature under full loading.

Kij =AxKk; (A2)

(4) For each segment i with curvatures K;, a section analysis routine
which takes into account the material stress-strain relations is used to
calculate the corresponding bending moment, M;.

The stiffnesses of all the segments are updated:

M

Eli =
K

(A3)

(5 Convergence of the EI; values is checked at this stage. |If
convergence is achieved, a solution has been obtained for the present
curvature step. The targeted curvature is then set to that of the next
step. Proceed to step (1) to start a new set of iterative cycles. |If
convergence is not achieved then proceed to step (1) maintaining the
present targeted curvature for more iterative cycles.

The solution procedure caters for both geometric and material
nonlinearities. The geometrical nonlinearity is taken into consideration
when the second order elastic analysis is carried out, and the materia
non-linearity is taken into consideration when the section analysisis used
to update the stiffnesses of the segments.
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