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1. Introduction 

1.1 Scope 

This document analyzes the features and usage of myBiaxial version 2.0. In 

addition, there is a brief description of the theory and a set of comprehensive 

examples. 

1.2 Program requirements 

The minimum requirements are: 

� Operating System: Microsoft® Windows 95/98/ME/NT/2000/XP 

� Visual Basic 6 Service Pack 5 runtime libraries.  

1.3 Abbreviations 

-  

1.4 About myBiaxial 

This program can analyze arbitrary cross-sections under combined biaxial 

bending and axial load. It can produce moment-curvature diagrams, interaction curves 

and failure surfaces. It can also calculate the deformed state of a cross-section under 

given external loads. 

The program implements an algorithm that was presented in references [1] - 

[3]. 
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2. Cross-section 

2.1 General issues 

The curvilinear polygon i.e. the polygon that has edges that are straight lines 

and/or arcs is the only type of graphical object used for the description of all cross-

sections. For our purposes, each curvilinear polygon needs not be convex, but it must 

be simple i.e. two edges must not intersect in points other than its nodes and a single 

node cannot connect more than two edges. Also, the curvilinear polygons describing 

the cross-section must not intersect each other but one can fully include others. Since 

these polygons can be nested in any depth, it is obvious that any cross-section of 

interest can be described exactly. Circles are treated as two-sided curvilinear polygons 

with curved edges; the top and bottom quadrant points are used as nodes. Note that 

even small objects, such as the reinforcement bars, are treated as actual graphical 

objects and not dimensionless individual fibers. 

 

1

2

3

4

5

6 - 22

23 - 41

opening

 

Object 
Number  
of Nodes 

Foreground material Background material 

1 5 Unconfined (outer) concrete None 

2 5 Confined (inner) concrete Unconfined (outer) concrete 

3 16 Structural steel Confined (inner) concrete 

4 2 None Structural steel 

5 2 Structural steel Confined (inner) concrete 

6 - 22 2 Reinforcement Confined (inner) concrete 

23 - 41 2 Reinforcement Unconfined (outer) concrete 
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2.2 Data input 

In order to create a cross-section, you need to draw the section using CAD 

software, such as AutoCad, Microstation, Intellicad etc. The following instructions apply 

to AutoCad version 2000 or later, but similar steps should be taken in case of other 

CAD packages. 

o If you have already drawn the cross-section, open the existing drawing; if not, 

create a new drawing. 

o Choose the units of the drawing (for example, mm); the choice of units in the 

drawing will affect the unit system of the results. 

o Add a new separate layer which will contain all polylines and circles of the cross 

section. In the command line, type layer [space]. Press New to add a new layer 

and choose a unique name, i.e. myLayer. Make sure that the new layer is selected 

and press Current to make it the current layer; alternatively, double-click on the 

new layer. 

o Draw the cross section using closed polylines and circles. 

o Draw a new circle by typing circle [space] in the command line. Click on the 

drawing to select the center of the circle (alternatively, type the coordinates in the 

command line) and then type the radius of the circle in the command line. 

o Draw a new polyline by typing pline [space]. Add straight lines or arcs using the 

available commands of the CAD software. When finished, close the polyline by 

selecting close [space]. 

o Note that a set of independent lines and/or arcs connected to form a closed 

polyline will not be recognized by myBiAxial. To fix this, use the polyline edit 

command by typing pedit [space] in the command line and then click on one of the 

lines. When prompted to convert one of the lines to a polyline press [space] to 

accept the default response (“yes”). Then type join [space] and select all other 

segments. When finished press [space]. The segments will be joined to form a 

single polyline. 

o To make sure that a polyline is considered closed, select it in the drawing (make 

sure that it is the only object selected) and type properties [space] in the command 

line. This will produce the properties form (if it is not already visible). Make sure 

that the Boolean property closed (under “misc” category) is set to true. 
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o For our purposes, each polyline needs not be convex, but it must be simple i.e. two 

edges must not intersect in points other than its nodes and a single node cannot 

connect more than two edges. Finally, all objects (polylines and circles) must not 

intersect each other but one can fully include others. 

o Save the file as an AutoCad 2000 DXF file, NOT Autocad R12 DXF file. 

o Open myBiaxial and select Files > Import: 

 

o Select the DXF file, select the layers containing the cross section (in this case, only 

myLayer) and press Ok: 

 

o The cross section will be loaded as shown in the next figure: 
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o Select the rectangle representing the concrete area by creating a right-to-left 

window that intersects it: 

 

o Having this object selected, select CL Polygons from the menu. In this case, 

CLPolygon2 is selected which means that the concrete rectangle corresponds to 

object CLPolygon2. 
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o Select C20, 1.5 (MPa) as the foreground material and NONE as the background 

material: 

 

o From the list on the left, select CLPolygon1, and then add CLPolygon3 (holding 

down the CTRL key). These are the remaining rectangles, i.e. the reinforcement. 

For these objects, select S500, 1.15 (MPa) as the foreground material and C20, 1.5 

(MPa) as the background material: 
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o Press Ok. The cross-section is now fully defined and you can save the project by 

selecting Files > Save As… 

o In this case, the drawing was defined in mm and the materials were defined in 

MPa. Therefore, the results will be given in MPa x mm2 = 10-3 kN for the forces and 

MPa x mm3 = 10-6 kNm for the bending moments. You can use the unit conversion 

factors (in this case, 10-3 for the forces and 10-6 for the bending moments for kN 

and kNm respectively) in the various calculations to work with familiar unit 

systems. 
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3. Material data 

3.1 General issues 

All material data is stored in a “material library”. This library contains materials 

that can be used as “foreground” or “background” material for the curvilinear polygons 

defining the cross-section. It also contains a void material (“NONE”) which is always 

used for the outermost curvilinear polygon as “background”. It can also be used for 

inner curvilinear polygons in order to define holes (openings), as demonstrated in the 

examples. 

3.2 Material library 

The material library form can be found under the “Material Library” menu. The 

following form will appear: 

 

On the left there is a list with all available materials. Click on a material to view 

the stress – strain diagram in the “Graph” tab on the right. Click on the “Details” tab to 

view the details of the material. You can also change the color of the material by 

clicking on the “Change color” command button. The changes will be saved in the file 

when the program exits. 
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In order to add/delete/modify a material, you need to modify the file 

“material.lib” which can be found at the installation folder. This file has a certain 

format, described later in this chapter. 

3.3 “Material.lib”: File Format 

This file is a standard ASCII text file. You must use a dot “.” as the decimal 

symbol. 

Each material is defined as follows: 

� Line 1: Title (string). 

� Line 2: RGB Color code (long integer). It can be set to “0” for black, and it 

can be modified later within the program. 

� Line 3: Young’s modulus. It is used for the calculation of the elastic 

centroid of the section. 

� Line 4: Yield strength. It is used for the calculation of the plastic centroid 

of the section. 

� Line 5: One of “true”, “false”. Boolean indicating whether the reach of 

maximum tensile strain signifies the failure of the cross section. Tension is 

positive, compression is negative. 

� Line 6: maximum tensile strain. 
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� Line 7: One of “true”, “false”. Boolean indicating whether the reach of 

maximum compressive strain signifies the failure of the cross section. 

Tension is positive, compression is negative. 

� Line 8: maximum compressive strain. 

� Line 9: Number of points in the stress – strain diagram. Must be more 

than or equal to 2. 

� Next lines: The stress – strain data with segment type codes between 

them. The sequence is as follows: 

o Strain 

o Stress 

o Next segment code (omit this entry for the last point). It can be 

one of the following: 

� “1”: The next segment is linear. 

� “21”: The next segment is the first segment of a parabolic 

sequence. 

� “22”: The next segment is the second segment of a 

parabolic sequence. 

� “31”: The next segment is the first segment of a cubic 

sequence. 

� “32”: The next segment is the second segment of a cubic 

sequence. 

� “33”: The next segment is the third segment of a cubic 

sequence. 

For example, a certain material might look like this: 

S400, 1.15 (MPa) 

192 

200000 

347.8261 

True 

.01 

True 

-.01 
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5 

-.01 

-347.8261 

1 

-.00173913 

-347.8261 

1 

0 

0 

1 

.00173913 

347.8261 

1 

.01 

347.8261 

 

The file (“material.lib”) contains a set of materials, such as the example above, 

with no whitespaces or line feeds in between. Make sure that each material has a 

unique name. 
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4. Comprehensive Examples 

4.1 Eurocode 2 design charts 

Eurocode 2 provides design charts for common reinforced concrete cross 

sections. These charts provide combinations of axial loads and their respective ultimate 

bending moment capacities (which correspond to the conventional failure of the cross 

section), for a range of longitudinal reinforcement expressed by the mechanical 

reinforcement percentage ω (equation 1). 

 
,

,

yds tot

c tot cd

fA

A f
ω = ⋅  (1) 

where As,tot is the total area of longitudinal reinforcement, Ac,tot is the total area of 

concrete, fyd, fcd are the design strengths of steel and concrete respectively. Also, the 

axial load and bending moment are normalized with respect to the concrete properties 

and the cross sectional dimensions (equation 2); therefore, a single chart covers all 

cases for a certain steel grade.  

 
,

,

d

c tot cd

d

c tot cd

N
v

A f

M

A h f
µ

=
⋅

=
⋅ ⋅

 (2) 

Eurocode 2 specifies the value of 0.020 as the ultimate strain limit for longitudinal 

steel reinforcement. Also, for large compressive axial loads, it reduces the ultimate 

curvature capacity by imposing the rotation of the strain profile around point C which is 

located at a distance 3/7·h from the most compressed fiber and has a strain of ε0=-

0.002.  
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This restriction is included easily in the algorithm; however, it is of little practical 

interest since large compressive axial loads in concrete cross sections must be avoided 

for other reasons i.e. creep. 

The developed computer program was used to calculate pairs of axial loads and 

bending moments for the rectangular cross section of Figure 1a. The characteristic 

strengths and partial safety factors for concrete and reinforcement bars were taken as 

follows: 

20 , 1.5

500 , 1.15

ck c

y r

f MPa

f MPa

γ

γ

= =

= =
 

Five different cases of longitudinal reinforcement were considered, i.e. ω=0.00, 

0.50, 1.00, 1.50, 2.00. The computed results, summarized in Table 1, follow the 

corresponding curve exactly, as shown in Figure 1c. 

 

ν µ (ω=0.00)  µ (ω=0.50) µ (ω=1.00) µ (ω=1.50) µ (ω=2.00) 

1.60     0.1607 

1.40    0.0402 0.2408 

1.20    0.1203 0.3219 

1.00    0.2007 0.4031 

0.80   0.0801 0.2823 0.4841 

0.60   0.1613 0.3636 0.5645 

0.40  0.0400 0.2433 0.4440 0.6441 

0.20  0.1228 0.3237 0.5232 0.7230 

0.00 0.0000 0.2031 0.4020 0.6015 0.8016 

-0.10 0.0424 0.2412 0.4406 0.6402 0.8397 

-0.20 0.0746 0.2748 0.4739 0.6728 0.8717 

-0.30 0.0951 0.2939 0.4920 0.6903 0.8883 

-0.35 0.1010 0.2988 0.4967 0.6944 0.8919 

-0.40 0.1033 0.2943 0.4883 0.6828 0.8775 

-0.60 0.0824 0.2465 0.4287 0.6176 0.8091 

-0.80 0.0193 0.1938 0.3690 0.5526 0.7409 

-1.00  0.1292 0.3072 0.4875 0.6729 

-1.20  0.0548 0.2406 0.4214 0.6047 

-1.40   0.1670 0.3525 0.5358 

-1.60   0.0897 0.2792 0.4652 

-1.80    0.2030 0.3921 

-2.00    0.1245 0.3159 

-2.20     0.2384 

-2.40     0.1595 

Table 1. Computed results for example 1 (summary) 

 

More specifically, the results for each case are as follows: 
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ν F (N) M (Nmm) µ φ (mm-1) ε0 

0.00 0.000E+00 0.000E+00 0.0000 0.000E+00 0.000E+00 

-0.10 -6.667E+05 2.827E+08 0.0424 7.000E-06 2.022E-03 

-0.20 -1.333E+06 4.970E+08 0.0746 7.000E-06 1.186E-03 

-0.30 -2.000E+06 6.342E+08 0.0951 7.000E-06 3.627E-04 

-0.35 -2.333E+06 6.730E+08 0.1010 6.875E-06 -6.005E-05 

-0.40 -2.667E+06 6.884E+08 0.1033 6.000E-06 -4.902E-04 

-0.60 -4.000E+06 5.492E+08 0.0824 4.014E-06 -1.493E-03 

-0.80 -5.333E+06 1.288E+08 0.0193 2.747E-06 -2.124E-03 

Table 2. Example 1 results (ω=0.00) 

ν F (N) M (Nmm) µ φ (mm-1) ε0 

0.40 2.667E+06 2.667E+08 0.0400 1.080E-05 5.626E-03 

0.20 1.333E+06 8.189E+08 0.1228 1.248E-05 4.946E-03 

0.00 0.000E+00 1.354E+09 0.2031 1.392E-05 4.367E-03 

-0.10 -6.667E+05 1.608E+09 0.2412 1.450E-05 4.011E-03 

-0.20 -1.333E+06 1.832E+09 0.2748 1.163E-05 2.321E-03 

-0.30 -2.000E+06 1.959E+09 0.2939 7.852E-06 4.278E-04 

-0.35 -2.333E+06 1.992E+09 0.2988 6.755E-06 -1.224E-04 

-0.40 -2.667E+06 1.962E+09 0.2943 6.156E-06 -4.218E-04 

-0.60 -4.000E+06 1.643E+09 0.2465 5.053E-06 -9.743E-04 

-0.80 -5.333E+06 1.292E+09 0.1938 4.137E-06 -1.432E-03 

-1.00 -6.667E+06 8.611E+08 0.1292 3.394E-06 -1.820E-03 

-1.20 -8.000E+06 3.650E+08 0.0548 2.519E-06 -2.241E-03 

Table 3. Example 1 results (ω=0.50) 

ν F (N) M (Nmm) µ φ (mm-1) ε0 

0.80 5.333E+06 5.338E+08 0.0801 1.074E-05 5.601E-03 

0.60 4.000E+06 1.075E+09 0.1613 1.174E-05 5.193E-03 

0.40 2.667E+06 1.622E+09 0.2433 1.261E-05 4.836E-03 

0.20 1.333E+06 2.158E+09 0.3237 1.347E-05 4.481E-03 

0.00 0.000E+00 2.680E+09 0.4020 1.400E-05 3.990E-03 

-0.10 -6.667E+05 2.937E+09 0.4406 1.475E-05 3.931E-03 

-0.20 -1.333E+06 3.159E+09 0.4739 1.128E-05 2.147E-03 

-0.30 -2.000E+06 3.280E+09 0.4920 7.691E-06 3.465E-04 

-0.35 -2.333E+06 3.311E+09 0.4967 6.634E-06 -1.830E-04 

-0.40 -2.667E+06 3.255E+09 0.4883 6.188E-06 -4.052E-04 

-0.60 -4.000E+06 2.858E+09 0.4287 5.469E-06 -7.648E-04 

-0.80 -5.333E+06 2.460E+09 0.3690 4.797E-06 -1.099E-03 

-1.00 -6.667E+06 2.048E+09 0.3072 4.188E-06 -1.406E-03 

-1.20 -8.000E+06 1.604E+09 0.2406 3.633E-06 -1.683E-03 

-1.40 -9.333E+06 1.113E+09 0.1670 3.094E-06 -1.950E-03 

-1.60 -1.067E+07 5.978E+08 0.0897 2.438E-06 -2.275E-03 

Table 4. Example 1 results (ω=1.00) 
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ν F (N) M (Nmm) µ φ (mm-1) ε0 

1.40 9.333E+06 2.682E+08 0.0402 9.966E-06 5.870E-03 

1.20 8.000E+06 8.017E+08 0.1203 1.068E-05 5.575E-03 

1.00 6.667E+06 1.338E+09 0.2007 1.137E-05 5.289E-03 

0.80 5.333E+06 1.882E+09 0.2823 1.200E-05 5.027E-03 

0.60 4.000E+06 2.424E+09 0.3636 1.262E-05 7.771E-03 

0.40 2.667E+06 2.960E+09 0.4440 1.324E-05 4.514E-03 

0.20 1.333E+06 3.488E+09 0.5232 1.386E-05 4.257E-03 

0.00 0.000E+00 4.010E+09 0.6015 1.448E-05 4.000E-03 

-0.10 -6.667E+05 4.268E+09 0.6402 1.444E-05 3.729E-03 

-0.20 -1.333E+06 4.485E+09 0.6728 1.095E-05 1.981E-03 

-0.30 -2.000E+06 4.602E+09 0.6903 7.535E-06 2.681E-04 

-0.35 -2.333E+06 4.629E+09 0.6944 6.517E-06 -2.415E-04 

-0.40 -2.667E+06 4.552E+09 0.6828 6.203E-06 -3.982E-04 

-0.60 -4.000E+06 4.117E+09 0.6176 5.572E-06 -6.611E-04 

-0.80 -5.333E+06 3.684E+09 0.5526 5.166E-06 -9.168E-04 

-1.00 -6.667E+06 3.250E+09 0.4875 4.678E-06 -1.160E-03 

-1.20 -8.000E+06 2.809E+09 0.4214 4.215E-06 -1.391E-03 

-1.40 -9.333E+06 2.350E+09 0.3525 3.777E-06 -1.610E-03 

-1.60 -1.067E+07 1.861E+09 0.2792 3.359E-06 -1.818E-03 

-1.80 -1.200E+07 1.353E+09 0.2030 2.914E-06 -2.041E-03 

-2.00 -1.333E+07 8.302E+08 0.1245 2.406E-06 -2.293E-03 

Table 5. Example 1 results (ω=1.50) 

ν F (N) M (Nmm) µ φ (mm-1) ε0 

1.60 1.067E+07 1.071E+09 0.1607 1.062E-05 5.550E-03 

1.40 9.333E+06 1.605E+09 0.2408 1.114E-05 5.330E-03 

1.20 8.000E+06 2.146E+09 0.3219 1.164E-05 5.123E-03 

1.00 6.667E+06 2.687E+09 0.4031 1.211E-05 4.923E-03 

0.80 5.333E+06 3.227E+09 0.4841 1.259E-05 4.721E-03 

0.60 4.000E+06 3.763E+09 0.5645 1.308E-05 4.519E-03 

0.40 2.667E+06 4.294E+09 0.6441 1.356E-05 4.318E-03 

0.20 1.333E+06 4.820E+09 0.7230 1.400E-05 4.103E-03 

0.00 0.000E+00 5.344E+09 0.8016 1.450E-05 3.911E-03 

-0.10 -6.667E+05 5.598E+09 0.8397 1.384E-05 3.429E-03 

-0.20 -1.333E+06 5.811E+09 0.8717 1.064E-05 1.824E-03 

-0.30 -2.000E+06 5.922E+09 0.8883 7.358E-06 1.929E-04 

-0.35 -2.333E+06 5.946E+09 0.8919 6.414E-06 -2.932E-04 

-0.40 -2.667E+06 5.850E+09 0.8775 6.215E-06 -3.926E-04 

-0.60 -4.000E+06 5.394E+09 0.8091 5.795E-06 -6.018E-04 

-0.80 -5.333E+06 4.939E+09 0.7409 5.387E-06 -8.052E-04 

-1.00 -6.667E+06 4.486E+09 0.6729 4.991E-06 -1.004E-03 

-1.20 -8.000E+06 4.031E+09 0.6047 4.605E-06 -1.197E-03 

-1.40 -9.333E+06 3.572E+09 0.5358 4.233E-06 -1.383E-03 

-1.60 -1.067E+07 3.101E+09 0.4652 3.875E-06 -1.562E-03 

-1.80 -1.200E+07 2.614E+09 0.3921 3.523E-06 -1.737E-03 

-2.00 -1.333E+07 2.106E+09 0.3159 3.176E-06 -1.912E-03 
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-2.20 -1.467E+07 1.589E+09 0.2384 2.797E-06 -2.099E-03 

-2.40 -1.600E+07 1.063E+09 0.1595 2.388E-06 -2.303E-03 

Table 6. Example 1 results (ω=2.00) 

500

8
0

0

Y

Z
1

0
0

1
0

0

1
0

0
0

 

  
(a) (b) (c) 

Figure 1. (a) Rectangular reinforced concrete cross section (distances in mm) 

(b) Corresponding EC2 design chart (steel grade S500) 
(c) Results from proposed algorithm superimposed over the design chart 

The program setup includes this example (for ω = 0.50) and the material data 

necessary to replicate the results. Select Files > Load and select the file Example 1 - 

0.50.bxl which can be found in the application path. The main form will look like this: 
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The cross-section was drawn in mm whereas the material stresses were defined 

in MPa. Therefore the results for force will be in MPa x mm2 = N whereas the results 

for moment will be in MPa x mm3= Nmm. 

In order to obtain the results in other units, you should define conversion factors 

for bending moments and forces. In this case, a conversion factor of 1E-06 and 1E-03 

for moments and forces will yield results in kNm and kN respectively. 

Select Calculations > Point C Restrictions and input the data as follows (3/7 = 

0.42857): 

 

Select Calculations > Single Moment – Curvature Diagram. As an example, we 

will verify the case for ν = -0.40, which means that the axial load will be equal to -

2.667E+06 (compressive) at all times.  

Input the data as shown in the following figure: 

 

Press Calculate to calculate the moment – curvature diagram. The diagram will 

look like this: 
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The ultimate results are shown in the form: 

 

Click on Show Results to open the calculation log. This provides information for 

the intermediate steps as well as additional information for the final step. For this case, 

the calculation log is shown in the following table. Note the highlighted strain value of -

3.500E-3 at the final step, which means that the concrete has failed in compression. 
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Table 8. Example 1: Calculation log (2 of 2) 
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4.2 Arbitrary cross-section 

This is an example presented by Chen et al. [5], which invokes the polygonal 

composite column cross section of Figure 2. The cross section consists of a concrete 

core, an asymmetrically placed H – shaped steel section, 15 reinforcement bars of 

diameter 18mm and a circular opening. 

 

Figure 2. Composite column cross section 

Chen et al. use a quasi – Newton method [13] to analyze the cross section. 

However, the convergence of the iterative process invoked by this algorithm cannot be 

guaranteed when dealing with large axial loads i.e. loads that approach the axial load 

capacity under pure compression. In order to ensure the stability of Chen’s algorithm, 

the plastic centroid must be used as the origin of the Cartesian system. For an 

arbitrary cross section, the plastic centroid can be calculated as follows: 

c c cc s s s r r r

c s r

pc

c cc s s r r

c s r
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c s r

pc
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Y
A f A f A f

Z A f Z A f Z A f

Z
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γ γ γ

γ γ γ

γ γ γ

γ γ γ

⋅ ⋅ ⋅ ⋅ ⋅ ⋅+ +
=

⋅ ⋅ ⋅+ +

⋅ ⋅ ⋅ ⋅ ⋅ ⋅+ +
=

⋅ ⋅ ⋅+ +
 



 24 

where, Ac, Ar, As are the total areas of concrete, reinforcing bars and structural 

steel respectively; fcc, fr, fs, are the respective characteristic strengths; γcc, γr, γs are the 

respective partial safety factors, Yc, Zc, Yr, Zr, Ys, Zs, are the coordinates of the 

respective centroids. In this case, the coordinates of the plastic centroid with respect 

to the bottom left corner are [5] Ypc=292.2mm, Zpc=281.5mm. 

The stress – strain curve for concrete (CEC 1994) which consists of a parabolic 

and a linear (horizontal) part was used in the calculation, with fcc=0.85·fck/γc, ε0=0.002 

and εcu=0.0035. The Young modulus for all steel sections was 200GPa while the 

maximum strain was εu=±0.010. 

The characteristic strengths and partial safety factors for concrete, structural 

steel and reinforcement bars were taken as follows: 

30 , 1.5

355 , 1.1

460 , 1.15

ck c

s s

y r

f MPa

f MPa

f MPa

γ

γ

γ

= =

= =

= =

 

The analysis was carried out with an angle step of 5 degrees and an initial 

curvature step of 1E-06. 

 

Figure 3. Interaction curve for compressive axial load 4120 kN  

Figure 3 shows the interaction curve produced by the proposed algorithm for 

compressive axial load 4120kN. The image is superimposed over the results taken from 

[5]; it is obvious that the curves almost coincide. The same figure also shows the paths 
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of the analyses and the directions of the neutral axes that correspond to each spike. 

Note that the data for each spike becomes denser near failure; this is because the 

curvature step is decreased in order to achieve accuracy. By repeating this procedure 

for various axial loads we obtain the complete failure surface of Figure 4. 

 

Figure 4. Complete failure surface 

The program setup includes this example and the material data necessary to 

replicate the results. Select Files > Load and select the file Example 2 - Chen.bxl which 

can be found in the application path. The main form will look like this: 
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The cross-section was drawn in mm whereas the material stresses were defined 

in MPa. Therefore the results for force will be in MPa x mm2 = N whereas the results 

for moment will be in MPa x mm3= Nmm. 

In order to obtain the results in other units, you should define conversion factors 

for bending moments and forces. In this case, a conversion factor of 1E-06 and 1E-03 

for moments and forces will yield results in kNm and kN respectively. 

Select Calculations > Interaction Curve . Input the data as shown in the following 

figure: 

 

Press Calculate to calculate the interaction curve. The curve will look like this: 
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When scaled properly, this figure is the same as the one in Figure 3. Click on 

Show Results to open the calculation log. This provides information for the 

intermediate steps as well as additional information for the final step. 

4.3 Moment capacity of rigid bolted connection 

In this example, the versatility of the proposed algorithm is demonstrated. The 

task is to check the maximum bending moment capacity of a bolted connection of two 

circular tubes of diameter/width 1520/22mm and 1400/12.7mm respectively. The 

connection is implemented by means of two circular flanges and 24 bolts arranged in 

circle. The flanges are reinforced externally by dense out – of – plane triangular steel 

elements (gussets), as shown in the figures. 

 

  
(a) (b) 

Figure 5. (a) Plan view of the proposed connection  
(b) 3D view of the proposed connection 

We assume that the flanges are rigid by virtue of the triangular steel elements. 

However, the rigidity does not extend to the inner circle of the two flanges; we assume 

that the effective rigid ring has a width of 187mm, as shown in Figure 6a.  
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Property Value 

Bottom tube, external diameter 1520mm 

Bottom tube, thickness 22mm 

Top tube, external diameter 1400mm 

Top tube, thickness 12.7mm 

Flange, external diameter 1800mm 

Flange, internal diameter 1200mm 

Flange, thickness 25mm 

Steel grade S235 

Number of bolts 24 

Bolt size M27 

Bolt quality 8.8 

Bolts arrangement, circle diameter 1660mm 

Bolts hole, circle diameter 33mm 

 Axial load (compressive) 325kN 

(a) (b) 

Figure 6. (a) Section of the proposed connection (b) Table of properties 

Two materials are now defined: the flanges behave linearly in compression up to 

yield strength i.e. 235MPa/1.10=213.636MPa; however they do not exhibit tensile 

strength. We expect the flanges not to yield i.e. the failure should occur because of the 

bolts: 

 

We assume that the bolts (quality 8.8) exhibit a bilinear behavior. The first linear 

segment extends in tension up to yield strength i.e. 640MPa/1.25=512MPa; the second 

linear segment extends up to ultimate strength defined by EC3, i.e. 

0.9·800MPa/1.25=576MPa; however they do not exhibit compressive strength: 



 29 

 

Young modulus is taken equal to 200GPa for all cases. Of course, the material 

properties may be defined otherwise and may also include parabolic or cubic 

segments, subject to the user’s needs or assumptions. 

 

 

Figure 7. Example 3 
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Figure 8. 3D view of stress solids - verification of results using CAD software 

For an axial (compressive) load of NXc=325kN, the algorithm yields the following 

results: curvature φ=6.223·10-6 mm-1, strain at the origin ε0=4.751·10-3, ultimate 

bending moment at failure MYc=6466.160kNm. The minimum strain for the flanges is 

εmin,flanges=-8.493·10-4; therefore, the flanges do not yield, as assumed from the 

beginning. The failure occurs because of the outermost bolt, which reaches the 

maximum strain of εmax,bolts=±0.010. 

Based on these data, the stress solids were created using CAD software (Figure 

8). The results are summarized in Table 9; the sum of the volume of all stress solids is 

equal to the axial load and the sum of all moments is equal to the result obtained from 

the proposed algorithm. 

 

Element 
Volume  

(or Force, kN) 

Yc Coordinate of 

Centroid (mm) 

Bending Moment 

MYc (kNm) 

Flange -5876.257 -842.452 4950.463 

Bolts #11 (· 2) 63.718 -717.782 -45.735 

Bolts #10 (· 2) 251.698 -586.641 -147.656 

Bolts #9 (· 2) 496.678 -414.869 -206.056 

Bolts #8 (· 2) 594.712 -214.815 -127.753 

Bolts #7 (· 2) 607.880 0.000 0.000 

Bolts #6 (· 2) 621.048 214.824 133.416 

Bolts #5 (· 2) 633.318 415.004 262.830 

Bolts #4 (· 2) 643.855 586.903 377.880 

Bolts #3 (· 2) 651.940 718.805 468.618 

Bolts #2 (· 2) 657.023 801.723 526.750 

Bolt #1 (· 1) 329.378 830.004 273.385 

Sums : -325.009  6466.141 

Table 9. Computed results from CAD software 
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The program setup includes this example and the material data necessary to 

replicate the results. Select Files > Load and select the file Example 3.bxl which can be 

found in the application path. The main form will look like this: 

 

The cross-section was drawn in mm whereas the material stresses were defined 

in MPa. Therefore the results for force will be in MPa x mm2 = N whereas the results 

for moment will be in MPa x mm3= Nmm. 

In order to obtain the results in other units, you should define conversion factors 

for bending moments and forces. In this case, a conversion factor of 1E-06 and 1E-03 

for moments and forces will yield results in kNm and kN respectively. 

Select Calculations > Single Moment – Curvature Diagram. Input the data as 

shown in the following figure: 
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Press Calculate to calculate the moment – curvature diagram. The moment – 

curvature diagram will look like this: 

 

The ultimate results are shown in the form: 
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Click on Show Results to open the calculation log. This provides information for 

the intermediate steps as well as additional information for the final step. For this case, 

excerpt of the calculation log with the strains in the final step is shown in the following 

table. Note the highlighted strain value of 1.000E-2 at the final step of the outermost 

bolt. 



 34 

S
t
r
a
i
n
s
 
a
t
 
f
i
n
a
l
 
s
t
e
p
:
 

#
 
C
L
T
r
a
p
e
z
o
i
d
 
 
 
 
 
 
 
F
o
r
e
g
r
o
u
n
d
 
M
a
t
e
r
i
a
l
 
B
a
c
k
g
r
o
u
n
d
 
M
a
t
e
r
i
a
l
 
Z
 
b
o
t
t
o
m
 
 
 
 
 
 
 
 
 
 
 
 
Z
 
t
o
p
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
M
i
n
 
S
t
r
a
i
n
 
 
 
 
 
 
 
 
 
 
M
a
x
 
S
t
r
a
i
n
 
 
 
 
 
 
 
 
 
 
 

1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
9
0
0
,
0
0
0
0
0
0
0
0
0
 
 
 
 
 
 
9
0
0
,
0
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
-
8
,
4
9
3
3
6
1
8
5
6
E
-
0
4
 
 
 
 
1
,
0
3
5
1
5
8
4
4
5
E
-
0
2
 
 
 
 
 
 

2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
 
4
,
6
4
8
4
4
9
0
2
8
E
-
0
3
 
 
 
 
 
4
,
8
5
3
7
9
9
2
4
0
E
-
0
3
 
 
 
 
 
 

3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
1
9
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
2
3
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
5
,
9
8
5
2
1
5
4
7
8
E
-
0
3
 
 
 
 
 
6
,
1
9
0
5
6
5
6
9
0
E
-
0
3
 
 
 
 
 
 

4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
3
9
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
4
3
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
7
,
2
3
0
8
8
3
5
0
9
E
-
0
3
 
 
 
 
 
7
,
4
3
6
2
3
3
7
2
0
E
-
0
3
 
 
 
 
 
 

5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
5
7
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
6
0
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
8
,
3
0
0
5
6
2
8
9
2
E
-
0
3
 
 
 
 
 
8
,
5
0
5
9
1
3
1
0
4
E
-
0
3
 
 
 
 
 
 

6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
7
0
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
7
3
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
9
,
1
2
1
3
5
6
7
5
5
E
-
0
3
 
 
 
 
 
9
,
3
2
6
7
0
6
9
6
7
E
-
0
3
 
 
 
 
 
 

7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
7
8
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
8
1
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
9
,
6
3
7
3
2
9
3
4
8
E
-
0
3
 
 
 
 
 
9
,
8
4
2
6
7
9
5
6
0
E
-
0
3
 
 
 
 
 
 

8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
8
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
8
4
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
9
,
8
1
3
3
1
7
9
8
9
E
-
0
3
 
 
 
 
 
1
,
0
0
1
8
6
6
8
2
0
E
-
0
2
 
 
 
 
 
 

9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
7
8
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
8
1
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
9
,
6
3
7
3
2
9
3
4
8
E
-
0
3
 
 
 
 
 
9
,
8
4
2
6
7
9
5
6
0
E
-
0
3
 
 
 
 
 
 

1
0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
7
0
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
7
3
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
9
,
1
2
1
3
5
6
7
5
5
E
-
0
3
 
 
 
 
 
9
,
3
2
6
7
0
6
9
6
7
E
-
0
3
 
 
 
 
 
 

1
1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
5
7
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
6
0
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
8
,
3
0
0
5
6
2
8
9
2
E
-
0
3
 
 
 
 
 
8
,
5
0
5
9
1
3
1
0
4
E
-
0
3
 
 
 
 
 
 

1
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
3
9
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
4
3
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
7
,
2
3
0
8
8
3
5
0
9
E
-
0
3
 
 
 
 
 
7
,
4
3
6
2
3
3
7
2
0
E
-
0
3
 
 
 
 
 
 

1
3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
1
9
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
2
3
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
5
,
9
8
5
2
1
5
4
7
8
E
-
0
3
 
 
 
 
 
6
,
1
9
0
5
6
5
6
9
0
E
-
0
3
 
 
 
 
 
 

1
4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
 
4
,
6
4
8
4
4
9
0
2
8
E
-
0
3
 
 
 
 
 
4
,
8
5
3
7
9
9
2
4
0
E
-
0
3
 
 
 
 
 
 

1
5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
2
3
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
-
1
9
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
3
,
3
1
1
6
8
2
5
7
8
E
-
0
3
 
 
 
 
 
3
,
5
1
7
0
3
2
7
9
0
E
-
0
3
 
 
 
 
 
 

1
6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
4
3
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
3
9
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
2
,
0
6
6
0
1
4
5
4
7
E
-
0
3
 
 
 
 
 
2
,
2
7
1
3
6
4
7
5
9
E
-
0
3
 
 
 
 
 
 

1
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
6
0
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
-
5
7
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
9
,
9
6
3
3
5
1
6
3
9
E
-
0
4
 
 
 
 
 
1
,
2
0
1
6
8
5
3
7
6
E
-
0
3
 
 
 
 
 
 

1
8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
7
3
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
-
7
0
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
1
,
7
5
5
4
1
3
0
1
2
E
-
0
4
 
 
 
 
 
3
,
8
0
8
9
1
5
1
2
9
E
-
0
4
 
 
 
 
 
 

1
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
8
1
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
7
8
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
3
,
4
0
4
3
1
2
9
2
3
E
-
0
4
 
 
 
 
-
1
,
3
5
0
8
1
0
8
0
5
E
-
0
4
 
 
 
 
 

2
0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
8
4
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
8
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
5
,
1
6
4
1
9
9
3
3
3
E
-
0
4
 
 
 
 
-
3
,
1
1
0
6
9
7
2
1
6
E
-
0
4
 
 
 
 
 

2
1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
8
1
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
7
8
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
3
,
4
0
4
3
1
2
9
2
3
E
-
0
4
 
 
 
 
-
1
,
3
5
0
8
1
0
8
0
5
E
-
0
4
 
 
 
 
 

2
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
7
3
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
-
7
0
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
1
,
7
5
5
4
1
3
0
1
2
E
-
0
4
 
 
 
 
 
3
,
8
0
8
9
1
5
1
2
9
E
-
0
4
 
 
 
 
 
 

2
3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
6
0
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
-
5
7
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
9
,
9
6
3
3
5
1
6
3
9
E
-
0
4
 
 
 
 
 
1
,
2
0
1
6
8
5
3
7
6
E
-
0
3
 
 
 
 
 
 

2
4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
4
3
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
3
9
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
2
,
0
6
6
0
1
4
5
4
7
E
-
0
3
 
 
 
 
 
2
,
2
7
1
3
6
4
7
5
9
E
-
0
3
 
 
 
 
 
 

2
5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
2
3
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
-
1
9
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
3
,
3
1
1
6
8
2
5
7
8
E
-
0
3
 
 
 
 
 
3
,
5
1
7
0
3
2
7
9
0
E
-
0
3
 
 
 
 
 
 

2
6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
 
4
,
6
6
7
1
1
7
2
2
9
E
-
0
3
 
 
 
 
 
4
,
8
3
5
1
3
1
0
3
9
E
-
0
3
 
 
 
 
 
 

2
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2
0
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
2
2
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
6
,
0
0
3
8
8
3
6
7
9
E
-
0
3
 
 
 
 
 
6
,
1
7
1
8
9
7
4
8
9
E
-
0
3
 
 
 
 
 
 

2
8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4
0
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
4
2
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
7
,
2
4
9
5
5
1
7
1
0
E
-
0
3
 
 
 
 
 
7
,
4
1
7
5
6
5
5
1
9
E
-
0
3
 
 
 
 
 
 

2
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5
7
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
6
0
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
8
,
3
1
9
2
3
1
0
9
3
E
-
0
3
 
 
 
 
 
8
,
4
8
7
2
4
4
9
0
3
E
-
0
3
 
 
 
 
 
 

3
0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7
0
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
7
3
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
9
,
1
4
0
0
2
4
9
5
6
E
-
0
3
 
 
 
 
 
9
,
3
0
8
0
3
8
7
6
6
E
-
0
3
 
 
 
 
 
 

3
1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7
8
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
8
1
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
9
,
6
5
5
9
9
7
5
4
9
E
-
0
3
 
 
 
 
 
9
,
8
2
4
0
1
1
3
5
9
E
-
0
3
 
 
 
 
 
 

3
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
8
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
8
4
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
9
,
8
3
1
9
8
6
1
9
0
E
-
0
3
 
 
 
 
 
1
,
0
0
0
0
0
0
0
0
0
E
-
0
2
 
 
 
 
 
 

3
3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7
8
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
8
1
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
 
9
,
6
5
5
9
9
7
5
4
9
E
-
0
3
 
 
 
 
 
9
,
8
2
4
0
1
1
3
5
9
E
-
0
3
 
 
 
 
 
 

3
4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
7
0
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
7
3
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
 
9
,
1
4
0
0
2
4
9
5
6
E
-
0
3
 
 
 
 
 
9
,
3
0
8
0
3
8
7
6
6
E
-
0
3
 
 
 
 
 
 

3
5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
5
7
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
6
0
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
 
8
,
3
1
9
2
3
1
0
9
3
E
-
0
3
 
 
 
 
 
8
,
4
8
7
2
4
4
9
0
3
E
-
0
3
 
 
 
 
 
 

3
6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
4
0
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
4
2
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
7
,
2
4
9
5
5
1
7
1
0
E
-
0
3
 
 
 
 
 
7
,
4
1
7
5
6
5
5
1
9
E
-
0
3
 
 
 
 
 
 

3
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
2
0
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
2
2
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
 
6
,
0
0
3
8
8
3
6
7
9
E
-
0
3
 
 
 
 
 
6
,
1
7
1
8
9
7
4
8
9
E
-
0
3
 
 
 
 
 
 

3
8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
1
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
 
4
,
6
6
7
1
1
7
2
2
9
E
-
0
3
 
 
 
 
 
4
,
8
3
5
1
3
1
0
3
9
E
-
0
3
 
 
 
 
 
 

3
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
2
2
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
-
2
0
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
3
,
3
3
0
3
5
0
7
7
9
E
-
0
3
 
 
 
 
 
3
,
4
9
8
3
6
4
5
8
9
E
-
0
3
 
 
 
 
 
 

4
0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
4
2
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
4
0
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
2
,
0
8
4
6
8
2
7
4
8
E
-
0
3
 
 
 
 
 
2
,
2
5
2
6
9
6
5
5
8
E
-
0
3
 
 
 
 
 
 

4
1
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
6
0
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
-
5
7
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
1
,
0
1
5
0
0
3
3
6
5
E
-
0
3
 
 
 
 
 
1
,
1
8
3
0
1
7
1
7
5
E
-
0
3
 
 
 
 
 
 

4
2
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
7
3
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
-
7
0
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
1
,
9
4
2
0
9
5
0
2
2
E
-
0
4
 
 
 
 
 
3
,
6
2
2
2
3
3
1
1
8
E
-
0
4
 
 
 
 
 
 

4
3
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
8
1
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
7
8
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
3
,
2
1
7
6
3
0
9
1
2
E
-
0
4
 
 
 
 
-
1
,
5
3
7
4
9
2
8
1
6
E
-
0
4
 
 
 
 
 

4
4
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
8
4
3
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
8
1
6
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
4
,
9
7
7
5
1
7
3
2
3
E
-
0
4
 
 
 
 
-
3
,
2
9
7
3
7
9
2
2
7
E
-
0
4
 
 
 
 
 

4
5
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
8
1
5
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
7
8
8
,
2
1
8
4
3
6
0
0
0
 
 
 
 
 
 
-
3
,
2
1
7
6
3
0
9
1
2
E
-
0
4
 
 
 
 
-
1
,
5
3
7
4
9
2
8
1
6
E
-
0
4
 
 
 
 
 

4
6
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
7
3
2
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
-
7
0
5
,
3
0
1
0
8
5
0
0
0
 
 
 
 
 
 
1
,
9
4
2
0
9
5
0
2
2
E
-
0
4
 
 
 
 
 
3
,
6
2
2
2
3
3
1
1
8
E
-
0
4
 
 
 
 
 
 

4
7
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
6
0
0
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
-
5
7
3
,
3
9
8
6
2
8
0
0
0
 
 
 
 
 
 
1
,
0
1
5
0
0
3
3
6
5
E
-
0
3
 
 
 
 
 
1
,
1
8
3
0
1
7
1
7
5
E
-
0
3
 
 
 
 
 
 

4
8
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
4
2
8
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
-
4
0
1
,
5
0
0
0
0
0
0
0
0
 
 
 
 
 
 
2
,
0
8
4
6
8
2
7
4
8
E
-
0
3
 
 
 
 
 
2
,
2
5
2
6
9
6
5
5
8
E
-
0
3
 
 
 
 
 
 

4
9
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
B
O
L
T
,
 
1
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
-
2
2
8
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
-
2
0
1
,
3
1
9
8
0
7
0
0
0
 
 
 
 
 
 
3
,
3
3
0
3
5
0
7
7
9
E
-
0
3
 
 
 
 
 
3
,
4
9
8
3
6
4
5
8
9
E
-
0
3
 
 
 
 
 
 

5
0
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
N
O
N
E
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
 
E
X
A
M
P
L
E
 
3
,
 
F
E
3
6
0
,
 
 
 
-
7
1
3
,
0
0
0
0
0
0
0
0
0
 
 
 
 
 
 
7
1
3
,
0
0
0
0
0
0
0
0
0
 
 
 
 
 
 
 
3
,
1
4
3
1
5
0
1
4
1
E
-
0
4
 
 
 
 
 
9
,
1
8
7
9
3
3
2
5
4
E
-
0
3
 
 
 
 
 
 

Table 10. Example 3: Excerpt of calculation log 
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4.4 Rigid footing 

In this example, the task is to calculate the maximum bending moment capacity 

of a rigid footing (Figure 9). We assume that the footing is placed over sand modeled 

with independent springs (Winkler); failure occurs when stress exceeds a predefined 

maximum value. 

4.00m
8
.0

0
m

Y

Z

 

Y

Z

 
(a) (b) 

Figure 9. (a) Plan view of rigid footing (b) 3D view of rigid footing 

Property Value 

Rigid footing, length 8.00m 

Rigid footing, width 4.00m 

Axial load (compressive) 1300kN 

Sand, k 20kPa/mm 

Sand, maximum stress 250kPa 

Table 11. Properties 

For the material properties, instead of using curvature and strain we will be using 

slope and settlement. We assume that sand behaves linearly in compression up to a 

maximum stress of 250kPa with a subgrade modulus ks=20kPa/mm (maximum 

settlement 12.5mm); also, it does not exhibit tensile strength. Note that linear 

behavior is not obligatory; moreover, in this case, the stresses are expressed with 

respect to settlement instead of strain: 
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For an axial (compressive) load of NXc=1300kN, the algorithm yields the following 

results: slope k=4.808, settlement at the origin ε0=6.731mm, ultimate bending 

moment at failure MYc=4073.331kNm. The failure occurs because the sand reaches the 

maximum stress capacity of 250kPa (Figure 10a). The results are easily verifiable 

(equation (3)) 

 

1
250 2.60 4.00 1300

2

2
1300 1.40 2.60 4073.333

3

N KPa m m kN

M kN m m kNm

= ⋅ ⋅ ⋅ =

 = ⋅ + ⋅ = 
 

 (3) 

As a step further, we may want to restrict the length of the ineffective area of the 

footing. This is achieved easily by applying a restriction similar to that of “Point C” of 

EC 2, which is described in Example 1. For example, we demand that the settlement at 

distance ½ h from the most compressed point i.e. at the middle of the footing, to be 

less than or equal to zero. In this way, more than half of the footing is always in 

contact with the sand. In this case and for the same axial (compressive) load of 

NXc=1300kN, the algorithm yields the following results: slope k=2.031, settlement at 

the origin ε0=0.000mm, ultimate bending moment at failure MYc=3466.667kNm (Figure 

10b). Again, the results are easily verifiable (equation (4): 

 

1
162.5 4.00 4.00 1300

2

2
1300 4.00 3466.666

3

N KPa m m kN

M kN m kNm

= ⋅ ⋅ ⋅ =

 = ⋅ ⋅ = 
 

 (4) 
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Figure 10. (a) Stresses with no restriction (compressive axial load 1300kN)  

(b) Stresses with restriction at midpoint of rigid footing (compressive axial load 1300kN) 

The program setup includes this example and the material data necessary to 

replicate the results. Select Files > Load and select the file Example 4.bxl which can be 

found in the application path. The main form will look like this: 
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The cross-section was drawn in m whereas the material stresses were defined in 

KPa. Therefore the results for force will be in KPa x m2 = kN whereas the results for 

moment will be in KPa x m3= kNm. The material “strains” were defined in mm. 

Select Calculations > Single Moment – Curvature Diagram . Input the data as 

shown in the following figure: 

 

Press Calculate to calculate the moment – curvature diagram. The diagram will 

look like this: 
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The ultimate results are shown in the form: 

 

Click on Show Results to open the calculation log. This provides information for 

the intermediate steps as well as additional information for the final step. For this case, 

the calculation log is shown in the following table. Note the highlighted settlement 

value of -1.250E+01 at the final step. 
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Table 12. Example 4: Excerpt of calculation log (case 1) 
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For the second case, select Calculations > Point C Restrictions and input the data 

as follows: 

 

Select Calculations > Single Moment – Curvature Diagram. Input the data as 

shown in the following figure: 

 

Press Calculate to calculate the moment – curvature diagram. The diagram will 

look like this: 



 42 

 

The ultimate results are shown in the form: 

 

Click on Show Results to open the calculation log. This provides information for 

the intermediate steps as well as additional information for the final step. For this case, 

the calculation log is shown in the following table. Note the highlighted top and bottom 

settlements of equal magnitude at the final step. 
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Table 13. Example 4: Excerpt of calculation log (case 2) 
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We can also create interaction curves by selecting Calculations > Interaction 

Curve . If we include the contact restriction at midpoint, the interaction curve is shown 

in the following figure: 

 

Figure 11. Interaction curve for compressive axial load N=1300kN and restriction at midpoint. 
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