Finite Element Analysis of Rectangular Slab with Calcpad

Input data

Slab dimensions-a =6 m,b =4 m
Thickness-t = 0.1 m q o
Load - ¢ = 10 kN/m?

Modulus of elasticity - E = 35000 MPa

Poisson’s ratio-v = 0.15

Finite element mesh

We will use rectangular finite element with n = 16 DOFs
Number of elements alongaand b-n, =6, n, =4
Total number of elements-n, =n, -n, =6-4 =24

Total number of joints -n; = (n, +1)-(n, + 1) =(6+1) - (4+1) =35

. . a 6 b 4
Element dimensions-a; =—=-=1, by =—=-=1
Ng 6 np 4

Supported joints count-ng =2 - (n, +np) =2-(6+4) =20
Joint coordinates
fj=[00000111112222233333... 6] m
}7j=[01234012340123401234... 4] m

Numbers of elements joints

transp(e;) =
1 2 3 4 6 7 8 9 11 12 13 14 16 17 18 19 21 22 23 24 - 29
6 7 8 9 11 12 13 14 16 17 18 19 21 22 23 24 26 27 28 29 .- 34
7 8 9 10 12 13 14 15 17 18 19 20 22 23 24 25 27 28 29 30 -- 35
2 3 4 5 7 8 9 10 12 13 14 15 17 18 19 20 22 23 24 25 .- 30

Supported joints
§j=[1611162126315101520253035234323334]

Coordinates of elements centers

sum (extract (56’]- sJe (e)))
4

sum (extract ()7,-; Je (9))>
4

Je(e) = row(ej;e), x.(e) = , Yele) =
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_(17)5 _@10 _@15 _@20 _@25 _@50 _(17>§5
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¢4 9 14 19 24 29 (:’)34
3 7 11 15 19 23

<.>3 8 13 18 23 28 (.>33
2 6 10 14 18 22

@2 7 12 17 22 27 @32
1 5 9 13 17 21

_@1_ _@§ _@11 _@16 _@21 _@gG _@§1

Finite element formulation

Shape functions
Along dimension a

Base functions

P,(H)=1-82-B-2-9
Dpa(§) =¢-ar-(1-¢-(2-9)
®3,(§) =¢2-B-2-9)

Pyo(§) =§%ay - (-148)

Along dimension b

Base functions

QM) =1-n*>-(3-2-1)
Dy =n-by-(1—7n-2-1n)
P3p(m) =n*-3-2-n)

@y (M) = 1% by - (-1+17)

First derivatives

$

cDlla(é—) =-6- a_l (1-9

D) =1-¢-(4-3-9)

$

cpI3a(€) = 6'(1_1. 1-9)

Pya(§) =-¢-(2-3-9)

First derivatives

@'1p(m) = -6-%- 1-n)

@) =1-n-(4-3-1)

O3 (n) = 6b1 1-7)

QM) =n-(2-3-n)

Second derivatives

6
(Dula(f) = 'F (1-2-8)

1

2

", (8) = o 2-3-¢)
6

D"3,(8) = oz 1-2-¢)

2
(p”4a(€) =-—-(1-3-9)

aq

Second derivatives

6
", = el a1-2-n)

1

2
"5, = 5 2-3-1)

1

n 6
"3, (M) =F'(1—2‘77)
1

2
D" 4p(n) = 5 (1-3-n)
1
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For vertical displacements For rotations ¥ For rotations 0,

WNy (£ 1) = P14(8) - P1p (1) Nip, (&1 = P2a(8) - P1p(m)  Nip,($51) = P14(8) - P2p(0)
Now(§5m) = P34(8) - @1,() N2, (5im) = P4 () - P1p (M) Napg (§31) = P34(8) - Pop ()
N3, (&1) = @34(8) - D3 (1) N36,(531m) = P4a(§) - P3p (1) Nyg (&) = P34(8) - Pap(n)
Nyw(§5m) = P14(8) - P35 (1) Ny, (51 = P2a(8) - P2 N,y (1) = P1a(8) - Pup ()
For twist iz y ,

Niy(§5m) = P2a(§) - P2 (1) 0.4/ 0ys 0. 9y4

N (§51) = @4 (§) - P2 () ) @n D

N3,1p(€; n) = @y (&) - Dy () 0.1 0,00 (1,0 2

N4,1/;(f; n) = @34(8) - Pyp(m) }? /i

Shape functions vector

N(;&n) = take (i; Ny, (&m); Nyg, (£1); Ny, (6:1); Ny y (61);
Now (&51)5 Noyg, (§51)5 Noyg, (8515 Noy (651

N3, (&51); N3,9,(§51)5 N3g, (§51); N3y (§51);
Ny (&35 Nag, (83 1); Nag, (£:1); Nayy (651))

Constitutive matrix (stress - strain relationship)

D= E- 7 [1 0lv:1:0 001—1/]_
STz A=y |BvoIviL010:0; -
12_(1_0_152)-[1;0.15;0|0.15;1;0|0;0 ] 0448 298 127

Strain-displacement matrix

B:(;&m) = take(j; D"14(8) - P1p(M); P20 (8) - D1, (1M); @16 (E) - Pop (M); P"20(E) - P2y (1); P"34(E)
@1 (1); D740(8) - @1 (); @30 (§) - Pop(1); @740 (E) + P2 (1); @"34(§)
Pap(M); P40 (§) - P3p(M); D"34(§) » Pap(1); P40 (§) - Pap(); @"14(8)
<Dy (1); D" 24(8) + D3y (11); D" 14(§) * Pap (); D" 24(8) - Pap (1))

B,(j;&;m) = take(j; D14(8) - D" 15 (1); P2q (&) - D" 15 (1); P14(E) - D725 (1); P (E) - @55 (1); P34(E)
@1y (1); Pag(§) - @ 1, (10); P30 (E) - P72 (10); Pua(§) - @725 (M); P34(E)
@3 (1); Pag(§) - @"35(1); P34 (E) - P74, () Paa(§) - " 4p (0); P14(8)
C @3, (1); D2a(§) + @35 (1); P14 (§) "4y (1); P2a(§) - @" 4y (1))
B3(j; §;m) = 2 take(j; @'14(8) - @'15(1); @'24(§) - "1 (1); @'1a(§) * @25 (1); P24 (§)
D', (1); P'3(8) - @' 1p(1M); @40 () - D15 (M); P'30(E) - P2 (1) P40 (§)
D' (1); @'30(8) - @55, (M); D'4a(§) - @35, (1); '34(E) - P4 (1); D40 (E)
@ 4y (11); D' 1a(8) * '35 (); @'20(8) D35 (1); @'1a(§) * @4 (); @20 (§) - @4 ()
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B(;&m) = [B1(; & m); B2 &m); Bs (3 € 1m)]
x1(e) = Jzj_e_ yy1(e) = 371'@

]_9'1 ) J.e,l

The elements of the stiffness matrix will be calculated by using the equation

&y=wwfff&®mﬁbwmam&dn
00

Element stiffness matrix

(above the main diagonal only)

BTDB,(i; j; &;n) = transp(B(i;&;1)) - D - B(j; &)
11

Keif) = a by - [ [ BTDBLGjiim dn dg
0

0
$Repeat{$Repeat{K =K, (i;));) = i...n};i = 1...n} =0.333

K, =

35.19 9.78 9.78 2.02 -17.29 6.26 -0.827 0.488 -0.614 2.69 2.69 -1.05
0 573 247 0935 -6.26 172 -0488 0.15 -2.69 126 1.05 -0.332
0 0 5.73 0935 -0.827 0.488 0.239 -0.119 -2.69 1.05 1.26 -0.332
0 0 0 0.333 -0.488 0.15 0.119 -0.0549 -1.05 0.332 0.332 -0.0786
0 0 0 0 35.19 -978 9.78 -2.02 -17.29 0.827 6.26 -0.488
0 0 0 0 0 573 -2.47 0935 0.827 0.239 -0.488 -0.119
0 0 0 0 0 0 573 -0935 -6.26 0.488 1.72 -0.15
0 0 0 0 0 0 0 0.333 0.488 0.119 -0.15 -0.0549
0 0 0 0 0 0 0 0 35.19 -9.78 -9.78 2.02
0 0 0 0 0 0 0 0 0 5.73 247 -0.935
0 0 0 0 0 0 0 0 0 0 5.73 -0.935
0 0 0 0 0 0 0 0 0 0 0 0.333
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0
0 0 0 0 0 0 0 0 0 0 0 0

Element load vector

11
Fei=ay b iji(€;n)T-qd€ dn
00

-17.29
-0.827
-6.26
-0.488
-0.614
2.69
-2.69
1.05
-17.29
6.26
0.827
-0.488
35.19
0
0
0

-0.827
0.239
-0.488
0.119
-2.69
1.26
-1.05
0.332
-6.26
1.72
0.488
-0.15
9.78
5.73
0
0

6.26  0.488 1
0.488 -0.119
172 0.15
0.15 -0.0549
269  1.05
-1.05 -0.332
126 0.332
-0.332 -0.0786
0.827 0.488
-0.488 -0.15
0.239 0.119
-0.119 -0.0549
-9.78  -2.02
-2.47  -0.935
5.73  0.935
0 0.333

=[2.5 0.417 0.417 0.07 2.5 -0.417 0.417 -0.07 2.5 -0.417 -0.417 0.07 2.5 0.417 -0.417 -0.07] kN

Solution

Global stiffness matrix K =
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9.78

0.488
0

O O O O O O O O o o o

0

[1x10%° 9.78
9.78 1x10%° 2.47 0.935
2.47 1x10°° 0.935
202 0935 0935 0.333
-17.29 -0.827 -6.26 -0.488
-0.827 0.239 -0.488 0.119 19.56 11.46

6.26 0.488

9.78

1.72

-0.119 0.15

0

O O O O O O o o o o o

0

0

O O O O O O O o o o o

0

-0.0549

2.02

0.15

Global load vector
ﬁ=[2.5 0.417 0.417 0.0694 5 0.833 0 0 5 0.833 0 0 5 0.833 0 0 2.5 0.417 -0.417 -0.0694 ... 0.0694] kN

Solution of the system of equations

-17.29 -0.827 6.26  0.488
-0.827 0.239 0.488
-6.26 -0.488 1.72
-0.488 0.119 0.15

1x10%° 19.56

-17.29 -0.827 -6.26

0
0

0
0

0
0

-0.0549

1x10%°

1.87

-0.827 0.239 -0.488
6.26 0.488 1.72
0.488 -0.119 0.15

0

SO O O O O O O

0

SO O O O O O O

0

SO O O O O O O

-0.0549

-0.119
0.15

0
0
1.87
0.667
-0.488

0.15

0

O O O O O O O

0
0
0

0

0
0
0

0

0
0
0

0

0
0
0

0

-17.29 -0.827 6.26  0.488
-0.827 0.239 0.488
-6.26 -0.488 1.72
-0.488 0.119 0.15

1x10%° 19.56
0.119 19.56 11.46

0
0

0

0
0
0

0
0

0

0
0
0

0
0

1x10%
1.87
-17.29 -0.827 -6.26
-0.827 0.239 -0.488
6.26 0.488 1.72
0.488 -0.119 0.15

0

0
0
0

-0.119
0.15
-0.0549

S O O O O o O

0

S O O O O o O

0

S O O O O o O

0

O O O O O o o o

0 -17.29 -0.827 6.26 0.488
0 -0.827 0.239 0.488
187 -6.26 -0.488 1.72

0.667 -0.488 0.119 0.15 -0.0549
-0.488 1x10%° 19.56
0.119 19.56 11.46

0.15
-0.0549

0
0

0
0

0
0
1x10%
1.87

0 -17.29 -0.827 -6.26

-0.827 0.239 -0.488 0.119 9.78 1x10® -2.47 -0.935 -

0
0 6.26 0.488 1.72
0 0488 -0.119 0.15 -0.0549 -2.02

0

0

0

-0.119
0.15

0
0
1.87
0.667
-0.488

0.15

0

0
0
0
0
0
0
0
0
0
0
0

0
-17.29
-0.827
-6.26
-0.488
1x10%

-9.78

0

O O O O O O O o o o o o
O O O O O O O o o o o
O O O O O O O o o o o o

0
-0.827 6.26 0.488 ---
0.239 0.488 -0.119 --
-0.488 1.72  0.15

0.119 0.15 -0.0549 ---
9.78 -9.78 -2.02 -

247 1x10% 0.935 -
-0.935 0.935 0.333 -

N eleleleolelBoBoBeolo ool o oo ool oo ol el
i

0 0 0 --0.333

7 = clsolve(K; F)=[0 0 0 33 0 2.84 0209 0391 0 0 0 2.84 0 -2.09 0 0 0 -3.3 ... 3.3] mm

Results

Joint displacements

0 0
[0 258 4.

0

21 4.75 4.21 2.

0

0

0 0
58 o]

transp(W,;) =|0 3.59 587 6.63 587 3.59 0|mm
0 258 421 475 421 258 0
0

0

0

0

0

0

X

0

[6; 4]

0
-0.552
-1.1
-1.66
-2.21
-2.76
-3.31
-3.87
-4.42
-4.97
-5.52
-6.08
-6.63
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waximlvave - (5:5) = v
aximal value - w 55 =w

Bending moments

6 4

E; E) = 6.63mm

7;(j) =slice(Z; ky - G — 1) + L ky - )

2o =7 (e,,):% (e,,) % (4,.) 1% (9,,)]

Results for element 15 and joint 18:

Z,=27,(¢)=2,(15) =[6.63 0 0 0 5.87 -1.52 0 0 4.21 -1.08 -3.2 0.84 4.75 0 -3.62 0] m

x y
a,’ by

MoGiy) =D B (=52 Z(e)

M, = M,(0;0) = [6.28 12.74 0] kNm/m

Average bending moments at joints, kNm/m - M; =

-8.38 -5.31 0 531 838 -6.18 -422 0 422 618 -3.05-213 0 213 3.05 O 0 0 0 0

Bending moments for the plate
Bending moments - M,

0 0.0845 0.101 0.105 0.101 0.0845 0
0528 411 46 46 46 411 0.528|
transp(Mx) =0.594 545 625 628 625 545 0.594| kNm/m
0528 411 46 46 46 411 0.528
0 0.0845 0.101 0.105 0.101 0.0845 0

[6; 4]
4 I 6.32
5.79
33 5.27
3 474
4.21
23 3.69
2 # 3.16
2.63
15 12.11
1 1.58
1.05
05 I 0.527
0 0

0 05 1 15 2 25 3 35 4 45 5 55 6
[0; O]

Maximal value - M, (g,g) =M, (g;g) = 6.28 kNm/m

0 0528 0.594 0.528 0 0.0845 4.11 5.45 4.11 0.0845 0.101 4.6 6.25 4.6 0.101 0.105 4.6 6.28 4.6 0.105 -
0 0.0792 0.0892 0.0792 0 0.563 5.84 7.04 5.84 0.563 0.675 9.08 11.33 9.08 0.675 0.702 10.1 12.74 10.1 0.702 ---
- -8.38

m

(e}
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Bending moments - M

0 0.563 0.675 0.702 0.675 0.563 0
[0.0792 584 9.08 10.1 9.08 584 0.0792|
transp(My) =10.0892 7.04 1133 12.74 1133 7.04 0.0892|kNm/m
0.0792 584 908 101 908 584 0.0792]
| 0 0.563 0.675 0.702 0.675 0.563 0 |

[6; 4]
4 12.74
11.68
35 10.62
3 9.56
8.5
23 7.43
2 6.37
5.31
15 4.25
1 3.19
2.12
0.5 1.06
0 0

0 05 1 15 2 25 3 35 4 45 5 55 6
(0; 0]

. a by _ 6 4\ _
Maximal value - M, (5,5) =M, (E’ 2) = 12.74 kNm/m
Bending moments - My,

[-8.38 -6.18 -3.05 0 3.05 6.18 8.38‘|

|-5.31 -4.22 -213 0 213 422 531|
transp(Mxy)=| 0 0 0 0 0 0 0 |kNm/m

531 422 213 0 -213 -4.22 -531

l8.38 6.18 3.05 0 -3.05 -6.18 -8.38J

[6; 4]
4 838
6.98
35 5.59
3 419
2.79
25 14
2 0
14
15 279
1 -4.19
-5.59
0.5 | -6.98
% 05 1 15 2 25 3 35 45 5 55 6 o8

[0; 0]

Maximal value - M,,,(0; 0) = -8.38 kNm/m
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Solution with SAP 2000 structural analysis software

Input data

STATIC LOAD
STATIC CASE
CASE TYPE
LOAD1 DEAD

JOINT DATA
JOINT  GLOBAL-X
1 -3.00000
2 -3.00000
3 -3.00000
4 -3.00000
5 -3.00000
6 -2.00000
7 -2.00000
8 -2.00000
9 -2.00000
10 -2.00000
11 -1.00000
12 -1.00000
13 -1.00000
14 -1.00000
15 -1.00000
16 0.00000
17 0.00000
18 0.00000
19 0.00000
20 0.00000
21 1.00000
22 1.00000
23 1.00000
24 1.00000
25 1.00000

GLOBAL-Y
-2.
-1.
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

CASES

SELF WT
FACTOR
0.0000

00000
00000

GLOBAL-Z
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
. 00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

[OIORGEIOEOREE RN RO R RO RN OB RO RO BN ORI R O BB RO RO R RN ]

R
0
0
(4
(4
(]
0
0
(4
(]
(]
0
0
0
(]
(]
0
0
0
0
0
0
0
0
0
0

OO0 O®O®WN
PO OORPRPROOORROOORRLROOORRRRLRRERT

T

I
1
1
1
1
1
(4]
(4]
0
0
(4]
(4]
(4]
0
0
0
Q
Q
Q
(4]
(4]
Q
(4]
(4]
(4]
(4]

AINTS

P OOORFROOORFRPROOORIRPROOORRFRPROOOR
[OIOE ORI GR R I RO R IO B OB OB ORI RO RO RO RR RO RO R R ]

[OIOI G E I R B RO IO RO RO R ORI ORI R OB G RGRC RO R ORI ]

ANGLE-A
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

[ GEGEGE I G GEOR IO E ORI G R GROR ORGSR RO R R R ]

ANGLE-B
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

ANGLE-C

. 000
.000
.000
.000
.000
. 000
.000
.000
.000
. 000
. 000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
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SHELL

26
27
28
29
30
31
32
33
34
35

SHELL

SHELL

SHELL

W wwwwhphhNhNNhNNdN

.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000
.00000

ELEMENT

INT-1

17
18
19
21
22
23
24
26
27
28
29

INT-2
6
7
8
9

11
12
13
14
16
17
18
19
21
22
23
24
26
27
28
29
31
32
33
34

UNIFORM

DIRECTION
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z
GLOBAL-Z

VA

-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.
-10.

.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
.00000 0.00000 00
DATA
JINT-3 IJNT-4 SECTION
2 7 SSEC1
3 8 SSEC1
4 9 SSEC1
5 10 SSEC1
7 12 SSEC1
8 13 SSEC1
9 14 SSEC1
10 15 SSEC1
12 17 SSEC1
13 18 SSEC1
14 19 SSEC1
15 20 SSEC1
17 22 SSEC1
18 23 SSEC1
19 24 SSEC1
20 25 SSEC1
22 27 SSEC1
23 28 SSEC1
24 29 SSEC1
25 30 SSEC1
27 32 SSEC1
28 33 SSEC1
29 34 SSEC1
30 35 SSEC1
LOADS Load Case
LUE
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000
0000

PRRRRPROOOR
RPRRRPRROOOOO®
P OOORFROOOR
OO0 OO

ANGLE

[ORRE RO R ORI EI RN RN RO BN BRI O RO R RO RO BB RO BN R W)

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

LOAD1

OO OO0

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

>
o
m
>

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

PRRPRRRPRRRPRPRRPRRPRRPRRPRRPRPRRPRRPRPRRPRRRR

OO0

.000
.000
.000
.000
.000
.000
.000
.000
.000
.000

.000
. 000
.000
.000
.000
.000
. 000
.000
.000
.000

OO0
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19 GLOBAL-Z -10.0000

20 GLOBAL-Z -10.0000
21 GLOBAL-Z -10.0000
22 GLOBAL-Z -10.0000
23 GLOBAL-Z -10.0000
24 GLOBAL-Z -10.0000
Results

Displacements, mm

oint Displacements

Joint 1D 18

1 2 3
Trans 0.00000 0.00000 -6.52857
Rotn 0.00000 0.00000 0.00000

Bending moments - M11, kNm/m

g 10 15 @ 25 i ph

b=l - ’ :
[3% Shell Diagram X

Shell Element ID 15

value 6.2223
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Bending moments - M22, kN

p 10

Bending moments -

g 1@

m/m

M12, kNm/m

=

JOINT DISPLACEMENTS

JOINT LOAD
1 LOAD1
2 LOAD1
3 LOAD1
4 LOAD1
5 LOAD1
6 LOAD1
7 LOAD1
8 LOAD1
9 LOAD1
10 LOAD1
11 LOAD1
12 LOAD1
13 LOAD1
14 LOAD1
15 LOAD1
16 LOAD1
17 LOAD1

-2.
-3.
-2.

u3
.0000
.0000
.0000
.0000
.0000
.0000
509E-03
503E-03
509E-03
0.0000
0.0000

(ORI RN

[

.122E-03
.777E-03
.122E-03

0.0000
0.0000

.653E-03

R1
0.0000
0.0000
0.0000
0.0000
0.0000

.797E-03
.927E-03

0.0000

.927E-03
.797E-03
.588E-03
.184E-03

0.0000

.184E-03
.588E-03
.176E-03
.600E-03

w

w

[

Ir--—'lr .
3 Shell Diagram

Shell Element ID 15

value

12.7463

:}{: Shell Diagram

Shell Element D 1

value

-7.2424

R2
0.0000

.685E-03
.743E-03
.685E-03

0.0000
0.0000

.151E-03
.016E-03
.151E-03

0.0000
0.0000

.070E-03
.514E-03
.070E-03

0.0000
0.0000
0.0000
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18
19
20
21
22
23
24
25
26
27
28
29
30
31
32
33
34
35

SHELL

SHELL LOAD JOINT

1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1
LOAD1

-2.
-3.
-2.

.529E-03
.653E-03
Q.
Q.
.122E-03
.777E-03
.122E-03
Q.
Q.

0000
0000

0000
0000

509E-03
503E-03
509E-03

Q.
.0000
.0000
.0000
.0000
.0000

OO0 ®

0000

ELEMENT

00 WNN NN OB

O b~ 00w

o U1V b

-6.
-4,

-6.
-5.

M11

0.00

603E-03
402E-02

4.01

.402E-02

4.01

.938E-02

5.32

.938E-02

5.32

.402E-02

4.01

.402E-02

4.01
0.00

.603E-03

603E-03
610E-03

3.98
4.52

.97
.51
.27
.23

v b~ w

.27
.23
.97
.51

A wowv

3.98

R

E

-4

S

-6.

-6.

-5.

-5.

-6.

-6.

-4

-4

-3.

0.0000 0.0000
.600E-03 0.0000
.176E-03 0.0000
.588E-03 0.0000
.184E-03 -1.070E-03

0.0000 -1.514E-03
.184E-03 -1.070E-03
.588E-03 0.0000
.797E-03 0.0000
.927E-03 -2.151E-03

0.0000 -3.016E-03
.927E-03 -2.151E-03
.797E-03 0.0000

0.0000 0.0000

0.0000 -2.685E-03

0.0000 -3.743E-03

0.0000 -2.685E-03

0.0000 0.0000
ULTANTS

M22 M12
0.00 -7.25
.402E-02 -6.58
603E-03 -6.15
5.72 -5.47
603E-03 -3.87
5.68 -3.62
907E-03 -1.42
6.96 -1.18
907E-03 1.42
6.96 1.18
603E-03 3.87
5.68 3.62
603E-03 6.15
5.72 5.47
0.00 7.25
.402E-02 6.58
.402E-02 -5.11
740E-02 -3.74
5.72 -4.44
8.90 -3.07
5.68 -2.74
8.85 -2.21
6.95 -1.15
11.33 -6.135E-01
6.95 1.15
11.33 6.135E-01
5.68 2.74
8.85 2.21
5.72 4.44

V13

-1.10
-1.10
-5.16
-5.16

-6.49
-6.49
-7.81
-7.81

-7.81
-7.81
-6.49
-6.49

-5.16
-5.16
-1.10
-1.10

-6.776E-01
-6.776E-01
-1.22
-1.22

-2.14
-2.14
-2.56
-2.56

-2.56
-2.56
-2.14
-2.14

-1.22

-6.

-6.

699E -
-6.
699E -
-6.

.463E-
-1.
.463E-
-1.

.463E-
1.
.463E-
1.

.699E -

6.
.699E -
.44

6

-7.
-10.
-7.
-10.

-1.
-3.
.81
-3.

-1

WR WwR

V23

01
44
01
44

01
52
01
52

01
52
01
52

01
44
01

13
31
13
31

81
02

02

.81
.02
.81
.02

.13
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10

11

12

13

14

15

16

17

18

19

20

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

LOAD1

14
10
15

11
16
12
17

12
17
13
18

13
18
14
19

14
19
15
20

16
21
17
22

17
22
18
23

18
23
19
24

19
24
20
25

21
26
22
27

22
27
23
28

23
28
24
29

-6.
-5.

-5.
-5.

-5.
-5.

4.52
603E-03
610E-03

.610E-03
-5.

365E-03
4.53
4.53

4.52
4.53
6.22
6.22

6.22
6.22
4.52
4.53

4.53
4.53
610E-03
365E-03

365E-03
610E-03
4.53
4.53

4.53
4.52
6.22
6.22

6.22
6.22
4.53
4.52

4.53
4.53

.365E-03
.610E-03

.610E-03
.603E-03

4.52
3.98

4.51
3.97
6.23
5.27

6.23
5.27
4.51
3.97

-4

-3.
-3.

-3.
-3.

-3.
.740E-02

-3.
.402E-02

-4

8.90

.402E-02
-3.

740E-02

.740E-02
-3.

577E-02
8.91
9.91

8.85
9.86
11.33
12.76

11.33
12.76
8.85
9.86

8.91
9.91
740E-02
577E-02

577E-02
740E-02
9.91
8.91

9.86
8.85
12.76
11.33

12.76
11.33
9.86
8.85

9.91
8.91
577E-02

740E-02

8.90
5.72

8.85
5.68
11.33
6.95

11.33
6.95
8.85
5.68

3.07
5.11
3.74

-2.13
-7.767E-01
-1.92
-5.589E-01

-1.10
-5.411E-01
-5.763E-01
-1.303E-02

5.763E-01
1.303E-02

1.10
5.411E-01

1.92
5.589E-01
2.13
7.767E-01

7.767E-01
2.13
5.589E-01
1.92

5.411E-01

1.10
1.303E-02
5.763E-01

-1.303E-02
-5.763E-01
-5.411E-01

-1.10

-5.589E-01
-1.92
-7.767E-01
-2.13

3.74
5.11
3.07
4.44

2.21
2.74
6.135E-01
1.15

-6.135E-01
-1.15
-2.21
-2.74

-6.
-6.

-2.
-2.
-2.

-5.
-5.
-5.

-5

-5.
-5.

-5

-5.

Ul vl U1 U (S BNV RNV RNV, | NNDNDN

NNMNNNDN

(o))

-1.
776E-
776E-

.181E-
181E-
197E-
197E-

303E-
303E-
303E-
.303E-

303E-
303E-
.303E-
303E-

.197E-
.197E-
.181E-
.181E-

.181E-
.181E-
.197E-
.197E-

.303E-
.303E-
.303E-
.303E-

.303E-
.303E-
.303E-
.303E-

.197E-
.197E-
.181E-
.181E-

.776E-
.776E-
1.
1.

NNDNDN

NNDNDN

22
o1
o1

01
01
o1
o1

o1
o1
o1
o1

o1
o1
o1
o1

01
o1
o1
01

01
o1
o1
01

o1
o1
o1
o1

o1
o1
o1
o1

o1
o1
o1
o1

o1
o1
22
22

.14
.14
.56
.56

.56
.56
.14
.14

10.
.13
10.

10.
11.
10.
11.

-3.
-3.
.04
-3.

w w ww

10.
.30
10.
11.

11.
10.
11.
10.

w w ww

11

R WEkL Ww

31
31
30
30
30
30

04
47

47

.04
47
.04
.47

30

30
30

30
30
30
30

.47
.04
.47
.04

.47
.04
.47
.04

.30
10.
11.
10.

30
30
30

.31
.13
.31
.13

.02
.81
.02
.81

.02
.81
.02
.81
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24 4.52 8.90 -3.07 1.22 10.31
29 3.98 5.72 -4.44 1.22 7.13
25 -5.610E-03 -3.740E-02 -3.74  6.776E-01 10.31
30 -6.603E-03 -4.402E-02 -5.11  6.776E-01 7.13
21 LOAD1
26 -6.603E-03 -4.402E-02 6.58 1.10 -6.44
31 .00 0.00 7.25 1.10 -6.699E-01
27 4.01 5.72 5.47 5.16 -6.44
32 -4.402E-02 -6.603E-03 6.15 5.16 -6.699E-01
22 LOAD1
27 4.01 5.68 3.62 6.49 -1.52
32 -4.402E-02 -6.603E-03 3.87 6.49 -2.463E-01
28 5.32 6.96 1.18 7.81 -1.52
33 -3.938E-02 -5.907E-03 1.42 7.81 -2.463E-01
23 LOAD1
28 5.32 6.96 -1.18 7.81 1.52
33 -3.938E-02 -5.907E-03 -1.42 7.81 2.463E-01
29 4.01 5.68 -3.62 6.49 1.52
34 -4.402E-02 -6.603E-03 -3.87 6.49 2.463E-01
24 LOAD1
29 4.01 5.72 -5.47 5.16 6.44
34 -4.402E-02 -6.603E-03 -6.15 5.16 6.699E-01
30 -6.603E-03 -4.402E-02 -6.58 1.10 6.44
35 0.00 0.00 -7.25 1.10  6.699E-01
Analytical solution
E-t3 35000 MPa - (0.1 m)3
Cylindrical stiffness - D = = = 2983.8kNm

12-(1—-v2)  12-(1-0.152)

a 6m ) )
(Z:E:E:]..S, a, = «a = 1.5 =2.25

16-q 16-10kN/m? ,
Go=—p =51z = 1621kN/m

Auxiliary functions

kn)=2-n+1, k,(n)=4-n-(n+1)+1

1
AGm;n) = ky(m) + @z ka () => A(min) = oy

B(m;n)
B(m;n) = k,(m)+v-a, - k,(n) => B;(m;n) = m
Clm;n) =v-k,(m)+ a,-k,(n) => C,(m;n) = %
Sa(m; x) = ram , Sp(my) = k()
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Deflections

do - (2)4 > =
W y) === Y Sy(mix) - ) Ay(min) - Sy(iy)
m=0 n=0

Bending moments

Me(5:y) = qo Z Salm; ) - ZBlcm n) - 5,1 7)

My (5:9) = Go Z Salm; 2) Z ACHDIENCY
ki(n)=2-n
C k(m) k(n) -7 -
xy(x y) =-qo ( ) (1_V) a- Z COS(M> ZAl(m n) cos(#)
m=0

Principal bending moments

mmw+mmw+ﬁmmw—mmwf

Mpax(;y) = ) 4 + Mxy(X; y)?
(M) — My (x39))
, 5 x\X; - X,
Mpin(x;y) = M) ; My () - \/ d 4 ik + My (x; )2
Results

Deflections, mm

[6; 4]
4 0
-0.552
35 11
3 -1.66
-2.21
25 -2.76
2 -3.31
-3.87
15 -4.42
1 -4.97
-5.52
05 -6.07
0 -6.63
[0; O]
M I (a b) (6m 4m) 6.63
aximumvalue-w|=;=)=w|—;— ) = 6.63 mm
2°2 2 2
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Bending moments - M, kNm/m

[6; 4]
4 6.23
5.71
35 5.19
3 467
4.16
25 s
2 312
26
13 | 2.08
1 1.56
1.04
05 0.519
0 0
0 05 1 15 2 25 3 35 4 45 5 55 6
[0; 0]
) ab 6m 4m
Maximum value -M, | =; =) = M, | —;——) = 6.22kNm/ m
2 22
Bending moments - My, kNm/m
[6; 4]
4 12.31
11.28
35 10.25
3 9.23
82
25 I 7.18
2 6.15
513
15 ; a1
1 {3.08
2.05
05 1.03
0 0

0 05 1 15 2 25 3 35 4 45 5 55 6
[0; 0]

Maximum value - M, | =; =
2°2

Bending moments - M,,, kNm/m

2 2

[6; 4]

y
4 83
6.92
33 553
3 415
277
23 1.38

2 0
-1.38
15 277
1 |-4.15
-5.53
05 -6.92
00 %0 05 1 15 2 25 3 35 4 45 5 55 6 o

Maximum value - M, (0 m; 0 m) = -8.3kNm/m

ab 6m 4m
y( ) =M, (—,—) = 12.31kNm/ m
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Comparison of the results

Analytical FEA Calcpad |FEA SAP 2000
W, mm 6,627 6,629 6,529
Mx, kNm/m 6,231 6,275 6,22
My, kNm/m 12,315 12,744 12,76
Mxy, kNm/m 8,329 8,378 7,25

Difference, %

Analytical FEA Calcpad |FEA SAP 2000
W, mm 0,00% 0,03% -1,48%
Mx, kNm/m 0,00% 0,71% -0,18%
My, kNm/m 0,00% 3,48% 3,61%
Mxy, kNm/m 0,00% 0,59% -12,95%
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