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Applications of layered structures

= Layered beam structures

4/48

v/ Capability to combine several components depending on specific design requirements

v" High strength-to-weight ratio
v" High durability
v" High resistance

<Laminated wood>

<Steel-concrete beam>

v" Required design property
(minimum bending radius, flexibility...)

v'  Cost-effective

<Allied steel-wood>

<Bolted steel beam>

<Carbon-epoxy laminate>

Materials used in 787 body_

" Fiberglass W Carbon laminate composite | - Total materials used
B Aluminum I 1 carbon sandwich composite : By weight I
I Aluminum/steel/titanium : Other ,f s
N - Steel 5% Composites \'

By comparison, the 777 uses 12 percent
: composites and 50 percent aluminum,

<Airbus 787>
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Applications of layered structures

» Layered beam structures — helically stranded geometry

v

v
v
v

Capability to combine several components depending on specific design requirements

High strength-to-weight ratio v" Required design property
High durability (minimum bending radius, flexibility...)
High resistance v Cost-effective

// s

<optical fiber cable> <Automobile cable>

/

<Aluminum alloy conductors> <Submarine power cable> <Medical cable>
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» Research purpose
<Multi-layered beam structures> <Multi-layered helically stranded cable structure>

Develop efficient beam finite element for multi-layered beam structures
based on continuum mechanics formulation

A single beam model

v" Model the complex multi-layered beam geometries as a single beam unit
« Arbitrary number of layers and interlayers
 Complex geometries and various loading/boundary conditions
* Geometrical and material nonlinearities
* Nonlinear load-slip relation at interlayers
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2. Concepts of continuum beam finite elements



Concept of continuum beam finite elements 8/48

= (Classical beam

M Cross-sectional (Bending rigidity,
property Axial rigidity...)

Material (EA, EI...)

property

/ 1D model

-—

P

<Beam structure>
= Continuum beam

LTIy S

iy T7== Cross-sectional
Cross-sectional ___ i node
interpolation =

=" Interpolation 7 represent
in longitudinal direction 3D displacement field
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Features of continuum beam finite elements /48

» Great modeling capability

1=\ \ =
v .
e

z
—_:L—.-J_—_-A:—L:—'_ ———
L .
R e

<Complicated cross-section> <Composite cross-section> <Tapered geometry>

» Additional displacement field » |ndividual cross-section direction
+ rotation direction

~ Out-of-plane displacement pu gy
’ v Warping mode R/ X Layer
v Interlayer slip SO 4 \“"‘:=eLayer2

v' Distorted mode

Additional
displacement field

v' Multi-layer
v Multi-director
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= Composition of continuum displacement fields

U = .u vV W ok o< o T Additional displacementsfieldsII Modes are independent
Vo=late o o o8 o8 o8] defined by additional DOFs > each other

Basic 6DOFs

« 3D Beam
(6DOF + warping)
Warping DOF: (&

 Layered beam
(6DOF + Interlayer slip)

.
Layer DOF: 0<Pk=[o€0k(1) owé'fl)]

» Helically stranded cable

6DOF + Local wire rotation
+ Inter-wire slip

. . n n, T
Wire rotation DOF: (05" =[ (05" ... 0" ]
n T
Wire DOF: 0@ =[ 00" ... oo™ ]
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3. Development of continuum mechanics based
beam finite elements
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3.1 Continuum mechanics based beam formulation
for multi-layered beams
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Interlayer connections of layered structures
= Composition of layered structures

v Loss of stiffness v More flexible behaviors
v' Increase in deflections v |ncrease nonlinearities

Mechanical
connectors

Interlayer
Most weak

= Interlayer connections

 Mechanical connectors:  Adhesive connections:
bolts, nails, etc. epoxy, wood glue, etc.

===p Behaviors of layered structures significantly depend on interlayer connections
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= Three fundamental failure modes at interlayers

l
-
-
e mmmd Important modes depend on
l v" Dominant loading conditions
Mode I Mode IT Mode III
v’ Structural member property
Normal mode Shear mode Shear mode _
v Interlayer connection property

(Opening mode) (In plane mode) (out-of-plane mode)

= Beam structures:
Structural element that primarily resists loads applied laterally to the beam's axis

1

B

Dominant

q
l l Mode II

o Interlayer slip
<Beam-column>




Research distribution — Layered beam behavior

= Analysis model for layered beam including interlayer slips

) Linear Material
— Two-Layer 20 / nonlinear
_ — Three-Layer .
g5  Number 2 g5  Nonlinear g GEOF‘Etr'C
of Layers More than behavior noninear
Four-Layer Nonlinear
load-slip relation
(unit: %) (unit: %)
88 Linear behavior of three and four-layer beam
Two-layer Others Linear behavior of general multi-layered beam
10 Nonlinear behavior of three-layer beam
2 (only considering Bi-linear load-slip relation)
(unit: %)

=P Most researches only can considers two- and three- layer beam.
Nonlinear behavior of multi-layered beam is very rarely discussed.
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Multi-layered structures 16/48

» Challenging issue: Nonlinear behavior of multi-layered beam structures

the complexity of problem
Increases extremely

As the number of Layers
increases

I—

q

M, M, +dM,
Ny II >N1 +dN, v’ Composite interaction between the layers
v, Vi, +dv,

IF{I)H’_}%
e e =—

My 7| M, + dM, Interlayer behavior
N, ‘, ;N2+dN2 <+ Nonlinearities
v, v, 4 dv, >

F;(Z}_:" = = . . . .
Nonlinear load-slip relation at interlayers

N

-

Ms 7 M; + dMs
NS ] N3 + dN3
V3 V3 + dV3

Fs(g}—;- —_— —

Geometrical nonlinearity

Material nonlinearity

D N N NN

F(n—l)

- =

M, ’ = M, + dM,, Nonlinear convergence problem
Ny I l N, +dN,
i Vo +dW,

n
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Continuum mechanics based beam formulation

= Concept of continuum mechanics based beam formulation

~

Sub-beam (m) /I\
y.,v

X, u ’ X, u Y-y
Interlayer (i) of Layer (n) ’
t|:S(i) - slip force v'Arbitrary number of layers and interlayers
's® :interlayer slip displ. v Complicated cross-sectional geometries

= Incremental nonlinear analysis

| | e Linear e Mechanical ¢ Adhesive
ncremental load-slip connectors connection
load-slip relation oA o |
E E E"
M _ k® O »

o Fs oK’ oS

At () _ tpe () (i)

FO='FO 4+ F

where s S(S 5® 50

tratg(® — tgM 4 OS(') Nonlinear load-slip relation Bi-linear

based on experimental study cohesive model



Continuum mechanics based beam formulation

cross-sectional crpss-sectiona]
elementm ,/ nodej (¥, z/")
AY

!
A

“"‘.“\ _ ¥
DU S Sub-beam m (P ) ___?

«--- Layer n
- Interlayer i / IT_'

t )
x{m (1)

= yk
Zp V=

Co 3.V

/<L C;(T :Vf p .
yi‘v I X — J—
X, u | yk(m) = E hj (S,t)ykj(m)
j=1

Beam node &
p
=(m = j(m
ziW =Y h(s,t)z)™
j=1

 Geometry interpolation

q q q q
X0 = 3T (1), + DTV D R MZO V4 (1) 6V
k=1 k=1 k=1 k=1
| J | J

® @
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Continuum mechanics based beam formulation

- | Local Cartesian
_}-coordinate system

!
x{ mn)

Beam node &

 Geometry interpolation

q q q q

KOO =3 (1) X+ DB TV + DR (DZTWVE 4 Y b (1) 0V
k=1 k=1 k=1 k=

| J

©




Incremental displacement

o Geometry interpolation

20/48

Continuum mechanics based beam formulation

q q q q
KOO = SR + DR T VS R (DZTO NV + D (1) 9
k=1 k=1 k=1 k=1

|

» Linearized incremental displacement

a a ~ q ~
UMM =3 h (1)U, + D h (NYEMOR(04) 'V + D h (NZMUR(,0%) Vf
k=1 k=1 k=1

4 n n n 1
+kz_1: h (r)(o(Dk )th +('p, e 0(015 ))(HtT -

Incremental
:[L(lm)(n) L(zm)(n) L((;n)(n)]oUzL(m)(n)oU —'W_hlere/' nodal DOFs VTeCtOI’
U=[Ul U] .. U]
_ _ _OUk:[Ouk Vi oW ob 0‘9; o0 oo o(”lEI)J
« Total Lagrangian formulation 6+(-1) DOFs per
- _ beam node
ZZJ‘OV C.ﬁfﬂ)(n) e(m)(n)5 g (M) O () +ZZ o tS(m)(n)5o IJ(m)(n)d 0/ (m)(n)
O g O t+AL tg (M) § w(mMn) 4 0/ (m)(n) te@M s (0
+Zj KO ufs uidd oL = "R ZZIW sSiMOS gm0 v M % [0S uld L
1
Constitutive | For the layers: (S{m® =C{™ g{m®
relations For i th interlayers: ,F® = K& u®
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3.2 Numerical examples 1
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Numerical examples

E =30x10°  b=hb=1,b= 80 — . . ‘ .

E,=50x10°  h=h=h, ol

E;=20x10" KV =Kk"=0 @

Vi v =y, = e sl £ 1@

é B 50k @ bo=r/2
. Layer3 — | Ih‘ @ G=r
v' Large rotation of layered beam e Layer 2T T, z 40 1®0-37/2
nterlayer (2 kS B
Layer l—)>—4 lh‘ 30 ¢ 1 @ 8=2x
— s q
1,4 20t
v b, — Analytical
10 o Present beam -
M, s
0% 5% 40 80 80 100
! L=100 - Y
Analytical [6] Present beam
——P=10kN = P=10kN
P=20kN o P=20kN
10 P=40 kN = P=40kN (e=0.015m)

lw
8]

|

|

i

i

|

|

|

|

|

|

|

i

|

|

i

i

|

|

i

i

|

|

|

!

I

:—»

f<

w{x}{m)

/f
7
L]

X '\ _j x\\a T T |
! \ 04 [ - R 20 24
L=2.4m Center line 10 * (m) (e = 0.01325m)
. 0341 m of Layer 1 I ‘ T ‘ ‘
v Buckling of layered beam
P 0.009 m
Layer 2 Tj “r
e 0.088 m £,=7.84 GPa - 04 08 12 16 20 2.4
Y E, =49 GPa 103 * m) (e = 0.0115 m)
) g . e —— ! 2
Layer | 2l K. =49 MPa : = ~
> E 3
0.038 m . \
; B GM-E”H_B_&MWH ~
04 08 12 16 20 74
X (m)
z g=1kN/m 03 05 o7 09
NN oo
| 1
-0.01
X
| L=4m | -0.015
b,=005m b =03m =
v Tapered layered beam b(x) B =015m 7 =005m = oo
|  E=8GPa E,=12GPa S
1 2 =
) AL
. e(x) -0.025
| |
holayer2 (1 Kk -sompa @ ol sloment model
Layer 1= | ¥ b(x) = a(x)b, « 003
>t ) =alx)h k) r
= -0.035




Numerical examples

v Four-layer cantilever beam
Elasto-plastic material

]mer!ayer Q)]
f/ s lnlcriaycr 3)

A <«—Layer 4
/ <— Layer 3
. " <— Layer 2
<— Layer |
L=1I'm
z
0-02m Load Case | ﬁ
0.03 m _ 16
v
0.03 m ,|~~~Material 2 ?P
0.02m . ~--Material |  Load Case II M
0.05 m P,

(a)

Elasto-plastic materials

E, =200 GPa
E, =50 GPa

Y, =100 MPa H,=5 GPa

Y,=80 MPa H, =20 GPa

Elastic

e Rigid Interlayers
— — — Interlayer Case |
— - = Interlayer Case Il

23/48

Present beam

Rigid Interlayers
Interlayer Case |
Interlayer Case Il

Solid element model

Rigid Interlayers
Interlayer Case |
Interlayer Case Il

Von-mises
stress plot

Solid model

(6,500 elements)
(178,200 DOFs)

Beam model
(99 DOFs)

v Box-shape cantilever beam

Four-interlayers located
through two columns

z r 0.02m 0.02m
ksl 24 e
0.02mT
0.06 m o
+ 0.02 m ¥
[f L=7m 0.1m
Interlayer (3)--- @ - —-Interlayer (4) £ =100 GPa

Interlayer (l)*w\

\@ ©)

- Interlayer (2)  @: Layer number

i

z A
I o)

Vv

Four interlayer connections

IS
K(?-)

Interlayer case | :
Interlayer case Il :

=K =K

Kfl) KG)

KEP=KkP=Kk¥P=(1+a)K /2

ak

-0.04

& Tipw(m) &
o
o

o
@

0.1

0.2

(c)

x10°
-05
E 4
Present beam = .15 Present beam
®  Interlayer Case | E &  Interlayer Case |, 5,
A Interlayer Case Il ‘: 2 ®  Interayer Case |, 5,
i=d A Interlayer Case II, 5 (= $,)
Solid element model =25 Solid element model
interlayer Case | | | [ -eee- Interlayer Cass |, 5,
Interlayer Case Il -3 Interlayer Case I, 5,
Interlayer Gase Il, 5, (= 5, )
-35
04 0.6 08 1.0 02 04 06 08 1.0
(24 o
(a) (b)
—
S 2
— |
s T
Interlayer Case | Interlayer Case Il

(d)
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'"; """""""""""" '"El'&\"""
% 35
v
L=132m a  conterline
203.2 mm of Layer 1 30
2 18 mm
Lavern z ¢=4.763 mm 25
v/ Comparison with experimental study1 Layer 145 ¥ $mm E, =451 GPa
E, =9.564 GPa = 20
Two-layer wood beam 138.5 mm 54 s
. Section a-a
connected by mechanical connectors . . .
Nonlinear load-slip relation
for mechanical connectors 10 e  Experimental [8]
750 51 ——o6— Present beam
_ ) 1 A b
5 R | % 001 002 003 004 005
- P=467N w(m)atx=L/2
3 2501 flk |R R=1725kNm
n k =4492 kN/m
:
00 05 1.0 15 5
Magnitude of slip & (m) x10°
lP
L ! L
)
7 800
X
Cohesive interface 700 | °
a
Az L=51mm 600
. H 156 mm @, =39.3mm
. 4 156 mm  £=122.7GPa 500
. . . G=55G —
v Comparison with experimental study2 5 ok Z 100
. . . - - - - Q*
Two-layer AS4/PEEK carbon-fiber reinforced composite  Bi-linear load-slip relation 2001
connected by cohesive interface for cohesive interlayer *  Experimental [37]
, " .. 200 | e g i
with an initial delamination A Numerical [37]
T K =10° N/mm* 100l —&— Present beam
7" =100 MPa
. G, =1.719 kJ/m® 0
> 0 1 2 3 4 5
XU-d) wi(m) atx=1L/2 %1073
1 1
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Numerical examples

= Seven-layer beam under transverse and axial load

* Problem description * Numerical results
21 4, =10 kKN/m Interlayer case I: Rigid connections
l l l l l v l J' v l v Interlayer case Il: Deformable connections
. "\ > P Interlayer case Ill: No connections (separate)
% 3
- | 300
=1 O "
s L=Im \\\'“ [nter:layer (1 250 Neglect Interlayers
Z 1 - -[meriayer (6)
h4 Layer 7 200 + 1 Present beam
2] Layer 6 b —0.04 m  Interlayer case |
S h =0.01m | =008 m 150 | m Interlayer case ||
hE Y hy=0015m b»=002m Z
T Layer 2 b, =0.06 m ~ 100} 1 Solid model (27-node)
1 Layer 1 Interlayer case |
50 ¢ Interlayer case |l

Ot 1 Solid model (8-node)
-==e=eeeee nterlayer case |

50 L 1 =— - = Interlayer case |l

+
o
+
+
o
-t

-100 ' '
-0.01 -0.008 -0.006 -0.004

w(m)atx=L/2

-0.002 0

— Beam model: 20 continuum mechanics based beam elements (147 DOFs)
— Solid model : 32,800 8-node and 27-node solid elements
(318,138 DOFs and 878,134 DOFs)

v' Geometrical nonlinear behavior of multi-layer beam
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3.3 Helically stranded cable structures
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Helical cable structures

= Helical cable structures

Description

Conductor Screen

Metallic Screen
Sheath
Bedding

Armor 1

Armor 2

Serving

<Electrical power conductor> <Stainless steel rope wire> <Sub-marine power cable>

» Resist large tension but flexible

v' Resist large axial load v Flexible (small bending rigidity)
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Helical cable structures

= Main design criterion

v Resist large axial load
AR CABLE BEND
v Low bending rigidity RADIUS

(MBR: minimum bending radius)

v’ Cost-effective
v High durability, High resistance

<winded electric cable> <winded subsea cable>
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Helical cable structures

= |nter-wire connections

Minimum inter-wire connection — Minimum bending radius (MBR, p)

Inter-wire

P
-
-
-
-
-

v" Frictionless
v No Touching

Cross-sectional
direction vector
(Director)

= |ocal wire behaviors

Inter-wire slips

in longitudinal direction Cable rotation + Local wire rotations
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Helical cable structures

= Basic geometry of helically stranded cables

design

Core

v' Multi-layer
v Multi-director

Section A-A
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= Analytical models

» Hruska (1951) : The simplest model ignoring the wire bending and torsion effect.
» Thin rod theory (Love), McConnell and Zemek, Machida and Durelli, Knapp models...

» Costello (1997): The linearized theories including the curvature and twist variations for each wire in cables.

= Numerical models

Full solid model

e Beam to beam model
(Wire-wise beam model)

* Mixed model (Beam + Solid)

« Simplified model
(for only cross-sectional analysis)

~ Concise (part) model Ring model
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= Research purpose

» Solid model e Beam to beam model

e Continuum beam model

v" A single beam model

For a 1-Layer (7-wires), Lay angle=18 dgr, 2-Pitch length model

Full solid model Beam to beam model Continuum beam model
(96,556 elements, 343,104 DOFs) (1,099 elements, 6,636 DOFSs) (40 element, 615 DOFs)

q Develop continuum beam finite elements for accurate and efficient analysis of
helically stranded cable structures
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3.4 Continuum mechanics based beam formulation
for helically stranded beam structures



. . . 34/48
Continuum mechanics based beam formulation

Basic kinematics of helical beam structures

Helical

/ wire

Without
local failure

%5~ Sl =

Slip direction

\.  <Bird-caging phenomenon>

s Helix line

Flexible cylinder R: winding radius without cable rotation
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Continuum mechanics based beam formulation

wire (m) ‘

nf(m)(m wk(m)(n) =k(m)(n)
(5o, 7m0

tk(m)n)
n.

t__kim¥n)
"

center of wire (m) o pim wire center
. ;((km)(n) t “f-wm
cross-sectional interpolation
yrmO Zh (s, 1)y, ™"
beam node k
Zk(m)n) _ Zh (s,t)ZJ ™M™

<2> Wire local coordinate system)

<0> : Global <1> Cable local coordinate system
coordinate system (at beam node k) — “~” (on wire m of layer n) —
* wire cross-sectional position on <2>

* Beam node k position on <0> * wire center position on <1>
g(mm _ [Xk(m)(n) gemm zk(m)(n)]T (M) _ [Yk(m)(n) g mm fk(m)(n)]

t t t t
Xy :[ X Yk Zk] N
* Cable rotation w.r.t. <1>

o =[o o o]

T

» Layer-wise wire rotation w.r.t. <2>
— — — — T
k(n) _[ gk k(n) k(n)
0™ =[ g} g/ oy |

X y
» Slip director on <2>

V=l vy V]

Coordinate .
. - 0 _ Transformation 1(k Transformation
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Continuum mechanics based beam formulation

; <0>: Global Coordinate system
] (mr )i}

n_ t .- .
» k) X, :Beam node k position on <0>
) ;-J--n a& _[:}.l W)

center of wite:(m) <1>: cable local coordinate system

(at beam node k)

%™ wire center position on <1>

g 6 : Cable rotation w.r.t. <1>
e <2>: wire Ipcal coordinate system)

(on wire m of layer n)
XM - Wire cross-sectional position on <2>
0™ : Layer-wise wire rotation w.r.t. <2>
‘WX : Slip director on <2>

S

<attime=t>

{IX?“"’H%] ‘ik}[t[‘:m] ﬂ{[gl iﬁml““)ﬂ [1‘“; 2m | J{[(I)] wa }[@émﬁ”w}

q a t t 7
ty (m)(n) _ ty(m)(n)\ _ t 0 S(m)(n) 0 1 (m)(n) t__(m)(n) 0 1 ty 7k
X - z l,hk(r)< Xk >_ z ‘,hk(r)< Xk + |: Tl(k)]Xk + ': Tl(k):| |: T2(k)(m):'x + (0 |: Tl(k):| ': T2(k)(m):| Vs>
k=1 k=1

where ':OTl(k):| [thJ |:tV)I(( tV; tVZk:|

0 /% [t gEmm tpk(m(n) tpkm()  tpk(m)n) o k(m)(n)
[Tlm][ 2<k><m)] [VJ[ J [ ] [ n, n J
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Continuum mechanics based beam formulation

; <0>: Global Coordinate system
] (mr )i}

n_ ..
k) ‘X, :Beam node k position on <0>

v

2 Lk m)(m)
= 'Lﬂ 'l

center of wite:(m) <1>: cable local coordinate system

(at beam node k)
%™ wire center position on <1>
6'; : Cable rotation w.r.t. <1>
s <2>: wire Ipcal coordinate system)
(on wire m of layer n)
XM - Wire cross-sectional position on <2>
Q‘v(”) : Layer-wise wire rotation w.r.t. <2>

"V :Slip director on <2>

< at time = t+At >

t+AtX(km)(n) _ [|] t+Ath t[oTl(k)] 0 R(oét) 0 [|] )~((km)(n) [1(k)T2(k)(m)] 0 R(Oﬁfv(n) [|] X(m)(n) t+At¢l£m)(n)t+At\_/Sk
1 0o 1 0 1l o 1]l0o 1 0 1 0 1o 1 1

q q ~ _
t+AtX(m)(n) _ Z hk (r) <t+AtX(km)(n)> _ Z hk (r) <t+Ath + I: 1(k)J R(oﬂ )X(m)(n) + I:OTl(k)] R(OOIC() [1(k)-|—2(k)(m)J R(oﬂvkv(n))xﬁm)(”) + t+At¢lEm)(n) t+At Vsk>
K=

k=1

t
R(,0) = [ l(k):IR(OO) [ l(k):l : Cable rotation w.r.t. <0>

q
Zh (r)<t+Ath+R( 9 ) I: Tl(k)]X(m)(n)+R(09 ) |: l(k):l I:l k)Tz(k)(m):'R(Oek(n) (m)(n)+t+At¢ém)(n) I+A'[Vsk>
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Continuum mechanics based beam formulation

= [ncremental displacement

Geometry interpolation

t+AtX(m)(n) Zh (r)<t+mxk+R(00k)[thJX(m)(n)+R(09k)[tvk][t k(m)(n)]R( ek(n))x(m)(n)+t+At(p(m)(n) t+Ath>

» Linearized incremental displacement
LU LAty M)ty (m()

(r)< +R(09 )[tV ]X(m)(n)+R( 0 )[t k(m)(n):|x(m)(n)+[Ink(m)(n)]R(09k n))X(m) n)+ﬁ(oet)[tnk(m)(n):’ﬁ(oet\’(n))fﬁm)(n)>
hk(r)<(ouk)+ R(,81) VAT + R(,01) VEZM 1 R(,05) nSMOFMIO 4 R(,08) nimZ o)

9 ~ ~ ~ ~
+th(l’)<t k(m)(n)R( ek(n))y(m)(n)+tnk(m)(n)R( ﬂk )Z m)(n)+R(Oelé)tnl;(m)(n)R(Oe\ljv(n))Vém)(n)+R(oelé tnt(m)(n)R(oet\,(n))me)(n)>

e Nodal DOFs (= 6+ 3n; +n,,) n,: number of layers, n,,: number of wires

_ k k(1) k(n,) T _ T k(n) _ k k k 7
OUk_|:0uk o0 o0y oﬂwnL o(Pk:| Where[ouk[ ol ok Wk] 0Oy _[8 00W '9]

08 [oeckx o'9cky oeckzj| 0P« [o("él) o@éan
=  Finite element formulation

» Total Lagrangian formulation  (for I-layer cable,n=0...1)
~(m)(n) F(m)(n) (m)(n) (m)(n) tg (m)(n)
ZZIOVU")(”) CIJE; " Oeum Vo ekm " dov o +ZZ.[0 (m)(n) OS o 5077ij(m)(n)d(\/(m)(n)

_ At tg (m)(n) - iy : :
TR ZZIO i 055 O oe.,(m)(n)d V™M« Erictionless condition between inter-wires
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/. Numerical examples 2



Numerical examples

= 7-wire cantilever cable subjected to tip Tension

zZ

A

a=0° a=10°
5 ><1073I . .
Anaytical
45 1 g Np:4
— A& - N =8
4L P
Z —-e-- N, =12
g 35| —=— N, =20
8
© 3
&
A 25¢t
o
~ 21
1.5
1 ' L L |
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= 7-wire cantilever cable subjected to tip Bending
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R R R
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v Axial rigidity= EA
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7-wire cantilever cable — cross-sectional discretization test
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(Np . Number of element per pitch length)
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v' Torsional angle
IS restrained

Section A-A

H’M‘W‘“‘“l—’ Fr

ZT_. L=10.1573

X v' 40 elements
R, R (20 elements per pitch)
‘ * R, =1.970x10° E =188 GPa
R ~1.860x10° Yo=1.54 GPa
H =24.6 GPa

Core Wires in Layer 1

Axial loading (kN)

Axial loading (kN)
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Benchmark probleml: Comparison with experimental test
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44148

0.012

= Benchmark problem2: 6-Layer, 120-Wire cable p o | wrers oo
mm or wires
~ _;:{fi ) Core 2.9 1
I~ Layer 1 2.5 7
“a:i Layer 2 16 17
i Layer 3 2.65 14
_ _ - Layer 4 25 21
v" Uniform tension problem Layer 5 25 27
v' Torsional angle is restrained
Layer 6 2.5 33
« Beam model: 20 elements, 483 DOFs (23 DOFs per node) (<1 min)
ZL
4 . o
> I > Fx 000 K
< > - o
L=02m 3500
= 3000 ¢
=
* 8-node solids model: 2,520,000 elements o 2500
8,393,760 DOFs g 2000 -
o
T 1900 |
< 1000 1 -+ 0+ Present beam
0 L )
B 0 0.004 0.008
Fig. 3. The FE model of 120-wire spiral strand cable, AXIaI Stra | n

(Bridon International Ltd)
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Conclusions & Future works

= Continuum mechanics based beam elements for multi-layered beams

v' Develop a new beam finite element for multi-layered beams

« Arbitrary number of layers and interlayers can be modeled as a single beam
 Complex geometries and boundary conditions
» Geometrical and material nonlinear behavior

* Nonlinear load-slip relation at interlayers

* More general interlayer behaviors « Other multi-layered structures

Quter sheath et
T Quter layer of tensile armour

l Anti-wear layer
Inner layer of tensilearmour
l Anti-wear layer .
' —
Interlocked pressurearmour\ i
l > Internal pressure sheath \
Carcass \
¢ Mode 1 Mode 111
Normal mode Shear mode

(Opening mode) (out-of-plane mode) <Multi-layer pipe structure>
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Conclusions & Future works

= Continuum mechanics based beam elements for helically stranded cables

v' Develop a new beam finite element for helically stranded cables

« Arbitrary number of layers and wires can be modeled as a single beam
 Complex geometries and boundary conditions
» Geometrical and material nonlinear behavior

e Simple modeling procedure & Low computational cost

* More general helical geometries  Friction, contact effect » Bird-caging
(un-winding)

_-» Wwire-to-wire

--~ core-to-wire
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