


SRI: IGA, p = 4,5, p =3 — Trans. shear strain: 71,
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e Add gauss points adjacent to C%-continuities to support the strain

fields.
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Thickness dependency — L?-norm of error in displacements
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o Locking-free up to 4" order.
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@ URI cannot sample bending accurately = shift in absolute errors.

@ Equation system slightly over-constrained with quintic elements.
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Relative L2-norm error in deflection

Relative L2-norm error in bending moment

Displacement relative error in [>-norm (LFEA)
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@ NURBS: The low accuracy obtained with conventional URI reduced
several orders with SRI.

e Conventional URI: Lagrange outperforms NURBS.
@ Cubic NURBS-SRI exhibit superb performance and outperforms Lagrange.
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Bending moment relative error in L*-norm (LFEA)

1 1
[ X \
-
0.01 2 0.01
. ]
€
*, =3
0.001 :: i 5 0001
. 5
. 3
o., £
0.0001 Y N§ S 0.0001
...... 5
~~~~~~ E
1e-05 ... e oy 2 05
S .. &
e
1606 g i S 1e06
oN —m— e T =
Q2NS ---o ... . @ Q
1e-07 »Qgﬁg T g . @ 1e-07 |
aN —m— ST
QaNS --@-- .,
1e-08 2 1e-08
10 100 1
Number of unknowns Number of unknowns

@ The low accuracy obtained with conventional NURBS-URI reduced several
orders with SRI.

@ Lagrange outperforms NURBS with conventional URI.
@ NURBS-SRI exhibit superb performance and outperforms Lagrange.
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Displacement relative error in [2-norm (NFEA)

NURBS - URI vs SRI NURBS vs Lagrange
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@ NURBS: The low accuracy obtained with conventional URI reduced
several orders with SRI also for NFEA.

e Conventional URI: Lagrange outperforms NURBS.
@ Cubic NURBS-SRI exhibit superb performance and outperforms Lagrange.
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Bending moment relative error in L*-norm (NFEA)

NURBS — URI vs SRI NURBS vs Lagrange
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@ The low accuracy obtained with conventional NURBS-URI reduced several
orders with SRI.

@ Lagrange outperforms NURBS with conventional URI.
@ NURBS-SRI exhibit superb performance and outperforms Lagrange.
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Concluding remarks

Quadrature rule significantly impacts not only the computational efficiency but
also propensity of locking in NURBS-based curved Timoshenko elements.

Applying conventional URI with n, = p per NURBS element, locking is revealed in
all strain fields for NURBS.

Our study has revealed that SRI of the translational part may be used to alleviate
both membrane and transverse shear locking for NURBS.

The numerical results also show that:
1) Vp, the rotational part should be integrated with ng = p,

2) Vp, the translational part should be integrated with n; = 1, except;
a) p =2, an extra GP should be added to an element near the center.
b) p > 3, the two boundary elements that should be integrated with ng = p — 1.

Applying recommended quadrature rules for all parts, sample the translational part
of the strain fields accurately, however, leaving the rotational part incorrect.

The recommended SRI quadrature rules for NURBS yields improved accuracy for
all polynomial orders for both LFEA and NFEA.

Recommended quadrature rules for cubic interpolated NURBS vyields superb

accuracy in both displacements and stress resultants and outperform Lagrange for
both LFEA and NFEA.

Thank you for your attention!
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