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Fig. 1 Simplified model for different types of tall structures
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Fig. 3 N-node quadrature Euler-Bernoulli beam element
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Table 3 The first three order natural periods for tall piers (s)
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FEM Tubaldi QEM(1X9) FEM Tubaldi QEM(1X9)
1 6.9755 6.968 6.9681 7.7002 7.692 7.6919
2 0. 8915 0. 884 0. 8840 0.9028 0. 895 0. 8950
3 0.2984 0.292 0.2919 0.2998 0.293 0.2932
7.04 FHFELE RN P-A HON » 356 50 3 B M T35 T
0 ° FEM JUART R E £ 45 B T8 5100, 9T o 7 2 4 4
o oo o e P T 2 2 K 1 ) ) 55
2 700 FR1 A5 AL, o A R L 4 T S AR 3 440 A A Al B LR
o CHAE B [ R A 0 PR 4% 1 9 4 AR A
i . ° o0 T A O A A e Y0 36 75 TR T A
696 - 2”0 40 N— - I'ZO Je. HIHOA H R T QEM 1T 4 7 0 Al 65 46 o 3

Number of Elements (Nodes)

9 PR 5 s M SO BT R
Fig. 9 Comparison of the convergence speed

of the two methods
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Table 5 The first four order natural frequence for the structural model (rad » s ')
Tl 1v) o 201 B 7 18 Al 1w) for 215 B
Mode
N,=3 N,=5 N,=7 N,=3 N,=5 N,=7
w1 1.6197 1.6197 1.6197 1.5751 1.5751 1.5751
w2 10. 1489 10. 1489 10. 1489 10. 1102 10. 1102 10. 1102
w3 28.4136 28.4135 28.4135 28.3738 28.3737 28.3737
w 55.6725 55.6720 55.6720 55.6306 55.6301 55.6301
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Table 6 Comparison of the first four natural frequencies of structural model (rad * s™')

Mode T 7] 107 217 B 2 &l ) for 21 B
Schemel Scheme?2 error Scheme 1 Scheme 2 error
w1 1.6197 1.6156 0.25% 1.5751 1.5710 0.26%
w2 10. 1489 10,1228 0.25% 10. 1102 10. 0840 0.26%
w3 28.4135 28.3369 0.27% 28.3737 28.2970 0.27%
on 55. 6720 55.4958 0.32% 55. 6301 55.4537 0.32%
75 2 3 dg B 1) 5 SRR A B I 1 2%
10 o1 R
s WRAEZE 6 1P 15 AT 1L IR % S oP T At 1
g 645 H 15 R BB TT ISR AL 5 0 R 1 HOSE
:g 0.00 7B TR R 2 S T 1) B it
2 T W5 0 B2 ) CRT A S 77 6 1 SR A 4% 7 T
e Wil s A SCHE 7 3 R il Python i 3 347 4 7% »
e T Schome | 7 Seleme? TR AR PIF Iy 5 10 CPU J& 510 1) e VA4 71 5
™ R WO T 16 B T WIRR T S AE CPU J2 47 [ 7 1

K14 PR 38R S R BL Y AT = B i A
Fig. 14 The first three orders of modes of the structural

model under the two Schemes

# ELl Centro Hb 1 i B B B2 15 B 5 A 21 45 44
RN L ok ek 47 45 ¥ 3 25 0 97 40 A L R R A5 2 & 1

X L.

AT LA B 3 R B B B P B R A
FAICN TR A T SR 2 RN T A R R TR A o
A X 2 R A R 4 A J5T B R ) A4 2 L AT 4 755 1 8
J1 P-A BN o3 B BT R ROR. X R A B X
(19 A5 ) 2 A 70 B 72 il g ke e J2 2 H B 25 i )



¢« 90 o

I 4 g 2

A 2025 4E5 46 15

RIS o ABE TR 16y o A LAy P B8 8 I 2 I 2 4 A A8 A

110

881

w(L,t) (m)

|
S
2 v o b

66

L (m)
S
>

44+

++++ Scheme 1
=== Scheme 2

++== Scheme 1(P-4)
= Scheme 2(P-A)

0 . . . .
0.0 0.1 0.2 03 0.4 05

22+

w(L,t) (m)

|
=
NS

Wa(y) (m)
(a) Z5H9REPRBE m R R AL
K15 45ty 3)
Fig. 15
12 10.8837
10k [ ]Scheme1
[ Scheme 2
sk 7.6174
g o
=
4F 3.6070
2 -
0.8631
0
3 Nodes 5 Nodes 7 Nodes 6 Nodes
16 CPU iz A7 i[RI X [

Fig. 16 Comparison of CPU running time

ARSCHIH QEM #2571 — Fi g 5 4k LA [ 26 7
AR E J) P-A RO I A AT 5 1 %5 R R
i 2 A 5 AR R BRI R R A [ R A . R
iproy IR

(1) P-A S5O0 % 45 K6 7 A= A ) A R 5% i
PR BT A A0 (L A /0N + LA B 2 Ay T A 30 6 1 A
ARSI AT AR 22 0 £ 56 2R

(2) 2T QEM s 3h 3 P-A B 547 J5
VI T 25 Rl 2RI 85 B A L LR L AR FAS R B
ROARELEE. MET DQM J5 ik . %05 1 i o

S
»
T

PR IH A B 14 DR/ T8 A 37 Wi 3 B 2805 ) 32 LA

(W/O P-4)

_—|— Scheme 1 ---- Scheme 2|7

(W P-4)
0 5 10 15 20 25 30 35 40
Time (s)
(b)) SR A B M 7 i £
P PIAA 2

Comparison of structural dynamic response

N5 R

(3) TEATG Rl 5] 2 2 O 45 D0 1 o b 22 b g 3o
1o 45 R B W R R A TR D X A B LA
W 88 R P 2 W 50 /0N K TR 2 A R R AN 2 7 R
BRI 3l B A Sy 5 e ] 220 AN

(4) A 3 o B i /N A Fi DG B D D) AR SO ST
TEAED B Hermite HIT . fEX £ 5 2 4514
BEAY AT 53 BT 5 32 7 15 0 5 e A % A T B8 REL I A
JO 5k 56 A 0 4 R B o A A T AR O

ASCETEH M QEM J5 12 fiff T & 8 4544 3
P-A B[R}, I35 T 5 i 0 S g A .
RO BB 5 AT AL T 00 J7 125 5 4R 28 0L 1) Ml 7R Bl %) 1%
T 1 A0 SRR i 8 5 A 110 552 Wi L AR, R A X 45 4 5l
TIAT Sy B AR S 25 407 8T W L 1 A B L 2 2
AR 73 A H A ¥y 3 ] g 9 XL 1) 52 s 1 T
S5 K Y ST ASE Y Sy o 2 AR A BT SR A T RE SCHE

£ % Uk

[1] Gaiotti R, Smith B S. P-delta analysis of building
structures[ J J. Journal of Structural Engineering,
ASCE, 1989, 115(4): 755-770.
Adams P F. The Design of Steel Beam-Columns[ M].

Canada:

[2]
Canadian Steel Industries Construction

Council, 1974.



%13

G

AT T B o £ 28R AE T v e 45 K P-A O v RS 8 20 A 7 vk < 91 -

(3]

(4]

(5]

[6]

[7]

(8]

(9]

(10]

[11]

[12]

[13]

[14]

Smith B S, Gaiotti R. Iterative Gravity Load Method
for P-delta Analysis:
Report[R]. No. 88-4: McGill University, 1988.

The

Structural Engineering Series

Canadian Steel Industries Construction Council.
Design of Steel Beam Columns[S]. 1974.
Bernal D. Amplification factors for inelastic dynamic
P-A effects in earthquake analysis[J]. Earthquake
Engincering & Structural Dynamics. 1987, 15(5) ;
635-651.

MacRae G A. P-A effects on single-degree-of-freedom
structures in earthquakes[]J]. Earthquake Spectra,
1994, 10(3): 539-568.

Tremblay R, Duval C, Leger P. Effects of hysteretic
models and ground motion characteristics on seismic P-
delta strength amplification factors[]J]. Stability and
Ductility of Steel Structures, 1997, 97, 311-318.
Tremblay R, Cote B, Leger P. An evaluation of P-A
amplification factors in multistorey steel moment re-
sisting frames[ J]. Revue Canadienne De Génie Civil,
2011, 26(5) . 535-548.

Amara F, Bosco M, Marino E M, Rossi P P. An ac-
curate strength amplification factor for the design of
SDOF systems with P-A effects[J]. Earthquake En-
gineering &. Structural Dynamics, 2014, 43(4)

611.

: 589-

Goldberg ] E. Approximate methods in stress and
stability analysis of tall building frames [ C]//Pro-
ceedings of the Regional Conference on Tall Build-
ings, Bangkok, Thailand, 1974 177-194.

Rutenberg A. A direct P-delta analysis using stand-
ard plane frame computer programs[]J]. Computers
&. Structures, 1981, 14(1-2);
Wilson E L, Habibullah A. Static and dynamic analy-

97-102.

sis of multi-story buildings, including P-delta effects
[J]. Earthquake Spectra, 1987, 3(2): 289-298.
Nixon D, Beaulieu D, Adams P F. Simplified second
order frame analysis[ J]. Canadian Journal of Civil
Engineering, 1975, 2(4) . 602-605.

2, AN, (/N SRR TR S5 P-A RN
R R AT T ik L], MR AR S TR R, 2020,
40(5): 11-23 (Li H]J, Yang X P, Wu X P. A high-
order approach to P-A effect analysis of tall struc-

tures subjected to the time-varying axial force[]].

[15]

[16]

(17]

[18]

(19]

[20]

(21]

[22]

Earthquake Engineering and Engineering Dynamics,
2020, 40(5): 11-23. (in Chinese))

Bellman R, Casti J. Differential quadrature and long-
term integration[ J]. Journal of Mathematical Analy-
sis and Applications, 1971, 34(2):
Kashef B G, Casti J. Differential quadra-

235-238.
Bellman,
ture: a technique for the rapid solution of nonlinear
partial differential equations[J]. Journal of Compu-

tational Physics, 1972, 10(1) .
Bert C W, Malik M. Differential quadrature method

40-52.

in computational mechanics: a review[ ] ]. Applied

Mechanics Reviews, 1996, 49(1). 1-28.
TRARME PN 2R A i’i%ﬁ%f@%ﬁfﬁﬂ?%ﬁ P-

A SR B R B - 245 44 g
e, 2017, 37(5);

SrATLI]e B 9 R TR
48-55. (Zhang Z G, Sun G J, Li H
J. Response analysis of concrete structure consider-
ing the P-A effect due to near-fault earthquake
ground motions[ ] ]. Journal of Disaster Prevention
and Mitigation Engineering, 2017, 37(5); 48-55. (in
Chinese))

B . BT T AKE 3 5 U1 AE T R g R me A
BT S FLAE S SEAE S R AR T ax#r b g i LT ] &
WAz @AY . 2018, 35(1): 46-54. (Li W Z, Lou P.
Beam element considering lateral shear deformation
and axial force effect and its application in analysis of
bearing and pile combined action [J]. Journal of
Highway and Transportation Research and Develop-
ment, 2018, 35(1): 46-54. (in Chinese))

HKikJy. EI, KRB, SBEEH P-A BT
KGR RAELT ], mg R g SR 24 22 4l . 2002, 35(3) .
51-53. (Zhu D L, Wang S'S, Zhu ] Q. Accuracy of
P-A effect analysis of tall structures[J]. Journal of
Harbin University of Civil Engineering & Architec-
ture, 2002, 35(3): 51-53. (in Chinese))

FIE. K TFHEERTZ A W0 EERRS T ZB
PRI ENSE D] R B, 2011 (Li S
Y. Study on Calculation Methods for Seismic Sec-
ond-order Effect of MDOF System under Horizontal
Earthquake [D]. Chongging: Chongqing University,
2011. (in Chinese))

Gy R 2SO, 3T AT T 25 08 T o AR
BELRERESNLI] R LIRS TRED.
2012, 32(2): 106-113. (Yi W J,Ru W K. Seismic a-



c 92 - IE A Sy 2 2 4R 2025 4R 46 %

nalysis of concrete frame structures including second 51-59.

order effect subjected to near-field earthquake ground [28] Wang X W. Differential Quadrature and Differential

motions[ J]. Earthquake Engineering and Engineer- Quadrature Based Element Methods: Theory and Appli-

ing Dynamics, 2012, 32(2):106-113. (in Chinese)) cations [M]. Butterworth-Heinemann, Oxford, 2015.
[23] Zhong H Z., Yu T. Flexural vibration analysis of an [29] Boyd J P. A numerical comparison of seven grids for

eccentric annular Mindlin plate[J]. Archive of Ap- polynomial interpolation on the interval[ J]. Comput-

plied Mechanics, 2007, 77(4): 185-195. ers & Mathematics with Applications, 1999, 38 (3-
[24] Zhong H Z,Wang Y. Weak form quadrature element 4): 35-50.

analysis of Bickford beams[]J]. European Journal of [30] Brutman L. On the Lebesgue function for polynomial

Mechanics-A/Solids, 2010, 29(5): 851-858. interpolation[ J]. Siam Journal on Numerical Analy-
[25] Zhong H Z, Yu T. A weak form quadrature element sis, 1978, 15(4): 694-704.

method for plane elasticity problems[J]. Applied [31] Liang Z. Li J. Investigation on rational analytical

Mathematical Modelling, 2009, 33(10) . 3801-3814. model of tall bridge pier[J]. Earthquake Engineering
[26] Wang X W, Yuan Z X, Jin C H. A general integra- &. Engineering Vibration, 2007,27(2): 91-98.

tion scheme in quadrature element method[J]. Ap- [32] Tubaldi E, Scozzese F, Domenico De D, Dall’ Asta

plied Mathematics Letters, 2020, 105; 106305. A. Effects of axial loads and higher order modes on
[27] Jin C H, Wang X W, Ge L Y. Novel weak form the seismic response of tall bridge piers[J]. Engi-

quadrature element method with expanded Chebyshev neering Structures, 2021, 247, 113134.

nodes[ J]. Applied Mathematics Letters, 2014, 34.

Method of High-Order Precise Analysis for the P-A Effect
in Tall Structures due to Arbitrary Axial Loads

Yan Lu Hongjing Li Xiaopeng Yang Yinquan Zhai

(Institute of Engineering Mechanics , Nanjing Tech University, Nanjing, 211816)

Abastract Traditional methods for analyzing the P-A effect in tall structures often fail to adequately
account for time-varying axial forces, which can lead to an underestimation of its impact on structural safe-
ty. This paper introduces a high-order accurate analysis method based on the weak-form quadrature ele-
ment method (QEM). We develop Hermite-type quadrature element models for both distributed and con-
centrated mass structures. The proposed method is capable of addressing dynamic P-A effects caused by ar-
bitrary axial loads without iterative computations, yielding precise solutions. Its efficacy and accuracy are
validated through comparative analysis involving three distinct case studies. Numerical results confirm that
the proposed approach delivers highly accurate P-A effect analyses, achieving exceptional precision in dy-
namic response with a single quadrature element, even in complex structural systems. Overall, this meth-
od offers a novel and efficient solution for detailed analysis of P-A effects in tall structures.

Key words tall structures, P-A effect, weak-form quadrature element, time-varying axial force, Her-

mite interpolation





