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Abstract: This study investigates the optimization of load-bearing performance in novel aluminum alloy modular joints with a
centrally reinforced annular structure through refined finite element modeling using ABAQUS. A systematic analysis
is conducted to evaluate the coupled effects of key parameters, including modular unit thickness, annular
reinforcement plate thickness, bottom stiffener thickness, and asymmetric bolt configurations. The results
demonstrate that doubling the base plate thickness of modular units (relative to the top plate) combined with 10-mm-
thick bottom stiffeners achieves an 11.98% improvement in ultimate load capacity and an 18.37% reduction in joint
displacement. Parametric bolt configuration analysis reveals that an optimized asymmetric layout—adjusting bolt
quantities in flange and web regions—effectively homogenizes stress distribution while eliminating construction
redundancy. lLoad-displacement curves confirm the significant contribution of bottom stiffeners to stiffness
enhancement, exhibiting complete envelopment of rigid unit responses and a pronounced increase in initial stiffness.
Sensitivity analysis highlights a strong positive correlation between base plate thickness/stiffener thickness and load

capacity gains, whereas excessive bolt deployment in the web region yields only marginal improvements (a 3.57%
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capacity increase) , emphasizing the prioritization of critical component optimization. These findings provide
theoretical and empirical foundations for the precise design of high-performance aluminum alloy modular joints.

Keywords: aluminum alloy modular joint; elastic-plastic analysis; multi-parameter coupling; load-displacement curve; load-

bearing performance; sensitivity analysis; precise design
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Fig.1 Diagram of new modular joint construction
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Fig. 2 Comparison of load-displacement curves of joints
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Fig.3 Simplified aluminum alloy beam
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Fig. 4 Overall mesh generation of joints after

simplification
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Table 1 Summary of parameters and model numbering for new modular joint optimization

%5 B /mm B /mm J&/mm 5 /mm HE/N BHE/AN BET/A BHEZT/A
AQ 5 5 0 6 6 6 3
Al 6 5 0 6 6 6 3
A2 7 5 0 6 6 6 3
A3 8 5 0 6 6 6 3
A4 9 5 0 6 6 6 3
A5 HI110X60X5X5 5 10 5 0 6 6 6 3
A6 11 5 0 6 6 6 3
A7 12 5 0 6 6 6 3
Bl 5 6 0 6 6 6 3
B2 5 7 0 6 6 6 3
B3 5 8 0 6 6 6 3
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B4 5 9 0 6 6 6 3
B5 5 5 3 6 6 6 3
B6 5 5 5 6 6 6 3
B7 5 5 7 6 6 6 3
Cl 5 0 6 6 6 2
C2 H110X60X5X5 5 5 0 6 6 6 4
C3 5 5 0 6 6 6 6
C4 5 5 0 4 6 6 3
C5 5 5 0 6 8 6 3
C6 5 5 0 6 6 3
Cc7 5 5 0 6 6 8 3
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Fig. 5 Variation of stress contour of modular units
with different bottom plate thickness (unit: MPa)
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Table 2 Main parameters of joint load-displacement
curves of modular units with different

bottom plate thickness
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Table 3 Main parameters of load-displacement curves
of joint with different thickness of stiffening

ring in central region

BEAL AR MIRARERA Pt REH
%5 JeARJE/mm F/kN A/mm /%
A0 5 49.25 119.68 0
Al 6 50.78 120.45 3.11
A2 7 52.72 121.11 7.04
A3 8 53.68 120.89 9.00
A4 9 54.68 119.45 11.02
A5 10 55.15 119.11 11.98
A6 11 54.29 118.89 10.22
A7 12 53.26 118.56 8.14
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Fig. 7 Variation of stress contour of different thickness

of stiffening ring in central region (unit: MPa)
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Fig. 8 Comparison of load-displacement curves of
joint with different thickness of stiffening

ring in central region
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A0 5 49.25 119.68 0 0

B1 6 50.72 113.83 2.98 —4.89
B2 7 50.33 108.19 2.19 —9.60
B3 8 49.84 104.43 1.19 —12.74
B4 9 48.26 101.91 —2.01 —14.85
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stiffened plate
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Fig. 10 Stress contour of central region stiffening ring
with different thickness of bottom stiffened
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Table 4 Main parameters of load-displacement curves of joint with different thickness of bottom stiffened plates

¥ E BT JEER M ENARE E/mm MFRAE A F/KN #0454 A/mm AREN G/ % 1545 384/ %
A0 0 49.25 119.68 0 0
B5 3 51.87 107.41 5.32 —10.25
B6 5 54.11 101.20 9.86 —15.44
B7 7 54.93 97.69 11.53 —18.37
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Table 5 Parameter collaborative analysis matrix and calculation results
. BEP A BRI mBIRRI B MIRARRERA e . s v s
AT G5 . g/ ) A LA 3G G /)
AA T %5 B 4 /mm VR £/mm F kN AREA¥EWE/ Y PO BA/ mm AEAEE/ Y
AO 5 0 49.25 0( ) 119.68 0(& %)
D1(A5+B5) 10 3 56.92 15.57 110.53 —7.65
D2(A5+B6) 10 5 58.27 18.31 98.75 —17.49
D3(A5+B7) 10 7 58.98 19.76 95.36 —20.31
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different bolt numbers in central region

i WA AR T DXORIT SR B A PN B R g o3 A 2R AT
Mr, G 13 s o S5 SRR, 24 rp M Al b R 5 SR A
(F13a) vc)), T M2 A FL N g 2 38 o T b ) 24 L
T, BB IX (AL DX 30 1) R 10 2% B0a 37 i 5 i v 1 il 0 i
R IR (181 18b) \d)), B2 g 7 A RO, bR £L 32 g o
L, T 32 G W XS Tl 4 /s ELOR B . A I R
13d) Hr I 0 2 A e DR iy 24 SRR 7 AR A 1 S 3, T
AE 5 0% DB A R o) LRI o T UL A e Al
Ak A MR T A IO T A 1B AR 2 i 5k B A B KL
B, S35 B TR AR RS2 I TERE

oS

c) BAIC2(n=4) d) BALC3(n=6)
13 ol XA [ 8244 30 8 9 hn 58 IR 4
RS = E (B :MPa)
Fig. 13 Stress contour of side plate of stiffening ring with

different bolt numbers in central region (unit: MPa)
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Fig. 14 Load-displacement curves of joints with

different bolt numbers in central region
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Table 6 Main parameters of load-displacement curve

of joints with different bolt numbers in central region

A P RE MRKRBEA P REAN BN
hE MHE/A F/RN A/mm /% /%
Cl 2 47.36 128.57 —3.85 7.43
A0 3 49.25 119.68 0 0

C2 4 49.68 113.02 0.87  —5.56
C3 6 50.51 109.18 2.5 —8.77
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Fig. 15 Location and number of bolt groups in

flange region(unit: mm)
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Table 7 Main parameters of load-displacement curves of joints with different bolt numbers in flange region

B GS LEGEBRAHE/A TEEBRAHE/A BRABEAF/KN PO HA/mm ARBEHEEE/YN LR/
C4 4 6 48.60 122.71 —1.32 2.53
A0 6 6 49.25 119.68 0 0
C5 6 8 52.57 110.85 6.73 —7.38
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Fig. 16 Load-displacement curves of joints with

0 20 40 60

different bolt numbers in flange region
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Fig. 17 Bolt group location and number in web region
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Fig. 18 Load-displacement curves of joint with

different bolt numbers in web region
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Table 8 Main parameters of load-displacement curve

with different bolt numbers in web region

A MR MRRE Puas RE A 2B
5 HEHRZE/A AF/KN A/mm w/ % w@/%
C6 4 46.46 122.60  —5.67 2.44
A0 6 49.25 119.68 0 0

C7 8 51.01 118.42 3.57  —1.05
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Fig. 19 Load-displacement curves of joints with

different parameters
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Table 9 Main parameters of load-displacement curve of joints with different parameters

B 2 2 WAL i #&Fi;?;iij] “PA\;ILJ;TT% 7?‘&{;“5’@/ ﬁ'}l’? 41@;:34'%/ ﬁﬁ

JD3(AO0) x 49.25 119.68 — — — —
A5 A e A 3 TR G JE 55.16 119.11 12.00 1 —0.48 —
B3 s X e % ERAR R 49.84 104.43 1.20 7 —12.74 3
B7 3% IR Am By AR 54.93 97.69 11.53 2 —18.37 2
C3 oo K Ak 50.51 109.18 2.55 6 —8.77 4
C5 H% X E#k 52.57 110.85 6.73 4 —7.38 5
C7 FRAR X 3R AR 51.01 118.42 3.57 5 —1.05
D4 R 55T 52.83 92.79 7.27 3 —22.47 1
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