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Mechanical Performance Analysis of Fully Bolted Spliced Joints
in Modular Steel Frame Structures
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Abstract : A novel approach for fully bolted splicing between modular steel frame modules is proposed, which achieves the all-
bolt assembly through the inter-module connecting keys, blind bolts, and through bolts. To investigate the
mechanical properties of this spliced joint, a refined numerical model of the fully bolted spliced joint between modular
steel frame modules was established using the ABAQUS finite element software. Low-cycle reversed loading
simulations were conducted to analyze the hysteretic curve, skeleton curve, ductility, energy dissipation and bearing
capacity of the joint. A computational model for the initial rotational stiffness of the joint was proposed, and the
corresponding formula was derived. The accuracy of this formula was subsequently validated through a comparative
analysis with numerical simulation results. The research findings indicate that the design of the fully bolted spliced
joint is structurally rational. The corner keys at the beam ends enhance the joint stiffness and promote the outward

migration of plastic hinges at the beam ends, enabling ductile failure of the joint. The hysteretic curves of the joint
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specimens exhibit a full spindle shape, indicating strong energy dissipation capabilities. The inter-story drift angles

and ductility factors of the joint specimens both meet the relevant seismic design requirements, demonstrating good

seismic performance. Increasing the thickness of the connecting key plates between modules and the corner key plates

at the beam ends can effectively improve the initial rotational stiffness of the joint.

Keywords:

modular steel frame structure; fully bolted spliced joint; beam end corner key; inter-module connecting key; finite

element analysis; initial rotational stiffness; ductile failure
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Fig. 1 Diagram of modular construction assembly
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Fig. 3 Dimension of model TJ-1( unit: mm )
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Table 1 Construction parameters of models

05 S b A e 18] £ 4T $05) & iR FA T # IR R
BE/Mm R R /mm R MEE/mm F& iz Fu £ KE/mm
TJ-1 10 10 10 10.9s M20 10.9s M20 410
TJ-2 12 10 10 10.9s M20 10.9s M20 410
TJ-3 14 10 10 10.9s M20 10.9s M20 410
TJ-4 16 10 10 10.9s M20 10.9s M20 410
TJ-5 12 8 8 10.9s M20 10.9s M20 410
TJ-6 12 12 12 10.9s M20 10.9s M20 410
oA ok R2 HMEBM
Table 2 Material properties
5 a#ER EMPa o Y eiu v
E MPa MPa
E Q3554R 206 000 0.3 355 0.17 497 5.75
: 10.9s & & ¥4 206 000 0.3 900 0.44 1000 1.01
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Fig. 4 Material stress-strain relationship
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Fig. 5 Finite element model
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Table 3 Comparison of mechanical properties between finite element analysis and test
f SRR B i
£ 7
JEIRATR/RN  EAL/ V0 BIBAZA/mm EAA/)0 EAATH/KN EAA/ )0 EMEAEA/mm EAE/ )
K I 140.13 45.57 195.26 139.00
9.88 2.89 0.28
7 PR 153.97 45.03 200.90 139.55

R RN m
TR R

- - RIS

BRI R =

a) BLAITI-1

R AN = B

TR BN T 7
< -~ RIS

RN ) 7

BEBURE BRI ) =

) HEHITI-3

R R )

R TR AR =

- — | RIS

RimBEBSME ==

s Miss

dhog 75%)
0
o
i
i
i

SRERRL ST

Bl RN ) =

b) HEHITI-2

R BN
R

R AN =
— -\ RIS

Rl PR - =

SRR Sy 2

BRI RRR 2= B

d) BERITI-4



ERR|

A58 B A AU HE A e ) A 02 A BF-H 19 1 T 22 PR RE BT 85

L S PP
BB R Bes N ) =

e) FAITI-5

¥ 4
7

VAP

A
TR A RS 2
_ - RIS

R £

YRR ) 2 P
HEHLRIE B N ) =

f) HAITI-6

E8 HEBHIAENX (BN MPa)
Fig. 8 Failure modes of models (unit: MPa)

I A B A 26 mm W, A TI-1 PE A B 58 P
B BE 5 24N 2% A7 7% o 80 mim I, A TI-1 (1 7K 4% 11 P 8
TR H BT RE B R INBREME R
112 mm B}, B8 TI-1 (9 & 2% ) € B 2 5 KR 01 11
85% LATF WA J A e K, i b T A B 2 4 7 ik
T YA PR A, G I MR A S R o R ) DX SRR S R A T T Ab
Je iy, S B 2 R A, E R R ST
2 3G N M AR i R A A BB R BT 8 T
SRR T J-1 A BROIR 25 R B 77 2 AT 0« B o B AR 5 % 2
R S5 R R A T RS ) 2 R MR (9 17 g 43 A A X XA
07 3 A A B4 A v o R T AR S B AR I ) DX, T S R
45 b F v AR B B, R 3K 3] 900 MPa By B8 A% i IR R
77, 2 IR BT L35 G B 5 R (] 3 22 B A O A e ] 3%
P2 0 SR AL A, HLR I B R Xk AR b T IR AR AL
e K AH 3% #1355 MPa, FoA4x 07 & 1 0 F) 349 K 15 2 54 #
JIR 58 5, 8 B A e [ % B A T 55 Ok A B 5 R o
St KL ST B R R A R A S T
N7 3 AT B G a2 DX R AR 4 A% 4 1T ) 18 S e K L AT
AN T EA R i RS VA S el = A R
R RS N g AR XA ARt 5 R Y AR R AV
IRV 55 78 T W B B AR RT3/ ¢

25 TR, T SR T -1 0 B IR A 2K 3% R R o I
i i R 5 s A M B, LA R AR P AR R
AT I T LA B G ity Ff B0 AR T AR R BN B A SR AR
55 27 LR BT

22 NMABESW
A GEAS [R) S B0 rs A 8 ) 2% s i I SR 3R 2 v S
ARG B 2 AN ) BR AR, T W R R UK AR T

i f v KRB G NN T 0 A o . WP 9B R o T
BEAR 1 R I G 2 I T B AR 2 i A R
1] {0

B9 MAOBRESH(EML:mm)
Fig.9 Stress path distribution (unit: mm )

H P10 K g AR 1A R0y g AT s M B B A A
TJ-1.TJ-2.TJ-3.TJT-4 iy KN Iy 0 BRAE )2 22 5% o £y
5 I 245 4 40 (100 mm &b ), HL7E S5 RN J7 H B 45 15
TY R 3 Uy GE O 1) B 7 R A o T SR A B B B
Jo Bl YRR AR Y B R 2R R L6 VB M BB BLE [N
(100~250 mm &b ) Ji; 77 3k B 4% BR 1 73, DA 7E B 7 53 A
P T LR 1 5 B o A8 SV R TR B B, % i £ BT
Ui 1 B PR R AR B T — E Y AR, DT S B T 5 o 9
PEBAN RS o AL, DN s Al R BnT LU 0 i A 5
PR GBI B AN R A BB B i A B AR S
A1 T, G v £ B ) SR U/ R

B AT R R ) AR 2 AN 11 R B 11a) Ry i
PE B B AR T o A AR TI-1,TJ-2, TJ-3, TI-4 ¥ i



86 H O R

500
450 |
£ 400 +
=350t
R 300 e RETIT.
B oso ft —-—E%g;
o s
& 200 f HATI4
150
100 i s s ;
0 100 200 300 400
BEES / mm
a) PR B
\\f’“
N
—=— FEAITI-1
—e— RAUTI-2
—— RT3
FERT]-4
1005 100 200 300 400
BHES / mm
b) MM B
10 MABFE1ERR D

Fig. 10 Equivalent stress of stress path 1

J1 %A 2 78 B2 ¥ 25~175 mm §8 Bl N 19 B g K 7 3k 5
JIZ 55 JEE 355 MPa, 12 3t FElof 17 5% sy 7 i 5 % 3 2% 14 #4748
A DXB, Ry iR AT 2 B T B B O 25 mm
175 mm Ak, bR A B A7 7 35 ) 4R PO 5 I 11b) R
PRV W B A AN 3 A A B e fEL I A ¥ R ) AR 2
4 107 g 22 8 T A ) A A, S S AN B G b S
I8 F AW B A BR 55 5

2.3 H[EHZk

6 A7 A 0 1% 17 20— 137 % T gt 2 A AT 12 T R,
I Fp AT LA H 6 AN 750 () 4 [ % i A — B, 0 A
A il 2R LT 58 A0 Bk, 3 5 B O 1L R Y 3R
Y il 7 Y7 St £ G JER A Bl V) T 42 G A JE X A%
IV RE L W AR /N o B 4% R A F R TAE B B
o W [ g R 2 2o R B BN 2 05 A% 1 W
HEE Y E A5 B T AR B B, i T 2 T AR T K, EL
[ B T o 4635, 58 A % A 780 49 LA A Y 2 Y D R i i
35 IR AN B 2k S 480, R g R 7 3k B O s e f
ST T ) B B R B R RARG  HH BT T R R T RIS
R B AL B4 s B R S AR R, R R AT
T 1 B2 R I K T R A AR A — AR B
BT W SRR AR L L5 BT 6 AR G T
1]t 4 A0 1 2 T4 7 708 R 00 280 2 B B I B 9 i
AE FIAEREMLH .

o5 28 4%
500 ¢
400 F
&
Z 300}
> —=— R TJ-1
E 200 | e HRITI2
& RT3
100 f BAITI-4 |4
0 50 100 150 200
BEES / mm
a) HPERTEL
500 1 SNGON Soanas .
400 | o
&
Z 300}
=
;l 200 |/ —=— BT 1
i;i; —— fRAITI-2
100 —— HRITI3
HRITI-4
o
0 50 100 150
BEES / mm
b) HAPER B
B11 MAREZE25MAN

Fig. 11 Equivalent stress of stress path 2

24 BEHZK

LT 5 5L R 114 7 28— (50 A% i [l il £k 5 ok 4 ERURE G
B — B (A B, 00515 3 25 A B 22 it 2
W 13 Fr 7R, AT L - 6 450 70 A 1 2 il 28 S e AR — 3,
SPE B B A R Il 2k 0T T BECE N R AR A B A A
RIS HE A SEVE B B, B 22 2 0 R  B0N  A5AS
ARERE ) 22 5 00N 35, 3 3R B 0 R v g B AR TS AR
T ] 3% 2 B AR X S A T A 1 8 A 52 T 85 B e A
AN FR T R R A R A R Y T S IR R AR, SR
e 320 5 LR RE T A S R A 2k B R R . i 4
AL BT TI-1~TJ-4 3% 0 A S ARS8 10 mm 12 mm .
14 mm .16 mm B, 0% T8 TT-1, B8 TJ-2, TJ-3,
TI-4 J& IR A5 48 20 SR TF 7 1.8% .3.06 % . 3.74 % , #2 BR &
WA T T 2.21% .2.35% .2.51% , % W 38 K 2 35 £
SRR, Y5 SRR T B BT RIOR N B3 AR TJ-2 TJ-5.
T J-6 45 B 8] 7% 248 M B 43 91 8 10 mm .8 mm .12 mm i,
R e 1] 32 27 B A 199 72 A X a5 T IR A 480 % i B 7 2K i
IR RS, 6 TR A A% BR 2 R4 A% M T
0.069~0.075 Z [a], FC1E 47 P J7 1] Jin 48 T 00 T A A PR i)
137 B #1135 AL 0.04 rad FY J2 ) 05 % A BR (8 25K 0, 358 1
B P ] 4 SR AR PR AR R R BB IERE T . 61
Y 1) 57 7% SiE P 2R B4 T 3.87~4.8 Z [a] , i A2 A% 4E 1
RABOKRT 3.0 LR B AR "0, 32 WA e ] 4 4242 B
e S A R R IEME R BURR AR T) o 6 A BT B B KA K



A58 B A AU HE A e ) A 02 A BF-H 19 1 T 22 PR RE BT 87

Fi# / kN
{ e

-100 P&
-200 |

00 — : ; : :
-150 =100 =50 0 50 100 150
i / mm
b) FRAITI-2
300
200
100}

0_

T3, / kN

=100 | 7RA%
=200

- Foas . . . .
-150 =100 =50 0O 50 100 150
£7F% / mm
d) HRITI-4

300
200t O
100

i # / kN
o

-100

=200

o
-150 =100 -50 0O 50 100 150
f7F% / mm

f) HERTI-6

BE12 BT %

H1
300 -
200
100
Z
o~ 0t
#®
00t
-200 | 2
564 Fruax o o
-150 100 =50 0 50 100 150
i / mm
a) BAITI-1
300 . EES
200} @
100
Z
< ol
&
#E -100 ¢
-200 |
564 T P o
-150 =100 =50 0 50 100 150
A% / mm
c) BERITI-3
300
200 |
100 |
Z
i 0t
e
' 100 [
-200}F —Z
-300 s - .
-150 =100 =50 0 50 100 150
Hi#% / mm
e) MAITI-5
Fig. 12

BB e & B4y WM 0.416 6,0.415 6,0.408 4.,0.407 2,
0.423 1.0.410 8, 2 B i 72 % i £ B A J5E F0ASE B 1) 32 422
B JEE X A AL () FE RE RE 1 JC R R . 25 b TR, AR iU
e [ 2 4 S R FH 5 0 0 A A e B 0 R A0 38 T 5 A e ] 2
Vi £ B AR AR R B TR LA 1 B RE 2 mm

2501
200}
150}
100}
Z 50t
< ol
B ol —e AT
& o FRIT)2
~100} —— JHRIT)3
-150t RITI-4
2200 L FREIT]-5
-~ » ——HTI-6
-150 =100 =50 0 50 100 150
2% / mm

F13 HBEIEIEMHE

Fig. 13 Skeleton curves of models

Hysteresis curves of models

3 MR NE
3.1 WBREINEES

P A HE ZE A K- fr 284 F TR 454 28 T2 N 14a)
JIE7R L X F A YT RCHE N2 WD A6 e Bl W BE TR Ak T SR AL 4
Bl 14b) iR, b 2B R] A 5 S0 46 % sh NI R
AT ] A WA PR AUV IR B S NI B R, e TR
(EASESDLRT 45719 AR T R A, 2 BV 00 U B s W 32
P R B ] 3% H22 5K 7 A 5 38 v AR KT o AR 1 A8 O BT
Wk, Q8] 15a) itz , i 1P 32 W2 o7 kB 167 A R 25 2000
SO MR RY Al 15b) TR o K RS R] I 1 S K OF AR AN
o i £ S 7K V- s MR A 43 AT R AR T TR A 28 L R
AR TE B Nk A N SR R L B R W IR e B
WIEE .

P 15b) It 7 45 5 M o

My= V. h.,— VL, (1)

K Vi WA AR KB S s h MRS S R



88 MO A i R o5 28 4
*4 BRTIHEER
Table 4 Finite element calculation results
WA 5 e F,/kN A,/mm F../kN A,./mm F,/kN A,/mm ¢,/rad i h.

iE ) 144.06 27.52 211.99 80 180.19 116.65 0.0730 4.24

TI-1 0.416 6
fi & —145.48 —29.12 —212.27 —80 —180.43 —116.86 —0.0730 4.01
iE 1) 147.50 26.88 216.78 80 184.26 120.60 0.0750 4.49

TI-2 0.4156
i 18 —147.25 —28.48 —216.86 —80 —184.33 —110.19 0.069 0 3.87
iE 1) 148.81 26.24 217.84 80 185.16 113.58 0.0710 4.33

TI-3 0.408 4
i 18 —149.57 —28.16 —216.39 —80 —183.93 —111.87 —0.0700 3.97
iE ) 150.12 25.92 217.70 80 185.04 113.50 0.0710 4.38

TJ-4 0.407 2
i 18 —150.26 —27.52 —217.21 —80 —184.63 —111.57 —0.0700 4.05
iE 147.26 26.88 215.19 80 182.91 125.15 0.078 2 4.66

TI-5 0.4231
fi & —147.07 —28.48 —216.64 —80 —184.15 —116.65 —0.072 9 4.10
iE 147.73 25.92 215.29 80 183.00 124.54 0.077 8 4.80

TI-6 0.4108
i 18 —147.41 —28.48 —216.74 —80 —184.23 —116.76 —0.073 0 4.10
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Fig. 14 Simplified calculation model of joint
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Fig. 15 Mechanical analysis model
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Fig. 16 Inter-module connection key horizontal plate

deformation
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Horizontal plate deformation at beam

Fig. 17

end corner key

TR R B i 1 S A K- g AR AR R 7R 52 48 v
AT 0 Y 320 ] SRR AR, R X 12 7K P S A 9 AR
T3 WA R 23 A T S s Al B 4 TR D Fy AL F,
ST N ET 17b) P 7 o % T 32 B4R rp fif 2004 DU 34 17 SO0
T AR | AR AR S Al BSR4 0 A B K OF S
UGS

Pa®(1—u?)
A, =5.1216—— 02 (5)
n Ety
80
60}
g
Z _
< 40t ——F Rt
< —=(6
= (6)
20F R,=7 932.686 kN-m-rad™
R,=8 414.561 kN-m-rad™
0 0.004 0.008 0.012
6/ rad
a) BIHIRI-1(1,=10, ,=10)
80
~ 60
g
Z -
= 40l —H Mt
< —a(6
= (6)
20 + B
R;=10176.237 kN-m-rad™’
R,=10573.511 kN-m-rad™
0 0.004 0.008 0.012

6/ rad
¢) FIRI-3(1,=12, ,=10)

T E M SRR AR e R SRR IR AL L s 1 R
Uit £ KO SRR 5 @ b 0 ) R K P o B Y K R HL
a=b,

L5 TR B () A WA PF BT A0 0 R T s
HRARX N

r=Mo_ <

0 32d4°

3Eb 1}

(6)

P 2 1_ 2
510160 L)
n Et;

AKX (6) ERRTRELERRIE

e TA R CEAERA T 5 A1 AR AL RI-1.RT-2,
RJ-3 F1 RJ-4 , 3 i 2l 720 A B 1] 34 42 o R 4% g ) )2 J32 8
A6 FEATIUE . R C6) T I 4k e S W EE 5 45 [R
JORE AT 5 45 R A& 18 . 5 TR o n] AR AR 41
AR TE B N7 v A B 09 0 A B s WL 5 5K C6) R 4
5 BT A5 R & B o RIRE N 606, 1%IR
22 S T 00 A acd i v 20T A R i e B 1 g Ul A R K
SR s A S B B C6) 5 P 4540 i e 3 M1
55 BROCREANZE SR AR LA /) , (5T DU 2 3 50RS B2 20K,
Y LA T TR 25 B ASE e A A AE ZRAGE S ] 4 AR Y W R
e S BE BT T

3.2

80
60t

g

Z

< 40 —HRT
= —(6)

20 ¢ R =9 550.412 kN-m-rad™'
R,=9 821.713 kN-m-rad™
0 0.004 0.008 0.012
0/ rad
b) RAIRI-2(1,=10, ,=12)
100 1
80 f
g
Z 60 _
§/ ——F Rt
=401 —3(6)
20 | R,=13 001.369 kN-m-rad™
R,=13610.163 kN-m-rad™'
0 0.004 0.008 0.012
0/ rad

d) BEERI-4(1,=12, 1,=12)

18 ARTHEREX(6)ITELERTLL th2k

Fig. 18 Comparison of curves between finite element results and formula (6) calculation results
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Table 5 Comparison of finite element results with formula (6) calculation results
gy | PORMERGAE  RBAMKE  HERBABEDNE KO MEHEAUER/  |[RiR
{,/mm t,/mm R,/(kN-m-rad ") (kN-m-rad ") R,
RJ-1 10 10 8§414.561 7 932.686 6.07
RJ-2 10 12 9821.713 9550.412 2.84
RJ-3 12 10 10 573.511 10176.237 3.90
RJ-4 12 12 13 610.163 13 001.369 4.68
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Fig. 19 Comparison of initial rotational stiffness from

4

between finite element simulation and

formula (6) calculation
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