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Abstract: In order to reduce the post-earthquake damage of modular steel structures, a modular steel structure system with
distributed friction energy dissipation connections and its vertical connection joint is proposed. A single-span, 2-
story, 1/2-scale steel frame specimen was designed. Through quasi-static test, the failure mode, hysteretic curve and
skeleton curve of the specimen were obtained, and its ductility, energy dissipation capacity, strength degradation and

stiffness degradation curve, steel strand stress level change were analyzed. A refined finite element (FE) model was
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developed using ABAQUS for parametric analysis. A simplified simulation method of joints in the FE analysis was

proposed and validated, and an elastoplastic time-history analysis of the overall structure was carried out. The results

show that the specimen exhibits excellent seismic performance, with an average ductility coefficient of 3.93 and an

equivalent viscous damping coefficient of 0.29. The FE simulation results agree well with the experimental results.

Parametric analysis results show that the cumulative energy dissipation of the structure is positively correlated with

the initial tension of the steel strand, the friction coefficient of the sliding surface and the maximum allowable slip.

Engineering cases analysis indicates that the friction joints remain in an elastic state without sliding under the frequent

earthquake. The joint sliding friction energy dissipation under the rare earthquake can provide an additional damping

ratio of approximately 3.9% for the structure, effectively enhance the overall energy dissipation capacity of the

structure and reduce the plastic damage of the main components.
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Fig.1 Horizontal connection method of module units
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Fig.4 Dimensions and construction of specimen
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Table 1 Test results of material properties

1 E t/mm  f,/MPa f,/MPa (% 151\“)8) 27;
a3 6 380 503 2.05 22.7
I 8 390 560 2.06 22.3
7 [ AR 10 375 535 2.08 23.2
A 3% M 12 380 500 2.07 23.3
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Table 2 Results of anti-slip test on friction surface of

brass plate

K#H%%5 NJKN  P/kN  P,/kN 7 2
HT-1 208 155 153 0.34
HT-2 211 160 155 0.33 0.34
HT-3 203 151 150 0.34
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Fig. 5 Dimensions of anti-slip specimen (unit:mm)
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Fig. 6 Loading setup of anti-slip test
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Fig. 13 Hysteresis curve and skeleton curve of specimen
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Table 3 Characteristic points of specimen skeleton curve

A R P,/KN J R AE A A, /mm MR A% # P,/kN MFRAZ 45 A,/mm MR A/A,
E& 76.56 32.93 150.07 134.84 4.09
%i % —86.67 —34.40 —155.08 —129.83 3.77

23 BERRERBLSHK 14b) FIf 7, B o0 28 057 % 386 Kb T IR 4 T 4 45 R R

ﬁ#ﬂﬁﬁf“l_%/%éﬂlﬁﬂ%%ﬁﬂrﬂ14a)FJ?/? JZ 1] £z
¥ ffi ik 300 Hir, R B R iR BE AR AL LR 1B AL R A
¥R T 0.95; JZ AL 8% A1 3k 3.500 I, o 3 1B 1k & Boms A7
TRE, 1E‘ilﬂﬁa‘j§*ﬁﬁ‘;ﬂc/%§&ﬂ€ﬁ?09 H I 15
A g 32 R A 28 7 i 2 A P AR A B/ i o R R Ak
BOATRRE o A G 2T Bl 1F i W EE B fb 2 % h 2 40

157

-0.5
-0.9
—1.0 $—am—a—A—— A
-1.5 :
0 1 2 3 4
RIERLRE A 1 %
a) SR LR

SR A L W AR A 2 AL AN T 1
(ORI 3 2 4k, 1K 9 R RE R A A R R 2 R R AR
Ab T S B B s 2 A IR B BES W RS IR AR B
o 2 W1 B B 22 00 B W B8 1 0.35 A% 20 A, 25 4 B AR A ™
BB TR . W R Al i 4B AR TE R A5 A b
RETEAE -

r 2 3 4
R /%
b) RIEEE A2,

E14 K4EERUERN ERMLME

Fig. 14 Strength degradation and stiffness degradation curves of specimen



38 H O R

528 %:

2.4 FEHERE

R Y B i 1] RE g 5 A ARG i R e R B an & 15
Jir R o BRI . A0 i BELJE R 88 A B RAE R 0.29, i
] 4 22 FURE RE 15 5 S0 2 i BELJE 2R 0 A W 5 T 2 4G K Hp
T W I A R M A R FERE BE I AN W s o 2
) 1 45 4y 2 AR A 5P B B, PR R FE BB 5 A AL Bh T BEL 2

10 ¢

RFFERE / (KN-m)
9

0 1 2 3 4 s
EENEAA %
a) RFFERE

FR RIS R B B 45 0 R R A A R 5 2 AL A% 4 KT
16 Jm, 3 BER K K AL 4 2 30~70 mm B B
S, 2 ) 45 20k i FELJE 38 JEORT B T L BB R RE I
F L AR WAL B SR A R [ 2 $58 30 B 0 4 n A BB T
LR FERERE ST

0 1 2 3 4 s
ERN A/ %
b) SEREATREL e R

B 15 st

Fig. 15 Energy dissipation curve of specimen

TR WM &L
TR AR e, R PR TN ) A e ke i L ) -1 8%
2k an el 16 Pz o G UM RT , AL AE LR AE AR 2 Y
P4 il 714300 R 126.12 kN 125.88 kN, 1 AR 9 28 2k il )
A AT o SRR B, 2K AL RS ) 4 2 R
B0 A il 3 A0 e AT /1 T e T g R [l 4
RN SR W 4 5 LR RN g R T 200 LATY .

2.5

1.5 3.0 45

90 Ta—
45 =30 =15 0O
JZIAIRIRE FH / Y
a) MMHREZR

B 16 WMELKW -k

Fig. 16 Steel strand tension-displacement curves

26 MAOHtH

S TS R TR AR S 7 B R S I ek
A5 5 48 187 H B 0T 288 A K A7 288 51 O £ 17 ) 42
IS 7~ B 2k, A P L7 9T o PR TR R O R Y
H AR RN ) U R BAR A, 45 A 14 B 7 A Ak B AR —
B J2 RS A 3 2% (IS K A2 R i, A 1 J2 K AE R

T g 4 as AR e 420 2 TS RIS S 190 i 1 o G A8 ot AR
A A A B9 2 2 g B KA 43 ) R 136.25 kKN 137.25
kN, 545 BR & 5 3 Al 23 00 8 52.3 20 .52.7 %, BT 1)
B AR 2 7 19 60 Y0 , oA e 3k s Al ey 2, 3R I 1000 07 4N 4 2k A
PRI 1k 5 B A T R TR AS , S R AR TR X A 4 2k
AR kU N ot W e

Bt
/

B EE VAN
= o
o S

100

90 : s s s : ;
45 =30 -15 0 1.5 3.0 45
BB /%
b) JbARZZR

G55 M A G 3L 2 8 03 o7 RN AR, A AL N ) 2 R
3 A AR O B o A% B AL 4 L ) — {3 B i 2k M A
15 W 5 A% B, 3% WA (] B 45 0 6 nl Sk 2 4% 4 F B2 ) 1
K, DI B Feie & AU AR A e e O R i i . 1058
SEAUIE 49 A% L DA AR AR ) AT AR 6 L Y e
DR 47 g -3 8



5 53

3 A7 2B 15 FE AR T R AL I 25 A IR R PR M R AT Y 39

RS
coo. + FEAERRRS

L EHRE RS
400 + +—FE9€7€W%§§ At
—— T EHiR R E L

-600 _—
-45 =30 -15 0 15 3.0 45
B /%
17 R B AR ALRL 1 - 7 i 2%
Fig. 17 Stress-displacement curves of different

parts of specimen

3 BRITHM
3.1 WEES

FH ABAQUS #5374 BR T 40 b A R AT &
von Mises Jif i 7 WU (14 XU4T 2% 45 1 55 Ak 2 1 o6 9 1k A AR
NP 18 T, I v f, 01 £, O 1.3 74 v 2 Bk A4y S 00 i ARG 5t
JE RO FRAR BE , E/=0.01E, A FA HLHL 0.3 & 4 R &
S A B 1 LT 4 56 98 1 A A PR AR R Dy 200 000 MPa,
TARA LN 0.3, HLH1 38 JE 4 1 860 MPa, 5 H & i 125 X 49 48
2 it 0 R A7, B LK R ol 1.25X 107 ¢
b FESR DU 3 B 72 BT (SAR) B ; 3 A B0 89 14 n #h
it B TN 7 B9 28 28 24 R 8 T it 7 T AR — B 4 M 4 ik AR
43 A 5T (C3D8R) ML ALL , hy ikt f I A% BT 7™ AE V0 e 4K
JO7, 7 A5 DX P A T AT 0 A B SRy e AT B e AR AR 1
TG R AR U R R N A AR R (A I A RS R
25 mm , T F7 80 48 2l 1] k% RS 50 mm, I 7 §E I
TR A DX L T A R AT 0 0 X R A% R SE

15 mm,

A

A
5 E=0.01E,

E.
(0 & %

E18 WiFAHEE
Fig. 18 Constitutive model of steel

o R AR 18] f AR B R T 24 R (tied ) B4
FE 5 o MR A 5K AR =Z 8] R H 52 - 52 1R R A (shell-solid
coupling ) & 81 5 TN 7 4K 28 28 5 i Al (8] %) 8 1 i 20 i 5
1) 71 5 2 2R FH 40 58 240 R (tied ) BB o | 7T A 3 Al [] )
R o, n] 7 AR FUEAR XS WAL 5 i T R R RN,

AT AR TR AT 8 Ak, 035 PR R R 6 R i Al 2 f T
JEE 48 Z2 B0 S ) o ity A R] 7 i R k9 1) o )
Fo AV il VT AE B2 ol S R A 4 B 5 B0 ) ) R R ST o )
EAT AL, 30 Ao S ik 1T B 45 2R HIORE AL A 0 428 ] ) R
e FhEE OB AT N . B G R T U 00 T 15 5
it B T R vt A 2 kT 17 B B R B B R 0.34 5 BUBY
5 it Rl LA R R R

XoF 5 Bt 0 KT g 4R T, 7E R RACAR R
JBE A R — I 5% 5 RPLJT 54 £ W HEAT 3 b R
& (compling) , A RP1 W y .= 5 W AIF30 A iR ZE .
7 M s A i E L B U, =U,= U, =U,, =0, B IE#E
R HAMEIE . A BT T A% RS Al A A R
WE 19w .

) &8
TR A 3%

MR 58 2 [8] E
HEJR 5 4 [

E19 ARTEBMERTFHREH
Fig. 19 Mesh generation and boundary conditions of

finite element model

3.2 tHELGIE

A BR TS R A i ] iy 2k L4 2 il 2k 5 U 45 R X E
Wi 20a) \b) fir s, F W5 B A BROGA UL 4 i (] il
2 K- B B AR Jt PR A R ST A 2 FHLAR Y
JRE 2T fh S o AR HE A SRR BT R T ABAQUS #%
174 X Ay 2B 458 FE RE 12 e A5 e T S AE 21 ) 4 [ i 2k
BEAT R A AT AT . A BROTHE S, 2R 5 e 4 R A 4
MIE LB S B R 25 78 1000 LA o 1 AL DAL A 0
TIM BRI R T1 -0 8% il 4, FoAT BROTHE L 2R 5 iR 45
RS 200) «d) B s, ZH W) BER , LA SR 4
RIS I B Y B R R N RZE BN T 500

A FRITEA G R B AR 256 LN 18] 21 B, A BR
JUAE AL AL S M R WL, T R AR g R AE R %
HEAb B B Y R R R T L, SR R —



40 e TR T o528 %
180 1 — g4 180T g
120 |- AR AR 120 b~~~ ABRuEERILE R
z 60 1 7 Zz 60
4
g O g O
¥ 60t ® 0
-120 -120 |
-180 ; — : — -180 : : — —
-45 -3.0 -1.5 0 15 3.0 45 -45 =30 -1.5 0 15 3.0 45
BRI 1 % BRI 1 %
a) i [ i 2ex L b) BA gt
130 — Anas 50T — Rapgs g
1ol T ARUTERRIER 140 | - ARTERLGR
iz L CEOMALIES Z R I cEOAaLic]
<130t <130
R R
120+ 120
K K
& 110} K110t
= =
100 + 100 |

b
-45 =30 -15 0 15 30 45
BRI /%
¢) BIHEMALLAL )

05 30 15 0 15 30 45
RIERLFEF 1 %
d) ARG

20 ARTEMEXEERIIL

Fig. 20 Comparison between finite element simulation and test results
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Fig. 21 Comparison of failure modes between finite

element simulation and test
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Fig. 22 Comparison of skeleton curves under different parameters of models
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Fig. 23 Comparison of accumulated energy dissipation curves under different parameters of models
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Table 4 Cross-sectional dimensions of members

A AT /58 # & R /mm
B Q355B [1350X 350X 10
AR Q235 [J250 X 150X 8/200X 150X 8
R AR Q235 150X 150X 6
K E R Q235 HN200X150X6X9
AR 42, 1 860 MPa ®15.6
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Fig. 25 Simplified diagram of joints
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Fig. 26 Comparison of skeleton curves
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Table 5 Natural vibration period and frequency of

structures
bR /s b 359 % /Hz
T s ifiﬁ’ AR ifﬁﬁ
1 1.230 1.259 0.813 0.794
2 1.029 1.235 0.971 0.809
3 1.026 1.113 0.974 0.898
4 0.403 0.404 2.481 2.475
5 0.383 0.398 2.607 2.510
6 0.360 0.358 2.780 2.791

*6 HEFMIRESERE
Table 6 Modal participating mass coefficients of the

first 6 modes

BB JE Rk A S LA R
Br# TRAN- TRAN- RTON- TRAN- TRAN- RTON-
X Y Z X Y Z
1 0 0.840 0 0 0.830 0
2 0.870 0 0 0.820 0 0
3 0 0 0.840 0 0 0.820
4 0 0.110 0 0 0.110 0
5 0.089 0 0 0.110 0 0
6 0 0 0.093 0 0 0.110

Z:TRAN-X Ao @ AEA 5 24, TRAN-Y Ay R EL S
FHRTON-Z A0 B AL R4

422 EHRKHEAH

i 4 2 AR ) (GB 50011—2010) 122,
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Fig. 27 The first three natural vibration modes of the

hinged model
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Fig. 28 The first three natural vibration modes of the

friction connection unit model
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Table 7 Comparison of base shear between elastic time-history analysis and response spectra method

ABAEFER PRk AR R UREA
o E z @ Vil z e Ve
ERIFA/KN  edn/ % KR AN L/ ERFTA/KN AL/ KRR A/KN WA/ %
B3 % 1377 — 1167 — 1239 — 1064 —

TRB1 1328 96.4 904 77.5 1063 85.8 999 93.9
TRB2 1149 83.5 1260 107.9 1010 81.5 928 87.2
TRB3 1262 91.7 985 84.4 1144 92.3 949 89.2
TRB4 1285 93.4 1201 102.9 1292 104.3 1078 101.3
TRB5 1293 94.0 1095 93.8 1008 81.4 944 88.7
RGB1 1318 95.8 1043 89.4 1163 93.9 960 90.2
RGB2 1483 107.8 1148 98.4 1 280 103.3 1037 97.4
A 1303 94.7 1091 93.5 1118 90.2 980 92.1
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Fig. 29 Inter-story drift ratio of hinged model under frequent earthquake action
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Fig. 30 Inter-story drift ratio of friction connection unit model under frequent earthquake action
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Fig.31 Average time-history of inter-story drift ratio under frequent earthquake action
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Fig. 32 Inter-story drift ratio of hinged model under rare earthquake action
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Fig. 33 Inter-story drift ratio of friction connection unit model under rare earthquake action
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Fig. 34 Inter-story drift ratio envelope value under rare earthquake action
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Fig. 35 Top acceleration time-history curve of x and y direction
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Fig. 36 Hysteresis curves of connection joints
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Fig. 37 Time-history of various wave energies in hinged model under rare earthquake action
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Fig. 38 Time-history of various wave energies in friction connection unit model under rare earthquake action
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