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Steel-concrete CBHCSs
studied in this paper
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H AN 19 mm, & E A 120 mm) A FHl HCS (&
150 mm) B 7R Bkt 40 %, £ HCS JF it H 4 190 mm
A 18 mm (E4E) x 1000 mm (£ HCS K JE N
450 mm il £ 100 mm [RIBED (A4 g An (& bkt o 7 35
A G e BV I i KRR M PR 2D AT e A, fE HCS
WY CIPIREELTHHES (60 mm J5) . HCS 2 7] 1 ] [t 1]
DIl BE LI TE . seAh, KM (EA2 6 mm, [AEE
200 mm) JHE 7E CIP R+ 2w, DU G iR B -T2 .
CIP V¥t 2 1 JEE )9 60 mme. JRRE 0 58 B VR4S 2
W 1R,

3.2, M B A

K4 (@ ~ (o) Ban 1 WAL B SR IO & A 0
JETHIALE . TERRAN T ) AR A AR B T AN A AR
FE 2 R . W R G235 E E i (2D001V
B, VLI RN E AR G R AR, g A
2g: BUERERY (DH5922N R, ITJ5 R H il 5 oR I
WHERAFD [F4 (D FAET © 1.

AW TR AEDAT F1 5] CBHCS MR Z1AT N N T
BHTHEL, BRI MERPAFRDATIE R D. N
PR BB 1T 42 AO6—A07—A08—A09—A10 [[&] 4
(@) ~ () Jo 74N FH R CBHCS b LR # 3 AT
BirEZEDL60s (F1, K4 (e AR,

R1 CBHCSFEASFIMINAF 111405

Q= ] ] ] u
o |AD1 AOZ A03 A04 A5
a
L8
= n [ o [ n
. |aoe AO7 AOB AD9 A10
o™
2 |an A12 A13 Al4 A5
o (m = o = u
25| 1475 1500 | 1500 | 1475 || 25
1‘ 5000 ‘ ‘1
(a)
] (] o [ (]
ADT AOZ AD3 A04 A5
” A06 AO7 A0B AD9 A10
8 (] ] B u [
A1 A12 A13 Al4 A5
u = [} [ =
28] | 1475 1500 | 1500 | 1475 |25
‘ 6000 ‘ !
b)
[ [} ] (] ]
AO1 A02 AD3 AO4 A5
u = " n =
A0S A07 A0B A09 A10
A12 Al3 Al4 A15
| | | | | | | |
2100 J 2100 L 2075 L{ 25
8400

& 4. CBHCS-1. CBHCS-5 f1 CBHCS-6 (a), CBHCS-7 (b) LA A CB-
HCS-2. CBHCS-3 filCBHCS-4 (¢) (R ~FEAL Ay mm) il &4 B AN
WEIFRS . () WEEE 2D001V); (o) HATMIREF (Ul fiu2
KPR ETEE, U2 BT A, U3 BATIEE D .

3.3. SRS
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FE AT UG 1A 1R 0 B AO8 A7 B8 I 1Ay ookt 5 1t 4% an 11 5
Fise R2H M T 8RB AT IR T (1 B A8 hn o
fEo N T BN AR IR & B R2 I, 1SO 2631-2 [24]
F T AUSR S R sk BEAR R AR, DAEEARI T (RMS)

Specimen No. Span (m)  Degree of shear connection Floor width (mm)  Steel beam type Participant No. ~ Weight (N) ~ Walking rate (Hz)
CBHCS-1 6.0 100% 2100 HN 300 x 150 x 6.5x9 1 590 1.67
CBHCS-2 8.4 100% HN 400 x 200 x 8.0 x 13 2 610 1.87
CBHCS-3 8.4 30% HN 400 x 200 x 8.0 x 13 3 590 1.69
CBHCS-4 8.4 70% HN 400 x 200 x 8.0 x 13 4 710 2.00
CBHCS-5 6.0 30% HN 300 x150x6.5x9 5 500 1.82
CBHCS-6 6.0 70% HN 300 x150x6.5x9 6 540 1.81
CBHCS-7 6.0 100% 1800 HN 300 x150x6.5x9 7 780 1.82

Steel beam type: depth (mm) X flange width (mm) * web thickness (mm) x flange thickness (mm).
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(2) AR (15 P2 RS 30 5 B2 e 9% 52 1 CBHCS 14 3))
TR, Bk, TEIRBIVRAS o BB R L 24

(3) xp 1£0.55~0.78 Z [a] 24k o HRHfE 4% $ir A 7 s 1E
(Grubbs® criterion) 5 #9247 il N CBHCS 1) x,,
ZHN0.58 [25].

3.3.2. SEEGHE ISR EY

AT 5T R B 58 4538 5> ik (EFDD) )77 72 $2 HL CB-
HCS M R G AR SR AL[26]. M S5 h 345 (1) 1l 95 N
AuE 6 FiR, HHE— R A ) R LB A il
A B deaR.

Y 4
Y a4

B6. i BRmAGREEMESIKRE. (. (b) CBHCS-1 Ff &
(6 mEEE) M —HAIER (16.07 Hz) M —HZSIRT (52.69 Hz)
(e)+ (d) CBHCS-2Ffdh (84 mIES/) M —BIAIRE (1148 Ho)
BB OMEIRE (38.66 Hz) .

R2HH TS ARMEE S RAAE ., &RE
N, 6 mEBERFERISEMIZI N 16 Hz, MEEEHEINE] 8.4 m
W, FEFEEZ)11.5 Hzo BUERA 1% B2 B flise— 5
ST

Specimen No.  Length (m)  Width (m) Tes.ter Degree .of shear L ; vy ; N Frequency (Hz) Damping ratio (%)
weight (kg) connection (mm-s™) (mm-s) Ist 2nd Ist 2nd
CBHCS-1 6 2.1 59 100% 65.1 254 0.78 16.07 52.69 0.71 0.90
CBHCS-2 8.4 2.1 61 100% 127.4 71.9 0.56 11.48 38.66 0.87 0.60
CBHCS-3 8.4 2.1 59 30% 84.4 53.7 0.64 11.31 37.55 1.23 0.50
CBHCS-4 8.4 2.1 71 60% 117.7 67.5 0.57 11.70 32.55 1.27 0.90
CBHCS-5 6 2.1 50 30% 138.4 77.2 0.56 15.92 49.91 1.24 0.80
CBHCS-6 6 2.1 54 60% 142.9 78.3 0.55 15.79 48.89 0.93 1.40
CBHCS-7 6 1.8 78 100% 230.2 132.6 0.58 16.67 50.92 1.03 2.20

ayryy: the maximum transient vibration value; a

apeak) .

peak*

- the peak acceleration; y,,: the coefficient used to describe the relationship between aypyyand a ., (i-e., ayryy/
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FE model
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Specimen  Mode FE model (Hz) Modal test (Hz) Error (%) MAC

CBHCS-1 1 16.434 15.917 3.15 0.98
2 49.213 48.888 0.66 0.95

CBHCS-2 1 10.939 11.484 4.75 0.99
2 36.086 38.660 6.66 0.96
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() 1. B9 (d Bir, Hh <400 mmif, WG HEE .
MTVV I ARMS %2 3 & 2 520, 110 24 Ay, >400 mm i,
TR A BB AT B I, T e {RDRE 2 2 N

4.3.3. AR T,

ASCWEGT T T 068 [ A A0 RO 3k J52 Mg )7 F) 2 L,
RSPR. BIPIRMELS K IEA R )L 5A 2 25, B
N TR HERR NI BE RIS B B2 A B2 [ 9 (o) 1. T AN
Wi 25 42 (A O PS8 B 6, ERORE P T N R P AT AN 5
We b AR [ G AR o BEAE AP AT i 0 Rk DS, DA
MTVV fIARMS Jik/NME9 (D 1.

434 NMAHEE

ARCHFFE T AR E & (505N, 610 N. 681 N, 81N
2 F1900 N 0[] A5 451 2 A1 ook F55 g 2 (1) 520, i 5 B
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RS AMRTAHHE

FE model No. h, (mm) Steel beam type Contact time T, (s) Human weight G (kN)
CBHCS-205-400-0.72-610 205 HN 400 x 200 x 8 x 13 0.72 610
CBHCS-150-400-0.72-610 150 HN 400 x 200 x 8 x 13 0.72 610
CBHCS-160-400-0.72-610 160

CBHCS-170-400-0.72-610 170

CBHCS-180-400-0.72-610 180

CBHCS-190-400-0.72-610 190

CBHCS-195-400-0.72-610 195

CBHCS-200-400-0.72-610 200

CBHCS-205-250-0.72-610 205 HN 250 x 200 x 6 x 9 0.72 610
CBHCS-205-300-0.72-610 HN 300 x 150 x 6.5 %9

CBHCS-205-450-0.72-610 HN 450 x 200 x 9 x 14

CBHCS-205-400-0.63-610 205 HN 400 x 200 x 8 x 13 0.63 610
CBHCS-205-400-0.65-610 0.65
CBHCS-205-400-0.69-610 0.69
CBHCS-205-400-0.76-610 0.76
CBHCS-205-400-0.83-610 0.83

CBHCS-205-400-0.72-505 205 HN 400 x 200 x 8 x 13 0.72 505
CBHCS-205-400-0.72-681 681
CBHCS-205-400-0.72-812 812
CBHCS-205-400-0.72-900 900
RS R R B, Bl AR Rl

AT DA MR A % . B9 (h) o, B A $(L)=0, M(L)=EI$"(L)=0 (15)

RE RGN, WEEEE . MTVV fl ARMS [ 547
o 27 B g B

5. CBHCS #ixzmiE A 141 (&

5.1. g%
HRZ BT IR SR WE 10 () Fion, BEESHEZ
TN EI (E 23, 172 R i i AR B 1 )
HAE AT 2 1) 5T B, ABOE PR YIS T LT 2 HE E 1Y
ME N2 77 Fx, BT B AR B4R 4, 72 A2 & PP ) £
M . w(x, £)o
tFEBRS, Fi, =0, AXEN:
£l 0*v(x, 1) . O*v(x, 1)

ox* e 0 (13)
W v(x, £)= g(x)Y (£) W]
¢iv(x) m Y(t) (14)

b0 T ELY()
Ko, iviE LR R B IUSE Y ()T S AL
BB g)For 5 R B S LRSI L

¢1V(x) m Y(t) 4 @ \ a N
ﬁ[l% ¢(X) E%—a = El ’ }FHETUJDL/L—F

X, MO) 5 ML) FRx=0HMx=LIHZH,
2,
P(x)=Qsin ax (16)
X, ORRE
B, $(L)=0, 02,
a=nn/L(n=0,1,2,...) (17)
PRI, AR AT AR E

| EI
4
ST mlt _nw'm /’7_1ELI4 (18)

! 21r
X, o, 2R,
A R, w7 LSRR EIR S (n= 1.
F 6 HoR T HISE TR B L. mRFTR,

HXHRZEEHE N T 7%,
BNy R AT BLREZ 1) o

ik, FHAR (18) HHEANR

5.2. IiEsE
FEWME (SDOF) R4iMiashaar LAtk AL T
R
mi(t)+ ev(t) + kv(t) = F(f) (19)
W, R mRIRS AR cRBTEE REG k2
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o WP B F(). fEXMIEMR T, MaEsha
A5y
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F(X, r) N
t -
1 @
%W i T m
|
7777777 -, > X
x dx Bl cT k
— L
N NN
(a) (b)
B10. FEHH TR, (0 EZAERAMEHLR: (o) BT RS
RO EESIURIINIH (¥ bL A
) Floor Modal Eq.(18) a6y OY Error be- Ayrvy  Durvver Error between
Specimen  Span . Error Testa P @ eaiaey L —
width  G(N) testf, results " Eq.26) ? tween @, (mm- by Eq.(27) yryyar, and
No. (m) (%)  (mm-s™) o G 5 5 A
(m) (Hz) f,(Hz) (mm-s™) and Ay ) (mm-s™) Ayyryy
CBHCS-1 6.0 2.1 590 16.07 16.33 1.62  65.10 95.00 146% 46% 50.80 54.60 107% 7%
CBHCS-2 8.4 2.1 610 11.48 10.97 -4.44 127.40 101.27 9%  -21% 71.90 58.20 81% -19%
CBHCS-3 8.4 2.1 590 11.31  10.97 -3.01 84.40 103.96 123% 23% 53.70  59.75 111% 11%
CBHCS-4 8.4 2.1 710 11.70  10.97 -6.24 117.70 109.14 93% 7% 67.50 62.72 93% =7%
CBHCS-5 6.0 2.1 500 1592 16.33 2.58  69.20 84.85 123% 23% 38.60 48.76 126% 26%
CBHCS-6 6.0 2.1 540 15.79  16.33 342 7145 95.90 134% 34% 39.15 55.12 141% 41%
CBHCS-7 6.0 1.8 780 16.67 16.71 0.24 115.10 95.24 83% —-17% 66.30 54.73 83% -17%
1 F ’ =pm D ‘j] R 2 =0. ALl ° E 7% ,
v([):Ae’/’)‘“’ SIH(wdt+(p,)+ﬂ' ?OCOS((Dt—w) (22) itqj m me$ Lﬁ*%ﬁp OS%KIEﬂi %EZIS H'j'bqj
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2
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w,= /1—,32: ¢'=tan™! (O)iﬂ( )(()): o =tan™" ﬂwz; e ZNT50% (R6). M RHARITIETHHEEANFEARN N
O+ foov I-¢ BRI, SR SEBREGEAT I, AT DA B3 R 4
SUUN 1 N N, — 4= S 4 Ly —= — N
PN T » ESRRHE N = % EIE,  BECHAL H SEBR AT D BEAT AR IR B A PP AL 2 AN EIL

J0-2) '+ (260)’

FEAR (22) , BT Ade sin(w t+¢") FoRbEA

i 7, %M S 7E BEL B A F R IR 2k 9 BL AT D2 A
T 72 A R S

W)= - %cos(wt—(p) (23)
DS AR o 3 B VT R o
Uy =1 % (24)
X, F,=aG; wza):\/%: ﬂzio 4R AISC ¥ it48
F 11 [30], @AM EEGHT00N.
Aot HINT
0=0.83e " (25)
apeakﬂu?%/%?'ﬂ:
peak:w (26)
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Anrvy = Xip A peak (27)

THELH T2 R By, 9 0.58, T Zhou 2 [31]4R3E 11
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L, RAEARRAIHT T T AR DX IR 575 b Ay A4S
LR 4518

(D WEAE AT 15 N & 2 LIS 2 1.10~1.35.
ARSCHE T 0 = 2 B B0 B OB AT R, BEAR (9D,
WS (DLF ARG 5 T, 2 B R BT -
ay=—-02775T, +0.9799, @, = 0.9246T, — 0.4192, a, = —0.4616T, +
0.6987, ¢,=¢,=—n/2. CBHCS HHR b AT E RSN [1-F35
F,./G791.2267, T,40.6236s.
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5|

R E 2K SRR F R4 (51890902 51708058 FE AL 11
“H.

Compliance with ethics guidelines

Jiepeng Liu, Shu Huang, Jiang Li, and Y. Frank Chen

declare that they have no conflict of interest or financial

107

conflicts to disclose.

References

[1] Girhammar UA, Pajari M. Tests and analysis on shear strength of composite
slabs of hollow core units and concrete topping. Constr Build Mater 2008;22(8):
1708-22.

[2] Torahim IS, Elliott KS, Abdullah R, Kueh ABH, Sarbini NN. Experimental
study on the shear behaviour of precast concrete hollow core slabs with
concrete topping. Eng Struct 2016;125:80-90.

[3] Baran E. Effects of cast-in-place concrete topping on flexural response of
precast concrete hollow-core slabs. Eng Struct 2015;98:109-17.

[4] Kankeri P, Prakash SS. Experimental evaluation of bonded overlay and NSM
GFRP bar strengthening on flexural behavior of precast prestressed hollow core
slabs. Eng Struct 2016;120:49-57.

[5] Lam D, Elliott KS, Nethercot DA. Steel-concrete composite construction with
precast concrete hollow core floor. In: Proceedings of The Second International
Conference on Advances in Steel Structures; 1999 Dec 15-17; Hong Kong,
China. Amsterdam: Elsevier; 1999. p. 459-66.

[6] Lam D, Elliott KS, Nethercot DA. Experiments on composite steel beams with
precast concrete hollow core floor slabs. Proc Inst Civ Eng, Struct Build 2000;
140(2):127-38.

[7] Lam D, Elliott KS, Nethercot DA. Parametric study on composite steel beams
with precast concrete hollow core floor slabs. J Construct Steel Res 2000;54(2):
283-304.

[8] Lam D, Nip TF. Effects of transverse reinforcement on composite beam with
precast hollow core slabs. In: Proceedings of the Third International
Conference on Advances in Steel Structures; 2002 Dec 9-11; Hong Kong,
China. Amsterdam: Elsevier; 2002. p. 503—-10.

[9] Lam D. Capacities of headed stud shear connectors in composite steel beams
with precast hollowcore slabs. J Construct Steel Res 2007;63(9):1160-74.

[10] Aguado JV, Espinos A, Hospitaler A, Ortega J, Romero ML. Influence of
reinforcement arrangement in flexural fire behavior of hollow core slabs. Fire
Saf J2012;53:72-84.

[11] Aguado JV, Albero V, Espinos A, Hospitaler A, Romero ML. A 3D finite
element model for predicting the fire behavior of hollow-core slabs. Eng Struct
2016;108:12-27.

[12] Jendzelovsky N, Zabakova Vrablova K. Comparison of natural frequencies of
hollow core slabs. Appl Mech Mater 2015;769:225-8.

[13] Marcos LK, Carrazedo R. Parametric study on the vibration sensitivity of
hollow-core slabs floors. In: Proceedings of the 9th International Conference on
Structural Dynamics, EURODYN 2014; 2014 Jun 30-Jul 2; Porto, Portugal.
p.1095-102.

[14] Liu F, Battini JM, Pacoste C, Granberg A. Experimental and numerical dynamic
analyses of hollow core concrete floors. Structures 2017;12:286-97.

[15] Harper FC. The mechanics of walking. Res Appl Ind 1962;15(1):23-8.

[16] Blanchard J, Davies BL, Smith JW. Design criteria and analysis for dynamic
loading of footbridges. In: Proceeding of a Symposium on Dynamic Behaviour
of Bridges at the Transport and Road Research Laboratory; 1977 May 19;
Crowthorne, England. Washington, DC: TRID; 1977. p. 90-106.

[17] Allen DE, Murray TM. Design criterion for vibrations due to walking. Eng J
1993;30(4):117-29.

[18] ivanovié SZ, Pavié A, Reynolds P. Probability-based prediction of multi-mode
vibration response to walking excitation. Eng Struct 2007;29(6):942—-54.

[19] Chen J, Peng Y, Wang L. Experimental investigation and mathematical
modeling of single footfall load using motion capture technology. China Civil
Eng J 2014;47(3):79-87. Chinese.

[20] Chen J, Ding G, ivanovi¢ SZ. Stochastic single footfall trace model for
pedestrian walking load. Int J Struct Stab Dyn 2019;19(03):1950029.

[21] Ebrahimpour A, Hamam A, Sack RL, Patten WN. Measuring and modeling
dynamic loads imposed by moving crowds. J Struct Eng 1996;122(12):1468-74.

[22] EN 1994-1-1. Euro Code 4. Design of composite steel and concrete structures-
Part 1-1: General rules and rules for buildings. European standard. Brussels:
European Committee for Standardization; 2004.

[23] DHDAS software [Internet]. Jingjiang: Donghua Testing Technology; ¢2021
[cited 2020 Sep 29]. Available from: http://www.dhtest.com/dhdasrj.

[24] ISO 2631-2. Mechanical vibration and shock-Evaluation of human exposure to
whole-body vibration—part 2: vibration in buildings (1 Hz to 80 Hz). ISO
standard. Geneva: International Organization for Standardization; 2003.



108

[25] Grubbs FE. Procedures for detecting outlying observations in samples.
Technometrics 1969;11(1):1-21.

[26] Altunisik AC, Bayraktar A, Sevim B, Ozdemir H. Experimental and analytical
system identification of Eynel arch type steel highway bridge. J Construct Steel
Res 2011;67(12):1912-21.

[27] Abaqus, Inc. Abaqus analysis user’s manual version 6.14. Boston: Dassault
Systemes Simulia Corp., USA; 2014.

[28] Bai J, Chen H, Zhao J, Liu M, Jin S. Seismic design and subassemblage tests of
buckling-restrained braced RC frames with shear connector gusset connections.

Eng Struct 2021;234:112018.

[29] LiJ, Zhang R, Liu J, Cao L, Chen YF. Determination of the natural frequencies
of a prestressed cable RC truss floor system. Measurement 2018;122:582-90.

[30] Murray T, Allen D, Ungar E, Davis DB. Floor vibrations due to human
activities: design guide 11. 2nd ed. Chicago: American Institute of Steel
Construction; 2016.

[31] Zhou X, Cao L, Chen YF, Liu J, Li J. Experimental and analytical studies on

the vibration serviceability of pre-stressed cable RC truss floor systems. J
Sound Vibrat 2016;361:130-47.



