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Abstract: This paper investigates the failure modes and load-bearing characteristics of Ultra-High Per-
formance Concrete (UHPC) reinforced short lap-spliced RC components. The reinforcement mecha-
nism of UHPC was firstly demonstrated, and a design space was established, incorporating key pa-
rameters such as live-to-dead load ratio, lap-spliced coefficient m, UHPC strength, concrete
strength, rebar type, and the bending moment effect ratio and axial force effect ratio considering hori-
zontal seismic action. A performance function for analyzing the load-carrying reliability of RC compo-
nents was established. The Monte Carlo method was applied to calculate reliability indices for critical

parameter combinations within the design space, followed by a sensitivity analysis of key parameters
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and fitting of calculation results into zones. The results showed that among the key parameters in the
design space, the lap-spliced coefficient, effect ratio, reinforcement ratio, rebar type and UHPC
strength significantly influenced the reliability index. UHPC demonstrated excellent load-enhancing ca-
pabilities and the ability to alter failure modes. Reliability indices of beam and column yield increased
by 109.6% and 12.9%, respectively, with lap-spliced coefficients at yield of 0.58 and 0.57 respective-
ly. For flexural RC beams (compression bending columns), when m>>0.67(0.65), the failure mode
was steel reinforcement yielding, and UHPC reinforcement was recommended. When 0.50(0.49) <<
m<<0.67(0.65), the failure mode was either reinforcement yielding or bond failure, so UHPC rein-
forcement should be carefully employed. When m<<0.50(0.49), bond failure was likely, thus UHPC
reinforcement was not recommended.

Keywords: short lap-splice; UHPC reinforcement; reliability; Monte Carlo method; load-carrying capacity

0 5

I

TR B T A A v A 07 1) o A LI
PR A Oy =0 b #5  Jr sC D HO A L Y i
TF AR S5 HF R, 7E 4K 77 1R %€ 1+ (Reinforced Con-
crete, RC) &5 14 14 it T vp i 1 e 22 o SR T 7E 55 P
RAETT B0 77 75 5K R By 067 B B Al 45 He A 2
(R 8 432 ) BT 5 422 IX 0 e A IR 1 28 5 | S 45 4 3]
B, W] BEIE U™ E AN AU TSR SRR o T X X
A P AT D S R I [ A BRI 2R A
iR 5 P M B A RO it

A = PE B IR Bt £ (Ultra-High Performance Con-
crete, UHPC) B A i i 5 i W) 5 i A1 55 00
S By PERE , 7E RC A4 14 i [ o 45 20 H . ML
A. Dagenais 55" Ff UHPC %5 4 $5 432 8 #i J&] BBl 1) 35
i IR B T, I B AT R BB ) RC AP IH B T
P& R BE - BF AR R L. i Ah , MLA. Da-
genais 438 R PEA UHPC fin [ B fé 15 2823k 1 A
RPE 64T 7 184 A RF kg il o 45 Rk .
i T UHPC B A7 #5505 2 F T 243 7, H
55 75 1] B R 45 7 ) 3 TR e IS DL B o8
ST T X O R, G, Metelli™ %
UHPC X 8 4~ AS [a] 4 ffy 142 4 B sl 30 43 9 1) 409 3
e RS e 0 R RO AT Tl . i 45 R R ]
UHPC 890 H: AT L3S 9 3 55 #5425 42 K i PR RE L 755 461
25 it R0 B L RLEE () JF O AT R (Y BE ) R AR = A
FERE R Ao B, el D K B . UHPC I 78 T 4
Th Rl 25 1 Re 45 T 2L 8% T e hn I JS R A 00 1 BE B
T AZ WA # CUHPC 9 B2 35 58 TR BE 1 0 B A 4
1B A5 DR 2R 52 R A, 3 2 0 TE far 4800 L (B2 (B

606

JE KT M AR VR B 2 AR RN e AR O 2 He (B )
SR, RC ) 1] 5 38 b B 2 06 1 07 48 80
B A 388 KT /0 I L DR ok BN 2 b KO
b 75 A P B0 25 2500 HE 0 B 7 280 HE R /N A
ORI R TN KN (RGN Da R S (ORI T =R TS 2
M 45 K

% R TR B B RO A, DR A A5 R (R R i
Je 58 )T AE T RE A T SR B A U, R
SFET JC TR AT AR AR, DA A8 i P 9 [
Jei B IR A 75 A o ALk R FH — Wk B A TR T RS
AT A R SRS AR PO AR R R A T T
P, I 5 AR S JR AR AN TR ) AR A 0 AN W S
AR Sk 4 5L T B bR T R A R R
() B >R JFH o) 17 TR 925 43 B 4% BE AL A2 6 T HE B Y 52
M R A i 2SR W T 9 X R A it Jin 15
J; A3 A CFRP AR i [ (6 25 ¥4 328 47 i 722 ] 52
F& AR T, T A 9 ) 4 4 7% 4. B. Yuan
SR BT 2R H T R 45 B &, 2R H Monte Carlo
T R R T R AT SR AR SO e
I UHPC it [ LR, T2 45 R0 20 A 22 508 16 45 &
B A I A7, s ST TR T R RN S R R
UHPC 5% B TR &E 58 B V3 5 28 8K OF R
M B 5 R 2Ny L A Bl g 2 Ll A OGS S B iR
TH 25 0] 5 8 57 43 B RC #8448 7K 2k 77 7T 58 B2 19 D) 6E R
B, is AR OB AL R LS TE T R A A5 H R SR
4735 A9 Monte Carlo 35 X} 15 11 28 8] W 1) & 5 2
B AT O] SEAR AR VT B 5 5 T O B S BURUS A S BT
TS5 AU G 40 X, 45 1 UHPC & g1, 5 3¢
R 0 A5 R WA B, T ok SRR R R [ TR 4
%,



1 UHPC jin & 4t 43

1.1 UHPC jnE#

T A A T R R T A A 5 A LR OB Y
J1A% 388 LA K35 HEAW 5 AR AR T 5 E R B
SN ST/ 15 HE 105 5 YR O o T T T B 5
77 1) B T2 B fe TR A5 5 A A 2 ) AR 5 ) A3
AE IR AREE &9k . UHPC MM R Rl 45 55 M BE R
S, AT LAAT AKCH i 5 0 A BB 2 R R 45 T 5 4 DX O
SLUETT e LA 2 skt S TR E 1 RIS 1A RE 4 Fr
(R 7R BRI THFEE AT, e A BRI SEE T o A9 A B
FEWT I IR , AR FIFERE RE I A5 245 R T+

1.2 UHPCHEMER

2 UHPC i [ 25058 10 32 22 R 2 A0 48 < i 8 =
FE 0 R K B AR TS R A % L UHPC M
PE K TR SE . AR BE A B A AR R B D
il % | TRC A5 2 B v B (AR ) A B4
Yo wieh . Rt i [E R EE CUHPC M P 4 3 5 it
5 A e UHPC I E RO ) 2R R . 726 &
JELJE D5 T, SR T R R R B A v AR A 5 UHPC 481
Al 45 M BE L PRI UHPC i [ 28 H B 2480, 38 & 4t
BRG] TR B R /NP RIEE (K 1 ) R
1.5d,i5 %) 2d VL iz E i gmla Fie ™ JF i,
A4 A 5 0 CIE 1 ) R B 1d IR D A
UHPC #4447 1, K e L B A4t &
LB 2358 UHPC BRE 45 PR RE 7K B L I R 510 /)
RS R 2 8 D #1025 3 UHPC 1 58 B G,
B 5 AR AT A 15 B B0, Rl 445 1 P e B 2 38 KL AR
FRE M EE R T T, R # UHPC 68 5 Y
PEFE Ay R 2 75 % 5 3 TR+ R AT B AR

2 DIgE R M E

2.1 FEEWA N

SCHR [ 143 F 625 800 Z2 4~ H 45 1 1 56 KU 48
S M0 B A9 A K 3 TR OB v B SR AR 45
(D) PR 2R BA B AR

54(](,““)(),25 i 0.53<25)O,2
25 d d

f;: 1 )Klr

0.25 0.1
Crin Crmax
N - + km Klr
{( d ) ((‘m;n)

 omngAy

1
ldnh ( )

9 Y

o
UHPC 5

- -

oy RCH:
1 UHPC Jin [ s #5 #: RC A 7R 3
Fig.1 Schematic diagram of RC components reinforced with
UHPC short lap-spliced

Ao, L IR EE LR B s d R FEHE W 1) AR
Coin T € 3 1) A0 B0 5503 045 ) B — 2 LA K P A T [ 9
J2 V5B e A AN RN AR KA 5 e, A A T 240 RN R
B s my Ry i 057 RN s R HE K B N A A AL R
il 555 A8 T TELT Ry, Sy 0 A9 0 8 B

H Al B = 5k T O 5 B R R 9 H 4 B AE
UHPC H A4 5 B2 B8 (H 38 38 36 5008 2 TR
DRl B 0 R IR R A R A B Y
fiff bR T R B T B — UHPC £ HK
ghom BRI, X (2) s o

(0.83+ 2 /o +11.65V,) /i o
= 2
(0.36 +2.02d/1) (0.864 0.57¢/d) '

K, o WECLHE K 5 o/ d AR 2R ; VIR EF
YR FB A £, 8 UHPC $T R 58 .

G. Metelli %" 3% 94 i 1V 1 5 K 25 98 1 56 &R
(RIS R E S . KPR R 5 E
P18 A LR At 4 R ) o e TR 4
AR (3 9 0 AR T 0 P e 1 78 R L DA B Al
EXFRAME 32 F1IE A 5 R 2 R s

A, f.=nrdl (3)
A LA A R T 5 A A 4 B B A AR I TR R kG

607




ORI
H A H] TR &5 5 B AR RL 4005 20 BT 109 5090 T A
FR 2 R R Al g A s L R 7 Rz )
Bl i) B 3 PR o AR T A S B R v A A 3k [)
B 7R A2 40 A BT I3 A R, 20 (3) A AT M A
2 (4) ¥ T0 ¥ B e 8 e M A 1) LS 32 R L L TR
A5 B 05 $5 2 50 A5 107 0 25 SR e O IR . B L AR 4R
Hh — i 25 R A R B o X 4 E R B T A I
AT IR IR R A B B R A AR
A 1 U E
o= af,d/f; (4)
#E: a5:(2a+21)/(2a+l)
2 a,=2a/(2a—1)

T, £, o FEAS G 1T 15 5 o DA AW AR A IE 28 5805 £ TR
B Al O BT 5 5 BE T 5 @ AR B2 v Dy SRR E
7 i R i S R R AR AL O R O R
T 4 12 v B, AN AT 2 R 3 s

AR SR 2 A 725 0 A 28 OGR4 i A TR
T 8530 ) BEAT A IE, A (6) BT o

fl=a.f. (6)

A, B IE R T

(5)

\F
a——
+ +
:a
\Affm\ M
M,

‘max

2 RO ZEH5 12 40 s 26 1k 25 4 o0 A

Fig.2 Linear bending moment distribution of lap-spliced re-

bars in RC beam

M,

‘max

B3 RO AR A ek 25 4 00 A7

Fig.3 Linear bending moment distribution of lap-spliced re-

bars in RC column

22 STRCEINEEFE
8 ¥ 2 A RC R SRR Xk A9 757 A 465 2 250t

608

W, 5 s ) A S O B X TE T2
J1 i AN RE Ik B R B L AR SCHE T A AR R #H
e HEAT UHPC X H 3% 58 0 K 280 AT 52 B2 o i .
B ESE HEN A I R U R R AR
M=/[/A(hy—2/2) (7)
a) fbx=[f/A, (8)
K, o NI 32 5 X B 5 AR 52 5089 A 1
s £ TR BE O B SR 5 o N A RUE B 52 e IX
1) IOE 3 48 5 28 505 T Ry ABUTRT AT 40055 T2 5 & Ay 48T 5 B
R 5 50 405 40 P Mk 1 T g — bR vE D) AT
i 200 20 A, FE e7 48 03 T AR BB O 1.3, 355 fir 2
O3 R BOBAE N 1.5, 5t R & B E R A,
M,=1.3M, + 1.5M, (9)
o, MBS R 3 T B THE s M Ry 1H 37 A 1 2
s Mo s 8 A S
T, A RCBEIRE ) A DI RE R BN
Z=R—S=/f'A(h,—2/2)— M;— M, (10)
1PN TR ERCIE % S QA AN LW - N CIE S
] 26 5, X (1) s o T, RC 210 Al SE 45 A5
A5 355 AT 280800 AT G T 55 T AT 280 %000 19 4t
XETC K .
o =My/Mq.,0.=A/(bhy) (11)
T, o Sy I T A 2R B, AR i Rt SR 45 4 7T S
B g — bn ), HUE R 0.2~1.5; o BUAH K
0.5%~2.0%,

23 EEZRCHINBEERH

FE R AR F RSN B IR B 2 25 2 ) g — 0 %)
i3 2 J IR, B S A 30 Al i g — 00 Y TR B - Bl R A
FE /M FE AR 35 B0 A PR R 25 Bsf 328 2 ity 1) g — o)
B AW 7577 o 7 7 A /0N FE I B ) g — ) Y YR B R
T8 o F LG R ORI A A R A A A R RS B
NGRS, A SCHEETF KA I RC AR, #E4T UHPC X Hidg
98 1) A 2 ) AT A AT o
R (TR = 25 A8 B TR )™, 3 0 TF 5 14
FR S, Kl e RC AL e AR Z B9 MO NTHEANE
M= [,A(h,—a,)+ a, fbx (W2 —2/2) (12)
N=q, f.bx (13)
R (LSBT BT R ) ™ K P MR R T
KA RCAE S 5 b g 241 3 (8 i 2= 58 5K 4
A3 (14) .(15),
Md:77<ngg+quq),Mg:algk,Mq:blqk (14)
N,=7,N,+ y,N,N,= a,g,N,= b,q, (15)



Ao, MR EE ) 207 AR 0 A 5 M, R KT b R AR
JHP= A 025 46, N, oy 31 77 i 2807 AR 09l 0, N, Dok
S M 7 A 7 A B B T 5, Ry, A A A IR K B
(B30 A 1.2 700 1.3 5 Ry A i 25 3 R R B85 ¢ il g
5390 k2 5 4 A 0 K OF R VR RN EE ) far 2 b o
{8 5@, by a, B0 b, 43 530 Ry X5 07 1 7o 23500 2R 4

T KR VR R KA R RCHEDIRE R ECH »
Z=R—S
R:ﬁ/A\(h()_ds)+(Ng+lV[l)<}Zl_j\zfga+f]\blq) (16)

S=M,+M,
FECE PR BT R b, R 2 g
BRBORE B AE T, X (17) R,
S(|<Rd/}/RE (17)
Ao, RO AR 881 A 5 S, M Ty it
{H 5 e N AR ZE T B VR R B IUE R 0.8,
20 (17) PEAT R 3R T R, S A R E R
B

1 h :N X
Md_y[}/RENd(Z T : < )+deAs( ho — Cls):l
RE

Zalfcdb

(18)

U S = AR LT 25 R R0 L A g &%

IO L Bt AL i 4O BRI 475 23 25 B AN [] 38 407) 22 1) £14 22

S, LA (19) o =4 P A o 28 200N L (R AR 25 0 D) 4%
fiir BAE FH B i L BE AR [, 205 )5 D BEATS R 7€ (H .

pu=M,/M ,py=N/N,

£ (19)
o.=A/bhy),e,=a/a,

K, o B EHGEAE R 3 H RN HE 5 o0 N %

JE ML RE AR T B fil 7 8500 FE 5 0, R BN T A R L
KW o BUE K 0.5~5.0; 0 BUE  —0.3~0.3,
AR o=, [F1 052 7K ) 1] 5 P8 A o B T 2% R Y
I o A R 0.5%~2.0% .

3 RIT=EE

i TR 98 UHPC N [ %8 45 422 RC A9 17 14 7k 28 )
FIEE R 4R T2 2 0 T I, T A N TR
BE LR R RS B R [ UHPC 38 5 AN [R] 78
S P AN TR 32 A A L BE R R RC IR,
& 1T 51 B 0 A 8 31 L ) TR 6 5 S 2 \UHPC
S8R B A T R A AR 0 b A A R G B S B S IR
2SIl 7E 4.3 71 B X G S BUR T I, o,
Tie A %0 0.7% . 1.1% F11.3% (X T RC 22, % )i it

B AR5 94 18,2325 mm Y 3 M R 40 9 A 5 % T
RC AT, XF I e & 4% 43 1) 4 20,25 .28 mm [ 3 AR 12
SUB S ) = FAFIE o 1 T RS X AT R R e AR
ANFE AR SO AR R RS 9 3 T E RSl 450
mm X 450 mm [ 8 i #5 4 RC H R 1m R ~F o8
250 mm X 500 mm 84 /7 $5 #2 RC 25488 58 i i i
Ja AR AR R L R R BN RS R S
P A IR L IR RS R L.
F1 EBSEWIE

Table 1 Values of key parameters

KB B fi KRS H e
TR EE 58 C25;C30;C35;C40; o
i 25 A5 R Bm 0.2~1.0
UHPC 3 100 MPa;120 MPa;| 2% 52 11 T 0.5-5.0
i 4540 140 MPa BB oy
ICEER k=4 0.2-15 X EMEEMT 0550
BB E o R (OEDAL TR
. _ e HRB335;
BRI o, 0.5%~2.0% B T 5 HRBAOO

4 TERERTEST®R

4.1 B SHEITHEHE

ARSI S B 2 5O e R AR A EUE B T
EALE
F2 @I SHNGEIHHERE

Table 2 Statistical characteristics and values of design pa-

rameters

B L% T SRl ERE BRER U

M, IE A 1.080 0.100

M, WAE T8 534 1.060 0.300 (5]

N, ES A 1.080 0.100

N, WAE 1A 04 1.060 0.300
£(C25) EAS 1.214 0.069
£(C30) E& A 1.391 0.106
£(C35) IE& A 1.245 0.046 [25]
£(C40) IEA 5T 1.180 0.055
(C45) E& A 1.142 0.034
o (HRB335)  IEZ&N 1.135 0.057 [26]
o(HRB400)  IEAJA 1.120 0.060

d EZAS 4T 1.000 0.020

ho IER A 1.000 0.020 (27]

¢ IE5 T 1.000 0.020

b L5 i 1.000 0.020

M, E& A 1.060 0.070 (28]

M, WA TSy 0.859 0.233




42 WERESWHE

& F Monte Carlo ¥ 11 8 UHPC #4 558 45 44 32
RC A 7 3 ) W] S A o ORI 28 ] Q58 S 808
WS BN, B H MATLAB #8444k 35 Monte
Carlo ¥ B Ji 2 g il F2 7, X 5 41 O 8 S 8047 n IR
B, A5 BT 28 8] OG5k 2 B0 By R RGO, 5E it
P A 2R B R IO 1 58 2R B8R R RN AT SEF8 5 3

HRIUE Monte Carlo ¥ B 3HRRT B, i SCiHk[ 29
AL B SR ALK B 2= 100/ p;, Horp poh R RAHE R
ZR 5 R L YR B n i 10X 107, i B UL vk B0 08 6
JEAR FE SR

43 HR5ITiE

HT Monte Carlo BI85 5, A5 X B3t 23 [H] ¢
S BT 1 RC A R 3E 17 ] 52 98 A5 09 SO 53
Bro 5T MR, 28 BCEL A AR R M 0 OG5 S 4 R T
Wit
431 FEAHFZTERCERB N TEIRFY

A
Pl 4 R 44 B0 Ry : C35—0.8—1.1% RIR
TR B 4 5 18 55 % — R H (X F RC 22, o 196 48 o7 4%
BN L 5 % T RCHE, 225 8K OF b 2 A FH R (9 250 40
A g 20N ) — TR %65 C35—U120—0.8—1.1%
RN IR BE 9 E S 9 — UHPC 38 J %5 90 — 3

6.0 6.0

o — A %, A R B . 59 A, i A e AR S O6F
[ J5 16 48 B R BRI MR SO AR BE 4, O Bk 2
5l i a2 S AT SEFE AR T AR . X T RC R
P, T A7 e 2 5 e R 28 ) I GBI R IS A R OR 3
e R 4(a) R, 1% M1.3%
14 T A 2R A 0.7 %0 19 C A 2R, o 1 11 7T 5 4 AR
Sy 54 =5 15.8% F126.6 %6, fin [ J BT &E 48 bk 43 B $2
5 17.8% M1 24.9% o AN [) B 5 1) 5 i 32 $ir 1 BE 2=
SRR, BB 4(h) AT AR R G SR T i [ A e
HRB400 %! b HRB335 A iy 7l 4 48 45 2 % &
201.5% F1 51.7 % o 1 1H faf 4800 Ho 2 I i 405
LR e B R N Al = A QO [ O NIRR = 5 A
B 52 i 2t FR L 4 (o) w0 JiE R 5 Ak B T SR 4R
o i 25 305 o7 28550 0 EE B R A AR n [ i S A4 AR
AR B AR, 0.8 F1 0.4 1) 37 18 far 28800 HEAH S T 1.2
) 3% T A 2 RN B, a3 S 4 e 8.1 00 R 18.9%0 . &1 4
(d) 7R, VR E 1 5 B =y v] S 4 Al IS , 32 22 R A
by TR E 5 S )RG5 5 DT S A AT I R
BRI YR n IR B,
e S 4 e < A, 3 A 4 e R IO AR R R
F14) A 3 5 4 A R R e R o e R [ B L o
J AR A8 R AT AR BR BEAR A I B0, o H T D 5
F2 A B X AT S FE AR 00 52 ) Ll TR BE U . X
T UHPC, H b k4 68 5% ) 5 K 45 R fe i K
2 K 4(e)FE W] ,100,120,140 MPa fy UHPC il [#

——(1.00,3.8) ——(0.64,3.8) ——C35-0

o 8.38,3.83 JE IR A5 ——(0.59,3.9) Igié%

—t— K 4. X . L -
45 —~ _57’4 0 4.5 ——(C35-U

3-1.1%(HRB335) o (1.00,4.4) ——(0.59,45)
8-1.1% —o—(1.00,4.0) ERR R ——(0.59,3.9)
120-0.8-1.1%(HRB335) 45 b= (10037) ——(0593.7)
120-0.8-1.1% : e

6.0

< 3.0

{/‘f G A SR
’ °l ——C35-0.4-1.1%,
(1.00,2.9) ——C35-0.8-1.1%

(1004, 15} —

Ji g 5 (0.63,2.9)

-1.2-1.1%)
——C35-U120-0.4-1.1%|
——C35-U120-0.8-1.1%

(1.00,4.0)

-0.8-1.

150 -0.8-1. st
——(C35-U120-0.8-0.7%) 1.3
~—C35-U120-0.8-1.1% y

0,8-1 :
2 04 O

00 25! <—C35-U120-0,8-13% 00 T ——-(0.59.3.9) 00 B 35.0120-12-1.1%
02 04 06 08 10 12 "0 08 10 12 "2 04 06 08 10 12
m m m
(a) BLHZ (b) ML S (c) TEVERT BB L

6.0 6.0
—(1.004.1) ——(0.51,42) —D—E(l).gg,j.g;
R —-(1.00.4.0) ——(0.59,3.9) R —o—(0.67,4.
a5k —(1.00,3.9) ——(0.66,3.9) 45k s —-=(0.59,3.9)
- - —~—(0533.9)

0.6 0.8 .0 12
m

(d) MREE LB

< 3.0 §/

| ——(35-0.8-1.1%
L5 ——(C35-U100-0.8-1.1%)
——C35-U120-0.8-1.1%
g ——C35-U140-0.8-1.1%
0.0 ; ; ;
02 04 06 08 10 12
m

(e) UHPCH& 5

4 % CHESHCT UHPC R SR A0 35352 45 RC 0 AT 5246 b7
Fig.4 Reliability indices of UHPC reinforced short lap-spliced RC beam under various key parameters

610



J5 C35 9 B 19 52 25 RC 3, 7 5 45 b5 20 91 48 &5

87.5% .127.0% F1160.0% , 1k 31 Jii M £ i 45 422 R 4K

435128 0.67 .0.59 F10.53,

432 EABABHETRCEARN TERAFY
#

5(a) £, 1.1% M1 1.3% 095 L AH K T
0.7 % B HC A %, 2 RC AR N [ A7 0] 58 5 45 2 ) $2
1 3.6% A1 5.2% , b [E 5 W] 5 48 bR 4 0 2 5.4
F19.3% . I 5(b) ik Al A1, 76 AH A Be 7 % T, &
i J5 HRB400 %! F HRB335 & Y 1l 5 38 b5 40 51 =
6.0% FI7.9% . % EIKF b RAEH T A9 5 (il 41)
BAONE Ll B B K ST b R R A A A (Rl ) 3%
;55 A 8 AR A b 7 ) R0 A L L
(B RR R, Ml R 7= A 9 R0 52 i B &, 5 ()
o, 1.5 R0 3.0 B B800 LU AR A T 4.5 1 3800 FE i IR A

B AT SEFE AR B4R 5 24.2% M 6.1% . I 5(d) fir
TN L SRS R B UG RG 45 1 R S ) 6 A R
B IE G, 8 MR s A A SRR AR iR 1400, XL A
5(e) 5 & 4(d) Ji i & % B, TR %E + 5% FE X R 5 RC
FE AT FEFE AR A 52 B 5 2 2 RC PR A — 3, &
HpEE ZFEME . B 5D &R, 100, 120,
140 MPa 1) UHPC i [ Ji£ C35 58 B () H 25 RC 412,
AIEEFR AR 4 5 4 5 6.7 %6 . 10.5%0 F1 14.7 % , i5 3 i
IR A5 Bk 45 42 R B0 9 oh 0.65.,0.57 #10.51, 45432
L RC B LS R Mol A1, 2 RC A1) AT 545 4r
B 5 4 RBUN AZ LA 24 RC U, Y542 R
B NE RS RCHATR B — @R E ). )
o 2 RCHEAE —E M I E R, HoK PR 800
P, B R E S A XM GE B R ZIE P—A
BN 15 0

45 45 45—
—— (1.00,3.4) ——(0.62,3.4) ——(1.00,3.4) (10035 20029
- (1.00.3.6)____v—(0.57.4.1)"
aob = (1003.6) i o —(0.573.5) . s (10036) 4
OF 4 (1.003.7) R (0.55.3.7) O Mer 1 (0.62.3.3) or e > (0.57,3.5)
——(0.57,3.5) w J/‘f_d ——(0.57,3.3)|
0. 0.
35F 35F v 3.5F Sl e
= = o < [T
3.0t 3.0F ﬁ,ﬂ:ﬂ 3.0 _D-Sgg%(s)ﬂgﬁ,
% -30-11¢% —o— -3.0-1.
# B omei CASgRSs Sl
2.5+ 2.5+ v 0-1.1% 2.5¢ —~—IC35-U120-1.5-1.1%
—o-C35:3.0-1.1%(HRB335) ——IC35-U120-3.0-1.1%
0 5 o L= G35-U12053.0-1.1%(HRB335) 0 | —+IC35.0120-45-1.1%
0.0 0.3 0.6 0.9 1.2 0.0 0.3 0.6 0.9 1.2 0.0 0.3 0.6 0.9 1.2
m m m
(a) BLA % (b) MEHELS (o) HREHIEAEH T MZIE /)RR
45 : 45 45
BB 036 | (057,3.5) = o0nd 83D (0336
——(1.003.6) i  ——(0.57, ——(1.00,3.6 0.57,3.5 om0,
40F ——(1.003.4) | ——(0.57,3.5) 4.0 -+E1 00,3.5% A 150‘64,3.53 40r JERA | - (057,3.5)
i —~—(0.51,3.6)
35k " ofl 35 VS N 35F
. e . w -
- ’ ! W @ !
30F i 30F G253 0-11% 3.0F i
v —O0— - - ¥
B c3530-11% e TER3R BB o 353.011%
25+ —~iC35-3.0-1.1% (a=1) 25+ —-iC25-U120-3.0-1.1% 25F —=iC35-U100-3.0-1.1%
——iC35-U120-3.0-1.1% ——1(C35-U120-3.0-1.1% ——1C35-U120-3.0-1.1%
20 ——C35-Ul120-3.0-1.1% (a=1) 20 | —+C45-U120-3.0-1.1% 20 | ——iC35-U140-3,0-1.1%
0.0 03 0.6 0.9 12 0.0 03 0.6 0.9 12 0.0 03 0.6 0.9 12
m m m
@) RIMEIERF (e) TRHEL5REE (f) UHPC3& &%

5 2% CHE 2T UHPC 3y 5 A 35 4 TR 75 RC HE 9 7T 5 45 b

Fig.5 Reliability indices of UHPC reinforced short lap-spliced

5 UHPCHEZEIL5IGIE

B s (] v A S B 2 B AL S A5 R K 6.7 i
718, AR AR B A MR AT RS 2 R k) 2y 1 I
[0 DA 5 9 158 F 3 B K i 5 5 B 1oz, % I 3
el & o 45 2 DN B0 n] R A 1R 2k i 50 S
UHPC fin [ #3008 T3 3. 3% 1T Sy S B i 5
TAER UHPC N J5 2 )5 Bk R 2%

compression-bending RC column under various key parameters

g i — B R 5T 3 3 W UHPC i [ g3 i & B
P | AR SO 42 22 BOR B SR AR SR A7 50 00F . Ll 4
T 40 21 2 2% SOkl B 8Os, b B 29 4L A
IE 114 48 4R Y B A B R BE R UHPC i3
FE A B AR RO R GE L TC R G4 R R PR
JE R RS R R AT . RS R W A 40
AL TP AT 37 A IR R A S A — 3K
(o SRR 92.5%0) , W& R A 63X 37 ik ki
ol R 2K 5 A0 A5 DB 0 A9 e R B A R 4 R

611



6.0

m=0.67 i
X x| K
45| . =t
R b
..... FoYP- i © NI H [e] 8
p eeref 8BS
§,§ é 4 B g;B g
< 3.0 . é g8
Sy i LY E )
AN E b 2 i jE
1.5}F - - - B=-584m"+ i =—0.52m" +
14.12m ~ 435 1 1.79m =227
— B=-112m"+ | Ll — g=-125m"+
19.77m - 3.78 =4 2.85m - 2.31
0.0 L ! 2.0 . T )
0.2 0.8 1.0 12 0.2 0.4 0.6 0.8 1.0 12
m m

K6 Beitas i s UHPC 3 6 15 152 25 RC 3R il SE 5 4
Fig.6 Reliability indices of UHPC reinforced short lap-spliced

RC beam in design space

Bl 7 itas () sp UHPC 3§50 55 42 76 25 RC AR 9 T 52 45 b
Fig.7 Reliability indices of UHPC reinforced short lap-spliced

compression-bending RC column in design space

%3 UHPCE Y

Table 3 UHPC reinforcement recommendations

a1 %3 RC JE25 RC
Jin T B m-B o & B=—5.84m"+14.12m—4.35 B=—0.52m"+1.79m+2.27
T & m-p 3% & B=—11.2m*+19.77m—3.78 p=—1.26m*+2.85m+2.31
T E 43 1X I X Il X 11l 1% T X I 1.
ek w0 s mEmER BRSO
& R BGE m>>0.67 0.50<<m<<0.67 m=<<0.50 m>>0.65 0.49<<m<<0.65 m=<<0.49
24 JERE) L 3 VR v 24 JUFA {7 3 T
ER=IEN RN (El
e A R R s CREEEMERT L
Lot M UHPCHRIE MG, 255 pr UHPC R )
BHREERR e TR s e ARG
RS AE DL, 2> RS R R . o SETEOUEE SRR
. R e = ST N NI ¢ 2 S|
itk B 1 1 . RS R R Z, Wk, &% ) LR R Z s
At BT o e e, M TEE Y e BEEER
B R W Re . B B R BULST 4 2RI REJm e o ¥4 4% R L Kok % UH-
;#:ﬁjmlﬁﬁn1LJr FBAL T X ] UHPC i & I Ab T X ] A B PC A
= b e AR - G4 SR g HE £
PO HEAT B BARC=RIGAT
. ANFEBCR AREBER H
; . IR ) i H
Jn [ g 1 UHPC i & THCTE N [ UHPC fi1 UHPC i & TR0 [ UHPC 11

A 3P A B0 DA AE 25 T s A BT AN ] 5 3
AT T A 8% S 0 53 i A o T A 3
) 45 28 Ay Rt 5 2 2, 3 WA AR ST 488 1) ] A S0 R AT
—EREEER. FHKBRIERFBILET
Fa,

6 % it

TG AR T UHPC & AL, #5717 UHPC in
[ 0 ¥8 52 RC #1445 KB S5 1 E 25 ] 5 B 52 47
BT RC ¥4 14 7 28 07 ] 5 B2 1 T ik ek 4K, i2 H Monte
Carlo ¥ % 15 1125 [8] v i) ¢ 5 2 B Al 3047 7T 5 46 A5
T, SR 5 BEAT G B 2 BB R 43 A RN TSR 45 SR A

612

B, LTSS

(1) B i28 \] &5 S 500t vl FEE AR 3 B — &
S, o B B R B RN HE (RC 2 A Y 35 4
BN L, RC A v 25 pE K SF- b 7% T 19 250 4 A0 b
BN EE ) (T A R B A B S A UHPC 3 BE 9 5% i 45
.

(2)UHPC AL EA R4 i 7 48 7 48 7+ fig
BB BICAR T R R 45 R S R AR L. RC
AT Jet I B 7T 5 4 A 43 ) 42 8 109.6 26 A1 12.97%
Jet IR B 6T 7 1) 4 4 FR A ) R 0.58 F 057

()X F 224 RCZE,m>0.67 i, B R UH-
PC [ 5 0.50<<m=0.67 B, 8t 3% 451 A0 [ 5 m<<
0.50 i , NEE R F UHPC & . % T4 RC A,



=4

HieTn 5k & R5T L

Table 4 Comparison between theoretical prediction and test results

BB TR  SEPRiL BUS T SEhRA
RE St 4 1 4 14 - — B J— a1k 4 1 - — iiF
EX 4 L A R0 R ]
16L2/4-T-
Y [~ It I\ h I\
1 *E R 050 1 Y I wa| 21 B S ERC 043 I B m wa
16L.2/4-E-
2 i S1 0.67 S wal 22 [3] @ 0.43 B =
. is 1 1 w4 (3] % 0.81b FRC 1l nm wa
1
; 61.1/4-1-
3 S2 0.97 S 23 Z 0.43 B
is T 1 w4 7 0.61b-FRC m m wa
4 i S3 079 1 S 1 w4 24 7 L2-1 043 M Y I &4
5 kE S4 0.67 1 S I W& 25 7 L2-2 0.64 I Y 1T wéa
6 # 1-12-25-L 054 I Y I wéa| 26 (50] 7 1.2-3 085 [ Y I wa
7 wo 2-12-25-L. 0.54 I Y I wa| 27 7 L.2-4 1.07 1 Y I wa
8 @2 1-18-25L  0.83 1 Y I wé&| 28 7 L2-5 1.28 T Y I ws
9 o 1-12-35-L 050 M B M w4 29 7k L2-6 1.50 1 Y I wa
10 o 1-18-35-L 0.70 1 Y I w&| 30 U U-1 1.36 1 Y I wa
11 (o] 7 1-6-25-L  0.25 I B m wméa| 31 7 U-2 1.13 1 Y I wa
12 # 162511 025 I B m wé&l 32 [31] # U-3 091 1 Y I wa
13 o 1-12-25-L1 057 1l Y 1 wé&| 33 g U4 068 1 Y I wmE
14 7 1-6-35-L  0.25 I B m wa| 34 7 U-5 045 M Y I &&
15 7 1-6-35-R  0.23 1 B m w&l 35 [32] #* =32 054 1 Y I s
16 7 1-6-35-LY  0.33 B m w4l 36 [33] #* C2 078 1 S I v
17 woo1-12-35-L.Y 066 1 Y 0 W& 37 [34] #E - 081 [ S I w&
18 2 20L3/3-FRC 0.40 I B m w4l 38 [35] #E - 052 1 Y I wéa
. 20L1/3-1- X -
o[B8 ® SlbéR(‘ 040 M B I wW#E| 39 [36] #E - 047 M Y I &&
20 % 16L4/4-FRC 043 1 B Il wi4| 40 [37] # - 052 I Y Wy 4
T S o WA LT 5 Y 2R AT e IR 5 B 2 B 7 R 4 O sk
m>0.65 K}, @ 8% F UHPC & ;0.49<m<<0.65 study on staggered lapped bars in fiber reinforced con-
I, ST R [ 5 m=C0.49 B, A~ 2SR ] UHPC crete beams [J]. Composite Structures, 2017, 179:
o 655-664.
(4] AL, #KE FRP AR EE 9252 25 15 4 m K 2% ) v] 5
JE AL [T]. 0h IR 3 Tl K 2% 22 i, 2007, 39 (4) .
S E 650-655.
He Z, Huang Y C. Reliability assessment of FRP rein-
[1] Dagenais M A, Massicotte B, Boucher-Proulx G. Seis- forced concrete beams with flexural positive section
mic retrofitting of rectangular bridge piers with deficient bearing capacity [J]. Journal of Harbin Institute of
lap splices using ultrahigh-performance fiber-reinforced Technology,2007,39(4) :650-655. (in Chinese)
concrete [ J]. Journal of Bridge Engineering, 2018, 23 (5] A% . 8 R TE . 525 5 F Al 7 BB AE 26 4

[2]

(2):04017129.

Dagenais M A, Massicotte B. Tension lap splices
strengthened with ultrahigh-performance fiber-rein-
forced concrete [J]. Journal of Materials in Civil Engi-
neering, 2015,27(7):04014206.

Metelli G, Marchina E, Plizzari G A. Experimental

9 RC fii e 4 5 7T 52 BE 73 A7 [T 4 SRA5 #2741, 2011,
32(8):106-112.

Jiang Y B, Yang Y, Yang W J. Reliability analysis of
RC biased members based on random correlation prop-
erties of bending moment and axial force[J]. Journal of

Building Structures, 2011,32(8):106-112. (in Chinese)

613



[7]

[9]

[10]

[11]

[12]

614

J SCHS AR R AR . 2 IR LR T 7E 7% 40
TR BE - 25 F ) 11 Y T 8 43 BT (D). B 0K AR 2%
#2,2005, 25(2):135-139.

Tang Y J, Li Y Z, Jiang C Y. Reliability analysis of in-
service reinforced concrete structural members under
the action of multi-factor mechanism [ J]. Journal of Di-
saster Prevention and Mitigation Engineering, 2005, 25
(2):135-139. (in Chinese)

REESC, AT, Bk 55 AE T CERP i JiR %k £ %2
PUAS AL A AT (D). A SN, 2023,53(6) :143-149.
ZhuZ W, Dai L., Mao L. Analysis of flexural reliability
of CFRP-reinforced concrete beams under fatigue action
[J]. Building Structures, 2023, 53(6) : 143-149.(in Chi-
nese)

FhR BN, KT R A T s 52 T B A TR O
A ) 4 e T BE AR AT [T ). A 454, 2010,40(5)
26-28.

Du B, Zhao R D, Xiang T Y. Analysis of utilization
rate and reliability of axially compressed reinforced con-
crete columns strengthened by adhesive steel[ J]. Build-
ing Structures, 2010,40(5) : 26-28. (in Chinese)

T XA B W T A5 T AR R Y R S A
WS Sy B 5 P Oy i [T]. Tk /@ 58, 2022, 52
(10):168-175,145.

Ma S B, LiuY Z, Ji G S, et al. Reliability-based de-
sign and optimization of in-body prestressing reinforce-
ment for simply supported beams [J]. Industrial Con-
struction, 2022,52(10) : 168-175,145. (in Chinese)
JAAR G, BOne , SR, A5 TR . TRV Y e A A
T J5 i AR WY S AR S A [T ] B4, 2010, 40(H
1):369-371.

Zhou H Q, Duan C X, Chang L. X, et al. Analysis of
time-varying reliability indicators of existing bridges af-
ter strengthening based on response surface method [ J].
Building Structures, 2010,40(Sup1) : 369-371. (in Chi-
nese)

Yuan B, Zheng H, Huang Y, et al. Reliability analysis
of beams strengthening with augmented section[J]. Ad-
vanced Science Letters, 2011, 4(8): 3278-3282.
Priestley M J N, Seible F, Chat Y H. Seismic retrofit
of bridge columns using steel jackets [ C]//Proceedings
of the Tenth World Conference on Earthquake Engi-
neering. Rotterdam: A A Balkema, 1992, 9: 5285-
5290.

FER AR B AR, 1o S L % HRBAOO 5 il 5 i 1k fiE 1R
BE RS 25 M BRI WF ST (7). R R 1, 2021, 51(6) :
61-67.

Shi G, Shao X D, Gao L. Q, et al. Experimental study

[14]

[15]

[16]

[19]

[20]

[22]

[23]

on the bond performance of HRB400 reinforcement and
ultra-high performance concrete [J]. Bridge Construc-
tion,2021,51(6) :61-67. (in Chinese)

Cairns J. Bond and anchorage of embedded steel rein-
forcement in fib Model Code 2010[J]. Structural Con-
crete, 2015, 16(1): 45-55.

hRE R XS IIRE, SN T, A5 R T AW /R s v R TR B
TR E A MR A=, 2021,38(11)
3912-3924.

MaF D, Deng M K, Sun H Z, et al. Lap bonding per-
formance of deformed reinforcement/ultra high perfor-
mance concrete [J]. Journal of Composite Materials,
2021, 38(11): 3912-3924. (in Chinese)

Metelli G, Cairns J, Plizzarit G. The influence of per-
centage of bars lapped on performance of splices [J].
Materials and Structures, 2015, 48(9):2983-2996.
TRBE 45 BT : GB 50010—2010 [S]. b 5T . th
8 0 Tl H AL, 2010

B, B , Hwang Hyeon Jong. 26 125 46 73 4 T 4%
A LR R AT S [T ] A TR, 2021, 46
(5):31-37,73.

Yang F, Ma G, Hwang H J. Experimental study on
stress calculation method of lap reinforcement under lin-
ear bending moment distribution[ J]. Highway Engineer-
ing, 2021, 46(5): 31-37,73. (in Chinese)

HE LY T EE AR BT S — bR ifE - GB 50068—2018 [S].
bt i E A T Rk, 2018

HFHUR LTI : GB 50011—2010 [S]. 5T« v [
HEHU T H AL, 2010.

e /NRE L BB, R IE L BT PR R T AT A
LT, AR TR, 1987, 20(2) - 10-20.

Gao X W, Wei L, Wei C J. Calibration of reliability
level in current seismic code[J]. Journal of Civil Engi-
neering, 1987,20(2): 10-20. (in Chinese)

22K I R T AT SR B A GFRP iR BE 4 BT K
FABIINEL] AR TSR, 2018,51(5) :60-67.
Peng F, Xue W C. Design method of flexural capacity
of GFRP reinforced concrete beams based on reliability
[J]. Journal of Civil Engineering, 2018,51(5): 60-67.
(in Chinese)

Lee C S, Han S W. Cyclic behaviour of lightly-rein-
forced concrete columns with short lap splices subjected
to unidirectional and bidirectional loadings[J]. Engineer-
ing Structures, 2019, 189: 373-384.

Rezansoff T, Zacaruk J A, Afseth J G. High cycle (fa-
tigue) resistance of reinforced concrete beams with lap
splices [J].
1993, 20(4): 642-649.

Canadian Journal of Civil Engineering,



[26]

[27]

AU . Bk i A 3% BT BT 00 2 Bk AR A 20 BT (D).
W, 2018,48(4) : 33-38.

Zhao X X. Analysis of characteristic values of common-
ly used material resistance parameters for railroad bridg-
es [J]. Bridge Construction, 2018, 48 (4) : 33-38. (in
Chinese)

WO U, BT B A R A A (B G TR L
MEERT T[T ]. TR B, 2012,30(4) :61-64,72.
Chang L, Wang S 1., Wang Z X. Study on the calibra-
tion of standard values of steel strength and its subfac-
tors[J]. Engineering Quality, 2012, 30 (4) : 61-64, 72.
(in Chinese)

AR R, WA, R, L TR A A 4 R RE R T
JECR LM B 5 v A 3Tl A, 2005,

LiG Q, Huang HW, Wu X, et al. Load and reliability
Bei-
jing: China Architecture &. Building Press, 2005. (in

of engineering structures design principles [M].

Chinese)

B, B Ek L, PSR A R B o R A 1 AR ) T
SEREAATT]. TR 127, 2012,29(4) 1 185-191.

Huang L, Lu Y Q, Xu Z P. Reliability analysis of bear-
ing capacity of reinforced concrete shear torsion mem-
bers [J]. Engineering Mechanics, 2012, 29 (4) : 185-
191. (in Chinese)

SER, BB R,TEE. ST REEIS (M .
3R Tl AT, 2000 79-80.

Zhao G F, Jin W L, Gong J X. Structural reliability the-
ory [M]. Beijing: China Architecture Industry Press,
2000: 79-80. (in Chinese)

WAL E IR, AT, 5F UHPC AR % 32 /8 361 32
Z AR BT (1] K B 5K TR 4R, 2017, 28
(2):189-196.

Feng J X, Zheng Q Z, Long L. B, et al. Experimental
study on flexural behavior of prefabricated beams con-
nected by UHPC materials [J]. Journal of Water Re-
sources and Water Engineering, 2017, 28(2) : 189-196.
(in Chinese)

[31]

[32]

[33]

[34]

[35]

WL, B AR, JEFT I, 45 . L UHPC B8 5% 4 1Y 330
iU PR AR e AT [T ). 50t 1, 2016, 38(12)
1711-1713.
Peng C F, Zheng Q Z, Long L. B, et al. By the UHPC
material connection of precast column seismic perfor-
mance experimental research [J]. Journal of Construc-
tion, 2016, 38(12) : 1711-1713. (in Chinese)
TROCH] BRI AR, B, 45 R UHPC 3 3 1) T B
T W R 1 MO IR A 9E [T]. R TR 24l , 2022, 55
(12):105-116.
Xu W J, Shao X D, Ma B, et al. Using prestressed as-
sembly structure and experimental study on the piers of
UHPC connections [J]. Journal of Civil Engineering,
2022,55(12):105-116. (in Chinese)
X JFE T 2 1 AL 5 UHPC & A B RC H: BT 52 7 58
WEFE[D ] KV IR ke, 2021
Liu K. Study on seismic performance of RC column re-
inforced with near-surface embedded bars and UHPC
composite [D]. Changsha: Hunan University, 2021.
(in Chinese)
Toutlemonde F, Resplendino J. Designing and building
with UHPFRC[M ].London: Wiley-ISTE, 2010: 531-
540.
Xu W, Ma B, Duan X, et al. Experimental investiga-
tion of seismic behavior of UHPC connection between
precast columns and footings in bridges[J]. Engineering
Structures, 2021, 239: 112344.
Wang Z, Wang J, LiuJ, et al. Large-scale quasi-static
testing of precast bridge column with pocket connec-
tions using noncontact lap-spliced bars and UHPC grout
[J]. Bulletin of Earthquake Engineering, 2019, 17(9) :
5021-5044.
Geng J, Wang F, Liu C, et al. Parametric study on
seismic performance of prefabricated bridge piers con-
nected by ultra-high performance concrete grout [J].
Structural Concrete, 2022, 23(3): 1469-1491.
(ALt 8 E)

615



