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Bond behavior of deformed steel bars lap-splice in ultra high performance concrete

MA Fudong', DENG Mingke" , SUN Hongzhe', YE Wang"*
(1. School of Civil Engineering, Xi’an University of Architecture & Technology, Xi’an 710055, China;
2. China United Northwest Institute for Engineering Design and Research Corporation, Xi’an 710055, China)

Abstract: Ultra high performance concrete (UHPC) is a kind of cement-based material with high strength, high
toughness and high durability. To study the lap-spliced bond performance of steel bars in UHPC, 21 groups of lap-
spliced specimens were tested considering the parameters of lap length, fibers content and stirrups ratio. 3 groups
of pull-out specimens considering a parameter of anchorage length were conducted to be control groups. Two fail-
ure modes, those are splitting-pull-out failure and steel-bar-rupture failure appear. The average bond strength de-
creases with the increase of embedded length and increases with the increase of stirrup ratio. The steel fibers en-
hance the confinement for UHPC. Increasing the stirrup ratio and fiber content can reduce the lap-spliced length of
the steel bars in UHPC. Combining with the previous research, average bond strength and development length as
well as splice length formulas were fitted. Simplified algorithms of development length and splice length were pro-
posed according to the Code for Design of Concrete Stuctures, and the results agree well with the test results.

Keywords: UHPC; average bond strength; development length and splice length; fitting formula; simplified al-

gorithm
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(c) Steel bars lap-splice specimens with hoops
1 A R AR EE + (UHPC) $53aMF R B kil (347 : mm)
Fig.1 Size and fabrication of steel bars/ultra high performance concrete

(UHPC) lap-splice specimens (Unit: mm)
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Table1 Parameters and test results of anchorage and lap-splice steel bars/UHPC specimens

Number Notation Vil%  ps/% L fw/MPa  f./MPa P/kN P,/kN P,/kN Tmi/MPa  Failure mode
1 A-2-0-3d 3d — 190.4 197.6 33.6 SPF
2 A-2-0-5d 2 0 5d 117.1 103.6 218.6 265.2 269.5 27.5 SPF
3 A-2-0-7d 7d 220.4 284.6 298.1 21.7 SPF
4 LS-2-0-3d 3d — 111.9 130.2 22.1 SPF
5 LS-2-0-5d 2 0 5d 117.1 103.6 — 143.4 171.8 175 SPF
6 LS-2-0-7d 7d — 173.3 208.3 15.1 SPF
7 LS-2-0-8d 8d 219.1 223.4 234.2 14.9 SPF
8 LS-2-0-10d 2 0 10d 110.1 100.9 215.6 246.9 266.0 13.6 SPF
9 LS-2-0-12d 12d 217.6 272.8 293.7 12.5 SPF
10 LS-3-0-8d 8d 217.2 245.8 253.2 16.1 SPF
11 LS-3-0-10d 3 0 10d 116.6 105.5 219.1 265.7 284.8 14.5 SPF
12 LS-3-0-12d 12d 216.3 285.9 298.8 12.7 RF
13 LS-4-0-6d 6d 217.1 201.3 224.0 19.0 SPF
14 LS-4-0-8d 4 0 8d 112 102 215.3 2449 250.1 16.0 SPF
15 LS-4-0-10d 10d 217.1 276.3 282.2 14.4 SPF
16 LS-2-0.67-6d 6d 218.2 164.9 236.6 20.1 SPF
17 LS-2-0.67-8d 2 0.67 8d 110.1 100.9 218.4 180.5 243.5 15.5 SPF
18 LS-2-0.67-10d 10d 215.8 201.3 2929 14.94 SPF
19 LS-2-1.35-4d 4d — 122.6 195.3 24.9 SPF
20 LS-2-1.35-6d 2 1.35 6d 110.1 100.9 218.8 146.6 244.3 20.7 SPF
21 LS-2-1.35-8d 8d 219.4 202.4 304.2 194 RF
22 LS-2-2.25-4d 4d 110.1 100.9 206.0 26.2 SPF
23 LS-2-2.25-6d 2 2.25 6d 219.4 167.7 — 128.1 257.9 21.9 SPF
24 LS-2-2.25-8d 8d 214.5 216.0 302.8 19.3 RF

Notes: d—Steel bar diameter; V;—Fibre volume fraction; p,,—Hoop ratio; L—Embedment length; f.,,—Compressive strength of cube;

Je—Compressive strength of prism; Py, P; and P,—Yield, slippage and peak loads in the test, respectively; 7,,—Mean bond strength

measured in the test; SPF and RF represent the splitting pull-out failure and steel bar rupture failure, respectively. The “A” and “LS” in

notation system—Anchorage specimen and lap-splice specimen, respectively. The figures in the second, third and fourth symbol—Fibre

volume fraction (%), stirrup ratio (%) and embedment length, respectively. For example, the notation of “LS-2-0-3d” —Splice specimen

with 2% of fibre volume fraction, 0% of stirrup ratio and 3 bar diameters embedment.
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Table2 Mix proportions of UHPC

Number Water to Cement Fly Silica Mineral Quartz Superplasticizer Volume fraction of
binder ratio ash fume powder sand perp steel fiber V¢
1 0.18 1.00 0.30 0.30 0.30 1.3 0.05 0.02
0.18 1.00 0.30 0.30 0.30 1.3 0.05 0.03
3 0.18 1.00 0.30 0.30 0.30 1.3 0.05 0.04
AP UHPC BL A7 LR 3 i Kk 100 mm /Y 1.2.2 90

S 3 RSF S 100 mmx 100 mmx300 mm
I R A 32k B 43 S UHPC 1 ~7 77 7K 40 s 3 3
(fon) FVRR AL AR BT SR ()

P 1 R0 5 5377 ) 588 B SF % 31 0 HRB40O,  EL.
ok 25 mm, Ji Al AR ST A 5 B 2 4% HPB300,
HARA 8mm, HIA 12 EPERE IR 3 BTN o

R3 WA NF MR

Table 3 Mechanical properties of steel bars

Diameter/mm Strength grade Yield strength/MPa Ultimate strength/MPa
25 HRB400 447 611
18 HRB400 436 608

8 HPB300 364 540
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(a) Steel bar anchorage test
B2 iRk A

Fig.2 Testloading devices

(b) Steel bars lap-splice test
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A~ —e— 2% fibers without hoops
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Embedment length
3 BAS/UHPC fis [ S e R ey 28 1 i 2%

Fig.3 Ultimate load versus embedment length curves of anchorage and

pull out lap-splice specimens of steel bars in UHPC
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(d) Steel bar rupture failure of lap-splice specimens
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Fig.4 Failure patterns of anchorage and lap-splice

specimens of steel bars in UHPC
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Fig.6 Average bond strength versus fibers fraction of steel bars/UHPC
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Fig. 7 Stirrup strains versus loads curves

of steel bars lap-splice UHPC specimens
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Table 4 Test data of anchorage specimens and pull out lap-splice specimens of steel bars in UHPC
Reference Notation d/mm L/mm ¢/mm Psv Jfeu/MPa Vi T./MPa
914-50 14 50 68 0 147.78 0.023 37.07
¢15-50 16 50 67 0 147.78 0.023 33.28
[15] 916-50 18 50 66 0 147.78 0.023 29.87
917-50 18 75 66 0 147.78 0.023 28.94
H1-LZ-8-24 8 24 71 0 121.77 0.02 55.3
H1-LZ-8-32 8 32 71 0 121.77 0.02 45.7
H1-LZ-10-30 10 30 70 0 121.77 0.02 46.1
H1-LZ-10-40 10 40 70 0 121.77 0.02 42.9
H2-17-16-48 16 48 67 0 132.39 0.02 52.7
H2-LZ-16-64 16 64 67 0 132.39 0.02 42.9
H2-LZ-16-80 16 80 67 0 132.39 0.02 34.1
H2-LZ-18-54 18 54 66 0 132.39 0.02 55
H2-LZ-18-72 18 72 66 0 132.39 0.02 42.3
H3-LZ-6-18 18 72 0 153.09 0.03 51.1
Anchorage [16] H3-LZ-8-24 8 24 71 0 153.09 0.03 70.5
specimen H3-LZ-8-32 8 32 71 0 153.09 0.03 52.8
H3-LZ-10-30 10 30 70 0 153.09 0.03 62.2
H2-NZ-16-12 16 48 12 0 132.39 0.02 31.1
H2-NZ-16-22 16 48 22 0 132.39 0.02 36
H2-NZ-16-32 16 48 32 0 132.39 0.02 41.9
H2-NZ-16-42 16 48 42 0 132.39 0.02 47.7
H2-NZ-16-52 16 48 52 0 132.39 0.02 48.8
H2-NZ-16-62 16 48 62 0 132.39 0.02 52.8
H3-LP-8-10 8 40 10 0 153.09 0.03 29.9
H3-LP-8-15 8 40 15 0 153.09 0.03 29.1
P0.0 16 50 67 0 79.81 0 29.7
P0.5 16 50 67 0 92.27 0.005 31.18
[17] P1.0 16 50 67 0 114.30 0.01 32.05
P15 16 50 67 0 117.02 0.015 36.72
P2.0 16 50 67 0 128.58 0.02 38.12
L100-R100-D1-S0 20 100 45 0 96.03 0.02 17.14
L100-R100-D1-S34 20 100 45 0.0034 96.03 0.02 18
L100-R100-D1-S75 20 100 45 0.0075 96.03 0.02 19.03
L100-R120-D1-S0 20 100 45 0 117.36 0.02 18.95
L100-R120-D1-S34 20 100 45 0.0034 117.36 0.02 19.9
. L100-R120-D1-S75 20 100 45 0.0075 117.36 0.02 21.04
i“}i‘fc'isrlfllf‘;e [23] L100-R150-D1-S0 20 100 45 0 14139 0.02 20.36
L100-R150-D1-S34 20 100 45 0.0034 141.39 0.02 22.12
L100-R150-D1-S75 20 100 45 0.0075 141.39 0.02 23.35
L150-R100-D1-S34 20 150 45 0.0034 96.03 0.02 17.52
L150-R120-D1-S34 20 150 45 0.0034 96.03 0.02 19.18
L200-R100-D1-S34 20 200 45 0.0034 96.03 0.02 14.75
L200-R100-D1-S34 20 200 45 0.0034 96.03 0.02 13.74

Notes: d—Steel bar diameter; L—Embedment length; c—Thickness of UHPC cover; p,,—Hoop ratio; f.,,—Compressive strength of cube;

Vi—Fibre volume fraction; v,,—Test value of ultimate average bond strength.
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Fig.9 Comparison between the calculated value and the test value of the

fitting formula of the steel lap-splice strength
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Table 5 Verification of the fitting formula for lap-splice bond strength of beam lap-splice steel bars/UHPC specimens

Reference Notation d/mm L/mm ¢/mm f/MPa Vi Tw/MPa 1 /MPa  Tu/Ty
1-12-25-L 25 300 45 130 0.03 10.8 13.40 1.26
2-12.25-L 25 300 45 130 0.03 9.8 13.40 1.39
1-18-25-L 25 450 45 130 0.03 6.8 11.98 1.96
1-12-35-L 35 420 45 130 0.03 9.8 11.32 115
1-18-35-L 35 630 45 130 0.03 6.11 10.12 1.81
(6] 1-6-25L 25 150 45 130 0.03 19.6 17.67 0.74
1-6-25-L1 25 150 45 130 0.03 19.6 17.67 0.74
1-12-25-L1 25 300 45 130 0.03 9.8 13.40 1.39
Beam lap-splice 1-6-35-L 35 210 45 130 0.03 16.23 14.92 0.74
specimen 1-6-35-L¥% 35 210 45 130 0.03 12.32 14.92 0.97
1-12-35-L%35 420 45 130 0.03 9.16 11.32 1.24
25-12-L-1%25 300 25 125 0.01 95 8.00 1.04
25-12-L-2%25 300 25 124 0.02 10.4 8.94 0.94
25-12-1-3%25 300 25 114 0.03 10.5 9.51 0.90
(18] 25-12-R-3%25 300 25 114 0.03 10 9.51 0.94
35-18-L-3%35 630 35 114 0.03 8.2 8.50 113
35-18-R-3%35 630 35 114 0.03 7.2 8.50 1.28
Average value 1.15
Variation coefficient 0.29

Notes: f.—Uniaxial compressive strength; 7,,—Test value of ultimate average bond strength; 7 —Value of ultimate average bond strength

calculated by the Eq. (3).
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Table 6 Test values and calculated values of development length and splice length of steel bars/UHPC

Minimum anchorage or lap length of steel bar yield Minimum anchorage or lap length of steel bar rupture
Type

lsyACI lsyGB lsys lsyf lsyt lsuACI lsuGB lsus lsuf lsut
Anchorage specimen  28.6d 11.2d 5.3d 3.7d 3.6d 39.1d  15.3d 7.2d 6.6d 7.1d
2.25vol% hoops 20.9d 17.94 10.5d 5.8d 4.5d 28.6d  24.4d 14.4d 10.1d 7.6d
1.35vo0l% hoops 20.9d 17.9d 10.5d 6.4d 4.9d 28.6d  24.4d 14.4d 11.0d 8.1d
0.67vol% hoops 20.94 17.9d 10.5d 7.1d 4.8d 28.6d  24.4d 14.4d 11.9d 10.6d
4vol% fibers 28.9d 17.6d 10.6d 6.5d 5.8d 39.4d  24.0d 14.5d 11.1d 13.2d
3vol% fibers 28.3d 16.4d 10.4d 7.5d — 38.7d 22.4d 14.3d 12.5d 12.1d
2vol% fibers 29.0d 17.9d 10.5d 9.3d 7.3d 39.7d  24.4d 14.4d 15.0d 12.6d

Notes: Iyacy Lyep lys and Ly—Minimum anchorage or lap length of steel bar yield calculated by the ACI 318—19*", GB 50010—
2010, simplified algorithm and fitting formula, respectively; Lyacy Lugs lus and Ly—Minimum anchorage or lap length of steel bar
rupture calculated by the ACI 318—19"7, GB 50010—2010"°, simplified algorithm and fitting formula, respectively; l,,—Test value of

minimum anchorage or lap length of steel bar yield; /;,,— Test value of minimum anchorage or lap length of steel bar rupture.
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Table 7 Lap splice lengths of deformed steel bars/UHPC in tension

[27]

Maximum percent of A4 spliced

Asp/A i L lice length:
splAsr within required lap length/% Splice type ap splice lengths I,
=2 50 A Greater of: 1.0/ and 304.8 mm
100 B Greater of: 1.3/; and 304.8 mm
<2 All cases B

Note: A, ,/A;,—Ratio of area of reinforcement provided to area of reinforcement required by analysis at splice location.
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