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U radu se analiziraizvodenje injektiranog prstenastog spoja koji je karisten za spajanje

Xu Zhiyuan, MSc. CE armaturnih Sipki u predgotovljenim betonskim konstrukcijama. Ispitana su ukupno
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Experimentelle Untersuchung der injizierten ringformigen liberlappenden
Verbindung aufgrund der Zuglast

In der Arbeit wird die Ausfiihrung einer injizierten ringformigen Verbindung
analysiert, die flr die Verbindung von Bewehrungsstaben in vorgefertigten
Betonkonstruktionen verwendet wird. Getestet wurden insgesamt 63 Proben, die
sich im Durchmesser der Stabe und der Lange der Verbindung aufgrund der Zuglast
unterscheiden. Mit der Untersuchung wurde die Art des Bruches, der Grenzwert
der Zugfestigkeit sowie das Belastungs- und Durchbiegungsdiagramm der Probe
umfasst. Empfohlen wurden zwei Ausdricke fiir die Berechnung der Spannung der
Ringverbindung und der kritischen Verbindungslange.
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1. Introduction

Ever since the grouted splice invented by Alfred A. Yee [1]in
the late 1960s was applied to connect reinforcement bars in
the precast column of a hotel in Hawaii [2], numerous efforts
have been made to develop splices to join reinforcement bars.
Based on the theories illustrated in previous studies [3-7], many
grouted splices in which bars were spliced in line were invented
[1, 8-15]. However, the construction of the sleeve was rather
complicated, and manufacturing was relatively expensive. To
improve confinement and restrain development of cracks, the
internal diameter of the sleeve was usually small. Because of
manufacturing and construction errors, the tilt stub rod could
not sometimes be inserted into the sleeve in the process of
construction.

The grouted metal corrugated pipe splice [16] was another
connection that was used to connect bars in precast concrete,
as shown in Figure 1. The stub rod of the inferior precast
concrete shear wall was inserted into a metal corrugated pipe
in the upper precast concrete shear wall. Afterwards, grout
was poured into the metal corrugated pipe, and the two walls
were connected through the anchorage between the stub
rod and grout. The bar anchorage length of the grouted metal
corrugated pipe splice was too long,.
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Figure 1. Sketch map of grouted metal corrugated pipe splice
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Figure 2. Sketch map of plug-in filling hole for steel bar lapping
connection

The plug-in filling hole for steel bar lapping (Figure 2) was
invented by Jiang et al [17] and it proved to be suitable for
precast concrete structure reinforced connections [18]. The
development of cracks surrounding the anchorage region was
controlled by surrounding the lapping splice with transverse
reinforcement [19-21], but the lap length was still too long.

By surrounding the lapping splice with a sleeve, confinement
could be produced along the lapping bars [22-24], and cracks
around the bars could be restrained. In this way, the lap length
could be reduced by a large margin. A grouted sleeve lapping
connector [25] placed two bars adjacent to each other over
a sufficient length to transfer stress entirely from one bar to
another through grout. A hollow cylindrical standard steel
pipe was set around the lapping splice to provide confinement
of grout and restrain development of cracks. A sketch of the
grouted sleeve lapping connection that was used to splice bars
in precast concrete shear walls is shown in Figure 3.
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Figure 3. Sketch map of grouted sleeve lapping connection

In this study, the grouted sleeve lapping connector was tested
experimentally with the bar diameter and bar lap length varying
among the specimens. The load transfer mechanism and
mechanical properties of the grouted sleeve lapping connector
were analysed, and a recommended lap length was given.

2. Experimental program

A test program was carried out on 63 grouted lapping sleeve
connectors with various bar diameters and lap lengths to
understand the effects of the interacting variables and
confinement mechanism.

2.1. Specimens

A hollow cylindrical standard steel pipe was fixed by spot
welding it to a reinforcement bar called welded bar (the purpose
of spot welding one bar to the sleeve is to fix the steel pipe,
thus simulating the construction of the connector in a real
structure). Another reinforcement bar called inserted bar was
placed adjacent to the welded bar. The lap length of the bars
equalled the length of the pipe. No-shrinkage grout was poured
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Experimental study of grouted sleeve lapping connector under tensile load

into the sleeve to anchor the two reinforcing bars. The working
performance of the grouted sleeve lapping connector in which
the bars were placed clinging to each other was poorer than the

connector in which certain space existed between the two bars,

as more grout was present between the two bars, and larger

mechanical interlock between grout keys and bar ribs prevented

the bars from slipping in the latter connector. Specimen details

are shown in Figure 4.

2.3. Test plan and setup

A strain gauge (SG1) was installed transversely on the sleeve

at the mid-point of the lap length to evaluate the confining

sleave 1 = grout
5G1 SG1
inseretd bar .
welded bar
A 0 1
. G
3 70 13
spot weld 1 spot weld o >
200 L 200 Section 1-1
Figure 4. Specimen details and location of strain gauge (unit: mm)
Table 1. Dimensions of specimens
Bar diameter Lap length, L[mm]
Sleeve
d[mm] 8d 10d 12,5d
12 96 120 150
14 112 140 175
Internal diameter

D =70 mm 16 128 160 200

18 144 180 225

Thickness 20 160 200 250

s=3mm
22 176 220 275
25 200 250 313

Specimen dimensions are given in Table
1. Steel pipes 70mm in internal diameter
and 3mm in thickness, with a nominal
yield strength of 235 N/mm?, were used
to splice the adjacent bars. The sleeve
lengths, L, were 8, 10 and 12.5 times the
bar diameters, which ranged from 12 mm
to 25 mm. Each group with a specified
bar diameter and the corresponding lap
length contained 3 identical specimens.

2.2. Material properties

Control bars with a nominal yield strength
of 400 N/mm? were tested to evaluate
material properties (Table 2). The free
length of control bars between grippers
amounted to approximately 350mm.
The initial loading velocity was 2 kN/s.
After the tensile stress exceeded the
yielding threshold of the bar, 450 MPa,
the incremental tensile load was applied

Table 2. Material properties of the control bars

pressure exerted by the sleeve on the
grout that eccentrically surrounds the
splice length, as shown in Figure 4.

The specimens were tested under an
incremental tensile load generated by a
hydraulic actuator. The welded bar was
clamped by the fixed end, whereas the
inserted bar was gripped by the loading
end, as shown in Figure 5. The length
of specimens between the grippers
equalled the sum of lap length and
200 mm. The loading system of the
specimens was the same as that of
the control bar. The load-displacement
curves and strains were recorded.

3. Test results

The adjacent alignment of the welded
bar and inserted bar led to eccentricity.
More specifically, the welded bar and
inserted bar is placed clinging to each
other, not in a line (Figure 6.a). Under

Bar diameter, d[mm] 12 14 16 18 20 22 25

Average yield strength fv,( [N/mm?] 423 | 418 | 407 | 452 | 421 L4l | 448

Average ultimate tensile strength, f, _[N/mm’] [ 570 | 577 | 572 | 625 | 615 | 562 | 585
Note: f, _and f, were defined based on the nominal bar cross-sectional area

welded bar
fixed end
specimen
loading end H
2 inserted bar

1 pulling force

Figure 5. Setup of tensile test
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at the rate of 100 mm/min until bar failure. The flexural strength,
compressive strength, and tensile strength of the groutamounted
to 11.4 MPa, 62.9 MPa and 4.63 MPa, respectively.
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the tensile load P, bending moment acting on the medium
line M = P-d/2 is generated, leading to the rotation of the
sleeve, as shown in Figure 6.b.

a) = b)
' fixed end P
[\
e weldbed 4 )
) #—welded bar ar e %
fixed end f=
» || \\M=P-d/2
J
loadingend 7 inserted o B %
\ I bar inse §ar | ;
: / : J
loading end —/ P

Figure 6. Deflection of specimen after test: a) before test; b) after test
3.1. Load-displacement curves
The load-displacement response of specimens is shown in

Figure 7. Displacement, namely the displacement of grippers
of the machine, was recorded by the computer to which the

b) 100+

machine was connected. The measurement of displacement
resulted in the initial concave shape of all load-displacement
curves, denoting some slippage of bars from gripping. The
tensile strength was higher than the yield strength, and plastic
deformation developed with different degrees, indicating that
all specimens failed in a ductile manner.

For specimens with lap lengths of 10 and 12.5 times the bar
diameter, the bar-grout bond capacity outperformed tensile
capacity of the overlapped bars, resulting in tensile fracture of
the bar (either the spot welded or inserted bar). The development
of load-displacement curves of the specimens was basically
similar to that of the bare bar in tension.

The bar tensile fracture and the bar-grout bond failure were
typical modes of failure for the specimens with the lap length
8 times the bar diameter. For the specimens that failed by
bar-grout slip, the tensile strength of overlapped bars was
higher than the bond strength between the bar and grout. The
development of load-displacement curves for the grout-bar
bond failure of specimens was different from the specimens
exhibiting the bar tensile failure: after the tensile capacity
reached its peak value, the curve declined suddenly as the bar

c) 140,
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Figure 7. Load-displacement curves for bars diameter from 12 to 25 mm
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began to slip. Subsequently, large displacement developed
with respect to a small decrement of load until the embedded
bar slipped out of the grout. Different failure modes appeared
in the same series of specimens because the lap length of 8d
seems to be a critical threshold at which the bare bar fracture
out of the sleeve and the bar-grout bond failure may occur
simultaneously.

3.2. Failure modes

The failure mode of all specimens is shown in Table 3.
Figure 8.a and Figure 9.a show typical failure modes of the
specimens: spot welded or inserted bar tensile fracture and
grout-bar bond failure (either inserted bar or spot welded
bar). The sleeve tensile failure and grout-sleeve bond failure
do not appear. With the absence of longitudinal restraint, a
part of the grout at the bottom of the sleeve was drawn out
by mechanical interlocking between the grout keys and bar
ribs when the bar was stretched and elongated, as shown in
Figure 8.b, Figure 8.c, Figure 9.b, and Figure 9.c. Due to sleeve
deflection, the welded bar tilted outwards and was extruded
from the sleeve, as can be seen in Figure 8.b and Figure 9.b.
The grout around the inserted bar was extruded and spalled
off because of the tilt of the inserted bar, as shown in Figure
8.c and Figure 9.c. Hence, the spalling depth of grout at the
sleeve bottom close to the loading end became greater than
that at the sleeve bottom close to the fixed end.

3.3. Evaluation of strength and ductility

The ultimate tensile capacity, P, and ultimate tensile strength,
f,, are shown in Table 3. The ultimate tensile strength of the
specimens failing by bar fracture (Table 3) was close to the
average tensile strength of the control bar (Table 2) with
the same bar diameter. The following acceptance criteria for
mechanical splices are recommended in ACI-318 12.14.3.2 [26]:
the tensile strength of the splice, f, should be at least 125 % the
nominal yield strength of the spliced bar, £, (400 N/mm?). Thus,
the strength ratio, R, which is expressed in Equation (1), should
be at least 1.25. The ultimate tensile strength, f, is calculated
using Equation (2).

f,
R.=_u_ (1)
S fy‘b
4P
f, = —d‘é (2)
T

The above specimen strength criteria are considered met if the
value of R is greater than 1.25. Otherwise, the evaluation criteria
are not satisfied. For example, as the value of R_ of specimen
12-96-2 is greater than 1.25, specimen 12-96-2 meets the
criteria. The value of R_and strength rating of all specimens are
shown in Table 3. We define displacement ductility as

m=34,/3, (3)

3 I_nserted.

o - Welded
< bar

g

Figure 8. Bar tensile fracture: a) bar tensile fracture; b) grout damage appeared at the sleeve bottom near the fixed and; c) grout damage

appeared at the sleeve bottom near the loading end

Damage of grout key

Inserted
bar

Figure 9. Bar-grout bond failure: a) bar-grout slip; b) grout damage appeared at the sleeve bottom near the fixed end; c) grout damage appeared

at the sleeve bottom near the loading end
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Table 3a. Tensile load results, L/d = 8

. P, . P, o S, Strength Ductility
L/d Specimen [kN] Failure mode [MPa] [mryn] [mm] R, m rating rating

12-96-1 56.16 Inserted bar-grout bond 495 7.9 283 | 124 | 358 Ne N
failure

12-96-2 57.11 Welded bar tensile failure 505 11.1 36.5 1.26 3.30 Ye N

12-96-3 61.69 Inserted bar tensile failure 546 7.6 37.3 1.37 4.91 Y Y

14-112-1 71.23 Inserted bar-grout bond 465 12.1 251 | 116 | 207 N N
failure

14-112-2 80.86 Welded bar-grout bond 525 128 | 338 | 131 @ 264 Y N
failure

14-112-3 8327 Welded bar-grout bond 540 115 | 367 | 135 | 3.19 Y N
failure

16-128-1 116,54 | Welded bar tensile failure 577 132 426 | 144 | 323 Y N

16-128-2 111.48 Inserted bar tensile failure 555 17.2 57.5 1.39 3.35 Y N

16-128-3 113.57 Inserted bar tensile failure 565 115 43.0 1.41 3.75 Y N

18-144-1 | 14u0g | noerted bar-groutbond 566 - - w2 - Y .
failure

8 18-144-2 142,78 | [msertedbar-groutbond 560 154 | 388 | 140 | 252 Y N
failure

18-144-3 15374 | [msertedbar-groutbond 605 167 | 558 | 151 | 334 Y N
failure

20-160-1 186.07 Welded bar tensile failure 590 16.8 51.6 1.48 3.07 Y N

20-160-2 189.79 Welded bar tensile failure 605 15.1 64.3 1.51 4.26 Y Y

20-160-3 17903 | Inserted bar-groutbond 570 206 | 489 | 143 | 237 Y N
failure

22-176-1 22443 | nserted bar-groutbond 590 250 | 687 | 148 | 275 Y N
failure

22-176-2 221.19 Welded bar tensile failure 580 19.7 60.4 1.45 3.07 Y N

22-176-3 21924 | nserted bar-groutbond 575 222 | 614 | 14k | 2.77 Y N
failure

25-200-1 297.90 Welded bar tensile failure 605 25.2 86.2 1.51 3.42 Y N

25-200-2 20304 | [Msertedbar-groutbond 595 196 | 489 | 149 | 249 Y N
failure

25-200-3 294.56 Welded bar tensile failure 600 19.1 57.8 1.50 3.03 Y N
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Table 3b. Tensile load results, L/d = 10

L/d Specimen [:I{II] Failure mode [MPP"a] [mgryn] [rr?:n] R m Si:::\nggth D;:::v
12-120-1 62.30 Welded bar tensile failure 551 12.1 442 1.38 365 Y Y
12-120-2 63.41 Inserted bar tensile failure 561 12.1 385 1.40 3.18 Y N
12-120-3 61.69 Inserted bar tensile failure 546 11.6 35.4 1.37 3.05 Y N
14-140-1 85.40 Welded bar tensile failure 555 15.7 51.9 1.39 3.31 Y N
14-140-2 85.40 Welded bar tensile failure 555 135 56.5 1.39 4.19 Y Y
14-140-3 85.11 Welded bar tensile failure 553 13.2 54.0 1.38 | 4.09 Y Y
16-160-1 113.87 Inserted bar tensile failure 565 12.8 60.2 1.41 4.70 Y Y
16-160-2 115.77 Welded bar tensile failure 575 12.4 70.7 144 | 570 Y Y
16-160-3 115.47 Inserted bar tensile failure 575 13.5 65.7 1.44 4.87 Y Y
18-180-1 158.89 Welded bar tensile failure 625 13.7 60.2 1.56 4.39 Y Y

10 18-180-2 159.62 Welded bar tensile failure 625 12.4 59.6 1.56 4.81 Y Y
18-180-3 163.74 Inserted bar tensile failure 645 12.6 65.6 1.61 5.21 Y Y
20-200-1 186.00 Welded bar tensile failure 590 16.1 70.7 148 | 4.39 Y Y
20-200-2 186.42 Inserted bar tensile failure 595 15.1 723 149 | 479 Y Y
20-200-3 183.64 Inserted bar tensile failure 585 18.2 76.8 146 | 4.22 Y Y
22-220-1 224,99 Welded bar tensile failure 590 17.8 62.9 1.48 3.53 Y N
22-220-2 226.35 Inserted bar tensile failure 595 - 735 1.49 - Y -
22-220-3 223.97 Inserted bar tensile failure 590 17.2 57.4 1.48 3.34 Y N
25-250-1 300.87 Welded bar tensile failure 615 26.3 99.4 1.54 3.78 Y N
25-250-2 298.14 Inserted bar tensile failure 605 16.7 75.8 1.51 4.54 v Y
25-250-3 299.37 Welded bar tensile failure 610 17.7 79.9 153 | 4.51 Y Y
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Table 3c. Tensile load results, L/d = 12,5

L/d Specimen [Ifl(l] Failure mode [M%'a] [nfryn ] [nf:n] R m S::?nggth D:ac:;ir:igtv
12-150-1 62.08 Welded bar tensile failure 549 10.0 35.6 1.37 3.56 Y N
12-150-2 64.11 Inserted bar tensile failure 568 8.6 34.6 142 | 4.02 Y Y
12-150-3 60.97 Welded bar tensile failure 540 9.3 415 1.35 4L.46 Y Y
14-175-1 87.10 Inserted bar tensile failure 565 10.3 55.2 1.41 5.36 Y Y
14-175-2 87.13 Inserted bar tensile failure 565 11.0 64.5 1.41 5.86 Y Y
14-175-3 86.89 Inserted bar tensile failure 565 11.6 58.4 1.41 5.03 Y Y
16-200-1 115.18 Welded bar tensile failure 575 10.9 56.1 144 | 515 Y Y
16-200-2 117.01 Welded bar tensile failure 582 - - 1.46 - Y -
16-200-3 116.66 Welded bar tensile failure 580 12.3 49.6 145 | 4.03 Y
18-225-1 159.60 Welded bar tensile failure 625 13.3 51.9 1.56 3.90 Y N
125 18-225-2 156.04 Welded bar tensile failure 615 13.3 51.0 1.54 3.83 Y N

18-225-3 156.36 Welded bar tensile failure 615 10.6 49.5 1.54 467 Y Y
20-250-1 187.61 Inserted bar tensile failure 600 - - 1.50 - Y -
20-250-2 187.07 Welded bar tensile failure 595 135 56.7 1.49 4.20 Y Y
20-250-3 194.73 Inserted bar tensile failure 620 15.5 76.6 155 | 4.94 Y Y
22-275-1 222.87 Inserted bar tensile failure 585 17.4 59.4 1.46 3.41 Y N
22-275-2 220.52 Welded bar tensile failure 581 17.8 58.9 1.45 3.31 Y N
22-275-3 218.99 Welded bar tensile failure 575 17.9 61.2 1.44 3.42 Y N
25-313-1 282.53 Inserted bar tensile failure 575 189 81.3 1.44 4.30 Y Y
25-313-2 286.12 Inserted bar tensile failure 585 225 86.2 1.46 3.83 Y N
25-313-3 283.75 Welded bar tensile failure 580 16.2 95.0 1.45 5.86 Y Y

aTaking 12-96-1 as an example, the bar diameter is 12 mm, the lap length is 96 mm and the number of 12-96 series is 1.

°"-" means the value was not obtained from the experiment.

¢ Specimen rating: "Y" indicates that the specimen meets the evaluation criteria, whereas “N" indicates that the evaluation criteria are not satisfied.
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where 3§, is the displacement where the peak load occurred
(or was sustained) and Sy is the yield displacement. In order
to determine a more accurate ductility factor value from the
presented measurement results, the load-displacement curves
are moved to the left by an amount defined by the intersection
of the initial elastic slope with the abscissa of displacement, and
so the revised load-displacement curves are obtained (Figure
10). The values of 5, and 8, are obtained from the revised load-
displacement curves. According to recommendations given
in paper [27], the ductility requirement of a structure in low-
moderate seismic regions should be at least 4.0. The value of
m being greater than 4.0 means that the specimen ductility
meets the above criteria, otherwise, the evaluation criteria
are not considered satisfied. For example, as the value of m
of specimen 12-96-3 is greater than 4.91, specimen 12-96-
3 meets the criteria. The value of m and ductility rating of all
specimens is shown in Table 3. As can be seen in Table 3, the
values of m of almost all specimens with the lap length 8 times
the bar diameter, and many specimens with the lap length 10,
12.5 times the bar diameter, are less than 4.0 because of sleeve
rotation. Thus, it is necessary to tests seismic behaviour of pre-

cast shear walls with vertical reinforcement spliced by a grouted
sleeve lapping connector to evaluate the operating performance
of the grouted sleeve lapping connector used in the structures.

4. Behaviour of grouted sleeve lapping
connector

4.1. Load transfer mechanism

Bonding force studies conducted by Lutz and Gergely in 1967
show that the bond of deformed bars is made up of three
components: chemical adhesion, friction, and mechanical
interlock between concrete and the bar [28]. In the beginning,
the bond between reinforcement bars and grout primarily
depends on chemical adhesion action, 7, and the value of the
sleeve confinement stress is nearly zero, as shown in Figure
11.a. Where bars-grout slip occurs, the friction and mechanical
interlock between grout keys and bar ribs prevent the bars
from slipping out of grout. The ribs split the grout by wedging
action. Consequently, diagonal cracks appear above the bar ribs,
and develop with an increasing pulling force. At the same time,

a) B0y 4=12 b) 1007 4=14 ) 140, q-1g
1204
80 = :
100 \ | \
Z 2 @ 2 w A
o o o
8 8 40 g 9
— - -
404
20 35
of . . . 0 0
0 10 20 30 40 50 [v] 0 20 40 60 80
Displacement [mm] Displacement [mm)]
d) 1807 e) 2207 4-20 fl 2507 4-22
A 200
180 2004 ‘\
- 160 Il
g g 140 g 1504
= = 120 =
72-176-1
- S 100 = e Saire?
8 8 S 100 —a22-176-3
| 4 80 | —a—22-220-1
60 B 13674
3 ho 501 —a—33.375-1
207 —»—18-235-3 20 553753
0 T T y ) o \ [0} v -
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Displacement [mm]

Figure 10. Revised load-displacement curves for bars diameter from 12 to 25 mm
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R

Sleeve wall o
Confinement stress

Sleeve wall

e AT L .

Figure 11. Load transfer mechanism of grouted sleeve lapping connector: a) Chemical adhesion; b) Diagonal cracks above bar ribs; c) Crush of

grout; d) Bar slippage

the confinement stress generated by the sleeve wall works to
restrain development of cracks. The process is illustrated in
Figure 11.b. Because of confinement stress, the formation of
splitting cracks demonstrated in previous studies [29-30] does
not appear in the grouted sleeve lapping connector. As the
pulling force increases, cracks develop and grow in the length,
width and number. When grout is crushed to a "compacted
powder", it becomes lodged in front of the ribs [31] (Figure
11.c). A glide plane forms immediately after the grout keys
between the bar ribs are snapped, i.e. at the moment when
the pulling force equals the bar-grout bond capacity and the
confinement stress reaches its maximum. Afterwards, the bar
slips out of grout. The process is shown in Figure 11.d. The
sleeve confinement stress in all of the above mentioned bond
stages provides resistance to control splitting of the grout and,
consequently, improves mechanical interlock between grout
keys and bar ribs. In this way, the tensile capacity of the grouted
sleeve lapping connector is improved considerably.

4.2. Mechanical characteristic

In a certain range of lap length, the tensile capacity increases
with an increase in lap length. As observed in specimen 18-
144-1 and in specimens from series 18-180-1, the average
ultimate tensile capacity, P, increased from 144.08 kN to
158.89 kN when the lap length, L, increased from 144 mm to
180 mm. As the lap length increases, more bar ribs are engaged
in interlocking with grout keys. As a result, a larger total shear
area of the grout keys is engaged to resist the pull-out force,
and a higher bond stress is generated in the sleeve [24].

For specimens with the same bar diameter that failed by bar
fracture, the ultimate tensile capacities are basically the same
(as shown in Table 3). As the lap length increases, the average
maximum value of the transverse tensile strain of the sleeve
€, as measured by SG1, decreases. If specimens 20 mm in bar
diameter are taken as an example, the values of &, obtained
from the test of the specimens of series 20-160, 20-200, and
20-250 are 595x10°%, 400x10°% and 41x10°, respectively.
As the lap length increases, more bar ribs are engaged in
interlocking with the grout keys, leading to a decrease in average
bond strength. Consequently, the confinement provided by the
sleeve wall decreases, presenting a decrease in the value of €, .

The variation of € ; with Lis shown in Figure 12. All values of are
lower than 1000x 1078, which means that the sleeve provides a
certain safety margin.

800

7004

600 -

500 < s

< 10®

400

21

20

Figure 12. Variation of €, ; with Lof specimens that failed by bar fracture

Figure 13 illustrates variation of the average maximum
transverse tensile strain of the sIeeve,EW with d of the
specimens failing by grout-bar bond failure. With the sleeve
internal diameter invariant, an increase of the bar diameter
leads to an increase in the confinement stress generated by the
sleeve wall, corresponding to an increase in the value of €, .. This
can be explained by the following two factors:

a) increase of effective sleeve area with respect to grout area
makes the sleeve wall stronger and more able to resist the
splitting expansion of grout, and

b) decrease in the stress absorption property of grout as
limited allowable deformability is provided by a thin layer
of grout surrounding the spliced bars, which subsequently
makes the confinement response to the sleeve sensitive to
splitting expansion of grout [24].

This mechanical characteristic can also be explained by the
following theory: In axisymmetric problems of continuum
mechanics, the strain-displacement relations are expressed in
polar coordinates: ¢ = du/drand g, = u/r, where u_is the radial
displacement and ris the radius from the line of axisymmetry
[32]. For asleeve of constant diameter, a higher bar size engages
a smaller area of grout in radial compression and hoop tension;
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hoop tension is balanced by the confinement provided by the
sleeve. Thus, the smaller the distance between the bar and the
confinement, r, the higher the strain, ¢, the latter develops.

10004
15 .
SG1
8004 ki
i
h ] SG1 .
s e{n
=
15 1-1 .
4004 T .
2004
-
.
o T T T T T T T 1
10 12 4 16 18 20 22 24 26
d[mm]

Figure 13. Variation of with d of specimens that failed by grout-bar
bond failure

4.3. Analysis of lapping bond stress

The average ultimate lapping bond stress, 1, of the specimens
that failed by grout-bar bond failure is defined as the ultimate
tensile capacity divided by the product of the perimeter and the
lap length (Equation (4)).
PLI

=_u_ 4
U oL “
Equation (5) applies for the specimens failed by grout-bar bond
failure.

L=8d (5)

Equation (6) is derived by combing Equation (&) with Equation (5).
— 1 PU
Ty = 81 d2 (6)

The parameters used in the experiments are substituted into
Equation (6) and the variation of with dis obtained, as shown
in Figure 14,

19,0+

-
18,5 4
-
18,0 4 -
-
1754
g
= 17,04
A
16,54
1604 -
1554 -
150 T T T T T T T 1
10 12 14 16 18 20 22 24 26
d [mm)]

Figure 14. Variation of 7, with d of specimens that failed by grout-bar
bond failure

It can be seen that the average ultimate lapping bond stress, ,
increases as the bar diameter, d, increases. As the bar diameter
increases, the confinement stress generated by the sleeve wall
increases, leading to an increase in the average ultimate lapping
bond stress, 1,

According to test results, the performance of the connector can
be affected by the tensile strength of grout, bar diameter, sleeve
internal diameter, and lap length. Equation (7) explaining the
interrelationship between the average ultimate lapping bond
stress, 1, tensile strength of grout, R, relative lap length, d/L,
and relative bar diameter, d/Dis derived by the linear regression
method to evaluate performance of the connector.

7 =[3.86%—17.51%+4.90th 7)

where:

1, is the average ultimate lapping bond stress(N/mm?), R, is the
tensile strength of grout (N/mm?), dis the bar diameter (mm),
D is the sleeve internal diameter (mm) and L is the lap length
(mm).

For verification purposes, the parameters used in the
experiments are substituted into Equation (7) and the
experimental results are weighed against the predicted
outcomes to acquire the reliability of the empirical equation,
as shown in Table 4. It can be seen that the proposed equation
provides a reliable prediction, with the reliability ratios, R, close
to 1.0.

Table 4. Comparison of calculated and experimental values of average
ultimate lapping bond stress

Gradevinar 6/2017

Specimens [MRISa] d/D d/L (T exp () R
12-96 0.17 0.125 | 15.46 | 15.65 0.99
14-112 0.20 0.125 | 1593 | 16.16 0.99
18-100° 0.26 0.18 1269 | 12.73 1.00
18-144 0.26 0.125 | 18.01 17.18 1.05
18-150 463 0.26 0.12 17.32 | 17.59 0.98
20-160 0.29 0.125 | 1783 | 17.69 1.01
22-176 0.31 0.125 | 18.20 | 18.20 1.00
25-200 0.36 0.125 | 18.66 | 1894 0.98

" The data of 18-100 and 18-150 are obtained from previous experiments

5. Recommended lap length

The critical lap length, / is an important parameter for the design
of a grouted sleeve lapping connector. At length / when bar
tensile fracture out of the sleeve and bar-grout slippage occur
at the same time, the bar-grout bond capacity equals the tensile
capacity of the overlapped bars, and Equation (8) and Equation
(9) are tenable.
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7, mdl =1, %nd2 (8)

r =] 386 % -17.51% 12,00 |R, (9)
' D /

where

7,,is the average ultimate lapping bond stress at the critical lap
length (N/mm?), dis the bar diameter (mm), /is the critical lap
length (mm), f, is the bar ultimate tensile strength (N/mm?),
D is the sleeve internal diameter (mm), and R, is the tensile
strength of grout (N/mm?).

Combining Equation (8) with Equation (9) vields Equation (10).

f
ub 4 70.04

_ t
I= 1544 196 (10)

D d

Substituting the test values of f,, R, Dand dinto Equation (10),
we acquire the values of the critical lap length, /. The results are
shown in Table 5.

The lap length of specimens that failed by bar-grout slip is
smaller than /, whereas the lap length of specimens that failed
by bar fracture is larger than / Hence, a range of values can be
acquired according to results shown in Table 3 to estimate the
value of / as shown in Table 5.

Table 5. Estimation of critical lap length / unit: mm

d calculated range recommended
12 105 96 - 120 120
14 122 112 - 140 140
16 136 <128 160
18 159 144 - 180 180
20 171 160 - 200 200
22 174 176 - 220 220
25 198 200 - 250 250

Almost all calculated values fall within the ranges of
experimental values, except the calculated value of the bar 16
mm in diameter, 136 mm, which is larger than the maximum
value of the corresponding range, 128 mm, and the calculated
values of the bars with diameters 22 mm and 25 mm are slightly
smaller than the minimum values of the corresponding range,
indicating a relatively high reliability of Equation (9).

All specimens with lap lengths 10 and 12.5 times the bar
diameter meet the evaluation criteria for strength. Moreover,

the working performance of the connector is poorer in the
structural form of specimens where bars are placed clinging
to each other. Based on experimental results and the above
analysis, the recommended lap length of the grouted sleeve
lapping connector is 10 times the overlapped bar diameter, as
shown in Table 5.

6. Conclusions

Compared to the bare bar in tension, the vyield plateau of the
specimens was not fully developed, due to deflection of the
specimens.

The ultimate tensile capacity of specimens that failed by bar
fracture was close to the average tensile capacity of the control
bar with the same bar diameter. All specimens with lap lengths
10 and 12.5 times the bar diameter meet the evaluation criteria
according to which the tensile strength of the splice must be
at least 125 % of the specified yield strength of the spliced bar
(ACI-318 12.14.3.2).

The bar tensile failure and the bar-grout bond failure are the typical
modes of grouted sleeve lapping connectors. Failure modes of the
grout-sleeve slip and sleeve tensile failure were not shown.

For specimens with the same bar diameter that fail by bar
fracture, the transverse confinement provided by the sleeve
wall decreases as the lap length increases. For specimens that
fail by bar-grout bond failure, an increase in the bar diameter
leads to an increase in the confinement stress generated by
the sleeve wall, and the average ultimate lapping bond stress
increases as the bar diameter increases.

Equation (7), whichis used to estimate the ultimate lapping bond
stress, and Equation (10), which aims to calculate the critical lap
length, provide the basis for the design and evaluation of the
grouted sleeve lapping connector.

Using advantages of confinement effects generated from the
sleeve, the recommended lap length can be as short as ten
times the bar diameter, which is approximately 20 % of the
tension lap length recommended by ACI-318 (at least 50 times
the bar diameter).

As the testing was conducted on a specific quality of grout
characterized by the flexural strength, compressive strength
and tensile strength of 11.4 MPa, 62.9 MPa and 4.63 MPa,
respectively, and as the sleeve 70mm in internal diameter and
3mm in thickness was used, the findings are applicable for the
specified grout quality and sleeve geometry only.

Due to some problems identified during the testing of
connectors (i.e. rotation of the connector due to tensile loading),
it is necessary to tests seismic behaviour of pre-cast shear
walls with vertical reinforcements spliced by a grouted sleeve
lapping connector, to evaluate the operating performance of the
grouted sleeve lapping connector used in the structures.
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