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Abstract: This paper presents an experimental study of a new grouted splice connection for wall panels, called Welded Bar
Sleeve (WBS). The connections were made from steel pipes and tested with incremental tensile, shear and flexural loads until
failure. The aim is to determine the behaviour of the connection under the three load cases. For this, the connections are evaluated
in terms of the load—displacement responses, ultimate capacities, ductility responses and some feasibility assessment criteria. WBS
was found to provide sufficient strength at the bar embedded length of 8, 8 and 11 times the bar diameter under tensile, shear and
flexural loads, respectively. It is effective under tension, but could only service up to 1/3 of its ultimate shear capacity. Flexural
load is the most critical load case for the connection. For this, further enhancements are required when subjected to shear and
flexural loads.
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List of Symbols P Ultimate capacity of grouted splice specimen under
dy Diameter of bar embedded in the sleeve, mm tensile load, kN
dse Outer diameter of sleeve, mm P, Yield strength of specimen, kN
dy; Inner diameter of sleeve, mm R, Ductility ratio
dyp Diameter of bar welded to WBS, mm Ry Drift ratio
Jo Nominal yield stress of spliced bar, N/mm? R, Strength ratio
S Ultimate tensile stress of bar, N/mm? Ry, Serviceability ratio
e Ultimate compressive stress of concrete, N/mm? R, Yield ratio
Jug Ultimate compressive stress of grout, N/mm? Oy Displacement at failure, mm
Sum Ultimate compressive stress of mortar, N/mm? Oufi Drift of upper wall panel at failure under flexural
H Height of the upper panel, mm load, mm
Iy Bar embedded length in sleeve, mm Ousp; Horizontal displacement of bar 1 at failure under
ly Length of sleeve, mm shear load, mm
ty Thickness of sleeve, mm Oustp2 Horizontal displacement of bar 2 at failure under
P, Service load of specimen, kN shear load, mm
P, Ultimate capacity of specimen, kN Ot Displacement of bar at failure under tensile load,
P,y Ultimate capacity of wall assembly specimen under mm
flexural load, kN 0y Displacement at yield, mm

P, Ultimate capacity of wall assembly specimen under
shear load, kN
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Grouted splice sleeve is a mechanical coupler used to
connect steel bars. A typical grouted splice consists of two
steel bars, a sleeve and some grout (Fig. 1). The steel bars
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the splitting cracks surrounding the bar (Fig. 2), and thus,
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Fig. 1 Components of a typical grouted splice sleeve.
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Fig. 2 Sleeve confines the grout and control the propagation of splitting cracks.

addition, the sleeve bridges the discontinuity of the spliced
bars so that stress can be effectively transferred from one bar
to another.

This technique of confining the bond region was an
extreme condition of the regional confinement using the
transverse reinforcements. It allows the stresses to be fully
transferred at a shorter anchorage length of the bars as
compared with the conventional bar lapping system. The
required length ranges from 8.5 to 16 times the bar diameter
(8.5-16d;) (Haber et al. 2015).

The grouted splice sleeve can be used as the connection
for precast concrete structures. It is embedded in the precast
concrete elements during fabrications in the factories. At the
construction site, steel bars extruding from the other precast
element are inserted into the sleeve to form a connection
(Fig. 3). Due to the enhanced bond performance, the
extruding bars from the precast elements are kept minimal.
Thus, the handling and installation of the elements are easier
and this speeds up the construction project.

Grouted splice sleeves have been the proprietary products
(Haber et al. 2015; Jansson 2008; Lin and Wu 2016) owned
by several international companies. Designing the sleeves

have been the works of specialists. In 1995, Einea et al.
(Einea et al. 1995) proposed to connect steel bars with
modified steel pipes. Researchers then realised that with
adequate understanding of the load resisting mechanism, the
materials that are commonly available at the construction site
could easily be transformed into the grouted splice sleeves.

Since then, various materials and shapes have been pro-
posed as the connection for steel bars. This includes mild
steel pipes (Henin and Morcous 2015; Abd. Rahman et al.
2010; Ling et al. 2012; Alias et al. 2014; Alias et al. 2013),
high strength steel (Seo et al. 2016), aluminum tubes (Ling
et al. 2008; Tullini and Minghini 2016), spirals (Aldin
Hosseini and Abd. Rahman 2013; Aldin Hosseini and Abd.
Rahman 2016; Aldin Hosseini et al. 2015; Sayadi et al.
2014; Hosseini and Rahman 2013), square hollow sections
(Ling et al. 2014) and glass fiber reinforced polymers
(Sayadi et al. 2015; Koushfar et al. 2014; Tastani 2002;
Tibbetts et al. 2009).

These connections differ from one another in terms of
(a) the mechanical properties of materials used and (b) the
load resisting mechanisms as a result of the sleeve config-
urations and designs. Therefore, the response of connection

Upper wall panel

Reinforcement bars
of the lower panel

Lower wall panel

Extruding
reinforcement bars
from the upper panel

» Grouted splice sleeve
used to receive the
insertion of the bars
from the upper panel.

Fig. 3 Grouted splice sleeve as the connection of precast concrete wall panels (Loh 2008).
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under load, the required anchorage length of the bars and the
amount of materials required vary slightly among each other.

Nevertheless, these connections have the following in
common:

a. The sleeve needs to resist the tensile load and confine
the bond at the same time. Both the longitudinal and
lateral deformations are detected under tensile load.

b. The mechanical interlocking among the grout, the
spliced bar and the sleeve are equally important. The
bond slip failure could occur at the bar or at the sleeve.

These connections might not be as effective as the pro-
prietary products in terms of having a minimum anchorage
length, but they are advantageous in the following aspects:

a. The materials used are easily accessible on any
construction site.

b. The connection can be fabricated on site by using
simple techniques such as welding and cutting.

c. The connection can be modified to suit the needs on site,
such as the allowable tolerance and anchorage length.

Grouted splice sleeves are usually tested with a tensile
load to determine the feasibility and the characteristic
strength. The test is simple, cheap and easy to handle. The
relevant standards specify a minimum tensile capacity of
125% of the nominal yield strength of the spliced bars (ACI-
318 2002; AC-133 2008). A good grouted splice connection
generally offers a stiffness about equivalent to a steel bar and
undergoes the stages of elastic, yielding and plastic
responses when subjected to incremental tensile load (Ling
et al. 2012). The design capacity is recommended to be not
higher than the yielding strength.

However, the tensile test alone is insufficient to determine
the actual behaviour and performance of the grouted splice
connection in precast concrete structures. The loads acting
on the connection might not always be in tension. There
could be other forces acting on the connection. Hence,
experimental studies were conducted on the precast concrete
frames with the connections of beam-to-beam (Aldin Hos-
seini et al. 2015; Sayadi et al. 2014), column-to-beam
(Ameli et al. 2015; Kim 2000), column-to-column (Tullini
and Minghini 2016), wall-to-wall (Soudki et al. 1995; Zhu
and Guo 2016) and column-to-foundation (Haber et al.
2014; Belleri and Riva 2012) to determine the structural
performance.

This study transforms steel pipe sections into grouted
splice sleeves by simply welding some steel bars on it. These
sleeves are used to connect the precast concrete walls
(Fig. 3). It is to determine if these non-proprietary sleeves
can be used as the connection for walls.

Depending on the locations installed, the connections are
subjected to tensile, shear and flexural loads when the wall
frame system is subjected to lateral load (Fig. 4). To deter-
mine the behaviour and the feasibility of the connections, an
experimental study was conducted. The aim was to acquire
the responses of the connection under different load cases.

2. Experimental Program

2.1 Test Specimens

Welded Bar Sleeve (WBS) was made from mild steel pipes
(nominal yield strength, f;, = 250 N/mm?) with the inner
diameters, d,;, of 50, 65 and 75 mm. Four steel bars
(s, = 500 N/mm? and d,,;, = 10 mm) were welded to the
inner surface of the pipe at the ends (Fig. 5). These bars
provide an interlocking mechanism for the grout to bond
with spliced bars. Then, steel bars (f;, = 500 N/mm? and
bar diameter, d;, of 16 mm) were spliced at the embedded
lengths, I, of 75, 125 and 175 mm (Fig. 5; Table 1).

Non-shrink grout (Sika Grout-215), with a nominal
strength of 70 N/mm? at day 28, was mixed into a pour-able
state based on the proportions recommended by the manu-
facturer (4 litres of water: 25 kg of grout). The grout was
poured into the sleeve prior to insertion of the steel bar.

2.2 Test Programs

2.2.1 Tensile Test

Nine sets of specimens with different configurations were
tested with 0.5 kN/s incremental tensile load (Table 1). Each
set consists of three identical specimens; thus, a total of 27
specimens were tested with the tensile load (Table 2).

The displacements were measured by using the built-in
linear variable differential transducers (LVDT) of the
hydraulic actuator (Fig. 6). Three strain gauges (SG) were
installed on each specimen (Fig. 6);

i. SGI was installed on the spliced bar at about one bar
diameter from the surface of the grout. It was used to
measure the elongation of the bar (ASTM 2005);

ii. SG2 was installed transversely on the sleeve at the mid
length of the bar embedded length. It was used to
measure the lateral deformations of the sleeve due to
splitting expansion of the grout in the sleeve (Einea
et al. 1995; Henin and Morcous 2015);

iii. SG3 was installed longitudinally at the mid length of
the sleeve. It was used to measure the longitudinal
elongation of the sleeve.

2.2.2 Shear and Flexural Tests

For the shear and flexural tests, six specimens were tested
each. This included a control and five wall assembly spec-
imens (Table 2).

Each specimen comprised two precast concrete panels as
illustrated in Fig. 7. The dimensions of the panels are given
in Table 3. Two sleeves were embedded in the lower panel
and two steel bars are extruded from the upper panel. During
installation, the steel bars were inserted into the sleeve and
bonded by the grout in the sleeve. A layer of 25 mm mortar
dry pack was laid between the two panels.

For the control specimens, the reinforcement bars were
continuous and embedded in the wall panels with a full
anchorage length. The dimensions were same as the other
specimens, as specified in Table 3.
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Fig. 4 Tensile, shear and flexural loads acting on the grouted splice connection of a precast concrete wall frame system as a

result of the lateral load (Ling 2011).
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Fig. 5 Schematic design of Welded Bar Sleeve (WBS).
Table 1 The dimensions of Welded Bar Sleeve (WBS).
Specimen Spliced bar Sleeve
db (mm) lh (rnm) d,vi (mm) lsl (mm) tsi (mm) dwb (mm)

WBS-1 16 75 50 150 4.5 10
WBS-2 65

WBS-3 75

WBS-4 125 50 250

WBS-5 65

WBS-6 75

WBS-7 175 50 350

WBS-8 65

WBS-9 75

The displacement of the panels was measured by a series
of LVDTs illustrated in Fig. 7, H; to H;,. Strain gauges were
installed along Bar 1 of each specimen. Strain gauges SG1 to
SG3 were installed at the same positions as the tensile test.
SG4 and SG5 were installed on the spliced bars at a distance
of 200 mm intervals.

The incremental lateral load was imposed by the hydraulic
jack (Brand: Enerpac, Capacity: 500 kN) at the dry pack

joint and at 1800 mm height from the joint for shear and
flexural tests, respectively. The experiment started with a
load-controlled mode where readings were taken at every 10
kN load increment. Then, as the specimen yielded and a
large displacement was detected, the displacement-con-
trolled mode was used. Readings were taken at every 2 mm
displacement. This was in order to obtain a smooth load—
displacement curve.
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Table 2 Number of specimens tested for each load case.

Specimens Nos. of specimen
Tensile test Shear test Flexural test
Control 1 1
WBS-1 3 0 0
WBS-2 3 1 1
WBS-3 3 0 0
WBS-4 3 1 1
WBS-5 3 1 1
WBS-6 3 1 1
WBS-7 3 0 0
WBS-8 3 1 1
WBS-9 3 0 0
Total specimens 27 6 6
Pulling force 3. Results and Analysis
Actuator ien
3.1 Load Capacities

Table 4 shows the compressive strengths of the grout,

sG1 [ concrete and mortar dry pack on the day that the specimens

SG2 Computer were tested. The ultimate capacity, displacement and failure

mode of each specimen are shown in Table 5.

SG3 \

, O =1l

i i ! i i Data logger

Reaction forces

Fig. 6 Instrumental setup for tensile test.

While conducting the experiment, the yielding of the
specimen was detected when the real-time load—displace-
ment response was no longer linear, and a large displacement
was detected with respect to a small load increment.

The tests were conducted as per the standard procedures
recommended by ASTM E564 (E564-06 2006). Prior to
commencement of the test, all instrumentation readings were
initiated to zero. A preload of about 10% of the estimated
ultimate load was applied and held for 5 min to seat all the
connections. The pre-load was removed for another 5 min
before all the gauge readings were read as the initial
readings.

The incremental load was applied in three cycles at 10 kN
load interval. The load was maintained for at least 1 min
before each reading was taken. As the load achieved 1/3 and
2/3 of the estimated ultimate load (which are 100 and 200
kN for shear load, and 20 and 40 kN for flexural load) the
applied load was released at the same rate. As the load was
fully removed, the recovery of the specimen was recorded
after 5 min. The connection was tested to fail in the third
cycle.

The specimens generally failed in two modes, namely bar
fracture and bond-slip failures. The bar fracture failure is
preferred as it indicates that the grouted splice could gen-
erate a higher bond strength than the tensile strength of the
spliced bars. Based on the results, the spliced bars generally
fractured at about 128, 297 and 82 kN for tensile, shear and
flexural loads, respectively.

For this, the specimens offering a higher capacity than
these values are considered to be adequate. The adequate
specimens are: (a) WBS-4, 5, 7, 8 and 9 for tensile test;
(b) WBS-5, 6 and 8 for shear test, and (c) WBS-5 and 8 for
flexural test.

For this, the following is found (Table 5):

a. The embedded length of 125 mm (& 8d}) is adequate
for resisting tensile load.

b. The embedded length of 125 mm (=x8d,) is adequate
for WBS to withstand shear load, regardless of the
sleeve diameter. As the bar embedded length required to
resist the shear load could be shorter than 125 mm, and
with the amount of data available, it is difficult to
determine if the sleeve diameter affects the shear
capacity of the connection.

c. To resist flexural load, 175 mm (= 11d,) bar embedded
length is required.

Based on these findings, the followings can be concluded:

a. The loading capacity of the grouted splice connection
increases as the bar embedded length increases in all
load cases.
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Fig. 7 Details and instrumentation of wall assembly specimen (unit: mm).

Table 3 Size of wall panels for shear and flexural tests.

Shear test

Flexural test

Position of lateral load

At just above the dry pack connection

At 100 mm height above the dry pack
connection

Thickness of panels

150 mm

Size of lower panel

1200 x 600 mm

Size of upper panel

1200 x 600 mm

1200 x 1200 mm

Thickness of dry pack

25 mm

b. The tensile capacity of the connection increases as the
sleeve diameter decreases. The effect of sleeve diameter
seems to be insignificant when the connection is
subjected to shear and flexural loads.

Theoretically, small sleeve diameter is beneficial to the
capacity of the connection. This can be observed from the
test results obtained from tensile test and the previous
studies. A smaller sleeve diameter offers a more effective
confinement to improve the bond performance in the sleeve
(Ling et al. 2012). However, it is noted that a smaller sleeve
diameter might lead to the following problems:

a. Inadequate tolerance for installation of the grouted
splice connection during erection of the precast wall
panels. As a result, the dimension of the precast panels
and the position of the steel bars and the sleeve need to

be fabricated at a higher level of precision. The
recommended tolerance is about 25 mm as stated in
ACI-117 (ACI-117 1990).

b. Inadequate opening size for the filling of the grout in
the sleeve. This is reflected by the poor capacity
offered by specimen WBS-4 tested under shear and
flexural loads. For this, much effort is required to
ensure the spliced bars are fully anchored in the sleeve.

3.2 Behaviour of Grouted Splice Connection

3.2.1 Response Under Tensile Load

Tensile load caused the entire grouted splice specimens to
deform and elongate longitudinally. The deformation of the
sleeve was insignificant compared with the spliced bars. A
large deformation of the connection was noticed as the
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Table 4 Compressive strength of concrete, mortar and grout for each specimen (unit: N/mm?).

Specimen Tensile test Shear test Flexural test
Compressive | Compressive | Compressive | Compressive | Compressive | Compressive | Compressive
strength of strength of strength of strength of strength of strength of strength of
grout, f,, concrete, f,, . mortar, f,, grout, f,, concrete, f,, mortar, f,, grout, f, o
Control 432 20.0 67.9 59.6 214 73.1
WBS-1 76.8
WBS-2 45.0 28.6 63.8 64.4 18.0 88.1
WBS-3
WBS-4 449 18.5 68.2 66.9 30.7 73.4
WBS-5 43.4 20.3 83.7 64.4 26.7 72.6
WBS-6 43.6 16.3 83.3 67.9 19.5 85.0
WBS-7
WBS-8 45.6 19.0 81.6 61.0 30.8 69.3
WBS-9

spliced bars yielded. The specimens eventually failed either
by bar fracture or bond-slip failures.

Two types of load—displacement responses were observed
(Fig. 8). The connections with adequate bond strength
exhibited ductility characteristics prior to failure (Fig. 8a),
while inadequate bond strength endured a brittle failure
(Fig. 8b).

Specimens WBS-4, 5, 7, 8 and 9 behaved elastically with
a high degree of stiffness at the initial stage, as demonstrated
by the steep gradient of the load—displacement curve in
Fig. 8a (line A-B). The sleeve and the spliced bars elon-
gated slowly and proportional to the load increments. As the
bars yielded at approximately 110 kN load, they elongated
rapidly and behaved plastically. As a result, the stiffness of
the connection decreased drastically. These specimens
reached the ultimate states at about 130 kN with a large
displacement of about 30 mm.

Figure 8b shows the response of the grouted splice con-
nection when inadequate bond strength was generated in the
sleeve (WBS-1, 2, 3 and 6). These connections generally
failed with bars slipping out of the sleeves at a low ductility.
They behaved elastically with a high degree of stiffness until
the bond between the bar and the grout failed suddenly at a
load less than 110 kN.

3.2.2 Response Under Shear Load

The shear load caused the upper panel to displace hori-
zontally and slide on the dry pack. The lower panel remained
stationary while the bar deformed significantly and failed by
bar fracture or bond-slip failure. Cracks were found to occur
at the cold joints between the dry pack and the panels.

Figure 9 shows a typical load—displacement response of
the wall assembly specimens when subjected to an incre-
mental shear load. It underwent the stages of (a) pre-crack,

(b) bar dowel action, (c) post dowel action and (d) ultimate
failure.

The pre-crack stage was a state without any crack on the
wall specimen (curve A-B). The specimen resisted the
incremental shear load with good integrity. The upper panel
displaced slowly and a high degree of stiffness was devel-
oped with respect to the load increment.

The first crack occurred at the dry pack joint at about 100
kN. The steel bars joining the two panels started undergoing
the bar dowel action. This occurred in two stages, namely
bar bending and kinking actions (West et al. 1993; Soudki
1994).

During the bar bending action, both Bars 1 and 2 hinged at
two points near the joints between the dry pack and the wall
panels (Fig. 10). The upper wall panel displaced horizontally
in a rapid manner due to low shear resistance generated
during the bar hinging process (curve B—C in Fig. 9). Thus,
a low degree of stiffness was developed.

The incremental shear load was applied in three cycles. A
negligible permanent displacement was detected after the
first load cycle before the bar dowel action took place. After
the second load cycle, a large permanent displacement was
detected (Fig. 11a). The deformation was due to the bar
bending and kinking actions, and it was permanent and
irreversible.

The results show a good continuity of load—displacement
response between the load cycles (Fig. 11b). The load—dis-
placement response followed the path of the previous load
cycle and continued thereafter.

All specimens failed when Bar 1 fractured except WBS-2.
These two specimens failed as the bar slipped out of the
sleeve during the bar dowel action.

The responses of both Bars 1 and 2 were similar (Fig. 11).
Bar 1 was located closer to the shear load. It generally gave
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Fig. 10 The deformation of the bars after bar dowel action
(specimen WBS-8).

not more than 1 mm larger displacement compared with Bar
2. This explains why the specimens always failed at Bar 1.

3.2.3 Response Under Flexural Load
The lateral load applied at 1800 mm height from the dry
pack caused a rotational movement of the upper panel. Bar 1

was in tension while Bar 2 was in compression. The upper
panel rotated and drifted until Bar 1 fractured or slipped out
of the sleeve.

Figure 12 demonstrates two typical load-drift responses of
the specimens when subjected to an incremental flexural
load. When the bond strength was adequate, the specimens
exhibited a ductile behaviour prior to failure (Fig. 12a).
Otherwise, the specimens failed in a brittle manner
(Fig. 12b).

Specimens WBS-2, 4, 6 failed at 19.9, 65.8 and 28.4 kN
flexural load, respectively, and gave a low ductility response.
These specimens initiated with a high degree of stiffness, but
failed suddenly as Bar 1 slipped out of the sleeve. This was
due to inadequate bar embedded length and insufficient bond
strength generated in the sleeves.

Specimens WBS-5 and 8 offered the load capacity of 82
and 87 kN, respectively. These specimens demonstrated
ductile responses where the upper panels drifted for at least
22 mm before failure.

The yield strength of the spliced bars was not achieved
during the first two load cycles. The upper panel managed to
recover to its original position with a minor permanent drift
of less than 3 mm. As the load exceeded the yield strength of
about 60 kN load, drift developed rapidly and the stiffness
decreased dramatically.

It was noticed that most of the specimens experienced an
initial drift of 2-3 mm immediately after the flexural load
was applied, as demonstrated in Fig. 12b. The cause of this
phenomenon is uncertain. This could be due to the sudden
settlement of the connection as the dry pack around Bar 2
was undergoing the compressive deformation (Fig. 13).

3.24 Response of Internal Stresses
under Different Load Cases

Figure 14 illustrates the internal stresses generated in
WBS under tensile, shear and flexural loads. The ribs on the
spliced bars and the welded bars interlock with the grout in
the sleeve. This generates a resultant stress acting perpen-
dicularly to the surface of the rib. The resultant stress can be
derived into two components, namely the normal and lon-
gitudinal stress (Abd. Rahman et al. 2010).

International Journal of Concrete Structures and Materials (Vol.11, No.3, September 2017) | 533



350 1 350 1
Displacement at failure |
300 € > 300 |
250 f 250
) 2 Good inter-cycle _
§200 r é 200 continuity — ‘8.
] b H
8150 | S0 | o | Load
Load ool o
100 g Ha
50 §  Permanent 50 ‘;‘j‘
B displacement Scp1 = Hi-H: 8 &b = H3-Hy
OA E 1 1 1 1 ] 0 g 1 1 1 1 ]
05 10 15 20 25 30 35 40 45 05 10 15 20 25 30 35 40 45
Displacement (mm), &, 5, Displacement (mm), &5
i. Bar 1 ii. Bar 2
Fig. 11 Comparison of load—displacement for bars 1 and 2 (Specimen WBS).
80 90 ¢ High ultimate capacity .
70t 80T o
70
60
60
~ 5t 2
& £t
< 40 2
g 401
S0 ) - o[yl - 0l ——Cycke |
Low ultimate capacity Y o Cyk2
_______________ —a—Cycle 2 20
——Cycle 3 —+Cyck 3
10
: . ' o
0 10 20 30 40 0 5 10 15 20 25 30 35 40 45 50
Drift (mm) Driff (mm)
(a) WBS-2 (b) WBS-8
Fig. 12 Load-drift response of wall assembly specimen under flexural load.
The longitudinal stress acting on the spliced bar prevents it Rotation
from slipping out of the sleeve. However, the normal stress Flexural | ‘d/_\e -
generates splitting cracks surrounding it, and this may degrade — '.
the bond performance between the grout and the spliced bar. Compressive > Bar 1 ',l
As for the welded bar, the longitudinal stress prevents the deformation of drypack i
grout from slipping out of the sleeve, while the normal stress _ T— Tensile force by
generates confinement stress to control the propagation of the Risggzmt steel bar

splitting cracks. The transverse tensile stress in the sleeve also
provides confinement to the grout and controls the propaga-
tion of splitting cracks. These confinement stresses are bene-
ficial in maintaining good bond performance in the sleeve.

The internal stress in WBS is believed to vary slightly with
different load cases (Table 6; Fig. 14). The magnitude of the
normal and confinement stresses should be same in all
directions when WBS is subjected to tensile load. Under
shear load, a higher stress concentrates on the region that is
in contact with it. As the componential shear load is less
dominant in flexural load, the difference between the max-
imum and minimum stresses in the sleeve is less significant
than when subjected to the shear load (Fig. 14).

Resistant force by
drypack

............. il

Fig. 13 Contribution of compressive deformation of dry pack
to the rotation of the upper panel.

4. Feasibility Evaluation of Grouted Splice
Connection

The feasibility of the grouted splice connections for each
load case is evaluated in terms of ultimate capacities, dis-
placement, serviceability and failure mode. The ultimate
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capacity represents the ability of the connection to resist
load; the displacement represents the ductility response; the
serviceability indicates the usable capacity out of the total
capacity available for the design purpose, and the failure
modes imply the causes of failure.

The assessment criteria for determining the feasibility of
the connection are:

a. Cl: Tensile capacity of at least 125% of the specified
yield strength of the spliced bars (ACI-318, 2002; AC-
133 2008).

Hence, the strength ratio, Ry, should be at least 1.25 (Eq. 1).
R, is computed by dividing the ultimate bar stress, f,, ,, with
its specified yield strength, f;, (Eq. 1). It indicates the degree
of additional strength generated by the grouted splice
relative to the design strength of the connection.

s 1)

sy

b. C2: The connection fails in a ductile manner for survival
purpose (ACI-318 2002; BS8110-1:1997 1997).

The relevant indicators include the yield, ductility and drift

ratios:

R
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Table 6 Comparison of the response of WBS under different load case.

Response

Tensile load

Shear load Flexural load

Stresses acting on the spliced bar

The normal stress is similar in all
directions

The normal stress in the region
directly in contact with the shear
force is higher than the other

The region directly in contact with
the shear force has a slightly
higher stress compared with the

region other region

A high longitudinal stress is
generated to prevent the spliced
bars from slipping out of the
sleeve

The longitudinal stress is at
minimal because the pullout force]

A high longitudinal stress is
generated in the region directly in
contact with the componential
shear force to prevent the spliced
bars from slipping out of the
sleeve

is less likely to occur

Stressed acting on the welded bar

The normal stress is similar in all
directions

The welded bar in the direction of]
the shear load has a higher
normal stress compared with the

The welded bar in the direction of
the componential shear load has a
slight higher normal stress

others compared with the others

A high longitudinal stress is
generated to prevent the grout
from slipping out of the sleeve

The longitudinal stress is at
minimal because the pullout force]
acting on the grout is less likely

A high longitudinal stress is

generated to prevent the grout
from slipping out of the sleeve
to occur

Pipe sleeve

The transverse tensile stress
prevents the deformation of the
sleeve. The transverse tensile
stress in the sleeve is similar in all

directions

A high

is generated in the sleeve in the
region opposite to the shear load

componential tensile stress| A moderate componential tensile
stress is generated in the sleeve in
the region opposite to the

componential shear load

Thus, a low confinement stress is
generated to resist the normal
stress generated by the spliced

bar. Subsequently, it controls the
expansion of the grout as a result
of splitting cracks

A high confinement stress is
generated in the opposite of the
shear load to counter react it

A moderate confinement stress is
generated in the opposite of the
componential shear load to
counter it

Propagation of splitting cracks

The splitting cracks propagate at
about the same rate in all
directions

The splitting cracks propagate
faster along with the shear load

The splitting cracks propagate
slightly faster along with the
componential shear load

Bar deformation

Bar elongates and displacement
longitudinally

Bar deforms and bends towards the|
direction of the shear force

The bar elongates longitudinally
and displaces laterally in the
direction of the componential

shear load

(2)

(i) The yield ratio, R, determines whether the spliced bars
yielded during the experiment. It is computed by
dividing the ultimate strength of the specimen, P,, with
the nominal yield strength of the bar, Py, (Eq. 2). R,
should be at least 1.0 (Ling et al. 2012).

Py
R ="
va
(i) The ductility ratio, R, is obtained by dividing the

ultimate displacement, J,, with the displacement at
yield, 6, (Eq.3). It demonstrates the degree of
deformation underwent by the specimens before fail-
ure. R; should be at least 4.0 for a low-moderate
seismic region.

(iif)

C.

Ou

R =
175,

3)

The drift ratio, Ry, indicates the degree of rotational
displacement as a result of lateral load. It represents
the horizontal displacement of the upper panel, J, g,
with respect to the height where the lateral load was
applied, H (Eq. 4). R4 should be at least 0.5%
(Hawkins and Ghosh 2004).

o
I”{’ﬁ x 100%

4)

C3: The bond strength generated in the sleeve should
preferably be at least the capacity of the spliced bars.
For this, bar fracture failure is preferred.
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Table 7 Feasibility evaluation of the grouted splice connection in accordance to assessment criteria, with respect to each load

case.
Tensile test
Criteria Cl C2 C2 C3 C5 Remarks
Specimen Strength ratio, R, | Yield ratio, R, | Ductility ratio, R, | Failure mode** | Service ratio, R,
Equation (1) 2) 3) 5)
Req. >1.25 >1.0 >4.0 F >0.75
WBS-1 0.86 0.86 1.47 S 1.00 NA
WBS-2 0.79 0.79 1.7 S 1.00 NA
WBS-3 0.75 0.75 1.71 S 1.00 NA
WBS-4 1.31 1.14 14.9 F 0.89 A
WBS-5 1.27 1.16 7.64 S 0.91 A
WBS-6 1.26 1.13 7.04 S 0.92 A
WBS-7 1.33 1.13 13.13 F 0.85 A
WBS-8 1.33 1.15 14.35 F 0.89 A
WBS-9 1.33 1.14 13.85 F 0.86 A
Shear test
Criteria C2 C3 C4 C5 Remarks
Specimen Disp. at yield, | Avg. ult. disp. | Ductility ratio, | Failure mode | Control ref.*¢ |Service ratio, R,
5y*b R
Equation (Oustp14 Ousib2) 3) %)
2
Req. >4.0 F \/ >0.75
WBS-1
WBS-2 0.2 61.0 305 S X 0.54 NA
WBS-3
WBS-4
WBS-5 0.9 43.6 48.4 F X 0.28 NA
WBS-6 0.4 47.5 118.8 F \/ 0.26 NA
WBS-7
WBS-8 1.2 41.9 349 F X 0.31 NA
WBS-9
Flexural test
Criteria Cl C2 C2 C3 C4 C5 Remarks*®
Specimen  (Strength ratio, R, Drift ratio, Ry [Ductility ratio, R4 Failure mode Control ref.  |Service ratio, Ry,
(%)
Equation (1) 4) 3) 5)
Req. >0.5% >4.0 F \/ >0.75
WBS-1
WBS-2 0.29 0.36 1.72 S X 1.00 NA
WBS-3
WBS-4 1.07 0.73 2.63 S X 0.89 NA
WBS-5 1.35 1.26 6.60 F \/ 0.77 A
WBS-6 0.43 0.35 1.09 S X 1.00 NA
WBS-7
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Table 7 continued

Flexural test

Criteria C1 Cc2 C2 C3 Cc4 C5 Remarks**©
Specimen Strength ratio, Ry Drift ratio, Ry [Ductility ratio, R4 Failure mode Control ref.  |Service ratio, Ry,
(%)
Equation (1) “) 3) 5)
WBS-8 1.43 1.85 791 S \/ 0.79 A
WBS-9

? S—bar bond-slip failure, F—bar fracture failure.

° The displacement at yield is obtained from the load—displacement response of the specimens.
¢ The ductility ratio is computed by dividing the ultimate displacement with the average value of the displacement at yield of all specimens.
d \/—the capacity of the specimen is equal or larger than the control specimen, X—the capacity is less than the control specimen.

¢ A—applicable, NA—non-applicable.
T The italized values or conditions not fulfilling the requirements.

d. C4: The capacity of the test specimen is equal to or
higher than the control specimen.
Thus, the shear and flexural capacities of the specimen
should be at least 302.6 and 72.5 kN respectively.

e. C5: The service load should be not be too low with
respect to the ultimate capacity.
Therefore, the serviceability ratio, Ry,, should be at least
0.75 (Eq. 5). Ry, shows the efficiency of the grouted splice
connection to resist load. It represents the amount of
capacity that is usable, Py,, out of the ultimate capacity, P,,.

Py,

Ry, = P,

(5)

Each grouted splice connection was evaluated based on
the stated assessment criteria (C1 to C5) with respect to each
load case, as summarized in Table 7. The specimens are
considered not feasible when more than one criteria are not
fulfilling the requirement. The specimens which are con-
sidered feasible include: WBS-4 to 9 for tensile load; none
for shear load, and; WBS-5, 8 for flexural load.

bond

FI__ Tensile #I:
force

— Shear force

Sleeve

v

AN\ Bar N\

VL / v VL

a. Tensile test b. Flexural test

Fig. 15 Comparison of the effective bond areas under
tensile and flexural loads (Ling 2011).

The grouted splice connections are not practical for
resisting shear load as the usable capacity was too low,
which was about 1/3 of the ultimate capacity. Although the
connection was able to withstand a high shear strength of
about 300 kN, the bar dower action caused the connection to
lose elasticity at about 100 kN. Unless it is integrated with
another mechanism that is more effective in resisting shear
load, such as shear keys at the dry pack joint (Rizkalla et al.
1989), the connection can only be designed at 1/3 of its
ultimate capacity.

The flexural load can be derived into the componential
tensile and shear forces. The componential tensile load is
predominant due to the slenderness of the wall panel.
Flexural load seems to be more critical than the other load
cases as (a) a longer bar embedded length is required, and
(b) most of the specimens enduring bar fracture failure under
the other load cases ended up with the bar bond-slip failure
under flexural load.

This phenomenon could be due to the decrease of the
effective bond region as a result of the redistribution of the
normal and confinement stresses described in Fig. 14 and
Table 6. The componential shear force of the flexural load
pushed the spliced bar towards the sleeve wall as it was
being pulled out by the componential tensile load. Only
some areas were involved in resisting the pullout force, as
shown in Fig. 15. For that, fewer grout keys contributed to
the bond strength, and the connection failed earlier than
when subjected to pure tensile load.

Through the feasibility assessment, the following is found:

a. Grouted splice connection is effective in resisting tensile
load. The bar embedded length of 125 mm (84;) would
be applicable regardless of the size of the sleeve as long
as the sleeve diameter does not exceed 75 mm (5d;).

b. The connection is not as effective when subjected to
shear and flexural loads compared with tensile load. To
resist flexural load, a longer bar embedded length of
175 mm (11d,) is required. It is not recommended to
resist shear load without any shear keys at the dry pack
Joint.
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5. Conclusion

Based on the response of Welded Bar Sleeve (WBS) under
tensile, shear and flexural loads, it is good at resisting the
longitudinal load, but not as effective in resisting the lateral
load. For that, a longer bar embedded length is required to
resist flexural load, and it is not recommended for resisting
shear load due to unpractically low serviceability.

This study reveals that a connection found feasible under
tensile load may not necessarily be feasible under shear and
flexural loads. This raises an important question whether the
tensile test can be a rule of thumb to determine the feasibility
of a grouted splice sleeve as a connection for precast con-
crete structure, noting that it may be subjected to various
kinds of load. To-date, the industry is still very much relying
on it as the main assessment criteria to determine the fea-
sibility of a grouted splice connection.

We believe that the stress distribution in WBS varies
slightly with respect to different load cases. It may be con-
ceptually logical, but the internal response illustrated in this
paper is still hypothetical. Finite element analysis may be
required to validate that.

It would be a significant breakthrough if a reliable corre-
lation among tensile, shear and flexural loads could be
established through empirical, analytical or numerical
methods. By then, tensile test can be used to determine the
behaviour and feasibility of the connection under shear and
flexural loads. The test is cheaper, easier to conduct and less
time consuming.

The sleeve diameter seems to affect the tensile capacity of
the connection. However, based on the amount of data
available as obtained from the limited number of specimens,
it is still uncertain whether it is also affecting the perfor-
mance of the connection when subjected to lateral loads.

We believe that (a) the eccentricity of the spliced bar in
WBS would have little impact on the bond strength under
tensile load, and (b) the effect could be quite significant for
shear and flexural loads. However, we are unable to confirm
this hypothesis as all the results in this study assume that all
specimens are installed without any eccentricity.

The proposed grouted splice connections are yet to be
tested under seismic, fatigue and constant (creep) loads. At
the current stage, it is still uncertain of their feasibility under
these circumstances.
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