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ABSTRACT: A grouted sleeve is a mechanical coupler used to join steel bars. It can be used 

to join precast concrete walls. Most grouted sleeves are pricey proprietary products. This study 

investigated the behaviour of a grouted sleeve made of steel pipe sections. The grouted sleeve 

was used as a wall panel connection. The specimens were subjected to three types of loads: 

tensile, shear, and flexural. The performance of the specimens was evaluated based on the load-

displacement responses. For satisfactory bond strength, a bar embedded length of 11 times the 

bar diameter was required. The grouted sleeve performed well in tension but poorly in shear 

load. The service shear load was just one-third of the total load capacity. Thus, the grouted 

sleeve was not recommended for resisting shear load without shear keys to strengthen the joint.  

KEYWORDS: Grouted splice sleeve; precast wall connection; tensile, shear, and flexural 

loads; feasibility study  

 

1. Introduction 

Precast concrete (PC) wall structures comprise mainly prefabricated wall and slab panels. The 

elements are assembled into a structural frame to carry building loads. This system is known 

for its huge open space, minimum in-situ casting, and quick construction speed [1]. Despite 

those, a critical issue with the PC structure is the reliability of the connections [2]. Grouted 

sleeves (GS) can be used to connect PC walls. It is a mechanical coupler joining steel bars [3]. 

It is embedded in a wall panel and connects the steel bars from another panel (Figure 1). The 

grout in the sleeve bonds with the steel bars to keep the panels connected. 

 

 
Figure 1. Grouted splice sleeve as the connection of precast concrete wall panels [4]. 
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The sleeve confines the grout and controls the splitting cracks around the bar [3] (Figure 

2). This enhances the bond with steel bars and shortens its bar anchorage length. The anchorage 

length is typically 8.5 to 16 times the diameter of the bar [5]. 

 

 
Figure 2. Sleeve confines the grout and controls the propagation of splitting cracks: (a) Unconfined grout; (b) 

Confined grout [3]. 

GSs were initially proprietary products [5‒8]. The researchers then used various 

materials to produce GS. This included mild steel pipes [9-16], high-strength steel [17], cast 

iron [18], aluminium tubes [19, 20], spirals [21‒24], square hollow sections [25], and glass 

fibre-reinforced polymers [26‒29]. GSs are often tested with tensile loads. The tensile capacity 

is governed by the material and bond strengths. This includes the sleeve’s tensile strength, the 

bar-grout bond strength, the grout-sleeve bond strength, and the spliced bars’ tensile strength 

[11]. The tensile strength should be at least 1.25 times the spliced bars’ nominal strength [30, 

31]. A good GS has a stiffness comparable to the spliced bars and exhibits a yielding response 

before failure [12]. The tensile test alone is insufficient to determine the behaviour of GS 

joining wall panels [3]. The lateral loads applied to a multi-story building may induce tensile, 

shear, and flexural loads to GS (Figure 3). 

 

 
Figure 3. Loads acting on the GS connection of a wall frame system [32]. 

In this study, mild steel pipes were employed to create a GS. Mild steel pipes were chosen 

for their cost-effectiveness, ready availability at construction sites, and diverse range of sizes. 

The pipes were made into tapered shapes, hence the name Tapered Head Sleeve (THS). 

Experiments were conducted to study the behaviour of THS under tensile, shear, and flexural 

loads. 
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2. Materials and Methods 

2.1. Specimen. 

THS was made from mild steel pipes. The nominal yield strength was 250 N/mm2. The inner 

diameters, dsi, were 50, 65, and 75 mm (Figure 4 and Table 1). The sleeve's length and thickness 

were 360 and 4.5 mm, respectively. Both ends of the sleeves were tapered. The opening 

diameter was 35 mm, giving a tolerance of 19 mm for the insertion of the spliced bars during 

installation.  

 
Figure 4. Schematic design of Tapered Head Sleeve (THS). 

Table 1. Parameters studied. 

Specimen Bar embedded length, lb (mm) Sleeve diameter, dsi (mm) 

THS-1 75 50 

THS-2 75 65 

THS-3 75 75 

THS-4 125 50 

THS-5 125 65 

THS-6 125 75 

THS-7 175 50 

THS-8 175 65 

THS-9 175 75 

The steel bars were 16 mm in diameter, db. The nominal yield strength was 500 N/mm2. 

In THS, the embedding lengths of the bars were 75, 125, and 175 mm. The sleeve was filled 

with non-shrink grout (Brand: Sika Grout-215) with a nominal strength of 70 N/mm2. It was 

mixed to be pourable (4 litre water: 25 kg grout). Before inserting the spliced bar, the grout 

was poured into the sleeve. Table 2 outlines the cost of each specimen, which was estimated 

based on material costs at the time of the study, excluding labour, fabrication, and shipping 

expenses. Specifically, the cost of a GS varied between RM7.31 and RM15.31. 

Table 2. Estimated cost of the specimens [40]. 

Specimen 

Volume1 Mass2 Cost3 

Sleeve Grout Sleeve Grout Sleeve Grout Total cost 

(mm3) (mm3) (kg/unit) (kg/unit) (RM/unit) (RM/unit) (RM/grouted sleeve) 

THS-1 224699 136738 1.764 0.301 7.06 0.36 7.42 

THS-2 347798 362540 2.73 0.798 10.92 0.96 11.88 

THS-3 441645 545799 3.467 1.201 13.87 1.44 15.31 

THS-4 224699 116632 1.764 0.257 7.06 0.31 7.37 

THS-5 347798 342434 2.73 0.753 10.92 0.9 11.82 

THS-6 441645 525693 3.467 1.157 13.87 1.39 15.26 

THS-7 224699 96525 1.764 0.212 7.06 0.25 7.31 

THS-8 347798 322327 2.73 0.709 10.92 0.85 11.77 

THS-9 441645 505587 3.467 1.112 13.87 1.33 15.20 
1 The volume was calculated based on the dimension of the specimen. 2 The mass was computed based on the 

densities of steel and grout of 7850 kg/m3 and 2200 kg/m3, respectively. 3 The costs of steel and grout were 

approximately RM4.00 and RM1.20, respectively. 
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2.2. Test program. 

2.2.1. Tensile test. 

Nine sets of specimens were fabricated (Figure 5). Each set had three identical specimens. In 

total, 27 specimens were tested after day 28 (Table 3). The tensile load was applied by a 

hydraulic actuator (Brand: Dartec, capacity: 250 kN) at a rate of 0.5 kN/s (Figure 6). The load 

and displacement were recorded. 

 

 
Figure 5. Preparations of GSS specimens. 

Table 3. Number of specimens tested for each load case. 

Specimens 
Nos. of specimen 

Tensile test Shear test Flexural test 

Control 0 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 

 
Figure 6. Tensile load test. 

2.2.2. Shear and flexural tests. 

For shear and flexural load tests, there was a control specimen and five specimens each (Table 

3). Each specimen comprised two panels (Figure 7 and Table 4), which were separately cast 

(Figure 8) and cured for 7 days by covering them with wet jute bags and plastic sheets. The 

panels were then vertically installed (Figure 9). The specimens were tested after day 28. 
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Figure 7. Wall assembly specimen (units in mm): (a) Shear load test; (b) Flexural load test. 

Table 4. Details of shear and flexural load tests. 

 Shear test Flexural test 

Position of lateral load At the drypack connection At 1800 mm above the drypack connection 

Size of upper panel (Bp x Hup) 1200 mm x 600 mm 1200 mm x 2100 mm 

Size of lower panel (Bp x Hlp) 1200 mm x 600 mm 

Thickness of panels (Tp) 150 mm 

Reinforcement Y10-200 main and secondary reinforcements (nominal yield strength, fys = 500 N/mm2) 

Spliced bars Y16 (nominal yield strength, fys = 500 N/mm2) 

Concrete Ready-mix concrete, grade 40, slump 75 ± 25 mm, 20 mm crushed aggregate 

Thickness of drypack (Td) 25 mm 

 

 
Figure 8. Preparations of specimens: (a) Shear load test specimens; (b) Flexural load test specimens. 

Each specimen had two steel bars protruding from the upper panel. The bars were 

inserted into the sleeves in the lower panel. A layer of mortar drypack (25 mm thick, 1:3 

cement-to-sand ratio) was placed between the panels. The bar lengths in THS are given in Table 

1. In the control specimens, full anchorage lengths were used. Linear Variable Differential 

Transformers (LVDT) were used to measure the displacement of the panels (denoted as H1 to 

H10). They were used to monitor the movements of the panels. 
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Figure 9. Assembling the specimens: (a) Shear load test; (b) Flexural load test.  

Two hydraulic jacks (brand: Enerpac, capacity: 500 kN) were used to apply horizontal 

loads to the specimens. One hydraulic jack kept the lower panel in position, while another 

simulated the shear and flexural loads (Figure 10). The upper panel was allowed to move only 

in the load direction. The load-displacement response was monitored during the test. Readings 

were first taken every 10 kN. Data were collected every 2 mm of displacement as the 

displacement intensified. 

 
Figure 10. Test setups: (a) Shear load test; (b) Flexural load test. 

The tests were carried out following ASTM E564 [34]. All readings were set to zero 

before testing. The specimen was preloaded with 10% of the estimated ultimate load for 5 

minutes. This was to consolidate the test setup. Then, the load was removed for 5 minutes of 

recovery. The process was repeated twice before the actual test began. The load was applied in 

three cycles. The load was held for one minute before taking readings. As the load achieved 

1/3 and 2/3 of the estimated ultimate load, the applied load was gradually released. Five 

minutes after the load was fully removed, readings were taken. The specimen was loaded to 

fail in the third load cycle. 
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3. Results and Discussion 

3.1. Test results. 

Table 5 shows the compressive strengths of the grout, concrete, and mortar drypack of the 

specimens. These results were obtained from the cube samples tested alongside the specimens. 

The ultimate capacity, displacement, and failure of the specimens are given in Table 6. 

Table 5. Compressive strengths of concrete, mortar, and grout. 

Specimen 

Tensile test Shear Test Flexural test 

Grout 

strength, 

 fu,g  

(N/mm2) 

Concrete 

strength, 

fu,c 

(N/mm2) 

Mortar 

strength, 

fu,m 

(N/mm2) 

Grout 

strength, 

fu,g 

(N/mm2) 

Concrete 

strength, 

fu,c  

(N/mm2) 

Mortar 

strength, 

fu,m 

(N/mm2) 

Grout 

strength, 

fu,g 

(N/mm2) 

Control - 43.2 20.0 67.9 59.6 21.4 73.1 

THS-1 69.7 - - - - - - 

THS-2 69.7 46.7 33.6 63.6 71.2 27.0 96.1 

THS-3 69.7 - - - - - - 

THS-4 69.7 41.9 22.2 60.9 64.5 18.6 71.2 

THS-5 69.7 47.0 27.8 77.6 62.6 29.4 77.8 

THS-6 69.7 48.1 15.2 67.2 69.1 34.4 73.7 

THS-7 69.7 - - - - - - 

THS-8 69.7 44.3 30.6 61.1 67.4 23.1 85.9 

THS-9 69.7 - - - - - - 

Table 6. Load capacities, displacements, and failure modes. 

Specimen 

Tensile test Shear test Flexural test 

Tensile 

capacity, 

Pu,tt (kN) 1 

Disp. at 

failure, 

δu,tt 

(mm) 1 

Failure 

mode 2 

Shear 

Capacity, 

Pu,st (kN) 

Disp. at 

bar 1, 

δu,st,b1 

(mm) 

Disp. at 

bar 2, 

δu,st,b2 

(mm) 

Failure 

mode 2 

Flexural 

capacity, 

Pu,ft (kN) 

Drift, 

δu,ft 

(mm) 

Failure 

mode 2 

Control - - - 302.6 45.7 46.1 F1 72.5 9.0 L 

THS-1 112.2 4.6 B - - - - - - - 

THS-2 102.1 4.1 B 224.1 31.6 31.6 B1, B2 45.2 4.0 B1 

THS-3 96.1 3.8 B - - - - - - - 

THS-4 137.0 28.6 F 318.5 48.9 47.2 F1 79.0 24.4 B1 

THS-5 135.4 30.0 F 253.6 33.8 33.9 F1 72.0 22.0 B1 

THS-6 134.6 31.3 F 307.2 45.6 45.0 F1, F2 52.6 5.8 B1 

THS-7 137.6 25.7 F - - - - - - - 

THS-8 133.2 27.4 F 293.8 42.6 44.9 F1 77.4 42.0 F1 

THS-9 135.5 26.3 F - - - - - - - 
1 The average values of three identical specimens; 2 B – Bar bond-slip, F – Bar fracture, B1 – Bond-slip at Bar 1, 

B2 – Bond-slip at Bar 2, F1 –Fracture at Bar 1, F2 – Fracture at Bar 2, L – Failure of the lower panel  

Two types of failure were observed: bar fracture and bond-slip failures. The former was 

preferred for greater load capacity. It happened when the sleeve's bond strength was greater 

than the tensile strength of the spliced bars. The spliced bars fractured at minimum tensile, 

shear, and flexural loads of 133.2 kN, 253.6 kN, and 77.4 kN, respectively. Thus, specimens 

with capacities greater than those levels were deemed acceptable. The relevant specimens 

included (a) THS-4 to THS-9 in tension, (b) THS-4, THS-5, THS-6, and THS-8 in shear, and 

(c) THS-4 and THS-8 in flexure. It was found that: 

‒ A 125 mm embedded length bar (≈8db) was sufficient for THS under tensile and shear 

loads, regardless of sleeve size. The bar embedded length of 75 mm (≈5db) was inadequate. 

‒ THS was more critical under the flexural load. The required bar embedded length was 

longer, which was 175 mm (≈11db). Nonetheless, if the sleeve diameter was reduced to 50 

mm, the bar embedded length could be reduced to 125 mm (≈8db). 
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As the bar embedded length increased, so did the load capacity of THS. This response 

was consistent with the findings of [3, 17] with the other GSs. The bond strength relies on the 

ribs on the bar surface [11]. A longer bar has more ribs mechanically interlocked with the grout 

[12]. An adequate bond strength kept the spliced bar in the sleeve. However, the bar embedded 

length determines the bar length extruded from the panels. It should be as short as possible for 

easy handling of wall panels.  THS's load capacity increased as the sleeve diameter decreased. 

[3, 13, 22] reported similar results for their GSs. A small-diameter sleeve was more effective 

in confining the bond. A small sleeve had a narrower space between the bar and the sleeve wall 

for grout filling. This lowered the grout’s compressibility, allowing stress to effectively transfer 

to the sleeve [12]. However, a small sleeve diameter may have a limited opening size. The 

opening should be large enough for the insertion of steel bars into the sleeve. The recommended 

tolerance is 25 mm [35]. 

3.2. Behaviour of GSS. 

3.2.1. Response under tensile load. 

A specimen can be brittle or ductile under tension, as demonstrated by the load-displacement 

responses in Figure 11. This depended on the adequacy of the bar embedded length. The 

characteristics of these load responses are summarised in Table 7. 

 

 
Figure 11. Typical load-displacement responses under tensile load: (a) Brittle response (specimen THS-2); (b) 

Ductile response (specimen THS-8). 

From the load response, the specimens elongated under tensile loads. Initially, a near-

elastic response was observed. The stiffness was quite high. The displacement increased 

slowly. The displacement was primarily due to the elongation of the spliced bars. The 

elongation of the sleeve was marginal due to the large sleeve cross-sectional area. Bond slip 

can occur between the bar and the grout, as well as between the grout and the sleeve. Due to 

the limited deformability of the grout, bond slip contributed very little to the displacement. 

THS-1, THS-2, and THS-3 failed brittlely. They failed suddenly, without any noticeable 

displacement. Specimens THS-4 to THS-9 exhibited ductile responses. They exhibited plastic 

behaviour before failure. The spliced bars yielded and experienced substantial elongation 

before fracturing. 

0

20

40

60

80

100

120

140

160

0 5 10 15 20 25 30

L
o

ad
 (

k
N

)

Displacement (mm)

THS 8A

THS 8B

THS 8C

Ultimate tensile 

capacity 

Post-yield stage 

Elastic stage 

Yield point 
Ptt 

Ptt 

δtt 

(b)  

0

20

40

60

80

100

120

140

160

0 5 10 15 20 25 30

L
o

ad
 (

k
N

)

Displacement (mm)

THS 2A

THS 2B

THS 2C
Ultimate tensile load 

Elastic stage 

Yield point Ptt 

Ptt 

δtt 

(a)  



Civil and Sustainable Urban Engineering 4(1), 2024, 20‒41 

28 
 

Table 7. Types of load-displacement response under tensile load. 

 Brittle response Ductile response 

Specimen THS-1, THS-2 and THS-3 THS-4 to THS-9 

Load capacity Low High 

Total displacement Low High 

Failure mode Bar bond slip Bar fracture 

Characteristic Failed suddenly. Post-yield stage (plastic 

response) was not noticeable. 

Endured significant displacement before failure. 

Post-yield stage (plastic response) was noticeable. 

Toughness Low (small area below graph) High (large area below graph) 

Cause of failure Bond strength < spliced bar’s tensile strength  Bond strength > spliced bar’s tensile strength  

Yield strength of 

specimen 

Specimen’s yield strength < spliced bar’s 

yield strength  

Specimen’s yield strength ≈ specimen’s 

ultimate tensile capacity  

Specimen’s yield strength ≥ spliced bar’s yield 

strength  

Specimen’s yield strength < specimen’s ultimate 

tensile capacity  

3.2.2. Response under shear load. 

The upper panel sustained significant horizontal displacement under shear load. The load-

displacement response can be divided into four major stages (Figure 12). The stages were pre-

crack, bar dowel action, post-dowel action, and ultimate failure. The four stages were also 

noticed in the studies of [3, 41] for their GSs.  

 

 
Figure 12. Load-displacement response of wall specimen under shear load (specimen THS-8). 

 
Figure 13. Response of connection under shear load: (a) Pre-crack; (b) First cold joint crack; (c) Second cold 

joint crack; (d) Post-crack. 
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joint. Then, the bar-dowel action occurred. This stage can be subdivided into bar-bending and 

kinking actions [36, 37]. During the bar bending action, the spliced bars hinged at the drypack 

joints (Figure 13(c)). The hinges substantially lowered the specimen's stiffness. The 

displacement progressed quickly (curve B-C in Figure 12). This led to the second crack at the 

cold joint between the drypack and the lower panel.  Then, the bar-kinking action commenced. 

Tensile stress developed in the bar (Figure 13(d)), which reacted elastically before yielding. 

Thus, the specimen regained stiffness and exhibited a near-elastic response (curve C-D in 

Figure 12). The bar-dowel action ended as the bars yielded. The bars elongated significantly 

and the upper panel slid considerably (curve D-E in Figure 12). The spliced bars experienced 

strain-hardening and necking. This degraded the specimen’s stiffness. The specimen finally 

failed when the bar fractured or slipped out of the sleeve. At different stages, the mechanisms 

to resist shear load varied. There were the cold joint interface bond, the cold joint surface 

friction, the bar-bending action, the bar kinking action, and the strain-hardening and necking 

response of the spliced bar (Table 8). 

Table 8. Mechanism of the specimen to resist shear load. 

Stage Load resisting mechanism  

Pre-crack i. Bond strength between the drypack and the upper panel 

ii. Bending strength (elastic condition) of the spliced bar 

Bar bending action (first 

stage of bar dowel action) 

i. Bending strength (hinged condition) of the spliced bar 

ii. Friction between the upper panel and the drypack 

iii. Bond strength between the drypack and the lower panel 

Bar kinking action (second 

stage of bar dowel action) 

i. Tensile strength of the spliced bar (elastic condition) 

ii. Friction between the upper panel and the drypack 

iii. Friction between the drypack and the lower panel  

Post dowel action i. Tensile strength of the spliced bar (plastic condition) 

Ultimate failure i. Nil (for bar fracture failure) 

ii. Friction between the spliced bar and the grout in the sleeve (for bond-slip failure) 

 

Three cycles of incremental shear load were applied. The first load cycle ended around 

100 kN before the first crack appeared (Figure 12). The second load cycle reached 200 kN, 

which was during the bar-kinking action. In the third load cycle, the specimens were tested 

until failure. The specimens recovered well if the shear load was released before cracking. The 

permanent displacement was almost negligible (point A in Figure 12). However, large 

permanent displacements developed during the bar-dowel action (point G in Figure 12). The 

hinging deformations of the spliced bars were irreversible. They were elastic in tension despite 

the hinges. Thus, a good stiffness was noticed (curve G-F in Fig. 12). 

 All specimens failed by bar fracture except THS-2. THS-2 failed due to the bar bond 

slip. The bond strength was inadequate due to insufficient bar embedded length. There were 

two THSs in a specimen. Each spliced a bar that protruded from the upper panel. Bar 1 was 

closer to the shear load. The stress accumulated faster in Bar 1 than in Bar 2. Thus, the bar 

fracture failure occurred at Bar 1. [3, 41] found a similar response in their tests. Any irreversible 

deformation should be avoided for optimal specimen performance. The service load is therefore 

limited by the bar-dowel action, which was just one-third of the specimen’s ultimate capacity. 

This resulted in far more ductility than was required. To remedy this, shear keys may be fitted 

to the panel joints [37]. THS takes tensile loads whereas shear keys resist shear load. 
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3.2.3. Response under flexural load. 

The flexural load tended to overturn the upper panel. This induced tensile stress in Bar 1 and 

compressive stress in Bar 2. The specimens’ responses under flexural load are demonstrated in 

Figure 14. There were brittle and ductile responses, as distinguished in Table 9. 

 

Table 9. Types of load-displacement response under tensile load. 

Response Brittle Ductile 

Specimen THS-2 and THS-6 THS-4, THS-5 and THS-8 

Load capacity Low High 

Total 

displacement 

Low High 

Failure mode Bar bond slip Bar bond slip or bar fracture 

Characteristic Failed suddenly. Post-yield stage (plastic 

response) was not noticeable or unclear. 

Endured significant displacement before failure. 

Post-yield stage (plastic response) noticeable. 

Toughness Low (small area below graph) High (large area below graph) 

Cause of failure Bond strength < spliced bar’s tensile strength Bond strength ≈ spliced bar’s tensile strength  

Yield strength of 

specimen 

Specimen’s yield strength < spliced bar’s 

yield strength 

Specimen’s yield strength ≈ specimen’s 

ultimate tensile capacity  

Specimen’s yield strength ≥ spliced bar’s yield 

strength  

Specimen’s yield strength < specimen’s ultimate 

tensile capacity  

 

 
Figure 14. Load-drift response of wall specimen under flexural load: (a) Brittle response (THS-2); (b) Ductile 

response (THS-8). 

Specimens THS-2 and THS-6 failed brittlely. Their bar 1 slipped out of the sleeve before 

yielding. Specimens THS-4, THS-5, and THS-8 exhibited ductile responses. They failed as 

their bar 1 slipped or fractured. The bars yielded and greatly elongated before failure. Thus, the 

upper panel drifted considerably. The specimens began with a high stiffness. The spliced bar 

was elastic, giving a close-to-elastic response. The specimens with insufficient bond strength 

brittlely failed before the spliced bar yielded. Conversely, specimens with adequate bond 

strength demonstrated a ductile response. As the spliced bar yielded, the stiffness dropped 

drastically, and a large drift developed. Each specimen was tested with three load cycles. The 

first two cycles ended at around 25 kN and 50 kN before the spliced bar yielded. Thus, the 

stiffness remained high, and little permanent drift was seen. The drift was theoretically caused 

by horizontal slip, rocking displacement, cantilever bending deformation, and compressive 

settlement of the upper panel (Figure 15). The deformation of Bar 1 was strongly proportional 

to the rocking displacement. It was recoverable as long as Bar 1 remained elastic (Table 10), 

provided there was no bond slip in the sleeve. The cantilever bending deformation and the 



Civil and Sustainable Urban Engineering 4(1), 2024, 20‒41 

31 
 

compressive settlement were also recoverable before the upper panel cracked. The horizontal 

slip was most likely responsible for the permanent drift during the first two load cycles. 

 
Figure 15. Factors contributing to wall drift: (a) Horizontal slip; (b) Rocking displacement; (c) Cantilever 

bending deformation; (d) Compressive settlement. 

Table 10. Types of deformation caused by flexural load. 

 Type of deformation  

 Horizontal slip Rocking 

displacement 

Cantilever 

bending 

deformation 

Compressive 

settlement 

Governing factors Surface friction 

between 

members 

Deformation of 

spliced bar (Bar 1) 

Bending 

deformation of 

the upper panel 

Compressive 

deformation 

of drypack 

Before yielding of spliced bar and 

before cracking of the upper panel 

Non-

recoverable 

Recoverable Recoverable Recoverable 

Before yielding of spliced bar and 

after cracking of the upper panel 

Non-

recoverable 

Recoverable Non-

recoverable 

Non-

recoverable 

After yielding of spliced bar and 

before cracking of the upper panel 

Non-

recoverable 

Non-recoverable Recoverable Recoverable 

After yielding of spliced bar and after 

cracking of the upper panel 

Non-

recoverable 

Non-recoverable Non-

recoverable 

Non-

recoverable 

 

3.2.4. Response of internal stresses under different load cases. 

Figure 16 illustrates the internal stresses generated in THS under tensile, shear, and flexural 

loads. The magnitude and direction of the stress varied slightly depending on the load cases. 

The sleeve kept the grout in the sleeve while the grout bonded the spliced bar. The bars' ribs 

interlocked with the grout. The interlocking stress acted perpendicular to the rib surface. This 

stress can be derived into two parts: 

a. The longitudinal stress interlocked with the grout. It prevented the bar from slipping out of 

the sleeve. 

b. The normal stress repelled the grout around the spliced bars. It triggered the splitting cracks, 

which can degrade the bond with the bars. 

There was also stress acting perpendicular to the sleeve's inner surface. The stress was 

due to the sleeve's circumferential tensile stress. This circumferential tensile stress was 

activated as the grout slid towards the sleeve's tapered ends and expanded due to the splitting 

cracks. The stress on the sleeve's inside surface has two components: 

a. The longitudinal stress prevented the grout from slipping out of the sleeve.  

(a)  

PFT Slip 

disp., Ds 

(c)  

PFT Bending 

disp., DB 

(d)  

PFT Settlement 

disp., DC 

Compressive 

stress 

(b)  

PFT Rocking 

disp. DR 

θ 

θ 
Lifting rotation  

Grouted 

sleeve 

Upper 

panel 

Lower 

panel 
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b. The normal stress confined the grout. It controlled the expansion and the splitting cracks of 

the grout. This conserved the bond strength. 

The sleeve benefited from its tapered shape. Under pulling force, the grout slid and compressed 

towards the tapered ends. The more it slid, the higher the confinement stress in the sleeve.  

 

 
Figure 16. Internal stress in THS varied slightly under different load cases: (a) Tensile load; (b) Shear load; (c) 

Flexural load. 

This confinement stress improved the bond. It counteracted the normal stress on the bar 

ribs. When the confinement stress outweighed the normal stress, no splitting crack developed. 

This preserved the bond strength in the sleeve. The internal stresses in THS varied slightly 

under different load cases (Table 11 and Figure 16): 

a. Under tensile load, the confinement stress would be roughly uniform throughout the sleeve 

surface (Figure 16(a)). The bond was the most effective. The ribs interlocked well with the 

grout throughout the bar’s embedded length. 

b. Under shear load, high stress was concentrated at the sleeve end near the shear load (Figure 

16(b)). The sleeve's stress was not uniform. The sleeve surface opposing the shear load 

would have a higher stress than the other regions. This weakened the bond. The shear force 

turned into tensile stress in the spliced bar after the bar-bending action. The bond-slip 

failure happened when the tensile stress exceeded the bond strength.  

Longitudinal bond 

interlocking stress  

Tensile 

force 

Elongation 

/ slippage 

of bar  

Spliced bar 

Sleeve cross 

section 

Grout 

Sleeve Normal 

confinement 

stress 

Longitudinal slip 

resisting stress  

Normal splitting stress 

Transverse tensile stress  
Drypack 

Splitting 

crack 

Sleeve opening  

Normal 

splitting stress  

(a)  

Tensile stress of sleeve  

Splitting crack 

of grout  

Tensile stress of grout 

(b)  

Sleeve cross 

section 

 

Sleeve opening 

Transverse 

tensile stress  
Shear 

force 

Reaction 

force 

Bar bending 

deformation  

Normal 

confinement 

stress   

Normal 

splitting 

stress  

Longitudinal slip 

resisting stress 

Normal 

confinement 

stress   

Longitudinal 

bond 

interlocking 

stress  

Splitting 

crack 

region   

Tensile stress 

of grout 

Compressive 

stress of grout 

Tensile stress 

of sleeve 

Compressive 

stress of sleeve 

Sleeve cross 

section 

Sleeve opening  

Shear 

force 

Shear force 

Tensile 

force 

Displacement 

of bar  

(c)  

Tensile stress 

of sleeve 
Splitting crack 

of grout  

Tensile stress 

of grout 

Normal 

splitting stress  

Longitudinal bond 

interlocking stress  Normal 

confinement 

stress   

Longitudinal 

slip resisting 

stress 

Transverse 

tensile 

stress  

Normal 

confinement 

stress   

Splitting 

crack 
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c. The flexural load was composed of the componential tensile and shear loads. The 

componential tensile load was predominant. The stress in the sleeve was slightly uneven 

(Figure 16(c)). This slightly affected the bond strength. 

 

Table 11. Response of THS under different load cases. 

Response Tensile load Shear load Flexural load 

Stresses 

acting on the 

spliced bar 

The normal stress was similar in 

all directions 

The normal stress in the region 

directly in contact with the shear 

force was much higher than in the 

other region. 

The normal stress at the region directly 

in contact with the componential shear 

force was slightly higher than the other 

region. 

A high longitudinal stress was 

generated to prevent the bar from 

slipping out of the sleeve 

The longitudinal stress is minimal 

because the pullout force was less 

likely to occur, particularly during 

the bar bending action. It gained 

intensity during the bar kinking 

action and post-dowel action when 

tensile stress started accumulating 

in the spliced bar. 

At the initial stage when the 

componential shear stress was relatively 

load, the longitudinal stress was nearly 

similar in all directions. Then, at the 

later stage, the componential shear 

stress gained intensity. A higher 

longitudinal stress was generated at the 

region directly in contact with the shear 

force to prevent the bar from slipping 

out of the sleeve. 

Stresses 

acting on the 

sleeve wall 

The normal stress was similar in 

all directions. It gained intensity 

as the grout slipped toward the 

taper ends. 

The normal stress in the direction of 

the shear load was much higher 

than in the other region. 

The normal stress in the direction of the 

componential shear load was slightly 

higher than in the other region. 

High longitudinal stress was 

generated to prevent the grout 

from slipping out of the sleeve 

The longitudinal stress was minimal 

as the pulling force acting on the 

grout was less likely. It gained 

intensity during the bar kinking 

action and the post-dowel action of 

the specimen. 

At the early stage, the longitudinal 

stress was nearly similar in all 

directions. As the componential shear 

stress increased, the region directly in 

contact with the shear force gave higher 

longitudinal stress to prevent the grout 

from slipping out of the sleeve. 

Tapered 

sleeve 

The transverse tensile stress was 

similar in all directions to prevent 

the lateral deformation of the 

sleeve. It created the confinement 

stress to improve the bond 

performance of the sleeve. 

A higher transverse tensile stress 

was generated in the sleeve in the 

region opposite to the shear load 

than in the other region. 

A moderate transverse tensile stress 

was generated in the region opposite to 

the componential shear load. 

A high uniform confinement 

stress was generated at the 

tapered ends of the sleeve, 

gradually decreasing towards the 

mid-length the sleeve. 

A higher confinement stress was 

generated by the sleeve in the 

region opposite to the shear load 

than in the other region. 

A moderate confinement stress was 

generated by the sleeve in the region 

opposite to the componential shear 

load. 

A high uniform tensile stress 

developed at the mid-length of the 

sleeve over its cross-section. 

Tensile stress developed in the 

sleeve at the region facing the shear 

load, while a small compressive 

stress developed at the region 

opposite to the shear load. 

A moderate tensile stress developed in 

the sleeve at the region facing the 

componential shear load, while a small 

tensile stress developed at the region 

opposite the componential shear load. 

Propagation 

of splitting 

cracks 

The splitting cracks propagated at 

about the same rate in all 

directions. The crack length was 

negligible or minimal at the 

opening. The crack length 

increased toward the mid-length 

of the sleeve. 

The splitting cracks propagated 

faster in the direction of the shear 

load. 

The splitting cracks propagated slightly 

faster in the direction of the 

componential shear load. 

Bar 

deformation 

The spliced bar elongated and 

displacement longitudinally. 

The spliced bar hinged and bent in 

the direction of shear force during 

the bar-bending action. During the 

bar kinking action, the elongated in 

an inclined direction 

The spliced bar elongated 

longitudinally while laterally displaced 

in the direction of the componential 

shear load. 

4. Feasibility Evaluation 

The feasibility of THS as a connection for PC walls was assessed in the following aspects: 

a. Ultimate capacity: the connection's ability to withstand loads. 
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b. Displacement and ductility: the ability to exhibit yielding symptoms before failure. 

c. Serviceability: the amount of capacity that can be used out of the total capacity for the 

design purpose. 

d. Failure mode: the critical failure that reveals the connection's weakness. 

 

The assessment criteria were: [3] 

a. C1: Tensile capacity of at least 125% of the spliced bar’s specified yield strength [30, 31]. 

The strength ratio, Rs, should be at least 1.25 (Eq. 1). 

𝑅𝑠 =
𝑓𝑢,𝑏

𝑓𝑠𝑦
≥ 1.25           (1) 

where fu,b = stress in bar at the ultimate state, N/mm2; fsy = specified yield strength of the 

spliced bar, N/mm2. 

b. C2: The connection fails in a ductile manner for survival purposes [30, 38]:   

i. The yield ratio, Ry, should be at least 1.0 (Eq 2) so that the spliced bars yield before 

the connection fails [12].  

𝑅𝑦 =
𝑃𝑦

𝑃𝑠𝑦
≥ 1.0          (2) 

where Py = yield strength of the specimen, kN; Psy = specified yield strength of the 

spliced bar, kN. 

ii. The ductility ratio, Rd, should be at least 4.0 for the specimen to have an adequate 

degree of deformation before failure in low-moderate seismic region (Eq. 3) [37]. 

𝑅𝑑 =
𝛿𝑢

𝛿𝑦
≥ 4.0          (3) 

where δu = displacement at the ultimate state; δy = displacement at yield.  

iii. The drift ratio, Rdf, should be at least 0.5% for an adequate degree of rotational 

displacement under lateral load (Eq. 4) [39]. 

𝑅𝑓 =
𝛿𝑢,𝑓𝑡

𝐻
≥ 0.005        (4) 

where δu,ft = horizontal displacement of the upper panel at the ultimate state in the 

flexural test; H = height where the lateral load was applied. 

c. C3: The bond strength generated in the sleeve should be greater than the tensile capacity of 

the spliced bars. Bar fracture failure is preferred [3, 41].  

d. C4: The connection should not impair the wall. The specimen’s capacity should be 

equivalent to that of the control specimen. Thus, the performance ratio, Rp, should be at 

least 1.0 (Eq. 5) [41].  

𝑅𝑝 =
𝑃𝑢

𝑃𝑢,𝑐
≥ 1.0           (5) 

where Pu = ultimate capacity of the specimen; Pu,c = ultimate capacity of the control 

specimen. 

e. C5: The service load should not be excessively low in comparison to the overall load. Thus, 

the serviceability ratio, Rsv, should be at least 0.75 (Eq. 6) [3]. 

𝑅𝑠𝑣 =
𝑃𝑠𝑣

𝑃𝑢
≥ 0.75           (6) 

where Psv = service load of the specimen; Pu = ultimate capacity of the specimen. 

Tables 12, 13, and 14 assess the feasibility of THS under tensile, shear, and flexural loads 

respectively. A specimen was considered feasible when all the criteria were fulfilled. The 
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specimens considered feasible were (a) THS-4 to THS-8 for tensile load, (b) none for shear 

load, and (c) THS-8 for flexural load. 

Table 12. Feasibility evaluation of specimen under tensile load. 

Criter

ia 

Parameters Ref. Req. THS-

1 

THS-

2 

THS-

3 

THS-

4 

THS-

5 

THS-

6 

THS-

7 

THS-

8 

THS-

9 

C1 fu,b (N/mm2) 1 
  

558 508 478 681 673 669 684 662 674 

Rs Eq. 1 ≥1.25 1.12 1.02 0.96 1.36 1.35 1.34 1.37 1.32 1.35 

C2(i) Py(kN) 2 
  

112.2 102.1 96.1 118.8 115.9 116.2 116.5 112.6 116.8 

Ry Eq. 2 ≥1.0 1.12 1.02 0.96 1.18 1.15 1.16 1.16 1.12 1.16 

C2(ii) δu,tt(mm) Table 6 
 

4.6 4.1 3.8 28.6 30 31.3 25.7 27.4 26.3 

δy(mm) 2 
  

2.6 2.5 2.1 2.2 2.4 2.4 2.2 2.2 2.1 

Rd Eq. 3 ≥4.0 1.8 1.6 1.8 13.0 12.5 13.0 11.7 12.5 12.5 

C3 Failure mode 3 
 

F S S S F F F F F F 

C5 Psv(kN) 1 
  

112.2 102.1 96.1 118.8 115.9 116.2 116.5 112.6 116.8 

Pu,tt Table 6 
 

112.2 102.1 96.1 137.0 135.4 134.6 137.6 133.2 135.5 

Rsv Eq. 6 ≥0.75 1.00 1.00 1.00 0.87 0.86 0.86 0.85 0.85 0.86  
Score 4 

  
2/5 2/5 1/5 5/5 5/5 5/5 5/5 5/5 5/5  

Feasible 5 
  

N N N Y Y Y Y Y Y 

1 𝑓𝑢,𝑏 =
4𝑃𝑢

𝜋𝑑𝑏
2, fsy = 500 N/mm2, 𝑃𝑠𝑦 =

1

4
𝜋𝑑𝑏

2𝑓𝑠𝑦 = 100.5 kN, Psv = Py; 2 the load and displacement at yield, Py 

and δy, were obtained from the load-displacement response of the specimens (average value of three identical 

specimens); 3 F – bar fracture failure, S – bar bond-slip failure; 4 number of criteria fulfilled / total number of 

criteria; 5 Y – Feasible, N – Not feasible 

 

Table 13. Feasibility evaluation of specimen under shear load. 

Criteria Parameters Ref. Req. THS-2 THS-4 THS-5 THS-6 THS-8 

C2(ii) δy,st,b1(mm) 1 
  

1.01 1.03 1.23 0.80 0.78 

δy,st,b2(mm)  1 
  

1.03 1.08 1.23 0.81 1.09 

δy,st(mm) 2 
  

1.020 1.055 1.230 0.805 0.935 

δu,st,b1(mm) 
  

31.6 48.9 33.8 45.6 42.6 

δu,st,b2(mm) 
  

31.6 47.2 33.9 45.0 44.9 

δu,st(mm) 2 
  

31.6 48.05 33.85 45.3 43.75 

Rd Eq. 3 ≥4.0 31.0 45.5 27.5 56.3 46.8 

C3 Failure mode 3 
 

F S F F F F 

C4 Pu,st(kN) Table 6 
 

224.1 318.5 253.6 307.2 293.8 

Pu,st,c(kN) 
  

302.6 302.6 302.6 302.6 302.6 

Rp Eq. 5 ≥1.0 0.74 1.05 0.84 1.02 0.97 

C5 Psv,st(kN) 1 
  

84.1 74.8 89.4 87.8 95.2 

Rsv Eq. 6 ≥0.75 0.38 0.23 0.35 0.29 0.32  
Score 4 

  
1/4 3/4 2/4 3/4 2/4  

Feasible 5 
  

N N N N N 
1 The yield displacement, δy,st,b1 and δy,st,b2, and service load, Psv,st, were considered the highest plotted point prior 

to a significant drop of the stiffness, as obtained from the load-displacement response; 2 Average value of Bars 1 

and 2 was taken: 𝛿𝑦,𝑠𝑡 =
1

2
(𝛿𝑦,𝑠𝑡,𝑏2 + 𝛿𝑦,𝑠𝑡,𝑏2), 𝛿𝑢,𝑠𝑡 =

1

2
(𝛿𝑢,𝑠𝑡,𝑏2 + 𝛿𝑢,𝑠𝑡,𝑏2); 

3 F – bar fracture failure, S – bar 

bond-slip failure; 4 number of criteria fulfilled / total number of criteria; 5 Y – Feasible, N – Not feasible. 

 

Table 14. Feasibility evaluation of specimen under flexural load. 

Criteria Parameters Ref. Req. THS-2 THS-4 THS-5 THS-6 THS-8 

C1 1 Pu,ft (kN) Table 6 
 

45.2 79 72 52.6 77.4 

Pu,b1 (kN) 
  

72.3 130.2 118.2 85.0 127.5 

fu,b1 (N/mm2) 
  

360 648 588 423 634 

Rs Eq. 1 ≥1.25 0.72 1.30 1.18 0.85 1.27 

C2(iii) δu.ft (mm) Table 6 
 

4.0 24.4 22.0 5.8 42.0 

Rf Eq. 4 ≥0.005 0.002 0.014 0.012 0.003 0.023 

C2(ii) δy,ft (mm) 2 
  

3.78 3.16 4.89 4.07 4.14 

Rd Eq. 3 ≥4.0 1.1 7.7 4.5 1.4 10.1 

C3 Failure mode 3 
 

F S S S S F 

C4 Rp Eq. 5 ≥1.0 0.62 1.09 0.99 0.73 1.07 

C5 Psv,ft (kN) 2 
  

45.2 62.7 61.8 52.6 64.0 

Rsv Eq. 6 ≥0.75 1.00 0.79 0.86 1.00 0.83  
Score 4 

  
1/6 5/6 3/6 1/6 6/6  

Feasible 5 
  

N N N N Y 
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1 𝑓𝑢,𝑏1 =
4𝑃𝑢,𝑏1

𝜋𝑑𝑏
2 , where 𝑃𝑢,𝑏1 =

𝑃𝑢,𝑓𝑡⋅𝐻−𝑊𝑝𝑑𝑝

𝑑𝑏1
, H = 1800 mm (height of lateral load), 𝑊𝑝 = 𝐵𝑝𝐻𝑢𝑝𝑇𝑝𝛾𝑐 = 9.1 kN 

(unit weight of wall panel), 𝑑𝑝 =
𝐵𝑝

2
= 600 mm (centre of gravity of wall panel), 𝑑𝑏1 = 𝐵𝑝 − 𝑠 = 1050 mm 

(depth of Bar 1 from wall edge), fsy = 500 N/mm2, Pu,ft,c = 72.5 kN; 2 The yield displacement, δy,ft, and service 

load, Psv,ft, were obtained from the load-displacement response; 3 F – bar fracture failure, S – bar bond-slip 

failure; 4 number of criteria fulfilled / total number of criteria; 5 Y – Feasible, N – Not feasible. 

 

Based on the evaluation: 

a. THS was the most effective under tension. A 125-mm bar embedded length was required 

(lb ≈ 8db) regardless of the sleeve diameter (when dsi ≤ 5db). The specimens met all the 

criteria.  

b. THS was impractical for shear load resistance. The usable capacity was only one-third of 

the total capacity. The connection was not suitable to take a shear load alone. Shear keys 

can be used to strengthen the wall joints. 

c. THS was applicable in the presence of flexural load. This was provided that an adequate 

bar embedded length (lb ≥ 11db) was provided, and the componential tensile force prevailed 

over the componential shear force. 

The componential shear force of the flexural load (a) redistributed the stresses in the 

sleeve, (b) caused an unequal distribution of the bond stress surrounding the spliced bar, and 

consequently (c) compromised the bond. Therefore, a 40% longer bar embedded length was 

required. The required embedded length may vary depending on the slenderness of the wall 

panel and the percentage of the componential shear force over the tensile load. When the 

componential tensile load is greater, the embedded length would be shorter, and vice versa. 

5. Discussions 

The required anchorage lengths for THS, i.e., 8 and 11 times the bar diameter for tensile and 

flexural loads, respectively, were notably shorter than the established standards. Eurocode 2 

stipulated an anchorage length of 26 times the bar diameter under good bond conditions with 

concrete strength exceeding 60 N/mm2 [42], while BS8110 specified 35 times [25, 38]. Recent 

research has shown that even shorter lengths, approximately 5 to 6 times the bar diameter [43, 

44], can be achieved, especially with ultra-high-performance concrete (UHPC) grout. This 

suggests the potential for further enhancement of THS. The anchorage length governs the bar 

length protruding from a panel for insertion into the sleeves embedded in another. Long 

anchorage length can be quite troublesome, considering the care necessary to prevent defects 

of the protruding bars or injuries to the workers during mobilisation, handling, and installation. 

Thus, the anchorage length in THS should be as short as possible.  

THS was found feasible under tensile and flexural loads but not for shear loads. The 

tensile test, although economical, cannot be taken as a rule of thumb to conclude the feasibility 

of a GS as a connection for PC structures, considering the potential presence of various kinds 

of loads [3]. While the industry continues to heavily rely on tensile tests for feasibility 

assessments, there is a growing trend towards testing GS together with precast elements, as 

observed in recent studies [20, 45, 46]. Most studies prioritise getting adequate ultimate 

strengths of GSs for survival purposes. However, yield strength, which marks the end of elastic 

behaviour, is equally important as it governs the design strength in engineering practices. This 

emphasises the importance of the serviceability ratio, one of the feasibility assessment criteria 
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in this study, to avoid excessive unutilized load capacity. The unutilized load capacity of THS 

under shear load represents another form of waste, conflicting with the principles of sustainable 

development. Therefore, THS is considered unsuitable for bearing shear loads unless 

supplemented with shear keys at the drypack joint. While GS is critical for ensuring the stability 

of PC structures, relying solely on it as the load-resisting mechanism could pose significant 

risks. Tie reinforcements should be provided to address the potential accidental loads, thereby 

preventing the failure of a precast element from spreading to its neighbouring and subsequent 

members [47]. This measure helps maintain the integrity of the overall structure. 

6. Limitations and Future Work  

This study focused on experimental studies of THS, covering two parameters: the sleeve 

diameter and bar embedded length. However, other potential governing factors, such as bar 

diameter, grout strength, and sleeve thickness, were not explored. Although the feasibility of 

THS under tensile, shear, and flexural loads was assessed, its design remained incompletely 

optimized. The internal stresses depicted in Figure 16, while appearing logical, were 

hypothetical, and thus validation through finite element analysis may be necessary. For those, 

future research could encompass (a) analytical derivation to predict the load capacities for each 

load case, (b) numerical modelling to simulate the internal response of THS, (c) optimisation 

to further enhance the design’s efficiency, and (d) statistical studies to evaluate the significance 

of the parameters investigated. 

This study assumed that THSs were in perfect condition, which included (a) appropriate 

alignment of spliced bars along the sleeve’s central axis without any eccentricity, (b) accurate 

anchorage of spliced bars at their intended length, and (c) proper grout filling of spaces in the 

sleeve. However, achieving such perfection in reality can be challenging. Offset bars, for 

instance, may have little impact on bond strength under tensile load but could significantly 

affect performance under shear and flexural loads [3]. Practical issues associated with real 

construction, such as inaccurate dimensions, poor workmanship, substandard materials, and 

non-compliance procedures, were not addressed in this study. Nevertheless, recent research has 

increasingly focused on these practical challenges, including the eccentricity of bars in grouted 

sleeves [48], insufficient grouting of grouted sleeves [2, 49], and corrosion of grouted sleeves 

[50, 51]. 

In this study, THSs were custom-made from mild steel pipes using basic techniques 

like cutting, hammering, and welding. The fabrication process is time-consuming and labour-

intensive. While the materials used were affordable, the fabrication cost was not trivial, 

especially during the product development phase. Moreover, due to workmanship constraints, 

product quality, such as dimension accuracy and surface smoothness, could not be adequately 

guaranteed. These problems can be addressed through the adoption of modern mass 

manufacturing techniques, which would only occur with the green light for commercialization. 

Before commercialization, (a) the proposed design must be proven functional with a sufficient 

level of confidence in its safe application in engineering fields; (b) the design should undergo 

thorough optimisation to enhance its efficiency; and (c) a comprehensive cost-benefit analysis 

should be conducted to evaluate its economic viability. Given these requirements, there 

remains a substantial journey ahead before the potential commercialization of THSs can be 

realised. 
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7. Conclusion  

The behaviour of a Tapered Head Sleeve (THS) was investigated under tensile, shear, and 

flexural loads. THS performed well in tension, with the bar embedded length of about 8 times 

the bar's diameter. It was ineffective in the presence of shear loads. The usable shear strength 

was just one-third of the total capacity. Therefore, THS was not suitable for resisting shear 

loads without shear keys. Under flexural load, a longer bar, 11 times the bar's diameter, was 

recommended. The proposed bar embedding length for flexural load was determined based on 

the wall's height-to-width ratio of 1.5. This aspect ratio gave a prominent componential tensile 

force compared with the componential shear force. If the aspect ratio is changed, the bar's 

embedded length may be redefined. This paper illustrates the stress in THS, which varies 

slightly under different load cases. This was hypothetical and was not backed by any data in 

this study. Further study may be required to verify that. In this study, increasing the sleeve's 

diameter inevitably changed the tapering angle of the sleeve. The bond strength seemed to be 

influenced by the sleeve's diameter. This might also be attributed to the changing tapered angle 

of the sleeve. The present data set is unable to discriminate between the effects of the sleeve's 

diameter and tapered angle. 
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