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1. Introduction  
 

A shear wall is one of the structural elements used in 

high rise buildings to resist the wind and seismic loads due 

to high initial stiffness and lateral load resisting ability 

(Soudki et al. 1996). In the precast large wall panel system, 

the connections play an important role in the transfer of 

different types of loads from one structural member to 

another structural member. During past earthquakes, many 

large panel systems suffered a lot of damage. Some of the 

typical damages observed in large panel systems during the 

Christchurch earthquake, 2011, was the failure of steel 

connectors and diagonal bracings, cracking of inter-panel 

connections, and several complete collapses of the wall 

panels. Failure of the wall was observed in-plane along the 

base followed by the loss of anchorage. In under 

construction buildings, connections between the orthogonal 

panels had failed, leading to a out-of-plane collapse of one 

panel and destabilisation of the other (Kam et al. 2011). The 

behaviour of wall panels during past earthquakes indicates 

that the connection forms the weakest link in the structure. 

The connections should exhibit good ductility and energy 

dissipation capacity to resist seismic loads. 

 

 

2. Connections  
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Precast members are connected by two methods, the 

first one being the “Equivalent monolithic system”. Park 

(2003) described that the connection is achieved by 

protruding longitudinal bars that are connected either by lap 

splices in a cast-in-place concrete joint, by non-contact lap 

splices involving grouted steel corrugated ducts, by splice 

sleeves, by welding, by mechanical connectors, or using 

grouted post-tensioned tendons. Precast walls with a 

vertical connection using loop bars in cast-in-situ concrete 

were studied by many researchers (Rossley et al. 2014a, 

Sorensen et al. 2015, Vaghei et al. 2016, Biswal et al. 2018, 

Vaghei et al. 2019). The observations made were that an 

increase in the ratio of transverse reinforcement and 

overlapping length of loop bars showed an increase in the 

ductility of the connections. Reinforced concrete members 

with loop joints exhibited similar ultimate behaviour, 

ductility and strength to ordinary RC members without 

joints under static and fatigue loading (Ryu et al. 2007). 

The second one is the “Jointed construction” where the 

structural members are connected by dry connections 

formed by welding or bolting reinforced bars, plates or stud 

embedment’s and dry packing and grouting (Park 2003). 

Many studies were conducted on dry connections using 

dowel bars as the connecting element (Smith 2016, 

Pramodh et al. 2018, Sorensen et al. 2017a). It was 

observed that dowel bars embedded in corrugated steel 

ducts created a higher confinement effect, allowing for a 

reduction in required embedment length (Smith 2016, 

Pramodh et al. 2018). The specimens with a relatively 

lower compressive strength at the interface had a greater 

displacement capacity and a higher ultimate load than 

specimens with a relatively higher compressive strength 

(Sorensen et al. 2017a). Precast walls with horizontal 
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connections using unbonded PT steel has been studied by 

many researchers (Holden et al. 2003, Perez et al. 2007, 

Perez et al. 2013, Erkmen and Schultz 2009, Henry et al. 

2012, Belleri et al. 2014). The unbonded PT connections 

exhibited low energy-dissipation capacity, hence further 

research was carried out by providing supplementary 

energy dissipation components (Ajrab et al. 2004, Kurama 

2005, Restrepo and Rahman 2007, Marriott et al. 2008, 

Smith and Kurama 2014, Smith et al. 2011, Smith et al. 

2013, Smith et al. 2015). Precast walls connected by welded 

plate connectors showed increased shear resistance with 

less ductility (Hofheins et al. 2002). 

 

 

3. Previous studies on the vertical wall to wall 
connection 

 
The connection between wall to wall panels can either 

be in a vertical or horizontal direction. One of the 
commonly used connections in India to connect precast 
walls in the vertical direction is the loop bar connection. 

The behaviour of the loop bar connection between wall to 
wall panels was studied under monotonic loading (Vaghei 
et al. 2016, Biswal et al. 2018, Rossley et al. 2014b). Loop 
bar connections were used to transfer the load from one 
precast element to another precast element. It was observed 
that the load carrying capacity of the specimen was high 

when the spacing between the loop bar was less because of 
the generation of strut and tie action and increased dowel 
action under monotonic loading. Under shear loading, the 
connection exhibited ductile behaviour before failure.  

The ultimate load carrying capacity of the loop bar 

connection in tension was improved by increasing the 

overlapping length of U-bar, decreasing the spacing 

between adjacent U-bars, increasing the amount of 

transverse reinforcement, and increases the cross-sectional 

diameter of the U-bar (Ong et al. 2006, Joergensen and 

Hoang 2013, Araujo et al. 2014). Li and Jiang (2016) 

concluded that smaller spacing of reinforcement with a 

higher amount of reinforcement showed greater load 

resistance with less ductility under shear loading. The width 

of the joint was influenced by the diameter of the loop bar 

used in the connection (Ryu et al. 2007). Joergensen and 

Hoang (2013) investigated experimentally and concluded 

that the failure of the connection depended on the yielding 

strength of the loop bar and joint concrete strength. An 

experimental study was conducted on wall panels connected 

by channel section. The capacity of the channel connection 

was greater than the loop bar connection under rotational 

loading (Taheri et al. 2016). Under lateral load, the channel 

section exhibited better flexural strength and energy 

dissipation capacity, when compared to the loop connection 

(Vaghei et al. 2019). Cracks were evenly distributed due to 

cyclic load and exhibited a ductile failure mode (Vaghei et 

al. 2017). Precast wall panels with shear keys exhibited 

higher shear resisting capacity under tensile loading 

(Sorensen et al. 2017b, Sorensen et al. 2018), monotonic 

loading (Ibrahim et al. 2014), and lateral loading (Sorensen 

et al. 2015). Under Quasi-static cyclic loading, lateral load 

resistance and stiffness of the vertical connection was 

increased by adding strength and more steel shear keys at 

 

Fig. 1 General geometry of wall to wall vertical connection 

with shear keys (Sorensen et al. 2018) 

 

 

the connection (Shen et al. 2019). Precast shear walls using 

U-bar loops (vertical plane) reinforced with double T- 

headed bars with shear keys showed a ductile response 

when compared to conventional U-bar loops (horizontal 

plane) (Sorensen et al. 2016). The shear capacity of a 

vertical shear connection using wire loops was prone to be 

governed by the failure of the joint mortar in combination 

with yielding of the locking bar (Joergensen et al. 2015). 

Vertical shear connections using wire loops failed by the 

development of yield lines (failure mode 1) only along the 

joint surfaces, when the mechanical degree of wire loops 

was low and by development of diagonal yield lines (failure 

mode 2) running across the connection, when the 

mechanical degree of wire loops is high (Joergensen et al. 

2017). Fig. 1 shows General geometry of wall to wall 

vertical connection with shear keys. 

 

 

4. Significance of this study 
 

Precast construction technology may replace the 

conventional methods to reduce the duration of construction 

and also to improve the quality of construction. Due to the 

increase in population in India, people started moving to 

high rise buildings. To increase the stability of the structure 

for high rise buildings, the shear wall panel system was 

introduced. In the precast wall panel system, the 

connections play a vital role in transferring the forces from 

one panel to another panel, especially during earthquakes. 

Hence, there is a need to develop a strong and stable 

connection between the wall to wall panels. In the present 

work, the behaviour of a precast shear wall to wall vertical 

connection using three wet and one dry connections i) Wall 

to Wall Staggered Loop bar precast connection (WW-SL), 

ii) Wall to Wall Equally spaced Loop bar precast 

connection (WW-EL), iii) Wall to Wall U-Hook precast 

connection (WW-UH), iv) Wall to Wall Channel 

connection (WW-CH) was studied. The objective of the 

present study was to investigate the influence of the 

connection detailing on the cyclic behaviour of the precast 

wall to wall vertical connection.  

 

 

5. Design and detailing 
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Fig. 2 Schematic diagram of the precast wall to wall 

connection 

 

 

The critical wall panel was designed according to 

IS456:2000 and IS 13920:2016. The experimental program 

describes the cyclic shear behaviour of the vertical 

connection between the precast wall panels using different 

connections for a scaled model using a scale factor of 1:3. 

Four specimens were cast for the experimental work. Each 

specimen consists of two wall panels with a connection at 

the centre. Each wall panel size was 350×1000 mm and the 

width of connection was 100 mm. Thickness of the wall 

was 70 mm. Fig. 2 shows the schematic diagram of the 

precast wall to wall connection. 

 

 

6. Material properties 
 

A concrete mix, designed for a characteristic cube 

compressive strength of 30 N/mm2 as per the Indian code of 

practice (IS 10262-2009) was used to cast the wall panels 

and the connections. The compressive strength of concrete 

was determined by casting 150×150×150 mm concrete 

cubes. The 28th day compressive strength for the wall 

panels and the connections was 39.52 N/mm2 and 41.97 

N/mm2 respectively. The deformed bars (Fe415) was used 

in the design of the wall panels and the connection 

reinforcement. 

 

 

7. Types of wall to wall connections 
 

7.1 Staggered loop connection (WW-SL) 
 

Two walls were connected using loop bars (180 bent up 

bars). It was projected from both the walls and overlapped 

in the connection region. The transverse bar was inserted 

between the overlapping loop region to withstand the tensile 

forces caused due to the inclined stress field developed 

between the overlapping loops. It also provides confinement 

to the concrete in the overlapping area. The spacing 

between adjacent overlapping loops is usually about 2-6 

times the diameter of the bar to account for construction 

tolerances (Joergensen and Hoang 2013). For this 

connection spacing between the overlapping loops was 

taken as 5ϕ. The spacing between the overlapping loop 

reinforcement was 30 mm whereas the spacing between the 

main reinforcement and loop was 45 mm. Development 

 

Fig. 3(a) Reinforcement detailing of (WW-SL) connection 

 

 

Fig. 3(b) 3D view of (WW-SL) connection 

 

 

length, anchoring length, and details of loop connection 

were calculated according to IS 456:2000. Anchoring length 

of the loop bar was measured from the end of the wall to 

outside end of bent. The development length of the bar was 

measured as the length of the loop anchored inside the wall 

panel. The reinforcement details and a 3D view of the 

(WW-SL) connection respectively, are shown in Figs. 3(a)-

(b). 

 

7.2 Equally spaced loop connection (WW-EL) 
 

The detailing of the loop reinforcement was the same as 

that of the staggered loop connection (WW-SL). The 

spacing between the overlapping loops was taken as 6.7ϕ. 

This spacing was adopted to observe the behaviour of the 

overlapping loop connection if spacing exceeded the range 

of as suggested by Joergensen and Hoang (2013). The 

spacing between overlapping loops was same throughout 

the height of the wall. The spacing between the loop 

reinforcement was 40mm. The spacing between main wall 

reinforcement and loop was also maintained as 40 mm. 

Figs. 4(a)-(b) show the reinforcement details of the (WW-

EL) connection and a 3D view of the (WW-EL) connection, 

respectively. 

 

7.3 U-Hook connection (WW-UH) 
 

Two U-shaped reinforced bars were used in each  
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Fig. 4(a) Reinforcement detailing of (WW-EL) connection 

 

 

Fig. 5(a) Reinforcement detailing of (WW-UH) connection 

 

 

Fig. 6(a) Reinforcement detailing of channel connection 

(WW-CH) 

 

 

overlapping area to connect the two walls. It was an 

extension of the horizontal reinforcement from both walls 

and overlapped in the connection region. The transverse bar 

was inserted in the connection region. The transverse bar is 

provided to give confinement to the concrete in the 

connection region and to prevent propagation of the cracks. 

It does not play any role in the transfer of the tensile forces 

between the wall elements. Figs. 5(a)-(b) show the 

reinforcement detailing of the (WW-UH) connection and a 

3D view of the (WW-UH) connection, respectively. The 

development and anchorage lengths provided was according 

to IS 456:2000.  

  

Fig. 4(b) 3D view of (WW-EL) connection 

 

  

Fig. 5(b) 3D view of (WW-UH) connection 

 

  

Fig. 6(b) 3D view of (WW-CH) connection 

 

 

7.4 Channel connection (WW-CH) 
 

The right-side wall panel and left side wall panel was 

connected by a dry connection using two channel sections. 

The channel sections were designed according to IS 800: 

2007 subjected to combined shear and bending. 

Reinforcement details and a 3D view of the (WW-CH) 

connection, respectively are as shown in Figs. 6(a)-(b). The 

thickness of the channel section was 6 mm. The channel 

section on the left-hand side was smaller than that on the 

right-hand side (both channel sections were fitted in such a 

manner that it formed a box-like cross section with one 

section fitted inside the other channel). Fig. 7 shows the  
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Fig. 7 Box like c/s formed by channel section 

 

 

Fig. 8 Connection details of (WW-CH) connection 

 

Table 1 Dimension details of connections 

Specimen designation 
Wc 

(mm) 

Ast 

(mm2) 

a 

(mm) 

b 

(mm) 

Staggered loop bar connection (WW-SL) 100 791.68 64 30 

Equally spaced loop bar connection 

(WW-EL) 
100 791.68 64 40 

U-Hook connection (WW-UH) 100 904.77 20 44 

Channel connection (WW-CH) 60 452.38 250 - 

Note: Ast=Area of reinforcement across the connection 

Wc=Width of the connection 

a=Overlapping length 

b=Spacing between overlapping loops  

 

 

cross section of the channel section. Both the channel 

sections were bolted together by using 12 mm bolts. For 

providing good bonding between the channel sections and 

wall panels, each channel section was tied to the wall panel 

using four hooks. With respect to buildability, this type of 

connection is very easy to construct as it is a bolted 

connection. The left and right wall panels are cast with the 

channel section, then it is assembled at the site. Fig. 8 

shows the reinforcement details and a 3D view of the (WW-

CH) connection, respectively. Table 1 shows the details of 

all the precast connections. 

 

 

8. Construction of specimens 
 

The specimens were constructed in two stages. In the 

first stage, two precast wall panels were cast. After the 

walls achieved 7th days strength, the joint face of both walls 

was prepared for bonding with new concrete by applying 

Nito-bond EB base. In the second stage, the connection 

region was concreted and then cured for 28days to achieve 

strength. All the connections, except the channel connection 

were wet connections. 

 

Fig. 9 Wall to wall connection with foundation block 

 

 

Fig. 10 Schematic diagram of loading test setup 

 

 

9. Test setup 
 

The cyclic load was applied at the top of the right panel 

with a displacement control method by using a push and 

pull jack. The jack had a push capacity of 25T and pull 

capacity of 15T and it was fixed to a loading frame with a 

capacity of 100 T. A load cell was used to measure the load. 

An axial load equal to 0.1fc’Ag (Cheok and Lew 1993) was 

applied at the top of the left panel as uniformly distributed 

load and it simulated the gravity load on the wall panel. The 

left wall panel bottom was connected to the foundation 

block. The connection and the right wall panel were 

projected outside the foundation block like a cantilever. The 

foundation block of the test specimen was connected to the 

testing floor using four anchor bolts. Fig. 9 shows the wall 

to wall connection with the foundation block. Linear 

Variable Differential Transducer (LVDT) were used to 

measure the vertical displacement of the wall. The LVDT 

was connected at top of the Right panel. A schematic 

diagram of the test setup is shown in Fig. 10 and a 

Photograph of the test setup is shown in Fig. 11.  

 

 

10. Cyclic loading 
 

Every structure has a strength and stiffness to resist 

external load. The displacement control method was used to 

evaluate the performance of the structure. The sequence of 

cyclic loading adopted was similar to that adopted by 

Vidjeapriya and Jaya (2013). Three cycles were applied for 

each displacement level. The displacement cycle starts with 

1 mm displacement, and ended with 28 mm displacement. 

Fig. 12 shows the sequence of cyclic loading. Drift ratio is  
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Fig. 11 Photograph of the test setup 

 

 

Fig. 12 Cyclic loading history 

 

 

defined as the ratio of lateral displacement of the wall to the 

length of the wall (Yu et al. 2019). 

 

 

11. Discussion of results 
 

11.1 Strength 
 

The ultimate load carrying capacity of the various 

connections such as the Staggered Loop bar connection 

(WW-SL), the Equally spaced Loop bar connection (WW- 

EL), the U-Hook connection (WW-UH) and the Channel 

connection (WW-CH) were 37 KN, 38 KN, 34 KN and 38 

KN respectively, in the positive direction (upward) as 

shown in Fig. 13. The load carrying capacity of specimens 

(WW-SL) and (WW-EL) was nearly same. This may be due 

to the presence of the same area of reinforcement in the 

connection region. As shown in Fig. 13 the ultimate load 

carrying capacity of the channel section (WW-CH) is same 

as that of connection (WW-EL). But it is to be noted that 

the percentage of reinforcement in the connection region of 

the channel connection (WW-CH) is approximately 43% of 

that of connection (WW-EL) and (WW-SL). This may be 

due to the presence of a bolted connection between the two 

channel sections inserted in the wall panels. This type of 

interlinking is not present in any other connection. Hence, 

with lesser reinforcement higher load carrying capacity 

 

Fig. 13 Ultimate load of all the connections 

 

 

Fig. 14 Yield load of all the connections 

 

Table 2 Ultimate load and yield load of all the connections 

Connection 
Type 

Yield load Ultimate load 
Ratio of Ultimate 

load to yield load Average 

Positive Negative Positive Negative Positive Negative 

WW-SL 30.5 62.37 37 78 1.21 1.25 1.23 

WW-EL 31 65 38 79 1.23 1.22 1.22 

WW-UH 26.25 62 34 75 1.30 1.21 1.25 

WW-CH 30 47.5 38 58 1.27 1.22 1.24 

 

 

could be achieved. 

The load carrying capacity of the specimen (WW-UH) 

was 10% and 8% lesser than specimens (WW-EL) and 

(WW -SL) respectively, due to concrete spalling at -18 mm 

displacement cycle and reinforcement were exposed in the 

connection region near the foundation block. The transverse 

reinforcement inserted in the connection region was not 

effective for the connection (WW-UH). The maximum load 

was attained at 8mm displacement cycle for specimens 

(WW-SL), (WW-EL), and (WW-CH), whereas for (WW-

UH) the maximum capacity was attained at 20 mm 

displacement cycle in the positive direction (upward). 

The ultimate load in the negative direction (downward) 

was higher than that in the positive direction (upward) 

because the unsupported wall panel was bearing into the 

foundation block in the downward direction of loading. The 

channel section exhibited lesser load carrying capacity in 

the negative direction when compared to all other 

connections. This could be due to the debonding of concrete 

at the interface of the channel section in the top region. Fig. 

14 shows the yield load of all the connections. The ratio of 

the maximum ultimate load to yield load was nearly the 

same for all types of connections. This indicates that the 

safety assurance of all the connections was the same as 

shown in Table 2. 

 

11.2 Hysteretic behaviour 
 

A hysteresis curve indicates the elastic (reversible) and  
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Fig. 15 Hysteresis curve of (WW-SL) 

 

 

Fig. 16 Hysteresis curve of (WW-EL) 

 

 

Fig. 17 Hysteresis curve of (WW-UH) 

 

 

plastic (irreversible) deformation of a structure during 

loading and unloading conditions in both positive and 

negative direction. Figs. 15-18 show the hysteresis curves 

of the specimens (WW-SL), (WW-EL), (WW-UH), and 

(WW-CH), respectively. For all the specimens, except for 

specimen (WW-CH), the hysteresis curves were wide and 

stable. This is an indication of good energy dissipation. 

Initially, up to a 5 mm displacement cycle, the hysteretic 

curve was formed without any pinching. After the 5 mm 

displacement cycle, the hysteretic loop exhibited a pinching 

effect. 

 

11.3 Load-displacement envelope curve 
 

The strength and stiffness of the connections increased 

initially due to a hardening behaviour, then after yielding 

occurred the strength and stiffness of the connection 

reduced due to a softening behaviour. Load-displacement 

 

Fig. 18 Hysteresis curve of (WW-CH) 

 

 

Fig. 19 Load-displacement envelopes of all the connections 

 

 

envelopes of all the connections are shown in Fig. 19. For 

specimens (WW-SL), (WW-EL), and (WW-UH), the load 

carrying capacities increased gradually after the initiation of 

cracking. This was due to the tensile capacity of the loop 

bars. After the ultimate load was reached, there was a 

gradual decrease in the load carrying capacity and it was an 

indication of a ductile behaviour of the connection. In the 

case of the (WW-CH) connection, after ultimate load there 

was a sudden drop in the load carrying capacity due to a 

sudden loss of bond between the channel section and the 

wall panel in the top region. 

 

11.4 Load ratio: 
 

The Load ratio was used to examine the load carrying 

capacity of different connections from the yield load to 

failure load. The Load ratio is the ratio of the maximum 

load carrying capacity of each cycle to the yield load 

(Alameddine and Ehsani 1991) of the corresponding 

specimen. The yield load was calculated according to Park 

(1988). Fig. 20 shows the load ratio of all the connections. 

Load ratio increased linearly up to the ultimate load for all 

the connections. The load carrying capacity of the 

specimens (WW-SL), (WW-EL), and (WW-UH) was 

maintained throughout the displacement cycle, because of 

the confinement provided by the reinforcement in the 

connection region. The load carrying capacity was 

maintained beyond the yield point up to 16mm, 18mm, and 

20mm displacement cycles for specimens (WW-SL), (WW-

EL), and (WW-UH), respectively. In the connection (WW-

CH) there was a sudden drop in the load carrying capacity 

after 8 mm. 
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Fig. 20 Load ratio of all the connections 

 

 

Fig. 21 Stiffness degradation of all the connections 

 
 
11.5 Stiffness degradation 
 

A stiffness degradation of a reinforced concrete 

structure describes the characteristic of crack formation, 

loss of bond between concrete and steel, and interaction 

with high shear or axial stresses. The stiffness degradation 

was calculated as the peak to peak load change of each 

displacement cycle. It was mainly dependent upon the 

material properties, geometry, level of ductile detailing, 

connection type, and the loading history of the structure 

(FEMA P440A 2009). The following Eq. (1) was used in 

the calculation of the stiffness degradation. 

Ki= 
{+𝐹𝑖}+{−𝐹𝑖} 

{+𝛥𝑖}+{−𝛥𝑖} 
(Ni, et.al.2019)            (1) 

where,  

+ Fi and −Fi=the positive and negative lateral peak loads 

of the ith hysteretic loop. 

+Δi and −Δi=the positive and negative lateral top 

displacements of the ith hysteretic loop. 

Initially, the stiffness was 30 kN/mm, 25 kN/mm, 28 

kN/mm, and 33 kN/mm for specimens (WW-SL), (WW-

EL), (WW-UH), and (WW-CH) respectively. Fig. 21 shows 

the stiffness degradation of all the connections. The 

stiffness degradation of the connection can be explained in 

two stages. In the first stage, the stiffness degradation was 

initially faster up to the 3mm displacement cycle. In the 

second stage, the stiffness degradation was gradual and 

smooth. The stiffness degradation of the specimen (WW-

CH) was steep when compared to all the other specimens. 

Each secant stiffness value of a specific specimen was 

normalized with respect to the secant stiffness measured at 

 

Fig. 22 Normalized Stiffness degradation of all the 

connections 

 

 

Fig. 23 Energy dissipation capacity of all the connections 

 

 

5 mm displacement level for comparison between the 

connections. The normalized stiffness degradation of all the 

connections is shown in Fig. 22. The normalized stiffness 

degradation of specimens (WW-EL) and (WW-UH) 

gradually decreased when compared to the other 

connections. The loss of stiffness from the initial stiffness 

of the specimens was 90%, 81%, 82%, and 69% for (WW-

SL), (WW-EL), (WW-UH), and (WW-CH) connections, 

respectively. The normalized stiffness curve for specimen 

(WW-CH) was steeper compared to other connections due 

to sudden loss in stiffness. 

 

11.6 Energy dissipation curve 
 

The energy dissipation capacity is the amount of energy 

dissipated throughout the structure without reducing the 

strength and stiffness in the inelastic range during loading 

and unloading conditions (FEMA P440A 2009). It is equal 

to the area of the enclosed hysteretic loop during positive 

and negative cycles. The energy dissipation capacity of 

(WW-UH) connection was 22%, 15%, and 66% greater 

than the (WW-SL), (WW-EL) and (WW-CH) connections, 

respectively. The energy dissipation capacity of specimen 

(WW-EL) was 8% greater than the (WW-SL) connection. 

The energy dissipation capacity of all the connections is 

shown in Fig. 23. All the connections except connection 

(WW-CH) showed a similar pattern of energy dissipation 

throughout the displacement cycle. After cracking, the 

pinching effect reduced the energy dissipation capacity of 

each displacement cycle. The energy dissipation of 

connection (WW-CH) was similar to that of (WW-UH)  
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Table 3 Ductility of the connections 

Specimen 

Ultimate 

displacement 

Yield 

displacement 

Displacement 

ductility factor µ 

Average 

displacement 
ductility 

factor 
Positive Negative Positive Negative Positive Negative 

WW-SL 17.5 17.5 5 6 3.50 2.92 3.21 

WW-EL 13.00 19.50 4.50 7.50 2.89 2.60 2.74 

WW-UH 23.00 19.5 6.25 6.75 3.68 2.89 3.28 

WW-CH 10.00 13.00 3.50 5.00 2.86 2.60 2.73 

 

 

connection up to failure. The connection (WW-CH) failed 

at the 14 mm displacement cycle whereas the (WW-UH) 

connection failed at the 24 mm displacement cycle. 

 

11.7 Ductility 
 

The ductility defines the inelastic deformation of the 

structure subjected to wind and seismic excitation. The 

structure should be designed with the ability to withstand all 

kind of loads without a reduction in the strength of the 

structure. Connections play an important role in resisting 

the external load. The ductility is here defined as the ratio of 

the ultimate displacement to the corresponding 

displacement at yielding. The ultimate displacement 

corresponding to the displacement at 85% of the peak load 

was calculated according to Park and Paulay (1975). The 

yield displacement was calculated from the tangent drawn 

to the 0.75 times of the ultimate load (Park 1988). The 

average displacement ductility value of all the precast 

connections is shown in Table 3. The ductility of the 

specimen (WW-UH) was 16% and 17% greater than the 

(WW-EL) connection and (WW-CH) connection, 

respectively. The residual load capacity of the specimen 

(WW-SL) decreased gradually after the ultimate load which 

is an indication of a ductile behaviour. The ductility of the 

(WW-EL) connection was 14.6% lesser than that of the 

(WW-SL) connection. This was because of less 

confinement of concrete due to more spacing between the 

overlapping loops in the (WW-EL) connection. In general, 

all the connections exhibited a good ductile behaviour. 

 

11.8 Equivalent viscous damping 
 

When structures are subjected to seismic and wind 

loads, by providing damping, the vibration of the structure 

can be controlled. Equivalent viscous damping describes the 

nonlinear behaviour of the hysteretic loop corresponding to 

energy dissipation and energy stored in the connection. The 

equivalent damping ratio indicates the ability to control the 

structural response due to vibration and was calculated by 

the following Eq. (2). 

ξ=
1

2𝜋 

𝐴

𝐹ₒ𝑈ₒ
 (Rodrigues et al. 2017)       (2) 

A=Area of half loop. 

Fₒ=Maximum force at each displacement. 

Uₒ=Displacement at corresponding force. 

The equivalent viscous damping ratio of the precast 

connections was calculated above 1% drift as shown in Fig. 

24. Up to 1% drift all the precast connections behaved  

 

Fig. 24 Equivalent viscous damping ratio of all the 

connections 

 

 

elastically. For all the precast connections up to 4% drift, 

equivalent viscous damping ratio increased linearly. 

Beyond 5% drift, the equivalent viscous damping ratio 

increased in specimen (WW-EL) and also viscous damping 

ratio was 60% and 58% greater than specimens (WW-UH) 

and (WW-SL), respectively. Specimen (WW-EL) had a 

higher energy absorption capacity in the elasto-plastic 

region, with respect to the energy stored in the elastic 

region, as compared to the other connections. 

 

11.9 Crack pattern 
 

Figs. 25-28 show the crack pattern of specimens (WW-

SL), (WW-EL), (WW-UH), and (WW-CH), respectively. 

The first crack was formed at the 5 mm displacement cycle 

in the connections (WW-SL) and (WW-EL). In specimen 

(WW-SL) most of the cracks were formed at the interface. 

Inclined cracks were formed from the bottom of the left 

panel towards the connection. Cracks developed from the 

foundation and growing towards the inside the wall in both 

the connections. In the (WW-EL) connection, at the -14mm 

displacement cycle, spalling of concrete was seen at the 

right wall connection junction. Following this, the spalling 

of concrete was observed between the connection and the 

bottom left panel at the -16 mm displacement cycle. Finally, 

the reinforcement was exposed at the bottom of the 

connection region at the -24 mm displacement cycle, 

diagonal cracks and interface cracks were formed in both 

the connections. The displacement was applied till the 28 

mm and 24 mm displacement cycles for (WW-SL) and 

(WW-EL) connections, respectively.  

In specimen (WW-UH) an initial crack was formed at 

the 8 mm displacement cycle and the connection 

reinforcement was exposed in the bottom of the connection 

at the -18 mm displacement cycle. Then, a crack was 

initiated from the right wall panel and developed to the left 

wall panel through the connection. In specimen (WW-CH) 

an initial crack was formed at the -2 mm displacement 

cycle. A crack width of 5 mm was developed between the 

left wall panel and the connection at the -8 mm 

displacement cycle. A crack was measured between the top 

of the right wall panel and the connection with a 10 mm 

width at the -10 mm displacement cycle. Finally, the 

specimen (WW-CH) failed at the 12 mm displacement 

cycle with a sudden detachment of the channel section from  
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Fig. 25 Crack pattern for specimen (WW-SL) at 6.2% drift 

ratio (a) Front side (b) Back side 

 

  

Fig. 26 Crack pattern for specimen (WW-EL) at 5.3% drift 

ratio (a) Front side (b) Back side 

 

 

the wall panel. All the specimens showed a ductile failure 

mode as all the connections were able to sustain the load 

after the ultimate displacement. 

 

 

12. Conclusions 
 

This paper presents studies on the behaviour of wall to 

wall vertical connections subjected to reverse cyclic 

loading. Three wet connections in shape of, (i) Staggered 

Loop bar connection (WW-SL), (ii) Equally spaced Loop 

bar connection (WW-EL), (iii) U-Hook connection (WW-

UH), and one dry connection named Channel connection 

(WW-CH) were considered for the experimental 

investigation. The summary of the observations are as 

follows. 

• The ultimate load carrying capacity of all the four 

connections were almost equal in the positive direction 

(upward loading). But in the negative direction 

(downward loading), except channel connection (WW-

CH), the remaining three connections exhibited a similar 

load carrying capacity. This may be due to the presence 

of the same area of shear reinforcement in all three 

specimens (WW-SL), (WW-EL), and (WW-UH). But in 

the channel connection the amount of shear 

reinforcement was less in the connection region 

compared to other connections. 

• For the connection (WW-EL), though the spacing 

between the overlapping loops was adopted greater than 

6ϕ, the load carrying capacity was 2.63% and 1.26% 

  

Fig. 27 Crack pattern for specimen (WW-UH) at 5.3% drift 

ratio (a) Front side (b) Back side 

 

  

Fig. 28 Crack pattern for specimen (WW-CH) at 3.1% drift 

ratio (a) Front side (b) Back side 

 

 

greater than that of (WW-SL) connection in the positive 

and negative direction, respectively.  

• The (WW-EL) connection exhibited a 14.6% lesser 

ductility, when compared to the (WW-SL) connection. 

This was because the confinement of concrete in the 

connection region between the overlapping loops was 

less due to more spacing between the overlapping loops 

• A sudden drop in load carrying capacity of specimen 

(WW-CH) was due to detachment of the channel section 

from the concrete panel. 

• In all the wet connections, the hysteresis loops were 

wide and stable. In the case of the channel connection, 

the hysteresis loops were narrow. This indicates that the 

energy dissipation of the channel connection was less 

than the other three connections. 

• Though, in terms of buildability, the channel section is 

easier to construct, considering its performance with 

respect to ultimate load carrying capacity, ductility, and 

energy dissipation, it is not favourable for the precast 

wall to wall vertical connection. 

• As the confinement of the grout provided by the 

reinforcement in the connection region was effective, 

the load ratio was stable for a longer displacement 

range, even beyond the ultimate load for all the three 

wet connections. 

• The specimen (WW-UH) exhibited greater energy 

dissipation capacity and ductility when compared to all 

the other connections.  

• Considering various parameters like ultimate load 

carrying capacity, ductility, and energy dissipation, the 
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U-Hook connection (WW-UH) has shown better 

performance than the other three connections. 

• Based on this observation, the authors recommend the 

U-Hook connection for the wall to wall vertical 

connection. 
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