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Abstract: Lightly reinforced concrete (LRC) walls have been widely used in reinforced concrete (RC) buildings 

in Japan as partitions and enclosure walls. Despite their contributions of considerable strength and stiffness to 

the structural system, they are generally classified as nonstructural elements and are not considered in seismic 

design. In recent decades, the use of slits around LRC walls to separate them from primary structures has become 

a common practice in Japan to avoid premature cracking and to minimize their detrimental effects on the seismic 

performance of buildings. However, this complete separation has also been thought to weaken the seismic 

resistance of the building, especially in terms of strength. In this study, we propose to install miniature steel 

dampers in the slits to form a controlled semirigid connection between the LRC wall piers and RC frames in 

residential buildings. The connection is hypothesized to provide additional lateral strength and energy 

dissipation capacity to the primary structure while mitigating the cracking of the LRC wall piers. We conducted 

quasi-static cyclic loading tests on four half-scaled specimens of a single-span RC frame and an LRC wall pier. 

In the different specimens, the wall piers were separated by a slit, rigidly connected to the frame or equipped 

with slit dampers to compare their seismic performance. While the rigidly connected LRC wall pier lost its 

strength and sustained successive damage prior to achieving a 1/200 story drift ratio, the use of miniature steel 

dampers enabled the wall piers to contribute moderate strength to the RC frame in a ductile manner and to 

remain essentially intact prior to a 1/200 story drift ratio. At the same story drift, the damper deformation was 

approximately 60% greater when it was placed at the mid-height than when it was at the bottom of the wall pier. 

However, the stud connection for the mid-height damper sustained severe damage and concrete cone failure. 

Thus, correctly designing the stud group under combined shear and bending actions is challenging. Component 

tests on individual dampers were also conducted to show that the overstrength due to strain hardening could 

exceed two. Better control of the damage to the LRC wall piers requires full consideration of the significant 

strain hardening effect of the dampers. 

Keywords: lightly reinforced concrete wall, slit, slit steel damper, nonstructural component, combined shear 

and bending 
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1 Introduction 

Unlike many other countries where masonry or prefabricated panels are constructed after the completion 

of primary structures for partitions and enclosure walls, cast-in-situ reinforced concrete (RC) walls have been 

widely used in RC buildings in Japan for the same purposes. They usually have various openings to meet 

different architectural requirements (Fig. 1) and are not considered as part of the structural system to resist either 

vertical or lateral loads, partly because it is deemed difficult to calculate their strength and stiffness. Instead, 

they are classified as nonstructural elements so that their dimensions and reinforcement are not required to meet 

the structural design provisions for structural walls. In Japan, it is most common to use 120-mm-thick RC walls 

with a single layer of 10 web rebar at 300-mm intervals for internal partitions, and 150-mm-thick RC double 

layer walls with 10 rebar at a 450-mm interval are used for external enclosures[1]. In both cases, the 

reinforcement ratio is approximately 0.2%, which is lower than the minimum requirement of 0.25% for 

structural RC walls[2]. These walls are referred to as lightly reinforced concrete (LRC) walls herein to distinguish 

them from other types of nonstructural walls, such as masonry infills and drywall partitions. 

 

Fig. 1. Common configurations of nonstructural RC walls (a) on the southern and (b) northern façades of a 

classroom building, (c) in a corridor and (d) on the balcony of a residential building. 

In this study, we focus on the LRC wall piers in the midspan, as shown in Fig. 1(d), which is the 

predominant type of partition on balconies of multistory residential buildings in Japan[3]. The LRC wall piers 

are either rigidly-connected to or separated by a slit from the lower RC beam in the common practice in Japan. 

When it is rigid-connected, the longitudinal rebars of the wall pier are anchored into the beams before casting 

the beam [Fig. 2 (a)]. When it is slitted, the longitudinal rebars stop at the bottom of the wall pier and a few 

stopper rebars go through the slit to assist locating the formworks [Fig. 2(b)]. 

(a) (b) (c) (d)
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Fig. 2. Connection details between RC beam and LRC wall piers: (a) rigid connection, (b) slit. 

Rigidly connected wall piers have been frequently reported to sustain premature damage in recent 

earthquakes[4][5] (Fig. 3). With a low reinforcement ratio and a small shear-span-to-depth ratio, the wall pier is 

vulnerable to brittle shear failure at a small lateral drift and loses lateral strength rapidly before the primary 

structure is fully activated in resisting the earthquake[6] [Fig. 4(a)]. 

  

(a) (b) 

Fig. 3. Seismic damage to LRC wall piers during the (a) 2011 Tohoku earthquake and (b) the 2016 Kumamoto 

earthquake. 
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Fig. 4. Conceived lateral resistance of RC frames with (a) rigidly connected LRC wall piers and (b) LRC wall 

piers with slit dampers. 

Although the damage to the LRC wall piers could be effectively avoided by the slit at the bottom [1] [Fig. 

2(b)], some researchers have argued that it is a waste of material to not take advantage of the structural capacity 

of the walls[7]. Various efforts have been made to convert these walls into energy dissipating components for the 

seismic protection of buildings. Taguchi et al[8] proposed embedding X-shaped steel braces in LRC wall piers 

and placing partial slits between the wall pier and the top and bottom RC beams to allow for concentrated 

yielding of the braces at the slits. Quasi-static tests were conducted on full-scale specimens to confirm the ductile 

behavior of the proposed wall piers. Shiohara[9] examined the strength contribution of the stopper rebar that 

went through the slits and connected the wall piers to the surrounding RC frame. In his test, the stopper rebar 

provided at most a 20% increase in the lateral strength of the structure but fractured at a story drift that was less 

than 1% of the story height. Maida et al[9] conducted a test on a new LRC wall pier system equipped with steel 

rod dampers. Han et al[9] evaluated the seismic performance of a twelve-story RC frame infilled with LRC walls 

and steel rod dampers. The results show that the infilled RC frame exhibits a stable hysteretic behavior and the 

steel rod dampers provide the lateral force to the frame. 

In this paper, we explore the possibility of installing steel slit dampers (SSDs) at the slits of LRC walls to 

provide lateral strength to the RC frame in a ductile manner. The damper is expected to yield at a small lateral 

drift when the RC frame remains essentially elastic and to maintain a stable lateral strength for large story drifts 

to maximize the energy dissipation by its plastic deformation [Fig. 4(b)]. In addition, SSDs are chosen because 

(1) their strength is highly adjustable to match that of the LRC wall piers, and (2) they are small and light for 

easy installation and replacement whenever necessary. We subjected four RC frame subassemblies to quasi-

static loading to investigate the cyclic behavior of mid-span LRC wall piers with two types of SSD 

configurations and to compare these mid-span LRC wall piers with a conventional LRC wall pier with either a 

full slit or a rigid connection. 
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2 RC frame subassembly experiments 

2.1 Prototype building and specimens 

A typical 10-story RC residential building constructed in the 1980s in Japan was used to provide a 

prototype for the test specimens. The building has six equal spans of moment-resisting frames in the longitudinal 

direction and a single span of RC shear walls in the transverse direction (Fig. 5). Midspan LRC wall piers are 

used in the southern façade on all stories except the bottom story of the building. The seismic design of the 

structure conforms to the Japanese seismic provisions of the revised Building Standard Law of Japan from 

1981[12]. 

 

Fig. 5 Details of the prototype of the RC building (unit: m) 

We took a single-span single-story subassembly from the building as a prototype for the specimens. The 

spans were half-scaled to have a span length of 3.0 m and a story height of 1.5 m. A 75-mm-thick LRC wall pier 

with a 700-mm width was present at the midspan of each specimen, but the wall piers were connected to the 

RC frame in different manners to constitute the different specimens, as shown in Fig. 6. 

While the LRC wall piers in two of the specimens follow the common practice in Japan of having either 

a rigid connection [specimen RW in Fig. 6(a)] or a full slit [specimen SW in Fig. 6(b)], the wall piers in 

specimens LD and MD are equipped with semirigid energy-dissipating SSD connections at different locations. 

In specimen LD, the dampers were installed between the lower end of the wall pier and the bottom beam [Fig. 

6(c)], whereas the dampers were inserted at the mid-height of the wall piers in specimen MD [Fig. 6(d)]. 
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Fig. 6 Dimensions and reinforcement of specimens: (a) RW, (b) SW, (c) LD, (d) MD and cross-section 

detailing of (e) RC beam and columns, (f) LRC wall piers and (g) wall-to-beam connection with SSDs. 

The RC frames in all specimens were the same and were detailed in accordance with the latest 

Architectural Institute of Japan (AIJ) standard for concrete structures[2]. The column had a square cross-section 

of 300 × 300 mm, reinforced by 18-13 longitudinal rebars to result in a 2.5% gross reinforcement ratio, and 

6 double hoops at a 50-mm spacing resulting in a 0.85% transverse reinforcement ratio. The beam cross-section 

was 350 mm in height and 175 mm in width. The cross-section was symmetrically reinforced by 6-13 

longitudinal rebars with a 1.5% reinforcement ratio for bending and 6 one and a half stirrups at a 75-mm 

spacing, resulting in a 0.72% transverse reinforcement ratio [Fig. 6(e)]. 

The LRC wall piers in all specimens had the same cross-sectional dimensions: 75 mm thick and 700 mm 
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wide. In the RW and SW specimens, the wall piers were reinforced by a single layer of 6 web rebars at a 180-

mm interval and 2 10 rebars at both ends of the cross section. In the LD specimen, the web reinforcement in 

the wall piers was increased to a double layer of 6 rebars at a 180-mm interval [Fig. 6(f)] to ensure that its 

lateral strength exceeds the design strength of the pair of SSDs by a safety margin of 1.2 according to the 

capacity design concept. The strength calculation is introduced in detail in Section 2.2. The web reinforcement 

of wall pier in the MD specimen was the same as that of the LD specimen. 

In the LD and MD specimens, a pair of SSDs were installed in the wall piers with the details shown in 

Fig. 6(f). An SSD is a 9-mm-thick steel plate with eight legs that are 11 mm wide and 14 mm-wide slits. Both 

ends of each leg were rounded to eliminate the stress concentration. The detailed dimensions of the SSD are 

provided in Fig. 7. The measured material properties and some key parameters of the RC cross sections are 

listed in Tables 1 and 2. 

 

Fig. 7 Details of the steel slit damper (SSD): (a) overall dimensions and (b) dimensions of the individual legs. 

Table 1 Material properties of concrete and design parameters of specimens. 

Parameters 
Specimens 

RW SW LD MD 

Compressive strengthfc (MPa) 52.9 54.3 56.0 48.4 

Tensile strengthft (MPa) 3.78 4.21 4.35 3.82 

Young's modulus EC (MPa) 34000 34200 34400 32900 

Area of tensile rebars At (mm2) 142.6 142.6 142.6 142.6 

Area of web rebars Aw (mm2) 126.8 126.8 253.6 253.6 

Shear span a (mm) 575 1120 1066 575 

Tensile reinforcement ratio te (%) 0.286% 0.286% 0.286% 0.286% 

Web reinforcement ratiowh (%) 0.257% 0.257% 0.515% 0.515% 

Flexural strength of wall pier Vmu (kN) 87.8 45.1 63.5 117.7 

Shear strength of wall pier Vsu (kN) 188.1 159.3 183.6 194.8 

Plastic strength of dampers/dowels VDp (kN) - 3.0* 50.5** 50.5** 

Ultimate strength of dampers/dowels VDu (kN) - 3.8* 74.2** 74.2** 

* Total of three dowels, ** Total of a pair of dampers.     
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Table 2 Material properties of rebar and steel 

Material type 
Yield strength 

fy (MPa) 

Ultimate strength 

fu (MPa) 

Young's modulus 

ES (MPa) 

Longitudinal rebar D13 (SD345) 381 535 190000 

Opening reinforcement D10 (SD295A) 371 513 194000 

Hoop and stirrups D6 (SD295A) 430 553 184000 

Damper steel PL9 (SN400B) 290 426 185000 

 

2.2 Strength Design 

The flexural strength Vmu and shear strength Vsu of the LRC wall piers are calculated by Eqs. (1) and (2) 

according to the Commentary of Japanese Building Code for Structural Safety[13] and are listed in Table 1. For 

all specimens, the calculated flexural strength of the wall piers was much less than the shear strength, indicating 

a supposedly flexural failure during the test. 

𝑉୫୳ = ൫𝐴୲𝑓୷ + 0.5𝐴୵𝑓୵୷൯𝑙୵/𝑎 (1) 

𝑉ୱ୳ = ቈ
0.068𝜌୲ୣ

଴.ଶଷ(𝑓ୡ + 18)

ඥ𝑎 𝐷⁄ + 0.12
+ 0.85ට𝜌୵୦𝑓୵୷቉ 𝑡 ∙ 𝑗 (2) 

where At and fy are the area and yield strength of the tensile rebars in the boundary areas, respectively; Aw and 

fwy are the area and yield strength of web reinforcement, respectively; lw=0.9D and D=700 mm is the depth of 

a wall pier, a is the shear span of the wall pier; te=100At/td is the tensile reinforcement ratio, where d=0.95D; 

fc is the concrete compressive strength; wh is the web reinforcement ratio, and fwy is the yield strength of the 

web rebars; j=7/8d is an equivalent rebar arm. 

On the other hand, the lateral strength of each SSD VD is calculated by Eq. (3) when all legs in a damper 

develop a full plastic section. Both the plastic strength VDp and ultimate strength VDu are calculated using the 

yield and the ultimate strength of steel, respectively, as shown in Eq. (3). 

𝑉ୈ = 𝑛
2𝑓ୈ𝑍୮

𝑙୤
 (3) 

where Zp=tDb2/4 is the plastic section modulus, and tD and b are the thickness and width of a leg, respectively; 

fD is the steel strength, lf=50 mm is the effective length of a leg, and n is the number of legs in a damper. 

Eq. (3) can also be used to estimate the lateral strength contribution of the dowel action of the 3 6 stopper 

rebars spanning over the slit in the SW specimen, in which Zp is the plastic section modulus of the 6 rebars, 

lf=30 mm is the width of the slit, and n=3 is the number of dowels. The calculated plastic and ultimate dowel 

strengths are 3 kN and 3.8 kN, respectively, which are much smaller than those of the SSDs. 

Each SSD, whose calculated plastic and ultimate strength are 25.3 kN and 37.1 kN, respectively, was 

connected to the wall pier through a steel gusset plate anchored by a group of 4 9.5 headed studs embedded in 

the wall. According to the Design Recommendations for Composite Structures[14], the failure of the connection 

under pure lateral shear is governed by the shear yielding of the studs. The corresponding shear strength of the 

stud group is 46.7 kN, which is more than 1.2 times greater than the ultimate strength of 37.1 kN of a single 
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SSD. In the LD specimen, the lower end of the SSD pair was connected to the bottom beam through a gusset 

channel. The channel was anchored by 2 11 high-strength steel rods embedded in the beam. Each steel rod was 

prestressed to have a 70 kN pretension to provide a total of 77 kN lateral resistance for the channel, assuming a 

friction coefficient of 0.55 between the RC beam and the channel 错误!未找到引用源。. This exceeds the ultimate strength 

of SSDs VDu. 

 

2.3 Loading setup and measurements 

The specimens were subjected to quasi-static cyclic loading, as shown in the setup in Fig. 8. The top and 

bottom ends of the RC columns were connected by mechanical pins to the top steel girder and the strong floor. 

The top steel girder was driven by a 1000 kN actuator to impose the lateral drift cycles on the specimens, which 

follows the protocol in Fig. 9. Two loading cycles were performed at each drift ratio amplitudes of 1/1600, 

1/800, 1/400, 1/200, 1/100, 1/67, and 1/50, and then one cycle was performed at an amplitude of 1/33 before 

the specimen was pushed to have a drift ratio of 1/25 in the positive direction. The drift ratio R was the ratio of 

the measured lateral drift to the story height of H=1500 mm. The lateral drift was taken as the average of the 

recorded displacements by the four displacement sensors d1 to d4, as shown in Fig. 8. Each of the sensors 

measured the relative lateral displacement between the centers of the top and bottom beam-to-column joints of 

an RC column on either the front or the back side. 

 

 

Fig. 8 Test setup and lateral drift measurement of subassembly tests. 
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Fig. 9 Loading protocol. 

 

In addition to the story drift, the lateral deformation of the SSDs and the connections were monitored by 

the displacement transducers, as shown in Fig. 10, where dD is the lateral deformation of the damper. The 

average of d5 and d6 is the lateral deformation of the connection above the damper, and the average of d7 and d8 

is the lateral deformation of the connection below the damper. The strains of the longitudinal rebars in the 

boundary area of the wall piers were recorded by strain gauges attached to the rebars. Their locations are shown 

in Fig. 11. 

 

Fig. 10 Displacement sensors for dampers and connections in specimens (a) LD and (b) MD. 

 

Fig. 11 Strain gauges on the LRC wall piers rebar in specimens (a) RW, (b) LD and (c) MD. 

 

3 Hysteretic behavior and wall pier strength contribution 

Fig. 12 shows the story shear-drift ratio curves of the specimens. In all specimens, the longitudinal rebars 

in the RC beams started to yield at similar story ratios of 0.4% to 0.5%. The rigidly connected wall in the RW 
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specimens reached its peak strength immediately after the beam rebars started to yield, and then the specimen 

sustained a sudden drop in strength due to the shear failure of the wall. In specimens LD and MD, the dampers 

started to yield at 0.15% and 0.09% story drift ratios, respectively, prior to beam yielding. The strengths 

gradually increased to reach peaks of 171 kN and 167 kN for specimens LD and MD, respectively. These 

strengths were similar to the strength of specimen RW (165 kN) but more than 30% greater than that of specimen 

SW (125 kN). Unlike the RW specimen, the LD and MD specimens did not exhibit a sudden loss in strength up 

to a 4% drift ratio. 

 

Fig. 12 Story shear force-story drift ratio relationship for the (a) SW, (b) RW, (c) LD and (d) MD specimens. 

 

The contribution of the wall piers to the lateral resistance of the specimens was approximately derived by 

subtracting the hysteretic curve of the SW specimen from those of the other specimens [Figs. 13(a) to (c)]. The 

rigidly connected wall pier in the RW specimen exhibited a peak strength of 96.2 kN at R=0.34%, which was 

much greater than the peak strengths of the walls with slit dampers, with peak strengths of 66.7 kN and 73.7 kN 

in the LD and MD specimens, respectively. However, as observed in Fig. 12, the overall strengths of the three 

specimens were similar because the deformability of the rigidly connected wall pier did not match that of the 

RC moment frame, i.e., the wall reached its peak strength and failed in a brittle manner at too small a drift ratio 

before the RC frame fully developed its strength. The strength contributions of the walls with SSDs also reached 

their peak at very small story drifts, but they did not suffer a sudden drop until at least a 2% drift ratio. This is 

clearly illustrated by comparing the skeleton curves of the wall contribution in Fig. 13(d). In addition, the post-

yield branch of the MD specimen descended more rapidly than that of the LD specimen. This was attributed to 

the unintended premature failure of the stud connection of the dampers and will be discussed in the next section. 
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Fig. 13 Hysteresis curves obtained by subtracting the SW specimen from (a) the RW, (b) LD, and (c) MD 

specimens and (d) their skeleton curves. 

4 Observed damage  

4.1 Damage to RC frames 

In the SW specimen, the wall pier was free of any visible damage until R=1/67, while typical flexural 

cracks were widespread at the beam ends at much smaller drift ratios (Fig. 14). The flexural cracks on the RC 

frames at the ends of the RC beams and columns of the other specimens were similar to those on the SW 

specimen. 

 

Fig. 14 Cracks at unloading points of R=±1/200 cycle of specimens (a) SW, (b) RW, (c) LD and (b) MD. 
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Fig. 14 Cracks at unloading points of R=±1/100 cycle of specimens (a) SW, (b) RW, (c) LD and (b) MD. 

 

4.2 Damage to LRC wall piers 

Unlike the SW specimen, the rigidly connected wall pier in the RW specimen sustained extensive 

cracking. At small drift ratios, cracking was predominated by flexural cracks at both ends of the wall pier [Figs. 

15(a) and (b)], and the strain of the vertical rebars exceeded their yield strain [Fig. 16(a)]. Then, a dominating 

diagonal crack went through the wall pier at R=1/200 and continued to grow in the subsequent loading cycles 

[Figs. 15(c) and (d)]. The damaged wall pier at R=+1/50 in Fig. 15(e) well resembled what has been frequently 

observed in postquake reconnaissance. However, the apparent shear failure of the wall pier at the final stage 

does not correspond to the estimated shear strength. The strength of the wall pier obtained in Fig. 13(a) was 96 

kN, which is much lower than the estimated shear strength Vsu of 188.1 kN in Table 1. Instead, the strength of 

the wall pier is very similar to the estimated flexural strength Vmu of 88.7 kN. This suggests that the strength of 

the LRC wall pier was governed by its flexural capacity, and the damage pattern shifted to shear failure after 

the wall pier yielded flexure. 
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 (a) (b) (c) (d) (e) 

Fig. 15 Cracks on the wall pier in the RW specimen at unloading points during load cycles of (a) R=±1/800, 

(b) R=±1/400, (c) R=±1/200, (d) R=±1/100 and (e) photo of the damaged wall pier at R=+1/50. 

 

 

Fig. 16 Strains of the vertical rebars in wall piers for specimens (a) RW, (b) LD and (c) MD. 

 

In the LD specimen, the wall pier behaved like a cantilever that hangs from the top beam and was 

restrained by the SSDs at the bottom end, which yielded at an early stage. The cracks on the wall pier initiated 

near the top end and gradually spread downwards as the story drift increased (Fig. 17). Although the 

reinforcement in the wall pier was enhanced to provide a flexural strength (Vmu=63.5 kN) that is 1.2 times larger 

than the plastic strength of the slit dampers (VDp=50.5 kN), the wall pier sustained considerable damage at the 

top end at large story drift ratios. The peak strength contribution of the wall pier derived from Fig. 13(b) reached 

66.7 kN, which greatly exceeded the estimated VDp and approached the estimated SSD ultimate strength VDu of 

74.2 kN, as shown in Table 1. Concrete spalling and bar buckling were observed at R=+1/50 [Fig. 17(e)]. The 

stud connection of the SSDs remained essentially intact, and the anchor channel did not slide throughout the 

loading process. 
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 (a) (b) (c) (d) (e) 

Fig. 17 Cracks on the wall pier in specimen LD at unloading points during load cycles of (a) R=±1/800, (b) 

R=±1/400, (c) R=±1/200, (d) R=±1/100 and (e) photo of the damaged wall pier at R=+1/50. 

 

With much smaller shear spans and, correspondingly, a greater nominal flexural strength Vmu, the wall 

piers in the MD specimen exhibited much less severe cracking at story drift ratios up to 1/200 [Figs. 18(a), (b) 

and (c)] than in the LD specimen. However, the stud connections on both sides of the SSDs were severely 

damaged at R=1/100 [Fig. 18(d)], leading to a significant strength loss in the wall contribution, as observed in 

Fig. 13(d). The wall pier stopped contributing to the lateral resistance of the frame when the connection was so 

severely damaged that the slit dampers rotated and almost detached from the wall piers [Figs. 18(e) and 19]. 

The connection failure was unexpected because the estimated shear strength of the stud group pair was 

46.7×2=93.4 kN, which is much beyond both the estimated SSD ultimate strength of VDu of 74.2 kN and the 

actual derived wall strength contribution of 73.7 kN. The failure of the concrete cones in the direction orthogonal 

to the lateral force actually predominated the strength of the stud connections in the test. This necessitates 

considering the combined flexural and shear action imposed by the SSDs in the strength design of the stud group, 

especially when the wall pier is stiff and provides a strong rotational restraint. 

 
 

 (a) (b) (c) (d) (e) 

Fig. 18 Cracks on the wall in specimen MD at unloading points during load cycles of (a) R=±1/800, (b) 

R=±1/400, (c) R=±1/200, (d) R=±1/100 and (e) photo of the damaged wall pier at R=+1/50. 
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Fig. 19 Damage to SSD connection of MD specimen at R=-1/33. 

 

The difference in the flexibility of the wall piers in the LD and MD specimens is evident from the 

deformation decomposition in Fig. 20. The total story drift, RH, is decomposed into the deformations of the 

damper, connections and wall piers. The damper deformation was measured by dD, and the connection 

deformation dC was calculated using Eq. 4 based on the measurement of d5 to d8 in Fig. 10. The remaining story 

drift is taken as the deformation of the wall pier, dW (Eq. 5). The proportion of dW varied with the increasing 

drift amplitudes in similar manners for both specimens in both the positive and negative loading directions, i.e., 

it first decreased as the damper yielded and then increased when the wall piers sustained considerable damage. 

A significant difference between the two specimens is that the wall pier in the LD specimen made up a much 

greater portion of the total drift than in the MD specimen. In addition, the mid-height connection of the SSDs 

in the MD specimen made up a considerable portion of the total drift from the beginning and continued to grow 

towards the end of the loading. This corresponded to the unexpected failure of the stud connections. 

𝛿େ =
𝛿ହ + 𝛿଺

2
+
𝛿଻ + 𝛿଼

2
 (4) 

𝛿୛ = 𝑅𝐻 − 𝛿ୈ − 𝛿େ (5) 

 

 

Fig. 20 Deformation decomposition of LRC wall piers with slit dampers in specimens (a) LD and (b) MD. 
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The growth of the maximum crack width of the wall piers is summarized in Fig. 21. The crack widths 

were measured using crack scales at a 0.05-mm resolution at both the peak drifts and the unloading points of 

selected load cycles. The cracks at the unloading points are also referred to as residual cracks and are usually of 

more practical significance in terms of postquake inspection and repair. The maximum crack widths of the RW 

specimen grew almost linearly with the drift ratio, while the growth of the maximum crack width of the LD and 

MD specimens was at first slow and then accelerated after a 1/200 drift ratio [Fig. 21(a)]. The maximum widths 

of the residual cracks exhibited a similar trend [Fig. 21(b)]. 

 
Fig. 21 Growth of maximum crack widths of LRC wall piers at (a) drift amplitudes and (b) unloading points. 

 

The Japanese Guidelines for Performance Evaluation of Earthquake Resistant Reinforced Concrete 

Buildings[16] classifies the extent of concrete structural damage with three limit states according to the maximum 

residual crack widths: the immediate occupancy (IO) limit, repair limit I and repair limit II, corresponding to 

maximum residual crack widths of 0.1 mm, 1 mm and 2 mm, respectively. Considering that the specimens were 

half scaled, these limits correspond to residual crack widths of 0.05 mm, 0.5 mm and 1 mm in the current test. 

Using this classification, the residual crack width of the RW specimen exceeded repair limit I at a 1/200 story 

drift ratio, while those of the LD and MD specimens remained well below the limit. The story drift ratio of 

1/200 is of special importance for nonstructural elements because it is the story drift limit for the level-I seismic 

design in Japan[13], at which level the damage to the nonstructural elements in a building is supposed to be 

minimal. 

5 SSD component tests  

Although much less severe than that in the RW specimen, the damage to the wall piers in the LD and MD 
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design of the specimens. To confirm the extent of possible SSD strain hardening, supplemental component tests 
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overall story drift RH. According to the deformation decomposition in Fig. 20, the scale factor was taken as 0.35 

and 0.55 for the SSD specimens representing the dampers in the LD and the MD specimens, respectively. 

 
Fig. 22 Setup of the component test. 

 

With a much more idealistic boundary condition in the component tests, the SSDs exhibited more stable 

hysteretic curves (Fig. 23) than the wall piers with SSDs did in the subassembly tests. At the end of the loading, 

which corresponded to a load cycle of R=1/67 in the subassembly tests, the maximum shear force reached VD 

was 49.8 kN and 53.8 kN in the component tests that correspond to the LD and MD specimens, respectively. 

These values exceeded the estimated ultimate strength VDu of a single SSD by approximately 40%. In other 

words, the equation used to design the SSD in the subassembly test (Eq. 3) greatly underestimated the strain 

hardening of the slit dampers. Further considering the ultimate to yield strength ratio of the damper steel 

(fu/fy=1.47 for the present test), an overstrength factor of no less than two should be applied to the plastic strength 

VDp in designing the SSDs to protect the wall piers from excessive damage. 

 

Fig. 23 Hysteretic curves of individual SSDs subjected to lateral loading that correspond to the (a) LD 

specimen and MD specimen. 
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or at the mid-height of the wall pier. We conducted quasi-static tests on four half-scale specimens of a single-

span single-story RC frames with LRC wall piers and on two steel slit dampers, and we were able to draw the 

following conclusions. 

(1) The rigidly connected LRC walls lost their strength in a brittle manner and sustained excessive 

cracking at a small drift of 1/300 the story height. Although it appeared to have failed in shear strength, its lateral 

strength was predominated by the flexural yielding at both ends of the pier, which took place prior to major 

shear cracking. 

(2) With SSDs, the LRC wall piers were able to contribute considerable lateral strength to the frame in a 

more ductile manner. The maximum crack widths of the wall piers were significantly reduced to correspond to 

an immediate occupancy limit state at a 1/200 story drift ratio. 

(3) It is more efficient to separate the wall pier into two shorter segments and place the SSDs at mid-

height in terms of maximizing the damper deformation. At the same story drift, the damper deformation was 

approximately 60% greater when it was placed at mid-height than when it was at the bottom. 

(4) In the MD specimen whose damper was in the middle, however, the stud connection became the weak 

link and exhibited premature cone failure at a 1/100 story drift ratio. The cone failure was in the direction 

orthogonal to the lateral loading and was deemed to be the result of a combined shear and bending action on the 

connection. 

(5) The damage to the wall piers can be further suppressed by improving the strength design and fully 

addressing the significant strain hardening of the SSDs. The overstrength factor due to strain hardening 

exceeded two in the component tests. 

The test results of the present study raise several design issues that deserve further investigation on a 

component level. First, the extent of the SSD strain hardening needs to be quantified, and the mechanism needs 

to be explained to recommend an overstrength factor to better protect the wall piers. Second, the bending action 

and its relationship with the rotational restraint on both sides of an SSD needs to be investigated for the design 

of a safe damper connection. These constitute a vision for future studies on this topic. 
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