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Abstract 

The purpose of the present study is to develop ductile knee braces for low-rise residential steel or timber buildings. 

In Japanese wooden frameworks, the beam-to-column connection—"Shikuchi” in Japanese—uses a tenon joint. The 

condition of the tenon joint is semi-rigid instead of being fully rigid, and the horizontal deformations of its overall frames 

tend to be very large under the seismic horizontal force. Therefore, reinforcement of the ductile knee brace for the beam-

to-column connection is an efficient seismic retrofitting measure for wooden frames.  In order to apply the concept of the 

ductile knee brace used in ordinary steel frame structures to wooden and lightweight steel frame structures, the knee brace 

is scaled down and made with a thin steel plate (thickness 1.6mm). In monotonic loading pilot tests, the shear yielding 

behavior could not remain in-plane and the torsional buckling of the yielding portion was observed; such out-of-plane 

behavior has not been extensively investigated in studies. While load-deformation behaviors of the knee brace from the 

starting point of the loading to the beginning point of the lateral torsional buckling were the same as those of thick plate 

dampers, knee braces once showed peak strength, deteriorating, and re-stiffening. This complex load-deformation 

behavior of a thin steel knee brace is investigated qualitatively, and the applicability of the thin steel knee brace is 

subsequently discussed. 

Keywords: Knee brace, Seismic damper, Plastic yielding

1. Introduction

 In seismic damage reports on wooden frame structures of the 1995 Hyogokenn-Nanbu Earthquake and 

the 2016 Kumamoto Earthquake, it was confirmed that most traditional tile (Kawara)-roofed wooden houses 

suffered serious damage. Japanese wooden houses traditionally have heavy tiled roofs. Due to a very large 

rotational deformation under the influence of seismic horizontal force, the wooden frame structures are unable 

to bear the weight of the roof and tend to collapse (Fig.1). 

At present, it is popular in Japan to use a combination of metal parts to make a wooden housing frames 

that are earthquake resistance. However, while metal is more durable than wood, it is easier to manufacture 

the main frame using broken wood, which causes the need to be reinforced to provide a connection (Shikuti in 

Japanese) of moderate rigidity and have the ability to absorb energy (Fig.2). 

Therefore, considering investigative results on the ductile knee brace, reinforcement by the ductileone 

for the beam-to-column connection is an efficient seismic retrofitting measure for wooden frames (Fig.2). The 

ductile knee brace (shear-yielding seismic damper) is expressed as follows. 

In the past, the authors conducted experimental research on the structural performance of the ductile 

knee brace with a built-in comb-shaped damper. In the previous study, the proposed ductile knee brace was 

composed of a H-section steel member with multiple slot holes in its web plate, designed to plastify earlier at 

shear yielding struts in the comb-shaped web. The ductile knee brace can be manufactured only by cutting the 

web of the ordinary H-section steel member (Fig.3). It has been previously confirmed to be effective as a 

seismic retrofitting measure for existing steel buildings in studies [1, 2, 3]. 

 In order to apply the concept of the ductile knee brace used in ordinary steel frame structures to the 

wooden and lightweight steel frame structures, the ductile knee brace is scaled down and made of a thin steel 
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plate (thickness 1.6mm) (Fig.4). In this paper, monotonic tensile pilot tests were conducted to investigate the 

mechanical behavior of ductile knee brace members made of thin steel plates (hereafter referred to as the shear-

yielding seismic dumper). The paper’s purpose is to verify validity of stiffness and stress evaluation methods 

obtained in previous studies using the ordinary H section steel member, and to determine the stability of a 

load-deformation behavior of the shear-yielding seismic damper made of a thin steel plate.  

                         

Fig. 1 – Collapse patterns of the wooden frame             Fig. 2 – Reinforcement by the knee braces 

 

 

Fig. 3 – Concept of the ductile knee brace                Fig. 4 – Application of the ductile knee brace  

to the wooden frame 

2. Experimental plan 

2.1 Outline of specimens 

 Fig. 5 depicts outlines of the test specimens. The specimen is made of a thin steel plate (140 × 300 × 

1.6mm) manufactured by bending the plate inward by 20mm from both sides so that it becomes C shaped. The 

strut in the web is shaped like (a) a rectangle or (b) a pounder (Fig.6). Mechanical properties of the steel 

material are summarized in Table 1. The end of the knee brace is connected to gusset plates via three high-

strength bolts with standard and slotted holes. Four bolts with standard holes are for slip-critical connections 

and two other bolts with slotted holes are snug-tightened so that they can slide. 
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 Table 2 presents a list of test specimens. There are four test specimens: two rectangular and two pounder 

shaped—made of different taper angles. The structure performance of the shear-yielding seismic damper 

mainly depends on the following parameters: number of struts nst, height of the strut hcb, thickness of the web 

tw, width of the strut wst, center width of the strut bcb, radius of the strut end rsl, and yield stress of the thin steel 

plate. The test parameters are the number of struts (nst) in a uniform section, radius of the strut end rsl, and 

yield stress of the thin steel plate in a variable section; the specimen is expressed as Cnst-hcb-rsl. 

2.2 Methods of a loading and measuring deformations 

 The loading is displacement-controlled by the overall deformation of the shear-yielding seismic damper. 

The monotonic tensile loading test is continued until the bolt set at the center of the slotted hole reaches the 

inside of the hole-edge. 

 The positions of the displacement transducer are depicted in Fig.7, and an overall deformation of the 

shear-yielding seismic damper and local deformation of a strut in the damper are measured by two 

displacement transducers. The overall deformation a is measured by the distance (300mm) between both 

outsides of the specimen. On the other hand, local deformation of the strut l is measured by the distance 

(50mm) between near the upper and lower ends of the strut as the relative displacement between them. 

 

  

          (a) Example of a rectangular shape (C3-30-5)           (b) Example of a pounder shape (C3-40-5.5) 

   Fig. 5 – Test specimens 

 

Table 1 – Mechanical properties of steel materials 

Specimen 

type 

tst 

 (mm) 

Yield 

stress 

 (N/mm2) 

Tensile 

stress 

(N/mm2) 

Yiled ratio 

(%) 

Young’s 

modulus 

(×105N/mm2) 

SS400 1.6 (1.51) 272 384 80 1.80 
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Table 2 – Parameters in the strut 

  

(a) Rectangular shape  (b) Pounder shape 

                                                                                     Fig. 6 – Strut dimensions 

                    

 

(a) Overall deformation               (b) Local drift deformation of the strut 

Fig. 7 – Positions of the displacement transducer 

3. Test Results 

3.1  N-a and l relationship curves 

 Figs. 8 (a)–(d) show the experimental N-a and N-l relationship curves for all specimens, respectively, 

and experimental yield strength expNy, full plastic strength expNp, estimated yield strength calNy, and full plastic 

strength calNp  are shown in the same figure. Each initial stiffness is shown as a expka and expkl in the N- a and 

l relationship curves, respectively. The experimental yield strength expNy and full plastic strength expNp are 

decided by the general yield point method as follows: 

  

 The experimental full plastic strength expNp is the load corresponding to the intersection of the initial 

stiffness line and tangent line at a point on the load-deformation curve corresponding to 1/2 of the 

deformationT, and the experimental yield strength expNy is the load corresponding to the intersection of the 

load-deformation curve and the perpendicular drawn down from the intersection of the initial stiffness line and 

tangent line (Fig. 9). On the other hand, the estimated yield strength calNy and full plastic strength calNp are 

calculated by the evaluation formula proposed in previous papers [1] and [2]. Table 3 shows the initial stiffness 

expka, second stiffness expk2, and third stiffness expk3 in the N-a relationship curves, and initial stiffness of the 

local deformation expkl in the N-l relationship curves. 

 

3.2 Specimens after loading testes 

 In the final loading step, it was confirmed that struts in the test specimen were twisted out of plane 

(Fig.9). This was not seen in previous experiments using ordinary steel members, and is detailed in the next 

section. 
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Specimen 
tw 

mm 
nst 

hcb 

mm 

rsl 

mm 

wst 

mm 

bcb 

mm 

C2-30-5 

1.6 

2 30 5 9.5 - 

C3-30-5 3 30 5 9.5 - 

C3-40-4 3 40 4 16.5 5 

C3-40-5.5 3 40 5.5 13.6 5 
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(a) C2-30-5                                                                 (b) C3-30-5 

 

(c) C3-40-4                                                                (d) C3-40-5.5 

Fig. 8 – Axial force input to the knee brace N- Overall deformationa 

Table 3 – Experimental initial rigidity and comparison of yield strength and full plastic strength 

                                                                                                          

 

 

 

 

 

 

 (a) Rectangular shape (C3-30-5)       (b) Pounder shape (C3-40-5.5) 

 

(c) Tortional buckling (C3-30-5)    (d) Tortional buckling (C3-40-5.5) 

Fig. 9 – Photo of the specimen after loading test 
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Specimen 
expka 
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expkl 

(kN/mm) 

expNy 

(kN) 

expNp 

(kN) 

calNy 

(kN) 

calNp 

(kN) 

C2-30-5 7.90 - 1.43 1.95 1.02 1.48 

C3-30-5 16.20 36.15 1.70 3.68 1.53 2.22 

C3-40-4 14.17 173.83 2.10 3.46 2.49 3.74 

C3-40-5.5 6.27 20.20 2.18 3.05 1.88 2.81 
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4. Discussion of the load-deformation behavior 

4.1 Transition of the load-deformation behavior 

 Fig. 10 shows a transition of the relationship between the tensile load and the overall deformation of the 

shear-yielding seismic damper made of a thin steel plate. Changes in the condition of the specimen during 

loading were generally as follows: (I) The strut was not deformed out-of-plane by the shear force even when 

the yield strength (expNy) and the full plastic strength (expNp) were exhibited, but the strut was deformed in-plane 

by the shear force. (II) After reaching the full plastic strength (expNp), no out-of-plane deformation was observed, 

and strength continued to increase. (III) However, out-of-plane twisting was caused by upper and lower ends 

of the strut, and when such behavior was observed, the load began to decrease almost at the same time, and 

the load decreased slightly until a lateral torsional buckling became clear. (IV) Further, after the lateral 

torsional buckling became clear, the load increased again.  

 The maximum strength expNT and minimum strength expNL immediately after the full plastic strength are 

presented in Fig.9, respectively. Moreover, the strength at the finish of the loading is defined as expNu (Fig.10), 

and their values (expNT, expNL, expNu) and expNy, expNp are presented in Table 4. The deformation values 

corresponding to their strengths are presented in Table 5. 

 
 

 

                    
Fig. 10 – Transition of the tensile load N- Overall deformationa relationship curves 

 

Table 4 – Various strengths in transition of the load-deformation behavior 

Specimen 
expNy 

(kN) 

expNp 

(kN) 

expNT 

(kN) 

expNL 

(kN) 

expNu 

(kN) 

C2-30-5 1.43 1.95 2.52 2.37 5.30 

C3-30-5 1.70 3.68 4.33 4.32 6.74 

C3-40-4 2.10 3.46 4.12 3.82 5.76 

C3-40-5.5 2.18 3.05 4.05 3.47 5.19 

 

Table 5 – Various deformations in transition of the load-deformation behavior 

Specimen 
y 

(mm) 

p 

(mm) 

T 

(mm) 

L 

(mm) 

u 

(mm) 

C2-30-5 0.25 0.89 4.75 7.13 22.34 

C3-30-5 0.22 1.36 5.45 6.09 21.99 

C3-40-4 0.24 1.29 6.32 10.38 23.92 

C3-40-5.5 0.49 1.75 8.72 12.07 25.76 
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4.2 Plastic deformation ratio 

 Figure 11 presents nondimensional results obtained by dividing a load axis of the load-deformation 

relationship by full plastic strength, and a deformation axis of the load-deformation relationship by the elastic 

deformation corresponding to the full plastic strength (expNp / expka). The plastic deformation ratio corresponding 

to various strengths is presented in Table 6. Since the horizontal axis in Figure 11 is the amount equivalent to 

the plastic deformation ratio, the value of the horizontal axis at various strengths are represented as T, L, and 

u. Immediately before the beginning point of the lateral torsional buckling T is a value from 18 to 25, and 

the difference between specimens are relatively small. On the other hand, when the morphology of the lateral 

torsional buckling is stable, the value L is a value between 25 and 43. Furthermore, the difference between 

test specimens is slightly large. u at the finish of the experiment is the value from  to 100 except for 

specimen C3-40-5.5, andthe value is almost identical (Table 6). 

                                                                           

 

                         Table 6 – Plastic deformation ratio  

 
Fig. 11 – Non-dimensional load-deformation relationship 

 

4.3 Rigidity 

 Table 7 shows the ratio of the initial stiffness expka (= 1) to the second stiffness k2 in the nondimensional 

load-deformation relationship, and the ratio of the third stiffness to the initial stiffness expka (= 1) in the 

nondimensional load-deformation relationship (after strength decreases, the ratio of the stiffness that rises 

again) k3. Table 4 indicates that k2 and k3 of specimens C2-30-5 and C3-40-5.5 are the value from 1.95 / 100 

to 2.47 / 100 times the initial stiffness. Since the rigidity ratio of C3-30-5 and C3-40-4 is the value from 0.80 

/ 100 to 1.13 / 100 times, the graph in Fig.3 is divided into two groups based on characteristics of the rigidity 

ratio. Within this experiment, the rigidity k2 and k3 of both groups are almost identical. 

 

4.4 Evaluating lateral torsional buckling 

 Reference [5] describes the evaluation strength of hysteretic steel dampers with butterfly-shaped links 

in three limit states (flexural yielding, shear yielding, and elastic lateral torsional buckling), and the butterfly-

shaped damper is similar to the shear-yielding seismic damper in this paper. Moreover, [5] proposes an 

evaluating equation for the elastic lateral torsional buckling per strut. 

 

𝑉𝑐𝑟 =
2𝐸𝑏𝑡3

𝐿2√1+𝑣
[0.096(𝑎 𝑏⁄ )3 − 0.281(𝑎 𝑏⁄ )2 + 0.547(𝑎 𝑏⁄ ) + 0.533]                (1)  

 
Here, Vcr: shear force associated with elastic lateral torsional buckling, E: Young’s modulus, b: width of strut 

upper and lower ends, a: central width of the strut, t: plate thickness, L: height of the strut, v: Poisson’s ratio 

(= 0.3). a = b in the rectangular-shaped specimen in this study. Table 8 shows parameters and the shear force 

associated with elastic lateral torsional buckling. 
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The shear force associated with elastic lateral torsional buckling Vcr are much larger than expNT and expNL 

in this experiment. The lateral torsional buckling phenomenon in this experiment cannot be evaluated as an 

elastic problem. 

Table  7 – Second and third stiffness in the nondimensional relationship 

Table 8 – Lateral torsional buckling strength and Parameters 

Specimen 
L 

(mm) 

a 

(mm) 

b 

(mm) 

Vcr

(kN)

C2-30-5 30 9.5 20.54 

C3-30-5 30 9.5 30.81 

C3-40-4 40 5 16.5 20.46 

C3-40-5.5 40 5 13.6 17.01 

5. Conclusions

The yield strength and full plastic strength of the knee brace members made of thin steel plates were

investigated by a series of monotonic loading tests. The strengths can be evaluated by using previous evaluation 

formulas based on the specimens with thicker plates, although the strengths are slightly underestimated. 

However, considering the occurrence of the lateral torsional buckling as observed in these test specimens, it 

should be considered that there is an effective deformation range for the stable performance as the seismic 

damper. In these tests, the deformation range may correspond to about 20 in terms of the plastic deformation 

ratio. These results were obtained under monotonic loading tests, and cyclic loading tests have not been 

conducted yet; future studies must confirm a primary factor of lateral torsional buckling under cyclic loading. 
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