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Abstract: A novel technique for upgrading the seismic resistance of steel buildings by adding knee
braces to existing structures using vises was proposed by researchers in 2022. A feature of this
retrofitting method is the easy setup owing to its use of vises made from high-hardness metal. Tests
were conducted to investigate two main failure modes: slipping failure at the connection and yielding
and buckling failure of the knee brace. The retrofitting design is discussed based on a comparison
between the slipping strengths obtained through tests and calculations. Furthermore, an analytical
study, using the finite element method (FEM), was conducted to evaluate the test results of retrofitted
frames that failed in terms of the yielding and buckling of the knee braces. The findings of the
analyses are consistent with the test results. This study included a stress relaxation test to assess the
long-term performance of the vises.

Keywords: seismic retrofit; FEM analysis; yielding strength; buckling strength; long-term performance

1. Introduction

In Japan, many buildings have been damaged by large-scale earthquakes. In one
steel building, the beam—column connection was broken, as shown in Figure 1 [1]. This
fracture caused critical damage not only to the structure but also to human lives. The
number of fractures observed in old buildings with defects in welding is decreasing.
Seismic retrofitting in existing buildings is an effective method to reduce the damage
caused by earthquakes. Many important studies have been conducted on seismic retrofits
by researchers worldwide. For example, Fang [2] submitted a report on the practical
applications of seismic retrofitting in the past decade, while MacRae [3] detailed diverse
brace structures. The energy dissipation capacities of steel dampers were explored in
studies by Domenico et al. [4], Kishiki et al. [5], and Tamai et al. [6] by investigating plastic
deformation behaviors.

The authors of this study suggest a new technique for improving the seismic stability
of steel structures by employing knee braces that are connected to existing structures
through vises, which are composed of a body and a screw bolt made of high-strength metal.
This method is specifically designed for moment-resisting frames in steel buildings.

Figure 2 illustrates a bending moment diagram for a portal frame subjected to a
horizontal force. In a simple frame, the maximum bending moments are typically observed
at the ends of both the beam and column. Defects and imperfections in welding joints
between beams and columns have been found to result from damage caused by earthquakes.
Knee braces are added to the frame, as shown in Figure 3, which decrease the bending
moments at the beam—column connections. Knee-braced moment-resisting frames were
studied in previous research [7-14], which reported that the structural stiffness and energy
dissipation of these frames were enhanced compared those of normal moment-resisting
frames with equivalent structural members. Previous studies conducted by Harada [15]
and Yamada [16] investigated seismic retrofitting methods that use knee braces. Harada’s
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research focused on bolted joints between retrofitted frames and knee braces, whereas
Yamada et al. studied the use of knee brace dampers for retrofitting over-track buildings.

Figure 1. Steel structure damaged by Kobe earthquake in 1995 (reprinted from Ref. [1]).

Figure 2. Bending moment diagram of non-retrofitted steel structure.

Figure 3. Bending moment diagram of retrofitted steel structure.

Knee braces serve the dual purpose of decreasing bending moments at the ends of
structural members and enhancing the rigidity of beam—column connections. They are
effective in preventing damage to the beam—column connections, but their implementation
in existing buildings is challenging. The authors of this study suggest using the vise shown
in Figure 4 as a potential solution.

The vise is designed to clamp the endplates of the knee brace onto existing beams and
columns without requiring any welding or drilling for bolts. The bolthead of the vise is
made from high-hardness metal. The loosening of the bolt is prevented because the head
of the bolt bites into the steel plate when an initial torque is introduced.

Tests were conducted to investigate two main failure modes: slipping failure at the
connection and yielding and buckling failure of the knee brace. The former was the test
for the connecting design by the vises. The latter was conducted to estimate the energy
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dissipation performance of the knee braces. A simple equation for the slipping failure was
proposed based on the test results reported in our previous paper [17]. The failure at the
connections is normally avoided in seismic design. When the slipping strength is designed
to be safe for the failure of the connections, the knee brace exhibits yield failure under
tensile force and buckling failure under compressive force. The load versus deformation
relations of the knee braces were obtained from the tests. A nonlinear finite element method
(FEM) analysis was performed to assess the yielding and buckling behaviors of the knee
brace. The analytical results obtained through FEM were compared with the experimental
results reported in this paper. The FEM analysis was also conducted to examine the stress
states of the vise itself, as reported in Appendix A. Furthermore, the long-term performance
of high-hardness vises was examined through relaxation tests, which were then compared
to the relaxation tests of high-strength bolts mentioned in previous studies.

Figure 4. Vise used for the seismic retrofitting of steel structures.

In Section 2, the experimental studies of the retrofitted frame using knee braces are
shown. In Section 3, an FEM analysis is conducted and the findings are compared with the
experimental results. In Section 4, the results of the relaxation tests are presented. Section 5
summarizes the outcomes of the study.

2. Experimental Study of Retrofitted Frame Using Knee Braces

A study on the use of knee braces to retrofit partial frames was conducted and is
described in Ref. [17]. Figure 5 shows the test setup. Figure 6 shows the knee braces used
as specimens for the investigation of slipping failure at the connection, and Figure 7 shows
the knee braces used for the investigation of yielding and buckling. The length L, thickness
t, and height h of the specimens are listed in Table 1. Table 2 shows the material properties
of the beam and column used in the tests, and Table 3 shows the material properties of the
knee braces used in the tests. The notations in the tables are as follows: tf: thickness of the
flange of the H-shaped steel; t: thickness of the steel plate; oy: yield strength; ou: tensile
strength; est: strain at the point of strain hardening.

Table 1. Dimensions of knee braces in retrofitted steel frame specimens.

h (mm) L (mm) t (mm) 0(°)
SL-45-1 50.3 450 21.8 45
SL-45-2 50.3 450 21.8 45
SL-45-3 50.3 450 21.8 45
SL-30 50.0 384 21.5 30
nSL-6 5.9 200 21.5 45
nSL-9 9.0 200 21.5 45
nSL-12 11.9 200 21.5 45

nSL-15 14.8 200 21.5 45
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Figure 5. Test setup with loading and measuring devices (reprinted from Ref. [17]).
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Figure 6. Shape of knee brace for investigating slipping failure at connection (unit: mm).
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Figure 7. Shape of knee brace for investigating yielding at knee brace (unit: mm).

Table 2. Material properties of steel frame in test.

oy ou

o,
tf (mm) (N/mmZ) (N/mmz) 8St ( /0)
H-shaped Beam
H200 x 200 x 6 x 9 490 89 392 520 283
H-shaped Column H-SA700 9.0 795 . B

H200 x 180 x 6 x 9
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Table 3. Material properties of steel plates for knee braces.
t (mm) oy (N'mm?)  cu (N/mm?) est (%)
SL-45 SM400 21.8 279 428 1.89
SL-30
SM400 21.5 271 434 1.85
nSL

The initial torque introduced using a torque wrench was 300 Nm for all vise bolts. The
parameter for studying slipping behavior is the angle 0 between the beams and knee braces.
The angles of the specimens were 45° and 30°, respectively. The shapes of the specimens SL-
45-1, SL-45-2, and SL-45-3 were the same. The slipping strength test results were validated
against the evaluation method for the slipping strength, which was determined using
Equation (1).
nBu

Qa= 1+ ptan’ @

Equation (1) was derived in our previous paper [17], where 7 is the number of vises,
B is the axial force of the bolt of the vise, y is the frictional coefficient, and 6 is the angle
between the knee brace and the horizontal beam. When the values are n =2, B = 75 kN,
u=0.45,0=rmr/4, and tanf = 1, then Q4 =46.6 kKN. When 0 = 71/6, Q4 = 53.6 kN.

The load cells are set vertically along the axis of the hydraulic jack to measure the applied
force, as shown in Figure 5. The slipping displacement is measured by 7t gauges laterally at
the surface between the endplate of the knee brace and the steel beam. The strains on the
surface of the knee brace along its axis are measured by four strain gauges glued to them.
Axial deformations of the knee brace are measured using two displacement meters. The axial
force N of the knee brace is obtained by multiplying the strain by its axial stiffness when the
knee brace remains elastic. N can be determined in a rotational equilibrium state.

The experimental results for (a) SL-45-1, SL-45-2, SL-45-3, and (b) SL-30 are shown
in Figure 8. The vertical axis shows the lateral component Q of N, and the horizontal
axis shows the lateral displacement Ay, which is the average of the two displacements
measured by the 7t gauges. The value of N is obtained from the strain gauge data shown
in the figure. The slipping strengths are summarized in Table 4. The slipping strengths of
the tests are defined as the forces at a slipping deformation of 0.5 mm, in accordance with
AISC [18], and they exceed the slipping strengths, Q 4, calculated using Equation (1). The
average strength of SL-45-1, SL-45-2, and SL-45-3 is 56.3 kN. The calculated value is 46.6 kIN.
The coefficient of variation is 4.5%. The calculation proposed in this study safely predicts
the slipping strengths of the connections of all specimens. Using Equation (1), a retrofitting
designer can choose the failure modes of the yielding and buckling of knee braces, which
act as energy absorbers.

120
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80 801
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Figure 8. Relationships between Q and Ay: (a) SL-45-1, SL-45-2, and SL-45-3; (b) SL-30.

The test parameter for observing the yield and buckling at the knee brace is the
thickness, h, of the central part of the knee braces, 6,9, 12, and 15 mm, corresponding to
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the names of the specimens: nSL-6, nSL-9, nSL-12, and nSL-15. The loading program is
illustrated in Figure 9. The test results are discussed by comparing them with the analytical
results, which are numerically calculated in Section 3.

Table 4. Test results for slipping strength.

Slipping Strength (kN)
Test Results (kN)
Average Calculated Value
SL-45-1 59.9
SL-45-2 54.1 56.3 46.6
SL-45-3 55.0
SL-30 719 719 53.6

Axial displacement (mm)
=)

Cycle
Figure 9. Loading program.

3. Analytical Study of Knee Brace and Discussion

An analytical study was conducted using the FEM program of Marc 2017.0.0., in which
both material and geometric nonlinearities are considered. The main aim of the analytical
investigation was to trace the load versus deformation relations of the knee braces obtained
by the tests.

Figure 10 shows the analytical model of the knee brace. A solid element with ten nodes is
used for the analytical model. An initial displacement, L/1000 (L is shown in Figure 7), is given
in the orthogonal direction of the axis of the brace by considering that initial imperfections
exist in the knee braces of the test specimens. The boundary conditions for the analysis are
shown in Figure 11. The upper endplate is supported by rollers at four points, and the lower
endplate is supported by pins at four points. The alternative displacements at the top of the
knee brace are controlled to trace the load versus deformation relation of the test. The yield
criterion follows von Mises stress, as shown in Figure 12.

4-point pin supports

’ 4-point roller supports

Figure 10. Element mesh and boundary conditions of analytical model.
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Figure 11. Boundary conditions and applied displacements of analytical study.
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Figure 12. von Mises yield criterion.

Figure 13 shows the analytical results of the deformation and stress states using a
contour diagram of the von Mises stress. The yellow and red areas indicate greater stress
than the blue area. Figure 14 shows the buckling deformation during the test. The buckling
deformations obtained from the test and the analysis show good agreement. Figure 15
shows the axial force, N, versus the axial displacement, A4, relations of the knee braces for
the experiments and analyses of nSL-6, 9, 12, and 15. The black and red lines in the figures
represent the experimental and analytical results, respectively.

Figure 13. Deformation and stress contour analysis.
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Figure 14. Buckling deformation test.
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Figure 15. Relationships between N and Ay: (a) nSL6, (b) nSL-9, (c¢) nSL-12, and (d) nSL-15.

The values of N increase after yielding of the braces under tensile force owing to the
strain-hardening effect. On the other hand, the values of N decrease after the buckling
of the braces under compressive force. The tensile and buckling strengths of the four
specimens increase with an increase in brace thickness. The analytical results match well
with the experimental results.

The maximum values of the experimental and analytical results are summarized in
Table 5. In the case of nSL-15, the test result is higher than the analytical result. This is
because the test specimen was welded twice at the ends of the brace owing to the welding
defects. The hardening effect caused by reheating is the reason why the test is stronger
than the analysis. The yield strength of the test is over 6% of that of the analysis, except for
that of nSL-15. The buckling strength of the analysis is smaller than that of the test results,
except for nSL-6. This is because the initial displacement is assumed to be L/1000, which is
too large for nSL-9 and nSL-12.
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Table 5. Maximum values of experiment and analysis.
Yield Strength (kN) Buckling Strength (kN)
Exp. Ana. Exp./Ana. (%) Exp. Ana. Exp./Ana. (%)
nSL-6 44.3 41.0 108 17.4 23.5 74
nSL-9 66.6 61.8 108 43.1 37.1 116
nSL-12 90.0 81.6 110 67.9 54.2 125
nSL-15 134 102 132 99.1 79.0 125

In our experimental and analytical results, the load versus deformation relationships
show hysteretic loops that dissipate the input energy by their plastic behavior. The knee
braces connected by the vises can exhibit effective energy absorption capacities, as shown
in the results of recent studies [7-14].

After the tests, the buckled braces can be removed easily. The advantage of this method
is not only the good attachment but also the detachment of the retrofitting members. Thus,
this method can improve the resiliency of the building after large earthquakes due to its
ability to replace the retrofitting devices.

4. Relaxation Test of Vise and Discussion

The long-term performance of joints that use bolts in steel structures has been widely
studied through relaxation tests, including tests of high-strength bolts reported by Ches-
son [19] and Nah [20].

In Chesson’s study [19], a stress relaxation test was conducted using high-strength
A325 bolts. The short-term stress relaxation of these bolts introduced to a tension of
5000 pounds was examined. The experimental results showed that, after 1 min of tighten-
ing, the tensile stress in the bolts decreased by between 2% and 11%, with an average of
approximately 5%. In Nah’s study [20], relaxation tests were conducted on ASTM (Ameri-
can Society for Testing and Materials) A490 bolts [21]. The experimental parameter was
the surface situation on tightened steel plates. The results showed that, after 1000 h, the
retention rate was 86% for specimens without surface treatment and 81% for specimens
with surface treatment.

Our proposal for joints applied using a vise is unique, as no previous study investigates
the stress relaxation of the vise. Therefore, the long-term performance of the connection
made using the vise was investigated through relaxation testing.

In the relaxation tests, two steel cuboids were prepared to measure the axial forces of
the vise bolts. The dimensions of the cuboids were 44.8 mm and 44.4 mm in height, with
cross sections of 27.6 X 26.9 mm and 27.5 x 26.4 mm, respectively. As shown in Figure 16,
a steel plate with a thickness of 6 mm and the cuboid were clamped using the vise, and
the axial force of the device was measured using strain gauges glued on four sides of the
steel cuboid. Figure 17 shows the test setup, where the temperature was also measured
using a thermocouple. The observations of strain and temperature were conducted over
three months.

Figures 18 and 19 show the axial force versus the time relations of the two specimens.
The vertical axis shows the axial force (kN), which was calculated by multiplying the
average value of the four strain gauges by the axial stiffness of the cuboid. The horizontal
axis shows the observation time. The initial axial forces were 75.2 kN and 77.7 kN for the
two specimens, respectively. The average was 76.5 kN, close to the value of 75 kN, which
is the nominal value of the initial force introduced by a torque of 300 Nm. The horizontal
axis in Figure 18 shows the time (s) from 0 s to 300 s. The decreases in the axial forces of
specimen 1 and specimen 2 were 2.6 kN and 1.7 kN, and the rates of decrease were 3.5%
and 2.1%, respectively. No rapid drop in the axial force was observed for approximately
five minutes after the introduction of the axial force. The decrease in the axial force was not
as large as in the relaxation tests of high-strength bolt-joints reported by Chesson [19].
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Figure 17. Test setup of relaxation experiment.
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Figure 18. Axial force-time relationship over 300 s.

Figure 19 shows the axial force versus time (h) relationship recorded over three months,
where the maximum value of the horizontal axis is 2200 h. The strain fluctuations of the
test specimens have the same tendency as the temperature change observed by the thermo-
couple, and then the axial strain is corrected by considering a linear expansion coefficient
of 107°/°C. The retention rates of the two specimens were 92% and 94%, respectively.
The stress relaxation tests showed the long-term connecting performance of the vise, in
which the clipping force was maintained at over 90% of the initial force over three months.
This result shows the same level of performance as the stress relaxation test of joints with
high-strength bolts described by Nah [20].
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Figure 19. Axial force-time relationship over 2200 h.

5. Conclusions

In this study, a novel approach is proposed involving the use of knee braces attached
to high-hardness vises. This is only applicable to open-frame steel structures. A feature
of the retrofitting method is its easy setup owing to the use of vises. The boltheads of the
vises, which are made from high-hardness metal, grip tightly between the steel plates of the
connections. Testing and analysis were conducted to investigate the structural properties of
the proposed method. Two failure modes were experimentally observed through the testing
of specimens retrofitted using the knee braces: the slipping behavior at the connection and
the yielding and bucking behavior at the knee brace.

The slipping strength between the endplate of the knee brace and the existing steel
beam was investigated, and the slipping strengths at different angles were safely estimated
using the calculating method proposed in our previous paper.

Nonlinear FEM analysis was conducted to evaluate the energy absorption performance
of the knee braces. The characteristics of the load versus deformation relationship obtained
through the testing of the retrofitted frames matched well with the FEM analysis results.
The strengths of the yielding and buckling of the knee braces and the energy dissipating
capacities of this retrofit were estimated using the FEM analysis. The knee braces connected
by the vises showed the same level of energy dissipating capacity as those reported in
previous studies.

Additionally, long-term relaxation tests were performed to investigate the practical
use of the proposed method. The vises maintained their clipping forces at over 90% of
the initial forces in the stress relaxation tests over 2200 h. No rapid loss in the clipping
force of the vises was observed during the first five minutes of the relaxation test. The
long-term performance of the vises was the same as that of high-strength bolts reported in
previous studies.

The new seismic retrofitting method using vises made from high-hardness metal
provides an easy construction technique with efficient seismic performance.
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Appendix A

To ensure the seismic performance of steel structures joined using vises, it is important
to confirm that the vises are not damaged from practical use. The mechanical performance
of the vises was investigated using FEM analysis in Marc software. The dimensions of the
vise are shown in Figure A1, and Tables A1-A3 summarize the chemical composition and
mechanical properties of the vise.

Figure A1l. Dimensions of vise with high-hardness screw bolt.

Table A1. Chemical composition of vise (%).

C Si Mn P S Cu Ni Cr Mo
st (9 0T G R cm cm ocm o< SR G
Measured (%) 0.41 0.26 0.7 0.019 0.015 0.11 0.08 1.11 0.17
Table A2. Chemical composition of bolt (%).
C Si Mn P S Cu Ni Cr Mo
Measured (%) 0.42 0.29 0.8 0.023 0.014 0.1 0.06 1.01 0.18
Table A3. Mechanical properties (JIS standard: reference value).
Spec Tensile Test (No. 4 Test Piece) Hardness Test
SCMA40 oy (N/mm?) ou (N/mm?) Elongation (%) Contraction (%) Hardness (HB)
834 980.7 12 more 45 more 285~352

There are two different loadings of the analysis, as shown in Figure A2. A force
corresponding to shearing deformation, shown in Figure A2 (a), is applied if slipping
occurs between the two steel plates. A force corresponding to tensile deformation, shown
in Figure A2 (b), is applied when the axial force of the bolt is introduced by a torque wrench.
Under these loading conditions, the stress state and load versus deformation relationships
are discussed through numerical analysis.

The main body of the vise is analyzed by a mesh model with 10 nodes of solid elements,
as shown in Figure A3. As shown in Figure A4, analytical supports are set at the top and
bottom of the open part of the C shape of the vise. The four points at the bottom of the open
part are fixed by pin supports. A horizontal sliding support is applied in the analysis of (a),
and a vertical sliding support is applied in the analysis of (b). When the displacements are
applied at the top of the vise, the reaction and relative displacements are obtained in each



Buildings 2024, 14, 3029

13 of 16

direction. The von Mises yield condition is used. The stress—strain model is defined as a
bilinear elastoplastic model in Figure A5, and the material properties are listed in Table A4.
The strain-hardening coefficient is the inclination of the line between the yielding point
and the tensile strength corresponding to a strain of 20%. The relationship between true
stress and logarithmic strain is applied to the analysis.

(b)

(a)

(b)

Figure A2. Applied forces to vise: (a) slipping force; (b) axial force.

= =)
‘ 4-point roller supports |

’ 4-point pin supports |

Figure A3. Boundary condition and direction of applied force in FEM mesh model of vise.

Figure A4. Boundary condition and direction of force in vises: (a) slipping force; (b) axial force.



Buildings 2024, 14, 3029

14 of 16

€, g,

Figure A5. Bilinear stress—strain model.

Table A4. Constants in the material model.

oy (N/mm?) ou (N/mm?) et (%)

834 980.7 20
oy: yield strength; ou: tensile strength; ef: strain at the tensile stress.

Figure A6 presents the load—displacement relationship in the direction of (a). In the
figure, softening behavior is observed at approximately 30 kN; however, after that, the
strength increases almost linearly up to 80 kN. After the steel plates joined by the vises start
to slip, the bolt sustains a horizontal force. In this case, the main body of the vise, which
provides twisting deformation, is subjected to the shearing force shown in Figure A2 (a)
and Figure A4 (a).

100

S0 F

60

40 F

Horizontal force (kN)

20
— Analysis results

—— Allowable torsional force

0 1 2 3 4 5

Horizontal displacement (mm)

Figure A6. Load-displacement relationship under force applied in direction of (a).

In the study of the vise itself, an allowable force of shear is set as 75 kN per vise. The
force of the screw bolt of the vise in the direction orthogonal to the bolt was defined as the
“digging strength”, which was described in a study conducted by Uno [22]. The digging
strength corresponds to the axial force of the bolts of 75 kN, since the shape of the bolthead
is triangular at 45-90-45.

As shown in Figure A6, even when the shearing force reaches 75 kN, the vise maintains
its strength. Figure A7 presents a contour diagram of von Mises stress at a displacement of
4 mm in case (a). In the figure, some parts of the vise are yielding; however, the stresses in
most parts remain elastic. This indicates that no practical problems arise when using a vise
for seismic retrofitting.

Figure A8 shows the load—displacement relationship in the direction of (b). The
opening deformation of the vice is caused by a reaction from the axial force of the screw
bolts introduced from a torque wrench. In the figure, the opening force remains elastic up
to 200 kN. Thus, an allowable axial force of the bolt is set as 200 kN. This is shown by the
solid red line in Figure A8. Since the compressive force introduced into the bolt is 75 kN
(red dotted line in Figure A8) during normal use of the vise, there is a sufficient margin in
terms of strength.



Buildings 2024, 14, 3029 150f 16

528 A
500

473 '

445 -
417 4‘
i S
1%
306

278 "

A

Figure A7. Contour diagram of von Mises stress at a displacement of 4 mm in case of (a).
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Figure A8. Load-displacement relationship under force applied in direction of (b).

Figure A9 shows a contour diagram of the von Mises stress at a displacement of 2 mm
in case (b). In this figure, the yielding parts are displayed along the inside of the vise;
however, the stresses of the other parts remain under yielding stress at a load of 200 kN.
The applied load is 75 kN under normal use. Even if a double load is applied, the vise
retains its connecting performance.

Figure A9. Contour diagram of von Mises stress at a displacement of 2 mm in the case of (b).
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