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Abstract

Abstract

A Study on the Repair Method
of Roof Members
in Wooden-Structural Heritage

Lee, Seo hyung
Department of Architecture and Architectural Engineering
College of Engineering

Seoul National University

Traditional wooden structures occupy a large proportion of national cultural
structures. Over time, traditional wooden structures are subject to damage from
various factors. In accordance with the Cultural Heritage Protection Act, the old
traditional wooden structures are being continuously repaired. During repair
work, the repair standards for damaged members are not clear, so it is common
to replace them with new materials, and excessive replacement is being made.
In this study, to prevent reckless replacement of reusable old members, the
study was conducted on the repair and reinforcement of roof members of

traditional wooden structures.

Currently, study related to traditional wooden structures mainly focuses on

the stiffness of wooden joints, and there is a lack of study on repair and
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reinforcement of member. Therefore, in this study, the roof members of
Jeongyodang Hall in Dosanseowon Confucian School, Lecture Hall of Sosu
Confucian Academy, Yangjindang House, Namhansanseong Suengyeoljeon
Hall were provided by the foundation, and structural analysis, non-destructive
diagnostic test, repair design, and cross-sectional analysis were conducted

using these materials.

The structural vulnerable part of the member was reviewed through the
structural analysis of the member of the wooden structures, and the naturally
occurring decay vulnerability was investigated through a non-destructive
diagnostic test. In the repair design, the traditional carpentry method suitable
for the load conditions of each member was applied through a case study. To
verify the performance of the joint, a flexural test was performed that conforms

to the load conditions for each member.

The flexural strength, flexural stiffness, and ductility were calculated as the
results of the experiment. The flexural strength and initial stiffness showed a
tendency to increase or decrease at a similar rate. The modified butt joint and
the tusk tenon joint were analyzed through an equivalent sectional model. The
equivalent sectional model showed good performance in predicting the initial

stiffness.

Except for Chu-nyu, related studies on small roof members (Yeon-mok, Bu-
yeon, Mok-gi-yeon, etc.) are lacking. Therefore, it is expected that the model

proposed in this study can be used as basic research data.
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Chapter 1. Introduction

Chapter 1. Introduction

1.1 Background

Traditional wooden structures account for 28% of the cultural assets
designated by the country. Among them, national treasures account for 11% and
treasures account for 89%. Over a long period of time, traditional wooden
structures are damaged from various factors. Factors affecting damage include
structural, environmental, chemical, and mechanical factors. The type of

damage to the member varies depending on its location [1].

The aging traditional wooden structures are undergoing steadily repair work
in accordance with [the Cultural Heritage Protection Acts . In the repair
work of traditional wooden structures, it is common to replace damaged
members with new members rather than repairing them. Korea's repair
technology was focused on morphological research, and it was not enough to
consider the repair of damaged members [2]. In order to use the existing
members as much as possible by repairing and reinforcing damaged members,

the TCultural Heritage Administrations established evaluation criteria. In
addition, the TKorea Foundation for the Traditional Architecture and
Technologys was established as an affiliated organization, emphasizing the

importance of repair technology for members.

Currently, various domestic studies are being conducted on the structural

engineering field of traditional wooden structures. Representatively, there are



Chapter 1. Introduction

structural forms, structural analysis modeling, structural performance of joints,
and repair, but the repair accounts for about 10%. Among them, the repair study

was mainly the repair study of Chu-nyu using steel reinforcement [3].

There are no domestic related studies and guidelines for roof members other
than Chu-Nyu. After visually checking the decay, reuse, surface treatment, and
replacement of new materials are performed according to the degree of decay.
Therefore, in this study, we intend to present data so that the existing members
can be used to the maximum by establishing an appropriate structural model

that can be applied to the repair of traditional wooden roofs.
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1.2 Scope and Objectives

The purpose of this study is to present an appropriate repair plan for the roof
member of a traditional wooden structures. There is a national interest in
reusing the existing members of traditional wooden structures as much as
possible. However, there have been relatively few related studies on small roof
members. Therefore, the roof members of Jeongyodang Hall in Dosanseowon
Confucian School, Lecture Hall of Sosu Confucian Academy, Yangjindang

House, Namhansanseong Suengyeoljeon Hall were provided by [Korea
Foundation for the Traditional Architecture and Technologys . The types of

members are Chu-nyu, Yeon-mok, Bu-Yeon, and Mok-gi-yeon.
This paper proceeded as follows.

Structural analysis of the building was carried out based on the allowable
stress design method (ASD). The roof load was calculated by referring to the
repair report and actual measurement report of each structure. The calculated
load was analyzed for the roof member through "Midas Geny , a structural
analysis program. Through the results, the safety of each member was reviewed,

and structural vulnerable parts were identified.

Non-destructive diagnostic tests such as stress wave and drill resistance tests
were used to investigate the cross-sectional state of the inside of the member.
The residual strength test was compared with the result of the non-destructive
diagnostic test. The applicability of the non-destructive diagnotic test was

reviewed, and the decay of the actual member was identified.
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According to the results of structural analysis and non-destructive diagnostic
tests, the repair design was carried out by applying the applicable repair plan
for the roof member. In consideration of the actual load, the experiment was
conducted. The experimental results were analyzed through Midas Geny .
As aresult of the experiment, flexural strength, flexural stiffness, and ductility
were calculated and compared with theoretical values. In addition, an
equivalent sectional model was created and analyzed for comparison. Based on

this, applicability was judged.



Chapter 2. Literature Review

Chapter 2. Literature Review

2.1 Code Review

2.1.1 KS, KDS

There are two standards related to the repair of wooden structures. Standards
for material properties are provided by KS (Korea Standards), and standards for
design methods are provided by KDS (Korean Design Standard). The design
uses Allowable stress design (ASD). There is a design method for mechanical
joints, but there is no design method for traditional wooden joints. The Table

2-1 shows the standards of KS and KDS required for designing wooden joints.

Table 2-1 KS, KDS related to wooden joint

Code number Title

KS F 2201: 2021 General requirements for testing of wood
KS F 2206: 2020 Method of compression test for wood

Materl_a | KS F 2207: 2020 Method of tension test for wood
properties
KS F 2208: 2020 Method of bending test for wood
KS F 2209: 2020 Method of shear test for wood
KDS 41 31 01: 2016 | General information
. KDS 41 31 02: 2016 | Material and allowable stress
Design

Method KDS 41 31 03: 2016 | Design requirements
-wooden | KDS 4131 04: 2019 | Design of member

SIUCtUr® | ps 4131 05: 2016 | Design of joints

KDS 41 31 06: 2016 | Traditional wooden structure
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2.1.21S0

ISO (International Organization for Standardization) related to the repair of
wooden structures provides three standards for wooden joints. The three
standards provide experimental method for specimens to measure the strength
and stiffness of wood joints. However, there is no standard for how to design a
traditional joint. The Table 2-2 shows the ISO standards focusing on joints

made with mechanical fasteners.

Table 2-2 ISO related to wooden joint

Code number Title

Timber structures-joints made with mechanical fastrners-
1SO 6891:1983 general principles for the determination of strength and
deformation characteristics

Solid timber in structural sizes-determination of some

ISO 8375:1985 . - .
physical and mechanical properties

Timber structures-testing of joints made with mechanical

IS0 8970:1985 fastensers-requirements for timber density

2.1.3 ICOMOS

ICOMOS (International Council Monuments and Sites) presented [The
principle for the conservation of wooden built heritages . According to this, a

diagnosis should be made before the repair of traditional wooden structures.
The diagnosis must be based on documentary evidence, physical inspection,

and analysis and, if necessary, measurements of physical conditions using non-
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destructive testing (NDT), and if necessary, on laboratory testing. In the repair
work, it is specified to use the existing members as much as possible and follow
the traditional repair technique. When replacing members, emphasize that the

same type of wood should be used, and the moisture content should be similar.
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2.2 Literature Review

2.2.1 Strutural analysis of traditional wooden building

As shown in the Figure 2-1, Jo et al. [4] performed 2D and 3D structural
analysis of the Muryangsujeon Hall of Buseoksa Temple, a traditional wooden
structure, using  "SAP 20004 , a general structural analysis program. The size
of the main structural members of the building was designed using the existing
drawing data. The material properties of red pine, such as the wood used for the
Muryangsujeon Hall, were applied. The load was calculated by considering the
tile load and the soil load. As shown in the Figure 2-2, the supporting conditions

were varied according to the condition of the joint.

Wi
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Figure 2-1 3D Modeling of Musangsujeon

Figure 2-2 Modeling the support condition
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As a result of the allowable stress analysis, there was little difference
between the 2D and 3D structural analysis of the roof member. All Do-ri except
for the Ju-sim Do-ri showed high shear stress. In the case of Yeon-mok, the
bending stress was high, and in the case of the Bu-yeon, the shear stress was
high. Most of the results were lower than the allowable stress, but Chul-mok

Do-ri, Jang-yeon, Jang-yeo, and Cho-bang had higher than the allowable stress.
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Figure 2-3 Allowable stress analysis result of roof member

2.2.2 Non-destructive diagnosic test

Lee et al. [5] performed non-destructive testing of wood (Figure 2-4) used in
traditional wooden structures. Non-destructive testing of main structural
members was conducted by ultrasonic stress wave test, drilling resistance test,
and visual inspection. The internal cross section was identified through
ultrasonic stress wave test and drilling resistance test. After that, the wood was

cut and visually inspected.
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Figure 2-4 The evaluated woods for NDT study

ultrasonic stress wave test and drilling resistance test were performed with
an interval of 100mm (Figure 2-5). The drilling resistance test was carried out
by moving 30 ° clockwise in the circular cross section. After the non-
destructive test, the cross section was cut, and the visual inspection was
performed. The results of visual inspection and non-destructive test were

compared and analyzed.

P 1. Ultrasonic stress wave test

2. Drilling resistance test
[ 3. Visual inspection

ﬁ corss sectional view

Figure 2-5 Measured positions of non-destructive testing in woods.

The correlation between the ultrasonic stress wave test and drilling resistance
test was shown in the Figure 2-6. The cross section made based on the drilling
resistance test result and the actual cross section are compared as shown in the

Figure 2-7.

10 . Jﬂ E 1_'_” 51
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Figure 2-6 USW and ratio of decay length caused by DRT.

Figure 2-7 The comparison of artificial picture and real cross-section.

Comparing the results of the non-destructive test and the visual inspection,
similar shapes were derived for the cross-sectional loss. Non-destructive testing
can qualitatively determine the loss of a section and compare the loss of each
section within the same member. To derive quantitative results, there are
insufficient research results according to tree species, age, and moisture content.
Therefore, there is a limit to evaluating the residual strength of a member only

by non-destructive analysis.
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2.2.3 The structural strengthening characteristic of Chu-nyu

Cho et al. [6] studied the reinforcement of Chu-nyu in a traditional wooden
hipped-and-gabled roof. In his study, the upper part of the Chu-nyu was
reinforced using carbon fiber bar. Based on Chu-nyu of Jinnamgwan Hall, the

specimen was designed, and the experiment was performed.

As shown in the Figure 2-8, he analyzed the structural characteristics of Chu-
nyu and calculated the reaction point, the loading point, and the load. The
reinforcing section of Chu-nyu was reinforced by inserting two carbon fiber

bars by digging a groove on the upper surface as shown in the Figure 2-9.

O

0

Figure 2-8 The slope of a roof and structural points of Chu-nyu
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Figure 2-9 Elevation and section views of Chu-nyu

As shown in the Figure 2-10, the experiment was conducted by applying a
concentrated load to two points, which are the locations where the actual roof
load was concentrated, using the UTM(Universal Testing Machine) as shown
in the figure. Displacement was measured by installing the LVDT(Linear
Vertical Displacement Transducer) at the left end, right end, and middle of the

reaction point.
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Figure 2-10 The experimental setup of Chu-nyu

Although there is a difference according to the ratio of the overhanging

length, as shown in the Figure 2-11, the yield load and ultimate load of the
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Chapter 2. Literature Review

reinforced specimen were overall increased compared to the reference
specimen. As the overhanging length increased, the yield load decreased. As
shown in the Figure 2-12, when the overhanging length was 1:1, the reinforced
specimen increased, but as the overhanging length increased, it showed a

tendency to become like that of the reference specimen.
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Figure 2-12 Comparison of ductility of specimens

In this study, it was designed considering the load condition of the Chu-nyu,
and only the effect of the reinforcement and the overhanging length were
considered. The actual Chu-nyu is the curved shape in Cheoma Do-ri, but the
effect caused by this shape is not considered and there is a limit to its practical

application.
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Chapter 3. Structural analysis

3.1 Introduction

The members of traditional wooden structures are not uniform in cross
section and have various load conditions. In particular, the roof member has a
soil load and a roof tile load that are not uniformly distributed, and the position
where the member is placed has a slope. Through structural analysis, the ratio

of allowable stresses and vulnerable part of the roof members were identified.

Structural analysis of the gravity load was performed, and stability was
reviewed for the structures of Jeongyodang Hall in Dosanseowon Confucian
School, Lecture Hall of Sosu Confucian Academy, Yangjindang House,
Nambhansanseong Suengyeoljeon Hall. Vulnerable parts were identified for the
roof member of the building. The "Midas Gens program was used for the
analysis. The analytic model applied major roof members such as Chu-nyu, ,
Yeon-mok, Bu-yeon, Mok-gi-yeon. The properties of the material were applied
to the properties of pine trees used in domestic traditional wooden structures.
In the case of the joint, the end of the horizontal member was set as a pin-joint
without bending resistance performance, and the lower end of the vertical
member was assumed to be rigid-joint because it had bending resistance
performance due to vertical load . The weight of the soil per unit volume (W)
and the weight of tiles per unit area (IW;) were assumed as follows by referring

to the related literature [7].

W, = 16kN/m3, W, = 2kN/m?

3] 3 =77
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Chapter 3. Structural analysis

3.2 Design allowable stress

The type of wood was assumed to be pine Grade 2 (lumber) [8], and the
standard allowable stress and modulus of elasticity were determined according
to Table 1.1-4 of "Building Structural Standards-Wood Structural Materials
and Allowable Stressess  (KDS 41 33 02: 2016).  For the modification factor
for calculating the allowable stress, refer to Tables 1.1-6 to 1.1-11 of KDS 41
33 02. The allowable bending stress(Fy) and allowable shear stress(F,) were
calculated as follows by applying a modification factor to the standard
allowable bending stress (F) and the standard allowable shear stress (F,),

respectively. At this time, the grade of pine trees was set to Grade 2.

Fl; =F, (CD)(CM)(Ct)(CL)(Cf)
=6.0x1.15x 1.0 x 1.0 x 1.0 X (Cf)
= 6.9MPa X (C;)

F,,’ = FE,(Cp)(Cy)(C)(Cy)
=1.1%x115%x1.0x1.0x 1.0 =1.27MPa

Table 3-1 Standard allowable stress for visual grade structural members,

which are conifers (KDS 41 33 02 Table 1.1-4)

Tree species o ‘ Standard allowable stress (unit : MPa)
classification rade F, F, E. F., E, E
1 7.5 5.0 75 3.0 1.1 10,300
Species Pine 2 6.0 35 4.5 3.0 1.1 9,000
3 35 2.0 3.0 3.0 1.1 8,300

3] 3 =77
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Table 3-2 modification factor of allowable design stress (KDS 41 33 02 Table.1.1-6)

Chapter 3. Structural analysis

Design | Standard | Load . . . Plane | Repeat Column| Shear | Bucklin ..
g .| Moisture Temperature|Lateral Dimension\olumn P Curvature| Shape L . g Acupressure| Incising
allowable |allowable| period ) 3 Usage member 5 stability| stress | stiffness
factor factor  factor”| factor |factor 2 5 factor® | facter 5 | areafactor | factor
stress stress | factor factor?| factor factor | factor | factor
F, = F, Cp Cy C; C, Cr Cy Cru C, C. Cr C;
Ft ‘= Ft CD CM Ct CF Ci
F, = F, Cp Cm Ct C Ci
F. '= F,, Cy C; Cp Ci
F "= Fe Cp Cm Ct Cr Cp Ci
E = E CM Ct CT Ci
% ‘= Eg CD Ct
Comment 1) For a lamination wood subjected to a flexural load, the lateral factor €, and the volume factor C, are not applied together, but the smaller of the two modification factors is applied.

2) The dimensional factor C; is applied only to visual grade structural members and circular section structural members subjected to bending loads.
is applied only to the lamination wood subjected to the flexural load.
4) The plane usage factor Cf, is applied only to class 1 structural materials (standard wood) and lamination wood that are subjected to bending loads.

3) The volume factor C,

5) The repeat member factor C,

is applied only to class 1 structural members (standard wood) subjected to flexural loads.

6) The curvature coefficient C, is applied only to the bent part of the lamination wood subjected to the flexural load.
7) The buckling stiffness coefficient C; is applied only to the truss compression chords of small structural members of 38 x89 mm or less. This regulation applies only when a plywood
cover with a thickness of 9 mm or more is nailed to the top of a truss compression chord and is subjected to both bending and compressive stress in the fiber direction.
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3.3 Structural analysis by member

3.3.1 Chu-nyu

Due to the characteristics of traditional wooden structures, the Chu-nyu is a
nonlinear structure, and it is difficult to accurately calculate the loads of the
Yeon-mok and Chu-nyu. Therefore, the load acting on the roof surface of the
square area around the Chu-nyu was assumed to be supported by the Chu-nyu
and calculated conservatively. The load on the square plane with the diagnal of
the Chu-nyu was replaced with a linear load, and the load was applied in a
triangular shape. The Chu-nyu of Jeongyodang Hall in Dosanseowon
Confucian School, Lecture Hall of Sosu Confucian Academy, Yangjindang
House can be approximated in the form of a simple beam with two reaction
points at the Cheoma Do-ri and at Jung Do-ri. In the case of the
Nambhansanseong Suengyeoljeon Hall, there is no Chu-nyu with a gable roof.

The roof load was assumed to be 7.5kN /m?[7].

I .
A v B
Y.\

L2 L1

Figure 3-1 Length and height measurement for structural review of Chu-nyu
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Chapter 3. Structural analysis

Table 3-3 Chu-nyu length and height measurement of each building

Jeonﬁzﬁdang Lecture Hall of Sosu  Yangjindang House
hl 604 mm 735 mm 382 mm
h2 671 mm 550 mm 147 mm
L1 2,107 mm 2,543 mm 2,089 mm
L2 2,343 mm 2,857 mm 1,847 mm

3.3.2 Yeon-mok

The load was considered Yeon-mok's self-weight and roof load. The roof
load considered the weight of the roof tile and the weight of soil. As shown in
Figure 3-2, it is assumed that the load is supported on the Do-ri as a point
through the Yeon-mok in the form of a simple beam, and the load is applied to
each of the Do-ri by calculating the reaction force. The soil load was assumed
to be a linear distributed load, and the soil thickness (h; ~h,) (refer to Figure

3-3) and unit weight were assumed and reflected in the calculation.
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Figure 3-2 Example of Yeon-mok in the form of a simple beam
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Figure 3-3 Location of h;~h, for calculation of soil thickness

Table 3-4 The soil thickness of each structure

Jeongyodang Lecture Hall of  Yangjindang Suengyeoljeon

Hall Sosu House Hall
hl 340mm 330mm 480mm 300mm
h2 480mm 410mm 600mm 580mm
h3 180mm 320mm 150mm 420mm
h4 - 210mm - 200mm

L2 b |
‘ |
! T
A B C

Figure 3-4 Model for measuring the horizontal length of Yeon-mok
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Chapter 3. Structural analysis

Table 3-5 The horizontal length of each structure

Vs el Lectuéz SI:Ilall of Yan};iz;(j) ilrllseang Suen%y;(l)lj eon
A 1,440mm 1,740mm 1,500mm 1,350mm
B 1,470mm 1,850mm 1,530mm 1,900mm
C 1,020mm 1,410mm 1,240mm 925mm
a - 550mm - 450mm
b - 1,190mm - 900mm
3.3.3 Bu-yeon

It is only found in Lecture Hall of Sosu Confucian Academy and
Nambhansanseong Suengyeoljeon Hall, which are double eaves. Structural
analysis was conducted by referring to the actual drawings of Lecture Hall of
Sosu Confucian Academy and Namhansanseong Suengyeoljeon Hall. In the
Yeon-mok structural analysis, the soil thickness (Table 3-4) and the horizontal
length(Table 3-6) were used to calculate the soil load and tile load. Modeling
was performed in the form of a simple beam that is the same as the actual
condition of Bu-yeon. In the case of the root part, the cross section becomes
smaller toward the edge. Bu-yeon is in contact with the upper surface of Yeon-

mok from the part where the cross section becomes smaller to the edge.
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L1 L2 L3
|

Figure 3-5 Calculation of reaction point for structural review of Bu-yeon

Table 3-6 Measuring of horizontal length of Bu-yeon

L1 L2 L3
Lecture Hall of Sosu 550 mm 100 mm 900 mm
Suengyeoljeon Hall 450 mm 80 mm 720 mm

3.3.4 Mok-gi-yeon

Structural analysis was performed by referring to the actual drawings of
Jeongyodang Hall in Dosanseowon Confucian School, Lecture Hall of Sosu
Confucian Academy, Yangjindang House, Namhansanseong Suengyeoljeon
Hall. The location of Mok-gi-yeon is on the gable board, and the load of gable
ridge is concentrated on the head of Mok-gi-yeon. The roof tile load was
calculated by calculating the number of tiles of the ridge. The expected load
was conservatively calculated by referring to the design drawings and repair

reports of each structure. The structural system has a free end on the outside
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Chapter 3. Structural analysis

and is supported on the inside based on the gable board. Therefore, it becomes

a cantilever beam type.

L1 L2

Figure 3-6 Model for measuring the horizontal length of Mok-gi-yeon

Table 3-7 The horizontal length of each structure

BxH i
) L1 L2 Gable ridge
Jeongyodang hall 75%95 150 mm 450 mm 3
Lecture Hall of 85%115 230 mm 1070 mm 3
Sosu
Yangjindang 90x110 240 mm 1100 mm 3
House
Suengg’:l‘l’“eo” 90x120 240 mm 800 mm 3
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3.4 Structural analysis results and discussion

By applying the load conditions and structural system analyzed in Chapter 3,
the roof members of Jeongyodang Hall in Dosanseowon Confucian School,
Lecture Hall of Sosu Confucian Academy, Yangjindang House,

Namhansanseong Suengyeoljeon Hall were analyzed using Midas Geny

(Table 3-8 ~ Table 3-11).

All members showed a result value lower than the allowable stress. Most
of the members are less than 60% of the allowable stress, but only Jang-yeon
calculated that the allowable stress ratio is higher than that of other members

(Table 3-12).

Chu-nyu can see that the bending stress ratio is about 40%. The cross section
of Chu-nyu is the largest among roof members. Chu-nyu can be divided into
the head and the root. As a load is applied to the head and the root, bending
moment and shear force occur most at the eaves. The structural weakness is the

Cheoma Do-ri point.

Comparing Yeon-mok's Dan-yeon and Jang-yeon, Jang-yeon has a lot of
bending moment and shear force. This is because the relatively long Jang-yeon
is receiving more loads. Examining the allowable stress ratio, Yeon-mok has a
greater bending stress. The vulnerable part of Dan-yeon is the central part where
the bending moment is concentrated, and the vulnerable part of Jang-yeon is

the Cheoma Do-ri where the most bending moment and shear force are applied.

Bu-yeon's allowable bending stress and allowable shear stress are less than

3 ™ | g
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Chapter 3. Structural analysis

10%. The allowable shear stress is slightly higher. The weak point of Bu-yeon
is near the Bu-yeon Chak-go where the bending moment and shear force are

high.

Mok-gi-yeon has low bending stress ratio (maximum 2.48%) and shear stress
ratio (maximum 4.09%). Unlike Chu-nyu and yeon-mok, Mok-gi-yeon has less
area to receive loads. In Chu-nyu and yeon-mok, each member transmits the
load to the Do-ri or column, but Mok-gi-yeon receives the load of a portion of
the roof that touches the upper surface of the member, and the rest load does
not go through Mok-gi-yeon. Due to its characteristics, it is difficult to conclude
that it is a major structural member. The vulnerable part of Mok-gi-yeon is near

the gable board point.
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Table 3-8 Structural analysis results of Jeongyodang Hall
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Table 3-9 Structural analysis results of Lecture Hall of Sosu
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Table 3-10 Structural analysis results of Yangjindang House
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Table 3-11 Structural analysis results of Suengyeoljeon Hall
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Table 3-12 Result of Allowable stress ratio

Maximum Maximum bending Allowable bending . . Maximum Shear Maximum Shear Allowable shear .
bending moment p—— p— Bending stress ratio Ev— — p— Shear Stress Ratio
Dan-yeon 0.43 kN *m 1.30 MPa 8.14 MPa 16.0 % 1.40 kN 0.11 MPa 1.27 MPa 8.7 %
Jeongyodang Jang-yeon 343 kN -m 6.52 MPa 8.14 MPa 80.1 % 5.41 kN 0.30 MPa 1.27 MPa 23.6 %
Hall Chu-nyu 13.0 kN-m 4.13 MPa 9.76 MPa 42.3% 17.3 kN 0.28 MPa 1.27 MPa 22.0%
Mok-gi-yeon 133 N'm 0.117 MPa 9.76 MPa 1.19% 177.1N 0.037 MPa 1.27 MPa 291 %
Dan-yeon 0.8 KN-m 4.17 MPa 8.14 MPa 51.2 % 1.8 kN 0.20 MPa 1.27 MPa 15.7%
Jang-yeon 15 kN-m 6.21 MPa 8.14 MPa 76.3 % 3.0 kN 0.28 MPa 1.27 MPa 22.0%
Lecture Hall of
Sosu Chu-nyu 11.6 kN-m 3.82 MPa 9.76 MPa 39.1% 12.65 kN 0.29 MPa 1.27 MPa 22.8%
Bu-yeon 2182 N'm 0.782 MPa 9.76 MPa 8.18 % 938.7N 0.116 Mpa 1.27 MPa 9.13%
Mok-gi-yeon 373 N'm 0.199 MPa 9.76 MPa 2.04 % 306.8 N 0.047 Mpa 1.27 MPa 3.70 %
Dan-yeon 0.8 KN-m 4.72 MPa 8.14 MPa 58.0 % 2.1kN 0.20 MPa 1.27 MPa 15.7%
Yangjindang Jang-yeon 21 kN'm 7.80 MPa 8.14 MPa 95.8 % 3.5kN 0.30 MPa 1.27 MPa 23.6 %
House Chu-nyu 9.1 kN-m 3.16 MPa 9.76 MPa 32.4% 14.8 kN 0.36 MPa 1.27 MPa 28.3%
Mok-gi-yeon 440 N-m 0.242 MPa 9.76 MPa 2.48 % 3416 N 0.052 MPa 1.27 MPa 4.09 %
Dan-yeon 0.4 kN-m 1.66 MPa 8.14 MPa 20.4 % 1.3kN 0.12 MPa 1.27 MPa 9.4 %
Suengyeoljeon Jang-yeon 1.1 kN'm 4.55 MPa 8.14 MPa 55.9 % 3.0 kN 0.28 MPa 1.27 MPa 22.0 %
Hall Bu-yeon 1196 N-m 0.554 MPa 9.76 MPa 5.68 % 647.0N 0.090 MPa 1.27 Mpa 7.09 %
Mok-gi-yeon 39.7 N'm 0.184 MPa 9.76 MPa 1.89 % 3305N 0.046 MPa 1.27 MPa 3.62 %
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Table 3-13 velnerable part of roof member

Chapter 3. Structural analysis

Bending Moment diagram

Shear force diagram
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Chapter 4. Non-destructive diagnostic test of damaged member

Chapter 4. Non-destructive diagnostic test of
damaged member

Experimental members (2 Chu-nyu, 18 Yeon-mok, 2 Bu-yeon, and 5 Mok-

gi-yeon) were provided in TKorea Foundation for the Traditional Architecture
and Technologys . The experimental members were dismantled at

Jeongyodang Hall in Dosanseowon Confucian School, Lecture Hall of Sosu

Confucian Academy, Yangjindang House.

Members dismantled from traditional wooden structures are characterized by
large sizes, non-uniform shapes, and uneven surface appearance. The
deterioration was diagnosed by applying the wood non-destructive diagnostic
test to these dismantled members, and it was examined whether significant

results could be derived.

4.1 Non-destructive diagnostic test

Non-destructive analysis methods for evaluating the internal deterioration of
traditional wooden structures include elastic wave (stress wave, ultrasonic, etc.)
test, drill resistance test, and X-ray test. The evaluation of deterioration of the
interior of the wooden member of a traditional wooden structure can be divided
into qualitative and quantitative evaluation according to the method. To
evaluate the residual strength due to deterioration, the residual strength of the

member must be predicted based on a quantitative evaluation. It is considered
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Chapter 4. Non-destructive diagnostic test of damaged member

more efficient to first evaluate the deterioration qualitatively inside the member,
and then to diagnose deterioration by quantitatively evaluating the deterioration

of a certain size or more.

It is necessary to change the application method step by step in consideration
of material characteristics such as inhomogeneity and anisotropy of wood. That
is, the presence or absence of deterioration was determined using elastic waves,
and the approximate magnitude of deterioration was determined by the drill
resistance test in the presence of deterioration. The deterioration state is finally
evaluated from the evaluation results obtained for each method by applying the
non-destructive diagnostic testing method. In this study, among the non-
destructive diagnostic testing methods, we intend to use the test method using
the stress wave test and the drill resistance test in consideration of the field

applicability that can be used conveniently in the field.

4.1.1 Stress wave test

1) Device specifications

Using Metriguard's 239A model, the stress wave transmission time through
the specimen was measured. This device consists of a hammer that generates a
stress wave, a detector that detects the stress wave, and a main body that
measures and displays the time when the stress wave generated from the

hammer reaches the detector.
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Figure 4-1 Stress wave measuring device (Metriguard 239A)

2) Experimental method

As shown in Figure 4-2, the original sphere (bottom of the column) of the
dismantling member was set as 0, and the reference line was set in the
longitudinal direction. The measurement was started from a position 150 mm
away from the lower part in the longitudinal direction, and measurements were
taken with 300 mm in the longitudinal direction. For the member of the circular
cross section, a stress was applied to the reference line, and the time during
which the stress wave was transmitted from the opposite side was measured. In
addition, the stress was applied at a point perpendicular to the reference line
and the time at which the stress wave was transmitted from the opposite side
was also measured. Measurements were made five times at the same location,
and the average value excluding the highest and lowest values was used as the
time through which the stress wave penetrated. The distance through which the
stress wave was transmitted was measured, and the measured distance was

divided by the time at which the stress wave was transmitted to derive the stress
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Chapter 4. Non-destructive diagnostic test of damaged member

wave transmission speed. The stress wave transmission speed was obtained by

the following equation.

stress wave transmission distance(m)

Stress wave transmission speed(m/s) = — -
stress wave transmissiong time(s)

bottom 150mm i 300mm E 300mm i i TOp

.-.é)-----(l)-----(jﬁ-- Reference line
Sdmososoeocnes

Perpendicular line

Figure 4-2 Stress wave test method

4.1.2 Drill resistance test

1) Device specifications

IML's F500-S model was used to measure the resistance force generated
while the drill blade of the testing machine passed through the damaged
member. A drill blade having a diameter of 3 mm and a length of 500 mm was
used, and the experiment was conducted by selecting the tree species as

softwood in the setting of the experimental device.
2) Experimental method

From the results of the stress wave test, the drill resistance test was performed

on the cross section with a stress wave transmission speed of 500 m/s or less.
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Chapter 4. Non-destructive diagnostic test of damaged member

The drill resistance test was carried out at the same position as the measured
position of the stress wave test. If it is judged that there is internal deterioration,
to diagnose the internal condition, measure 8 times at 22.5 degree intervals on
the same cross-section as shown in Figure 4-4. CT images of the cross section
were constructed using the Matlab program. The internal deterioration was
estimated by displaying the areas with high and low drill resistance in different
colors. Low drill resistance values are expressed in yellow (approximately 10%
or less), high drill resistance values are expressed in blue (approximately 50%

or more), and black parts indicate normal wood.

Figure 4-3 Drill resistance device (IML F500-S)
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Figure 4-4 Drill resistance test
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4.1.3 Non-destructive diagnostic test results (Refer to Appendix. A)

1) Chu-nyu

Chu-nyu is a member with a relatively large cross-section with a depth of
about 300 mm. In the case of surface deterioration of these members, when
visually inspected, a state in which the cross section was separated from the
original surface to a depth of about 40 mm due to decay was seen. However,
since it is not possible to visually inspect how much surface decay has
progressed or penetrated the interior, stress wave tests and drill resistance tests
were performed to check the internal decay state. This internal deterioration
state of the member is closely related to the residual strength of the member
and is intended to be used as a criterion for determining whether to reuse the

member according to the residual strength of the member.

Among roof members, members with relatively large cross-sections often
support relatively large loads. Therefore, if judging only by the deterioration
state visible on the surface, there is a very high possibility of erroneous
judgment of re-use, so it is necessary to understand the deterioration state of the

inside of the member more accurately.

Chu-nyu showed initial decay to a depth of about 40 mm in addition to
surface decay. In addition, the initial decay state of the interior cannot be
detected by the stress wave test but can be detected only by the drill resistance
test. This is because the initial decay state is a state in which the weight
reduction rate is less than about 20%, so there is a high possibility that it cannot
be detected by the stress wave test. In general, it is known that when the weight

reduction rate is 20%, the strength reduction rate reaches about 50%.
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2) Yeon-mok

In the case of Jang-yeon and Dan-yeon, deterioration is generally observed
on a part of the surface rather than the entire surface. Most of the stress wave
test results of these members show that the stress wave transmission speed is
500 m/s or more, which is standard value, and the drill resistance test results for
the inside of the member are also normal. In other words, it is judged that the
decay that occurred in the central part of Yeon-mok has not progressed or
penetrated further inside. However, in some members (Yangjindang House
Jang-yeon 1, 7), the depth of surface decay was observed to be slightly deeper
than that of other members, and the drill resistance test results for these
members showed that there was a part judged to be an initial decay state inside. .
In other words, depending on the condition of the surface decay, it can be seen

that the decay has progressed inside.

On the other hand, at the edge of Yeon-mok, it is easy to permeate moisture
through the end surface, so decay is easy to occur. Although the stress wave test
results for this part were found to be in a healthy state, because of conducting
the drill resistance test, the results were judged to be internal decay or initial

decay.

3) Bu-yeon

In appearance, Bu-yeon 1 showed severe decay in the unpainted part (about
600mm from the left end). The stress wave test was performed in the direction

perpendicular to the reference plane at positions 600 and 900 mm from the left
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end with severe decay. The stress wave test was not possible at 300mm, so only
the drill resistance test was performed. The stress wave transmission speed was
545 ~ 1,000 m/s, which exceeded the standard for decay judgment and was
judged to be sound. The drill resistance test result is judged to have decayed
from the surface to a depth of about 30 mm. This corresponds to 1/3 of the
member depth. From the results of the non-destructive test, this member has a
total length of about 1,000 mm, and decay occurred from the end face to 1/3 of
the cross section. About 1/3 of the length is judged to be in a state of severe
surface deterioration even by visual inspection, so it is judged that the

replacement of the member is necessary.

The Bu-yeon 2 appeared to be in near good condition not long after it was
replaced. The stress wave test was performed in the direction perpendicular to
the reference plane at positions 300, 600, and 900 mm from the left end,
respectively, and the result was a stress wave transmission speed of 1,058 ~

1,384 m/s, indicating that the member was in good condition. .

4) Mok-gi-yeon

In appearance, slight decay was observed on some surfaces of the whole
member, but overall it was observed to be in good health. The stress wave test
was performed at the positions shown in the figure for all members (Appendix.
A.). As aresult of the stress wave test, the stress wave transmission speed at all
measurement locations was 700 m/s or more, indicating that it was in a healthy
state. When looking at the results of visual inspection and stress wave test, it
was judged that all members were in a healthy state, so the drill resistance test

was not conducted.
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Table 4-1 Dismantling member experiment detail

Section (mm) Non-destructive .
Structural member length Str Drill Bending
width | height | (mm) €5 or test
wave resistance
Jang-Yeonl @175 3,500 o X o}
Lez;uéssﬁa" Bu-yeonl 90 90 1,110 (6] (0] X
Bu-yeon2 90 90 1,210 (6] X X
Chu-nyul 205 300 5,480 o (o} (o}
Jeongyodang Chu-nyu2 205 300 5,300 o 0] 0]
hall Jang-yeonl @145 3,410 o X o}
Jang-yeon2 2140 3,185 o X ()
Dan-yeonl @151 1,820 o o} o}
Dan-yeon2 @170 1,877 o o} o}
Dan-yeon3 2166 1,797 o () ()
Dan-yeon4 2116 1,802 o X o}
Dan-yeon5 @149 1,834 (0] o} o}
Jang-yeonl 2135 4,150 o 0 0
Jang-yeon2 @135 3,165 o X (e}
Jang-yeon3 @135 3,164 o (e} (e}
Jang-yeon4 2137 3,674 o 0 0
Yangjindang Jang-yeon5 @132 3,154 o (e} (e}
House Jang-yeon6 0135 3175 ) ) )
Jang-yeon7 2133 3,128 o 0 0
Jang-yeon8 @130 3,160 o X (e}
Jang-yeon9 7136 3,008 (0] X (0]
Jang-yeon10 @178 3,505 (6] X (6]
Mok-gi-yeonl 85 115 1,390 o X X
Mok-gi-yeon2 93 110 1,300 o X X
Mok-gi-yeon3 82 125 1,446 (6] X X
Mok-gi-yeon4 87 114 1,238 (0] X X
Mok-gi-yeon5 88 118 919 o X X
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4.2 Residual strength experiment

As it is a roof member, it was determined that the loads received by the
members would be mainly flexural loads, and a flexural test was performed to
evaluate the residual strength of the flexural strength of the members based on
the quantitative evaluation results of deterioration obtained by non-destructive
diagnostic testing. In addition, only Yeon-mok's flexural test was conducted.
Since Yeon-mok has a simple shape, it is relatively easy to predict the results

of non-destructive testing and residual strength compared to other members.
1) Device specifications

The whitening experiment was performed using a universal strength tester
(manufactured by Zwick, maximum load 10kN). The test conditions of Yeon-
mok were crosshead speed Smm/min, span was 3,000mm, 2,400mm, and
1,600mm depending on the length of the test piece, and the load condition was

centralized load, and the support condition was simple support.

iure 4-5 Flexural test
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2) Experimental method

According to the results of previous studies, it has been found that moment
of inertia of the sound section excluding the defective section of the section is
a remarkably effective factor in evaluating the flexural residual strength.
Therefore, the residual flexural strength is evaluated using the moment of

inertia as a major influence factor.
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Table 4-2 Bending test result of Yeon-mok

member Diameter | 1P MOR | MOE Form of
(mm) (x10°mm) | (kN) | (MPa) | (GPa) | destruction
Lecture Hall | Jang- 0185 5760 | 44.66 | 539 | 67 Normal
of Sosu yeon
Jang- 0145 2170 | 2132 | 534 | 98 Normal
Jeongyodang |  Yyeonl
hall Jang_
0170 4100 | 3330 | 518 | 73 Normal
yeon2
Dan-
@155 28.30 35.59 38.9 3.6 Shear fracture
yeon1
Dan- 0160 3217 | 5356 | 533 | 38 Normal
yeon2
Dan- .
@160 32.17 33.04 32.9 2.9 |Brittle fracture
yeon3
Dan- .
3120 10.18 16.20 38.2 5.8 |Brittle fracture
yeon4
Dan- .
@145 21.70 35.21 47.1 4.0 |Brittle fracture
yeon5
Jang- 0150 2485 | 2811 | 636 | 88 Normal
yeon1
Jang- 0150 2485 | 2939 | 665 | 112 Normal
yeon2
Yangjindang | - Jang- 0160 3217 | 2673 | 499 | 6.0 | Brittle fracture
House yeon3
Jang- .
@150 24.85 25.84 58.5 9.1 |Brittle fracture
yeon4d
Jang- 0150 2485 | 3448 | 781 | 148 Normal
yeon5
Jang- 0155 2833 | 2849 | 585 | 89 Normal
yeon6
Jang- 0150 2485 | 1776 | 402 | 58 Normal
yeon?
Jang- 0155 2833 | 2219 | 455 | 88 Normal
yeon8
Jang- 0160 3217 | 4619 | 689 | 83 Normal
yeon9
Jang- 0150 2485 | 3517 | 637 | 76 Normal
yeon10

43 A Z-TH 7



Chapter 4. Non-destructive diagnostic test of damaged member

4.3 Conclusion

The fracture mode was 'normal’, indicating a general bending fracture of
wood, 'brittle fracture' rather than a general fracture type, and 'shear fracture'

occurred near the support point.

Looking at the results of the flexural test according to the fracture type,
normal fracture occurred in 13 specimens, and the flexural strength of these
specimens was 40.2 ~ 78.1 MPa. The average of these values is 58.14 MPa.
This value represents a larger value than the 7.4 MPa value corresponding to
pine grade 1 in the standard allowable stress of visually graded structural
materials presented in National Institute of Forest Science Notification No.
2016-8 (Standards and Quality Standards for Wood Products). That is, among
the members used in the flexural test, the members showing normal failure are

strength-appropriate for reuse.

Also, looking at the flexural modulus of the above specimen, Dan-yeon 2 of
Yangjindang House contains circular segments on the cross section of the
member. Due to this, the dimensions of the actual cross-section are reduced,
and the flexural modulus is 3.8 GPa, indicating a very small value despite the
normal fracture shape. Jang-yeon 1 of Yangjindang House showed some signs
of internal decay as a result of the drill resistance test, but the flexural modulus
was found to be almost normal at 8.8 GPa. Jang-yeon 7 of Yangjindang House
was judged to have signs of internal decay from the drill resistance test result,
and the flexural modulus was also low at 5.8 GPa. In this member, the flexural

strength showed a low value of 40.2 MPa even though failure occurred in the

3 ™ | §
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Chapter 4. Non-destructive diagnostic test of damaged member

normal fracture mode. The other members showed values of 6.7 ~ 14.8 GPa,
and it can be said that the effect of surface decay or initial decay on the flexural

modulus is greater than the flexural strength.

In the case of a member showing brittle fracture, the flexural strength is 32.9,
38.2, and 47.1 MPa, respectively. These values correspond to the first grade of
structural lumber, but in terms of flexural modulus, 2.9, 5.8, and 4.4 GPa,
respectively. These values are structural members was found to be unsuitable
for use. However, it is judged that a more detailed examination is necessary for

the cause of such brittle fracture.

Summarizing the above results, when the members used in this experiment
show normal failure, they maintain sufficient strength in terms of strength. The
flexural modulus shows an unsuitable value for use depending on the decaying
state of the surface and the initial decaying state of the interior, so it is necessary
to review the standard for this. Even in the case of a member showing brittle
fracture, the flexural strength maintains a usable strength value, but the flexural
modulus shows a value that cannot be used, so it is judged to be unsuitable for
reuse. However, it is considered that further examination is necessary to set the

standard for which such brittle fracture can be expected to occur.
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Chapter 5. Repair design and experiments

Through structural analysis in Chapter 3, the structural vulnerable part of the
roof member was identified. In Chapter 4, we identified the actual decay-
vulnerable parts in the structural through visual and non-destructive diagnostic
tests. Based on these two results, it was referred to in the investigation of the
repair plan for the vulnerable. Repair cases in Korea were investigated and

applicable repair designs were adopted.

5.1 Repair design and experiment.

5.1.1 Material property

Traditional wooden structures have been around for a long time, so there are
some differences, but they are completely dry. However, the pine tree for the
test specimen was not completely dried. To evaluate the quantitative structural
safety of an actual structure and replace the member, it is an ideal approach to
experiment with the member of the same species and age as the actual structure.
However, it is practically impossible to obtain such members designated as
cultural structure. Therefore, structural tests are conducted by evaluating the
allowable stress of new wood, which is a pine family. The strength and
mechanical properties of wood to be used in the roof member test are shown in
the Table 5-1. Compared with the allowable stress specified in Korean Building
Code, it is evaluated as a pine tree grade 1 or higher structural member, so it is
appropriate as a member of the test. A titanium rod was used as a shear

connection material for the Chu-nyu. Because titanium has high corrosion
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resistance, it is suitable as a shear connector for wooden structures that are

vulnerable to moisture. The mechanical properties of titanium to be used as

shear connectors are shown in the Table 5-2. The distance according to the

diameter of the titanium shear connector was calculated according to the

Korean Building Code (Table 5-3).

Table 5-1 Wood (KS F 2206,2208,2209)

Tree Compressive Bending Shear Modulus of Moisture
species stress stress stress elasticity content
pine 27.2 MPa 46.6 MPa | 8.7 MPa 10 GPa 17.2%
Table 5-2 Titanium bar
Grade Yeild strength Tensile strength Modu_l us of
elasticity
2 275 MPa 345MPa 103 GPa

Table 5-3 The distance according to the diameter of the titanium shear connector

. L Minimum Minimum Minimum
. Dowel Maximum Minimum X
Diameter . Number . . edge end penetration
bearing . interval interval . .
(mm) U of lines (mm) (mm) distance distance depth
(mm) (mm) (mm)
6.6
10 2 160 50 40 70 80
Mpa
15 124 2 300 75 60 105 120
Mpa
20 19.0 2 450 100 80 140 160
Mpa
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Chapter 5. Repair design and experiments

5.1.2 Chu-nyu

1) Repair introduction

Chu-nyu is the member that receives the most load among the roof members
and has the largest size. In Chapter 3 Structural Analysis, Chu-nyu showed a
high bending stress ratio at the Cheoma Do-ri. As for the decay characteristics
of the Chu-nyu, rainwater seeps in from the upper part of the joint between the
Cheoma Do-ri and the Chu-nyu, so that the upper surface of the central part
becomes decay and expands to the lower part. The cross section where the stress
of the Chu-nyu is concentrated is lost and the fracture occurs. The existing
repair method improved the performance by increasing the cross section
through the addition of new material on the upper part of the decayed part. It is
difficult to preserve the original shape of the structure due to the increase in
section height h. This experiment tries to figure out the flexural performance of

the member filled with new material after removing the decayed part.

2) Repair design

The reference member (Figure 5-1) and the repaired member(Figure 5-2)
were manufactured based on Chu-nyu of Jeongyodang Hall in Dosanseowon
Confucian School (width b: 200mm). The decay of Chu-nyu of Jeongyodang
Hall was confirmed to be about 80mm from the upper surface. When
manufacturing the repaired member, it was assumed that this part was removed
to insert the backing wood. The backing wood was made with a thickness of 80

mm.

3 ™ | g
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Shear flow (f) at the center of the cross section of Chu-nyu was calculated
from the maximum shear force (17.3kN) applied to Chu-nyu resulting from the

structural analysis.

3V 3x17,311IN

2h = 2x300mm . co->N/mm

Determination of allowable shear strength (F) and spacing (s) of shear

connectors that satisfy the following equation.

fes

S

The shear connectors of the repaired member were applied conservatively

based on the calculated values and Table 5-3.

2550 2900

Figure 5-1 Detail of the reference member (Chu-nyu)
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Figure 5-2 Detail of the repaired member (Chu-nyu)

After making a hole of 14 mm in the repaired member, the titanium bar
(Diameter: 15 mm, Length: 30 cm) was inserted by hitting it with a hammer

(Figure 5-3).

Figure 5-3 Titanium bar and inserting process

3) Experiment

The end of the specimen was set to support the root part like an actual Gang-
da-ri or Chu-nyu-jeong, so, 500 mm of the root part was fixed with a steel jig
as shown in the Figure 5-4, like the end condition. The reaction point was placed

on the Jung Do-ri point and the Cheoma Do-ri. The distance between the
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reaction points was set to 2,400 mm, and the distance between the loading
points was set to be 1,500 mm. The loading was performed with a 150-ton

actuator, and the loading speed was performed at 3 mm/min.

1500

e AR PO o~

Figure 5-4 Test set-up (Chu-nyu)
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5.1.3 Yeon-mok

1) Repair introduction

The Yeon-mok of Jeongyodang Hall in Dosanseowon Confucian School,
Lecture Hall of Sosu Confucian Academy, Yangjindang House,
Namhansanseong Suengyeoljeon Hall mainly have unbalanced decay of the
upper surface, decay of the ends, and cracks in members. In the case of non-
reusable members, after cutting the problematic part, a modified butt joint can
be applied as shown in the Figure 5-5. In this experiment, Yeon-mok were
designed by considering the ratio of the butt joint between Ha-jung Do-ri used
in the Daejeokgwangjeon Hall of the Gwisinsa Temple. This experiment tries

to figure out the bending performance of the designed Yeon-mok.

Figure 5-5 The modified butt joint

2) Repair design

The sizes of of the reference member and the repaired member of Yeon-mok
were produced with the average of the members provided by the foundation.
The diameter was 150mm, the Jang-yeon’s length was 3m, and the Dan-yeon’s

length was 2m. For the repaired member, referring to the actual measurement

52 -':lﬂ-'i "':'l:' 1-



Chapter 5. Repair design and experiments

drawings, a straight tenon was produced as much as 2/3 of the radius, and the
straight tenon was changed to the form of a rake. The joint length of the repaired
member was set to 400 mm, and the length of the tenon groove was set to 1/10
the joint length. The member of the Daejeokgwangjeon Hall was reinforced
with steel nails to prevent slipping in the center part of the side. When the lower
surface is exposed to the ceiling, a square wooden nail (30mmXx30mm) was
inserted in the actual experiment in consideration of the aesthetics of traditional

wooden structure. (Figure 5-6)

o5t
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25,50
T
56

)
e

320 40 ‘

Figure 5-6 Detail of the repaired member (Yeon-mok)

3) Experiment

The members of Yeon-mok were 3000mm (Jang-yeon) and 2000mm (Dan-
yeon). The reaction point was placed 100mm inside each end, and the distance
between the reaction points was 2800mm and 1800mm. The loading was
carried out in a three-point flexural test using a 10-ton UTM, and the loading

speed was 5 mm/min, the same as in the flexural test of the Non-destructive
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test. Since the cross section of the Yeon-mok is circular, a support for preventing

fall was installed at a distance of 200 mm from the center (Figure 5-7).

100 1400,900 | 1400,900 |
k= T \

Figure 5-7 Test set-up (Yeon-mok)

5.1.4 Bu-yeon

1) Repair introduction

It was found that the length of the Bu-yeon of Lecture Hall of Sosu Confucian
Academy provided by the foundation was shortened due to damage to the fixing
nail part of the back root, and the cross section was reduced due to severe
damage to the side part. If the repair method is considered based on this, it is

difficult to apply the oblique scarf joint and the butt joint. Therefore, this
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experiment tries to figure out the flexural and shearing performance of the

designed Bu-yeon by applying a tusk tenon joint (Figure 5-8).

Figure 5-8 The tusk tenon joint (Bu-yeon)

2) Repair design

The sizes of the reference member and the repaired member of Bu-yeon were
manufactured based on the experimental members provided by the foundation.
The cross section (width X height) of Bu-yeon was set to be 100mm X 110mm,
the length was 1200mm, the head to Bu-yeon Chak-go was set to 500mm, and
the groove to the Bu-yeon Chak-go was set to 20mm X 20mm. From Bu-yeon
Chak-go to the root, 680 mm was set, among which, the section with a constant
section was set to 100 mm, and the section with a decreasing section was set to
580 mm. The repaired member was made using tusk tenon joint. The total
length of the tenon is 120mm, of which the length of the tenon neck is 80mm,
the width of the tenon neck is 30mm, the length of the tenon head is 40mm, and
the width of the tenon head is 50mm. A square wooden nail (20mm X 20mm)
was inserted because a gap occurred due to a manufacturing error when the

head and the root of the repaired material were combined.
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L=zo |

Figure 5-9 Detail of the repaired member (bu-yeon)

3) Experiment

The members of Bu-yeon had a length of 1200 mm and a reaction point of
510 mm at the head, which is the Bu-yeon Chak-go, and 190 mm at the root,
referring to the shear force diagram in Chapter 3. Structural Analysis. The
loading point was set at 540 mm from the root, which is the center of the
resultant force of the tile load and the soil load. The loading was carried out

using a 10-ton UTM machine, and the loading speed was 5 mm/min.

[ 510 1 150_| 350
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Figure 5-10 Test set-up (Bu-yeon)

5.1.5 Mok-gi-yeon

1) Repair introduction

Like Bu-yeon, the Mok-gi-yeon of Yangjindang House, which was provided
by the foundation, was shortened in length due to damage to the fixing nail part
at the root, and the cross section was reduced due to severe damage to the side.
Based on this, when the repaired method is considered, it is difficult to apply
the oblique scarf joint and the butt joint. Therefore, this experiment tries to
figure out the bending and shearing performance of the designed Mok-gi-yeon

by applying a tusk tenon joint.
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2) Repair design

The size of the reference member and the repaired member of Mokgi Yeon
was manufactured based on the experimental members provided by the
foundation. The cross section (width X height) of Mok-gi-yeon was set to
100mm X 110mm, the length was 1340mm, the head to the gable board was
200mm, and the gabled groove was set to 40mm X 40mm. The length from the
gable board to the root was 1100 mm. Among them, the section in which the
cross section of the root part is constant was set to 100 mm, and the section in
which the cross section was decreased was set to 1000 mm. The repaired
member was made using tusk tenon joint. The total length of the tenon is
140mm, of which the length of the tenon neck is 100mm, the width of the tenon
neck is 40mm, the length of the tenon head is 40mm, and the width of the tenon
head is 70mm. A square wooden nail (20mm X 20mm) was inserted because a
gap occurred due to a manufacturing error when the head and the root of the

repaired material were combined.
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3) Experiment

The members of mok-gi-yeon are 1340 mm. With reference to the actual
measurement drawings, the upper surface of Jang-yeon, which is the actual
reaction point of Mok-gi-yeon, was assumed as the reaction point. The assumed
reaction point is 240mm from the head, which is the gable board point, and
300mm and 700mm from the end of the root, which is the upper surface of
Jang-yeon. Since the lifting of the root part occurs when the head part is loaded,
the steel jig and the member were fixed with clamps. The loading point was set
as the 100mm point of the head where the load of the gable ridge is concentrated.
The loading was carried out using a 10-ton UTM machine, and the loading

speed was 5 mm/min.
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5.2 Experiment results and discussions

All measurement data were collected by a data logger through a LVDT
(Linear Vertical Displacement Transducer). By converting the collected data,
the relationship between load and stress and strain was analyzed. Since the yield
load is not clear on the load-displacement graph, the intersection of the initial
stiffness in the elastic region and the tangent in the plastic region was calculated
as the yield load. The initial stiffness and stiffness in plastic region of the
member were calculated with reference to ACI committee 363. The failure
mode occurred as a flexural failure in the structural vulnerable part (Refer to

Appendix. B.).

5.2.1 Load-displacement Curve

The load-displacement curve(Figure 5-14 - Figure 5-18) was analyzed for
the results of the Flexure test. Analysis of the results will proceed in the order

of yield load, ultimate load, stiffness, and stress.
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Figure 5-14 Load-Displacement curve (Chu-nyu)
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Figure 5-15 Load-Displacement curve (Jang-yeon)
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Figure 5-16 Load-Displacement curve (Dan-yeon)
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Figure 5-17 Load-Displacement curve (Bu-yeon)
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Figure 5-18 Load-Displacement curve (Mok-gi-yeon)
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5.2.2 Strength

The reference member of Chu-nyu has a yield load of 90.44kN and an
ultimate load of 138.02kN. The yield load of the repaired member was 80.96kN,
which decreased by 10.5%. The ultimate load was 127.65kN, which decreased
by 7.5% (Table 5-4).

Table 5-4 Load and displacement (Chu-nyu)

Yield Ultimate
Member
P,(kN) 8, (mm) P,(kN) 8, (mm)

Reference 1 | 7993 34.35 112.38 59.46
90.44 32.12 138.02 63.01

Reference 2 | 100.89 29.89 163.66 66.56

Repaired 1 | gg g 28.67 132.52 56.51
_ 80.96 26.34 127.65 56.46

Repaired2 | 73.00 24.01 122.77 56.41

The reference member of Jang-yeon has a yield load of 10.19kN and an
ultimate load of 16.12kN. The yield load of the repaired member was 1.84kN,
which decreased by 81.9%. The ultimate load was 3.09kN, which decreased by
80.9% (Table 5-5).

Table 5-5 Load and displacement (Jang-yeon)

Yield Ultimate
Member
P,(kN) 8y, (mm) P,(kN) 8y (mm)
Referencel | 117 30.11 19.98 55.67
Reference2 | 1039 | 1019 | 3471 | 29.70 | 1493 | 16.12 | 6325 | 52.83
Reference3 | g.48 24.28 13.46 39.56
Repaired 1 2.5 24.2 3.71 86.3
Repaired 2 195 | 1.84 | 2751 | 2341 | 3.39 3.09 | 71.13 | 8472
Repaired 3 1.07 18.51 2.16 96.72
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The reference member of Dan-yeon has a yield load of 16.31kN and an
ultimate load of 25.36kN. The yield load of the repaired member was 4.93kN,
which decreased by 69.8%. The ultimate load was 5.95kN, which decreased by
76.5% (Table 5-6).

Table 5-6 Load and displacement (Dan-yeon)

Yield Ultimate
Member P, (kN) 8, (mm) P, (kN) & ffmmn)

Referencel | 982 13.26 17.08 23.45
Reference 2 | 2108 | 16.31 | 27.81 | 19.56 | 32.13 | 2536 | 47.58 | 33.25
Reference 3 | 1713 17.6 26.88 28.73

Repaired 1 4.77 19.31 6.35 327
Repaired2 | 454 | 493 | 3494 | 3093 | 5.48 5.95 61.7 | 47.13
Repaired 3 5.47 38.53 6.02 47

The reference member of Bu-yeon has a yield load of 13.67kN and an
ultimate load of 28.03kN. The yield load of the repaired member was 10.81kN,
which decreased by 20.9%. The ultimate load was 19.14kN, which decreased
by 31.7% (Table 5-7).

Table 5-7 Load and displacement (Bu-yeon)

Yield Ultimate
Memoer B (kN) 5, (mm) Au(kN) B,(mm)
Reference 1 13.36 4.38 22.55 10.75
Reference 2 | 1353 | 1367 | 3.95 | 4.63 | 29.70 | 28.03 | 14.22 | 1452
Reference 3 14.12 5.55 31.84 18.58
Repaired 1 7.04 2.45 13.47 5.64
Repaired 2 141 | 1081 | 743 | 507 | 2325 | 19.14 | 18.69 | 12.97
Repaired 3 | 1129 5.32 20.71 1458
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Chapter 5. Repair design and experiments

The reference member of mok-gi-yeon has a yield load of 12.18kN and an
ultimate load of 20.72kN. The yield load of the repaired member was 3.02kN,
which decreased by 75.2%. The ultimate load was 4.85kN, which decreased by
76.6% (Table 5-8).

Table 5-8 Load and displacement (Mok-gi-yeon)

Yield Ultimate
Member
P,(kN) 8y (mm) P,(kN) &y, (mm)
Referencel | 1074 6.72 18.24 15.98
Reference2 | 1418 | 1218 | 7.1 6.77 | 2523 | 2072 | 1824 | 17.82
Reference 3 11.62 6.5 18.69 19.25
Repaired 1 3.87 4.8 6.45 10.94
Repaired 2 2.4 3.02 | 357 | 419 | 4.09 4.85 6.26 | 8.24
Repaired 3 2.78 421 4.00 7.51

80

60

40

20 I

0 .I — .I —_— .I .I —

reference repaired reference repaired reference repaired reference repaired reference repaired
Chu-nyu Jang-Yeon Dan-yeon Bu-yeon Mok-gi-yeon

m Yield(kN) m Ultimate(kN)

Figure 5-19 Compairing the yield and the ultimate load

As a result of comprehensive testing of roof members, it was found that the

flexural strength of the repaired members by the traditional carpentry method
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Chapter 5. Repair design and experiments

decreased compared to the reference members. The closest to the flexural
strength of the reference member was the Chu-nyu, followed by Bu-yeon, Dan-
yeon, Mok-gi-yeon, and Jang-yeon. In particular, Jang-yeon showed a decrease

rate of over 80%.

5.2.3 Stiffness

The stiffness can be calculated from the slope of the load-displacement curve.
The stiffness can be divided into the initial stiffness in the elastic region (Kg)
and the stiffness in the plastic region (Kp). Each stiffness was calculated based
on the following equation of ACI Committee 363.

Py—P,
Ke =5, =5,

In accordance with the above equation, the initial stiffness in the elastic
region and the stiffness in the plastic region were calculated based on the load

and displacement at the yield load and ultimate load.

In the reference member of the Chu-nyu, the initial stiffness is 2.85 and the
stiffness in the plastic region is 1.50. The repaired member had an initial
stiffness of 3.07, which increased by 8%, and a plastic stiffness of 1.56, which

increased by 3%.
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Table 5-9 Stiffness (Chu-nyu)

Initial stiffness

Stiffness in the plastic region

Member Stiffness Repaired Stiffness Repaired
/Reference /Reference
(kN/mm) %) (kN/mm) %)
Reference 1 2.33 1.00 1.29 1.00
Reference 2 3.38 1.00 1.71 1.00
Repaired 1 3.10 1.08 1.57 1.04
Repaired 2 3.04 1.07 1.54 1.02

In the reference member of the Jang-yeon, the initial stiffness is 0.35 and the

stiffness in the plastic region is 0.27. The repaired member had an initial

stiffness of 0.08, which decreased by 77.6%, and a plastic stiffness of 0.02,

which decreased by 91.8%.

Table 5-10 Stiffness (Jang-yeon)

Initial stiffness

Stiffness in the plastic region

. Repaired :
Member (S;Ljf;:f;s) /Re%/:)ence B, (kN) (Sktll\lﬁ/‘rr:]e;si
Reference 1 0.39 1.0 0.32 1.0
Reference 2 0.30 1.0 0.16 1.0
Reference 3 0.35 1.0 0.33 1.0
Repaired 1 0.10 0.30 0.02 0.07
Repaired 2 0.07 0.21 0.03 0.12
Repaired 3 0.06 0.17 0.01 0.05

In the reference member of the Dan-yeon, the initial stiffness is 0.83 and the

stiffness in the plastic region is 0.70. The repaired member had an initial

stiffness of 0.17, which decreased by 79.2%, and a plastic stiffness of 0.07,
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which decreased by 89.6%.

Table 5-11 Stiffness (Dan-yeon)

Initial stiffness Stiffness in the plastic region

Member Stiffness /see][);:sge P.(kN) Stiffness

(KN/mm) %) v (KN/mm)
Reference 1 0.74 1.0 0.71 1.0
Reference 2 0.79 1.0 0.51 1.0
Reference 3 0.97 1.0 0.88 1.0
Repaired 1 0.25 0.30 0.12 0.17
Repaired 2 0.13 0.16 0.04 0.05
Repaired 3 0.14 0.17 0.06 0.09

In the reference member of the Bu-yeon, the initial stiffness is 3.01 and the

stiffness in the plastic region is 1.46. The repaired member had an initial

stiffness of 2.30, which decreased by 23.6%, and a plastic stiffness of 1.28,

which decreased by 12.1%.

Table 5-12 Stiffness (Bu-yeon)

Initial stiffness Stiffness in the plastic region

Member Stiffness /S;Pe E;gr?ge P (kN) Stiffness

(KN/mm) (%) u (KN/mm)
Reference 1 3.05 1.0 1.44 1.0
Reference 2 3.43 1.0 1.57 1.0
Reference 3 2.54 1.0 1.36 1.0
Repaired 1 2.87 0.96 2.02 1.38
Repaired 2 1.90 0.63 0.81 0.56
Repaired 3 2.12 0.71 1.02 0.70
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Chapter 5. Repair design and experiments

In the reference member of the Mok-gi-yeon, the initial stiffness is 1.79 and

the stiffness in the plastic region is 0.79. The repaired member had an initial

stiffness of 0.71, which decreased by 60.3%, and a plastic stiffness of 0.47,

which decreased by 39.8%.

Table 5-13 Stiffness (Mok-gi-yeon)

Initial stiffness Stiffness in the plastic region

Member Stiffness /s:f;i;ge P (kN) Stiffness

(KN/mm) %) u (kN/mm)
Reference 1 1.60 1.0 0.81 1.0
Reference 2 2.00 1.0 0.99 1.0
Reference 3 1.79 1.0 0.55 1.0
Repaired 1 0.81 0.45 0.42 0.53
Repaired 2 0.67 0.37 0.63 0.80
Repaired 3 0.66 0.37 0.37 0.47

3.5

-
in

-

2
n

reference repaired

Chu-nyu

reference repaired

Jang-Yeon

reference

repaired reference repaired

Dan-yeon Bu-yeon

W Initial stiffness in the elastic region

m Stiffness in the plastic region

Figure 5-20 Compairing the stiffness
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Chapter 5. Repair design and experiments

5.2.4 Ductility

Ductility (¢,,) applies the concept that a structure will fail when it can no

longer support the load. Through the displacement (4§, ) at yield and the

displacement (§,,) at fracture of the member, the ductility coefficient was

calculated by the following equation.

ty = 6y/6y

In the reference member of the Chu-nyu, the ductility is 1.98. The repaired

member had a ductility of 2.16, which increased by 9%.

Table 5-14 Ductility (Chu-nyu)

Ductility coefficient Ductility ratio
e e Repaired
Uy Average /Reference Average
(%)
Reference 1 1.73 1.00
1. 1.
Reference 2 2.23 % 1.00 00
Repaired 1 1.97 1.00
Repaired 2 2.35 2.16 1.19 109

In the reference member of the Jang-yeon, the ductility is 1.77. The repaired

member had a ductility of 3.79, which increased by 115%.
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Table 5-15 Ductility (Jang-Yeon)

Ductility coefficient

Ductility ratio

Member Repaired
Uy Average /Reference Average

(%)

Reference 1 1.85 1.00

Reference 2 1.82 1.77 1.00 1.00

Reference 3 1.63 1.00

Repaired 1 3.57 2.02

Repaired 2 2.59 3.79 1.46 2.15

Repaired 3 5.23 2.96

In the reference member of the Dan-yeon, the ductility is 1.70. The repaired

member had a ductility of 1.56, which decreased by 8%.

Table 5-16 Ductility (Dan-yeon)

Ductility coefficient

Ductility ratio

Member Repaired
Uy Average /Reference Average

(%)

Reference 1 1.77 1.00

Reference 2 1.71 1.70 1.00 1.00

Reference 3 1.63 1.00

Repaired 1 1.69 0.99

Repaired 2 1.77 1.56 1.04 0.92

Repaired 3 1.22 0.72

In the reference member of the Bu-yeon, the ductility is 3.13. The repaired

member had a ductility of 2.52, which decreased by 20%.
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Table 5-17 Ductility (Bu-yeon)

Ductility coefficient Ductility ratio
T Repaired
Uy Average /Reference Average

(%)

Reference 1 2.45 1.00

Reference 2 3.60 3.13 1.00 1.00

Reference 3 3.35 1.00

Repaired 1 2.30 0.73

Repaired 2 2.52 2.52 0.80 0.80

Repaired 3 2.74 0.87

In the reference member of the Mok-gi-yeon, the ductility is 2.64. The

repaired member had a ductility of 1.94, which decreased by 26%.

Table 5-18 Ductility (Mok-gi-yeon)

Ductility coefficient Ductility ratio
Member Repaired
Uy Average /Reference Average

(%)

Reference 1 2.38 1.00

Reference 2 257 2.64 1.00 1.00

Reference 3 2.96 1.00

Repaired 1 2.28 0.86

Repaired 2 1.75 1.94 0.67 0.74

Repaired 3 1.78 0.68
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reference ‘ repaired reference ‘ repaired reference ‘ repaired reference | repaired reference | repaired
Chu-nyu Jang-Yeon Dan-yeon Bu-yeon Mok-gi-yeon
W Ductility 198 ‘ 2.16 177 ‘ 379 1.70 ‘ 1.56 113 | 252 2.64 | 1.94

Figure 5-21 Compairing the ductility

5.2.5 Experimental value comparing theoretical value of reference

The experimental value and the theoretical value of reference member were
compared using the ultimate load obtained from the experiment of each member.
For the experimental value, Midas Gen, a general-purpose structural analysis
program, was used. The bending moment was calculated by designing the
member in the same form as the experimental conditions and inputting the
ultimate load. The bending stress was calculated using the bending moment
(M/Z=c). The theoretical value was applied to the bending stress value of the

wood used.

As a result of comparing the experimental and theoretical values in the
reference member, the ratio was 34-48% for Chu-nyu, 61-91% for Jang-yeon,
50-94% for Dan-yeon, 25-36% for Bu-yeon, and 67~93% for Mok-gi-yeon.

Experimental values tended to be lower than theoretical values (Table 5-19).
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Chapter 5. Repair design and experiments

The reason for the low experimental value is the reduction of the bending

stress of the member according to the lumbering process of the wood used as

the member, the material characteristics of each, the strength difference

between the sapwood and the heartwood, and the position of the knot of the

wood.

Table 5-19 Experimental value comparing theoretical value of reference memeber

Member
(R=reference)

Experimental
flexural stress

Theoretical
flexural stress

Experimental/
Theoretical(%)

Chu-nyu, R 1 16.1 MPa 46.6 MPa 34.5
Chu-nyu, R 2 22.5 MPa 46.6 MPa 48.3
Jang-yeon, R 1 42.2 MPa 46.6 MPa 90.6
Jang-yeon, R 2 31.5 MPa 46.6 MPa 67.7
Jang-yeon, R 3 28.4 MPa 46.6 MPa 61.0
Dan-yeon, R 1 23.2 MPa 46.6 MPa 49.8
Dan-yeon, R 2 43.6 MPa 46.6 MPa 93.6
Dan-yeon, R 3 36.6 MPa 46.6 MPa 78.3
Bu-yeon,R 1 11.7 MPa 46.6 MPa 25.2
Bu-yeon, R 2 15.5 MPa 46.6 MPa 33.2
Bu-yeon, R 3 16.6 MPa 46.6 MPa 35.6
Mok-gi-yeon, R 1 31.3 MPa 46.6 MPa 67.1
Mok-gi-yeon, R 2 43.3 MPa 46.6 MPa 92.8
Mok-gi-yeon, R 3 32.0 MPa 46.6 MPa 68.8
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5.3 Section analysis model

5.3.1 Chu-nyu

In this experiment, the member to be repaired and the backing member are
made of the same wood, and the modulus of elasticity is the same. Therefore,
there is no significant difference in the stress distribution of the cross section
between the reference member and the repaired member. However, if it is made
of other wood, the modulus of elasticity obtained based on the test method
standards of KS F 2150 can be used. By substituting the elastic modulus of each
member into the transformed-section method, which converts the cross section
of a composite beam into an equivalent section of a virtual beam composed of
only one material, the stress distribution of the cross section can be theoretically

inferred.

5.3.2 Yeon-mok

1) The modified butt joint

—
: \
: : \
; : \

] : . ‘ ) -

Original Equivalent

Strain distribution section section
along the cutting edge

Figure 5-22 Equivalent section of modified butt joint
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For modified butt joint, an equivalent cross-sectional model at the joint can
be applied as shown in the Figure 5-22. Through the equivalent sectional model
of the modified butt joint, the flexural strength ratio and flexural stiffness ratio
between members can be estimated. If the curvature(k) at the joint and the
height of the neutral axis are constant within the section, the position of the
neutral axis and the moment of inertia of the equivalent section can be
calculated through the force equilibrium condition. Additionally, it is assumed
that the red area projected into the cross section of Yeon-mok resists bending.
a is the angle between the neutral axis and the tenon neck, and £ is the angle
between the neutral axis and the tenon head. b is the ratio of the neutral axis,
and d is the diameter of the Yeon-mok. In the Figure 5-22, the neutral axis
passes through the center of the circle, but it is located closer to the top surface
than the center of the circle. The equation derived by the force equilibrium

condition is as follows.

Neutral axis:

k J(1-b)bd d 2 1
—f (5) = -(5-b)a | ax
2 —J(@-b)bd 2
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Moment ratio:

I

. [y
. : bd
. : —d
/ : . \y |2

Figure 5-23 Location of angle y

Additional variables were assigned to calculate the moment of inertia of the
equivalent section. y shows the angle between the neutral axis and the center
of the circle (Figure 5-23). If the moment ratio is calculated using the variable,

it is as follows.

M=E><Ieff><(2)

4

Less = (3a— 3B —3sinacosa + 3sin B cos B — 2sin 3a cos a + 2sin 3 cos B)

4

R — i _ in 3
+192(3y 3siny cosy — 2sin >y cosy)

1 2 a2
+[(§—b)d] XTX (a—B—y—sinacosa + sinf cosf + siny cosy)

nd*

1, =
97 64

2
Lepr/lg = 37 (3a — 3B — 3sinacosa + 3sin B cos B — 2sin 3a cos a + 2sin 3 cos B)
1 . .
+§(3y — 3siny cosy — 2sin 3y cosy)

1 2 16
+[(E—b>d] xﬁx (a0 —B—y—sinacosa +sinf cosf + siny cosy)
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Substituting the size of the tested member into the above equation, B is
0.2996, and I.fr/l; is 24.9%. The experimental results showed that the
flexural strength ratio was 19.2%(Jang-yeon), 23.5%(Dan-yeon) and the initial
stiffness was 22.9%(Jang-yeon), 20.5%(Dan-Yeon). The flexural stiffness
similar to the theoretical value, and the flexural strength showed a rather low
value. It is judged that the initial stiffness was predicted relatively accurately
because the equivalent sectional model assumed an initial state with little

deformation.

Table 5-20 Flexural strength and initial stiffness (Jang-yeon)

Flexural strength Initial stffness
Member
(kN + mm) (kN/mm)
Reference 11.29(100%) 0.35(100%)
Repaired 2.17(19.2%) 0.08(22.9%)

Table 5-21 Flexural strength and initial stiffness (Dan-yeon)

Flexural strength Initial stffness
Member
(kN + mm) (kN/mm)
Reference 5.71(100%) 0.83(100%)
Repaired 1.34(23.5%) 0.17(20.5%)
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5.3.3 Bu-yeon, Mok-gi-yeon

1) Tusk tenon joint

Original Equivalent
section section

Net strain
distribution

Strain distribution
along the cutting edge

Figure 5-24 Equivalent section of tusk tenon joint

For tusk tenon joint, an equivalent cross-sectional model at the joint can be
applied as shown in the Figure 5-24. If the curvature(k) at the joint and the
height of the neutral axis are constant within the section, the position of the
neutral axis and the moment of inertia of the equivalent section can be
calculated through the force equilibrium condition. a is the ratio of the length
of the tenon neck to the width of the member, S is the ratio of the height of
the neutral axis, b is the width of the member, ¢ is the width of the tenon head

minus the width of the tenon neck, and h is the height of the member.

2) Bu-yeon

For the Bu-yeon to which the tusk tenon joint is applied, the Bu-yeon Chak-

go groove should be considered in the equivalent cross-sectional model. The
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width of the Bu-yeon Chak-go groove was defined as d. The equation derived

by the force equilibrium condition is as follows.

Neutral axis:

ZFx:();

thZcxkx,th%:(b+2c—2d)><(1—ﬁ)hx kx(l—ﬁ)hx%
1

2c
1+ pT2c=2a

Moment ratio:

1 1
M=E X §><(2c><B3)+§x(b+2c—2d)><(1—ﬁ)3 h3x @
4
=E><E><[(2c><83)+(b+2c—2d)x(l—ﬁ)3]xlgx(Z)

o dops/ly = % X [(2c X B3) + (b + 2¢ — 2d) x (1 — B)?]

Substituting the size of the tested member into the above equation, S is
0.667,and I.zr/1, is59.2%. The experimental results showed that the flexural
strength ratio was 72% and the initial stiffness ratio was 76%, which is
relatively higher than the theoretical values. A square wooden nail was inserted
to prevent the slipping of the Bu-yeon, and it is judged that it had a relatively

high bending resistance.
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Table 5-22 Flexural strength and initial stiffness (Bu-yeon)

Flexural strength Initial stffness
Member
(kN + mm) (kN/mm)
Reference 3.03(100%) 3.01(100%)
Repaired 2.01(72%) 2.30(76%)

3) Mok-gi-yeon

For the Mok-gi-yeon to which the tusk tenon joint is applied, the gable
groove should be considered in the equivalent cross-sectional model. The
height of the gable groove was defined as e. The equation derived by the force

equilibrium condition is as follows.
Neutral axis:

ZFX=O;

ﬁthcxkxﬁhx%
=(ab+2c)x(1—- B)hx kx(l—ﬁ)hx%

+(1— a)bx[(1—= Bh—e]lx kx[(1— B)h—e] x%
Moment ratio:

M=E><{Ex(zcx33)+§x(ab+2c)x(1—/;)3]h3

+§x(1—a)bx[(1—/§)h—e]3}x®
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=E><%x{[(2cx[33)+(ab+2c)><(1—,8)3]+%(1—a)b><[(1—[?)h—e]3}><lg
X 0

s epp/ly = 5% {[2e X B3) + (ab +2¢) x (1= §)*] +:5(1 — )b x [(1 - B)h — e]?}

Substituting the size of the tested member into the above equation, S is
0.627,and I.ff/l, is44.1%. The experimental results showed that the flexural
strength ratio was 23% and the initial stiffness ratio was 40%. The flexural
stiffness similar to the theoretical value, and the flexural strength showed a
rather low value. It is judged that the initial stiffness was predicted relatively
accurately because the equivalent sectional model assumed an initial state with

little deformation.

Table 5-23 Flexural strength and initial stiffness (Mok-gi-yeon)

Flexural strength Initial stffness
Member
(kN + mm) (kN/mm)
Reference 2.9(100%) 1.79(100%)
Repaired 0.68(23%) 0.71(40%)
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Chapter 6. Conclusion

In this study, repair and reinforcement studies were conducted to reuse
damaged members of Jeongyodang Hall in Dosanseowon Confucian School,
Lecture Hall of Sosu Confucian Academy, Yangjindang House,
Namhansanseong Suengyeoljeon Hall. In this study, structural analysis was
conducted to identify structural vulnerable part. Decay part was identified by
applying non-destructive diagnostic technology. Based on this, repair design
and structural experiments were conducted, and a cross-sectional analysis
model was created and reviewed using the results. Through the above process,

the following conclusions could be obtained.

1) Through structural analysis, the vulnerable part of Chu-nyu, Yeon-mok,
Bu-yeon, and Mok-gi-yeon were identified. Each the vulnerable part is
Cheoma Do-ri, central point, Bu-yeon Chak-go, and the Gable board in

order.

2) The vulnerable parts of decay are the upper part of Cheoma Do-ri (Chu-

nyu), the edge of member (Yeon-mok), and the root part (Bu-yeon, Mok-

gi-yeon).

3) The flexural strength ratio of the specimen decreased overall. The
flexural strength ratio decreased by 7.5% for Chu-nyu, 80.9% for Jang-
yeon, 76.5% for Dan-yeon, 31.7% for Bu-yeon and 76.6% for Mok-gi-

yeon.

4) The bending stiffness ratio of the specimen decreased except for Chu-

3] 3 =77
83 AT g LH



Chapter 6. Conclusion

nyu. In Chu-nyu, the initial stiffness increased by 8% and the stiffness in
the plastic region increased by 3%. Although the flexural stiffness and
flexural strength were slightly different, the results were generally

similar.

5) Ductility increased in Chu-nyu and Jang-yeon. Other absences decreased

by 8% (Dan-yeon), 20% (Bu-yeon), and 26% (Mok-gi-yeon).

6) Inthe case of performing cross-sectional analysis through the equivalent
sectional model, the results were more accurately matched to the initial

stiffness assuming a state with little deformation.

In this study, only one variable was added to each member, and experiments
and analysis were carried out. Since there are not many related studies, a basic
study was conducted through the traditional carpentry method. It is considered
that studies such as resin treatment on members, reinforcement of hardware,

and various dimensions of joints are necessary.
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Appendix. A. List of non-destructive test results

0 150mm 300mm 600mm 900mm 1200mm
' 1 1 s
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ine 1 | 1 1
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Figure Appendix.A. 1 Jang-yeon] of Lecture Hall of Sosu
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Appendix. A. List of non-destructive test results
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Figure Appendix.A. 3 Bu-yeon2 of Lecture Hall of Sosu
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Reference
line
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Figure Appendix.A. 5 Chu-nyu2 of Jeongyodang Hall
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Figure Appendix.A. 6 Jang-yeonl of Jeongyodang Hall
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Reference
line
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Figure Appendix.A. 7 Jang-yeon2 of Jeongyodang Hall
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Figure Appendix.A. 8 Dan-yeon! of Yangjindang House
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Reference
line

Perpendicular
line
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L)

Drill resistance test

Figure Appendix.A. 9 Dan-yeon2 of Yangjindang House

Reference
line

Perpendicular
line

0 300mm 1200mm 1500mm

Reflerenoe 762 m/s I I |
e T T T

Perpendicular 679 m/s 871 m/s 1214 m/s l

line t

Drill resistance test

Figure Appendix.A. 10 Dan-yeon3 of Yangjindang House
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Appendix. A. List of non-destructive test results
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ine - g
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Perpendicular
line

0 150mm 450mm 750mm 1050mm 1350mm 1650mm
Ll 1 L] ) 1 1]
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""'P‘I’i"n‘;i“"a' | 789 m/s 882 m/s 937 m/s 937 mys 1110 m/s 1000 m/s I

Drill resistance test

Figure Appendix.A. 12 Dan-yeon5 of Yangjindang House
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Appendix. A. List of non-destructive test results

Reference
line
Perpendicular
line
0 300mm 600mm 900mm  1200mm 2100mm
1 1 1 1 1 1
Reference
line I ] y 1 ! ! |
Perpendicular I 794:nls 870 m/s 964.m/s 1033. m/s 1125-m/s |
line : 0 - . + L
Drill resistance test Drill resistance test
Figure Appendix.A. 13 Jang-yeonl of Yangjindang House
Reference
line
Perpendicular
line
1
Reference 1
line =
Perpendicular 098
line '

Figure Appendix.A. 14 Jang-yeon2 of Yangjindang House
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Appendix. A. List of non-destructive test results

Perpendicular
line
0 150mm 750mm 1050mm  1350mm 1950mm
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T T T T T
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1

Drill resistance test

Figure Appendix.A. 15 Jang-yeon3 of Yangjindang House

Reference
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Perpendicular
line

Reference
line

Perpendicular l mm‘/s 869 m/s 842 m/s 8‘42mIs |

line 2 '

Drill resistance test

Figure Appendix.A. 16 Jang-yeon4 of Yangjindang House
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Appendix. A. List of non-destructive test results

Reference
line

Perpendicular
line

Reference
line
| | | |
perpendicular | 9o m/s 1023 m/s 1079 m/s 1189 mys |
ine d T v o
Drill resistance test
Figure Appendix.A. 17 Jang-yeon5 of Yangjindang House
Reference
line
Perpendicular
line
) 300mm  600mm  S00mm  1200mm  1500mm
Sl ] i ] 1 ] |
T T T T T
Perpendicular |  770mys 00 m/s 843 m/s 931 m/s 957 mys |
line : - - . .

Drill resistance test

Figure Appendix.A. 18 Jang-yeon6 of Yangjindang House
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Appendix. A. List of non-destructive test results

Reference
line

Perpendicular
line

Reference R ] |
ine

Perpendicular ! 1038 m/s 7T10m/s 9B1m/s 770 m/s 870 m/s |

line '

Drill resistance test

Figure Appendix.A. 19 Jang-yeon7 of Yangjindang House

Reference
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Perpendicular

line
0 300mm 600mm 900mm
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Reference
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I I |
Perpendicular 1230 m/s 1333 m/s 1390 m/s
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Figure Appendix.A. 20 Jang-yeon8 of Yangjindang House
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Appendix. A. List of non-destructive test results

Reference
line

Perpendicular
line

Perpendicular 1048 m/s  1200m/s 1160 ms

Figure Appendix.A. 21 Jang-yeon9 of Yangjindang House

Perpendicular
line
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1 1 1 N 1
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R0 T T T ] T
Perpendicular 1050 m/s 925 mys 1M160m/s 1160 m/s 1115 mys
line '

Figure Appendix.A. 22 Jang-yeon10 of Yangjindang House
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Appendix. A.

List of non-destructive test results

Reference
line

Perpendicular

Reference
line

Perpendicular

300mm 600mm 900mm 0 300mm 6(ll)mm 90q"ln
1 1 1 +
I I I ' ! :
4 L 1
] | I | 1 1 |
lmponi:le'h measure 3 ¥
205 1800mys 1600 mys st ey 095 1058l
1 1

Figure Appendix.A. 23 Mok-gi-yeonl,2 of Yangjindang House

Reference
line

Perpendicular

line

1698 m/s

2000 m/s
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1
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due to surface decay anl

1200ny's
1

Figure Appendix.A. 24 Mok-gi-yeon3.4 of Yangjindang House
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Appendix. A. List of non-destructive test results

Perpendicular

900mm
1
Reference |
line 1
1
Perpendicular ; o L T T
Jine 1698 m/s 2000 m/s 1550 m/s :‘u:“:'su;i u";::‘(" uoal m/s mu'n/s

Figure Appendix.A. 25 Mok-gi-yeon3.4 of Yangjindang House
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Appendix. B. Failure mode of flexural test
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Appendix. B. Failure mode of flexural test
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Figure Appendix.B. 4 Repaired 2 of Chu-nyu
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Appendix. B. Failure mode of flexural test

Figure Appendix.B. 13 Reference 3 of Bu-yeon
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Appendix. B. Failure mode of flexural test
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Figure Appendix.B. 16 Repaired 3 of Bu-yeon
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Appendix. B. Failure mode of flexural test

Figure Appendix.B. 19 Reference 3 of Mok-gi-yeon
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