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ABSTRACT: In this study, based on the study of the past, deterioration degree of nail and wood is classified because 
there is a correlation between the maximum load and not only the deterioration degree of the nail by visual inspection but 
also the penetration depth by pilodyn measurement in the decayed part of wood1)2).
And the formula which predicts characteristic of a deformation-load relation when the nail rust and wood decay is 
developed. Also, using the result and analysing, the structural characteristic of the plywood bearing wall with the nails 
rusted wood decayed according to the degree of deterioration of the nail and wood can be predicted. As a result, 
1. It is revealed that the maximum strength doesn’t decrease remarkably when only the sill of plywood bearing wall 

deteriorates.
2. When the column deteriorates, the rigidity after yield is remarkably reduced.
3. even if the wood decay a little, the strength increases due to the influence of rusting of the nail, and it decreases 

when further deterioration progresses.
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1 INTRODUCTION 456

Wooden houses may be required to ensure their safe and 
long-term use as living spaces. In the deterioration 
diagnosis currently used, bearing capacity of wall 
magnification is reduced based on the results of the 
determination of some deteriorated conditions, such as 
balconies. And wooden houses may not be adequately 
repaired according to the degree of deterioration.
So, the shear resistance of the nail joint with rusted nail 
and decayed wood is formulated based on the study of the 
past, and the structural characteristic of the plywood 
bearing wall according to the degree of deterioration of 
the nail and wood is estimated using the results.

2 ESTIMATION OF THE SHEAR 
CAPACITY OF JOINT

2.1 CLASSIFICATION OF DETERIORATION 
DEGREE

The deterioration degree is divided to concisely calculate 
the shear capacity of nail joint according to the 
deterioration degree. There is a correlation between the 
maximum load and the deterioration degree of the nail by 
visual inspection (Table 11), Fig.12)). And according to 
Fig.2, it is found that the same behaviour is shown in the 
case of the same deterioration degree of the nail. Also, 
there is a correlation between the maximum load and the 
penetration depth by pilodyn measurement in the decayed 
part of wood (Fig.3)3). The degree of decay of wood is
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divided into four stages: pilodyn driving depth of less than 
23.5 mm, 23.5 mm or more and less than 27.5 mm, 27.5 
mm or more and less than 35 mm, and 35 mm or more. 
Separated in this way, from Fig.4, the test specimen at the 
same stage exhibits generally similar behavior. Therefore, 
the deterioration degree division is Table 2. However, in 
this study, it is dealt with the degree of deterioration 
shown in the shaded part of Table2, because moisture is 
the main cause of both rusting of nails and decay of wood 
and it is unlikely that only either of them is deteriorate 
significantly.

Table 1: Standard of the deterioration grade

Rating Standard Example
1 Scarcely rusted

2 Partially rusted,
no visible defect

3 Totally rusted,
no defect inside

4 Partially defect,
with original length

5 failure

3 Shigefumi Okamoto, Osaka Metropolitan University, Japan, 
okmt@omu.ac.jp
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Figure 1: A correlation between the maximum load and the 
deterioration degree of the nail

Figure 2: Experimental results of unit joints with rusted nail

Figure 3: A correlation between the maximum load and the 
penetration depth by pilodyn

Figure 4: Experimental results of unit joints with decayed 
wood

Table 2: Division of deterioration degree

Deterioration degree of nail

1 2 2.5
~3.5

4
~4.5 4.5~

Penetration
depth[m

m
]

~23.5 Aa Ba Ca Da Ea Fa

23.5~27.5 Ab Bb Cb Db Eb Fb

27.5~35 Ac Bc Cc Dc Ec Fc

35~ Ad Bd Cd Dd Ed Fd

2.2 ESTIMATION OF TENSILE STRENGTH 
WITH DETERIORATED NAIL AND WOOD

It is believed that when a shear load is added to the nail 
joint and the displacement increases, the deflection angle 
of the nail increases, and resulting in nail pull-out, 
punching out, or braking. Therefore, it is a breaking point 
where the axial force of the nail is reached either the pull-
out stress intensity of the nail, the nail head penetration 
bearing capacity of plywood, or the tensile strength of the 
nail. And the nail head penetration strength of plywood 
and the tensile strength of nails are determined in the same 
manner as in previous studies 2). So, the penetration 
strength is determined as a stress intensity of 1404ܰ/݉݉ଶ based on the experimental results of previous 
study2) and the tensile strength is calculated by 
multiplying the lower limit of the tensile strength 
(690ܰ/݉݉ଶ) of the iron wire for nail (JISG3562 SWM-
N) by the cross-sectional area of the nail body diameter. 
On the other hand, the pull-out stress intensity of the nail 
is determined by equation (1). 

ௗܲ = නݎ4 ఏమఏభߠ݀(ߠ)௦௧௔ߤ(ߠ)ܨ (1)

Where, (ߠ)ܨ =uniaxial compressive strength of wood 
[kN], (ߠ)ܽݐݏߤ = static friction coefficient, ߠ = angle [°]
and r = nail radius [mm].
Therefore, the uniaxial compressive strength of wood, the 
coefficient of statin friction between the rusted nail and 
the wood, and the range which involved in pull-out 
resistance of nail (Fig.5) is determined from the study of 
the past2)4)5). The method is shown below.

Figure 5: Range which involved in pull-out resistance of nail

2.2.1 Uniaxial compressive strength of wood
As for the uniaxial compressive strength, based on the 
research results4), the supporting strength of the wood in 
the parallel direction of the fiber and the direction in the 
direction of the fiber perpendicular is adopted. So, the 
uniaxial compressive strength of wood in fiber 

penetration depth by pilodyn
――  less than 23.5 mm
――  23.5 mm or more and less than 27.5 mm
――  27.5 mm or more and less than 35 mm
――  35 mm or more
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equilibrium direction and the fiber orthogonal direction is 
represented by the formula (2) and (3), respectively. 

fiber equilibrium direction:ܨ௟ = ݔ)0.7867− − 20.5) + 35.655 (2)

fiber orthogonal direction:ܨ௥ = ݔ)1.0316− − 20.5) + 41.271 (3)

Where, ݔ =penetration depth by pilodyn.

2.2.2 The coefficient of statin friction between no 
damage nail and wood

The coefficient of statin friction between no damage nail 
and wood is adopted by the study5). So, coefficient of 
statin friction between no damage nail and wood in fiber 
equilibrium direction and the fiber orthogonal direction is 
represented by the formula (4) and (5), respectively.

fiber equilibrium direction:ߤ௦௧௔೗ = ௨ݎ0.325− + 0.409 (4)

fiber orthogonal direction:ߤ௦௧௔ೝ = ௨ݎ0.386− + 0.318 (5)

Where, ݎ௨ =specific gravity of wood.

2.2.3 The range which involved in pull-out 
resistance of nail

Using the Hankinson’s equation, (ߠ)ܨ and ߤ௦௧௔(ߠ) are 
presented by equation (6) and (7), respectively.

(ߠ)ܨ = ௟ܨ × (ߠ)ଶ݊݅ݏ௟ܨ௥ܨ + (ߠ)ଶݏ݋௥ܿܨ (6)

(ߠ)௦௧௔ߤ = ௦௧௔೗ߤ × (ߠ)ଶ݊݅ݏ௦௧௔೗ߤ௦௧௔ೝߤ + (ߠ)ଶݏ݋௦௧௔ೝܿߤ (7)

Further, by substituting into equation (1), the following 
equation (8) is obtained.

ௗܲ= නݎ4 ௟ܨ × (ߠ)ଶ݊݅ݏ௟ܨ௥ܨ + ×ఏమఏభ(ߠ)ଶݏ݋௥ܿܨ ௦௧௔೗ߤ × (ߠ)ଶ݊݅ݏ௦௧௔೗ߤ௦௧௔ೝߤ + (ߠ)ଶݏ݋௦௧௔ೝܿߤ ߠ݀
(8)

From previous research2), since the pull-out resistance of 
the CN65 nail ( ௗܲ ) is 627.2[N], the required range is ߠ଺ହ~90[°] satisfying equation (9).627.2= ଺ହݎ4 න ௟ܨ × (ߠ)ଶ݊݅ݏ௟ܨ௥ܨ + °ଽ଴(ߠ)ଶݏ݋௥ܿܨ

ఏలఱ× ௦௧௔೗ߤ × (ߠ)ଶ݊݅ݏ௦௧௔೗ߤ௦௧௔ೝߤ + (ߠ)ଶݏ݋௦௧௔ೝܿߤ ߠ݀
(9)

Where, ݎ଺ହ=CN65 nail radius [mm]=1.665.
Here, when ߠ଺ହ = 89.65° and when ߠ଺ହ = 89.7° , the 
value of equation (9) is 629.9 and 539.9, respectively. So, ߠ଺ହ is found to be about 89.65°.

Then, a range of 89.95 ~ 90 [°] related to the extraction 
resistance in the case of CN65 nail is applied to the N50 
nail. Assuming that the state of the wood when the wood 
fibers are pushed apart by driving a nail is the same as in 
the case of CN65 nail and N50 nail, the nail joint at that 
time is considered to be as shown in Fig.6.

Figure 6: Schematic of the nail joint when CN65 and N50 nails 
are driven into wood

At the time, the range of ߠହ଴ ~90[°] that affects the 
extraction resistance in the case of the N 50 nail is 
represented by the formula (10).ߠହ଴ = tanିଵ ቀܾܽቁ= tanିଵ ቆ ଺ହݎ sin ହ଴ଶݎ଺ହඥߠ − ଺ହݎ) sinߠ଺ହ − ଺ହݎ + ହ଴)ଶቇݎ (10)

Where, ݎହ଴=N50 nail radius [mm]=1.375.
Therefore, when ߠ଺ହ = 89.65° is substituted into 
equation (10), ߠହ଴ = 89.7°, so the range which involved 
in pull-out resistance of N50 nail is revealed that 
89.7~90[°].

2.2.4 The coefficient of statin friction between 
rusted nail and no damage wood

The coefficient of statin friction between rusted nail and 
no damage wood is determined based on the results of the 
pull-out experiment about CN65 nail in previous study2). 
The method is shown below. First, it is calculated how 
many times the static friction coefficient between rusted 
nail and no damage wood is that between no damage nail 
and wood in the case of CN65 nail. Assuming that the rate 
of increasing static friction is expressed by equation (11), 
the weight remaining rate of the nail and the rate are 
shown in Table 3 from the experimental study2).

ܴ = ேܯ/ோܯ (11)

Where, ܴ =rate of increasing static friction, ோܯ =
maximum pull-out strength with rusted nail and ܯே =
maximum pull-out strength with no damage nail.
And, assuming that the corrosion depth of the nails when 
the degree of deterioration of the nails is the same, the 
weight residual rate of N50 nails having a corrosion depth 
equivalent to that of CN65 nails with a certain weight 
residual rate is calculated. The schematic diagram of the 
rusted nail looks like Fig. 7, so if the nail rust occurs 
uniformly throughout the nail, the corrosion depth is 
expressed by formula (12).

g

CN65 nail

N50 nail

଺ହߠ
ହ଴ܾߠ

ܽ
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Table 3: static friction (CN65 nail)

Weight
Residual

rate

Maximum 
pull-out 
strength

Rate of
Increasing

static friction
100.00[%] 627.2[N] 1.00

97.3[%] 1821.8[N] 2.90
93.4[%] 3011.5[N] 4.80
83.5[%] 3405.1[N] 5.43

Figure 7: Schematic of rusted nails

ݐ = ଵ൫1ݎ − ඥݍ൯ (12)

Where, ݎଵ=body diameter of no damage nail,  ଶ=bodyݎ
diameter of rusted nail and ݍ=weight residual ratio = ௥మమ௥భమ.
Therefore, when the corrosion depths of the CN65 nail 
and the N50 nail are equal, the weight residual ratio of the 
N50 nail is expressed by Equation (13).

ହ଴ݍ = ൜1 + ହ଴ݎ଺ହݎ ൫ඥݍ଺ହ − 1൯ൠଶ (13)

Where, ݍ଺ହ =weight residual ratio of CN65 nail, ݍହ଴=weight residual ratio of N50 nail, ݎ଺ହ= body diameter 
of CN65 nail and ݎହ଴= body diameter of N50 nail.
And the rate of increasing static friction of N50 nail at the 
time of nail rusting is shown in Table 4.

Table 4: static friction (N50 nail)

Weight
Residual rate

Rate of Increasing
static friction

100.00[%] 1.00
96.74[%] 2.90
92.03[%] 4.80
80.21[%] 5.43

2.3 THE FORMULA OF DEFORMATION-LOAD 
RELATION

2.3.1 Creating formula on two-later ground
The formula which predicts change of a deformation-load 
relation when the nail rust and wood decay is developed 
by expanding the study of the past2). In other words, 
assuming that wood is a two-layer configuration of the 
decay part and the no damage part, using the horizontal 
resistance calculation formula of piles6), the wood is 
regarded as the ground and the nail is regarded as the piles, 
and formulas are created for each protruding and fixing 
conditions of the nail head on two-layer ground.
Therefore, equations (14), (15) and (16) are solved for the 

boundary conditions in the assumed nail head state, and 
constants ܣ௡, ܤ௡ ௡ܦ ௡, andܥ , satisfying these conditions 
are calculated.

(ݔ)ଵݕ = ௡݁ఉభ௫ܣ cos(ߚଵݔ) + ௡݁ఉభ௫ܤ sin(ߚଵݔ)+ ௡݁ିఉభ௫ܥ cos(ߚଵݔ)+ ௡݁ିఉభ௫ܦ sin(ߚଵݔ) (14)

(ݔ)ଶݕ = ௡ାଵ݁ఉమ௫ܣ (ݔଶߚ)ݏ݋ܿ + ௡ାଵ݁ఉమ௫ܤ +(ݔଶߚ)݊݅ݏ ௡ାଵ݁ିఉమ௫ܥ +(ݔଶߚ)ݏ݋ܿ ௡∗ଵ݁ିఉమ௫ܦ (ݔଶߚ)݊݅ݏ (15)

ଷ(ई)ݕ = ௡ାଶܣ + ௡ାଶईܤ + ௡ାଶईଶܥ + ௡ାଶईଷܦ (16)

Where, fixed numbers are shown in Table 5~8.

Table 5: Fixed number (1)

ܪ ܰ Loadܪ଴ ܰ Load at the nail headݕ௡ ݉݉ Horizontal displacement of the nail
in nth layerݔ ݉݉ Depthߠ ݀ܽݎ Nail angleߠ଴ ݀ܽݎ Nail head angleܯ ܰ ∙ ݉݉ Momentܯ଴ ܰ ∙ ݉݉ Moment at the nail headܭℎଵ ܰ/݉݉ଶ Horizontal ground reaction
coefficient of no damage wood
at depth of ℎଶܭ[݉݉]ݔ ܰ/݉݉ଶ Horizontal ground reaction
coefficient of decayed wood
at depth of ܤ[݉݉]ݔ ݉݉ Body diameter of nailܧ ܰ/݉݉ଶ Young’s modulus of nail = 160000ܫ ݉݉ସ Moment of inertia of area of nailℓ ݉݉ Depth to boundary between
no damage part and decayed part
of woodℓࣾ ݉݉ Depth of maximum moment
occurrenceℎ ݉݉ Nail protrusion depthߚ૚ = ට௄௛૚ாூ૝

, ଶߚ = ට௄௛మாூ૝F = ுସாூఉభయ, F′ = ுସாூఉమయܽଵ = ℯఉభℓ, ܽଶ = ℯఉభℓܾଵ = ܽଵܽଶ + ଶܾ(ଵℓߚ)ݏ݋ܿ(ଵℓߚ)݊݅ݏ4 = ܽଵܽଶ − ଷܾ(ଵℓߚ)ݏ݋ܿ(ଵℓߚ)݊݅ݏ4 = ܽଵଶ − ,(ଵℓߚ)ଶ݊݅ݏ4 ܾସ = ܽଶଶ + ହܾ(ଵℓߚ)ଶ݊݅ݏ4 = ܽଵଶ + ,(ଵℓߚ)ଶݏ݋4ܿ ܾ଺ = ܽଶଶ − ଵܿ(ଵℓߚ)ଶ݊݅ݏ4 = ଶܾଷߚଵߚ + ,ଶଶܾଵߚ ܿଶ = ଵଶܾଶߚ + ଶܾଷܿଷߚଵߚ = ଶܾଶߚଵߚ + ,ଶଶܾ଺ߚ ܿସ = ଵଶܾସߚ + ଶܾଶܿହߚଵߚ = ଶܾଵߚଵߚ + ,ଶଶܾସߚ ܿ଺ = ଵଶܾ଺ߚ + ଶܾଵܿ଻ߚଵߚ = ଶܾଶߚଵߚ + ,ଶଶܾହߚ ଼ܿ = ଶܾଶߚଵߚ − ଶଶܾହܿଽߚ = ଵଶܾସߚ − ,ଶܾଶߚଵߚ ܿଵ଴ = ଵଶܾଶߚ + ଶܾହܿଵଵߚଵߚ = ଶܾସߚଵߚ + ,ଶଶܾଶߚ ܿଵଶ = ଵଶܾଷߚ + ଶܾଵܿଵଷߚଵߚ = ଶܾଶߚଵߚ + ,ଶଶܾଷߚ ܿଵସ = ଵଶܾଵߚ + ଶܾସܿଵହߚଵߚ = ଶܾ଺ߚଵߚ + ଶଶܾଵߚ

ଶ[mm]ݎଵ[mm]ݎ

t[mm]
: corrosion depth

No damage nail

rusted nail
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Table 6: Fixed number (2) 

݀ଵ = ଶଶܾଶߚଵߚ + ଶଷܾଷ, ݀ଶߚ = ଵଷܾଵߚ + ଶଷܾଷ ݀ଷߚ = ଶଶܾସߚଵߚ + ଶଷܾଶ, ݀ସߚ = ଵଷܾ଺ߚ + ଶଷܾଶ ݀ହߚ = ଶଶܾସߚଵߚ − ଶଷܾଶ, ݀଺ߚ = ଵଷܾ଺ߚ − ଶଷܾଶ ଵ݂ߚ = ܽଶ݀ଵ݊݅ݏ(ߚଵℓ) + ଶ݂ (ଵℓߚ)ݏ݋ଵܽଵܿଵܿߚ = ܽଶ݀ଶ݊݅ݏ(ߚଵℓ)− ଷ݂ (ଵℓߚ)ݏ݋ଵܽଵܿଶܿߚ = ݀ଷ݅ଵ − ଵܿ଻݅ଶ, ସ݂ߚ = ݀ସ݅ଵ + ଵܿସ݅ଶ ହ݂ߚ = ଷ݂ + ସ݂, ଺݂ = ଷ݂ − ସ݂ ଻݂ = ݀ହ݅ଵ + ଼݂ ,ଵ଼ܿ݅ଶߚ = ݀଺݅ଵ + ଵܿଽ݅ଶ ℊଵߚ = (ଵℓߚ)݊݅ݏଶଶܽଶܿଶߚ + ℊଶ (ଵℓߚ)ݏ݋ଵଶܽଵܿଵܿߚ = (ଵℓߚ)݊݅ݏଵଶܽଶܿଵߚ + ℎଵ (ଵℓߚ)ݏ݋ଶଶܽଵܿଶܿߚ = ܿଵ݀ଶ + ܿଶ݀ଵ ℎଶ = ଵଶܽଶߚ ଵ݂݊݅ݏ(ߚଵℓ) + ଶଶܽଵߚ ଶ݂ܿݏ݋(ߚଵℓ) ℎଷ = ଶଶܽଶߚ− ଷ݂݊݅ݏ(ߚଵℓ) + ଵଶܽଵߚ ଵ݂ܿݏ݋(ߚଵℓ) ℎସ = ܿସ݀ଷ + ܿ଻݀ସ ℎହ = ଵଶܽଶߚ ଷ݂݊݅ݏ(ߚଵℓ) + ଶଶܽଵߚ ସ݂ܿݏ݋(ߚଵℓ) ℎ଺ = ଵଶ{(ܽଵߚ + ܽଶ)݊݅ݏ(ߚଵℓ)− ܽଶܿݏ݋(ߚଵℓ)} ଷ݂+ (ଵℓߚ)݊݅ݏଶଶ{ܽଵߚ + (ܽଵ+ ܽଶ)ܿݏ݋(ߚଵℓ)} ସ݂ ℎ଻ = ܿ଻݀ହ + ଼ܿ݀ଷ, ℎ଼ = ܿସ݀଺ − ܿଽ݀ସ ℎଽ = ܿ଻݀଺ + ܿଽ݀ଷ, ℎଵ଴ = ܿସ݀ହ − ଼ܿ݀ସ ℎଵଵ = ଼ܿ݀଺ − ܿଽ݀ହ ݅ଵ = ܽଵ݊݅ݏ(ߚଵℓ) + ܽଶܿݏ݋(ߚଵℓ) ݅ଶ = ܽଵ݊݅ݏ(ߚଵℓ) − ܽଶܿݏ݋(ߚଵℓ) ࣼଵ = ହ݂ℎଵ଴ − ଺݂ℎ଻, ࣼଶ = ହ݂ℎ଼ − ଺݂ℎଽ ࣼଷ = ଷ݂ℎଵ଴ + ସ݂ℎ଻, ࣼସ = ଷ݂ℎ଼ + ସ݂ℎଽ ࣼହ = ହ݂ℎଽ − ଺݂ℎ଻, ࣼ଺ = ହ݂ℎ଼ − ଺݂ℎଵ଴ ࣼ଻ = ଷ݂ℎ଻ − ସ݂ℎଽ, ଼ࣼ = ଷ݂ℎଵ଴ − ସ݂ℎ଼ ܩଵ = ࣼଵ݊݅ݏ(ߚଶℓ) + ࣼଶܿݏ݋(ߚଶℓ) ܩଶ = ࣼଶ݊݅ݏ(ߚଶℓ)− ࣼଵܿݏ݋(ߚଶℓ) ܩଷ = { ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ)}ℎସ ܩସ = { ଺݂݊݅ݏ(ߚଶℓ)− ହ݂ܿݏ݋(ߚଶℓ)}ℎସ ܩହ = ࣼଷ݊݅ݏ(ߚଶℓ) + ࣼସܿݏ݋(ߚଶℓ) ܩ଺ = ࣼସ݊݅ݏ(ߚଶℓ)− ࣼଷܿݏ݋(ߚଶℓ) ܩ଻ = { ସ݂݊݅ݏ(ߚଶℓ) + ଷ݂ܿݏ݋(ߚଶℓ)}ℎସ ଼ܩ = { ଷ݂݊݅ݏ(ߚଶℓ) − ସ݂ܿݏ݋(ߚଶℓ)}ℎସ ܩଽ = ࣼହ݊݅ݏ(ߚଶℓ) + ࣼ଺ܿݏ݋(ߚଶℓ) ܩଵ଴ = ࣼ଺݊݅ݏ(ߚଶℓ)− ࣼହܿݏ݋(ߚଶℓ) ܩଵଵ = { ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ)}ℎଵଵ ܩଵଶ = { ଺݂݊݅ݏ(ߚଶℓ)− ହ݂ܿݏ݋(ߚଶℓ)}ℎଵଵ ܩଵଷ = ࣼ଻݊݅ݏ(ߚଶℓ) + ଵସܩ (ଶℓߚ)ݏ݋଼ܿࣼ = −(ଶℓߚ)݊݅ݏ଼ࣼ ࣼ଻ܿݏ݋(ߚଶℓ) ܩଵହ = { ଷ݂݊݅ݏ(ߚଶℓ)− ସ݂ܿݏ݋(ߚଶℓ)}ℎଵଵ ܩଵ଺ = { ସ݂݊݅ݏ(ߚଶℓ) + ଷ݂ܿݏ݋(ߚଶℓ)}ℎଵଵ ܬଵ = ହℯఉమ(ଶℓିℓࣾ)ܩ + ଻ℯఉమℓࣾܩ ଶܬ  = ଵℯఉమ(ଶℓିℓࣾ)ܩ − ଷℯఉమℓࣾܩ ଷܬ  = ଺ℯఉమ(ଶℓିℓࣾ)ܩ + ℯఉమℓ଼ࣾܩ ସܬ  = ଶℯఉమ(ଶℓିℓࣾ)ܩ − ସℯఉమℓࣾܩ ହܬ  = ଵଷℯఉమ(ℓࣾିଶℓ)ܩ + ଵହℯିఉమℓࣾܩ ଺ܬ  = ଽℯఉమ(ℓࣾିଶℓ)ܩ + ଵଵℯିఉమℓࣾܩ ଻ܬ  = ଵସℯఉమ(ℓࣾିଶℓ)ܩ − ଵ଺ℯିఉమℓࣾܩ ଼ܬ  = ଵ଴ℯఉమ(ℓࣾିଶℓ)ܩ + ଵଶℯିఉమℓࣾܩ  ऀଵ = ହ଼݂݂ − ଺݂ ଻݂, ऀଶ = ଷ݂ ଻݂ − ସ଼݂݂  
 
 

 

Table 7: Fixed number (3) 

ँଵ = ଵଶ݅ଶࣼଷߚ + ଶଶ݅ଵࣼସ ँଶߚ = ଵଶߚ) ସ݂݅ଶ + ଶଶߚ ଷ݂݅ଵ)ℎସ ँଷ = ଵଶ݅ଶࣼଵߚ + ଶଶ݅ଵࣼଶ ँସߚ = ଵଶߚ) ହ݂݅ଶ + ଶଶߚ ଺݂݅ଵ)ℎସ ँହ′ = ऀଵ(−ߚଵଶ݅ଶࣼ଻ + (ଶଶ݅ଵ଼ࣼߚ + ऀଶ(ߚଵଶ݅ଶࣼହ− ′ଶଶ݅ଵࣼ଺) ँ଺ߚ = ऀଵ(ߚଵଶ ଷ݂݅ଶ + ଶଶߚ ସ݂݅ଵ)ℎଵଵ − ऀଶ(ߚଵଶ ହ݂݅ଶ− ଶଶߚ ଺݂݅ଵ)ℎଵଵ ँ଻ = ଵଶ݅ଶࣼହߚ − ଼ँ ଶଶ݅ଵࣼ଺ߚ = ଵଶߚ) ହ݂݅ଶ − ଶଶߚ ଺݂݅ଵ)ℎଵଵ ँଽ = (ଵℓߚ)݊݅ݏଵଶܽଶࣼଷߚ + ଵ଴ँ (ଵℓߚ)ݏ݋ଶଶܽଵࣼସܿߚ = ൛ߚଵଶܽଶ ସ݂݊݅ݏ(ߚଵℓ) + ଶଶܽଵߚ ଷ݂ܿݏ݋(ߚଵℓ)ൟℎସ ँଵଵ = (ଵℓߚ)݊݅ݏଵଶܽଶࣼଵߚ + ଵଶँ (ଵℓߚ)ݏ݋ଶଶܽଵࣼଶܿߚ = ൛ߚଵଶܽଶ ହ݂݊݅ݏ(ߚଵℓ) + ଶଶܽଵߚ ଺݂ܿݏ݋(ߚଵℓ)ൟℎସ ँଵଷ′ = ऀଵ൛ߚଵଶܽଶࣼ଻݊݅ݏ(ߚଵℓ)− −ൟ(ଵℓߚ)ݏ݋ଶଶܽଵ଼ࣼܿߚ ऀଶ൛ߚଵଶܽଶࣼହ݊݅ݏ(ߚଵℓ)− ′ൟ ँଵସ(ଵℓߚ)ݏ݋ଶଶܽଵࣼ଺ܿߚ = ऀଵ൛ߚଵଶܽଶ ଷ݂݊݅ݏ(ߚଵℓ) + ଶଶܽଵߚ ସ݂ܿݏ݋(ߚଵℓ)ൟℎଵଵ− ऀଶ൛ߚଵଶܽଶ ହ݂݊݅ݏ(ߚଵℓ)− ଶଶܽଵߚ ଺݂ܿݏ݋(ߚଵℓ)ൟℎଵଵ ँଵହ = −(ଵℓߚ)݊݅ݏଵଶܽଶࣼହߚ ଵ଺ँ (ଵℓߚ)ݏ݋ଶଶܽଵࣼ଺ܿߚ = ൛ߚଵଶܽଶ ହ݂݊݅ݏ(ߚଵℓ) − ଶଶܽଵߚ ଺݂ܿݏ݋(ߚଵℓ)ൟℎଵଵ ࣫ଵ = ଵଶℯఉమ(ℓିℓࣾ)ߚ4 × ( ଷ݂ଶ + ସ݂ଶ)ܬଵܬସ − ଷܬଶܬ  ࣫ଶ = (ଶℓࣾߚ)݊݅ݏ1 × ସܬଵܬଷܩ − ′ଷ ࣫ଷܬଶܬ = ଵଶℯఉమ(ℓࣾିℓ)ߚ4 × ଼ܬହܬ1 − ଻ ࣫ସܬ଺ܬ = (ଶℓࣾߚ)݊݅ݏ1 × ଼ܬହܬଵଵܩ − ଻ ℛଵܬ଺ܬ = ࣫ଵℯఉమℓ൛ँଵℯఉమ(ଶℓିℓࣾ) + ँଶℯఉమℓࣾ)ൟ ℛଶ = ࣫ଶℯఉమℓ൛ँଷℯఉమ(ଶℓିℓࣾ) − ँସℯఉమℓࣾ)ൟ ℛଷ = ࣫ଷ′ℯିఉమℓ൛ँହ′ℯఉమ(ℓࣾିଶℓ) − ँ଺′ℯିఉమℓࣾ)ൟ ℛସ = ࣫ସℯିఉమℓ൛ँ଻ℯఉమ(ℓࣾିଶℓ) + ँ଼ℯିఉమℓࣾ)ൟ ℛହ = ࣫ଵℯఉమℓ൛ँଽℯఉమ(ଶℓିℓࣾ) + ँଵ଴ℯఉమℓࣾ)ൟ ℛ଺ = ࣫ଶℯఉమℓ൛ँଵଵℯఉమ(ଶℓିℓࣾ) − ँଵଶℯఉమℓࣾ)ൟ ℛ଻ = ࣫ଷ′ℯିఉమℓ൛ँଵଷ′ℯఉమ(ℓࣾିଶℓ) + ँଵସ′ℯିఉమℓࣾ)ൟ ℛ଼ = ࣫ସℯିఉమℓ൛ँଵହℯఉమ(ℓࣾିଶℓ) + ँଵ଺ℯିఉమℓࣾ)ൟ ଵܵ = ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଵℓ) ܵଶ = ଺݂݊݅ݏ(ߚଶℓ) − ହ݂ܿݏ݋(ߚଵℓ) ܵଷ = (− ଷ݂ + 3 ସ݂)݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଵℓ) ܵସ = ଺݂݊݅ݏ(ߚଶℓ) + ( ଷ݂ − 3 ସ݂)ܿݏ݋(ߚଵℓ) ݐଵ = (ଵℓߚ)݊݅ݏଵଶܽଶߚ + ଶ݅ଶߚଵߚ − ଶݐ (ଵℓߚ)ݏ݋ଶଶܽଵܿߚ = ଵଶ݅ଶߚ − (ଵℓߚ)ݏ݋ଶܽଵܿߚଵߚ2 − ଷݐ ଶଶ݅ଵߚ = (ଵℓߚ)ݏ݋ଵଶܽଵܿߚ + ଶ݅ଵߚଵߚ + ସݐ (ଵℓߚ)݊݅ݏଶଶܽଶߚ = ଵଶ݅ଵߚ + (ଵℓߚ)݊݅ݏଶܽଶߚଵߚ2 + ଵݑ ଶଶ݅ଶߚ = ଵଷ݅ଵߚ + (ଵℓߚ)݊݅ݏଶܽଶߚଵଶߚ + ଶݑ (ଵℓߚ)ݏ݋ଶଷܽଵܿߚ = (ଵℓߚ)݊݅ݏଵଷܽଶߚ2 + ଶ݅ଶߚଵଶߚ + ଷݑ ଶଷ݅ଵߚ = ଵଷ݅ଶߚ − (ଵℓߚ)ݏ݋ଶܽଵܿߚଵଶߚ + ସݑ (ଵℓߚ)݊݅ݏଶଷܽଶߚ = (ଵℓߚ)ݏ݋ଵଷܽଵܿߚ2 + ଶ݅ଵߚଵଶߚ −  ଶଷ݅ଶߚ
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Table 8: Fixed number (4)

ଵݒ = ଶܾସߚଵଷߚ + ଶଶܾଶߚଵଶߚ2 + ଶݒଶଷܾହߚଵߚ = ଶܾସߚଵଷߚ − ଷݒଶଷܾହߚଵߚ = ଶܾଶߚଵଷߚ + ଶଶܾଷߚଵଶߚ2 + ସݒଶଷܾଵߚଵߚ = ଶܾଶߚଵଷߚ − ହݒଶଷܾଵߚଵߚ = ଶܾ଺ߚଵଷߚ + ଶଶܾଵߚଵଶߚ2 + ଺ݒଶଷܾସߚଵߚ = ଶܾ଺ߚଵଷߚ − ଶଷܾସଵܶߚଵߚ = ଶݑଵݐ − ,ଵݑଶݐ ଶܶ = ଷݑଵݐ + ଵଷܶݑଷݐ = ସݑଵݐ− + ଵଵܷݑସݐ = ܿଵଶ ଵܶ − ܿଵ଴ ଶܶ, ଶܷ = ܿଵଷ ଵܶ − ܿଵଵ ଶܷܶଷ = ܿଵସ ଵܶ − ܿଵ଴ ଷܶ, ସܷ = ܿଵହ ଵܶ − ܿଵଵ ଷܷܶହ = ܿଵସ ଶܶ − ܿଵଶ ଷܶ, ଺ܷ = ܿଵହ ଶܶ − ܿଵଷ ଷܶଵܸ = (ଶℓߚ)݊݅ݏ + ଶܸ(ଶℓߚ)ݏ݋ܿ = −(ଶℓߚ)݊݅ݏ ଵܹ(ଶℓߚ)ݏ݋ܿ = ଵଶߚ−)ଵଶࣺଶߚ ଶܷ ଶܸ + ଶଶߚ ଵܷ ଵܸ)+ ଵଶܷସߚ−)ଵࣺߚ ଶܸ + ଶଶߚ ଷܷ ଵܸ)+ ଵଶߚ−) ଺ܷ ଶܸ + ଶଶߚ ହܷ ଵܸ)ଶܹ = ଵଶߚ−)ଵଶࣺଶߚ ଶܷ ଵܸ + ଶଶߚ ଵܷ ଶܸ)+ ଵଶܷସߚ−)ଵࣺߚ ଵܸ + ଶଶߚ ଷܷ ଶܸ)+ ଵଶߚ−) ଺ܷ ଵܸ + ଶଶߚ ହܷ ଶܸ)ଵܺ = ଵܹ݊݅ݏ(ߚଶℓ) + ଶܹ ଶܺ(ଶℓߚ)ݏ݋ܿ = ଶܹ݊݅ݏ(ߚଶℓ) − ଵܹ ଵܻ(ଶℓߚ)ݏ݋ܿ = ଵଶߚ−)ଵଶࣺଶߚ ଶܷ ଵܺ − ଶଶߚ ଵܷܺଶ)+ ଵଶܷସߚ−)ଵࣺߚ ଵܺ − ଶଶߚ ଷܷܺଶ)+ ଵଶߚ−) ଺ܷ ଵܺ − ଶଶߚ ହܷܺଶ)

Figure 8: Schematic diagram of the nail joint under all nail 
head conditions

2.3.1.1. Non-protruding and fixed
Fig. 8 (a) shows a nail joint when the nail head condition 
is non-protruding and fixed. The boundary conditions at 
this time are that ߠ଴=0 [݀ܽݎ] and the horizontal load at the 
nail head is  And the calculations are equation (17) .[ܰ]ܪ
and (18).

ଵ(0)ݕ = ܾଶℎଵ + 8ℎଷ4ߚܫܧଵଷܾଷℎଵ ܪ (17)

଴ܪ = − ଵܾଷℎଵܾଵℎଵߚ2 − 8ℎଶ ଴ܯ (18)

2.3.1.2. Non-protruding and free
Fig. 8 (b) shows a nail joint when the nail head condition 
is non-protruding and free. The boundary conditions at 
this time are that ଴=0ܯ [ܰ ∙ ݉݉] and the horizontal load 
at the nail head is  And the calculations are equation .[ܰ]ܪ
(19) ~ (22).

ଵ(0)ݕ = ܾସℎସ + 4ℎହ − 4ℎ଺2ߚܫܧଵଷܾଶℎସ ܪ (19)

ℓࣾ = ଶߚ1 ଵି݊ܽݐ ൬− ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ)଺݂݊݅ݏ(ߚଶℓ) − ହ݂ܿݏ݋(ߚଶℓ)൰ (20)

(ℓࣾ)ܪ )(ℓࣾ)ܯଵߚ= ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ))ℎସ2ߚଶଶ( ଷ݂ଶ + ସ݂ଶ)݊݅ݏ(ߚଶℓࣾ) ℯఉమℓࣾିఉమℓ (21)

(0)ܪ = ଶଶߚℎସ2(0)ܯଵߚ ସ݂ (22)

2.3.1.3. Non-protruding and free with pin support
Fig. 8 (c) shows a nail joint when the nail head condition 
is non-protruding and free with pin support in no damage 
part of wood. The boundary conditions at this time are thatܯ଴=0 [ܰ ∙ (ℓࣾ)ܯ ,[݉݉ = 0, the horizontal load at the 
nail head is  .[ܰ]′ܪ and the horizontal load at ℓࣾis [ܰ]ܪ
And the calculations are equation (23) ~ (25).

ଵ(0)ݕ = ଵଶܾସߚ + ܴଵ + ܴଷ2ߚܫܧଵହܾଶ ܪ + ܴଶ + ܴସ2ߚܫܧଵଶߚଶଷܾଶ ′ܪ (23)

(0)ߠ = ଵଶܾଵߚ + 2ܴହ − 2ܴ଻2ߚܫܧଵସܾଶ ܪ + ܴ଺ + ଶଷܾଶߚଵߚܫܧ2଼ܴ ′ܪ (24)

(ℓࣾ)ߠ = ଵܵ − ܵଷ2ߚܫܧଵଷ × ଶߚ sin(ߚଶℓࣾ)ହ݂ sin(ߚଶℓ) + ଺݂ cos(ߚଶℓ)ܪ+ ܵଶ + ܵସ2ߚܫܧଶଶ × (ଶℓߚ)݊݅ݏହ݂(ଶℓࣾߚ)݊݅ݏ + ଺݂ܿݏ݋(ߚଶℓ)ܪ′ (25)

2.3.1.4. Protruding and fixed
Fig. 8 (d) shows a nail joint when the nail head condition 
is protruding and fixed. The boundary conditions at this 
time are that 0=(ℎ−)ܯ [݀ܽݎ] and the horizontal load at 
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Non-protruding
fixed

(b)
Non-protruding
free
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Non-protruding
fixed
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Protruding
fixed
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ଵݕ
ଶݕ

ଵݕ
ଶݕ
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H H H

H H
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the nail head is  And the calculations are equation .[ܰ]ܪ
(26) ~ (29).

ℓࣾ = ଶߚ1 ଵି݊ܽݐ ൬ ଵܹܹଶ൰ (26)

ℓࣾܪ = ଵࣺߚ)ଵݐ(ℓࣾ)ܯଵଷߚ4 ଵܶ + ଶܶ) ଵܹℯఉమ(ℓࣾିℓ)
ଵܻ݊݅ݏ(ߚଶℓࣾ) (27)

ଷ(−ℎ)ݕ = ଵℎߚ)ଵݐଵଷߚܫܧ12ܪ ଵܶ + ଶܶ)× ቐ ଵݐଵସℎସߚ ଵܶ + ଵݐଵଷℎଷߚ4 ଶܶ+3ߚଵଶℎଶ(ݐଵ ଷܶ + ଶݐ ଶܶ + ଷݐ ଵܶ)+3ߚଵℎ(ݐଶ ଷܶ + ସݐ ଵܶ) + ଷݐ−)3 ଷܶ + ସݐ ଶܶ)ቑ
(28)

ℓܪ = − ଵℎߚ)ଵݐ(ℓ)ܯଵߚ4 ଵܶ + ଶܶ)ߚଵଶℎଶ ଶܷ + ଵℎܷସߚ + ଺ܷ (29)

2.3.1.5. Protruding and free
Fig. 8 (e) shows a nail joint when the nail head condition 
is protruding and free. The boundary conditions at this 
time are that 0=(ℎ−)ߠ  and the horizontal load at [݀ܽݎ]
the nail head is  And the calculations are equation .[ܰ]ܪ
(30) and (31).ݕଷ(−ℎ) = ଵݐଵଷߚܫܧ112 ଵܶ ൛4ߚଵଷℎଷݐଵ ଵܶ+ ଵݐଵଶℎଶߚ12 ଶܶ + ଵݐ)ଵℎߚ6 ଷܶ+ ଶݐ ଶܶ + ଷݐ ଵܶ) + ଶݐ)3 ଷܶ+ ସݐ ଵܶ)ൟܪ (30)

ଷ′(−ℎ)ݕ = ଵଶℎଶߚ− ଵܶ + ଵℎߚ2 ଶܶ + ଷܶ2ߚܫܧଵଶ ଵܶ ܪ (31)

2.3.2 The formula deformation-load relation
Fixed numbers are shown in Table 9.

Table 9: Fixed number (5)

௡ܪ Horizontal load of the nail head at the nth change 
point of the load-deformation relationshipݕ௡ Horizontal displacement of the nail head 
at the nth change point of the load-deformation 
relationshipߪ௬௣ Yield stress of plywood to the nail side ௣ܣ4105= Cross-sectional area of plywood to the nail sideܼ௡ Section modulus of nailߪ௡ Yield stress of nail =734.6ௗܲ Pull-out stress intensity of the nail௛ܲ The nail head penetration bearing capacity of 
plywood௡ܲ The tensile strength of the nail

2.3.2.1. No damage wood and rusted nail
Fig.9 is a schematic of no damage wood and rusted nail 
using plywood as the side material. In this case, first, the 

wood yield in the state where the nail head is non-
protruding and fixed, then the nail yield in the state of nail 
head protruding and fixed. And the finally, the nail is 
pulled out, the nail is broken, or the nail head is punching 
out in the state of nail head protruding and free. The 
horizontal load and horizontal displacement of the nail 
head at these times are expressed by equation (32) ~ (37), 
respectively.

Figure 9: No damage wood and rusted nail

ଵܪ = ௬௣ߪ × ௣2ܣ (32)

ଵݕ = ଵଷߚܫܧଵ4ܪ (33)

ଶܪ = ௡ඥ1ߪଵܼ௡ߚ2 + [(ଵℎߚ/1)ଵି݊ܽݐ−]݌ݔଶ݁(ଵℎߚ) (34)

ଶݕ = (1 + ଵℎ)ଷߚ + ଵଷߚܫܧ212 ଶܪ (35)

ଷܪ = ඨ6/ߙଶ − ඥ36/ߙସ − ଷ2ߙ/24ܰ (36)

ଷݕ = (1 + ଵℎ)ଷߚ + ଵଷߚܫܧ1/23 ଷܪ (37)

Where, ߙ = (ଵାఉ௛)మଶாூఉమ .

2.3.2.2. Decayed wood and no damage nail
Fig.10 is a schematic of decayed wood and no damage nail 
using steel plate as the side material. In this case, first, the 
nail head yields in the state where the nail head is non-
protruding and fixed. Then the nail body yields in the no 
damage part of wood or at the boundary between the no 
damage part and the decay part of wood in the state where 
the nail head is non-protruding and free, and finally the 
nail pulls out. The nail head conditions for pulling out are 
protruding and free when the yield of nail body occurs in 
the no damage part of wood, and non-protruding and free 
when it occurs at the boundary between the no damage 
part and the decay part of wood. The horizontal load and 
horizontal displacement of the nail head at these times are 
expressed by equation (38) ~ (50), respectively.
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Figure 10: Decayed wood and no damage nail

ଵܪ = − ଵܾଷℎଵܾଵℎଵߚ2 − 8ℎଶ ܼ௡ߪ௡ (38)

ଵݕ = ܾଶℎଵ + 8ℎଷ4ߚܫܧଵଷܾଷℎଵ ଵܪ (39)

ଶିଵܪ )௡ߪଵܼ௡ߚ= ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ))ℎସ2ߚଶଶ( ଷ݂ଶ + ସ݂ଶ)݊݅ݏ(ߚଶℓࣾ) ℯఉమℓࣾିఉమℓ (40)

ℓࣾିଵ = ଶߚ1 ଵି݊ܽݐ ൬− ହ݂݊݅ݏ(ߚଶℓ) + ଺݂ܿݏ݋(ߚଶℓ)଺݂݊݅ݏ(ߚଶℓ) − ହ݂ܿݏ݋(ߚଶℓ)൰ (41)

ଶିଵݕ = ܾସℎସ + 4ℎହ − 4ℎ଺2ߚܫܧଵଷܾଶℎସ ଶିଵܪ (42)

ଶିଶܪ = ଶଶߚ௡ℎସ2ߪଵܼ௡ߚ ସ݂ (43)

ଶିଶݕ = ܾସℎସ + 4ℎହ − 4ℎ଺2ߚܫܧଵଷܾଶℎସ ଶିଶܪ (44)

′ଷିଵܪ = ඨ6/ߙ′ଶ − ඥ36/ߙ′ସ − 24 ௗܲ ଷ2′ߙ/′ (45)

′ଷିଵݕ = ଶଷߚܫܧ12 ′ଷିଵܪ (46)

ଷିଵܪ = ௗܲ + −(′ଷିଵܪଵߛ)݊݅ݏ(′ଷିଵܪଶߛ)݊݅ݏ′ଷିଵܪ (′ଷିଵܪଶߛ)ݏ݋ଶܿߙ′ଷିଵܪ (47)

ଷିଵݕ = ଵଶܾସߚ + ܴଵ + ܴଷ2ߚܫܧଵହܾଶ +ଷିଵܪ ܴଶ + ܴସ2ߚܫܧଵଶߚଶଷܾଶ +′ଷିଵܪ ′ଷିଵݕ (48)

ଷିଶܪ = ඨ6/ߙଶ − ඥ36/ߙସ − ଷ2ߙ/24ܰ (49)

ଷିଶݕ = (1 + ଵࣺ)ଷߚ + ଵଷߚܫܧ1/23 ଷିଶܪ (50)

Where, ߙ′ = ଵଶாூఉమ , ଵߙ = ఉభమ௕భାଶோఱିଶோళଶாூఉభర௕మ , ଶߙ = ௌభିௌయଶாூఉభయ ×ఉమ௦௜௡(ఉమℓࣾ)௙ఱ௦௜௡(ఉమℓ)ା௙ల௖௢௦(ఉమℓ) ଵߛ , = ோలାோఴଶாூఉభఉమయ௕మ , ଶߛ = ௌమାௌరଶாூఉమమ ×௦௜௡(ఉమℓࣾ)௙ఱ௦௜௡(ఉమℓ)ା௙ల௖௢௦(ఉమℓ), ߙ = (ଵାఉࣺ)మଶாூఉభమ
2.3.2.3. Decayed wood and rusted nail
Table 10 shows the nail head conditions and joint 
behavior at the situation of no damage wood and rusted 
nail and decayed wood and no damage nail. And Fig. 11 
shows experimental results and estimates at the situation.
From Fig.11, the formulas are correct because the 
experimental result and the estimated value match.
Therefore, considering these results, nail head conditions 
and nail joint behavior are expected when wood decay and 
nail rust occur in combination. The first change point of 
the load-deformation relationship is the point where the 
plywood yields when the nail head condition is non-
protruding and fixed. This is because, in wooden houses, 
plywood is used as the side material, so the nail head will 
not yield. Next, the second change point is the point where 
the nail yields in the no damage part of the wood or at the 
boundary between the no damage part and the decayed 
part of the wood when the nail head condition is 
protruding and fixed. The reason why the nail head 
condition is protruding is that the deflection angle of the 
nail head increase due to the yield of the plywood, and it 
is thought that it protrudes. Finally, the third change point 
is the point at which the nail pulls out, breaks, or punching 
out when the nail head condition is protruding and free.
The horizontal load and horizontal displacement of the 
nail head at these times are expressed by equation (51) ~ 
(58), respectively. There are summarized as shown in 
Fig.12. Fig. 13 shows the behavior of the nail joint for 
each degree of deterioration calculated using these results.

Figure 11: Experimental results and estimates with rusted nail 
or wood decayed

ଵܪ = ௬௣ߪ × ௣2ܣ (51)

ଵݕ = ܾଶℎଵ + 8ℎଷ4ߚܫܧଵଷℎଵܾଷ ଵܪ (52)

ଵܪ
(1) Yield of nail head

ଶܪ
(2) Yield of nail body

N
o dam

age 
w

ood

il he

steel

D
ecayed w

ood

( )

N
o dam

age 
w

ood

il bo

steel

D
ecayed w

ood

ܪଷିଵܪ
(3) Pull-out

N
o dam

age 
w

ood

steel

D
ecayed w

ood

ଷିଶଵܪ N
o dam

age 
w

ood

steel

D
ecayed w

ood

At either of there

Experimental result 
(no damage wood and rusted nail)
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Estimates (decayed wood and no damage nail)
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ଶିଵܪ = ଵࣺߚ)ଵݐ௡ߪଵܼ௡ߚ4 ଵܶ + ଶܶ) ଵܹ݁ఉమ(ℓࣾିℓ)
ଵܻ݊݅ݏ(ߚଶℓࣾ) (53)

ଶିଶܪ = − ଵࣺߚ)ଵݐ௡ߪଵܼ௡ߚ4 ଵܶ + ଶܶ)ߚଵଶࣺଶ ଶܷ + ଵࣺߚ ସܷ + ଺ܷ (54)

ଶݕ = ଵࣺߚ)ଵݐଵଷߚܫܧଶ12ܪ ଵܶ + ଶܶ)× ቐ ଵݐଵସࣺସߚ ଵܶ + ଵݐଵଷࣺଷߚ4 ଶܶ+3ߚଵଶࣺଶ(ݐଵ ଷܶ + ଶݐ ଶܶ + ଷݐ ଵܶ)+3ߚଵࣺ(ݐଶ ଷܶ + ସݐ ଵܶ) + ଷݐ−)3 ଷܶ + ସݐ ଶܶ)ቑ
(55)

ଷܪ = ඨ6/ߙଶ − ඥ36/ߙସ − ଷ2ߙ/24ܰ (56)

ଷିଵݕ = ଵݐଵଷߚܫܧଷ12ܪ ଵܶ ൛4ߚଵଷࣺଷݐଵ ଵܶ + ଵݐଵଶࣺଶߚ12 ଶܶ+ ଵݐ)ଵࣺߚ6 ଷܶ + ଶݐ ଶܶ + ଷݐ ଵܶ)+ ଶݐ)3 ଷܶ + ସݐ ଵܶ)ൟ (57)

ଷିଶݕ = ଶଷߚܫܧଷ3ܪ {(1 + ଶࣺ)ଷߚ + 1/2} (58)

Where, ߙଵ = ఉభమࣺమ భ்ାଶఉభࣺ మ்ା య்ଶாூఉభమ భ் , ଶߙ = (ఉమࣺାଵ)మଶாூఉమమ .

3 MODELING AND ANALYSIS
3.1 OUTLINE
Based on the estimated value by the formula in 2.3.2, the 
elastoplastic analysis of the plywood bearing wall model 
is carried out using the analysis software SNAP. The 
model is shown in Fig.14. To analyze the strength of the 
plywood bearing wall based on the estimated shear 
resistance of the nail joint, two frame models are 
connected with a spring 1, and the estimated value 
calculated in 2.3.2 is input to spring 1. Further, one of the 
frame models a wooden frame in the plywood bearing 
wall and the other models a frame when the structural 
plywood is expanded using brace expansion.

Figure 12: Decayed wood and rusted nail

Figure 13: The performance of nails in each deterioration 
degree

Table 10: Expected nail head conditions and nail joint behaviour with rusted nail or decayed wood

No damage wood and rusted nail Decayed wood and no damage wood
Nail head
condition

Behavior Nail head condition Behavior

1 Non-
protruding/ 
fixed

Yield of
plywood

Nail pulls out Yield of nail head

2 Protruding/ 
fixed

Yield of 
nail body

Non-protruding/ free Yield of nail body
At the no 
damage 
part

At the boundary
between the no damage 
part and the decay part

3 Protruding/ 
free

Nail pulls out, 
breaks,
or punching out

Non-protruding/ 
free
with pin support

Protruding/ 
free

Nail pulls out
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Table 11: Pattern of 
deterioration position

Pattern Deterioration 
position

(ߙ) No damage
(ߚ) 4
(ߛ) 5,6
(߱) 1,2,6

load
1

2

3
4

5

6

Spring1:
Shear performance of nail

Spring2: plywood
Rigidity:16.5[kN/mm]
Elastoplastic property: elasticity

Figure 14: Model of wall 
and location of 
deterioration
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3.2 LOCATION OF DETERIORATION
The plywood bearing wall is divided into areas as shown 
in Fig14, and the deterioration position that is likely to 
occur is divided into patterns assuming deterioration in 
the house. This is shown in Table 11. The analysis is
carried out when the nail joint at these 4 pattern positions 
become about 13 levels of deterioration shown in the 
shaded portion of Table 2.

3.3 ANALYSIS RESULT
Fig.15(ߙ) shows the analysis result and the experimental 
result of the past7) with the no damaged nail and wood.
The analysis result agrees well with the experimental 
result. Next, the analysis results of patterns (ߚ), (  and (ߛ
(߱) are also shown in Fig.15. In the case of (ߚ), the load-
deformation relationship is almost the same regardless of 
the degree of deterioration of the foundation. In the case 
of (ߛ ), the deformation increases as the deterioration 
progresses, but there is no significant effect on the 
maximum strength. In the case of (߱ ), the maximum 
strength and rigidity after yield decreases remarkably as 
the deterioration progresses.

4 CONCLUSIONS
The structural performance of plywood bearing wall with 
the nails rusted and columns decayed can be predicted by 
deterioration degree of nails and columns. The maximum 
strength doesn’t decrease remarkably when only the 
foundation of plywood bearing wall deteriorates. On the 
other hand, when the pillar deteriorates, the rigidity after 
yield is greatly reduced. In addition, even if the wood 
decay a little, the strength increases due to the influence 
of rusting of the nail, and it decreases when further 
deterioration progresses.
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