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STUDY ON THE STRUCTURAL PERFORMANCE OF PLYWOOD
BEARING WALL WITH THE RUSTED NAIL AND DECAYED WOOD

Yuki Ota!, Hiroki Ishiyama?, Shigefumi Okamoto®

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 wood V2.

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.
deteriorates.
2.
3.
when further deterioration progresses.

It is revealed that the maximum strength doesn’t decrease remarkably when only the sill of plywood bearing wall

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

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 1Y, Fig.1?). 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)?. 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 e —

) Partially rusted, | e
no visible defect

3 Totally rusted, seam——
no defect inside j

4 Partially defect, g

with original length
5 failure |
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Figure 1: A correlation between the maximum load and the
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Figure 2: Experimental results of unit joints with rusted nail
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Figure 3: A correlation between the maximum load and the
penetration depth by pilodyn
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Figure 4: Experimental results of unit joints with decayed
wood
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Table 2: Division of deterioration degree

Deterioration degree of nail
! 2 ~25.55 ~:5 4.5~
& ~23.5 Aa Ba Ca Da Ea Fa
E § 23.5~27.5 | Ab Bb Cb Db Eb Fb
E %‘ 27.5~35 | Ac Be Cle 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 ?. So, the penetration
strength is determined as a stress intensity of 1404
N/mm? based on the experimental results of previous
study? and the tensile strength is calculated by
multiplying the lower limit of the tensile strength
(690N /mm?) 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).

[P
Py = 4r f F(6)tsra(6)d6 (1)

61

Where, F(60) =uniaxial compressive strength of wood
[kN], usta(8) = static friction coefficient, 8 = 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 past??®. The method is shown below.

range

-

F(8)
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 results?, 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



equilibrium direction and the fiber orthogonal direction is
represented by the formula (2) and (3), respectively.

fiber equilibrium direction:

F, = —0.7867(x — 20.5) + 35.655 2)
fiber orthogonal direction:

F. = —1.0316(x — 20.5) + 41.271 3)
Where, x =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 study”. 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:

Hsta; = —0.3257, + 0.409 4
fiber orthogonal direction:

Usta, = —0.3867;, +0.318 %)

Where, r;, =specific gravity of wood.

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

Using the Hankinson’s equation, F(6) and pg,(0) are

presented by equation (6) and (7), respectively.

F(0) = i x b 6

" F;sin2(8) + F.cos2(8) ©
Usta, X Usta,

Hsta(8) = e )

AustalSinz (0) + :ustar cos? (6)

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

Py
4 fgz F, X F,
=4r
o, F;sin?(0) + E.cos?(0) (®)
« Usta; X Usta,
ﬂstalSinz(G) + Wsta,c0s*(0)
From previous research?, since the pull-out resistance of

the CN65 nail ( P;) is 627.2[N], the required range is
0¢5~90[°] satisfying equation (9).

627.2

do

A J-90° Fl X F;‘

= 4r,

65 Oes F;sin?(0) + F.cos?(6) ©)

y Hsta; X Usta,
HotaSIn2(0) 7 fiszq, 052 (0)

do

Where, 755=CN65 nail radius [mm]=1.665.

Here, when 0,5 = 89.65° and when 645 = 89.7°, the
value of equation (9) is 629.9 and 539.9, respectively. So,
O¢5 is found to be about 89.65°.
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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 s?own in Fig.6.

CNG65 nail

1
1
1
1
N
1
1

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

At the time, the range of 05, ~90[°] that affects the
extraction resistance in the case of the N 50 nail is
represented by the formula (10).

O, = tan™! (%)

can-1 < Tes SiN Ogg > (10)
= tan
JT50% — (165 Sin Og5 — 165 + 75)?

Where, 15,=N50 nail radius [mm]=1.375.

Therefore, when 6¢5 = 89.65° is substituted into
equation (10), 85y = 89.7°, so the range which involved
in pull-out resistance of NS0 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 study?.
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 study?.

R = My /My (11

Where, R =rate of increasing static friction, My =
maximum pull-out strength with rusted nail and My =
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).
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Table 3: static friction (CN65 nail)

Weight Maximum Rate of
Residual pull-out Increasing
rate strength 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] 543
ry[mm] (fmm]
: corrosion depth
7,[mm] M

No damage nail

rusted nail

Figure 7: Schematic of rusted nails

t=n(1-./q) (12)

Where, r;=body diameter of no damage nail, r, =body
2

diameter of rusted nail and g=weight residual ratio = :2—2
1

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).

2
50 = {1+ (aes — 1} (13)

Where, qg5 =weight residual ratio of CN65 nail,
qso=weight residual ratio of N50 nail, rg5= body diameter
of CN65 nail and 5= 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 Rate of Increasing
Residual rate 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 past®. 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 piles®, 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
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boundary conditions in the assumed nail head state, and
constants 4,, By, C,, and D,, satisfying these conditions
are calculated.

y1(x) = A,eP1* cos(Byx) + B,eP1* sin(B;x)
+ C,e B1% cos(Byx) (14)
+ D, e P1¥ sin(B; x)

¥z (x) = Apy1€P2 cos(Box) + ByyqeF?™ sin(Byx)
+ Cppre™P2% cos(Byx) (15)
+ D,..e~F2* sin(B,x)
Y3(x) = Antz + Bpyo® + Cpyp®? + Dyyp (16)

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

Table 5: Fixed number (1)

H N Load

Hy N Load at the nail head

Vi mm Horizontal displacement of the nail
in nth layer

x mm Depth

& rad Nail angle

6o rad Nail head angle

M N -mm | Moment

M, N -mm | Moment at the nail head

Khy | N/mm? | Horizontal ground reaction
coefficient of no damage wood
at depth of x[mm]

Kh, | N/mm? | Horizontal ground reaction
coefficient of decayed wood
at depth of x[mm]

B mm Body diameter of nail

E N/mm? | Young’s modulus of nail = 160000

1 mm* Moment of inertia of area of nail

£ mm Depth to boundary between
no damage part and decayed part
of wood

L mm Depth of maximum moment
occurrence

h mm Nail protrusion depth

4 [Khq 4 [Kh;,
ﬁl = T ﬁZ = \/;
H , H

T AT

a, = ePrt a, = ePr?

b, = a,a, + 4sin(B,£)cos(f1?)

b, = a,a, — 4sin(f,£)cos(B,f)

by = a,? — 4sin?(B, %), by = a,? + 4sin?(B, %)

bs = a,? + 4cos?(B1?), bg = a,? — 4sin®(B,f)

¢1 = B1B2bs + Bzzbl, C2 = ,812b2 + B1B2b3

¢3 = P1B2by + Ba’bs, ¢4 = Bi°by + B1B2b,

¢s = P1Bby + B2’bs, c6 = i’ bs + i Bzby

¢; = P1B2by + Ba’bs. cg = B1Pab; — By bs

Co = P1’bs — BiBrba. 1o = Bi by + P1B2bs

c11 = P1Pabs + .BZZbZa C12 = /312173 + B1B2by

C13 = P1B2by + Ba’bs, cra = Bi°by + B1B2bs

c15 = PiBobe + o’y




Table 6: Fixed number (2)

Table 7: Fixed number (3)

d, = ﬁhgzzbz + ﬁzzbsa d, = Blzbl + .Bzzba
d; = ﬁ1ﬁ22b4 + B23b2, d, = ,813b6 + ﬂ23b2
ds = P182"bs — B2"by, dg = B1°bg — B2 b,

fi = axdysin(By¥) + Brascicos(Brf)
f2 = apdysin(Bif) — Brascycos(Brf)
f3 = dsiy — BiC7la, fo = duly + Brcul;
fs=ft+fufo=fi—fa

f7 = dsiy + Bicgly, fs = dely + B1Col;

g1 = ﬁzzazczsi”(ﬂle) + ﬁlza1c1005(ﬁ1f)
G2 = Pi7azcysin(By ) + 7 a cco8 (B 8)

hy = cydy + c,d;

h, = ﬁ1za2f15in(.31{7) + ﬁzza1f2C05(ﬁ1{))
h; = —BzzaszSin(ﬁlf) + ﬁ12a1f1005(ﬁ1€)
h, = c,ds + c;d,

hs = ﬁ12a2f3sin(,81£’) + ﬁ22a1f4cos(ﬁ1€)

he = B12{(a1 + az)sin(B, ) — aycos(B1€)}f3
+ Bzz{‘hsm(ﬁl{)) + (aq
+ az)cos (1)} fa

h; = ¢;dg + cgds, hg = c,dg — cody

hg = ¢;dg + cod3, hyg = c4ds — cgdy

hyy = cgdg — Cods

iy = a;sin(f1?) + aycos(f1f)
i, = aysin(f;¥) — a,cos(B,f)

#1 = fshio — feh7, 72 = fshs — feho
43 = fahio + fahz, G4 = fshg + faho
#s = fsho — fehy, 76 = fshs — fehio
47 = fshy — fuho, jg = f3hio — fuhg

Gy = f15in(Bo?) + jocos(BrF)

Gy = j25in(Bot) — j1cos(B,?)

Gz = {fssin(B,?) + fecos(Br)} hy
Gy = {f6sin(Bo?) — fscos(Br )} hy
Gs = f35in(Bof) + jacos(Brt)

Ge = Fasin(Bzf) — jzcos(Bz?)

Gy = {fusin(B?) + fzcos(B2€)}hy
Gg = {f3sin(f,£) — facos(Byt)}hy
Go = fssin(frf) + jecos(B,?)

Gio = FeSin(Bat) — jscos(Brt)

Gy1 = {fssin(Brf) + fecos(B2€)}hiq
Gyz = {fesin(B,t) — fscos(Bf)}hyq
Gy3 = f7sin(Bz?f) + jgcos(Bz?)

G4 = fgsin(By?f) — jrcos(B2?)

Gis = {fssin(B,f) — facos(B€)}hiq
Gi6 = {fasin(B,£) + fycos(B,£)} hyy

I = Gseﬁz(%’—[m) + G7el3’zf’m
J, = G,eP2@ttm) — G, eP2lm
I3 = Géeﬁz(”—i’m) + Gseﬁz{’m
J4 = G,eP2t=tm) _ G, P2tm
Js = GyzeP2tm=20 4 G, g=Balm
Jo = Ggeﬁz(fm—”) + Glle—ﬁzl’m
], = GMeb’z(i’m—Zf’) — Glée—b’zf’m
Jg = Gmeﬁz(fm—”) + Glze—ﬁzfm

P11 = fsfs — fof7, 2 = f3f7 — fufs
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G1 = Bi’izgs + Bolinga
G2 = (ﬂ1zﬁti2 + ﬁ22f3i1)h4
43 = ﬁlziziﬁ + ﬁzzilfz
Ga = (B fsiz + Bo*feir)ha
as' = p1 (=B izds + B2 lirds) + p2(Bi inds
— B2 ixde)
a¢' = Wl(ﬂlzfﬁz + ﬁzzﬁtil)hu - 372(312f5i2
— B2* fei) s
47 = ﬁ12i2f5 - Bzzilfs
G = (ﬁ12f5i2 - ﬁ22f6i1)h11
G = ﬁ12a2j35in(ﬂlf) + ﬁzzalﬁcos(ﬂl{’)
G0 = {ﬁlzaZﬁI-Sin(ﬁlg) + B22a1f3cos(ﬁ1{’)}h4
G11 = Bi’azg1sin(Brt) + By aocos(Brt)
G12 = {,812azf55in(ﬁ1£) + ﬂ22a1f6cos(ﬁ1€)}h4
13’ = pl{ﬁ12a27'7sin(ﬁ1£’) - Bzza1f8005(ﬁ1f)}
- ﬂ’z{lﬁzazfssm(ﬁl{’)
- 522a176€05(ﬁ13)}
G14' = ﬁ1{ﬁ12azf35in(ﬁ1€) + ﬁzzalﬁmcos(ﬁﬂ)}hn
- WZ{ﬁlZaZfSSin(ﬁl'g)
- ﬂzzalfecos(/ﬁf)}hn
G15 = .3120127.551'71([31{)) - 322a1j6cos(ﬁlw‘,’)
D16 = {ﬂlzazfssin(ﬁlf) - ﬁZZalfGCOS(ﬁlf)}hll

(B

= 48, 2ePalt—tn) U3 T4 )

Qu=4pe AT
1 Gs

% = St T =1,

" 4B 2P  __ —
Q' =4pe *TsJs —Jol
Q = 1 X Gll

* sin(Boty)  Jslg —Jel7

R, = Qleﬁzf{q&eﬁz(”—f’m) + (/l'zeﬁzfm)}

:RZ — Qzeﬁzf{%seﬁz(ﬂ—fm) — %4eﬁzf’m)}

:R3 — Q3’e—32€{q)5’eﬁz(f’m—2{’) — q,ele_ﬁﬂM)}
R, = Q4e_52€{($76ﬁ2(€m_2€) + %ge—ﬁzf’m)}
Rs = Qleﬁzf{@ggﬁz(”—lm) + %weﬂzfm)}

Re = Q,eP2t{g,eP2207tm) — g, F2tm)}

Ry = Q3'e P2t {qyy P lim=20) 1 g, e Fatm)}
Ry = Qe F2*{q, ePUn20 + g, e F2tm)}

S1 = fssin(Byt) + fecos(Byf)

Sy = fesin(Byt) — fscos(B1f)

S3 = (—f5 + 3f))sin(B,) + fecos(B1£)
Sy = fesin(Bof) + (fs — 3fa)cos (B £)

ty = Braysin(By) + P1Pais — B2 ascos(Byf)
ty = Pi iy — 2B Baascos(Byt) — Bl
i3 = ﬁ12a1605(.31£) + B1Boiy + ﬁzzazsin(ﬁll’)
ty = By’iy + 2B Brarsin(Bif) + B i,

U = .313i1 + Blzﬁzazsm(ﬁﬂ)) + ﬁzsalcos(ﬁﬂ))
Uy = 2ﬁ13a25in(ﬁ1€) + ﬁ12ﬂ2i2 + ﬁ23i1
Uz = [”131'2 - 312,82‘11C05(ﬁ1{)) + ﬁz3a25in(ﬁ1{’)

uy = 2By aycos(By€) + By Boiy — B i,

https://doi.org/10.52202/069179-0344




Table 8: Fixed number (4)

vy = Bi°Boby + 2817 o’ by + BiBobs
Uy = B13,82b4 - ﬂ1323b5
V3 = /31332172 + 2ﬁ12ﬁ22b3 + ﬁlﬂzsbl
Vs = ﬁ13ﬁzbz - ,31323b1
Vs = 313ﬁ2b6 + 2ﬁ12ﬁ22b1 + ﬁ1ﬁ23b4
Ve = ﬁ13ﬂ2b6 - ﬁ1323b4

Ty = tiuy — tyuy, Tp = tjus + tauy
Ty = —tjuy + tuy

Uy = ¢12T1 — 10T, Uy = ¢13T1 — 11T,
Us = ¢14Ty — ¢10T3, Uy = 15Ty — €41 T3
Us = 14Ty = ¢T3, Ug = ¢45T5 — ¢43T5
V, = sin(f,f) + cos(f,?)

V, = sin(Bpt) — cos(Byt)

w, = ﬁ12ﬁ2(_ﬁ12U2V2 + ﬁ22U1V1)
+ BrA(=P1*UsV, + B " UsVh)
+ (=B, 2 UsVy + B22UsVy)

Wy = B2 A2 (=B 2 ULV + By UL V)
+ BrA(=B 2 UsVy + B, UsVs)
+ (=B, "UsVi + B,°UsV,)

X, = Wisin(B,?) + W, cos(f,1)

X, = Wysin(f,£) — W, cos(B,%)

Y, = ﬁlzﬁz(_ﬁ12U2X1 - ﬁzzglxz) X
+ .31/1(2—/?1 UsXq ; B2"U3X5)
+ (=f1"UsX; — B,"UsX5)

H = | H / H 7/
/ | 1
/
/ \ Pin support
(Y
| : b
(a) (b) (©
Non-protruding ~ Non-protruding  Non-protruding
fixed free fixed
with pin support
= >, ¥
H | H 1
| | v,
! !
(d) (e)
Protruding Protruding
fixed free

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

head conditions

https://doi.org/10.52202/069179-0344
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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 8,=0 [rad] and the horizontal load at the
nail head is H[N]. And the calculations are equation (17)
and (18).

© = b,h, + 8hy -

I = SEIB, P byh, a7
2B, bsh

_ B1bshy (18)

H=——"
0 bh, —8h, °

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 My=0 [N - mm] and the horizontal load
at the nail head is H[N]. And the calculations are equation
(19) ~ (22).

byhy + 4hs — 4he

n(0) = (19)
1 fesin(Bet) + focos(By)
b =g tan 1(_f6sin(ﬁzf) —fscos(ﬁzf)) 20)
H(e,) =

BiM(£,,) (fssin(B,?) + fecos(Bat))hy oPatm—Bat 21)
2B, (3% + fi2)sin(Byt )

B1M(0)h,
2B,%f,

H(0) = (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 that
My=0 [N -mm], M(£,,) = 0, the horizontal load at the
nail head is H[N] and the horizontal load at ¢,,is H'[N].
And the calculations are equation (23) ~ (25).

2
by + R, +R R, + R
=Btk s H (23
2E1B,°b, 2E1B,°B,°b,
2
by + 2Rs — 2R Re + R
o) = Pt 2R 22, Ko S H  (24)
2E16,*b, 2E16,5,° b,
S-S sin(B,4,,
9({,4%) — 1 ;, x i ﬁZ (IBZ )
2167 D+ focosBal) T g
S, + 5, sin(Brt,,) o

* 2EIB,? % fssin(B,t) + fecos(Brt)

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 M (—h)=0 [rad] and the horizontal load at



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

1 (WM
L, = Etan (Wz) (26)
_ 4B, > M (£, b1 (BL AT, + )W, eF2lim=0)

b Yysin(Byt ) @7

H
12E1B,3t, (B4 T, + T5)
Bt Ty + 4B, R T, (28)
X +3B, 22 (t, Ty + t,T, + t5Ty)
+3B,h(t,Ts + t4Ty) + 3(=t3Ts + t,T5)

y3(—=h)

_AB MOt (BT, +T3)

H{;: 212
B h*Uy + B1hU, + Us

(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 6(—h)=0 [rad] and the horizontal load at
the nail head is H[N]. And the calculations are equation
(30) and (31).

R =—— {48 3K3t,T
y3(=h) 12E1,313t1T1{ P1 111
+ 128,22, T, + 6B, h(t,T;  (30)
+ tZTZ + t3T1) + 3(t2T3
+t, T
212
R2T, + 2B,hT, + T
y3'(—h)=—ﬂl 1 ﬁ1 2 3H (31)

2EIB,%T,

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

Table 9: Fixed number (5)

Horizontal load of the nail head at the nth change
point of the load-deformation relationship

¥y, | Horizontal displacement of the nail head

at the nth change point of the load-deformation
relationship

Hy,

gyp | Yield stress of plywood to the nail side =4105
A, | Cross-sectional area of plywood to the nail side

Z, | Section modulus of nail

o, | Yield stress of nail =734.6

P, | Pull-out stress intensity of the nail

P, | The nail head penetration bearing capacity of
plywood

P, | 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
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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.
A

g Z R g

= g _*—§<~|g 2

(1) Yield of plywood (2) Yield of nail
L

(3) Pull-out, punching out or break of nail

Figure 9: No damage wood and rusted nail

A
o =22 X% (32)
2
S 33
TITE (33)
_ 2p1Zn0n
H, = (34)
V1+ (Bih)?exp[—tan='(1/p1h)]
(1+ph)3+2
y = H, (35)
12EIB,
2 _ 4 __ 3
H, = \/6/0( \36/a* — 24N /a (36)
2
1+ Bh)3 +1/2
s =—— " H, (37
3EIB,
_ (+ph)?
Where, a = TR

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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PooAy pakedaq

(3) Pull-out

Figure 10: Decayed wood and no damage nail

oo 2Pibshy
t byhy —8h, ™"
_ byhy +8hy
T UEIB bk,

Hy 1 =
BiZn0n(fssin(Bat) + focos(BrtDhs g0 g0
28,°(fs* + fu*)sin(Bat )

s = a0 + ucos(f)
"B, Fosin(B€) — fscos (Bt
_ byhy + 4hs — 4hg
Y S T,

H2—2 — ﬁlZnoz-nh4

28,%f,
_ byhy + 4hg — 4hyg
T

. |6/a’ = [36/a* — 24P, /a3
Hy i = 2

! i

4 =—=H;_
Y3-1 2E1523 3-1

_ Py + Hs_y'sin(y,Hz_1")
sin(y1Hz_1") — Hz_y'azcos (v, Hz ")

H3—1

_Bi’by+ Ry + Ry

V31 ZEI,Blst 3-1
R, +R, Mol ,
oo 2,3, M3-1 T V31
2E1B:*B," b,
6/a? —/36/a* — 24N /a3
H; , = 2

A+ AP +1)2

V3-2 3E1ﬁ13

3-2
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(38)

(39)

(40)

(41)

(42)

(43)

(44)

(45)

(46)

(47)

(48)

(49)

(50)
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1 _ P1*b1+2R5—2R; _ 51-S3

Where, a’ = 2687 T T gEiptn, 0 92T 2w,

Basin(Batm) ___ RetRg _ S2+Ss

Fssin(B0+focos(Bz®) V1T 2EIBBb, * V2 T 2mIB,
sin(Bz2tm) _ (1+Ba)?
Fssin(B2b)+focos(B2t) 2EIfy”

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.

deformation|mm]

Experimental result

(no damage wood and rusted nail)

Estimates (no damage wood and rusted nail)
Experimental result

(decayed wood and no damage nail)
Estimates (decayed wood and no damage nail)

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

Oy X A,

H, = 51

\ . (51)
b,h, + 8h

Y= H, (52)
4E1B,>h, b,



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 Behavior Nail head condition Behavior
condition
1 | Non- Yield of Nail pulls out Yield of nail head
protruding/ plywood
fixed
2 || Protruding/ Yield of Non-protruding/ free Yield of nail body
fixed nail body At the no | At the boundary
damage between the no damage
part part and the decay part
3 | Protruding/ Nail pulls out, | Non-protruding/ | Protruding/ | Nail pulls out
free breaks, free free
or punching out | with pin support
¥
H 4P Zy 0t (B AT, + TZ)W1eﬁ2([m_f) (53) ; ; :
= z
o V,5in(Byt,m) :
P 4B, 7, 0.t (B AT, +T) 5 (1) Yield of plywood (2) Yield OZ nail
T BRU, + BiAU, + U : 2 |ﬁ7”3-2
% g,— =% g
H, & 2
V2 =
12E1B,°t, (B AT, + T5) (3) Pull-out, punching out or break of nail
B AT + 4B AP T, (55)
X +3ﬁ12/ﬁ2 (t1T5 + t,T, + t5Ty) Figure 12: Decayed wood and rusted nail
+3B14(t,Ts + t,Ty) + 3(—t3T5 + t,T5)
2_ 4 _ 3
2
_ Hs 3,3 252
Y3-1 = 3 {4'ﬁ1 26Ty + 12, " Aty T,
12E1B;°t, Ty (57)
+ 60,4t T3 + t,T, + t3T;)
+3(t,Ts + t,Th)} deformation[mm]
Aa Ba Ab —Bb —Cb
H; Be Cc Dec Ee cd
Vama = {1+ fo )’ +1/2} (58) Dd ——Ed —Fd
3EIB,
Wh B AR 2B ATy H Ty _ (Bah+1)? Figure 13: The performance of nails in each deterioration
ere, a; = 2EIG,2T, 292 = Rt degree

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.
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load

—

Spring1:
1 Shear performance of nail

6 Spri.ng2: plywood
2 Rigidity:16.5[kN/mm]
Elastoplastic property: elasticity

Table 11: Pattern of

3 4 3 deterioration position
5@7 . .
Pattern | Deterioration
. position
Figure I{: Model of wall (@) No damage
and location of
deterioration B 4
03] 5,6
(w) 1,2,6
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3.2 LOCATION OF DETERIORATION

The plywood bearing wall is divided into areas as shown
in Figl4, 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(«) shows the analysis result and the experimental
result of the past” with the no damaged nail and wood.
The analysis result agrees well with the experimental
result. Next, the analysis results of patterns (B), (y) and
(w) are also shown in Fig.15. In the case of (B), the load-
deformation relationship is almost the same regardless of
the degree of deterioration of the foundation. In the case
of (y), the deformation increases as the deterioration
progresses, but there is no significant effect on the
maximum strength. In the case of (w), 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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Figure 15: The analysis result and the experimental result





