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FOREWORD 

 

S p e c i f i c a t i o n  f o r  D e s i g n  a n d  F a b r i c a t i o n  o f  A l u m i n u m  A l l o y  S t r u c t u r e s  i n  C i v i l  

E n g i n e e r i n g  w a s  p u b l i s h e d  b y  t h e  L i g h t  M e t a l  A s s o c i a t i o n  i n  1 9 7 7 ,  a n d  a  r e v i s e d  

v e r s i o n  w a s  p u b l i s h e d  b y  t h e  J a p a n  A l u m i n u m  A s s o c i a t i o n  i n  1 9 9 8 ,  b u t  t h e  b a s i c s  

o f  t h e  r e v i s e d  v e r s i o n  w e r e  a l m o s t  t h e  s a m e  a s  t h e  f i r s t  e d i t i o n .  T h e r e f o r e ,  a  n e w  

s p e c i f i c a t i o n  i n c o r p o r a t i n g  t h e  l a t e s t  r e s e a r c h  r e s u l t s  a n d  f i n d i n g s  w a s  p u b l i s h e d  

b y  t h e  S t e e l  S t r u c t u r e  C o m m i t t e e ,  t h e  J a p a n  S o c i e t y  o f  C i v i l  E n g i n e e r s  i n  M a r c h  

2 0 1 5 .  T h e  m a i n  f e a t u r e  o f  t h i s  s p e c i f i c a t i o n  i s  t h a t  t h e r e  a r e  p r o v i s i o n s  r e g a r d i n g  

t h e  d e s i g n  m e t h o d  o f  a l u m i n u m  s t r u c t u r e s  u s i n g  f r i c t i o n  s t i r  w e l d i n g .  The al u m i n u m  

s t r u c t u r e s  s e c t i o n  i n  A A S H T O  a n d  E u r o c o d e  9  d o  n o t  y e t  h a v e  p r o v i s i o n s  f o r  

f r i c t i o n  s t i r  w e l d i n g .  

H o w e v e r ,  i n  t h e  a b o v e - m e n t i o n e d  s p e c i f i c a t i o n  p u b l i s h e d  i n  M a r c h  2 0 1 5 ,  m a k i n g  

t h e  p r o v i s i o n s  f o r  t h e  a l l o w a b l e  a x i a l  c o m p r e s s i v e  s t r e s s  a n d  a l l o w a b l e  b e n d i n g  

c o m p r e s s i v e  s t r e s s  o f  t h e  m e m b e r s  f a b r i c a t e d  b y  w e l d i n g  a n d  f r i c t i o n  s t i r  w e l d i n g  

w a s  s h e l v e d ,  s i n c e  s u f f i c i e n t  d a t a  h a d  n o t  b e e n  p r o v i d e d .  T h e r e f o r e ,  i n  o r d e r  t o  

m a k e  u p  f o r  t h i s  d e f i c i e n c y ,  t h o s e  a l l o w a b l e  s t r e s s e s  w e r e  g i v e n  i n  t h e  A L S T  

R e s e a r c h  R e p o r t s  b e l o w .  I n  a d d i t i o n ,  t h e  a l l o w a b l e  c o m p r e s s i v e  s t r e s s  o f  

l ongitudinally s t i f f e n e d  A 6 0 6 1 - T 6  p l a t e s  r estrained along two edges a n d  t h e  d e s i g n  o f  

A6061-T6 girders with a longitudinally stiffened web w e r e  a l s o  s p e c i f i e d .  I t  h a s  b e c o m e  

p o s s i b l e  t o  f a b r i c a t e  m e m b e r s  b y  c o n n e c t i n g  e x t r u s i o n s  o f  A 6 0 6 1 - T 6  a l l o y  b y  

f r i c t i o n  s t i r  w e l d i n g .  

 

Revised Draft 1: ALST Research Report 55, May 2019 

Revised Draft 2: ALST Research Report 59, February 2020  

Revised Draft 3: ALST Research Report 60,  January 2021  

 

The above is the history of S p e c i f i c a t i o n  f o r  D e s i g n  a n d  F a b r i c a t i o n  o f  A l u m i n u m  

A l l o y  S t r u c t u r e s  i n  C i v i l  E n g i n e e r i n g , but the Specification are described by the allowable 

stress design (ASD) method.  

Japanese Specification for Highway Bridges was changed from the ASD method to the limit  

state design (LSD) method in 2017. The al u m i n u m  s t r u c t u r e s  s e c t i o n  i n  A A S H T O  is 

described by the load and resistance factor design (LRFD) method, and Eurocode 9 is  described 

by the LSD method. Under these circumstances, in this ALST research report, the specification 

is written by the LRFD method. The form of the verification formula for the limit state is slightly 

different between the LRFD and LSD methods, but the basics are the same.  The commentary for 

the specification is given in ALST Research Report 6 1, February 2021, though in Japanese.  

I hope that this specification will be used as a design standard for those who are considering 

the introduction of aluminum alloy civil engineering structures.  

Finally,  I  hope that this specification will continue to be revised based on the latest research 

results and findings.   
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Definition of Symbols 

 

Symbol Definition Section 

A = enti re cross-sect ional  area of a member  3.4  

A f  = cross-sect ional  area of a compressive flange 4.2 , 4 .3 , 4 .4  

A i  = cross-sect ional  area of the plate element  𝑖 that  

const itutes  a compression member  

4.1  

A r  = cross-sect ional  area of a longi tudinal  st i ffener  4.4  

Aw  = cross-sect ional  area of the heat -affected range due to  

welding or friction s ti r  welding  

= cross-sectional area of a web  

3.4  

 

4.2 , 4 .3 , 4 .4  

𝐴𝑤𝑟 = value given by A r  and Aw  4.4  

B f  = overall  width of  a compressive flange 4.2, 4 .4  

D  = diameter of bol t  holes 

= cumulat ive fatigue damage rat io  

7.2.8 , A.2  

8.4.2 

F  = coefficient  for considering effect s  of flanges on the 

shearing load-carrying capaci ty of girders 

4.3 

I  = geometrical  moment  of inert ia of a member 

= geometrical  moment  of inertia for the gross  cross  section 

of connection plates  in  bolted joints  around the neutral  

axis  of a member 

5.7 , 7 .2.5 , 7 .2.6 , 7 .3.3  

7.2.7  

Ia  = geometrical  moment  of inert ia for the cross  sect ion of 

the theoretical  throat  thickness  on the joining surface  

5.7  

I v  = geometrical  moment  of inert ia of an intermediate 

transverse sti ffener  

4.7.2  

K  = factor for effect ive buckl ing length 

= coefficient  given by 𝐴𝑤 𝐴𝑓⁄  or 𝐴𝑤𝑟 𝐴𝑓⁄  

4.1  

4.2 , 4 .4  

L = length between the support ing points  of compression 

members  or the length for cantilever members 

= dis tance between the posit ions where the bending 

moments  of 𝑀1 and 𝑀2 act 

4.1 

 

4.5  

M = act ing bending moment  5.7 , 7 .2.6 , 7 .2.7 , 7 .3.3  

M1，M2 = larger and smaller acting bending moments , respect ively  4.5 

NT  = total  number of all  repeti tions during a design period 8.4.2  

N i  = fat igue li fe for Δ𝜎𝑖 or Δ𝜏𝑖 8.4.2  

N0  = ini tial ly  introduced  bolt  axial  force  A.4 

P，P i  = act ing force 

= slip load 

7.2.5, 7 .2.6, 7 .3.3  

A.4 

Q = coefficient  given by  η i  and A i  

= act ing shearing force 

4.1  

5.6, 7 .2.5, 7 .2.6, 7 .3.3  

R = variable 

= radius of a bending fi tting  

3.5, 3 .6, 3 .7, 4 .3, 4 .4  

9.2.3, 9 .3.3  
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R1，R2  = constant  3.5, 3 .6, 4 .3  

S = geometrical  moment  of area of a member 7.2.5, 7 .2.6, 7 .3.3  

T = axial  force act ing in  the direction perpendicular to  the 

welding line 

5.6  

V = axial  compressive force to  act  on the transverse 

sti ffeners  at  the support ing point s  

4.7.1  

W = width of a tes t  piece A.2 

Yc1  = coefficient  for corrosion effect s  on S-N curves 8.4.2, 8 .5.4  

Yc2  = coefficient  for corrosion effect s  on fat igue limits  8.4.1, 8 .4.2, 8 .5.4  

Y t  = coefficient  for thickness  effect s  8.4.1, 8 .4.2, 8 .5.5  

a = dis tance between adjacent  intermediate transverse 

sti ffeners  

= theoret ical  throat  thickness  of welded joints  or friction 

sti r  welded joints  

= cross-sect ional  dimension of extrusions of angle sect ion  

4.3, 4 .7.2  

 

5.4, 5 .6, 6 .3  

 

7.2.8  

aL  = dis tance between end st i ffeners  4.3, 4 .4  

𝑎0,  𝑎1,  𝑎2,  𝑎3,  𝑎4 = constant  4.1, 4 .2, 4 .3  

b = plate width  

= cross-sect ional  dimension of extrusions of angle sect ion  

= flange width  

3.5, 3 .6, 3 .7  

7.2.8  

9.5  

b f  = width of a compressive flange on one side  4.2, 4 .4  

br  = width of a longi tudinal  st i ffener  3.7, 4 .4  

bs  = width on one s ide of transverse st iffeners  at  the 

supporting points  

4.7.1  

b v  = width of an intermediate t ransverse st i ffener on one side 

of a web 

4.7.2  

𝑏𝑤 = web width  4.2, 4 .3, 4 .4, 4 .5, 4 .7.1, 

4.7.2  

b’ = web spacing  9.5  

c = constant  

= reinforcement  of lateral  butt  welded joint s  

3.5, 3 .6, 4 .1, 4 .2, 4 .3  

8.5.2  

ca  = allowable fat igue resistance  8.4.2, 8 .5.1, 8 .5.2, 8 .5.3  

d = diameter of bol ts  7.2.3, 7 .2.4, 7 .3.2, A.2  

e = eccentricity  between pieces or t he gap between a 

backing st rip  and a piece 

= dis tance from the center of a bol t  hole to  the end of a 

connection plate  

8.5.2, 9 .2.4  

 

A.2 

g = gauge of bolts  7.2.8, 7 .2.9  

𝑔𝑤 = coefficient  that  gives  the ul timate bending moment  of a 

girder when nei ther local  buckling nor lateral  buckl ing 

occurs  in  a compressive flange 

4.2, 4 .4, 4 .6  

h = web height  9.5  

j = coefficient  that  takes 1 for one friction -surface and 2 for 7.2.4, 7 .3.2  
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two frict ion-surfaces  or the one that  takes 1 for one 

shearing-plane and 2 for two shearing -planes  

k = total  number of nominal  loads  

= shearing buckl ing coefficient  of rectangular plates  

simply supported at  four edges  

= total  number of divisions in  a frequency dist ribut ion of 

st ress  range 

2.1.1  

4.3  

 

8.4.2  

𝑘0， 𝑘1 = constant  4.2  

l = effective buckling length of a compression member 

= dis tance between the supporting  points  of  a compressive 

flange 

= effective length of a weld  

= gusset  length  

= member length  

4.1  

4.2, 4 .4  

 

5.6  

8.5.2  

9.5  

m = value representing the s lope of S-N curves 8.4.2  

n = total  number of bolts  on one side with respect  to  the 

joining line or the number of bolts  in  the direction 

perpendicular to  the joining l ine in  bolted joints  that  

horizontally  connect  plates , subjected to  shearing force 

due to  bending  

7.2.5, 7 .2.6, 7 .3.3, A.4  

n i  = total  number of bolts  on one side with respect  to  the 

joining line in  the i-th  row in high-strength bolted 

frict ion-type joints  under normal  st ress  that  is  not  

uniformly dist ributed  

= frequency of a certain s t ress  range component  Δ𝜎𝑖 or Δ𝜏𝑖  

7.2 .5  

 

 

8.4 .2  

p = constant  

= pitch of bol ts  

3.5, 3 .6, 4 .2, 4 .3  

7.2.5, 7 .2.6, 7 .2.8, 7 .2.9, 

7.3.3, A.2  

q  = cumulat ive fatigue damage for normal  st ress  8.4.2  

q  = cumulat ive fatigue damage for shear ing s t ress 8.4.2  

r = radius of gyration of a compression member  

= curvature radius  of joints  with an in-plane gusset  welded 

to  a plate edge and  to a flange edge  of a girder 

4.1  

8.5.2  

𝑟𝑖  = load factor for the nominal  load  i  2.1 .1  

s = size in  fil let  welding  5.4  

t = plate thickness  3.1, 3 .2, 3 .5, 3 .6, 3 .7, 4 .1, 

4.2, 4 .3, 4 .7.1, 5 .2, 5 .6, 

7.2.4, 7 .2.8, 7 .2.9, 8 .5.2, 

8.5.5, 9 .2.3, 9 .2.4, 9 .2.7, 

9.3.3  

t f  = thickness  of a compressive flange 4.2, 4 .4  

t j  = increased plate thickness  5.2  

tr  = thickness  of a longitudinal  s ti ffener  3.7, 4 .4  
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ts  = thickness  of t ransverse st iffeners at the supporting points  4.7.1  

t v  = thickness  of a intermediate t ransverse st i ffener  4.7.2  

tw  = web thickness  4.2, 4 .3, 4 .4, 4 .5, 4 .7.1, 

4.7.2  

t1  = thickness  of a base material  7.2.3, 7 .2.4, 7 .3.2, 8 .5.3, 

A.2 

t2  = thickness  of a connection plate  7.2.3, 8 .5.3, A.2  

𝑡22 = total  thickness  of connect ion plates  7.2.4, 7 .3.2  

w = bol t  hole diameter to  be considered in  calculat ing the net  

width of staggered bolted plates  

= plate width  

= web or rib  spacing  

7.2.8  

 

8.5.2  

9.5  

y = dis tance from the neutral  axis  of a member to the 

posi tion where the st ress  is  calculated  

5.7, 7 .2.7  

ya  = dis tance from the neutral  axis  for the cross  section of the 

theoretical  throat  thickness  on the joining surface  to  the 

posi tion where the st ress  is  calculated  

5.7  

y i  = dis tance from the neutral  axis  to  bolt s 7.2.6, 7 .3.3  

yn  = dis tance from the neutral  axis  to  the bol t s  at  the 

outermost  location 

7.2.6 7.3.3  

  = range of normal  s tress  8.3  

a  = allowable st ress  range for normal  s tress  8.4.2  

b  = range of plate bending s t ress  8.3  

ca f  = cut-off l imit  of the st ress  range for constant  amplitude 

st ress , for normal  st ress  

8.4.1, 8 .5.1, 8 .5.2, 8 .5.3  

e  = equivalent  st ress  range for normal  st ress 8.4.2  

 i  = one component  of the s t ress  range for normal st ress 8.4.2  

m  = range of membrane s t ress 8.3 

max  = maximum of the normal  st ress  range predicted during a  

design period 

8.4.1  

va f  = cut-off l imit  of the st ress  range for variable amplitude 

st ress , for normal  st ress 

8.4.2, 8 .5.1, 8 .5.2, 8 .5.3  

2 0  = fat igue st rength  at  200,000 cycles  for normal st ress 8.5.1  

2 0 0  = fat igue st rength at  2  mill ion cycles  for normal  st ress   8.5.2, 8 .5.3  

a  = allowable st ress  range for shear ing st ress 8.4.2  

 ca f  = cut-off l imit  of the st ress  range for constant  amplitude 

st ress , for shearing s t ress 

8.4.1, 8 .5.2  

 e  = equivalent  st ress  range for shear ing s t ress 8.4.2  

 i  = one component  of the s t ress  range for shear ing s tress  8.4.2  

max  = maximum of the shearing st ress  range predicted during a 

design period  

8.4.1  

 va f  = cut-off l imit  of  the st ress  range for variable amplitude 

st ress , for shearing s t ress  

8.4.2, 8 .5.2  
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2 0 0  = fat igue st rength at  2  mill ion cycles  for shearing st ress  8.5.2  

 = symbol  that  represents  the sum of effective lengths  

= symbol  that  represents  the sum of the bolts  on one side 

with respect  to  the joining line 

5.6 

7.2.6 , 7 .3.3  

𝛽0,  𝛽1,  𝛽2,  𝛽3 = constant  4.2  

γ v  = required relative sti ffness  rat io  of an intermediate 

transverse sti ffener  

4.7.2  

δ  = flatness  of a plate, right  angle of a flange or deformation  

of a compression member  

9.5  

η ,  ηg ,  η i ,  η l ,  𝜂𝑠 = coefficient  that  gives the load-carrying capaci ty  3.5, 3 .6, 3 .7, 4 .1, 4 .2, 4 .3, 

4.4, 4 .6  

θ = toe angle of a lateral  butt  welded joint  8.5.2  

κ = 𝑀2 𝑀1⁄  4.5 

λ = variable 4.1, 4 .2, 4 .4  

λ1  = constant  4.1, 4 .2  

μ = slip  coefficient  A.4 

ν = safety factor which adjusts  the level  of safety in  fat igue 

check 

8.2, 8 .4.1, 8 .4.2  

ξ = 1 for base materials , friction s ti r  welded joints  and high 

st rength bolted friction -type joints , and 0.8 for welded 

joints  

8.3  

𝜌,  𝜌𝐻,  𝜌𝑃,  𝜌𝑃𝑖,  𝜌𝑄,  𝜌𝑛 = force act ing on one bolt  7.2.5, 7 .2.6, 7 .3.3  

𝜌𝐹 = nominal  frict ion load carrying force per one frict ion-

surface of one s teel  high -strength bol t  for frict ion -type 

connection  

7.2.4  

𝜌𝑏𝐵𝐵𝑑 = design bearing fracture load of one bol t  for bearing -type 

connection  

7.3.2  

𝜌𝑏𝐵0.2𝑑 = design bearing yield load of one bolt  for bearing -type 

connection  

7.3.2  

𝜌𝑏𝑆𝐵𝑑 = design shear ing fracture load of one bolt  for bearing -

type connection  

7.3.2  

𝜌𝑏𝑆𝑌𝑑 = design shear ing yield load of one bol t  for bearing -type 

connection  

7.3.2  

𝜌𝑏𝑈𝑑 = design fracture load carrying  force of one bolt  for 

bearing-type connection  

7.3.2, 7 .3.3  

𝜌𝑏𝑌𝑑 = design yield load carrying  force of one bolt  for bearing -

type connection  

7.3.2, 7 .3.3  

𝜌𝑓𝐵𝐵𝑑 = design bearing fracture load of one steel  high -strength 

bolt  for friction-type connection  

7.2.4  

𝜌𝑓𝐹𝑑 = design frict ion load carrying  force of one steel  high -

strength bolt  for friction -type connection  

7.2.4, 7 .2.5  

𝜌𝑓𝑆𝐵𝑑 = design shear ing fracture load of one steel  high -strength 

bolt  for friction-type connection  

7.2.4  

𝜌𝑓𝑈𝑑 = design fracture load carrying  force of one s teel  high- 7.2.4, 7 .2.6  
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strength bolt  for friction -type connection  

σ  = act ing normal  st ress   5.6, 5 .7, 7 .2.7  

B  = tensile s t rength of base material s  3.1, 3 .5, 3 .6, 4 .1, 4 .2, 4 .3, 

4.6, 7 .2.4, 7 .3.2  

𝜎𝐹𝑑 = st ress  that  occurs  in  a member against  the design load  2.1.1  

𝜎𝐹𝑛,𝑖 = st ress  that  occurs  in  a member against  the nominal  load i  2.1 .1  

𝜎𝑅𝑑 = design st rength of a member 2.1.1  

𝜎𝑅𝑛 = nominal  s t rength of a member 2.1.1  

𝜎𝑆𝐵 = tensile s t rength of bol ts  7.2.4, 7 .3.2  

𝜎𝑆𝑌 = yield s tress  or 0 .2% proof st ress  of bol ts  7.3.2  

𝜎𝑐𝑢𝑑 = design compressive st rength for the load -carrying 

capacity of plates , the design axial  compressive s t rength 

for the load-carrying capacity of members  or the design 

bending compressive st rength for the load -carrying 

capacity of girders  

3.5, 3 .6, 3 .7, 4 .1, 4 .2, 4 .4, 

4.5, 4 .6, 7 .2.7  

𝜎𝑑 = design tensile st rength or the design compressive st rength  7.2.7  

𝜎𝑓𝐵 = tensile s t rength of welding material s  3.2  

𝜎𝑓𝐵𝑑 = design tensile s t rength for the tensile st rength of welding  

materials  

3.2  

𝜎𝑓𝑔𝑢 = lateral  load-carrying capacity of a compressive flange 

without  considering effects  of the local  buckling of the 

compressive flange 

4.2  

𝜎𝑓𝑙𝑢 = load-carrying capaci ty for the local  buckl ing of a 

compressive flange 

4.2  

𝜎𝑓𝑢 = lateral  load-carrying capacity of a compressive flange 

considering effects  of the local  buckling  of the 

compressive flange  

4.2  

𝜎𝑓0.2 = 0.2% proof st ress  of welding material s  3.2  

𝜎𝑓0.2𝑑 = design tensi le s trength for the 0.2% proof s t ress  of 

welding material s  

3.2  

𝜎ℎ𝐵 = tensile s t rength of the heat -affected zone due to  welding  3.2  

𝜎ℎ𝐵𝑑 = design tensi le s trength for the tensile st rength of the 

heat-affected zone due to  welding  

3.2 , 3 .3  

𝜎ℎ0.2 = 0.2% proof s tress  of the heat -affected zone due to  welding  3.2  

𝜎ℎ0.2𝑑 = design tensi le s trength for the 0.2% proof s t ress  of the 

heat-affected zone due to  welding  

3.2, 3 .3  

𝜎𝑝𝑡𝐵𝑑 = design tensile st rength for the tensi le s t rength of members  

with joints  by welding or friction st i r  welding  

3.4  

𝜎𝑝𝑡0.2𝑑 = design tensi le s trength for the 0.2% proof s t ress  of 

members  with joints  by welding or friction s ti r  welding  

3.4  

𝜎𝑡𝐵𝑑 =  design tensi le st rength for the tensile st rength of base 

materials  

3.1, 3 .4, 3 .5, 3 .6, 3 .7, 4 .1, 

4.2, 4 .4, 4 .5, 7 .2.7  

𝜎𝑡0.2𝑑 = design tensi le s trength for the 0.2% proof s t ress  of base 3.1, 3 .4, 7 .2.7  
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materials  

𝜎𝑢 = load-carrying capaci ty of plates , compression members  

or girders  under bending  

3.5, 3 .6, 3 .7, 4 .1, 4 .2, 4 .4, 

7.2.7  

𝜎𝑤𝐵𝑑 = design tensi le s trength for the tensile st rength of the 

heat-affected range due to  welding or friction sti r  

welding 

3.2, 3 .3, 3 .4, 5 .6, 5 .7  

𝜎𝑤0.2𝑑 = design tensi le s trength for the 0.2% proof s t ress  of the 

heat-affected range due to  welding or friction sti r  

welding 

3.2, 3 .3, 3 .4, 5 .6, 5 .7  

0. 2  = 0.2% proof st ress  of base material s  3.1, 3 .5, 3 .6, 4 .1, 4 .2, 4 .3, 

4.6, 7 .2.7,  7 .3.2  

𝜎1 = bending compressive s t ress  at  the flange edge at  the 

posi tion where the larger bending moment  acts  

4.5, 4 .6  

𝜎1𝐵 = tensile s t rength of the aluminum alloy for base materials  7.2.4, 7 .3.2  

𝜎2𝐵 = tensile s t rength of the aluminum alloy for connection 

plates  

7.2.4, 7 .3.2  

σ1 cu d  = design bending compressive s t rength at  the posit ion where 

the larger bending moment  acts  

4.5  

𝜎1,0.2 = 0.2% proof st ress  of the aluminum alloy for base material s  7.3.2  

𝜎2,0.2 = 0.2% proof st ress  of the aluminum alloy  for connection 

plates  

7.3.2  

𝜏 = act ing shearing s t ress  4.5, 4 .6, 5 .6  

𝜏𝐵𝑑 = design shear ing st rength for the tensile st rength of base 

materials  

3.1, 4 .3, 4 .4, 4 .7.1  

τd  = design shear ing st rength for the case where buckl ing 

does not  occur in  a web 

4.7.1  

𝜏𝑓𝐵𝑑 = design shear ing st rength for the tensile st rength of 

welding material s  

3.2  

𝜏𝑓0.2𝑑 = design shear ing st rength for the 0.2% proof st ress  of 

welding material s  

3.2  

𝜏ℎ𝐵𝑑 = design shear ing st rength for the tensile st rength of the 

heat-affected zone due to  welding  

3.2, 3 .3  

𝜏ℎ0.2𝑑 = design shear ing st rength for the 0.2% proof st ress  of the 

heat-affected zone due to  welding  

3.2, 3 .3  

𝜏𝑢 = shearing load-carrying capacity of girders  4.3, 4 .4  

𝜏𝑢𝑑 = design shear ing st rength for the load -carrying capacity 

of girders  

4.3, 4 .4, 4 .6  

𝜏𝑤𝐵𝑑 = design shearing  s t rength for the tensile st rength of the 

heat-affected range due to  welding or friction s ti r  welding  

3.2, 3 .3, 3 .4, 5 .6, 5 .7  

𝜏𝑤0.2𝑑 = design shearing  s trength for the 0.2% proof st ress  of the  

heat-affected range due to  welding or friction s ti r  welding  

3.2, 3 .3, 3 .4, 5 .6, 5 .7  

𝜏∥ = shearing s tress  generated in  the weld due to  a shearing 

force in  the direction parallel  to  the welding l ine  

5.6  
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𝜏⊥ = shearing s tress  generated in  the weld due to  an axial  

force in  the direction perpendicular to  the welding line  

5.6, 5 .7  

𝜏0.2𝑑 = design shear ing st rength for the 0.2% yield s trength of 

base materials  

3.1, 4 .7.1  

𝜙 = resis tance factor  2.1.1  

𝜙𝐵 = resis tance factor for the tensile st rength of base 

materials ,  the heat -affected zone due to  welding or 

welding material s   

3.1 , 3 .2, 3 .5, 3 .6, 3 .7, 4 .1, 

4.2, 4 .3, 4 .4, 4 .6, 7 .2.4, 

7.3.2  

𝜙𝐹 = resis tance factor for the friction load carrying force 7.2.4  

𝜙𝑆𝐵 = resis tance factor for the tensile st rength of bolts  7.2.4, 7 .3.2  

𝜙𝑆𝑌 = resis tance factor for the yield s t ress  of bolts  7.3.2  

𝜙𝑢 = resis tance factor for load-carrying capacity of plates , 

compression members , girders  under bending or girders  

under shear ing 

3.5, 3 .6, 3 .7, 4 .1, 4 .2, 4 .3, 

4.4, 4 .6  

𝜙0.2 = resis tance factor for the 0.2% proof st ress  of base 

materials , the heat -affected zone due to  welding or  

welding material s  

3.1, 3 .2, 7 .3.2  

ψ = magnificat ion to  increase the plate thickness 5.2 
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1. General Provisions 

 

1.1 Scope of Application 

(1)  This  specif i cat ion  spec if i es  the design and  fabr icat i on method for  general  aluminum 

al loy s t ruc tur es in  civi l  engineer ing.  When the prov i sions of  t hi s specif i ca t ion  ar e  

changed and appl i ed,  or  when the mat t er s  not  provided in  thi s spec if icat ion ar e appl ied,  

the par t ie s consul t  each other  t o  decide whe ther  or  no t  to  app ly them.  

(2)  In thi s spec if icat ion ,  t he l oads specif ied by the design s tandard re lat ed to  civi l  

eng ineer ing st ructure s to  be designed ar e used as the des ign load s.  

(3)  I t  must  be f ul ly  checked tha t  the r equ ired perf ormance specif i ed in  t he design st andar d  

rela ted to  c ivi l  engineer ing st r uc tur e s to  be des igned  i s  sat i sf i ed .  

 

1.2 Usable Materials 

Aluminum alloy materials that can be used for civil engineering structures must comply with the Japanese 

Industrial Standards (hereinafter referred to as JIS) shown in Table 1.2.1. Aluminum alloy materials with 

an elongation of 10 % or more shall be used. As for extrusions of A5083-H112 alloy, those with a tensile 

strength of 275 N/mm2 or more and a 0.2 % proof stress of 120 N/mm2 or more shall be used. 

 

Table 1.2.1 Aluminum Alloy Materials  

 Aluminum alloys JIS 

Plates A5083-H112，A5083-O，A6061-T6，A6061-T651 JIS H 40001) 

Extrusions A5083-H112，A5083-O，A6061-T6，A6005C-T5，A6005C-T6 JIS H 41002) 

Welding materials A5183，A5356 JIS Z 32323) 

1 )  J IS  H  400 0 :  A lu mi nu m a n d  a lu min um  a l loy  s he e t s ,  s t r i p s  a nd  p l a t e s ,  2 014 .  

2 )  J IS  H  410 0 :  A lu mi nu m a n d  a lu min um  a l loy  e x t r ude d  p ro f i l e s ,  20 15 .  

3 )  J IS  Z  32 32 :  A lum in um  a nd  a l um inu m a l l oy  w e l d ing  r ods  a nd  w i re s ,  20 09 .  

 

1.3 Values of Material Constants Used for Design Calculations 

The values of material constants for aluminum alloys used for design calculations are shown in Table 

1.3.1. 

 

Table 1.3.1 Values of Material Constants for Aluminum Alloys 

Types of material constants Values 

Density 

（Unit volume weight） 

Young's modulus 

Shear modulus 

Poisson's ratio 

Coefficient of linear expansion 

 2.7×103 (kg/m3) 

     ［ 26.5 (kN/m3)  ］ 

 7.0×104  (N/mm2) 

 2.7×104  (N/mm2) 

 0.3 

 24×10-6  (1/℃) 
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1.4 Limit Temperature during Service 

The temperature of aluminum alloy structures in civil engineering in service shall not exceed 80℃. 

 

1.5 Anticorrosion 

(1)  Under  normal  a tmospher ic cond i t ions,  c ivi l  engineer ing st r uc tur es made of  aluminum 

al loy mater ial s l is ted in  1. 2 can be used  without  paint ing.  

(2)  When us ing  aluminum al loy  mater ial s  i n  combina t ion with  di ssimila r  meta l s such  as  

st eel  mater i al s,  the contac t  corr osion wi th them must  be  preven ted.  

(3)  The surf ace of  the aluminum al loy mater ia l s t hat  come into contac t  wi th mor t ar  or  

concre te must  be pa int ed.  

(4)  Aluminum al loys A5083- H112 and A5083-O and welding mater ia l s A5183 and A5356  

shal l  not  be used when c ivi l  eng ineer ing st ructures pl aced in  a  mar ine envir onment  are  

in  serv ice at  t emper atur es above 66°C.  
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2. Design Basics 

 

2.0 Definition of Terms 

(1)  Bol ted bear ing- type joint  

A bolted joint in which forces are carried by the bearing resistance that pushes the bolt and plate 

against each other, and the shearing force generated in the bolt.  

(2)  Design load  

A combination of loads in which nominal loads are multiplied by load factors. 

(3)  Design st rength  

A value obtained by multiplying a nominal strength by a resistance factor. 

(4)  Frac tur e load carry ing  l imit  

In high-strength bolted friction-type joints and bolted bearing-type joints, the limit at which bolts 

reach the shearing strength or plates reach the bearing-fracture strength.  

(5)  Frict ion load carrying  l imit  

The limit of slippage between plates in high-strength bolted friction-type joints. 

(6)  High- s trength bol ted f r ic t ion - type joint  

A bolted joint that applies an axial force to a high-strength bolt to tighten plates and carries forces by 

the frictional force generated between plates. 

(7)  Limit  sta te  

A state in which a structure or member can no longer meet its intended purpose.  

(8)  Load and r esi st ance factor  des ign method  

A method to determine dimensions of a member so that stresses generated in a member against the 

design load are less than the design strength of a member. 

(9)  Load- carr ying capaci ty  

Maximum load that a member can withstand before it collapses under compressive force, bending 

moment or shearing force. 

(10) Load f actor  

A factor for considering the deviation of a nominal load from an actual load, the uncertainty included 

in the analysis that converts loads into stresses that occur in a member, and the probability that various 

loads occur simultaneously. 

(11) Nomina l  load  

The load specified by the design standard.  

(12) Nomina l  st rength  

Resistance strength of a member calculated according to this specification. 

(13) Resi st ance f ac tor  

A factor for considering the deviation of a nominal strength from an actual strength, the modes of 

fracture (brittle fracture or ductile fracture), and the seriousness of consequences of fracture. 

(14) Serviceab i l i t y  l imit  sta te  

A critical condition where a structure or member does not collapse but is no longer suitable for normal 

use. 

(15) Ult imate l imit  st a te  

A critical condition where a structure or member collapses or cannot be used.  
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(16) Yield load carrying  l imit  

In bolted bearing-type joints, the limit at which bolts reach the shearing yield stress or plates reach 

the bearing yield stress.  

 

2.1 Check of Limit States 

2.1.1 Check of Ultimate Limit State 

(1)  The ul t imate l imit  s tat e of  aluminum al loy s t ructur es in  civ i l  engineer ing is checked  

by the load and resi st ance f ac tor  design method.  As shown in the fol lowing equa t ion s,  

i t  i s  ver i f i ed tha t  the st r ess gener at ed in  a  member  aga inst  t he design load i s l ess  t han  

the design s t rength of  a  member.  

𝜎𝐹𝑑 ≤ 𝜎𝑅𝑑 (2.1.1a) 

𝜎𝐹𝑑 =∑(𝑟𝑖𝜎𝐹𝑛,𝑖)

𝑘

𝑖=1

 (2.1.1b) 

𝜎𝑅𝑑 = 𝜙𝜎𝑅𝑛 (2.1.1c) 

where 

𝜎𝐹𝑑 = stress that occurs in a member against the design load 

𝜎𝑅𝑑 = design strength of a member 

𝑟𝑖 = load factor for the nominal load i 

𝜎𝐹𝑛,𝑖 = stress that occurs in a member against the nominal load i 

k = total number of nominal loads 

𝜙 = resistance factor 

𝜎𝑅𝑛 = nominal strength of a member 

(2)  For  the design load s,  the nomina l  load s,  their  combina t ion and the  load  f actor s  

spec if ied in  the des ign st andar d rel ated to  civi l  engineer ing s t ructur e s to  be des igned  

shal l  be used.  

(3)  For  tension member s,  Eq s.  (2 . 1.1)  ar e checked  when they r each the 0. 2% proof  st r es s  

and  when  they r each  the t ensi l e  st r ength.  For  compression member s and  gir der  member s ,  

Eqs.  (2 . 1.1)  ar e checked  when they r each the load-carrying  capaci ty.  The design  

st r eng ths for  t hose member s ar e g iven in  Chapter s 3  t o  6.  

(4)  For  high- st r eng th bol t ed f r i ct i on - type jo int s,  Eq s.  (2 .1.1)  are  checked when they  reach  

the f r i ct ion load carr ying  l imi t  and when they reach the f rac ture l oad carr ying  l imit .  

For  bol t ed bear ing - type join t s,  Eqs.  (2 .1 .1)  are  checked when they reach the yi eld load  

carr ying  l imit  and when they  reach the f r ac tur e load  carrying  l imi t .  The  design  

st r eng ths of  bol t ed joint s are given in  Chap ter  7 .  

(5)  The value s of  the res is tance factor s  ar e  deter mined accor ding to  the l evel  of  safety  

requ ired for  civi l  eng ineer ing st r ucture s  to  be designed.  

 

2.1.2 Check of Serviceability Limit State 

The check of the serviceability limit state is performed by satisfying the allowable deflection for 

members, which is specified by the design standard related to civil engineering structure s to be designed. 
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2.1.3 Check of Fatigue 

Fatigue is classified into the ultimate limit state or the serviceability limit state depending on the location 

where fatigue cracks occur or on their size when they are found. The brittle fracture of a member that occurs 

after the propagation of fatigue cracks is an example of the former, and repairable fatigue cracks are an 

example of the latter. The check of fatigue is given in Chapter 8. 

 

2.2 Cross-Sectional Reduction Due to Corrosion 

In designing a luminum al loy st ructures in  civ i l  engineer ing,  i t  i s  no t  necessar y to  

consider  t he cross- sect ional  reduct ion due to  corr os ion.  

 

2.3 Minimum and Maximum Plate Thickness 

The thickness  of  p la te  e lements  that  make up a  member is  3  mm or  more and 40 mm 

or  less .  However,  i t  is  not  necessary to  make below 40 mm the th ickness  of the  jo int  

par ts  where  the  pla te  th ickness  is  par tia l ly  increased ( See 5 .2  and 6 .3) .  

 

2.4 Connection of Members 

(1)  The connect ion of  main members shal l  be designed for  the larger  va lu e of  the cross-

sect ional  force agains t  the des ign load and 75% of  the st r eng th given by ( design  

st r eng th)  × ( en t i r e  cr oss- sect ional  area of  a  member) .  However,  for  the shear ing  force ,  

the cross-sect iona l  force aga inst  t he des ign load may be used.  

(2)  The connect ion of  secondary member s may be  des igned  for  the  sect ional  for ce aga ins t  

the design load.  

(3)  The connec t ion of  member s sha l l  be des igned so that  t he fo l lowing i t ems ar e sat i sf i ed:  

1)  The st ress t r ansmission i s c lear.  

2)  The eccen tr ic i ty  with r espec t  to  the member  axi s i s  reduced as much as possib l e.  

3)  The st ress concentra t ion i s avoided as much as possib le.  
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3. Design Strength 

 

3.1 Design Tensile Strength and Design Shearing Strength of Base Materials 

The design tensile strength of base materials is given by the following equations: 

For the 0.2% proof stress, 𝜎𝑡0.2𝑑 = 𝜙0.2𝜎0.2 (3.1.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵𝜎𝐵 (3.1.1b) 

where 

𝜎𝑡0.2𝑑 = design tensile strength for the 0.2% proof stress of base materials 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of base materials 

𝜎0.2 = 0.2% proof stress of base materials 

𝜎𝐵 = tensile strength of base materials  

𝜙0.2，𝜙𝐵 = resistance factor for the 0.2% proof stress and the one for the tensile strength of 

base materials, respectively 

Table 3.1.1 shows the tensile strength 𝜎𝐵 and the 0.2% proof stress 𝜎0.2 of base materials. 

 

Table 3.1.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Base Materials 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B 

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 

Plates 

A5083-H112 4≦t≦40 275 125 

A5083-O 3≦t≦40 275 125 

A6061-T6 3≦t≦6.5 295 245 

A6061-T651 6.5≦t≦40 295 245 

Extrusions 

A5083-H112 3≦t≦40 275 120 

A5083-O 3≦t≦38 275 120 

A6061-T6 3≦t≦40 265 245 

A6005C-T5 
3≦t≦6 245 205 

6＜t≦12 225 175 

A6005C-T6 3≦t≦6 265 235 

 

  The design shearing strength of base materials is given by the following equations: 

For the 0.2% proof stress, 𝜏0.2𝑑 =
𝜎𝑡0.2𝑑

√3
 (3.1.2a) 

For the tensile strength, 𝜏𝐵𝑑 =
𝜎𝑡𝐵𝑑

√3
 (3.1.2b) 

where 

𝜏0.2𝑑 = design shearing strength for the 0.2% proof stress of base materials 

𝜏𝐵𝑑 = design shearing strength for the tensile strength of base materials 

 

3.2 Design Tensile Strength and Design Shearing Strength of Welds 

(1)  As shown in Figure 3.2. 1,  the heat - aff ect ed range due to  weld ing,  which is t he par t  

consi st ing of  t he depos i t ed metal  and the heat - affect ed zone of  the base mater ia l ,  i s  25  
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mm on each side f r om the welding cente r  in  the case of  bu t t  welding,  and 25 mm from 

the welding roo t  in  t he case of  f i l l et  welding.  

 

 

(a) Butt Welding                      (b) Fillet Welding 

Figure 3.2.1 Heat-Affected Range Due to Welding 

 

(2)  The design t ensi l e  s t rength of  t he hea t -aff ect ed range due to  we lding sha l l  be the  

smal l er  of  the design tens i l e  st r eng ths of  t he heat - affect ed  zone  and the welding  

mater ia l ,  a s shown in the fol lowing equat ion s:  

For the 0.2% proof stress, 𝜎𝑤0.2𝑑 = min(𝜎ℎ0.2𝑑, 𝜎𝑓0.2𝑑) (3.2.1a) 

For the tensile strength, 𝜎𝑤𝐵𝑑 = min(𝜎ℎ𝐵𝑑, 𝜎𝑓𝐵𝑑) (3.2.1b) 

    where 

𝜎𝑤0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat-affected 

range due to welding 

𝜎ℎ0.2𝑑, 𝜎𝑓0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat-affected zone 

due to welding and the one for the 0.2% proof stress of the welding 

material, respectively 

𝜎𝑤𝐵𝑑 = design tensile strength for the tensile strength of the heat-affected range 

due to welding 

𝜎ℎ𝐵𝑑, 𝜎𝑓𝐵𝑑 = design tensile strength for the tensile strength of the heat -affected zone 

due to welding and the one for the tensile strength of the welding 

material, respectively  

The design shearing strength of the heat-affected range due to welding shall be the smaller of the 

design shearing strengths of the heat-affected zone and the welding material, as shown in the following 

equations: 

For the 0.2% proof stress, 𝜏𝑤0.2𝑑 = min(𝜏ℎ0.2𝑑 , 𝜏𝑓0.2𝑑) (3.2.2a) 

For the tensile strength, 𝜏𝑤𝐵𝑑 = min(𝜏ℎ𝐵𝑑, 𝜏𝑓𝐵𝑑) (3.2.2b) 

    where 

𝜏𝑤0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected 

range due to welding 

𝜏ℎ0.2𝑑, 𝜏𝑓0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected 

zone due to welding and the one for the 0.2% proof stress of the welding 

material, respectively 

𝜏𝑤𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected 

range due to welding 

𝜏ℎ𝐵𝑑, 𝜏𝑓𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected zone 

25mm 25mm 25mm 25mm

2
5

m
m
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due to welding and the one for the tensile strength of the welding 

material, respectively 

(3)  The design t ensi l e  s t rength of  the heat - affect ed zone due to  we lding i s given by the  

fol lowing equa t ion s:  

For the 0.2% proof stress, 𝜎ℎ0.2𝑑 = 𝜙0.2𝜎ℎ0.2 (3.2.3a) 

For the tensile strength, 𝜎ℎ𝐵𝑑 = 𝜙𝐵𝜎ℎ𝐵 (3.2.3b) 

    where 

𝜎ℎ0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat-affected zone due 

to welding 

𝜎ℎ𝐵𝑑 = design tensile strength for the tensile strength of the heat-affected zone due 

to welding 

𝜎ℎ0.2 = 0.2% proof stress of the heat-affected zone due to welding 

𝜎ℎ𝐵 = tensile strength of the heat-affected zone due to welding 

𝜙0.2, 𝜙𝐵 = resistance factor for the 0.2% proof stress and the one for the tensile strength 

of the heat-affected zone due to welding, respectively 

Table 3.2.1 shows the tensile strength 𝜎ℎ𝐵 and the 0.2% proof stress 𝜎ℎ0.2 of the heat-affected zone 

due to welding. The values shown in Table 3.2.1 can be applied to MIG welding and TIG welding  for 

one layer. 

 

Table 3.2.1 Tensile Strength 𝝈𝒉𝑩 and 0.2% Proof Stress 𝝈𝒉𝟎.𝟐  

of Heat-Affected Zone Due to Welding 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength 𝜎ℎ𝐵  

(N/mm2) 

0.2% proof stress 𝜎ℎ0.2 

(N/mm2) 

Plates 

A5083-H112 4≦t≦40 275 125 

A5083-O 3≦t≦40 275 125 

A6061-T6 3≦t≦6.5 165 105 

A6061-T651 6.5≦t≦40 165 105 

Extrusions 

A5083-H112 3≦t≦40 275 120 

A5083-O 3≦t≦38 275 120 

A6061-T6 3≦t≦40 165 105 

A6005C-T5 3≦t≦12 165 105 

A6005C-T6 3≦t≦6 165 105 

 

The design shearing strength of the heat-affected zone due to welding is given by the following 

equations: 

For the 0.2% proof stress, 𝜏ℎ0.2𝑑 =
𝜎ℎ0.2𝑑

√3
 (3.2.4a) 

For the tensile strength, 𝜏ℎ𝐵𝑑 =
𝜎ℎ𝐵𝑑

√3
 (3.2.4b) 

    where 

𝜏ℎ0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected zone due 

to welding 

𝜏ℎ𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected zone due to 

welding 
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(4)  The des ign tens i le  st r ength o f  we lding mater ia l s is  given by the fol lowing equa t ion s:  

For the 0.2% proof stress, 𝜎𝑓0.2𝑑 = 𝜙0.2𝜎𝑓0.2 (3.2.5a) 

For the tensile strength, 𝜎𝑓𝐵𝑑 = 𝜙𝐵𝜎𝑓𝐵 (3.2.5b) 

    where 

𝜎𝑓0.2𝑑 = design tensile strength for the 0.2% proof stress of welding materials 

𝜎𝑓𝐵𝑑 = design tensile strength for the tensile strength of welding materials 

𝜎𝑓0.2 = 0.2% proof stress of welding materials 

𝜎𝑓𝐵 = tensile strength of welding materials 

𝜙0.2, 𝜙𝐵 = resistance factor for the 0.2% proof stress and the one for the tensile strength 

of welding materials, respectively 

Table 3.2.2 shows the tensile strength 𝜎𝑓𝐵 and the 0.2% proof stress 𝜎𝑓0.2 of welding materials. 

 

Table 3.2.2 Tensile Strength 𝝈𝒇𝑩 and 0.2% Proof Stress 𝝈𝒇𝟎.𝟐 of Welding Materials 

Welding materials 
Tensile strength  𝜎𝑓𝐵 

(N/mm2) 

0.2% proof stress 𝜎𝑓0.2 

(N/mm2) 

A5183 275 125 

A5356 265 120 

 

The design shearing strength of welding materials is given by the following equations: 

For the 0.2% proof stress, 𝜏𝑓0.2𝑑 =
𝜎𝑓0.2𝑑

√3
 (3.2.6a) 

For the tensile strength, 𝜏𝑓𝐵𝑑 =
𝜎𝑓𝐵𝑑

√3
 (3.2.6b) 

    where 

𝜏𝑓0.2𝑑 = design shearing strength for the 0.2% proof stress of welding materials 

𝜏𝑓𝐵𝑑 = design shearing strength for the tensile strength of welding materials 

 

3.3 Design Tensile Strength and Design Shearing Strength of Friction Stir Welded Joints 

(1)  As shown in Figure 3.3.1,  the heat -af fec ted  range  due to  f r ict ion  st i r  welding ,  which i s  

the par t  consi st ing of  the st i r r ing par t  caused by f r ic t ion s t i r  weld ing and the  hea t -

affect ed zone of  the base mater i al ,  i s  25  mm on each side f rom the welding center.  

 

Figure 3.3. 1  Heat-Aff ect ed Range Due  to  Frict ion St ir Welding  

 

(2)  The des ign t ensi le  st r eng th of  the heat - affect ed range due to  f r i ct ion s t i r  weld ing i s  

given by the fo l lowing equat ion s,  which is the same as the des ign t ensi le  st r ength of  

the heat -aff ected zone due to  welding:  

For the 0.2% proof stress, 𝜎𝑤0.2𝑑 = 𝜎ℎ0.2𝑑 (3.3.1a) 

For the tensile strength, 𝜎𝑤𝐵𝑑 = 𝜎ℎ𝐵𝑑 (3.3.1b) 

25mm 25mm
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    where 

𝜎𝑤0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat-affected range due to 

friction stir welding 

𝜎ℎ0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat-affected zone due to 

welding [Eq. (3.2.3a)] 

𝜎𝑤𝐵𝑑 = design tensile strength for the tensile strength of the heat-affected range due to 

friction stir welding 

𝜎ℎ𝐵𝑑 = design tensile strength for the tensile strength of the heat-affected zone due to 

welding [Eq. (3.2.3b)] 

The design shear ing s t rength of  the hea t -aff ect ed range due to  f r ict ion st i r  welding  

is given by the f ol lowing equat ion s,  which i s the  same as the design shear ing st r eng th  

of  the heat - affect ed zone due to  we lding :  

For the 0.2% proof stress, 𝜏𝑤0.2𝑑 = 𝜏ℎ0.2𝑑 (3.3.2a) 

For the tensile strength, 𝜏𝑤𝐵𝑑 = 𝜏ℎ𝐵𝑑 (3.3.2b) 

    where 

𝜏𝑤0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected range due 

to friction stir welding 

𝜏ℎ0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected zone due to 

welding [Eq. (3.2.4a)] 

𝜏𝑤𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected range due to 

friction stir welding 

𝜏ℎ𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected zone due to 

welding [Eq. (3.2.4b)] 

 

3.4 Design Tensile Strength and Design Shearing Strength of Members with Welded Joints 

(1)  As shown in Fig.  3 .4.1,  f or  a  member  subject ed to  t ensi le  f orce or  shear ing fo r ce,  t he  

design s t rengths when ther e ar e  jo int s by welding or  f r i ct i on st i r  we ld ing on a  par t  o f  

the cross sec t ion ar e given as fol lows:  

1)  When a t ensi le  for ce i s  appl i ed in  the jo ining - l ine d irect ion [See Fig ur e 3.4.1( a) ] ,  

For the 0.2% proof stress, 𝜎𝑝𝑡0.2𝑑 = 𝜎𝑡0.2𝑑 −
𝐴𝑤
𝐴
(𝜎𝑡0.2𝑑 − 𝜎𝑤0.2𝑑) (3.4.1a) 

For the tensile strength, 𝜎𝑝𝑡𝐵𝑑 = 𝜎𝑡𝐵𝑑 −
𝐴𝑤
𝐴
(𝜎𝑡𝐵𝑑 − 𝜎𝑤𝐵𝑑) (3.4.1b) 

2)  When a tens i l e  force is  appl i ed in  the direct ion per pendicu lar  to  the joining l ine  

[See F igur e 3.4. 1(b)] ,  

    For the 0.2% proof stress, 𝜎𝑤0.2𝑑 

    For the tensile strength, 𝜎𝑤𝐵𝑑 

3)  When sub jected to  shear ing force [See F igur e 3.4.1( c) ]  

    For the 0.2% proof stress, 𝜏𝑤0.2𝑑 

        For the tensile strength, 𝜏𝑤𝐵𝑑 

        where 

𝜎𝑝𝑡0.2𝑑 = design tensile strength for the 0.2% proof stress of members with joints by 

welding or friction stir welding 
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𝜎𝑡0.2𝑑 = design tensile strength for the 0.2% proof stress of base materials 

𝜎𝑤0.2𝑑 = design tensile strength for the 0.2% proof stress of the heat -affected range due 

to welding or friction stir welding 

𝜎𝑝𝑡𝐵𝑑 = design tensile strength for the tensile strength of members with joints by 

welding or friction stir welding 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of base material s 

𝜎𝑤𝐵𝑑 = design tensile strength for the tensile strength of the heat -affected range due 

to welding or friction stir welding 

𝜏𝑤0.2𝑑 = design shearing strength for the 0.2% proof stress of the heat-affected range 

due to welding or friction stir welding 

𝜏𝑤𝐵𝑑 = design shearing strength for the tensile strength of the heat-affected range due 

to welding or friction stir welding 

𝐴 = entire cross-sectional area of a member 

𝐴𝑤 = cross-sectional area of the heat-affected range 

 

 

 

 

 

 

 

 

Figure 3.4.1 Forces Acting on Members with Welded Joints 

 

(2)  When welded jo int s cause a decr ease in  st r eng th,  t he design t ensi le  st r ength  and th e  

design shear ing st rength of  welded join ts wher e the th ickness of  t he welded jo int  i s  

par t i al ly  incr eased according to  5.2 or  6 .2 are abl e to  be taken the same as the des ign  

tensi le  st r eng th and the design shear ing s t rength of  base mater ial s,  r espect ively.  

However,  in  t hi s case,  the thi ckness of  the par t ial ly  t hickened jo int  i s  a ssumed  to be  

the same as that  of  t he base mater i al .  

 

3.5 Design Compressive Strength of Plates Restrained along Two Edges 

The design compressive strength of plates restrained along two edges that are subjected to uniform 

compressive stress is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (3.5.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵𝜎𝐵 (3.5.1b) 

where 

接合部

接合部接合部

PPPP Q Q

Q

Q

(a) Tensile Force Acting in 

the Joining-Line 

Direction 

(b) Tensile Force Acting 

in the Direction 

Perpendicular to the 

Joining Line 

(c) Shearing Force 
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𝜎𝑐𝑢𝑑 = design compressive strength for the load-carrying capacity of plates restrained 

along two edges under uniform compressive stress 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of aluminum alloy materials 

𝜎𝑢 = load-carrying capacity of plates restrained along two edges under uniform 

compressive stress 

𝜎𝐵 = tensile strength of aluminum alloy materials  

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of plates restrained along two 

edges under uniform compressive stress and the one for the tensile strength of 

aluminum alloy materials, respectively 

The tensile strength 𝜎𝐵 of aluminum alloy materials is shown in Table 3.5.1. 

The load-carrying capacity 𝜎𝑢 of plates restrained along two edges under uniform compressive stress is 

given by the following equations: 

𝜎𝑢 = 𝜂𝜎0.2 (3.5.2a) 

𝜂 =

{
 
 

 
 

1 (𝑅 ≤ 𝑅1)

1 − 0.4
𝑅 − 𝑅1
𝑅2 − 𝑅1

(𝑅1 < 𝑅 < 𝑅2)

0.6 (
𝑅2
𝑅
)
𝑝

(𝑅2 ≤ 𝑅 ≤ 2)

 (3.5.2b) 

𝑅 = 𝑐
𝑏

𝑡
 (3.5.2c) 

where 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 3.5.1  

𝑅1, 𝑅2, 𝑝 = constant with the values shown in Table 3.5.2 

𝑐 = constant with the values shown in Table 3.5.1 

𝑏 = plate width (See Figure 3.5.1) 

𝑡 = plate thickness (See Figure 3.5.1) 

In the case of partially thickened joined plates in Table 3.5.2, the thickness of the joints must be partially 

increased according to 5.2 or 6.2. However, the thickness of the partially thickened joint s is assumed to be 

the same as that of the base material. 

 

Table 3.5.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Aluminum Alloy Materials 

 and Values for 𝒄 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B 

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 
𝑐 

Plates 

A5083-H112 4≦t≦40 275 125 2.22×10-2 

A5083-O 3≦t≦40 275 125 2.22×10-2 

A6061-T6 3≦t≦6.5 295 245 3.11×10-2 

A6061-T651 6.5≦t≦40 295 245 3.11×10-2 

Extrusions 

A5083-H112 3≦t≦40 275 120 2.18×10-2 

A5083-O 3≦t≦38 275 120 2.18×10-2 

A6061-T6 3≦t≦40 265 245 3.11×10-2 

A6005C-T5 
3≦t≦6 245 205 2.85×10-2 

6＜t≦12 225 175 2.63×10-2 

A6005C-T6 3≦t≦6 265 235 3.05×10-2 

 



- 13 - 

Table 3.5.2 Values for 𝑹𝟏, 𝑹𝟐 and 𝒑 

Aluminum alloys Non-joined plates 
Partially thickened 

joined plates 
Joined plates 

5000 series B - C 

6000 series A A - 

 

Identification 

symbols 
𝑅1 𝑅2 𝑝 

A 0.52 1.26 0.67 

B 0.44 1.05 0.64 

C 0.42 0.98 0.67 

 

Figure 3.5.1 shows how to set the width of the flange and web of a box-shaped cross-section member 

and that of the web of an I-shaped cross-section member. 

 

 

Figure 3.5.1 Flange and Web of Box-Shaped Cross-Section Member 

 and Web of I-Shaped Cross-Section Member 

 

3.6 Design Compressive Strength of Outstanding Plates 

The design compressive strength of outstanding plates that are subjected to uniform compressive stress 

is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (3.6.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵𝜎𝐵 (3.6.1b) 

where 

𝜎𝑐𝑢𝑑 = design compressive strength for the load-carrying capacity of outstanding plates 

under uniform compressive stress 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of aluminum alloy material s 

𝜎𝑢 = load-carrying capacity of outstanding plates under uniform compressive stress  

𝜎𝐵 = tensile strength of aluminum alloy materials  

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of outstanding plates under 

uniform compressive stress and the one for the tensile strength of aluminum alloy 

materials, respectively 

The tensile strength 𝜎𝐵 of aluminum alloy materials is shown in Table 3.6.1. 

The load-carrying capacity 𝜎𝑢 of outstanding plates under uniform compressive stress is given by the 

following equations: 

𝜎𝑢 = 𝜂𝜎0.2 (3.6.2a) 
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𝜂 =

{
 
 

 
 

1 (𝑅 ≤ 𝑅1)

1 − 0.35 (
𝑅 − 𝑅1
𝑅2 − 𝑅1

)
2

(𝑅1 < 𝑅 < 𝑅2)

0.65 (
𝑅2
𝑅
)
𝑝

(𝑅2 ≤ 𝑅 ≤ 2)

 (3.6.2b) 

𝑅 = 𝑐
𝑏

𝑡
 (3.6.2c) 

where 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 3.6.1  

𝑅1, 𝑅2, 𝑝 = constant with the values shown in Table 3.6.2 

𝑐 = constant with the values shown in Table 3.6.1 

𝑏 = plate width (See Figure 3.6.1) 

𝑡 = plate thickness (See Figure 3.6.1) 

In the case of partially thickened joined plates in Table 3.6.2, the thickness of the joints must be partially 

increased according to 5.2 or 6.2. However, the thickness of the partially thickened joint s is assumed to be 

the same as that of the base material. 

 

Table 3.6.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Aluminum Alloy Materials 

 and Values for 𝒄 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B 

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 
𝑐 

Plates 

A5083-H112 4≦t≦40 275 125 6.82×10-2 

A5083-O 3≦t≦40 275 125 6.82×10-2 

A6061-T6 3≦t≦6.5 295 245 9.55×10-2 

A6061-T651 6.5≦t≦40 295 245 9.55×10-2 

Extrusions 

A5083-H112 3≦t≦40 275 120 6.68×10-2 

A5083-O 3≦t≦38 275 120 6.68×10-2 

A6061-T6 3≦t≦40 265 245 9.55×10-2 

A6005C-T5 
3≦t≦6 245 205 8.73×10-2 

6＜t≦12 225 175 8.07×10-2 

A6005C-T6 3≦t≦6 265 235 9.35×10-2 

 

Table 3.6.2 Values for 𝑹𝟏, 𝑹𝟐 and 𝒑 

Aluminum alloys Non-joined plates 
Partially thickened 

joined plates 
Joined plates 

5000 series B - B 

6000 series A A - 

 

Identification 

symbols 
R1 R2 p 

A 0.60 1.24 0.16 

B 0.40 1.02 0.20 

 

Figure 3.6.1 shows how to set the width of the flange of an I-shaped cross-section member. 
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Figure 3.6.1 Flange of I-Shaped Cross-Section Member 

 

3.7 Design Compressive Strength of Longitudinally Stiffened A6061-T6 Plates Restrained 

along Two Edges 

The design compressive strength of plates made of aluminum alloy A6061-T6 extrusions with one 

longitudinal stiffener as shown in Figure 3.7.1, that are restrained along two edges, under uniform 

compressive stress is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (3.7.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵 × 265 N/mm2 (3.7.1b) 

where 

𝜎𝑐𝑢𝑑 = design compressive strength for the load-carrying capacity of the above-

mentioned plates 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of A6061-T6 extrusions 

𝜎𝑢 = load-carrying capacity of the above-mentioned plates 

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned plates 

and the one for the tensile strength of A6061-T6 extrusions, respectively 

The load-carrying capacity 𝜎𝑢 of the above-mentioned plates is given by the following equations: 

 𝜎𝑢 = 245𝜂 N/mm2 (3.7.2a) 

𝜂 = {
1 (19 ≤

𝑏

𝑡
≤ 26)

0.854 + 0.942𝑅 − 1.771𝑅2 + 0.877𝑅3 − 0.141𝑅4 (26 <
𝑏

𝑡
≤ 129)

 (3.7.2b) 

𝑅 =
𝑏

64.3𝑡
 (3.7.2c) 

where 

𝑏 = plate width (See Figure 3.7.1) 

𝑡 = plate thickness (See Figure 3.7.1) 

The cross-sectional shape of the plates that provide the design compressive strength of Eq. (3.7.1a) for 

the load-carrying capacity is given by the following equations: 

𝑡𝑟
𝑡
= 2.77 × 10−3

𝑏

𝑡
+ 1.18 (19 ≤

𝑏

𝑡
≤ 129) (3.7.3a) 

𝑏𝑟
𝑡𝑟
= 6.28 (3.7.3b) 

where 

𝑏𝑟 = width of a longitudinal stiffener (See Figure 3.7.1) 

𝑡𝑟 = thickness of a longitudinal stiffener (See Figure 3.7.1) 
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The cross-sectional shape given by Eqs. (3.7.3) is the one that maximizes the buckling strength of a 

rectangular plate of aluminum alloy A6061-T6 with a single longitudinal stiffener, which is subjected to 

uniform compressive stress. 

When calculating the compressive stress acting on the plate restrained along two edges, the cross -

sectional area of the longitudinal stiffener is added to that of the plate. 

 

 

Figure 3.7.1 Plates Restrained along Two Edges with One Longitudial Stiffener 
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4. Design of Members 

 

4.1 Design Axial Compressive Strength of Members 

The design axial compressive strength of members with a biaxially symmetric I-shaped cross-section or 

a box-shaped cross-section is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (4.1.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵𝜎𝐵 (4.1.1b) 

where 

𝜎𝑐𝑢𝑑 = design axial compressive strength for the load-carrying capacity of the above-

mentioned members 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of aluminum alloy material s 

𝜎𝑢 = load-carrying capacity of the above-mentioned members 

𝜎𝐵 = tensile strength of aluminum alloy materials 

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned members 

and the one for the tensile strength of aluminum alloy materials, respectively 

The tensile strength 𝜎𝐵 of aluminum alloy materials is shown in Table 4.1.1. 

The load-carrying capacity 𝜎𝑢 of the above-mentined members is given by the following equations: 

𝜎𝑢 = 𝑄𝜂𝜎0.2 (4.1.2a) 

𝜂 = {
1 (𝜆 ≤ 𝜆1)

𝑎0 + 𝑎1𝜆 + 𝑎2𝜆
2 + 𝑎3𝜆

3 + 𝑎4𝜆
4 (𝜆1 < 𝜆 ≤ 2)

 (4.1.2b) 

𝜆 = 𝑐√𝑄
𝑙

𝑟
 (4.1.2c) 

where 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 4.1.1  

𝑎0, 𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝜆1 = constant with the values shown in Table 4.1.2 

𝑐 = constant with the values shown in Table 4.1.1 

𝑄 = coefficient given by Eq. (4.1.4) 

𝑙 = effective buckling length of the above-mentioned members 

𝑟 = radius of gyration of the above-mentioned members 

In the case of partially thickened joined plates in Table 4.1.2, the thickness of the joint must be partially 

increased according to 5.2 or 6.2. However, the thickness of the partially thickened joint is assumed to be 

the same as that of the base material. 

The effective buckling length 𝑙 of the above-mentioned members is given by the following equation: 

𝑙 = 𝐾𝐿 (4.1.3) 

where 

𝐾 = factor for the effective buckling length 

𝐿 = length between the supporting points of the above-mentioned members or the length for 

cantilever members 

The values for the factor 𝐾 for the effective buckling length are given, depending on the restrained state 

at the ends of a member. 
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Table 4.1.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Aluminum Alloy Materials 

 and Values for 𝒄 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B  

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 
𝑐 

Plates 

A5083-H112 4≦t≦40 275 125 1.35×10-2 

A5083-O 3≦t≦40 275 125 1.35×10-2 

A6061-T6 3≦t≦6.5 295 245 1.88×10-2 

A6061-T651 6.5≦t≦40 295 245 1.88×10-2 

Extrusions 

A5083-H112 3≦t≦40 275 120 1.32×10-2 

A5083-O 3≦t≦38 275 120 1.32×10-2 

A6061-T6 3≦t≦40 265 245 1.88×10-2 

A6005C-T5 
3≦t≦6 245 205 1.72×10-2 

6＜t≦12 225 175 1.59×10-2 

A6005C-T6 3≦t≦6 265 235 1.84×10-2 

 

Table 4.1.2 Values for 𝒂𝟎, 𝒂𝟏, 𝒂𝟐, 𝒂𝟑, 𝒂𝟒 and 𝝀𝟏 

Aluminum alloys Non-joined plates 
Partially thickened 

joined plates 
Joined plates 

5000 series B - C 

6000 series A A - 

 

Identification 

symbols 
a0 a1 a2 a3 A4 1 

A 1.01 -0.03 -0.30 -0.04 0.05 0.13 

B 1.00 0.10 -1.13 0.72 -0.14 0.09 

C 1.00 0.10 -1.33 0.88 -0.17 0.09 

 

The coefficient 𝑄 is given by the following equation: 

𝑄 =
∑𝜂𝑖𝐴𝑖
∑𝐴𝑖

 (4.1.4) 

where 

𝜂𝑖  = coefficient that gives the compressive load-carrying capacity of the plate element 𝑖 that 

constitutes a compression member 

𝐴𝑖 = cross-sectional area of the plate element 𝑖 

Eqs. (3.5.2b), (3.6.2b) and (3.7.2b) are used as the coefficient 𝜂𝑖 for a plate restrained along two edges, 

an outstanding plate, and a longitudinally stiffened A6061-T6 plate restrained along two edges, respectively. 

 

4.2 Design Bending Compressive Strength of Unstiffened Web Girders 

The design bending compressive strength of vertically symmetrical I-shaped cross-section girders where 

webs are not stiffened is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (4.2.1a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵𝜎𝐵 (4.2.1b) 

where 

𝜎𝑐𝑢𝑑 = design bending compressive strength for the load-carrying capacity of the above-

mentioned girders 
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𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of aluminum alloy material s 

𝜎𝑢 = bending load-carrying capacity of the above-mentioned girders 

𝜎𝐵 = tensile strength of aluminum alloy materials 

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned girders 

and the one for the tensile strength of aluminum alloy materials, respectively 

The tensile strength 𝜎𝐵 of aluminum alloy materials is shown in Table 4.2.1. 

The bending load-carrying capacity 𝜎𝑢  of the above-mentioned girders is given by the following 

equations: 

𝜎𝑢 = 𝜎𝑓𝑢𝑔𝑤 (4.2.2a) 

𝜎𝑓𝑢 = min(𝜎𝑓𝑔𝑢, 𝜎𝑓𝑙𝑢) (4.2.2b) 

𝜎𝑓𝑔𝑢 = 𝜂𝜎0.2 (4.2.2c) 

where 

𝜎𝑓𝑢 = lateral load-carrying capacity of a compressive flange considering effects of the local 

buckling of the compressive flange 

𝑔𝑤 = coefficient that gives the ultimate bending moment of a girder when neither local buckling 

nor lateral buckling occurs in a compressive flange 

𝜎𝑓𝑔𝑢 = lateral load-carrying capacity of a compressive flange without considering effects of the 

local buckling of the compressive flange 

𝜎𝑓𝑙𝑢 = load-carrying capacity for the local buckling of a compressive flange 

𝜂 = coefficient that gives 𝜎𝑓𝑔𝑢 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 4.2.1  

The coefficient 𝜂 that provides 𝜎𝑓𝑔𝑢 is given by the following equations: 

𝜂 = {
1 (𝜆 ≤ 𝜆1)

𝑎0 + 𝑎1𝜆 + 𝑎2𝜆
2 + 𝑎3𝜆

3 + 𝑎4𝜆
4 (𝜆1 < 𝜆 ≤ 2)

 (4.2.3a) 

𝜆 = 𝑐𝐾
𝑙

𝐵𝑓
 (4.2.3b) 

𝐾 = 𝑘0 + 𝑘1
𝐴𝑤
𝐴𝑓
(1 ≤

𝐴𝑤
𝐴𝑓

≤ 4) (4.2.3c) 

where 

𝑎0, 𝑎1, 𝑎2, 𝑎3, 𝑎4, 𝜆1 = constant with the values shown in Table 4.2.2 

𝑐 = constant with the values shown in Table 4.2.1 

𝑙 = distance between the supporting points of a compressive flange 

𝐵𝑓 = overall width of a compressive flange (See Figure 4.2.1) 

𝐴𝑓 = cross-sectional area of a compressive flange (See Figure 4.2.1) 

𝐴𝑤 = cross-sectional area of a web (See Figure 4.2.1) 

𝑘0, 𝑘1 = constant with the values shown in Table 4.2.3 

For partially thickened joined girders in Table 4.2.2, the thickness of the joints in the web shall be 

partially increased according to 5.2 or 6.2. However, the thickness of the partially thickened joint s is 

assumed to be the same as that of the base material. That is, when determining the cross-sectional area 𝐴𝑤 

of the web, the thickness of the partially thickened joints is the same as that of the base material. 
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Table 4.2.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Aluminum Alloy Materials 

 and Values for 𝒄 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B  

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 
c 

Plates 

A5083-H112 4≦t≦40 275 125 4.66×10-2 

A5083-O 3≦t≦40 275 125 4.66×10-2 

A6061-T6 3≦t≦6.5 295 245 6.52×10-2 

A6061-T651 6.5≦t≦40 295 245 6.52×10-2 

Extrusions 

A5083-H112 3≦t≦40 275 120 4.57×10-2 

A5083-O 3≦t≦38 275 120 4.57×10-2 

A6061-T6 3≦t≦40 265 245 6.52×10-2 

A6005C-T5 
3≦t≦6 245 205 5.97×10-2 

6＜t≦12 225 175 5.51×10-2 

A6005C-T6 3≦t≦6 265 235 6.39×10-2 

 

Table 4.2.2 Values for 𝒂𝟎, 𝒂𝟏, 𝒂𝟐, 𝒂𝟑, 𝒂𝟒 and 𝝀𝟏 

Aluminum alloys Non-joined girders 
Partially thickened 

joined girders 
Joined girders 

5000 series B - C 

6000 series A A - 

 

Identification 

symbols 
a0 a1 a2 a3 A4 1 

A 1.01 -0.03 -0.30 -0.04 0.05 0.13 

B 1.00 0.10 -1.13 0.72 -0.14 0.09 

C 1.00 0.10 -1.33 0.88 -0.17 0.09 

 

Table 4.2.3 Values for 𝒌𝟎 and 𝒌𝟏 

Aluminum alloys k0 k1 

5000 series 0.91 0.09 

6000 series 0.87 0.13 

 

 

Figure 4.2.1 I-Shaped Cross-Section Girder 

 

The load-carrying capacity 𝜎𝑓𝑙𝑢 for the local buckling of a compressive flange is given by Eqs. (3.6.2) 

by considering the compressive flange on one side as an outstanding plate. However, the width-to-thickness 

ratio of the compressive flange on one side shall be less than the values shown in Table 4.2.4. 
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Table 4.2.4 Maximum Width-to-Thickness Ratio of Compressive Flange on One Side 

Aluminum alloys 
Thickness t 

(mm) 
bf /tf 

Plates 

A5083-H112 4≦t≦40 17.5 

A5083-O 3≦t≦40 17.5 

A6061-T6 3≦t≦6.5 12.5 

A6061-T651 6.5≦t≦40 12.5 

Extrusions 

A5083-H112 3≦t≦40 17.9 

A5083-O 3≦t≦38 17.9 

A6061-T6 3≦t≦40 12.5 

A6005C-T5 
3≦t≦6 13.7 

6＜t≦12 14.8 

A6005C-T6 3≦t≦6 12.8 

bf = width of a compressive flange on one side (See Figure 4.2.1)  

tf = thickness of a compressive flange (See Figure 4.2.1) 

 

The coefficient 𝑔𝑤 that gives the ultimate bending moment of a girder when neither local buckling nor 

lateral buckling occurs in a compressive flange is given by the following equation: 

𝑔𝑤 =

{
 
 
 
 
 
 

 
 
 
 
 
 1 +

𝐴𝑤
4𝐴𝑓

1 +
𝐴𝑤
6𝐴𝑓

(
𝑏𝑤
𝑡𝑤
≤ 𝛽0)

1 −

𝐴𝑤
𝐴𝑓

12 (1 +
𝐴𝑤
6𝐴𝑓

)

𝑏𝑤
𝑡𝑤
− 𝛽1

𝛽1 − 𝛽0
(𝛽0 <

𝑏𝑤
𝑡𝑤
≤ 𝛽2)

1 +
2𝐴𝑤
15𝐴𝑓

(𝛽2
𝑡𝑤
𝑏𝑤
)
𝑝

1 +
𝐴𝑤
6𝐴𝑓

(𝛽2 <
𝑏𝑤
𝑡𝑤
≤ 𝛽3)

 (4.2.4) 

where 

𝛽0, 𝛽1, 𝛽2, 𝛽3, 𝑝 = constant with the values shown in Table 4.2.5 

𝑏𝑤 = web width (See Figure 4.2.1) 

𝑡𝑤 = web thickness (See Figure 4.2.1) 

 

Table 4.2.5 Values for 𝜷𝟎,𝜷𝟏,𝜷𝟐,𝜷𝟑 and 𝒑 

Aluminum alloys Thickness t (mm) β0 β1 β2 β3 p 

Plates 

A5083-H112 4≦t≦40 30 90 114 220 0.67 

A5083-O 3≦t≦40 30 90 114 220 0.67 

A6061-T6 3≦t≦6.5 27 74 93 157 0.69 

A6061-T651 6.5≦t≦40 27 74 93 157 0.69 

Extrusions 

A5083-H112 3≦t≦40 30 92 117 225 0.67 

A5083-O 3≦t≦38 30 92 117 225 0.67 

A6061-T6 3≦t≦40 27 74 93 157 0.69 

A6005C-T5 
3≦t≦6 29 81 101 172 0.69 

6＜t≦12 32 87 110 186 0.69 

A6005C-T6 3≦t≦6 27 75 95 160 0.69 
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4.3 Design Shearing Strength of Girders 

(1)  The design shear ing st r ength of  ver t i cal ly  symmetr ical  I - shaped cross- sect ion g irder s  

with no int ermediate t ransver se st i ff eners,  which i s simply suppor ted at  both ends,  i s  

given by the fol lowing equat ion s:  

For the load-carrying capacity, 𝜏𝑢𝑑 = 𝜙𝑢𝜏𝑢 (4.3.1a) 

For the tensile strength, 𝜏𝐵𝑑 = 𝜙𝐵
𝜎𝐵

√3
 (4.3.1b) 

where 

𝜏𝑢𝑑 = design shearing strength for the load-carrying capacity of the above-mentioned 

girders 

𝜏𝐵𝑑 = design shearing strength for the tensile strength of aluminum alloy materials 

𝜏𝑢 = shearing load-carrying capacity of the above-mentioned girders 

𝜎𝐵 = tensile strength of aluminum alloy materials  

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned girders 

and the one for the tensile strength of aluminum alloy materials, respectively 

The tensile strength 𝜎𝐵 of aluminum alloy materials is shown in Table 4.3.1. 

The shearing load-carrying capacity 𝜏𝑢 of the above-mentioned girders is given by the following 

equations: 

𝜏𝑢 = 𝜂
𝜎0.2

√3
 (4.3.2a) 

𝜂 =

{
 
 

 
 

1 (𝑅 ≤ 𝑅1)
𝑎1
𝑅
−
𝑎2
𝑅2

(𝑅1 < 𝑅 ≤ 𝑅2)

0.8 (
𝑅2
𝑅
)
𝑝

(𝑅2 < 𝑅 ≤ 3)

 (4.3.2b) 

𝑅 =
𝑐𝐹

√
5.34 +

4

(
𝑎𝐿
𝑏𝑤
)
2

𝑏𝑤
𝑡𝑤

 
(1 ≤

𝑎𝐿
𝑏𝑤
) (4.3.2c) 

𝐹 = 8.5 × 10−3
𝐴𝑤
𝐴𝑓

𝑎𝐿
𝑏𝑤
+ 0.75 ≤ 1 (1 ≤

𝐴𝑤
𝐴𝑓

≤ 4) (4.3.2d) 

where 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 4.3.1  

𝑅1, 𝑅2, 𝑎1, 𝑎2, 𝑝 = constant with the values shown in Table 4.3.2 

𝑐 = constant with the values shown in Table 4.3.1 

𝑏𝑤 = web width (See Figure 4.3.1) 

𝑡𝑤 = web thickness (See Figure 4.3.1) 

𝐹 = coefficient for considering effects of flanges on the shearing load-carrying 

capacity of girders 

𝐴𝑓 = cross-sectional area of a flange (See Figure 4.3.1) 

𝐴𝑤 = cross-sectional area of a web (See Figure 4.3.1) 

𝑎𝐿 = distance between end stiffeners (See Figure 4.3.2) 

The design of end stiffeners complies with 4.7.1. 

 



- 23 - 

Table 4.3.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 of Aluminum Alloy Materials 

 and Values for 𝒄 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B 

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 
c 

Plates 

A5083-H112 4≦t≦40 275 125 3.38×10-2 

A5083-O 3≦t≦40 275 125 3.38×10-2 

A6061-T6 3≦t≦6.5 295 245 4.73×10-2 

A6061-T651 6.5≦t≦40 295 245 4.73×10-2 

Extrusions 

A5083-H112 3≦t≦40 275 120 3.31×10-2 

A5083-O 3≦t≦38 275 120 3.31×10-2 

A6061-T6 3≦t≦40 265 245 4.73×10-2 

A6005C-T5 
3≦t≦6 245 205 4.33×10-2 

6＜t≦12 225 175 4.00×10-2 

A6005C-T6 3≦t≦6 265 235 4.63×10-2 

 

Table 4.3.2 Values for 𝑹𝟏, 𝑹𝟐, 𝒂𝟏, 𝒂𝟐 and 𝒑 

Aluminum alloys R1 R2 a1 a2 p 

5000 series 0.53 0.92 1.02 0.26 0.76 

6000 series 0.60 1.09 1.20 0.36 0.81 

 

 

Figure 4.3.1 I-Shaped Cross-Section Girder 

 

 

 

Figure 4.3.2 Girder with No Intermediate Transverse Stiffeners 

 

(2)  In 6000 ser i es aluminum al loy mater ia ls ,  the st rength of  t he welded par t  decr eases.  I f  

inter media te t ransver se st i ff ener s are  connected  to  the web of  6000  ser i es a luminum 

al loys by welding,  the over al l  st r ength as a  gir der  is  r educed ,  since the weld c rosses  

the web.  Ther efore,  i t  i s  no t  poss ibl e  t ha t  in termed iat e ver t ical  st i ffener s are  provided  

on gir der s of  6000 ser i es aluminum a l loys.  
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(3)  The design shear ing st r ength of  ver t i ca l ly  symmetr ical  I - shaped cross- sect i on g irder s  

made of  5000 ser ies aluminum al loys with i nt ermediate  t ransverse st i ffener s t hat  are  

simply suppor ted at  both ends i s  given by the f ol lowing equat ion s:  

For the load-carrying capacity, 𝜏𝑢𝑑 = 𝜙𝑢𝜏𝑢 (4.3.3a) 

For the tensile strength, 𝜏𝐵𝑑 = 𝜙𝐵 × 159 N/mm2 (4.3.3b) 

where 

𝜏𝑢𝑑 = design shearing strength for the load-carrying capacity of the above-mentioned 

girders 

𝜏𝐵𝑑 = design shearing strength for the tensile strength of 5000 series aluminum alloy 

materials 

𝜏𝑢 = shearing load-carrying capacity of the above-mentioned girders 

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned girders 

and the one for the tensile strength of 5000 series aluminum alloy materials, 

respectively 

The shearing load-carrying capacity 𝜏𝑢 of the above-mentioned girders is given by the following 

equations: 

𝜏𝑢 = 72𝜂 N/mm2 (4.3.4a) 

𝜂 =

{
 
 

 
 

1 (𝑅 ≤ 0.53)
1.02

𝑅
−
0.26

𝑅2
(0.53 < 𝑅 ≤ 0.92)

0.75

𝑅0.76
(0.92 < 𝑅 ≤ 3)

 (4.3.4b) 

𝑅 = 3.38 × 10−2
𝐹

√𝑘

𝑏𝑤
𝑡𝑤

 (
𝑏𝑤
𝑡𝑤
≤ 220) (4.3.4c) 

𝐹 =

{
 
 

 
 (0.022

𝐴𝑤
𝐴𝑓

− 0.167)
𝑎

𝑏𝑤
+ 0.015

𝐴𝑤
𝐴𝑓

+ 0.875 (0.5 ≤
𝑎

𝑏𝑤
≤ 1)

(0.020
𝐴𝑤
𝐴𝑓

− 0.009)
𝑎

𝑏𝑤
+ 0.017

𝐴𝑤
𝐴𝑓

+ 0.717 (1 <
𝑎

𝑏𝑤
≤ 2)

 (1 ≤
𝐴𝑤
𝐴𝑓

≤ 4) (4.3.4d) 

𝑘 =

{
 
 

 
 4 +

5.34

(
𝑎
𝑏𝑤
)
2 (0.5 ≤

𝑎

𝑏𝑤
≤ 1)

5.34 +
4

(
𝑎
𝑏𝑤
)
2 (1 <

𝑎

𝑏𝑤
≤ 2)

 (4.3.4e) 

where 

𝑘 = shearing buckling coefficient of rectangular plates simply supported at four edges 

𝑎 = distance between adjacent intermediate transverse stiffeners (See Figure 4.3.3) 

The design of end stiffeners and intermediate transverse stiffeners complies with 4.7.1 and 4. 7.2, 

respectively. 

 

Figure 4.3.3 Girder with Intermediate Transverse Stiffeners 
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4.4 Design of A6061-T6 Girders with Longitudinally Stiffened Web 

(1)  A6061-T6 Girder s with Longi tudinal ly  St i ffened Web  

Figure 4.4.1 shows an I-shaped cross-section girder that is produced by butt-joining extrusions of 

aluminum alloy A6061-T6 by friction stir welding and that has the web stiffened by three longitudinal 

stiffeners at equal intervals. The girder is vertically symmetrical. The cross-sectional dimensions of the 

longitudinal stiffeners are given by the following equations: 

𝑡𝑟
𝑡𝑤
= 0.578(

𝑏𝑤
𝑡𝑤
− 12.5)

0.148

(44 ≤
𝑏𝑤
𝑡𝑤
≤ 294) (4.4.1a) 

𝑏𝑟
𝑡𝑟
= 6.28 (4.4.1b) 

where 

𝑏𝑟 = width of longitudinal stiffeners (See Figure 4.4.2) 

𝑡𝑟 = thickness of longitudinal stiffeners (See Figure 4.4.2) 

𝑏𝑤 = web width (See Figure 4.4.2) 

𝑡𝑤 = web thickness (See Figure 4.4.2) 

The thickness of the friction stir welded part of the web must be increased to more than 2.33 times the 

web thickness in the range of 25 mm on each side from the joining center, that is, in the range of 50 mm 

(See 6.2). However, the thickness of the increased part is assumed to be the same as the web thickness. 

The cross section of the longitudinal stiffeners is introduced in calculating the bending compressive 

stress acting on the flange. However, it is not in calculating the shearing stress acting on the web. 

     

 

 

 

 

(2)  Design Bending Compr essive Str eng th  

The design bending compressive strength of A6061-T6 girders with a longitudinally stiffened web that 

is specified in (1) is given by the following equations: 

For the load-carrying capacity, 𝜎𝑐𝑢𝑑 = 𝜙𝑢𝜎𝑢 (4.4.2a) 

For the tensile strength, 𝜎𝑡𝐵𝑑 = 𝜙𝐵 × 265 N/mm2 (4.4.2b) 

where 

𝜎𝑐𝑢𝑑 = design bending compressive strength for the load-carrying capacity of the above-

mentioned girders 

𝜎𝑡𝐵𝑑 = design tensile strength for the tensile strength of A6061-T6 extrusions 

𝜎𝑢 = bending load-carrying capacity of the above-mentioned girders 

MIG溶接
摩擦撹拌接合摩擦撹拌接合

Figure 4.4.1 Aluminum Alloy Girder with  

Longitudinally Stiffened Web 

 

Figure 4.4.2 Cross Section of Aluminum  

Alloy Girder 

 

Friction stir 

welding 
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𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned girders 

and the one for the tensile strength of A6061-T6 extrusions, respectively 

The bending load-carrying capacity 𝜎𝑢  of the above-mentioned girders is given by the following 

equation: 

𝜎𝑢 = min(245𝜂𝑔, 245𝜂𝑙) × 𝑔𝑤 N/mm2 (4.4.3) 

where 

𝜂𝑔 = coefficient that gives the lateral load-carrying capacity of a compressive flange without 

considering effects of the local buckling of the compressive flange in the above-mentioned 

girders 

𝜂𝑙 = coefficient that gives the load-carrying capacity for the local buckling of a compressive 

flange in the above-mentioned girders 

𝑔𝑤 = coefficient that gives the ultimate bending moment of a girder when neither local buckling 

nor lateral buckling occurs in a compressive flange in the above-mentioned girders 

The coefficient 𝜂𝑔 is given by the following equations: 

𝜂𝑔 = {
1 (𝜆 ≤ 0.13)

1.01 − 0.03𝜆 − 0.30𝜆2 − 0.04𝜆3 + 0.05𝜆4 (0.13 < 𝜆 ≤ 2)
 (4.4.4a) 

𝜆 = 6.52 × 10−2𝐾
𝑙

𝐵𝑓
 (4.4.4b) 

𝐾 = 0.97 + 0.07
𝐴𝑤𝑟
𝐴𝑓

 (1 ≤
𝐴𝑤𝑟
𝐴𝑓

≤ 4) (4.4.4c) 

𝐴𝑤𝑟 = 𝐴𝑤 +
3

2
𝐴𝑟 (4.4.4d) 

where 

𝑙 = distance between the supporting points of a compressive flange 

𝐵𝑓 = overall width of a compressive flange (See Figure 4.4.2) 

𝐴𝑓 = cross-sectional area of a flange (= 𝐵𝑓𝑡𝑓) (See Figure 4.4.2) 

𝐴𝑤 = cross-sectional area of a web (= 𝑏𝑤𝑡𝑤) excluding that of longitudinal stiffeners (See Figure 

4.4.2) 

𝐴𝑟 = cross-sectional area of a longitudinal stiffener (= 𝑏𝑟𝑡𝑟) (See Figure 4.4.2) 

The coefficient 𝜂𝑙 is given by the following equation: 

𝜂𝑙 =

{
 
 

 
 1 (

𝑏𝑓
𝑡𝑓
≤ 6.3)

1.0 − 7.79 × 10−3 (
𝑏𝑓
𝑡𝑓
− 6.3)

2

(6.3 <
𝑏𝑓
𝑡𝑓
≤ 12.5)

 (4.4.5) 

where 

𝑏𝑓 = width of a compressive flange on one side (See Figure 4.4.2) 

𝑡𝑓 = thickness of a compressive flange (See Figure 4.4.2) 

The coefficient 𝑔𝑤 is given by the following equation: 
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𝑔𝑤 =

{
 
 
 
 
 
 
 

 
 
 
 
 
 
 1 +

𝐴𝑤𝑟
4𝐴𝑓

1 +
𝐴𝑤𝑟
6𝐴𝑓

(44 ≤
𝑏𝑤
𝑡𝑤
≤ 62)

1 −

𝐴𝑤𝑟
𝐴𝑓

1200(1 +
𝐴𝑤𝑟
6𝐴𝑓

)
(
𝑏𝑤
𝑡𝑤
− 162) (62 <

𝑏𝑤
𝑡𝑤
< 202)

1 +
2𝐴𝑤𝑟
15𝐴𝑓

(
202
𝑏𝑤
𝑡𝑤

)

0.94

1 +
𝐴𝑤𝑟
6𝐴𝑓

(202 ≤
𝑏𝑤
𝑡𝑤
≤ 294)

 (4.4.6) 

 

(3)  Design Shear ing S trength  

The design shearing strength of A6061-T6 girders with a longitudinally stiffened web that is specified 

in (1) is given by the following equations: 

For the load-carrying capacity, 𝜏𝑢𝑑 = 𝜙𝑢𝜏𝑢 (4.4.7a) 

For the tensile strength, 𝜏𝐵𝑑 = 𝜙𝐵 × 153 N/mm2 (4.4.7b) 

where 

𝜏𝑢𝑑 = design shearing strength for the load-carrying capacity of the above-mentioned 

girders 

𝜏𝐵𝑑 = design shearing strength for the tensile strength of A6061-T6 extrusions 

𝜏𝑢 = shearing load-carrying capacity of the above-mentioned girders 

𝜙𝑢，𝜙𝐵 = resistance factor for the load-carrying capacity of the above-mentioned girders and 

the one for the tensile strength of A6061-T6 extrusions, respectively 

The shearing load-carrying capacity 𝜏𝑢  of the above-mentioned girders is given by the following 

equations: 

𝜏𝑢 = 141𝜂𝑠 N/mm2 (4.4.8a) 

𝜂𝑠 =

{
  
 

  
 

1 (𝑅 ≤ 1.12)

5.79

𝑅
−
3.29

𝑅2
− 1.55 (1.12 < 𝑅 ≤ 1.57)

1.36

𝑅1.18
(1.57 < 𝑅 ≤ 3.5)

0.858

𝑅0.81
(3.5 < 𝑅 ≤ 6)

 (4.4.8b) 

𝑅 =
4.73 × 10−2𝐹

√
5.34 +

4

(
𝑎𝐿
𝑏𝑤
)
2

𝑏𝑤
𝑡𝑤

 
(
𝑎𝐿
𝑏𝑤

≥ 1) (44 ≤
𝑏𝑤
𝑡𝑤
≤ 294) (4.4.8c) 

𝐹 = 8.5 × 10−3
𝐴𝑤
𝐴𝑓

𝑎𝐿
𝑏𝑤
+ 0.75 ≤ 1 (1 ≤

𝐴𝑤
𝐴𝑓

≤ 4) (4.4.8d) 

where 

𝑎𝐿 = distance between end stiffeners (See Figure 4.4.3) 
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Figure 4.4.3 Aluminum Alloy Girder with Longitudinally Stiffened Web 

 

(4)  High- Strength Bol t ed Fr i ct ion-Type Jo int s i n  A6061-T6 Gir der s wi th Longi tud i nal ly  

St i ffened Web  

As shown in Figure 4.4.4, connection plates are provided on the upper and lower surfaces of the 

longitudinal stiffeners. On the web surface without the longitudinal stiffeners, one connection plate is 

provided over the web width. When friction stir welding is done on the web, no connection plates are 

provided at the protruding part of the thickened part [See Figure 6.3.1 (b)]. The normal stress generated in 

the web is designed as two surfaces for friction, and the shearing stress generated in the web is designed as 

one surface for friction. 

 

 

 

 

 

 

 

 

 

 

Figure 4.4.4 Section of High-Strength Bolted Friction-Type Joint in A6061-T6 Girder with 

Longitudinally Stiffened Web (See Figure 4.4.1) 

 

 

(5)  Diss imil ar  Aluminum Alloy Gir der s  

According to 4.7.1(3), if high-strength bolted friction-type joints are used for connection of end stiffeners, 

it is necessary to devise so that the heads of high-strength bolts connecting the end stiffeners to the upper 

and lower flanges do not appear on the flange surface. To avoid this, it is possible to use the structure 

shown in Fig. 4.4.5 in which an A5083-O girder is placed at the supporting point and is connected to the 

A6061-T6 girder by a high-strength bolted friction-type joint. The end of the longitudinal stiffeners of the 

A6061-T6 girder is stretched near the edge of the connection plate of the joint.  If friction stir welding is 

applied to the web of the A6061-T6 girder, the protruding part of the thickened part [See Figure 6.3.1 (b)] 

under the connection plate is removed and flattened. 
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Figure 4.4.5 Dissimilar Aluminum Alloy Girder 

 

4.5 Stress Check for Girders Subjected to Unequal Bending Moments 

The stress caused in girders on which unequal bending moments act is checked by the following 1) and 

2): 

1)  For  the load- carr ying capaci ty,  

𝜎1 ≤ 𝜎1𝑐𝑢𝑑 = {

1

0.6 + 0.4𝜅
𝜎𝑐𝑢𝑑

2.5𝜎𝑐𝑢𝑑

 

(1 ≥ 𝜅 ≥ −0.5)

(−0.5 ≥ 𝜅 ≥ −1)
 (4.5.1a) 

𝜅 =
𝑀2

𝑀1

(𝑀1 ≥ 𝑀2) (4.5.1b) 

wher e  

𝜎1 = bending compr ess ive st r ess at  the f lange edge at  the posi t ion where  

the l arger  bend ing moment  ac ts  

𝜎1𝑐𝑢𝑑 = design bending  compr essive st r eng th a t  the posi t i on where  the l arger  

bending moment  act s  

𝜎𝑐𝑢𝑑 = design bend ing compressive s t rength  of  a  girder  with a  unif orm 

bending moment  

𝑀1 = larger  ac t ing bending moment  

𝑀2 = smal ler  act ing bending moment  

The design bending compressive st r ength 𝜎𝑐𝑢𝑑  of  a  gir der  on which a unif orm  

bending moment  act s i s  given by Eq.  (4. 2.1a)  or  E q.  (4.4.2a) .  

2)  For  the tens i l e  s t rength,  

𝜎1 ≤ 𝜎𝑡𝐵𝑑 (4 .5.2)  

wher e  

𝜎𝑡𝐵𝑑 = des ign  tensi l e  st rength for  the t ensi l e  st rength of  aluminum al loy  

mater ia l s  

The des ign tens i le  st r ength 𝜎𝑡𝐵𝑑  for  the  tensi l e  st r eng th of  aluminum a l loy 

mater ia l s  is  given by Eq.  (4.2. 1b)  or  Eq.  (4.4.2b) .  

Furthermore, the bending compressive stress 𝜎1 at the flange edge and the average shearing stress 𝜏 on 

the web which is given by the following equation must satisfy Eq. (4.6.1) in 4.6: 

𝜏 =
𝑀1 −𝑀2

(𝑏𝑤𝑡𝑤)𝐿
 (4.5.3) 
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where 

𝑏𝑤 = width of a girder web 

𝑡𝑤 = thickness of a girder web 

𝐿 = distance between the positions where the bending moments of 𝑀1 and 𝑀2 act 

 

4.6 Stress Check for Girders under Combined Bending and Shearing Loads 

When neither lateral buckling nor local buckling occurs in a flange, the stresses caused in girders under 

combined bending and shearing loads are checked by the following 1) and 2): 

1)  For  the load- carr ying capaci ty,  

{
 

 0.81 (
𝜎1
𝜎𝑐𝑢𝑑

)
4

+ (
𝜏

𝜏𝑢𝑑
)
4

≤ 1

𝜎1
𝜎𝑐𝑢𝑑

≤ 1
 

(0.66 <
𝜏

𝜏𝑢𝑑
≤ 1) 

(4.6.1) 

(0 ≤
𝜏

𝜏𝑢𝑑
≤ 0.66) 

where 

𝜎1 = bending compressive stress at the flange edge at the position where the larger 

bending moment acts 

𝜏 = average shearing stress on a web 

𝜎𝑐𝑢𝑑 = design bending compressive strength of a girder with a vertically symmetrical I-

shaped cross-section in the case where a flange does not laterally and locally buckle 

𝜏𝑢𝑑 = design shearing strength of a web 

The design bending compressive strength 𝜎𝑐𝑢𝑑 is given by the following equation: 

𝜎𝑐𝑢𝑑 = 𝜙𝑢𝑔𝑤𝜎0.2 (4.6.2) 

where 

𝜙𝑢 = resistance factor for the load-carrying capacity of a girder with a vertically 

symmetrical I-shaped cross-section under bending 

𝑔𝑤 = coefficient that provides the ultimate bending moment of a girder given by Eq. 

(4.2.4) or Eq. (4.4.6) when neither local buckling nor lateral buckling occurs in a 

compressive flange 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 3.1.1 

The design shearing strength 𝜏𝑢𝑑 is given by the following equation: 

𝜏𝑢𝑑 = 𝜙𝑢𝜂
𝜎0.2

√3
 (4.6.3) 

where 

𝜙𝑢 = resistance factor for the load-carrying capacity of a girder with a vertically 

symmetrical I-shaped cross-section under shearing, which is simply supported at 

both ends 

𝜂 = coefficient that provides the shearing load-carrying capacity of a girder with a 

vertically symmetrical I-shaped cross-section, which is simply supported at both 

ends, and that is given by Eq. (4.3.2b), Eq. (4.3.4b) or Eq. (4.4.8b) 

𝜎0.2 = 0.2% proof stress of aluminum alloy materials shown in Table 3.1.1  

2)  For  the tens i l e  s t rength,  

𝜎1 ≤ 𝜙𝐵𝜎𝐵 (4.6.4a) 
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𝜏 ≤ 𝜙𝐵
𝜎𝐵

√3
 (4.6.4b) 

where 

𝜎1 = bending compressive stress at the flange edge at the position where the larger 

bending moment acts 

𝜏 = average shearing stress on a web 

𝜙𝐵 = resistance factor for the tensile strength of aluminum alloy materials 

𝜎𝐵 = tensile strength of aluminum alloy materials shown in Table 3.1.1  

 

4.7 Design of Transverse Stiffeners at Supporting Points and Intermediate Transverse 

Stiffeners 

4.7.1 Design of Transverse Stiffeners at Supporting Points 

(1)  Transver se st i ffener s at  t he suppor t ing poin ts ar e in st al l ed on both s ides  of  t he web  

and designed as co lumns on which an axial  compr essive for ce ac ts.  The eff ect ive cross -

sect ional  ar ea o f  the column i s the cr oss - sect ional  ar ea of  t he t r ansver se st i f fener  an d  

of  the web f rom the at taching point  of  the  t r ansver se  st i ff ener s up to  12 t imes the web  

thickness on each side .  However,  i t  is  1 .7  t imes or  less  than the  cross -sect ional  area  

of  the  t ransverse  s t i ffener s .  The effect ive  buckling length of  the  column is  1 ⁄2  of 

the  web width .  The axial  compressive force  given by the  fol lowing equat ion s  is 

appl ied to  the  column , that  is ,  the  t ransverse  s t i ffeners  a t  the  support ing points :  

𝑉 = 𝜏𝑑𝑏𝑤𝑡𝑤 (4.7.1a) 

𝜏𝑑 = min(𝜏0.2𝑑, 𝜏𝐵𝑑) (4.7.1b) 

where 

𝑉 = axial compressive force to act on the transverse stiffeners at the supporting points 

𝜏𝑑 = design shearing strength in the case where buckling does not occur in a web 

𝜏0.2𝑑 = design shearing strength for the 0.2% proof stress given by Eq. (3.1.2a)  

𝜏𝐵𝑑 = design shearing strength for the tensile strength given by Eq. (3.1.2b)  

𝑏𝑤 = web width 

𝑡𝑤 = web thickness 

The design axial compressive strength is calculated with respect to the middle plane of the web and 

that of the transverse stiffeners, and the smaller one is used as the design axial compressive strength. 

(2)  In order  to  prevent  t he  loca l  buckl ing of  t ransver se st i ff ener s at  the  suppor t ing  po int s,  

the width- to- thi ckness r at io  of  t he t ransver se st i ff ener  on one s ide of  a  web should be  

le ss than the value s shown in Table 4.7. 1.  
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Table 4.7.1 Maximum Width-to-Thickness Ratio of Transverse Stiffeners at Supporting Points 

Aluminum alloys Thickness t (mm) bs/ts 

Plates 

A5083-H112 4≦t≦40 5.87 

A5083-O 3≦t≦40 5.87 

A6061-T6 3≦t≦6.5 6.28 

A6061-T651 6.5≦t≦40 6.28 

Extrusions 

A5083-H112 3≦t≦40 5.99 

A5083-O 3≦t≦38 5.99 

A6061-T6 3≦t≦40 6.28 

A6005C-T5 
3≦t≦6 6.87 

6＜t≦12 7.43 

A6005C-T6 3≦t≦6 6.42 

bs = width of the transverse stiffener on one side at the supporting points  

ts = thickness of the transverse stiffener 

 

(3)  To connect  t ransver se st i ffener s at  the suppor t ing point s  to  the web and to the  upper  

and lower  f langes,  w eld ing i s u sed for  5000 se r ies a luminum al loy gir der s and  high -

st r eng th bol t ed f r i ct i on - type joint s ar e f or  6000 ser i es aluminum al loy gir der s.  

 

4.7.2 Design of Intermediate Transverse Stiffeners 

(1)  Intermed iat e t ransverse s t i ff ener s can be used for  gir der s made of  5000 ser ies aluminum 

al loy pl at es.  

(2)  The geometr i ca l  moment  of  i ner t ia  𝐼𝑣 of  one in termed iat e t r ansver se  st i ff ener  must  

sa t i sfy t he fo l lowing equa t ion s:  

𝐼𝑣 ≥
𝑏𝑤𝑡𝑤

3

11
𝛾𝑣 (4 .7.2a)  

𝛾𝑣 = 8.0 (
𝑏𝑤
𝑎
)
2

 (4 .7.2b)  

wher e  

𝑏𝑤 = web width  

𝑡𝑤 = web th ickness  

𝛾𝑣 =  requir ed r el at i ve st i ff ness ra t io  of  an inter media te t r ansver se st i ffener  

𝑎 =  in terval  between adjacent  in termed iat e t ransver se st i ffener s (See Figur e  

4.3.3)  

When an int ermediat e t ransver se st i ff ener  is  pr ovided on one side of  a  web,  the  

geometr ical  moment  of  i ner t ia  abou t  the web surface  i s  u sed  f or  𝐼𝑣,  and  when  i t  i s  

provided on both s ides of  a  web,  the geomet r ical  moment  of  ine r t i a  about  t he midd le  

plane of  t he  web i s u sed  for  𝐼𝑣.  

(3)  The width- to- thi ckness ra t io  of  in ter mediat e t r ansver se  s t i ff ener s on one s ide of  the  

web is set  t o  a  value l e ss than the width - to- th ickness r at io  given by  the fo l lowing  

equat ion:  

𝑏𝑣
𝑡𝑣
= 5.87 (4.7.3) 

wher e  

𝑏𝑣 = width of an intermediate transverse stiffener on one side of a web 
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𝑡𝑣 = thickness of an intermediate transverse stiffener 

(4)  The int ermediat e t ransverse st i ff ener s are  connected to  t he compr essi ve f lange by  

welding.  In  order  to  prevent  fat i gue cracks f rom occurr ing in  the tensi le  f lange ,  they  

are not  welded to  t he  tensi l e  f l ange and are terminated at  a  pos i t i on about  35 mm from 

the surf ace of  t he t ensi le  f l ange.  
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5. Welded Joints 

 

5.1 Selection of Welding Materials and Usable Welded Joints 

(1)  The welding mater i al s shown in Tab le  5.1.1 are used for  the combina t ion of  bas e  

mater ia l s .  

 

Table 5.1.1 Welding Materials Usued for the Combination of Base Materials 

Base materials  

Base materilas 

A5083-H112 

A5083-O 

A6061-T6 

A6061-T651 

A6005C-T5 

A6005C-T6 

A5083-H112 

A5083-O 
A5183 A5356 

A6061-T6 

A6061-T651 

A6005C-T5 

A6005C-T6 

A5356 A5356 

 

(2)  Usable welded joint s must  comply with the fo l lowing i t ems:  

1)  Full  pene trat ion gr oove welding or  con t inuous f i l le t  welding is u sed for  the we lded 

join ts t ha t  car ry  st r esses.  

2)  Full  penetr at ion groove weld ing i s u sed to  connec t  main member s.  

3)  Lap jo int s ar e not  u sed for  main members.  

4)  For  f i l le t  welded T- join t s and cr ucif orm joint s,  f i l le t  welds must  be placed on both  

sides of  a  pl ate.  

5)  Full  penetr at ion gr oove welding must  be used for  T- joint s wher e the in ter sec t ion  

ang le between p ieces i s  l e ss than 60°.  

 

5.2 Partial Thickening in Full Penetration Groove Welded Joints 

(1)  When a ful l  penetra t ion groove welded  joint  is  par t i al ly  thi ckened by us ing  ex tru sions,  

as shown in F igur e 5. 2.1,  a  wider  range than the heat -a ffect ed range 25 mm on each  

side f r om the weld ing center  [See 3.2(1)]  shal l  be made th icker  than the  thi ckness given  

by the fol lowing equat ion :  

𝑡𝑗 = 𝜓𝑡 (5.2.1) 

where 

𝜓 = magnification to increase the plate thickness (See Table 5.2.1) 

𝑡𝑗 = increased plate thickness 

𝑡 = thickness of a base material 
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Figure 5.2.1 Thickened Range in Full Penetration Groove Welded Joints 

 

Table 5.2.1 Magnification to Increase Plate Thickness 

Aluminum alloys Plate thickness t (mm) Magnification 𝜓 

A6061-T6 3≦t≦40 2.33 

A6005C-T5 
3≦t≦6 1.95 

6＜t≦12 1.67 

A6005C-T6 3≦t≦6 2.24 

 

(2)  The normal  and thi ckened par t s  are  smoothly cont inuous with a g rad ient  of  45° or  le ss.  

In  case of  being affect ed by f at igue,  an a rc with a r adius of  cur va tur e of  40 mm or  more  

is  pr ovided at  t he end of  the th ickened par t ,  a s shown in Figure 5.2.2.  

 

Figure 5.2.2 Thickened Shape against Fatigue 

 

5.3 Full Penetration Groove Welded Joints with Different Cross Sections 

In a full penetration groove welded joint with different cross sections, the thickness and width must be 

gradually changed in the longitudinal direction with a gradient of 1/5 or less, as shown in Figure 5.3.1.  

Figure 5.3.1 Full Penetration Groove Welded Joints with Different Cross Sections  
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5.4 Theoretical Throat Thickness and Effective Length of Welds 

(1)  Theor et i ca l  Throat  Th ickness  

1)  Full  Penetra t ion Groove Weld ing  

Figure 5.4.1 shows the theoretical throat thickness in complete penetration groove welding. If the 

thickness of the left and right plates at the weld is different, the thickness of the thinner plate is the 

theoretical throat thickness. In the case of a par tially thickened plate, the thickness of the thickened 

part is the theoretical throat thickness.  

Figure 5.4.1 Theoretical Throat Thickness in Full Penetration Groove Welding 

 

2)  Fil l et  Weld ing  

Figure 5.4.2 shows the theoretical throat thickness and size in fillet welding. 

 

 

 

 

 

Figure 5.4.2 Theoretical Throat Thickness and Size in Fillet Welding 

 

(2)  Effect ive Length  

1)  The effect ive  length of  a  weld i s the l ength  of  t he we ld tha t  holds  the theor et i ca l  

throat  th ickness.  When the dir ect ion o f  st r ess i s  not  at  t he r i ght  angle to  t he  

welding l ine,  the effect ive l ength i s  the one pr oj ect ed in  the d irect ion or thogona l  

to  the dir ec t ion of  s t ress.  

2)  The eff ect ive l eng th does not  include the end return in  f i l l et  welding.  

a a a

a

a: Theoretical throat thickness 

(a) Uniform Thickness (b) Different Thickness 

(c) T-Joint 

(d) Partially Thickened Plate 

a

s

s

a a

s

s

s

s

a

s

s

a: Theoretical throat thickness 

s: Size 

(a) Equal Legs (b) Unequal Legs 
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5.5 Size of Fillet Weld and Minimum Effective Length 

(1)  The f i l l et  welds of  main member s ar e equi - legged.  

(2)  The si ze of  the f i l l et  welds that  car ry the shear ing st r ess of  main member s should be  

such that  t he tot al  of  t he t heoret ical  t hr oat  t hicknesses i s  equa l  to  or  grea t er  than the  

thickness of  the base mater ial .  

(3)  The min imum eff ect ive length in  f i l l et  welding for  major  member s is  t he l arger  of  10  

t imes the si ze and 80 mm.  

 

5.6 Design of Welded Joints Subjected to Axial Force or/and Shearing Force 

(1)  Full  Penetra t ion Groove Welded Jo int s  

1)  The st ress caused on a f ul l  penetr at ion groove welded joint  i n  wh ich an axial  f orce  

act s i n  the dir ec t ion per pendicu lar  t o  the we lding l i ne is  checked as fol lows:  

For the 0.2% proof stress, 𝜎 =
𝑇

∑𝑎𝑙
≤ 𝜎𝑤0.2𝑑 (5.6.1a) 

For the tensile strength, 𝜎 =
𝑇

∑𝑎𝑙
≤ 𝜎𝑤𝐵𝑑 (5.6.1b) 

2)  The s t ress caused on a ful l  penetr at ion g roove welded jo int  i n  wh ich a shear ing f orce  

act s i n  the dir ec t ion par al l el  t o  the weld ing l i ne i s  checked as fol lows:  

For the 0.2% proof stress, 𝜏 =
𝑄

∑𝑎𝑙
≤ 𝜏𝑤0.2𝑑 (5.6.2a) 

For the tensile strength, 𝜏 =
𝑄

∑𝑎𝑙
≤ 𝜏𝑤𝐵𝑑 (5.6.2b) 

Ref err ing to  F igur e 5.6. 1,  

𝜎 =  normal  s t r ess that  occurs in  the weld  due to  an ax ia l  force act ing in  

the d irect ion perpendicular  to  t he welding l ine  

𝜏 =  shear ing st r ess generat ed in  the weld due to  a shear ing for ce act ing in  

the d irect ion para l le l  to  t he welding l i ne  

𝜎𝑤0.2𝑑 =  design t ensi le  st r eng th for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 1a)]  

𝜎𝑤𝐵𝑑 =  design t ensi le  st r ength  for  the t ensi le  st r eng th in  the  heat - aff ec ted  

range [Eq.  (3.2. 1b)]  

𝜏𝑤0.2𝑑 =  design shear ing st r ength for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 2a)]  

𝜏𝑤𝐵𝑑 =  design shear ing st r ength fo r  the tens i le  st r eng th in  the heat - affect ed  

range [Eq.  (3.2. 2b)]  

𝑇 = ax ial  f orce act ing in  the dir ect ion per pendicular  to  t he welding l ine  

𝑄 =  shear ing f orce act ing in  the dir ect ion par al l el  to  t he we lding l i ne  

𝑎 =  theoret ical  throat  th i ckness  

𝑙 =  e ffect ive length of  a  weld  

Σ =  symbol  that  represent s t he sum of  eff ect ive l eng ths  
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Figure 5.6.1 Forces Acting on Full Penetration Groove Welded Joint  

 

3)  The st r esses caused on a fu l l  penetr at ion  groove welded joint  when an axial  for ce  in  

the dir ect ion per pendicu lar  to  t he welding l ine and a shear ing for ce in  t he d irec t ion  

par al l el  to  t he we lding l i ne act  simul taneously ar e checked  as fo l lows:  

For  the 0.2% pr oof  st r ess,  (
𝜎

𝜎𝑤0.2𝑑
)
2

+ (
𝜏

𝜏𝑤0.2𝑑
)
2

≤ 1.2 (5 .6.3a)  

However,  𝜎 ≤ 𝜎𝑤0.2𝑑， 𝜏 ≤ 𝜏𝑤0.2𝑑.  

For  the tens i l e  s t rength,  (
𝜎

𝜎𝑤𝐵𝑑
)
2

+ (
𝜏

𝜏𝑤𝐵𝑑
)
2

≤ 1.2 (5 .6.3b)  

However, 𝜎 ≤ 𝜎𝑤𝐵𝑑，𝜏 ≤ 𝜏𝑤𝐵𝑑. 

4)  In the case of  fu l l  penetr at ion groove welded join t s of  aluminum al loys A6061 - T6,  

A6005C-T5 and A6005C-T6,  i f  the hea t -aff ect ed r ange i s t hi ckened according  to  

5.2(1) ,  i n  Eqs.  ( 5 .6.1) ,  ( 5 .6.2)  and  ( 5.6. 3) ,  the t hroat  t hi ckness a  can be  taken as  the  

thickness  t  of  t he base mater i al ,  and the des ign tens i le  st r ength (𝜎𝑤0.2𝑑,  𝜎𝑤𝐵𝑑)  and  

the design shear ing st r ength (𝜏𝑤0.2𝑑,  𝜏𝑤𝐵𝑑)  of  the heat - aff ect ed r ange can be t aken as  

the design t ensi le  st r ength (𝜎𝑡0.2𝑑,  𝜎𝑡𝐵𝑑)  and the des ign shear ing st r eng th (𝜏0.2𝑑,  𝜏𝐵𝑑)  

of  the base mater i al ,  r espect ive ly.  

 

(2)  Fil l et  Welded Jo int s  

1)  The st ress caused on a f i l l et  welded join t  in  which an axia l  force act s i n  the dir ect ion  

perpendicular  to  t he welding l ine i s  checked as fo l lows:  

For  we lds,  

For the 0.2% proof stress, 𝜏⊥ =
𝑇

∑𝑎𝑙
≤ 𝜏𝑤0.2𝑑 (5.6.4a) 

For the tensile strength, 𝜏⊥ =
𝑇

∑𝑎𝑙
≤ 𝜏𝑤𝐵𝑑 (5.6.4b) 

For  the heat - affect ed r ange of  t he base mater ia l ,  

For the 0.2% proof stress, 𝜎 =
𝑇

𝑡𝑙
≤ 𝜎𝑤0.2𝑑 (5.6.5a) 

For the tensile strength, 𝜎 =
𝑇

𝑡𝑙
≤ 𝜎𝑤𝐵𝑑 (5.6.5b) 

Ref err ing to  F igur e 5.6. 2,  

𝜏⊥ = shear ing st ress gener at ed in  the we ld due to  an axial  for ce in  the 

direct ion perpend icular  to  the welding l ine  

a

Q

T

T

Q

l
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𝜏𝑤0.2𝑑 =  design shear ing st r ength for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 2a)]  

𝜏𝑤𝐵𝑑 =  design shear ing st r ength fo r  the tens i le  st r eng th in  the heat - affect ed  

range [Eq.  (3.2. 2b)]  

𝜎 = no rmal  st ress gener at ed in  t he heat - aff ect ed range  of  t he  base mater ia l  

due to  an ax ial  for ce in  the d irect ion per pendicular  to  the welding l ine  

𝜎𝑤0.2𝑑 =  design t ensi le  st r eng th for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 1a)]  

𝜎𝑤𝐵𝑑 =  design t ensi le  st r ength  for  the t ensi le  st r eng th in  the  heat - aff ec ted  

range [Eq.  (3.2. 1b)]  

𝑇 = ax ial  f orce act ing in  the dir ect ion per pendicular  to  t he welding l ine  

𝑎 =  theoret ical  throat  thi ckness  

𝑙 =  e ffect ive length of  a  weld  

𝑡 =  th ickness  of  a  base  mater ia l  

Σ =  symbol  that  represent s t he sum of  eff ect ive l eng ths  

2)  The st r ess caused on a f i l le t  welded join t  wher e a shear ing for ce act s in  the direc t ion  

par al l el  to  t he we lding l i ne i s  checked as fol lows:  

For  we lds,  

For the 0.2% proof stress, 𝜏∥ =
𝑄

∑𝑎𝑙
≤ 𝜏𝑤0.2𝑑 (5.6.6a) 

For the tensile strength, 𝜏∥ =
𝑄

∑𝑎𝑙
≤ 𝜏𝑤𝐵𝑑 (5.6.6b) 

For  the heat - affect ed r ange of  t he base mater ia l ,  

For the 0.2% proof stress, 𝜏 =
𝑄

𝑡𝑙
≤ 𝜏𝑤0.2𝑑 (5.6.7a) 

For the tensile strength, 𝜏 =
𝑄

𝑡𝑙
≤ 𝜏𝑤𝐵𝑑 (5.6.7b) 

Ref err ing to  F igur e 5.6. 2,  

𝜏∥ =  shear ing s t ress gener at ed in  the weld  due to  a  shear ing f orce in  t he  

direct ion para l le l  to  t he welding l i ne  

𝜏𝑤0.2𝑑 =  design shear ing st r ength for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 2a)]  

𝜏𝑤𝐵𝑑 =  design shear ing st r ength fo r  the tens i le  st r eng th in  the heat - affect ed  

range [Eq.  (3.2. 2b)]  

𝜏 = shear ing st r ess gener at ed in  t he hea t -af fect ed r ange of  the base mater i al  

due to  a  shear ing f orce in  t he direct ion par al l el  to  t he we lding l i ne  

𝑄 = shear ing for ce in  the dir ec t ion par al l e l  to  the weld ing l ine  

𝑎 =  theoret ical  throat  thi ckness  

𝑙 =  e ffect ive length of  a  weld  

𝑡 =  th ickness  of  a  base  mater ia l  

Σ =  symbol  that  represent s t he sum of  eff ect ive l eng ths  
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Figure 5.6.2 Forces Acting on Fillet Welded Joint  

 

3)  The st r esses caused on a f i l l et  welded  joint  when an axial  for ce in  the dir ect ion  

perpendicular  to  t he welding l ine and a shear ing f orce in  t he d irect ion para l le l  t o  the  

welding l ine act  simult aneous ly ar e checked  as fo l lows:  

For  we lds,  

For the 0.2% proof stress, (
𝜏∥

𝜏𝑤0.2𝑑
)
2

+ (
𝜏⊥

𝜏𝑤0.2𝑑
)
2

≤ 1 (5.6.8a) 

For the tensile strength, (
𝜏∥
𝜏𝑤𝐵𝑑

)
2

+ (
𝜏⊥
𝜏𝑤𝐵𝑑

)
2

≤ 1 (5.6.8b) 

For  the heat - affect ed r ange of  t he base mater ia l ,  

For the 0.2% proof stress, (
𝜎

𝜎𝑤0.2𝑑
)
2

+ (
𝜏

𝜏𝑤0.2𝑑
)
2

≤ 1.2 (5.6.9a) 

           However, 𝜎 ≤ 𝜎𝑤0.2𝑑, 𝜏 ≤ 𝜏𝑤0.2𝑑. 

For the tensile strength, (
𝜎

𝜎𝑤𝐵𝑑
)
2

+ (
𝜏

𝜏𝑤𝐵𝑑
)
2

≤ 1.2 (5.6.9b) 

           However, 𝜎 ≤ 𝜎𝑤𝐵𝑑, 𝜏 ≤ 𝜏𝑤𝐵𝑑. 

 

5.7 Design of Welded Joints under Bending Moment 

(1)  Full  Penetra t ion Groove Welded Jo int s  

The stress caused on a full penetration groove welded joint where a bending moment acts is checked as 

follows: 

For the 0.2% proof stress, 𝜎 =
𝑀

𝐼𝑎
𝑦𝑎 ≤ 𝜎𝑤0.2𝑑 (5.7.1a) 

For the tensile strength, 𝜎 =
𝑀

𝐼𝑎
𝑦𝑎 ≤ 𝜎𝑤𝐵𝑑 (5.7.1b) 

Referring to Figure 5.7.1, 

𝜎 =  normal  s t ress genera ted in  t he weld due to  bending moment  

𝜎𝑤0.2𝑑 =  design t ensi le  st r eng th for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 1a)]  

𝜎𝑤𝐵𝑑 =  design t ensi le  st r ength  for  the t ensi le  st r eng th in  the  heat - aff ec ted  

range [Eq.  (3.2. 1b)]  

l

Q

T

a

t
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𝑀 = bending moment  act ing on a f ul l  penet rat ion groove welded join t  

𝐼𝑎 = geometr i cal  moment  of  iner t i a  ar ound the neutra l  ax i s for  the cr oss  

sect ion of  the theore t i cal  t hroat  t hickness on the join ing surf ace  

𝑦𝑎 = di st ance f rom the neu tra l  axi s for  t he  cross sect ion of  t he theoret ical  

throat  th ickness on the jo ining surf ace to  the posi t ion where the st r ess  

is  cal cu lat ed  

 

Figure 5.7.1 Full Penetration Groove Welded Joint Subjected to Bending Moment  

 

(2)  Fil l et  welded join t s  

The stress caused on a fillet welded joint which is subjected to bending moment is checked as follows: 

For welds, 

For the 0.2% proof stress, 𝜏⊥ =
𝑀

𝐼𝑎
𝑦𝑎 ≤ 𝜏𝑤0.2𝑑 (5.7.2a) 

For the tensile strength, 𝜏⊥ =
𝑀

𝐼𝑎
𝑦𝑎 ≤ 𝜏𝑤𝐵𝑑 (5.7.2b) 

For the heat-affected range of the base material, 

For the 0.2% proof stress, 𝜎 =
𝑀

𝐼
𝑦 ≤ 𝜎𝑤0.2𝑑 (5.7.3a) 

For the tensile strength, 𝜎 =
𝑀

𝐼
𝑦 ≤ 𝜎𝑤𝐵𝑑 (5.7.3b) 

Referring to Figure 5.7.2, 

𝜏⊥ = shear ing s t ress generat ed in  the weld due to  bend ing moment  

𝜏𝑤0.2𝑑 =  design shear ing st r ength for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 2a)]  

𝜏𝑤𝐵𝑑 =  design shear ing st r ength fo r  the tens i le  st r eng th in  the heat - affect ed  

range [Eq.  (3.2. 2b)]  

𝜎 = no rmal  st ress gener at ed in  t he heat - aff ect ed range  of  t he  ba se mater ia l  

due to  bend ing moment   

𝜎𝑤0.2𝑑 =  design t ensi le  st r eng th for  the 0.2% proof  st r ess i n  the hea t -aff ec ted 

range [Eq.  (3.2. 1a)]  

𝜎𝑤𝐵𝑑 =  design t ensi le  st r ength  for  the t ensi le  st r eng th in  the  heat - aff ec ted  

M
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3
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range [Eq.  (3.2. 1b)]  

𝑀 = bending moment  act ing on a f i l le t  welded join t  

𝐼𝑎 = geometr i cal  moment  of  iner t i a  ar ound the neutra l  ax i s for  the cr oss  

sect ion of  the theore t i cal  t hroat  t hickness on the join ing surf ace  

𝑦𝑎 = di st ance f rom the neu tra l  axi s for  t he  cross sect ion of  t he theoret ical  

throat  th ickness on the jo ining surf ace to  the posi t ion where the st r ess  

is  cal cu lat ed  

𝐼 = geometr i cal  moment  of  iner t i a  of  a  base mater i al  

𝑦 = di st ance f rom the neutr al  axi s of  a  base mater i al  t o  the posi t ion where  

the st r ess i s  ca lcu la ted  

 

Figure 5.7.2 Fillet Welded Joint Subjected to Bending Moment  
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6. Friction Stir Welded Joints 

 

6.1 General 

Friction stir welding can be applied to butt joints.  

 

6.2 Partial Thickening in Friction Stir Welded Joints 

The partial thickening in friction stir welded joints follows 5.2. 

 

6.3 Theoretical Throat Thickness and Effective Length of Friction Stir Welded Joints  

(1)  Theor et i ca l  Throat  Th ickness  

The theoretical throat thickness of friction stir welded joints is shown in Figure 6.3.1. In the case of a 

partially thickened plate, the thickness of the thickened part is the theoretical throat thickness.  

 

(a) Uniform Thickness                (b) Partially Thickened Plate 

Figure 6.3.1 Theoretical Throat Thickness of Friction Stir Welded Joints  

 

(2)  Effect ive Length  

  The effective length of friction stir welded joints follows 5.4(2) 1). 

 

6.4 Design of Friction Stir Welded Joints Subjected to Axial Force or/and Shearing Force 

The design of  f r i ct i on st i r  welded join t s sub ject ed to  axia l  for ce or /and shear ing for ce  

fol lows 5.6(1) .  

  

a

a

a: Theoretical throat thickness 
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7. Bolted Joints 

 

7.1 Scope of Application 

This chapter specifies the design of high-strength bolted friction-type joints and bearing-type joints for 

aluminum alloy structures in civil engineering and the components that make up them, which are used in 

normal temperature and atmosphere. 

 

7.2 High-Strength Bolted Friction-Type Joints 

7.2.1 General 

(1)  Set s of  high- st r eng th bol t  made of  st ee l  are  used  for  high-s t rength bol t ed f r i ct i on- type  

join ts f or  aluminum al loy pl at e s.  

(2)  Aluminum al loy mater ia ls t hat  can be used for  connect ion p lat es of  high - st r eng th bol t ed  

f r ict i on- type join ts ar e A6061-T6 and A6061-T 651 a l loys for  plat es and A6061- T6 and  

A6005C-T6 al loys fo r  extrusions .  Aluminum al loy mater i al s other  t han these  cannot  be  

used for  connect ion pl at es.  In  high - s t rength bol t ed f r i ct i on - type joint s that  ar e  

subject ed to  fat i gue loading,  a luminum al loy mater ial s o ther  than these canno t  be used  

for  the base mater i al s.  

(3)  When using high- st r ength bol t ed f r ic t ion- type joint s,  i t  i s  necessary to  p reven t  

corrosion of  s teel  high - st rength bol t s t hemselves  and to  pr event  contact  corr osion of  

diss imil ar  meta ls be tween a steel  h igh- s t rength bol t  and an aluminum al loy pl at e.  

 

7.2.2 Steel High Strength Bolts 

(1)  For  st ee l  high- s t rength bol t s,  nut s and washer s,  the designat ions M12,  M16,  M20 ,  M22  

and M24 in t he second class (F10T)  specif i ed in  JIS B 1186 1 )  are  used.  

1)  J IS  B  1186 :  Se t s  o f  h igh -s t r eng th  hex agon  b o l t ,  hex agon  nu t  and  p l a in  washers  fo r  f r i c t i on  

g r ip  j o in t s ,  2013 .  

(2)  Hot dip  galvanizing st eel  high-s t rength bol t s and  f luoror es in - coated st ee l  high- st r eng th  

bol t s ar e regar ded as a high- st r ength bol t  capable of  pr event ing con tact  corrosion o f  

diss imil ar  metal s between a s teel  high- st r eng th bo l t  and an a luminum al loy pl ate as  

wel l  a s rust  pr event ion of  s teel  h igh - st r eng th bol t s themselves .  

(3)  Fluor oresin-coated st ee l  high - st r eng th  bol t s t hat  can be used for  f r i ct i on - type  

connect ion shal l  meet  t he f ol lowing r equiremen ts :  Af ter  the  f r ic t ion-surface t reatmen t  

spec if ied in  9.4.2  is  executed ,  a  s l ip  te s t  i s  perf ormed accord ing to  Appendix  A on the  

f r ict i on- type jo int s for  aluminum a l loy  plat es fast ened to  the ini t i al  bol t  axi al  force  

with 10% incr ease of  the design bol t  axial  f orce for  F10T shown in Table  9.4. 1 ,  and  

the sl i p  coeff i ci ent  obtained by the t e st  shal l  be  0 .45 or  more.  

(4)  The gr ade of  ho t -dip ga lvanized s teel  h igh - st rength  bo l t s i s  considered F8T.  

(5)  The gr ade of  f luoror es in - coated s teel  h igh- st rength bo l t s i s  F10T.  

(6)  The th readed par t  of  bo l t s  must  not  be loca ted on  the f r i ct ion- sur f ace between a base  

mater ia l  and a connect ion p la te.  



- 45 - 

7.2.3 Minimum Plate Thickness 

(1)  The minimum plate  th ickness of  a  base mater ia l  and  connec t ion pl at e for  the bu t t  jo in t  

wi th two f r ic t ion -surfaces shown in F igure 7. 2.1 i s  the value g iven by the fol lowing  

equat ion:  

𝑡1 = 0.4𝑑 (7 .2.1)  

When a base mater i al  i s  6000 ser ies aluminum al loys exc lud ing A6005C -T5 al loy,  

𝑡2 = 0.5𝑡1 (7 .2.2a)  

When a base mater i al  i s  5000 ser ies aluminum al loys and A6005C-T5 al loy,  

𝑡2 = 𝑡1 (7 .2.2b)  

where 

𝑡1, 𝑡2 = thickness of a base material and connection plate, respectively 

𝑑 = diameter of steel high-strength bolts for friction-type connection 

 

 

Figure 7.2.1 Butt Joint with Two Friction-Surfaces 

 

(2)  The minimum thi ckness of  a  base mater i al  and  connec t ion pl at e  for  the but t  join t  wi th  

one f r i ct i on- surf ace shown in Fig ure 7.2. 2 is  the va lue g iven by the fol lowing equat ion:  

𝑡1 = 𝑡2 = 0.4𝑑 (7.2.3) 

where 

𝑡1, 𝑡2 = thickness of a base material and connection plate, respectively 

𝑑 = diameter of steel high-strength bolts for friction-type connection 

In this joint, 5000 series aluminum alloys and A6005C-T5 alloy cannot be used for the base material.  

 

 

Figure 7.2.2 Butt Joint with One Friction-Surface 

 

(3)  The minimum plat e thi ckness of  a  base mater ia l  for  the l ap jo int  shown in Figur e 7.2. 3  

is  t he value g iven by the fol lowing equa t ion :  

𝑡1 = 0.4𝑑 (7 .2.4)  

where 

𝑡1 = thickness of a base material 

𝑑 = diameter of steel high-strength bolts for friction-type connection 

In this joint, 5000 series aluminum alloys and A6005C-T5 alloy cannot be used for the base material.  

 

t2
t2

t1

t2

t1
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Figure 7.2.3 Lap Joint 

 

7.2.4 Design Load Carrying Force of Steel High-Strength Bolts for Friction-Type Connection 

(1)  The design f r i ct ion  load car rying f orce o f  one st eel  high- st r eng th bol t  for  f r ic t ion - typ e  

connect ion  i s given by the f ol lowing equat ion s:  

𝜌𝑓𝐹𝑑 = 𝜙𝐹𝜌𝐹𝑗 (7.2.5a) 

𝑗 = {
1
2

 
(One friction-surface) 

(Two friction-surfaces) 
(7.2.5b) 

where 

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection 

𝜌𝐹  = nominal friction load carrying force per one friction-surface of one steel high-

strength bolt for friction-type connection 

𝜙𝐹 = resistance factor for the friction load carrying force 

Table 7.2.1 shows the nominal friction load carrying force 𝜌𝐹  per one friction-surface of one steel 

high-strength bolt for friction-type connection. 

 

Table 7.2.1 Nominal Friction Load Carrying Force 𝝆𝑭 per One Friction-Surface of One Steel High-

Strength Bolt for Friction-Type Connection 

Grade of high-

strength bolts  

Designation of 

bolts 

𝜌𝐹 (kN) 

When the friction-surface treatment 

specified in 9.4.2 is executed 

When no friction-surface treatment 

is executed 

F8T 

M12 18.4 6.9 

M16 34.2 12.8 

M20 53.3 20.0 

M22 65.9 24.7 

M24 76.8 28.8 

F10T 

M12 22.8 8.5 

M16 42.4 15.9 

M20 66.2 24.8 

M22 81.8 30.7 

M24 95.3 35.7 

 

(2)  The design f racture load carry ing for ce of  one st eel  h igh - st r ength bol t  for  f r i ct ion - typ e  

connect ion  i s given by the f ol lowing equat ion s:  

𝜌𝑓𝑈𝑑 = min(𝜌𝑓𝑆𝐵𝑑, 𝜌𝑓𝐵𝐵𝑑) (7 .2 .6a)  

𝜌𝑓𝑆𝐵𝑑 = 𝜙𝑆𝐵
𝜋𝑑2

4

𝜎𝑆𝐵

√3
𝑗 (7 .2 .6b)  

t1

t1
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𝑗 = {
1
2

 
(One friction-surface) 

(Two f r i ct ion- sur f aces)  
(7 .2 .6c)  

𝜌𝑓𝐵𝐵𝑑 = 𝜙𝐵 ×min(𝑑𝑡1 × 2𝜎1𝐵 , 𝑑𝑡22 × 2𝜎2𝐵) (7 .2 .6d)  

where 

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-

type connection 

𝜌𝑓𝑆𝐵𝑑 = design shearing fracture load of one steel high-strength bolt for friction-type 

connection 

𝜌𝑓𝐵𝐵𝑑 = design bearing fracture load of one steel high-strength bolt for friction-type 

connection 

𝑑 = diameter of steel high-strength bolts for friction-type connection 

𝜎𝑆𝐵 = tensile strength of steel high-strength bolts for friction-type connection (800 

N/mm2 for F8T and 1000 N/mm2 for F10T) 

𝑡1 = thickness of a base material 

𝑡22 = total thickness of connection plates 

𝜎1𝐵 = tensile strength of the aluminum alloy for a base material (See Table 7.2.2) 

𝜎2𝐵 = tensile strength of the aluminum alloy for connection plates (See Table 7.2.2) 

𝜙𝑆𝐵，𝜙𝐵 = resistance factor for the tensile strength of steel high-strength bolts for friction-

type connection and the one for the tensile strength of aluminum alloy 

materials, respectively 

 

Table 7.2.2 Tensile Strength 𝝈𝑩 of Aluminum Alloy Materials 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength 𝜎𝐵  

(N/mm2) 

Plates 

A5083-H112 4≦t≦40 275 

A5083-O 3≦t≦40 275 

A6061-T6 3≦t≦6.5 295 

A6061-T651 6.5≦t≦40 295 

Extrusions 

A5083-H112 3≦t≦40 275 

A5083-O 3≦t≦38 275 

A6061-T6 3≦t≦40 265 

A6N01-T5 
3≦t≦6 245 

6＜t≦12 225 

A6N01-T6 3≦t≦6 265 

 

7.2.5 Friction Load Design of High-Strength Bolted Friction-Type Joints 

(1)  As shown in Figure  7.2.4,  the f ol lowing equat ion i s checked  in  the f r i ct ion  load  design  

of  high-s t rength bol ted f r ic t ion - type joints under  unifor mly d is t r ibuted normal  st r ess.  

𝜌𝑃 =
𝑃

𝑛
≤ 𝜌𝑓𝐹𝑑 (7.2.7) 

where 

𝜌𝑃 = force acting on one bolt 
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𝑃 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.5)] 

 

 

Figure 7.2.4 High-Strength Bolted Friction-Type Joint under Uniformly Distributed Normal Stress 

 

(2)  In the f r ic t ion load design  of  high- st rength bol ted f r ic t ion - type join t s under  normal  

st r ess t hat  i s  not  unif ormly di st r i buted  as shown in Figur e 7.2.5 ,  the fol lowing equat ion  

is checked f or  bol ts in  each row:  

𝜌𝑃𝑖 =
𝑃𝑖
𝑛𝑖
≤ 𝜌𝑓𝐹𝑑 (7.2.8) 

where 

𝜌𝑃𝑖 = force acting on one bolt in the i-th row 

𝑃𝑖 = force acting on all bolts on one side with respect to the joining line in the i-th row 

𝑛𝑖 = total number of bolts on one side with respect to the joining line in the i-th row 

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.5)] 

 

 

Figure 7.2.5 High-Strength Bolted Friction-Type Joint under Normal Stress That Is Not Uniformly 

Distributed 
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(3)  In the f r ic t ion load design  of  high- st rength bol ted f r ict ion - type joint s under  shear ing  

force,  the f ol lowing equat ion i s checked :  

𝜌𝑄 =
𝑄

𝑛
≤ 𝜌𝑓𝐹𝑑 (7.2.9) 

where 

𝜌𝑄 = force acting on one bolt 

𝑄 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.5)] 

 

(4)  In the f r i ct i on load design  of  high- st r eng th bol ted f r ict ion - type jo int s in  which a normal  

st r ess and a shear ing for ce ac t  s imultaneously,  t he f ol lowing equat ion i s checked:  

𝜌 = √𝜌𝑃
2 + 𝜌𝑄

2 ≤ 𝜌𝑓𝐹𝑑 (7.2.10) 

where 

𝜌 = force acting on one bolt 

𝜌𝑃 = force acting on one bolt due to normal stress 

𝜌𝑄 = force acting on one bolt due to shearing force 

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.5)] 

 

(5)  The fol lowing equat ion should be checked in  t he f r i ct i on load design  of  high- st reng th  

bol t ed f r i ct i on- type join ts t ha t  hor i zonta l ly  connec t  pla tes ,  subjected to  shear ing  force  

due to  bend ing ,  as shown in Figur e 7.2. 6 :  

𝜌𝐻 =
𝑄𝑆𝑝

𝐼𝑛
≤ 𝜌𝑓𝐹𝑑  (7.2.11) 

where 

𝜌𝐻 = force acting on one of the bolts that connect plates horizontally 

𝑄 = shearing force due to bending 

𝑆 = geometrical moment of area outside the joining line 

𝐼 = geometrical moment of inertia of a base material 

𝑝 = pitch of bolts 

𝑛 = number of bolts in the direction perpendicular to the joining line  

𝜌𝑓𝐹𝑑 = design friction load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.5)] 
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Figure 7.2.6 High-Strength Bolted Friction-Type Joint That Horizontally Connect Plates, Subjected 

to Shearing Force due to Bending 

 

7.2.6 Fracture Load Design of High-Strength Bolted Friction-Type Joints 

(1)  The fol lowing equa t ion i s checked in t he f ractur e load design of  high-s t rength bol t ed  

f r ict i on- type joint s under  uniformly di st r ibuted normal  s t ress ,  a s shown in Figur e 7.2.4 .  

𝜌𝑃 =
𝑃

𝑛
≤ 𝜌𝑓𝑈𝑑 (7.2.12) 

where 

𝜌𝑃 = force acting on one bolt 

𝑃 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.6)] 

 

(2)  In the f r acture  load  des ign  of  high-s t rength  bo l ted f r i ct i on - type joint s  under  normal  

st r ess  that  is  not  unifo rmly  di st r ibu ted ,  a s shown in Figur e 7. 2.7 ,  t he  fol lowin g  

equat ion i s checked :  

𝜌𝑛 =
𝑀

∑𝑦𝑖
2 𝑦𝑛 ≤ 𝜌𝑓𝑈𝑑 (7.2.13) 

where 

𝜌𝑛 = force acting on one bolt at the outermost location 

𝑀 = bending moment 

Σ = symbol that represents the sum of bolts on one side with respect to the joining line 

𝑦𝑖 = distance from the neutral axis to bolts 

𝑦𝑛 = distance from the neutral axis to the bolts at the outermost location 

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.6)] 

 

Joining line 

Neutral axis  
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Figure 7.2.7 High Strength Bolted Friction-Type Joint under Bending Moment 

 

(3)  In the f r acture l oad des ign  of  high-s t rength bol t ed f r i ct i on - type joint s under  shear ing  

force,  the f ol lowing equat ion i s checked :  

𝜌𝑄 =
𝑄

𝑛
≤ 𝜌𝑓𝑈𝑑 (7.2.14) 

where 

𝜌𝑄 = force acting on one bolt 

𝑄 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.6)] 

 

(4)  In the f r acture l oad design  of  high- st r eng th bo l ted f r ic t ion - type jo int s in  wh ich a  

normal  st r ess and a shear ing force act  simult aneously,  the fol lowing equa t ion i s  

checked :  

𝜌 = √𝜌𝑃
2 + 𝜌𝑄

2 ≤ 𝜌𝑓𝑈𝑑  (7.2.15) 

where 

𝜌 = force acting on one bolt 

𝜌𝑃 = force acting on one bolt due to normal stress 

𝜌𝑄 = force acting on one bolt due to shearing force 

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.6)] 

 

(5)  The fo l lowing equat ion should be checked in the  f r acture load  design  of  high-s t reng th  

bol t ed f r i ct i on- type join ts t ha t  hor i zonta l ly  connec t  pla tes ,  subjected to  shear ing  force  

due to  bend ing ,  as shown in Figur e 7.2. 6 :  

𝜌𝐻 =
𝑄𝑆𝑝

𝐼𝑛
≤ 𝜌𝑓𝑈𝑑 (7.2.16) 

where 

𝜌𝐻 = force acting on one of bolts that connect plates horizontally 

𝑄 = shearing force due to bending 

𝑆 = geometrical moment of area outside the joining line 

Joining line 
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𝐼 = geometrical moment of inertia of a base material 

𝑝 = pitch of bolts 

𝑛 = number of bolts in the direction perpendicular to the joining line  

𝜌𝑓𝑈𝑑 = design fracture load carrying force of one steel high-strength bolt for friction-type 

connection [Eq. (7.2.6)] 

 

7.2.7 Design of Connection Plates and Base Materials at Joints 

(1)  Welded or  f r ic t ion s t i r  welded pla tes  shal l  not  be  used as  connect ion pla tes .  

(2)  The thickness  of  connect ion pla tes  of but t  jo ints  with  two  fr ic t ion -surfaces shal l  

be  equal .  

(3)  For connect ion pla tes  under  tensi le  force ,  i t  is  checked  that  the  s t ress  occurr ing in  

the  net  cross  sect ion specif ied in  7 .2 .8  is  less  than the  design tensi le  s t rength ( 𝜎𝑡0.2𝑑 

and 𝜎𝑡𝐵𝑑)  specif ied in  3 .1 .  

(4)  For connect ion pla tes  under  compressive force ,  i t  is  checked  that  the  s t ress  

occurr ing in  the  gross  cross  sect ion is  less  than  the  design compressive s trength 

( 𝜎𝑐𝑢𝑑  and 𝜎𝑡𝐵𝑑 )  specif ied in  3 .5 .  Here ,  𝜎𝑢  i n  Eq.  (3 .5 .1a)  that  g ives  𝜎𝑐𝑢𝑑  i s  

replaced by  𝜎0.2.  

(5)  For connect ion pla tes  under  bending moment ,  the  fol lowing equat ion is  checked . 

𝜎 =
𝑀

𝐼
𝑦 ≤ 𝜎𝑑 (7.2.17) 

where 

𝜎 = stress at the outermost edge of connection plates 

𝑀 = bending moment acting on connection plates 

𝐼 = geometrical moment of inertia for the gross cross section of connection plates around 

the neutral axis of a member 

𝑦 = distance from the neutral axis of a member to the outermost edge of the connection 

plates 

𝜎𝑑 =design tensile strength (𝜎𝑡0.2𝑑 and 𝜎𝑡𝐵𝑑) specified in 3.1 or the design compressive 

strength (𝜎𝑐𝑢𝑑 and 𝜎𝑡𝐵𝑑) specified in 3.5 [Here, 𝜎𝑢 in Eq. (3.5.1a) that gives 𝜎𝑐𝑢𝑑 is 

replaced by 𝜎0.2.] 

(6)  The design of  a  base mater ia l  at  joint s  is  similar  to  th at  of  connec t ion plat e s.  I t  i s  

checked tha t  when a tens i le  f orce act s,  t he st ress occur r ing in  t he net  cross sec t ion of  

the base mater i al  i s  l e ss than the design tensi le  st r eng th (𝜎𝑡0.2𝑑 and 𝜎𝑡𝐵𝑑) ,  and  when a  

compressive s t ress is  appl ied,  i t  i s  checked that  the s t ress gener at ed in  the gross  cross  

sect ion i s le ss than the des ign compr essive st r eng th  (𝜎𝑐𝑢𝑑 and 𝜎𝑡𝐵𝑑) .  Here, 𝜎𝑢 in  Eq .  

(3 .5 .1a)  that  g ives  𝜎𝑐𝑢𝑑 i s  replaced by  𝜎0.2.  

 

7.2.8 Calculation of Net Cross-Sectional Area 

The calculation of the net cross-sectional area of plates on which a tensile force acts follows the items 

below: 

(1)  The net  cr oss- sec t ional  ar ea  i s  t he  product  of  t he ne t  width and  the pla te  th ickness.  The  

net  width of  a  pla te i s  t he gross width minus the width lost  by bol t  ho les.  
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(2)  The di ameter  of  bo l t  ho le s used to  ca lculat e the net  cross-sect iona l  area of  a  p lat e i s  

the value obtained by adding 3 mm to the di ameter  o f  bol t s .  

(3)  The net  width  of  st agger ed bol ted pl at es  is  ob tained by subtract ing the d iameter  of  the  

f i rst  bol t  ho le in  t he cr oss sect ion of  int erest  and sequent i al l y  subtract ing w  cal culat ed  

by the fol lowing equat ion f or  each bol t  hol e :  

𝑤 = 𝐷 −
𝑝2

4𝑔
 (7.2.18) 

where 

𝐷 = diameter of bolt holes  

𝑝, 𝑔 = pitch and gauge of bolts, respectively [See Figure 7.2.9(b)] 

If the value of w is negative, the deduction of the bolt holes is ignored. 

(4)  For  extrusions of  angle sect ion  and channel  sec t ion,  the net  cr oss sec t ion i s ca lculat ed  

for  the developed cross sect ion as shown in Figur e 7.2.8.  The gr oss  wid th  of  the  

developed cr oss  sect ion i s 𝑎 + 𝑏 − 𝑡,  and the gauge length 𝑔 i s  the value obtained by  

subtract ing the th ickness 𝑡 f rom the di s tance between the bol t  l ines measured along  

the back surf ace of  the angle  cr oss sect ion.  

 

Figure 7.2. 8 Deve lopm ent  of  Angle Cross Sect ion  

 

7.2.9 Bolt Center Spacing, and Edge and End Distances 

(1)  The minimum center  spacing  between bol t s i s  the va lue s shown in Table 7.2.2.  

 

 Table 7.2.2 Minimum Center Spacing between Bolts 

Designation of bolts Minimum center spacing (mm) 

M12 40 

M16 55 

M20 65 

M22 75 

M24 85 

 

(2)  The maximum cen ter  spac ing  between bol t s i s  the va lue s shown in Table  7.2.3.  
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Table 7.2.3 Maximum Center Spac ing between Bo lt s  

Members p (mm) g (mm) 

Compression 

members 

For rectangular bolt fastening, 8.5𝑡 

For staggered bolt fastening, 10𝑡 − 3𝑔 8⁄ . However, 8.5𝑡 or less 
17t 

Tension 

members 

For rectangular bolt fastening, 17𝑡 

For staggered bolt fastening, 2(10𝑡 − 3𝑔 8⁄ ). However, 17𝑡 or less 
17t 

             𝑡 = t h i c kne s s  o f  c onne c t i on  p l a t e s  

          𝑝,  𝑔 = p i t c h  a n d  ga uge  o f  bo l t s ,  r e s pe c t ive l y  [S e e  F i gu re  7 .2 .9 ]  

 

 

     (a)  Rectangular Bolt  Fast ening       (b)  Staggered Bolt  F ast ening  

Figure 7.2.9 Pitch and Gauge of Bolts 

 

(3)  The edge and end d is tance s f rom bol t s  shown in F igur e 7. 2.10 f ol low  the i t ems be low:  

1)  The di st ance f rom the center  of  a  bol t  hole to  the edge of  a  connect ion pl at e (edge 

dis tance)  sha l l  be at  l eas t  1 .5 t imes the diamete r  of  t he bol t  hol e.  

2)  The di s tance f rom the center  of  a  bo l t  hol e to  t he end of  a  connect ion pl ate ( end  

dis tance)  sha l l  be at  l eas t  twice the di ameter  of  the bol t  hole.  

3)  The maximum value of  the edge and end dis tance s in  a connect ion p lat e  i s  5 .5 t imes  

the thickness of  a  connect ion pl at e.  However,  i t  should not  exceed 90 mm.  

 

 

Figure 7.2.10 Edge and End Distances from Bolts 

 

7.2.10 Minimum Number of Bolts 

The minimum number of bolts on one side with regard to the joining line is 2. 

 

7.3 Bearing-Type Joints 

7.3.1 General 

(1)  Bear ing- type jo int s can be used to  fabr icat e accessor ies such as guard fences and  

inspect ion pa ths.  

(2)  Bol t  set s t hat  ar e made of  s teel ,  st ainless steel  or  aluminum al loy and tha t  have  

guar anteed st rength must  be used  for  bear ing- type join ts f or  aluminum al loy pl a tes .  

p p p

g g 応力方向応力方向

P P 

Edge distance 

End distance 

Stress direction Stress direction 



- 55 - 

(3)  Aluminum al loy mater ia ls t ha t  can be used for  base mater ia l s and connect ion p la tes i n  

bear ing - type join ts ar e A5083- H112,  A5083- O,  A6061-T 6 and A6061-T651 al loys for  

plat es and  A5083-H112,  A5083-O,  A6061-T6,  A6005C-T5  and A6005C-T6 al loys f or  

extr us ions .  

(4)  When using st ee l  or  st ain less - st eel  bol t s,  i t  i s  necessar y to  prevent  corr osion o f  bol t s  

themselves as  wel l  a s contac t  corrosion of  d i ss imil ar  metal s between a bol t  and an  

aluminum al loy pla te.  

(5)  The thr eaded par t  of  bo l t s  must  not  be locat ed on the shear ing pl ane between a base  

mater ia l  and a connect ion p la te.  

(6)  The design of  r i vet ed  jo int s made of  a luminum al loy s f ol lows tha t  of  bear ing- type  

join ts.  

 

7.3.2 Design Load Carrying Force of Bolts for Bearing-Type Connection 

(1)  The design yi eld load carrying  force for  one bol t  for  bear ing - type connect ion is  given  

by the fol lowing equat ions:  

𝜌𝑏𝑌𝑑 = min(𝜌𝑏𝑆𝑌𝑑, 𝜌𝑏𝐵0.2𝑑) (7 .3.1a)  

𝜌𝑏𝑆𝑌𝑑 = 𝜙𝑆𝑌
𝜋𝑑2

4

𝜎𝑆𝑌

√3
𝑗 (7 .3.1b)  

𝑗 = {
1
2

 
(One shearing-plane) 

(Two shear ing- planes)  
(7.3.1c)  

𝜌𝑏𝐵0.2𝑑 = 𝜙0.2 ×min(𝑑𝑡1 × 1.5𝜎1,0.2, 𝑑𝑡22 × 1.5𝜎2,0.2) (7 .3.1d)  

wher e  

𝜌𝑏𝑌𝑑 = des ign yi eld load carry ing  force of  one bol t  for  bear ing - type  

connect ion  

𝜌𝑏𝑆𝑌𝑑 = design shear ing y ield load of  one bo l t  for  bear ing - type connect ion  

𝜌𝑏𝐵0.2𝑑 = design bear ing yi eld load of  one bol t  for  bear ing - type connect ion  

𝑑 = di ameter  o f  bol ts f or  bear ing - type connec t ion  

𝜎𝑆𝑌 = yield st r ess or  0 .2% proof  st r ess of  bol t s for  bear ing - type  

connect ion  

𝑡1 = thi ckness of  a  base mater i al  

𝑡22 = tot al  t hickness of  connec t ion pl ates  

𝜎1,0.2 = 0.2% proof  s t ress of  the aluminum al loy for  a  base mater ia l  (See  

Tab le  7. 3.1)  

𝜎2,0.2 = 0.2% proof  st r ess of  t he aluminum a l loy for  connect ion pl ates  

(See Table 7.3.1)  

𝜙𝑆𝑌， 𝜙0.2 = resi st ance f ac tor  for  t he yie ld st r ess  of  bol t s f or  bear ing - type  

connect ion and the one for  t he 0.2% proof  s t ress of  a luminum 

al loy mater ial s  

 

(2)  The design f ractur e load carr ying  force for  one bo l t  for  bear ing - type connec t ion i s  

given by the fol lowing equa t ions:  

𝜌𝑏𝑈𝑑 = min(𝜌𝑏𝑆𝐵𝑑 , 𝜌𝑏𝐵𝐵𝑑) (7 .3.2a)  



- 56 - 

𝜌𝑏𝑆𝐵𝑑 = 𝜙𝑆𝐵
𝜋𝑑2

4

𝜎𝑆𝐵

√3
𝑗 (7 .3.2b)  

𝑗 = {
1
2

 
(One shearing-plane) 

(Two shear ing- planes)  
(7.3.2c)  

𝜌𝑏𝐵𝐵𝑑 = 𝜙𝐵 ×min(𝑑𝑡1 × 2𝜎1𝐵 , 𝑑𝑡22 × 2𝜎2𝐵) (7 .3.2d)  

wher e  

𝜌𝑏𝑈𝑑 = design f r ac ture load carry ing  f orce of  one bol t  f or  bear ing - type  

connect ion  

𝜌𝑏𝑆𝐵𝑑 = design shear ing  f ractur e l oad of  one bol t  for  bear ing - type  

connect ion  

𝜌𝑏𝐵𝐵𝑑 = des ign bear ing f r acture  load of  one bol t  f or  bear ing - type  

connect ion  

𝑑 = di ameter  o f  bol ts f or  bear ing - type connec t ion  

𝜎𝑆𝐵 = tens i l e  st r ength  of  bol t s for  bear ing - type connect ion  

𝑡1 = thi ckness of  a  base mater i al  

𝑡22 = tot al  t hickness of  connec t ion pl ates  

𝜎1𝐵 = t ensi l e  st r ength  of  t he aluminum al loy for  a  base  mater ial  (See  

Tab le 7. 3.1)  

𝜎2𝐵 = tens i le  st r ength  of  t he aluminum al loy  for  connect ion pl at es (See  

Tab le 7. 3.1)  

𝜙𝑆𝐵， 𝜙𝐵 = resi st ance factor  for  the tensi le  st r eng th  of  bol t s for  bear ing - type  

connect ion and the one for  the t ensi l e  st reng th  of  a luminum a l loy  

mater ia l s  

 

Table 7.3.1 Tensile Strength 𝝈𝑩 and 0.2% Proof Stress 𝝈𝟎.𝟐 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength B 

(N/mm2) 

0.2% proof stress 0.2 

(N/mm2) 

Plates 

A5083-H112 4≦t≦40 275 125 

A5083-O 3≦t≦40 275 125 

A6061-T6 3≦t≦6.5 295 245 

A6061-T651 6.5≦t≦40 295 245 

Extrusions 

A5083-H112 3≦t≦40 275 120 

A5083-O 3≦t≦38 275 120 

A6061-T6 3≦t≦40 265 245 

A6005C-T5 
3≦t≦6 245 205 

6＜t≦12 225 175 

A6005C-T6 3≦t≦6 265 235 

 

7.3.3 Design of Bearing-Type Joints 

(1) The following equations are checked in the design of bearing-type joints under uniformly distributed 

normal stress, as shown in Figure 7.2.4: 
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For the yield load carrying force, 𝜌𝑃 =
𝑃

𝑛
≤ 𝜌𝑏𝑌𝑑 (7.3.3a) 

For the fracture load carrying force, 𝜌𝑃 =
𝑃

𝑛
≤ 𝜌𝑏𝑈𝑑 (7.3.3b) 

     where 

𝜌𝑃 = force acting on one bolt 

𝑃 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑏𝑌𝑑  = design yield load carrying force of one bolt for bearing-type connection [Eq. (7.3.1)] 

𝜌𝑏𝑈𝑑  = design fracture load carrying force of one bolt for bearing-type connection [Eq. (7.3.2)] 

(2)  The fol lowing equa t ions are checked in the design o f  bear ing- type joint s under  the  

normal  st ress that  i s  not  unifor mly d i st r ibuted ,  a s shown in Figur e 7.2.7 :  

For the yield load carrying force, 𝜌𝑛 =
𝑀

∑𝑦𝑖
2 𝑦𝑛 ≤ 𝜌𝑏𝑌𝑑 (7.3.4a) 

For the fracture load carrying force, 𝜌𝑛 =
𝑀

∑𝑦𝑖
2 𝑦𝑛 ≤ 𝜌𝑏𝑈𝑑 (7.3.4b) 

     where 

𝜌𝑛 = force acting on one bolt at the outermost location 

𝑀 = bending moment 

Σ = symbol that represents the sum for bolts on one side with respect to the joining line 

𝑦𝑖 = distance from the neutral axis to bolts 

𝑦𝑛 = distance from the neutral axis to the bolts at the outermost location 

𝜌𝑏𝑌𝑑  = design yield load carrying force of one bolt for bearing-type connection [Eq. (7.3.1)] 

𝜌𝑏𝑈𝑑  = design fracture load carrying force of one bolt for bearing-type connection [Eq. (7.3.2)] 

(3)  In the design of  bear ing- type joint s under  shear ing  for ce,  the  fol lowing equat ions  ar e  

check ed :  

For the yield load carrying force, 𝜌𝑄 =
𝑄

𝑛
≤ 𝜌𝑏𝑌𝑑  (7.3.5a) 

For the fracture load carrying force, 𝜌𝑄 =
𝑄

𝑛
≤ 𝜌𝑏𝑈𝑑 (7.3.5b) 

     where 

𝜌𝑄 = force acting on one bolt 

𝑄 = force acting on all bolts on one side with respect to the joining line 

𝑛 = total number of bolts on one side with respect to the joining line 

𝜌𝑏𝑌𝑑  = design yield load carrying force of one bolt for bearing-type connection [Eq. (7.3.1)] 

𝜌𝑏𝑈𝑑  = design fracture load carrying force of one bolt for bearing-type connection [Eq. (7.3.2)] 

(4)  In the design of  bear ing- type jo int s i n  which a normal  st ress and  a shear ing fo rce ac t  

simul t aneous ly,  the fol lowing equat ions  are checked:  

For the yield load carrying force, 𝜌 = √𝜌𝑃
2 + 𝜌𝑄

2 ≤ 𝜌𝑏𝑌𝑑 (7.3.6a) 

For the fracture load carrying force, 𝜌 = √𝜌𝑃
2 + 𝜌𝑄

2 ≤ 𝜌𝑏𝑈𝑑 (7.3.6b) 

     where 
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𝜌 = force acting on one bolt 

𝜌𝑃 = force acting on one bolt due to normal stress 

𝜌𝑄 = force acting on one bolt due to shearing force 

𝜌𝑏𝑌𝑑  = design yield load carrying force of one bolt for bearing-type connection [Eq. (7.3.1)] 

𝜌𝑏𝑈𝑑  = design fracture load carrying force of one bolt for bearing-type connection [Eq. (7.3.2)] 

(5)  The fo l lowing equat ion s are checked  in t he design of  bear ing- type joint s t ha t  

hor i zon tal ly  connect  pl ates ,  subjec ted  to  shear ing for ce due to  bending ,  a s shown in  

Fig.  7 .2.6 :  

For the yield load carrying force, 𝜌𝐻 =
𝑄𝑆𝑝

𝐼𝑛
≤ 𝜌𝑏𝑌𝑑 (7.3.7a) 

For the fracture load carrying force, 𝜌𝐻 =
𝑄𝑆𝑝

𝐼𝑛
≤ 𝜌𝑏𝑈𝑑  (7.3.7b) 

     where 

𝜌𝐻 = force acting on one of bolts that connect plates horizontally 

𝑄 = shearing force due to bending 

𝑆 = geometrical moment of area outside the joining line 

𝐼 = geometrical moment of inertia of a base material 

𝑝 = pitch of bolts 

𝑛 = number of bolts in the direction perpendicular to the joining line  

𝜌𝑏𝑌𝑑  = design yield load carrying force of one bolt for bearing-type connection [Eq. (7.3.1)] 

𝜌𝑏𝑈𝑑  = design fracture load carrying force of one bolt for bearing-type connection [Eq. (7.3.2)] 

 

7.3.4 Design of Connection Plates and Base Materials at Joints 

The design of connection plates and base materials at joints complies with 7.2.7.  

 

7.3.5 Calculation of Net Cross-Sectional Area 

The calculation method of the net cross-sectional area of a plate under tensile force complies with 7.2.8. 

The diameter of bolt holes used to calculate the net cross-sectional area of a plate is the value obtained by 

adding 2 mm to the diameter of bolts. 

 

7.3.6 Bolt Center Spacing, and Edge and End Distances 

  The center spacing between bolts and the edge and end distances from bolts comply with 7.2.9. 

 

7.3.7 Minimum Number of Bolts 

The minimum number of bolts complies with 7.2.10.  
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8. Fatigue Design 

 

8.1 Scope of Application 

This chapter stipulates the fatigue design of aluminum alloy structures in civil engineering, members 

that make up them, and joints which are used in normal temperature and atmosphere. 

 

8.2 Safety Factors 

The safety factor 𝜈, which adjusts the level of safety in fatigue check, is set to 1 or more. The value of 

the safety factor 𝜈  is determined by taking into consideration redundancy (effects on the strength or 

function of an entire structure), importance (social effects when a structure fails due to fatigue) and 

inspectability (the possibility that cracks will be discovered before fatigue failure by periodic inspection 

during service of a structure), when fatigue cracks occur in members or joints to be designed. 

 

8.3 Prerequisites for Fatigue Check 

(1)  Frict ion st i r  we lded jo int  

Friction stir welded joints are those that are fabricated by double-sided friction stir welding that 

satisfies 9.3. 

(2)  High st r ength bol t ed f r ict ion - type jo int  

High-strength bolted friction-type joints are those that satisfies 7.2 and that have two friction-surfaces 

with a friction-surface treatment specified in 9.4.2 executed. 

(3)  Effect  of  corr osion  

The effect of corrosion must be taken into consideration in the fatigue strength of components or 

joints without painting. 

(4)  Stress for  fa t igue check  

The stress for fatigue check is the range of nominal stress (the stress calculated by structural 

mechanics or frame structure analysis) that acts on the cross section to be checked. 

The stress for fatigue check at the position where a stress concentration occurs, such as the edge of 

openings, is the stress obtained by multiplying the range of nominal stress by the elastic stress 

concentration factor at such a position. 

(5)  Posi t i on of  f at igue check  

When members or joints with the same fatigue strength grades are continuous, the fatigue check is 

performed at the position where the stress range is maximum.  

(6)  Frequency di st r i but ion of  st r ess range  

The variation of stress expected at the position of interest during a design period is calculated for the 

fatigue design load, and the rain-flow method is applied to the fluctuating waveform to obtain a 

frequency distribution of stress range.  

(7)  Combined st r esses  

1)  Combinat ion of  membrane st r ess and pl ate bending st ress  

When a membrane stress and plate bending stress act simultaneously, the range of normal stress given 

by the following equation is used for fatigue check: 

∆𝜎 = ∆𝜎𝑚 + 𝜉Δ𝜎𝑏 (8.3.1) 
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where 

𝜉 = 1 for base materials, friction stir welded joints and high strength bolted friction-type 

joints, and 0.8 for welded joints 

Δ𝜎 = range of normal stress 

Δ𝜎𝑚 = range of membrane stress 

Δ𝜎𝑏 = range of plate bending stress 

2)  Combinat ion of  normal  and shear ing st r esses  

When normal and shearing stresses act simultaneously, the range of principal stress is used as the 

stress range for fatigue check. When the acting direction of the principal stress is 45° or more and 135° 

or less with respect to the joining line, the fatigue strength in the direction perp endicular to the joining 

line is used for fatigue check. When the acting direction of the principal stress is more than -45° and 

less than 45° with respect to the joining line, the fatigue strength in the direction of the joining line is 

used for fatigue check. 

 

8.4 Fatigue Check 

8.4.1 Fatigue Check Based on Fatigue Limits 

Members or joints that satisfy the following equations are safe against fatigue, and it is not necessary to 

perform the fatigue check in 8.4.2: 

𝜈Δ𝜎max ≤ 𝑌𝑐2𝑌𝑡Δ𝜎𝑐𝑎𝑓 (8.4.1) 

𝜈Δ𝜏max ≤ 𝑌𝑐2Δ𝜏𝑐𝑎𝑓 (8.4.2) 

where 

𝜈 = safety factor 

Δ𝜎max, Δ𝜏max = maximum of the normal stress range and that of the shearing stress range 

predicted during a design period, respectively 

Δ𝜎𝑐𝑎𝑓, Δ𝜏𝑐𝑎𝑓 = cut-off limit of the stress range for constant amplitude stress, for normal stress 

and the one for shearing stress, respectively 

𝑌𝑐2 = coefficient for corrosion effects on fatigue limits (See 8.5.4) 

𝑌𝑡 = coefficient for thickness effects (See 8.5.5) 

 

8.4.2 Fatigue Check Based on S-N Curves 

When members or joints under consideration do not satisfy Eq. (8.4.1) or Eq. (8.4.2), the fatigue check 

is performed using one of the following (1), (2) and (3) : 

 

(1)  Fat igue Check by Cumulat ive Fat igue Damage Ra t io  

Members or joints that satisfy the following equation are safe against fatigue: 

𝐷 ≤
1

𝜈𝑚
 (8.4.3) 

where 

𝐷 = cumulative fatigue damage ratio 

𝜈 = safety factor 

𝑚 = value representing the slope of S-N curves (See Table 8.4.1) 

The cumulative fatigue damage ratio D is calculated by the following equation: 
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𝐷 =∑
𝑛𝑖
𝑁𝑖

𝑘

𝑖=1

 (8.4.4) 

where 

𝑛𝑖 = frequency of a certain stress range component Δ𝜎𝑖 or Δ𝜏𝑖 in a frequency distribution 

of stress range 

𝑁𝑖 = fatigue life for Δ𝜎𝑖 or Δ𝜏𝑖 

𝑘 = total number of divisions in a frequency distribution of stress range 

The fatigue life 𝑁𝑖 corresponding to a certain stress range component Δ𝜎𝑖 for normal stress or a 

certain stress range component Δ𝜏𝑖  for shearing stress is calculated by the following equations, 

respectively: 

𝑁𝑖 = {

(𝑌𝑐1𝑌𝑡)
𝑚𝑐𝑎

(Δ𝜎𝑖)𝑚

∞

 
(Δ𝜎𝑖 > 𝑌𝑐2𝑌𝑡Δ𝜎𝑣𝑎𝑓) 

(8.4.5) 

(Δ𝜎𝑖 ≤ 𝑌𝑐2𝑌𝑡Δ𝜎𝑣𝑎𝑓) 

𝑁𝑖 = {

𝑌𝑐1
𝑚𝑐𝑎

(Δ𝜏𝑖)𝑚

∞

 
(Δ𝜏𝑖 > 𝑌𝑐2Δ𝜏𝑣𝑎𝑓) 

(8.4.6) 

(Δ𝜏𝑖 ≤ 𝑌𝑐2Δ𝜏𝑣𝑎𝑓) 

where 

𝑚 = value representing the slope of S-N curves (See Table 8.4.1) 

𝑐𝑎 = allowable fatigue resistance 

Δ𝜎𝑣𝑎𝑓, Δ𝜏𝑣𝑎𝑓 = cut-off limit of the stress range for variable amplitude stress 

𝑌𝑐1, 𝑌𝑐2 = coefficient for corrosion effects on S-N curves and the one on fatigue limits, 

respectively (See 8.5.4) 

𝑌𝑡 = coefficient for thickness effects (See 8.5.5) 

 

Table 8.4.1 Values of m Representing Slope of S-N Curves 

Base materials and friction stir welded joints 6.17 

Welded joints 
When subjected to normal stress 3 

When subjected to shearing stress 5 

High strength bolted friction-type joints 5.23 

 

(2)  Fat igue Check by Equiva len t  Str ess Range  

Members or joints that satisfy the following equations are safe against fatigue: 

𝜈Δ𝜎𝑒 ≤ 𝑌𝑐1𝑌𝑡Δ𝜎𝑎 (8.4.7) 

𝜈Δ𝜏𝑒 ≤ 𝑌𝑐1Δ𝜏𝑎 (8.4.8) 

where 

𝜈 = safety factor 

Δ𝜎𝑒 = equivalent stress range for normal stress 

Δ𝜏𝑒 = equivalent stress range for shearing stress 

Δ𝜎𝑎 = allowable stress range for normal stress 

Δ𝜏𝑎 = allowable stress range for shearing stress 

𝑌𝑐1 = coefficients for corrosion effects on S-N curves (See 8.5.4) 
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𝑌𝑡 = coefficient for thickness effects (See 8.5.5) 

The equivalent stress ranges Δ𝜎𝑒 and Δ𝜏𝑒 are calculated by the following equations, respectively: 

Δ𝜎𝑒 = {∑(Δ𝜎𝑖)
𝑚

𝑘

𝑖=1

𝑛𝑖
𝑁𝑇
}

1
𝑚

 (8.4.9) 

Δ𝜏𝑒 = {∑(Δ𝜏𝑖)
𝑚

𝑘

𝑖=1

𝑛𝑖
𝑁𝑇
}

1
𝑚

 (8.4.10) 

where 

𝑚 = value representing the slope of S-N curves (See Table 8.4.1) 

Δ𝜎𝑖, Δ𝜏𝑖 = one component of the stress range in a frequency distribution of stress range 

for normal stress and the one for shearing stress, respectively 

𝑛𝑖 = frequency of Δ𝜎𝑖 or Δ𝜏𝑖 

𝑁𝑇 =∑𝑛𝑖

𝑘

𝑖=1

 = total number of all repetitions during a design period 

𝑘 = total number of divisions in a frequency distribution of stress range 

Let 𝑛𝑖 = 0  for the stress range below the cut-off limit  𝑌𝑐2𝑌𝑡Δ𝜎𝑣𝑎𝑓  or 𝑌𝑐2Δ𝜏𝑣𝑎𝑓  for variable 

amplitude stress. Here, 𝑌𝑐2 is the coefficient for corrosion effects on fatigue limits (See 8.5.4), and 𝑌𝑡 

is the coefficient for thickness effects (See 8.5.5). 

The allowable stress ranges Δ𝜎𝑎 and Δ𝜏𝑎 are calculated by the following equations, respectively: 

Δ𝜎𝑎 = (
𝑐𝑎
𝑁𝑇
)

1
𝑚

 (8.4.11) 

Δ𝜏𝑎 = (
𝑐𝑎
𝑁𝑇
)

1
𝑚

 (8.4.12) 

where 

𝑐𝑎 = allowable fatigue resistance 

 

(3)  Fat igue Check by Cumulat ive Fat igue Damage  

Members or joints that satisfy the following equations are safe against fatigue: 

𝜈𝑚𝑞𝜎 ≤ (𝑌𝑐1𝑌𝑡)
𝑚𝑐𝑎 (8.4.13) 

𝜈𝑚𝑞𝜏 ≤ 𝑌𝑐1
𝑚𝑐𝑎 (8.4.14) 

where 

𝜈 = safety factor 

𝑚 = value representing the slope of S-N curves (See Table 8.4.1) 

𝑞𝜎 = cumulative fatigue damage for normal stress 

𝑞𝜏 = cumulative fatigue damage for shearing stress 

𝑐𝑎 = allowable fatigue resistance 

𝑌𝑐1 = coefficients for corrosion effects on S-N curves (See 8.5.4) 

𝑌𝑡 = coefficient for thickness effects (See 8.5.5) 

  The cumulative fatigue damages 𝑞𝜎 and 𝑞𝜏 are calculated by the following equations, respectively: 
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𝑞𝜎 =∑𝑛𝑖(Δ𝜎𝑖)
𝑚

𝑘

𝑖=1

 (8.4.15) 

𝑞𝜏 =∑𝑛𝑖(Δ𝜏𝑖)
𝑚

𝑘

𝑖=1

 (8.4.16) 

where 

Δ𝜎𝑖, Δ𝜏𝑖 = one component of stress range in a frequency distribution of stress range 

𝑛𝑖 = frequency of Δ𝜎𝑖 or Δ𝜏𝑖 

𝑘 = total number of divisions in a frequency distribution of stress range 

Let 𝑛𝑖 = 0 for the stress range below the cut-off limit 𝑌𝑐2𝑌𝑡Δ𝜎𝑣𝑎𝑓 or 𝑌𝑐2Δ𝜏𝑣𝑎𝑓 for variable amplitude 

stress. Here, 𝑌𝑐2 is the coefficient for the corrosion effects on fatigue limits (See 8.5.4), and 𝑌𝑡 is the 

coefficient for thickness effects (See 8.5.5). 

 

8.5 Fatigue Strength 

8.5.1 Fatigue Strength Grades of Base Materials and Friction Stir Welded Joints 

Table 8.5.1 shows the fatigue strength grades of base materials of 6000 series aluminum alloys and 

friction stir welded joints. They are classified by the fatigue strength Δ𝜎20 at 200,000 cycles. 

 

Table 8.5.1 Fatigue Strength Grades of Base Materials of 6000 Series Aluminum Alloys and Friction 

Stir Welded Joints 

 

Fatigue strength 

grades 

20 (N/mm2) 

Allowable fatigue 

resistance 

ca 

Cut-off limit of 

stress range for 

constant 

amplitude stress 

caf (N/mm2) 

Cut-off limit of 

stress range for 

variable amplitude 

stress 

vaf (N/mm2) 

Base materials 92 2.60×1017 74.0 37.0 

Friction stir welded 

joints* 
65 2.97×1016 52.4 26.2 

*: The fatigue strength grades are the same in the direction of the joining line and in the direction perpendicular to it. 

 

8.5.2 Fatigue Strength Grades of Welded Joints 

(1)  The fa t igue st r eng th gr ades of  welded  joint s are shown in Table 8.5.2.  They ar e  

classi f ied by the f at igue st r ength (Δ𝜎200 or  Δ𝜏200)  at  2  mi l l ion cycl es.  

 

Table 8.5.2 Fatigue Strength Grades of Welded Joints 

(a) When Subjected to Normal Stress 

Fatigue strength 

grades 

200 (N/mm2) 

Allowable fatigue 

resistance 

ca 

Cut-off limit of stress range 

for constant amplitude stress 

caf (N/mm2) 

Cut-off limit of stress range 

for variable amplitude stress 

vaf (N/mm2) 

50 2.50×1011 29.2 14.6 

45 1.82×1011 26.3 13.2 
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40 1.28×1011 23.4 11.7 

36 9.33×1010 21.1 10.5 

32 6.55×1010 18.7 9.4 

28 4.39×1010 16.4 8.2 

25 3.13×1010 14.6 7.3 

22 2.13×1010 12.9 6.4 

20 1.60×1010 11.7 5.8 

18 1.12×1010 10.5 5.3 

 

(b) When Subjected to Shearing Stress 

Fatigue strength 

grades 

200 (N/mm2) 

Allowable fatigue 

resistance 

ca 

Cut-off limit of stress range 

for constant amplitude stress 

caf (N/mm2) 

Cut-off limit of stress range 

for variable amplitude stress 

vaf (N/mm2) 

36 1.21×1014 16.5 8.2 

28 3.44×1013 12.8 6.4 

 

(2)  The fat igue s t rength gr ades of  we lded joint s ar e shown in Table 8.5.3 and 8.5. 4 for  

normal  and shear ing st r esses,  re spec t ive ly.  

 

Table 8.5.3 Fatigue Strength Grades of Welded Joints under Normal Stress 

(a) Lateral Butt Welded Joints 

Types of welded joints Remarks 

Fatigue strength 

grades 

200 (N/mm2) 

 

Cutting 

・  M a ke  s u re  t he r e  a r e  no  c ra c ks  o r  

s c ra t c he s .  

・  C ha m fe r  o f  0 .5  m m o r  mo re  a t  c o rne rs  

40 

 

Lateral butt welded joints whose surface is finished with 

a grinder (X- or V-groove)  
45 

 

Lateral butt welded joints fabricated in a downward 

position in a factory 

・  R e in fo rc e m e n t  𝑐 < 0.1𝑡 

 

36 

 

Lateral butt welded joints with a reinforcement 0.1 times 

or more the plate thickness 

・  Toe  a n g le  𝜃 ≤ 50° 

・  Toe  a n g le  𝜃 > 50° 

・   

・   

 

 

32 

25 

t

c

t
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Lateral butt-welded joints whose surface is finished flat 

with a grinder and that have a transition part with the 

thickness and width gradients of 1:5. 

45 

 

Lateral butt welded joints fabricated in a downward 

position in a factory, that have a transition part with the 

thickness and width gradients of 1:5. 

32 

 

(b) Longitudinal Welded Joints 

Types of welded joints Remarks 

Fatigue strength 

grades 

200 (N/mm2) 

 

Longitudinal butt welded joints 

・  G ri nd ing  f in i s h  pa ra l l e l  t o  t he  loa d i ng  

d i re c t ion  s o  tha t  bo th  the  f r on t  a nd  b a c k  

s u r fa c e s  a re  f l a t .  

50 

 

Longitudinal butt welded joints 

・  N o a d d i t i on  o f  w e ld i ng  r od s  

・  A ddi t i on  o f  w e ld ing  r od s  

 

45 

36 

 

Continuous automatic longitudinal full penetration K-

groove butt welded joints without addition of welding 

rods (check with a flange stress) 

50 

 

Continuous automatic longitudinal both sided fillet 

welded joints without addition of welding rods (check 

with a flange stress) 

45 

 

(c) Load-Carrying Type Cruciform Joints and T-Joints 

Types of welded joints Remarks 

Fatigue strength 

grades 

200 (N/mm2) 

 

Cruciform joints and T-joints 

・  K -g ro ove  bu t t  w e l d i ng  

・  Fu l l  pe ne t r a t ion  

・  Toe  f ra c tu re  

・  Ec c e n t r i c i t y  𝑒 < 0.15𝑡 

・  G ri nd ing  f in i s h  a t  t oe s  

・  N o G r i nd ing  f in i s h  a t  t oe s  

 

 

 

 

 

28 

25 

t e
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Cruciform joints and T-joints 

・  Fi l l e t  w e ld ing  

・  Toe  f ra c tu re  

・  Ec c e n t r i c i t y  𝑒 < 0.15𝑡 

22 

 

(d) Gusset Connections 

Types of welded joints Remarks 

Fatigue strength 

grades 

200 (N/mm2) 

 

Fillet welded joints with an out-of-plane gusset 

  Gusset length 𝑙 

       𝑙 < 50 mm 

       𝑙 < 150 mm 

       𝑙 < 300 mm 

       𝑙 ≥ 300 mm 

 

 

28 

25 

20 

18 

 

Joints with an in-plane gusset welded to a plate edge and 

to a flange edge of a girder 

・  A rc -s ha pe d  t r a ns i t i on  s e c t i on  f in i s he d  

w i t h  a  g r in de r  

            𝑟 > 150 mm or 𝑟 𝑤⁄ > 1 3⁄  

1 6 < 𝑟 𝑤⁄ ≤ 1 3⁄⁄  

𝑟 𝑤⁄ ≤ 1 6⁄  

 

 

 

 

36 

28 

22 

 

(e) Non-Load-Carrying Type Cruciform Joints and T-Joints 

Types of welded joints Remarks 

Fatigue strength 

grades 

200 (N/mm2) 

 

Cruciform joints and T-joints where the thickness of an 

attached plate is smaller than that of a main plate 

・  K -g ro ove  bu t t  w e ld ing ,  g r i nd ing  f in i s h  a t  

t oe s  

・  B oth  s ide d  f i l l e t  w e l de d ,  g r i nd i ng  f i n i s h  

a t  t oe s  

・  Fi l l e t  w e ld ing  a s -w e l de d  

When the thickness of an attached plate is greater than 

that of a main plate 

 

 

36 

 

36 

 

28 

25 

 

Table 8.5.4 Fatigue Strength Grades of Welded Joints under Shearing Force 

Types of welded joints 

Fatigue strength 

grades 

200 (N/mm2) 

Base materials, complete penetration groove welding 36 

Fillet welding 28 

 

t e

l

w

r



- 67 - 

8.5.3 Fatigue Strength Grades of High Strength Bolted Friction-Type Joints 

Table 8.5.5 shows the fatigue strength grades of high strength bolted friction -type joints. They are 

classified by the fatigue strength 𝜎200 at 2 million cycles. Referring to Figure 8.5.1, the ratio 𝑡2 𝑡1⁄  for 

plate thickness of a connection plate to a base material is 1 or more. 

 

Table 8.5.5 Fatigue Strength Grade of High Strength Bolted Friction-Type Joints 

Fatigue strength 

grades 

σ200 (N/mm2) 

Allowable fatigue 

resistance 

ca 

Cut-off limit of stress range 

for constant amplitude stress 

σcaf (N/mm2) 

Cut-off limit of stress range 

for variable amplitude stress 

σvaf (N/mm2) 

66 6.49×1015 48.6 24.3 

 

 
Figure 8.5.1 High Strength Bolted Friction-Type Joints 

 

8.5.4 Coefficients for Corrosion Effects 

Table 8.5.6 shows the coefficients for corrosion effects on members or joints without painting. 𝑌𝑐1 and 

𝑌𝑐2 are the coefficients for corrosion effects on S-N curves and fatigue limits, respectively. 

 

Table 8.5.6 Coefficients for Corrosion Effects 

 𝑌𝑐1 (S-N curves) 𝑌𝑐2 (Fatigue limits) 

Base materials 0.71 0.71 

Friction stir welded joints 0.87 0.87 

Welded joints 1 0.85 

High strength bolted friction-type joints 1 1 

 

The values of the coefficients 𝑌𝑐1 and 𝑌𝑐2 for corrosion effects for the case where an anticorrosion 

treatment such as painting is executed are both 1. 

 

8.5.5 Coefficients for Thickness Effects 

(1)  Base Mater i al s and Fr i ct i on St i r  Welded  Joint s  

The coefficient 𝑌𝑡 for thickness effects of base materials and friction stir welded joints is 1. 

(2)  Welded Join t s  

The coefficient 𝑌𝑡 for thickness effects is given by the following equation for lateral butt welded 

joints except when the surface is finished flat with a grinder, load-carrying type cruciform joints and T-

joints where the thickness of an attached plate exceeds 12 mm and non-load-carrying type cruciform 

joints and T-joints where the thickness of an attached plate exceeds 12 mm: 

 

 

t2
t2

t1
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𝑌𝑡 = {

1

(
25

𝑡
)
0.25 

(𝑡 ≤ 25mm) 

(8.5.1) 
(𝑡 > 25mm) 

where 

𝑡 = plate thickness 

The coefficient 𝑌𝑡 for thickness effects of welded joints other than the above is 1.  

(3)  High Strength Bol t ed Fr i ct i on - Type Join t s  

The coefficient 𝑌𝑡 for thickness effects of high strength bolted friction-type joints is 1. 
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9. Fabrication 

 

9.1 Machining 

(1)  Mar king  and Cut t ing  

1)  The cut t i ng of  member s i s  performed by saw cut t ing,  water  j et ,  pl asma,  l a ser  and  

shear.  

2)  After  cut t ing,  mar king l ines and punch marks do not  r emain on member s.  

3)  Burr s or  notches l ef t  on the cut t ing surf ace ar e smoothed with a gr inder.  

4)  When pain t ing or  when consider ing the effect s  of  f at i gue,  cu t t ing corner s of  pi ece s  

are  chamfer ed by 0.5 mm or  mor e .  In al l  other  cases,  burr s a t  the cu t t i ng corner s of  

pieces exposed to  the out side  ar e removed .  

(2)  Dril l ing  

1)  Diameter  of  bol t  hol e s  

The diameter of bolt holes is shown in Table 9.1.1. The tolerance for diameter of bolt holes is +0.5 

mm. 

 

Table 9.1.1 Diameter of Bolt Holes 

Designation of bolts 
Friction-type 

connection (mm) 

Bearing-type 

connection (mm) 

M12 14.5 13.5 

M16 18.5 17.5 

M20 22.5 21.5 

M22 24.5 23.5 

M24 26.5 25.5 

 

2)  Dril l ing i s done with a dr i l l  or  a  combinat ion of  dr i l l  and ream er.  I f  the th ickness of  

pieces is  le ss t han 10  mm and i t  i s  no t  necessar y to  consider  t he eff ect s of  fa t i gue,  

holes may be punched.  

3)  Burr s generat ed around holes due to  dr i l l ing are r emoved.  

(3)  Cold Bending  

When cold bending is done on main members, not only surface cracks and wrinkles are prevented, 

but also the quality after processing must be confirmed by the test specimens simulating cold bending 

to meet the required performance. 

 

9.2 Welding 

9.2.0 Definition of Terms 

(1)  Cra ter  t r ea tment  

To hold a welding rod at the end of a bead for a certain period of time to prevent the formation of a 

crater (a dimple at the end of a bead which is caused by solidification shrinkage during welding). 

(2)  Gas f l ame heat ing method  
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One of the methods to correct the welding deformation. It is a method in which after locally heating 

using a gas welding torch, the material is cooled by water and the local heat shrinkage of the material  

eliminates the deformation. 

(3)  Inter pass temperature  

In multi-layer welding, the temperature of a weld bead just before starting the next pass. Here, one 

welding operation performed along the welding line is called a pass.  

(4)  Pref low  

In gas shielded arc welding, to release the shielding gas for a certain period  of time before starting 

welding in order to prevent the entrapment of air in the deposited metal.  

(5)  Strongback  

In butt welding, a jig that is temporarily installed to correct misalignment between plates or to prevent 

angular deformation (a lateral bending deformation that occurs in members or structures due to 

welding) and twist. 

 

9.2.1 General 

(1)  Welding of  a luminum al loy mater i al s i s  perfor med by MIG welding or  TIG weld ing.  

(2)  There should be no oxide f i lm,  rust ,  paint ,  oi l ,  e tc .  on the par t  to  be welded.  

(3)  The ox ide f i lm i s r emoved just  befor e welding.  

(4)  Welding i s per formed ,  suff i ci ent ly  dr ying the vic ini ty  of  t he par t  t o  be welded .  

(5)  Welding i s per formed when the rel at ive humidi ty in  a i r  i s  le ss than 80%.  

(6)  The pr ehea t ing temperature i s  200°C or  le ss  for  A5083 -O al loy and 100°C or  le ss fo r  

A5083-H112,  A6061-T6,  A6061-T651,  A6005C-T5 and A6005C-T 6 al loys.  

 

9.2.2 Welding Tests 

(1)  The welding test s must  be perf ormed bef ore fabr ic at ion.  However,  i f  the welding  test s  

wer e conducted in  the past  and ther e are  fabr icat ing exper iences,  they can be omit t ed  

by consul tat ion between the par t ie s.  

(2)  The types of  t e st s shown in Table 9.2.1 are perfor med  for  the weld ing t est s .  

(3)  Welding i s performed in th e actua l  we lding posi t ion under  t he we lding condi t ions  

which ar e used in  ac tual  fabr i cat ion.  

(4)  The mater i al  and cross -sect iona l  shape o f  the spec imen used in  the we lding test s should  

be the same as those used in  actual  fabr ica t ion.  However,  for  jo int s made of  the  same 

type of  aluminum al loy but  wi th d iffer ent  pl ate thi ckness,  the specimen may be  made  

of  the thinner  aluminum a l loy mater i al .  

(5)  Non- destr uct ive te st ing i s perf ormed before col l ec t ing the t e st  pi eces for  destr uct ive  

te st i ng f rom the spec imen.  Visua l  inspect ion and radiographic te st  ar e perf ormed on  

the over al l  length  of  the jo int .  

(6)  As shown in Figure 9.2.1,  t ensi l e  te s t  pi eces,  bend tes t  pi eces and a macro obser vat ion  

test  pi ece ar e taken f rom the spec imen fabr i ca ted by  complet e penetr at ion g roov e  

welding.  The number  of  t es t  pi eces i s  2  for  the t ensi l e  te st ,  2  for  t he bend t est ,  and 1  

for  the macro observat ion t est .  When col lect ing the t e st  p ieces,  a  space of  about  10  

mm be tween the te st  pieces  i s  prov ided .  
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(7)  Figur e 9.2.2 shows the spec imen used fo r  macr o observat ion for  f i l le t  we ld ing.  

(8)  The methods for  non- destr uct ive te st i ng and destruct ive t e st ing and the qua l i t y  cr i ter i a  

are i n  accordance with 9. 2.3.  

 

Table 9.2.1 Types of Welding Tests 

Types of welded joints Types of tests 

Full penetration groove welded joints 

Destructive tests 

Tensile test 

Bend test 

Macro observation 

Non-destructive tests 
Visual inspection 

Radiographic test 

Fillet welded joints 

Destructive tests Macro observation 

Non-destructive tests Visual inspection 

 

 

Figure 9.2.1 Specimen Used for Welding Tests for Complete Penetration Groove Welding 

 

 

Figure 9.2.2 Specimen Used for Macro Observation for Fillet Welding 

 

9.2.3 Testing Methods and Quality Criteria 

(1)  Non-Destruct ive  Test s 

1) Visual  Inspect ion 
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The presence of surface defects in welds is visually inspected.  The criteria for the surface defects 

in welds are shown in Table 9.2.2.  

 

Table 9.2.2 Types of Surface Defects in Welds and Quality Criteria 

Defect types Parts to be inspected Quality criteria 

Cracks Overall length of joints 
Free of cracks. If in doubt, they are confirmed 

with a penetrant inspection test. 

Pits on the weld bead surface 

(A small depression on the 

outer surface of welds) 

Full penetration groove welded joints 

of main members 
Free of pits. 

Fillet welded joints 

Up to 3 per joint or 3 per 1 m joint length. If 

the pit size is 1 mm or less, three can be 

counted as one. 

Unevenness on the weld bead 

surface 
Overall length of joints 

The height difference within the range of bead 

length of 25 mm must not exceed 3 mm. 

Undercuts 

The toe of the beads orthogonal to the 

primary stress acting on the pieces that 

make up main members 

Allowable depth: 0.3mm 

The toe of the beads parallel to the 

primary stress acting on the pieces that 

make up main members 

Allowable depth: 0.5mm 

The toe of the beads of secondary 

members 
Allowable depth: 0.8mm 

Overlaps Overall length of joints Free of overlaps. 

Size of fillet welds Overall length of joints 
The size and throat thickness should not be 

less than the design values. 

 

2)  Radiographic Test  

i )  The t es t  method compl ies with JIS Z 3105 1 ) .  

i i )  For  welds subject ed to  t ensi le  s t ress,  the  f laws for  Grades 1 and 2  are accepted .  For  

welds  subjected to  compr ess ive s t ress,  t he f l aws for  Grade 3 or  above ar e accep ted .  

When affect ed by f at igue,  the f laws  fo r  Grade  1 are  accep ted  for  both cases  of  

tensi le  and compressive st r ess es.  

(2)  Destruct ive Tes t s  

1)  Tensi le  Test  

i )  The tensi l e  te st  piece shal l  be t he one specif ied in  JIS Z 3121 2 ) .  The weld i s pl aced  

in  the center  of  the par al l el  par t  of  t he t ensi le  t e st  pi ece.  The f ron t  and back surf aces  

of  the tens i le  te st  p iece shal l  be f i ni shed in  the same way as the produc t .  

i i )  The t ensi l e  t e st  method compli es wit h J IS Z 2241 3 ) .  The st ress act ing on a tens i le  

te st  p iece is  def ined as the load divided by the cross -sect iona l  ar ea of  the bas e  

mater ia l  in  t he par al l el  par t  of  t he t ensi l e  te st  piece.  

i i i )  The number  of  t e st  pieces shal l  be  two ,  and the tens i le  s t rength and 0.2%  proof  

st r ess of  each tens i le  te st  p iece shal l  be the values shown in Table 9.2. 3 or  above.  
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Table 9.2.3 Tensile Strength and 0.2% Proof Stress of Welds 

Aluminum alloys 
Thickness t 

(mm) 

Tensile strength 

(N/mm2) 

0.2% proof stress 

(N/mm2) 

Plates 

A5083-H112 4≦t≦40 275 125 

A5083-O 3≦t≦40 275 125 

A6061-T6 3≦t≦6.5 165 105 

A6061-T651 6.5≦t≦40 165 105 

Extrusions 

A5083-H112 3≦t≦40 275 120 

A5083-O 3≦t≦38 275 120 

A6061-T6 3≦t≦40 165 105 

A6005C-T5 
3≦t≦6 165 105 

6＜t≦12 165 105 

A6005C-T6 3≦t≦6 165 105 

 

2)  Bend Test  

i )  The bend tes t  piece  i s  among those  spec if ied in  JIS Z 3122 4 ) ,  and i s the root  bend  

test  p iece i f  t he pla te thi ckness i s  l e ss t han 19 mm and is  the t r ansver se s ide  bend  

test  p iece  i f  i t  i s  19 mm or  mor e.  The weld is  pl aced  in  the cen ter  of  t he te st  pi ece.  

The surface of  the te st  piece tha t  comes into contact  wi th a  bending f i t t ing  is  

f ini shed f l at .  The reinfor cement  on the surf ace to  be t e st ed  i s dele ted.  

i i )  The bend t est  method i s one of  the rol ler  bend t est ,  guided bend test  and dr aw bend  

test  specif ied in  JIS Z 3122 4 ) .  T he r adius  of  a  bend ing f i t t i ng in  the bend test  should  

be l ess t han or  equal  to  the value ca lculated by the f ol lowing equat ions:  

For A5083-H112 and A5083-O alloys, 

𝑅 = 2.88𝑡 (9.2.1) 

For A6061-T6, A6061-T651, A6005C-T5 and A6005C-T6 alloys, 

𝑅 = 4.75𝑡 (9.2.2) 

        where 

𝑅 = radius of a bending fitting 

𝑡 = thickness of a bending test piece 

i i i )  The number  of  t e st  p ieces shal l  be two,  and e ach t est  p iece shal l  no t  have surf ace  

cracks with a l eng th of  mor e than 3 mm unless i t  i s  affect ed by fa t igue.  I f  i t  i s  

affect ed by fat igue,  i t  shal l  be f ree of  surface cracks.  

3)  Macro Obser va t ion  

i )  The t es t  method compl ies with 7. 4.4 of  JIS Z 3422 - 2 5 ) .  

i i )  In macro observat ion,  the macros truc tur e of  weld s shal l  be f ree of  defect s that  ar e  

per ceived as harmfu l .  

 

1 )  J IS  Z  31 05 :  M e tho ds  o f  r a d io g r a ph ic  e xa m ina t i on  fo r  w e ld e d  jo in t s  i n  a lum in um,  2 003 .  

2 )  J IS  Z  31 21 :  M e tho ds  o f  t e n s i l e  t e s t  fo r  bu t t  w e l de d  jo in t s ,  2 01 3 .  

3 )  J IS  Z  22 41 :  M e ta l l i c  ma t e r i a l s -Te ns i l e  t e s t i ng - M e tho d  o f  t e s t  a t  r oo m t e mp e ra tu re ,  2 011 .  

4 )  J IS  Z  31 22 :  M e tho ds  o f  be n d  t e s t  fo r  bu t t  w e l de d  j o in t ,  20 13 .  
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5 )  J IS  Z  342 2 - 2 :  Spe c i f i c a t i on  a nd  qua l i f i c a t i on  o f  w e ld in g  p roc e du re s  fo r  me ta l l i c  ma te r i a l s - We ld i n g  

p ro c e du re  t e s t - A rc  w e ld i ng  o f  a lum in um a nd  i t s  a l l oys ,  2 003 .   

 

9.2.4 Setting of Pieces 

(1)  The set t ing of  p ieces must  be done so  that  we lding defect s do not  occur  and the  

eccentr i ci t y  be tween member s af t er  we lding does not  occur.  

(2)  The set t ing of  pi eces i s  a s fo l lows:  

1)  Full  penetr at ion groove welded join t s  

i )  The groove shape and r oot  spac ing are based on JIS Z 3604 1 ) .  

i i )  The eccen tr ic i ty  𝑒 between pieces in  the direct ion  of  the thi ckness shown in Figur e  

9.2.3(a)  is  10% or  l e ss of  the th ickness 𝑡.  

i i i )  The gap 𝑒 between the backing st r i p  and the pi ece shown in F igur e 9.2.3(b)  should  

be 0.5 mm or  l e ss.  

2)  Fil l et  welded join t s  

i )  The gap between pi eces i s  based on JIS Z 3604 1 ) .  

i i )  The eccentr i ci ty  𝑒 between pieces in  t he cruciform joint s and T- joint s shown in  

Figur e 9.2.3( c)  i s  15% or  l ess of  the thi ckness 𝑡.  

 

 
 

 

 

 

 

 

 

 

Figure 9.2.3 Setting of Pieces 

 

1 )  J IS  Z  3 604 :  R e c om me n de d  p ra c t i c e  f o r  i ne r t  g a s  s h i e lde d  a rc  w e l d i ng  o f  a lum in um  a nd  a l um i n um  

a l lo ys ,  20 16 .  

 

 

t

t

e

e

e

t

(a)  Eccentri ci t y bet ween Pieces in  

the Thickness Direct ion  

(b)  Gap bet ween Backing Str ip and 

Piece  

(c)  Eccentri ci t y bet ween Pieces in  

Cruciform Joint  and T-Jo int  



- 75 - 

9.2.5 Tack Welding 

(1)  When assembl ing member s,  auxi l iar y j i g s are  e ffect ively used to  enable tack welding  

in  a posture with good co ndi t ions.  The  tack weld ing  of  di ssimi lar  mate r ia ls such as  

st ru t s and s t rongbacks to  a  base mater i a l  is  avo ided as much as possibl e .  

(2)  The black  powder  and  oxide f i lm generat ed  by  t ack  weld ing  ar e r emoved befor e  

pr imar y  weld ing.  

(3)  I t  i s  conf i rmed  that  t he l ength and throa t  thi ckness for  tack welding ar e not  too smal l .  

(4)  In tack welding,  the pref low and cra ter  t reatmen t  ar e suff i ci ent ly  performed.  

 

9.2.6 Correction of Welding Deformation 

The deformation of members caused by welding is corrected by pressing, hydraulic jack or gas flame 

heating method. Table 9.2.4 shows the maximum heating temperature that can be applied to aluminum alloy 

materials when the deformation of members is corrected by a gas flame heating method. 

 

Table 9.2.4 Maximum Heating Temperature 

Aluminum alloys Maximum heating temperature 

A5083-O 450℃ or less 

A5083-H112 350℃ or less 

A6061-T6 

A6005C-T5 

A6005C-T6 

250℃ or less 

 

9.2.7 Fabrication 

(1)  In fabr i cat ion,  the we lding condi t ions that  are  det ermined by the welding test s to  mee t  

the qua l i ty  cr i t er i a  sha l l  be used.  

(2)  The int erpass t emper atur e shou ld be below the temper atur e de ter mined in t he welding  

test s.  

(3)  During f abr i ca t ion,  t he weld inspect ion of  a  produc t  must  be  performed accor ding to  

9.2.8 .  

(4)  I f  weld s do not  meet  the qual i ty  cr i ter i a  for  the we ld inspect ion of  a  product ,  repair  

may be performed accor ding to  9. 2.9.  

(5)  End tub  

1)  In ful l  penet rat ion gr oove welding,  end  tubs made of  the same mater ial  a s the  base  

mater ia l  and hav ing  the same gr oove shape  as t he base mater ial  ar e provided at  the  

st ar t  and end  of  t he  weld ing.  In  f i l l et  welding  of  a  f l ange  to  a  web of  a  main  gi rder,  

end tubs of  T-shaped cr oss -sec t ion,  which ar e the same mater i al  a s the base mater ia l  

and  have  the same cr oss - sect ional  shape as  the base  mater i al ,  ar e pr ovided a t  the  

st ar t  and end of  t he we lding.  By pr oviding end tubs,  the st ar t  and end of  t he we lding  

do no t  en ter  a  member.  

2)  After  welding,  end t ubs are cut  and removed,  and the r emaini ng par t s are pol ished  

with a gr inder  to  f i ni sh smooth ly.  

(6)  Fil l et  weld ing  
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1)  I f  an addi t i onal  welding rod is needed,  the cr ater  t r ea tment  shal l  be  perf ormed.  I f  

cracks ar e observed at  t he p lace where a  welding rod i s added,  the end of  t he bead is  

removed,  and af t er  conf i rming that  ther e ar e no def ect s,  t he next  we lding i s  done.  

2)  Welding i s tur ned at  t he corner s of  a  pi ece.  

(7)  Reinfor cement  and f ini sh in  f ul l  penetr a t ion gr oove welding  

The height of reinforcements in full penetration groove welding without finish designation is 

according to Table 9.2.5. When affected by fatigue, the height of reinforcements and the finish shown 

in Table 8.5.3(a), (b) and (c) are followed. 

 

Table 9.2.5 Height of Reinforcements 

T hic kn e s s  𝑡 (m m )  H e ig h t  o f  r e i n f o rc e me n t s  (m m )  

    3 ≤ 𝑡 ≤ 6   2  o r  l e s s  

    6 < 𝑡 ≤ 1 5   𝑡 3⁄  o r  l e s s  

   1 5 < 𝑡 ≤ 2 5   5  o r  l e s s  

   2 5 < 𝑡  7  o r  l e s s  

 

9.2.8 Weld Inspection of Product 

(1)  Visua l  in spect ion i s perfo rmed on the overal l  length  of  ful l  penetra t ion groove welded  

join ts  and f i l l et  welded joint s.  

(2)  A radiographic t e st  i s  perf ormed on ful l  penetr at ion gr oove welded joint s accor d ing to  

the fo l lowing 1)  and 2) :  

1)  For  factor y we lding,  the sampling inspect ion shown in Table 9.2.6 is  perf orm ed.  

 

Table 9.2.6 Radiographic Test of Full Penetration Groove Welded Joints 

Members Inspection target Number of shots 

Tensile member All joints 1 (End included) 

Compression member 1 or more out of 5 joints* 1 (End included) 

Bending 

member 

Tensile flange All joints 1 (End included) 

Compressive flange 1 or more out of 5 joints* 1 (End included) 

Web 
Joints perpendicular to normal stress All joints 1 (Tension side) 

Joints parallel to normal stress All joints 1 (End included) 

Aluminum deck All joints 1 (End included) 

*: If unsuccessful, all remaining joints are inspected. 

 

2)  For  s i te  welding,  the overa l l  l eng th of  j oint s i s  i nspect ed.  

(3)  The v isua l  in spect ion  and  radiographic te st  and  the qual i ty  cr i ter i a  are in  accor dance  

with 9.2.3.  

 

9.2.9 Repair 

(1)  Joint s that  f ai l  the vi sual  i n spect ion may be repa ired according to  ( 3) .  T he r epair ed  

par t  must  sat isf y 9.2.3( 1)  1) .  
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(2)  For  a ful l  penetr at ion groove welded joint  tha t  fai l s  t he radiographic te st ,  t he over al l  

length of  t he jo int  i s  in spect ed by the r a diogr aphic t e st  to  i dent i f y the r ange of  defect s  

and they may be repair ed accord ing to  ( 3) .  The repa ired par t  must  sa t i sfy 9. 2.3( 1)  2) .  

(3)  Tab le 9.2. 7 shows r epa ir ing methods f o r  defect s.  The l eng th of  the weld bead to  be  

repaired i s 40 mm or  mor e.  

 

Table 9.2.7 Repairing Methods for Defects 

Defect types Repairing method 

Crack Completely remove cracks and weld. 

Blowhole Welding is performed after scraping. 

Overlap Grind with a grinder to make it smooth.  

Undercut 
Depending on the degree, grinder finish only or after welding grinder 

finish. 

Pit on the weld bead surface  Depending on the need, finish the surface or weld. 

Unevenness on the surface of 

weld beads 
Finish with a grinder. 

 

9.3 Friction Stir Welding 

9.3.0 Definition of Terms 

(1)  Backing member  

A supporting member provided on the back side of a metal piece during welding (See Figure 9.3.1). 

(2)  Double- sided f r ic t ion s t i r  weld ing  

A joint obtained by performing friction stir welding as shown in Figure 9.3.1, then turning it over and 

performing friction stir welding from the opposite surface.  

(3)  Face bend t est  p iece  

In the case of friction stir welding shown in Figure 9.3.1, a test piece in which the surface opposite to 

the tool insertion side contacts with a bending fitting in the bend test. In the case of double-sided 

friction welding, a test piece in which the surface opposite to the tool insertion side in the first friction 

stir welding contacts the bending fitting in the bend test.  

(4)  Joint  f i ni shing condi t i ons  

Finishing conditions for the front and back surfaces of a joint. 

(5)  Firs t  produc t  

In fabrication, the friction stir welded block made first. 

(6)  Frict ion st i r  we lding  

As shown in Figure 9.3.1, the friction stir welding uses a rotation tool that is inserted in the butt -

joining line between two metal pieces. The rotation of the tool generates frictional heat inducing 

plastic flow of the metal, and by moving the tool along the butted surfaces, a joint is created. 
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Figure 9.3.1 Friction Stir Welding 

 

(7)  Frict ion st i r  we ld ed block  

A block that has joining lines in the same direction in fabrication and that does not undergo any further 

friction stir welding (See Figure 9.3.2). 

 

 

Figure 9.3.2 Friction Stir Welded Block 

 

(8)  Frict ion st i r  we ld ed block length  

The length of the friction stir welded block in the joining direction (See Figure 9.3.2). 

(9)  Kiss ing bond  

Incompletely joined part that occurs near the tip of the probe due to insufficient stirring in friction stir 

welding [See Figure 9.3.3 (a)]. 
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(a) Friction Stir Welding Shown in Figure 9.3.1  (b) Double-Sided Friction Stir Welding 

Figure 9.3.3 Defects in Friction Stir Welded Joints 

 

(10) Prob  

The tip part of the tool that is inserted into the butted surfaces of a base metal and causes plastic flow 

in the base metal (See Figure 9.3.1). 

(11) Roo t  bend t est  pi ece  

In the case of friction stir welding shown in Figure 9.3.1, a test piece in which the surf ace on the tool 

insertion side contacts a bending fitting in the bend test. In the case of double-sided friction welding, 

a test piece in which the surface on the tool insertion side in the first friction stir welding contacts the 

bending fitting in the bend test. 

(12) Shou lder  

A part of the tool that does not enter the butted surfaces but rubs with the metal surface (See Figure 

9.3.1). 

(13) Toe f l ash  

A thin ridge that occurs on both sides of the joint surface (See Figure 9.3.3). 

(14) Tool  

A tool that generates frictional heat in the metal by rotation and causes plastic flow in the metal. It 

consists of a probe and a shoulder (See Figure 9.3.1). 

(15)  Tunnel  cav i ty  

A type of internal defect at the joint, and an elongated tunnel-shaped cavity that occurs in the direction 

of the joining line (See Figure 9.3.3). 

(16) Welding cond i t ions  

Conditions for friction stir welding such as the shape of the tool and the rotation al speed, traveling 

speed and inclination of the tool.  

 

9.3.1 General 

(1)  When perf orming f r i ct i on s t i r  welding,  i t  i s  no t  necessary to  r emove the ox ide f i lm a t  

join ts .  

(2)  The thr oa t  thi ckness of  j oint s should no t  be l e ss than the theor et i ca l  thr oat  thi ckness.  

(3)  When affect ed by fa t igue ,  doub le- sided f r ict i on st i r  welding sha l l  be  used.  
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9.3.2 Welding Tests 

(1)  The welding test s must  be perf ormed bef ore fabr ic at ion.  However,  i f  the welding  test s  

wer e conducted in  the past  and ther e are  fabr icat ing exper iences,  they can be omit t ed  

by consul tat ion between the par t ie s.  

(2)  In the weld ing  test s,  non- destr uc t ive  te st s of  vi sual  in spect ion,  ul t r ason ic  f law 

det ec t ion test  and rad iogr aphic te st ,  and destr uct ive te st s of  tens i l e  te st ,  bend  test ,  

macr o and micro observat ion s ar e perfo rmed.  When  affect ed by fat igue,  fa t igue  test s  

are car r i ed out  i n  addi t ion to  th ose.  

(3)  The mater i al  and cross -sect iona l  shape o f  the spec imen used in  the we lding test s should  

be the same as those used in  actua l  fabr ica t ion.  As shown in Fig.  9 .3.4,  t he length o f  

the spec imen sha l l  be longer  than the f r i ct ion s t i r  weld ed block l ength of  a  pr oduct .  

(4)  The non- destr uc t ive te st s are  performed befor e the t e st  pieces for  the destr uct ive  test s  

are col l ect ed f rom the specimen.  The  visual  in spec t ion and the ul t r asonic  f law 

det ec t ion test  are perf ormed on the over al l  l eng th of  t he  joint  of  t he spec imen wi th the  

excessive length cut  off .  The radiographic t es t  i s  performed a t  the end on the  side  

wher e the  f r i ct ion st i r  weld ing  s tar ts,  o f  the  jo int  of  t he  specimen  wi th the  excess ive  

length cut  o ff .  

(5)  As shown in F igur e 9. 3.4,  the t ensi l e  t e s t  piece,  the face bend t est  pi ece,  t he r oot  bend  

test  pi ece and the macro and micr o obser vat ion tes t  piece ar e  col lect ed in  the direct io n  

perpendicular  to  the join ing l ine of  the  f r ict ion s t i r  weld ing f rom both ends and the  

midd le par t  of  the specimen wi th the excess ive length cut  off .  When aff ec ted by f at igue ,  

i f  the load  act s i n  the d irect ion per pendicular  t o  the join ing  l ine,  t he f at i gue t est  piece  

T is col l ec ted,  and i f  the load act s in  t he dir ect ion of  the joining l ine,  the fat igue t es t  

piece L i s col l ected.  I f  the l oad act s i n  both  dir ec t ions,  both f at igue  test  pi eces T and  

L are t aken .  The number  of  te st  pi eces in  each par t  i s  1  f or  t ensi l e  t es t ,  1  for  f ace bend  

test ,  1  for  r oot  bend test ,  1  for  each of  fat igue  tes t s  for  T and L and  1 f or  t he macr o  

and micro obser vat ion t est .  When col l ect ing the te st  pi eces,  a  space of  about  10 mm 

between t he t e st  pi eces  i s  l ef t .  

 

 

 

 

 

 

 

 

 

 

Figure 9.3.4 Specimen Used for Welding Tests 

 

(6)  The t est  methods f or  non -destruct ive te st i ng and  des truct ive t e st i ng and  the qual i t y  

cr i t er ia  are in  accordance with 9.3.3.  

 

More than friction stir welded block length Cutting off 

Cutting off M
a
c
ro

 a
n

d
 m

ic
ro

 o
b

se
rv

a
ti

o
n

 t
e
st

 p
ie

c
e

 

About 10mm 

Fatigue test piece L 

T
e
n

si
le

 t
e
st

 p
ie

c
e

 

F
a
c
e
 b

e
n

d
 t

e
st

 p
ie

c
e

 

R
o

o
t 

b
e
n

d
 t

e
st

 p
ie

c
e

 

About 10mm About10mm 

F
a
ti

g
u

e
 t

e
st

 p
ie

c
e
 T

 
 

About 10mm About 10mm 



- 81 - 

9.3.3 Testing Methods and Quality Criteria 

(1)  Non- Destr uc t ive Tes t s  

1)  Visua l  Inspec t ion  

After  f r ict ion st i r  weld ing,  the presence of  surface defects  in  jo ints  is  v isual ly  

inspected. The cr i t er ia  f or  t he surf ace def ect s in  j oin ts i s  decided thr ough  

consu l t at ion between the par t i e s.  

2)  Ultr asonic Fl aw Detect ion Test  

i )  The t es t  method compl ies with JIS Z 3080 1 ) .  

i i )  When no t  affect ed by fat igue,  the f l aws for  Grades 1 and 2 in  Class C are  

accepted .  When  affect ed by fat igue,  the f laws for  Grade 1 in  Class C ar e accep ted .  

3) Radiographic Test  

i )  The t es t  method compl ies with JIS Z 3105 2 ) .  

i i )  When not  aff ec ted by fat igue,  the f laws  for  Grades 1 and 2 ar e accepted .  When 

affect ed by fat igue,  the f laws for  Gr ade 1 are accepted .  

(2)  Destruct ive Tes t s  

1)  Tensi le  Test  

i )  The tens i le  t es t  piece shal l  be the Type 14B specif i ed in  JIS Z 2241 3 ) .  The f r i ct ion  

st i r  welded joint  i s  pl aced in  t he cente r  of  the paral le l  par t  of  the t ensi le  t e st  

piece.  T he f ron t  and back surf aces of  the tens i le  t e st  piece shal l  be f ini shed in  

the same way as a  pr oduct .  

i i )  The t ensi l e  t e st  method compli es wi th JI S Z 2241 3 ) .  The st r ess act ing on a tens i le  

te st  p iece i s  def ined as t he load divided  by the cr oss - sec t ional  ar ea o f  the base  

mater ia l  in  t he par al l el  par t  of  t he t ensi l e  te st  piece.  

i i i )  I f  the  tensi l e  st r eng th and  0.2% proof  st r ess  of  each of  t he thr ee tens i le  te st  

pieces are t he values shown in Table 9.2 .3  or  above,  the te st  i s  accepted .  

2)  Bend Test  

i )  The face bend t est  pi ece and the root  bend test  pi ece shal l  be t he Type 1 specif i ed  

in  JIS Z 2248 4 ) .  The f r i ct i on st i r  welded par t  i s  pl aced in  the  center  of  t he te st  

piece.  The  surface of  the t es t  pi ece tha t  comes in to contact  wi th a  bend ing  f i t t ing  

shoul d be f in ished f l at .  The surface f in ish  of  t he f ace bend t est  p iece and the  

root  bend t es t  piece to  be te s ted shal l  be the same as a  product .  I f  i t  i s  di ff icul t  

to  bend the te st  piece due to  the or ig inal  t hickness,  the back side of  t he f ace  

bend test  p iece and the f ron t  side of  t he  root  bend tes t  piece is  scr aped to make  

a te st  pi ece with a pl at e th ickness of  8  mm.  I f  the or iginal  t hi ckness i s  smal ler  

than 8 mm,  the or iginal  thi ckness i s  taken as t he thi ckness of  the te s t  pi ece.  

i i )  The bend test  method shal l  be  the pr essing bend method or  the winding bend  

method specif i ed in  JIS Z 2248 4 ) .  The radius of  a  bending f i t t i ng in  t he bending  

test  shal l  be l e ss  than or  equal  to  the  value ca lcu la ted  by  the f ol lowing equat ion s :  

For  A5083-H112 and  A5083-O a l loys,  

𝑅 = 2.88𝑡 (9.3.1) 

For  A6061-T6,  A6061-T651,  A6005C-T 5  and A6005C-T6 al loys,  

𝑅 = 4.75𝑡 (9.3.2) 

           where 
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𝑅 = radius of a bending fitting 

𝑡 = thickness of a bending test piece  

i i i )  When not  aff ect ed  by  fat igue,  al l  thr ee of  the f ace bend t est  p ieces and those  of  

the root  bend test  p ieces shal l  not  have surf ace cr acks longer  t han 3 mm.  When  

affect ed by fat igue,  there should be no surface cracks.  

3)  Fat igue Tes t  

i )  The st andard  shape  and d im ensions of  fat igue  tes t  pi ece s are  shown in Figur e  

9.3.5.  I n the fat igue t es t  pi ece T shown in Figure 9. 3.5 (a) ,  t he j oining l ine is  

placed at  the center  of  the par al l el  par t  of  the te st  pi ece ,  perpendicular  to  the  

axi s of  t he t e st  pi ece.  I n the fat igue tes t  piece L shown in Fig ure 9. 3.5 (b) ,  the  

join ing l i ne i s  pl aced in  the axi al  di r ect ion of  the te st  pi ece,  and the join ing  

cen ter  i s  al i gned with the center  of  the par al l el  par t  of  t he t e st  p iece.  The f ront  

and back surf aces of  the fat i gue test  p i ece sha l l  be f i ni shed in  the same way as  

a  product .  Bo th sides of  the f at i gue  tes t  piece ar e f in i shed so that  st r eaks  remain  

in  the longi tud inal  d i rect ion of  the te st  piece.  The width  w  of  the para l le l  par t  

of  the f at i gue test  pi ece T sha l l  be at  l east  tw ice the p lat e th ickness t .  T he width  

w  of  the  fat igue t est  p iece L shal l  be gr eat er  t han or  equal  to  t he larger  value in  

compar ing the  value obta ined by add ing  10 mm to  the d iameter  of  the shoulder  

( the l arger  di ameter  i f  the diameter  of  the shoulder  of  th e f i r st  f r i ct i on st i r  

welding and that  of  the second f r i ct i on s t i r  welding are diff erent  i n  double - sided  

f r ict i on st i r  welding)  and the value obta ined by doub l ing the pl at e thi ckness t .  

 

 

(a)  Fat igue Test  Piece T  

 

 

(b)  Fat igue Test  Piece L  

 

Figure 9.3. 5 Shape and Dim ensions of  Fat igue Test  Pieces  

 

i i )  The s t ress act ing on the f at i gue test  p iece i s  def ined as t he load divided by the  

cross-sect iona l  ar ea cal culat ed by mult iply ing the pl at e t hickness  of  t he  base  

mater ia l  by the wid th of  t he par al l el  par t  of  the fat igue tes t  pi ece.  

i i i )  The maximum str ess app l ie d to  each of  the three fat igue test  pi eces i s  133 N/mm 2 ,  

and the minimum str ess is  13 N/mm 2 .  
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iv)  I f  the fa t igue l i f e  ( the number  of  cycl es the load i s r epeat ed unt i l  t he f at i gue t est  

piece  br eaks)  of  each  of  t he  thr ee  fat igue t est  pi eces  i s  1 . 7×10 5  cyc les or  m ore  

and the fat igue l i fe  of  each of  t he two fat igue test  pi eces  i s  6 .7×10 5  cycl es or  

more,  t he t e st  i s  accep ted .  

4)  Macro and Micro Obser va t ion  

i )  The observat ion method compli es with 7 .4.4 of  JI S Z 3422 -25 ) .  

i i )  In macr o observat ion,  the macrostr uctu re of  the joint  shou ld be f ree of  tunne l  

cav i t i e s and of  o ther  per ce ived harmfu l  def ect s.  

 

1 )  J IS  Z  30 80 :  M e tho ds  o f  u l t r a s on ic  a ng le  be a m e xa mi na t io n  fo r  b u t t  w e lds  o f  a lu min um  p l a t e s ,  1 995 .  

2 )  J IS  Z  31 05 :  M e tho ds  o f  r a d io g r a ph ic  e xa m ina t i on  fo r  w e ld e d  jo in t s  i n  a lum in um,  2 00 3 .  

3 )  J IS  Z  22 41 :  M e ta l l i c  ma te r i a l s -Te ns i l e  t e s t i ng - M e tho d  o f  t e s t  a t  r oo m t e mp e ra tu re ,  2 011 .  

4 )  J IS  Z  22 4 8 :  M e ta l l i c  ma te r i a l s -B e nd  t e s t ,  200 6 .  

5 )  J IS  Z  342 2 - 2 :  Spe c i f i c a t io n  a nd  q ua l i f i c a t io n  o f  w e ld i ng  p roc e du re s  f o r  m e ta l l i c  ma t e r i a l s - We ld i n g  

p ro c e du re  t e s t - A rc  w e ld i ng  o f  a lum in um a nd  i t s  a l l oys ,  2 003 .  

 

9.3.4 Fabrication 

(1)  In fabr icat ion,  the welding cond i t i ons  and the joint  f i ni sh ing  condi t ions that  ar e  

det ermined by the welding test s t o  meet  the qual i ty  cr i t er i a  must  be used.  

(2)  During f abr i ca t ion ,  the weld inspect ion of  a  produc t  must  be  performed accor ding to  

9.3.5.  

(3)  I f  the jo int  does not  mee t  the qual i t y  cr i ter i a  for  the weld inspect ion o f  a  produc t  due  

to  tool  wear,  power  f ai l ure,  et c .  dur ing  fabr i cat ion ,  repa ir  may be perf ormed only i f  

9 .3.6 i s  sat i sf ied.  Repair s shal l  be carr ied ou t  under  t he  same condi t ions as t he  welding  

condi t i ons and the join t  f ini shing condi t ions deter mined by the weld ing test s.  

(4)  The sta r t ing end of  the f r i ct ion st i r  welding wher e the pr obe i s in ser ted and th e  

termina t ing end of  the f r i ct i on st i r  weld ing wher e the probe is pul l ed out  are cu t  off .  

 

9.3.5 Weld Inspection of Product 

(1)  In the weld  inspec t ion of  a  pr oduct ,  t he v isua l  in spect ion and the ul t rasonic  f law 

det ec t ion test  are perf ormed.  

(2)  The vi sual  i n spect ion  is perf ormed on the overa l l  length of  t he join t s .  

(3)  The range of  the ul t rasonic f law detect ion test  i s  a s fol lows:  

1)  In the f i r st  product ,  t he overa l l  l ength  of  the  jo int s of  the f r ict ion  s t i r  we ld ed b lock.  

2)  After  t he f i rs t  product ,  the 200 mm r anges at  bo th e nds and at  the middle of  the  

f r ict i on st i r  welded block,  a s shown in Figur e 9.3.6 .  
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Figure 9.3.6 Scope of Ultrasonic Flaw Detection Test for Friction Stir Weld ed Blocks After First 

Product 

 

(4)  The tes t  methods and the qual i t y  cr i te r ia  for  vi sual  in spect ion and ul t r ason ic  f law 

det ec t ion test  comply with 9.3.3 ( 1) .  

 

9.3.6 Repair 

(1)  When repair ing ,  r e-heat  i npu t  may cause the st r eng th of  t he joint  t o  decrease.  

Theref ore,  i t  must  be  conf irmed  by  the welding t est s t hat  the r epaired join t  passe s the  

destruct ive  te st s in  9.3.3 (2) .  

(2)  As a specimen for  the te st  pi ece s used for  the destr uc t ive  te st s of  the repair ed joint ,  

the specimen in which f r ic t ion st i r  we ld ing i s perf ormed again on the surp lus por t ion  

af ter  the te s t  pi ece s for  t he destr uct ive t es t s ar e  col l ect ed f r om the specimen used for  

the welding test s (See F igure 9. 3.4)  may  be used.  

(3)  I f  the r epaired jo int  does not  pass the des truct ive t e st s of  9 . 3.3 (2) ,  the pr oduct  shal l  

not  be repair ed.  

(4)  The weld  inspec t ion of  pr oduct  f or  the f r ict i on st i r  we ld ed b lock that  i s  repair ed  shal l  

be the same as t he f i r s t  produc t .  

 

9.4 High-Strength Bolted Friction-Type Joints 

9.4.1 General 

(1)  Steel  high- st r eng th bol t s that  are l ong enough to t igh ten members  shal l  be used .  

(2)  Steel  high- st r eng th bol t s were used once  shal l  no t  be r eused.  

Cutting off Cutting off 

200mm 

Friction stir welded block length 

200mm 200mm 

200mm 200mm 200mm 

Friction stir welded block length 

Cutting off Cutting off 

End tub 
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9.4.2 Treatment of Friction-Surface  

(1)  Either  o r  both in  the f r i ct ion- sur f aces facing each other  wher e a base mater i al  and a  

connect ion pl at e ar e in  con tact  ar e bl as ted so that  t he surf ace roughness i s  Rz20 μm 

or  more.  

(2)  When blas t ing connect ion p lat es,  i t  i s  done on  the inner  ar ea 5 mm away f rom the  edge  

of  a  connec t ion pl at e,  a s shown in F igur e 9.4.1 .  

 

 

Figure 9.4.1 Range of Blast on Connection Plate (Hatching Part) 

 

9.4.3 Tightening Bolts 

(1)  Tab le 9. 4.1 shows the design bo l t  axia l  force of  s teel  high- st r ength bol t s u sed for  

f r ict i on- type connec t ion.  

 

Table 9.4.1 Design Bolt  Axia l  Force  

Bolt grades Designation of bolts Design bolt axial force (kN) 

F8T 

M12 45.9 

M16 85.4 

M20 133 

M22 165 

M24 192 

F10T 

M12 56.9 

M16 106 

M20 165 

M22 205 

M24 238 

 

(2)  Tighten ing of  ho t -dip galvanized st eel  high - st r ength bol ts  i s  performed in two st eps :  

prel iminary t i ghten ing and f inal  t i ght ening.  The f inal  t i ght en ing i s done by the nu t  

rotat ion method so that  the design bol t  axi al  for ce of  F8T can be obtained.  

1)  Tab le 9. 4.2 shows the t ightening tor que values for  pr el iminary t igh tening.  

 

 

 

 

 

 

5mm 
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  Table 9.4.2 Torque Values for Preliminary Tightening 

Designation of bolts Torque values for preliminary tightening (N･m) 

M12 About 50 

M16 About 100 

M20，M22 About 150 

M24 About 200 

 

2)  After  pre l iminar y t i ghtening,  mark ing of  the nu t s,  bol t s,  washer s and  pi eces t o  be  

fas tened  is done.  

3)  For  f inal  t ightening,  the nut  is  rot at ed 90° ,  st ar t i ng f r om the  complet ion  of  

prel iminary t igh tening.  

4)  I t  i s  conf i rm ed that  t he rot at ion angle of  the high - st r ength bo l t  that  i s  ful ly  t igh tened  

is in  the range of  +30° to  −0° with respect  to  t he rot at ion amoun t  of  90°.  I f  the  bol t  

i s  t i ght ened beyond th e range,  i t  i s  r ep laced.  For  the bol t  that  do es no t  reach  the  

range,  i t  i s  t i ght en ed up to  t he r equired nut  rot at ion amount .  

5)  The nu t ,  bol t  and washer s t ha t  rot at e together  shal l  be repl aced .  

(3)  Fluor oresin-coated  s teel  high - st rength bol t s ar e t i ghtened in two steps:  prel iminar y  

t igh ten ing  and f inal  t igh tening.  The  f inal  t ight ening i s  done  by  the torque contro l  

method so that  an axi al  fo rce that  i s  10% higher  than  the design bol t  axia l  fo rce o f  

F10T can be obta ined.  

1)  Bef ore  the t igh tening work,  the  tor que  coeff i ci ent  of  the  bol t  set s t o  be used  i s  

measured .  

2)  The pre l iminar y t ightening i s perf ormed  up to  about  60% of  the t igh tening bol t  axial  

force.  

3)  After  pre l iminar y t ightening,  mark ing of  the nu ts,  bol t s,  washer s and p ieces t o  be  

fas tened  is done.  

4)  The bo l t  ax ia l  force in  f i nal  t igh tening shal l  be 10% higher  t han the design bo l t  axia l  

force .  

5)  The nu t ,  bol t  and washer s t ha t  rot at e together  are r epl aced .  

6)  The bol t  ax ial  for ce is  int r oduced by tu rning  a nut .  I f  i t  i s  unavo idable to  tur n  the  

head,  the change in  the tor que coeff i ci ent  must  be checked .  

(4)  The bol t s are  t ightened f rom the center  to  t he end of  a  connect ion pla te,  and a f ter  a  

ser ies of  prel iminary t ightening,  the f inal  t i ght ening i s perfor med.  

 

9.4.4 Durability and Corrosion Protection 

The durability and anticorrosion performance of friction-type joints for aluminum alloy plates fastened 

with fluororesin-coated steel high-strength bolts are determined through consultation between the parties, 

taking into consideration the environment in which a structure is placed and the location where joints are 

provided in the structure. 
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9.5 Tolerance of Members 

The tolerance of members is shown in Table 9.5.1. 

 

Table 9.5.1 Tolerance of Members 

Items Tolerance (mm) Notes Measurement items 

Flange width b (m) 

Web height h (m) 

Web spacing b' (m) 

  

  

  

  

b in the left 

column is 

representative of 

b, h and b'. 
 

Flatness 

of plate 

δ (mm) 

Web of members such as 

plate girders and trusses 
 

h : web height 

(mm) 

 Flange such as box girder 

and truss, and deck plate 
 

w : web or rib 

spacing (mm) 

Right angle of flange δ (mm)  
b : flange width 

(mm) 
 

Member 

length 

l (m) 

Plate girder 
  

  

 

 

Truss, arch, etc. 
  

  

Deformation of compression member 

δ (mm) 
 

l : member 

 length (mm) 
 

 

  

2 5.0b

3 0.15.0  b

4 0.20.1  b

)2/3( b+ b0.2

250/h

150/w

200/b

3 10l

4 10l

2 10l

3 10l

1000/l

Plate girder          Truss member 
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Appendix A  Slip Test Method for Friction-Type Joints for Aluminum 

Alloy Plates 

 

A.1 Scope of Application 

A test method for determining the slip coefficient of friction-type joints for aluminum alloy plates 

fastened with fluororesin-coated steel high-strength bolts is specified. 

 

A.2 Test pieces 

(1)  Tab le  A.1 shows an example of  the shape and d imensions for  a  t es t  piece us ing F10T 

f luoror esin- coated st eel  high- st rength bol t s.  This corr esponds to  the case wher e plat es  

of  A6061-T6 and A6061-T651 al loys and extr usions of  A6061-T 6 and  A6005C-T6  

al loys ar e used for  a  base mater ia l  and connect ion p lat es.  T he t est  p iece shal l  be t he  

join ts with two f r ict ion - surfaces.  Table A. 1(a)  corresponds to  the case wher e the  

number  of  bol t s on one side i s  two,  and Tab le  A.1 (b)  corr esponds to  the case wher e  

the number  of  bol ts  on  one side i s  one.  I n the l at t er  case,  the bol ts  ar e f as tened so that  

the axi s of  t he t e st  p iece i s  st r aight .  

(2)  The number  of  t es t  pi eces sha l l  be 5 or  more.  

(3)  The t r eatment  of  t he f r i ct i on- surf ace fol lows 9.4. 2 .  

(4)  Bol ts are fast ened by the tor que contro l  method,  and the bol t  axi al  force wi th  10%  

incr ease of  the design bol t  axia l  force ( See Table 9.4.1)  i s  i nt roduced.  

 

Table A.1 Example of Shape and Dimensions of Test Piece 

(a) When the Number of Bolts on One Side is Two 

 

 

Nominal diameter 

of bolts 

d 

(mm) 

Diameter of bolt 

holes 

D 

(mm) 

Thickness of 

base material 

t1 

(mm) 

Thickness of 

connection plates 

t2 

(mm) 

Plate 

width 

W 

(mm) 

 

e 

(mm) 

 

p 

(mm) 

12 15 12 8 75 35 40 

16 19 20 12 90 40 50 

20 23 25 15 110 50 60 

22 25 30 20 110 55 70 

24 27 35 20 110 60 80 

t2
t2

t1

e p e e p e

W
/2

W
/2

W

D
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(b) When the Number of Bolts on One Side is one  

 

 

Nominal diameter of 

bolts 

d 

(mm) 

Diameter of bolt 

holes 

D 

(mm) 

Thickness of 

base material 

t1 

(mm) 

Thickness of 

connection plates 

t2 

(mm) 

Plate 

width 

W 

(mm) 

 

e 

(mm) 

12 15  8  6  60 35 

16 19 10  8  90 40 

20 23 12  8 110 50 

22 25 15 10 110 55 

24 27 20 12 110 60 

 

A.3 Test Method 

(1)  The sl ip  te st  i s  perf ormed af ter  t he sudden decr ease in  bol t  axia l  for ce due to  cr eep o f  

aluminum al loy p lat e s and  f luoror es in f i lm  immediat ely af ter  bo l t  t igh ten ing  i s  

comple ted.  

(2)  The t ime  f rom the bol t  fa st en ing  to  the s l ip  t e st ,  the  t empera tur e of  the t e st  piece  when  

the bol t  i s  f astened and the one when the s l ip  t e st  i s  performed ,  are measured .  

(3)  The diff erence between the temperature of  the te s t  piece when the sl i p  te st  i s  perf ormed  

and the one when the bol t  i s  f astened should be with in ±10°C.  

(4)  The r ela t ionship  between the load and the diff er ence in  d ispl acement  be tween  the  cross  

heads of  the tensi le  t e ster,  the re lat ionship be tween the load and the d ispl acemen t  

indica ted by the di spl acement  meter  bu i l t  in to the t ensi l e  t e ster,  o r  the rel at i onship  

between the load and the el apsed t ime  is recor ded .  In each r ela t ionship,  t he  load  

immediate ly befor e the load f i r st  drops is  def ined as the s l ip  l oad.  

 

A.4 Slip Coefficient 

The slip coefficient of each test piece is calculated by the following equation:  

𝜇 =
𝑃

2𝑛𝑁0
 (A.1) 

where 

𝜇 = slip coefficient 

𝑃 = slip load 

𝑛 = number of bolts on one side (= 1 or 2) 

t2
t2

t1

e e e e

W
/2

W
/2

W

D
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𝑁0 = initially introduced bolt axial force [the bolt axial force with 10% increase of the design 

bolt axial force (See Table 9.4.1)] 

 


