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LETTER TO THE EDITOR 

C o m m e n t  on :  Aspects  of  t h e  m e c h a n i c s  of  dr iv ing 
na i l s  in to  w o o d  b y  S. A .  L .  SALE~,  S. T .  S.  
AL-HASSAI~I a n d  W.  JOl~SO~,  Int .  J .  mech. Sci. 
17, 211 (1975). 

(Received 29 Apri l  1975) 

THE WORK of na i l ing  seems to  be  b o u n d  u p  
p r i nc ipa l l y  in  " i n d e n t a t i o n "  of  t h e  wood a n d  
f r i c t ion  work  a t  t h e  t ip  a n d  a long  t h e  na i l  s h a n k .  
T h e  f r ac tu re  work  of  sp l i t t i ng  t he  wood  is v e r y  
smal l .  F o r  example ,  t h e  f r ac tu r e  t o u g h n e s s  (R) of  
m a n y  t i m b e r s  is p e r h a p s  0 - 2 < R < l l b - i n . / i n  2. 
P e n e t r a t i o n  to  a d i s t ance  x, w i t h  a sp l i t  of  w i d t h  
2c a longs ide  t he  na i l  of  d i a m e t e r  D,  gene ra t e s  a new 
c rack  a rea  of some 2c x. I f  x = 3 in.  a n d  2c = 4D 
( ? on  h igh  side), we h a v e  for  a ¼ in.  dia.  nai l ,  

f r ac tu re  work  -- (0.2 N 1) 4 (¼) 3 = (0.6 ~ 3) lb-in.  

Fig.  4(a) in  Sa lem et al. gives,  for a 3-in. pene t r a -  
t ion ,  t o t a l  w o r k  of  a t  leas t  

( ~ 190 × 3) = 570 lb-in.  

w i t h  a r educed  s h a n k  nai l .  W i t h  a full d i a m e t e r  
nai l ,  t h e  work  is g rea te r .  T h u s  f r ac tu r e  work  is 
t r iv ia l .  Howeve r ,  t h e  m e c h a n i c s  of  c r ack ing  seem 
to  p l a y  a p a r t  in  d e t e r m i n i n g  t h e  s ideways  p ressure  
(p) a n d  p a r t i c u l a r l y  t h e  e x t e n t  of  c i r cumfe ren t i a l  
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Fro .  1. F r i e t i o n l e ~  na i l ing  mode l led  as  p r o p a g a t i o n  
of  a " p ~ - t h r o u g h "  semi-e l l ip t ica l  c r ack  of  semi-  
m a j o r  axis  x ( the  na i l  p e n e t r a t i o n )  a n d  m i n o r  
ax is  c ( the  l e n g t h  of  spl i t  a c c o m p a n y i n g  nai l ing) .  

c o n t a c t  b e t w e e n  t h e  na i l  a n d  wood (i.e. 480 in t h e  
n o t a t i o n  of  Sa lem et al.), where  t h e  con t ac t  s t resses  
m a y  be  re l ieved b y  sp l i t t i ng  a longside  t h e  nai l .  

L e t  us  mode l  t he  process  offrictionle~s na i l ing  in 
t e r m s  of  a deep el l ipt ical  p a r t - t h r o u g h  crack,  as  
shown  in Fig.  1, wh ich  grows because  of  t h e  s t r ip  of  
p ressure  p c o n t a i n e d  b y  200 on  b o t h  faces . ,  The  
p e n e t r a t i o n  x is t h e  s e m i - m a j o r  axis  of  t h e  ellipse. 
Fo l lowing  N e w m a n ,  1 t h e  remote boundary s t resses  cr 
t h a t  will  cause  p r o p a g a t i o n  of  a semi-el l ip t ical  
sur face  c rack  (Fig. 2(a)) are  g iven  b y  

K1 1 
a = ~(~rx) I~I~N(Q )' (1) 

where  K~ is t h e  s t ress  i n t e n s i t y  fac tor ,  M~ a n  
"e las t ic  magn i f i ca t ion  fac to r  on  s t ress  i n t e n s i t y "  
a n d  Q is a n  elast ic  shape  fac to r  for  a n  e l l ip t ica l  
crack.  M~ a n d  Q arc  func t ions  of  x/t  a n d  x/c. The  
fac to r  Md~(Q ) is g iven  g raph ica l ly  in  ref. (1) for 
va r ious  (x/t) a n d  (x/c) combina t i ons .  F o r  x /c> 1, 
which  is t h e  r a n g e  of  i n t e r e s t  for  nai l ing,  Md~(Q ) is 
a p p r o x i m a t e l y  i n d e p e n d e n t  of (x/t), i.e. of  t h e  
p e n e t r a t i o n  re la t ive  to  t h e  b lock  th i ckness .  
Calcu la t ions  show t h a t  for x /c> 1, a decreases  
s l ight ly  as x increases  (cf. M,/~(Q) decreases  as  x/c 
increases) ,  b u t  i t  is permiss ib le  to  t a k e  a n  ave rage  
va lue  for  a wh ich  is i n d e p e n d e n t  of  x/t, a n d  depends  
on ly  on  K i  a n d  c. 
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FIG. 2. (a) The  p a r t - t h r o u g h  c rack  w i t h  r emo te ly  
app l ied  stresses• (b) The  p a r t - t h r o u g h  c rack  w i t h  

s t resses  app l ied  on  t h e  c r ack  faces. 

T he  na i l ing  p r o b l e m  concerns  s t resses  (p) appl ied  
over  p a r t  of t h e  c rack  faces (Fig. 2(b)), whe re  
2c > 2b = D s in  00. W e  are  n o t  aware  of  a f r ac tu r e  
m e c h a n i c s  so lu t ion  for t h i s  p r o b l e m  w i t h  a p a r t -  
t h r o u g h  crack.  Howeve r ,  t h e  so lu t ion  for t he  
co r r e spond ing  t h r o u g h  c r ack  p r o b l e m  is k n o w n  2, 
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viz. 

K1 
= (2/~) sin -1 (b/c) ~/(zrc)' (2) 

where a acts over  a str ip of  wid th  2b symmetr ica l ly  
wi th in  the  crack length  2c, wi th  the  crack going 
r ight  th rough  the  block. Note  tha t  when b = c, 

a = KiNOrc), (3) 

which is the  s tandard  solut ion for remote stresses in 
a th rough  cracked plate.  Assuming tha t  equat ions  
(1) and (3) m a y  be though t  of  as a corresponding 
pair ,  let  us heuris t ical ly modi fy  equa t ion  (1) to 
de te rmine  the  pa r t - th rough  equ iva len t  of  equa t ion  
(2), i.e. 

K, 
P = (2/~r) sin -1 (b/c) ~/(,rx) (Md~/(Q)" 

Then,  p/K~ m a y  be worked out  for var ious  values  of  
2c/D (assuming s t ra ight  sided crack openings 
tangent ia l  to  the  nail ,  Fig.  1, to de te rmine  the  
associated 0a and b). Such results a re  used la ter  in 
this  note.  

Re tu rn ing  to " r e a l "  nail ing, which involves  
considerable work  of  inden ta t ion  and  work  of  
friction, pene t ra t ion  by  the  nip is similar  to cone 
indenta t ion ,  where the  pressure resist ing indenta-  
t ion (p') is g iven  by  p~(1 +/~ cot a), where p"  is 
pressure in the  absence of  friction, a This  la t te r  
pressure mus t  be some 2.8 a~, 4 say, where  a t  is some 
average  yield s t rength  of  the  wood benea th  the  
indenta t ion,  which fudges anisotropic effects. 
Because of  compressibi l i ty  effects in t imber ,  the  
convers ion factor  m a y  be too large. The  nip angle 
(2a) is abou t  60 °, and  the  coefficient of  fr ict ion 
be tween wood and steel is perhaps  0.2. ~ Thus 

p" ~ 2"8 a~(1 + 0"2 cot  30 °) 

~3"8 a~. 

Consequently,  the  force F 0 resist ing nip inden ta t ion  
is p'OrD2/4). Note  t h a t  this  is constant ,  and 
independent  o f  dep th  of  pene t ra t ion  (because 
successive indenta t ions  are  supposedly geometr ic-  
al ly similar).  Displacements  x~ (Fig. 2 in Salem et 
al.) are  elastic or  compressibi l i ty  effects presumably .  
Fig. 5 in Salem et al. gives p ' =  Fo/OrD2/4)= 
31001b/in 2 (along the  grain) and 4500 lb/ in  ~ (radially 
normal  to the  grain). Thus a~ is some 820 lb/ in  ~ 
(beneath a nail  d r iven  in along the  grain) and  
1200 lb/ in  ~ (beneath a nail  d r iven  in radial ly  normal  
to  t he  grain),  no t ing  t h a t  these values  m a y  real ly  
be grea ter  f f p * < 2 - 8  a~. 

W i t h  a full  shank nail ,  the  frietionforce f rom the  
sides of  the  nai l  upon fur ther  inden ta t ion  is 

[~p(40o/21r) ~rD] x 

(neglecting height  of  nip). Values for p and  O0 
depend upon  the  assumed geomet ry  of  spl i t t ing 
alongside the  nail ,  i.e. 2c/D. However ,  p ~ 1.8 a~ 
f rom considerat ions of  inden ta t ion  o f  r igid 
cylinders against  incompressible fiat p l a t ~ ,  6 no t ing  
again t h a t  compressibi l i ty in wood m a y  reduce the  

constraint .  Here  a~ is the  mean  indenta t ion  yiehl 
or crushing stress perpendicular to the  direct ion of  
nail  t ravel .  The es t imates  de te rmined  earlier for a~ 
are in the  direct ion of nail  t ravel ,  so tha t  to 
de termine  the  l imit ing sideways pressure (p ~ 1.8 a~) 
the  previous a~ values  should be swapped it seems, 
i.e. 

p ~- 1.8 (1200) = 2200 lb/ in 2 (alongside a nail  dr iven 
in a long the  grain) 

and 

p ~ 1.8 (820) = 1500 lb/in 2 (alongside a nail  dr iven 
in radial ly  normal  to the  grain).  

Again,  the  real values of  a ,  would  v a r y  wi th  grain 
direct ion in t he  p lane  of  penet ra t ion .  

The  contac t  angle associated wi th  this s ideways 
pressure, and also the  ex ten t  of  s ideways spl i t t ing 
alongside the  nai l  (2c), m a y  be de te rmined  f rom the  
f rac ture  analysis discussed earlier. The  cri t ical  
stress in tens i ty  factor  for m a n y  woods a t  incipient  
spl i t t ing is some (200-400)(lb/ins)~/in, ~ precise 
values va ry ing  wi th  or ientat ion,  t empera tu re  and 
mois ture  content .  

Thus,  i f  p ~ 2 2 0 0 1 b / i n  z, p /K l :~ l l  or 5.5, and 
f rac ture  calculat ions show t h a t  2c/D then  is 2.5 or  
1-7 (i.e. the  wood splits (2 .5 -1 )D/2~O.7D on 
ei ther  side of  the  nail,  or  for KI  = 400 lb/in2~/in 
about  0.3D, and  also t h a t  (400/2~r) = 0"25 or  0.4, 
respectively) .  Consequently,  

[izp(40o/21r) lrD] = 82 or  131 lb/ in  

(nail d r iven  along the  grain),  for a 0.236-in. nail 
assuming p = 0-2. 6 Similarly,  for p ~ 1500 (nail 
d r iven  radial ly  normal  to the  grain) p/KI :~ 7-5 or  
3.8, and 2e/D = 2 or 1.4 wi th  (400/21r) = 0.33 or  
0.55. Thus,  

[izp(4Oo/2~r) ~rD] = 74 or 122 lb/in.  

Now these values  represent  t he  slopes in t he  
fo rce-pene t ra t ion  diagrams in Salem et al., which 
we have  measured  f rom the i r  Fig.  4(a) as 89 lb/in.  
(radially normal  penet ra t ion)  and  84 lb/in.  (along 
the  grain) ;  elsewhere in t he  paper  a figure o f  
1401b/in. is quoted.  The  agreement  wi th  our  
calculated values  is r emarkab ly  reasonable.  The  
calculated values  show the  "wrong  t r end" ,  i.e. the  
radial ly  normal  slope is predic ted  to be less t han  
t h a t  a long the  gra in  slope. H a d  we no t  inver ted  
the  sideways a ,  values,  the  t rend  would have  had 
the  correct  sense (cf. we have  no informat ion  for 
pene t ra t ion  tangent ia l ly  normal  to the  grain,  t he  
results of  which would influence anisotropie 
calculations).  

We  also note  tha t  the  slope of  the  force-- 
pene t ra t ion  d iagram varies  direct ly  wi th  D. This  
t r end  is seen in Fig.  4(b) of  Salem et al. where 
nails va ry ing  in d iamete r  f rom 0-236 to  0.1155 in. 
were d r iven  along the  gra in  (diameters  g iven  in the  
legend of  the  figure in t e rms  of  length).  Now if  t he  
slope is 841b/in for D = 0.236in. ,  we would  
expec t  a slope of  (0.155/0.236) 84 = 55 lb/in,  for 
the  0.155-in. nai l  d r iven  a long the  grain.  The  
exper imenta l  va lue  is r a ther  smaller  ( ~ 4 0  lb/in),  
which perhaps  is to  be expected  because the  



Letter to the Editor 731 

spacing of the wood grain is likely to be important,  
and smaller diameter nails fit more easily in 
between the spacing of the grain. 
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