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In  the mining, preparation, handling, and u t i l i za t ion  of. coal, the  
mechanical charac te r i s t ics  of the  coal influence both i t s  breakage and the  operation 
of the  equipment used. Numerous methods have been eveloped t o  measure the hardness, 
strength, and gr indabi l i ty  properties of c o a ~ ~ 9 ~ 9 3  * One of these methods, the  
Hardgrove gr indabi l i ty  t e s t ,  has been widely used t o  determine t h e  r e l a t ive  ease 
of grinding coals. This gr indabi l i  index measures the hardness, strength,  and 
f rac ture  charac te r i s t ics  of coa l . l , t j  Further evidence t a t  t h i s  empirical index 
measures a physical coal property w a s  proposed by Bro~n.~7 Consequently, the  
Applied Research Laboratory of U. S. Stee l  determined the Hardgrove g r indab i l i t y  
indexes of channel samples from mines i n  the  Pittsburgh seam i n  the  Pocahontas 
seam, and i n  eastern Kentucky seams (High Splint  seam, Winifrede seam, and C seam). 
These data were obtained t o  provide information for the se lec t ion  of face equipment 
i n  mining and of f a c i l i t i e s  fo r  the+$reparation of coal. In addition, t he  r e l a t i v e  
abrasiveness, microtumbler strength,  and Brabender hardness (power required i n  
grinding) of each coal were determined, because these charac te r i s t ics  should a l s o  
have an important bearing on the  se lec t ion  of equipment. 

This paper presents t h e  data obtained from the four types of t e s t s ;  the  
r e su l t s  of each t e s t  are re l a t ed  t o  the  chemical and petrographic properties of 
the coals and a l s o  compared with one another. 
b r ie f  discussion of the  application of mechanical properties t o  the  coa l  industry.  

I n  addition, t he  paper presents a 

The sources of t h e  coal samples used i n  t h i s  investigation a r e  l i s t e d  
i n  Table I. A l l  samples were full-length channel samples. Tfie Mine No. A, B, C, 
and D samples f romthe  Pittsburgh seam represent four channel samples that were 
blended without crushing. 
The samples, which weighed about 200 pounds each, were processed by t h e  method 
shown schematically i n  Figure 1. 
moisture content. The proximate and sulfur analyses, l i s t e d  in !Cable 11, were 
determined by ASm procedures. The petrographic analyses, b l e  111, were conducted 
according t o  the  standard method developed by U. S. Steel.6? 

The other channel samples were t r ea t ed  as s ingle  samples. 

A l l  samples were air-dried t o  about 1 percent 

The Hardgrove g r i n d a b i l i t y t e s t  was conducted according t o  ASTM standard 
The Hardgrove apparatus has eight 1-inch ba l l s  that roll on a s ta t ionary  Db9-51. 

ring and are driven by a ro t a t ing  ring above. 
of material passing 200-mesh sieve after 60 revolutions i n  the  machine. 
duc ib i l i ty  of t he  index obtained on a sample should check within 2 percent. 

The index represents the  weight 
The repro- 

The Brabender hardness t e s t  was condu ed i n  the  Brabender Plastograph 
adapted for operation as the  hardness This instrument has a cone mill 
and an electrodynameter t o  ro t a t e  the  grinding element. A 200-gram sample of mirius 
4 mesh or 16- by 30-mesh coal was fed i n t o  the  crusher. !Be power required by t h e  
crusher i n  grinding the  coa l  was recorded i n  respect t o  time by the  electrodynameter 

* See references. 
++Also known a s  microstrength index. 
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i n  t h e  form of a diagram. 
inLiex, which i s  expressed i n  kilogrammeters. The standard deviat ion f o r  t h e  e n t i r e  
r a n j e  was found t o  be + 6.5 index poin ts .  

The microtumbler t e s t  ( res i s tance  t o  degradation by  abrasion and impact) 

The a r e a  drawn i n  t h i s  diagram is  used as t h e  hardness 

- 

was conducted i n  a n  apparatus c o n s i s t i  Of 2 s t a i n l e s s  steel tubes,  1 inch i n  

can be r o t a t e d  at a constant speed. 
were placed i n  the tubes with twelve 5/16-inch diameter steel b a l l s  and tumbled f o r  
800 revolu t ions .  
amount of p l u s  100-mesh mater ia l  was recorded as t h e  microtumbler s t rength .  I n  
t h i s  t e s t  us ing  coal, t h e  s tandard deviat ion w a s  + 1.3 index poin ts .  

i n t e r n a l  diameter and 12 inches long. 9f': The two tubes a r e  mounted on a frame t h a t  
Duplicate 2-gram samples of 14- by 28-mesh coal  

The breakage was then determined by a sieve ana lys is  and t h e  

- 

The abrasion tes t  w a s  conducted on a n  apparatus cons is t ing  of a mortar 
t h a t  holds t h e  charge of coal, n arm assembly t o  hold t h e  wearing blades, 
and a L r i l l  p ress  t o  provide rota::%!ioT The test cons is t s  of r o t a t i n g  t h e  four 
removable b lades  a t  1500 rpm f o r  l2,OOO revolut ions i n  a 4-kilogram sample of minus 
4-mesh a i r - d r i e d  coa l .  Af te r  each t e s t  t h e  wearing olades are thoroughly cleaned 
and weighed. The weight loss  sus ta ined  by t h e  blades i n  milligrams i s  used a s  t h e  
index of abrasion.  
t e s t e d .  

The s tandard deviat ion was 2 1.7 index p o i n t s  over t h e  range 

Mechanical Tests 

The r e s u l t s  obtained from each of t h e  four t e s t s  used t o  measure the  
mechanical proper t ies  of  t h e  c o a l  a r e  presented i n  Table I V  and compared with one 
another  i n  t h e  following d iscuss ion .  

I n  t h e  Hardgrove g r i n d a b i l i t y  tes t  t h e  Pittsburgh-seam coals  showed 
indexes f r o m  59 t o  63. t h e  e a s t e r n  Kentucky coals  from 41 t o  51, and t h e  Pocahontas- 
seam coals  f r o m  90 t o  105. 
t o  gr ind  t i e  coa l  
Bureau of Ydnes.li) 

Note t h a t  t h e  lower t h e  index, t h e  more d i f f i c u l t  it i s  
These da ta  are  i n  good agreement with those reported by t h e  

The Brabender hardness t e s t  gives  a measure of t h e  power requirement i n  
gr inding the coals; thus,  t h e  index represents  t h e  work done i n  grinding t h e  sample. 
The higher  t h e  number t h e  more power i s  required t o  gr ind t h e  sample. 
a n  inverse  r e l a t i o n s h i p  e x i s t s  between t h e  Brabender hardness index and t h e  Hardgrove 
6 r i n J a b i l i t y  index (Figure 2, Table I V ) .  The cor re la t ion  with t h e  values obtained 
f rom t h e  minus 4-mesh coal  was  much b e t t e r  than with those  from t h e  16- by 30-mesh 
coal ,  even though t h e  Hardgrove g r i n d a b i l i t y  test requi res  16- by 30-mesh coal. 
This t e s t  showed t h e  differences amon;: t h e  coals from t h r e e  d i f f e r e n t  locat ions,  
as wel l  a s  considerable v a r i a b i l i t y  within each locat ion (Figure 2 ) .  
izay be s i g n i f i c a n t  since t h e  extreme values  ranged more than  would be expected by 
t h e  s tandard deviat ion.  

A s  expected, 

This v a r i a b i l i t y  

Since the microtumbler s t rengths  of' coa l  ind ica te  t h e  res i s tance  t o  degrada- 

This  s i m i l a r i t y  i s  c l e a r l y  shown i n  t h e  excel lent  c o r r e l a t i o n  obtained 
t i o n  by abras ion  and impact, t h e  natures  of t h i s  t e s t  and t h e  Hardgrove test a r e  very 
similar. 
between t h e  r e s u l t s  of these  two t e s t s  (Figure 3) .  
c e l c u l a t e  t h e  Xardgrove g r i n d a b i l i t y  index, o r  v i c e  versa .  

w i t h  t h e  previous workP6) i s  l imi ted  s ince t h a t  inves t iga t ion  included only one coal, 

Bence, th i s  t e s t  can be used t o  

The r e s u l t s  t h e  abrasion tes t  a r e  a l s o  presented i n  Table IV. Comparison 

1 1  

I 
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R Pittsburgh-seam coal, i n  common with t h e  present  study. However, t h e  indexes f o r  
cc7:ciris coals  were similar. 
jri:id?.bility i s  shown i n  F i g r e  4. 
x n s u r i n g  J i f f e r e n t  proper t ies  of t h e  sample. 
be i i s c u s s e i  f t i r ther  h e r e a f t e r .  

Factors  Affecting t h e  Hardness, 
Abrasion, anti Grindabi l i ty  of Coal 

The re la t ionship  between t h e  index o l  abrasion and 
From t h i s  re la t ionship,  these t e s t s  must .be 

The comparison ol' these  r e s a l t s  W i l l  

Because of  t h e  s i m i l a r i t y  OY t h e  Hardgrove gr indabi l i ty ,  Brabender hardness, 

The re la t ion-  
a n i  microtumbler-strength tests, only t h e  r e s u l t s  r e l a t i n g  t h e  g r i n d a b i l i t y  index 
with t h e  chemical and petrographic analyses of t h e  coals  are presented. 
ships  of' t h e  index of abrasion and t h e  chemical and petrographic analyses  a r e  discussed 
separa te ly .  

Hardgrove Grindabi l i ty  

F i s r e  5 shows t h e  re la t ionship  of coa l  rank (express 
Confirming published data ,  

y volat i le-matter  
content  ) t o  t h e  g r i n d a b i l i t y  index. t h e  index increased 
as t h e  volat i le-matter  content decreased. The t rend  i s  then reversed Kith coals  having 
vola t i le -mat te r  contents of less than 23 percent .  
t h e  v i t r i n o i d s  cor re la te  with t h e  volat i le-matter  content, 
was obtained i n  Figure 6 between t h e  average re f lec tance  and t h e  g r i n d a b i l i t y  index. 
This re la t ionship  OF r nk 
and e l a s t i c  propertiesa3J1'~ of t h e  various rank coa ls .  

Since tge aveyage ref lectance of 
a s imi la r  re la t ionship  

d g r i n d a b i l i t y  index may be assoc ia ted  with t h e  p o r o ~ i t y ~ ' ~ ~ )  

The e f f e c t  of ash content on g r i n d a b i l i t y  i s  shown i n  Figure 7. The low- 
v o l a t i l e  coals  tended t o  become more d i f f i c u l t  t o  gr ind when t h e  ash  content increased. 
However, ash content had no apparent e f f e c t  on t h e  g r i n d a b i l i t y  of' t h e  high-volat i le  
coals .  The low-volat i le  coals  are much s o f t e r  or more f r i a b l e  than t h e  h igh-vola t i le  
coa ls  and r e l a t i v e l y  easy t o  grind; therefore ,  an increase i n  hard ash mater ia l  would 
make t h e  low-volatile coals  harder  t o  grind. I n  cont ras t ,  a higher  percentage of 
ash i n  t h e  h ighzvola t i le  coals  would have l i t t l e  inf luence on t h e  gr indabi l i ty ,  s ince  
t h e  coa l  substance i s  apparent ly  harder  than t h e  ash.  Other inves t iga tors  reported 
t h a t  addi t ions  of ash t o  co Is having indexes from 60 t o  110 tended t o  increase or 
decrease t h e  index t o  75. 157 However, ash content per  se does not exer t  a primary 
e f f e c t  on t h e  res i s tance  t o  grinding, because t h e  type oi" mineral matter i s  t h e  ma in  
determining fac tor .  

The e f f e c t  of petrosraphic  ons t i tuents  on t h e  hardness or  s t rength  of 
coal  has  been known f o r  some In a more recent  inves t iga t ion  Xarr' 
l i scussed  t h e  e f f e c t s  of  petrographic composition i n  t h e  breakage of coal. 
A t  t h e  AZL, l7 )  t h e  t o t a l  tough coa l  was re la ted  with t h e  micro tmbler  s t rength ,  
which has been shown t o  c o r r e l a t e  well w i t h  t h e  g r i n d a b i l i t y  index. Therei'ore, 
t n e  summation of t h e  micrinoids, res inoids ,  and exinoids (previously termed . t o t a l  
tou& c o a l )  w a s  cor re la ted  with t h e  Hardgrove gr indabi l i ty  indexes. The re la t ionship  
is shovr. i n  F iLp-2  b .  4. good cor re la t ion  was obtained r i th  t h e  h igh-vola t i le  coals 
? ~ r .  tils Fi t tsburgh seam an3 ees te rn  Kentucky, where t h e  gr inda.bi l i ty  index decreased 
as Y?ie mount  or mnicrinoids, exinoids, and resinoi . ls  increased.  I n  t h e  low-volat i le  
cos1 samples :'ram t'ne Pocahontas s e m ,  t h e  g r i n d a b i l i t y  index increased a s  these 
mzc-rals i x r e a s e d .  A n  examination 0; t h e  data  of these  low-volat i le  coals  (Tables 
i- a n l  111) ind ica tes  t h a t  those samples with t h e  l e a s t  amount 01'micrinoids, 
exi:.siis: znd resinoids  a r e  assoc ia ted  with t h e  highest  rank (Figure 5 )  and highest  
as? Zoritents (? i iure  7) of t h e s e  low-volat i le  coals; whereas those with t h e  grea tes t  

16Bon 

-- 

I 
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amount of micrinoids, exinoids, and res inoids  a r e  associated with t h e  lowest ra rk  
(Figure 5 )  and lowest 
f o r  t h e  high-rank coa ls  is doubtful ,  p a r t i c u l a r l y  when t h e  small ransc (approximately 
8 t o  14 percent)  of t h e  amounts of t h e s e  e n t i t i e s  a r e  considered. 

ash conten ts  (Figure 7).  Therefore, t h e  cor re la t ion  cittzined 

Index of Abrasion 

The t e s t  r e s u l t s  ind ica ted  t h a t  the rank o r  t h e  petrographic composition 
o f - t h e  coal  did not show s i g n i f i c a n t  re la t ionships  with t h e  index of abrasion, t h e  
ash or  foreign mater ia l  i n  t h e  c o a l  being mainly responsible  lor t h e  abrasion. The 
re la t ionship  of ash content and index of  abrasion i s  shown i n  Figure 9.  Other 
i n v e s t i g a t o r s  have reported similar conclusions .l,lo) 
same ash content l e v e l  f o r  c o a l  of s imi la r  c h a r a c t e r i s t i c s  a r e  s ign i f icant ,  as 
indicated by the standard devia t ion  of t h e  t e s t .  Additional s tud ies  are required 
t o  determine the causes f o r  t h i s  var ia t ion .  

However, t h e  d i f fe rence  a t  t h e  

Referring t o  Figure 4, t h e  re la t ionship  of these  two indexes can most 
l i k e l y  be associated with rank f o r  t h e  g r i n d a b i l i t y  index and ash content or  mineral 
mat ter  f o r  t h e  index of  abrasion.  For example, t h e  eas te rn  Kentucky samples possessed 
t h e  lowest gr indabi l i ty  index with t h e  highest  v o l a t i l e  matter and tough coal, while 
t h e  index of abrasion of t h e s e  samples was low because of t h e i r  very l o w  ash contents. 

Application of Mechanical Proper t ies  

A t  the  ARL the power required by a mining machine t o  r i p  coa l  vas 
q u a l i t a t i v e l y  r e l a t e d  t o  rographic proper t ies  of t h e  Pittsburgh-seam coal  and 
microtumbler ~ t r e n g t h . ~ 7 , ' @  Because of t h e  excel lent  cor re la t ion  between t h e  
g r i n d a b i l i t y  index and t h e  microtumbler s t rength,  t h e  Hardgrove g r i n d a b i l i t y  index 
should a l s o  show t h e  power required f o r  mining coa l  with a continuous miner. Since 
t h e  petrographic analyses showed only a good re la t ionship  with t h e  g r i n d a b i l i t y  index 
of high-volat i le  A coals ,  a d d i t i o n a l  s t u d i e s  would be required on higher rank coals  
t o  determine the inf luence tha t  t h e i r  petrographic composition has on t h e  s t rength  
of coa l  or t h e  power requirements f o r  mining t h i s  type of coal. 

It is i n t e r e s t i n g .  t o  note  t h a t  t h e  B r i t i s h  have been studying t h e  
rheological  behavior of c o a l  t o  provide b a s i c  data i n  t h e  design of coa 
machinery. "ome f b d a m e n t a l  s t u d i e s  have r e l a t e d  coa l  1 wing force , l9  
formation,20Y and t h e  pene t ra t ion  res i s tance  t o  a wedge'l? t o  t h e  s t rength  propert ies  
of t h e  coal. mans came t o  t h e  conclusion t h a t  f r i a b l e  coa l  f a i l s  i n  shear  and hard 
coa l  fa i l s  i n  tension.  
t o  e f f i c i e n t l y  plow hard coa l ,  sharp blades not being so necessary f o r  f r i a b l e  
I n  another study, t h e  f r i c t i o n  b ween coal  and metal surfaces was found t o  be 
influenced by  the  rank of 
obtained with heat  of wetting, Knmp hardness, compressive s t rength,  t e n s i l e  s t rength 
i n  bending and impact s t rength .  

His r e s u l t s  i n d i c a t e  t h a t  blades should be kept very sharp 

The re la t ionship  t o  rank vas similar t o  t h a t  

Brown and Hiorns have summarized t h i s  B r i t i s h  work.2) 

Tnis inves t iga t ion  as w e l l  as others24) ind ica te  t h a t  t h e  bas ic  information 
on t h e  s t rength proper t ies  should be usefu l  i n  t h e  design, se lec t ion ,  and operation 
of equipment used i n  t h e  mining, preparat ion,  handling, and u t i l i z a t i o n  of coal .  
Of P a r t i c u l a r  i n t e r e s t  i n  
o r  comminution of c0a1 .~ '51  

he last-named f i e l d  has been t h e  study of t h e  breakage 
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Summary 

The t e s t  r e s u l t s  showed t h a t  t h e  Hardgrove g r i n d a b i l i t y  k c e x e s  5- '  t ?~~ :  
low-volatile coals from t h e  Pocahontas seam were from 90 t o  1.05, those ,L? the ?.::T-- 
v o l a t i l e  coals  from t h e  Pi t tsburgh seam from 59 t o  63, and those D i  t h e  coals  oi 
eastern Kentucky from 41 t o  51. 
s t rengths  of these coals  cor re la ted  with t h e  gr indabi l i ty  indexes. :<owever, t h e  
Brabender hardness index d id  show considerable v a r i a b i l i t y  between sanples f rcc  t h e  
same seam o r  locat ion.  The index of  abrasion appeared t o  measure di i ' ferent  proper t ies  
of t h e  samples and d id  not show a s i g n i f i c a n t  re la t ionship  with t h e  o ther  indexes. 

The Brabender hardness indexes ard t h e  a i c r o t m L l e r  

The rank of t h e  coa l  influenced t h e  g r i n d a b i l i t y  index as shown i n  the  
published data .  The index increased as rank decreased;.but t h e  t r e n d  was reversed 
with coals  having vola t i le -mat te r  contents  (dry  ash-free b a s i s )  of less tham 23 
percent. The ash content appeared t o  decrease t h e  index of t h e  low-volat i le  coals  
but did not have an e f f e c t  on t h e  index of high-volat i le  coa ls .  I n  cont ras t ,  t h e  
amount of micrinoids, exinoids, and resinoids  cor re la ted  wel l  with t h e  g r i n d a b i l i t y  
index of these high-volat i le  coals, but  t h e i r  influence on t h e  index of low-volatile 
coal  i s  doubtful. 

I 

i 

In  t h e  index of abrasion, t h e  coa l  substance apparent ly  contributed l i t t l e  
t o  t h e  abrasion, t h e  ash o r  foreign mater ia l  i n  the  coa l  being mainly responsible  
f o r  t h e  abrasion. 

Previous work a t  t h e  ARL had shown q u a l i t a t i v e l y  t h a t  t h e  petrographic 
composition and microtumbler s t rength  could be re la ted  t o  the  power required by 
a continuous miner. I n  t h i s  inves t iga t ion  t h e  gr indabi l i ty  index has been cor re la ted  
with both microtumbler s t rength and petrographic composition, s o  t h a t  t h i s  index 
could a l s o  be used. Additional study would be necessary f o r  r e l a t i n g  t h e  indexes 
of high-rank coals t o  a c t u a l  prac t ice  i n  t h e  mine. 

These r e s u l t s  and those  of o ther  inves t iga tors  have ind ica ted  t h a t  bas ic  
information on t h e  mechanical proper t ies  of coa l  should be usefu l  i n  t h e  design, 
select ion,  and operat ion of equipment i n  t h e  mining, preparation, handling, and 
u t i l i z a t i o n  of coal .  
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