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                                ABSTRACT

 On  earth  moving  sites, it is cbnsidered  very  important for the application  height of  effective

braking force of  a  bulldozer towing  a  scraper  down  a weak  slope  terrain to be controlled  in
accordance  with  the  pushing  force of  the scraper  in order  to avoid  excessive  wear  of  the track

belt. Here, the tracking performance of  a  flexible tracked  vehicle  towing  a  scraper  down  at a con-

stant  speed  on  a given remolded  silty loam sloping  terrain is analysed  by the use  of  a simulation

program. As  a result, it is clarified that the optimum  application  height under  the maximum

braking power decreases with  the increment of  pushing  force of  the scraper,  and  that the height

should  be controlled  automatically  according  to the pushing  force of  the scraper,  which  is

dependent on  the slope  angle.

Key  words:  application  height, efTective

terrain (IGC: K4/K5)
brakingforce, flexible tracked vehicle,  slope,  weak

INTRODUCTION

  When  a  bulldozer is towing  a  scraper  while

transportation earth  down  a weak  slope  ter-

rain  at  an  earthmoving  site  during highway
construction,  the bulldozer can  be operated

durSng braking action  at a constant  speed,  and

the application  height (Yong et al., 1984) of
the effective braking force should  be controll-
ed  to the optimum  height at the slip ratio,

developing the maximum  braking power in ac-
cordance  with  the pushing  force of  the

scraper,  in order  to avoid  excessive  wear  of  the
track belt.

  For the  given vehicle  dimensions and  the  ter-

rain-track  system  constants,  the force and

energy  balan¢ e equations  for the bulldozer
towing  a  scraper  down a weak  slope  terrain

are developed. Then, several  tracking perform-
ance  characteristics  of  the fiexible tracked

vehicle  moving  down  at a constant  speed  on  a

given remolded  silty Ioam sloping  terrain are

simulated  precisely by the use  of  a  simulation

program  which  predicts the method  of  deter-
mination  of  the optimum  effective braking
force from the drag force developed on  the in-

terface between the track belt and  the terrain,

and  from the locomotion resistance,  etc. This

paper also  clarifies the relations  between
various  performance  factors (including brak-
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ing force, effective braking force, sinkages,  ec-

centricity of  resultant  normal  force, trim
angle,  energies,  braking eMciency  of  power)
and  slip  ratio,  and  the relations  between the
contact  pressure distribution under  track belt
and  slip ratio.  Next, the automated  control

system  which  controls  the optimum  applica-

tion height of  the effective braking force is con-
sidered  in accordance  with  the pushing  force
of  the scraper.

TERRAIN-VEHICLE  SYSTEM

  The  terrain-track system  constants  (Muro et
al., 1990) measured  for a  track model  having 5
equilateral  trapezoid grousers of  height
H==6.0 cm,  and  pitch q=18.0 cm,  of  which

the upper  length is 2.0 cm  and  the lower length
is 8.9 cm,  are  shown  in Table 1. The terrain is
composed  of  remolded  weak  silty loam of

30%  water  content  and  31 kPa  Cone  Index.

  For  the track  plate Ioading test:

     PS.p,: p=kis5i

     P>Po:  P=:po+･k2(so-H)n2

            Po=klHnl

  For the track plate traction test:

     T=  (m,+ nqfp  ){1 -exp  (-aj )}

  For the track plate slip sinkage  test:

            Ss =  ce pCi J' 
c2

where  p  (kPa) is

(1)(2)

(3)

(4)

             the contact  pressure, so (cm)
and  s, (cm) are  the  amdunts  of  static and  slip

sinkage,  and  j (cm) is the amount  of  slippage.

Table 1. Terrain-track system  constants

  The  vehicle  dimensions of  a given bulldozer
are  as  follows: vehicle  weight  VV=150kN,
width  of  track belt B=  150 cm,  contact  Iength
of  track belt D=320cm,  mean  contact

pressure p.== 15.6 kPa, radius  of  front idler
and  rear  sprocket  &=R,=35  cm,  interval of
track roller  R,=40  cm,  eccentricity  of  grayity
center  of  vehicle  e=-O.05--O.05,  height of
gravity center  hg=70  cm,  distance between cen-
tral axis of  vehicle  and  application  point of
efrective braking force la=310cm, height of
application  point of.effe ¢ tive braking force
hd=  

-
 140 cm  -  140 cm.  The  flexible track belt

is made  up  of  the same  track rnodel  plate and

grousers as mentioned  previously, and  the in-
itial track tension force Hb  is given as  9,8 and
49.0kN.

FORCE  AND  ENERGY  BALANCE  ON  A
SLOPE

  Fig. 1 shows  the dimensions and  the various

forces acting  on  a bulldozer trailing a  scraper

down a  weak  slope  terrain. The  negative  brak-
ing torque e is applied  to the sprocket  and  the

negative  braking force Ti pulls the  upper  part
of  the track belt. The  compaction  resistance  7}z

acts in parallel with  the terrain surface  of  the
slope  angle  6 on  the front part of  the track belt
at depth zi. Assuming  that the track belt is free-
ly rolling, the depth zi is determined as

follows:

Traek  plate leading test

  p  E-po k] ==2.2ss

        ni=  1.120

  P>Po  k2=:6.669

        n2=5,938xloml

zi=sXi-  [ 7}i (R,+(hd nt R.) cos  e;i

   
-
 (la-illl)sin eh) 

-
 m  (h, sin (e;,

   
-D

 (-iY-e) cos (e;,+6))]

         vV cos  (6+e;i

Traek plate traction test

     m,=3.626kPa

     mf=O.3S6

     a  =O.148  11cm

Track  plate slip sinkage  test

     co=O.253

     ci=O.751

     c2==O,360

1(n+ )]

+6)

tan  efi (s)

where  sri is the arnount  of  sinkage  of  the rear

sprocket  and  e;i is the trim angle  of  the vehicle.

The  negative  drag Tk acts along  the grouser
tips of  the bottom  track belt. The  negative

effective braking force 71, acts in parallel with

the terrain surface.

  The  slip ratio ib during braking action  is
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Fig. 1.Various  forces acting on  a bu]ldozer towing a scraper  down  a  weak  slope  terrain

given by the vehicle  speed  Valong  the terrain

surface  and  the rotation  speed  of  the track belt
V' at the periphery of  the rear  sprocket  as

               V'

           i,= v-1.  (6)

 As  the externai  braking torque  7igR, equals
the  internal torque  9  F= Ti R,, the  eccentricity  ei

of  the resultant  normal  force P  can  be
calculated  from the balance of  moment

around  the rear  wheel  axis as

e,=-S'+  plD [- 7h (Rr-sk+zi)
   + z, ((h,-R,) cos  e;, 

-
 (1, g) sm  e;,)

   +  M  ((h,-R,) sin (egi+fi)-D (-il-e)
   Xcos  (O ,',+fi)]  ]. (7)

 The  force balances between 7h, 7h, 7U, P

and  PV are  given for both directions, parallel
and  normal  to the terrain surface,  as

  7> +  71,= 71] cos  e;i -P  sin  e;i -  PV sin  rs (8)

and

     ur cos  B=p  cos  e;i+ T}i sin e;i. (g)

 Then  the  value

   z=,.℃e x, - w･ 
Si",(.fi,

 ife, 
fi)-

 z, oo)

is determined.

 The  effective  input energy  Ei supplied  by the

braking torque is the sum  of the output

energies,  which  are: (a) the sinkage  deforma-
tion energy  E2 required  to Inake a rut  under

the track belt, (b) the slippage  energy  E3 devel-
oped  at the bottom  track belt, (c) the effective

braking force energy  E4, and  (d) the variation
of  potential energy  Es.

        Ei=&+E3+El,+Es  (11)

  If these energy  values  are calculated  as the
unit  energy  per second,  each  relation  between
energy  and  force is given by

    E,=  Tk V(1+ib) (l2)
    E,=T},V  (l3)

    E3== rla ((i+ib)-,.,ie;,] V

        +urVtan  e;i cos6  (14)

    E,=7UV  (15)

    Es ==  PVVsin  fi (16)

and  the braking eMciency  of  power  Eb  is given
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as  the ratio  of  effective  braking power to  input

power  as

           V7L  TU

       
Eb=v'

 Ti 
=a+i,)

 T, 
'

 (i7)

TRACKING  PERFORMANCE  DURING
BRAKING  ACTION

Drcrg Ilorce

  The  drag force T5 can  be calculated  as the
summation  of  the drag 7;.b, Tl,, developed on
the main  part of  the bottom track belt, on  the
side parts of  the grousers, the drag 7]rb, 7)is de-
veloped  on  the cgntact  parts of the front idler,
and  the drag Zb, 7;. developed on  the contact

parts of  the rear  sprocket  (Muro, 1989). For
the flexible track belt, 7).b and  7;ns for the
positive static sinkage  can  be presented as

7L,b =2B  S,
DD

 {m,+ mf･pf  (?icr )} ･ {1 -exp  (-a･j.)} d.\

     
-2B

 S.
D

.
 { mc+  nqf'p,' (X)} ･ {1 -  exp  (a･J'.)} dx

z.,==4HS:
D

 (m,+ nzt 
PI
 ;X) cotmi  (-ii;-)1 {i nt exp  (-a Jm)} dx

     
-4HS:.

 (m,+nzfP" ;X) cot-i  (-IZL)){i-exp (a J,.)} dx

. (1+ib)-cose;i
              X+J'BJm 

=

       1+ib

             1+ib
DD=  

-ts

         (1+ib)-cose;i
pl(X)=kt{s6i(X)}"i  for Oss6i(X)EH

pi(X)=po+k2{s6i(X)-H}"2  for s6i(X)>H

(18)

(19)

where  J'B is the amount  of  slippage  at  point B
and  s6i(X)  is the amount  of  static  sinkage  of

the fiexible track belt (Muro, 1990a) at the
distance X  from point B.

  The  track tension Tb is given as the summa-
tion of  initial track tension force H6  and  drag
force Hh, acting  on  the interface between the
track belt and  the terrain. HL. can  be
calculated  as the integration of  shear

resistance  T(X)  of  the terrain from  X=D  to

X=  D-(20m-  1O)d as

     Hin=ms:
T{20m-iO)dT(x)dx

 (2o)

where  d=Dl160  and  m==1,  2,･･･, 8 (the
number  of  road  roller  intervals on  the track
belt).

Compaction Resistance

 The main  Iocomotion resistance  against  the

bulldozer is the compaction  resistance  7> re-

quired to make  ruts under  the track belt due to
the  static  and  slip sinkage.  75 can  be calculated

from the sinkage  deformation energy  Ei  dur-
ing the  running  distance of  the bulldozer for
the moying  distance D  of  the track belt as

Es=DICISJ,eh  (1+ RH, )･ 7h
   

2BD
 
cos

 
eA
 (i + RH, ) S:

"

 p  ds (2i)

and  for s;i2H

       H

         kis"ids
       o

7i,-2B [i
   +Y  {po+k2(s-H)"2}dsl
    

vH
 J

   2k,Bni+1Hni+r+2kiBHni(sl,-H)
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     2k,B

   
+n,+l

 (sJi-H)"2+i. (22)

  The  total amount  of  sinkage  of  the rear

sprocket  s:i is the summation  of  the  amount  of

static sinkage  s;.i and  that of  slip sinkage  sF,i

which  is calculated  for the flexible track belt.

        s.'i=(s;.i+s;si) cos  et'i (23)

where

          N

sJsi=sAi+cb  Z  {pi (nd)}ci
          n=1

    ×[(-;tfJb)
C2-(nklJb) c2

] (24)

Jb =-(clo+s  Sb,t,-1) D

d=  DIN
      M

sf,i :co  Z  {th(e.)cos e.}ci
      m=:1

    × ( ( ili h,)
C2-

 (mii 
i
 .,)

c2

}
o.=ef (i' ili )
e=:cos-i (cos ot,,-S-ZO') 

-e;.,

et'.i=tan-i {s,',i-sf.i)ID}

bs :-(Rf+H)ib
 sin&

(iptimum ELt7iective Braking Force

(25)

  The  simulation  program developed previous-
ly (Muro, 1990b) can  be revised  to calculate

the tracking performance of  a flexible-tracked
yehicle  towing  a  scraper  down  a  weak  slope  ter-

rain  during braking action.  First, the initial

data including the vehicle  dimensions, the  ter-

rain-track  system  constants  and  the  slope

angle  are  given. Then,  the'amount  of  static

sinkage  and  the  non-linear  contact  pressure
distribution are  determined assuming  a rigid

track belt.
  Next, the distribution of  total sinkage  sX (X)
is determined as  the summation  of  the static

sinkage  s6 (X) and  the slip sinkage  sg (X) which
are  calculated  from the contact  pressure pi (X)
for the flexibLe track belt. Finally, the effective

braking force 7la can  be determined  from  7}z,

7h, vai, e;i and6,  and  the relations  between Ti,

,Tli-i'b, sy)･, s;i-ib, ei, efi-ib and  Ei, Ei, E3, E4,
Esumib and  the distributions of  normal

pressurep:･ pt), and  shear  resistance  Ti' (X) are
graphically shown  by use  of  microcomputer.

The optimum  effective braking force 71i.t is de-
fined as Z, for the optimum  slip  ratio  ib.,t at

which  the effective  input energy  IEi1 reaches

the maximum  braking power.

ANALYTICAL  RESULTS

  As  an  example,  the tracking performance of
the bulldozer trailing a scraper  down  a weak

sSope  terrain during braking action  has been
simulated  for e=  -O.e2,  hd= 80 cm,  Hb==9.8

kN  and  fi= -O.349  rad.

  Fig. 2 shows  the relations  between Ti, 7'U
and  ib, in whlch  the absolute  values  lT" and

l7}I increase rapidly  with  the increment of

l ib 1 at the smaller  range  and  increase gradual-
ly at  the larger range  of  slip ratio.  1Til is

always  larger than  iTUi due to the increasing
locomotion resistance  n  with  libl. Fig. 3
shows  the relations  between sti, sPi and  ib, in
which  s;i is always  larger than  sh･ due to the in-
creasing  slip  sinkage  with  [ibi. And  sfi, sr'i in-
crease  rapidly  with  the increment of  1 ib l at  the
smaller  range,  but increase almost  linearly at

the larger range.  Fig. 4 shows  the relations  be-

-I

15gTt,T4lga

 ekpo50

z

-se

-tao

                          
-+l5B

Fig.2. Re]ations between braking force Z, effective

   braking force 7U and  slip ra{io i, (fi=-O.349 rad)
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Fig. 3. Re)ations between arnounts  of  sinkage  of  front

   idler s;T, rear  sprocket  s;i and  slip  ratio  ib (fi= -O.349

   rad)

o. g4etii

(rad)g,
 o2

  D-10D

eti'

-50

ei=  Y6

l. (X)

g.2

ei

S. 1

o

braking force 71opt= -92.94  kN, and  the cor-

responding  s;i=12.10cm,  e;i=O.O0819rad,
ei=-O.0917  and  Eb =46.0%.

  Fig. 6(a) shows  the distributions of  normal

-C.
 E2

-], ga

       ei

/-----''--''"'''6-,-
 

`--:17ti

Fig. 4. Re]ations between trim angle  e;i,

   and  slip  ratio  ib (fi=-O.349 rad)

-g.1

 
-O,

 2eccentricity

 ei

-1i<x

E.

3sgoE

 IMD-(kNcrn,fsec)sgo

u

-500

-moa

                          
-15fiO

Fig. 5. Relatiens between energy  values  Ei, E2, Es, E4,
   Es and  sJip  ratio  ib (fi=:-O.349 rad)

tween  eFi, ei and  ib, in which  e;i increases
almost  linearly with  the increment of  libl
from the minimum  value  O.O0731rad at

ib= -9%,  and  ei decreases parabolically with
the increment of  iib[. Fig. 5 shows  the  rela-

tions between Ei, Ei, E3, EZ, Es and  ib for
V:9.4cmls.  IEil has the maximum  value

733.9 kNcmls  at ib.,t= 
-16%.

 E2, E3 increase
almost  linearly with  the increment of  libl.
Illkl increases parabolically with  Iibl, but

1Es i decreases slightly  with  l ib 1 from the max-

imum  value  553.6kNcmls  at ib=-9%.  In

this case,  71,.t : 
-35.88

 kN  and  the optimurn

(a)

Fron ±
eib--10X-9B: -I5 Fteero

o

30Ti'(X)(kPtt)

(b)

Fig. 6, Distributiens of  contact  pressure during braking

   action  {HD=9.SkN, fi=-O.349rad) (a) normal

   pressure pi (X) {b) shear  resistan ¢ e ti (X)
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     .".".tt=:!::!:::!!:::::::::::!1trtr.'-.
    e-t't                             

h-."-

  si.. 

･･k,ls,

  l'i "i;'

eq     
-"

     

     
     

Fig, 7. Distributions of  track te"sion lb around  the

   track belt for yarious  slip  ratios  ib (Hh==9.8kN,
   fi=-O.349rfid)

pressure p:･(X) during braking action  for
various  slip ratios. They  show  positive values

for the entire  contact  portion of the track belt,
For a]l slip ratios,  the distributions decline for-
ward  to the contact  part of  the front idler, and

pS (X) at point B  tends to increase with  the in-
crement  of  libl due to  the decreasing eccen-
tricity ei. Fig. 6(b) shows  the distributions of

shear  resistance  Ti' (X) under  the track belt dur-
ing braking action  for various  slip ratios. They
show  negative  values  for the entire  contact  por-
tion of  the track belt, but TX(N)  at  ib= -  10%
changes  from a  positive value  to a  negative

value  at  some  point on  the contact  part of  the

front idler in accordance  with  the  amount  of

slippage  change.  Fig. 7 shows  the distributions
of  track  tension  around  the  track  belt for

various  slip ratios.

OPTIMUM  APPLICATION  HEIGHT

  Here, the optimum  application  height of  the
effective  braking  force hd.t is defined as the
height at  which  the  pushing force of  a scraper

applied  to the bulldozer on  a slope  terrain

agrees  well  with  the optimum  effective braking
force 7:#opt.

  Several relations  between TUopt, s;i, e;i, ei, Eb
and  hd.t have been calculated  for the given
vehicle  dimensions at  Hh  ==  49.0 kN,
e=  

-o.os,
 o.oo, o.os, hd=  -14o  cm  to 14o cm

in increments of  20 cm  and  fi= -O.349  rad.

Figs. 8(a) and  (b) show  the relations  between
7U.,t and  the corresponding  optimum  braking
force Tiept and  hdept for the given eccentricities  ,

For e=  
-O.05,

 the larger the values  of  I Tioptl
and  l71,.,tl, the lower the values  of  hdopt.
However, for e :O.OO  and  +O.05, 1 Ti.ptl and

-100 ohdbpt
 (cm)IOO

-Ioo

(a}

ohdept
 Ccm)Ioo

                (b)

Fig. 8. Relatipns between optimum  braking force Ti.pt,

   optimum  effective  braking force 71,., and  optimum

   application  height hd.,, (Hh==49.0kN, fi==-O.349
   rad)  (2) optirnum  braking force (b) optimum  effective

   braking ferce

17ioptl reach  the maximum  values  at
hdopt== 

-
 100 cm  and  

-
 40 cm,  respectively.  In

general, the larger the value  ofe,  the larger the
values  of  1 71,ptl and  1 71i,ptl which  are  devel-
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oped  for the positive value  of  hd.t. Fig. 9
shows  the relations  between sJi and  hdopt, in
which  s;i takes the minimum  value  at hdo,t= 80
cm  for e =  

-O.05,
 at  hd.pt=80 cm  fore=O.OO,

and  at hdopt=120 cm  for e=O.05.  In general,
sli increases graduaily with  the increment of  ei,

as shown  later. Fig. 10 shows  the relations  be-
tween  e;i and  hd,,t, in which  e;i decreases hyper-

-100    hdopT (cm)
O  IOO

bolically with  the increment  of  hd.t. Fig. 11
shows  the relations  between ei and  hdopt, in
which  ei decreases with  the increment of  hdopt
and  with  the decrement ofe.  Fig. 12 shows  the
relations  between Eb and  hdopt, in which  Eb

O,2ei
ei=v6--t--tt-----n--tt-----LT"ee-o,05

O,1 io,ooD+O.05

ohdoptCcm)
-:oo 100

-o,l

ei=-1f6--t---tt----L.tttt.----nt-u

-O.2

Fig. 11. Relations between eccentricity of resultant

   normal  force ei  and  optimum  he;ght hd.,, (Hh==49.0
   kN,  fi ==  

-O.349
 rad)

Fig. 9. Relations between amount  of  sinkage  of  rear

   sprocket  s.'i and  optimum  height h,.,, (Hh=49.e kN,
   P=  

-e.349
 rad)

-IOO O 100
   hdopt Ccm)

Fig. 10. Relations betweell trim  angle  of  bulldozer ee
   and  optim"m  height hd., (Hb=49.0 kN,  "=  

-O.349

   rad)

-100 o loo

   hdept (cm}

Fig. I2. Relations between braking eMciency  of power

   Eb and  optimum  height h..,, <H,=::49.0kN,
   ll=-O.349rad)
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decreases gradually with  the increment of  hdopt

and  with  the decrement of  e, in cor-

respondence  with  the difference between Z.t
and  TUopt-

  In general, the  larger the weight  of  the

scraper  (i.e. the  pushing force), the larger the

braking eMciency  of  power. For the negative
value  of  hd.,t, the pushing force of  the scraper

becomes the sum  of  7 i.,t and  the excavating

force of  the braking shank  of  the bulldozer.

AUTOMATED  CONTROL  SYSTEM

  To  control  the optimum  application  height

of  effective braking force automatically,  the

relation  between 7:4opt and  hdopt should  be deter-
rnined  fOr the given bulldozer. In this case, the

terrain-track  system  constants  used  to

calculate  the relations  could  be automatically

measured  fbr the various  combinations  of  run-

ning  terrain properties and  vehicle  dimensions

(Muro, 1988). Then  the optimum  application

height hd,,t can  be immediately decided from

L.t, measured  as the pushing force of  the

scraper  by use  of  some  type of  load sensor.

  Therefore, a new  automated  control  system

for control  of  optimum  application  height
should  be deveioped to control  the given
height hd.t within  ±  10'cm.

CONCLUSIONS

  The  proposed application  height control

system  for a bulldozer towing  a  scraper  down

a weak  slope  during braking  action  could  be

summarized  as follows:

  (1) The  terrain-track system  constants

should  be determined in-situ, by measuring

the initial amount  of  sinkage,  and  the torques

and  the amount  of  slip sinkage  for the three

slip ratios.

  (2) The  vehicle  dimensions and  the slope
angle  of  the terrain should  be given together
with  the terrain-track system  constants  as the
input data of  a micro-computer.

  (3) The  relation  between the optimum

effective braking force and  the optimum  ap-

plication height could  be determined by
simulating  the total tracking performance.

  (4) The  optimum  application  height could
be determined from  the  pushing force of  the

scraper  by use  of  some  type of  load sensor.
  (5) In general, the larger the absolute

value  of  the pushing force of  the scraper,  the

lower the optimum  application  height; the ap-

plication height should  be controlled  so  that

the greatest braking eMciency  of  power  can  be
obtained.
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