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FOREWORD 

This report was prepared by Woodward Associates, Inc. 
under USBM Contract number JO275014. The contract was initi­
ated under the Coal Program. It was administered under the 
technical direction of the Twin Cities Mining Research Center 
with Mr. Bruce Nelson acting as the Technical Project Officer. 
Mr. Ron Simonich was the contract administrator for the Bureau 
of Mines. This report is a summary of the work recently com­
pleted as part of this contract during the period September 21, 
1977 to April 20, 1979. This report was submitted by the 
authors on April 20, 1979. 

The principal authors of this report are Mr. Jack L. 
Woodward, Mr. Lawrence L. Owens, Mr. Robert McCracken, and 
Mr. Peter Mate with support from Mr. Glenn Adkins, Mrs. Cathy 
Nieubuurt, Mr. C. William Harpur, and Mr. Louis Schaffer. 
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EXECUTIVE SUMMARY 

INTRODUCTION 

The Bureau of Mines has an important role in assuring 
that this nation's miners are able to perform their duties in 
a workplace environment that is safe . As a sponsor of research 
leading toward the development and production of safer mining 
equipment, the Bureau of Mines aids the mining and equipment 
manufacturing industries in accelerating the design and demon­

stration phases of new mining equipment development . The 
Bureau of Mines also attempts to anticipate new safety problems 
that might develop as the mining industry uses larger and more 
complex machinery. Comprehensive surveys of areas of expanding 
technology are required to identify those areas where research 
funds might best be spent and where the Bureau's efforts might 
best be directed . The engineering data collected in such sur­
veys provide the Bureau with the required decision criteria . 

The expansion of mine production has required the devel­
opment of larger and more productive loaders, scrapers, haulage 
trucks, and similar equipment . These machines have required 
the development and production of more powerful and complex 
steering systems . Steering system technology has advanced at 
a rapid pace. Upgrading of older system technology was not 
appropriate from engineering or economic viewpoints; the devel­
opment of new system technology has resulted. 

On September 21, 1977, Woodward Associates, Inc. (WAI) 
was awarded a contract by the Bureau of Mines to conduct a 
"Steering System Survey for Surface Mining Equipment" (USBM 
Contract No. JO275014). The objectives of this project were 
to define the specific types of steering systems now in use in 

__________________________ "'1A., 
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wheeled surface mining equipment, gather information on the 

mining accidents resulting from malfunctions of equipment 

steering systems, estimate the relative numbers and sizes of 

mobile mining equipment in use in coal and non-coal mining 

operations, and then to evaluate the need for new Bureau 

research projects or additional Mine Safety and Health Admin­

istration regulations. 

PROJECT APPROACH 

The project was organized as follows: 

• Through a literature search and meetings 

with mine equipment manufacturers the steer­

ing system approaches being used in mining 

equipment were defined and described. 

• Several sources of mine accident data were 

queried to gather representative information 

on mobile mining equipment accidents resulting 

from steering system fajlures. 

• An estimate of the population of mobile mining 

equipment in use in U.S. mines was prepared 

using available Bureau of Mines information. 

The material gathered during the three concurrent 

activities mentioned above was assembled into a report for 

review and discussion with a selected group of mine and equip­

ment industry personnel. This group, hereafter referred to as 

the Technical Evaluation Group, was composed of representatives 

from the following industry sectors: 

• Mining companies 

• Equipment manufacturers 

• Steering system component suppliers 

• Mine safety regulatory agencies (U.S. and 

Canada) 

10 



• Bureau of Mines 

• Private research organizations 

The Technical Evaluation Group held two working sessions 
to discuss the implications of the material gathered by Woodward 
Associates, Inc. , and to offer additional information related 
to steering system technology field operational experiences, 
regulatory approaches to steering safety, and on activities 

of standards-making groups. The enthusiastic activity of 
members of this group, both during the working sessions and 
in the independent efforts performed to gather data for the 
meetings, was significant in assuring that all aspects and 
implications of the many facets of the mine equipment steering 
system subject were addressed. 

STEERING SYSTEM INFORMATION 

A manual literature review included reports published 
by the Society of Automotive Engineers, Inc. , publications 
of the National Safety Council, and equipment manufacturer's 
manuals and internal publications. Computer-aided literature 
searches were conducted using the National Technical Information 
System and the Engineering Index. This literature review/ 
search resulted in identification of 57 open-literature pub­
lications that were useful in defining the types of steering 

systems in use. The literature available contained no docu­
mentation of steering system design deficiencies or indications 
of potential future steering safety problems. The reports 
obtained from the Society of Automotive Engineers, Inc. were 

by far the most useful. 

Useful accident data were obtained through the Mine 
Safety and Health Administration's Health and Safety Analysis 
Center (MSHA-HSAC) in Denver, Colorado and from British 
Columbia's Department of Mines and Petroleum Resources. A 
portion of the MSHA-HSAC injury accident and fatal accident 

________________________ WA,_ 
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records for 1976 and 1977 were examined for accidents that 

were directly caused by steering failures or in which the 

steering system contributed to the occurrence of the accident. 

Of the over 1000 mobile equipment accidents studied, only 

13 had causative factors that may have been steering-related. 

Of these 13 accidents, only 5 are clearly related to steering 

systems; 2 of these 5 were caused by steering system mal­

functions. In contrast to these low accident figures, mobile 

equipment rollovers and/or nonuse of seat belts resulted in 

28 fatalities and 173 injuries in the same group of 1021 acci­

dents; slips/falls and other ladder-related accidents accounted 

for 266 injuries. 

The Department of Mines and Petroleum Resources, British 

Columbia, provided accident information that was especially 

interesting. These reports include accidents that did not 

happen to result in death or injury to the equipment operator 

as well as accidents that did result in injury or death. Of 

the 1016 incidents reviewed, 32 were either steering system 

failures or "loss of control." None of the steering system 

failures resulted in injury or death to the equipment operator. 

These data indicated that wheel spindle failure was a primary 

cause of steering system-related incidents. 

Steering system malfunctions or failures appear to be 

an area for concern by mine maintenance personnel, however, 

these malfunctions and rai !tires ,He not uiusing significant 

numbers of injuries and fatalities in mine accidents. 

In recent years the ma1111i-act11rers of mobile minjng 

equipment have provided emergency (sometimes called auxiljary 

or supplementary) steering capability on machines that have 

speed capabilities over 10-15 miles per hour. The Society of 

Automotive Engineers, Inc. (SAE) has recently prepared a 

Recommended Practice that defines the desirable performance 

requirements for emergency steering systems on mining and 
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construction machines. The technical approach used in this 

standard is being considered by the International Organization 

for Standardization (ISO) and if adopted, would become a 

worldwide standard. 

CONCLUSIONS 

Consideration of the material on steering systems 

gathered during this study, coupled with the discussion and 

comments of the Technical Evaluation Group, has led Woodward 

Associates, Inc. to prepare the following conclusions: 

1. Today's state-of-the-technology is producing 

reliable steering systems. 

2. Advances in steering system reliability will 

not produce significant reductions in surface 

mine injury/fatality accidents. 

3. Steering system technology advances could 

result in lowering of maintenance requirements 

and increased machine availability. 

4. Proper equipment operator training and 

increased equipment operator discipline have 

the potential to reduce equipment accidents 

and improve mine productivity. 

5. It is desirable to have emergency steering 

capability to accommodate the "engine-off" 

situation. 

6. The accident records at the MSHA-HSAC offices 

and available from British Columbia are 

extremely useful for placing equipment 

safety research in perspective. 

These conclusions lead to the development of several 

recommendations for Bureau of Mines' consideration and sugges­

tions for actions by the Mine Safety and Health Administration. 
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RECOMMENDAT IONS 

The Bureau of Mines 1s sponsoring a broad range of 
equipment safety research. The following recommendations are 
influenced by a larger view than that of the steering system 
needs alone. It is Woodward Associates' recommendation that 
the Bureau initiate no additional safety research, studies, -or 

demonstrations solely oriented toward mobile mining equipment 
steering systems. The efforts of the equipment manufacturers 
and the steering system component suppliers are completely 
satisfactory to assure continued technology advancement. 
There are areas of endeavor that could be enhanced by Bureau 

of Mines involvement. These areas are covered by the following 
recommendations: 

1. Continue the development and demonstration 
of materials and techniques that can be used 
in the training of equipment operators. The 
training of equipment operators to handle 
emergency or abnormal events experienced 
during equipment operation is especially 
important. (The Bureau has projects under 
way in this area. ) 

2. Include steering system inspection procedures 
as an integral part of equipment operator 
training programs. (The Bureau is following 
this recommendation on som� projects. ) 

3. Assist the Mine Safety and Health Administration 
personnel in becoming technically conversant 

on desirable steering system features such as 
emergency steering capability, and on the 
general approaches to proper steering system 
maintenance. 
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4. Conduct an evaluation of the potential 
positive and negative effects of require­
ments to use fire resistant fluids in the 
hydraulic systems of mobile mining equipment. 

The above recommendations are generally oriented toward 
addressing the safety of the equipment operator. The following 
recommendations are generally oriented toward improving the 
productivity of mining operations and, therefore, may be con­
sidered by the Department of Energy as well as the Bureau of 
Mines: 

5. Prepare a booklet presenting guidelines for 
the maintenance of hydraulic systems on 
mobile mining equipment. 

6. Prepare a report describing the function, 
care, and maintenance of hydraulic system 

seals on mobile mining equipment. This 
document should cover installation procedures. 

The following recommendations are directed to the Mine 
Safety and Health Administration: 

1. Consider a general upgrading of the causal 
information contained in mine accident reports. 
Include representatives from equipment manu­
facturers as part of accident investigation 
team. Stress accurate identification of the 
machine involved. Stress identification of 
the primary and contributory causes of accidents. 

2 .  Provide technical information for distribution 
by MSHA field personnel to the mines. Specifi-
cally, in the area of equipment steering sys­
tems, provide information on inspection 

------------------------WA. 
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procedures, on emergency steering performance 

standards (SAE Recommended Practice J53) , and 
on industry accident experience. 

------------------------ WA. 
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SECTION 1. 0 

INTRODUCTION 

The past few decades have produced remarkable changes 

in the size and productivity of mobile surface mining machines. 
Front-end loaders have developed that have loading bucket 
capacities up to 36 cubic yards; several years ago a front-
end loader with a bucket capacity of 5-6 cubic yards was con­
sidered to be large. The gross vehicle weights of the largest 
front-end loaders now approach 200 tons. The capacities of 
haulage trucks have progressed from the 22-50 ton range to 
production models with payloads of 250 tons. A prototype 
haulage truck with a payload of 350 tons has been in field 
evaluation in recent years. Motor graders have grown from 
gross vehicle weights of 1 5-25 tons to about 1 00 tons. 

The large machines now in use in surface mining opera­
tions could present new safety problems. Has the technology 
of the control components been advanced to assure safe steering 
and braking? Do the safety devices and systems used on smaller 
machines provide adequate safety on these large machines? Are 
there operator visibility problems with these large machines? 
The U. S. Bureau of Mines, through this project and others, is 
attempting to provide answers to these questions and, where 
necessary, demonstrate solutions to new safety problems. This 
study project results from the need to identify the steering 
problems, if any, that have resulted from the increase in size 
of mobile surface mining machines. This study does not include 
tracked or crawler mounted machines; only rubber-tired surface 
mining machines (i. e. , front-end loaders, haulage trucks, 
motor graders, scrapers, etc. ) were studied. Should steering 
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technology deficiencies be discovered, specific recommendations 

for future U.S. Bureau of Mines research projects would be out­

lined for consideration. The potential benefits to the mining 

industry accrued through proposed U.S. Bureau of Mines research 

projects should also be quantified. 

To provide the information from which to make judgments, 

to draw conclusions, and to prepare recommendations on steer­

ing systems, Woodward Associates, Inc. gathered technical data 

from the available literature and from component suppliers and 

machine manufacturers, gathered accident data from MSHA-HSAC 

and from British Columbia, and then reviewed this material with 

a group of qualified individuals from various parts of the 

mining industry. The following report presents the information 

gathered and the results of the analysis of this information. 

Woodward Associates, Inc. is pleased to acknowledge the 

excellent cooperation of the companies manufacturing steering 

components and mining equipment. Special thanks go to the 

personnel at the Mine Safety and Health Administration's Health 

and Safety Analysis Center in Denver, Colorado for their con­

tinued cooperation and support. The contributions made by 

the many mining companies visited and by the United States 

and Canadian government agency personnel were extremely 

valuable. 
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SECTION 2. 0 

LITERATURE ON OFF-HIGHWAY EQUIPMENT STEERING SYSTEMS 

As evidenced in the literature reviewed during this 
study, the development of efficient and reliable steering 
systems has been an important part of the evolution of off­
highway equipment. The Society of Automotive Engineers, 
Inc. (SAE) has been, and continues to be, very active in the 
publication of technical reports covering the progress of 

technology in the mobile equipment area. Of the 57 technical 
reports gathered contµining pertinent material to this study, 
43 of these were published by SAE. Abstracts of all 57 reports 
are included in Table 1. In addition to these reports, WAI 

files containing equipment manufacturer service and maintenance 
manuals, operator's manuals, and equipment specifications were 
reviewed for pertinent steering system information. In instances 
where specific technical detail on the steering system of a 
particular machine model was desired, and the material was not 
in WAI files, the manufacturer was contacted directly. 

This literature was very useful in describing the steer­
ing systems in use on, and being developed for, the off-highway 
machines used in surface mining operations. No reports were 
discovered that addressed steering safety problems on off­
highway equipment. 
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Table 1. 

TITLE 

New Concepts in Hydraulic 
Controls for Mobile Equipment 

Abstracts of the Significant Literature 

AUTHOR 

W. T. Stephens 
H. N. Underwood 

AFFILIATION 

Borg-Warner Corp. 

SOURCE 

SAE 650669 

Analyses and tests were made on various kinds of mobile equipment comparing open and closed center systems. The 
work cycle and maximum horsepower were kept equal in the comparison of these systems. The closed center system sur­
passed the open center in both cycle time and efficiency of operation. 

New concepts of the closed center system evolved from this work. These concepts included: controlled accelera­
tion and deceleration, selective maximum volume control to prevent overspeeding, and a means of lowerin& the circuit 
pressure when the valves are in neutral. 

Gains with the integration of the hydrostatic transmission and the closed center hydraulic system are also 
demonstrated. 

DATE 

1965 

A New Era in Controllability - Hydrostatic 
Steering for Articulated Vehicles 

B. C. Hudgens 
R. L. Goff 

TRW, Inc. SAE 660238 04-05-66 

With the advent of ever larger mobile machines in the earthmoving industry new methods of steering control had to 
be developed. Three basic systems which had sufficed in the past were mechanical, electrical, and hydraulic power 
steering mechanisms. 

This paper describes a new hydrostatic powersteering system which appears particularly applicable to large off­
road construction machines. Basic features of the VZHydraguide system are discussed. It is believed this system 
meets the general requirements for a high-flow steering unit and represents a new era in controlability for artic• 
ulated vehicles. 

Heavy Truck Steering System Analysis T. J. Budzynski 
R. J. Parker 

Ford Motor Company SAE 660431 06-10-66 

This paper analyzes present-day heavy truck steering systems to provide a basis upon which to continue improve­
ments. The discussion includes areas which mechanically and physiologically affect steering efforts and structural 
loads. Consideration is given to steering geometry, component design parameters, and human factors influential in the 
steering acceptability of a vehicle. This analysis is based on actual vehicle test data and a literature· survey of 
related anthropometry. 

System Approach - Hydraulic Power 
for Articulated Vehicles 

T. J. Malott 
R. C. Westveer 

N.Y. Air Brake Co. 
Hydreco Division 

SAE 660614 09-12-66 

A new concept in construction equipment hydraulic systems has been developed that couples the implement and steer­
ing circuits in such a manner that constant steering horsepower is available throughout the engine speed range with no 
sacrifice in implement performance. This paper discusses the overall power requirements for articulated loaders and 
how this new system improves the overall efficiency. 

A Pilot Experiment on Driver Task Performance 
with Fixed and Variable Steering Ratio 

N. E. Shoemaker 
F. Dell'Amico 
R. J. Chwalek 

Cornell Aeronautical 
University 

SAE 670508 05-15-67 

The experimental program described here was conducted in order to determine the effect of fixed and variable 
steering gear ratio on driver task performance. Three fixed gearbox ratios and two variable ratios of the Bendix 
Varamatic type were tested, using a single vehicle. Four steady turn driving tasks were used, each producina the same 
lateral "g" (0.2g) and a transient maneuver task, induced by applying a step change in front wheel angle to the ve­
hicle, was also used. The pool of test subjects consisted of student drivers with an average of 39 hr of on-the-road 
driving experience. 
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Table 1 .  Abstracts of the Significant Literature (Cont) 

T I TLE AUTHOR A F F I L IAT ION SOURCE DATE 

Mechanical  Control s  for Veh i c l e s  w i th  
Hydros tat ic  Transmi s s ions 

R.  D .  Houk North Ameri can 
Rockwe l l  Corp . 

SAE 6 9 0 5 7 1  0 9 - 08 - 69 

Thi s  paper was wr i t ten for quick comprehens ion w i thout the  use  o f  mathema t ic s .  I t  i s  d ivi ded into two s e c t i on s . 
The f ir s t  s e c t i on describes  the component fundamental s  o f  a hydros ta t i c  t ransmi s s ion . The second s ect ion covers the 
mechanical  contro l s  used on vehi c l e s , which have hydros tat ic  t ransmi s s ions , w i th regard to engine  throt t l e , tran s •  
m i s s i on ,  s teering , service  brake s , and parking brake s .  

A ir - Driven Hydraul ic  Pumps R .  Chal try Appl ied Power 
Indus tr i e s , I nc . 

SAE 690 793  1969 

There is  a growing demand today for d e s i gn improvement in  the operat i on o f  aux i l i ary funct ions on both  off -hiahway 
and on -h ighway mob i l e  type equipment . Fas ter ,  more e fficient operat ion , better  contro l ,  and l e s s  operator fat i gue 
were the de s i gn goa l s  con s i dered in the  d e s ign of the  new AU a i r  pump described  in t h i s  art i c l e .  Us ing  the ava i lable 
pneumat i c  power source presently incorporated in  the des ign of most veh ic l e s  today , this  e f f i c ient , l ight -weight , low­
cos t ,  h i gh - cyc l ing speed inten s i f i er i s  l im i t ed in  i t s  app l i cat ion only by the imaginat ion o f  the veh i c l e  des i gner . 

Automat i c  Cent ral  Hydrau l i c  Sys t ems 
for Front Loaders  

F .  Rat l i ff Tyrone Hydrau l ics , 
I nc .  

SAE 700568  04 - 1 4 - 7 0  

Contro l l ing the cos t  o f  excavating  and moving a yard o f  earth i s  the greate s t  cha l l enge confront ing the earth-mov­
ing indus try today . This  indus try , in part icular , faces both a shortage of s k i l led  operators and an i n f l at ionary 
wage envi ronment . To increase a s k i l led  operator ' s  e ff iciency and decrease l earning t ime for new operators , the 
Tyrone Automa t i c  Central  Hydrau l i c  System automa t i c a l l y  directs  the proper amount o f  hydraul i c  power at the proper 
t ime to  the various func tions  o f  the front loade r .  Hydraul ic  valving coord inates  pump f lows for approxima t e l y  con·  
s tant lock - to - l ock t imes throughout the cycle  regard l e s s  of engine rpm and at the  same t ime , contro ls  the inter ·  
act ion o f  the  l i f t cyl ind e r ,  bucket cyl inder , and  transm i s s i on d i sconnect for  the  fastest  pos s ib l e  ful l  bucket  load · 
ing in both s tockp i l e  and virgin  bank . 

The Systems Approach t o  Heavy Truck Steering  K .  W .  Schipper 
K.  G .  Mos s 

Ford Motor Company SAE 700880  

The  sys tems approach provides  a t echnique that  cons iders a l l  facet s  o f  des i gn and  va l idat ion o f  a sy s tem as a 
s er i e s  o f  dependent sub - sys tems . Th i s  techn ique involves  treating  the sys tem in i t s  entirety  when e s tab l i sh ina  the 
performance parameters  and requires  that the cr i t er ia  a s s i gned to each component s at i s fy total  per formance . By de­
s i gn ing  in  th i s  ob j ec t ive manner ,  the sys tem w i l l  be op t imi zed and the overa l l  program w i l l  be conducted  at max imum 
e f f i ciency . 

Th i s  paper promulgates  t h i s  process  appl ied  to the steering  sys tem o f  a heavy truck w i th the  a s soc i a ted  gains i n  
veh i c l e  per formance . 

1 9 7 0  

S teer ing  and  Braking Systems on  the 
Art iculated  Motor Grader 

L.  B .  Eberhart John Deere Dubuque 
Tractor Works 

SAE 7 10 5 30  0 4 - 0 5 - 7 1  

The s teer ing and braking s ys tems used on the a l l - hydraul i c  JD - 5 70 articulat ing grader were d e s i gned  w ith  the 
s a fe ty  of the operator in mind . Thes e  systems are g iven pr iority  over the o ther re lated  hydraul i c  sys tems on the 
grader through the use o f  a priority valve . An accumul ator is  provided to s tore hydrau l i c  energy fo r the  s teer ing  
and  braking sy s tems in  the  event o f  a power fai lure . In add i t ion , the brake va lve i s  capab l e  o f  acting  as a pump 
to supply pres sure o i l  to the service brake s ,  i f  requi red . A mechan ica l ly  actuated s econdary brake e f fe c t i ve on 
a l l  four tandem whee l s  is a l s o  provided . 
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C lark 6 7 5  2 4 - cu yd Front - End Loader G .  C .  Smi t h  C l ark  Equipment Co . SAE 7 1 0 7 1 9  0 9 - 1 3 - 7 1  

Our market  surveys ind i c a t e  that  l a r g e - quarry and mining peop l e , many who own front - end loade rs  i n  t h e  1 0 - 1 2 yd 
s i z e ,  are de fini t e l y  int e r e s t ed in loade rs  of a much larger capac i ty . Th i s  is due , in part , to inc reased ope rator ' s  
cos t s  and the need to produce mate r i a l  at  a lower cos t per ton . The model  6 7 5  with 2 4  cu yd capacity was des ianed 
w i th these thought s  in mind . This  paper w i l l  d i scuss  the de sign , tes t ing , and spe c i a l  features  of  the machine , 

Human Factors Me thodology in the De s i gn 
of the  Driver ' s  Workspace in Trucks 

P .  Kyropou los Genera l  Motors Corp . SAE 7 2 0 2 9 3  
(ALSO SP - 36 7 )  

This  pape r i s  e s s ent i a l l y  a s e t  of  instruct ional notes  intended for t h e  u s e  b y  thos e who want t o  fami l i arize  
themse l ves with  the  methodology of human factors as  app l ied to the  des i gn of  t ruck cab s .  Carefu l  s tudy and use  of  
the re ferences  i s  requi red i f  the  note s  are  to be u s e ful . The  need for cons t ruct ing moc k - ups  and for experiments 
us ing typ i c a l  u s er s  as  t e s t  sub j e c t s  i s  repeatedly  emphas i zed . The b a s i c  e l ement s of anthropomet r i c s  are reviewe d .  
See ing i s  treated  as  t h e  f i r s t  s tep i n  t h e  dec i s ion - making proc es s .  I t  i s  the mos t important channe l of communica­
t ion between the dr iver , the vehic l e , and the surround ing road and t raff ic . Sim i l ar ly , control  loc a t ion and iden· 
t i f i c a t ion i s  a prob lem  in communica t ion be tween dr iver and veh i c l e .  Control forces , s e a t ing , and envi ronmental  re · 
qui rement s of comfort and a l e rtne s s  are reviewed . 

Simu l at i on and s imul ators are t re a ted here as an e s sent i a l  part  of exper imenta l  aspects  of human factors design.  
The role of mathemat i ca l  mod e l s  i s  examined . 

A number of exercises  accompany the text . The references  l i s t  34 texts  and papers as we l l  as 9 app l i cab l e  SAE 
Recommended Prac t i ces . I l lu s t ra t ions are h e l d  to a minimum . 

1972  

Development of a Hydromechanical  
Steer ing Transmi s s ion 

R .  J .  Dorgan 
R .  L .  Rio 

Gene ral  E l e c t r i c  Co , 
Gene ra l  E l e c t r i c  Co .  
U . S . Army 

SAE 7 2 0 7 2 6  0 9 - 1 1 - 7 2 

D .  M .  Lat son 

The advantages  of infini t e l y  var i a b l e  ra t io s t e e r ing and p ropuls ion for t rack laying vehi c l e s  are we l l  known . 
Studies  and demons trator programs in the pas t  decade have ind i cated  that  the  hydromechanical  t r ansmi s s ion has the 
mos t  promi se of providing infini t e l y  var i ab l e  ratio for m i l i tary vehic l e s . In 1 9 66  the Army l aunched a program to 
deve lop the hydromechanica l  t ransmi s s ion to "produc t ion ready" s tatus . Th is  paper descr ibes  that  p rogram , the  t rans­
m i s s ion s e l ected , and some of the prob l ems encountered in the t rans i t ion from the demons t rator s tage to one of r ead i ·  
ness for m i l i t ary app l icat ion . 

Advantages  of Low - Speed H i gh -Torque Hydrau l i c  
Motors when Appl ied  on Farm , Cons t ruc t ion ,  or 
Indu s t r i a l  Machine ry 

W. L. Sumpter  Char- Lynn , Eaton Corp . SAE 7 20 7 6 9  0 9 - 1 1 - 7 2  

Many of the requi rements for rotary power on farm , cons t ruct ion ,  and indu s t r i a l  mach inery c an b e  b e s t  s a t i s fied 
by the use of hydraul i c  motors . Remote mount ing capab i l i ty ,  unl imited  rot a t ion , revers i b i l i t y ,  good va r i ab l e  speed 
cont rol , and sma l l  s i ze and weight are some of the gene ral  advantages  made pos s i b l e  by the  use  of hydrau l i c  motors .  

More speci fica l l y , low - speed h i g h - torque hydrau l i c  motors offer even more advantages  to the  p roduc t de s i gne r .  
I n  many ca s e s  these  motors e l iminate the need for gearboxes and reduce the number  o f  other mechanical  component s ,  
thereby p rovid ing inc reased d e s i gn f lexib i l i ty in the end product , 

Hydrau l i c  Steer ing Control Sys tem -
A F low Amp l i fi er  Approach 

J .  B .  Waggone r Ca terp i l l ar  Tractor SAE 7 20 8 0 2  0 9 - 1 1 - 7 2 

Smooth , e f for t l e s s  s teering sy s tems for l arge , art icul ated veh i c l e s  enhance t h e i r  product ion performance . This 
paper dea l s  w i th the compl e t e  primary s tee ring sys tem and a l so b r ings into focus an approach to the cur rent indu s t ry 
need for a back - up ,  or secondary s te e r ing sys tem .  The individua l  components of both primary and secondary s t ee ring 
sys tems are d i scussed  in deta i l from a de s i gn and func t iona l  s t andpoint . The ove ra l l  sys tem performance is then 
discu ssed  to ident i fy c l early  the var ious component func tions and r e l at ionships . 
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Hydros t a t i c  Steer ing Des i gned for 
Large Off - Hi ghway Veh i c l e s  

J .  L .  Rau TRW , Inc . SAE 7 20 8 0 3  09 - 1 1 - 7 2  
Ros s  Gear D iv i s ion 

Simp l i f ied  power s teering  control o f  l arge o f f - h ighway veh i c l e s  s t i l l  rema ins  a form idab l e  probl em for s teering 
sys tem des igners . Several hydraul i c  power s teering  mechan i sms presently  preva i l  w i t h  vary ing enve lope and perform ­
ance features comprom i s ed for o f f - h ighway appl i c a t i on .  

Thi s  paper d e s c r i b e s  t h e  f i r s t  l ow - co s t  pos i t ive d i sp l acemen t - type hydro s t a t i c  s teering uni t  espe c i a l l y  des i gned 
for the l arge o f f - h i ghway veh ic l e  indus try .  The b a s i c  features o f  the HGB hydros t a t i c  s teering  sys t em a re d i s cu s s ed  
re l a t ive to s e t  goa l s  in e a ch  maj or d e s i gn  are a .  I t  i s  s hown that t h e  H G B  Hydraguide meets  t h e  general  requirements  
for  a s imp l i fi ed h i gh- flow hydros t a t i c  s teering  uni t  adap t ive to the  off - road cons t ruc t i on and  earthmoving machine . 

The Truck Steering  System 
From Hand Whe e l  to Road Whee l  

J .  W .  Durs t ine Ford Motor Company 
Truck Operat ions 

SAE 7 30039 
(ALSO SP - 3 7 4 )  

1 9 7 3  

Thi s  paper covers t h e  sub j ec t  of  commerc ia l  veh i c l e  manual and powe r s teering  s ys tem des i gn and deve l opment  from 
the total  veh i c l e  v iewpoint . I t  inc ludes a d i scus s ion on the inte rre l a t ionship  of cab package , front suspens ion , and 
t i res on t ruck steering  as we l l  as a de script i on of  the pert inent s teering  sys tem characte r i s t i c s . The func t ion o f  
t h e  various s teering  sys tem components  are descr ibed as reference for sys tem de s i gn and se l ec t ion o f  indu s t ry avail ­
able  hardware for a spe c i f i c  appl i ca t ion .  The top i c s  are presented i n  a manner wh i ch explains  the  l o g i c  o f  t o t a l  
s teering  sy s tem des i gn from t h e  ini t i a l  s tage o f  veh i c l e  concept through t h e  i n i t i a l  package propo sa l .  

Art i culated  Loader Stored Energy Steering  Sys tem L .  Becker Hydreco Divi s i on SAE 7 30 7 6 8  0 9 - 1 0 - 7 3  

With  the emphas i s  o n  safety s teer ing , a s teer ing package h a s  been d e s i gned t o  achi eve the safety  requi rements  i n  
a s tored energy sys tem . Th i s  pape r reports the app l i c at ion o f  a n  accumul ator - un loading  valve type o f  s t eer ing  sys tem 
on an art icul ated loade r .  The  paper  concludes  that  the c l o s e d - center s tee ring system  exh i b i t s  the s e  advantages over 
an open - center s teering s ystem ; s imp l i f ied  c i rcui t ,  poten t i a l  cost  savings , bui l t - in safety s teer ing capab i l ity , and 
improved me te ring of a c l o s ed - center valve . 

A Re l i ab i l i ty Oriented Approach to the 
De s i gn of  Off -H i ghway Steering  Systems 

D .  Webb West inghouse 
Air Brake Co . 

SAE 7 30 769  09 - 10 - 7 3  

Four d i fferent o f f - h i ghway t ruck hydrau l i c  s teer ing sys tems w i th  vary ing comp l ex i ty are presented . The reliabil· 
ity of e ach  type of sys tem i s  compared s howing the e ffec ts  of redundancy of  component s .  The importance of  sys tem 
conf i gura t i on i s  b rought out to offset  the adve r s e  e ffects  o f  a l ow re l i abi l i ty componen t .  

The advantages  o f  a s tored energy system i n  provid ing a n  eme rgency s teering  capab i l i ty and in  reducing  the  site 
of the pump are d i s cussed . 

Hydro s t a t i c  Steering  w i th  
Power - Beyond Capab i l i t y  

J .  L .  Rau TRW , Inc . 
Ross Gear D iv i s i on 

SAE 7 4 005  0 4 - 2 3 - 7 4 

I nt egra t i on of t he power steerini  funct ion into  varied control hydrau l i c  s y s t ems o f  mob i l e  equipment requi re s  an 
adapt ive s teering  valve . The new Ross 5 - l ine Hydraguide mee t s  the c r i t er i a  and in troduces uni que flexi b i l i ty to 
s teering  c i rcui t d e s i gn . 

Th i s  paper h i gh l i gh t s  a pos i t i ve d i s p l acemen t - type hydros t a t i c  s teering  un i t  w i th an integral  priori ty s te e rin& 
fe ature and an add i t ional fi fth port connect i on for a secondary hydrau l i c  func t i on .  Th i s  concept of power - b eyond 
capab i l i ty in hydros t a t i c  s teering  is d i s cussed  and i t s  vers at i l i ty demons trated . I t  is shown that the power - beyond 
Ros s  Hydraguide provides s impl i fied  hydraul i c  c i rcuitry  and increased power u t i l i za t ion at  moderate  cos t for o f f - h i ah ·  
way machinery . 
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Maintenance and Des ign Problems with 
Current Earthmoving Machines 

C .  E .  Sanders Green Construction 
Company 

SAE 7 4 0 4 4 8  0 4 - 2 3 - 74 

Contractors continue to purchase manu facturers ' machines which are designed for an intended operation , a lth ough 
such machines cause operators , mechanics , and owners undue downtime and increased operation and maintenance cost , 
Some of the recurring prob lems identified by contractors ' personnel are incl uded in this presentation . 

Describing the Driver' s  Work Space : R .  W .  Roe General Motors Corp . SAE 7 5 0 3 5 6  0 2 - 2 4 - 7 5  

Eye , Head , Knee , and Seat Positions 

The SAE Contro ls Reach Study provided the opportunity to obtain a considerable amount o f  driver work space data in 
addition to hand and foot reach . A side-view film record ing was made of each test sub j ect assuming a driving attitude 
and l ooking straight ahead . Of concern were l ocations for the driver ' s  eyes , top o f  head , b ack of head , knee , and 
seat.  

These data were combined with other data previously reported to develop tools that wil l  aid the designer i n  de­
scribing space and comfort requirements for seated drivers and passengers in automotive packages . Fixed - seat eye 
el lipses , head l ocations , shin - knee l ocations , and preferred seat positions are described . 

Controls Reach - The Hand Reach of Drivers D .  C .  Hammond 
D .  E .  Maurer 
L .  Razgunas 

Ford Motor Company 
Environmental and 
Sa fety Research Office 

SAE 7 50 3 5 7  0 2 - 2 4 - 7 5 

This report describes a series o f  three- dimensional  boundaries beyond which it is con fident that at least 9 5 1  o f  
the drivers o f  the United States popul ation can reach and operate a simple  three- finger- grasped contro l .  Considera­
tion is given to a reach task when drivers are restrained by a nonextending shoulder belt and when they are unre­
strained . The b ackground data used to develop these boundaries were c o l lected in the SAE Controls Reach Study i n  
June -Aogust 1 9 7 1  i n  wh ich over 2 5 0  subj ects were me asured in three test fi xtures representing a sports car, passen­
ger car and a heavy truck . Finger- grasped reach was reco rded to 4 0  locations in front of the driver. 

Tire Induced Steering Pul l  R .  W .  Topping B .  F .  Goodrich Co . SAE 7 5 0 4 0 6  0 2 · 2 4 - 7 S  

A theory o f  vehicle steering pul l ,  created by  asymmetrica l  tire cornering properties , is developed . It is val id ­
ated with free control data obtained on  the road . 

The e ffects of tire l ateral force and a l igning torque asymmetries on a car ' s  straight l ine stability are ana lyzed 
for b oth fixed and free contro l .  Equations for front axle latera l force , steering system moment , and sidesl ip angle 
are derived . They are based on tire properties and certain assumptions about the car ' s  characteristics , 

This theory is val idated using data obtained in open road testing . The test techniques , as wel l  as a lternate 
ones , are described . In addition , the rel ationships between actua l  front axle force and axle conicity force , ply 
steer force , and latera l force o ffset are analyzed . It is found that front axle conicity force correlates very 
strongly  with a more accurate theoretica l  prediction . The axle force predicted by tire conicity force is somewhat 
low .  

Steering Anal ysis o f  a Three -Axle Vehicle D .  J ,  O lson 

L .  J ,  Hunsader 

I nternational 
H arvester Company 
WABCO Construction 
& Mining Equipment 
Group 

SAE 7 5 0 5 5 1  

A n  analysis o f  the forces acting o n  a three - axle vehicle resul ted i n  a computer program that calcul ated tire 
forces and minimum turning circle diameter . 

The computer program is a valua b le design tool because changes in steering geometry can be quickl y  eva luated . 
The ef fect on tire forces and turning circle diameter can be readily determined , 

0 4 - 1 5 - 7 5 
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Des i gn Concept s  o f  the  JD770  Motor Grader L .  L .  Wi l l i ams John Deere Dubuque Works SAE 7 50 5 6 4  0 4 - 1 5 - 7 5  

I n  the overa l l  concept of  a ·motor ·grader , many requi rements  mus t  b e  e s ta b l i shed and met t o  produce a machine that 
wi l l  e ff i c i en t ly  perform the work for which it  was intended . 

Some o f  the maj or  des ign concept s , features and spec if icat ions o f  the  new John Deere JD770  Motor Grader are d i s ­
cussed  in th i s  pape r .  

Earthmov ing Truck His tory and Progre s s  R .  H .  Kress  Kre s s  Corpora t i on SAE 7 5 0 5 79 04 - 1 5 - 7 5  

Unt i l  approx imate ly  50  years ago horses  and manpower were con s i dered the b e s t  means for earthmov ing . Proeress  
from t h i s  point  came in the l a t e  1 9 30 s  as  off -h i ghway trucks began  to repl ace on - h ighway trucks . The  devel opment o f  
engines  w i th  more horsepower moved t h e  indus t ry ahead . Today earthmoving  i s  made more comp l ex f o r  w e  mus t  cons ider 
not only the advances in  earthmoving equipment , but  also  if  equal  advances  have been made in aux i l i ary equ ipment and 
manpowe r to a l l ow max imum e ff i c i ency .  

Des ign Concepts  of  the 4 0 0  Se r i e s  Scrapers R .  A .  Wade I nternat ional  
Harve s ter  Company , 
Pay Line D iv i s ion 

SAE 7 50 7 7 9  0 9 - 0 8 - 7 5  

A fam i l y  of  four scrapers  has  been deve l oped t o  provide operat ional  ve rs a t i l i ty wh i l e  emphas i z ing phys i c a l  common ­
a l i t y .  The wide variety  of opera t i onal  requirement s  encountered  by s c rapers , were cons idere d  and r e l a ted  t o  the  b a s i c  
t ype of  sc raper bes t  sui ted  for t h e  part icular  cond i t i ons . 

Many veh i c l e  sy s tems were des i gned to provide max imum commona l i ty be tween the s ingle  and dual engine , open bowl  
and  e l evating  mach ine s . Var ious new features  were  developed to improve veh i c l e  performance and  ease  o f  opera t ion .  

Load - Sens i t ive Hydro s t a t i c  Steering  -
A New Approach 

J. L.  Rau TRW , I nc . 
Ros s  Gear D iv i s ion 

SAE 7 5 0 806 0 9 - 0 8 - 7 5  

Load - s ens i t ive hydraul i c  control sy s tems have demonstrated  new poten t i a l  h i gh e f f i c i ency l eve l s .  Mob i le equip ­
ment des igns wh ich  widely  u t i l i ze open and c lo sed center  c i rcuit s  a re b e ing adap ted  t o  t o t a l  central i zed  load - re spons­
ive s t and -by  sys tems t o  cur t a i l  fue l consumpt ion and  operating  cos t s . 

Th i s  paper out l ines previou s  ar t  i n  s t eer ing sy s tems and h i ghl ights  the des i gn concepts  requi red t o  adapt the 
s t eer ing funct i on to load s ens i t i ve var iab le  flow - pres sure c i rcui t ry .  Since the  s teering  funct ion powe r demands are 
norma l l y  low for correc t i ve maneuve rs , i t  i s  ideal ly su i ted t o  the envi ronment  o f  a central load - s en s i t ive sy s tem .  
The  gene ra l  concept of  a l oad - sensing  s teering  valve and  i t s re lat ive des ign  ro l e  t o  the other  sys tem components  w i l l  
b e  deve l ope d ,  empha s i z ing s tandard me ter ing  load - s ens ing t echnology . The poss ib le new "fe athe red" and "ab s olute"  type 
sys tems are introduced . 

Cont ro l l ing Var iab le  D i s p l acemen t  Hydrau l i c  
Pumps for Energy Conservat ion 

A .  Mye rs Sunds t rand Corp . 
Hydro -Transm i s s ion D i v .  

SAE 7 5 0 8 0 7  0 9 - 0 8 - 7 5 

The pos s i b le causes of hydrau l i c  power l o s s e s  in both c l osed  and open l oop hydraul i c  sys tems are d i scus sed . The 
means of  minimiz ing these  l o s s e s  w i th  the proper choice  of  c l osed  versus open loop sys tems and with  maximum u t i l i z a ­
t i on of  variable  d i sp l acement pump control l ab i l i ty  a r e  d i scus sed . A l s o  d i scussed  a r e  means o f  reducing p rime mover 
s i ze w i th pump power l imi t ing  contro l s  to increase  power gene rat ion e ff ic iency . Examp l e s  are analyzed to i l l u s t r a t e  
t h e  energy saving poten t i a l  of  c l o s ed  loop p re s sure contro l ,  open loop pres sure and f low compens a t i on , and c l os ed o r  
open loop pump powe r l im i t e rs , 
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P .  L .  Aj wani 

AFF I L IAT ION 

International 
Harve s te r  Company , 
Pay L ine Div i s ion 

SOURCE 

SAE 7 50 8 1 7  

DATE 

09 · 0 8 · 7 5  

T o  e f fec t ive l y  ut i l i ze l arger t rucks ( 8 5  ton and up) , open - p i t  mines  and quarries  need a l arger fron t - end loader 
w i th h igh  r e l i ab i l i ty and performance . This  paper describes  the des i gn approach and t e s t s  carried  out to des i gn Z l  
cub i c  yard 5 8 0  PAY l oader t o  meet the s e  requirement s .  

Long fa t i gue l i fe o f  s t ructures was obta ined b y  use  o f  fu l l  pene trat ion welds . New concept for power control  was 
des i gned to e f fec t ive ly  d i s t ribute  powe r be tween hydraul ics  and drive train . Spring appl ied  · pre s sure released 
brakes were de s i gned into the axle . Tes ts were carried out in our laboratory and proving grounds to determine per· 
formance and re l i ab i l i ty .  

Front Brake Interac t i ons  with  Heavy Veh i c l e  
Steering  and  Hand l ing Dur ing Braking 

T .  D .  Gi l l e sp i e  Ford Motor Company SAE 7600 2 S  0 2 - 2 3 - 76 

The increased braking performance requi red  on a i r - brake equipped comme rcial  veh i c l e s  by the Fede ral  Motor Veh i c l e  
Safety S t andard 1 2 1  resu l t s  in  veh i c l e s  w i t h  h i gher front brake torque capacity  and greater decelerat i on capab i l i t y .  
Using  a s imp le ana ly t i ca l  mode l , ce r ta in mechani sms by  whi ch hand l ing during braking  i s  influenced b y  t i re charac ter ·  
i s t i c s , l o ad  t rans fer  during b raking , s teering  sys tem characte r i s t ics , brake imba lance , and o ther  factors are  demon · 
s trated . I n  add i t i on ,  ana lys i s  o f  the s t eering  sys tem shows how s teer  ang l e  deviat ions ar i se  from b raking  and l ateral  
forces  act ing against  comp l i ance o f  the s teering  l inkage , and  the in fluence o f  caster  geome t ry on these  devia t i ons . 

To i nve s t i gate  certain quant i f iable  character i s t ics  of hand l i ng performance , the  HSRI D i rec t ional Response Com­
puter  Program for predict ing the longi tudinal  and d irect ional response behavior of t rucks was modi fi e d  to inc lude the 
e f fects  of a comp l i ant  s teering  system sub j e c t  to the force and moment inputs of the front t i re s . Measurement  o f  
b ias ply  truck t i re force and moment characte r i s t ics  f or  u se  i n  t h e  computer  s imul ation  revealed  that  t ire al igning 
t orque character i s t i c s  reverse  in  direc t i on at  h i gh brak ing  l eve l s and may dominate  the e ffect  of geome tric  c a s ter  
bui l t  i nto the s teering  sys tem . 

Stud i e s  u t i l i z ing the mod i fied  program indicate  that  ( a )  no veh i c l e  w i l l  s top perfe c t l y  s t ra ight  wi thout dr ive r  
s teering  corre c t i ons because o f  s teer  angle  dev i a t i ons and ( b )  the s teering  react ions fed b ack to the s teering  wheel 
dur i ng braking may reverse direc t i on with  anti lock brake cycling , l arge ly because of the revers a l  of t i re a l i gning 
torque s .  A re la t i onship  be tween these  s teering  reac t i ons and front brake torque leve l is shown . 

Devel opment o f  a 3 5 0  Ton Haulage Truck G .  F e l i x  General  Motors 
o f  Canada , Ltd . 

SAE 760408  0 4 - 2 6 - 7 6  

The development  o f  "Off -H i ghway" rear dump haulage trucks w i t h  ever l arger payload capac i t i e s  i s  gove rned by  the  
avai lab i l i ty o f  su i tab l e  prime move rs , transm i s s ions and  t i res . 

The adap t a t i on o f  exi s t in g  d i e se l - e l ec tr ic  l ocomot ive prime movers and transmi s s ions t o  the requi rements  o f  "Of f .  
H ighway" t ruck appl ica t ions  and  the  avai l ab i l i ty o f  l arge capac i ty  t ire s has  r e su l t ed  i n  the  deve lopment  o f  a rear 
dump haulage t ruck w i t h  a 350  ton payl oad capac i t y .  

Th i s  paper describes  t h e  equ ipment s e l e c t ion process  and h igh l ights  s ome o f  t h e  product des i gn feature s . 

Diverting  and Unloading Hydraul i c  Systems 
Earthmoving App l i cat i ons for Energy Conservat i on 

J .  R .  McBurne t t  Tyrone Hydrau l i c s , 
I n c .  

SAE 760 4 1 7  0 4 - 2 6 - 76 

The manufac turer of earthmoving equipment i s  cont inual ly seeking  to maximi ze  h i s  mach ine ' s  produc t iv i ty  and re l i ­
ab i l i ty i n  order t o  maintain h i s  compe t i t ive pos i t i on i n  the marke t .  I n  t h i s  period o f  "ene rgy consc i ousne s s " ,  he  
further endeavors t o  have a mach ine that i s  not only h i ghly  produc t i ve but i s  a l so  as energy - e ffic ient  as  poss i b l e . 
Thi s  paper presents  a br ie f l ook a t  an energy - e ff ic ient  system  u t i l i z ing fixed d i s p l acement pumps which are contro l l e d  
by a d iverting  and unloading valve . 
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TITLE 

Closed  Center Hydraul i c  Sys tem For 
An Art iculated  Motor Grader 

AUTHOR 

W .  I .  Ne l son 
J .  De z e l an 

AFF I L I AT I ON 

Caterp i l l a r  Tractor 
Company 

SOURCE 

SAE 7 6 0 4 2 9  

DATE 

0 4 - 2 6 - 76 

THE HYDRAUL I C  SYSTEMS for the Caterp i l lar  "G" Ser i e s  Mo tor Graders were des i gned to provide for maximum operator 
comfort , e a se  of operat ion , and optimum control o f  the veh i c l e  and imp l ements . The u s e  of h i gh pres sure c l osed  cen­
ter  systems on these machines  produce s rapid sys tem re sponse and h i gh hydraul i c  hors epower to the impl ement cyl i n ­
ders and motors , and operates w i t h  minimum s i ze  control  component s . Components were des i gned to  meet spec i fic  system 
requi rements  fo r func tional  performance , re l i ab i l i ty o f  opera t i on , s i ze and p l acement on the mach ine . Sys tem goals 
were met through the use of a var i ab l e  d i s p l acement  pres sure compensated pump , contro l led  f low four - way impl ement 
valve s , and a hydros tatic  s teering  sys tem.  

The E ffects  o f  Government Regul a t ions 
in  B r i t i s h  Co l umb ia  

W .  F .  Holmes Finning Tractor & 
Equipment Co . ,  Ltd 

SAE 7 7 0 5 1 7  0 4 - 1 8 - 7 7  

Th i s  paper w i l l  deal  w i th some o f  the e ffects o f  government regu l a t ions i n  the province o f  B r i t i s h  Col umb i a .  I t  
w i l l  a l s o  exp l a in  how the regu l a t i ons  have been derived and wha t purpose  they serve . 

Design Cons iderat i ons for the Goodbary 
Bottom Dump Hau l age  Trucks 

E. R. Goodbary Goodbary Equipment Co . SAE 7 7 0 5 4 8  0 4 - 1 8 - 7 7 

"De s i gn Con s i derat ions for the Goodbary Bot tom Dump Haul age Trucks" accepts the conclus ions o f  previou s  investiga­
t i ons  indicat ing s t rong inherent advantages  of the two - ax l e , bot tom - dump rear - ax l e  powered un i t , u t i l i z ing two wheel 
motors , and presents  a summary of a comparative s tudy between a s ing le  t i re app l ication  and a dual tire app l i c a t ion , 
further conc luding that  s in g l e  t i re mounting i s  the only  func t i on a l l y  sound and economica l l y  fea s i b l e  cho i ce . I n  the 
proce s s  of reach ing this conc l u s i on ,  included are a number o f  re lated  de s ign and operat ional  cons i derat i ons  of off- road 
haul age equipment which w i l l  provide the greatest  return for the end u s e r .  

The Caterp i l l a r  9 8 8 B  Whee l  Loader S. B .  Adams Caterp i l l ar Tractor SAE 7 6 0 6 4 8  0 9 - 1 3 - 76 

A new Caterp i l l ar Wheel Loader has  been deve l oped as a repl acement for the current produc t i on 9 8 8 . Thi s  paper 
provides  a review of  the machi ne ob jec t i ve s , summar i z e s  the devel opment program , and provides  an introduct ion  to  the 
major  feature s .  

S imulat ion o f  Motor - Scraper Ove rturns S. Okuno 
G. E .  Rehkug ler  

Komatsu , Ltd . 
Corne l l  Univers i ty  

SAE 7 7 0 7 0 3  0 9 - 1 2 - 7 7 

A mathema t i c a l  mode l  was developed to s imulate  three - d imens ional motor - s craper overturns . F rom the resu l t s  data 
nece s s ary for the ROPS (Rol l - Over Protective Structure s )  tes t s , such a s ,  k inet ic  energy and the pos i t ions and ve loc i ty 
o f  the motor- scraper are ob tained . The output from the s imul a t ion program were v i sua l i zed by us ing  graphi c  displays 
or p lo t t ing . 

S te iger  Tractor ' s  Tiger  I I I ,  ST- 4 5 0 D .  Maj krzak  Ste i ger  Tractor  Co . SAE 7 7 0 7 0 7  0 9 - 1 2 - 7 7  

A new 4 5 0  H P  four -whee l  drive art i cu l ated farm tractor has been  deve l oped b y  Ste i ger  Tractor  I nc .  Th i s  paper sum­
mari z e s  the des i g n ,  devel opment ,  and t e s t ing o f  th i s  unit  a long w ith  an overview o f  the systems . Seve r a l  frame desians 
d i fferent from produc tion t ractors  were u s ed a l ong  w ith  more operator conven i ence and comfort ideas  in the new wider 
ROPS cab . The veh i c l e  comb ines  the performance o f  a h i gh torque r i s e  engine with the advantaaes  of a power sh i f t  trans ­
m i s s ion wi th torque conve rter . 
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J I Case Model 2 8 7 0  Four- Wheel Drive Tractor  D .  J .  Svendsen J .  I .  Case Co . SAE 7 70 7 0 8  0 9 - 1 2 • 7 7 

The Case Model 2 8 7 0  i s  a whole  new tractor des i gned to meet cus tomer demands . Th i s  paper gives a desc r i p ti o n  o f  
the new des igns  w h i c h  wen t in to  i t s  produc t ion . 

Integra tion o f  Component Des ign  for 
a 1 7 0  Ton O f f - H ighway Truck 

M.  H .  Naft Euc l id I nc . SAE 7 7 0 7 4 1  0 9 - 1 2 - 7 7  

The purpose o f  th i s  paper was t o  exp l a i n  the des i gn o f  the components o f  the Euc l id 1 70 ton capac i ty off - h ighway 
rear dump truck .  The uni que aspects of th i s  Euc l id des i gn f l owed from a threefo l d  perspec tive :  1 .  box- section  frame 
cons truc t i on ;  2 .  l iquid  spring  suspen s ion ; 3 ,  hor i zonta l  body- s ide s t i f feners . 

Since overa l l  veh i c le per formance and durab i l i ty were dependent on the harmony whi ch must  be devel oped between 
maj o r  componen t s , particu l a r  empha s i s  was  g i ven to an examination o f  t he i n terrelat ionsh ips  o f  suspen s i on , frame , and 
body . 

The veh icular  character i s t i c s  ind ic a ted that the suspens ion sys tem w i th l iquid  spr ings , whi le yielding  a good ride 
a l s o  p l ayed an impor t ant role in m in imi z ing frame and body d i s t res s .  I n  add i t ion , good s uspen s ion woul d  not be poss i ­
b le wi thout t h e  proper geometr i c a l  orientat ion t he frame des i g n  afforded . F i na l ly ,  l oading  a n d  hau l age were seen to 
be dependent not only upon the body in which  t he load  is conta ined , but a l s o  upon the suspen s i on wh ich  absorbed the 
input shocks  and the frame which eventual ly suppor ted both body and load . 

Steeri ng Diagno s i s  - A Study of Degraded 
Component s  Affec t ing I n - u se Veh i c l e  Handl ing 

M. S .  Merri l l  C l ayton Manufacturing  
Company 

NT I S  PB - 1 8 8 - 0 5 7  

NT I S  PB - 1 8 8 - 0 5 8  
( DOT Study) 

The forthcoming use of Period ic  Motor  Veh i c le I nspec t ion as a means of lessening acc i dents req u i res the estab­
l i s hment o f  i n - use veh i c le componen t s  needing  inspec t i on and  t he s tandards o f  rejec t ion . Th i s  contract  i ni t i ates 
a program which  phys i c a l ly s tudies the adverse effect s  of degraded automob i le chas s i s  components on d i rect i on a l  
s tab i l i ty a n d  contro l . 

1 968 

Veh i c le- I n - Use Sys tem Safety Analys i s  -
Volume I :  Summary Report 

B oo z - Al len Staf f  Boo z - Al len Appl ied 
Research , I nc . 

NTI S  PB- 1 9 7 - 30 1  
(DOT Study) 

0 9 - 1 0 - 7 0  

Thi s  s tudy was undertaken to  per form a det a i l ed veh i c l e  s a fety analys i s  t o  iden t i fy and rank veh i c le fa i lure 
modes according to their c r i t i ca l i ty .  C r i t i ca l i ty is defi ned as  the product o f  probab i l i ty of occurrence o f  a 
fau l t  t imes i t s  poten t i a l  effec t in a cc ident c ausation . 

The ana lys i s  o f  fa i l ure paths  and modes was accomp l i shed through devel opment o f  deta i led fau l t  l o g i c  d iag rams 
for f i ve def ined veh i c le systems : Brakes , Steer ing , Power Management , V i s ib i l i ty and Human I mp a i rment Rel ated Com­
ponen t s . Fau l t  probab i l i ty da t a  was rev iewed from acc ident records  da t a , d i agnos t i c  data s ta t i s t ic s , and leas ing 
f leet oper a t i ons  and maintenance reco rds . The lea s ing fleet  data was used a s  the pr imary source of probab i l i ty 
data for the c r i t i c a l i ty computa t ions . An effec t s  s c a le was  devel oped us i ng the "Delphi"  technique to s o l i c i t  ex­
pert opin ions  from a number of s a fety pers onnel , and spec i f i c  faul t s  were p l aced on th i s  s c a l e .  C r i t i c a l i ties were 
then comp.uted for al l faults  for which probab i l i ty data  were ava i l ab l e .  

Conclus i ons  inc luded a rank ordered l i s t  o f  component f a u l t  c r i t i ca l i ties by sys tem , a n d  a seri es o f  recommend­
a t i ons  were made to improve veh ic le s a fety through c r i t i ca l i ty reduction . Recommendation s  were a l s o  made for further 
research required to e s t ab l i s h t he fea s ib i l i ty or prac t ica l i ty of s a fety improvement proposal s . 

A b i b i ography i s  i n c luded c i ting 204  references on rel ated sub jects , and a revi ew i s  a l s o  inc luded o f  p revious 
DOT s tudies on the subject  of veh i c le - i n - use s a fety . 

• 



N 
I.O 

Table 1 Abstracts of the Significant Literature (Cont) 

T I TLE AUTHOR AFF I L IAT I ON SOURCE DATE 

Vehicle - In-Use  Sys tem Safety Ana ly s i s  -
Vol ume V :  Safety Ana ly s is o f  Steering 
Sys tem 

Boo z - A l len Sta ff  Boo z - A l l en App l ied  
Research , I nc . 

NT I S  PB - 1 9 7 - 30S  
( DOT Study) 

09 - 0 1 - 70 

for the Nat ional  H i ghway Safety Bureau to analyze  the Th i s  report pres ents the re sult s  of  a s tudy undertaken 
steer ing sys tem of  a typ i c a l  American-made vehic l e  in use  
c r i t i c a l  to highway s afety , and  to recommend areas for  th�  
t ional research . 

to de termine s teering  sys tem components  and parameters 
deve lopment of  s teering sys tem s a fety s tandard s  or add i -

Effects  of  Steering & Suspens ion Component 
Degradation on Automob i l e  Stab i l i ty and 
Contro l . Part  I .  Summary Report 

K. D.  Bird Corne l l  Aeronaut ica l  
Laboratory , I n c .  

NT I S  PB - 1 9 8 - 4 6 4  
(DOT S tudy) 

The ob j ect ives  of t h i s  program were to determine , through veh i c l e  t e s t ing , how var i ous types o f  s teering and 
suspension deg rada t i on af fec t  obj ect ive measures of vehi c l e  per formance and to de termine cost e f fe c t ive  methods of 
inspec t ion for these  sys tems . 

0 1 - 0 1 - 7 1  

The maj or resu l t s  o f  four tasks  are br i e fly  described . A l i te rature survey of  over 1 5 0  r e l a ted a r t i c l e s  was 
made but uncovered l i t t l e  informat ion of  d i rect  use . A test p l an involving s ix veh i c l es and n ine driving tasks  was 
devi s ed  for inve s t i g a t ing the in fluences of impa irments of suspens ion and s teering components on performanc e .  Test 
result s  pr�v ided a f i '.m found�t ion of  quant � ta tive measurements for evaluating these r e l a ti onship s .  The s e  resul ts , 
together w � th  supporting  s tud i e s  of the d e s i gn and operation of components of interes t  in th i s  program , were used  
as the  ba s i s  for re commendat ion o f  cos t - e ffec tive inspect ion requi rements . 

E ffects of Steering & Suspension  Component 
Degradation on Automob i l e  Stab i l i ty and 
Contro l .  Part I I  - Technical  Report 
Volume 1 - L i t erature Review 

R .  D .  Vergara Corne l l  Aeronaut ical  
Laboratory , I n c . 

NT I S  PB - 1 94 · 4 6S  
(DOT Study) 

The ob j ec t ives of this program were to  determine , through veh i c l e  t e s t in g , how various types  of  steering and 
suspens ion degradat ion affect  ob j ective  measures of  vehicle  performance and to  determine cost effective  me thods of 
inspect ion for these  sys tems . 

0 1 · 0 1 - 7 1  

Th i s  volume i s  concerned with  a l i t erature s urvey of  re lated  topics . Ove r 1 50 art i c l es are reviewed . They cov· 
er  veh i c l e  performance , degradat ion o f  in - s e rvice  components and sys tem , current methods of inspect ion and d iagnosis , 
l i fe expectancy and fa i lure data , and s afety imp l ications of degraded sys tems . Particular  a t t ention is g iven to  
earl i er  NHTSA· sponsored work  i n  this  general  area . 

Effects of Steering  & Suspens ion Component 
Degradation on Automob i l e  Stab i l i ty and 
Contro l .  Part I I  - Technica l  Report 
Volume 2 · Tes t  P lan  

M .  R .  Bel sdorf Corn e l l  Aeronautica l  
Laboratory , I nc . 

NT I S  P B - 1 9 8 - 4 66  
( DOT S tudy) 

0 1 - 0 1 - 7 1  

The obj ect ives  o f  this  p rogram were t o  de termine , through vehicle  t e s t ing , how various types o f  s teering  and su s ·  
pens ion degrada t ion  a ffect  ob j ective measures of  veh ic l e  performance and to determ ine cost  effect ive methods of  i n ·  
spection f or  t h e s e  sys t ems . 

This  volume i s  concerned w i th t e s t  p l an development . A t e s t  car complement covering  a wide range of manufac tur­
ers , body and frame de s i gns , and s teering and suspens ion system l ayouts i s  descr ibed . Det a i l s  of  cours e s  and pro­
cedures for n ine driving tasks especi a l l y  devised for the evalua t i on of the e ffec t s  o f  component impairment s  on per ·  
formance are  g iven . I n s trumentation requirements  for these  t e s t s  are out l ined . The principle  components which were 
inves t igated are iden t i f ied  and the quan t i tat ive l eve l s  of impa i rment which were used  in the t e s t  program are describe d .  
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T ITLE 

E f fects of Steering a Suspens ion Component 
Degradation  on Automobi l e  Stab i l i ty and 
Contro l . Part I I  - Technica l  Report -
Volume 3 • Tes t  Resu l t s  

AUTHOR 

M. R .  Be l sdorf 

AFF I L IAT I ON 

Corne l l  Aeronau t i c a l  
Laboratory , I nc . 

� 

NT I S  PB - 1 9 8 - 467  

( DOT Study)  

The obj ect ives o f  this  program were to de termine , through veh i c l e  te s t ing , how various  types o f  steering and 
suspens ion degrad a t i on affect obj ec t ive measures of vehicle performance and to  determine cost e f fective  methods of 
inspect ion for these  systems . 

0 1 - 0 1 - 7 1  

Thi s  vo lume i s  concerned w i th te s t  re su l t s . Some three thousand ful l - sca l e  tes t runs were per formed w i t h  s e l e c t ­
ed  comb inat ions o f  t e s t  veh i c l e , driving task , type o f  impaired component , a nd  degree  o f  impa i rment . Resu l t s  are 
g iven for the e ffec t s  of degraded shock absorbers , b a l l  j o ints , s teering  s ys tems ( free-play  and m i s a l i gnmen t ) , s te e r ­
i ng dampers , and ro l l  b a r s  on  performance , Mea surements  a r e  g iven in  terms o f  b o t h  man -machine sys tem behavior and 
control i nput requi rement s .  I t  i s  shown that good d i scrimination among cond i t i ons  can be ach ieved with  the  s e lected  
t a sk s . 

Effects  o f  Steering & Suspens i on Component 
Degradat ion on Automob i l e  Stab i l i t y  and 
Contro l .  Part I I  - Techn ical  Report 
Volume 4 · Inspect ion Requi rements  

R .  S .  R ice  Corne l l  Aeronau t i c a l  
Labora tory , I n c .  

NT I S  PB - 19 8 - 4 6 8  
( DOT Study) 

The obj ectives of t h i s  program were to  de termine , through veh ic le  t e s t ing , how vari ous types  of s teer ing  and 
suspens ion degrada t i on a f fect obj ec t ive measures o f  veh i c l e  per formance and to determine co s t  e ffect ive methods of 
inspection for these sys tems . 

0 1 - 0 1 - 7 1  

Th i s  volume i s  concerned w i t h  inspection requirements . The results  o f  a ful l - s c a l e  t e s t  program which  produced 
quan t i tat ive measures  o f  the component impairment -performance re la t ionships  and o f  examinations  of actual hardware 
to  ident i fy the mos t l i kely  courses  of degradat ion are used to e s t ab l i s h  recommendat ions  for c o s t - e ffect ive methods 
o f  inspection of s teering and suspens ion sys tems . Current inspect ion t echniques i n  general use are reviewed .  
These are used a s  re ference points  for recommenda t ions o n  l eve l s  o f  acceptabi l i t y  i n  MVI . 

Effects  o f  Steer ing & Suspens ion Component 
Degradation on Automob i l e  Stab i l i ty and 
Con tro l .  Part  I I  - Technical  Report -
Vol ume 5 • Appendices 

M .  R .  Bel sdorf Corne l l  Aeronau t i c a l  
Laboratory , I n c .  

NT I S  PB - 1 9 8 - 469 

( DOT Study) 

The ob j ect ives of t h i s  program were to  de termine , through veh i c l e  t e s t ing , how var i ous  types o f  s teering  and 
suspens ion degradat ion a f fect obj ect ive measures  of veh i c l e  performance and to de termine cost e f fec t ive methods o f  
inspection  for these  systems . 

Thi s  volume conta ins  background d i scus s i ons  on a variety  of sub j ec t s  w i th spec i a l  s i gni f icance to the program . 

0 1 - 0 1 • 7 1  

Des ign features  and opera t ing character i s t ics  o f  many examples  o f  shock absorbers , b a l l  j o int s ,  s teer ing sy s t ems , 
rubber e l ement s ,  suspens ion l ayout s ,  and a l ignment character i s t i c s  are described . Probable  modes o f  degrada t i on and 
fai lure are  out l ined in the framework o f  identi fying appropriate  inspection procedure s . A descript ion o f  the  d i g i t ·  
a l  computer s imul a t ion of a n  automob i l e  used i n  support o f  the development o f  t h e  t e s t  p l an i s  g i ve n .  Means for 
quant i fy ing road holding  capab i l ity  are described . 
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Maintainability & Repa i rab i l i ty o f  
Vehic les- In -Use - Volume I I  
Technical  Report 

Boo z -A l l en Staff  Boo z - A l l en App l ied  
Research , Inc . 

NT IS  PB - 20 2 - 5 3 2  
( DOT S tudy) 

0 6 - 0 1 - 70 

In t h i s  s t udy the  prob l ems  and requi rements for maintenance and repair  o f  s a fe ty c r i t i ca l  veh i c l e  components  and 
systems are  s tudied for veh i c l e s  l e s s  than 8 , 0 00 l b s . Solutions  which minimi z e  t a s k s  and reduce cos t s , are pre sented . 
Repa ir indu s t ry probl ems , re l a t ed  to mechanic s ki l l  requirements  are d i scus sed  and recommend a t i ons are pre sented . A 
parts fa i l ure ra te d a t a  format i s  deve loped and a de ta i led  three year summary o f  maintenance and repair data  from a 
major lea s ing f l e e t  i s  tabu l ated . 

The s tudy conc ludes  that  the maj or veh i c l e  design factors that  a ffect maintenance and repair are acce s s i bi l i ty ,  
compl exity , durab i l i ty and d i agno s i s . I t  i s  e s t imated that  a 3 0  percent reduct i on in safety related maintenance and 
repair  can be ach i eved by d e s i gn chan1es which have minimal i�pact on init ial cos t .  

Human Force Cons idera t i ons in the 
Fai lure o f  Power As s i s ted Dev i c e s  

B .  F .  P i erce 
W .  E .  Wood s on 
P .  H .  Se lb y  

Man  Factors , Inc . NTIS  PB- 2 2 2 - 85 1  
( DOT Study) 

This s tudy is concerned w i t h  de termining the phys ica l  e f fort automob i l e  drivers can exert on brake pedals and 
s t e ering whee l s  when power a s s i s t  sys tems have f a i l ed with  the  resul tant  data serving as a bas i s  for motor vehta le  
s tandard s deve l opment and comp l i ance . 

Indus tri a l  Eng ineer ing Study o f  Ha zards  
Associated with Surface Coal  Mine s 

T .  Barry & 
As soc ia te s  
Sta f f  

Theodore Barry 
& As soc ia te s  

NT I S  PB - 2 3 5 - 9 2 7  
( USBM Study ) 

0 7 - 0 1 - 73 

06- 24 - 7 4  

The purpose  of  t h i s  s tudy w a s  to  ident i fy t h e  type of  m1n 1ng  accidents  t h a t  a r e  occurring in s trip  mine s , auger 
mine s ,  mechani ca l  prepara tion  p l ant s , and on the surface of underground mine s . The ha zards  pre s en t  and the direct  
cau s e s  o f  the acciden t s  were ident i f i ed , and  pract ica l  s o l u t i ons were  recommended to  reduce the ir occurrence . Grea t­
er emphas i s  shou l d  be p laced on the  fol l owing 1 0  recommend a t i ons  to achieve quick s a fe ty improvements a t  a r e l a t ively 
low cos t : 1 .  Inspect i on o f  front - end l oaders for mechanical  defects  be fore and dur i ng each s h i f t ; 2 .  H ighwal l in­
spect i on and scal ing ; 3 .  Fal l ing obj ect  protect ion for l o aders and dozer s ; 4 .  Automat i on o f  rai lroad car dropping o p ­
era t i ons ; 5 .  Inspec t i on o f  do zers  f o r  mechanica l  defect s  b e f o r e  a n d  during e a c h  s h i f t ; 6 .  Periodic inspection o f  work 
areas during front - end l oader opera t i on s ; 7 .  Truck driver educat ion and tra ining program ; 8 .  External communicat ion 
systems on shove l s  and drag l ines ; 9 .  Adequa te handho lds , s t eps , and l adders on a l l  mining equipment ; 1 0 . Insulated 
grounded  rod for touch ing a previous ly energ i zed h i g h - vo l tage  terminal or device . 

Proceedings - Second I n t ernat i onal 
Conference on Veh ic l e  Struc tura l 
Mechanic s - Southfie l d ,  Michi gan 

SAE Sponsored SAE - P 7 1  0 4 - 1 8 . 2 0 - 7 7 

A co l l ec t i on o f  the papers pre s ented  a t  the re ferenced s ympos ium . The papers  presented cover topics  in c o l l i sion 
and p l a s t i c i ty ,  s tructural des ign ,  analyt ica l  techni que s ,  s t ruc tura l optim i z a t i on , and component ana lys i s  and design . 
The t re a tment of the t op ic s  i s  theore t i ca l .  Techniques in mathemat ica l  mode l ing are des c r ibed . 
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Table 1. Abstracts of the Significant Literature (Cont) 

T ITLI! 

Fundament a l s  of Machine Operation 
Tractors  

AUTHOR 

C .  R .  Pear s a l  

AFF I L I AT I ON SOURC! 

John Deere Co . John Deere 

Thi s  vo lume presents  a comprehensive descript ion of agricu l tural  tractors ; the i r  evolution ; cons t ruct ion , opera­
t i on ,  and maintenance . Top ic s  covered inc lude des i gn progress , engine s , power trains , hydrau l i c s , other components , 
contro l s  and instruments , a t taching and removing  aux i l i ary equipment , f i e l d  opera t i on ,  s a fety  and transport , main­
tenance and s torag e ,  and troubl e  shoot ing . The subj ect  treatment i s  d i rected  towards operator training  rather than 
machine d e s i gn .  
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SECTION 3. 0 

STEERING SYSTEM TECHNOLOGY 

3. 1 BAS IC METHODS OF STEER ING 

In simplest form, the basic purpose of any steering 
system is to guide or direct the motion of a vehicle. However, 
the development of complex, self-propelled vehicles commonly 
used in today's surface mining industry has complicated and 

added additional requirements to the basic purpose of a steer­
ing system. Satisfying the requirements for efficiency, relia ­
bility, and safety is proportional to the complexity of the 

vehicle and the method of steering used. 

During the evolution of vehicles from simple wagons 
and car t s t o  t he complex self - propel led vehicles of today, 
var ious steer ing methods have been attempted . The following 
discussion briefly describes five of the methods that can be 
found on today's surface mining equipment . 
representations of these methods. 

Figure 1 shows 

• Ackerman Steering . This method employs unequal 
angle of rotation of a vehicle's steered wheels 
in a horizontal plane about a vertical axis 1n 
order to negot i ate cou rse changes about a 
common center of rotation for all four road 
wheels. This method has been used almost 
exclusively on American-made motor vehicles 
since 1907. (See Figure lA. )  

• Fifth Wheel Steering. The front and/or rear 
axles are mounted to the vehicle by a pivot ­
ing or rotating joint (fifth wheel). The 

._ ___________________________ WA,. 
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(A )  ACKERMAN ( B ) F I FTH WHEEL  

( C )  ART I CULATED ( D ) CAMBE R  

( E )  VAR IABLE DRIVE 

Figure 1. Basic Steering Methods 
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road wheels remain perpendicular to the axle 
centerline as the axle is rotated to change 
the vehicle course. This method is usually 
employed on towed vehicles but is used to a 
limited extent on self-propelled vehicles. 
(See Figure lB. ) 

Articulated Frame Steering. The vehicle is 
articulated at the centerline and is allowed 
to bend as a result. The road wheels are 
pushed or pulled tangent to the arc described 
by the intersection of lines perpendicular 
to the front and rear wheels. (See Figure lC. ) 

Camber Steering. The road wheels are cambered 
or leaned. The vehicle will steer around the 
point described by the intersection of the 
road wheel spindle and the ground. (See 
Figure l D. )  

Variable Drive Steering. The road wheels on 
one side of the vehicle are driven at a dif ­
ferent speed than those on the opposite side. 
This imparts a turning moment to the vehicle. 
Also, one set of wheels may be braked or 
reversed to accomplish this action. This 
method of steering is normally found on 
tracked vehicles but can also be found on 
wheeled vehicles. (See Figure l E. )  

I t  should be noted that the steering methods j ust 

described are not all inclusive of the methods used. There 
are some vehicles that use modifications of these basic methods 
and still others that have a combination of them. 

,_ __________________________ WA,. 
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3 . 2  BAS I C  STEE R I NG GEOMETRY 

As might be evident from the discussion on basic steering 
methods, there are particular geometries associated with each 
method. Certain elements of a particular steering geometry 
determine certain operating characteristics for both the steer­
ing system and the vehicle. A mining vehicle ' s  steering geome­
try can affect such things as the minimum turning radius, 
wheelbase, load distribution, maximum safe operating speed 
and even the wear rate of tires. 

One basic geometric element common to any method of 
steering is the vehicle ' s  turning center (see Figure 2) . For 
the steering methods previously discussed, except camber and 

TURN CENTER 

Figure 2. Turn Center Location (Ackerman, 
Fifth Wheel and Articulated) 
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variable drive steering, the theoretical turning center is 

determined by the intersec tion of lines drawn perpendicular 

from the front and rear wheel ' s  center of rotation . 

For camber steering the turning center is determined 

by the intersec tion of lines drawn from the wheel ' s  center of 

rotation, perpendicular to the wheel camber or lean angle, and 

the ground surface (see Figure 3) . 

For the variable drive or tracked steering method, the 

turn center is theoretically located at the intersec tion of 

lines drawn from the alternate front and rear wheel ' s  center 

of rotation. However, this turn center, as described, can only 

be achieved when the wheels (or track) on one side of the vehi ­

cle are driven at an equal and opposite rate than those on the 

other side . For any other condition the turn center could be 

located anywhere within the shaded area shown in Figure 4, 

depending on the driving wheel's speed and direc tion. 

Two important vehicle operating parameters can be deter ­

mined from the turn center . These parameters are the vehicle ' s  

minimum turning radius and the amount of tire slippage during 

a turn. 

TURN CENTER 

Figure 3 .  Turn Center 
Location ( Camber) 
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Figure 4. Turn Center Location 
(Variable  Drive) 

A vehicle's minimum turning radius is described as the 
radial distance from the turn center to the centerline of the 
farthest wheel being steered to the limit (see Figure 5) . 
This determines the minimum surface area (turning circle) needed 
for a vehicle  to make a complete turn without interruption. 

- - - - - - -

/ � - -
TURN CENTER 

Figure 5. Minimum Turning Radius 
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The other operating parameter affected by the turn 

center is the amount of tire slippage or skidding that will 

occur during a turn. Previous discussion has shown how the 

turn center is determined (see Figures 2 ,  3 ,  and 4 ) . In  that 

discussion the word "theoretical " was used to refer to the 

location of the tu rn center . This is because for all the 

steering methods described , the actual turn center will not 

coincide exactly with the theoretical turn center throughout 

the turn . This is especially true for a sharp turn . 

There are two main reasons for this difference 1n turn 

center location . The first is the fact that the tire of a 

road wheel does not rest on a single po int on the road surf ace . 

Instead, the tire rests on an area of the road surface . The 

size of this area will depend on such factors as tire size 

(diameter and tread width) ,  tire inflation and the load applied 

to the tire . As a result, the actual turn center is no longer 

a single po int . Graph i ca l ly , it now becomes an area def ined 

by the intersect ion o f  lines d rawn pe rpendicular from the 

areas of tire and road surface intersection. 

The second reason for the turn center being "theoretical" 

is that a tire ' s  natural rolling tendency is in a straight line 

which becomes tangent to the arc described by the turn radius 

during a turn ( see Figure 6) . The road tires do not experi ­

ence pure rolling motion but rather, must continuously slip 

on the road surface in order t o  fn l low the turn arc . 

There are various factors that a ffect the degree to 

which a tire will slip and al so the amount of t ire wear result ­

ing from the sl ipping. Some o f  these factors are : the steer­

ing method used ( Ac kerman produc ing the least s l ippage and 

variable drive having most ; variable drive is sometimes called 

"skid steering" ) ; the vehicle's wheel base ; the turn radius ; 

the tire size ; the load on the tires ; the vehicle speed ; and 

the road surface composition . 

----------------------------- WA. 
3 9  



- - - - -

.... ..... ...... ......  , ' ' 

-- � - - - ...... 

/ / /  
/ // ,,., 

/ ; ,,., ' 
/ / 

/ / 
/ / 

I\ � - - -
,.._,L _ - - - -

Figure 6. Tire Slippage 
During Turn 

In addition to the basic geometry just discussed, the 

Ackerman steering method has some particular geometric aspects 

associated specifically with it . In the brief description of 

the Ackerman steering method it was stated : "This method 

employs unequal angle of rotat ion of a vehicle's steered 

wheels . ... " This is accomplished by the use of a linkage 

system between the steered road wheels and the steering gear. 

Figure 7 shows the basic geometric aspects of this linkage 

system for a vehicle making a left turn. 

The inside wheel will rotate through angle a, while 

the outside wheel will rotate through angle s. This allows 

the wheels to travel at the same relationship with their 

respective turn circles described by radii from the turn 

center and the wheel center lines . 

-------------------------- WA.. 
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FRONT 

Figure 7 .  Basic Ac kerman Linkage 

The remaining geometric aspects associated with Ac kerman 

steering are best expla ined by briefly describing the six parame ­

ters which control the geometry . It should be understood that 

the interrelationships of these parameters are quite complex 

and change with changes in vehicle attitude and loading . Becau se 

of the complexity, modern tru c k  and auto steering systems are 

routinely computer designed and modeled so that the geometry 

may be observed throughout the full range of static and dynamic 

loading conditions . This discussion will be limited to a brief 

description of the following parameters : 

• Caster. The inclination of the vehicle's 

wheel pivot in the fore and aft plane of the 

vehicle is called "ca ster. " Typically the 

top of the wheel pivot (commonly called the 

king p in) is inclined towards the rear of 

the vehicle. The center of the road wheel 

may also be located behind the steering 

pivots. The primary purpose for this inclina­

tion is to give the vehicle a self-aligning 

characteristic and to prevent turns from being 

--------------------------- � 
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self-sustaining . This imparts road "feel" 
to the steering wheel . This "feel" will be 
discussed later in this report . A second 
purpose is to align the dynamic forces act­

ing on the vehicle under load and operation 
such that the alignment aids in the struc­
tural integrity . (See Figure 8. ) 

Camber . The amount of lean that is designed 

into the steering road wheels is called 
"camber. " Typically, the road wheels lean 
out at the top from the vehicle ' s  vertical 
centerline . Camber causes turning and, of 
course, excessive opposite camber of both 
of the steered road wheels would introduce 
objectionable forces and wear . A slight 
amount of camber is built into the steering 
suspension system to compensate for operating 
wear and manufacturing tolerances to ensure 
that the steering suspension feels "tight" 
to the opera tor . ( See Figure 9. ) 

CENTER L I NE OF STEERING AXI S  

CASTER ANGLE ( POS I TIVE CASTER) 

KING P I N  

FRONT 

K I NG P I N  CENTER L I NE/ROAD CONTACT PO I NT 

Figure 8 .  Caster 
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K I NG P I N  INCL I NAT ION 

S P IN DLE 

VEH I CLE CENTER 

AXLE OR CONTROL ARM 

OFFSET 

F igure 9 .  Camber , K ing P in Incl inat ion 
and K ing P in Offset 

K ing P in Incl inat ion . K ing pin incl inat ion 

is the inward tilt o f  the k ing p in f rom the 

vert i cal . Th is parameter has a strong a f fect 

on ea se of steer ing and veh icle self -center ing 

( retu rn of  whee l s  to a st ra ight l ine when 

stee r ing fo r ce is  released ) .  As the front 

wheel s are turned around an incl ined k ing pin , 

the veh icle frame i s  l i fted . Th is l ift ing 

requ i res force and is exper ienced as a steer ­

ing e f fort. When the stee r ing e f fort is 

removed , a recove r y  force is exper ienced by 

the steer ing l inkage. (See F igure 9 . )  

K ing P in O f fset. The Ji stance between the 

cente r o f  contact o f  the t i re with the ground 

and the intersect ion of the k ing p in ax is with 

the ground i s  called the k i ng p in o ffset . I f  

there is no such o f f set , the t ires w ill tend 

to "scrub" around the center of  road contact 

when turned in the stat ic cond it ion . W ithout 

th is offset a h igh stat ic steering ef fort is 
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required. However, if king p in of fset is 

introduced, the tires will tend to roll 

around the intersection of the king pin axis 

with the ground, even though the turn is 

static. This results in a lower static 

steering effort requirement. King p in off-

set does increase the steering e ffort required 

while the vehicle i s  in motion. ( See Figure 

Toe - In or Toe -Out. The distance between tire 

centerlines is typ ically sl ightly less at the 

front of the tire. This again is to compen­

sate for wear and c learance in the steering 

linkage. Toe -in also compensates for the 

camber previously described. Toe-out is the 

opposite of toe-in and is a condition to be 

avoided. ( See Figure 1 0 . )  

Toe-Out During Turns. Toe -out on turns is 

9 . ) 

the geometry by wh i c h  t he proper Ackerman 

geometry is achieved . This must be differ ­

entiated from the term "toe - out" just discussed. 

Toe - out during turns is a function of the steer ­

ing linkage design. 

These six parameters are combined into what is commonly 

called the vehicle steering geometry. This geometry is specifi ­

cally designed t o  provide the s tee r i ng  character ist j c  desired 

in a particular vehicle. The configuration is usually unique 

for each vehicle model, and is influenced by the vehicle ' s  

intended use. These parameters are interdependent and when 

one parameter becomes changed due t o  wear or damage, it will 

change the overall system geometry with potential detrimental 

effects to the vehicle ' s  steering performance . The correction 

o f  such conditions is commonly called realignment . 

W.A.. 
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L I NE OF TRAV EL  
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t 
K I N G  P I N  
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VEH I CLE FRAME 
( TY P . )  

CONTROL A RM 

CONTROL ARM 
SP I NDLE  

Figure 10. Toe - In 

3 . 3  SYSTEMS APPROACH TO STEER I NG 

The surface mining industry has and still is presenting 
unique steering system requirements for mining vehicles . 
Industry requirements for machines and vehicles to move increas­

ing larger amounts of material at faster and yet safe rates has 
resulted in the dev e lopment and application of steering system 
technology unique to these vehicles . 

Steering system technology for the automobile and light 
truck industry is well defined and developed. Computer tech­
niques for both design and dynamic modeling are highly developed. 
An excellent status of the automobile steering system design 
state-of - the art may be noted from the papers presented at 
the Second International Conference on Vehicle Structural 
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Mechanics . The integration of this automobile steering 
technology with hydraulic systems technology has resulted in  
the evolution of the steering systems used on many of today's 
surface mining vehicles . 

The purpose of this section is to briefly describe the 
major results of this technology and the key components that 
are used in the various systems. For purposes of explanation, 
the key components are classified as either mechanical or 
hydraulic . 

3. 3 . l Mechanical Steering Elements 

In their simplest form, steering systems are man powered . 
Man not only supplies the control, but also all the required 
power for turning the road wheels. The steering wheel in the 
vehicle cab is directly linked to the road wheels . Mechanical 
steering systems have undergone successive series of refine ­
ments as vehicle requirements have changed. Figure 1 1  shows 
a typical mechanical steering system . 

Since vehicle speed and size have progressively 
increased, it has become necessary to introduce refined 
mechanical linkages between the road wheels and the operator 
to reduce the responsiveness and allow the operator to make 
larger steering wheel movements in relation to the movements 
of the road wheels and thereby reduce the tendency to "over­
control" at these higher speeds. Also, as vehicle weight 
increased, the forces required to turn the road wheels increased 
and further "mechanical advantage" was required to reduce oper­
ator effort . 

As both vehicle weight and performance continued to 

increase, man became the limiting factor . New steering system 
technology was required and steering system components with 
higher efficiencies had to be developed . Carn and lever steer­
ing drives with worm and roller gears were introduced to obtain 
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K I NG P I N  

VEH I C L E  F RAME 
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CONTROL ARM 
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ROD 

DRAG 

I D LE  ARM 

P I TMAN ARM 
STEER I NG G EAR 

STEER I NG SHAFT 

STEER I NG COLUMN 

BEAR I NG 

STEERING WHEEL 

Figure 11. Typical Manual Steering 
System Li nkage 
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these higher efficiencies by reducing steering system friction; 
to limit steering system play; and to better control the road 
shocks incurred by the road wheels. A typical worm and roller 
steering gear is shown in Figure 1 2 . 

CAM 
CAM BEAR INGS  

SECTOR 
- SHAFT 

Q ___ Q o  
Figure 12 . A Typical Worm and Roller Steering Gear 

The ball screw dr ive was developed as the need for 
higher steering ratios became evident. The ball screw drive 
exhibits high efficiency in the rever se direction and prevents 
potentially high friction forces from limiting the action of 
the self-alignment characterist ic incorporated in the steering 
geometry design. However, the high ratio still serves to limit 
the high road shock forces that could be transmitted to the 
steering wheel. A typical ball screw steering assembly is 
shown in Figure 1 3. 
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t STEE R I NG SHAFT 

Figure 13. A Typical Bal l  Screw Gear Drive 

3.3.2 Hydrau lics Used in Steering Systems 

Before entering into a discussion of power steering 

systems and hydrau lic systems, a description of basic hydrau lic 

components, their use and operation, terminology, and design 

symbo ls is in order. 

Hydraulics (in the industrial sense) refers to the 

transmission of power utilizing incompressib le f luids such 

as oil. (Pneumatics refers to the use of compressib le f luids 

or gases such as nitrogen or air.) 

it is possible to : 

In a hydrau lic system, 

1. Convert rotary motion to linear motion without 

comp lex linkage, 

2. Convert linear motion to rotary motion without 

comp lex linkage, 

3. Regu late app lied force, 

__________________________ WA,. 
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4. Regulate speed of operations, and 

5. Control and transmit power. 

Hydraulics is attractive commercial ly because of system 
flexibility and ease of instal lation . System speed can be 
regulated using on ly a valve rather than a complex transmission 
and gear box; one power system (pump) may be used to power 
several actuators; system additions and modifications are 
easily made; and power density is high. A basic hydraulic 
system is a recirculating system consisting of these basic 
elements: 

1. Reservoir (tank and the source of system 
fluid) 

2. Pump 

3. Relief valve 

4.  Valve (controller) 

5. Actuator (cy linder or hydraulic motor) 

A short description of each of these basic elements 
fol lows : 

1. Reservoir. The reservoir is simply the 
system fluid storage tank. 

2. Pump. There are two basic types of pumps: 

a. Fixed Dis placemen t Pump . The fixed displace­
ment pump delivers a fixed volume of fluid 
for every revolut ion of the input shaft. 

b. Variable Volume (Variable Displacement) . 
The variable vo lume pump will  deliver a 
variab le volume of fluid (ranging from 
zero flow to maximum flow) , at a g iven 

pressure, for every revolution of the 
input shaft. The volume delivered is con­
trol led to meet the system requirements. 

s o  
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Ignoring losses the power consumed for 
the operation of a hydraulic system 
depends upon the quantity of oil, the 
pressure and the time. The horsepower 
input may be expressed as: 

hp = pressure x flow x constant 

where pressure = lb. /in. 
flow = gal. /min. , 

constant 0.000583, 

and hp = horsepower. 

The actual input power necessary to pro­
duce this output is larger than this 
value because of friction losses. 

Figure 14 shows the relationships between 
power, flow rate, and pressure graphically. 

The power input to the hydraulic system must 
be greater than the power required from the 
hydraulic actuators due to system losses. 
Typically, the designer calculates the rate 
of work required, chooses a system pressure 
based on the size and availability of com­
ponents (cy linders) , and then selects a 
pump to supply the required flow rate. 

3. Relief Valve. The relief valve shunts the 
pump output back to the system reservoir 
when the pump output exceeds a preset pres ­
sure limit. This establishes the upper 
l imit for system pressure and prevents 
overpressurization of the hydraulic system. 
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4. Valves. The hydraulic valve performs 
three functions : 

a. Starts or stops the flow, 

b. Regulates the rate of flow, and/or 

c. Directs the flow. 

The hydraulic valve is the controller. With 
the valve, the equipment operator starts and 
stops an operation, changes the direction of 
an operation, or speeds up or slows down an 
operation. 

5 .  Actuator. Hydraulic actuators are typically  
either hydraulic cylinders or hydraulic motors. 
A cylinder is sized by cylinder area and system 
pressure. The force available from a cy linder 
may be expressed as: 

Force (lb. ) = pressure (psi) 
x area (sq. in. ) 

If the rod end of the cylinder is to supply 
the force, the area is the cylinder area minus 
the area of the rod. The differential area 
of the cy linder and the rate of the stroke will 
determine the flow rate required. The direc­
tion of cylinder action is determined by the 
val ve control ling it and to which end of the 
cy linder the flow is applied. 

Hydraulic motors are sized based on torque 
requirements and horsepower. 

A basic hydraulic system is shown schemat ically in 
Figure 15. 
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CYL I NDER 

HEAD END ROD END 

4 - WAY VALVE 

-, -- , 
PUMP RE L I E F  VALVE 

L.!...J TANK __ __.I TANK � TANK 

Figure 15. Basic Hydraulic System 

The symbols used in the schematics are defined in 
Table 2 and individual components are described in detail . 

Fluid (oil in the case of steering systems) is drawn 
from the reservoir, moved by the pump, and directed by the 
four-way valve to either the head end or rod end of the cylin­
der. The other end of the cylinder will automatically be con ­
nected back through the four - way valve to the reservoir (note 
the direction of the arrows) . The system shown in Figure 15 

uses an open center valve and a fixed displacement pump. The 
valve is shown in the neutral position. Both cylinder ports 
are blocked; the pressure port is connected to return the 
pump flow to the tank. 

Most (but not all) four- way hydraulic valves used in 
surface mining equipment are spool type. As the name would 
imply, a sliding spool in the valve body connects ports in a 
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Tab l e 2 .  Common l y  U s ed Hyd r a u l i c Symho l og y  
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LJ 

F I XED  D I S P LACEMENT 
PUMP 

VAR I ABL E  VOLUME 
PUMP 

TANK 

CHEC K VALVE 

HY DRAU L I C  L l NE 

--- - -- I ) l LOT P RE S S U R E  L f NE 

- ---- , 

lff I .  I E F V A L  \I I :  

P I LOT OPERATED 
UNLOAD I N G  VALVE 

...,__-·I-- CY L I NDER 

GAS CHARG ED  
ACCUMU LATOR 

PRESSURE GAUGE 

lt+I **IX I 4 - WAY  VALVE 

SH U T - O F F  VALV E 

-0-- MOTOR 

COOLER 
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different sequence depending on the direction of the spool 

movement. To effect operation, the spool may be shifted : 

1. Manually, 

2. By solenoid (electrically) , or 

3. By pilot operation ( using either hydraulic 
or air pressure to move the spool) . 

Figures 16 and 17 show spool configuration i n  the neutral 
and shifted attitude. Figure 18 shows typical val ve configura ­
tions using special spools. 

Surface mining equipment typically uses hydraulic sys ­
tems classified as "open center " or "closed center" ; the 
nomenclature arising from the configuration of the valve 
when the spool is centered (in neutral) . Basic examples 
of these configuations are shown in Figure 19. 

The three spool valve-hydraulic system configurations 
illustrated in Figure 19 are described below. 

Spool Valve-Hydraulic Systems 

Open Center - Fixed Displacement Pump System (shown as (A ) in 
Figure 19) 

This is the simplest and most often used hydraulic sys­
tem. When the four-way valve spool is centered, the output 
from the pump is returned directly to the tank ( reservoir) . 
Input power is only required to compensate for line flow losses. 
When the spool is shifted the pump is connected to the cylinder 
port ; system pressure builds up ; p ressure builds up in the 
cylinder ; and the cylinder is actuated. When the cylinder 
moves to a stop (motion ceases) , the system pressure continues 
to build until the relief val ve diverts pump flow to the sump 
or until the four - way valve is recentered. It shoul d  be noted 
that the relief valve must be set at some pressure higher than 
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A B 

TANK 

PUMP PORT 

Figure 16. Typical Open Center Spool (with Open 
Cylinder Ports) Valve in Neutral Position 

A B 

TANK  

-'--- PUMP PORT 

Figure 17. Same Spool Valve with the Spool 
Shifted to the Right - Pressure to 

Port A, Port B Returned to Tank 
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A B 

l t l l ## I X I  
p T 

(A ) CLOSED CENTER 
CYLINDER PORTS 
BLOCKED 

l t l l}t l X I  
( C )  OPEN CENTER 

CYLINDER PORTS 
BLOCKED 

1 1 1 1 }1 1 x 1  
(E )  CLOSED CENTER 

CYL INDER PORTS 
OPEN 

1 1 1 1 }{ 1 x 1  
( B )  C LOSE D  CENTER 

CYL I NDER PORTS 
CONNECTED 

(D )  OPEN CENTER 
CYL I NDER PORTS 
CONNECTED 

1 1 11 K 1 x 1 
( F )  OPEN CENTER 

CYL I NDER PORTS 
PRESSURI ZED 

Figure 1 8. Typ i cal  Four-Way Valve Spool Configurat ions 
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(A ) OPEN CENTER - F I XED  D I SPLACEMENT PUMP 

( B )  C LOSED CENTER - F IXED D I SPLACEMENT PUMP W I TH UNLOAD I NG VALVE 

( C ) C LOSED CENTE R - VARIABLE  VOLUME PUMP 

Figure 19. Open and Closed Center Hydraulic Systems 
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the pressure usually required to move the cylinders or the 
cylinders would not be actuated. In some situations, when 
the cylinder motion stops, the fixed volume of oil being 
delivered by the pump drops from high pressure to low pressure 
across the relief valve . This is essentially wasted power 
and will be noted in the system as rejected heat and an increase 
in oil temperature . Figure 20 shows a typical operating cycle. 

l 
Cf) 
P-. 
0 
E-< 
Cf) 

z 
� Cf) 

0 0:: E---< Cf) 
µ.. E---< E-< 

Cf) H 0:: 0 
Cf) 

..,.... -< 4 -WAY RE - CENTERS ..... 
� Cf) E-< ·'r 
0:: Cf) 
P-. > z 
'"'=' ,....:i 0 "'� -< � H 

E-< > E-< 
Cf) 0 

>-< >-< 
Cf) -< 

I 

<:::t 

TIME ----

Figure 20. Typical Operating Cycle - Fixed Displacement 
Pump in an Open Center System 
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C losed Cente r - F i xed D isplacement Pump w ith Un load ing Va l ve 
(shown as ( B )  in F igure 19 ) 

Th is conf iguration is also popula r. In operat i on, the 

f ixed d isplacement pump suppl ies o i l  to the system and cha rges 

up an ac cumulato r (expans ion chamber )  to some upper pressure 

l im it. At th i s  upper p ressure lim it, the unload i ng valve 

actuates (opens ) and d i verts the pump flow bac k to the tan k 

such that the pump pressu re is reduced. At a selected lower 

system p ressure, the unload ing va l ve closes and the system 

p ressu re bu i l ds up aga in. The acc umulato r : 

1. Sto res energy in the form of p ressu r i zed 

h y d raul i c  oil, and 

2.  May smooth the operat ing c ycle. 

The advantage of this system over ( A ) is that system operat i ng 

pressure is available i mmed iate l y  when the fou r-way valve 

sh i fts and there is no need to wa it fo r system pressure r ise. 

T h  i. s i mp roves :,, )' :-; t ern response. J t should be noted that there 

a r e st ill  throttl i ng l osses introduced by the unload i ng valve 

s ince the accumu lato r output p ressu re is usua l l y  h igher than 

the p ressure required fo r steer ing. These s ystems requ i re 

care ful s i z i ng o f  accumulato r, pump, and unload i ng valve ; 

requ i re system "balanc ing" ; and  require carefu l ana l ys is before 

mod i f i cat ion to components or s ystem operat ing cha racteris­

t i cs. F igure 2 1  shows a typ i ca l  operat i ng cyc le. 

C losed Center with Va r iab le Vo l ume Pump (shown as l C ) in 
F igure 19 ) 

Th i s  con f iguration 1s considered by  some des i gners to 

be one o f  the most energy e f f i c i ent. 

Operat ing p ressure l S  ava i lab le at the valve inlet port 

at all t imes. However, the output o f  the pump is essentia lly 

zero (s ince only  leakage flow is requ i red) except when flow 

is demanded (see F igure 2 2 ) Hence, waste power rejected to 
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Figure 2 1 . Typical Operating Cycle - Fixed Disp lacement 
Pump with Ac cumulator and Unloading Val ve 

the system is very low in the neutra l val ve mode. In operation, 

when the four - way val ve spoo l sh i fts, the controller that 

estab lishes the pump flow rate senses a drop in system pres ­

sure and increases the vo lumetric output of the pump in such 

a manner as to supp ly sufficient flow to maintain the system 

pressure. When the vo lumetric demand ceases ( cylinder motion 

stops or the four-way spoo l is recentered) the contro l ler 

senses the rate of rise in system pressure and reduces the 

vo lumetric output of the pump accordingly . The f low rate 

again approaches zero with resulting elimination of a lmost 
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all hydraulic losses . This i s  a ver y  basic description ; 1n  
practice accumulators are sometimes included to smooth the 
cycle and supply surge demand and more elaborate control schemes 
are employed. Figure 22  shows a typical operating cycle of a 
closed center variable volume pump system. Figure 2 3  shows 
the input power requirements of the closed center - variable 
volume pump system for the operating cycle s hown in Figure 2 2 . 

Hydraulic Valves 

Thus far, the discussion has covered four-way spool 
valves used principally for control and 1n an on-off mode. 
Other types of valves are commonly used 1n large equipment 

to perform specific functions . Common valve configurations 
are pictorially (schematically ) described in Figure 24. It 
should be noted that combinations of these configurations may 
be used. 

Accumulators 

The hydraulic accumulator is a pre - charged expansion 
chamber . The pre- charge is usually a gas and is typically 
nitrogen introduced at a pre-charge pressure that is estab­
lished as the lowest acceptable system operat i ng pressure. 
The pre- charge may be contained in a bladder ( bladder-type 
accumulator) or behind a piston (piston- type ac cumulator ) .  
The accumulator is sized to hold a specific volume of oil 
(an example would be five g a l lons ) when the oil is introduced 
into the oil side of the accumulator at the max imum permissible 
system operating pressure . When the system pump is operating, 
the accumulator will be charged with oil. When a hydraulic 
valve is actuated, the accumulator and the pump will deliver 
oil to the system as long as this valve is actuated and there 
is demand (when a cylinder reaches its stroke limit, demand 
ceases) . It must be noted that the accumulator can only 
deliver the volume of oil that it contains to the system. It 
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Figure 24. Valves (Cont) 
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will start oil delivery at  the system pressure t hat exists 
at the moment of demand (if the system pressure is less t han 
the maximum , then the volume available in the accumulatpr 
will be less than the maximum) . The final available oil from 
the accumulator can only be delivered at the pre-charge pres­
sure or system pressure, whichever is lower. Accumulators 
are used for smoothing the hydraulic cycle and as an emergency 
(auxiliary) fluid power source. Use of accumulators 1n closed­
center systems may also allow the use of a smaller pump t han 
would be necessary in the equi valent open-center systems. 
Figure 25 depicts the typical gas - charged/piston-type accumu­
lator . Spring loaded accumulators are available but not 
commonly used. 

Hydraulic System Schemat ics 

The typical hydraulic system may be depicted by a 
schemat ic ut ili z ing the previously described symbols. Fig­
ure 26 is a schemat ic of the typi cal closed center steering 
system incorporat ing a fixed displacement pump. 

PRE-CHARGE 

P ISTON 
O IL 

FLOW 

PUMP 

Figure 25. Piston-Type Accumulator 
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( 3 )  ACCUMULATOR FO R NORMAL AND EMERGENCY S E RV I C E  

( 4 )  CLOSED CENT E R  VALVE ( S P R I NG CENT E RE D )  

( 5 )  CYL I NDER  LOCK VALVE ( P I LOT OPERATE D  CHECK VALVE S )  

( 6 )  S I NGLE  ENDED HYDRAUL I C  CYL I NDER 

( 7 )  CYL INDER OVERPRESSURE RE L I E F  VALVES T O  P REVENT OVER ­
PRESSURE O F  HYDRAUL I C  SYSTEM F ROM �1ECHAN I CAL SHOCK 
LOADS 

l> 

Figure 2 6. Typical Closed Center Hydraulic Steering 
System Utilizing Fixed Displacement Pump 

The cylinder lock valve is a combination of pilot 

operated check valves that keep the cylinder from "creeping" 

when the four-way valve is centered. Four-way valves typically 

have a certain amount of leakage around the spool. The over ­

pressure relief valves relieve potentially destructive over­

pressure spikes introduced into the system from the cylinder 

when it is subjected to mechanical shock loads (road shocks ) . 
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Figure 2 7  is a schematic of the typical closed center 
hydraulic steering system incorporating a variable volume pump. 
In this  schematic , cylinder lock valves and cylinder over­
pressure relief valves are not shown . 

F igure 2 8  is a schematic of the typical open centered 
hydraulic system used on some surface mining equipment. Again , 
the lock valve and overpressure relief valves are not shown. 

Control System Aspects 

All steering systems are control systems. Power steer-
ing systems are a form of control system which may be called a: 

1. Servomechanism , 

2.  Closed loop control system, and/or 

3. Feedback control system . 

© 

( 1 )  PRESSURE COMPENSATED VARIABLE VOLUME PUMP 
( 2 )  ACCUMULATOR FOR NORMAL AND EMERGENCY SERV I CE 
( 3 )  S I NGLE ENDED HYDRAUL I C  CY L INDER 
( 4 ) CLOSED CENTER VALVE 

0 

Figure 2 7. Typical Closed Center Hydraulic System 
Utilizing Variable Volume Pump 
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L.!...J 
( 1 )  F I XED D I SPLACEMENT PUMP 
( 2 )  REL I E F  VALVE 
( 3 ) OPEN CENTER 4 - WAY VALVE ( SPR ING CENTE RED )  
( 4 )  S I NGLE  ENDED HYDRAU L I C  CYL INDER  

0 

Figure 2 8 .  Typica l Open Center Hydraulic System 

To understand how a power steering system operates, 

one need only understand the basic princip le of a servo-

mechanica l system. 

signa ls: 

In such a system, there are two basic 

1 .  The command signal, and 

2. The feedback (or error) signa l .  

The operator initiates a command signal that te lls a 

driven element to drive to a certain point. The driven element 

sends back a feedback signal that indicates exactly how far 

it is from that point. The servo-system compares the command 

and feedback signa ls ; supp lies powe r to drive the driven ele ­

ment in the direction required to reduce the feedback (error) 

signal; and stops the action when the magnitude of the feed­

back  signa l reaches zero which indicates that the command 

signa l has been satis fied. Command and error signa ls may be 

mechanica l, e lectrical, or hydrau lic. 

The power steering system is the servo; it rece ives 

the command from the driver in the form of a precise amount 
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of turn o f  the hand steering wheel and actuates a hydraulic  
system that turns the ro ad wheels the prescribed amount . 

There are , o f  course , refinements o f  this concept ( such 
as response time , rate of response , etc . )  but these do not 
change the basic  concept . 

3 . 4  SURFACE MI NING EQUIPMENT STEERING SYSTEMS 

There are three basic  steering system concepts employed 
on surface mining equipment . These are: 

1 .  Mechanical ,  

2. Power assisted mechani cal , and 

3 .  Hydrostati c . 

The mechani cal and power assisted mechani cal systems 
are only used on the smaller types of equi pment ; hydrostati c  
systems are used o n  almost all types of equipment with gross 
vehi cle weights above 20, 000 - 30 , 000 pounds . 

3 . 4. 1  Mechanical Steering Systems 

The princ iples of mechanical steering systems were d is­
cussed in the previous subsection (3 . 3 . 1) . Due to the fact 
that the surface mining vehicle population using purely 
mechanical steering is very limited and because mechani cal 
steering system technology is so well known and do cumented 
in numerous references , there will be no further discussion 
in this report . 

The follo wing two subsections will be concerned with 
power assisted mechanical systems and hydrostati c  systems . 

3 . 4 . 2 Power Assisted Mechanical Steering Systems 

An open center power assisted mechan i cal steering sys ­

tem is shown in Figure 29 . Power assisted mechani c al steering 
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,, __ ,_._,_.,. PUMP SUPPLY 

Figure 29. Power Assisted Mechanical Steering 
System - Open Center (Left Turn Mode) 
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systems operate in just the manner that the nomenclature 

indicates ; the actual steering function is fully mechanical 
with power assistance (amplification) supplied to the operator 
by an integral hydraulic system . The operator is mechanically 
linked from the steering wheel to the road wheels . In the 
event of failure of the power assist system , the operator still 
has mechanical control of the steering function (of course 
the steering is much more difficult) . · In the description of 
the operations that follow , it is important that the sequence 
of operations and the relative movement between components 
be fully understood since this basic philosophy will hold true 
for the other systems that will be discussed . If one fully 
understands the "feedback" principles and the sequence of 
events , then it will be much easier to grasp the concepts 
involved in the fully hydrostatic steering systems . In this 
discussion , component nomenclature will be used rather than 
the element number shown in the schematic figure . There will , 
of course , be design variations found among components having 
the same nomenclature and these will be individually discussed 
in the descriptions of the various systems. 

Power (hydraulic oil at the required pressure) for the 
power assisted system shown in Figure 29 is delivered by a 
fixed displacement hydraulic pump driven by the engine of the 
mining machine . This pump will usually be either a gear pump 
or a vane pump . The choice of pump is usually dependent on 
the design economics of the system and the specific application . 

A control valve that will apply and direct the oil and 
control its pressure is integrated into the steering wheel 
shaft assembly . This control valve is a four- way hydraulic 
valve with the two ports that are connected to the steering 
cylinder blocked when the spool is in the neutral position 
(see Figure 1 8 (C) ) . The spool of the control valve may incor­
porate linear motion (Figures 17 and 18) or may incorporate 
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rotary motion. In  either case, the hydraulic function wil l  
be the same: pump flow (pressure) wil l  be directed to either 
end of the steering cy linder depending upon the direction of 
turn desired. The spool of the four-way control val ve is 
coupled directly to the steering wheel shaft and turning the 
steering wheel displaces the spool in the control val ve body ; 
turning the wheel in one direction displaces the spool in 
one specific direction and turning the steering wheel in the 
other direction displaces the spool in the opposite direction. 
The control valve body may be an integral part of the steering 
linkage and move in a set relationship with the road wheels. 
Thus, a common practice is to have the four- way hydraulic 
control valve spool directly  linked to the steering wheel 
and the control valve body a part of the moving steering 
linkage. 

When the steering wheel is turned, the control val ve 
spool is displaced in the control valve body. Hydraulic oil 
at the required pressure is now directed through the control 
valve to one end of the steering cy linder. The steering 
cy linder is mounted between the machine frame and the steer­
ing linkage. I n  Figure 29, the rod end of the power steering 
cy linder is mounted to the pitman arm and the head end is 
pinned to the frame. The applied hydraulic pressure generates 
force caus ing the rod of the steering cy linder to move and 
hence to move the pitman arm. The control valve body is 
directly coupled to the pitman arm in such a manner that a 
specific movement of the pitman arm causes a specific move ­
ment of the control valve body. Turning the steering wheel 
has moved the control val ve spool a specific distance; hydrau­
lic fluid has been directed through the control valve to the 
steering cylinder moving the pitman arm and also the control 
valve body; and the control valve body is now moving relative 
to the contro l valve spool with the direction of movement so 
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chosen that the control valve body is seeking to locate itself 
over the spool in the neutral position , blocking the cylinder 
ports on the control valve , and hence stopping the flow o f  
oil to the steering cylinder . This is the " feedback"  or "servo" 
action previously discussed under Control System Aspects . Thus , 
a speci fic amount of steering wheel displacement has resulted 
in a specific amount of  turning of the road wheels . 

In practice , the linkage between the steering wheel 
and the control valve spool is generally accomplished through 
helical or torsion springs . This is done for two reasons : 

1 .  To provide a means of valve actuation , 
and 

2 .  To impart a steering resistance or " feel" 
to the system . 

Incorporation of this spring loading feature allows 
the operator to exert a predetermined amount of steering force 
before the power steering "cuts in. " The system is loc ked 
into a fully mechanical mode after some preset amount of move­
ment of the control valve spool has been reached . 

For purposes of  explanation in the above discussion , 
the servo action of the steering system was followed through 
one complete operating cycle wherein a specific amount of  steer ­
ing wheel displacement resulted in a speci fic amount of road 
wheel turn . In actual operating practice ,  the operator will 
continue to turn the steering wheel and the control valve spool 
will continuously lead the control valve body until the oper­
ator ceases to turn the steering wheel . At that time the 
servo action will center the control valve spool within the 
control valve body . During any part of the steering operation , 
the operator is able to reverse the steering wheel or apply 
a steering correction while the servo action described above 
is occurring . This simply overrides the servo action; shifts 
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the control valve spool from one end of the control valve 
body to the other; reverses the direction of hydraulic flow; 
and reverses the direction of steer. Thus, the power assisted 
mechanical steering system works in a continual smooth mode . 
A properly designed system will exhibit all the "feel" and 
response of a simple mechanical drive linkage . 

Steering speed or the rapidity with which steering 
corrections can be initiated is called steering response or 
steering system response. This response is a function of 
hydraulic flow determined by: 

1. The hydraulic pump capacity, 

2. The system pressure, 

3. The power available to the pump, 

4. The displacement of the steering cylinder (s) , 
and 

5 .  The actuating devices (valves, etc . ) . 

An open center hydraulic system provides the power 
assistance to the steering configuration shown in Figure 29. 
This type of hydraulic circuit is shown in Figure 30 . 

This is the most commonly used hydraulic system for 
power assisted mechanical steering systems. In this con­
figuration, the fixed displacement pump continually supplies 
hydraulic oil to the control valve and the spool in the con ­
trol valve is so configured that the oil is returned directly 
to the hydraulic reservoir while the spool is centered (in 
the neutral position). As previously noted in the discussions 
on hydraulic systems, this results in: 

1 .  Little buildup of system pressure while the 
steering system is not in operation, 
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Figure 30. Hydraulic Circuit for Open Center - Fixed 
Displacement Pump System 

2. Low power drain on the engine since the pump 
requires significant power from the engine 
only when supplying oil at high pressure, 

3 .  Low heat buildup in the system since wasted 
power does not have to be dissipated through 
the hydraulic oil (except when the control 
valve spool is held shifted) , 

4. Hydraulic system simplicity and, usual ly, 

5. Low system initial cost. 

These attributes are mitigated to a smal l degree by 
sacrifice in system response since there must be system pres ­
sure buildup before each operating cycle. It should be noted 
that in a wel l designed system this delay is practical ly 

undetectable. 
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This power as s isted mechanical steer ing s ys tem concept 

has found universal acceptance in the automobile. Many ref ine ­
ments to the sys tem have come from the auto industry and have 
been inco rpo rated into off-road machine development p rograms. 

Power as s isted mechanical steer ing systems , using open 
center spo ol valves , may be found on the following (and many 
other) machines : 

• Caterp illar * 650B Twin  Axled Tracto r- Scraper 

• Caterp illar 660B Tw in Axled Tracto r-Scraper 

• Caterpillar 666B Tw in Axled Tracto r with 
Scraper Engine 

• Fiat- Alli s  100 Moto r Grader 

The closed center hydraulic conf igurati on is also uti ­
lized in  p ower ass isted mechanical s tee r i ng s ystems. The 
graphical descr i ption would be s imila r to Figure 29 and i s  
not repeated. Thi s variation  requi res the usage o f  the pump 
ci rcuit shown in F igure 3 1  (with accumulato r and unloading 
valve) and a steer ing control valve whose spool blocks hydrau­
lic flow when in the neutral (centered) positi on. The varible 
volume pump ci rcuit shown by F igure 32 i s  applicable but is 
not commonly used in the United States due to higher cost of 
the pump and po ssible contaminat ion p r oblems. 

The closed center con f iguration i s  usually employed 
on machine s  wherein power s teer ing hydraulic power and the 
hydraulic p ower for othe r machine functi ons can be supplied 
by a common pump , the common pump be ing selected becaus e  of 
cost or s p ace constraints . Hydraulic s ystem p ressure (high 
pressure) is avai lable at all times as i s  shown in Figure 33. 

* Reference to specific brands , equipment, o r  trade names in  
this rep o rt is  made to facilitate understanding and does not 
imply endo rsement by the Bureau of Mines. 
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Figure 31. Hydraulic Circuit for Closed 
Center - Fixed Displacement Pump System 

However , the advantage of having constant system pressure is 
mitigated by: 

1. Additional system complexity, 

2. Requirements for a hydraulic oil cooler 
since the wasted system power will be 
dissipated in the hydraulic oil and will 
result in heat buildup, and 

3. More stringent maintenance requirements . 
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3 . 4 . 3 Hydrostatic Steering Systems 

There are many variations to the basic hydrostatic 
steering system . Several of these variations and their key 
components are discussed in the following pages . 

It should be noted that hydrostatic steering systems 

with mechanical feedback are almost identical in appearance 
to certain types of power assisted steering systems . The main 
difference is that in the event of a power source failure the 
machine cannot be steered to any appreciable degree by the 
operator through the use of the mechanical feedback mechanism . 

The hydrostatic steering system using an open center 
spool valve and employing mechanical feedback to the steering 
control valve is shown by Figures 34, 35, and 36 . The oper­
ation of this system is almost identical to that of the power 
assisted mechanical steering system previously described except : 

1 .  The system i s  ful ly dependent upon hydraulic 
power for operation, and 

2 .  No mechanical steering capability is avail­
able in the event of hydraulic system 
failure in the steering system . 

Figure 34 shows the hydraulic flow path when the steer­
ing control valve spool is in the neutral position (centered) ; 
Figure 35 shows the hydraulic flow path in a left turn mode; 
and Figure 36 shows the hydraulic flow path in a right turn 
mode . Two steering cylinders are shown since this is common 
design practice on larger vehicles that would utilize this 
system . 

This system and the systems that will be subsequently 
discussed are typically used on large machines and there are 
certain characteristics that should be noted such as : 

1 .  The only "feel" that the operator will 
experience at the steering wheel is that 
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1 .  STEERING WHEEL 22 . FEEDBACK LINK ASSEMBLY 
2 .  HYDRAULIC OIL TANK 2 3 .  BELLCRANK ARM ASSEMBLY 
3 .  FILTER 24 . TIE ROD 
4 .  STEERING CYLINDER 25 . KING PIN 
5 .  FIXED DISPLACEMENT PUMP 2 7 . STEERING CONTROL VALVE 
7 .  STEERING CONTROL VALVE SPOOL 
9 .  FLOW CONTROL AND RELIEF 28 . STEERING CONTROL VALVE 

VALVE ACTUATOR 
15 . STEERING SHAFT 33 . MANIFOLD 
17 . LEVER SHAFT AND STUD llllllliif SUPPLY 
20 . PITMAN ARM ACTUATING PRESSURE 
21 . DRAG LINK ---- RETURN 

.. ,....... ..... :w.>!a PUMP SUPPLY 

Figure 34. Hydrostatic Steering System with Mechanical 
Feedback to the Steering Control Valve Using an 

Open Center Spool Valve (Neutral Mode) 

---------------------------- WA.. 
83 



1 .  STEERING WHEEL 
2 .  HYDRAULIC OIL TANK 
3 .  FILTER 
4 .  STEERING CYLINDER 
5 .  FIXED DISPLACEMENT PUMP 
7 .  STEERING CONTROL VALVE 
9 .  FLOW CONTROL AND RELIEF 

VALVE 
15 . STEERING SHAFT 
17 . LEVER SHAFT AND STUD 
20 . PITMAN ARM 
2 1 .  DRAG LINK 

22 . FEEDBACK LINK ASSEMBLY 
2 3 .  BELLCRANK ARM ASSEMBLY 
24 . TIE ROD 
25 . KING PIN 
2 7 . STEERING CONTROL VALVE 

SPOOL 
28 . STEERING CONTROL VALVE 

ACTUATOR 
33 . MANIFOLD 
111■1001 SUPPLY 

ACTUATING PRESSURE 
awww RETURN 
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F i gure 35. Hydrostatic Steering System with Mechanica l 
Feedb ack to the Steering Control Valve Using an 

Open Center Spool Valve (Left Turn Mode) 

__________________________ WA, 
84  



1 .  STEERING WHEEL 
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Figure 36. Hydrostatic Steering System with Mechanical 
Feedback to the Steering Control Valve Using an 

Open Center Spool Valve (Right Turn Mode) 
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" feel" that is built into the steering 
control valve by the addition o f  friction 
to simul ate steering resistance , 

2. The transmission of road shocks to the 
steering wheel is reduced , 

3. Steering system response is totally 
dependent on the hydraulic flow rate and 
this flow rate may be low at low pump 
speeds giving sluggish response , and 

4. Vehicle self- cor rection from a turn may 
not be incorporated into the steering 
geometry. 

These comments will be discussed in greater detail 
later in this report. 

It should be noted that the hydrostatic steering system 
shown in Figures 34 , 35, and 36 does not incorporate an emer ­
gency or auxiliary source of hydraulic power. Therefore , in 
the event of engine failure, the steering system would become 
immediately inoperative since the system is not designed to 
be operated through the mechanical feedback linkage. Emergency 
and auxiliary hydraulic power sources will be discussed later 
in this report. 

Hydrostatic steering systems using an open center spool 
valve and employing mechanical feedback are found on many 
mining vehicles including the following equipment models : 

• Caterpillar 769B Rear Dump Truck 

• Caterpillar 772 Prime Mover 

• Caterpillar 773 Rear Dump Truck 

• WABCO S SC Haulpak Rear Dump Truck 

• Euclid R - 50 Rear Dump Truck 
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Figure 37 shows a hydrostatic steering system using a 
closed center spool valve and employing mechanical feedback to 
the steering control valve . The operation of this system is 
identical to that of the open center version shown in Fig­
ures 34, 35, and 36 except : 

1. System pressure is always present at 
the steering control valve, 

2. System response may be somewhat faster 
since operating pressure does not have to 
build up, and 

3 .  The accumulator will continue to supply 
hydraulic power in the event of an engine 
failure until the volume of oil stored in 
the accumulator is exhausted by steering 
system actuation. At that point, steer­
ing capability will cease since the system 
is not designed to operate through the 
mechanical feedback linkage. 

The closed center configuration requires the use of 
the pump circuit shown in Figure 31 . A hydraulic oil cooler 
may or may not be required with this system, depending upon 
system size and the amount of heat that is actually generated 
in the oil. The variable volume pump circuit shown in Fig­
ure 32 is also applicable and is in limited use in the 
United States . 

Hydrostatic steering systems using a closed center 
spool valve and employing mechanical feedback are found on 
the following representative equipment models : 

• WABCO 120C Electric Haulpak Truck 

• WABCO lS0CW Electric Haulpak Truck 
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1 .  STEERING WHEEL 17 . LEVER SHAFT AND STUD 
2 .  HYDRAULIC OIL TANK 20 . PITMAN ARM 
3 .  FILTER 22 . FEEDBACK LINK ASSEMBLY 
4 .  STEERING CYLINDER 24 . TIE ROD 
5 .  FIXED DISPLACEMENT PUMP 25 . KING PIN 
7 .  STEERING CONTROL VALVE 27 . STEERING CONTROL VALVE 

10 . UNLOADING VALVE SPOOL 
14 . ACCUMULATOR 28 . STEERING CONTROL VALVE 
15 . STEERING SHAFT ACTUATOR 

1111111111 SUPPLY 
ACTUATING PRESSURE 

·----- RETURN 
.. ,..._...#. PUMP SUPPLY 

Figure 37. Hydrostatic Steering System with Mechanical 
Feedback to the Steering Control Valve Using a 

Closed Center Spool Valve (Left Turn Mode) 
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• WABCO 170C Electric Haulpak Truck 

• Terex 72- 21A, 72-31A, 72-41A, and 
72- SlA Loaders 

Figure 38 shows a hydrostatic steering system using an 
open center spool valve with hydromechanical feedback to the 
steering control valve. This system is used almost exclusively 
on articulated vehicles. It is important to note that the 
position of the spool within the steering control valve is 
controlled by a servo - mechanical linkage which is positioned 
by hydraulic feedback. All the relative motions for the servo 
movements are accomplished within the servo-mechanical linkage. 
Figure 39 shows the construction of the servo - mechanical link ­
age and describes the series of operations that occur during 
a specific steering operation. Only an incremental steering 
operation has been described. Continuous steering can be 
ef fected as has been described in the other systems. 

Hydrostatic steering systems using closed center spool 
valves with hydromechanical feedback to the steering control 
valve are feasible but are not in common usage in the United 
States. The hydraulic circuits for the pumps would be similar 
to those shown in Figures 31  and 32. 

Hydrostatic steering systems without feedback and 
utilizing hand metering pump/valves are shown in Figures 40 
and 41. These pump/valves or devices are sold under various 
trade names each having individual features. This type device 
is actuated by rotary motion from the steering wheel and each 
rotation of the input shaft delivers a precise volume of 
hydraulic oil to the steering cylinders. Since the hydraulic 
oil is incompressible, each turn of the input shift (steering 
wheel) will result in a specific displacement of the steering 
cylinders. The hand metering pump/valve also incorporates a 
spool action so that it may operate in either an open center 
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Figure 38. Hydrostatic Steering System with Hydromechanical 
Feedback to the Steering Control Valve Using an 

Open Center Spool Valve (Left Turn Mode) 
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1 .  STEERING WHEEL 2 3 .  BELLCRANK ARM AS SEMBLY 
2 .  HYDRAULIC OIL TANK 24 . TIE ROD 
3 .  FILTER 25 . KING P IN 
4 .  STEERING CYLINDER ••••••••• SUPPLY 
s .  FIXED DISPLACEMENT PUMP ACTUATING PRESSURE 
8 .  HAND METERING PUMP / VALVE ---- RETURN 

1 3 . SHOCK LOAD CHECK VALVE · · · · · · · · · · · · · · ·y AUXILIARY SYSTEM 
;.� .,. PUMP SUPPLY 

Figure 40. Hydrostatic Steering System Using Hand Metering 
Pump/Valve Without Feedback - Open Center 

(Left Turn Mode) 
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1 .  STEERING WHEEL 1 0 . RELIEF VALVE 
2 .  HYDRAULI C  OIL TANK 2 6 . ARTICULATION PO INT 
3 .  F 1LTER ••••••••• SUPPLY 
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Figure 41. . Hydrostatic Steering System Using Hand Metering 
Pump/Valve Without Feedback - Closed Center with 

Variable Volume Pump (Left Turn Mode) 
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or closed center hydraulic circuit. Feedbac k  1s not required 
since the operator is directly connected from the steering 
wheel to the steering cylinders by a column of hydraulic oil 
rigidly contained within the steering hoses. The power ampli ­
fication concept is explained below. 

Hydraulic oil is delivered to the hand metering pump/ 
valve from either an open center hydraulic circuit (shown in 
Figure 40) or from a closed center hydraulic circuit (shown 
in Figure 41) . The spool and sleeve and porting within the 
hand metering pump/valve determines the circuit configuration. 
The hydraulic oil is passed through the ports 1n this device 
to a metering section. This metering section 1s composed of 
cavities that rotate with the input shaft. The oil is directed 
into these cavities and then passed from the inlet port in the 
pump/valve to the selected cylinder port and thence to the 
steering cylinders where it actuates the steering cylinders. 
Return oil from the other end of the steering cylinders is 
returned to the system tank in the same manner. Thus, in 
operation the hand metering pump/valve meters precise volumes 
of hydraulic power to steering cylinders. 

Figure 42 shows a section through a typical hand meter­
ing pump/valve identifying the various components. It should 
be noted that the steering shaft, spool, sleeve, and drive 
gear are mechanically linked together. Whether the pump/valve 
is considered open center or closed center depends on the 
configuration of the spool and sleeve. Turning the steering 
shaft turns the spool. The sleeve is linked to the spool 
through a spring connection and the spool will turn a few 
degrees before the sleeve begins to rotate. This lines up 
ports in the sleeve with oil passages in the spool. The 
hydraulic oil is then directed from the hydraulic pump through 
ports in the metering pump/valve body then through ports in 
the sleeve and then through passages in the valve body and 
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finally to the metering chamber which is also called the gear 

sec tion or gerotor assembly. As the metering sec tion rotates, 

the oil is metered and fed back through the va lve body, back  

through the sleeve, through passages in  the spool and direc ted 

to the chosen cylinder port just as in the operation of a 

s tandard four -way valve. When turning ac tion from the steer­

ing shaft ceases, the springs realign the spool within the 

sleeve blocking the cylinder ports and the recentered spool 

will determine the proper hydraulic circuit configuration 

(open or closed center) . 

Figure 43 shows a sec tion through the gerotor gear 

assembly. It  should be noted that there are six teeth on 

the driven gear and seven teeth on the internal gear. The 

driven gear is  of smaller diameter and turning the steering 
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ROTATING GEAR 
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DRIVE SHAFT 
SPLI NED FOR 
NUTATING ACTION 

Figure 43 . Section Through Hand Metering 
Pump/Valve Gear Assembly 

shaft causes its center to nutate (travel a circular path) 
around the center of the internal gear . The surface of the 
driven (rotating) gear actually rolls around the surface of 

the internal gear much like a gear rolling on a toothed rack . 
The rolling action traps a specific volume of oil (metered 
volume) in front of each tooth and therefore, the metering 
pump/valve exhibits a specific displacement . The hand meter­
ing pump/valve will operate in either direction . 

The hand metering pump/valve may also be operated manu­
ally to supply emergency steering power . In typical applica­
tions, 100 foot-pounds of torque supplied to the unit from 
the steering wheel will operate a 10 cubic inch per revolution 
displacement device and supply oil at 1000 psi .  This pressure 
may or may not be sufficient to operate the steering cyl inders 
enough to be considered adequate for emergency steering .  
Ten cubic inches is cons idered an upper si ze limitation . 
The rate of delivery of the oil will of course depend upon 
the operator ' s  physical capabilities . Emergency steering 
using this device will be discussed later in this report . 
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Hydrostatic steering systems incorporating hand metering 
pump/valves without feedback may be found on the following 
equipment : 

• Terex 33-11 , 33-15 , and 33-09 Haul 
Trucks 

• Unit Rig Mark 33 Lectra Haul Truck 

• Unit Rig Mark 36 Lectra Haul Truck 

• Dart 3100 Haul Truck 

• Euclid R-85 , R-100, and R-170 Haul 

Trucks 

A hydrostatic steering system wherein a hand metering 
pump/valve operates a separate steering control valve that is 
servoed with mechanical feedback is shown in Figure 44. The 
accompanying hydraulic circuit may be either open or closed 
center. In operation , the hand metering pump/valve meters a 
specific volume of oil to the steering valve spool control 
cylinder (feedback cylinder ) .  One end of the steering valve 
spool control cylinder is pinned to the steering valve spool 
and the other end is pinned to the opposite vehicle half. As 
the metered oil is supplied to this cylinder, it either 
elongates or contracts depending upon whether the oil is 
fed to the head end or rod end, and the steering valve spool 
is shifted. Hydraulic power 1s  now directed to the steering 
cylinders and steering action commences and the steering link­
age moves. The steering valve spool control cylinder (feedback 
cylinder )  is now translated mechanically and recenters the 
spool in the steering control valve. This is the mechanical 
feedback aspect of the system. 

This system is typically used on articulated vehicles 

when mechanical steering linkages become complex and where 
hand metering pump/valve sizes are not capable of handling 
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4 .  STEERING CYLINDER 
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Figure 44. Hydrostatic Steering System with Hand 
Metering Pump/Valve Operating a Separate Steer ing 

Control Valve with Mechanical  Feedback - Open 
or C losed Center (Le ft Turn Mode) 
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the flow rates required. It should be noted that it is not 
possible to use the hand metering pump/valve by itself for 
emergency steering in this system configuration. This steer­
ing system configuration may be found on the following repre­
sentative equipment: 

• Terex 72-71 Loader 

• Terex 72-81 Loader 

A hydrostatic steering system wherein a hand metering 
pump/valve operates a separate steering control valve that is 
servoed with hydraulic feedback is shown in Figure 45. The 
accompanying hydraulic circuit may again be either open or 
closed center. In operation, the hand metering pump/valve 
meters a specific volume of oil to the steering valve spool 
control cylinder . It should be noted that the lines carrying 
this oil continue on to the feedback cylinder. The metered 
amount of oil moves the spool in the steering valve, hydraulic 
power is supplied to the steering cylinders, and steering 
action commences. The feedback cylinder is mounted between 
vehicle frame halves which results in elongation or contrac­
tion of the feedback cylinder during the steering action. 
Oil is therefore displaced from the feedback cylinder, directed 
back to the steering valve spool control cylinder, and recenters 
the spool in the steering valve stopping the steering motion. 
This is the hydraulic feedback aspect of the system. To 
reiterate, the hand metering pump/valve shifts the spool in 
the steering control valve, and the hydraulic feedback cylinder 
shifts and then recenters the spool when the desired amount 
of steering motion has been achieved. 

This system is also typically used on articulated 
vehicles to eliminate complex mechanical linkages and when 
the flow rates exceed the capacities of standard hand metering 
pump/valves. It should be noted that the hand metering pump/ 
valve by itself may not be used for emergency steering with 
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th is system L:onf igurat ion . Th is st eer ing system con f iguration 

is found on the John Deere 860A Scraper. 

A hydrostatic steer ing system where in a smal l hand 

meter ing pump/valve operates a separate higher flow steer ing 

control valve without pos ition feedback is shown in F igure 46. 

The steer ing control valve used in th is system is a p ilot 

operated , spr ing centered , pressure compensated , four - way 

valve . Turn ing the steer ing wheel at a certa in rate causes 

the hand meter ing pump/valve to del iver a spec i f ic flow rate 

o f  p ilot o il to the appropr iate end o f  the spool in the steer­

ing control valve. Meter ing or i f ices at the end o f · the spool 

cause a pressure unbalance caus ing the spool to shi ft and open 

the appropr iate cylinder port to system flow. This cyl inder 

flow is pressure compensated and has a preset max imum flow rate . 

The faster the steer ing whee l i s  turned , the large r the pres ­

sure drop is across the mete r ing o rif ices, resu lt ing i n  the 

spool be ing sh i fted further ror faste r steer i ng. Cy l i nder 

flow is l im ited by a preset v a l ve and is independent of center 

load or roll ing resistance. When the steer ing whee l rotation 

is stopped , p i lot flow stops , el iminat ing the pressure unbalance 

necessary to keep the spoo l sh i fted. The center ing spr ing 

qu ick l y  returns the spool to the neutral pos i t ion. There i s  

no feedback to recenter the spool w i th th is act ion be ing con ­

trolled by meter ing or if i ce pattern , centering spr ing and o il 

v iscos ity . 

Th is s ystem i s  used on  art i c ulated mach i nes to el i m i ­

nate fa lse feedbac k  signa ls generated by wear i n  trad it iona l 

feedbac k components and machin e  contro l l inkages . P j lot con ­

trol to cyl inder f low rat i o s  r a nge f rom 7 to b 2 . Spec ial 

valv ing w ill permit automatic manual steer ing h y  the hand 

metering pump/valve on small machines. The factors which 

l imit  manual steering are steer ing cylinder volume, machine 

we ight and the hand meter ing pump/valve size .  It should be 
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1 .  STEERING WHEEL 26 . ARTICULATION POINT 
2 .  HYDRAULIC OIL TANK 36 . GROUND DRIVEN AUXILIARY 
3 .  FILTER PUMP 
4 .  STEERING CYLINDER • •••••••• SUPPLY 
5 .  FIXED DISPLACEMENT PUMP ACTUATING PRESSURE 
7 .  PRESSURE COMPENSATED .www RETURN 

STEERING CONTROL VALVE hiiiiiiiiiiiii P ILOT PRESSURE 
8 .  HAND METERING PUMP/VALVE ...... -.· · ·.· · · · --;; AUXILIARY SYSTEM 

12 . DIVERTER VALVE .,,...,,,,,,,,,,,...,,,,,,;,. PUMP SUPPLY 

Figure 46. Hydrostatic Steering System with Hand Metering 
Pump/Val ve Operating a Separate Steering Control 

Valve without Feedback - Open or C losed Center 
( Left Turn Mode) 
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noted that on large machines the hand metering unit and an 
emergency steering pump as shown in Figure 46 are used in the 
event of engine failure. This steering system configuration 
is found on the following equipment: 

• Caterpillar 950 Wheel Loader 

• Caterpillar 966C Wheel Loader 

• Caterpillar 980B Wheel Loader 

• Caterpillar 992B Wheel Loader 

3 . 5 EMERGENCY , SUPPLEMENTARY , AND AUX I L IARY STEER ING  
SYSTEMS 

Hydrostatic steering systems depend on hydraulic power 
amplification for operation. It is feasible to manually steer 
the relatively light vehicles employing power assisted mechani ­
cal steering systems but it is not feasible to expect operators 
to supply the force required to steer a large haulage truck, 
scraper, or front-end loader . The hydraulic pump supplying 
the steering system is typically driven by the vehicle engine, 
therefore, engine failure results in loss of steering. It is 
obvious that an emergency or auxiliary steering system must 
receive its power input from a separate power source or must 
store suitable hydraulic power (pressurized oil) . Three emer­
gency steering concepts are in common use. These are: 

1. A separate hydraulic pump driven by an 
electric motor operating off the vehicle 
battery system, 

2. A separate hydraulic pump driven by a shaft 
from the vehicle differential or trans­
mission which is in turn motivated by the 
road wheels (or is "ground driven") , or 

3. Incorporation of a suitably sized oil accumu­
lator in the hydraulic steering circuit whereby 
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sufficient quantities of pressuri zed 
hydraulic oil are made available to the 
steering system after pump failure , to 
perform a limited amount of steering 
activity . 

Some of the advantages and disadvantages of these 
three systems are shown in Table 3 .  

F igures 47 , 48  and 49 show how these emergency systems 
are incorporated into the primary steering system hydraulic 
circuit. 

The battery driven emergency steering system is typi ­
cally activated by a switch located on the control console 
although some later model machines have automat ic activation 

in the event of engine failure. The manual type switch is 
typically covered in a manner providing ease of operation 
but precluding accidental operation. An "On" light may or 
may not be provided. 

Most mining and construction machines utili ze 24-volt 
electrical systems. It is feasible to draw 500-1000 amps 
from such systems for periods of 2- 5 minutes . This can pro­
vide 5 - 1 5  horsepower. However, extended operation at the 
500-1000 amp level will soon destroy the compact motor used 
on most emergency steering systems rendering the system use­
less until it is repaired. Prudent use of battery driven 
emergency steering is required. The battery driven system 
is truly an emergency system and not an auxiliary system . 

The available power is also a function of battery 
condition . H igh current is only available from well charged 
batteries maintained in good condition . Battery performance 
can be severely degraded by cold weather . 

Ground driven pumps are usually si zed so that they 
are capable of supplying a high percentage of the steering 
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Table 3 .  Advantages and 
Disadvantages of Emergency Steering Systems 

System 

Battery 
Driven 
Pump 

Ground 
Driven 
Pump 

Accumulator 
System 

Advantages 

• Easy to install 
• Easy to inspect 
• Easy to maintain 
• Easy to operate 

• Most designs are 
active 

• Easy to maintain 
• Requires no 

operator action 
in emergency 

• Unlimited duty 
cycle 

• Always active 
• Easy to inspect 
• Little degrada­

tion of steering 
in emergency 
operation 

• Requires no 
operator action 
1n an emergency 

• Easy to maintain 

1 0 5  

Disadvantages 

• Limited power 
• Electrical failure 

causes emergency sys­
tem failure 

• Limited duty cycle 
• Batteries must be 

maintained to be 
available 

• Subject to misuse 
• Dependent on operator 

action if not auto­
matically activated 

• Limited output at low 
vehicle speed 

• No output when stopped 
• Difficult to inspect 

during preshift check 
• Indication of main power 

supply failure dependent 
on operator awareness 

• Generally requires 
closed center hydraulic 
circuit 

• Requires automatic 
accumulator bleed-down 

• Requires maintenance of 
gas charge 

• Limited steering time 
and activity and then 
no capability 

• Indication of main power 
supply failure dependent 
on operator awareness 



PR IMARY 
PUMP 

�------------ TO OPEN CENTER 
STEER ING SYSTEM 

EMERGENCY 
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MOTOR 

F i gure 4 7 . Typ i c al I ncorp oration of  a Battery Dr iven 
Pump in a Hydros tat i c  Steer ing Sys t em 
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PR IMARY 
PUMP 

�------------- TO OPEN  CENTER 
STEER I NG SYSTEM 

GROUND DRIVEN 
PUMP 

F i gure 4 8 . Typ i ca l  I ncorporation o f  a Ground Dr iven 
Pump in  a Hydr o s t a t i c  Steer ing Sys tem 
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GAS CHARGED 
ACCUMULATOR 

,_ ____ _._ ________ TO CLOSED CENTER 

PR IMARY 
PUMP 

I 
I 

j UNLOAD I NG 
VALVE 

STEER I NG SYSTEM 

F igure 49. I nclus ion of a Gas Charged Accumulator to 
Cont inue to Supply Pressur i zed Hydraul ic Oil When 
Pr imary Pump Fails (Accumulator Emergency System) 

o il under normal operat ion when the veh icle is operati ng at 

"road ing" speeds. S ince the volume of the pump is d irectly 

proportional to the speed of rotat ion and s ince the speed of 

rotat ion of the pump 1s d irectly related to the road speed, 

it may be noted that if  a mach ine is operat ing at 25  percent 

of normal road speed, then the hydraul i c  flow rate w ill be 

25 percent of norma l and t he rate o f  s tee r ing wi l l  be l im ited . 

The use of an accumu l ator to supp ly emergency steer ing 

hydraul ic power after pump fa i l ure requ ires the use of the 

closed center hydraul ic c i rcu it incorporat ing either a f ixed 

d isplacement pump w ith unload ing valve or a var iable volume 

pump. An operat ing pump is required to recharge the accumu ­

lator and once the stored volume of o il has been consumed, 

there is no energy ava ilable and the emergency capab ility 
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ceases to ex ist. A correctly si zed system precludes this 
occurrence . The emergency capabilities of an accumulator 
system may be best shown by the following example : 

A 20- gallon accumulator pre- charged to 1000 psi 
and fully charged to 2000 psi maximum pressure 
can theoreti cally supply up to 10 gallons 
( 2310 cubic  inches) of oil at pressures ranging 
from initial 2000 psi down to 1000 psi . This 
is enough oil to drive a pair of 5 - inch d iameter 
cylinders with 2 - inch diameter rods and a 
2 1 - inch stroke approx imately three full cycles. 
This would turn the machine road wheels three turns 
lock- to-lock . 

Three full steering excursions provide a signifi cant 
amount of machine mobility and should provide adequate steer ­
ing capability to effect the safe stop of a moving vehicle . 

One disadvantage of the accumulator emergency system 

is the fact that loss of primary hydraulic power may go 
unnoti ced if the failure is only in the pump and a warning 
is not provided . Steering capability does not degrade noti ce­
ably or rapidly and the ultimate warning to the operator may 
well be the total loss of steering capability . Audible or 
v isual warning s ignals should be built into this system as 
well as the battery driven pump system and the ground driven 
pump system . 
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SECTION 4. 0 

STEER ING-RELATED ACC IDENT INFORMATION 

The Mine Safety and Health Administration (MSHA) 
requires an accident report form be completed and filed with 
the MSHA-Health and Safety Analysis Center in Denver, Colorado 
for mine accidents that result in a fatality or in an inJ ury 
that prevents the miner from returning to work on his next 
work shift. Woodward Associates, Inc. has worked closely with 
MSHA-HSAC on previous USBM projects ; the Center continued its 
excellent cooperation and allowed extensive examination of 
the reports available on accidents occurring in coal and metal/ 
nonmetal mines. The following sets of MSHA accident records 
were studied: 

• Accidents resulting in a fatality 

Metal/Nonmetal Mines - All accidents 
recorded for 1976 and 1977. 

Coal Mines - All accidents recorded 
for 19 76 and 1977. 

• Accidents resulting in a nonfatal inJ ury 
that were investigated by MSHA 

Coal Mines - All accidents recorded 
for 19 76 and 1977 . 

• Accidents reported to MSHA by mining companies 

Coal Mines - All accidents reported 
for 19 76 involving front - end loaders, 
dozers, scrapers, and haulers. 
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Ini t ial planning had also included the rev i ew of 
nonfatal accident records for metal/nonmetal m ines for 1976 
and 1977 and for coal m ine injury accidents for 1977. The 
low number of ste ering - relat ed acc idents ident i f i ed in the 
accident record sets examined indicated that there would be 
l i t tle benef i t  to be gained from cont inued searching of  the 
MSHA accident records. For exampl e ,  of 993 coal m ine accidents 
involv ing mobile equipment repor t ed to MSHA in 1976 , there 
were 3 accidents that are clearly st eering-relat ed and 8 that 
are "loss of control" accidents that might have been caused 

by a ste ering - relat ed problem. These f igures do not neces­
sarily represent an absence of acc idents caused by st e ering 
problems. The fact is that the accident invest igation and 
accident recording methodology used by MSHA will not necessarily 
ident i fy the cause of the accident but will ident i fy the 
"result"  of the cause and will ident i fy the safety  dev ice or 
safe ty pract ice that would prevent the injury. An example 
would be as follows: a front - end loader tramming backwards 
from a haulage truck loading area to the maint enance yard at 
20 mph "loses control" and runs off  the haul road and overturns 
thre e t imes. The operator is seriousl y  injured. The MSHA 
report would ident i fy the operator's action of  tramming back­
wards at 20 mph as an unsafe  operat ing procedure (true ! ) , the 
overturning of the front-end loader as the cause of the oper ­
ator ' s  injuri es (true ! ) , and the need for rollover prot ect ive 
structures to  prot ect the operator as an important pi ece of 
safe ty equ ipment (true ! ) .  However , it will not indicate  that 
the ste ering syst em is too sensi tive for such high speed 
operat ion; is not designed for high speed operat ion in reverse; 
or i f  the machine is unstable at such high spe eds. The report 
may or may not contain re ference to the cond i t ion of  the t er­

rain or the road. Did the machine strike a rut causing the 
operator to lose control? Would a ste ering system requiring 
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less steering effort (rim pull) have allowed the operat or to 
maintain control even though he was operating in an unsafe 
manner? Therefore, it was concluded that these reports could 

not pinpoint specific steering defects or deficiencies . 

All accidents resulting in fatalities are investigated 
by MSHA . The following summaries describe four fatalities 
that were either caused by steering problems or loss of control . 
These are from MSHA records for 1976 and 1977. 

June 12 , 1976 : At a mine in Fort Tot ten , North Dakota , 
the vict im was backing his 1966 front-end loader down a 
haul road . He ran off  the road and overturned 180 degrees . 
Apparently he lost control at high speed . The front-end 
loader had a fiberglass cab , but no R0PS and no seat belt . 
V ic t im was 58  years old . He had 20 years ' experience in 
mining and 20 years as a machine operator . 

September 2 7 , 197 6 :  At a mine in Nor th Carolina , the 
vict im was backing his 1962 front-end loader with the 
bucket raised . He lost control and rolled 270 degrees . 
V ic t im either j umped or was thrown from the machine . The 
front-end loader did no t have a R0PS or seat belt . V ic t im 
was 35 years old . He had 2-1 /2  years ' experience in mining 
and as a front-end loader operator . 

Apr il 11 , 19 77 : At a mine in Herndon ,  V irginia , the victim 
was killed when he jumped or fell from the hauler he was 
operat ing and was run over by the rear wheels . In this 
crushed stone mine , blasted stone was loaded by a front-end 
loader into end-dump haulers .  The vic t im had been hauling 
1 / 2  loads  of  crusher run stone into the quarry to  make 
smoother haul roads . At 4 : 55 p . m .  (almost  10 hours after 
start of shift at 7 : 00 a . m . ) the vic tim was driving up a 
7 percent grade (wid th 40 feet , with a boulder berm , 
3 to 5 feet square) . Wh ile downshif t ing , he acc identally 
pulled the sh ift  lever into reverse , kill ing the engine 
of his 2 7- ton hauler (age no t given) . Unable to steer 
without the power steering , he applied the air brakes 
at least twice . The hauler traveled in a straight course 
about 280 feet befor e dropp ing over the 40-foot quarry 
wall .  About 50 feet before the edge , the vic t im j umped 
or fell from the truck . His torso and head were crushed 
by the left dual wheels . The vict im was 2 3 .  He had about 
5-1/2  months of mine exper ience ,  but only 1 1  days s ince 
19 7 3 . The investigat ive report ind icated that he was 
insuff ic iently trained as a driver . 

1 1 1  



April 14 , 19 7 7 : At a mine near Florence , Colorado , the 
vic t im was killed when his front-end loader left the road , 
overturned and crushed him . A new concrete road , 30 feet 
wide with a 3-5 degree r ise  and no berm , was being con­
structed .  The vic t im was on this road , driving to a refuel­
ing point when he lost control . The front-end loader was 
a 1959 model . It had no ROPS or seat belt . Its hydraulic 
steering was not operating properly , accord ing to post­
accident examination of the machine . The inspector also 
noted that " the small t ire on the right side" of the front­
end loader "was worn out , "  although it did not fail dur ing 
the accid ent . Victim was 31 . His mining experience was 
7 year s .  He had worked as a truck driver and front-end 
loader operator at this mine for two years and seven months . 
The accident happened at about 4 : 30 p . m . , approximately 
1-1 / 2  hours after start of shif t .  

Two of the above accident summaries clearly state that 
the steering system contributed to the accident. The other 
two state that los s  of control is the cause of ·the accident. 
Both los s  of control accidents were experienced by front- end 
loaders tramming backwards. 

Injury-producing accidents in coal mines in 1976 recorded 
by MSHA that appear to be s teering - related are listed below 

with the short description given in the accident report. 

Steering- Related Accidents 

4-27-76 2 : 00 p . m .  Jackson, KY 

Truck driver , dr iving truck . Engine stalled caus ing loss 
of brake s ,  steering and control .  

7-24-76  1 : 30 p . m .  Drakesboro , KY 

Truck driver , 41 year s old , dr iving water truck . S teering 
failed af ter making a turn . 

11-6-76  1 : 30 p . m .  Ethel , WV 

Truck dr iver , driving coal haulage truck . Front wheel 
broke . Suf fered bruised chest . One day lost . 

------------------------------ � 
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Loss of Control Accidents 

1-20-76  9 : 00 p . m .  Hartford , KY 

Truck dr iver , 33 years old , lost control o f  truck and turned 
over . Suffered shattered j aw and lacerations o f  head . 

6-29-76  12 : 25 p . m .  Inez , KY 

Truck driver , 18 years old , lost control and j umped . 
Suffered contusions and lacerat ions on head . 

10-5-76 8 : 30 a . m .  Hart ford , KY 

Truck driver , 21 years old , lost control while going around 
corner . Suffered cut l ip and bruises . One-half day lost . 

10-14- 76 12 : 00 a . m .  Jackson , KY 

Truck dr iver , 29 years old , lost control . Suff ered broken 
knee cap . 

11-27-76 7 : 00 p . m .  Greenville , KY 

Shooter , 34 years old , lost control of truck , hit head on 
radio speaker . Suf fered cuts and bruises . 

12-29-76 2 : 15 p . m .  Beckley , WV 

Truck driver , 39 year s old . Engine d ied , lost air pressur e  
and ran into front-end loader . Suf fered bruised knee . 

A summary of information gathered from the examination 
of MSHA-HSAC accident records is given in Table 4 .  This table 
provides an interesting comparison of several accident types. 
Steering-related accidents are about one percent of the acci­
dents examined. 

The second primary source of accident or hazardous 
incident records was the Ministry of Mines and Petroleum 
Resources, Victoria, British Columbia . 

The British Columbia Coal Mines Regulation Act and 
Mines Regulation Act requires that al l dangerous and/or unusual 
occurrences at a mine be reported to the Inspector of Mines 
and the Chief Inspector within 24 hours of the incident. These 
incidents/accidents may not have caused inj ury or death to mine 
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personnel. The Ministry of Mines and Petroleum Resources 

prepares short summaries of these incidents. Mr. Vic Dawson 
of the Ministry volunteered to provide information from his 
files covering 1972 through 1977. The following summaries 
cover the steering- related incidents recorded for those 
six years. 

Incidents Recorded During 1972 

On Apr il 7 at a Benson Lake operat ion , the steering 
mechanism of a truck failed as it emerged from the decline 
portal . The driver j umped free , uninj ured when the truck 
traveled up a · bank at the ed ge of the road and then rolled 
over . The tie-rod linkage separated when a nut had stripped 
its thread . 

On September 10 , the r ight front wheel spindle snapped on 
a loaded 150-ton truck as it was turning while traveling 
about 5 miles per hour on a haul road . The invest igat ion 
ind icated the fracture had developed along an initial fatigue 
crack . A failure such as this shows the potent ial value of  
regular nondes tructive tests . 

In mid-Octob er , at a waste  dump , one of  the front wheels 
fell off a loaded 100-ton truck as it was backing up . An 
investigat ion indicated the fracture of  the ball stud hold­
ing the front wheel cas t ing of the steering l inkage . This 
permit t ed the wheel to veer away from the d irect ion the truck 
was moving and the increased load imposed snapped the wheel 
sp indle . 

On October 20 , on the main haulage road to a mine , a loaded 
35-ton truck ran away down a hill , s truck a bank and t ipped 
over . The truck box had been partly elevated in order to 
spread f ill  material for road repair . The transmission was 
in neutral position . The driver attempted to accelerate 
the engine to raise the box but the engine stalled permit­
t ing a failure of  the power s teering which cont inued when 
the driver neglected to engage the emergency s teering switch . 
In addition the two attempts  made to restart  the engine so 
depleted the air supply that although the brakes "dynamited" 
they failed to hold the vehicle . Braking was further reduced 
by an accumulation of asbestos mud and f ibre on the brake 
drums and shoes .  It is believed the engine d id not restart  
because the operator had depressed the accelerator in such 
a manner as to actuate the engine shut-of f  control connected 
by l inkage to the accelerator . The operator failed to reset 
the control before attempt ing to restar t the engine . 
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On December 9 ,  at an open pit mine , the right front wheel 
of  a loaded 5O-ton truck fell off as it was being backed 
up the dump ramp . An investigation of the incident indi­
cated a fatigue failure of  the outer tapered wheel b ear ing . 

I ncidents Recorded During 1973 

On January 6 the driver of  an empty 12O-ton truck drove the 
vehicle off  a road and into  a 5-foot deep drainage ditch . 
The driver claimed the brakes and emergency s teering had 
failed to function although an examination of the vehicle 
showed them to be  serviceable . 

On July 8 while descending the main haulage ramp the engine 
o f  a 1OO-ton truck stal led and the driver forgot to engage 
the emergency steering system .  The vehicle was almost 
stopped with the service brake but with the driver being 
unable to steer , the truck continued to the road edge where 
it slid over the edge and rolled down a 39-foot embankment ,  
landing ups ide-down.  It  could not be determined what caused 
the engine to stall . 

On August 8 the driver of  a haulage contractor ' s  truck drove 
off the road and in so doing he received multiple lacerations 
and a broken left ankle as the truck rolled over and down the 
hillside . The dr iver reported the engine had stopped and 
steer ing ability was lost . The invest igat ion completed indi­
cated the engine was stopped , the gear shift in neutral and 
the brakes were overheated . The vehicle r ecorder indicated 
the possib ility that the truck was being operated at a speed 
in excess of that posted for the road . 

Incidents Recorded During 1974 

On June 15 a dump truck loaded with crushed rock overturned 
on the townsite road at an underground mining operation . 
The accident was attributed to the vehicle traveling too fast 
to  negot iate a switch back . It  is possible the accident may 
have been attributed to vehicular steering and braking 
inadequacies . 

On August 7 at an open pit mine a loaded truck being driven 
downgrad e  failed to complete a right turn , crossed the road 
and ran up on a bank of loose muck where it overturned . The 
driver claimed the vehicle seemed to  have a t endency to  pull 
to the left but a mechanical examinat ion failed to reveal any 
faulty cond it ion except some s t iffness in the steering act ion . 

On September 2 at an open pit mine the universal j oint failed 
in a grader as it was descending a ramp . The operator applied 
brakes without effect and the vehicle ran out o f  contro l  for 
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about 150 feet when it coll ided with a haulage truck . Both 
vehicles were extensively damaged but the drivers suf fered 
only minor inj uries . The grader operator had radioed that 
his vehicle was descending out of  control but the driver of  
the  truck d id not hear the warning . The brakes were inopera­
t ive because the hydraulic pumps for pressurizing the trans­
mission , steering and brakes are dr iven by the shaft on which 
the universal j o int failed . The grader is being repair ed to 
provide positive emergency steering and brakes in the event 
of another similar universal j o int failure . 

On September 9 at an open pit mine the dr iver of  a truck 
found he had no steering in the vehicle but managed to stop 
without inc ident . He had picked the vehicl� up from the 
repair shop where it had been taken for a correc t ion of steer­
ing malfunction ,  however , the vehicle had not been tagged out 
of service as required . 

On October 12 the driver of  a loaded haulage truck at an open 
p it mining operation advised that the steering locked as the 
truck was proceeding down hill . The truck ran into a ditch 
and rolled onto its left side . The dr iver had noted in the 
logbook that the steer ing appear ed faulty but did not report 
the cond it ion to anyone .  

I nc i dent s  Exp er i en c e d  Dur in g  1 9 7 5  

On March 2 as a front-end loader was being driven down a road 
inc lined at 9 percent , to a crushed rockpile during a snow­
storm at an open pit mine , the loader veered to the r ight 
and ran off  the road . The driver said the vehicle d id not 
respond to steer ing or brakes even though he pushed the brake 
pedal to the floor . The investigation showed the brakes to  
have been in good working order and that no  skid marks were 
on the  road where the loader had traveled . I t  is possible 
t ire  chains would have provided better tract ion and it is the 
intention of management to give future loader operators formal 
dr iving training . 

On March 12 at an open pit mine a loaded 100-ton truck ran 
out of control , struck a sand pile in the middle of the road , 
then climbed a grader windrow of  sand and gravel and f inally 
stopped about 40 feet from the road . Al though the driver 
claimed he experienced steering diff iculties he made no attempt 
to use the emergency steering with which the truck was equipped . 
An invest igat ion indicated that the left front suspens ion was 
badly damaged , the left front steering-cylinder piston rod was 
broken and the hydraulic steer ing pump housing was cracked 
during the mishap . It is believed the driver fell  asleep and 
the damages occurred as a result of the truck being out of  
control . 
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On March 19 the front wheel spindle broke on the driver ' s  
s ide of  a large haulage truck . As this type o f  inc ident has 
occurred elsewhere it is recommended that a r egular program 
of  nondestructive tes t ing be  carried out on all wheel spindles . 
Meanwhile it is the mine operator ' s  intention to  have a metal­
lurgical test  made on the broken components  as they and o ther 
spindles have developed fat igue cracks . 

On July 9 an unloaded 100-ton haulage truck went out o f  control 
and struck a pole-type cable arch on a turn at the bottom of  
a ramp leading into  an open pit . The dr iver reported he had 
lost steer ing control but no steer ing defects wer e  found . I t  
is believed the vehicle was traveling too fast on the muddy 
road surface and it had skidded and thus did not respond to 
steering control . 

On October 19 the right front wheel suspension bolts on an 
open-pit coal haulage truck fractured in fat igue failure while 
in operat ion . No inj ury resulted and the bolts were r eplaced 
to a high t ensile steel type having a stress rating of  
150 , 000  psi .  

On October 26 
open-p it coal 
in operation . 
with the same 

the right front wheel suspension bolts on an 
haulage truck fractured in fat igue failure while 

No per son was inj ured and the bolts were r eplaced 
type as used in the October 19 inc ident . 

On December 6 two right front wheel spindl e  failures were 
r ecorded at an open-pit coal mining operat ion.  In  both 
instances the failures occurred while the haulage trucks 
were executing t ight turns . 

Incidents Experienced During 1976 

On January 14 a ball stud on the steering mechanism broke on 
a large open-pit  haulage truck as it was dr iving along a mine 
road . S teerage was lost and the vehicle ran through a berm 
near the road edge and continued into a sand impact barrier 
on a corner above a canyon . The impact barr ier successfully 
halted the vehicle which would otherwise have gone down into 
the canyon . 

On February 5 a 100-ton ore truck traveling at a speed of  
20 mph lurched to  the left and commenced to  run off the  open 
pit  haulage road . When this happened the dr iver appl ied the 
brakes and attempt ed to turn to the right but found the steer­
ing to be  very s t if f . The vehicle ran through the safety berm 
at the road s ide , became airborne for about 10 f eet and then 
s truck a sand impact barrier , where it stopped about 8 feet 
from the edge o f  a canyon . On examinat ion , the ball s tud on 
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the r ight steering ram was found to have broken at the site 
of  an old crack. In addit ion , the truck frame was found to  
have broken on both sides , the cab roof  crushed in and the 
decking damaged , however , the driver was not inj ured . The 
invest igation was unable to determine why there was a complete 
lack of steering control but it did d emonstrate that the 
impact barrier had undoubtedly prevented the vehicle from 
dropping into the canyon . 

On April 7 a steering failure occurred in a loaded SO-ton 
truck . The truck rammed a rock bank and caused a failure 
in a hydraul ic control valve . No person was hur t and the 
invest igat ion indicated that the spiral shaft stud had broken , 
thus allowing free movement of  the wheels . 

On March 30 a failure occurred in the left front, suspension 
of a loaded 100-ton open pit haulage truck as it was approach­
ing the crusher dump . The truck had commenced a right turn 
at the t ime of failure . When the suspension failed , the upper 
por tion was driven upwards against the frame member which sup­
ports  the cab decking . This fractured the cross member and 
drove it upwards s everal inches .  The lifting of  the cab 
pulled the steering shaft off  the splines at the st eer ing 
box , thus caus ing a loss of direct ion control . The driver 
immed iately applied the service brakes but the vehicle ' s  
momentum coupled with the loss of  steering control , directed 
it into an impact pile at the crusher dump , which had been 
placed there for such eventualit ies . The truck came to rest 
within a short distance of the top of  the pil e .  

On June 4 ,  8 and 1 1  three steering failures occurred because 
of fractures in the ball stud-tie road assemblies on three 170-ton 
haulage vehicles at an open-p it mining operation . 

On July 27  the operator of a forklift truck sustained bruise 
inj uries when the forkl ift he was operating got out of control , 
ran down an embankment and overturned . The inc ident was attrib­
uted to dr iver error . 

On September 2 5  a scraper was being used to  spread coarse sand 
at a tailings ' dam at an open pit when the righ t front axle of 
the scraper broke and thus permi tted the right front drive 
wheel to fall off .  It  was recommended that annual nondestruc­
tive tests be made on such equipment . 

On October 20 a failure occurred in the right front spindle of  
a 120-ton truck.  The vehic le was executing a tight turn to  the 
right while traveling at a speed of 5 mph . While the axle 
spind les are checked for failures on a s ix-month basis , it was 
recommended these tests be performed at a greater frequency . 
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Incidents Experienced During 1977 

On January 19 an empty haul truck was being driven back to 
the lowest bench in an open pit in a direction contrary to  
the regular traff ic pattern . It  nearly collided with a loaded 
truck which was leaving the pit . The empty vehicle j umped a 
windrow of frozen mater ial at the road verge and ran into the 
pit sump which contained 1-1/2  metres of water . The driver , 
bruised , but otherwise unharmed was rescued from the sump in 
the bucket of a front-end loader . The truck was backed out 
of the sump and dr iven to the shop . The operator s tated that 
the steering had locked on him , but no mechanical malfunc tion 
could be found dur ing t esting at the shop . 

On January 25 at  a large open-p it coal mine , the r ight front 
sp indle of  a 200-ton truck failed as the vehicle was negoti­
ating a right-hand turn on a dump . The driver estimated that 
he was traveling at 16 km/h at the time of the failure . Road 
condit ions were good with no rough areas . Rout ine ultrasonic 
inspections are carried out at the property every 2000 oper­
at ing hours . 

The above six years of incident/accident data are sum­
marized in Table 5. These data differ significantly from the 
MSHA-HSAC data in two maj or respects. First, the British 
Columbia mine incident/accident reports include many noninjury/ 
nonfatality incidents. The MSHA-HSAC reports do not include 
accidents not resulting in inj ury or death. Second, the British 
Columbia data contain significant numbers of incidents caused 
by mechanical failure of steering components. These mechani­
cal failures would appear to cause considerable problems for 
maintenance and production personnel but only small problems 
in safety areas. The mechanical failures are typically at low 
speeds and during tight turns. The British Columbia Department 
of Mines and Petroleum Resources has been active in helping 
solve these mechanical failure problems. The following excerpt 
from a letter from Mr. Ray Heistad, a British Columbia mine 
inspector, discusses the British Columbia approach to this area: 

" . . . our exper ience has shown that numerous steering sys tem 
component failures here in British Columbia resulted from 
either marginal design of mechanical components or poor 
fabrication of these components . Components  such as drag 
links and tie-rods generally require welding during the 
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Table 5 .  Summary o f  
British Columbia Mine Incidents /Accidents 

Year 

1972 1973 1974 1975 1976 1977 Total 

Steering-related 
incidents /accidents 
involving haulage 
trucks 

Operator error 1 3 2 2 0 1 9 

Structural failure 4 0 2 4 8 1 19 

Other 0 0 0 0 0 0 0 

Steering-related 
incidents /accidents 
involving other 
machines 

Operator error 0 0 0 1 1 0 2 

Structural failure 0 0 0 0 1 0 1 

Other 0 0 1 0 0 0 1 

Total steering - 5 3 5 7 10 2 32 
related incidents/  
accidents 

Total incidents/  92 149 220 164 220 1 71 1016 
accidents reviewed 
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manufacturing process .  In most cases when weld failures 
occur , it is readily apparent that the weld was inferior 
slag inclusions , poor penetrat ion , etc . , can usually be 
observed in these cases . Incidents like this could be con­
trolled by good quality control procedures during manufacture , 
which should include suitable nondestructive t es t ing of  
critical components . It  is a requirement in Brit ish Columbia 
that the spindles of haulage trucks with a rated gross vehicle 
weight in excess of  200 , 000  pounds be subj ected to suitable 
nondestructive tests every 2000 operat ing hour s .  This pol icy 
was established in 19 7 5  because of in-service fatigue failures 
of  several spindles . The nondestructive test program con­
ducted by one engineering f irm during 19 7 5  r evealed that 117  
of  310 spindles tes t ed were found to be  cracked . Although the 
s ituat ion presently is generally much improved , we s till 
receive reports from some mines showing the proportion of 
cracked spindles to be in the order of 20-25 percent . Several 
mines have initiated NDT programs of steer ing linkages sched­
uled in conj unction with the spindle tests . The ball studs and 
weld areas of  t ie-rods and drag links are tested and it is not 
uncommon to find defect s .  Generally , ultrasonic is used for 
spindles and ball studs while magnetic particle is  used for 
welds . This test program has reduced considerably the number 
of  in-service failures of  these  steering system components . "  

Mr. Heis tad al so forwarded representat ive in format ion 

on s teer ing sys tem component failures in three Br i tish Columbia 

mines . Th is informat ion follows: 

Steer ing Sys tem Component Fai lures Mine A 

This large open pit mine operates a fleet of  diesel-electric 
drive haulage trucks . The fleet is comprised o f  two different 
models supplied by one manufac turer . 

All steering system components of these trucks are rout inely 
checked every 250 operat ing hours by the P . M .  mechanics .  At 
the writer ' s  request , the mine staff consented to review 
their steering system maint enance records for the period 
January 19 7 7  to May 19 7 8  for a portion of their haulage fleet . 
The records o f  eight of  their smaller size trucks having a 
cumulative total of  39 , 850 operat ing hours during the above­
noted period anJ s ix of their larger size  trucks having a 
cumulative total of 29 , 350 operating hours dur ing the same 
period wer e  reviewed . A summary of  this review is shown 
below. 

It is apparent that a fairly high number of  ball studs are 
r eplaced on the trucks . In most cases , however , the ball 
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stud has not failed but the bushing has . I t  is this mine ' s  
pract ice  to change all components - ball studs , bushing , 
washer and nut when this occurs . Hydraulic system com­
ponents such as steering pump s also appear to be  replaced 
fairly frequently . This mine rebuilds the hydraulic com­
ponents themselves , however they do not as yet have a suita­
b le test  bench to check funct ional integrity after rebuild ing .  
This in turn leads to  some premature failures . Contaminat ion 
has also led to premature failures of components before being 
detected . Dur ing the init ial f ew months  exposure to the 
larger model trucks , various steering syst em problems wh ich 
were experienced were part ially attr ibutable to lack of formal 
training of mine maintenance per sonnel on this type o f  truck . 
This problem has now been overcome . 

Mine A Steerins System Component 

Mechanical Linkage 
Components 

1 .  Ball studs and 
bushings 

2 .  Tie-rods 

3 .  Spindles 

4 .  Wheel bearings 

Hydraulic System 
Components 

1 .  Steering pumps 

2 .  Steering 
cylinders 

3 .  Steer ing hoses 

4 .  Pres sure relief 
valves 

5 .  Steering boxes , 
valves and 
l inkages 

6 .  Emergency 
steer ing 

Model 1 

Replaced 

8 3  

1 

5 

4 

2 3  

16 

8 

2 

1 

3 

12 3 

( 8  Trucks ) 

Required 
Mainte-

nance 

2 5  

2 

1 

11  

9 

28  

12  

Failures 

Model 2 

Replaced 

2 8  

1 

3 

6 

11  

14 

2 

3 

3 

( 6  Trucks) 

Required 
Mainte-

nance 

1 3  

2 

1 

2 

3 

19 

30 

9 

44 



Steering System Component Failures - Mine B 

This mine operates a fleet o f  two different models and sizes 
of  diesel-electric drive trucks supplied by d ifferent manu­
facturers . A disproport ionate number of  steer ing system 
failures occurred during 19 75  and 1976  on one o f  the models 
of trucks . A summary of  the failures which occurred on 10 of 
these trucks is shown below. As a result o f  the experiences 
at this mine and Mine C ,  the manufacturer has s ince redes igned 
and mod if ied the steer ing system with a resultant improvement 
in component reliability . However , we continue to receive 
the occasional report of in-service failures . Most  of these 
failures have been related back to the loading that the steer­
ing sys tems get when the truck is in a low speed tight turn 
and the steer ing is against the stop . 

Mine B Steering System Component Failures 

Hydraulic Components 
Steering pump 
Steering pump 
Steering pump 
S teering pump 
Emergency steering _ pump 
Steering cylinder 
Steer ing cylinder 
Steering cylinder 
Steering cylinder 
Steering cylinder 
Steering cylinder 
Steering cylinder 
Steering cylinder 
Steer ing cylinder 
Steering cylinder 
Steering cylinder 
Steering cylinder 
S teer ing cylinder 
Steering cylinder 
Orb itral valve 
Orb itral valve 
Orb itral valve 
Orb itral valve 

1 2 4  

Hours 
on Part 

360 
360 

1064 

6 7 2  
2 3 3  

1260 
587  

1290 
524 

1123 
16 75  
1080 

101 

Remarks 

Water in pump 
Would not hold pressure 
No pressure 
Failed 
Pump seized 
End broke o f f  
Internal by-passing 
End broke off  
Blown packing 
End broke o f f  
End broke o f f  
End broke o f f  
End broke off  
End broke off  
End broke o f f  
End broke o f f  
End broke o f f  
End broke off  
End broke off  
Valve by-passed 
Replaced 
Replaced 
Replaced 



Mine B Steering System Component Failures ( Cont )  

Mechanical Component s 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball studs ( 3 )  
Ball studs (2)  
Ball studs (2)  
Ball studs ( 2 ) 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
Ball stud 
L/H b ell crank 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rod end 
Tie-rods ( 7 )  

in-
service 
fa ilures 

in­
service 
failures 

Hours 
on Part 

12 5 

7 2 4  

1675 

1795 
1311  

342  

321  

1067 
4 36 

405  
902 
337  

416 

1312 
1123  

1865 
7 2 2  

12 2 5  
693 
803 
662  
5 6 0  

Remarks 

Shank snapped o f f  
Broke 
Broke 
Broke 
Broke 
Broke 
Broke 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Worn 
Socket worn out 
Broke off  
Broke off  
Broke off  
Broke off  
Broke o f f  
Broke o f f  
Broke off  
Broke off  
Broke off  
Broke off  
Replaced 



Steering System Component Failures - Mine C 

This mine has 14 trucks identical to the 10 trucks which 
experienced steering system problems at Mine B. From 
November 1975 to December 1976,  45 in-service failures of 
mechanical components occurred. A summary of these failures 
is shown below . Again, since the manufacturer modified the 
steering system, the failure rate of these components has 
been m inimized considerably . 

Mine C Steering System Component Failures 

Ball Studs 

1 @  10 mph loaded 
1 @  5 mph loaded 
1 @  7 mph loaded 
1 @  5 mph loaded 
1 - loaded 
1 @  10 mph loaded 
1 @  3 mph loaded 
1 @  5 mph loaded 
1 @  18 mph loaded straight 
1 @  16 mph loaded straight 

1 @  15 mph empty straight 
1 @  15 mph empty turning 
1 @  5 mph empty straight 
1 @  3 mph empty 
1 @  2 mph empty 
1 @  5 mph empty 

Tie-Rods 

1 @  5 mph loaded 
1 @  12 mph loaded 
1 @  15 mph loaded 

13 @ 5 mph loaded 

2 @  10 mph loaded 
4 loaded, speed unknown 

2 @  5 mph empty 
1 @  5 mph empty - straight 
1 @  8 mph empty 
1 @  10 mph empty 
1 @  3 mph empty 
1 empty, speed unknown 

Conversations with mine safety officials in Alberta 
indicate similar concern on the potential structural deficien ­
cies of some steering system components. 

During the performance period of this study (late 1977 
through 1978) Woodward As sociates, Inc. personnel discus sed 
steering system reliability, maintenance procedures ,  and acci­
dent experience with U. S. mine personnel. These discus sions 
were sometimes secondary to the primary purpose of the mine 
visit. These mine personnel were not able to identify any 
design deficiencies of steering systems that produced safety 
problems. There were a few complaints about the service 
received from some equipment manufacturers or component 
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suppliers. There were discussions on the inadequacy of 
equipment operator training and the resultant machine damage 
caused by inexperienced, poorly trained operators. There were 
several suggestions for simplifying the maintenance procedures 
and for increasing reliability; these comments were not safety­
oriented. It appeared that the mining personnel view steering 
systems in modern machines as safe although certainly not with­
out operational problems. 

The above accident and incident information supports 
a conclusion that the steering systems used on surface mining 
machines are not a significant factor in causing inj ury and 
death to mine personnel. Though the safety performance of 
today ' s  steering systems is satisfactory, the information 
reviewed suggests that improvements in structural design, 
fabrication, and quality control of steering system mechanical 
components would help reduce equipment downtime for repairs 
and maintenance . 

The steering-related accidents and incidents can be 
examined to attempt to determine the causative factors. It 
is realized that accidents may be caused by more than one pre ­
cipitating factor. The list given below states the factors 
that, either singly or in combination with others, contribute 
to the accidents reviewed. 

The list given below does not include "loss of control" 
as a causative factor . The reason the operator has "lost 
control" of the machine is one of the factors listed below. 

• Operator inexperience with a specific 
unusual situation. 

• Operator not adequately trained for routine 
or expected situations. 

• Operator inattentiveness, carelessness, or 
lack of alertness. 
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• Mechanical failure of a steering system 
component. 

• Loss of power from machine engine (usually 
a result of inadequate operator training) . 

• Operator did not follow established vehicle 
operational procedure. 

• Hydraulic failure of a steering system 
component . 

• Emergency steering system nonfunctional. 

The above accident causative factors may, in some 
cases, be directly related to poor maintenance practices, to 
incomplete or nonexistent training programs, to poor equipment 
design, to inadequate employee rest periods or to extended 
work hours of employees. 

Of the 1 3  steering-related accidents in U. S. m ines and 
the 32 incidents/accidents in Bri t ish Columbia m ines, 10 of 
the U. S. accidents and 9 of the British Columbia incidents 
seem to be caused by some form of operator error. Increased 
training of the equipment operators may be the most productive 
approach to reducing these types of accidents. For the remain­
ing accidents, emergency steering capability (for engine stall 
situations) would seem to help considerably. 

From observations made during this study and during 
other m ine accident investigation activities, Woodward 
Associates, Inc. has developed opinions on the type of train­
ing that should be g iven to equipment operators. It is believed 
that an important goal of equipment operator training is to 
g ive the trainee knowledge and experience on how to handle 
emergency or abnormal operating conditions. Examination of 
accident reports indicates that a high percentage of accidents 
leading to injury or death are the result of the operator 
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initiating an action that causes the normal routine opera tion 

of the machine to be altered. The machine is now not operating 
normally. The operator may have stalled the engine, sped 
downhill too fast, fallen asleep, etc. , or have incorrectly 
performed the operation of the machine. Proper training of 
the equipment operator would include procedures on "how to 
get out of trouble" as well as how to perform the routine 
machine operation. Table 6 lists the desirable elements of 
an equipment operator training program. 

'WA.. 
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Element 

1 

2 

3 

4 

5 

Table 6 .  Equipment Operator Training Program 

General Title 

Pers onal 
Protection 

Pre-Shift 
Inspection 

Machine 
Systems , 
Features and 
Normal 
Operating 
Procedures 

Emergency or 
Abnormal 
Machine 
Operations 

Proficiency 
Demonstration 

Training Objectives 

Induce trainee to wear 
proper working apparel , 
use safety equipment cor­
rectly (hard hats , safety 
glas ses , ear plugs , etc. ) 
and especially to ins pect 
in stalled protective 
structure s  and to use 
seat belts continuously. 
Induce trainee  to conduct 
an effective safety check 
of his machine before 
operating it. Includes 
overall inspection of 
machine and checks of 
gauges , brake s and steer ­
ing , etc. 
Understanding by trainee 
of characteristics of his 
machine , how the s ystems 
function, how to operate 
it to achieve maximum 
productivity safely. 
Practice in normal 
operation. 
Understanding by trainee 
of proper actions to be 
taken under abnormal con ­
dition s (failure of 
machine system or com ­
ponent, los s  of traction , 
los s  of control , ground 
movement, etc. ). Prac­
tice in abnormal 
operations. 
One-on - one in struction 
of trainee followed by 
opportunity for trainee 
to demonstrate knowledge 
and proficiency relative 
to objectives in 
Elements 1 through 4. 

Machine 
Coverage 

All 
mobile 
machines 
requiring 
operators.  

Generic 
type 
s pecific. 

Model 
s pecific. 

Model 
s pecific. 

Model 
specific. 
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SECTION 5. 0 

TECHNICAL EVALUATION GROUP ACTIVITIES 

During meetings between the Bureau of Mines and 
Woodward Associates, Inc. held prior to initiation of this 
study the value of including a provision for soliciting indus­
try technical review and comment was discussed . It was decided 
that the benefits accrued to this study would be worth the 
time and expense of organizing a group of technical representa­
tives from the mining and mining equipment industry. 

5. 1 TECHNICAL EVALUATION GROUP MEETING NO. 1 

The Technical Evaluation Group participants were selected 
from manufacturer's engineering and product safety departments, 
from industry and technical associations, from U . S. and Canadian 
government agencies, from selected research organizations and 
from mining companies. This carefully selected group of 
individuals represented various interests and viewpoints on 
the steering systems used in rubber- tired mobile surface mining 
equipment. Attendees at the first Technical Evaluation Group 
(TEG) meeting are listed below: 

James Ault 

Lanson Becker 

James Carr 

Richard Evans 

George Fisher 

Dr. Ernest Fitch 

Bureau of Mines 
Pittsburgh, PA 
Hydreco 
Ka lamazoo, M I  
Caterpillar Tractor Co. 
Peoria, IL 
Unit Rig and Equipment Co . 
Tulsa, OK 
Terex Division - GM 
Hudson, OH 
Oklahoma State University 
Stillwater, OK 
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James Fraser 

Thomas Goodney 

Leslie Hajdo 

Kenneth Hammond 

Ray Heistad 

Roy Jameson 

Guy Johnson 

Joseph Judeikis 

Paul Kelsey 

Bernard Larson 

Peter Mate 

Robert McCracken 

William Miller 

Manny Naft 

Bruce Nelson 

Thomas Ritter 

Ronald Rumpf 

Louis Schaffer 

Bill Schroeder 

Mine Safety and Health 
Administration 

Reno, NV 
John Deere Dubuque Works 
Dubuque, IA 
University of Calgary 
Alberta, Canada 
Peabody Coal Company 
St. Charles, MO 
Department of Mine and 

Petroleum Resources 
Kamloops, B. C. 
Mine Safety and Health 

Administration 
Denver, CO 
Bureau of Mines 
Twin Cities, MN 
Mine Safety and Health 

Administration 
Triadelphia, WV 
Marathon LeTourneau Company 
Longview, TX 
Eaton Corporation 
Eden Prairie, MN 
Woodward Associates, Inc. 
San Diego, CA 
Woodward Associates, Inc. 
San Diego, CA 
C IMA 
Milwaukee, W I  
Euclid, Inc. 
Euclid, OH 
Bureau of Mines 
Twin Cities, MN 
Southwest Research Institute 
San Antonio, TX 
WABCO 
Peoria, IL 
Woodward Associates, Inc. 
Genoa, NV 
International Harvester 
Chicago, IL 
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Peter Seabase 

Terry Smith 

Edwin Thomasson 

Jack Woodward 

Henry Zitko 

National Machine Company 
Stow, OH 
Department of Labour 
Occupational Health and 

Safety Division 
Mines Branch 
Calgary, Alberta, Canada 
Mine Safety and Health 

Administration 
Arlington, VA 
Woodward Associates, Inc. 
San Diego, CA 
Workers' Compensation Board 
Vancouver, B. C .  

A copy of a report describing the material gathered 
during the first six months of this project (Phase I)  was sent 

to each TEG member to provide background on the project and 
for review and comment by the prospective attendee. This 
Phase I report contained much of the information included 1n 
other sections of this Program Final Report. Attendees were 
asked to "mark -up" these copies with suggested changes, areas 
of disagreement, etc. , and bring their copy to the first TEG 
meeting. This Program Final Report reflects many of the changes 
suggested by the TEG members . 

The agenda for the first meeting of the USBM Steering 
System Technical Evaluation Group was as follows: 

9: 00 a . m .  

10: 00 a. m. 

1 2: 00 noon 

TEG Meeting - First Day 

Introduction of TEG Attendees 
Review of Purposes/Objectives of 
TEG Meeting 

Review of Phase I of USBM Project 
Entitled "Steering System Survey 
for Surface Mining Equipment" -
Robert McCracken 

Lunch 
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1: 1 5  p. m. 

2: 00 p. m. 

2: 45  p. m. 

3: 45 p. m. 

5: 15  p. m. 

9: 00 a. m. 

10: 30 a. m. 

12: 00 noon 

Review of SAE Recommended Practice XJ53, 
"Minimum Performance Criteria for 
Emergency Steering of Wheeled Earth ­
moving Construction Machines" 
Ronald Rumpf 

The Requirement for Operator Training 
in Surface Mines - Louis Schaffer 

The Importance of Contamination Control 
in Hydraulic Systems - Dr. Ernest Fitch 

Open Discussion on Fol l owing Topics: 
• Potential Advances in the State-of -

the Art of Steering Systems 
• Steering System Reliabi lity Approaches 
• Product Liability 

Review of Day's Activities/Adjourn 

TEG Meeting - Second Day 

Group Discussion on Fol lowing Topics: 
• Is there a need for MSHA regulations 

covering primary and emergency steer ­
ing systems? 

• Is there a need for performance 
standards on steering systems? 
On components? 

Discussion of the Purpose/Objectives 
of the Next TEG Meeting 

Lunch/Adjourn 

The members of the TEG were active in their comments 
on the contents of the Phase I report. Though some comments 
reflected individual or company bias toward or against specific 
steering system approaches, a high percentage of the comments 
were useful to this project. The Phase I reports that were 
returned to WAI by the attendees were each studied to hel p  
guide the preparation of the agenda for TEG Meeting No. 2 and 
to correct or c larify portions of the Phase I report that were 
intended for use in this Program Final Report. 
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The discussion during TEG Meeting No . 1 covered the 

fol lowing areas: 

1. Steering System-Related Ac cidents. In addition 
to reviewing the Mine Safety and Health Admin­
istration accident records and British Columbia 
incident/ac cident information (material similar 
to that discussed at the TEG meeting is contained 
1n Section 4.0, "Steering - Related Ac cident 
Information"), TEG members were asked to comment 
on their knowledge of steering-related ac cidents. 

Mr. Ray Heistad af firmed the British Columbia 
data and indicated that the frequency of struc­
tural failure of steering system mechanical parts 
on haulage trucks was much higher than evident 
from the data presented by WAI. He promised to 
supply additional failure information. Mr. Terry 
Smith reported similar structural failures in 
Alberta mines. Several representatives of the 
haulage truck manufacturers involved in these 
Canadian mine steering component failures acknowl ­
edged these incidents and pointed out that these 
failures were not resulting in inj uries or deaths 
and, therefore, were not a serious safety prob­
lem. The mining environment (weather, condition 
of haul roads, etc.) is very harsh in Canadian 
mines and the frequency of structural failures 
may be greater than in United States mines. Gen -
era l l y, these structural failures have oc curred 
at low speeds during maneuvering. This situation 
produces high stresses on structural components. 
Some of these structura l failures were being 
experienced on new hau lage truck models recently 
introduced into Canadian mine service. Some 
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failures appear to be due to improper 
manufacturing procedures. An opinion 
developed (not shared by all TEG members) 
that this type of structural failure does 
not represent a serious safety problem and 
should be considered as either a maintenance 

or quality control problem and resolved 
between the equipment owner and the equip ­
ment supplier. 

Though there appears to be some evidence 
(chiefly hearsay) that there have been infre­
quent problems with hydraulic components of 
steering systems ("sticky" spool valves, hose 
ruptures, valve malfunctions , damaged cylinders, 
etc. ) , no instances where hydraulic malfunc ­
tions or failures had caused an injury or 
fatality accident could be recalled by the 
TEG members. The group concensus seemed to 
be that the steering systems in use today are 
reliable if maintained properly. 

Since three of the four fatalities recorded 
in the MSHA ac cident records studied involved 
front-end loaders , the question of "inherent" 
instability (especially when trammed backwards) 
of front-end loaders at high speeds was dis­
cussed. The front-end loader steering per­
formance objectives may be the most difficult 
for the designer to accomplish. The machine 
must be highly maneuverable at low speeds to 
perform its work and yet be relatively insensi ­
tive to the operator's manual inputs at higher 
speeds. These performance objectives are in 
conflict and no simple solution is available. 
Some mine operations forbid high speed travel 
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with front-end loaders; some even going to the 

trouble to "lock out" the higher gear capabili­
ties through plates on the transmission gear 
selector . There is some concern among equip­
ment manufacturers that attempts to provide 
solutions to this problem through sophisticated 
designs may introduce new, and more serious, 
safety problems. Proper equipment operator 
training and discipline are the most straight­
forward approaches to reducing this hazard . 

2 .  Supplementary/Auxiliary/Emergency Steering 
Capability . One of the causes of steering ­
related accidents is the improper operation 
of a machine leading to a stalled engine. In  
machines having hydrostatic steering, there 
is no way to provide steering forces when the 
hydraulic s ystem is not operating . The opera­
tion of the hydraulic system depends upon the 
machine's engine for power . In a stalled eng 1ne 
situation, the machine operator is unable to 
perform steering maneuvers and an accident may 
result. The machine operator should attempt 
to stop the machine by braking if the engine 
stalls, however, the loss of steering may bring 
on panic and possibly cause the operator to take 
no action . Since adequate machine operator 
training is unlikely for all machine operators 
in all mine operations, the capability to per ­
form some minimal steering after an engine stall 
is desirable . It is important that this emer­
gency steering capability be automatic (does not 
require machine operator action) and that a 
warning (audible or visual signal; preferably 
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both) be given to the machine operator that 
the emergency steering system is operating. 
The operator should, at the earliest safe 
opportunity, bring the machine to a stop. 

The desirability of an automatic emergency 
steering capability has been recognized by 
the equipment manufacturers. Through the 

Society of Automotive Engineers, Inc. (SAE) , 
technical experts have conducted a voluntary 
cooperative effort to develop performance 
criteria for emergency steering systems. A 
draft of this document, entitled "Minimum 
Performance Criteria for Emergency Steering 
of Wheeled Earthmoving Construction Machines, " 
was reviewed by the TEG members. This docu­
ment, which will be designated SAE Recommended 
Practice J53 when published by SAE, was pre­
sented to the TEG members by Mr. Ronald Rumpf, 
the Chairman of the SAE Ad Hoc Committee on 
Emergency Steering. Mr. Rumpf reviewed the 
extensive field testing, technical interchange 
meetings, and standard preparation activities 
that have preceded the drafting of this docu­
ment. This SAE Recommended Practice (this 
document is included with this report as 
Appendix A) defines a test course and test 
procedure for assuring that a level of mini ­
mum steering performance is attained by the 
machine during emergency conditions. This 
performance standard satisfies the emergency 
steering need identified in the review of 
the accident records. 

3. Accident Investigation Procedures. Review of 
the British Columbia incident/accident records 
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has been especially useful. Since the 
British Columbia data contain descriptions 
of accidents that did not result in injury 
or death (but could have under different 
circumstances) there are more individual 
incidents to study. This larger number of 
incidents per machine population supports 
statements made by Mr. Louis Schaffer on the 
"accident pyramid" phenomenon. Mr. Schaffer 
reviewed the relationship between fatality 
accidents, injury accidents, and accidents 
producing no injury. Mr. Schaffer defined 
an accident as " an event, other than a deliber­
ate stop, which is unexpected and which inter­
rupts normal work of the man-machine work 
unit. " Information was presented that sug­
gests that in the surface mining industry for 
every major injury accident there are approxi ­
mately 64 minor injury accidents and approxi­
mately 475 accidents with no injury. This 
compares with an United States "all industry" 
accident pyramid of 29 minor injury accidents 
and 300 no injury accidents for every major 
injury. The suggestion is made that informa­
tion on all accidents, whether they cause 
injuries or not, is useful in reducing potential 
injury accidents. Mr. Schaf fer also pointed 
out that many of the no injury accidents cause 
equipment damage, lost production time, and 
schedule delays. The British Columbia incident 
reports serve to alert mining operations of 
potential accident situations that could result 
in personnel injury or production interruptions. 
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The need for accurate accident reporting was 
also discussed at TEG Meeting No. 1. The 
group concurred that in accidents involving 
equipment of the types studied on this project, 
valuable technical information could be gained 
by the presence of a qualified technical repre­
sentative of the equipment manufacturer during 
the accident investigation. It is recognized 
that this is not practical in every accident. 
However, MSHA investigates every fatal accident 
occurring in United States mines. A fairly 
detailed report is prepared and is used by the 
MSHA Health and Safety Analysis Center and by 
Bureau of Mines study contractors in efforts to 
reduce mining accidents. The usefulness of 
these reports is significantly enhanced if the 
causative factors are carefully identified. A 
definitive description of the equipment malfunc­
tion (if any), the operator actions, the operating 
environment, etc. , will aid the safety engineer. 
The TEG members supported a recommendation that 
MSHA invite qualified technical representatives 
to participate in accident investigations involv­

ing mobile equipment . 

4. Steering System Reliability Assessment. After 
considerable discussion, the TEG members agreed 
that it is not possible to agree on relative 
reliability ratings for the different generic 
types of steering systems. Individual com-
ponent reliabilities have large influences on 
subsystem reliabilities and on the system relia­
bility. At tempts to assign reliability figures 
to components or systems will be misleading 
unless the specific operating conditions and 
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hyd raulic fluid contaminants are known. The 
variables affecting reliability are broader 
than any inherent reliability of any of the 
steering systems. 

A general concern was stated about dual or 
redundant steering system reliability. It 
was stated that the overal l system reliability 
might be compromised unless very careful atten­
tion is given to the design philosophy and 
unless a very careful analysis of failure 
effects is conducted. More sophisticated 
designs are not necessarily more reliable. 

5. Contamination Control in Hydraulic Systems. 
Dr. Ernest Fitch presented a summary of the 
extensive studies conducted at the Fluid Power 
Research Institute, Oklahoma State University, 
on the effects of contaminants on hyd raulic 
system performance and on methods used to 
determine contaminant characteristics. This 
effort has led to the preparation of perfor­
mance and test standards used in military and 
commercial hyd raulic component evaluations. 

Of considerable . concern to the TE G members 
is the possible deleterious effects of the 
various "fire res i stant fluids" being j ntro ­
duced in hydraulic systems. Dr.  Fitch ' s  g roup 
is active in th is a rea. The TE G members sug­
gested cont inued work in this field that 1s 
oriented towar d  the hyd raulic systems used in 
mining and construction machines. 

6. Potential Advances in the State-of-the­
Technology of Steering Systems. The past 
two decades have produced significant advances 
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in steering system technology. While there 
may be future "breakthroughs" in the steer ­
ing system approaches through application of 
technology emerging in other technical and 

scientific fields, it is difficult to antici ­
pate or schedule these "breakthroughs. " The 
TEG members were unable to identify any major 

new advances on the technical horizon. In 
the near term, advances will be made in the 
efficiency, reliability, maintainability, 
and sensitivity of components used in steer ­
ing systems. No departure from hydraulic 
systems is anticipated. 

Members of the TEG were asked to prepare 
suggestions on possible Bureau of Mines ­
sponsored research on steering systems for 
discussion at the next TE G meeting. 

7. Preliminary Conclusions and Recommendations. 
Woodward Associates, Inc. personnel presented 
sets of preliminary conclusions and recommenda ­
tions (Figure 50 and Figure 51) that had been 
prepared from information developed during the 
first six months (Phase I) of this study. 

The TEG members were asked to comment on each 
of the preliminary conclusions and recommenda­
tions and to offer changes or modifications 
with rationale or justification for any dif ­
ferences. Each of the preliminary conclusions 
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PREL I M I NARY CONCLUS I ONS 

• TODAY ' S  STATE-OF-THE-TECHNOLOGY I S  PRODUC I NG REL I ABLE STEER I NG SYSTEMS . 

• ADVANCES I N  STEER ING SYSTEMS REL IAB I L I TY W I LL NOT PRODUCE LARGE 

REDUCT I ONS IN SURFACE M I NE FATAL I TY/ I NJURY ACC I DENT RATES . 

• ADVANCES I N  STEER ING SYSTEM TECHNOLOGY AND REL I AB I L I TY W I LL BENEF I T  

M I NES I N  MA I NTENANCE REQU I REMENTS AND I N  MACH I NE AVA I LAB I L I TY .  

• EQU I PMENT OPERATOR TRA I N  I NG AND OPERA TOR D I  SC I PL !  ME HAVE POTENT I AL 

TO PRODUCE S I GN I F ICANT REDUCT I ONS I N  FATAL I TY/ I NJURY RATES . 

• STEER I NG CAPAB I L I TY DUR I NG "ENG I NE-OFF" S I TUAT I ON DES I RAB LE , 

F igure 50. Prelim inary Conclusions Presented 
at TEG Meeting No. 1 

is d iscussed be low w ith the TEG react ion/ 

comment. 

• Today's state-o f-the-techno logy i s  pro­

duc ing rel iable steer ing systems. 

This conc lusion j s  valid i f  ma i ntenance 

and repai r are not cons ide red in the 

reliabi lity asse ssment and sa fety con ­

s iderat ion s  are the so le concern . It 

is  suggested that ma i ntenance and repn 1 r  
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PRELI MI NARY RECOMMENDATI ONS 

BUREAU OF M I NES SPONSOR RESEARCH I N  FOLLOW ING AREAS : 

• DEMONSTRAT ION OF ADVANCED COMPONENT TECHNOLOGY 
D I RECTED TOWARD H I GH REL IAB I L ITY AND LOW MA I NTENANCE . 

• PREPARAT ION OF MATERIAL TO BE USED IN  TRA I N I NG 

EQU I PMENT OPERATORS TO HANDLE EMERGENCY S I TUAT IONS. 

• I NVEST I GAT I ON OF POSSIBLE SOLUT IONS TO THE PECULIAR 

STEER I NG REQU I REMENTS OF FRONT-END LOADERS . 

M INE SAFETY AND HEALTH ADM I N I STRAT ION CONS I DER THE FOLLOWI NG :  

• A REGULATION REQU I R I NG AN "AUTOMAT I C" EMERGENCY 

STEERI NG CAPAB I L ITY I N  EVENT OF PRIMARY ENG INE FAI LURE . 

USE SAE XJ53 PERFORMANCE GU I DEL I NE .  

• I NCLUD I NG EMERGENCY S I TUAT ION TRA I N I NG AS PART OF THE 

EQU I PMENT OPERATOR TRA I N I NG NOW REQU I RED . 

Figure 51 . Preliminary Recommendat ions 
Presented at TEG Meeting No . 1 
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reliab il ity problems that do not represent 

potential safety conc erns and are b est left 

to the equipment owner and the  equipment 

manufacturer. The comp etitive mark etpla c e  

is a great influenc e in areas of maintenance  

and repair. 

• Advances 1n ste ering system rel iability 

will not produce  large reductions in sur­

face  mine fatality/injury ac cident rates. 

Steering system - related ac cidents t hat 

produce injuries or deaths are infrequent 

and, in comparison with other caus es of 

mobile equipment ac cidents, are almost 

insignif i cant. The  ste ering system - related 

ac cid ents that do occur may not b e  reduced 

through improved ste ering system reliability. 

Other approaches to reducing th ese acc i dents 

would probably b e  more succ essful. 

• Advances in ste er ing system tec hnology and 

reliability will b enefit mines in ma intenanc e 

requirements and in mach ine availability. 

The  potent ial for increasing the machine 

productivity and reducing maintenanc e  costs 

is attractive to the m ine op erators. Ste er ­

ing systems are no t cons i d ered to requ ire 

unusually h igh ma intenanc e by m ines. The  

gains to be  real i z ed through t e chnology and 

reliab il ity advances would b e  important if 

they signal comparable improvement s  in the 

hydraulic systems in general. The  area of 

seal maintenanc e and replac ement was sug­

gested as a fruitful area for improvement. 
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• Equipment operator training and operator 
discipline have the potential to produce 
significant reductions in fatality/injury 
rates. 

This conclusion was unanimously accepted by 
the TEG members. It was emphasized by mem­
bers that this conclusion assumes the devel­
opment and use of effective training 
approaches and assumes that operator dis­
cipline approaches will be acceptable to 
both the union and company management. 
Comments were made on the desirability 
of good maintenance training and its poten­
tial benefits. 

• Steering capability during "engine-off" 
situation is desirable. 

There was substantial agreement among TEG 
members that this conclusion is valid. 
Some members commented that the proper 
operator training would reduce the need 
for emergency steering capability. Some 
members expressed opinions that the need 
for emergency steering capability was only 
on specific types of mobile equipment. 
There was general agreement that some 
slower speed machines did not need emer ­
gency steering. The SAE Recommended 
Practice J53 will be applicable to machines 
having maximum rated speeds in excess of 
20 km/h (12 . 4  mph) . 

I n  summary, there was little disagreement from 
the TEG members on the preliminary conclusions 
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presented at TEG Meeting No. 1. An additional 
conclusion was sug gested by TEG members. It 
is as follows : 

• The accident records at the MSHA-HSAC 

of fices and available from British 
Columbia are extremely useful for placing 
equipment safety research in perspective. 

The TEG members expressed their compli­
ments to the Bureau of Mines for doing 
the proper homework prior to sug gesting 
the promulgation of new MSHA regulations. 
The use of historical accident records 
to help j ustify the need for future safety 
research or for background in preparing 
regulations adds to the credibility of 
Bureau or MSHA actions. It was stated 
that the accident records presented were 
good j ustification for the present require­

ments for rollover protective structures 
on mobile equipment. 

Woodward Associates, Inc. personnel presented 
preliminary recommendations for Bureau of Mines 
action and for MSHA action. The reaction/ 
comments from the TEG members are summarized 
below. The recommendations to the Bureau of 
Mines are given first . 

• Sponsor research toward demonstration of 
advanced component technology directed 
toward high reliability and low maintenance. 

This recommendation received a mixed 
response from TEG members. Reaction 
varied from " keep the government out 
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of equipment development" to ready 
acceptance of the need for the Bureau 
to stimul ate or catal yze the devel opment 
of advanced steering systems. Some 
conversations covered probl ems with 
proprietary rights and patent rights . 
The reluctance of some component sup­
pliers and equipment manufacturers to 
participate in government-funded research 
and development was stated. 

It was decided that TEG members would 
address this area of activity during 
the time between TEG Meeting No. 1 and 
Meeting No. 2 and be  prepared to suggest 
specific technology areas for Bureau 
sponsorship. 

• Sponsor the preparation of material to 
be used in training equipment operators 
to handle  emergency situations. 

The TEG members concurred with this recom­
mentation . There was an expression of 
concern about the product liability impli­
cations of a component supplier or an 
equipment manufacturer supplying information 
that acknowledge potential failure or mal­
function of their product . A comment was 
made to the effect that "pl aintiff attorneys 
could misuse statements about the need to 
train equipment operators to handle  emer­
gency situations. " 
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• Sponsor the investigation of possible 
solutions to the peculiar steering 
requirements of front-end loaders. 

There was not agreement among TEG mem­
bers that the front-end loader has 
"peculiar steering requirements. " In  
any event, the engineering personnel 
at the equipment manufacturers are work­
ing continually toward safer operating 
machines. The TEG members did not have 
confidence that study contractors working 
for the Bureau of Mines would be success ­
ful in developing engineering solutions 
to basic equipment design problems in 
advance of developments within the equip­
ment manufacturing industry. This recom ­
mendation was abandoned . 

Recommendations for the Mine Safety and Health 
Administration and TEG member comments are 
given below: 

• Consider a regulation requiring an "automatic" 
emergency steering capability in the event 
of a primary engine failure. Use SAE J S3 
as a performance guideline. 

The reaction to this recommendation was 
mixed. British Columbia and Alberta have 
regulations requiring emergency steering 
on mining equipment. These regulations 
are reproduced below : 

Br itish Columb ia Mines Regulat ion Act 

"Rule 266 . (a )  Unless otherwise approved 
by the Inspector , where air brakes are used 
they shall b e  installed and maintained 
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according to the rules under the Industrial 
Transportation Act . 

(b ) Where any rubber-tired motor-vehicle 
depend s upon power for steering and where 
the loss of  such power might prevent the 
vehicle from being steered manually , an 
auxiliary device shall be installed that 
would enable the driver to s teer the vehicle  
for  a suff ic ient time to  br ing it to  a safe 
stop . "  

Br itish Columb ia Coal Mines Regulat ion Act 

" Rule 19 8 .  (a)  Unless otherwise  approved by 
the inspector , where air brakes are used they 
shall be installed and maintained accord ing 
to the rules under the Industrial Transporta­
tion Act . 

(b)  Where any rubber-tired motor-vehicle 
depends upon power for s teering and where 
the loss o f  such power may prevent the vehicle 
from being steered manually , an auxiliary 
device shall be installed to enable the driver 
to steer the vehicle for a suff icient per iod 
of t ime to br ing it to a safe stop . "  

Alberta Coal Mines Safety Regulations 

" Steering and Emergency Steering on Equipment . 

99 . ( 1 )  Where equipment fitted with power or 
power-assis ted steering cannot be r ead ily 
steered manually in the event of failure of  
the power source ,  an emergency-steering arrange­
ment shall be provided that shall 

(a)  ensure adequate steering control for 
the equipment to b e  brought to rest 
by the braking sys tem af ter the power 
failure has occurred , 

(b)  come into use automat ically upon failure 
of  the power source , and 

(c )  operate a visible warning device to 
alert the dr iver that the steering power 
or power assis tance is not available and 
that emergency steering is in use . 

( 2 )  Where equipment is dependent ent irely on 
f luid pressure for normal steer ing , with no 
mechanical l inkage between the s teer ing wheel 
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and the road wheels , the equipment shall be 
provided with 

( a) a divided or dual steer ing system to  
ensure that any component failure 
resul ting in a loss of f luid pressure 
in one part of  the system would leave 
suf f icient steer ing capacity in the 
unaf fected circuit for the equipment 
to b e  brought to a safe stop , and 

(b ) a warning sys tem to aler t the driver 
that one part of  the s t eer ing system 
has failed . 

( 3 )  Hoses used in hydraulic steering circuits 
shall ·hav e  a bursting strength safety factor of 
not less than four in relat ion to the highest 
design pressur e  of  the circuit . "  

These regulations were promulgated in response 
to a perceived need to provide such capability 
on mobile mining equipment. Members of the 
TEG from Canada are satisfied that these 
regulations are valid and are providing a 
safer work environment in the mines of these 
two provinces. 

An emergency steering system meeting the per­
formance requirements of  SAE Recommended 
Practice J53 would probably satisfy the British 
Columbia regulations but would not satisfy 
paragraph ( 2) of the Alberta regulation. 

The TEG members engaged in spirited discussion 
on the merits of voluntary concensus standards 
and the potential negative effects of manda­
tory government regulations. A general posi ­
tion evolved that questioned the need for a 
mandatory regulation when the accident data 
appeared to indicate that steering - related 
accidents were minimal 1n comparison with 
other mobile equipment accident causative 

_________________________ WA., 
15 1 



factors. Equipment manufacturer's 
representatives stated that many machine 
models now being produced have automatic 
emergency steering capability consistent 
with SAE Recommended Practice JS3 require­

ments as standard equipment and that emer­
gency steering is available as an option 
on many of the machine models not so equipped. 
The TEG members agreed that it is desirable 
to have the mine operat or made more aware of 
the potential value of emergency steering. 
The mine purchasing office could use SAE 
Recommended Practice J53 in their equipment 
specification to assure comparable systems 
are being proposed. 

This recommendation was modified to suggest 
that MSHA help  educate the m ine operators 
on the types of steering-related accidents 
that have occurred and on the availability 
of emergency steering systems on new machines. 
The majority of the TEG members were strongly 
against any consideration of in-mine retrofit 
of emergency steering on machines in the 
field. 

• Include emergency situation training as part 
of the equipment operator training now 
required. 

Section 115 of the Federal Mine Safety and 
Health Act of 1977 requires training of 
miners. As part of the new task training 
of equipment operators, MSHA could include 
emergency situation training. The TEG mem­
bers concurred in this recommendation. 
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In addition to the above recommendations to 

MSHA, the TEG members suggested the following: 

• Consider a general upgrading of the causal 
information contained in mine accident 
reports. I nclude representatives from 
equipment manufacturers as part of the 
accident investigation team. Stress 
accurate identification of the machine 
involved. Stress identification of pri-
mary and contributory causes of accidents. 

All TEG members were of the opinion that 
accident data review is beneficial in 
helping solve equipment safety problems. 
The accident reports received from the 
field should be as accurate as possible; 
participation by a technical representa ­
tive of the equ i pment manufacturer should 
help attain improved accuracy. 

Some members of the TEG felt MSHA should 
initiate an incident reporting system 
similar to the British Columbia system. 

The first TEG meeting ended with requests to TEG members 
to take the following actions: 

1. Forward steering - related accident data to 
WAI. 

2. Suggest potential approaches to advancing 
steering system reliability and maintainability. 

3. Comment on the need for MSHA regulations cover­
ing steering system performance. 
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5. 2 TECHNICAL EVALUATION GROUP MEETING NO. 2 

Review of the activities and accomplishments of TEG 
Meeting No. 1 confirmed the benefit of an organized technical 
interchange meeting between the various elements of the mining 
industry. It was decided that additional representation from 
mining companies was desirable, therefore four representatives 
from coal  and non-coal  mines were invited to TEG Meeting No. 2. 
Since some discussion during TEG Meeting No. 1 had addressed 
equipment operator training and its acceptance by organized 
labor, it was decided to invite Mr. Jack Short of Operating 

Engineers Union Local No. 3 to participate in TEG Meeting 
No. 2 and to review the union ' s  training activities at the 
Rancho Murieta Training Center in California. 

New members of the Technical Evaluation Group were asked 
to meet with WAI personnel on the day prior to the second TEG 
meeting to review the activities leading up to TEG Meeting 
No. 2. 

The attendees at the second Technical Evaluation Group 
meeting are listed below: 

Lanson Becker 

James Carr 

Ray Chavez 

Richard Evans 

Cliff Farmer 

Eduardo Ferreras 

George Fisher 

Hydreco 
Kalamazoo, M I  
Caterpil lar Tractor Co. 
Peoria, IL 
Arch Minerals Corporation 
Seminole Mine No. 2 
Hanna, WY 
Unit Rig and Equipment Co. 
Tulsa, OK 
Woodward Associates, Inc. 
Utah Operations Office 
St. George, UT 
Woodward Associates, Inc. 
San Diego, CA 
Terex Division - GM 
Hudson, OH 
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Dr . Ernest Fitch 

James Frazer 

Thomas Goodney 

Kenneth Hammond 

Gary Hayes 

Ray Heistad 

Guy Johnson 

Michael Kepple 

Bernard Larson 

Robert McCracken 

Michael McGuire 

John Megenhardt 

William Miller 

Manny Naf t 

Bruce Nelson 

Bill Noble 

Pete Piglia  

Thomas Rit ter 

Fluid Power Resear ch Center 
Oklahoma State Universit y 
Stillwater, OK 
Mine Safet y and Health 

Administration 
Reno, NV 
John Deere Dubuque Works 
Dubuque, IA 
Peabody Coal Company 
St. Charles, MO 
Anaconda Company 
Berkeley Pit Garage 
But te, MT 
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The agenda for the second TEG meeting was as fol lows: 

9: 0 0  a. m. 

12: 0 0 noon 

1: 0 0  p. m. 

5: 30 p. m. 

9: 0 0  a. m. 

12: 0 0  noon 

TEG Meeting First Day 

Review Discussion on Implications 
of Accident Data 

Lunch 

Review of Proposed USBM Activities 

Adjourn 

TEG Meeting - Second Day 

Review of Recommendations to MSHA 

Lunch/adjourn 

Several meeting attendees had written letters to WAI 
during the period between TEG meetings. These letters com ­
mented on the value of these meetings and offered pertinent 
data and opinions. The contents of these letters were dis­
cussed at appropriate times during this TEG meeting and are 
included in the recap of the TEG activities given below. 
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The foll ow ing g eneral ar eas were discussed during the 

sec ond TEG me eting: 

1 .  Additional Ste ering System-R e l at ed Ac cid ents . 

Mr . Henry Zitko r eported on two interesting 

ste ering-related ac cid ents reported during 

the last two years to the Workers ' Compensation 

Board of British Co l umbia. This first involved 

the driv er o f  a l oad ed log transport er . Th e 

driv er had pr evious exp e rienc e on mine hau l  

truc ks and had only one succ essful instruc ­

tional round trip on this tru c k  prior to the 

ac cident. H e  was d esc ending a 5 p erc ent grad e 

alone on a s l ow l y  tightening curv e. F or some 

reason, he ki l l ed th e engine, lost ste er ing, 

and co uld not stay on the changing curv ed road . 

He  was kil l ed wh en the truc k  left the road. 

An em ergency st e er ing capabi lity may hav e 

al l owed the d riv er to succ ess f ul l y  negotiate 

the curved road . 

The sec ond ac cid ent invo lv ed a ste ering arm 

fai l ure on a l og transporter . Inv estigation 

by WCB engine ers and by th e manufacturer indi ­

cated that the fai l ure was du e to  fatigue . 

Subsequ ent annual nond estructiv e testing on 

the ste e ring arms o f  th i s  f l eet of tru c ks 

resulted in about 40  p erc ent replac ement . 

This l eads to  a ser i ous questioning as to 

wh ether adequat e fa ctors o f  saf ety o r  c orrect 

design c riteria wer e  used on these ste ering 

arms . Eme rg ency ste ering capahility, as 

defined in SAE Rec ommended Practi c e  J53, 

wou ld not have prev ented this ac cid ent . A 

reassessment of the d esign practic es, and 
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perhaps of manufacturing procedures, is 

necessary to help reduce this type of accident. 

Mr. Zitko also commented on the probability 
that some accidents reported as rollovers should 
be included in the steering-related accident 
category. The fact that a steering failure 
initiated the rollover is not presented (or 
even known) by the accident investigator in 

many instances. 

Mr. Ray Heistad provided steering system com­
ponent failure information received from 
three mines in British Columbia. This material 
is presented on pages 1 20 to 126 of this report. 

Representatives of mining companies confirmed 
the statements made during TEG Meeting No. 1 
on the "accident pyramid. " These mines experi­
ence high numbers of "work interruptions" due 
to noninjury or "nonreportable injury" accidents. 

2.  Emergency Steering Systems. Mr. Henry Zitko 
commented on the British Columbia Workers' Com­
pensation Board concern about the reliability 
of battery-powered emergency steering systems 
in areas experiencing adverse weather conditions. 
Reports corning into WCB indicate a majority of 
electrically driven emergency steering systems 
on mobile equipment in British Columbia do not 
function. An emergency steering performance 
requirement like SAE Recommended Practice J53 
may not be valid for low temperature conditions 
unless the testing is conducted at low tempera­
tures or unless the system is degraded to reflect 
winter conditions. The WCB is inclined to not 
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3 .  

accept battery-powered emergency steering 
systems unless reasonable tests were conducted 
simulating the adverse operating conditions. 

Mr. Gary Hayes, speaking from experience gained 
in mines near Butte, Montana, wrote: 

"Electric emergency steering , with the open 
centered system ,  has proven itself to be very 
trouble-free , rel iable and safe . "  

On the subject of testing emergency steering 
systems in the field, Mr. Ray Heistad wrote 
the following: 

"The concensus  of most of those present at the 
(TEG) meeting ind icated that functional verifi­
cation tes ts o f  wheel-driven emergency steer ing 
systems was dangerous . As a f ield inspector , 
I have on many occas ions d irected equipment 
operators to check the operat ion of  their veh icles ' 
wheel-driven pumps . Generally one of two pro­
cedures have been used . One method is by accel­
erat ing up to approximately 10 or 12 mph in an 
isolated section of the pit floor and then shut­
ting the engine down and while coasting , checking 
the steer ing abil ity of  the unit . The other method 
used is start ing the test near the bot tom of a 
haulage ramp (usually the ramp lead ing on to the 
pit floor) , and while coas ting , ensure maneuvera­
bil ity . Of course ,  the braking system integrity 
of the vehicles are thoroughly checked to ensure 
the vehicle  can be quickly stopped should the 
need arise . While these relatively "primitive" 
tests may not expose all potential def ic ienc ies 
which may be present in wheel-driven back-up 
steering sys tems , they can give some ind icat ion 
as to their performance capabilities . "  

Training of Equipment Operators. Mr. Jack Short 
discussed the construction equipment operator 
training that is being conducted by Operating 
Engineers Local No. 3 at their Rancho Murieta 
Training Center near Sacramento, California. 
Mr. Short emphasized the Operating Engineers' 
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goal of providing "high quality productive 
operators to the construction industry. " The 
following material was excerpted from informa ­
tion presented by Mr. Short : 

"The Probation/Orientation Period o f  Apprent ice­
ship consis ts  of ten weeks of training cover ing 
the gamut o f  what the newcomer mus t  know to  make 
it in the industry .  

The f ir s t  week i s  or ientation t o  the cons truc tion 
industry with par ticular emphas is on the work 
of an operating engineer . Dur ing this week the 
f ir s t  aid course is taken . 

The second week is all gradechecking . The 
schedule then breaks down into training days 
on specif ic equipment . The attempt is to  spend 
as much time as needed for a machine without 
overext end ing the t ime to the expense of o ther 
machines .  Consequently the concept of training 
by days rather than by weeks . 

In add ition to gradechecking , first  aid , driver ' s  
training with a trip to the DMV , the CEO appren­
tice  will learn some weld ing , lubr icat ion tech­
niques , the heavy duty mechanic functions and get 
one on one ins truc tion and seat time on eleven dif­
f erent pieces of equipment and the operation of 
rock , sand and gravel and mixing plants . 

The newly indentured apprentices will enter the 
Probation/Or ientation Period with overlapping 
classes , the schedule is des igned to get all the 
apprent ices estimated to be needed by the industry 
out of the program during the peak work season . 
The unique scheduling permits expand ing or shr ink­
ing the program in response to the general work 
pic tur e . " 

Mr. Short also provided a list of the 59 pieces 
of equipment in use for training purposes at 
Rancho Murieta. Equipment includes dozers, 
compactors, motor graders, scrapers, backhoes, 
cranes, draglines, loaders, and trenchers. 

On the subject of operator safety, Mr. Short 
stated that the Operating Engineers Local No. 3 
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often sides with the construction contractor 
1n disputes over operator safety discipline. 
He cited the union's strict position on the 
need for rollover protective structures and 
seat belts and the requirement that the oper­
ator wear the seat belt. 

Mr. Ray Heistad wrote: 

"We agree with the suggestion that better trained 
and qualif ied operators would probably contr ibute 
a great d eal to reducing accidents  involving 
mob ile equipment . Recently , a limited analys is 
of acc idents covering a two year period in Br it ish 
Columb ia mines revealed that of 45 accidents 
involving vehicles (mostly loss o f  contro l ) , 
26 of the operators had less than s ix months 
experience .  Acc ident invest igat ions have in 
many cases pointed out training program shor t­
comings , par ticularly with respec t to emergency 
procedures .  We have also found that it is not 
uncommon for operator s to be unaware of equip­
ment mod ifications which can affect the s afe  
operation of vehic les . I t  is not suf ficient to 
train operators just to dr ive their machines , 
they must under stand how and why the various 
control funct ions operate and the limitat ions 
of their equipment . Many mines are now includ ing 
some form of " comprehension" training in their 
programs . In some cases , this could involve the 
trainee spending a certain amount of time in the 
equipment maintenance shops assisting mechanics 
and electric ians in troubleshoo ting problems and 
performing repairs , with particular emphasis on 
braking and steer ing systems . "  

Members of the TE G reemphasized the need for 
equipment operator training as probably the best 
approach to reducing mobile equipment accidents. 

4. Review of Recommendations to the Bureau of Mines. 
Members of the TE G submitted many ideas for possi­
ble Bureau of Mines sponsorship. The following 
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list represents the types of projects 
suggested: 

• Training of operators and maintenance 

personnel. 

• Driver alertness investigations. 

• More complete and detailed ac c ident data. 

• Component/system failure analyses . 

• Component development and demonstration: 

Warning devices (audio and v isual) 
to reliably indicate that emergency 
steering system is in operation. 

Warning devices to reliably indicate 
degradation of power source. 

Accumulator and accumulator charging 
systems. 

Unloading valves. 

Reliable flow sensing/measuring 
devices. 

Definition of seal technology. 

• System studies: 

Machine dynamics. 

Machine design criteria. 

System and component reliab ility 
investigations. 

• Development and demonstration of retrofit 
emergency steering systems. 

• Develop cold temperature version of 
SAE J53. 
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• Gather statistical data on status of 
emergency steering systems in the use 
in the field. 

• Status report of the use of fire resistant 
hydraulic fluids. 

• Investigation of the application of diag-
nostics to mobile mining machines. 

Much of the TEG discussion revolved around the 
definition of the Bureau of Mines' role in 
equipment research versus the role of  private 
industry. Many of the suggested proj ects are 
presently underway in the engineering offices 
of component suppliers and equipment manufac­
turers. It was generally agreed (but not 
unanimously) that the current ef forts underway 
by private industry are satisfactory in areas 
of component and system development. 

There is, however, evidence that private indus ­
try has not solved steering problems completely. 
Mr. Gary Hayes wrote: 

" In the Berkeley Pit truck operat ion we have 
only four 150 ton trucks util iz ing s t eer ing sys­
tems that r equire accumulator/unload ing valves . 
This steering system ,  without a doub t , i s  the 
largest s ingle r eason that the trucks are non­
produc tive . Oil contaminat ion , and the complexity 
of the unload ing system ,  are the main reasons this 
sys tem is no t rel iable . It is  too sensitive to 
heat and contaminat ion . "  

Mr. Hayes also commented on the desirability of 
warning systems that would reliably indicate 
degradation of power sources. These would be 
very helpful in reducing maintenance costs, if 
they are in fact reliable. 
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The development of operator and maintenance 
personnel training programs was judged to be 
a proper area for Bureau of Mines support. 
The evaluation of the effects of fire resistant 
fluids on hydraulic systems would be of impor ­
tance to the mining industry and to the com­
ponent and equipment manufacturers . The 
education or training of MSHA field personnel 
on the basic elements of steering systems and 
their maintenance would be of value. Mine per­
sonnel would like information on the maintenance 
and replacement of seals in hydraulic systems . 
A booklet describing the important maintenance 

practices for hydraulic systems would be useful . 

The input from these discussions has been used 
to help formulate the recommendations given in 
Executive Summary and Section 8. 0 of this report. 
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SECTION 6. 0 

EMERGENCY STEER ING PERFORMANCE STANDARDS 

Industry and government groups have been working toward 
the development of a standard that would define the emergency 
steering performance required from off-highway machines. 
These activities have been underway for several years; two major 
efforts were culminated during 1978. 

Until 1978, regulatory agencies that were interested 1n 
promulgating requirements for emergency steering capability had 
no technical standards to reference. The emergency steering 
regulations effective in Alberta and British Columbia are 
examples that illustrate the desire for providing emergency 
steering capability. These regulations (reproduced in Sec-
tion 5. 1, page 149) provide a "qualitative" approach to requiring 
emergency steering ; the attainment of the required capability 
is somewhat subjective. A technical standard that provides a 
quantitative minimum performance requirement would assure a 
known emergency steering capability . The prepration of such a 
performance standard was recently completed by the Society of 
Automotive Engineers, Inc. (SAE) . Subcommittee 19, "Steering 
and Controls, " of the SAE Off-Road Machinery Technical Committee 
established an ad hoc committee to address the need for an 
emergency steering performance standard. This ad hoc committee, 
composed of representatives from the equipment manufacturers 
and steering component manufactu rers, held dozens of meetings, 
conducted field test programs, and prepared draft performance 
standards for review and comment. This effort resulted in the 
development and SAE approval of SAE Recommended Practice J 53, 
"Minimum Performance Criteria for Emergency Steering of Wheeled 
Earthmoving Construction Machines. " This SAE Recommended 
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Practice is reproduced in Appendix A of this report. This 
standard can be summarized as fol lows: 

1. Applies to scrapers, wheeled front -end 

l oaders, wheeled tractors, motor graders, 
and off-road haulage trucks that have a 

maximum speed capability of 20 km/h or 
greater. 

2. Provides steering performance requirements 
in the event of steering power source failure. 
This standard does not define steering per­
formance in the event of steering component 
failures (burst hydraulic hose, broken wheel 
spindle, hydraulic pump failure, etc. ) .  

3. Defines the steering test course and test 
procedure to demonstrate satisfactory 
emergency steering performance. 

4. Contains requirements for alerting the 
machine operator that the primary steering 
is inoperable and that the machine is on 
emergency steering operation. 

5. Specifies the maximum human effort required 
to turn steering wheel during emergency man­
euvers through the steering test course. 

During the period of time when SAE was preparing SAE 
Recommended Practice JS3, the International  Organization for 
Standardization (ISO) was also active in discussing the need 
for an emergency steering standard. The development of SAE J53 
has served to precipitate a position with many ISO members that 
SAE JS3 be considered as the basis for an ISO standard. This 
position resulted in the conduct of a "technical negotiation" 
between ISO and SAE on several aspects of SAE J53. 
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In October 1978, the annual meeting of Technical 

Committee 127, "Earthmoving Machinery, "  of the ISO was held 
near Phoenix, Arizona. Among the many technical areas covered 
in this week-long meeting was the subject of steering perfor­
mance requirements. Meeting attendees represented Germany, 
Italy, Japan, Poland, Russia, the United Kingdom, and the 
United States. The primary discussion topics relative to 
steering performance standards were: 

1. The emergency steering standard should not 
be required of low top speed machines that 
can depend on using brakes to stop in the 
event of a steering power source failure. 
At what top speed capability ihould the 
emergency steering performance requirement 
be applicable? Poland and the USSR presented 
opinions that the emergency steering standard 
should apply only to equipment with maximum 
speeds greater than 30 km/h ( 1 8. 7 5  mph) . 
Poland was willing to accept Germany's 
recommendation that 25 km/h (15 . 6  mph) 
be specified. Italy, Japan, and the USA 
agreed that equipment with maximum speeds 
greater than 20  km/h (12. 5 mph) should 
have emergency steering capability. The 
USA argued that many types and models of 
equipment that had maximum speeds less than 
25 km/h needed emergency steering to prevent 
serious accidents. After much discussion, 
a vote was taken on specifying that the 
emergency steering requirements applied to 
equipment with maximum speed capability 
over 20 km/h. The proposal was approved 
by vote of five yes - three no. 
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2. Should a steering standard covering off-highway 
earthmoving equipment be included with an 
on-highway earthmoving equipment standard? 
The Technical Committee voted to maintain a 
separation of these two areas. 

The action taken by ISO TC 127 at the 1978  meeting is 
consistent with the contents of SAE JS3. It appears that a 
future steering standard approved and published by ISO would 
not be in disagreement with SAE J53. 
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SECT ION 7.0 

CONCLUS IONS 

Preparation of this section of this report was performed 

by weighing carefully the technical efforts of the Woodward 

Associates , Inc. project personnel; the many discussions held 

with members of the Technical E valuation Group , informally 

between meetings and during the conduct of the TE G meetings; 

the steering -related accident data gathered from U . S .  and 

British Columbia sources; and by considering the other Bureau 

of Mines activities in the area of mobile mining equipment 

safety. The conclusions presented in this section , and the 

recommendations presented in Section 8.0 , attempt to place 

the safety aspects of mobile mining equipment steering systems 

in perspective with other important areas of mo bile mining 

equipment safety. 

Research conducted on this proj ect , coupled with infor­

mation gathered on other Bureau o f  Mines mobile mining equipment 

safety projects , prompts Woodward Associates , Inc. to suggest 

that the following rank -ordered list of safety research areas 

reflect the cause/source of accidents involving surface mining 

equipment : 

1 .  Proper Machine Operator Training 

It  is disturbing to read accident reports 

describing the serious injury or death o f  

an inexperienced unt rained equipment operator. 

These reports are not uncommon. Though each 

equipment operator , regardless of age , experi ­

ence , or previous qualifications , should be 

given adequate training on the specific type 
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and model of machine he is expected to 
operate, it is especially true that a young, 
newly hired miner with no equipment operating 
experience is particularly vulnerable to being 
involved in an accident . 

The training regulations recently promulgated 
by MSHA should have a significant effect in 
reducing accidents experienced by new equip­
ment operators. It is, of course, important 
that the operator training programs be oriented 
toward teaching the equipment operator the 
material he needs to know to assure that he 
has the opportunity to avoid situations lead­
ing to accidents and that he has received 
accelerated experience in escaping from abnormal 
operating conditions that could lead to an 
accident. 

Operator training programs have the potential 
of having the largest impact in reducing mobile 
equipment accidents . 

2. Operator Protection Systems 

The combination of a rollover protective struc ­

ture (ROPS) , a falling object protective struc ­
ture ( FOPS) , and a seat belt produces an increase 
in equipment operator safety that is higher than 
that attained by any other safety accessory . 
Of the 1021 injury and fatal accidents reviewed 
from MSHA-HSAC files, 271, or 26. 5 percent, 
might have been less severe or resulted in 
no injury if an operator protection system 
were installed and in use. Rollovers, colli­
sions, falling materials, and other accidents 
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that require operator protection structures 
are generally more severe than some other 
categories of  accidents. In the 1021 MSHA -
HSAC accidents reviewed, 109, or 10. 7 percent, 
resulted in fatalities. O f  the 271 accidents 
where an operator protection system might have 
helped, 66 , or 24 percent, resulted in deaths. 

It is recognized that proper operator training, 

as advocated in section above, will reduce the 
number of rollover and collision accidents. 
Training will have some effect on reducing 
falling material accidents, however, many fall­
ing material accidents are not within the equip­
ment operator's influence. 

3 .  Ingress/Egress o f  Machines 

Slips/falls, while not resulting in many fatal 
injuries, produce a large number of  accidents 
resulting in lost- time injuries . Of  the 
1021 MSHA-HSAC accidents reviewed, 226, or 
22 percent, were slips/falls related to the 
ladder systems on equipment. Again, proper 
training will help reduce these accidents. 
Improved ingress/egress systems will also have 
a significant impact on slip/fall accidents. 

4. Equipment Maintenance Activities 

Though not quantified during this study, 
Woodward Associates, Inc. researchers have 
noted significant numbers of  injury and fatal 
accidents occurring during the performance o f  
equipment maintenance. Operator training will 
not have an effect on these accidents directly. 
In an indirect manner, proper operation and 
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reduced damage frequency will result in 
less maintenance activities resulting in 
lower exposure for maintenance personnel. 

The four items listed above are applicable to all types 
of surface mining machines. Other important areas of safety 
research that are of lesser general importance to overall 
surface mine equipment safety but may have specific importance 
to particular generic types or certain equipment work practices 
are listed below: 

• Equipment fires 

• Work place illumination 

• Obstructed visibility 

• Braking systems 

The potential reduction in steering-related accidents 

that might be realized through the development of steering 
systems with higher reliability is small relative to the acci­
dent reduction possibilities represented by the items discussed 
earlier in this section. There are improvements in steering 
system technology that will result in reduced downtime because 
of higher reliability and lower maintenance requirements. 
These improvements would not have a significant direct effect 
on reducing steering-related accidents. Woodward Associates, 
Inc. has concluded that the use of Bureau of Mines safety 
research funds to aid the development of steering systems 
with increased reliability is not warranted. Today's state­
of-the-technology is producing reliable steering systems. 

It is possible that some actions contemplated by regula­
tory agencies and by industry could result in a lowering of 
the reliability of steering systems. The increasing emphasis 
on the use of fire- resistant fluids in hydraulic systems could 
have the potential for reducing the steering system reliability. 
Similarly, a requirement for retrofitting emergency steering 
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systems on mining equipment could, if not engineered and 
installed correctly, result in lowering the reliability of 

the primary steering system. 

The capability of continuing the steering function for 
some period after failure of the engine or steering power source 
is desirable. Emergency (sometimes called supplementary or 
auxiliary) s teering capability is desirable in machines that 
have maximum speed capabilities beyond the speed where the 
braking system can stop the machine in a short distance. It 
is preferred that the emergency steering system actuate auto ­
matically without need for an operator action. Some existing 
emergency s teering systems require that the operator flip a 
switch. It is also important that the operator be alerted by 
visual and/or audio means that the emergency steering system 

is operating. 

Section 8.0 presents the recommendations developed from 
these conclusions and from rev iew of  other Bureau of Mines 
research activities. 
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SECT ION 8. 0 

RECOMMENDAT IONS 

The Bureau of Mines is sponsoring a broad range of  
equipment safety research. The following recommendations are 
influenced by a larger view than that of the steering system 
needs alone. It is Woodward Associates' recommendation that 
the Bureau initiate no additional safety research, st udies, 
or demonst rations solely oriented toward mobile mining equipment 
steering systems. The efforts of  the equipment manu factu rers 

and the steering system component suppliers are completely 
satisfactory to assure continued technology advancement.  
There are areas of endeavor that could be enhanced by Bureau 

of  Mines involvement. These areas are covered by the following 
recommendations: 

1. Continue t he development and demonst ration 
of materials and techniques that can be used 
in the t raining of equipment operators. The 
t raining o f  equipment operators to handle 
emergency or abnormal events experienced 
du ring equipment operation is especially 
impor tant. (The Bu reau has proj ects under­
way in this area. ) 

2. Include steering system inspection procedu res 
as an integral part  of equipment operator 
t raining programs. (The Bureau is following 
this recommendation on some projects. ) 

3. Assist the Mine Safety and Health Administ ration 
personnel in becoming technically conversant 
on desirable steering system features such as 

------------------------- WA.. 
17 5 



emergency steering capability , and on the 
genera l  approaches to proper steering system 
maintenance. 

4. Conduct an evaluation of the potentia l  

positive and negative effects of require­
ments to use fire resistant fluids in the 
hydraulic systems of mobile  mining equipment. 

While this recommendation is prompted through 
concern for the possible deleterious effects 
on the steering system, a l l  hydraulic systems 
on the machines shoul d  be studied. Some data 
may be avai l able from the Canadian provinces 
and European countries that require the use 
of fire resistant fluids in hydraulic systems. 
The rel ative effects of the different fluids 
avail able  can be compared and the overa l l  
benefit/detriment determined. 

The above recommendations are gener a l l y  oriented toward 
addressing the safety of the equipment operator. The fol lowing 
recommendations are genera l ly oriented toward improving the 
productivity of mining operations and, therefore, may be con­
sidered by the Department of Energy as wel l  as the Bureau of 
Mines: 

5. Prepare a bookl et presenting guidelines for 
the maintenance of hydraulic systems on 
mobile  mining equipment. While many l arge 
mines have developed excel lent maintenance 
procedures for hydraulic systems, there is 
a need for guidance and training of new main ­
tenance personnel and for aiding the imple­
mentation of structured maintenance programs 
at mines not presentl y  performing adequate 
maintenance. 
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6. Prepare a report describing the function, 

care, and maintenance o f  hydraulic system 

seals on mobile mining equipment. This 

document s hould cover installation procedures. 

Mine maintenance personnel state that seals 

in hydraulic systems need f requent maintenance 

attention and that seal damage during rep l ace ­

ment is not uncommon. 

I n  addition to examining possible areas where the Bureau 

o f  Mines might take action, Woodward Associates, Inc . observed 

that there were areas where the Mine Sa fety and Health Admin ­

istration could contribute to the val i dity o f  Bureau o f  Mine 

sa fety research projects and could, through per formance o f  

technical aid and assistance to the mines, enhance the MSHA 

image . 

The following recommendations a re directed to the Mine 

Sa fety and Health Adm i nistrat ion : 

1.  Improve the quality and quant i ty of i n forma ­

tion gathered by the accident investigation 

team . This need exists for both the fatal 

accident reports and the inj ury accident 

reports. This improvement can be achieved 

through several app roaches : 

Involv e technica l ex perts from the 

equipm en t rn anu fa(:tu r e r s  i n  certa in 

accidents invo l v ing  t he i r  equipment 

models. WA I has received assuran ces 

f rom 1 9  equ i pment manufacturing 

companies that they wou l d  participate 

in accident investigations. 

Prepare accident investigations and 

data recording guidelines for use by 
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the mining industry. These guidelines 
might seem simple and obvious to experi­
enced accident investigators, but would 
be extremely valuable to the designated 
safety person at a small mine operation. 
Educating mine safety personnel on the 
value of accident analyses would help 
promote more thorough investigations. 

Include accident-related information that 
may not be obviously related to the inj ured 
person but is important to the understand­
ing of the accident causative factors. 
The outcome of the accident is also impor­
tant. Was the damage to the equipment 
minor or maj or? Were other employees 
endangered by the equipment operator ' s  
actions? The whole accident scenario 
is useful and does not require much addi­
tional effort by the mine's safety person. 

An educational/training program for some 
HSAC personnel might help them in their 
interpretation of information presented 
on accident reports. Familiarization with 
mining terminology and equipment descrip­
tions would aid their efforts to correctly 
categorize some accidents. 

Direct follow-up by the HSAC personnel with 
the mine reporting an accident would be 
beneficial in instances where the accident 
report is illegible, incomplete, or difficult 
to interpret. A short telephone call to the 
mine person filling out the accident report 
might clarify many questions about an 
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accident. This information audit would 
significantly increase the quality and 
quantity of information on the accident 
reports. 

A "serious incident" reporting system 
would help define potential injury and 
death producing accident situations. 
British Columbia mines report incidents 
not resulting in injury or death to per­
sonnel to the Department of Mines and 
Petroleum Resources. Narrative summaries 
of these incidents are broadly distributed 
to British Columbia mines to alert them to 
potential accident situations. While feed­
back to the mines might be more difficult 
in the United States, the value of the 
incoming information would be high to HSAC 
and Bureau of Mines safety projects. The 
mine ' s  safety person could call a toll- free 
telephone number and relate the incident 
to an HSAC employee trained to gather the 
important information. This call could 
be recorded for later transfer to a stan ­
dard form and coded for computer storage 
and retrieval. 

2. Provide technical information for distribution 
by MSHA field personnel to the mines . Specifi­
cally, in the area of equipment steering systems, 
provide information on inspection procedures, 
on emergency steering performance standards 
(SAE Recommended Practice J53), and on industry 
accident experience. 

---------------------------- ™-
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A goal of this activity would be to have 
the mines perceive MSHA as a partner 1n 
safety and not as an adversary. 

3. In reviewing training plans and training 
programs being prepared and implemented 
by the mining industry, offer suggestions 
on the need for training the equipment 
operators to correctly anticipate and handle 
emergency or abnormal operational situations. 
While some accidents do occur during the 
normal operation of a machine, many accidents 
are the result of the equipment operator not 
having the knowledge or training necessary 
to react quickly to a developing emergency. 
If the engine fails, if a tire blows out, 
or if the brakes or steering malfunction, 
will the operator be able to avoid an accident? 

The above recommendations for Bureau of Mines and MSHA 
consideration affect a much broader sign of activity than mobile 

surface mining equipment steering systems. As stated earlier 
in this report the steering systems being produced by the mining 
equipment industry are reliable and do not present a safety 
problem. The equipment manufacturing industry is active in 
the development of new steering systems that will retain the 
demonstrated safe characteristics. Voluntary consensus stan­
dards have been developed to help assure minimum performance 
levels of emergency steering systems. Similar standards are 
being developed for the primary steering systems. 
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MIN IMUM PER FORMANCE CRITERIA FOR EMERGENCY 

STEERING OF WH EELED EARTHMOVING 

CONSTRUCTION MACHIN ES-SAE J53 SAE Recommended Practice 

Report of Off-Road Machinery Technical Committee approved December 1 978. Rationale statement avallable. 

COURSE DIMENS IONS 
A •  1 . 1 0  Tirres Tire Track Circle 

Or 1 Jm. Whichever Is  The 
Larger. 

2 . 5  Times 

x1mum 
Width 

er 

15m (82 ft . )  

7 

1. Objective-This SAE Recommended Practice provides minimum per­
formance and test criteria for the emergency steering of specified machines 
in the event of an engine or steering power source failure. This criteria shall 
enable machine manufacturers to uniformly evaluate emergency 1tccring 
capability. 

2. Scope-This recommended practice ii specifically limited to tractor 
■crapcrs, wheel loadcn, wheel tractors, graders, and dumpers (aa defined in 
SAEJ l 1 16 Oanuary, 1 977)  andJ 1 057a Ounc, 1975)) which arc de1igncd to 
operate at a maximum rated ■peed in exccaa of 20.0 km/h ( 1 2.4 mph) and 
which employ power source(■) in addition to the operator control effort to 
effect machine 1tccring. 

B • 1 . 75 Times Tire Track Circlt 
Or 22m, Whichever Is  The 
Luger. N: 7 

3. Defl,rltio,u 
5.1 Steering Sy1tcm-Thc mean■ by which the machine i1 controlled 

about the vertical axil. 
5.2 Steering Power Source-The mean, for generating power to pro· 

duce steering (e.g., pump, generator, etc.). 
5.5 Steering Control Effort-The force exerted by the operator when 

1tccring the machine. For the 1tccring wheel, this force is con■idcrcd to be 
exerted at the rim. 

5.4 Maximum Axle Spacing (MAS)-Thc centerline distance from the 
forward-mo■t axle to the rear-most axle. 

5.5 Tire Track <lrclc (TTC)-Thc outside diameter of the tire track 
when the machine is 1tccred to its limit and run in a continuous path. 

5.6 Failun:-Sudden and complete 1011 of the engine or 1tccring power 
source output. 

4. Performance Crlterlll 
4.1 In the event of failure of an engine or a steering power 1ourcc, a 

means shall be provided to continue maintaining 1tccring control of the 
machine. As a minimum, the machine mwt be �pablc of negotiating the 
appropriate teat course shown in Fig. 1 .  

4.2 The normal means provided the operator for steering control, (e.g., 
wheel, switch, lever, pedal, etc.) of the machine will continue to be used in 
the event of an engine or a steering power source failure. Emergency steer­
ing capability after failure shall be provided without requiring a supplcmcn· 
tary operator control function (e.g., turning a switch, pulling a knob, etc.). 

4.5 Required steering wheel effort while negotiating the test courses 
must be within the acceptable range aa specified by Fig. 5. All other means 
of control (switch, lever, pedal, etc.) must not exceed lhc force lcvc!J shown 
in the Contro!J Section of Military Equipment and Facilitica. MllrSTD-14 72. 

4.4 A warning device indicating an engine or steering power 1ourcc 
failure is required for machine■ which will not negotiate -the Fig. 1 test 
course when using only operator muscular power within the limits of para• 
graph 4.5 and with no power aasist devices. This warning device ■hall be 
audible and/or visual and shall actuate after failure. After actuation, the 
steering capability shall be at lcaat the minimum amount required for one 
trip through the Fig. I test course. 

A warning device is not required for machines which will negotiate the 
Fig. 1 test course when using only operator muscular power within the limits 
of paragraph 4.5 and with no power aasist devices. 

4.5 Emergency steering response, including any time delay introduced 
by an engine or a steering power source failure, must permit the machine 
to stay within the boundaries of the Fig. 2 test course. 

4.6 Machines that have maximum rated speeds in excess of 20.0 km/h 
( 1 2.4 mph) in reverse must have similar emergency steering capability 
(force, rate, and duration), in either forward or reverse direction and should 
be tested in the forward direction. Testa can be conducted in the reverse 
direction in addition to the forward direction if normal machine use 
dictates. 

4. 7 Machines having different steering performance in right and left 
hand turns must comply with the appropriate Test Courses shown on Figs. I 
and 2 and with a mirror image of Figs. I and 2. 

5. Test Course 

5.1 The teat courses arc to be constructed in accordance with Figs. I 
and 2 on a compacted or paved surface. A mirror image of either course 
may be used, provided the steering performance in right and left hand 
turns is equal. 

5.2 The test courses shall not exceed 1 1/2% grade in any direction. 
6. Te1t Procedure, 

6.1 Teat Machine Specification■ 
6.1 .1 All component parameters related to emergency steering capability 

shall be within the manufacturer's specification■• Machines with optional 
tire 1izc1 should be tested with the arrangement which require, the greatest 
amount of 1tccrin1. Thia ii nonnally repreaentcd by the 1malleat tire track 
circle. 
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Corridor 14 .c .::I A C • 2 . 00 Times Haxi,rum Axlt 
Spacing Or 15m, Whichever 
ls The Sma l ler. i ni sh 1 � ,  ; 1

_J 
COURSE LENGTH 

Machi nes with a tire track ci rcle 
of 1 ess than 12 �ters. a 11 whee 1 
tractors and a l l  graders wi l l  
terminate the test a t  Fi n ish 1 .  
Al l other ma.chines termi nate test 
at Finish 2. 

Corridor 12 

� J()n (98 ft. ) . 8 J  
Start • • •  

1 . 25 T1nu I I 
Maximum Width -H 
Over Tires 

M -. 
4()11 ( 1 31 ft . )  .., . 

PIACHINE SPEEDS 
Force and Duration Test • 

8 .0  km/h ( 5 . 0  q,h) 

Force and Rate Test 
16 .0  km/h ( 1 0 . 0  "l)h) 

FIG. I -EMERGENCY STEERING FORCE, RATE, AND DURATION 
TEST COURSE 

Lfne a 

( Oetermt ned By 
Start of Steerf ng 
Control Actua tfon) 

1. 15 Ti..,s 
Width Over 
Tires 

/ 
/ 

- - 1 
I 
I 
I 
I 
I 
I 
I 

I 

Boundary 

Path of Ma.chine Travel 

A + 3 . 0la  ( 10.0 ft. ) 

t 
See Figure 1 For Dfinensfon A 

16 .0  k•/h ( 10 .0  oph) Ttst 

FIG. 2-EMERGENCY STEERING RESPONSE TEST COURSE 
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6.1 .2 Tractor scrapers and dumpers are to be loaded to the manufacturer's 
gross machine weight ratings and distribution, including the weight of the 
heaviest combination of attachments approved by the manufacturer. 

6 . 1 .3 Wheel loaders, wheel tractors, and graders are to be at manufac­
turer's empty machine weight ratings and distribution, including the weight 
of the heaviest combination of attachments approved by the manufacturer. 

6.2 The tire track circle (used in calculating the test course dimensions) 
is to be determined as follows: 

6.2.1 Use only the steering capability provided by the primary steering 
control means (e.g., steering wheel). 

6.2.2 The tire track circle is to be determined on the same ground sur­
face conditions (grade, rolling resistance, tractive coefficient, etc.) on which 
the test courses are to be constructed. 

6.2.3 The machine is to be steered to its limit and driven in a continuous 
circular path between 2.0 and 4.0 km/h inclusive in o;der to describe the 
tire track paths on the ground surface. The tire track circle is the maximum 
diameter of the described paths. Suitable marking devices may be used in 
lieu of the actual tire print to establish the tire track path . 

SAE Technical Board Rules and Regulations 
All technical reports, including standards approved and practices recom­
mended, are advisory only . Their use by anyone engaged in industry or 
trade is entirely voluntary. There is no agreement to adhere to any SAE 
Standard or SAE Recommended Practice, and no commitment to conform 
to or be guided by any technical report. 
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For the following machines as classified in SAE J 1 057a Oune, 1 975)  and 
similar configurations; 

4.1 . 1 .4, 4.2. 1 . 1 ,  4.3. 1 .2, 4.3 . 1 .!I ,  4.3.1 .4, 
5 . 1 .3 ,  5 . 1 .4, 5 . 1 .5 ,  5.2.3, and 5.2.4 

the tire track circle should be determined for only the leading unit (prime 
mover) which excludes possible steering top interference between the 
prime mover and the trailing units. 

6.2.4 For machines with different right and left hand steering capabili­
ties, use the smaller tire track circle in calculating the test course dimensions. 

6.3 The machine is to be driven through the Fig. 1 test course with a 
steering power source inactive ( to simulate a power source failure). Other 
machine functions, which might be automatically triggered by the simu­
lated steering power source failure and thus affect driving thru the test 
course, may be rendered inoperative providing such action does not increase 
the emergency steering capability above the level normally available. 

6.3.1  At 8.0 km/h (5.0 mph) ± 1 5% to verify the emergency steering 
force and duration. Tire tracks must stay within the test course boundaries 
except for the tire tracks of the trailing unit(s) for the following machines 
as classified in SAE J 1 05 7 a Oune, 1 97 5) and similar configurations; 

4. 1 . 1 .4, 4.2. 1 . 1 ,  4.3.1 .2, 4.3.1 .3, 4.3.1 .4, 
5 . 1 .3 ,  5 , 1 .4, 5 . 1 .5,  5 .2.3, and 5.2.4. 

6.3.2 At 16.0 km/h ( 1 0.0 mph) ± 1 5% to verify the emergency steering 
force and rate. Tire tracks must stay within the test course boundaries 
except for the tire tracks of the trailing unit(s) for the following machines 
as classified in SAE J 1 05 7a Oune, 1 975) and similar configurations; 

4.1 . 1 .4, 4.2. 1 . 1 ,  4.!1.1 .2, 4.!1 . 1 .3, 4.3.1 .4, 
5.1 .!I ,  5.1 .4, 5 . 1 .5, 5.2.!I, and 5.2.4. 

6.4 Verify that the steering wheel or steering control effort required to 
steer through the Fig. 1 test course does not exceed levels described in 
paragraph 4.3, 

6.5 Verify the warning function as described in paragraph 4.4. 
6.6 Verify the emergency steering response as described in paragraph 

4.5 by driving the machine through the test course shown in Fig. 2 at 
1 6.0 km/h ( 1 0.0 mph) ± 1 5%. Enter the test course with full steering sys­
tem capability. Initiate a tum at Line a. Start of steering control actuation 
should trigger a ground marker located under the front axle, and simul­
taneously simulate a steering power source failure. The machine must 
complete a 90 deg tum with the tire track paths remaining within the 
boundaries specified. 

This verification is not required for steering systems which experience 
no time delay introduced by an engine or steering power source failure. 

I n  formulating and approving technical reports, the Technical Board, its 
Councils and Committees will not investigate or consider patents which 
may apply to the subject matter. Prospective users of the report are respon­
sible for protecting themselves against liability for infringement of patents. 
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