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Each year, hundreds of people die as a 

result of agricultural tractor rollovers. The 

National Institute for Occupational Safety 

and Health (NIOSH) within the l.J'.S. 

Department of Health and Human Services 

is charged with conducting research to 

ensure the satety of America's workers and 

to help prevent such deaths. 

Engineers from the NIOSH Oi\·ision of 

Safety Research (DSR) are studying tractor 

rollovers and attempting to solve an old 
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Figure 1. 

problem through application of ne\\' tech­

nologies. NIOSH researchers are using 

AN SYS· softwa re to simulate rracror 

rollo\'er dynamics and to study rhe srrucrur­

al response of the ro llover prorecti\·e srruc­

rure ( ROPS). o r ro llbar. during a ro llover. 

Such :inalyses allow rcsc:archers co srudy 

ro ll on:r mechanics via compurc:r and have: 

rhc: po renrial co reduce: rhc: numbc:r of ticld 

rests r<:q uin:d . In addition ro srud\·ing rhc: 

structu ral respo nse of rhe rollbar. 

researchers are inreresrcd in undersrandin g 

rhe conditions prcc ipiraring ro ll o\·e r. and 

wane ro use rhis information ro design nc:w 

safcn· co ntrols o r impro\'c older rechnolog\·. 

Development of a rear­
rollover model 

r\ rear-rollover model was dc:\·d oped co 

sim ul ate rhe effects of a tractor progressing 

up th e grade of a hill. bc:coming sruck and 

ro lling over b:· rotating abou t rhe rear ,Dde 

of rh e tractor. Th is particular roll o\·cr sce­

nario was chosen since ir is specified in rhe 

current standards for cerr ificacion ot ROPS. 

ASA£ 55 19 '. T he standard cites char a slope 

of -60 degrees (as measured from rhe ho ri­

zon) is needed to induce rhe ro llo\·er. and 

speeds ranging from 5 to 8 km/hr i3 co 5 

mph l. To simulate rhese cond itions. rhc: 

finite elc: men r mode:! was rota ted 60 degrees 

14 w -:- E R I 9 9 6 

James R. Harris. P .E.. Mahmood Ronaghi, and 

Karl Snyder. Ph.D. 

to rhe Z-axis (see Figure I) and provided an 

initial rotational velocity about rhe rear 

axle. The rorarional velocities were chosen 

as if all of rhe forward velocity of rhe tractor 

was translated to rotational velocity. 

The rear-rollover model consists primarily 

of two pans: che ROPS and the frame. 

Eighteen 30. chin-walled plas tic beam de­

mencs. BEA.vi 24. were used to model rhe 

ROPS. The tracto r frame was modeled with 

rigid .30 elas tic beam elements . BEAi\14. 

Elements comprising rhe frame were utilized 

to position lump masses representing rhe 

front and rear wheels. as well as rhe cenrcr of 

gravin· fo r th e tractor. The distributed cen­

ters of gra\' in · were necessa1y co caprure rhe 

dynamics of che trac tor and chus modd the 

loads on the ROPS . No srrucrnral amh-sis 

of the frame was intended. Consequenrlv. 

rclaciveh- high stiffness values were supplied 

for the fram e elements. Cemer of gm·it\• 

information was obtained from res ts per­

formed at che L niversiry of Nebraska'. 

Con race bem·een rhe ROPS and ground 

was handled rhrough CONTAC48 conracr 

d emenrs. Rea r tires were simulated b\· a 

spring-damper co nrrol elen,enr char acted in 

compression onh-. Until conract ben\·et'n 

rhe ROPS and gro und occurred. the rear 

ax le \\'as o nh- allowed one rotational dc:grec­

ot~fn:cdom abo u r rhe X-,L'(is . o r rrans\·crsc 

tractor ax is. r\frer co ntac t occu rred. rhe Y­
rra nslar io nal consrrainr was removed. ,ti low­

ing vc rcic:al rranslar ion so char rhc rires cou ld 

leave rh e ground . T he conrrol clement was 

activated \· ia che element bi rrh option . and 

the spring-damper q:imbinarion simubred a 

rire b:· permicrin·g on ly limited morion in 

rhe negati\·e Y direc tio n. Free morion \\'as 

allowed in ch e positive Y direction . C h.mges 

iri either rhe stiffness or damping of rhis d e­

menr did nor appear co signific:mrl:· aft;:cr 

rht: results of the simulations. 

T he entire trac tor model was const ructed 

paramerricalh- to allow easy alte ratio n of 

key d esign \'ar iables, such as rhe distance 

benveen rear o r fronr rires, thickness of 

ROPS material. RO PS length and manv 

ochers. Initial ro tational velocity can eas ily 

be changed as \\·ell. A variety of speeds 

spanning rhe recommended range ot rhe 

standard we re simulated. 
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Development of a 
side-rollover model 

A model was also developed co simulate a 

rollo\·er occurring about che longirndinal 

axis of the tractor. To simulate chis behav­

ior, the finite element model to simulate chis 

behavior was based upon rhe earlier model 

used in rhe rear- rollover scudy and can be 

seen in Figure 2. H owever, with chis model. 

representation must be added for conracr 

points on the tires and hood assembh- ck: 

would to uch rhe ground in a side rollo\·e r. 

r\s with che tracto r frame, rhese comacr 

locations were modeled with "rigid" 30 
c:lasric elements. BEAJvl4. 

T he side-ro ll o\'er behavior simulated was 

a tractor rra\'eling along rhe side of a hill 

perpendicular to rhe grade and striking 

so mething resembling a ramp. To represem 

rhis scenario with out usi ng additional con­

race elements to represent a ramp, rhe rire 

nodes for the m odel were given a ramped 

displacement boundary condi tion that 

would raise che tires as if rhey were ciimr· 

ing a ramp. Thi s ramp reprcsencar ior . . : · 

st:rved to conrrol rhc speed of rhe rr.1.:ror. .:..: 

rhe top of rhe ramp. chc 0conscrainrs o n 

rhese nod.::s were released. The tire nodes 

on th e ocher I non-ramp) side of che tractor 

were o nh- all owed to rocare about rhe longi­

rudinal ax is to chis point in rhe simulation. 

As th e nodes for rhe tires on rhe ramp side 

of rhe tractor are released at rhe top of rhe 

ramp, rhe tracto r begins to rotate more 

quickh- abou t irs longirudinal a.x is. W·11en 

rhe cenrer of gra\·ity node passes approxi­

mate!:· o\·er rhe poinr of roracion. all con ­

srrainrs are deleted from the rem :.i::::,; 

nodes ( non-ramp side of che craG0: · .,: · 

in g fo r free movement of rhe tractor. In 

additio n to rhe contact elements bet\\·een 

rhe ROPS and rhe ground , contact ele­

ments have been added for rhe tire-ground 

and hood-ground interface. 

As wi rh che rear-rollover model, che side­

rollover m odel was designed parametrically. 

The rire representation can easily be 

changed to add additional wheel spokes and 

rhus possible comacc poims (Figure 2) . The: 
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Figure 3a. 

slope of che hill across which rhe tractor is 
moving can also be altered. Simulations 
·: . ,·,· r,;rrormed for a wide variety of tractor 

:.np angles and hill slopes. 

Experimental results 
Relati\'ely little data exist in the literature to 

document the rollo\'er behavior of an agricul­

tural tractor, making it difficult co gauge the 

accuracy of the finite element simulations. To 

examine the results of the rear-rollo,·er 

model, video-recorded rollover events from 

the High Plains lntermountain Center for 

Agricultural Health and Safety at Colorado 
Scace University' were used. Time indices in 

increments of 1/30 second were added to the 

idt"o to derermine the speed ar which che 
::::r;s occurred. The rollover period mea-

., ed from videotape for rear rollovers. per­

rormed according co ASAE S5 l 9, matched 
well with simulation-predicted rollo,·er peri­

ods of approximately 1.2 seconds. 

To record data on a side-rollover e\'ent, a 

1/16 scale-model traccor was used. This 

tractor was instrumented with reflective 

markers. Ir was released from the top of a 

ramp to gather speed before striking a sec­
ond ramp, inducing che side rollover. 

Morion measurement data and rhe positions 
of the reflective markers, were collecred ar 
i;n Hz for che X, Y, and Z rranslacions, 

,sing a 3D optical motion measurement 

system. The simulation model was scaled co 

march the model tractor used in the experi­

ments. Figures 3a through 3c are compar­
isons of the translation data for chis simula­

tion at a mid-point on the tractor hood. 

Discrepancies between simulation and 

experiment results can largely be amibured 

to some forced behavior introduced via the 

boundary conditions. Mose notably, the 

actual tractor will leave the ramp before rhe 

top of rhe ramp, while the simulated tractor 

is constrained co the imaginary surface of 

rhe ramp until the top. This discrepancy is 

particularly noticeable for the vertical trans­

lation comparison of Figure 3c. The models 

are under const ant refinement to improve 

accuracy. Yer, for-some of the ongoing pro­

jects, rollovenre~ds and rates provide suffi­

cient information that otherwise would be 

much more difficult.to obtain. 
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Figure3b. 

Impact of simulation results 
Stresses resulting from tractor rear­

rollover simulations were compared to 

stresses resulting from simulations of the sta­

tic resting requirements in certification stan­

dard ASAE S5 l 9. The static requirements 

prescribe a series of fo ur quasi-static loads 

char muse be applied to a ROPS for certifi­
cation. If the material used in fabrication of 

the ROPS has had ch e Charpy V-nocch 
impact rest recommended in the standard. 

then static resting alone is enough to qualifr 
a ROPS for field use wi thout field-upser 

testing. The stresses from the two si mula­

tions were compared to see if the static rest­

ing sequence might result in stresses char 

were similar to chose expected from an acru­

al overturn. The rear-overturn simulation 

resulted in higher stresses than the static 

overturn simulation for some, bur not all. 

cases. These results are nor intended to 

imply rhar ROPS are not adequately 

designed. Some ROPS manufacturers per­

form both static and field-upset resting 

before certifying a rollbar. A research project 

has been proposed ro collect tracror chassis 
dynamics and strain measurements from a 

ROPS during actual overturns, using a 

remotely controlled tractor. This informa­

tion could be used to further refine, and per­

haps validate, the finite element models so 

char rhey might be used to reduce che need 

for costly field resting. 

Researchers at DSR are working with 
West Virginia University in Morgantown. 

W.Va., to develop an automatically deplo,·­

ing ROPS, or auto-RO PS. This device 

would remain in a retracted position during 
normal operation, so farmers could maneu­

ver tractors in areas oflow overhead clear­

ance. If a rollover were detected, the auto­

ROPS would deploy to its full height. The 
side-rollover simulations already discussed 

are helping ro define an algorithm char can 

be used to identify these rollover events. To 

dare, these models have already been used to 

refine the sampling time of the deployment­

control circuit, so chat the auto-ROPS will 

deploy easily before making ground contact. 

The side-rollover simulations are most 

important for chis portion of the study. since 
they occur more quickly than rear rollovers. 
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ANSYS is a powerful finite element pack­

age that has provided engineers at 

NIOSH/DSR with the flexibiliry and feasi­

bility to examine che mechanics and dynam­

ics of agricultural tractor rollovers. Staging 

actual rollover events can be both rime-con­

suming and costly. While it will still be nec­

essary to perform actual field rests or 

rollover experiments, finite element simula­

tion models are helping to reduce rhe num­

ber of trials chat will be necessary. NIOSH 
researchers have used the results from simu­

lations of rollovers and static resting to gain 

insight into current certification standards 

and refine deployment algorithms for a ne"· 

auto-RO PS. Perhaps a rime is approaching 

in the not-so-distant future when almost all 

field upset tests can be accurately and confi­

dendy simulated on the desktop. 
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