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ABSTRACT

Performancend failureof heavy vehiclesair brakes usg computer models is a subject of high interest
in the area of accident reconstructiorhe performance of heavy vehicle air brakes dependeveral
PneumatieMechanical systemsith many componentsorking together Bond graph modeling
technologyis appropriate for thimulti domain applicatiomvhere pneumatic and mechanical components
must work simultaneouslyBond graph modslallow anautomatednodeling generatin approachThey
produce first order equations state space form suitable fomsilations in the time and frequency
domain.Due to the high order of the systemmposed of many componentsnventional methods based
on the constitutive laws of each element become complex very qaicitlprompt to errors The bond
graph modeling tdmiqueimplemented in the software CAMP@& omputer Aided Modeling Program
with Graphical Inputgenerates computer models readysiarulation inMATLAB . The paper examines
heavy vehicle air brake systanodels oftomponents andf thewholesystem It presents the physics
principles that apply to generate the braking fordése relation between simulation aait brakesizing
variableds consideredh time dependent operating conditioéhe papepresents also a practical
application of ahree axldenwheel heavy vehicldt explainsthe physicsprinciples that apply for a
heavy vehicle brakingnder downhill failure conditions.

Keywords: Heavy vehicle air brakes, accident reconstructiarjrake failure drum brakes,
downhill braking work-energy dissipation, braig forces.

1. INTRODUCTION pressurend normal movement of the vehicl&€he
term“ Par bt ag eSpringparkingbr ak e ”
Using lasic constitutivelaws for mechanical and describe thdrakes that operate on tkameshoes
pneumatic systemsone cangenerate computer and drum®f the service bralgbut they are strictly
simulationmodels Thelawsof Physicscontrolthe  mechanicHy activated . These are also known as
motion ofheavy vehicle yhamicsas presentechi Emergency Brakes.Powerful springsact on the
referenceBeer and Johnson (2004), Jazar (2000)push rods that activate tlheake shoes tgenerate
Fricke (2010). @signconsiderationandequations the braking forcesther operation doesot depend
that control themotion of vehicleare presented in on maintaining the 110 Iir pressura@equired for
Jazar (2000) and Granda (2019) normal operation ofervice brakes If a loss of
pressurébelow 60 psioccurs on the service brakes
Heavy vehiclesair brakes haveeveralmodes of pneumatic circuit,by design,the springparking
oper at i on.ServickBrea ktee€'r ni s“bralies aral triggeved andhctivated immediately

indicate the operation of the brakes under alknot her term used in this p.
. This term refers to a condition of maintaining the
| CBGMO 2 0 210, 202b3an [Hego, vehicle stopped while the hydraulics tire back

California USA- ©2021 Society for

Modeling & Simulation International (SCS perform several tasks, typical operations of

specialized truckdn order to achieve this, the
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Fig. 1 Basicbraking components of a heavy vehicteikon (2014)

operator places the transmission imeutral, 2. HEAVY VEHICLE AIR BRAKE SYSTEMS
allowing speeding up of the engine and operation cOPERATION

the hydraulianechanism#$or specific applications.
This system triggers theervice brakeso applyto
all wheels keeping the truck from moving. 2.1. Basic Components
A loaded Recycling Truck on ahill is presented as
an application of downhill brake failure. It is teste
under a partial loss gressure. An air pressure
loss diminishesthe brake forcesbecause these
controlinternalfriction forces at the drums leveh
this example despite the facthe springparking
brakesaredesigned to apply automaticalin case
the pressure drops logl 60 psiandfailed to apply.
They did not trigger tdock the back wheelacting
as an emergency brakeegpite the truck rolling
131 ft. anddescendind.5 ft. downhill on an &%
hill and on asubsequent 28 sectionjt stopped a
few feet fromahouse at the bottom of the hilvhy
did it stopafter it rolled down becomes a major
guestior? The laws of physicsand computer

dIn Fig. 1 adiagramof a basic heavy veHigbraking
system is presented based on the description in
Yukon (2014).0ne can also consider tHmgrams
presented inFricke (2010) Using these basic
system bond graph models are developed with an
incremental level of difficultfrom a system at one
individual wheelntil acomplete integrategehicle
brake system is developed.

In Fig 1, a ompressor pumps diro the Reservojr

the Governor controlghe pressure thabmpressor
produces.The blue & lines allow air flow between
componentsfor the front and back brakesA
Reservoir stores the compressed air. The brake
Epredal is known as the foot valve¢dntrols the flow

or compressed air to the componeintshe front
brakes and then the back brakes.Fig. 2 (a)
illustrates the basic ocgponents Yukon (2014) and
Fig. 2 (b) the corresponding bond graph.

The laws of physics for conservation of energy
work-energy and energydissipation and brake
forces applied at the whegtsovide the scientific
foundation
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/ N
Pressure is received from the air flow to e ety e Delvery e
Brake Chamber Theair pressure in the chamber is = s
convertedn mechanical force through the push rod. =
The pressure acts on a flat circular plate in th Fool valve Supply line
chamber that is attached to a diaphragm. The pu: N sty
rod pushes the slack adjuster (blue) and makes e
rotateclockwise That slack adjustés connected
to a camshaft and this to an S cam which ultimatel
is used to expand the shoagainst the rotating ounTont Governor e S
drums in order tproducethe braking forces. \_ Compressor p.

In this case we have a Type 30 clamp chamber with
30 squareinches of effectivaliaphragmarea.  If
100 psi is applied, idevelops apush rod force
which we calculate multiplying the pressure times
the effective area so 100 psi x 30 in = 3000 pound:

2.2 Brakes Applied and Released
Fig. 3 illustrates the flow of air when the brakes are

applied. Fig. 4 illustrates the flow of air when the
entire pressure is released in the foot vakakon

(2014) Front and back brakes are released. Thi "

status is thetate of the brakes for normal driving
conditions.
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In Fig. 4 when the foot valve is released, air isare relaxed and the go back to a position less than
released from the valve to the outside from the [in®0 degrees. The brake chambers have now no
causing the braking forces to disappear as thpressure on them as the air is released from the foot
pressure goes down. Note that the slack adjustevalve exhaust
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Fig. 5Dual Air Brake System
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2.3 Dual Air brake system plus Spring-
parking brake

green) and one for the frorggcondary, red). When
a driver presses the foot valve, both sections are

activated, primary tank to rear axles, secondary
Trucks have a dual braking systas described in tank to the front. There are two pressure gages one
Fig 5. This means they have a dual foot valve. Théor each service tank. The idea is that even if one
system is divided in two systems, each having itshe systems fail completelthe driver would have
own supply, delivery and exhaust ports. This valvesome brakes, maybe not full power, but will be able
controls two air circuits, one for the back (primary,to control the vehicle to a stop.
~
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The Springparking brake circuiis shownin the sound emitted from the truck and then the truck
yellow circuit of Fig 8 and Fig 9. The yellow circuit started to roll slowly downhill towards the front
is pressuized.If the operatompullsthe knobup, the yard of the home at the bottom of the hill
air pressure igeleasedrom the brake chambers approximately 88 feeaway The truck left the
and only the mechanical springs are activatedasphalt and its wheels fieon rolling over the curb
Their forces act on the push rods auply the and into the inclined front yard @ propertyfor
brakes toaxles 2 and .3 This is enough to stop a another 29 feet. Its wheels rolled on the inclined
heavy vehicle on an incline. In Fitp shows the front yard which has an inclination of
bond graphmodel expanded to a 10 wheel vehicle.approximately 20%. The truck finally descended
into the home front cemepatio, travelled 14ft.
3.0 HEAVY TRUCK DOWNHILL and stopped approximately two feet from the
BRAKE FAILURE APPLICATION entrance to the homBy the time it stopped, it had
descended about 15 ft. from the height at location
A Recycle tuck was oran 8.5% inclined stopped where it started rolling and had dissipated
at the top of the hill. Itspersonnel collecting approximately one milliojoules of energy The
recycling material cans and compacting the scientific questions. Brakes failure? If so, why after
recycling materialon the backwhile the vehicle failure and roll downhill descending 15eet it

was stoppedu nd e r the controdtopped? t he “wor Kking

b r a klei$ set by the driver with a buttahat

disables the pedals and sends the air pressthe to 3.1. Overall Scenario

service brake linesThis keers all wheels from o

moving while the hgiraulics on the back are used. The recycle truckshown in Figll had

It sets he transmission in neutral, speagp the Potential energy with respect to the flat ground level
engine and allowed the hydraulgystemsand Where it stopped. For purposes of analysis the
compactor to operatdJnder thesecircumstances bPottom, the patids the reference lpne at height
the pressure to all wheels &s if me app“edthe zero.The kinetic energy is ze@d the tOp of the hill
service brakeThusan application of air pressure to Pecause théruck was stoppedmotionlesson the
the brake chambers on alheels keepthe truckn  hill.  Fig 11 shows a cross section of the terrain
place The engine wouldpeed ugo operate the With the corresponding dimensions astbpes
recyc"ng materiabompactor’ Sweep@tC.At that which determineshe helght the truck descended
point theworking brakecontrolled the truck. from the top The 8.5% slopecorresponds to an

angle of 5° The 19.6% stope on the grassy area
The truck remained stopped on the hill for severa$orresponds to an angle of°1IThe truck rolled on
minutes while the workers wee collecting the pavement approximately 88 feet. It rolled on
recycling materiahomes on both sides of the streetthe grassy area 29 feet and its center of mass
All of a sudden there was an unusual loud hissingfavelled 14 feet on theementegatio.

p UQo 2

Fig. 11 Overall truck path due to brake failure.
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3.2 THE LAWS OF PHYSICS THAT APPLY Where U is thavork done W is the weight y is

ON THE DOWNHILL ROLL the heighW x y is the potential energyrl herefore,
we read the work done by the weight W from
3.2.1 Potentialand Kinetic Energy moving from heightyi to y» is equal to the change

in Potential Energy.
Potential Energy
PE = weight (w) x heighth) =w x h [felb]. (1)  The sum of the potential energy plus kinetic energy
at position 1 of an object have to be equal to the sum
This product of force times a distariseélso known  of the potential plus kinetic energy at position 2.
as “ w.oWhkn’objects move they also acquire
energy and this energy is measured bykihetic I+vV,=5L+V, 4)
energy
T. at the initial position on the hill is = 0 because no
Kinetic Energy =0 O -4 0 Q0 a & (2) velocity, V at the bottom of the hill (patio) is O
because the patio is our reference 0 for the height.
- In free rollthe potential energy the truck had at the
O i NoGEANM Q¢ wRdw initial position on the hill is transforndento kinetic
energy at the bottotmecause it acquires a velocity
The t rpatential energy transformed into Because the truck descended atwpped leds us
kinetic energyand work of friction Several tothe conclusion thanergy was not conserved but
possibilities were studiedDuring the free rolling it wasdissipated The only explanation lays on the
test, tharuck acquired aelocity of 17.46 miles per some braking forces still actingThe initial
hour before itwent into the patioThere were no potentialenergy transformed in work of frictias
friction forces to dissipate the energyettenergy the explanation as to why it stopped on the patio and
is conservedThereforethe truck would not have did not hit the house.

stopped and crashed into the house at the bottom.
Based on these Laws of Physicsmieansthat if

3.2.2Conservationof Energy partial braking occurred, then the original potential
energyat the top of the hill is equal to the kinetic

In free rolling, the Principle of Conservation of energy plus the work done by the braking forats

Energyapplies Beerand Johnsto(2004) any point between the top tbfe hill and the bottom
When the truck stopped at the bottom, its kinetic

Q A energy is zerdut thenall the potential energy had
2

Where m =mass of the body

been dissipated into work of friction by the braking
forces, thus fulfilling thePrinciple of Conservation

W of energy.Granda (2019)resented applications of
this principle to accident reconstruction.

j dy The masure of the energy dissipatésicalculated
A V2 by the work of the friction forces. Initial energy
A1 Q weight 44420 Ib. times the vertical distance it
descended (15 ft.). This number is 666,36 for
{ V1 y 905,821 joulesThis energy had to be dissipated so
that the velocitywould be zero at the patio level.
| | Where did this energy go? The scientific answer is
. . _ that, despite the fact there was a loss of pressure on
Fig 12. Work of a conservative force is equal to thethe brake system, it still kept 55 psi so there was
change in potential energy. some partial braking forces acting all the way
down. These combined with opposing forces when
the truck hit a telephone pole, unrooted a tree,
dragged it underneath and cracked a retaining
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barrier contributed to dissipate the 905,821 joulepatio before thdouse.There isanother important
of energyfrom the top of the hill to the patio.. corsideration, the parking brakeThe parking
brakesare supposed tbe activated if the pressure
3.2.3Forces acting on the truck as it is stopped dropsbelow 60 psi. In this cagkey did not.
at the top of thenill
There were many computer simulations dosiag
Considering the truckvas on 8.5% incling the  vehicle dynamics principles Jazar (2000AMPG
downward component of the weight calculated i§2021), Working Model (2021) The objective to
(44,420 Ib.) x Sin (5°) = 3871 Ipushing the truck verify the simulation and match physical evidence.
downhill. Under ths force, it would acquire an Computer simulations verified that 905,821 joules
acceleration unless counteractedfiigtion forces of energy were dissipatenh free roll.
acting on the tires in the opposite directidime
truck holds in place on the hilhith the brakes 4.1 Dynamic Condition 1. Free downhill roll
applied. The downhill force is counteracted by _ N
friction forces between the tires and the groundn order toanalyze this condition we must let all

acting on the truck in the opposite directi wheekrotate free under the onéxternal force that
causes motianThe downhil component of the

- - weight is 3871 Ib Fig 13 indicates the forces
« : o acting on the truck at time =0 and all wheels free.
X_,\ O OQWN

G L / — & UG a B e il

»"Y'Qe

Fig. 13 Forces acting on the trudiee to roll.

The friction forces originatamsidethe brake drums |
as the air brake system sustains a normal operatil. ;= :
pressure between 100 to 120 psi (pounds per square Fig. 14 Free downhill roll strikes the house.
inch) in thetanks and applies 30 psi to tladr

pressurdinessystem, Once this pressure is appliedFig. 14 shows the sequenemder free rolfrom the

a levercam mechanism pushes theake shoes initial position onthe hill until it strikes the house
against the drums on each wheel and such frictiodind dischargesabout a million joulesUnder this
force between the shoes and the drum produce G@ndition bushesa smalltree andgoing over 3.
counteracting moment that results in the frictionretaining walldid not stopt from hitting the house.
forces pushing uphill to hold the truck in plaareo

provide partial braking forces while rolgn Using computersimulations one can compare the
downhill. Low air pressure then produces lowermotion of the truck on free roll with the one under
braking forces.If those lowetbrakingforcesin the  the pressure losnd partial brakingvhile under the
drums not produce enough friction forces to control of theworking brake. During freeoll, the
counteract the component of the weight actingnaximum velocity is 17.46 mph. The whole event
downbhil,, the truck will start rolling downhill. wasover in 15 sec.

40 COMPUTER MODELS 4.2 Dynamic Condition 2. Partial braking,
downhill roll under loss of air pressure

The computer modelsised here considered the

braking system as a whole with the purpose oShown in Fig15is a computer simulation of the

examining the lowest pressure possibldissipate truck rolling downhill under loss of pressure and

one million joules of energy andtill stop on the partial braking.
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Fig 16 Truckvelocity diagrama) Condition 1, free roll. b) Condition 2. Downhidll underair
pressure loss and partial braking.

The truck acquired a velocity about 5 mph by the velocity the truck acquired wds7.46 mph and the
time it entered the front yarafter rolling 88 feet event lasted 15 sedJsing the graph shown in Fig
Considering this distance this is slow velocity.16 (b) the maximum velocitynder partial braking
Because of this the driver attempted to get back ints 7.61 mph. The event lasted 38 sedhe
the cab but was not successflihis low speed simulation verified that under thesgcumstances
verifies partial brakingptherwse the truck would the truck did stop and did not hit the house. It
have accelerated and the speed would be higheatissipated all the energy it hatitiae top of the hill.
There was a loss of air pressure The simulatiosrevealed thathe result definitely is
sensitive to théevel of braking force produakon
On Fig 16 (a) one can see that the maximumthe braking drums.This in turntranslates to the
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level of pressure loss at the brake chamiigranda  back wheels. This verifies that if the driver would
Valdez (2018) present theeientificexplangion of  have gotten badk the cab and pulled up the yellow
energy loss during braking. parking control valve, shown in Fig. 7 the truck

_ . _ would have stopped.
4.3 Dynamic Condition 3. Parking brakes

applied 4 seondsinto the downhill roll ¥

Computer simulations of the truck rolling downhill
were conductetesting thegossibilityof setting the S
parking brake while rolling downhill had started. :: 3= I | I
The idea here is to investigathetherthe driver - N j

would have been able to get back in thearabpull = jovinnnny

the knob to set the parking brake which is als¢*. H —{ o

called emergency brakdntentionally the spring e
parking brakes were triggered after the truck hac -
rolled for 4 sec anthe truck hacgcquired a velocity — we—==

of 7.5 mph.

| ‘ ' el N

Fig. 18 Truck settles down and stops.

This simulation is very helpful for examining the
design of the emergency systems a heavy vehicle
should have in order to prevent a roll downhill
el under the loss of pressute the chambers of the
2l o BN service brakes. It poisibut that such systems need
| | the feedback of level sensors to tell the central
\/\ control system that the truck is on an incline and
r Jf any sensor that reports motion, velocity or
L e accCeleration while the truck is under the control of
e the working brake should be regarded as an
emergency which reques the automatic
application of the springarking brakes.

Fig 17. Application of the springarking brake
while in motion

Under the conditionsfagpartial brakingthe truck

reachedmaximum of 7.61 mph Setting of the

springparkingbrakes would havstopped the truck

beforeit reached the grass inclined front yard

The resulis that if the springparking brakes would
havebeenapplied under those conditions the truck
would have stoppedhis isas ifthe driver would
have pulled the knob up 4 sec into the freewbile
the truck was already at 7.55 mph. This simulate

the asi f  Wdrkeng Braké system would have 5. CONCLUSIONS
applied the springparking brakes under a fault

o Bond graph models have been developed for the air
condition.

brake system of heawyehiclesin a progressive

The simulationlocks up the back wheels d&sthe ~Manner from the basic system at one drand its
parking brake is applied, a friction force of 28,309c0mponents with a level detail tothe system as a
Ib. is generated to stop the truck. Then theVhole. This demonstrates that bond graphs can
suspension and the entire truck experiences rotatidf0duce complex models incrementally, allowing

about the pitch axis (perpendiculathe paper) and the simulation osubsystemarst before moving on
settles down. The forces keep changing and !0 more complex multi domain systenirhe bod

shifting momentarilyuntil the truck settleslown ~ 9raphs presented here can be used in thatenann
and stops irthe middle of the incline as shown in @nalyze subsystems and the entire system.
Fig 18. The meter on the right whictevealsthe

velocity of the truck reasl0 mph stopped on 8.5% The application presented here considered the
incline after the parking brakes have locked the&yStém as a whole under the downhill forces caused
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springparking brake systemeeds toaccount for 91264203-3, 2010.

back up and emergency systems triggered to agte z a N. Véhimle Bynamics: Theory and
under different fault conditiondn this situation the Appl i c aSpringem2800

computer model helps us examine thdesign _ _ _ )
defects on thevorking brakesystem for failure to Working Model 2D.  Design Simulation
include fault modes in addition to loss of power and ~ Technologies, Canton, Michigan (2021)

pressure under 60 psi. Yukon Department of Transportation. Commercial

. . Vehicles Handbook.ISBN 9781-55362703
Once theworking brakesystem was set on it was 6. 2014.

imperative tchavebackip systems that would have
triggered the springarking brakes to apply
considering different fault modes thatwould
considerer 1) Recycletrucksoftenwork on hills AUTHOR BIOGRAPHY

such condition needs to be detectedi@pdrted to JOSE J. GRANDA, PHD, is a Professor of
the central control systen®) Detectionof motion  Mechanical Engineering at the California State
underoperation othe workingorake should trigger  University in Sacramento, California. He obtained
deployment of thespringparking brakes. 3)  his M.S, and Ph.D. degrees in Mechanical
Sensors to measureelocity or acceleration. Engineering from the University of California,
Sensors that would feedback information to theBerkeley and Davis respectively. He has dedicated
control system revealing that the truck was on amis career to research methods to make computer
incline and any motion, velocity or accelerationsimulations automated and easier for engineers.
while theworking brakesystem was in control of His expertise in modeling and simulation of space
the truck is a failure mode or fault mode whichgnd ground vehicles using computer simulations,
should have triggered the spripgrking brakeso  vehicle dynamics and vehicle design has been
apply. known worldwide. He is a Professional Registered
Mechanical Engineer in the state of California. He
received the Distinguished Alumni Award from the

REFERENCES University of California, Davis and the Outstanding
Beer and JVedion Mechanicsfor * Research Scholar Award from the California State
Engineers . M EIG20C4 W University, Sacrament Since 2002, he works with

NASA as a NASA Faculty Fellow. Prof. Granda
CAMPG (ComputeAided Modeling Program with  was a NASA spokesperson for 17 missions of the
Graphical interface) Cadsim Engineering,Space Shuttle program. He has served as General
2021. Chair or Program Chair of the ICBGM conferences

Gr anda JJ, Val de z F, smc\g elr??‘?'c IHS. IS I\ff‘g deépferg }pgac_ugeﬁ
Simulation for determination of Drag Factor in recqnstrucfuon using h(_:olmputer simdlations 0
Accident Reconstruct g?&"#’ms inyajving, vehigles, tricks, 'g“%tourcrké‘?t‘?sa |
Conference on Bond Graph Modeling and iomechanics, occupational, work place, failure

Simulaton (| CBGM’ 2018) . EYSSy ED%?P.@{‘a'ySi% ( PRIGNEsIth reports,
July 2018, deposition and trial éxperience.

122



