








High Roughness Section 1 - Mays rough­
ness 254 IPM (RCR 4<6) 

Section 2 - Mays rough­
ness 424 rPM (RCR 1.2) 

Test Speeds both sections 40, 60 km/hI' 

General. description - A two lane undivided road 
with badly detertoratL"1.g flexible pavement. There 
was excessive pavement cracking in a random 
pattern. Although the posted speed limit is 80 
km/hr, the ride in the truck became unacceptable 
beyond 60 km/hr. For this particular road 60 
km/hr is about the limit that most drivers would 
be prepared to push their equipment. 

B. Woodroofe Ave. (Between CNR Tracks 
and Slack Rd.) North Bound 

Rough level railway crossing 

Smooth to medium rough roadway - Mays 
roughness 73 IPM (RCR 8.2) 

Test speeds - 40. 60. 80 kIn/hr 

General Description - A two lane undivided road 
with flexible pavement in good condition. Three 
speeds were chosen for this roadway 40. 60. 80 
km/hr. The test section commenced with a grade 
level railway crossing which was impacted at full 
running speed. The analysis of the smooth road 
section commenced once the reaction of the 
vehicle to the railway crossing had dampened out. 
The dynamic wheel loads resulting from the rail­
way crossing were analyzed separately. 

C. Highway 417 (Between Maitland Ave. 
Overpass and Rochester Street Exit) 
EastBound 

Three Sections 

smooth Mays roughness 59 IPM (RCR8.5) 

medium Mays roughness 165 IPM (RCR 6.3) 

Rough Mays roughness 217 IPM (RCR 5.3) 

several bridge structures 

test speed - 80 km/hr 

General Descrtption - Amulti-lane divided highway 
through an urban area. The roadway is in the 
process of be111g reconstructed therefore there are 
three distinct surfaces present within the single 
test section. The smooth section (RCR 8.5) is new 
flexible overlay on a rigid pavement base. The 
medium surface (RCR 6.S) in an older overlay on 
the same rigid pavement. Reflective transverse 
cracking is evident. The rough surface (RCR 5.3) 
is the original rigid pavement 111 dire need of repair. 
These three surfaces were in close proximity to 
each other which allowed for continuous recording 
of all three surfaces during the same pass. The 
speed was held constant at 80 km/hr. This test 
section also contained several bridge structures 
with different approach roughnesses. Some ap­
proaches were undetectable by our instruments 
while some others gave very high reactions. 

In addition to conducting tests on various road­
ways, there were a series of tests conducted with 
discrete bumps. These tests :Included both quaSi 
static or creeping over the bumps as well as 
dynamic impacts at various speeds. 

The bumps were created by placing standard 
dimensionallurnber across the road parallel to the 
axle axis of the vehicle. 

The quaSi static or creep tests were used to 
measure quasi static load eqUalization while the 
high speed runs were used to "pluck" the suspen­
sion system so that the natural frequencies and 
apparent damping coeffiCient could be resolved. 
The ability of the suspensions to mitigate dynamic 
impact axle loads was also determined from the 
high speed runs. A listing of the bump arrange­
ments and tests speeds follows. 

(a) QuaSi static creep tests (first gear deep 
reduction with engine idling). 

'!Wo planks side by side 4 cm x 48 cm 

Three planks side by side 4 cm x 27 cm. 

'!\vo planks side by side with a third plank 
centered on top of the bottom nvo 8 cm x 
48 cm. 

(b) Dynamic impacts 

Speeds - Top end of first gear 

18 km/hI" 
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40km/hr 

All dynamiC impacts were done at the above speeds 
over a single wooden plank fr.red to the road 
su:rface having cross sectiona] dJmensions of 4 cm 
x24cm. 

Speed control dwing all tests was achieved by 
selecting the appropriate gear With the engine set 
against the maximum RPM g(}venlor. 

A single, grade level railway crossmg was used in 
order to get a 'feel' for the dynamiC axle loads that 
can be expected from such an input. The Mays 
Meter roughness output for the 80 meter incre­
ment of road conta!n:1ng the approaches and the 
crossing,was 252 IPM (RCR 4.6). RecognIzing that 
this roughness figure is somewhat ambiguous. the 
general consensus was that in terms of roughness, 
the railway crossing could be considered to be 
typical. 

The vehicle speed used during the crossing were 
40. 60, and 80 km/hr. The road roughness in the 
vicinity of the crossing was apprmdmately 60 IPM 
(RCR8.4). 

DYNAMIC BRIDGE LOADING 

A number of bridges were crossed during each of 
the tests conducted on highway 417. The bridge 
approaches vaned from smooth (undetectable) to 
very rough, 

When a new suspension was mstaJ1ed on the 
vehicle or when the axle spacing was changed. the 
vehicle's static wheel force was measured on a flat 
level concrete floor. 

The procedure used was to place Jacks under the 
chassis of the fully loaded vehicle and then .raise 
the vehicle until the wheels were off the ground. 
All load sensing strain gauge bridge circuits were 
balanced to zero and then the vehide was lowered 
and the jacks removed. The voltage change across 
the bridge circuits was measured using a digital 
voltmeter and the wheel load was then calculated 
using the appropriate calibration constants. 

STATIC PITCH TEST 

The static pitch test was used to determine the 
static load sharing characteristics of various 
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Suspensions as a function of trailer pitch angle. 
The intent was to explore the magmtude of the 
suspension equalization variations that can be 
expected when the tractor and trailer riding 
heights are mlsmatched. Heavy Jacks were used to 
raise the fully loaded vehicle at the tractor's fifth 
wheel there by inducing a pith angle to the trailer's 
suspension. 

NRC's four post shaker rig was used to 
demonstrate the importance of considering iner­
tial forces outboard of the strain gauge when 
evaluating dynamic wheel loads. The expenm,ent 
consisted of lowering the air suspension lift axle 
on two load cells and exciting the wheels of the 
axle with two hydraulic actuators. 

ANALYSIS 

The resolution of vertical wheel loads at the pave­
ment surface requires two data sources. One being 
the dynamic axle load as measured by the strain 
gauged axles and the other being the vertical 
inertial component of the mass outboard of the 
strain gauges. This mass is comprtsed of tires, 
rims, brake hardware and a portion of the axle. 
The inertial forces Is resolved by multiplying the 
measured vertical acceleration of the axle by the 
above mentioned mass. The sum of the vertical 
axle force and the vertical inertial force yields the 
force as seen at the tire/roadway interface, 

In algebraic tenns 

Total Dynamtc 
WheeL Force 
at the 
Pavement 
Surface 

Dymanic 
"" Axle 

Load 

Vertical 
+ Acceleration 

of the Axle 

End of 
x Axle 

Mass 

The following brief analysis proves the need to 
consider the vertical inertial forces. 

The derivation of the equation ofmotlon {ll makes 
use of the following assumptions. First. the axle 
bending moments at pOints A and B in Figure 4 
are zero and the member is free ofaxtalload. the 
axle is conSidered to be a ng1d body wit..lI two 
degrees of freedom, namely, bounce and roll, 
deSCribed respeet1vely by x and a. 

A free body diagram of the axle reveals that the 
reaction at the point A, RA. is a function of the 



forces transmitted by the leaf spnngs or air bags, 
F 1 and F2. and the inertial forces of the axle; 

RA := Fl .,. (F2 - Fila/!. - 1/2 maX .,. r a{i,tt (l) 

The term ma is the mass of the axle and la is the 
axle roll moment of inertia about its center of 
mass. The linear dimensions a and 1 are defined 
in Figure 5. 

Assuming that the straill gauge at point A' ac­
curately monitors the reaction RA, one may 
proceed with the analysis of the free diagram 
shown in Figure 6. 

The equation of motion for the above figure is 
simply 

(2) 

The load transmitted to the pavement, T, is given 
by 

T = klXl + ClXl 

FIGURE 4 
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FIGURE 5 
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By making use of equation (2), T can be expressed 
in the form, 

(3) 

where m 1 is the inertial mass outboard of the 
strain gauge and xl is the vertical acceleration of 
the inertial mass. 

The breakdown of the inertial mass component is 
as follows: 

TIres and Rims Qty 2 
Hub and Drum Qty 1 
Brake Shoes Qty 2 
Brake S Cam Shaft Qty U/2) 
Wheel Studs and Nuts Qty 10 
Bare .Axle Qty 1/10 

Total Inertial Mass 

The inertial mass was taken as 300 kg. 

207.5 kg 
62.2 kg 
16.Skg 
3.1 kg 
1.5 kg 

10.6 kg 

301.2 kg 

Summing of the axle forces and the inertial forces 
was done in the analogue state using operational 
summtng amplifiers. Depending on the analysis 
technique required, the summed analogue Signal 
was transferred to a strip chart recorder for direct 
interpretation of the data or it was digitized for 
numerical analysis. 

The numerical analysis was performed with a 
IBM-AT personal computer. The computer was 
equipped with a four channel analogue to digital 
converter, and the necessary software was 
developed to perform the numerical functions.The 
statistical functions of interest were: 

the mean 

first standard deviation 

5th and 95th percentile and their 
corresponding histogram plots . 

The sampling rate was 300 POints/sec/channeL 

The dynamic load coeffiCient was intended as the 
principle numerical quantity to be used for the 
analysis of contL?J.uous dynamic data. KnOMl in 
statistics as the coefficient ofvartation, the DLC is 
defined as: 

DLC:= S/Z 

S = standard deviation of the wheel forces 
distribution (kN) 
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z = overall mean wheel forces (kN) 

The introduction of the DLC is based in the as~ 
sumption that its numerical value is independent 
of the variation in the overall mean wheel force. 
Hence, the DLC allows one to compare dL.l1erent 
suspensions tested with different overall me8.!""l 
wheel loads. However, we find that a change in Z 
leads to a variation in the DLC, 

Take foran example the test condition where the 
truck had a walking beam suspe:nsion as the drive 
axles and a four spring suspension as the trailer 
axles. A test was carned out where the drive axle 
wheel loads were decreased by 130/0. The decrease 
in the standard deviation was evaluated at 6% 
instead of the expected 13% decrease. By com~ 
parison when the four spring trailer axle load was 
reduced by 24%, there was a reduction inthe 
standard deviation of 19% which is within accept­
able limits. 

It is evident from this exercise that the relationship 
between S and Z may not be linear and moreover 
it may be dependent on the suspension type. that 
is 

S = DLCxZ 

where 

DLC = DLC (Z, suspension type) 

To eliminate possible confUSion resulting from 
variations in the static wheel load, the DLC was 
not used as the prtmary anar.ysis tenn. It was 
replaced by the standard deviation of the dynamic 
wheel force. This term was examined as a function 
of vehicle speed, road roughness and suspension 
type. The DLC did prove useful however. during 
the final analysis with appropriate consideration. 

SHAKE TESTS 
To further explore the axle force and inertial force 
contributions of the vehicle measurement system. 
a vertical shake test was perfonned. The air lift 
suspension of the fully loaded vehicle was sup­
ported st the tires with two electro hydraulic ver­
tical actuators. A low amplitude sinusoidal input 
equal to the resonant frequency of the suspension 
was applied. The configuration of the Dynamics 
Laboratory required that the rear end of me trailer 
be supported by an overhead crane. The tractor. 
for its part. rested on the ground in its usual 
position. Figure 7 depicts a model of the spring 
mass system under study. 
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The span between points A and B is assumed to 
be small enough so that the displacement Xl of the 
trailer mass, M. deSCribes the motion of both 
pOints A and B. despUepossiblepitch of the trailer. 
The mass elements mi. m2 and ms are assumed 
to be rigidly attached to one another. The quantity 
m2 represents the mass outboard of the strain 
gauge. while ml and I!l3 are the mass of the radius 
arm and axle respectively. A free body diagram of 
the system is shown in Figure 8. 

The sum of the moments about point 0 leads to 

k~~a +- xl-h)l:; + c2nae + Xl - n}12 ... kl!~e .;. cl1~e 

... k31~9 + csl;e + 19 + IDsl;a + m1L1x1 + mS12xl 

+ ~l~e -I- m212xl .. 0 

( 4) 

The linear dimensions 11, 12 and 13 are as defined 
on Figure 8. I is the mass moment of inertia of ml 
about point O. Ll if the distance of the mass cemer 
ofml from point 0 and kl. k2, ka and Cl. C2. cs are 
stiffness and damping coeffiCients respectively. 

FIGURE 7 

I 
!c2 { '28 + Xl - iI} 

C2(1 29+ x\-h) 
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The sign convention adopted for the axle strain 
gauge is the following: a dovrnward force applied 
to the axle inboard of the straln gauge is con~ 
si-dered positive and results in a positive voltage 
output. Hence the force FS mOnitored by the strain 
gauge (that is the inertial and spring forces in­
board of the stram gauge) takes the form 

2 2' 2 2'" 
Fs =~(kllla +c1l1S +kslsi1 +cs ls 9 +19 {5} 

+ msl~e + IDl L1x1 + mSlaJ(ll + 12, 

Defining the actuator force FA as being positive in 
the upward direction leads to 

Equation (4) can therefore be written as 

FA= Fs-mzX2 

where X2 = he + Xl is the vertical acceleration of 
m2 which is mOnitored by an accelerometer fas­
tened to the axle right next to t.lJ.e wheel hubo The 
final result (equation (7)) is identical to that ob­
tained in equation (3). Processing the results of the 
shake test required the followtng analysis. 

.As illustrated in Figure 7 the spring mass system 
from the shake test experiments could be modeled 
as a two degree of freedom system. However, to 
veruy that the general properties of the mechanical 
system are properly monitored, it is less cumber­
some to treat t.~e axle-wheel combination as a one 
degree of freedom system with no damping. The 
fonowing parngraphsjustif:y such a simplification. 

The shake tests were conducted without shock 
absorbers on the air suspension, thus consider­
ably reducing the magnitude of the damping coef­
ficients cl and c3 of Equation (4). Upon neglecting 
visCous forces associated with tires and bags we 
obtatn, for a sinusoidal forcing function, the fol­
lowing steady state solution for the stratn gauge 
force; 

Fs =: [(kll~ + ksl;) - ro 2 (I + msl~}]x2/1~ro2 

+ [(02(1 - ID 1Ll 1..2) - (kll~ + k31~)Jxdl~m2 

The factors multiplying Xl and X2 are of the same 
order of magnitude, however, video tape of the 

expe:rfment clearly showed that the displacement 
Xl was of second order in comparison with X2. 
Hence Fs may be approximated to 

which is precisely the result obtained from a one 
degree of freedom analysts. By making use of the 
steady state solution for a one degree of freedom 
system we may rewrite the expression for the 
actuator force. Equation (6), as 

Equations (8) and (9} reveal that for small drivtng 
frequencies ffi the vertical acceleration X2 is in 
phase with Fs and FA. As we increase the driving 
frequency we can expect a 180· phase shift be­
tween X2 and the signals Fs and FA. 

Ifwe define mA and ms as the frequencies at which 
a 180' shift occurs between FA and X2, and Fs and 
X2. then the follo'W1ng results can be established 
from Equations (8) and (9): 

OOA < COn , roe > OOA 

where the natural frequency for the system, (On, is 

All of the above theoretical observations have been 
experimentally confirmed. The quantities OJA, ffiS 
and ron were measured as 

OOA 4.5 Hz 

6.5Hz 

11.0 Hz 

The simplif:!.cations which were made LTl the above 
discussion served only to insure that the in­
strumentation properly monitored the general 
mechanical behaviour of the system. It must be 
emphasized that these s1mpliflcations are not re­
quired:in the analysis of dynamic calibration. If the 
model deSCribed in section 5.2 is accurate then the 
strain gauge and load cell will monitor precisely 
every term in Equations (5) and (6). Hence Equa­
tion (7) remains an exact relation. 
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Shake tests were preformed at several different 
driving frequencies and amplitudes. Using Equa~ 
tion (7) the mertial mass outboard of the strain 
gauge was evaluated at 234 kg with a standard 
deviation of 9 kg. This value is 22% lower than the 
actual mass outboard of the strain gauge. 

A portion of the discrepancy between the outboard 
mass measured from dynamiC calibration and the 
actual mass of the wheel could probably be at~ 
trtbuted to the fact that the elements of the tires 
are not all accelerated at x2. The wheel could be 
modeled with say, one third of the mass of the tires 
(38 kg) ha'Ving a vertical acceleration ofh while the 
remai.ning portion of the wheel be accelerated at 
x2. For cases where h Is small this would account 
for 57% of the difference in the recorded mass, 

Although dynamiC calibration is in its preliminary 
stages of development the expenment confumed 
the presence and the importance of measuring the 
inertial forces associated with the mass outboard 
of the strain gauge. For example, when excited at 
the frequency of 11 Hz the inertial forces ac­
counted for 58% of the force transmitted to the 
shaker's load cell. 

The dynamic calibration expertrnent suggests that 
a 22% lower inertial mass should be used when 
evaluating the inertial forces. However, before the 
mass obtained from dynamic calibration can be 
confidently used we must develop a mathematical 
model of the wheel which will account for its entire 
static mass. Also the four post shaker is a complex 
apparatus for which the accuracy and limitations 
have yet to be fully assessed. 

My error associated v.1th me Simplified model 
used to determine the Inertial forces applies equal­
ly to all suspensions tested. Although the actual 
wheel force may be in error by as much as lOOk 
depending on road roughness. the accuracy of the 
system for unit comparison is better than 5%. 

CONCLUSION 

This paper ouilines the hardware. mstnllnenta­
lion and analysis details of an expertmental test 
program. 

1. Experiments conducted during this test 
program produced dynamic wheel load data 
of high quality and consistency. 
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2. The usefulness of single impact testing 
proved to be small when compared with 
over~the-road varIable roughness testing. 

3. Statistical analysis of the data seems most 
appropriate for dynamic road loading 
studies. Frequently domain analysis would 
be better suited to ride quaUty work. 

4. Further research effort should be given to 
resolve the wheel inertial mass discrepancy 
between assumed values and measured 
values. 
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