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INTRODUCTION

In the fall of 1985 a field study to determine the effects of heavy
truck axle load dynamics on the magnitudge of pavement surface deflec-
tions was conducted at an instrumented pavement test site in the prov-
ince of Quebec. This experimental investigation, conducted jointly by
the Alberta Research Council and the National Research Council of
Canada, formed part of the Pavement Impact Research Fregram carried out
under the Vehicle Weights and Dimensions Study. The test program
involved placing perturbations on the roaad surface to vertically excite
axles of an instrumented vehicle and recording axle forces and pavement
surface deflections as the vehicle passed over surface - set geflection
transducers. A single perturpation was wseg to generele relatively high
frequency axle dynamics ang a series of perturbations were empioyed to
obtain a lower frequency whple body dynamic leading conditian.

This report contains a brief description of the instrumented pave-
ment test site and test vehicle. Loading conditions investigated and
testing procedures followed are presented andg surface deflection and
axle force measurements are summarized. Dynamic smposed surface
deflections have been compared to those recorded witnh no periurbation(s)
in place. From these comparisons, trends in the magnitude of pavement
deflections with changes in axle suspension input$s and test conditions
are presented.

PAYEMENT TEST SITE

The test site selected for the study 15 located on Route 363
approximately 70 kilometers west of Quepec City, Quebec. Details of the
pavement structure at the site, and 2 descriptien of the instrumeniation
and data acquisition system used to measure and record pavement response
variables under moving wheel loads, are presented in Ref. 1. Briefly,
tne structure of tnis two lane, low traffic volume, roadway consists of
a 56 mm asphalt concrete surface with a 750 mm granular base overlying a
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cjay subgrade. Instrumentation installed at the site ncludes three
subsurface referencing assemblies for housing surface-set differentia]
transformers, O0OC-DTs, to measure total pavement deflecticns and three
strain transducers positioned at the asphalt copcrete-base layer
interface to measure longitudinal interfacial strains. The instrumenta-
tion 15 positioned across the owter wheel path of the north bounag lane.
The data acquisition system used to recoro pavement responses 1s
developed around a mini-computer and, for field operations, 1§ housed 1n
& van with a self-contained power scurce. Using real time clocks. the
system provides continuous records of pavement respenses 45 A vehicle
traverses the transducers. As previously noted. the test study carried
out at the site and reperted herein focused on determining the effects
of pump induced axle loads on the magnitude of pavement deflections.

TEST VEHICLE

A schematic of the test vehicle 15 shown in figure 1.

3.25m 1.52m 6.0m 2.70m 1.27m

Tractor: -Tanadem drive axles, Hendrickson RTE440 suspensicn., 12x22.%
tires,

Trailer: -Single 11ft axle, Neway AR95-A suspension, 11x22.5 tires.
-Tandem axle, Reyco 21B four leaf suspension., 11x22.% tires.

Figure 1. Test venicle
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water in the four compartment tanker provided the following static
gross axle weights to the study.

Leaging Gross Weights (kg)

Conditien Axle 2 Axle 3 Axle 4 Axle § Axle &
Lift Axle Up 800 8600 - 8800 8800
Lift Axle Down 7500 7500 7000 &£700 &£700

Inflation pressure of all tires was held constant and equal to
690 kPa during testing. A cab mounted throttle device enabled very
ciose contrel ana replication of vehicle velocity. Details of the
jnstrumentation and onboard data acquisition system uSed to measure and
record the dynamic axle loads are presented in Ref. 2. Briefly, the
jnstrumentation included accelerometers, eatensometers and a series of
strain gauges stratigically positioned on €ach drive and carrying axle
for axial brake, vertical force and relative displacement measurements.
Basic components of the acquisition system consisted of necessary signal
condition wuwnits, a multi-channel magnetic tape recorder, and multi-
channel analog oscillegraphic recorders.

TEST PROGRAN

A series of preliminary vehicle test runs were carried oul 1o
ensure synchronization of timing devices developed fer the pavement
response and axle force data acquisition systems and to establish a test
sequence that would provide necessary data for assessing the effects of
nigh frequency axle aynamics on the magnitude of pavement surface
deflections. The pavement response acquisition system was activated
when the steering axle of the test vehicle contacted a tape switch
positioned 2.4 m upstream ef the deflection transducers. To activate
the onboard azle force data acqusition system, & second tape sSwilch was
positioned immediately adjacent te that used for the pavement response
system. Upon tire contact, a strobe light transmitter located on the
shoulder of the roadway was triggered and a 1ight sensing receiving
device mounted on the 1tractor of the vehicle actuated the axle force
recorders.



High Freguency Axle Dynamics

Hign frequency axle impulses were generated using a single 40 mm
high by 240 mm wide wooden plank fized transversely across the lane
upstream of the deflection transducers. Plank locations, loading
conditions and vehicle velocities incluged in the study are presented
in table 1. A minimum of ¢{wo test runs were carried out at each
velocity within a test series. Following each test series the
perturbation was removed ang testing was repeated. Employing this
procedure, comparisons hetwsen the magnitude of maximum pavement surface
defjections recorded under each axle with the plank in place to those
recorded with no perturbation were made at comparable vehicle velocities
and pavement temperatures. These comparisons, which are in the form of
geflection ratios (deflection with perturbation/defiection with no
perturbation} allowed the influence of perturbation lecation ana vehicle
velocity on the magnitude of pavement deflections te pe igentified.

Table 1
Test Congitions - High Frequency Axle Dynamics

Test Distance of Loaaing vehicie
Series Perturbation Condition Velocity
from DC-DTs (km/h)
(m)

1 2.85 Lift Azle (4) Up 18

2 2.16 Lift Axle (4) Up 18

3 1.27 Lift Axle (4) Up 18

4 0.70 Lift Axle (4) Up 18

5 0.0 Lift Axle (4) up 18,37,60

B 0.0 Lift Axle (4) Down | 18,37,60

Maximum deflections were recorded when the wheels of an axle were
directly over the transducers. Dynamic axle forces coinciding with the
time of monitoring maxzimum deflections were available for a number of
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test runs within test series 1, 2, 5 and 6. Ratios of the recorded
gynamic to static axle loads, termed the dynamic impact factor, were
determined and used n analyses carried out to assess the effect of
dynamic axle leading$ on pavement deflections,

Whole Body Dynamics

To examine the effects of whole body dynamics on the magnitude of
pavement deflections, the Reyco trailer suspension was vertically
excited at the natural frequency of the sprung mass.- 5ix 40 mm high by
80 mm wide wooaen planks fTixed to the pavement surface at centre to
centre spacings equal to the axle spread of the trailer suspension
{1.27 m) were used to vertically excite the trailer. With th1s
perturbation layeut, 1tne estimated vehicle speed corresponding to the
fundamental vertical frequency of the suspensien was 8 to 11 km/h. ANl
tests were carried out at venicle velocities within this range and the
average velocity was 9.5 km/h. Deflections caused by the oscillating
tandem carrying axles were recorded when the last traversed plank of the
siz plank configuration was positioned 0.45, 0.58 and 1.27 m upstream of
the transducers. In addition, one test series was condufted with no
perturbations. A minimum of four vehicle runs were conducted per 5eries
ana, during all tests, axle four (4) was n the 1ift pesition.

TEST RESULTS
High Frequency Axle Dynamics

Maximum deflections recorged wunder the drive and carrying axles
when excited by & single perturcation, and under normal test conditions
(no perturbation), are summarized 1n tapble 2. As previously noted,
maximum deflections were recorced when wheels of an axle were directly
over the transducers. Aggregating defilections from individual test runs
In a test series. Dmin, Davg, ana Dmax equal the minimum, average and
maximum values, respectively. of these peak readings. The deflection
ratios were calculated using the average, Davg. values.



Table 2 6.
Summary of Pavement Surface Deflections
distance of Surface Deflections (mm) Surface Deflectrons (mm) | Defiectian
Perturpation| ven. JArie With Fertyrpation ho Perturbat:icn Ratio
from DC-NTs | vel. | ko. § W3, of Omin, Davg. Dmaxr. | No. of Dmin.  Pavg.  Omax.
{m} {km/n) Tests Tests
2.85 18 2 [ 1.318 1.358 1.400 13 0D.993 1.056 1.186 1.28
3 1.227 1.258%9 1.303 1 016 1.671 1.163 1.18
E 7 D.8%4 0.556 1.039 13 0_B46 0.838 1.085% 1.02
6 D.78p 0,898 0.558 0.792 0_e23 1.102 0.97
2.16 18 2 5 0.841 0.887 0.930 11 0 881 1.051 1.166 0.84
3 0.806 0.835 0_B74 p.4n4 1.063 1.201 0.79
5 5 D.792 0 858 0.B&9 11 0O.800 D.967 1.120 0.89
4 0 747 0.846 0.945 0 BOD p_937 1.031 0.90
1.27 18 P 5 1.348 1.408 1.440 4 1.631 1.069 1.120 1.32
3 1.303 1.360 1.384 1.019 1 .08e9 1.120 1.27
5 5 1.280 1-353 1.394 4 1 064 §.120 1.189 1.21
[ 1.082 1.209 1.265 1.034 1.085 1.166 1.11
p0.70 18 4 3 1.163 1.179 1.209 4 0.945 1.013 1.110 1.16
3 0.960 1.006 1.049 $.945% _.1.008 1.0487 1.00
5 3 D.%02 0.939 0,963 5 0 94% 1.024 1.130 D.92
6 0.915 0.957 0.986 0.960 1.018 1.110 0.94
0 18 2z 2 1.199 1.203 1.207 3 1.001 1.04] 1.110 1.16
3 1.232 1.248 1.265 0.893 1.039 1.097 1.20
] 2 1.179 1.199 1 224 3 1.034 1.p5%4 1.130 1.14
& 1.344  1.3%1 1.359 1.011  1.0%7 1.110 } 2B
0 37 2 2 1.377 1.3B4 1.392 2 0.833 0.894 0.953 1.55
3 1.577 1.588 1.595 0.g5¢ 0.89% 0.80S 1.77
b 2 1.27% 1.302 1.328 2 0.859 D.917 Q.975 1 42
B 1.387 1.394 1.402 1.001 1.021 1.041 1.37
0 60 z 2 1 488 1.500 1.531 2 0.777 0.78% 0.793 1.91
3 1.242 1.246 1.250 0.907 0.907? 0.a07 1.37
5 2 1.344 1.376 1.407 2 0.693 G.762 D.831 1.81
-] 1.25%0 1.265 1.280 0.7%9 Q.26 0.EB% }.93
0 18 2 2 1.138 1.138 1.138 3 0.B8649 0.894 0.%12 1.27
3 1.186 1.201 1.217 0._807 0.931 0.968 1.29
4 2 D.785 0.798 D.B1D 3 0.719 0.743 0.7589 1.07
5 2 0.97% (.986 0.993 3 0.810 C.828 0.85] 1.19
[ 1.080 1.Q97 1.113 D.706 ©.779 0.838 1.41
0 i 2 2 1.328  1.359% 1.387 2 0.803 0.805 0.808 1.69
3 1.417 1.463 1.80e 0.803 D.g2p 0.838 1.78
4 2 1.024 1.041 1.0567 F4 0.630 n_e3% Q_EBE 1.64
5 2 1.080 1.08B7 1.095 2 D.737 0.744 D.752 1.46
6 1.227  1.242 1.2%5 0.77% 0.790 0.803 1.87
D &0 Z 2 1.5%14 1.514 1.514 2 0.777 0.841 0.907 1 80
3 1.176  1.188 1.201 D.942 0.975% 1.008 1.22
q 2 1.087 1.107 1.128 2 0.57a4 D.594 DR.el15 1.86
5 2 1.19% 1.212 1.224 2 0 711 0.716 0721 1 69
& 1.067 1.082 1.097 D.71%9 0.719  H.719 1.81




Effect of Perturbation Location on Deflections

Using deflection ratios obtained from tests conducted at 18 km/h
ana axle four (4) in the 1ift position, the influence of perturbation
location on the magnitude of deflections recorded under the exciled
axles is shown in figure 2. Recorded defleclions were dependent on and
exhibited cyclic trends with perturbation location. At 18 km/h, maximum
deflections under each vertically excited axle were approrimately 1.1 to
1.3 tiwmes the magnitude of those monitored during normal tests. The
cyclic deflection pattern reflects the response of the pavement to Lhe
3.1 pertz whele body frequency of the venicle. A test program
incorporating & larger number of single perturkation locations, or 2
field installation having a series of deflection transducers posilicned
longitudinally in the wheel path, would be reguires to petter gefine the
apparent cyclic trends in deflection response with distance.
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Figure 2 Influence of Perturbation Location on Deflections



Effect of Vehicle Velocily on Deflections

Ezaminatien of data presentec in table 2 reveals that, with the
plank positioned d&irectly oOver Lhe transducers, deflections under the
lead axle of each tandem group and under the 1ift arle increased with
increasing venicle veloctty, and deflections cauwsed by the seconc or
last axle of each tandem configuration were maximum at 37 km/h. For
normal test conditions, deflections remained relatively constant er
decreased with Increasing velocity. Measures of the overall effect ef
vehicle velocity on the magmitude of deflections recorded under each
vertically excited axle, relative to those recorded under normal test
conditions, are shown in figure 3. At 60 km/h, deflections causea by
the lead axles {2 and 5) ana the 13ft axle (4) were approximately 1.7 to
1.85 times the magnitude of those recorded at the same velecity during
normal test runs. Tne marked decrease in the relative deflection value
for azle three {3) at 60 km/h may be attributed to the fact that axles
two (2) and three (3) of the walked beam suspensien are mechanically
coupled. At 60 km/h, axle two {2) was n & rebounding state resulting
in an wunderloading ef axle three {3) the instant 31 passed over the
transaucers. Reswlts of tests carried out with azle four (4) in the
1ift position yielaed simitar relative deflection/velocity trends to
those shown in figure 3.

FH i T T T T -y
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Figure 3 Influence of vehicle Velocity on Deflections



Dynamic Axle Load/Deflection Relationships

Recorded dynamic axle loads and calculated impact factors {(average
gynamic axle load/static axle weight) are summarized in table 3.

Table 3
Summary of Dynamic Axle Loads

Test Distance of Dynamic Azle Dynamic
Series | Ferturbation Yeh. Arle No. of Load N Impact
from DC-DTs vel. NG - Tests {Metric Tannes) Factor
{m) {km/n} Mif. Avg. Mas.

1 2.85 18 2 3 12.0 12.3 12.5 1.43
3 4 9.1 9.3 9.5 1.08

5 g 10.9 11.2 11.6 1.27

] 8.8 9.3 9.6 1.05

2 2.16 18 2 5 0.8 1.6 2.7 0.18
3 4.0 4.3 4.4 0.50

5 L] 8.5 8.8 9.3 1.00

6 8.5 2.0 9.4 1.02

5 1] 18 2 1 - 12.4 - l.44
3 - 12.1 - 1.41

5 1 - 13.5 - 1.53

6 - 14.7 - 1.67

0 37 2 1 - 10.9 - 1.27

3 - 18.7 - 1.24

5 2 13.2 13.4 13.5 1.52

[ 12.0 12.2 12.4 1.139

] &0 2 1 - 11.4 - 1.33

3 - 11.2 - 1.30

5 1 - 14.9 - 1.69

6 - 14.3 - 1.63

B 0 18 2 2 11.4 11.9 12.4 1.99
3 11.2 11.7 12.1 1.56

4 2 10.2 10.2 10.2 1.46

] 2 12.1 12.3 12.8 1.84

6 12.2 12.9 13.6 1.93

V] 37 2 k] 11.9 12.2 12 9 1.63

3 I1.6 11.9 12.6 1.89

4 3 10.4 12.3 11.9 1.76

5 3 11.8 12.7 13.8 1.490

& 12.4 12.7 13.2 1.90

0 &0 2 1 - 11.4 - 1.52

3 ~ 11.2 - 1.49

4 1 - 13.4 - 1.91

2 1 - 14.2 - 2.12
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Mazimum dynamic Joadings were generally associated with the Reyce four
leaf suspenslon (axles 5 and B). For test series &, dynamic axle
loadings on th1s suspension were approximately 13 000 kg or nearly twice
the magnitude of the static axle weights.

Using axle force and deflection measurements from individual test
runs, a plot of dynamic wmpact factor versus deflection ratio for axles
4, 5 ana 6 15 shown in figure 4. Combining data for these three axles,
regression analyses relating the deflection ratios to the impact factors
yielded the expressijon:

Deflection Ratio = 0.27 + 0.659 (Impact Factor) (1)
N=4l r2=0.73 Sey = 0.148

29 1 3 1 T T T
& Axle 4 A

1.8+ D Axle § 1
B aAxle 6

Po=oon—-un i3]

LI REE I - ]

0.g 1.8 1.2 1.4 1.6 1.8 2.0 2.2

Dynamic Impact Factor

Figure 4 Dynamic Impact Factor versus Deflection Ratio
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Dynamic lpad/aeflection trends for the tandem drive axles (2 and 3)
exnipited greater scatter than shown 1n figure 4 for the carrying axles.
Tne majority of gata scatter was associated with tests conducted at
37 km/h. At comparable impact fartors, deflection ratios for the drive
axles at this velocity were approximately 30 percent Jarger in magnitude
than deflection ratios determined at other velecities and loading condi-
tiops. Thi1s may be attriputed te the fact that the drive axles are
coupled via the walking beam forming a separate mechanical system having
a natural freguency of 15 hertz. At the 37 km/h the 1.52 m axle spacing
coincides with the 15 nertz natwral frequency peak, causing an amplif1-
cation of dynamic force ang corresponding increases in pavement deflec-
tyons. Deleting the 37 km/h cata, the best-fit correlation relating the
deflaction raties to dynamic impact factors for the tandem drive axles
wdas:
Defiection Ratio = 0.66 » 0.437 (Impact Factor) (2)
N=22 r’ =0.68 Sey=0.174

From equatiens 1 and 2, a single road surface perturbation causing
dynamic axte loadings egual te 1.5 times the static weight yield pave-
ment surface deflections which are, on average, 1.3 times the magnitude
of the ceflection under the same axle on a rejatively smeoth pavement

surface.

Results of analyses carried out on deflectijons recorded under a
wide range of tanaem axle cual tire loads included in the Favement
lmpacts Investigation and tested at the site are presented in
Reference 3. Tne results ipcicate that under normal test conditions
pavement surface geflections are propoertional to static axle weight
raised to the power of 0.747. Employing this relationship, 50 and
100 percent 1ncreases 1n static axle Joads cause 35 and &8 percent
increases, respectively, in pavement deflections. In comparison, using
equation (1), percent cnanges 1n the magnitude of surface deflections
caused by 50 ang 100 percent variations in dynamic axle loaaings are 35
and 70 , respectively. Trese comparisons suggest that the effect of
changes 1n dynamic and stalic wheel loads on the magnitude of pavement
surface geflections are similar.
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Whole Body Dynamics

Pavement surface deflections recorded wunder the tandem carfying
axzles when excited by a series of equally spaceo planks are presented in
table 4. Maximum deflections were recorded wnen the last tranversed
plank was pesition 0.58 metres upstream of the transgucers. Deflections
under each axle during this test series were, on average, 1.9 times the
magnitude of those recoraed wnder normal test conditions. Typical
recorded time - deflection plots for these two test conaitions are shown
in figure 5. With the perturpatiens, deflections caused by the Jead
axle were largely dissipated prior to passage of the secong axle. That
15, the deflection response under the bouncing tandem arles approximated
the response of two single axles.

Table &

Summary of Pavement Surface Deflections
Whole Body Dynamies Loacing Congition

Distance of

Closest Plank Azle No. of Surface Deflection (mm)
from DC-DTs No. Tests Dmin. Davg. Dmax.
(m)
1.27 5 & 0.673 0.831 0.927
1.031 1.100 1.179
5 4 1.85%7 1.95%6 2.070

1.756 1.85%6 1.953

5 & 1.625 1.694 1.793
1.504 1.8756 1.664
No ] 5 0.BBE 0.998 1.046

Perturpations 6 0.907 1.044 1.097
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Figure 5 Typica) Deflection Response Under Tandem Axles

Following the test series for whole body dynamic loadings the
perturbations were removed and deflections were recorded under an
8160 kg single axle-dual tire load of a Benkelman Beam test vehicle at a
velocity of 18 km/h. The average maximum aeflection caused by This
standard loaa was 0.790 mm. Using this average value and following
procedures described n Reference 3, the predicten load eguivalency
factor for the 17 600 kg tandem axle under normal test conaitions was

2.5. (This load factor was calculated assuming that differences in the
magnitude of deflectyons at 1B km/n ana at the test velocity of the
instrumented venicle, 9.5 km/h, are small.) Since tests with the

Benkelman Beam test vehicle traversing the planks were not performed.
only a rough estimate could be made of the load equivalency factor for
the tandem axles when Subjected to the whale body dynamics loading
condition. As previously noted, maximum deflections under vertically



14,
excited axles at 18 km/h were approximately 1.1 to 1.3 times the
magnitude of those recorded during normal test runs. Applying these
relative pavement deflection increases, to the 0.79 mm deflection
recorded under the standard load during normal test runs, estimated
deflections caused by an 8160 kg single axle subjected to perturbations
range from 0.87 to 1.03 mm. Using these estimated aeflections,
predicted load equivalency factors for the bouncing tandem carrying axie
range from 16.2 to 30.8. Comparisons between these leoad factors and the
factor of 2.5 determined for normal test conditions suggest That. 4T a
static weight equal to 17 600 kg, one application of an os¢illating
tandem configuration 1is approximately equivalent in potential damaging
effect to 6.5 to 12.5% applications of the same configuration on a smooth

pavement surface.
SUMMARY

Using an instrumented six (6} axle tractor-semitrailer unit, a
field study to determine the effects of dynamic axle loads on the
magnitude of pavement surface deflections was carried out &t an 1nstru-
mented pavement test site. Artificial road surface perturbations were
employed to obtain both high freguency and whole body dynami¢ loading
tonditions. Primary observations obtained from this experimental

investigation are:
High Fregquency (5ingte Perturbation) leaaing {ondition

1. The magnitude of pavement surface deflections increased with increas-
ing vehicle velocity. At 18 km/h, maximum deflections recorded under
the bouncing axles were approximately 10 te 30 percent, and at
60 km/h, 70 to &% percent Tlarger in magnitude than deflections
recorded at the same velocity and no perturbations.

2. Maximum dynamic axle loads ranged fTrom approximateiy 130 1to
200 percent of the static axle loads. For the range of leading
conditions investigated, overall average maximum dynamic axle leoads
were 145 percent of static axle loads.
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3. Pavement deflection response was dependent on both the low frequency
(3 hertz) whole body and high frequency (15 hertz) axle response.

4. Relative to nermal test conditions, pavement deflections tended to
increase linearly with increasing dynamic axle Joad. Changes in
pavement deflection with variations 1in dynamic aéxle load were In
close agreement with those obtained from analyses of deflections
recorded under a range of axle loads and no perturbations.

whole Body (Multiple Perturbaticns) Leading Condition

1. Maximum deflections caused by the oscillating tandem carrying axles
were approximately twice the magnitude of deflections recorded under
the same 17 600 kg tandem group during normal test cenditions. The
deflection response caused by the oscillating tapdem group
approximated the response of two single axles.

2. Using the recorded deflections, estimated Jocad equivalency factors
for the bouncing tandem carrying axles were 6.5 to 12.5 times the
magnitude of the predicted eguivaiency facter for the same tandem
axles on a reiatively smooth pavement surface.
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