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Abstract

Design charts for truck equivalence factors for full-trailer on uphill rigid
pavements were developed for a termina level of serviceability g¢2.5. Each chart
is devoted to a certain rigid pavement slab thickness giving the truck equivalence
factor versus the total weight of the full-trailer for an uphill gradient of O, 6, 12
and 18% as well as a certain ratio of the height of center of gravity of each unit of
the full-trailer to the corresponding wheel base (H/B). Five values for dab
thickness were considered namely D = 6, 8, 10, 12, and 14 inches (15.2, 20.3,
25.4, 30.5, 35.6 cm respectively) and one value for H/B ratio of 1.0 were used.

Due to axle load redistribution on upgrades, the axle loads for the full-trailers
were caculated assuming uniform motion and taking into account the effect of the
moment of the component of the weight of the tractor and trailer unit parallel to
the upgrade and acting a the center of gravity of each unit.A strong linear
correlation between the rolling resistance and total weight of the trailer unit was
obtained to arrive at the pull force in the rod when travelling on uphill pavements.

The paper reveals the significant effect of the upgrade magnitude as well as of
the H/B ratio on the truck equivalence factor. The truck equivalence factors
increase non-linearly with increasing truck weight, H/B ratio and upgrade
magnitude. This increase is quite significant for the higher values of upgrade, H/B
ratio as well as the dab thickness. The critical full-trailer is that having a tota
weight exceeding about 400 kN beyond which the corresponding equivalency
factor on uphill pavement diverges significantly from that on level highway.
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Introduction

The problem of increased
damage to uphill rigid pavements
from trucks has received attention by
Razouki and Mohee!. However,
Razouki and Mohee' restricted
their study to single unit trucks only.
However, the traffic on any road
especialy on rural highways consists
of passenger cars and trucks of
various types. The percentage of
truck traffic on rurd highways
epecidly in Middle East is
relatively very high® due to the fact
that other modes such as railways
and waterways for the transport of
freight traffic ae not waell
developed.

In her axle load survey during
the period 1995-1996 Al-Shefi*
observed that full-trailers on Iragi
rurd highways were used mainly in
connection with the transport of
grains, sugar and construction
materials. This fact was supported
by Almuhanna® who carried out an
axle load survey on highways
leading to gran silos and
construction materials sources in
Kerbala city and he reported that
55% of the trucks carrying grains

were full-trailers.  This  fact
encouraged the development of this
research work.
Typesof Full-Trailers

It is well known that the full-
trailer consists of two units, hamely
the tractor unit and the trailer unit.
Both units are connected to each
other by means of ahook. However,

Full-trailer can have different
axle configuration leading to
different types of full-trailer.

To smplify the classification of
full-trailer, it is very useful to use the

code introduced by Jones and
Robinson® for representing axle
configuration of commercia

vehicles. Each axle is represented by
a digit (either one or two depending
on how many tires on each end of the
axle). For tandem axles, the digits are
recorded directly after each other and
a decimal point is placed between the
code for front axle and that for the
rear axle of each unit. For full-
trailers, the code of the tractor unit is
separated from that for the tractor by
means of aplussign.

Accordingly, four types of full-
trailers were observed in Irag namely
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1.2+2.2, 1.2+2.22, 1.22+2.2 and
1.22+42.22.
Axle Load Survey

To arive a the axle load
distribution for the tractor and the
trailer unit, an axle load survey was
caried out using permanent
weighing stations. There are two
types of weighing units namely, the
portable and the permanent weighing
system. The portable one is used in
connection with wheel loads such as
the equipment described by
Potocki’. The permanent weighing
system in  permanent weighing
stations is, generally, of a bridge
type, so that each axle of the vehicle
or the whole vehicle can be weighed
too. However, a the time of the
survey of this work, portable
weighing systems could not be used
because of the security conditions,
so that only permanent weighing
systems were used.

The permanent weighing
stations selected in this study were
Al-Dora grains silo, Kerbala silo,
Hilla silo, the General Company for
Trade of Construction Materials
(Kerbala), the General Company for
Trade of Food Materias (Kerbaa),
and some local stations used for
weighing of dates (Kerbala).

In Al-Dora grains silo, the
weighing unit consiss of a
permanent weighing platform of

ample size (3.00 m x 20.00 m)

connected to a digital read out unit
operating electrically and having a
load range of 0-80 tonnes (0-784.8
kN). In Kerbala slo, the weighing
system isthe same asin Al-Dorasilo
but with 100 tonnes (981 kN)
loading capacity. In Hilla grains silo,
the weighing unit conssts of a
permanent weighing platform of

ample size (300 m x 18.00 m)

connected to a digital read out unit
operating €electrically and having a
load range of 0-80 tonnes (0-784.8
kN).

For the General Company for
Trade of Construction Materials and
the General Company for Trade of
Food Materids (Kerbala), the
weighing system is the same as in Al-
Dora silo. Also in the two local
stations in Kerbala city for weighing
of dates, the weighing unit consists of
a permanent weighing platform of
ample size (300 m x 18.00 m)
connected to a digital read out unit
operating €electrically and having a
load range of 0-80 tonnes (0-784.8
kN). Table(l) shows the number of
trucks surveyed for each weighing
station.

Measuring the Pull in Hook

On rising grades, there will be a
redistribution of axle loads of the
full-trailers due to the moment
produced by the weight component
paralel to the road surface of each of
the tractor and trailer unit (acting at
the center of gravity of each unit) as
well as the moment produced by the
pull force in the hook connecting the
two units.

A regression analysis for a 66
pull forces obtained from the survey
on level rigid pavement was done to
get a generalized equation for al full
trailer types correlating the pull force
to the weight of the trailer unit. Fig. 1
shows the scatter diagram together
with the following regressions
obtained.

Two regressions were tested; the
first is a linear regression with
coefficient of correlation (0.9788)
while the second is a non-linear
regression  with  coefficient  of
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corrdlation  (0.930). As the
correlation coefficient for the linear
equation is greater than that for the
non-linear one, the linear regression
was adopted throughout this work.

T =0.017*W, (1)

(73.379 kN < W, < 462.443 kN)
where
W, = the total weight of the trailer
unit in kN.
T = pull force for the case of level
highway in kN.
Whed Bases and Height of Hook
above Pavement
For the case of full-trailers, the
two wheel bases B; for the tractor
unit and B, for the traller are
required. The wheel base B, is the
distance between the front and the
center of the rear axle of the tractor,
while B; corresponds to the trailer as
shown in Fig. 2. All these distances
were measured by means of a steel
tape for al vehicles surveyed.
Regarding the height of the hook
above the pavement, a level was
used and measurements were made
for the two ends of the hook and it
was found that the hook is amost
horizontal on horizontal pavements.
The elevations of both ends of the
hook were measured using the level.
For the mgority of cases (87%), the
elevation is 100 cm and it is 95 cm
for others (13%).
Center of Gravity
The center of gravity for each of
the tractor and the trailer depends to
a great extent upon the type
manufacturer and mode of the
vehicle as well as on the type of
commodity carried and the degree of
loading. Thus, the determination of
the center of gravity is a very
difficult task. For these reasons, the

heights H; and H, for the tractor and
Hs and H, for the trailer as shown in
Fig. 2 were measured for all vehicles
surveyed. These heights will help in
establishing the center of gravity for
each unit of the full-trailer.

Table (2) shows typica results
for the wheel bases and heights of the
center of gravity above the pavement.

In fact and as it will be shown
later, the ratio of the height of center
of gravity above the pavement to the
corresponding whed base of each
unit of the full-trailer is needed to
arrive at the axle loads on the uphill
pavement.

Axle Loadson Level Highways

For the case of no motion on a
level road, the application of the
equations of equilibrium on each of
the tractor and the trailer units as
shown in Fig. 3yields:-

Fo, =W, |12|31 ..
SEA e
F,=W, 2 A ..(4)
R, =W, ' A ...(5)
where:-

B;, B, = Wheel base lengths for the
tractor and trailer units

respectively.

Distances from center of

Ill; |12

gravity of tractor to its
front and rear axles
respectively.

I»1, 1, = Distances from center of

gravity of trailer unit to
its front and rear axles
respectively.

Fo1, Ro1 = Front and rear axle load
for tractor unit on a level
surface.
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Fo2, Ro2 = Front and rear axle |oad
for trailer unit on a level
surface.

W, W, = Totad weght for the
tractor and trailer units
respectively.

For the case of uniform motion
on alevd road (Fig. 4), a pull force
(To) between the tractor and trailer
units (given by Eq. 1) takes place
and the equations of equilibrium can
be applied because of zero inertia
forces. The requirement of dynamic
equilibrium yields:-

Fi :VV:L’ llzBl'To’ yBl (6)
2 ,

Ri=W %p+T Bp ()
2 ,

FL,=W, %2+To %2 ...(8)
2 ,

RL2:VV2 %Z'To %2 (9)

where:-

To = Pull force between the

tractor and the trailer unit for

the case of level road.

E = Height of the pull force
above the pavement.

F.1, R.1 = Front and rear axle loads
for the tractor unit on a
level road during uniform
moation.

F., R> = Front and rear axle loads
for the trailer unit on a
level road during uniform
moation.

It is quite obvious from the Egs.

6 & 7 that the pull force To between

the tractor and trailer unit causes the

front axle load of the tractor unit to
decrease and the rear axle load to
increase by the same amount. The
reverse phenomenon is true for the
trailer unit as can be seen from Egs.
8& 9.

Axle Loadson Uphill Pavements
On upgrade (Fig. 5), the pull

force (T) between the tractor and the
trailer unit becomes related to the
vertical component (W, * cosq) as
well as the component of the weight
of the trailer unit paralel to the road
surface. It should be noted that it was
not possible to measure the pull force
for the case of uniform motion of
full-trailer on upgrades.

T=0017"W," cosg +W, " sing
T =(0.017" W, +W, " tanq)" cosq
...(10)

When applying©=0toEq. 10 T
returns to To (the case of a leve
road).

For the case of uphill pavement
and assuming that the full-trailer is
traveling at a constant velocity the
requirement of dynamic equilibrium
yields:-

F =W’ cog) Ilj/Bl_W, sy’ H}/Bl_.l_, E/Bl
Felzg?:m'\/\{’ tang” %g cogy- T” E/Bl
...(11)
Ry =W’ cog|’ I%&J'W’ sy’ %w' A
Ry :g?zal +W " targ’ H%ﬁg cog+T E/Bl
...(12)
F., =W’ cog’ I%&-V\é' s’ H%&_'_T, E/Eg
g e 5
...(13)
R, =W, cosy Iz}éﬂl\é' s’ H}/EE'T’ E/E&

R =R o T om T B
.. (14)
Where:-
Fe1, Re1 = Front and rear axle loads
for tractor on upgrade.
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Fes2, Rs2 = Front and rear axle loads

for trailer unit on
upgrade.

© = Angle of dope
tanO=grade= G.

Hi, H, = Height of the center of
gravity for the tractor and the trailer
unit respectively (perpendicular to
the pavement) above the pavement.

Regarding the magnitude of
uphill slope, it is worth mentioning
that according to the AASHTO
Policy?, for a design speed of 50
km/hr, the maximum grade ranges
from 7% to 12% depending on the
topography, while for the more
important highways, the maximum
grade of 7% to 8% is considered
suitable. However, the vertical road
alignment for some highways in Iraq
showed uphill slopes of 18% in
mountainous topography. For the
magnitude of G = 18%, co¥
becomes 0.984 indicating that co®
can be taken as unity to simplify the
axle load equations.

Thus, egs. 10, 11, 12, 13 and 14
can be written as follows:-
T=0017" W, +W, G ...(15)

Far=For-W' G’ H/Bl_ T E/Bl

...(16)
Ry =Ry +W,” G H%lw' 7z
(17
Fop=Fop-W," G’ H%;T' %%,
..(19)
Rg, = Rg, +W,~ G’ H%Z-T' o,
..(19)

Truck Equivalence Factors

The Truck equivaence factor for
the case of full-trailer is the sum of
loads equivalency factors for all
axles of the tractor and trailer.

The most popular axle load
equivalency factors are the AASHTO
factorS based on Liddle’s’ analysis as
they are given in ASTM E1318-94°.

Thus, the equivalence factor for
each axle load of the surveyed full-
trailer can be determined for each
uphill slope magnitude, ratio of the
height of center of gravity to the
wheedl base of each unit of full-trailer,
terminal level of serviceability and
slab thickness of the rigid pavement.

The truck equivalence factor for
the full-trailer can be calculated using
the following equation:-

...(20)

ere:
Te = Truck equivalency factor.
F, = Equivalency factor for |’

axle obtained from
Equation in AASHTO
guide for design of

pavement structures.
N = Total number of axlesin the

truck (N=4 for Full-
Trailer).
Overloading Phenomenon in

Developing Countries

Razouki and Razouki® and
Pearson  Kirk"  reported  that
especidly in the Middle East, the
phenomenon of overloading of
commercia vehicles isvery serious.

In order for the intended charts to
be developed in this work to be of
significant use worldwide, it is
assumed that the AASHTO
equivalence equations still valid for
axle loads beyond the AASHO road
test axle load limits.
Design Charts

To enable the pavement engineer
to take into account the effect of
uphill slope on the destructive effect
of full-trailers on rigid pavements,
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charts should be developed for the

practical ranges of al parameters

involved. Figs. 6, 7, 8, 9, 10 and 11

show the truck equivdence factor

versus the total weight of full-trailer
for two full-trailer types (1.2+2.2
and 1.22+2.22) for different values

of H/B ratio namely 0.2, 0.6 and 1.0

respectively.

Each figure consists of five
charts. Each chart is devoted to a
certain pavement slab thickness of
D=6, 8, 10, 12, and 14 inches (15.2,
203, 254, 305 and 35.6 cm
respectively) and shows the truck
equivalence factor for four different
upgrade magnitude of 0, 6, 12 and
18%.

Conclusions
Based on the results obtained

from this paper the following

conclusions can be drawn:-

1. On uphill rigid pavements, the
maximum increase in axle load
due to axle load redistribution
takes place in connection with
the rear axle of the tractor while
the maximum decrease occurs in
connection with the front axle of
the tractor.

2. For the same totd weight of the
truck, the damage caused by the
truck type 1.2+2.2 and 1.2+2.22
is much greater than that caused
by truck type 1.22+2.2 and
1.22+2.22. For dlab thickness
D=14 inches (356 cm),
H/B=1.0, total weight of 600
kN, upgrade of 12% and p=2.5
the truck equivaence factor for
1.2+2.2, 1.2+2.22, 1.22+2.2 and

1.22+2.22 full-trailer is
221.6902, 131.8083, 69.6295
and 33.0557 respectively.

3. The destructive effect of full-
trailer trucks on uphill dopes is
greater than on a levd

pavement. This is especially true
for type 1.2+2.2 & 1.2+2.22. For
full-trailer type 12+22 the
percent increase in equivalence
factor is 150% when the grade
increases from 0 to 18% while
for 1.22+2.22 full-trailer the
percent increase is 63% for D=10
inches (25.4 cm), H/B=1.0, totd
weight of 600 kN and p=2.5. The
destructive effect of full-trailer
trucks on uphill slopes increases
with increasng H/B ratio and
upgrade magnitude.

For each truck type, the average
truck equivalency factor

increases with upgrade
magnitude and H/B ratio for the
same  terminal level of

serviceability and slab thickness.
The maximum average truck
equivalency factor for truck type
12+2.2 was 107.32
corresponding to slab thickness
(D) = 14 inches (35.6 cm),
upgrade of 18%, H/B=1.0 and
p:=2.5. The  corresponding
minimum value was 33.01 for
dab thickness (D) = 8 inches
(20.3 cm), upgrade of 0%,
H/B=1.0 and p;=2.5.

On upgrades, the amount of
increase in the rear axle load is
equal to the decrease in the front
axle load for both the tractor and
trailer unit, but the increase in
damage caused by the rear axle is
much greater than the decrease in
damage caused by the front axle
on upgrades. This increase in the
rear axle load or decrease in the
front axle load depends on the
total weight of both the tractor
and trailer unit, magnitude of
upgrade, and the ratio of the
height of center of gravity to the
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wheel base of both of the tractor
and trailer unit.

6. There is a strong non-linear
correlation between the rolling
resistance and the weight of the
trailer unit for al types of full-
trailer surveyed.

7. The increase in the destructive
effect of full-trailer on an uphill
rigid pavement is  quite
significant ~ for  full-trailers
having total weights exceeding
400 kN.

8. The increase in pavement slab
thickness due to the increased
truck equivalence factors on
upgrade increases with upgrade
magnitude and H/B ratio. This
increase is more pronounced in
the case of 1.2+2.2 & 1.2+2.22
than 1.22+2.2 & 1.22+2.22 full-
tralers.
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Table (1) Axleload survey stations.

Types of Number of trucks
L ocation of weighing stations trucks surveyed Total number of trucks
surveyed L oaded Empty

1.2+2.2 3
1.22+2.2 3
1.2+2.22 2

1.22+2.22 3

Al-Dora Silo

3
6
3 18
6

~Njw|lR|lw]o

1.2+2.2 12
1.22+2.2 34
K i| 105
erbalaSilo 1.2+2.22 7

1.22+2.22 10

N
()]
(2]
o

1.2+2.2 14
1.22+2.2 14
1.2+2.22
1.22+2.22

Hilla Silo

e e ; 1.242.2
e Gener ompany for
Trade of Construction 122422

Materials (Kerbala) 1.2+2.22
1.22+2.22

15

1222
The General Company for 1.2242.2

Trade of Food Materials
(Kerbala) 1.2+2.22
1.22+2.22

18

12+2.2

Al-Noor Station for 1.22+2.2
weighing of dates (Kerbala) 1.2+2.22

1.22+2.22

13

(Co] Kon] N ool K620 IES I 1\ V] K62] oY K] §Oa) Nopl oN] Kep]

1.2+2.2
Al-Hindiya Station for 1.22+2.2

weighing of dates (Kerbala) 1.242.22

1.22+2.22

=
N

31

o

RIN|[ORIRPIRPININ]IRP(OJWINIWIOIN] AWM N O]l |w

WIR[O]OAIN|OIWIN]IWIN]A~|W]IFRIO|WIN]A]>

N

Total 153 101 254
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Table (2) typical results of the geometrical characteristicsfor 1.22 Tractor *.

Su | Se | B | M| W b Blupper
(mm) (mm) (mm) | (mm) | (mm) limit limit
5420 1360 6100 1300 3000 0.352 0.492
4200 1500 4950 1390 3200 0.464 0.646
4050 1390 4745 1350 3100 0.469 0.653
5500 1200 6100 1390 3000 0.359 0.492
4000 1475 | 47375 | 1400 3700 0.538 0.781
5200 1400 5900 1320 3580 0.415 0.607
3150 1520 3910 1400 3950 0.684 1.010

Average 0.469 0.669

Table(3) Increasein dab thicknessfor the case of 1.2+2.2 full-trailers.

Upgrade Slab Thicknesson L evel Highway Inc;hiCklnne;Iab
0,
(%) (inches) (cm) inches cm
6% 10 25.4 0.5 1.27
12% 10 25.4 1.0 2.54
18% 10 25.4 15 3.81

Table(4) Increasein slab thicknessfor the case of 1.2+2.22 full-trailers.

Upgrade Slab Thicknesson Level Highway Inc_:_(?]ailzellnn%sslab
0,
(%) (inches) (cm) inches cm
6% 10 254 0.4 1.016
12% 10 254 0.9 2.286
18% 10 25.4 14 3.556

Table(5) Increasein dab thicknessfor the case of 1.22+2.2 full-trailers.

Upgrade Slab Thicknesson Level Highway Inc_:_ﬁii'nrgab
0,
(%) (inches) (cm) inches cm
6% 10 25.4 0.25 0.635
12% 10 25.4 0.65 1.651
18% 10 25.4 1.1 2.794

* Total number of trucks surveyed = 159.
H’= height of center of gravity of the tractor abovepavement.
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Table(6) Increasein dab thicknessfor the case of 1.22+2.22 full-trailers.

. : Increasein Slab
Slab Thicknesson Level Highwa :
Upgrade ghway Thickness
(%) . :
(inches) (cm) inches cm
6% 10 25.4 0.15 0.381
12% 10 25.4 0.5 1.270
18% 10 25.4 0.82 2.083
12 T T T T T
Linear Regression
Y=0.017 *X .
Number of data points used = 66 /
Coef of determination, R-squared = 0.9580 /
Coef of correlation, R = 0.9788 /
Significance = 0.000 / -
/
. . /
Non - Linear Regression Vi A E
8 _Y = X"1.54334 * 0.000828846 /
= Number of data points used = 66 Vas 4
E Coef of determination, R-squared = 0.866299 / -
= Coef of correlation, R = 0.930 /
8 Significance = 0.000 A 4
5 -
LL
= -
o
4
P * Full-Trailer type 1.2+2.2
ﬂ'* A 124222
A 122+22
1.22+2.22
&A/A — | inear Regression‘ J
*A — — Non-Linear Regresion
0 | R | R | R 1
100 200 300 400 500

Weight of Trailer Unit (kN)

Figure (1) Correation between pull force and weight of trailer unit.
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[1.22+2.22]

Figure (2) Vehicdesdimensonsfor (1.2+2.2) and (1.22+2.22) full-trailers.

I:Ol ROl

A A
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=

Figure (3) Forcesacting on afull-trailer standing on a level road (no motion).
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Figure (5) Forcesacting on a Full-trailer moving on an
upgrade with uniform motion.
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Figure (6) Equivalence factorsfor Full-Trailersof type 1.2+2.2 on upgrades, for H/B
=0.2, pi=2.5, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and
35.6 cm).
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Figure (7) Equivalencefactorsfor Full Trailers of type 1.2+2.2 on upgr ades, for H/B =0.6,
p:=3, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and 35.6 cm).
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Figure (8) Equivalence factors for Full Trailers of type 1.2+2.2 on upgrades, for H/B =1.0
pi=2.5, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and 35.6 cm).
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Figure (9) Equivalence factors for Full Trailers of type 1.22+2.22 on upg ades, for H/B =0.2,
p=2.5, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and 35.6 cm).
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Figure (10) Equivalence factors for Full Trailers of type 1.22+2.22 on upgrades, for H/B =0.6

pi=2.5, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and 35.6 cm).
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Figure (11) Equivalencefactorsfor Full Trailers of type 1.22+2.22 on upgr ades, for H/B =1.0,
pi=2.5, and D=6, 8, 10, 12, and 14 inches (15.2, 20.3, 25.4, 30.5 and 35.6 cm).
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