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ABSTRACT

The Cause of Pavenent Failure in Tropical
countries like N geria and the factors responsi bl e
for best-performance asphaltic concrete surfacing
are reviewed. Consequently appropriate |aboratory
tests consisting of both Marshall and I ndirect
tensile tests were conducted in order to determne
the desirabl e opti num bi nder content, which nmaxi mses
all the desirable properties of good-perfornance
asphaltic concrete. To evaluate the effects of each
factor, it's influence on the follow ng performance
paraneters of asphaltic concrete were neasured and
nonitored: - Marshall stability and stiffness,
Indirect tensile strength and conpressive nodul us
of the specinens and conpacted density of the m x.
The factors considered and varied to appropriate
| evel s for this study included the:- Testing
tenperature, conpactive effort, binder content;
and Aggregate gradation; shape and surface texture.
It was found out that testing tenperature which
simulate the anbi ent tenperature have an adverse
effect on the performance of asphaltic concrete.

It was also found out that for N gerian type of
climate and traffic loading a high binder content

of optinumvalue of 7% and stone content of Qoptinum
range of (50-6590 are needed for best perfornmance

asphal tic concrete.
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CHAPT=R 1%

INTHODUCTION- 
1.1 Preamble N R, o
Bituminous (flexible) pavements constitute over
99y of the paved road networks in Nigeria, hznce the
need for appraising and improving the flexible -
pavement Engineering technigues can not be over=-
emphasisedes This becomes particularly necessary in
view of the present deterioratine conditions of our
roads as manifested by many elements of pavement
failure éuch as cracking, pot-holes, deformation,
bleeding etc. These result into huge financizl and
useful manpower losses by way of mainteince and road

accidents thereby posing serious setback to our

national development.

i""/"?"

Presently the design of asphzlt paving mixtures ?o%fé

. PR

in this country is based solely on the marshall test '%@ﬁ
procedure as contained in the Federal Ministry of E%%?
U

Works General Specifications {For Roads and Eridges)e P e
This design technique,ﬁgé_over the years shown sign
of deficiency as it can not accommodate the gyer
increesing traffic growth, material and environmental
influences. Therefore there is the need to study
our pavement failure problems and evolve a more
realistic design technique befitiing our kind of

weather, traffic pattern and materials charescieristics.



\ .- e -&-2
. e A S .
Ry E 1

1.2 Statement of the Problem

The degeneration of bituminous roads in this
ﬁﬁuntry is not a8 new phenomencn. It has been 2
great burden and challenge to the authority and

.Pavement Engineers respectively in trying to find
Solutions to it. Previous’stﬁdies undertaken on the
pavement failure have associated the problem to a
number of factors which include Txcessive and
Unregulated axle loads, Improper and poor gquality of
construction materials, adverse elfects of heat and
moisture, inadequate supervision during construction

and improper mlx_design. However not much effort

huas been put to investigate the extent to which these
factors contribute to the degeneration of our roads
more particularly_the ambient tewperature which is
exceptionally high. Thus the task of thig research
work is to:- Investigate the influence of temperature,
compaction, Aggregates texture ani shape and materisl
cdmposition on the performance of Asphaltic concrete

in respect of this country.

1«3 Aim and Objective of the Study

- The main aim of thié.study is to determine through
laboratory experiments the level of influence certein
faetors have on the performance ¢f our bituminous
mixes and consequently the cause ¢ degenerstion of our

roads. Therefore the objective of the study include



of my state government (Sokotd state) to embark on
direct labour roads construction and asphalt

production, warrant the cholce of this study. .

The significance of thls research work is that

e e

it Wills- Lot TR I e R .
1) Determiné.tﬁeHinfluénéewof fhe”émbieﬁt
temperature, compaction, aggregate gradation and
aggregates surface texture and shape, on the performance
of asphalt concrete; and
2) Provide a guide for a high guality asphalt
productioﬁ'éﬁﬁ”construction of asphalt paving roads.
1,5 Organisation of the ilesis
The réﬁiew Df'the.literéturé relevant to this study 1is
presentéd in chéptef 2, while discussicén on the experimental
programme 1s con£ained in Chapter 3, Analysls of Data
and discussion on the results of the experiments carried out
are presented in Chapter 4, Finally the Conclusions and
Recommendations based on the findlngs from the study are

contalined in Chapter 5,
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CHAPTER 2

LITERATURE REVIEW
2,1 Historical Background of Pavement Engineering

The development in Bituminous (Flexible) Pavements
dates to 625 BC as reported by Oglesby (1982), when
asphalt was first used with burnt bricks by the Romans to
pave the streets in Babylon. Since then continuous
progress is being recorded in pavement engineering.
Early 20th century saw the transformation of the design
techniques from purely empirical to semi-empirical design
methods. The empirical methods were due to limited
knowledge of the materials behaviour and limitetions in
the ability to solve boundary value problemse With th%
passage of time attempts were made to broaden the
knowledge of pavement desion techniques. As.reported by
Hudson et al (1969), the early Pavement Engineer simply
chose his standard materials, and constructed his pavements
to take care of the ﬁéximum estimated wheel load and
observes the performance of these pavements, He will
then repeat the construction of those which perform
well while discontinuing and/or modifying for future
use of the those pavements that perform poorly. Fig.
2,1.1, gives the illustration of the early pavement
design methods, while the current design technigue of

pavement is illustrated by Fig. 2.1.,2. The current
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design technique evolvedprimarily through theoretical
analysis, field experiments, observation of tke
prototype performances and laboratory experiments. This
enabled the present day engineer to modify psvement
behaviour evolve material specifications and test

precedures.

However inspite of this break through in pavement
engin-ering, to date no generally acceptable m-thod
is availzble for the design of pavement structure over
the broad range of environments and meterials. This is
so due to the difference in énvironmental conditions
whicl are dependent upon geographical locations and
the vari&tions in behaviour of materials under this
environmental conditions. That is why design technigue
now focus on the understanding of climate conditions,
loading pattern and material characteritics for a

pzrticulzar region.

262 FAILURE PROBLEM IN FL¥XIBLE PAVEMENT

Premature failure problem of pavements had always
been of great concern and challenge to the development
of pavement engineering. Thus considerable work had
been carried out to understand what causes the pzvement
failure with a view of finding a solution tc it.

Cnez of such works was by Hudson et 21 (1962) who
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considered the pavement structure as a system to which
inputs are applied to produce desired outputs as
1llustrated by Fig. 2.2.1, The input to the system
consists of traffic, environment and maintainance,
while the outputs consists of the.generation ofi A
mechanical states identified by deformation, rupture,“;if
distortion and disintegration. The pavement performanéé
is thus a measuée of the outputs which 1ln turn 1s a
function of both the inputs and the pavement system
itself. Carey and Irick (1962) thus defined ﬁavement
fallure as a conditiqn when distress from the pavement
structure has exceeded an acceptable levelof riding

quality, economic efficiency and safety,.

ey
.

2.3 DISTRESS IN FLEXIBLE PAVEMENTS
- From the foregoing discussion it 1s ﬁﬁderétood

that a pevement 1s deemed to have failed when the |

distresses in the entire structure exceed some tolerable

limit. These distresses occur 1In all layers of the

pavement structures. Therefore pavement failure

ig the sum total of all the layer contributions.

A study of the layer contributions of defeormation

developed in flexible pavement carried out independenﬁl?

by both AASHO and TRRL have indicated that bituminous

surfacing and road bases contribute AASH - American

Association of Societies of Highway Offlicials,

TRRL « Transport and Road Research Laboratory.
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about 50% of the total pavement deformation. The
result of the study is presented in Tzble 2.3.1.

The commonly manifested distresses in surfacing
are cracking, distortion and disintegration. Tzble
2¢7%:2 pives the summary of the usual distress
manifestatiors and mechanism for various stress modes
and causes. Distress could occur as a2 result of both

traffic and non-traffic associated loads.

2.4 GENERAL CAUSES OF PAVEMENT DISTRESS

The distress in pavement structuré is as a result
of several factors ac{ipg_on it which can be classified
as Traffic associated and Non4traffic associeted factorse.
The traffic-associated include the ﬁagnitude of the axle
load, composition of traffic, frequéncy and speced.
Yhile the Non-traffic associzted factors include
ewwvironmental conditions, material cheracteristics and
qQuality of production and. laying of, the asphalt mix.
The respective influences and contributions of these

factors to the pavement distresses will be reviewed

hereunder: KAS
JHM?g?'annmi;,
’ARM;"GtL;c-TQBRAR}
2.4.1 Traffic-assoicated Factors MGER), | YNiVERg T

The essence of providing a pavement is to carry
traffic load conveniently with safety assurarce over
it's dedign life. Therefore the effects the lozd have
upon the components of the pavement structure must be

of prior concerr to the Engineer. Conseguently
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TABLE 2,341 CONTRIBUTICN OF INDIVIDUAL LAYERS TO | _
PERMANENT DEFORMATION IN FLEXIBLE PAVEMERTS

AASHO ROAD TEST - ~ F  TRRL TRIAL
LAYER CONTRIBUTICN LAYER -;:a. ~ CONTRIBUTIOL
(£) ' (%
Asphaltic .o -~ b
Concrete - .. V4 _ | _ ,
| S . Rolled asphalt
rushed ston ‘ - ) surfacing and :
angbase € .14 Crushed stone road 5
I . base _
Sue-base . R - Sub-base 13
Subk grade - : ;u 9. Sub grade : _5 | 33
TOTAL 100 o 100
SOURCE: PEATTIE K.R, ~.(1978) .
NOTE: =

AASHC - American Association of Societlies of Hlghway
officials.

TRRL. = Transport and Road Research Laboratory
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TABLE 2.3.2: CATZGORIZS OF PAVLI) ENT DISTRESS

-

DISTRESS DISTRESS EXAMPLES OF DISTRESS GENERAL
MODE MANIFESTATION MECHANISM H CAUSE

CRACKING

Alligator cracks Excessive loading Teh.
Edge cracks Fatigue loading TeAs
Joint cracks loisture changes N.T.A.
Reflection cracks Slippage (Horizontal
| forces) “ToAe
Shrinkage cracke shrinkage NaT.A.
Y. FRACTURC '
SPALLING
Breakin? Lo Excessive loadin T.A
chipping 9 e
of Pavement at . 2
Fatigue loadin A
joints and Ednes . 9 .
Thermal chanages N.T.A.
Feisture changes Naleha
PERMANCNT
® DEFORMATION
Channels or Ruts Excessive loading TeAs
s Grade Dcpression Fatigue loading- T.A.
Time-Dependent g
Defermation Tahs
e.gs« Creep,
Densification, e,qg. Tohe
compaction and
cnn??}idation
swe ng
2 DISTORTICH NeTahs
Difference in Pumping caused by loadin: TeAe
elevation of two Densification T.A.
slabs at a joint or
a crack Sh'ellinq N.T:A.

Eresion N.T.A.
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TABLE 2.3.2 : CATLGCRISS O PAVEMENT DISTRESS (CONTD)

emp e DISTRESS o GENERAL
STRZ EXAMPLES OF DISTRESS
D;Ogﬂ - MANIFESTATICH MECHANISM CAUSE
Removal of asphalt Adhesion NeT oA
from Agqreaates Moisture NeT.Ae
' Chemical Reactivity N.T.A.
3¢ DISINTERAL ——— -
TIOon RAVCLLING Inadequate compaction NoeT.A.
Progressive
e bra n aff .
separation of Abrasion by Traffic T
aggregates, fine pegradation of Aggregate N.Tehe
aggregates coming purability of Binder NaTeAs
out first Insufficient Asphalt NeTahe
over heating of mixture NeT A,
SCALLING -PCC
- Peelinn away Chemical Reactivity NeTeAe
surface Abrasion by Traffic Tehs
Freeze thaw action NaTehe
PCT HOL:S Excessive loading T.k.‘
Total removal of
pavem:—nt moterials Fatique loadinq T.hAe
at certain spots Voisture/Crosion © 0 NaTehe
Achesion N.T.A.
Degradation of Aggrezate T ol s
Durability of Aspha!t TeAe
BLEZDING Low Viscosity asphalt NeTsA.
Flowing of bindicr on Too much Asphalt NeToAs
to the pavemont surface Mot wesbhar N.T.A.
4, SKID ‘
HAZARD Traffic actions T.A.
haoregi b biconing hggreaate susceptiktle
clcan and snooth to polishing NeTeA.
Moisture N.T.A.
HYDRC PLAILITVS Foor dralinage NaT.A.
Retained water on Uneven surface NeToAe
Favement surfice

Note: (1) Sources: (1) Asphalt Institute (1969)

(10 Hendbook of Highway Engineerinz, Baker (1875)
(2) NeT.A. = Non=Traffic . Associated

TeAe = Traffic associated
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through several years of research into pavement
distresses, traffic load magnitude, composition, frequency
and speed are found to have an adverse effect on the
performance of the pavement. These factors affectg the

pavement performance as follows:-

a) Traffic Road magnitude: The tyre pressure affects
prlmarily the surface weariﬁg coarse and the composition
.of the materials in this layrr is selected accordingly.
The damaging effects of the wheel axle lozd on pavement
is found to vary logarithmically with regzrds to the
wheel load characteristics. Hence for structural design

purposes only commercial vehicles need to be considered.

b) Composition of Traftic: Normal trz‘*ic on
conventional roads is mixed in composition. Therefore
a single parameter was introduced by AASECZ (1962) for
design purpose through the ecuivalence factor which '
relates the damage caused by an axle load to that czused

by a standard axle load of 8.2 tonnes.

n
P o= = = L (2)
8.2 Lg
where F = Eguivalence factor or number of appliczstions
of the standard axle load
o Standard axle load of magnitude of 8.2 tonnes

L = VWheel load

e
n

Damage caused by 8B axle lozd, L

D = Damage caused by a standerd axle lozd, Lg

n = a constant which depends on ths strength and

thickness of the pavement (= &.5 for tropical
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Peattie (19Y/8) found that the damage caused by cars
and other small axle loads is insignificant inspite
of their large numbers, hence are igncred for the

purposes of Pavement design.

c) Frequency of Trattic:- In addition to the damage
caused by the individual wheel loads, the cumulative
etftect of tratfic over a period of time also attect
the pertformance of the pavement. However estimating
and predicting future traitic is particularly
difficult due to non uniformity of traftic growth,
hence. the pavement is usually over-stressed cduring it's

design lifte.

'd) Speed of Traffic:- The speed of the traffic affects
the mechanical prOpertiés of thélbituuinous'meteriai. ’
The critical factor here is the time which a load
takesto pulse due to 2 moving vehicle. Studies on

the eftect of speed by Brown (19Y/3) indicated thet
thici.ness of bitumindus layers is dependent upon the
average speed of the moving vehicle. He suggested
that an epproximate value tor loading time in seconds

is the reciprocal ot the average speed of the vehicle

in km/h.

1
d t = —_— . secs 2
Loading time, t SDoas Tn/ui (2)

2¢4¢2 Non traffic associzted Fzctors

The non traffic associzted factors can bs classified

into three groups. gnvironmental factors which

include the heat, cold an? moisture, the material
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characteristics facter which concern the pavement

system itself and the factor of production and layling
conditicns of the Asphalt mixtures. Thesg factors
affect pavement performancéﬁgs'follows:;f}ﬁf ,:.:H@g_;ih
a) Environmental effects:= The amblent temperafuré
(heat or cold) and moisture have a great influence
on the mechanical propertles of the binder ana”-uuiq
granular material., A study by Enngr. Emina (1985)
shows that molsture produces damaging effects on
asphalt mixtures used for construction in Nigeria.

Therefore only the effect of temperature will be

reviewed and subsequently investigated.

_ Iemperature;hés a strong influehce on the stiffness
and behéviouf_of bituminous material, If it is high
(1.e heat) the effective stiffness modulus of the
asphalt component will be reduced thereby resulting.
in decreasling it's load spreading properties and |
the stabllity of the pavemant as a whole. While
low temperature (i,e.cold) can cause cracking of the
bituminous materials due te swelling. Previous works
by Blssada (1972) have shown that the reslstance of
the mix to fatigue life decreases with increase in
temperature., As the temperaturé increases, the
viscosity of the binder decreases and hence
the decrease in stiffness and more load transfer to

the weaker lower part of the pavement consequently

resulting in fatigue,
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The concept of molecular chain thepry can be used

to explain the behaviour of bituminous material under
high temperature. The concept explaing that

asphalt is composed of a long Polymer-like molecular
chain structure. The mobilization of the chain and/or
segments of the chain decreases at relatively low
temperature, which reduces the ability of the asphalt to &
Thereiore undcr load repetisions both total deformation
and ability of the binder to recover after removal

of the load is reduceds This therefore results in
high modulus of resistance. However with high

temperature reverse is the case.
‘ -

b). Material characteristics:; The varying
éngineering prooerties and inadequate knowledge of -
predicting their behaviourlunder the influence of
temperature, moisture and traffic loading is one of
the problems encountered in pavement engineering.
The materials used to produce asphalt mixes heave
their own individual properties and contribution to
the strength of the asphaltmix. Hence to produce
a good performance bituminous pavement, the verying
individual components have to be assessed and
maximised under the expected traffic and environmental '

conditions.

The typical components of the asphzlt mixtures
are coarse ageregates, fine aggregates, filler &nd the
binder. The desirable qualities of these matericzls

ae re ":7 ewad hy QuT T Trnterrsd fena ('C"\Q\ avre e
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(i) Coarse Aggregates: - These are the stone materials
retained on BS Sieve number 7 mesh (or ASTM No 8 mesh).
It gives the mix it's stability by interlocking of the
agrregates particles and their frictional resistance to
displacement. Therefore both shape and surface texture
of the stone are essential to produce high stability
mixes. Thus thHe ideal aggregate is hard angular stone

with rough surface texture.

(ii) Fine Aggregates:- These are stone meterial
between BS No. 7 mesh and No 200 mesh sieves, It adds £o
the stability too through the interlocking characteristics
of the particles at the same time it reduces the voids

in thé coarse aggregates. It is required thzt the fines
should have a rough texture to increase the stability.
Thé coarse fines (from Mesh No. 7 to No. 30 mesh) are of
great importance as they giw the sandpaper texture to the
mortar and therefore increase the non-skid properties

of the asphdlt mixes., While the finer fines (from mesh
No. 30 to mesh No. 200) enhances the cdurability as they

increase the surface area of the eggregates in the mix.

(1ii) Filler: ~ This is the finer mzterial passing the
BS No 200 mesh sieve. The function of the filler is to
act as a final void filling material s well es a means
of stiffening the dituren film on the aggrepst-s

particles. Materials such as limestone dust, cement and

hydrated lime &are often used as fillers.
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(iv) Binder:- Petroleum bitumen is used as the

binder. The binder is the most influencial component
of the asphalt mixes. It is highly susceptible to
temperature changes, that is the stiffness of the
mixture is temperature dependernt. The quality of the
binder too is important to the stability and modulus of

resilience of the binder.
c) Effects of Unsatisfactory mixes and laying Conditions:-

The production of unsatisfactory mixes and
inadequate compaction during laying do contribute to the
distress of the bituminous layers. The cause of
unsatisfactory mixes could be due to a combinatizn of the
following:= excess bitumen, lack of sufficient bitumen,
over—héating, mix too cold, excess moisture, poor mixing
and poor grading. Also at the laying stage, the temperature
of the mix must not be too cold as compaction is dependent
on the temperature of the mix. While the level of
compaction determines the stiffness and durability of the
bituminous mixes to distribute the loads imposed by the
traffic. Good compaction also increase the resistance
and durabllity of the bituminous layers. The level
of compaction is characterised by parameters such as
density of the compacted mix (CDM)}, density of the
aggregates and binder; anc voids of the mix and mixed

aggreqgates (VIM and VMA).
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Cooper and pell (1874) found that
the level of compaction is aftected by several
factors such as material temperature, binder content
type; aggregates grading and the stiffness of the

working platform.

2¢5 ASPHALT MIX DESIGN-

The inherent varying individual material properties
of the mix components necessitate that their
composition should be so propvrtionally‘balanced
" such that all the desirable properties of a good
mix are achieved. Theretfore to embark on a good
mix design it is necessary to review the factors &nd

the methods of the design.

2¢5¢1 The Factors affecting mix design

The purpose of mix design according to Morismith (19611
(7961) is to make an economical blend of asphalt
and graded aggregates in order to produce a mixture
that is durable, stable, flexible, impermeable, stitft
and workable. These significant mixture properties
are the tactors considered in mix design and their

requirements are as follows:-

a) Stability: This is the resistance to deformation
undcr both static and dynamic loads. It is recuired
to be high and is atfttected by aggreg=tes, binder content

end type and viscosity of bitumen and filler content.
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b) Flexibility: - This is the resistance to
cracking tendencies. Mixture is required to resist
cracking due to:

(i) long term changes in support strength, e.ge.

weakness of subbase and subgrade.

(ii) repeated flexing under short duration of

traftic loads.

(iii) wvolume change due to thermal changes.
Flexibility is a function of binder content and type

and aggregate gradation.

¢) Durability: This is the resistance to ageing
and external influences of water etc. 1t is a function

of pitumen content and type and aggregate gradation.

d) Vorkability: This is the ability of the mix to
be spread and compacted to the required density without

difficulty. 1t is a function of bitumen content

and apggregate shape and texture.

e) Safety: The mix should provide good skid resistance
and must not disintegrate by fretting or ravelling
especially the mix intended for wearing coarse. This

is 2 function of binder content, aggregate type, shape
and gradation and presence of foreing materials such

as water, oil, etc.

f) Impermeability: This is the ability to precvent
th- ingress of water. Factors affecting impermezbility

are bincer content, aggregate grading and compaction.

g) Stiffness: This is a measure of strength of the
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mixe It must have high modulus to distribute loads
more effectively. It is a function of aggregate

gfadation and binder type.

A summary of the desirable properties of mixes and
their corresponding requirements for binder content,
aggregates gradation and degree of compaction is

presented in rable 2.5-1.
2¢5.2 Mix design methods

The primary objective of a highway pavement
surface is to provide an acceptable roadway surface
that can withstand the deteriorating effects of traffic
and environment for the service life of the facility.
Therefore the mix design procedures must be able to
optimise any or all of these desirzble properties
mentioned above in Table 2.5.1. Currfntly there are
three design methods recongised by the Asphalt institute
(9(1970). These are the Marshall stability, Hv:em
stabilometer and Hubbardfield methods.

Each of the design methods have it's own particular
advantage and disadvantage in satisfying the recuirements
of a good mix design. A schematic description of the
procecdures of the three design methods is presented by
the flow diagrams of figs 2.5.2 a, » and ¢ resp=sctively.
~lthough neither of the three above mentioned mesthods
satisfy all the requirements of a mix design in the full

sense of the word, however on comperison of thec three
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TABLE 2.541: ESIRABLS CHARACTERISTICS OF OPTIMISEDMIXTURE

PRCPERTIES

I BINDER AGGREGATE DEGREE OF
PROPERTY*RI"‘BLE CONTERT GRADATION COMPACTION
Stability F Low Dense High
Durability High Dense High
Flexibility High Cpen -
Fatigue resistance Hich Dense High
Skid Resistance Low Dense -

Or4 High

Cpen
Imperviousness High Dense High
Fraction Strencth Hizh Dense High
Workability xtics Hich Cpen -
.

Stress-Strain xtics Hich . Dense High
Thermal xtics Lov! Dense |’ High.

-

1. Skid resistance: hat is important is the texture of
. the accregiéte particles

2. Compaction:- Althouch corpaction is not normally indicated
for skid resistance. It is implied to ensure
thaet cogrecate particles will not dislodge
uncder tractive forces epplied to the surfeace.

Source: Robert F. Baker (1275), Handbook of Highway

Encincerino,.
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TABLL 2.5.23 COMPARISC!H! OF ATTLIC/BILITY OF LABORATORY DESIGN

MZTHCDS.
FACTOR FARSIHALL H EEM HUBBARD-FIELD
1. Use of Method Lob dcsign and  Lab design and  pap design
; ficld control field control
i £ Pe ade and Liquid
2 Type of asphal on grade Pengrgden qu Pen grade
3. 1Initial of .
estimate of rrial T Trial
asphalt content
*4. Basis of Percent yt. of mix Wt. of mix Wt. of mix
asphalt
5. Type of Stability
test Compression Triaxial Extrusion
€. Loading rate 50.8mm/min 1.27mm/min -
7 Tension test - Cohesionmeter -
8 Compaction of
specimen impuct Kneading Tampers
1
s r - (o] o o
9. Tgtﬁzgq Temper 60°¢ 60°¢c 60
10, Spocific aravity
: of aogregate Dulk Apparent Bulk
"11  naximum size of
acaoregate 25 .4mm 25.4mm 19.05mm =
12. Size of specimen 101.6mm dia 101.6mm dia 50.8Bmm dia.
hy 63.5mm ht by 63.5mm ht. by 25.4mm ht.
130 Desion asphalt (\;wtiﬂisc 211 Minimum 3 or 3“
content criteria stability alr volds
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TABLE 2,5.2b: CO!-'.FAT{ZS;_T;NC'I(“‘ SUITABILITY OF LABORATCRY DESIGN
ISTHCDS
CRUTHG MR T Lo MARSHALL HVZEN  HUBBARD-FIZLD

Macadam X X X
Open Graded X D X
Coarse Graded D S X
Dense Graded S S X
Fine Graded S S- X
Stone Graded S S

Sand sheet (san) Asphalt) S S S
Fine Sheet (Sheet Asphalt) 3 S S

S = Suitable
D - Doubtful
X - Unsuitable

Sourcez The Asphzlt Institute (1969)
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methods on the bases of suitability and applicestion
to the different type of asphalt paving mixtures,
Hreem stabilom~ter design method Seeﬁs to account for
most desirable properties of the asrhalt mixtures
But the th Hveem method hasg inherent time and money
costs compared to the'oﬁiﬁf twd; bénce the rezson why
Marshall design method have greater acceptability due

to it's advantage of easy adaptability.
2¢543 Suggested mixture design Procedure

The essence of a mix design is to optimise any or
all of +he desired properties listed in mable 2.5.7.
,Accbrding to Brien (1978) a complete mix design should

fulfil the following:-

(a)  Measure the relevant characteristics of the

material components that are available.

{b) Estimate the properties that are reguirzd in

the completed compacted mix.

(¢) FKnowing (a) and (b) the procedure should then
indicate the proportions in which the components should
be mixed in order to produce the reguired properties es
economically as possible. Therefore it can be seen
from this that neither o¢f the three procedures
fulfil the requirements of mix design in the full sernse
of th: word. However since the essence is tc produce

a procedure that cen reflect nearly 211 the rmix
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requirements, a blend of the existing procedures can
give a-satisfactory result. In the light of this a
design procedure proposed by Engineer Emna (1985)
is adopted for this work with little modification.
The suggested design procedure will estimate the
design binder content as the meén value of the
binder contents which optimise the marshall
stifness, compacted density of the mix, tensile
strength modulus of elasticity and 4% voids in the
mix. The design binder content is therefore

expressed as follows:-
B= 0.2 (b1+b2+b3+bb+b5)
where B £ Design binder Content (% by wt of mix).

b. = Optimum binder content for maximum

1
marshall stiffness, Qm.

b, = g,b.c. fOr maximum c.o.m
b, = Oebec for maximum tensile strength, ST

™

Osbec for maximum Compressive Modulus, &y

o
F
n

and bS Oebec for maximum for 4% vim.

The design binder content B, should then be checked
for minimum/maximum mixture design criteria
according to marshall design criteria presented in
table 2.5.3a. A flow diagrem illustrating the

suggested design procedure is presented in
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TABLE 2.5.3: MIZXTUL. DO3IC! CRITERIA

(a) PMARSHALL DZISICI CRITEZNIA

Traffic Category Heavy - Medium Light
No of Blows (each fac~) 75 50 3§ -
Test Property min. maxe min, max, min, max
1. Stability, Kg 340 .22 227
2. Flow, mm 2.0 4.1 2.0 4.6 2.0 5.1
3. Pdrcent Alr volds, %
- lavelling/surface course 3 5 3 5 3 5
Base coursa 3 8 3 a8 3 8

4., Percent voids in minoral
aggregate %

- 25.4mm max size 13,3 - 13.3 - 13.3 =

- 19.1rﬂm max Size 14.0 - 14 .0 - 14.0 -

- 12.,7mm max size 15,0 - 15.0 - 15.0 -

- 9.,5mn max size 18,5 - 18.5 - 18,5 " -
(b) Hreem Design Crit-ria .

Traffic Category

Test Property mine . max min max min max

1. Stabilometer valuz,% a7 - a5 - 10 -

2. Cohesionstaer valu: {o/um
width corrocted to 7642

mm height) 1,97 - 1.97 - 1.97 -
3. Pcrcent air voids, 1 4 - 4 - 4

4, 5well Less than 0,76mm

(c) HUBBARD - FIZLD D370 CRITERIA

Traffic Catcqory _ Heavy Medium Light

Test Property min Max min Min Max
1. Stability, Kq 907 - 544 207
2. Percent Alr voids, % 2 B 2 5




33

fige 2.5.3, which is subject to modifications based
on it's actual field performance. The justification
of this suggested procedure lies jin the following

argument:- T #

1. Binder content bq, optimises the mwarshall
stiffness which 1is the ratio of marshall
stability to flows It had been established by
Gadallah et al (1977) that marshall stiffness 1s
8 better measure of the mixture characteristics at
failure than the marshall stability. Also Marias
(1974) and Brien (1976) have shown that good :
correlation exists between results of the Marshail
tests and laboratory wheel tracking made dn gap-
graded mixes when Marshall Stiffness (quotient) is

used instead of stability.

| szl
e e 2ER
2. Binder Content bz, optimises the compacted 55?;3
&
density of the mix which is a measure of compact- Z ..
ness of the mix. Brien {1978) stated that the ‘%FZ;
0%
aggregate grading which gives the greatest . < ¢
S Z3
possible aggregate density will also give the Eg
highest stability when combined with the optimum %5
; ; -

amount of bitumen. Therefore the choice-éf b2 is
t0o enhance both mixture stiffness and pavement

performance. *

Ze Binder contents b3 and bb' optimise the

tensile properties of the mix. These according to
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Khandhal (1979) reflect the fracture strength
of the mixture. These strength parameters are
obtained through indirect tensile test which

will be discussed later in this chapter.

4, Binder Content b5, optimises the durability
of the mixture. A study by Welborn (1970) showed
that voids in the mix influences the durability
of the mix. Too much voids in a mix makes the

mix permeable to water ingress and too less

voids lead to fattening. Both effects reduccd
the stability and durability of the mix. However,
experience has shown that voids contents of 3¢
and 5% lies between the two extreme, hence the

choice of 4% air void.

2.6. INDIRECT TENSILE TEST
2.6.1. Development of the test

The application of the indirect tensile
test to bituminous mixes started around 1950,
when it became necessary to check the fatigue
behaviour of the mixes under the induced tensile
forces developed on the road surface by the growing
traffic. It was by then that +hwe theory of
concentrated or line loading v developed by

Frocht (1%48) was adopted and further modified
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by Hondros (1959} to account for uniform loading
across a curved loading strip with a view to

apply it on softer materials,SeepFigs 2.6.1 Before
the advent of this development ihz:re were problems
encountered by the use of direct tensile test

procedures. These include:-

a) difficulty in gripping procedure‘and :

~application of purely tensile force.

b) thke bending test has the disadvantare
of an undefined stress distribution

across the specimen and
' . _j .
¢) influence of surface irrigularities

to the result of the test.’

Previous research findings on the use of
the indirect tensile test by Hudson and Kennedy
(1969) and Hadley et al (1969), had indicated
that the test can be used to predict the tensile
strength of asphaltic concrete with reasonable
accuracy. P. 5. Kandhal (1979) also concluded
after adopting the test procedure thzt it can be
used to determine the tensile strength, poisson
ratio, tensile strain at failure and stiffness
modulus of asphaltic concrete, which are data
for designing pavement and predicting the potential

of low temperature shrinkage cracking.
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o

2e642, Advantages and shbrtcomings cf.thelféstxrz
The advantages of the test lies in the
following:~
a) It is simple to conduct
b) Marshall specimens may be used.
. &) .Surface irregularities do not seribuély
affect the result.
d) The coefficient of variation of the test is low,
e} The test can be used to test specimens
under static and dynamic loading
conditions.-. " q  ._  | i}“
f) Fatique is initiated in a fegion of
elatively unifo;m tensile stress.
wWhile the disadvantages.are mainly with the'thedry', )
which acesumes:- . o o ﬁt
1} That the test specimens are purely elasfic,
but asphalt’concrete is visco-elastic at
most environmental conditions, and
2e a8 line loading on the specimen whereas

in practice the load is distributed

with a loading strip.

However the galns of advantages of indirect tensile
test outweigh the disadvantages, hence its prominance in

current asphalt mix design,
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2.6.3. Equipment and Testing Technique Tof Indirect
tensile test

As reviewed above, the relevance of the test
lies in its simplicity whereby any equ ,rent
capable of exerting compressive loads can be
adopted for the test. Various types of equipments,
ranging from those that use the sophisticated
MTS loading system to those which are reletively simpler
and cheaper, like the Triaxial Compression and
' CBR machines. Lottman (1978) and Maupin (1979)
both have successfully used tﬁe triaxial compression
machine. Here in Nigeria Engr. Em;na}(1985) had

used the ordinary CBR machine at the University of

-

Lagos.

The testing technique involves the use of a
curve loaéinr strip (usually 0.5 in, (12.7mm) wide)
made of materizl relatively harder than asphaltic
concrete. Most researchers use stainless steel
materizl. The strip is to be curved of the szame
radius with the cylindrical test specimens. The
specimen is then loaded uniformly via the loading
strip with compressive loads thzt act parallel to,
and along the vertical diametrical plane. The
lozding confiruration develops & relatively
uniform tensile stress perpendicular anz along the

vertical dizmetrical plane that ultim=tely causes
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TABLE 2.,6¢3: LIST OF PRIVIOUSLY TESTED RATE OF LCADING

FOR INDIRECT TZHNSILES TEST.
. 7
RESEARCHER | Y_AR ROCM TENP LOADIRG RATE
O °c mm/min in/min
Iottman 1278 13 55 1.60 0.065
Lottman 1578 23 73 3.80 «150
villa &nd Terrel 1979 13 55 1.60 0.065
Maypin Jr. 1979 12 54 1.60 0.065
MaVYpin Jr. 1679 25 77 510 2.0
1979 25 77 51,0 240

Kandhal
Emina (Nigeria) 1985 28 82 746 0.30
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the specimen to fail by splitting or rupture slong
the vertical diameter. The load applications and
vertical deformations of the specimen are
continuously monitored until failure occurs. The
readings will then be used to determine the tensile
strength, S, poisson ratio, / ; and stiffness
compressive modulus, E , through established

formulae.

Al though there is no standard specification
for rate of lozding, it is however related to the
room temperature at the time of testing. Table
2+€.5 gives a list of various ranges of rates used
-previously by a number of researchers.

-

2.6.4. Working Equations

The theoretical equations used in calculations
of the mix tensile properties are very complex and
required integration of various mathematical
functions. Therefore within limits of this research
work the tested working ecuations developed by
Adedimila (1980) will be used. The equations were
calibrated bzsed on the use of marshall specimen
of 4in. (101.6mm) diameter and thickness t. The
strip used was of stainless steel material of 0.5in

(1207 me)- ° width.
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The eguetions are summarised as follows:-

a) Tensile strength; ” _
o e8P E Ll (3)
b) Compressive mcdulus -~

E, = LDU (35183 - 5159

34967, 75 (LDV) - - (4)

c) Tensile modulus

E, = 1DH (2647 + 9807Y )

= 6079.45 LDH - - = = {5)
The definitions of the various symbols . used

~herein are given in the list of symbols. A -value

of 0.35 was adopted for the poisson ratio. . -

R
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CHAPTER 3 =~ o

EXFERIMENTAL PROGRAMME

The sole aim of any research is to study the
system in question with a View  of producing
useful Information for the successful operatioﬁ,
management and/or further study of the system.
Therefore in line with the .objectives of this study
as stated in Chapter one, an experimentzl programme
was designed to ensure thatboth efficiency and econemical

gainé are achieved. _This deals with the following:

1) Experimental design of factors and levels,
2) Materials selection and preparations. ’

3) Testing procedures and equipments selecfion.
4} Treatment of specimens_:?;af : |

-

The entire programme of the experimental study is

described hereunder

%.1 Experimental designmof factors and levels

To adequately achiévesfhe goais éf.tﬁié.éfudy all
the desirable properties of a good quality bituminous'-
surfacing must be considered. From the various |
studies all over the world (RRL, 1962) it has been
observed that parameters such as stability stiffness,

flow, compacted density of the mix and air voids of

r-
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the mix are affected by such factors as mixing and
=i

testing temperature, pinder ¢ontent and type, Filler

Content and type, and zggregate type and gradation and

compaction. - .. e e

These no doubf will require severél number of tesgts
and complexity of result interpretation according to .
Anderson and McClean (1974) if full randomised factorical
design is to be considered. Thus in order to minimise
the number of tests and facilitate intepretation of
results as recommended by Hadley et al (1970), Anderson
and Hudson (1970) and Anderson and McClean (1974});
a fractional;factoral design was adbpted as presented

in tables 3.1.1 through 3.1.§{

Iﬁ the light of th= abaVé discussion and in line
with the objective of this study the folleowing factors
were consldered as tests variables:- binder content,
testing temperature, compactive effort, stone Content,
agzgregate shape and surface texture and test typee.

The experimental procedure was conducted based on the
. following four phases in order to facilitate

interpretation of the results,
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TABLE 3.1.1a EXPéRIMENTAL DESIGN FOR OPTIMISING
BINDER CCNTENT AND AGGREGATE GRADATION

COURSE BINDER COURSE SURFACE WEARING
course

Stone Content(%) 60 70 35

No of Specimen

Binder Gontent%wﬂ
3 4 =
4 4 4 4
9 4 4 4
6 4 4 4
7 4 4 4
8 - 4 4

TOTAL 20{ 20 20 » 60

o Be " '
TABLE 3.1.2 : EXPERIMENTAL DESIGN FCR OPTIMISING
BINDER CONTENT AND AGGREGATE SHAPE

LAYER CCURSE . SURFACE WEARING COURSE
.Aﬂgg;ggTE ROUND AND ( CRUSHFD ANGULAR /ND ROUGH
o SMOOTH
— TNDYRFCT
TEST TYPE MARSHALL MARSHALL To1STLE

"No of SPICIMEN
L

Binder Content 1

® N O w»m &
~ 0~ o~ O~
I
~ 2 B o

TOTAL 20 20 20 60
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TABLE 3.7.3 EXPERIMENTAL DESIGN FOR CHECKING THE
EFFECT OF TESTING TEMPERATURZ AND COMPACTIVE
EFFORT

COMPACTIVE EFFORT

TOTAL

(NO OF BLOW3.TO 75 50 35
EACH FACE)
NO OF SPECIMENS
TESTING TEMP°C
20 A 4 4
40 4 4 4
60 4 4 4
80 L 4 4
16 16 16 48

TABLE 3.%e¢4 : EXPERIMENTAL DESIGN FOR CHECKING THE

EFFECT OF STONE CONTENT

STONE CONTENT ()| 15 |

70 G0 ! TOTAL

No of SFECIMENS

L4

-R-

]
R - Means the specimen had been cast and tested under
the same levels and circumstances in previous tests.

TOTAL NUMBER OF SPECIMENS = 60+60+4848
= 176
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PHASE 1: Optimizing the binder content and the

aggregate gradation to maximise stability, density
and other desirable properties of the mix as
contained in Table 2,5.1

PHASE 2: Optimising the binder contents and

Aggregate shapes to maximise stability, density
and other desirable properties as contained in

Table 2.5.14
PHASE 4: Optimising the stone content to maximise

certain important properties.

PHASE 3: Determining the effects of Temperature

prOpeftiqs and compactive efforts on the mix

properties._

Fzctors and levels considered

ks mentioned above about six factors were considered
and varied af certain levels for this study depending
on the test phase requirements and intention of study.
Below is a brief account of how the variables were

varied and/or kept constant:-

a) Einder Content: The binder content was varied at

five (5) levels with 1% increment in pheses 1 and 2
only, and kept constant at optimum level of 7% in

phases 3 and 4.

b) Testing Temperature: The testing temperature was

gt
kept constant/60°C in all the phases except one, thet is
phase 3 where it was varied at four levels with 20°C

o (o} ! O ,.0,, = e
incre~ent, (20%c, 4C°C, 6C°C and 80°C).
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¢) Compactive effort: The level of compaction was

also kept constant in all but one phase at 50 number, of
of blows to each face (end). In phase 3, compaction
was varied at three levels of 35, 50 and 75 blows

to each end.

d) Aggregate Cradation and stone Content: The stone

content was varied at six different levels only.
Three levels in phase one (i.e. 35, 60 and 70% Stone
percentage by weight of the mixed aggregates).
Another level of 50% in phases Two and Three and Two
other levels of 15% and 90% in phase 4.

e) Aggregate shape. The shape, type and texture was -

varied at two levels in phase two only while kept
constant in all other phases. Crushed Angular and rough
aggregaté were dominantly used in all phases while

smooth round aggregate was used in phase two onlye.

f) Test Type: Two levels of test type were used.

Marshall test was used in all phases while indirect

tensile test wes used in phase two only.

Tables 3.1. through 3.1.4. contain the detzils of the
experimental design programme as per the phases

described above.
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Measurable Parameters

To measure the behaviour and performance of the
mix under the influence of the mentioned factors some
relevant parameters were measured and studied.
Table 3.3.3a contains the list of the parameters

measured under the different specimens tests.

Table 3.3.3a: MEASUREBLE PARAMETERS

S/No SPECIMEN TESTS PARAMETERS
1 Bulk density and void CDM, CDMA, VIM, VMA,
analysis VFB and VIMO
2+ . Stability and flow Marshall stzbility,
test Marshall Flow and

Marshall Stiffness, Qpe

s Indireg:szensile Tensile strength, St
and Compressive modulus,
EY.

3«2 MATERIALS

The three basic components of Asphaltic Concrete
are asphalt cement (binder), Aggregate (both Coarse
and Fines) and Filler (cement etc)s The particular

materials used for this research work are described

hereunder.
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BINDER:- The bitumen used was of 80/100 Penetration

grade, produced at the Kaduna refinery and obtained

in the Ahmadu Bello University, zaria, civil Engineering
Soil Laboratory. Table 3.2.1 contains both the

Federal specifications and measured values of the various
properties of the binder. It could be observed

perhaps due to ageing that the binder is relatively more viscous

than the normal 80/100 pens bitumen.

CEMENT:- The cement used was the ordinary Portland
cement, type 1, produced at Ashaka cement factory

in RBauchi State. The specific gravity of the cement
used was 3.06 and about 90¥ by weight passed the E.S
Sieve No. 200.

AGGREGATES: There are two types of aggregates used,

the coarse aggregates and the fines.

(i) Coarse Aggregates: Two types of Coarse aggregates

were used for the tests, both were found around Zaria
environment. There was the crushed, rough and angular
aggregate of granite origin and the round and relatively
smoother aggregates of Conglomerate origin ususlly
referred to as River Stones. The coarse were graded

from BS Sieve No 1" mesh to No 7 mesh.

(ii) Fine Ageregates: The fine aggregztes used were

the natural, single size, round, and harsh sand found
also around Samaru-Zaria. The Fines were graded

from BS Sieve No 7 to 200 meshes.
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PROPERTIES OF THE BINDER

S/No PROPERTY ASFHALT CEMENT (80-100pan)
FEDERA . | MEASURED
|
1 Specific Gravity @ 25°C | 1.00-1.05 0. 934
|
2 Softening Point R and B
(°c) ‘ 45=52 67
Penetration @ 25°C -
= © ee Os1mm | 80-100 82
4 Ductility @ 25°C.. \
CM{minimum) 100 94,2
5 Loss on treating for L %
5 hours at 163°C by - ; '
weight (max) | 0.5 ' 0. &4
6 Solubility in ¢S, by | |
wt (min) | 99 .99
' |
7 Drop in penetration :
af ter heating (% ‘
original max) - 20 20
. |
8 Flash point (open
cup °C min) 225 320
9 Ash % by wt max 0.5 0.5
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Table.3,2.2 PROPERTIES OF THE AGGREGATES
S/No PROPERTY TYPE OF VALL®S
AGGREGATES
SPECIFICe | MEASURE
ATION (DETAIL
1 Specific gravity | Crushed,
Coarse g 2.7k
ound,
Corase 2.63
Fines -
Cement = 3, 06
2 Crushing Value(%) | Crushed,
Aggregate 30 28
Round
Aggregate - 31
3 Impact Value (%) Crushed
c Aggregate - 25
Round
Ageregate 31
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(iii) Aggregate Gradation:- About six different

types of gradations were used because the research
works also aims at finding the effect of the
gradation. Two of the Aggregate gradations were
within the grading envelope specified by Federal
Ministry's specifications for wearing course and
two within the specifications for binder course.
While the other two gradations were theoretically
assumed to correspond with lowest and highest stone
contents outside the specified grading envelopes.
Table 3.2.3 and Figs 3.2.2 a and b give the details
on the aggregate distribution. Table 3.2.2 gives

the properties of the aggregates used.

3.3 TESTING PROCEDURES

3+3¢1 Test Methods:

As reviewed earlier in Chapter 2, this work
adopted both the Marshall and Indirect tensile tests
methods for the preparation and testing of the test
specimens. Below is a brief description of the

test methods.

a} Marshall test:- The test was conducted according

to ASTM Standards 1958, Part 4, D 1559, given by the
Azphalt institute (1969) the method basically involved
the preparation of test specimens, weighing bother

\



Table 3.2.4 FEDERAL MINISTRY OF WORKS SPECIFICATICN FOR AGGREGATE

SIZE DISTRIBUTICON

B.5 SIEVE SIZE

% BY WT PASSING

1§n P

1**. a 2},
(38.1om) (50.Emm)

(380 15"3) (53. 5Eﬂ)

BINDER COURSE l WEARING COURSE

COURSE
13" (38, 1mm) 100 ] 100
1 (250 4mm) 90-100 100
3 (19.05mm) 70-90 \ 100
Coarsn” & (12.7) 55-80 85-100 '
AEE 3 (94 5mm) 47-70 75-92
1 (6.2mm) 40-60 65=-82
No 7 27-45 50-65
14 20-34 ‘ 26-51
P A 25 2427 2640
52 8-20 18-30 _.
100 5-15 13-24
Filler - 200 2-6 7-14
Cement
Bitumen L4o5-6.5 5.0-8.0
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in air and water, and immersing the specimens in
water bath where they were kept for about 30-40
minutes. The water bath was kept at the desired
testing temperature. Then the specimens were removed,
carefully dried and placed between the upper and
lower testing heads of the marshall apparatus

(see plate 3.1 The assembled testing head was then
positioned and centred in the loading device and

load was applied at constant strain rate of 51mm/min
until failure occurred. Both readings corresponding
to maximum load (stability) and deformation (Marshall
Flow) at failure were taken and recorded. The
procedure Qas repeéied until all the specimens were

testeda-‘

b) Indirect tesile test:- The Hondros (1959) version

of indirect tensile test was adopted for this work
according to the procedure susggested by Lottman

(1978), Mawpin (1979) and Kandhal (1979). Marshall
specimens were used for the tests and equipment used
w25 the CBR machine as previously explained in chapter
2, the test involved the use of a curved loading

strip of 1.3cm width, made of stainless steel materizl.
The strip was placed and positioned on the marshall
specimen such that the loading device of the CBR
machine was centred on the curved strip. The

specimen was then loaded &t a constant strzin rate of
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2 rev/s (18.9mm/min) manually, via the loading strip.
The compressive load was continuously increased

until failure occurred. Both readings of Compressive
load and Vertical deformation corresponding to the
failure stage were recorded. It was however not
possible to take readings of Horizontal deformation
due to the fact that it was the first time test of

this nature was conducted with the machine.

3+ 3.2 TEST EQUIPMENTS

a) Marshall Tests:- The Standard Marshall testing
machine was used. It consistsof an electrigally
powered loading device designedlpo apply loads to test
specimens through semi-circular Marshall stability
testing heads. The machine operates at constant
loading rate of 51mm/min, and is equipped with a
calibrated proving ring which monitor the applied
load. There is also another meter ring which monitor
the amount of flow as the load was applied. Pplate

3,1 1illustrates the Marshall test equipments used.

b) 1Indirect tensile test: The ordinary CBR
Compression machine shown on plate 3,6 was used. It
has a proving ring having a loading rtszpacity of
2.268 mg. The machine was capable of applying load

2t a maximum rate of 3 rev/s (28 3mm/min). However
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PLATE 3%,9 - MARSHALL TESTING PLATE 3.2 - MARSHALL COMPACTOR
MACHINE ,

s i g T —— -
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only a steady rate of 2 rev/s (18.8mm/min) was
maintaineds As per the requirement of the test two
curved stainless steel strips of 1.3cm width were
useds The machine had two attachable dial gauges for
reading Compressive load and vertical deformation at

failure.

34 SPECIMEN TREATMENTS

The preparation of tests specimens were done
according to the Asphalt Institute (1969) recommended
method for preparing marshall specimens. The stages

involved were as follows:=-

a) Preparation of Aggregates: The aggregates were
first screened and . seperated by dry sieving into the
desired size fractions from BS Sieve No 38mm mesh

down to No 200 mesh.

b) Preparation of Mixtures:- The various sizes of
agegregates were weighed into 4 seperate pans according

to the aggregate size distribution of the particular

mixe Filler and binder (bitumen) were later weighed

to the requirement of the mix and added to the contents
of the pans. The pans with their contents were then
taken into the oven which was already maintain=d at 150°C
and kept for initial 10-15 mins. Then the pens were

brought out one after the other and the contents were



3.3 Weighing Process (of materials) . 3¢4. Compaction of the mix with

- Marshall compactor.
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mixed before taken back to the oven for another
10-15 mins. The aggregates and the bituminous materials
were again thoroughly mixed before transfering the

mixture into the marshall mould.

c) Compaction of the specimens:- After the finel
mixing of the bituminous mixture, the entire batch
was then introduced into the mould previously cleared
and assembled. Then the compacting hammer was mounted
on the compaction device and the mixture given the
desired number of blow; on each face. The normal .
number of blows on each face was 50 except for specimens |
for which comﬁaction was a variable and varied at 35,
50 and 75 blows.'.The compaction was done by manner of
freé fall from a height of 18 in (45.7cm). Then the
compacted specimen was taken into a cold water bath for
cooling the mould and it's coﬂtents. It was then
extracted out of the mould and transferred to a2 smooth
flat surface where it was allowed to stand overnight
at room temperature. The samples were then levelled
and weighed both in air and water after which they were

then subjected to testing.
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Plgte 3.5 Combined mixture in an

oven (open)

Plate 3.6 Heatinz at remdar

temperature (oven closed)
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3¢5 SPECIMEN CHARACTERISTICS

Although the specimens were cast to have a
predetermined marshall dimensions of 101.6mm (4in)
diameter and height of 63.5mm (2%4in), the result
obtained showed that the specimen height ranged from
56mm to 74.8mm. Consequently the weight also varied
from 1057g to 1204g in air and 548g to 678g in water.
However for all the specimens the diameter was
nominally at 101.6mm (4in). The result of bulk
density determination also showed some variation from
one specimen to another even for those of the same'
mixs. The bulk‘density det®#rmination wes done before
the specimens were subjg;ted to testing. The mezan
values of the compac ted density.of the mix, CDM;
compacted density of the mixed aggregate CDMA; voids
in the mix and mixed aggregates (VIM and VMA); and
their respective coefficient of variation are
summarised in table 3.7.1. The results of the
individuel specimens are presented in Appendices A

through =.

The result of Marshall and Indirect tensile tests
are contained in table 3.7.2 and 3.7.3 respectively.
From the result it can be seen that the Coefficient
of variation of the Marshall stability ranged from 16.2%-26.¢
that of flow value ranced from 2,23%=-2.,63% while that

of Marshall stiffness from 8,5%-24.6%e These ranges of
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TABLE 3471 RESULTS CF BULK DENSITY DETERMINATION

STONE BINDER DM SGM, VIM VMA VFB
CONTENT CONTEN
(%) (%) mean cv sakn (') Mean cv Mean cv mean cv
xaxau = - % % % % % x %
kS 2110 1.4 2.53 - 16,7 741 25.8 3.6 Jeb Se6
5 2150 0.9 2,49 - 13,8 4.4 25.4 2ol 46 3.3
35 6 2700 1.8 2.45 - 10.3 14.9 24,3 5.7 58 6.6
7 2200 0.9 2.41 - 8.9 11.1 25.1 3,5 65 3e7
8 2180 1.9 2.34 - 6.7 2646 27.14 Sed 75 6.9
4 2180 1.4 2.56 - 15.0 8.1 24,6 6,0 39 Ja2
: 5 2240 1.2 2,51 - 10.9 9.7 22,9 4.2 53 4.8
50 6 Nwmo 0.6 2.47 - 7.6 6.7 mm.a 3.0 686 2.5
7 2300 1.1 2,43 - 5.4 19.8 22.5 4.2 76 4.9
8 2280 0.9 2,39 - 4.7 18.3 24,0 3.1 81 3.7
3 2210 0.5 2.61 - 15.2 2.4 22.4 1.5 22 1.9
4 2250 0.4 2.56 - 12.3 1,9 21.9 1.0 44 1.2
60 5 2280 04 2,51 - 9.1 2.7 21.4 1.4 57 1.6
6 2350 0.4 2.49 - 4.9 11,7 19.9 2.6 76 3.0
=7 2340 0.9 2.43 - 3.6 23.6 21,0 2.8 83 4.3
4 2340 0.7 2.58 - 9.1 7«6 18,9 3.3 52 4.0
5 2330 0.7 2.53 - 7.8 8.8 20.9 2.4 62 4.3
70 6 2350 0.6 2.49 - 5.7 10.5 20,6 2.7 72 2.9
¥ ; 2300 0.6 2.44 - 5.8 10.7 23.0 243 75 2.5
8 2340 0.3 2.40 - 2,5 13.1 21.6 1.3 88 1.4
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3,72,

MARSHAL TEST SPECIMEN CHARACTERISTICS

STONE CONTENT BINDER STABILITY FLOCN MARSHALL STIFFNESS
(%) CONTENT
Tw Mean cv Mean cv Mean cv
Kg % mm % Kg/mm %
4 775 6,8 2.7 6.4 291 8.6
5 923 10.8 2.5 12.7 441 21.1
35 6 865 31,3 2.2 4.3 393 34.4
7 836 18,3 2.2 6.0 392 21.9
8 676 16.4 2.2 4.4 311 16,1
4 550 18.1 2.4 543 %NS 13 .4
5 813 26,9 2.3 3.6 353 24,6
50 6 981 18,1 232 4.3 489 15,1
7 917 19.8 2.3 4,2 403 20.8
8 733 16.2 2.6 12,2 272 8450
3 709 18,7 2.3 0.3 309 11.4
4 846 9.7 2.5 0.3 355 14.1
60 5 1044 16,7 2.6 0.5 425 30.9
& 1296 16,2 2.8 0.2 475 30.9
7 1130 16,5 2.9 0.3 394 18.3
4 671 10.4 241 u..o 321 13.8
5 B80S 10.6 2.0 4.7 198 9.3
70 £ 983 9.4 2.5 17.2 394 8.4
7 841 Te1 2.8 7.9 307 6.3
8 778 6.9 2.9 4.5 27 9eS

|



BINDER

- E >vaMMM LOAD TO Mmmdmnwm Manmxbdnuz TENSILE STRENGTH COMPRISSIVE MODULUS
CCHNTENT JRE TC FAILURE v (pimar g @
(%) ST (KN/m - ﬁ.ﬁ..\...mu
(mm) el RERTEN
MEAI ey MEAN oy v MZAN =
4 172 14.7 2.4 2,1 155 17.7 38,170 17.6
L 1,91 8.3 2.7 11.3 181 10,1 40.639 9.0
6 2.19 12.5 2,9 10.4 218 19.6 42.906 9a7
7 2e44 7.4 3.2 12.4 242 9.5 44,948 21.4
8 2014 2.5 4,5 8,0 214 301 17.055 12,5
For number of specimens wers cash for each blnder

coentent.
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values are gquite in order due to the inherent
variations associated with asphalt mixtures.

Moreso when they are quite comparable with the
result of previous investigators who reported even
high values. Similarly the Coefficient of variation
of the, tensile properties are u ' quite reasonable
compared to the ones obtained by Kandhal (1979)

and Tminz (1985).



+ CHAPTER 4

DATA ANALYSIS AND DISCUSSION OF RESULTS

The discussion of the experimental test-results is
basedon the observed effects of the considered variables
on the Asphaltic concrete mixes prepared for this
research worke The variables considered included the
Agegregate gradation, aggregate shape and garface texture,.
binder content, testing temperature and Compaction.

Below are the cbservations made:=

4.1 TFFFECT OF AGGREGATE GRADATION (STONT CONTENT)

a) On Marshall Stzbility:~ From the results contained

in Teble 4.1.1 and shown on Figa 3.1.1, it can be seen
that stability of Aspheltic concrete is dependent upon
the stone content of the mixtures. "Increasing the stone
content from 35% to 60% incfeased the maximum stability
"of the asphalt concrete from 993 kg to 1296 kg respectively.
However further increment to 70% resulted in dec¢rease

of the maximum stability value to about 983kg, about the
same value obtained with 35% stone content. This shows
that there is an optimum vazlue of the Stone content for
Maximum stability. This can easily be seen clearly 4n
Fige 4.1.2 where the range of optimum stone content is
shown to be between 50% to 65%. This agrees with the
results cbtained by previous investigstors according to
Brien {1978), that the optimum stone Content will be

around 55% It can also be noted from Fig. 4.1.7 that
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RESULY OF MARSHALL STABILITY VALUES OF 'THi FOUR AGG LA HADATTON: CONLY
. v i T—
Binder Content Stoge content (9L Ly wt of the aggrogute) _
(% by wt of the 159 i 50% 0% = 20% "
EHxv :
Mean Cv Maeun Cv Foan Cv Mean Cv
kg/m y 4 kg/m o % Ka/m : % I...Mﬂwmz y
4 175 6.8 LAV 18,1 B4o 9.7 671 10,4
2 Y935 10,8 813 26,9 1044 16,7 805 10.6
6 865 5145 | ysi 18,1 1296 | 16,2 963 9.4
! 856 1047 917 19.8 1150 16.5 841 m 7
3 676 16.4 34 _ 16,4 - - (s 6.9
 [——— e

“Four number of specimen were cast for each mix,
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optimum binder content varies with varying stone content.
A value of about 5% was cbtained as the optimum binder
content for mixes made of 35% Stone Content while about

6% was obtained for mixes of higher Stone Contents of
50%, 60% and 78%.

b) On Marshall Stiffness:- From the results presented

in table 4.1.2 and the details on Fige 4.1.3, it can
be concluded that the optimum Stone Content is zbout
6p% giving the highest Marshall Stiffness Value of
480Kg/mm at a Binder Content of 6% This observation
is clearly chown in Fige 4.1.4 where the rance of

optimum value is obtained as between 45% and 60Y Stone

Content.

Also the optimum bincer content for the marshall
stiffness varies as the stone Content varies. This
shows the dependancyof the binder content on the
aggregate gradation. For this particular research
work a binder content of 6% is obtained to give
maximum Marshall stiffness for mixes made of 45% to

609 Stone Contents, as demcnstrated on Fig. 4.1.3.

¢) On Compacted density of the mix, CDM:- From the

results presented in table 4.1.3 and shown on Fig.
4,1.5, it is indicative that any increase in the stone
Content from 35% will increase the Compacted density

of the mix until en optimum value of about 60¢ is
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AGGREGATE GHRADATIOND

*Y TABLE 4,1,2:  RESULT OF MAKSHALL STIFFNESS OF THE FOUR €

RSN ETIN

MPMMrMHGM”nM”M — mno“w, contenc (5 Ly EMQWm n:ﬂ Aggregate) JHWIA
mix . ‘ 70%
Co Mean v honn Cv Bl Cv Meian Cv
Iﬁw kg /m * kq/m * | kam 5 | kg /m M
5 - - - - 509 1.4 | - -
4 291 8.6 |. 231 3.4 555 14,1 | 321 13,8
5 414 21,1 353 | 2h.e b25 | 30,5 | 39C 9.3
6 393 3h.4] 439 | 15.1 47% 19.8 1 394 1 8.4
7 592 21.9| 403 |  2u.8 354 18,3 | 307 | 6.3
: 8 341 10,1] 279 8.5 . - 273 9.3
= e o

#“he mean value is tor four no of specimen cast

tor e ach specimen
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TABLE 4.1.3: RESULT OF COMPACIED DEMNSITIES

B

IHE MIX

._‘ \JJ
ES OF

THE

[AT&TR

e,

L

Yalal

HUUREGATE

GRADATTION CONS1DERED
Binder Content Stoge content (9 Ly wt of the Aaqgregate) m
% by wt of the : o T
35% 50% 60
mix -— qu:
Mean Cv Foean Cv ilean Cv Mean Cv
» 2 I
xgxau b rc\iw % kg/m” % xc\Em %
3 - - - - 2210 0.5 - -
4 2110 0.03 2180 T.4 2250 Oy 2340 0.7
5 2150 0.02 2240 1.2 2280 Ot 2330 0.7
6 2200 0.04 2280 0,6 2350 Ok 2350 | 0.6
7 2200 0.02 | 2300 % 2340 0.9 | 2300 0.6
8 2180 0.04 2280 0.9 - - 2340 0.3
r—— A % 1.
*The mean value is for four no or specimen cast tor each mix.
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reacheds Also on Fige 4.1.6 the range of optimum
Stone Content is given as between 55% and 65% for
maximum compacted density. It can also be noted in
Fig 4¢1.5 that with 70£f Stone Content the value of
CDM is irregular indicating (possibly) difficulty in

compaction at higher stone Contents.

d) On Voids in the Mix, VIM:- The voids in the mix

is obtained to decrease as the Stone Content increased
as shown on Fig h.f.7. This result is expected as
VIM is dependent upon the Compacted density of.the
mix which in turn is dependent upon ?he Stone Content.
From Fig 4.1.5 we observed that CDM increases with
incfease in Stone Content, while from Fig. £,147 VIm
decreases. Therefore VIM is inversely proportionél

to the CDM as indicsted by the following  standard

formula:

SGM - CDM

VIM = oM

However it was observed that beyond 60¥% Stone
Content the VIM starts to increase with increase in
Stone Content values corresponding to lowest VIM of

about 50% to 65% as illustrated on Fige 4.1.8.
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TABLE 4,1.4: RESULT OF AIR vOTIDS (VO1DS

n
i

THEE MLX) OF ‘Lils

el A CSSED LYY ALY
I W16)84 Alaillida il 1y

GRAD/ ITION CONS1UERED
Binder Content unLMM content (% Ly wt of mﬂMJéuon:a:rnu T
o - < o
Mean Cv Meon Cv Moean Cv Flean Cv
% g % “ % w.i..uwu_ %
3 ~ - - - 15,2 2.4 - -
A
4 16,7 y G 1540 8.1 12,3 149 961 746
5 13,8 4.4 10.9 967 9.1 247 7.8 84l
6 10,3 14,9 746 607 4.9 s s P Sel M 10.5
7 8.9 11.1 5.4 15.8 3.6 23,6 5.8 m 10.7
8 6e7 26,4 4.7 18.3 - - 2.5 13.
R b —— e

*The mean value is taken for four number of specimen for cach mixe.
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e) On Voids in the Mixed Aggregate. VMA:- From

the results contained in table 4.1.5 and shown on fig.
44149, it can be noted thet an initiel decrease in
Stone Content Causeczdecrease in VMA, until a minimum
value is obtained at a range between 504 to 65% Stone
Contents. The VMA started to rise again with further
increase in Stone Content. This agrees with

the findings of Jackson and Brien (1962) that adding
gsand to coarse aggregate reduces the voids in the
mixed aggregates until so much sand is added that it
pushes the stone apart and causes the voids to rise

againe

£f) On Véids filled with bitumen (VFE): From the

results contained in table L.1.6 and shown on Fig.
4.1.10, it can be seen that, increasing the stone
content from 35% to 60% results inmore voids being
filled with bitumen. However further increase of

stone content to 78% sew the decrease in the VFB.

This indicates that there is also an optimum value

for stone content at which the VFB will be maximume.

A range bctween 55% to 65% hzve been obtained in

Fige 4¢1.11 for the optimum stone content corresponding

to max. VFB.

4,2 EFFECT OF AGGRFGATE SURFACE TEXTURE AXD SHAPE

a) On mershell stability: From the results presented

in table 4.2.7 and shown on fig. 4e1.1, it can be seen



TABLE 4.1.5: RESULTS OF AIR VOIDS IN THE MIX“D AGCREGATES OF TH: FOUR
AGCREGATE GRADATIONS CONSINERED (VMA)

83

. b T e
Binder Content Store content (% Ly wt of the Aaggregate)
H»w« wt of the 359 | .,,.mon. : K 70%
Mean v Meon Cv Haan Cv Flear Cv
ﬁawf.. yd % H_ % e R.I..Jﬂxq. <
. t . i (4
3 - “ - - 22 1.5 - =
4 26 36 25 6.0 2 1.C 19 36 3
5 25 2e2 23 L4a2 22 Te 4 20 2o 4
6 24 DeT 22 3.0 20 2¢6 21 “ 2.7
7 25 3¢5 23 4o 2 21 2.8 23 | 2¢3
8 27 S 4 24\ 3,1 " - 22 1.3
———— e e e el — "

*The mean value is for four number of specimen for each mix.
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L TABLE 4.1.6; RESULTS OF VOIDS FILLED WITH BITUMSN OF THE FOUR AGGREGATE
S GRADATION CONSIDERED

Binder Content : Store content (% by wt of the Aggregate)
_ % by wt of the 350 -
. mix " 50% 60% 70%
| zwm:: rn< Mean Cv Maan Cv flean Cv
% v 1%, % % x | o %
3 - - - - 32 1.9 - -
4 36 5e6 39 3,2 Ly, 1.2 52 Le O
. 5 46 3,3 52 4,8 57 1.6 &2 L3
| 6 58 6.6 66 + 2.5 76 3.0 ) 72 I 2.9
% "7 65 3.7 76 4e 9 g3 | 4.3 75 2.
8 75 6.9 81 3,8 - - 88 1.4

*The mean values are for four number of specimen for each mixe.
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TABLE 4.2.1 COMPARISCN OF EFFECTS OF AGGRFECATE SHAFE AND TEX™IR® BRT/EEM ROUGH
TEXTURED CRUSHED AGGREGATE AND SMOOTH TRXTURED ROUND ACCRECATE
>ommwm>em PERFORMANCE PARAMET RS’
SHAPE Bmstcww Maximum Flow | optimum 0%3 | ﬁ%gp <Wz VM4 VFB
TYPE Marsha 211 alue binder Y @
e stability | Barsne @ 0.b.C | content |. 0. B.C{®®C | o'mec. ! cop.c. | @
stiffness Q. B. C
| (. B.C)
(kg) kg/mm mm % wmxau kg/m> it Y% | %
CRUSHED
AND
ANGULAR 981 439 2.28 7.0 2300 | 2140 5,4 22.5 76.3
UNCRUSHED
AND
RCUND 850 398 2.25 5.0 | 2290 2180 114 3 20. 0 L3.5

Note:- For both mixes have the same
of 50% stone content.

Aggregate Oﬁwamﬁpos Curve No. 3, (Fige 3e4.1 and 2)
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that the maximum stability obtained for rough textured
crushed aggregate (curve B-50%) is higher tpan that
obtained for smooth textured round aggregate (curve
C-50%). About 981 kg was obtained as the maximum
stability for the rough textured aggregate mixes against
890 kg for the mixes made with round aggregate of the
same aggregate gradation and Stone content. This agrees
with the findings of Jimenez (1962) that as long as
thers is sufficient asphzalt (binder) in the mixture for
the particular aggregate, rough textured aggregates

fend to perforr better than smooth textured aggregates

for identical &sphalt contents..

b)) Cn marshell stiffness:- Ffom table L,2.7 and the

detzils shown in Fig bf1.3 it can be seen that the
maximum marshazll stability values are 43%kg/mm and
398‘kg/mm for mixes of crushed angular and round
aggregates'respectively. This is due to the interlocking

properties of the rough textured aggregates.

'¢) (n Marshell Flow:-= From table 4.2.71 and fig. 4.1.12,

it can be seen that the Flow values of the mixes made
with the crushed aggregates have a smooth drought curve
while that of round aggregate mixes is irregﬁlar. The
ifregularity of the flow of the round sggregete mixes
can te due to the presence of some crush=d aggregate
mixed together with the round aggregetes. The flow

values of the smeooth aggregates are higher than those
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observed for rough textured aggregates mixes for
binder contents upto 7% This is because the
aggregate-bitumen bond is much more sironger for
rough surface than smooth textured aggregates. While
smooth aggregates caiiilide over the bitumen on lead

application with ease, while the rough textured can not

do s0.
cA) Cn CDM:- From table 4.2.71 and Fig. 4.1.5 it can be

seen that CDM of mixes made of crushed aggregste

(2300kg/m”) is only slightly higher than that made of

round aggregate (2290 kg/mB). Which suggest that

though the density could ﬁe the same for to mixes of the
rough

o aggregetes,thgésurface textured may perform better.

" ce) On'?IM:- From the results presented in teble ; 

4,2.1 and shown on fige 4.1.7, it can be noted that

+the round smooth aggregate provided more air veoids

in the mix. This could be due to the interparticle

arrangement which provided more larger spaces and

tight contect which are not easily penetrated by

bitumen in the case of round aggregates than the

crushed angular type. It could be seen that cven

at 8% binder content the VIM of the round aggregates

mixes is higher than 11% well above the Marshall

design criteria of 2-5%.
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£} ©On VFB: From results contained in table 4,2.1
and shown on fig 4.7.10 it can be observed that

above 4% binder content, more air voids are filled
with the bitumen for crushed aggregaies mixes than
those for round aggregates. This could b= dus to

the interparticle arrangement which gives wider

voids and'tight inter particle-contact in the case of
round aggregates while smaller veoids which are easily
penetrated by bitumen are obtained in the case of

the crushed angular aggregates.

g) ©On Optimum binder content B: From the results

contained in Table 4.2.1 and shown in Figs.4a1.1,
4.1.3 and 4.1.7 it can be seen that the optimum
binder contents obtained for round aggregates mixes
are much lower than those for crushed aggregate mixes.
The average optimum binder content obtained were

5% and 7% for round aggregate and crushed éggregate
mixes respectively. This agrees with the the
observation made by Jimenez (1962) that Optimum
asphalt content for fatigue resistance is of the
erder of 6% binder content for smooth round
agegregates whereas that for the rough textured

aggregrte 1s 7.5%.
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4,3 EFFECT OF BINDER CCONTENT

a} ©n marshall stability:- From the results

contained in table 4.3.1 and shown on fig., 4.3.1, it
could be seen that the stability increases with
increase of the binder content initially, until til

it reaches a maximum value of about 981 kg at 2 binder
content of about 6.2%. Further increase of bincer
content saw the decrease of stability values. This
indicates that there is an optinmum value of the binder

content for the stability values.

b) Cn Marshall Flow Value:- The Flow value initially

. decreases with increasing binder content from 4% to &%
and thee started increasing with further increase of

binder content. From Fig. 4.3.2 it can be noted that
there is an optimum binder content of about 6% for

the minimum flow value. .

¢) On Marshall Stiffness: From the results

contained in table 4.3.1, it cen be observed that =
similar behaviour is obtained as was the cage with
stability. An optimum value of 6.2% was obtained for

maximum Marshall stiffness. Fig 4.3.3

d) ©On tensile Properties of the Mix: From the results

contained in table 4.3,2 and shown on figs 4. 3.4 and

4,3.5, it can be seen that the tensile strength and
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TABLE 4.3.1: IARSEALL TEST RESULTS FCR MIXTURES CF SURFACE

VZERING COURSE AGGREGALTE GRADATION HAVING SO0%
STCNE COXTENT

‘Bindcr I Tuvger of FERFCRMANCE PARAMEITER

% by WT c*st- Marshell | Mershkell ] Farshall
'of the ' rility | Flow Vealue fnes
O g St?*% Iy a ‘ Stif;nehs (Q)
| ' “Tean CV_ Teen | CV_ | Feen . | CV
* t (kg) . (%) (om) . (%) | (Kg/mz) | (%)
Lo ' 550 118.1!2.38 | 3.3 | 231 R
| | " ' l A
5 L 813 26,9 2.30 | 3.6 | 353 L 2b4.6
6 4 | 981 118,71 |2.23 4.3 | 439 1 15.1
7 L | 917 |19.8 |2.28 | 4.2 | 403 20. 8
' I : ;
| 8 b | 733 516.2 2,63 12,2 273 _ 8.5
LCO ) of: ctec for thickress of npptlﬁen to give stability for & 63,5z
(2.5in) thick specimen. _
v
TABLE 4e 3. 2 E JLY. DEXSITY TEST FCR 7]?*““'° CF S‘VFiCr KEAEIHG
CCURSE ASGREGATE GRADATICK HAVING S0O% STCME CEVENT
Binder lNurber ] PTRFORMANCE FAZAMETER
Contert of |
By el L Compacted | Voids in the | Voids fiil-
ﬂgi;“f o density rix (VIM) with bite &
S he mm, | |
Od ’ e
. Meean_, | CV Meean | CV VMean cv
kg/23 | 3 P 3 %
4 L 2.1 ! 1,4 15,0 &1 36,0 | 3,2
5 L 2.24 1.2 10, © c.7 £2.6 L,k
3 L Ze 2E 0, € 7.6 €. 7 €35.1 2e5
7 L 24 3C Te 7 e di “CLE T3 = L, ¢
{ L 20:8 C‘of L’l- ‘:J-‘ "45 Ha?
* roccimer. Wes civer 50 bleowe of Corrtazcticor, hemrar or egch
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Compressive Modulus of the asphaltic concrete

initially increases and reaches maximum values at binder
content of 7%.1It then started deminishing with

further increase of bitumen. It could be noted that
higher binder content of 7% was obtained for tensile
properties of the asphalt mixes than for marshall

properties which was only 6.2%.

e) On CDM:- From the results contained in “Teble
4,3.3 and shown in Fig 4.3.6, it can be observed that
compacted density initially increased with increasiﬁg
binder content until it reache s a maximum value at

an optimum binder content of about 7%. It then
starts decreasing with further increase in binder

content.

f) On VIM:- As observed from the results tabulated
on table 4.3.3 and illustrated on Fig. 4.3.7, it can
be seen that binder content incre¢ ment reduce the

amount of VIM. A value of about 7.5% binder content

was obtained to corresponding with 4% VIM.

g) On VFB:-= As expected the VFB increased with
increase of binder content. About 76% of air voids
was filled with bitumen at binder content of 7%. This

can be seen on fig. 4.3.8.

h) CN VMA: From the results shown in Fige 4.3.9,

it cen be observed that VMA reduces with increzse in



TARLE 443 3¢ IKDIRECT TENSILF TEST RESULTS FCR MIXTURTS

OF SURFACE W-ARINZ CCURSE AGGRIGATZ GRADATICNK
HAVING 509 ST(KE CCRTENT :

fondery | Number of PPRFORMANCE PARAMETERS
(% by wt specimen | Tensil T eE1v
A By , test ensile Strengthy- Compressive
of the modylus
mix) Meag cv Meag
Kg/w” % Ke/m 6!
4 A 185 177 38,270 ! 17.€
5_
5 4 181 10. 1 40,699 | S0
' |
6 A 218 19.6 | 42,006 | Q7
7 4 242 S.5 | 4bL,o4B ' 2444
8 4 24 z.4 27,055 . Z.5
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bincer content initially until it reaches a lowest
posdible value a£ an optimum bincder content of a2bout
6.2% It then increases with further increase of
binder when the particles are pushed away by the

bitumen to create more voids in the asggregates.

Le4 EFFECT OF TESTING TEMPERATURE AND COMPACTION

a) On Marshall Stability:~ From the results contained

in able 4.4,1 it carn be noted thet the higher the
testing temperature the lower the stability will be,
as exhibited_by the d>wnward trend of the temperstures
curves on-fig. LobL.%. However increesing compactive
effort resulted in increasing the stebility values as

shown on Fig. 4.4.1.

b) On Marshall Flow: From the results shown in

Fige 4.4.2, it czn be seen that flow decreases as the
testing temperature increases. 71t could also be observed
that at low temperature of about 20°C, there is a

linear relationship between the f low values and Conpactive
effort and that the Flow increases as the amount of
compactive effort increases. However at a higher
temperature of 80°C, there seems to be an optimum value

of comnactive effort of about 50 blows each feacee.



TABLE 4.4.1

EFFECT CP TEMPERATURE VARIATION AND

COMPACTIVE EFFORT.

TESTING NUMBER OF
TIMPERATURZ 2LCWS TO  STAIILITY FLCW MARSHALL Cit FIM VMA VPR
EACH STICRNBSS oM
Cu FACE
(COMP A= mean OV mean v MeEIN oY Mean Zu HE=E] IV Mearn CV  maan Y
TICN) - 3 e
g % mm % Kg/mm % Kg/m % % = % % % % .
75 4470 0.4 5.20 1.6 724 1.9 2340 0.6 3.8 1T.6 21 2.4 B2 2.8
20 50 4055 3.0 S.10 6.0 B2 8.5 2319 0.2 4.8 4.2 22 el 79 1.2%
35 3198 ' 8,7 4,40 4,9 726 4.1 2320 1.0 48 21,0 22 5.0 79 4.0
75 2161 €.4 4,20 3.5 494 5a7 2340 0.2 3.8 S5e2 21 a 82 0.8 i
40 5C 1804 3.0 EFY:] 5.0 481 9,0 2330 0.7 4.3 17.0 22 5.0 80 3,0
is 4150 5.7 2,70 4,9 434 2.3 2300 G.7 5,5 12.0 23 3,0 76 3,0
75 1046 5.0 3.00 12,5 358 10.1 2330 0.2 4,0 5.0 21 0 82 0.6
3]s 50 a79 14,0 2.30 40 432 170 2300 1.1 .4 20,0 23 6,0 77 5.0
25 725 15,9 3.00 L2 239 12.& 2280 0,6 £.4 8.C 24 .0 73 2.0
75 656 10,0 2:20 5.8 o 6.8 2340 0,7 3.8 1%.7 21 Z2ed 83 1.5
80 50 i7e 18,0 2.4 5.0 156 19,0 2300 1,2 5.5 20.0 23 4,0 77 5.0
a5 285 17.6 2.20 6.0 124 18,6 2250 Q0.B 6.0 12 23 4,0 74 3.0
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c) On Marshall Stiffness:- From Fig. 4.4.3 2nd Terle

4,4,3, it can be observed that temperature and
compactive effort affects marshall stiffness of
asphaltic concrete in a similar manner as!* did to
itts stability, however in the case of the stiffness
fhere seems to be an optimum value of the compactive
effort. At low temperatures of 20°%C to 60°C =
compactive effort of 50 blows in each face seems to
be the optimum value. It should be noted thet the
same ocptimum value for the compactive effort was

obtained for flow at a higher tempersture of 80°,

d) On CDM:5 From the results obtained in table
Leb,q,and shown on fig. A.b.4, it can be noted
‘tﬁat CDM of the Asphaltic concrete is directly
proportional io the amount of compactive effort
given to the mix. A straight line ecuation of the

following order is obtained from the result so obtazined¢-

n
cDM' 5-0'01'2-25 R ) (1)

where CDM = Compacted density of the mix in g/cmB.

n = number of hammer blows on each face.

Although, the result obtained may be perculiar
to the particular mix of 50% Stone Content and binder
content of 7%, it is indicative to the fact that

compacted density of the mix is improved byincreasing



103

(g /rmew)
Mavshall stffwss
ooo
i CDMA
Boo \\I\A 2.20 |
OO F 40 2.5 |
ACO GOt 2.0
2.085
200 y 20T 2.05
o M N N i Lwe 210 F )
) 20 40 o go 180 < 20 40 e )
No of Blows o wan .—...n_nﬂ Ne af clows o Qach Tﬂu

Fige b4ob4e3 - Relationship between
Marshall stiffness
Testing tempera=-
ture and compactive
effort.



(kg fmd)

2-25

2.20¢

104

ach Tned
Fi"lL.Ll!'o I ) 1 nshig
{ n.Cor¥ and
@@ Vim (
G0 L b
5.0
Ab
3o N —
© b 40 G B 100
Nomber of blows o
Cach aond
Fige L.4,6 - Nelationship
between VINM
znd com=-
pPacC ti@l"-

YFEB.

(%)

b

w T G SN AN T
O 20 4 @@ g0 po

Number ©f blows te
wach ond




105

the compactive effort.

e) On VFR:- From the results contained in Table 4,4,2
and shown on fig 4.4.5, it can be seen that the

amount of voids filled with bitumen is also dependent
upon the compactive effort put. A linear relaztionship

of the following ofder was obtained:-

VFB = 0. 16]’] + 69.9 - . PR (2)

where VFB = Voids filled with bitumen (m%)

n = no of hammer blows to each face,

f) On VIM and WMA:- Both the voids in the mix and

mixed aggregates were found to be inversely
propé%tional to the compactive effort. Figs &.&.‘f
and L.4.,7 give the straight line equation describing
the relationship of the two paramesters with the

amount of compactive effort put. From the figures,

the following equation were .obtained:-
VIM': 7-0-0.01*n CRCC .o (3)
VMAEZ‘&.Z"O.O&H R .o e (ll)
where VIM = Voids in the mix (n%)

VMA

Voids in the mix Aggregates (m%)

n number of hammer blows to each face,



»
As reviewed 1p Chapter 2, the designed bindepr
Content jq determined 88 the 4

binder Contentg Corres

3. From the Tesult gor the
table 4.5, 3 it can be saig that the design bindep
Content or 7% by welight of ]
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TABLE 4.5.1 :~ RESULTS CF CPTIMBATICN OF THE BINDER COITENT.
SINDE? Ko. of MARSHALL FLON VALVE MAHSHALL oM CCMFRESSIVE vim
CONTCNHT SPECIMENS STABILITY STIFFNESS FCDULLS
Mean Mean cv Mean cv Maan (CV Mean CV Mean % Mean CV Mean
- A 3 = 2 ARt i
Kg ] mm * Kg/mm % Kg/m~™ % EN/m = KN/m p 4 *
4 4 550 181 2.38 3,3 231 1341 2218 1.4 155 17e7 3B.270 17.6 15.0
S 4 813 26,9 2430 1.6 353 24.6 2,24 1.2 181 10.2 40.6656 .0 10.9
6 4 981 18.1 2.23 4,3 439 15.1 2.2B 0.6 2:8 19,6 2,906 9.7 7.6
7 4 917 19.8 2e28 4.2 403 20.8 2,30 1.1 242 Se5 44,948 21.4 5.4
g 4 933 26.2 2.63 12,2 279 Be5 2.28 0.9 214 Jel 27,055 12;5 47
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TABLE 4.5.2: DESIGN BINDER CONTENT

Property Optimum binder
contett (%w)
Meximum marshall stiffness, b4 6.2
Maximum compacted density, b, 7«0
Maximum tensile strength, b3 7.0
Maximum compressive modulus, by 7.0
4% air wvoids b5 7. 8Y
AVFRAGT (DRESIGNFED BINDER ZFYT7NT 7. 0¥

TABLE 4.5.3 CHECK FOR DESIGN BINDER CCNTENT

PRCPERTY ' Marshall Design Design Remzrks
' i criteria vzlue

Marshall stebility | < 340kg 917 g Okey
Mershall “low | < 4 1om 2.28mm | okey
Air void Content |« 5% for |

(Gfﬁ11) ! surface {

- course 5¢ L% \ Margingily
okzy

Voids in the
mix aggregates ;>- 15% 22.5% Oka

NCTE: The above result is for Aspahltic concrete made of

grading with 50% stone content and given 50 number of

hammer blows on each face.

was at 60°C.

The testing temperaturs
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CHAPTER 5

FINDINGS, CONCLUSIONS, AND RECOMMENDATION

In line with the objective of the study as
introduced in chapter one together with the literature
review of the existing knowledge in Pituminous pavement
engineering and the conduct of the experimental
programme as described in chapter three, the following
findings, conclusions and recommendations were made
on the basis of the result discussions in chapter

four.

51 Findings of the Study -

Within limits of technicalities of the experimental
conduct, weazther influence and other variables the

findings of the study are:

1) On the effects of Ageregate gradation and Stone
Contents

The result of the study showed that the prop:rties
of the asphelt concrete mixes are influenced by the
type of aggregate gradation and stone content. The
aggregete grading that give stone content between
50% to 65% &re observed to give the highest maximum
valurs of the Marshall Stability, Flow, Stiffness,

Compacted density of the mix md mixed aggregztes
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at the binder content of 7¥. This result is guite
comparable to the previous findings by Ngboer
(1948) and Brien (719/8) who found the optimum stone

content to be 52% and 5% respectively.

2) On the effects of Aggregate shape and surface

texturee.

It was observed that:-
i) Crushed angular aggregate which have rougher
surface texture produced mixes with higher maximum
stability and stiffness than the smooth textured
round aggregates even though their crushing value of
the aggregates and the ccmpacted density of the mii
may be the same. This fin#ing agrees with thet made
earlier by Jimenez (1952) end Brien (1978) thzt as
long as there is sufficient binder, the rough textured
agcregate will perform better than the smooth textured

agrregate,

ii) the smooth textured - round aggregate gave too
much air voids in the mix (11.3%) than the crushed
singular rough textured aggregates (5.4%) 2t optimum

bin'er content.

iii) The rough surface textured crushed aggregates
rave the highest optimum binder content of 7% to that
given by smooth surface textured aggregates optimum
value of 5% This alco agrees with the findings of
Jumenez (1962) that optimum binder (asphalt) content

for fatigue resistance is of the order 6% binder
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content for smooth aggregate and 7.5% for rouch

textured aggregate.

3) On the effect of Binder Content:- The results
of the study show that all the properties of the
asphalt concrete mix are dependent upon the amount of
the binder in the mix. The values of the optimum
binder content obtained for thelaspahlt concrete

performance properties are as follows:-

a) For Maximum Marshall Stability = 6.L%
b) " n n Stiffness = 6.2
c) ™ " Compacted density of the mix = 7.0¢

—_» gperegates

g.) " " tersile strength = 7,00
&) " " compressive strength = 7.0
£f) " 4Y voids in the mix = 7.8Y

g¢ " minimum voids in the mixed aggregates = 6,2¢

The above values gives the design optirum binder
content at 7% by weight of the mix in zccordance with

the reviewed mix desipgned method suggested in chenter twa

Also it was found that more binder contert is
recuired for maximum tensile properties (7%) than
reouired for stiffness (Marshell) prorverties (6.29)
which agrees with the findings of Brown (1972) thst
d-7zrmation resistance properties (Mzrshall -rop.rties)
re~uire low binder content and fatigues resictzrce
properties (tensile properties) require high binder

content,
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4) Cn the effect of Testing temperzture:

It was found that increasing the testing
temperature from 40°C to 80°C reduces the Marshall
stability and stiffiness of the mix by 79% and 6B%
resp-ctively for a 50 blows compactive effort as
contained in Table 4.4.2. This agrees with the
findings of Bissada (1972) that the resistance of the
aspahlt* mix to fatigue life decreases with increase

in temperature.

5) Cn the effect of Compaction

The result of the study jadiveted tﬁat increzsing
compaction is bPneficial to the Marshall stability,
stiffness compacted density of the mix and mixed
aggregetes and voids filled_ﬁith the bitumen of the
asphaltic mix concrete mixess Also increase in

compaction reduces the amount of voids in the mix

and mix aggregates. The relationships between Compactive

effcrt and CDM, VFB, VIM and VMA has found to be as

follows:=

cov = Bo 4 2.25 (100 kg/m>) e

800
VFB = 0016!1"' 69'9 G%) 'R R
VIV=7.0-0.0&n (9':) IR
VML = 24.2 - 0.04n (%)

whire n = no» of blows to cach face.
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Increzse in compaction is also found to improve the

performance of the asphalt mixes against the adverse

effect of temperature. It was found that when the

compactive effort was increased from 50 to 75 blows on
each face, the Marshall stability and stiffness of the
asphalt mix is improve by 11¥ end 31% respectively when

- = o
the testing temperature is increased from 40°C to

80°¢.

5«2 CONCLUSIONS

Based on the findings of this study, the following

conclusion are made:-

1) That the high temperature prevailing in the country
atimes as high as 60°C during the month of March in

some areas (See Appendix J ), could be 2 major contributing
factor tc the pavement failure in Nigeria. This is

because with such high temperature, the effective

stiffness of the modulus of Asphaltic cozponent of the
pavement is lowered, which in turn causes a decrezse in
it's load spreading properties and in the stabilitv of the

pavement as a whole.

2) That insufficiency of Stone Content below the
Optimum Value (50%9%%) could lead to procuction of weak
aspahltic concrete thereby excessive transfer of load to

weaker layers below.

2) That the use of low binder content (as the author
suspect in feferencé +to present practice in Nigeria)

than is required for both fatigue resistarce and d-“rrmatinr
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resistance properties could contribute to bad

performance of the mixture. Therefore the design e
asphalt (binder) content should include the tensile |
properties of the mixture as well. It had been

observed by Maupin Jr (1972) that stiff, mixes

Qield shorter fatigue lives that did the flexible mixes

of the same aggregate gradation.

4} That Rough anqular crushed aggregate
perform better as aggregate for the production of
good performance asphaltic concrete than the smooth

round aggregates,

. b ' ’ -
5) That compaction is very influential to the
performance of Asphaltic concrete. High performance - r

can be achieved by increasing the compactive effort. .

5¢3 RECOMMENDATIONS

1. That the authorities concerned shculd look into the
possibility of incorporating the Tensile test
procidures in the present design policy for
paving mixtures in Nigeria.

2e That adequate construction control should be
intensified to control the air voids in the Asphaltic

concrete by 3pplying sufficient and adequate copactiona.

3. That further research should be cerried out to
correlate the existing compaction procedures on the
site with the result of the laboratory studies on

compaction.
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4. That adquate supervision should be given both
during production and laying of asphalt concrete

in accordance with the design specifications,
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= 51 522.92 195" C.86 1E7.20 BL2 2.2 83 1120 842 2.20 .72 10.55 20.96 LC.67 21.10

582 6 528.60 130 098 144,00 848 2.1 g 1163 BL7 2425 a2 D072 2456 12.11 22.06 45,10 24.22

63 532.65 - 170 0.93 153.10 712 2.3 310 1968 €50  2.26 2,12 11.72 22,06 4A.87 23.L4

Erk 518. 87 230 1.00 230.00 1034 2.4 431 1184 &6L 2.28 Z.%k 10.54 21.32 LB.69 21.88 |

GA 52L.54L 170 0.96 158.10 712 2.1 339 1172 6L8

2.26 2.09 11.46 23.53 51,30 22.92
n 7R2 7 568.33 = 210 4.04 218,40 982 2.2 LLg 115

10. 28 22.43 54417 20,56 pepet
TR3 50%5. 20 150 1.04 186.00 702 2.0 251 140 B3z 2.2% 2,00 11.07 23,16 52.70 22.14 | ﬁ1

7RG 508. 33 150 1.04 156.00 702 2.4 293 1136 225 2:22 2.07 12,25 232.90 48,75 24.50 _

;
o
&
o
N
-
Ny
~
ra
-
-
*
)
-
1
L]
r
.
)
ol

ar1 497,80 135 1.04 140.40 632 2,2 287 1141 g&pe 2.22 2.05 11.20 24.63 54.53 22,40
82 a8 514. 82 125 1.00 125.00 563 2.4 235 1155 632 2.21 2.03 2.72 2.50 11.60 25. 37 wL.mm 23.20
508.33 125 1.04 130,00 586 2.0 293 1154 633  2.22 2.04 11,20 25.00 55.20 22.40
500.22 160 1.04 166.40 749 2.4 312 146 633 2.23 2.06 10.80 24.26 55.48 21,60 | .
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d) INDIVIDUAL MARSHALL TEST SPECIME. CHACAETERILTICS ANUC RESULTS FOR MIX OF 60% STONE CONTENT
(ANGULAR CRUCHED AGGREGATE T¥:E)

SP37I= Pinder Volume Stabfilicty Plow Marshall Weight B CDM CDMA 34 5007 VIM VMA VFB vIMO
MEY e Jial Fac~ Corrs Xz mm Stiffnesz in air in Hao
ent nﬂu wmma tor wwww. B

3B1 534.3 200 0.96 192,00 64 2,7 320 160 640 - 2,22 2,15 W9 22.1 32 3
3B2 3 539.1 130 0.95 139.00 e28 2,1 294 1152 6y2 2.22 2,15 2.7 2.61 14.9 221 32 3
3B3 555.4 150 0.29 2.4 guy 2,4 267 1170 639 2.20 2,13 15.7 22.6 31 39
38k 8.1 175 C.89 155.8 701 2.0 351 H7: 6u6b 2.21 2,14 2.3 22,5 32 =2
481 533.5 175 0,96 188.0 756 2.6 291 1184 658 2.25 2.16 121 21,7 4 <0
LBz oy 557.5 235 0.95 218.s 285 2.9 33 1180 653 2.2 2,15 2.76 2.% 1203 22,1 43 3
453 5e6.2 190 0l96 182.4 821 5,4 .umm 1163 645 2.25 2.5 127 21,7 a4 30
L34 532.7 198 .97 601 - = - e, 23 oom ru.. - 3 .
532 5 522.9 e1> 0.96 206.4 928 2,9 320 1151 6§47 2.28 2.17 2.76 2,51 9.2 21,4 57 23
583 544.8 235 0.93 218.6 983 2, 463 154 645 2.27 2.16 Yk 21,7 56 23
5B4 518.9 2%0 1,00 290.0 1303 2.2  s92 1148 6Ly 2.28 2.17 9.2 21,4 57 23
6B1 261.0 <92 .04 296.4 1332 2.9 839 1150 g6z 2.37 2.23 TR 19.2 39 10
£B2 3 514.8 225 1.0 225.0 1012 2,9 549 1164 668 2.27 2.21 2.76 2.47 4.9 19.9 76 12
6B3 494, 6 270 1,09 294.3 1322 2.5 529 1126 644 2.3 2,20 5.3 20.3 74 13
6BY 502,7 25 .04 338.0 1518 2.7 &g 1139 653 2.34 2.20 5.3 20.3 74 13
781 522.1 243 1.00 245.0 1101 2.5 440 1152 659 2.34 2,18 3; 21.0 82 ¢
782 7 438.2 285 1,09 31051396 3.0 g 1139 656 .57 2,20 2.76 2.43 2.5 20.3 gg 6
783 315.6 215 1.00 215.0 967 3.2 306 124 640 2,32 2.16 4.5 21,72 29 n

7By 517.3 235 1,00 235.0 1057 2.8 365 1146 657 2.34 2,18 3.7 21,0 g 9
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INDIVIDUAL INDIRZCT TENSILE TEST RESULT FOR MIX OF 50% STCNZ CONTENT
(ANGULAR CRUSHED AGGREGATE TYPE)

SPECINTY BINDER  APPLIZD LOAD (P,) TO FAILURE VERTICAL DEFORMATION LoV t TENSILZ CCMFRESSIVE
WMITBIR  CONTSNT DIAL RSAD.  CONVERSID AL_RFAD/CONVERSION P thetin.s mﬁﬁ_ﬁﬂf.m MODULUS .
T.01286kN/ kN kg 0.000 ' mm T om SL(RN/A®) By (ki/md)
c:»u»nnm kN/mm
477 140 .80 180 85 2.2 81.8 667 162.9 42,884
L72 & 150 1.93 193 Q0 2.3 83.9 680 171.3 43 144
43 100 1429 123 90 2.3 58,1 683 114.0 28,722
LTh 145 1.37 187 105 2.7 750 666 171.0 22,328
S5T1 ._m.m 1. 70 170 a0 2.3 73.¢ Bl 1601 LD ,214
572 160 2.08 205 110 2.3 73.6 62 196.4 £0,658
573 5 + 140 140 180 120 3.1 66. 5 638 172, 3 2€ ,L4R
5Th 160 24 u‘ 206 100 2.5 R2,L 635 195. 2 LS 376
679 140 1. 50 130 100 2.5 72,0 620 175.2 AC,608
e 6 170 2,19 219 120 3e1 707 630  209.e 30,282
873 170 2+ 19 21¢e 110 2.8 722 &34 208, ° E3,131
STV 200 2:.57 257 130 1.3 77.0 860 277. LE AL
7T 100 2.4 204 115 2.9 8Lt 620 237+ S L7,u32
2m9 7 180 2.4 U4 120 3.1 7% 7 624 25,1 Lb 102
773 170 2.1 210 150 3.8 575 610 213, ¢ 32,5329
Fiod 210 2.70 270 110 % - N 96. 4 &0s 2580, 3 ce 247
ki 160 2.06 206 200 5.4 L0, A 605 205. % 22,350
e 8 170 2.19 210 160 L. 5%.4 586 221.% 1,330
£y 170 2.12 210 175 &.s 48.7 6112 215.4 77,780
el 165 2.12 212 100 .- L&, 2 ADA 21%,2 25,760
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o INDIVIDUAL TeMPRATRE VARTATION TFST SeecrMes CHARACTIRISTICS AND P A S
_ a) {75 __HAMMER BLOWS IC BACE PACE) .
SPICITIY TEST- voL. STARTILITY LOW MARSHALL weIcHT CoM CoMA VI “au v
G al Fac- Ceorr. Cen Stiffness in atr yn Hoa
Temwp. Road tor Dya1 sion &
ﬁonu Read .
75T20-1 01 958 1.04 996 494 6.1 735 167 658 .34 2,18 3.9 21 82
75T20-2 2o 300 352 1.04 930 L6y 8.2 720 17?670 2.32 2,16 4.7 42 79
75720-3 486 910 1,09 932 iyps 6.1 733 139 656 2,35 2,19 %3 2 g,
75720-4 486 905 1,09 ga7 4450 8.3 706 1138 652 2,35 2,19 3.3 3 a4
75T40-1 08 45 1.06 463 2083 b3 486 "8 67 2,3 2,8 35 21 g2
75TW0-2 o 502 400 1.04 416 1876 ba1 458 12 652 2,33 2,19 bl 21 81
75T40-3 486 W46 1,09 486 2199 4.3 510 1129 g47 €3h 2,18 3,7 21 82
75THh0-4 503 w5 1,04 463 2083 4.0 522 116k &67 &3 2,18 3.7 gi g2
757604 211200 1,00 240 1085 3.5 300 FIOh €27 Ak Zaa 3, 2t 82
75TA02 R0 232 o4 241 1056 2.5 385 178 673 2.35 2,47 4.1 2i g
75T60-3 &0 486 210 1,09 229 1032 2.7 382 1137 ¢so 2.33 2,17 4. 21 a1
75760-4 485 200 1.09 218 gg3 2.8 351 Mih€35 233 207 41 2 81
75781 486 138 1.09 150 gy 2,20 307 1175 668 2,32 .16 7 a2 g9
75780-2 30 430 135 1,09 147 663 2.3 238 132 G 2.34 2.8 3.7 21 3
75780-3 478 110 1,14 125 g, 2.0 282 13637 2,34 a4 37 a1 g
75780~y 478 140 1,14 180 720 2.2 327 a3 &u8 2.36 2,19 2,9 21 86
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INJIVIOUAL THIFERATEE YARIATICN TSST SPucimey CHARL STTRISTICS AND R peaC

) (50 marvem ppewe TC TLCE FAZE)

* oEsT THBTLT® LOW MARSEALL wsIgut €W Coma vo

= nwm... o upuum“umnn wnmwm.wnmuw..r 20N Mwwmwwwwm mem»w In K.,
Terpe Ro2d tor  Dia) giam 20
_”onm. Resd

50T20-1 03 845 1,04 8y9 3962 5.5 720 147 651 2,31 2,15 4.9
50T20-~2 20 499 860 1.04 894 4032 5.1 791 112y g38 2,31 2,15 4.5
mD.HNmulm L2 £20 Tolh 935 21 5 4.9 8€0 1104 628 2,32 2.16 L5
0T20-4 201 855 1,04 &a9 4009 4.8 835 18§34 2,31 2.15 4.9
20740 2N 380 Lo o380 s ss 48y M58 656  2.30 2.14 s,
22200 47600 w456 2056 3.5 541 100 822 2,33 2,17 4aq
0T40-3 40 507 365 1,04 380 1712 3«9 439 1183 652 2,33 2,17 412
50TLO=4 01 370 .04 385 1735 3.8 456 1148  g57 234 2.8 3.7
50T60-1 03205 .04 213 955 2.4 4oo a3 649 2,30 2,15 4.5
0T80-2 60 495 200 1.09 218 983 2.2y 100 625 2,27 an 6,58
507603 “89 235 105 256 1159 2,2 523 V2% Ma  2E3E 2.47 .
SOTEC- 2iv 180 G9w 182 aa 2.5 33 107 60 2,29 2.3 5.8
H0180%) 1792 Lo g2 4 2.2 g9 1158 654 2.3 2,14 wu.y
Dow2 W 519 % 1.0 98 3.2 2.5 133 175 668 2.3z 2,16 4,5
=03 0795 v g9y, 2.7 165 1o 648 2,31 5,15 4.3
507804 511 s .00 65 293 2.5 117 H132 630 2,26 2.10 5.5
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INDIVIOUAL Trs=s mme VARIZTION T2ST Sezoppes CHARASTIRISTIOS A -
B (55 wavss sipug IC_E2ox FacE)

FICLITTT TEsTe voL. STAEIlTTy ILOW MARSEALL  werosm Colr coma v 2 VPR

g sial Fac= Cores ton = Stiffrnass ip alr in =

SerD. Road tor Jizl  giom €

{on) Read
35T20<) 201 830 1.04 655 295 4.2 703 134 sy 2.0 2,1, 5.4 2 7
397%0-2 20 L85 g3 1409 637 2094 4ok Y - 1 g3y 23 2.8 3.2, 2 3
357203 477 700 1,14 798 3593 4.7 766 10%0 622 2,35 a4 bal - 21 g
553204 492 840 1.09 698 3145 43 732 1092 816 2.0 2,13 5. .° 23 75
55T20=1 307 235 .04 254 1104 2.5 441 1o gaz 2.26 2,12 4,2 é3 73
35Mo-2 4o 03 245 1w 255 1149 2.7 426 111106 p22 2.29 2.13 5.8 23 75
55T4h0=3 99 265 1,04 276 1243 2.8 Lk 1132 642 2.31 2,15 4.9 22 78
35 40=4 3 a5 1,5 245  1ius 2. 425 12, 68y 2.3! 2.15 4,9 22 78
357601 21T 175 1,00 1725 2.9 3.0 263 Pilee 840 2.27 2.1 6,6 9z 73
35T60-2 ¢ 1t 130 100 130 584 2.% 1138 a3y .26 2,10 7.6 2 71
35760~ A7 18C oy ya7 8ay 5.2 254 1139 &uz 2.29 2.13 5.3 23 75
35T60-4 07 ws .04 151 €8¢ 3.0 227 M 624y 5,28 2.12 §,2 a3 73
35780~ 512 60 1.00 c 27 2.3 11§ 167 Guy 2.2 2.12 6.2 23 73
35T80-2 8o 04 50 1,04 52 23= 2.0 TIE 130 &34 2.28 2,12 3.2 a3 73
35780-3 207 70 1,04 73 328 2.1 156 1160  g57 231 2,15 4.9 22 78
35T80-4 315 %0 1.0 5 225 2,2 102 e 62 z,27 oy 6.6 2, 73
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