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ABSTRACT

>

For asphaltic concrete surface courses, the surface
texture of the exposed coarse aggregate is the key factor
influencing the skid resistance performance of the pavement.
With time, this surface texture is altered by the dynamic,
interactive processes of .polishing, wear or abrasion and
weathering. 1In this stqu, four types of aggregate which
are available inVOntario - traprock, limestone, steel slag
and blast furnace slag - were subjected to these processes
in order to evaluate their surface texture characteristics.
The study was completed in terms of both quantitative(analy-
ses of laboﬁ%tory samples and qualitative-analyses of field
and laboratory samples. Two major aspects were surface
texture evaluation using the scanning electron microscopy,
and the simulation of weathering influences on skid
resistance. Both chemical and x-ray diffraction analyses were
) completed to support the evaluation.

From the study, two new concepts - positive and
negative rejuvenating processes and Potential Rejuvenating
Value (PRV) - wefe developed. Steel slag, with a relatively
high PSV, low AAV and potential negative rejuvenation was
found to be the most desirable aggregate‘in terms of skid.

resistance performance.
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1 INTRODUCTION

1.1 SKID RESISTANCE

Skid resistance can be defined as the frictional
resistaﬁce which occurs during the interaction between
the tires of a moving vehicle and the pavement surface.
The importance of good resistance against skidding on
roads and highways was soon recognized with the growing
use of cars as a mode of transportation.. As early as 1920,
it was becoming apparent that an increasiné number of car
accidents were related to skidding (1, 2). Skidding occurs
when the brakes are applied to slow or stop a moving
vehicle, but the vehicle continues to move forward with
locked wheels, esserntially out of control. Studies con-
ducted in Europe and NoOrth Ameriéé indicate that skidding

o

related accidents may represent up to 40 percent of total
car accidents (3, 4). The prdportiqn of skidding accidents,
of course, depends on factors such as location, road
condition, environmegt and season. It is very élear that
skidding accid;;ts océur much more frequently during wet

road conditions, as indicated by caution signs on many

highways showing potential wet road hazards.

1
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With the wide use of cars, increasing overall
traffic and improvements to produce high speed cars,
skid resistance has become a critical factor to today's |,
highway safety. Important controlléﬁle‘design factors for

providing adequate skid resistance include tire condition

and pavement surface.

¥

The flexible pavement (asphaltic concrete) surface
is the key factor effecting skid resistance performénce
that is of concern to this study. This is also a general
area of concern to the pavement designers, since the
frictional resistance between the tire and the road depends
on the surface characteristics of the road itself,
particulquy the exposed coarse aggregate. _ The selection
of suitable coarse aggregates for a pavement surface is
very important to provide good skid resistance, since there

is a wide range in their skid resistant properties.

Another related factor which influences the skid

resistance performance of the road is the coupled polishing-

wear rejuvenation mechanism (weathering) which occurs at
the pavement surface. This is a dynamic process, in which
physical changes at the pavement surface can affect the '
skid resistance performance of the road.

It should be noted that while this study deals with
asphaltic concrete surface course skid resistance, many of

the concepts are important to portland cement concrete

pavements. N ;
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1.2 SURFACE TEXTURE

Microtexture and macrotexture are the two scales
used to describe the surface texture of asphaltic concrete
surface courses. Microtexture usually refers to the fine
size texture, which makes the coarse aggregate feel smooth
to the touch. On the other hand, macrotexture refers to
the projections of the aggregate above the matrix. It
also refers to the angularity of the particles, and the
voids and pitting of the pavement surface. .

There are various methods available to examine
the surface texture of pavements. The macrotexture can
be obtained by the sand patch method or putty/grease
method (5). Evaluation of aggregate microtexture can be
based on stereo photographs using a scanning electron
microscope. This is a powerful méthod to qualitatively
examine the microtexture of aggregates.

Macrotexture is usually considered to be the
texture scale which influences skid resistance performance
at h%gh speeds. When the road is wet, it is necessary to
provide drainage for the water film during the interaction
between tire and rocad. For the high speed case, drainage
must occur very quickly, which requires the macrotexture
drainage paths. On the other hand, microtexture is related

H

to the skid resistance performance at lower speeds.
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The concept of providing surface texture, as
part of the pavement design, is very important to maintain
good skid resistance performance. Furthermore, the
weathering which occurs at the pavement surface directly
effects both the microtexture and macrotexture, hence it
effects the skid resistance of the asphaltic concrete

surface course.

1.3 MECHANISM OF SKID RESISTANCE

The provision of skid resistancé is a dynamic
process which occurs at the surfacg”of the pavement.
Basically, it consists of three interacting mechanisms:
the polishing of the aggregate, the wear or ab¥asion of
the aggregate and the surface weathering.

The polishing of aggregates refers to changes in

the aggregate surface microtexture. It involves smoothing

the aggregate surface which can résult in a h;ghly polished,

glassy surface with a minimal loss of aggregate material
(i.e., macrotexture). Since polishing reduces the avail-
able microtexture of the aggregate, consequently it effects
the performance of the road against skidding, especially
for low speed traffic during wet conditions. There are

various laboratory and field met@bds to measure the

o e
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polishing of aggregates. One common way to measure
polishing is by using the British portable pendulum test
{BS 812, Reference 6). The reported vajue from this

test is called the Polished Stone Val

method was used in the testing programJ

Unlike polishing, the process of wear or abrasion
by traffic involves a fair loss of aggregate materaial.
Hence, the process of grinding away the aggregate is far
larger in scale than the polishing process. Generally,
wear or abrasion occurs with the presence of larger
"abrasive" material sizes on the road surface coupled with
tire action. Dirt or soil, stones and winter salt are
the main abrasives involved.

If polishing refers to the smoothing of aggregate
microtexture, wear or abrasion refers to the loss of the
macrotexture of the road surface. However, this process
also influences the microtexture of the road. 1If an
aggregate's macrotexture is being grinded away, the micro-
texture definitely will also change. 1Its changes mainly
depend on the physical properties of the aggregate.

One way to measure the wear or abrasion of
aggregates is by using an abrasion machine. A suitable
abrasion method has been developed in Great Britain

(BS 812, Reference 6). This abrasion test results in a
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value which is called the Aggregate Abrasion Value (AAV).
Basically, it is a measure of the aggregate's weight loss
when subjected to a simulated abrasion process. This
method was used in the testing program.

Finally, weathering is another mechanism which
can effect the skid resistance performance of the road.

Unlike the polishing and abrasion of the aggregate, the

weathering process has not been considered as extensively.

Therefore, the weathering process is one of the main

topics of this study, which is explained in the following

chapters.
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2 SCOPE OF THE STUDY

2.1 THE IMPORTANCE OF SKID RESISTANCE

An 1deal pavement surface should have a number of

design characteristics so that it can serve its intended

function during its service life. Some of these character- -

istics are: resistance against skidding; resistance to
wear or abrasion; low noise; structural durability such
- .

as resistance to compression, break-up and rutting;

economic construction; long life-time before resurfacing;

and many others. A good pavement should be ahle to provide-

adequate skid resistance, especially wheﬁ tﬁe road is wet.
It should show a minimal reduction of skid resistance with
time. Furthermore, there should be little reduction of
skid resistance with increasing‘vehicle speed. A new road
or highway usually has these characteristics. The
aggregates at the surface have hét experienced any traffic,
wear, polishing, weathéring, or other processes. However,
as the traffic rolls over the new pavement, various things

happen: the loadings cause compression and coarse

-
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aggregate immersion; the interaction between tires and the
'-,sﬁff;cé of}tha road causes{thé polishing and the abrasion
‘bf the aggregates; and the environment introduces
weatheringfbwith the help of rain, snow, heat, de-icing,
sanding and salting, etc.
Considering the importance of skid resistance to
road safeiy; the study of the nature of the exposed
aggregates, the mechanisms which can change their surface

characteristics and the use of different types of aggregates

become very important.

2.2 PURPOSE O HE STUDY

Skid registance has been studied for some.time;
and some ach}evements as a result of the studies, such
as skidding accident observations, the use of high&ay
signs at potentially slippery roads, and many others have
been used to improve the safety on the roads. §everthe—
less, there are few aspects which still have ﬂot received
adequate attention. The study of aggregates which have
poFantial good skid resistance is an example in which there
is little research confributed“to this area. Because of
the wide range of aggregate materials and mixes being
ﬁsed for highways, the study of aggregates for skid
resistance in one country generally cannot ;e applied for

its use in another country. Usually, the aggregates
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which are used for pavements are obtained locally, and
the physical and chemical charactezlstlcs'may vary from
location to location.

Even within a province, which is certainly the
case for Ontario, different types of aggregate are used

in the asphaltic concrete mixes for highways. Therefore,

there 1s a need in Ontario to evaluate the aggregates which

are being used 1n asphaltic concrete mixes; and this squdy

forms part of such an overall program for the Ontario

>Ministry of Transportation and Communication at McMaster

University. '

Basically, the purpose of the study was to evaluate

four types of aggregate used in asphaltic concrete surface

courses, which are available in Ontario: traprock, lime-
stone, blast furn;ée slag and steel slag. The study in-
volves two major areas of skid resistance which h&ve not
received adequate attention, particularly in Cana@a (and

Ontario): surface texture evaluations, and weathering

influences on skid resistance performance.
2.3 SURFACE TEXTURE STUDY

The surface texture of the aggregates was examined gqua-

‘litatively using a Scanning Electron Microscope (SEM).:
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10

Furthermore, some surface contaminants developed during

weathering process which may change the skid resistance

performance of the aggregate were examined using x-ray

diffraction methods (Kevex XRD on Cambridge Stereoscan

SEM) .

The SEM study consisted of two parts:

1.

Fid
SEM study of core samples which were taken during

fall of 1978 and spring of 1979 from the Highway 401
Test Sections, North of Toronto (Toronto by-pass
section).

SEM study of simulated weathered aggregates. This
study was conducted to examine any chemical and
physical changes of the surface texture in relation
to the process of weathering.

In general, the SEM study was completed to explain

some of the major areas which are related to skid

resistance studies, such as:

a.

information about the nature of the exposed aggregate
at the pavement surface;

visual information about the processes of pglishing,
abrasion and weathering by traffic action; gﬁd
information which can be used to explain the weathering

process which forms the second part of the overall

study.
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2.4 WEATHERING STUDY

The major part of the overall study deals with
the éffects of the weathering process on skid resi&tance
performance. Weathering is an important mechanism, in
addition to polishing and abrasion, which is believéd to
influence skid resistance. The seasonal variations due
to precipitation, as well as short term skid resistance
variations, are examples of weathering influences on skid
resistance that tend to compensate for some of the polish-
ing action (i.e., microtexture rejuvenationf. Weathering
related to seasonal precipitation was examined extensively
in tﬁe study.

The weathering study was conducted in the lab-
oratory, subjecting aggregates to simulated weathering
processes. The skid resistance performance was measured
qualitatively by the use of British Portable Skid Tester
(BS 812, Reference 6). Furthermore, the weaihering
processes were observed for four different solutions: |
distilled water, collected rainfall; synthetic rainwater;
and a CaC12 solution., These simulations were performed

to obtain the extreme \conditions of weathering and the 3

-~

L

resulting changes in ®kid resistance. ~

LA AR W
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3 QUALITATIVE STUDY OF AGGREGATE SURFACE
TEXTURE USING PHOTOMICROGRAPHS

3.1 INTRODUCTION B

In the evaluation of the skid resgstance per-
formance of an asphaltic concrete road surface, the nature
of the exposed aggregates plays an important role. The
aggregateé' physical &nd chemical properties determine
the degree of weariné, polishing and weathering processes
of the road sirface under traffic and environmental

actions.

The ‘polishing and abrasion processes of the

¢

aggregates were monitored by their PSV and AAV values.
However, most of the studé, including the determination

of PSV and AAV of the aggrega%es, was performed
quantitatively. Therefore, there was also a need to
examine the aggregates qualitatively to détermine how the
processes opera%? in terms of scale and mechanisms
involved. The SEM allows an examination of both the
macrotexture and microtexture features which are usually
measured by the Polished Stone'?ilue (PSV). A qualitative

measure based on judgement and visual classification has

12
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proven to be very useful. It can serve many purposes,

such as providing information’about the skid resistance

processes, surface characteristics of the aggregates,
chemical surface effects, etc.

By using the SEM, the surface texture of ;n
aggregate can be examined at different magnifications.
Furthermore, a series of photomicrographs can be obtained
for the same purpose and as permanent record. Previous
studies indicated that two types of microtexture should
be used for any evaluation (7):

1. Primary microtexture, which is surface microtexture on
the scale of 10 to 50 pym. This scale can be obtained
on X500 magnification photomicrographs.

2. Secondary microtexture, which is surface microtexture
on the scale of 1 to 5 ym. This scale can be oﬁtained

on X1500 to X3000 magnification photomicrographs.

The aggregates examined using the SEM were traprock,

limestone, blast furnace slag and steel slag. Both
polished and  unpolished samples were investigated.
Furthermore, following the simulated weathering of éhe
aggregates, these aggregates were then also examined in

the SEM.
[

PRV
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3.2 SCANNING ELECTRON MICROSCOPE (SEM)

A picture of the Scanning Electron Microscope
Figure 2 gives a schematic

1s shown 1in Figure 1.

(SEM)
diagram of the operational features of the SEM (8).

kS

b e
o { RS

Scanning Electron Microscope
Hamilton, Ontario

Figure 1.
at McMaster University,
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Essentially, the SEM uses a fine probe of electron
beams to scan over a controllable area of the surface of
the specimen '. The resultant emitted secondary electrons
are used to modulate the brilliance of the television-
type display to produce an enlarge image of the surface
texture. This magnification can be varied between X20 and
X50,000. To obtain photomicrographs of this magnified
image, the SEM is equipped with "Polaroid” and 35 mm
cameras. In this study, a Polaroid camera is used for
taking both single photomicrographs and stereomicrograph
pairs.

Another feature which is attached to the
Cambridge Stereoscan SEM used at McMaster University, is
a Kerex x-ray analyzer. It was used to detect the
p%psence of different elements on the surface of the
samples. The identification of the elements was made by
comparing the value of their centroids obtained from the
analyzer, with a table of x-ray emission energies. Such

a table is given in Appendix A.
3.3 SAMPLE PREPARATION
Sinee most of the aggregates cannot conduct

electricity, a special procedure was necessary to prepare

samples for SEM examination. This procedure involved:

e 1ot A 7 o e Y ot s e 3 i o e e S &

T

.
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1. Cleaning of the Aggregate
The aggregates were cleaned in an ultrasonic
bath of distilled water. 1In some cases, the use of
methyl alcohol (CH3OH) is recommended prior to the
distilled water. Then, the clean sample is dried.
2. Coating
The clean, dry samples were then coated with thin
layer of gold by evaporation coating ih a vacuum
chamber. The purpose of the coating is to make the
aggregate surface conducting to the electron beamn.
3. Storage
To avoid oxidation of the metal coating in the
atmosphere, as well as to avoid any contamination,
the samples were stored in a vacuum chamber at all

times.

3.4 EFFECTS OF ABRASION/WEAR ON THE
SURFACE TEXTURE OF THE.AGGREGATES

3.4.1 EVALUATION RESULTS
In this study, the abrasion or wear by traffic was

simulated by using the Aggregate Abrasion Machine. A

standard type of sand (Leighton Buzzard silica sand,
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Reference 6)';;;\qgss~iiﬁff? abrasive in the process.
Typical photomicrographs obtained from the SEM are given
in Figures 3 to 10. These photomicrographs were taken at
different magnifications, so that observations could be -
made on the surface texture of the aggregates. For com-
parison purposes, there are also photomicrographs which
were taken of the natural aggregate surfaces before any
abrasion.
The visual observations for @ach aggregate can be
described as follows:
1. Traprock
Figures 3 and 4 show the typical textures of the
traprock, both before and after the process of abrasion.
Photomicrographs were taken at about X50, X500, X1000
and X2000 magnifications.’ Except for the photo-
micrograph taken at about X2000, the process of abrasion
can be seen visually. As shown in Figqures 3d and 4b,
some of the surface has been fLattenea by abrasion.
Some scouring, which can bé seen at these two magni-
fications indicate that there is significant resistance
to the abrasion. This is also indicated by gquantitative
measure of abrasion, in‘which traprock has a low AAV
of about 2.2 (9). At about X2000, at which secondary
microtexture can be clearly seen, there is not much

difference in the surface texture before and after

abrasion.
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Limestone

Photomicrographs for the limestone\at about X50,
X200, X500 and X1000 magnifications aré given in
Figures 5 and 6. Except that there is a general
flattening of the surface macrotexture, the effect of
abrasion was not clearly s?own for the limestone.

As shown in Figures 5d and 6b, éhé surface after
abrasion is ﬁuch flatter than in its natural condition,
shown in Figures 5c and 6a. However, scouring and
scratching cannot be seen in these photomicrographs.

It is possible that because the limestone has a fairly
high AAV (i.e., lower abrasion resistance), these
features wear away. At about X1000 magnification, the

natural and abraded surface textures are similar.

_Both of them are flat and they do not show good

. secondary microtexture.

A
L}
+

Dofasco Steel Slag

Typical surface texture for the steei slag are
shown inkFigureS'7 and 8 at about X50, Xde,{XSOO and
X1000 magnificatiops. The process of abrasion can be
seen at all magnifications. Thé surface is flattened
by the abrasion, and as shown in Figure 8b, scouring

and scratching occur , which indicate that the surface

is hard and tends to resist the abrasion. However,
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most of the "rich" texture which could be seen before
abrasion i1n Figures 7¢, 8a and 8¢ has gone. Therefore,

for steel slag, abrasion appears to effect both the

macrotexture and microtexture. At X1000 magnification, .

some secondary microtexture can still be seen.
Blast Furnace Slag

Typical surface textures for the blast furnace
slag are shown in Figures 9 and 10 at about X50, X209,
X500 and X1000 magnifications. Blast furnace slag
generally has a high AAV, indicating a low resistance
against abrasion. This is élearly shown in Figure. 10d.
Comparisons with the natural surface condition of the
blast furnace slag show that abrasion has flattened
Athe surface. However, since blast furnace slag has
numerous pores and "depressed" areas, some texture

can still be seen after the abrasion.

3.4.2 SUMMARY

The observations on the effect of accelerated,

simulated abrasion on the surface texture of the aggregates

. \
can be summarized as follows:
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Visual observations using the SEM are helpful in
examining the process of abrasion on aggregates.
Generally, abrasion flattens the major surface texture
cf the aggregate. Therefore, it clearly changes the
macrotexture of the surface to a degree depending on
the hardness of the aggregate (i.e., resistance to
abrasion or AAV).

The process of abrasion also effects the primary micro-
texture of the aggregate . However, this effect varies
a great deal among the aggregates, which may be caused
by the physical and chemical characteristics of the
aggregate and its natural surface texture.

Sécondary microtexture generally remains unaltered,

as clearly shown at high magnification photomicrographs
(i.e., at about X2000). i
Traprock and steel slag have a good resistance against
abrasion, as indicatgd by their low AAV values (9, 10).
The photomicrographs show scouring and scratching on
the surface of both traprock and steel slag, which are
an indication othhe resistance to abrasion.

Limestone, which has an intermediate AAV of 8.3 (10)
does not show any scouring and scratching on its
surface. However, due to its physical characteristics,
"chipping" occurs during abrasion, so that the final
texture after abrasion tends to be rather rough (i.e.,

abrasion sand can "scratch" the soft surface).
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v

6. For aggregates which have high AAV values, such as
blast furnace slag (9; 10), the process of abrasion
flattens the surface very easily. After abrasion the
surface is flat and smooth. However, abrasion cannot
occur in any depressed areas, so that any cracks and

pores still provide fairly good microtexture.

3.5 EFFECTS OF POLISHING ON THE
SURFACE TEXTURE OF THE AGGREGATES

3.5.1 EVALUATION RESULTS

Unlike the process of abrasion, the polishing of
aggregate surfaces is caf}ied out by much finer particles.
In the polishing process using the British Polishing =«
Machine (BS 812, Reference 6), the aggregate samples are
first polished by corn emery. Then, they are further
polished by emery flour to the end condition anticipated

" under actual traffic conditions in the field.

The typical photomicrographs obtained from the

SEM observations of polished aggregates are given in Figures

11 to 18. Photomicrographs were taken at about X50, X500,
X1000 and X2000 magnifications. Photomicrographs were
taken on both unpolished and polished aggregate surfaces,

B

so that comparisons could be made.
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The visual observaﬁions from these photomicrographs can
be described as follows:
l. Traprock
| The photomicrographs for the,traprefk are shown
in Figures 11 and 12. There is a clear distinction
between the unpolished and polished traprock which can

be seen at all magnifications. The polished samples

-
show a smooth surface texture at all magnifications,

and all of the rough edges have been polished. However,
at‘low magnification, és shown on F;g;re 11lb, the
surface texture can still be seen. This~indicétes that
polishing of traprock does not flatten the macro-
texture and the whole surface area; but it only
bolishes the microtexture.
2. Limestone : ‘
The photomicrographs for the limestone are shown in
Figures 13 and 14. In contrast to traprock, Figures
13a and 13b show that the limestone surface.has been
polished very easily. Depressed areas shown in Figure
13a are removed during the polishing. Furthermore, .
photomicrographs at(other magnificatia@% also éhow
that polishing has changed boéh the priméry and sec-

ondary microtexture of the limestone. The primary

microtexture which is shown in its natural condition
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in Figure 1l3¢ and l4a has been removed dur?ng the
polishing process. The secondary microtex%ure, which is
rather flat in its natural condition, becbmes even
flatter during polishing.
Dofasco Steel Slag

Figures 15 and 16 show typical surface textures
for Dofasco steel slag, both in the polished condition
and’unpolished condition. As shown in these photo-
micrographs, steel -slag in its natural condition has
a very "rich" texture, especially secondary'micro-
texture as shown in Figure l6c. The effects of polish-
inglcan be seen in the polished condition
photomicrographis at .all magnifications. Polishing

tends to smooth the surface texture of steel slag.

However, as shown in Figure 16d, secondary microtexture

.is:still evident. Similarly, the primary microtexture

shdwn in both Figures 14d and 15b was not completely

polished.’ ’
Blééé Furnace Slag

"Visual observations of blast furnace slag show
that it can contain several different types of

\ : P ‘ .
pa}tigles ranging from the u§ual'vesicu1ar‘material to
impugities from the ptoceg& such as,iron,Adark and
glassy t&pe aggregates ang many others. However, most

of the blast furnace slag was ;in the typical closed,

it g o b e
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vesicular formt shown in Figures 17 and lé. As shown

in its natural condition, blast furnace slag has

some texture with many pores and micropores. As

shown in the photomicrographs, the surface texture

became very, smooth after polishing. The photomicrographs
shown in Figures 17 and 18 are typical of blast 5
furnace slag. In contrast, observations on other types
of particle in blast furnace slag might have shown
different characteristics of polishing.‘ Therefore,

the effect of polishing on blast furnace slag d%pends

‘ i
on the type of individual material chosen for the

observation.

{
{
|
H
1
.

*

3.5.2 SUMMARY ‘ . i

7 P ¢
!

The visual observations on the effect of pdlishing

can be summarized as follows: . E

.1. Comparing Figures 3 to 10 with Figures 11 to 1B, it
was found. that abrasion and polishing effect the
surface texture of aggregates differently. Generally,,
- the abrasion process effects the whole surface’;;ea;
i.e., the macrotexture; whereas‘polishing effects the
aggregate microtexture more. However, depending to the

type of aggregates, both abrasion and polishing may

effect both microtexture and macrotexture.
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2. Generally, the final "finish" of the surface texture

after polishing can be seen on all of the aggregates.

Unlike abrasion, the polishing process smooths the
rough textdre, such as grain textures, edges, which are

seen at high magnifications (i.e., secondary micro-

LIRS 5]

texture).

3. Traprock, which has an intermediate PSV (9), had a

P

good primary microtexture, although all the edges had

WS Y

been polished. Secondary microtexture did not show up
for the traprock.

4. The polishing of limestone resulted in a very smooth

L e R, o X

surface texture. After polishing, the primary micro-

texture was not as high as the traprock's, since it i
had been flattened and polished significantly. There
was no’ secondary microtexture shown on the polished 4

limestorne surface.
/4 E-

5. For séeel slag, the secondary microtexture, which can N
be seen at X2000 magnification shows some polishing. f
However, the texture is not completély golished,

6. The observations on blast furnace slag indicate that
individual particles, which may differ one from another,
efféct the polishing process. The majority of the

_ particles, having high porosity and rather "soft", are

. oy » . hod .
polished significantly. However, pores, micropores and
e . AN
"depressed" areas can still. maintain good surface

texture of blast furnace slag.
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3.6 EFFECTS OF WEATHERING ON THE
SURFACE" TEXTURE OF THE AGGREGATES

3.6.1 SCOPE OF THE STUDY

The study of weathering influenceson the surface
texture of the aggregatescan be divided into two parts:
a. observation of the weathering using the SEM; and
b. observation of any surface contamination or changes

due to»weathering using x-ray diffraction (i.e.,
composition). \

In the first part of the weathering study, four
types of aggregate: traprocka limestone, Dofasco steel
slag and blast furnace slag were subjected to simulated
weathering after they ﬁave been polished in accordance with
BS 8;2 (6). Each of these aggregates was submerged in |
each 5f four types of solution to simulate weathering

process related to the precipitation. These solutions

E]

were:

a. distilled water;

b. rainfall water;

c. synthetic rainwater; and

d. 1 percent by weight CaCl2 solution.
e "
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2 PREPARATION OF SOLUTIONS FOR
THE WEATHERING PROCESSES

The type, description and/or preparation of the

solutions for the weathering processes are as follows:

1.

Distilled Water

Distilled water was obtained from the chemical
laboratory of the Engineering Building at McMaster
University, Hamilton. Although impurities have
been minimized, chemical analysis showed that it
contains dissolved co, which makes the water
slightly acid (pH = 5.4). The chemical analysis of
the distilled water is given in Appendix I.
Rainfall Water

The rainfall water was collected on the roof of
the Engineering Building at McMaster Univexrsity,
Hamilton, June 24, 1979. NIt was- a rather long
duration rainfall of about 22.4 mm. The chemical
analysis showed that it was not really polluted. The
pPH was about 4.5 which is ciose to other reports on
rainwater analysis in Canada (11). The chemical analysis

of the rainfall is given in Appendix I.
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3. Synthetic Rainwater

The synthetic rainwater was made in the laboratory.

It is a standardized rainfall, which is termed
Eastern Urban Rain by ASTM (11).
One litre of Eastern Urban Rain incorporates:
10 ml H,50,;
0.1337 g NH4C1; and

0.5905 g Ca(NO 4 H,D.

32 4 H
4. One percent by weight CaCl2 solution:
CaCl2 is the main Eomponent of many commercial
chemical ice melters. This was uséd to simulate the

road condition during the winter period.

3.6.3 SAMPLE PREPARATION AND
. SEM OBSERVATIONS

2

The four types of aggregatés were‘polished in
accordance with BS 812 (6). Then, selected samples were
taken from the polished test coupons and submerged in
each of four types of éolution. AfteriG and 15 days in
these solutions, the aggregates'were then examined in the
SEM." Typical photomicrographs, obtained using the SEM
are given in Figures 19 to 41. For each aggregate, photo-
micrographs were taken at about X50,. XSbO, X1000 and X2000

magnifications.
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The visual observation from these micrographs,
as weldl as the results from the x-ray diffraction analysis

are described in the following sections.
. \ -
3.6.4 WEATHERING PROCESS IN DISTILLED WATER

Typical photomicrographs for the aggregates sub-
jected to simulated weathering in distidled water are
given in Figures 19 to 26. For each aggregate, observations
were cbmpleted after 6 and 15 days in solution. The
"results were as follows:
1. Traprock
As shown in Figures 19 and 20, there was not
much weathering after 6 days in distilled Qatef.‘
Howeveff after 15 days, some contaminantsg ahd/or

crystals developed on the surface of the traprock.

2. Limestone ' E '

As shown in Figures .21 and 22 for limestone ip
distilled water, crfstallization and/or surface «
contamination did not occur. However, both,Eiggrés,

show that the surface texture after weathefihg\was_

|
{
i
|

much rougher than in the initial polished condition.
It is believed that under thi's weathering condition,
calcium (which is the main component of limestone) . ' .

dissolved into.the water and hen¢e results in'a rowgh, /.

leached. surface. . e e
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3. Dofasco Steel Slag
As shown in Figures 23 and 24, Dofasco steel slag
in distilled water showéd a similar behaviour to
traprock. After 6 days, crystals formed on the
surface. However, Figure 23 still shows a smooth
surface with many "depressed" areas and secondary
microtexture features. After 15 dayé in distilled
water, the crystals were more evident.
4. Blast Furnace Slag
Typical photomicrographs of blast furnace slag
aftei the weathering,process-in distilled water are
given in Figures 25 and 26. The blast furnace slag
surface did not show any significant changes after
6 days in distilled water. However, as shown in
Figure 26 after 15 days, numerous crystals had formed
on the surface. | |

. . o .
3.6.5 WEATHERING PROCESS IN RAINFALL WATER

Typical photomicrographs of the aggregates after

A

they were subjected to weathering in rainfall water are
given.in Figures 27 to 36;}7Due to the small surface .

changes observed, photomicrographs wére only made after

the aggregates had been in ébe solution for 15 days.

»
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Generally, the weathering process which -occurs in rainfall

water is rather similar to the weatheririg process in

distilled water, described in previous sections. This is

due ﬁo the fact that the rainfall water collected was not

polluted as indicated by chemical analysis given in

Appendix I. )

\

Generally, the microtexture of these aggregates,

except for the blast furnace élag, were not greatly

influenced by the rainfall water. For blast furnace slag,

as shown in Figure 30, some crjstals or surface contaminants

can be seen at above X1000 and gzspo magnifications.

v
)

3.6.6 WEATHERING PROCESS IN SYNTHETIC N

Typical photomicrographs 6f the aggregates that
were subjected to simulated wéatheiihg.iﬁ~sYnthetic\rain

-are given in Figures 31 to 37. Observations for these

- “

aggregates were as follows:
1. Traprock . " o
Figures 31 and 32- show typical photomicrograph

for the traprock after weathering in synthetic rain.

Crystals and surface contaminants could be detected| -

~

after the traprock was submerged for 6 and 15 days
=in SYnthetic rain.

3
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Limestone

As shown in Figures 33 and 34,'the weathering
effect of synthetic rain on’ the limestone surﬁace

texture could be ciﬁarly seen. Both Figures 3E and 34

show that the microt%fture of the limestone wa i

changed very drastically by the weathering. \ v

Dofasco Steel Slag R ‘ \
‘ :
Figure 35 shows ‘g surface texture of the stgei
| Ny

L
AY

slag after 6 days in sinthetic rain. Microcrack
‘developed in the surfa

e of the steel slag, that

also been described by others (12, 13). In their

i

study, it was indicated that these crackskde%elope
due to the caicium and e iron from the CaO/FeO an

' calclum alumlﬁoferrlte dissol ng lnto the\water.
|

In addition to these icrocracks, ﬁlgure 36 also

' shows that somg crystals nd/or\surface\contamlnatlon

developed with |the steel slag after 15 days un R !
\ z s \ i \ “
synthetlc rain. " Vo \ | ‘ A

! l ‘ " 1 4

v ’\

! \
\ o

PhotomlcrogrEphs of the last furnace sla after

Blast Furnace Skag ’

6‘days in synthetic rain are \given in Figure 37. ‘They

\ |
I

3 [ \
Ln blast furnace slag, although it is not as exten51ve

\

as found .on steel slag The p otomiorographs at

aﬂput XSO and X250 magnlficatlo 5

show that numerou% cracks and cav1ttes also developed ) \‘

s e

o

LA IO b2 Ay iy s S R NAS, € RECRAGL A T 33 e N1 9 AL A0 S T oA ¥ B 0 & R ©




73 .
patterns. These patterns may or may not have occured
prior to weathering. Due to the ununiformity of blast
furnace slag, the study of this aggregate in the SEM
shows considerable variation of results, depending on

individual particle chosen for examination.

3.6.7 WEATHERING PROCESS IN CaCl2 SOLUTION

<&

The observations of the weathering process in a __

- CaCl,- solution are shown in Figures 38 to 41. Similar to
the weethering procese‘in rainfall water, limited chemigal
actions occurred during the 15-~day weathering period. As
shown in Figures 35 and 41, éome contaminants and/or erystal

formed on the surface}of the traprock and blast furnace

slag.

3.6.8 X-RAY DIFFRACTION (XRD) ANALYSES
ON THE AGGREGATE SURFACES

ki
In.this chapter, ﬁhe\EegQ%? pdart of the weathering
study involved the ex?minatlon of ‘the c;ystals and/or
surface contaminants which developed on thé surface of

the aggrege?es after they werb subjected to the weathering

processes. Examxnatlons were also completed on the surface
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of the aggregates to obtain their surface characteristics.

The results for the x-ray diffraction (XRD) examinations

are given in Appendix D, and can be summarized as follows:

1.

Traprock

Surface characteristics: Fe, Si, Ca, Al and trace of

' other elements such as Mg, Cl

Contaminants/crystalsx”‘ Fe, Si, Ca, Al and some Mg,
Cl or Mn.

Traprock which is a basaltic rock, contains
elements such as Al, Ca;'Fe, Mn and Mg, as shown by the
surface characteristics. The contaminants/crystals
formed have the same composition, which indicate that
this aégregate leaches during the Qeathering pfoceés.
The small amount of these contaminants/crystals formed
is an indication that the traprock is stable and
inlefnced little by the presence of waEer, or qhemicals

from rainfall, synthetic rain ox CaCl2 solution.

. Limestone

surface cﬁaracter;stics: "mainly Ca, Mg.

Very small amounts of Fe and Al detected, which may

. comeé from the detecting tube .of. the apparatus.

Contaminants/crystals: Mg, ‘Ca, and some Si. LQ .
Generally, the sﬁrfacq-confa@inants/crYsﬁals Lo
formed were MgO; CaQ or Gacos.‘ These. are "soft"

crystals which are easily abraded or polished away.

m . . -\ -- IB
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This 1s probably one reason why limestone  is heavily
polished by traftic; although crystal rejuvenation,

as shown on previous sections is quite high, especially
for ﬁhe case of limestone in synthetic rain.

Dofasco Steel Slag

&
Surface characteristics: Fe, Ca, Mn, Al, Si and some

Mg

Contaminants/crystals : mainly (large amount) Ca.
and Fe, with smaller amount
of aAl, Mn, Mg and S§i.

It is known that some components of steel slag are
FeO/CaOf Rankinite (3 CaO.ZSiOé) and Merwinite
(3'CaO.MgO.2§i02). The crystals that formed contained
a large amount of Ca and Fe, which diséolved from the
surface as shown by other étudies (12, 13). Microcracks
which developed on the surface were primarily caused by
the dissolving of éa and Fe into the soiu£ipn. )
Crystallization also developed on the surface of the . °
éggfégate. The steel slag éurfabe is very hard, as

observed from its low AAV. Therefore, the ‘introduction

M

-of "microcracks" will enhance its microtexture for

quite a while. Unlike crystal development of the
urface, these cracks are very deep and they .act as an
1mportant mlcrotexture between the tlres and the surface
of the aggregate. . ' o .

v -
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-~

4. Blast Furnace'Siag
Surface characteristics: Aal, Si, Ca, some Fe &pd Mg
Contaminants/crystals: A}, Si, Ca and some FéY
Unlike steel slag, there were less microérgcﬁs

developed in the surface of blast furnace slag Sﬁter

weathering. Some components of blast furnace slag a§$

-

Ca0, MgO, or combinations of Ca, Mg, Al and Si, such

as Akermanite (2 Ta0.Mgo0.25i0,) or Gehlenite

3

(2 Ca0.Al 03.Si02) as described by other studies (14,

15) . Crystals which may have formed are combinations
of Al, Si, Ca and O, such as Gehlenite, Ca0O, MgO. or
,A1203. The Ca0 and Mg0O are very soft and cannot resist

polishing for long. o \

3.6.9 SUMMARY L@ —

*
w

- . 4

The obserivation of weathe@%ng effects of aggregate

" surfaces using®the SEM and XRD analyses were found to be
y E

\very useful in stﬁdying the proceés, the chemicals and

the surface texture development involved in weathering.

~
-

nerally, it was found that the weathering process is

-

" rather "complex" in terms of conditions at ébe road surface.
A} \ n\{ ‘» - ) . ?
‘The following factors Sgntribute to the complexity &f. the
. i ' | N -
. . Co
weathering process:

y \ 1 .‘\ ‘ . B . \ ) ) ‘
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a. time; i

b. chemical composition of the aggregate surface
(chemical characteristics);

c. chemical composition of the solution;

d. mechanism of chemical reactions involved in the weather-
4

ing process;

e. composition and physical characteristics of‘contaminants/

crystals that formed; and
f. chemical and physical stability of contaminants/
crystals‘that formed. .

Time and the chemical composition of both the
aggregate and the solution effect the rate at which the
weathering can progresg, as well as the possibility of
reactions to occur. In case of traprock, the aggregate
‘composed of chemically stable components so that reactions
with solutions appear to be minimal.

One of the most important findings is the
mechanism of chemiqgl reactions involved in the weathering

process. This hypogheses’cén be used to explain the skid

Fesigtgnee/ﬁéiformance of the aggregate, especially any
repolishing after weathering occurs (i.e., interaction

o% weathering texture rejuvenation ind polishing removal

6f\texture).
i

v o —
\
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¥
Generally, tifere are two processes of chemical

action:

1.

The formation of crystals and/or surface contaminants.
This occurs dué to the interaction and reaction of'
chemical components upon contact with each other.
Crystals which form on the surface enhance the micro-
texture condition, as they make the surface rougher.
This mechanism;will be termed a "positive" rejuvenating
procesé.

In contrast to this positive rejuvenating process, a
"negative" rejuvenating process is caused by the

) ¥
development of deep microcracks, which also enhances

the microtexture}bf the surface. Negative rejuvenating
is caused by the leaching of the aggregate components
by weatﬁering. This is a mechanism which occurs

dﬁriﬁg the weaﬁhering of steel slag. In this case,
1%tth crystal structure formed on the surface, so that
polishing or wear only attacts the depths of these

cracks. The surface of the steel slag is generally

hard, therefdre, the negative'rejdvenating process is

5

mMore effective since it can stand repolishing without

lowering its PSV.

¢

With regards to the positjive and negative -

. .
rejuvenating mechanism, some findings can be summarized

as follows:
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Traprock

No negative rejuvenatihg occurs, and'pos;tive
rejuventating is very limited.
Limestone

Very high positive rejuvenating occurs during
weathering, especially for limestone in synthetie
rain. However, due to soft crystais formed,: the
increase in PSV is temporary and easily polishéd
away by traffic. The deep microcracks provide a good
microtexture surface.
Steel ‘slag

Both positive and negative rejuvenating occur.
Primarily due to the negative rejuvenating process,
steel slag is very fesistant to re-polishing by
traffic. The deep microcracks provide a good micro~
texture surface.
Blast furnace slag

Mainly“positive ;ejuvenating océ;r§, although
limited negative rejuvénatihg might_§lso occur.
Due to the high abrasion characteristics of blast
furnace.slag, the increase in PSV by weaiﬁering may .
only be temporary. » A

It was also found that the chemical composition

¥

of the solution is very important to the weathering

process. Generally, the presenaé'of,acid enhances -the
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weathering process, whereas the presence of salts in
the solution slows down .the weathering process. Since
ost composition of aggregates are oxides (CaO, FeO,

MgO, etc.) or hydroxides (Ca(OH)2, Mg (OH) etc.),

57
the presence of alkaline solution does‘not greatly
effect the weathering process. However, weathering
process occurs very rapidly for aggregates which are
submerged in synthetic rain which has a fairly high
acidity (pH around 3.0); and occurs very slowly in
rainfall water which is weakly acidic solution and

" contains some salts (carbonates, chlorides, etc.).
The presence of salt in the solution (as in cacl

] 5
solution) inhibits the weathering process.

2

]




4, STEREOMICROGRAPHS OF AGGhEGATES
TAKEN OUT OF HIGHWAY 401 TEST SECTIONS

4.1 CORE SAMPLES

As shown in the previous chapter, the use of photo-
micrographs for the eyaluation of aggregate skid resistance
performance has been found to be very useful. The effects
of polishing, abrasion and simulated weathering on the
agéregate surface texture can be examined by this method.

However, all of the results which were cbtained
in the previous chapter were essentially based on
laboratory work. The processes of polishing, abrasion and
weathering were simulated and they were treated separately.
This does not'represent the actual interacting processes at
the road surface. 1In the reai situation, polishing, .
abrasion and weathering occur and interact simultaneously.
Furthermore, there are many other factors, particularly
traffic action, which make the situation more complex.

To study the actual skid resistance performance
of the‘aqgregates, core samples were obtained from the

Highway 401 Test Section (Toronto By-pass). Information
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regarding the test section is given in Appendix B (16). 1In

order to determine if there was any seasonal weathering
influence on the_éurface texture of the aggregates used,
the core samples were taken during both the fall and
sprning seasons. The first core samples, consisting of
cores taken from Test Section No. 1, 3, 7, 9 and 13 were
obtained during the Fall of 1978. From these cores, a
total of 22 selected aggregates were taken out of the
cores and examined in the SEM.

The second set of samples, consisting of cores
taken from the same test sections, were obtained during

the Spring of 1979. From these cores, a total of 28

selected aggregates were examined in the SEM. Unfortunately,

there were no test sections in which limestone was used as
the coérse aggregate. Therefore, the study did not
generate field information on skid resistance performance
of limestone. The core sample information is summarized

in Tables 1 and 2.
4.2 STEREOMICROGRAPHS

To obtain three dimensional pictures, each of the
aggregates was photogravhed in pairs in the SEM. Each of
these pictures had a slightly different orientation from

its pair, so that stereomicrographs were obtained for

[

VRS P U S,




83

Table 1. Information for Cores Taken During
the Fall of 1978
TEST @
SECT|ON CORE STUB+ LANE / AGGRE
NO. NO. NO. WHEEL TRACK GATE *
&
t! 2 o) D/OWT TR
4 7 P/OWT TR
6 8 P/BWT TR
6-MC Q P/BWT TR
3 8 10 D/OWT TR
10 3-10 P/OWT TR
10-MC 3~10MC P/OWT TR
12 142 P/BWT TR
12-MC 11 P/BWT TR
7 14 7-14 D/0OWT SS
14-MC 7=14MC D/OWT SS
16 13 P/OWT SS
18 14 P/OWT SS
18-=-MC 19 P/OWT SS
Q 20 16 D/OWT BFS
[ 22 47 P/OWT BFS
L 24 18 P/BWT BFS
24-~MC 19 P/BWT BFS
13 26 20 D/OWT TR
28 21 P/OWT TR
30 22 P/BWT TR
30-MC 23 P/BWT TR
Notes:
+ MC : asphalt cleaned off aggregate
@ D : driving Lane
P : passing lone
OWT : in wheel track
BWT : between wheel tracks
* TR : traprock
SS : Stelco steel slag
BFS : blast furnace slaog
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\.‘

Table 2. Information for Cores Taken During -
. the Spring of 197¢%
TEST Q@ -
SECTiON CORE STUB LANE/ AGGRE .
NO. NO. NOS. WHEEL TRACK GATE
1 1 1, P/BWT TR
2 3, P/OWT TR
3 5,6 D/OWT TR
3 7,8 P/BWT R
5 9,10 P/OWT TR
é 11,12 D/OWT TR
7 7 13,14 P/BWT SS
15,16 P/OWT SS
Q 17,18 D/OWT SS
Q 10 19,20 P/BWT BFS
11 21,22 P/OWT BFS
12 23,24 D/OWT BFS
13 14 25,26 P/OWT TR
15 27,28 D/OWT TR
Nokes:
@ D : driving Lane
P : passing Lane
OWT : in wheel track
BWT : between wheel tracks
* TR : traprock
SS ¢ Stelco steel slog
BES : blast furnace slag
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»

examination using a stereoscope. Stereomicrognaphslare
particularly useful, since they provide detailed information
regarding the actual depth of the surface texture. With

the stereoscope, one can readily see thé high and low areas
on the surface of the aggregates.

Typical stereomicrographs for traprock, Stelco
steel slag and blast furnace slag obtained from the Highway
401 Test Sections are given_in Figures 43 to 54. The
coding and labelling system is given in Figure 42. For
convenience, all micrographs are attached with the informa-
tion on the top of them. This information consists of the
position in the stereoscope, scale, magnification,
direction of traffic, and the location where the ag§regate
was taken.

Each of these figures cénsists of two sets of stereo-
micrograph pairs: one set was taken during the fall of
1978, and the other set was taken during the spring of
1979. Both sets in each figure were taken at about the

same magnification.
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Core Number

type of aggregate
magnification
Secki N condition
ection No. (uc-cLeoned) .
\\‘; \ position in

55‘3/'?& no/m_ _,55? @// stereoscope

L-Left
R-right

o —

P

’///, \\¥-———-s;aLe

direction of
traffic

Figure 42. Coding and Labelling System

Typical stereomicrographs for the traprock are
given in Figures 43 to 48. Figures 43 to 45 show the
stereomicrographs for the traprock used in HL~1 asphaltic

concrete mix, whereas the stereomicrographs for the traprock
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Figure 44. Typical Stereo- Pairs a. Fall 1972
micrographs of Traprock (HL 1
Test Section : 3/TR Pairs b. Spring 1979
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Figure 45. Typical Stereo- Pairs a. Fall 1978
micrographs of Traprock (HL 1 Mix)
Test Section : 3/TR Pairs b. Spring 1979
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Figure 46. Typical Stereo- Pairs a. Fall 1978
micrographs of Traprock (Open Graded)

Test Section :13/TR ) Pairs b. Spring 1979
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Figure 48. Typical Stereo- Pairs a. Fall 1973
micrographs of Traprock (Open Graded)
Test Section :13/TR Pairs b. Spring 1979
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Figure 49. Typical Stereo-
micrographs of Steel slag
Test Section : 7/SS
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Figure 50. Typical Stereo- Pairs a. Fall 1978
micrographs of Steel slag
Test Section : 7/Ss Pairs b. Spring 1979
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Figure 52. Typical Stereo- Pairs a. Fall 1978

micrographs of Blast Furnace Slag

Test Section : 9/BFS Pairs b. Spring 1979
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used in 6pen~graded mix are given in Figures 46 to 48.
For comparison between the two types of mix, information
is given in Appendix B. Typical stereomicrographs for
the Stelco steel slag and blast furnace slag are given in
Figures 49 to 51 and Figures 52 to 54 respectively.

In general, these stereomicrographs show that
contaminants/crystals developed on the aggregate surfaces
are found in abundance on observations of samples taken
during the spring of 1979. 1In contrast, samples thch
were taken during the fall of 1978 contain. little or no
contaminants/crystals on the aggregate sﬁrfaces. The
influence of the type of mix to the weathering effect is
found to be insignificant, as found on observations between
Figures 43vto 45 and Figures 46 to 48. Further observations

and discussion are provided in the following sections.
4.3 OBSERVATIONS AND DISCUSSION
4.3.1 AGGREGATES MICROTEXTURE 4

The stereomicf%éraph is very useful to examine
the microtexture of the aggregates. A summary of the
primary and gecondary microtexture of the samples 1is
shown in both Tables 3 and 4. Table 3 gives the qualitative

observations for the surface texture of the aggregates
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Table 3. Qualitative Analyses of Core Samples
Taken During the Fall of 1978

MICROGRAPH PR I MARY SECONDARY
AGGREGATE NO. MICROTEXTURE | MICROTEXTURE
TRAPROCK 1/TR=2 med Lum Low
1/TR-4 high med Lum
1/TR-6 high med Lum
1/TR=-6/MC high Low
3/TR=-8 high med Lum
3/TR=10 mediLum Low
3/TR=-10/MC high high
3/TR=12 mediLum med Lum
3/TR=-12/MC medium med Lum
13/ TR=26 medium Low -
13/TR=-28 high med Lum
413/TR-30 Low Low
13/TR=-30/MC Low Low
STELCO 7/55-14 med Lum high
STEEL SLAG 7/55-14/MC medium high
7/55-16 high med iLum
7/55~-18 high high
7/5S-18/MCc* Low Low
BLAST Q/BFS=-20 Low Low
FURNACE Q/BFS-22 medium med Lum
SLAG 9/BFS~24 { " high i ‘high
Q9/BFS=-24/MC high high

Notes:

* the first number gives the Test Section No.
+ Might be some inclusions.
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Table 4. Qualitative Analyses of Core Samples
Taken During the Spring of 1979
M1 CROGRAPH PRI MARY SECONDARY
AGGREGATE .
NO. MICROTEXTURE MICROTEXTURE
TRAPROCK 1/TR-1 med Lum med Lum
1/TR-1B medium Low
1/TR=2 high med Lum
1/TR=28B medlum med iLum
1/TR-3 medium medium
1/TR-38B Low Low
3/TR-4 medium med Lum
3/TR-4B high medilum
3/TR=5 med Lum Low
3/TR-5B med ium Low
3/TR-6 med Lum Low
3/TR-68B med Lum med Lum
13/TR~-14 medium Low
13/TR-148B med Lum medium
13/TR=-15 Low Low
13/TR-158B Low Low
STELCO 7/55-7 high med ilum
STEEL SLAG 7/55-78 high high
7/55-8 high medium
7/5s-88% Low medium
7/755=9 medium medilum
7/55-98B high med ium
BLAST Q@/BFS-10 Low Low
FURNACE Q/BFS—10B high medium
SLAG Q/BFS-11 med ilum Low
9/BFS-118B medium Low
Q/BFS-12 Louw Low
9/BFS-128B medium med lum
Notes

*  For each core,
different

+ Might be iLnclusions.

there were two stubs made (iLe. two
stones)
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taken from the fall of 1978 cores, whereas Table 4 givés
similar observations for the spring of 1979 cores.

The importance of primary and secondary micro-
texture to skid resistance has been emphasized by Gutt
and Nixon (7). As mentioned in Chapter 3, the primary
microtexture is the surface texture on the scale of 10 to
50 um, whereas the secondary microtexture is the surface
texture on the scale of 1 to 54m. It has been found that
the observation of secondary microtexturé is not biased
at higher magnifications. Therefore, most of the stereo-
micrographs which were taken for the spring of 1979 cores
were taken at higher magnifications than the fall of 1978

core samples.
4.3.2 DIRECTION OF TRAFFIC

The cores obtained during the fall of 1978 were
marked for the direction of the traffic; however, the
cores obtained during the spring of 1979 were not marked
at all. Some useful observations can be made with regard
to the traffic direction, which were matched to the
initial marks given on the fall 1978 cores. These

observations are:



103

1. If the polishing process is not too severe, and the
aggregate has a low abrasion value (i.e., high
resistance to abrasion), the traffic direction can be
readily determined.

2. The traffic direction can be observed from‘the side

where the texture is polished. This is explained in

Figure 55.

\tzzt::>g}rectLon of traffic
traffic K

O

vehicle
tire
sample:

)/ aggregate surface
< */

This face is
polished severely

direction of
wheel roktation

Figure 55. Polishing and Direction of Traffic

3. For aggregates with a high abrasion value, such as
blast furnace slag, the observation of traffic
direction is somewhat difficult. For this case, care-
ful observation, as well as observation at higher
magnifications are required to find the traffic direction.
Observations around porous areas, depressed edges and

grooves are soemetimes useful.

'
.
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These observations were found very useful in

determining the orientation of the aggregate samples from

the cores taken during spring of 1979.
4,3.3 ASPHALT CEMENT CONTAMINATION

In the initial work, which was the evaluation of
core samples taken during the fall of 1978, two types of
aggregate samples were examined:

1. Aggregate samples which were cleaned ultrasonically
in water to remove contamination such as dust.

2. Aggregate samples which were cleaned ultrasonically in
an organic solvent (M- Clean -D or MC), so that any
asphalt cement on the surface of the stone was removed.

In this initial work, it was found that there was
no great difference observed for samples cleaned in
solvent or water. The asphalt cement had been worn and

removed from the surface of the aggregates at the early

stages of the polishing and abrasion by traffic. Therefore,

in the second stage of the work with core samples taken

during spring of 1979, only ultrasonic cleaning in water

was used.

PR F

[T
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4.3.4 TRAFFIC APPLICATIONS

Traffic data for the test section is available and
summarized in Table 5 (9). The observation for both fall
and spring cores indicate 'that in most cases it is not
possible to tell whether the samples were taken from the
passing or driving lane. Furthermore, it is also not
possible to tell whether they are taken from the between
wheel path or in wheel path area of the lane. This is
probably due to the application of considerable amount
of heavy traffic on the Toronto Bypass, that the effect
of traffic application to the aggregate is almost equal

between lanes or wheel paths.

Table 5. Traffic Data from Highway 401 Test Sections

. PERCENT
. TYPE OF LANE . AADT
COMMERCIAL
. Driving Lane 12900 29

_Passing Lane 14600 1

i W s

JRVL VW SO
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4.3.5 GSURFACE TEXTURE AND AGGREGATES

The qualitative analyses of the surface texture

for each observation were given in Tables 3 and 4.

Basically, the primary and secondary microtexture of the
aggregates can be summarized as follows:

1. There is not much difference between aggregates taken

during the fall and spring. The only apparent
difference lies in the amount of contaminants and/or
crystals formed on the surface of the aggregate during
spring time.

2. Observations on surface texture of the aggregates

for both fall and spring time are summarized and

given in Table 6.

-

Table 6. Summary of Surface Texture Aggregate of Core
Samples Taken During Fall and Spring Term on
Highway 401 Test Sections

PR | MARY SECONDARY
ABGREGATE MICROTEXTURE MICROTEXTURE
TRAPROCK )
Test Sections 1,3 medium to high Ltow to medium
Test Section 13 tow to medium Low
STELCO STEEL SLAG medium to high medium
BLAST FURNACE SLAG] varies : Louw - varites : Low -
medium - high medium ~ high
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3. The evaluation of blast furnace slag and steel slag
can be easily biased by the presence of inclusions,

impurities and other soft by-product materials.
4.3.6 PSV AND SURFACE TEXTURE

The results of previous PSV testing for the

aggregates considered were (9):

Traprock PSV = 45
Steel slag (Stelco OH) PSV = 59
Blast furnace slag PSV = 54.

A previous SEM study (7) of aggregates indicated
the best PSV is obtained when the surface has a good
secondary microtesture, which is superimposed on a good
primary microtexture. Further, it was found that a good
primary microtexture alone will give a moderately good
PéV. An extremely high PSV (up to PSV of 90) is related
to materials with-good primary and secondary microtexﬁﬁre,
plus high resistance to polishing and abrasion.

While these findings afe important, the results
from the Highway 401 Test Section micrographs indicate
that there might be another factor which is related to
the PSV of aggregates. The PSV of aggregates might be
governed only by a small (minimum) amount of the aggregate

which has a very high skid resistance quality (i.e.,

S e ey e

¢ s S o o M MM i s b8 e
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primary or secondary microtexture)}). This might be true
for the case of steel slag and blast furnace slag where

there are inclusions of limestone, weak particles, etc.

4.3.7 WEATHERING EFFECT

It was generally observed that the aggregate
samples from cores which were taken during the spring of
1979 had more contaminants and/or crystals on the surface
than the ones obtained during the fall of 1978. 1In order
to analyze these surface contaminants/crystals, XRD
analyses were completed on all of the spring of 1979
samples. The results of the XRD analyses are given in
Appendix E, and can be summarized as follows:

1. Traprock
" The amount of contaminants was limited, which
indicates the "stability" of traprock against
weathering. The elements fqund in the contaminants/
crystals were mainly Si, Ca, Fe and Al. These elements
are similar to the ones found in previous chapter ,
and they are probably constituents of the traprock

itself which leach during the process of weathering.
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2. Steel Slag
The dominant elements of the contaminants weére
Ca, Fe, Si and Al. These contaminants might have been
in the form of Ca0, Mg0, Rankinite (3Ca0.25i02) and
Merwinite (3CaO.MgO.ZSiOZ).
3. Blast Furnace Slag
The dominant elements in the contaminants/crystals
were almost similar to steel §Yag, except the amount
of Fe element is not as abundant asvin steel slag. The
forms of crystal which may have been formed were
Akermanite (2CaO.MgO.ZSi02) or Gehlenite (2CaO.A1203.Sioz).
Finally, the weathering study on aggregate surfaces
by using XRD diffraction analysis in this chapter revealed
similar findings with simulated weathering study as des-
cribed in Chapter 3. Both studies show that simulated
weathering can be used to represent the actual weathering

obtained by precipitation on the actual road conditions.



5 WEATHERING AND SKID RESISTANCE

5.1 INTRODUCTION

Besides the processes of polishing and abrasion,
weathering is important to skid resistance performance
as indicated in the lahoratory study of Chapter 3.
Generally, the weathering process is related to the resto-
ration of the microtexture, which can considerably alter
the skid resistance performance of the pavement. The
weathering process, which has chemical and physical com-
ponents, depends on environment, location, season, etc.
Therefore, weathering is one of the important factors
which contributes to seasonal variation in skid resistance

(17).
5.2 SEASONAL VARIATIONS IN SKID RESISTANCE
Generally, it is found that the skid resistance

of a pavement is highest during the winter season, and

lowest during the dry mid-summer season (17, 18, 19).
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Tests conducted during the period of spring through fall
also revealed that the skid resistance can vary by as
much as 25 percent during a single week (19). This shows
that variation; in skid resistance do not only occur from
season to season, but also under very short term conditions,
such as weekly or daily variations in weather and traffic.

The seasonal and short term variations may be
caused by two factors (17):
a. the change in properties of rubber tires, which may

be related to the temperature variations; and

b. the change in the surface texture of the pavement.

In the first case, temperature changes from time
to time affect the properties of rubber tires. Some studies
found that the resilience of rubber tires increases as the
temperature increases. As a result, the resistance to
skidding will tend to decrease (20, 21). However, another
study found no temperature influences on skid resistance
performance (19).

In the second case, the change of surface texture
is associated with the observed variations in skid
resistance. This change is attributed to various mechanisms,
such as polishing, abrasion and weathering. However,
weathering may be the most influential mechanism for the

seasonal and short term variations in skid resistance.
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Rainfall, for example, depends an the season and can also
vary from time to time within the season. Figures 56 and
57 show typical examples of variations in skid resistance
observed during studies in the United States. In Figure
56, the variations of skid numbers for three pavements in
Pennsylvania were observed for an 8-month period (19).
Figure 57 shows the similar type of variations on a highway

strip for two-month period (22).

5.3 WEATHERING PROCESS

5.3.1 DEFINITION

Weathering is a process in which the aggregate is
"disintegrated” to a more stable condition in its physical
and/or chemical characteristics. As a more specific term,
which is related to skid resistance performance, the
weathering process includes all factors due to natural,
artificial and man-~made changes in the overall environment
of the pavement in addition to polishing and wear by the
traffic.

The process of weathering can be divided into two
categories:

a. chemical weathering; and

b. physical weathering.
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S5kid Resistance Performances
for Three Pavements over an
8-month Period (19)

Figure 57.
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Influence of Precipitation on
Skid Resistance, Observed
over a 2-month Period (22)
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5.3.2 CHEMICAL WEATHERING s

Chemical weathering is the process of breaking

down the mineral constituents of rocks into more stable

new mineral phases. With the growth of urban industrial-~

ization, gaseous, liquid and solid waste generation has

resulted in a greater chance to accelerate the process of

chemical weathering of road surfaces. Therefore, chemical

weathering which was usually caused by nature only, is now

complicated by the pollution created by man.

Chemical weathering of pavement surface is related

to one of the following:

1.

Pure Water Attack

The existence of water on the pavement surface not
only reduced the available skid resistance, it can
also cause chemical reactions with the aggregate. The
extent of this attack depends particularly on the
chemical characteristics of the aggregate. Furthermore,
with the introduction of artificial aggregates, such
as steel slag and blast furnace slag, water may have
a greater influence on the chemical weathering process.
Rainwater Attack

In industrial areas, the rainfall water is usually
contaminated with substances which are exhausted by

industries, cars, incinerators and many other man-made
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activities. For instance, acid rain is a well-known
problem; and it can accelerate the weathering of
pavement surfaces.

3. Effect of Salting During Winter Periods

The use of salt (CaCl2 or NaCl) to melt the ice

on highways can also result in changes in skid
resistance performance. Salt may also react with
some substances in the aggregate and therefore cause

chemical weathering.

5.3.3 PHYSICAL WEATHERING

Unlike chemical weathering, physical weathering is

a disintegration process of the parent roék without any
change in its chemical composition. In particular, it
usually refers to the process of breaking down the
aggregate due to physical changes, such as volume or
temperature variations. Such changes can occur if the
aggregates are subjected to cyclic wetting and dfying
for long periods of time. Furthermore, freeze and thaw
cycles can also promote physical weathering, especially
for porous aggregates where water can be trapped in the

pores. This is, of course, coupled with direct tire

action in forms of polishing and abrasion. In this study,

physical weathering was not emphasized, although its

importance is recognized.

e it n o

et ke
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5.3.4 OBSERVATIQN OF WEATHERING EFFECTS
ON THE HIGHWAY 401 TEST SECTIONS

s

e e

As part of a program to study skid resistance
and its evaluation for Ontario aggregates, 18 asphaltic
concrete test sections were constructed in 1974 on
Highway 401, North of Toronto. Further information regard-
ing the test sections is given in Appendix B,

Between 1974 and 1978, seasonal readings of the
skid numbers for the test sections were obtained-using the
ASTM brake~force trailer. These tests were carried out in
the wheel path of each lane at speeds of 30 mph and 60
mph, and reported as SN30 and SNSO’ respectively. Basically,
three types of coarse aggregate were used in the test
sections: traprock, Stelco steel slag, and blast furnace
slag. Typical plots of skid number with time are given
in Figures 58 to 61. The rest of the plots are given
in Appendix C. To consider the seasonal variation of the
environment, monthly accumulative precipitation plots are
also included in Figures 58 to 61. These precipitation
readings were obtained from Downsview Airport, which is
the closest Meteorological Station to the test sections
(23).

In the four figures, readings were taken for the
driving lane of the test sections. Figure 58 refers to

Test Section 2, which involved traprock as the coarse

ey
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aggregate. Figure 59 refers to the Test Section 8,

which involved Stelco steel slag ;ggregate . Figure 60

refers to Test Section 9, which involved blast furnace

slag aggregate . Finally, Figure 61 refers to an open
graded mix design involving traprock aggregate . From

Figures 58 to 61, observations can be made as follows:

1. While the skid number reading tended to decrease over
the 4-year observation period, the skid numbers also
showed a variation during the spring. The decreasing
trend in the skid numbers is due to compaction of the
pavement, polishing and abrasion. Howevér, ifwat any
time, the skid number is the same or higher than a
previous one, it shows that there is some other process
acting which has a tendency to increase the skid
number. Seasonal variations in skid resistance are
occurring for the test sections and weathering is
clearly involved.

2. In all cases, the seasonal variations are observed
more clearly during the first two years. After that
time, the variation becomes smaller, although it is
still observable.

3. Seasonal variations are observed for both the SN30 and

SN60 readings.

st e et o et

2
L e e
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Figures 58 and 59 show more seasonal variations than

Figures 60 and 61, which shows the following:

a. Traprock and steel slag show more seasonal variations
than the test sections which were made of blast
furnace slag, because the high rate of abrasion
of blast furnace slag may reduce the seasonal
variations (9).

b. The seascnal variations for an open-graded mix design
(Test Sections 13 to 16) are smaller than for the
HL1 or modified HL1l mix design (Test Sec¢tions
1 to 11). Both Figures 58 and 61 involve traprock
as the coarse aggregates; however, Figure 58 refers
to an HLlmix design while Figure 61 refers to an
open~graded mix design.

The effect of precipitation and related factors such as

anti-icing chemicals on the seasonal variations in skid

resistance can be observed for the first two years.

During this time, thereg is some relationship between pre-

cipitation and skid number readings. Higher SN readings

are observed on the high cycle of the precipitation

data. However, between 1977 and 1978, there is little

correlation between the precipitation and the skid

number readings. This may be due to the compaction

process slowing, and the process of polishing and weather-

ing starting to play important roles. This concept is

presented in Figure 62.
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Figure 62. Model of Skid Resistance Performance
of a Pavement

The mechanisms which have a tendency to increase
the skid number are not well known. Some mechanisms which
may effect the skid resistance performance are: weathering,
differential wear, the action of sands and salt during
winter seasons, etc. The dominant mechanism is not known,
therefore the study of weathering effects on skid resistance

is one approach to resolving this issue.



6 LABORATORY STUDY OF WEATHERING
EFFECTS ON SKID RESISTANCE

6.1 SIMULATED WEATHERING

In the previous chapter, it was shown that
seasonal variations in skid resistance have been observed
in various studies, including this study. However, aside
from observations of seasonal variations in the field,
there has been little research on the influence of weathering
in determining these variations. Most of the studies
indicate that some factors which influence the seasonal
variations might be the weathering process (17), the process
of scouring the surface by sand or salt during winter
season (24), the removal of oily traffic filﬁs off the
road during rainy seasons (17), and many others. There has
been no detailed study concentrated in this area. There-
fore, there is a need to study the Qeathering effect on skid

resistance to determine its importance and magnitude.

For this purpose, a simulated weathering process
was developed in the laboratory. The aggregate was polished

to simulate the traffic action and then submerged into

1724
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various sclutions which represent the seasonal effect on

the road surface. This approach has an advantage over
direct observation on the road, since the weathering process
can be controlled more effectively. Other factors which

add to the complexity of the problem are then eliminated,

so that effects of weathering alone can be obtained.
6.2 EXPERIMENTAL PROGRAM

6.2.1 METHOD OF MEASUREMENTS

The simulated weathering process on the aggregates
was monitored by changes in their Polished Stone Value
(PSV) . Since the weathering process is related to the
change of surface texture, PSV measurements were considered
suitaﬁle for this purpose. The PSV of the samples was
measured using the British Portable Skid Tester (BS 812,
Reference 6), which is shown in Figure 63.

By comparing the weathered PSV with the original
polished-unweathered PSV, the weathering effects on skid

. AN
resistance can be ewvaluated.
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Figure 63. A British Portable Skid Tester

Basically, three types of measurement were

involved:

1.

PSV measurements on the original polished-unweathered
aggregates. The samples were polished using a British
Polishing Machine, shown in Figure 64. The procedure
of polishing and PSV measurement were completed in

accordance with BS 182 (6).



Figure 64. A British Polishing Machine

PSV measurements for the same samples after each series-
of simulated weathering. No polishing wés done in this
stage.

PSV measurements for the samples after being repolished.
The degree of repolishing depended on the condition of
weathering on the aggregate. This was done prior to

the beginning of weathering in a different phase of

the study.
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6.2.2 SAMPLE PREPARATION

The tests were prepared in accordance with BS 812:
1975(6). There were féur types of aggregate used in the
test specimens: t
a. traprock:

b. 1limestone (Canada Crushed Dundas Quarry):
¢. Dofasco steel slag; and
d. air-cooled blast furnace slag.

Four test coupons for each type of aggregate were
required to establish its PSV. In the experimental program,
four types of weathering process were considered. Therefore,
for the four aggregates, 64 coupons were required, plus
18 Enderby stone test coupons for control.

The four types of aggregate were submerged in
four types of solution to simulate the weathering effect
on the road surface. To avoid contamination and interaction
among ;he various aggregatés, separate containers were
used for each type of the test coupons. The types,
descriptions and/or preparations of the solution used in
the weathering process were described in Chapter 3,

Section 6.2. 1In addition to those four solutions, a part
of the study also considered the effect of a 1 percent by
weight NaCl solution (rock salt), instead of the CaCl,

solution.
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6.2.3 EXPERIMENTAL SET UP

-~

The 64 test coupons and 18 Enderby stone control

coupons were divided into 9 sets and each set subjected

to a different solution.

aggregate type and solution type.

Table 7 gives these 9 sets, the

All of the test coupons

which were subjected to the simulated weathering process (

in the laboratory are shown in Figure 65.

Table 7. Experimental Set Up
SET No.” WPEASSREGATE e TYpESgiUTION *
4 LS rainfall water
2 TR, SS railnfall water
3 TR synthetic rain
4 TR,SS,LS 1% by wt. Call, sol.
5 TR,S5S,8FS distilled water
o) BFS,SS,LS synthetic rain
7 BFS rainfall water
8 SS distilled water
9 BFS 1% by wt. CaCl, sol.
Notes: * FEach set consists of 4 coupons of each type of
aggregate, plus 2 Enderby stone coupons
e TR traprock §S : steel slag

LS : Limestone

BFS : blast furnace slag

Applied for Long-term study,cyclic study (bokth

phase 1 and 2)
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6.2.4 TYPES OF WEATHERING PROCESS

There were three types of weathering included
in the study:
1. Long-term weathering

In this process, the test coupon were submerged

in the solution for a period of time up to 42 days.

Figure 65. A Picture of Test Coupons, Grouped into
9 Sets :
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PSV readings were taken after the coupons had been
submerged for 1, 3, 6, 10, 15, 21, 28 and 42 days
in the solution.

The purpose of the long-term weathering was to
study the full development of the process and its
effect on skid resistance. The solution was changed
after each reading.

Cyclic Weathering

There were two phases in this study:

a. Phase 1, in which the test coupons were subjected
to wet and dry cycles as shown in Figure 66; and
b. Phase 2, in which the test coupons were subjected

to wet and dry cycles as shown in Figure 67.

WET ' WET WET

[ ~1 DRY [ l ORY

0 1 2 3 4 S

Reading Number

Figure 66. Cyclic Weathering : Phase 1

WET WET WET WET

l . DRY DRY DRY |

0 1 2 3 4 S 6 7

Reading Number

Figure 67. Cyclic Weathering : Phase 2
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Both of these phases were rather short in duration
‘(up to 10 days), since this is more representative of
the actual field conditions. Furthermore, dry periods,
where the coupons were dried in the air, were designed
to find out if there are any changes in skid resistance
after they have been previously submerged in the
solution. Phase 2, a variation of Phase 1, was completed
to observe if there is any changes in skid resistance
performance during longer drying cycles.
Special Studies
The special studies were performed as an addition
to the first two studies of long-term and cyclic
weathering.
The studies included:
a. Weathering by 1% by weight NaCl solution. This
was completed to compare the results with the
tests using a CaClpy solution. Since the NaCl and
CaCls results were similar, only long-term
weathering was completed for all four aggregates.
b. Short-term weathering to simulate the field
weathering condition where rainfall occurs for only
a short period. Due to very low increase in PSV
of traprock obtained from other studies, this study
concentrated on limestone, steel slag and blast

furnace slag.

P e
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The study was completed using two types of
solution: synthetic rain; and distilled water.

It was performed up to period of 42 hours.

6.2.5 CHEMICAL ANALYSES

Apart from the simulated weathering studies, an
independent study to monitor chemical interaction between
the surface of the aggregates and the solutions was also
completed. The overall study is explained in Appendix I.

The purpose of this part of the overall study was
to examine the weathering process from a different point of
view, chemical reactions, and to try to incorporate this
with the simulated weathering aspects. The chemical analy-
ses were performed using a Hach Direct Reading Kit, Model
EL/2. The procedures are described in the Hééh Manual (25),

and it is simplified and provided in Appendix I.

6.3 INITIAL PSV MEASUREMENTS

The initial PSV of each aggregate tested is given
in Table 8. Except for the Dofasco steel slag, the other
aggregates tested gave initial PSV values simiiar to previ-
ous results: 45 for traprock; 41 for limestone; and
54 for blast furnace slag (9). However, the PSV readings

for Dofasco steel slag were low in comparison to Stelco
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Table 8. Initial PSV Measurements

TYPE OF AGGREGATE SET# INITIAL PSV
Traprock 2 45
3 45
4 45
5 45
Limestone (Canada Crush) 1 43
4 43
5 43
6 42
Dofasco Steel Slag 2 51
4 45
6 49
8 49
BLast Furnace Slag ) o4
o) 55
7 53
Q 55
steel slag which preQiously had a PSV of 59 (9). Since

the PSV's for Dofasco Steel slag in Table 8 were obtained
from 4 sets of independent tests, where each of the set
also involved traprock, limestone or blast furnace slag,

the PSV results are definitely correct.

§ B o g it e
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All four sets of Dofasgo steel slag coupons were
made from the same batch which was taken on March 12, 1979
from Dofasco in Hamilton, Ontario. The low value for
Dofasco steel slag may be due to the composition of that
particular batch. Visual examination sffowed that this
batch contained a few smooth surface particles, which may
have lowered its PSV.

In comparison to another study (9), the PSV of the
limestone in Table 8 is slightly higher (2 PSV units).
However, due to variations in batch and porosity, 2 PSV

units are not considered significant.
6.4 LONG-TERM WEATHERING

6.4.1 TEST RESULTS

The results of the long-texrm weathering are shown
in Figures 68 to 75. Basically, Figures 68 to 71 are
similar to Figures 72 to 75 as they are just presénted in
a different way. All of the PSV readings which were
recorded to obtain these figures are given in Appendix F.
For Figures 68 to 71, each graph represents the performance
of one type of aggregate under the process of weathering
in four different solutions. On the other hénd, to examine

and compare the performance among the four aggregates,
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Figures 72 to 75 show the PSV readings plotted against
the number of days of weathering in a particular solution.
Each of these figures consists of four graphs which repre-

sent four types of aggregate.

6.4.2 PERFORMANCE OF AGGREGATES
UNDER LONG~-TERM WEATHERING

~
The performance of the aggregates under the long-
term weathering can be suymmarized as follows:
1. Traprock
As shown in Figure 68, there was not much increase
in the PSV of traprock under various solutions. It
was found that after 42 days, traprock in distilled
water had. the greatest increase in PSV. However, this
difference from the other three graphs was only about
2 PSV units. Traprock undergoes very small changes
during the process of weathering, in which a summary
of the tests is given in Table 9.
2. Limestone
The skid resistance performance of limestone for
varioﬁs weathering solutions is shown in Figure 69.
Frqm this figure, it is clear that rainfall water
and syﬁthetic rain had the greatest effect on the
PSV of limestone. Both the rainfall water and

synthetic rain increased the PSV to around 90.
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Observations during the first 21 days of the test
showed that the rate of PSV increase for test coupons
in rainfall water was smaller than for the coupons
submerged in the synthetic rain.

A summary of the performance of limestone under
weathering is given in Table 10. As shown in this
table, the PSV of limestone went up as much as 114%
under the synthetic rain condition. On the other hand,
it only increased by 12% for the CaCl,; solution. The
early increase in PSV of limestone is very high in rain-
fall water and synthetic rain. Even on the first day,
its PSV had increased by 51% in rainfall water and 57%
in synthetic rain. |
Dofasco Steel Slag

The skid resistance performance of steei slag for
various weathering solutions is shown in Figure 70.

A summary of this performance is also given in Table 1l1l.
As shown in the figure and table, the increase in PSV
of steel slag after 42 days was highest in synthetic
rain, followed by weathering in distilled water and
CaCls solution. In contrast, weathering in rainfall
water only increased its PSV by 4% after 42 days;
although readings at one and 10 days showed increases
of higher than 4%. Because steel slag has a rather
"complex™ chemical nature, thils may be the source of
scatter in the monitoring and also explain the overall

trends.
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-4. Blast Furnace Slag
As indicated in Figure 71 and Table 12, blast
furnace slag showed a high increase of PSV in
synthetic rain weathering (47% increase after 42
days). Similar to steel slag, there was a small
" increase of PSV in the rainfall solution (6% increase

after 42 days).

6.4.3 EFFECTS OF TYPES OF SOLUTION
ON LONG-TERM WEATHERING

To compare the performance of the aggregates for
the same weathering cond;tion, it is necessary to analyze
the test results for the aggregates in each type of
solution. The-long-term weathering study can be summarized
as follows:

l. Weathering in Distilled Water
The weathering proces§ in distilled water is

i

summarized in Figure_72. Since the initial PSV of

the four aggregates wé;e not the same, Table 13 gives

a somewhat better comparison. Limestone, followed by P
steel slag, showed higher increases in comparison to
the performance of traprock and blast furnace slag.
Although limestone had a greater percentage increasé :
in the PSV in comparison to steel slag, Figure 72

shows that the final PSV of steel slag is still about

[ —— . e ———t et T = om mm maa e o oA R
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| )
5 PSV units higher than limestone. Therefore, steel
slag still gives a better performance for weathering‘
in distilled water, due to its higher initial PSV.
Traprock showed the lowest increase of PSV for this
type of weaﬁhering,
Weathering in Rainfall Water

The performance of the four aggregates during °*
weathering in rainfall water is summarized in Figure
73 and Table 14. Limestone had a very high increase
of PSV (107% increase in~42 days). On the other hand,
the increase in PSV for steel slag, blast furnace‘slag‘
and traprock were very small. After 42 days, the PSV ‘
of traprock'on;y imcreased by 9%, while steel slag
and blast furnace slag only increaged by 4% and 6%,
respectively. fFigure 73 also shows' that the perfor-
mance of steel slag was very close to that for.blast.
furnace slag. |
‘Weathering in Synthetic Rainwater

Except for traprock, the weathering process in
synthetic rain resulted in a large PSV incr?ase. As
shown in Figure 74, the PSV,of 1imest9né wént from
42 to 90, the PSV of steel slég from 49 to 72, and
blast furnace slag from 55 to 81. From Table 15, the
114% increase in' PSV for limestone was the largest

among these aggregates. Steel slag and blast furnace
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slag both increased by 4?%. However, since the
initial PSV for the blast furnace slag was higher
than for the steel slag, the blast furnace slag still
has a higher PSV than steel slag after 42 days
weathering. ‘
4. Weathering in CaCl, Solution
As shown in Figure 75 and Table 16, there
was a small increase in PSV for the four aggregates
for the weathering process in CaCls; solution. This
indicates that the CaCl; solution inhibited the PSV
change of the aggregates. After 42 days, the largest
increase in PSV was for limestone (12% increase).
Due to the high initial PSV, blast furnace slag had

a higher PSV after weathering than the other aggregates.

6.4.4 SUMMARY

Based on the results of the long-term weathering
tests, some information abéut the weathering process can
be summarized as follows:

1. The weathering process which occurred in the tests
was chgmical weathering. Generally, .the solutions
significantly effected the aggregate PSV values.

2. For the four solutions used in the test program,

synthetic rain which contains some acids and other

A
ke
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chemicals had the greatest effect. On the other hand,
the presence of CaCls solution seemed to inhibit the
increase in PSV. This indicates that there are only
certain chemicals which can affect the weathering
process. In this regard, the concept of chemical
equilibrium is very important as the presence of each
chemical disturbs the equilibrium and a process must
occur .to retain the eqguilibrium.

In order that the chemical reaction can occur, the
chemical composition of the aggregate surface also
plays an important role. In the test program, it

was found that limestone was the most active aggregate
in any solution condition. On the other hand, trap-
rock was the most stable aggregate, as its PSV did
not change significantly. Due to the "complex™
chemical composition of steel slag and blast furnace
slag, there were significant differences between
weathering in rainfall water, distilled water and
synthetic rain. |

The final PSV readings for the aggregates after 42 days
of weatheriné are summarized in Table 17. It wasA
generally found that there is an upper b9und value
for the PSV to which aggregate can rejuv;nate under
weathering condition. This upper bound PSV'is a

potential value to which the surface of the aggregate



Table 17. Results of Final PSV Testing
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on Long-term Weathering

-

TYPE OF TYPE OF INITIAL PSV
AGGREGATE SOLUT I ON psV AFTER
42 DAYS

TRAPROCK Distilled water 45

Ratnfall water 45 40

Synthetic ralnwater 45 48

1% by wt. CaCl, sol. 45 48

LIMESTONE Distilled water 43 60

Ratnfall water 43 89

- Synthetic ratnwater 42

1% by wt. CaCl, sol. 43 48

DOFASCO STEEL Distilled wakter 49 65

SLAG | Rainfall water 51 53

Synthetic ratnwater 49 (:)

1% by wt. CaCl, sol. 45 48

8{;5T FURNACE Distilled water 54 62

SLAG Rainfall water 53 56 '
Synthetic ralnwater 55
F 1% by wt. CaClgz sol. S5 58
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can be improved by weathering; and it is termed the

Potential Rejuvenating Value (PRV).
6.4.5 POTENTIAL REJUVENATING VALUE (PRV)

One of the main purposes of the long-term
weathering tests waS to establish the behaviour of aggre-
gates under a slow and controllable weathering process.

By allowing the process to occur over a long period of
time, any chemical reactions, and chemical equilibrium
will be achieved by the end of the task period. Therefore,
the final PSV readings establish an upper bound on PSV
which the aggregates can achieve under the most extreme

of weathering process..

The reactions which occur between the aggregateg
and the solution, whether it is distilled water, rainfall
or any chemical solution,- -start through the contact between
the surface of the aggregate and the solution. Before this
contact occurs, each of the aggregate and the solution
has its own chemical equilibrium stage. Therefore, the
contact between the two systems disturbs the chemical
equilibfium so that the aggregate and solution then
become a new combined system. After a new chemical
equilibrium is achieved, the reaction stops. Because

the exposed aggregate surface is limited, the reaction

stops once there is no more fresh contact available.
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At this stage, crystallization‘or leaching of material
from the aggregate to the solution, has occurred.

Once the process stops, it will not start again
until new exposed surface is available. This can be
done by polishing or wear by traffic. There are four
circled PSV values in Table 17. Except for traprock,
these are considered to be the upﬁér bound wvalues to
which these aggregates can undergo chemical reactions

to produce higher PSV, and they are summarized in Table

-

Table 18. The PRV of Aggregates

TYPE OF AGGREGATE PRV
Traprock 52
Limestone (Canada Crushed) Q0
Dofasco Steel Stlag’ 72
Blast Furnace SlLag 81
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As shown in that table, the PRV of traprock is 2 units
higher than shown in Table 17. This is based on the
findings in Section 6.6.

The PRV represenis the highest potential PSV
of aggregate to which they can be rejuvenated under the
weathering process after being polished to a terminal PSV.
In the following sections, it is shown that the PRV is
independent of the initial PSV and the PRV values in
Table 18 are the upper bound values.

-

6.5 CYCLIC WEATHERING

6.5.1 TEST RESULTS

As explained in Section 6.2.4, there were two
phases in the cyclic weathering process study. The
results of the First Phase Weathering are presented in
Figures 76 to 79. The results of the.Second Phase
Weathering are presented in Figures 80 to 83. All of the
PSV readings which were recorded to produce these figures

are given in Appendix G.
6.5.2 CYCLIC WEATHERING - PHASE 1

The results of the first phase of cyglic

weathering can be summarized as follows:
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Traprock

The performance of traprock under cyclic
weathering is given in Figure 76. The maximum PSV
obtained at the end of the test was 51, which is less:
than the PRV of traprock. Except for coupons sub-
merged in the CaCl; solution, the PSV of traprock
does not change during the dry cycle. For coupons
tested in CacCl) solution, the PSV fluctuates during
both dry and wet cycles. This one unit of PSV
variation could be cauéed by the hygroscopic
nature of CaCly or experimental error. ‘

Limestone '

The perfofmance of’' limestone under cyclic
weathering is given in Figure 77. This figur; has
some similarities with Figure 69. Both figures show
that limestone in synthetic rain had the highest PsSV
readings, followed by tests in rainfall water and
distilled water. Furthermore, the weathering in

CaClz solution d4id not result in increased PSV.

During the dry cycles, the inc;ease in PSV was

relati&ely small for all solutions (increase in one
or two PSV units). The highest PSV .reading at the
end of the test was 84, which is still less than the

PRV of lime;ﬁone.
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" Dofasco steel slag

The cyclic weathering prdbess for Dofagco steel
slag also. shows similaritieé with the long-term
weathering. The performance of steel slag under
cyclic weathering is given in Figure 78. Similar to
FPigure 70, there was not much change in PSV fo; steel
slag‘gn rainfall water. Steel slag in distilled water
and synthetic rain had a bett;r performance than for
the other two conditions. The highest PSV obtained
at the end sf the test was 51, which is for ﬁest
coupons in synthetic rain'weathering. It was aléo
found that dry cycles produced little change in'the
Psvrof steel slag.

Blast furnace slag

The pérforménce of the blast furnace slag under
cyclic weathering is given in Figure 79. There was.
almost no dhange in PSV of blast furnace slag which
was iq distilled water, rainfall water or CaCl,
solution for cyclic weathering. However, its PSV
improved significantly in synthetic rain. Similar
td thé other aggregates, dry cycles had very little
effect on the PSV. The pattern of this figure is

also similar to Figure 71 for long-term weathering

of blast furnace slag.

L d
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6.5.3 CYCLIC WEATHERING - PHASE 2

In Phase 2 of the cyclic weathering study, the

total test period was expanded to 10 days. There were

cycles of one wet day and two dry days. The results of

these tests can be summarized as follows:

l.

Traprock

The performance of traprock during the second
phase of cyclic weathering is shown in Figure 80.
Similar to Figures 68 and 76, all of the ‘graphs are
very flat, indicatingglittle increase in PSV. The
increase in dry qycle time did not .affect the PSV
readings and just delayed the wéathering process.
The highest PSV recorded aé the end of the test was
51, which is below the PRV of traprock.
Limestone

The performance of limestone during the second
phase of cyclic weathering is shown in Figure 81.
The higﬁest PSV recorded at the end of the testing
was 89, 6btained under both rainfall»water and
synthetic rain conditions. This figure is also
similar to Figures 69 and 77, exceét that in this
figure, the limestone in rainfall water and in

synthetic rain are very close together.




169

Dofasco Steel Slag

The performance of steel slag during the second
phase of cyclic weathering, as shown in Figure 82, is
similar to Figures 70 and 78. Steel slag in rainfall
water still had a lower increase in PSV compared to
distilled water and synthetic rain. The highest PSV
obtained at the end of the test period was 71. This
value, which was obtained for steel slag in synthetic
raiq, is lower than the PRV of steel slag.
Blast Furnace Slag

The results for blast furnace slag test coupons
which were subjected to the second phase of cyclic
wea;hering are)shown'in Figure 83. Again, this
figure is similar to Figures 71 and 79. Little
increase . in PSV was observed for blast furhace
slag in rainfall wéfer, CaCly solution and distilled
water. However, significant changes occurred for
coupons in the,synthétic rain. The final PSV was
81, which is equal to the PRV of blast furnace slag.
There was very little change in the PSV during the

dry cycles of the test program.
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6.5.4 "SUMMARY

From both the first and second phases of the cyclic
weathering study, some useful information about weathering
influences on skid reéistance can be summarized as follows:
1. The results of final PSV readings from the cyclic

weathering, together with results from the long-term
weathering, are given in Table 19 for comparison
purposes. As shown in Table 19, the final PSV values
of aggregatesiin both Phase 1 and Phase 2 studies are
about the same or iower than the results obtained for
long~term weathering. It indicates that accelerate§
weathering was obtained in Phase 1 and Phase 2.
Compariné the lbng—term weath;ring and Phase 2,
for example) it can be established that the weathering
conditions accelerated the process from 42 days to
10 days. This is reélated to the chemical equilibrium
of the systeﬁ betweénxgggregates.and solutions dis-
cussed in Section 6.6.
2. The dry cycles were completed to examine any chemical

. reaction between the surface of the aggregate and
the air after the wet cycles. The results frcm-both,
the first and second phases showed that there was no
further reactions occur during the dry cycles:

resulting very little‘change in the PSV.

e o
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3. Comparing the graphs in Figures 76 to 83, it was
found that both phases of weathering have similar
— patterns in the development of PSV during the cyclic
weathering. The graphs show rathe? high increases
of PSV at the beginning of the wet cycles, and
gradually decrease in Subsequent wet cycles.
These patterns also occur in long-term weathering

process, in which the rates of PSV increase are

decreasing with time.
6.6 SPECIAL STUDIES IN WEATHERING
6.6..1 TEST RESULTS

The special.§§udie$ in weathering are intended
as additional tests to gather information on the effects
of weathering on skid. resistance. The long-term
weathering in 1% by weight NaCl'solution was completed
for comparison with the weathéring process'%n CaCly.
Then, the short-term weathering éﬁudy was completed to
develoé information on the effect of time on the préceés.
This is important, since the short-term condition is

more closely related to the actual field conditions. The
test results are presénéed in Pigures 84 to 87. Detailed
infofmatioﬁ with regard to test déga is giQen in Appendix

H.
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LONG TERM WEATHERING IN 1% BY
WEIGHT NaCl SOLUTION

.

The results of these tests shown in Figure é4
indicate that the NaCl solution did not affect skid re-
sistance very much. However, comparing this study with
the long—-term weathering in CacCl sélution, the data in
Table 20 show that test coupons in NaCl solution had greater
increase in PSV than in CaCl; solution. Therefore, the use
of NaCl on the road during the winter season will be
slightly more advantageous to weathering skid resistance
rejuvenation than the use of chemical ice-melt, which ;on—
tains mainly CaCl,;. This is particularly the case for steel

slag (i.e., 20% increase compared to 7% increase).

Table 20.

Comparison of Long-term Weatherin§
on NaCl Solution and CaCljp So;ution
TYPE OF CaCty solution NaCL solution
AGGREGATE INTTIAL TINAL % uwg&: tvaL %
] . Py Py INCREASL. PV Py INCREASE
Traprock 45 48 7 46 52 13
Limestone 43 48 12 49 58 18
Steel slag 45 48 7 46 55 20
Blast furnaoce ’J .
- stag 55 58 5 53 59 11

* gfter're-chiSthg
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The PSV of traprock increased to 52, %hzéh‘wa§_the
?iéhest value recorded in the overall study. Therefore,
this was used to establish the PRV of 52 for traprock in
Table 18. . )

r

6.6.3 SHORT-TERM WEATHERING

In this testing program, only two types of solution
were used: distilled_géter and synthetic rainwater.
These two solutions were selected as they gave a good
performance in previous studies. Because of the small
influence of weathering, traprock was not included in the
study.
The results of the short-term we;thering study
are shown in Figures 85 to 87. Observations from the test
results can be summarized as follows:
1. Limestone
The results of the shoft-term weathering study for
limestone are given in Figure 85. As shown in this
figure, there is a contrast in. the performance of
limestone in distilled water and synthetic rain. The
maximum PSV obtained at the end of the test was 90 in
synthetic rain and only 54 in distilled water. In
somé locations along the graph, the use of a fresh

sSolution created a sudden increase in the PSV,

expecially for test coupons submerged in synthetic rain.
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Dofasco Steel Slag

As shown in Figure 86, Dofasco steel slag per-
formed diffeféntly from limestone in the short-term
weathering study. The performance of steel slag did
not differ significantly in distilled water and in
synthetic rain. The PSV of steel slag in synthetic
rain starts to rise rathé& rapidly after 16 hours in
the solution. The final PSV reading at the end of the
test was 67 for the synthetic rain and 60 for the
distilled water.
Blast Furnace Slag
. The_éerformance of blast furnace slag for the
short-term weathering study was rather similar to
limestone. As shown in Figure 87, the PSV of
blast furnace slag increased répidly in synthetic
rain, but there was very little change of PSV in

distilled water. The highest PS8V obtained after

42 hours was 81, which is the PRV of blast furnace

‘ slag. The use of fresh solutions accelerated the

PSV increase in synthetic rain; however, it did not

affect the PSV readings in distilled water.
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6.6.4 SUMMARY

The Special Studies can be summarized as follows:

1. The four aggregatés, especially steel slag, had
higher PSV .increase in Nqu solution compared to
CaCly solution.

2. The final PSV readings for short-term weathering,
together with the results from long-term weathering
are summarized in Table 21. As shown in that table,
the final PSV readings of the short-term weathering
study were less than, or equal to, the PRV values
which support the validity of the PRV concept.

3. In the cases where the PSV of the aggregate in any
solution was far less than its~PRY, the use of fresh
solutions significantly accelerated the increase in
PSV. On the other hand, once its PSV was close to
the PRV, fresh solutions had little influence.

4. The data summarized in Table 21 support the argument
that weathering can be accelerated into a short-term
process. Within 42 hours, the PSV reaéings of the
aggregates were already close to, or equal to their
values after 42 days of weathering. A diff?;ence in
procedure between long-term and short-term weathering
was the use of fresh solutions. The fresh solution

for long-term or cyclic weathering was introduced after
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Table 21. PSV Results on Long-term
and Short-term Weathering
LONG-TERM SHORT-TERM:
TYPE OF TYPE _OF . :
. ~ PSV after PSV after
AGGREGATE . SOLUTION 42 Days 42 Hours
Limestone Distilled
water 6Q 54
Synathetic
ratnwater 90 Q0
Dofasco steel Distilled
slag water 65 60
Synthetic
ralnuwater 72 67
BLast furnace Distilled
slag water 62 57
Synthetic
caltnwater 81 81
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each reading. Therefore, during long-term weathering
this fresh solution was introduceé over a much longer
period of time. On the other hand, during short-term
weathering, the fresh solution was available every
few hours.

The frequency of the usé\Qf fresh solution affects
the interaction between solution and aggregate. The
tests showed that the chemical equilibrium occurred

-~

rather gquickly. Once this equilibrium had been

7
achieved, there was no further reaction. The time in

whiéh the eq;ilibrium can be achieved depends on the
concentrations of the chemicals within the system.
However,” short-term weathering tests showed that it
occurs in relatively short ;ime. Therefore, by
incfeasing the frequency at which fresh solution is
available to the aggregate surface (for instance,
field precipitation during rainy season), the chemical
reactions occur continuously. Finally, once the
aggregate's PSV reaches its PRV, there is no more
exposed surface to interact with the solution and the
weathering reactions stop.

The concept of accelerated weathering has an important
role in the overall study. This proves that a high

aggregate PSV can be obtained within short time, such

as during the duration of a rainfall. Further, since
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fresh rain is involved continuously, the process of
weathering can occur very guickly. Of course, the
resistance of this new micro-texture to polishing
will determine the final benefit to improved skid

resistance.

6.7 RESULTS OF CHEMICAL ANALYSES
~ ON WEATHERING PROCESS

6.7.1 RESULTS OF ANALYSES

Most of the processes of aggregate surface reju-
venation by rain,and snow are chemical. As shown in
Chapter 3, crystallization and/or formation of micro-
cracks was observed for aggregates subjected to simulated
weathering. The severity of the chemical reaction depends
on thex;ype of solution in which the aggregate was subjected
to weathéring and the chemical constituents of the aggre-
gates. In previous sections of this chapter, it was also
shown how changes in the PSV of the aggregate are caused
by simulated weathering.

In this section, the results of chemical analyses
of the weathering process are examined. Four types of
aggregate - traprock, limesténe {Canada Crush), blast
furnace slag and Dofasco steel siég - were subjected to
simulated weathering in five different solutions :

distilled water; synthetic rainwater; rainfall water
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collected in Hamilton, Ontario on May 24th, 1979; 1%

by weight CaClj; solution and 1% by weight NaCl solution.

Chemical reactions which occurred due to the interactions

of the aggregate and solution were then monitored for the

solutions using a Hach Direct Reading kit and pH meter.

The complete chemical analyses are provided in Appendix I.

The results of chemical analyses can be summarized

pPH Reading

The pH of all solutions increased after submersion
of aggregates.
Dissolved COj

The initial readings of the solutions showed that
all of them contained the weak acid, H2CO3, even
distilled water. H2CO% exists from the presence of
dissolved CO; in the solutions:

CO, + HO &—==  HyCO3

- Chloride [Cl*} in the solutions

The concentration of chloride [Cl{} in the solutions:

" a. No change or little change occurred from initial

readings for all aggregates in NaCl and CaCl,
solutions; and traprock and limestone in distilled
water and synthetic rain.

b. Increases occurred for all aggregate in rainfall

water; blast furnace slag and steel slag in
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distilled water; blast furnace slag in
synthetic rain. -

c. A decrease occurred for steel slag in synthetic

rain.

Hardness (magnesium and total) in the solutions

The solution hardness, except for traprock in
distilled water, increased after simulated weathering.

Total iron (not conducted for traprock and .limestone)

in the solutions

The concentration of total iron [Fe2+'3+1 in all
of the solutions increased after simulated weathering.

Furthermore, the increase of[fe2+’3+] in all of the

solutions was much higher from steel slag than blast

furnace slag.

Nitrates [NO3‘] in the solutions

The concentration of nitrates {NO3'1 ii the
solutions:

a. Decreased : limestone and blast furnace slag
subjected in all solutions, traprock
in distilled water and CaCl,; solution;
and steel slag in synthetic rain.

b. Increased : steel slag in distilled water, rain-

fall water, NaCl and CaCl) solutions.

c. No change : traprock in rainfall and NaCl solutions.
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7. Sulphate [SO4=] in the solutions :
The concentration of sulphate [SO4=] in the
solutions increases for all tests, except for steel

slag in rainfall water.
6.7.2 THEORETICAL BACKGROUND

Chemical reactions occur when two or more
chemically active substances are mixed together. The
degree to which the process occurs depends on the activity
of each substance and the potential to form more stable
substances. Rainfall contains mainly H,0O, sometimes
with the presence of salts such as NH4Cl, Ca(NO3)2, acids
such as H,804, and dissolved CO5{(HpCO3). During the
winter, rock salt (NaCl) or ice-melt chemicals (mainly
CaCls) is also present witH the snow/water. Aggregates
contain chemical constituents which depend on the specific
aggregate type and source. For limestone, there are lots
of carbonates (such as CaCOj3), Ca(OH), and CaO present.
For traprock, more stable chemical constituents exist
such as Al,S8iO3, MnOj, MgO, etc. These minerals are
common for basaltic type rocks. For steel slag, FeO/CaO
combinations occur, whereas for bléét furnace slag, there

is much less steel present with mostly CaO and/or MgoO.
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With the presence of these chemical constituents,

when rainfall water meets the aggregate, three types of

chemical reaction may occur depending on how active the

constituents are: '

The formation of crystals

Crystals can be formed as a result of chemical
reactions, such as:
Acid solution + basic solution —salt (crystals); + HZO

Acid solution + basic oxide ~———» salt (crystals); + HZO

Acidic oxide + base - salt (crystals){ + HZO
Crystals can also be fprmed as a result of one way
equilibriuﬁ reaction . In most cases, the chemical
constituents in either aggregates or rainwater
independently are in a state of equilibrium. However,
the contact of solutions and aggregate disturbs the
equilibrium condition and results in one way reactions,
for example:

A + B &> 2c¢ + D

[c] 2 [p]
[a] = [B]

equilibrium constant

If the concentration of A increases due to the availa-
bility of this chemical constituent (either from the
aggregate or solution), the equilibrium equation will
be disturbed; and since K is a constant, the concen-

tration of either C or D must increase or B decreases.
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If C or D increases, a one-way reaction may occur
by increasing concentration of A as follows.
A 4+ B =———s 2C + D
1 crystals
[A] increases
2. The formation of microcracks (leaching)

As shown in Chapter 3, Section 6, microcracks
formed on the surface of the steel slag that can be
seen in the SEM. These cracks are basically caused by
leaching of Fe and/or Ca from the Fe0/Ca0 constituents
on the slag surface.

3. Combination of crystallizatien and leaching

Chemical constituents which are leached into the
solution can disturb the original equilibrium of the
solution, resulting in crystallization and depositicn

on top of the aggregate surfaces.
6.7.3 INTERPRETATION OF THE TEST ANALYSES

The interpretation of the chemical analyses is
summarized as follows:
1. Traprock
The test results show that the chemical reactions
which occur between the traprock and all four types
of solution, especially with distilled water are very

limited. This is in accord with the small changes in
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PSV observed due to weathering.
Limestone

The %atural environment of ligestone is alkaline
due to the abundanée of Ca0 and/or Ca(OH), with the
presence of water. The pH readings which showed an
increase of pH of the solution, indicate that the more
acidic solutions of distilled water, rainfall water
and synthetic rain have been neutralized and become
alkaline through chemical reaction with limestone.
Chemical tests on the solutions show significant
increases in total hardness and decreases in [NO3'1.
The small changes of [bl‘] in the NaCl and CacCl,
solutions might be attributed to test readings since
the solutions had to be diluted 50X prior to testing.
It is anticipated that [Cl“] in the solution is being
depleted through chemical reactions with limestone.
As a result, many crystals of both MgClz/Mg(NOB)2 and
CaClz/Ca(NO3)2 arg formed on the surface of the lime-
stone, which significantly change its PSV. These
crystals are soft and easily broken during abrasion and
polishing. Other‘crystals which may form during the
chemical process are Ca SO4 and Mg SO4f\ These crystals
may only form for limestone submerged iﬂ\gistilled
water, synthetic rain and rainfall water. For lime-

stone in NaCl and Ca Cl,, the increase of [50431 is
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limited due to the presence of [Cl‘} in the solution.

An abundance [Cl”] inhibits the formation of either
dissolved Ca SO,/Mg SO4 and/or crystals of Ca SO4/Mg SO4.
As shown in previous sections of this chapter, the
PSV increase of limestone in NaCl and CaCl2 is less (i

significant in comparison to limestone in synthetic
rain and rainfall water. This can be attributed to
the presence of agﬁpdant [Cl—] as mentioned above._
The PSV increase f;r limestone in distilled water is
small due to smaller change of concentrations of total
hardness and Nitrate [NO3'I in the solution.
Blast furnace slag

The chemical analysis of blast furnace slag showed
an abundance of Sioz, A1203,
Mn O, and S (in S04 or S) (14 ). Basically, slag

Ca0Q, MgO, some Fe, FeO,

contains more basic oxides which have the potential
to form crystals during reactions with acid solutions.
Therefore, as shown in previous sections, PSV changes
occur most drastically for blast furnace slag submerged
in‘synthetic rain, which had an initial pH of 2.4.
Concentration oé total iron and total hardness in
the solutions increased, which indicate that basic
oxides as well as Fe were depleted from the aggregate
into the solutions. The large increase of [§O4=1

signifies that S or SO, is being depleted into the

3
solution, which can be identified by their strong odours.
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Steel slag |

Tge chemigal process for steel slag under simu-~
lateé weathering showed almost the same pattern to
the blast furnace slag, except that the [NOB“].in
solutions increased._ Chemical analyses also indicate
that blast furnace slag is more active under the
weathering process in terms of formation of'crystals.
This also indicates that the temporary change of PSV
showed that blast furnace slag performed slightly better
under weathering than steel slag. HEweverd having a
higher concentration of Fg and the potential of forming
microcracks, in the long-texrm steel.slag has proven to
be somewhat superior than blast furnace slag. As shown
in Chapter 3, negative rejuvenation plays an important

role in long-term PSV performance.
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7 SUMMARY OF THE STUDY x

7.1 SURFACE TEXTURE
For asphaltic concrete surface courses, éhe surface
texture of the exposed coarse aggregate is the key factor
influencing the skid resistance performance of the pavement.
This texture provides friction between tires and the road
for all weather conéitions, and it also provides drainage
paths for the water film during the interaction between
tires and pavement in wet conditions. Surface texture
can be divided into two parts : micro texture, whicﬁ pro-
vides most of the skid resistance at lower speeds (up to
about 60 km/h) and macro texture which is more important
at higher speeds during wet conditions. |
Dynamic'processes, such as polishing, wear on
abrasion, and weathering occur at the aggregate surface.
These interactive processes tend to reduce or increase
the quality of the surface texture. Therefore, at any
given time, the surface texture depends on the traffic and
environmental conditions, and the physical and chemical

characteristics of the aggregates involved.

192
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While past laboratory and field studies have
yvielded much information on polishing and abrasion, the
main purpose of this study was to develop both gualitative
and quantitative analyses and data for the dynamic processes
which occur on the aggregate surface. Scanning electron -
microscope cbservations were completed on both field and
laboratory samples to evaluate the polishing, abrasion and
weathering processes., Chemical and x-ray diffraction analyses
were also completed in order to explain the mechanisms
and chemistry involved during the weathering process.
Laboratory tests were completed to obtain quantitative
information on the weathering effects on skid resistance
performance (i.e., PSV).

A sumﬁary of the study is given in the followiné
sections with an indication of the main findings and further

research needs.
7.2 NEW CONCEPT DEVELOPED FROM THE STUDY
7.2.1 POSITIVE AND NEGATIVE REJUVENATING PROCESSES
The positive and negative rejuvenating processes
are weathering processes on the aggregate surface caused

by precipitation, and in some cases by the use of chemicals

during winter periods (i.e., ice melters, salt, etc.).
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Positive rejuvenation occurs as a result of chemical
reaction between the aggregate surféce and the solution
(precipitation), in which crystals form on the surface
and grow with time. The crystals formed depend on the
type of aggregate and solution, and in some cases, the
crystal growth can be very extensive (limestone, for
instance).

In contrast, negative rejuvenation is caused by
the leaching of aggregate components into the solution,
creating microcracks on the surface of the aggregate.

For steel slag, the unique Ca0O/Fe0O composition and calcium
aluminoferrite results in the development of deep micro-
cracks which enhance the skid resistance performance.

In general, both of these processes occur during weathering;
however, their effectiveness in enhancing long~term skid
resistance depends on the hardness of the surface texture
(resistance to polishing and abrasion), chemical composi-
tion of both the aggregate and the solution, rate of the

process, and chemical reactions between the components.
7.2.2 POTENTIAL REJUVENATING VALUE (PRV)

The Potential Rejuvenating Value (PRV) is a
potential valude to which the peolished or repolished sur-
face of the aggregate can rejuvenate during any weathering

process. The PRV is an upper bound PSV, and it only
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develops under conditions in which no polishing or abra--
sion interacts with the weathering process. The PRV for
aggregates, as qualitatively measured in the study were :
52 for traprock; 90 for limestone; 72 for Dofasco steel
siag; and 81 for blast furnace slag.

The PRV is only a potential value, which explains
how much rejuvenation can occur on polished aggregate
surfaces. Igsdvalue does not represent the fquality" éf
skid resistance performance for an aggregate, since other
factors such as PSV and AAV govern skid resistance
performance. However, its value can provide information
on the behaviour of aggregates under wegﬁhering conditions,
such as chemical activity, stabil;ty of aggregate components,

etc.

7.3 LABORATORY STUDY OF WEATHERING
(QUANTITATIVE ANALYSES)

Basically, the laboratory study was divided into
three parts : long-term weathering; short-term weathering;
and cyclic weathering. From both the long-term and short-
term weathering studies, the Potential Rejuvenating Value
concept was developed. The cyclic weathering study in-
dicated that weathering only occurs during the contact

of the aggregate surface and the solution (precipitation).
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Dry cycles'resulted in no PSV changes, while rejuvenation
occurred and continued during wet cycles.

The short-term weathering study indicated that
the process occurring on the road during precipitation is
accelerated weathering, since during precipitation new,
fresh water is always introduced to the surface of the
aggregates. Therefore, the findings from the long-term
weathering study can be applied to both short-term
weathering and the actual weathering at the road.

In general, the simulated weathering due to syn-
thetic rain provided the highest PSV increase, while the
simulated weathering due to CaCl2 or NaCl solution was
found to inhibit the rejuvenating process. Limestone was
found to be the most active aggregate during the weathering

process, while there was little weathering of the traprock.

7.4 CHEMICAL AND X-RAY DIFFRACTION ANALYSES
%

Both the chemical and x-ray diffraction analyses
were found to be useful in supporting the findings from the
other parts of the study. The chemical analyses, which
provided information on the chemical process of weathering,
and the x-ray diffraction analyses, which provide infor-
mation on both the surface characteristics and the crystals

formed, indicated that the weathering process during
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precipitation is a purely chemical process. Chemical
analyses revealed that since aggregates consist of many
oxides and/or hydroxides, the solutions (precipitation)
which are acidic (such as urban and industrial rains)
greatly effect the weathering process. On the other (\\
hand, the presence of salts generally inhibit: the |
chemical weathering process.

The x-ray diffraction analyses indicated that,
in general, the crystals formed on the surfacé of the
aggregate have the s;me composition as the composition of
the aggregate surface. This confirmed that these crystals

were formed as the result of chemical reactions between

the aggregate surface and the solution.
7.5 SCANNING ELECTRON MICROSCOPE (SEM) OBSERVATIONS

The SEM was used to observe the effect of polisping,
abrasion and weathering on the aggregate surface textufé.
Aggregate samples which were subjected to polishing,
abrasion and weathering in highway test sections, as well
as sample subjected to the same processes in the laboratory
were examined in the SEM. These observations revealed that
the polishing process tends to effect tﬁe micro-texture of
the aggregate, while wear or abrasion effects both the macro
texture and the micro-texture. The micrpotexture quality

~after abrasion depends on the initial micro-texture and the
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physical and chemical characteristics of the aggregates.

Further observations on both laboratory and field
samples revealed that micro-texture is an important factor
which establishes the PSV of an aggregate. Furthermore,
secondary micro-texture is the key to high, long-term skid
resistance performance of aggregates. Core samples taken
from the Highway 401 Test Sections showed that steel slag,
which has a mediumlg%condary micro-texture, and medium to
high primary micro-texture, has a good PSV.

Finally, the concept of positive and negative
rejuvenating processes was introduced as a major contri-

bution of the SEM study.
7.6 RECOMMENDATIONS AND FUTURE WORK

The primary goal of the study was to evaluate four
types of aggregate that are readily available in Ontario
for use in skid resistant asphaltic concrete surface
courses. The study revealed that an 'iéeal" aggregate
should have a good resistance to both polishing and
abrasion, as well as the potential for rejuvenatioﬁ during
weathering.

Steel slag, with its good natural primary micro-
texture and secondary micro-texture, its resistance to

abrasion and polishing, and its unique CaO/Fe0 composition
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was found to be the most desirable aggregate evaluated

in terms of potential skid resistance. This is generally
in accord with field observation. Therefore, the con-
tinuing use of steel slag in asphaltic concrete mixes

i1s one way to reduce skidding accidents during the
provision of high gquality pavements.

In summary, the study yielded a lot of information
about the surface texture of aggregates used in Ontario's
asphaltic concrete surface courses, its influence on skid
resistance and effect of weathering. However, the study

should be continued as there is much more scope for further

work:
a. Influences of the combined action of polishing and
weathering.

An introduction to this aspect of skid resistance
was completed in the study, and showed some interesting
findings such as the resistance to PSV lowering during
re-polishing of steel slag, which may be due to the
development of microcracks on its surface. However,
further research is needed in this area.

b. Weathering influences on the skid resistance of field
test sections.

In addition to the laboratory tests, highway test
section observations should be made on a daily or

weekly basis to provide information on seasonal and
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short-term weathering influences on skid resistance
where traffic action is also involved.
Skid resistance study on mixed aggregates

Initial finding in this study revealed that the
presence of small portion of high skid resistance
aggregate might improve the aggregate mix as a whole.
Therefore, further research is needed to develop the
types and proportions of aggregate in the mixes, in

order to yield the best skid resistance performance.
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APPENDIX A :

X-RAY EMISSION ENERGIES FOR
THE XRD ANALYSIS

A



Table A.l.

Atomic
Number

OQONOCOUAWN

203

X-ray Emission Energies in kevV

Element

Hydrogen
Helium
Lithium
Beryllium
Boron
Carbon
Niktrogen
Oxygen
Fluorine
Neon
Sodium
Magnesium
Aluaminum
Ssilicon
Phosphorus
Sulphur
Chlorine
Argon
Potassium
Calcium
Scandium
Titanium
Vanadium
Chromium
Maganese
jron
Cobalt
Nickel
Copper
Zing
Galtivum
Germanium
Arsenic
Selenium
Bromine
Krypton
Rubidium
Strontium
Yebrium
Zirconium

Kgl

1.067
1.297
1.558
1.832
2.136
2.464
3.815
3.192
3.589
4,012
4.460
4,931
5.427
5.946
6.490
7.057
7.649
8.264
8.904
9.571
10,263
10.981
11.725
12.495
13.290
14.112
14,960

Kat

0.052
0.110
0.185
0.282
0,392
0.523
0.677
0.8%1
1.041
1.254
1.487
1.740
2.015
2,308
2,622
2.957
3.313
3.691
4.090
4.510
4,952
5.414
5.898
6.403
6.930
7.477
8.047
8.638
?.251
9.885
40.543
11.221
11.923
12.648
13.394

Lp¢ Lt
0.948 0.928
1.032 1.009
1.122 1.096
1.216 1.186
1.347 4.282
1.419 1,379
1.526 4.480
1.638 1.587
1.752 1.694
1.872 1.806
1,996 1.922
2.124 2.042
(continued)
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#
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Atomic
Number

41
42
43
44
45

47
48
49
S0
51
52
53
S4
55
56
S7
S8
59
60
61
62
63
o4
65
66
o7
68
69
70
71
72
73
74
75
76
77
78
79
80
81
82
83
84

204

Element

Niobium
Molybdenun
Technetium
Ruthenium
Rhodium
Palladium
Stilver
Cadamium
Indium

Tin
Antlmony
Tellurium
lodine
Xenon
Cesium
Barium
Lanthanum
Certun
Prasceodymium
Neodymium
Promethium
Samarium
Europium
Gadolinium
Terblum
Dysprosium
Holmium
Erbilunm
Thulium
Ytterbium
Lutecium
Hafnium
Tantalum
Tungsten
Rhenium
Osmium
lridium
Platium
Gold
Mercury
Thallium
Lead
Bismuth
Polontum

Lot

2,257
2.395
2,538
2.683
2.834
2.990
3.151
3.316
3.487
3.662
3.843
4.029
4,220
4.422
4.620
4.828
5.043
54262
S5.489
5.722
5.956
6.206
6.456
6.714
6.979
7+249
7.528
7.810
8.103
8.401
8.708
9.021
9.341
Q.670
10.008
10.354
10.706
11.060

Lae

2.166
2.293
2.424
2.558
2.696
2.838
2,984
3.133
3.287
3.444
3.605
3.769
3.937
4.111
4.286
4.467
4.651
4.840
5.034
5.230
5.431
5.636
S.846
6.059
6.275
6.495
6.720
6.948
7.181
7.414
7.654
7.898
8.145
8.396
8.651
8.910
?.173
?.441
?.711
?.987
10,266
10,549
10.836
11.128

M«L

0.033
0.883
0.978

1.084
1.131
1.185
1.240
1.293
1.348
1.406
1.462
1.521
1.581
1.645
1.710
1,775
1.843
1.910
1.980
2.051
2.123
2.195
2.271
2.346
2.423
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APPENDIX B :~

MTC ASPHALTIC CONCRETE PAVEMENT
TEST SECTIONS : HIGHWAY 401, TORONTO
BYPASS

B.1 LOCATION OF TEST SECTIONS -

The MTC test sections are located on Highway 401
(Toronto Bypass). They were constructed on a 2.4 km
section of the westbound express lanes immediately west
of the Allen Expressway. The sections consist of 18 in-
dividual asphaltic concrete overlay sections, and each of

them varies in its type of mix and/or aggregate content.

B.2 TRAFFIC DATA
The average daily traffic volumes for each of
the three traffic lanes are shown in Table B.1l (16).
The traffic data are based on recordings from 28, twenty-

four hour periods in 1975.
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Table B.l. Traffic Data on Highway 401

DESCRIPTION DRIVING CENTRE PASS ING
LANE LANE LANE

Total vehicles

12900 17300 14600
pec day

Commercilal vehicles

3740 1900 150
oer day

B.3 ASPHALTIC CONCRETE MIX DESIGN INFORMATION

Table B.2 shows all of the information about
the test sections which is relevant to the study. Further
information about the test sections is available in the

report by Ryell, et al (16).
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Table B.2. Asphaltic Concrete Mixes, Composition and
Design Data of Highway 401 Test Sections
TEST M1X COARSE FINE
AGGREGATE * AGGREGATE
SECTION TYPE + No. 4 - No. 4

1 HL 1 45TR 41NS
14LS

2 HL 1 45TR 41NS

14TRS

3 HL 1 45TR 55TRS

4 HL 1 855TR 34NS
11LS

5 HL 1 60TR 28NS
10LS

6 HL # 60TR 38TRS

7 Modified HL 1 45SL 58SLS

8 Modified HL 1 S0SL 38NS
12LS

Q Modifiled HL 1 45BF S5BFS

10 Modiflied HL 1 40BF 45NS
15LS

11 Sand Mix 14TR 84TRS

12 Sand Mix 9TR 89TRS

13 Open Graded 67TR 33TRS

14 Open Graded 67TR 31TRS

15 Open Graded 30TR 70TRS

16 Open Graded 30TR 68TRS

17 Mastic ) 70TR 19TRS

18 HL 1 45TR 41NS
14LS

Notes: * Number Lndicates percent welght of aggregate

NS : natural sand

S : screenings
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APPENDIX C :

WEATHERING INFLUENCES ON HIGHWAY
401 TEST SECTIONS
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Figure C-1. Weathering Influences on Highway
401 Test Sections : Driving Lane

Note:

Precipitation readings were obtained from Downsview
Airport, which is the closest Meteorological Station
to the test sections (23).
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Figure C-2. Weathering Influences on Highway
401 Test Sections : Centre Lane

Note:

Precipitation readings were obtained from Downsview
Airport, which is the closest Meteorological Station
to the test sections (23).
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Figure C-3. Weathering Influences on Highway 401
Test Sections : Passing Lane

Note:

Precipitation readings were obtained from Downsview
Airport, which is the closest Meterological Station
to the test sections (23).
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APPENDIX D :

INTERPRETATION OF XRD
ANALYSES OF AGGREGATE WEATHERING

D.1 ANALYSIS PROCEDURE

There were four types of coarse aggregate analyzed
by the x-ray diffraction method:
a. traprock;
b. limestone;
c. Dofasco steel slag; and
d. blast furnace slag

These aggregates were polished using the British
Polishing Machine (BS 812, reference 6); some are analyzed
after polishing, and the other subjected to artificial
weatﬂéring in:
a. distilled water;
b. rainfall water;
c. synthetic rain; and
d. 1% by weight CaCl, solution.

The synthefic rain composition is given in Chapter
3.6.2. Chemical analyses for all of these solutions are

provided in Appendix I.
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The aggregates were subjected to simulated
weathering for a period of 6 days, 15 days or both.

After the simulated weathering, they were examined using
the scanning electron microscope {(Cambridge stereoscan
SEM). The overall results are given in Chapter 3.

During this period, these aggregates were also
examined for chemical elements, especially any contaminants
or crystals developed during the process of weathering.
This was done by the x~-ray diffraction method (XRD).

The results of these analyses are given in the
following sections.

D.2 SUMMARY TABLES

\\\% The results of the XRD analysis are given in

Tables D~1 to D-4. The explanation of the Table entry

numbers is as follows:

Example : W1D1/700/TA - 1

w : weathering process, all entries start with ﬁhis
letter
0/6/1 : Days in solution
0 = 0 days in solution (i.e. not weathered)
6 = 6 days in solution
1 = 15 days in soiution (first digit only)
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D/R/A/C Type of solution

]

D ,gistilled water

R

]
iginfall water

A

[l

synthetic rain
C = CaCl2 solution
(for 0 days, no entry)
1/3/5/7 : Type of aggregate
1

]

traprock

3

It

limestone

5 blast furnace\slag

7

Dofasco steel slag

700 magnification on the SEM during the XRD

analysis
{700 means that the sample was magnified
700X prior to the analysis)
TA/AR/SP : mode of analysis
TA : Total area (analysis on the
total area for given magnification)
AR : Area (analysis on part of the
area for the given magnification)
SP : Spot 5analys.i&;, only one sm;ll

area (dot) which is analyzed

-

entry number (number of the analysis)
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Table D-1. XRD Analyses for
Traprock
ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
DESCRIPTIONS
NUMBER Hic|N]oO|Nafmg|al|Si| P| S|Cl]| K |Ca|Fe]| Others
Polished ,
No weathgring *
surfece
charec+eris e wo\i/Seo/TA-1 v v | v
7
/ woi/s8/Ta-2 v | v v v
Poliohed s & “Y} [,
disNled water
e s e We P 1/1350/TA~1 v | v v
contammants WoeDi/1550 fep-2] * viv -
wept/1350/sp-3 v v
Wep/1350/sP- 4 v | v vl v
L4
WeDI/ 1380/AR -5 | v i
Polished , 15 days in
‘dishiiled water :
on aminante wini/igac/sr-1 v v v g v | v
wiol/180e /5P~ 2 v | v v v v | | #a
' wipi/ i18oe /5P-3 v v v | v
wio/ 180e/sr-4 1 S 1 31218 v v vl
6|l 616165
WiDl/ qoo/3r-S | Wl wl wilw v v N
w w n u o
wipl/qeo/se-6| @ | 8 | 8 [ O v v viv
wini/ 88o/se~7 HIEER AR v
.
wioi/8gofse.5| Q1 2121 2 v v v
2| = 3 -
- wint /17oo/sr-q| S| S| S| S v v v akd
wioi/17ee/sp 10 v v
Polishged , 'F ddys in
reinfaill  waber 1 .
Surface . -
haracrerstic WIR! [b4/TA-1 v v v v
wir1/1280/TA-2 v v s
Wik /2520 /TA-3 v v v v
Polighest , 15 days = g
L 2yndahe rain,
~J:»o-.-u-‘;.mni--- winl /28ee/an~1 - v v
~ HlAl/Z’c./Se-z 's v
wia/ 3150 /f50-3 iyl d v
wiai1/ 31S0/8P - 4 v iV v
Tohshad , FTaays in
Coclyg -Xsiubion
conbaminants wilt / ero/AR~t viv v 1
wici/ 630/ sP-2 viv v i

(continued)
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ENTRY LIST\OF THE MOST POSSIBLE. ELEMENTS
OESCRIPTIONS \ —

NUMBER HEic{Nn|O|Nalmglat|si] Pp]| s|CI{ K |Ca |Fe | Others
wici/12e60/3r-3 ! v | v v
wml/z.s'ao/sr-.(. v | v Vi I
wicl/zszo/sP-5 v | v
wici/ 2830/8p-4 , v v v | v

“"Iolalaia
=l = -
oloto | o
w W [ w
- - s
w w w w
(-} [} - Q 3
w ud w w
[--] -} & =
R
5l6iald .
4 -4 x x
HHEHE
6 [*] (& o

3
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Table D-2. XRD Analyses for
Limestone
ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
OESCRIPTIONS
NUMBER Hlc|n]o|naluglar|si|p ]| sfci| x|calFe]| others
Potished , .
No weathering 4
charmc teries MO3/ b4/ TA- i Y
wod/ 1240/ TA-2Z v |V v
Polished . '5 days in ’
dishiicd waigr
e s He w103/ 1308 /TA-1 v v v
WP 3/ 260w /Ta-2 v v v
wips/edo/TA-3 d v
wips/ 1240/ TA -4 v v v
wie3/13ce /AR-S , |t
WiP3 /2600 /5P-& . |
wip3/i3ec /5P~7 v
Polished , 15 Aays in
rainfall  waher
Mm‘racnr;shc wir3 /tioo/TA -1 v v
WIRS/Ziow/TA~2 b 3 CRERA v T v
olal&la
Wik Hes/8P-3 | Wl w | w | w v
1 e | =]
W u w w
wins/llee/sr-4] 8} 8| & || v v
1 wixd/21es /575 HIEAR-ER] v v
g g ro- e
wird/2iee/3r-61 Q| S| § g v v
Tolished 15 days W i i i i N
synshehi  rain vjoje}e
s crerisiie Wias/ 250/ TA-) v v
WIA3/ 1260 / TA-2 v v
Conbamingabs HIAI/ZSO/”-[ Vv v | v
Wind/250/5P-2 v v i v
WIA3/ 12b0/AR-3 e v
WIAY/ i2bo/SP-4 vV v %
W1IAd/126e/5P-5 v v
WiAd/28ae/30-6 % v
WiIA3/ 2Saa/sP .7 14 v
Wisnd/28ee/sp-8 v v
. W|A3/t“./5p.q v
Polished , ‘Fdoys in
Cacly selvhen
,’L\’Wufl:‘r:gnrilrl'c wic3/24ea/AR-1 i v v ]
(continued)

e

o
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LIST OF THE MOST POSSIBLE EBLEMENTS

ENTRY
DESCRIPTIONS
NUMBER H]lCI|N O |NalMg|al [Si]| » 8 | Ci K [ Ca | Fe | Qthers
Conbmminants NICB/M-oo/SP-Z v d
wic3/24c0e /sp-3 d v did
wica/120s/5p- 4 v v
wnc.;/n-o/sr-s v i
clalalae
e w w w
P [~ = [=
vlololo
w w o w
ol e | -
w w w w
ajolale ’
wl wl| w | w
o]lolala
o
sislale
z ! T z '
zlzlzl =
<! «| <« | <
Gl Olo} e
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XRD Analyses fé&vr
bofasco Steel Slag

ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
DESCRIPTIONS
NUMBER Hlc|n|olna|mglarfsi] e | s]|ci]| x|ca|Fe] othess
Tolished ,
Ne ~um¢nni
* charncherishc w°7/23q°/1“" y |+« v, | Mn
wo7/z3q0/sp-2 v v [V | M
WoT/2340/5p - 3 ViV | v v v M
lva7/2)qa/$r-4 v » v v { Mn
wo7/2349/Sp-8 v | v {Mn
Pehished , & days in
digdy Ned waber~ .3
Svrivce
Characrernic - |WePT/1a30/Ta v | v [Mn
wep7/1930/sp -2 v | v ] M
—
WeP7/193s/an -3 v v | Mn
Wer 7/ 2070 /3P4 v’ v v
contmming nis We P 7/ 204e/57.5 Vv
wep 7/ 2040/37-6 , ' v 1§
a .
wePT/2040/an-7{ w | S| S| & N ‘
>3 = B~
Polished, 'S #48ys in S S 3 <
disbilied water = oy . -
surface s1813138 a——
charmerermigbie. W"PT/Z‘O/TA., e o 1% ¥ | v [ M
W w w w
Wie7/ ihee/TA-2{ @ | @ | @ ]| @ v V| v [Ma
- b= g g
contaminants Wi 7/ 2800/50.3 g ) g g g v v i
izli=z{z
wipy/2ses/sr-4] S1 S 181 S v
wip7/ Heo/3P-5 vV 3 | Mn
A-
T Wi/ 1deo/AR-C Vi Y | » [ Mn
Polished , 15 daysin
ramfalii{ wakcr *
wt::uur-hh‘; wiR7/13ee/Ta I vV v |+ | Ma
WIRT/I3ea/3P-2 vlv] v |~ |Mn
<anibe minants WiR7/26es/3p-3 v | o | Mn
WiIRT/2600/5P-4 v v
WiRT/bsSo/3P-5 v’ v v | v | Mag
winy/130e/3r-6 v | ¥ [Mn
Polishgd , !5 days in
Syn+hehe rmin °
’""‘:,“_‘k‘_&% wiay feee/Ta-) v v
conimminenks WiA7/boe/sP-2 v v’
WiA7/2285e/5P-3 v v

(continued)
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DESCRIPTIONS ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
NUMBER HIC|IN]O[[NajMglAI {Si] P] S|ClI] K [Ca|Fe ]| Others
WL7/2350/ AR-4 ! y | v .
WiA7/21%60/ 3PS viv ] v v
WiIAT/2360/3?-& vl s
winy/23b0 [sp -7 v 14
wiaT/Sga [sr-8 v
Winy/ HHbo/Sr-4 v g
wiay/Nbo/spio v | v Y
Polished , 1% #3ys in B
<akdz seluven
’w{:::racurhh.c_ wie7/ éa/ TA =i %4 v |y {Mn
wic7/ 6350/ TAZ v v v ima
contaminants wicr/ esc/5r-3 v v | v | Mn
Wic7/1300/37-4 v v [ Mn
wicT/13ee/5pP-5 v

CANNOT BE DETECTED
CANNOY BE DETYECTED
CANNOY BE DETECTED
CANNOY BE DETECYED
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XRD Analyses for
Blast Furnace Slag

LIST OF THE MOST POSSISLE ELEMENTS

ENTRY
DESCRIPTIONS
NUMBER HIic | N|[OI[Naluglai|si|p] s]|Ci] K |Cal[Fe | Others
Folished . L
No uuﬂ\cv—mq
’vrv’;““"‘uﬂ_‘ko wos /treo/Ta-t v v
wor/ 67/ TA-2 v v
Polished , & days n
distiiled watrer
sor ‘“‘“"‘H,kh-‘ WeDS/ Zbwe/TA-| v v
WD S/27a8/TA 2] R /
contaminants WerS/26ee/5P-3 v
WepS /2600 /57 4 4
Wep5/27ee/5r-5 v v
wersS/ 270e/5P6 v
weps/27ea/sP-1 %
Polishad ;'S5 Adys in
dishitiad vabgr :
> au;c!vuhfc. W’bs/z""*"/"'t'i‘l Vv | v v
conduminani-s wIieS/2320/5P-2 S S S 8 vV I '
olGl61g
wipD s, { 3P~
wos/ibo/sP-3 wiw wlw v L v
w w wl w
wips/nbo/sp-4 | @l 0] 8| a v 1
w|w|w|w
wios/lbe/se-S5| @ | @ | @ | @ o1 v v e v
- = [ g el
wwws/ueo/sr-61 21 2122 viv v v
iz |z 2
wios/uee/sr-7{ 1 S| 5| S vV v | v | ma
wiPs/ uso/sp-8 Vv v | v
wips/NSe/sp-9q v v v v
Pohished 5 35 s In
rainfgil  wakgr
“’f-urnth'nxh.; WIRS /1245 /571 v
wWiks/1340/AR-2 v v
WIR S/2680 /AR-3 v
Contaminants wi !5/1340/5(-4 v Zn
wirs/ 1340/ 3?7 -5 v v v Zn
wies/2680/sP-0 v Zn
Polished , !5daye 1a
’Y‘"““ 2T T
wd;-“mchnﬁb{c- WIAS /$s0/TA-I i v
WIAS/Sg0 /AR -2
conbaminants WiAS/ eo/ sP-> 4 I

(continued)
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ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
DESCRIPTIONS
NUMBER HIC | NJO|[Na|Mg]AI |Si|P] S|CI| K }Ca|[Fe ] Others
WiAs/lloo/sP-4 vv v
Pelishcd , 15 daysin
Caciy selvien .
B e wics/232/Ta~1 v v
wics/23z/Ae -2 v v
wics/Neo/ar. 3 viv v
conraminants w|¢5/231/57—+ v v
wies/232/5p-5 v v
wics/232/5P=6 v v v
wics/2a2/sr -7 R v
wics/2338 [sr-8 v’ v
wics/2330/5r-4 v viv v’
wics/23%0 /3710 vilv v
alaolal e
w w w w
] =] - =
cijotltolo
w w [ w
- - - ~ [t
w w Y] W
clalaje
w ') w w
] -} -] <
P
5|58l 8
x|l zlz(| 2
zZ| 2|z
< < -« <
ojvVv]o] o
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The lis“ of most possible elements are summarized
from the complete listings of XRD analysis given in
section D.4. Gold and Paladium, which is the main content

of the coating, are not included in these tables.
D.3 CHEMICAL ELEMENT STATISTICS OF XRD ANALYSES

Final graphs, which summarize the findings obtained
in Tables D-1 to D-4 are given in Figures D-1 to Figures
D-4.

\

D.4 COMPLETE LISTING OF THE X ANALYSES

A complete listing of the XRD analysis as summa-
rized in Tables D-~1 to D-4 and Figurele~l:¢o D-4 were
given in Tables D-5. They contain the output analyses
provided by the analyzer. The centroid readings indicate
the x-ray emiss;on energies. From the Table A-~1l, one
can analyze the elements of the surface of crystal/
contaminant. Some small adjustments are necessary to
obtain the right element. These were done based on the
Gold/Paitadium reading which éxists due to the coating

applied on the aggregates.
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APPENDIX E :

INTERPRETATION OF XRD ANALYSES OF CORE SAMPLES
FROM HIGHWAY 401 TEST SECTIONS - ‘

E.l1 ANALYSIS PROCEDURE

Unlike the aggregates which were discussed in -
Appendix D,/éhé aééfégates discussed in this appendix
were obtained from the cores taken from the Highway 401
Test Sections during the Spring 3551979. Information on
‘these test sections is given in Appendix B.

Basically, there are three types of aégregates
involved: ' ‘

a. traprock;
b. Stelco steel slag; and
c. Dblast furnacé slag

Overall results ;f the_Sﬁ&/gtudy of these test

sgction aégregates are given in_chapter'4. The proceduré‘

adopted were similar-to those given in Appendix D.

1 jgd,
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E.2 SUMMARY TABLES

The' results of the XRD analysis are given in

3

Tables E-1 to E-3. The explanation of the Table entry

number is as follows:

Example : C3S5 - TR/2000/Ta-1
C3 : core number (in this case core number 3)
S5 s stub number (in this caée, this is stub
number 5)
(which contains a stone from
core number 3)
TR : Type of aggregate
TR : traprock:\
SS : Stelco steel slag
BFS : blast furnace slag
2000 magnification (in this case X2000)
TA/SP/AR see explanation in Appendix D
1 : entry number

E.3 CHEMICAL ELEMENT STATISTICS OF XRD ANALYSES

Final graphs, which summarize the findings—
obtained in Table E-1 to E-3 are-given in Figureé E-1 to
E-3. '

?



Table E-1.

XRD Analyses
(Highway 401

266

‘for Traprock

Test Sections)

DESCRIPTIONS

ENTRY

LIST OF THE MOST POSSIBLE ELEMENTS

NUMSER H

(o] NlONO‘Mg

At

Si

P

Ci

K {Ca [Fe | Others |

TesT S€CTION |

ComE s { , stub b 4

condmminants

™@/Aaqo/sP-1

TR/Sess/sP-2

1= /2430 /5¢-3

TR/ 2630/57 -4

TR/ 2430/SP-5

CORL fi 4 ,slobgp 2

conimmmanis

TR jago /5P~

TR/ 480/5P 2

TR /45s/3p -3

IR f43a /3P -4

TR /480/ 3PS

TR/480/5P-6

TR (480/3¢ -7

™ /4§o/ sr-8

TR/ 440/ %r-9

TR/ 440/5pP-10

CORE # 2, siubgs 3

CANNOY BE DETECTED

conlmminants

"

TR/ 1000/ 5P~

] 1R/ 1000/ 302

TR/ qre/ 5P -3

IR/ 470/50 -4

t™m/ar0/ 8PS

corg £ 2, ;l-ubf 4

surfwce, .
chameterone

TR /20e/Ta -1

TR/ Sew/TA -2

TR/S../ Ta-3

Contmminents

T®/420/ 5P -4

TR /480/s50 -5

TR/420/ 3P+ 6

TR/AgO/5P -7

CANNOY BE DETECTED

t Mn

AR AV AN AN

SEXSEXEN
AN AV AN AN

AN

AN

SIS Rl RN ix
AN

A

AN

AR A AN

CANNOT BE DETYECTED

CAMNOT BE DEVECTED

N SESERS

AN ARG AR AN

oY)

AYRIAIA

vV RN

N

YA RN AN AU AN AN

(continued)
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ENTRY LIST OF THE MOST POSSIBLE EBLEMENTS
DESCRIPTIONS
NUMBER Hlc|n|o[Nelug|ar|si| e ]| s|ct|x|ca|Fe ] Others
TR /dg0 [sr -8 v v
TR /ago/sp-q 1% v |V
CoREM 3,Shbg# s
’”‘;if“k,.,;k-; TR/ 2000 /TA =1 v | v »
TR /100o/TA -2 v v |
TR /1000 /TA-3 v v
contmminants TR /1aso /5P 4 v v | v
TR /i0s0/8P-& Vv |/ v
TR/ 1280/ 5P -4 v | v v |V
T/ 1eg0/350 -7 vl v V-
TR/ S0/ 5P-8 < el
IR/S550/sP-4 . o}V
. T /$8o/SP-10 k v 7 v
come #3,siubp & § ; Vg. E,
B teriny | TR/eo/ta-i| 8| 88| 8 - -
w w W W
"] T’ /12ee/TA-2 | O] G|} 9 | 3% viv
F T /2400 /TA -3 IR AR R v |
= e} ] o
Contuming nis T=/s60/sP-#] % g g 7 v
TR/$60/ 3-8 3131318 v
J TR /bbo/5P~6 v v |V
| TR/ bbo/SP-7 viv
™ /1200/57-8 v -
‘rl./.rzoc/sr,.q -
TEST SECTION 3¢
corne #4 ,shb ¥ 7
T ta reristae, | TR/ 500/Ta -1 viv 1 e e
£l T /1000/ TA -2 viv v i
T™ /tine/TA-3 i i v .i/
contaminants ] TR/HAO/SP-4 vV v
T™m/ l18a/S5C-5 e g N
TR/ iqe/sP- 6 2 - v |«

(continued)
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CESCRIFTIONS ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
NUMBER Hlc|N|O|Nafmglai]si] p] s|Ci|K|Ca [Fe| Others
TR/ 11q0/SP-7 i ) Vi v v v
TR /V4o/3r -8 | v v
TR /tqo/se-~ q v v | v
T™” /i1t4s /$P-10 v v ‘ v v
TR /Udo /SP =) v vl v
CORE £4£ , shubd 8
Bl robie | TR/SS0 /A= ¥ |ce
TR/ oc/ TA -2 V' | Bn
TR /leo/TA -3 1 v | o
™ /lloo/Th ~ 4 v jcr
cantaminents TR/ 230/ 5¢-5 ) v i K i
IR /2B8/5P-6 v : v
T /830/5pP-7 : v v
™/ese/3r-2 | S 8188 v | ¥ | Mn
65161815
corg #5, shuptt q Wlwiwlw
"‘"‘_"T,."';_‘-,_'_'_-“,_‘-G T /1058 /Ta =1 8/a|a|8 v v v
T® /2200 /TA-2| 8| & |8 | & v v viv
contmmmmants | TR/d20/5p-3 g ;S: g g v’ v
TR /420 /5P -4 5| 8|53 .
TR /d20/5P - S . viv v
TR/ 420/5P-6 v’
T™®/420/5P~7 A v v v v
TR /420/ 3P-8 ' v w iV
CORE K 5, Skub#F 10 ) 1.
%&g“r&‘»"},ﬂ:‘ e ™= /m/ TA-1 viv il et
S | TR/ 1200 1A 2 d . vl
TR /1200/TA -3 |V v| v
conbaminants m/:.o/sr.4 v v v
TR /Soo/sP>5 . i v v
TR/ See /5P 6 L viv v '
TR/ 260w /sr.’} N i vt v v
™ /25.'/”-’ 1 - v v
(continued)
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ENTRY LIST OF THE MOST POSSISBLE ELEMENTS
DESCRIPTIONS K -
NUMBER | cInNjoO|NafmMglaiisi]e| s]ct] x|ca]|Fe! others
conE # &, stub gt 11 -
"'"““f“" rers e T /2200 /TA -1 v | v = v
IR/SSes/Ta-2 v v P
Contmmina nis TR/260e/s5p-23 vl v e
TR/Z&.-/’P-# I Vv v
TR /2bee/sr-5 v e P
TR/ 2b0e /2P <6 v v v
CORE N 6, stub #t 12
E
Fl:;:r‘chtnsh':. ™/ 1000 /TA -1 v
TR /1cee/ TA -2 I ¥
Comtmminants Tr/ 200/ 35P-3 v | v v v
7a/zo-o/sr-+ viv ] v v | v
TR /2000 /5P -5 e N I%g
TRIzeen /57-6 F S12181 8 v v v |
AR
oclovlotlo
W w w w
- ot - -
w s w w
TEsST SgECTioN 13 : el B B
w W w w
CORE F i4 ,5tob# 2s aleja]la
[ b~ - -
contmminents Ris20/se-1 | S1 SIS |2 v v . id
zlz|lz |z
TR/S20/sp-2 | S| S| 8|S v o
TR/S2e/5P-3 i v
™/\028/50-4 v » v v
TR /1028/57-§ v v
TR /S1e0 /sp-6 vy v
CORE M 14, slum ¥ 26
conlnminants TR/4 70/ 5P~} v 14
TR/ 470/ 5P -2 v Vi
TR/q7e/5p-3 v i
TR/ C7a/SP -4 v v v
| TR/470/AR-5 v Vi
™ /ATe /3P4 4 v v Y
TR/q70 /5P~7 v]v v v | v
corRg fis, vk 27

(continued)
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ENTRY

LIST OF THE MOST POSSIBLE EBELEMENTS
DESCRIPTIONS
NUMSER Hic|{n|O|Nalmglar|si| e | s|ct] x|ca|Fe]| Others
Contmminants “/570/ SP- | L v " I
TR/ S70/5P-2 v |- v
TR it4ea /5P-3 v -
TR/ n4c/sr -4 v v o1
YR/ 2280/5P-5 v v | v
TR/ 32B80/57 -6 Ve
Tr/2280/5P-7 4
corE Y IS, slopft 28
ceriamments TR /2200 /571 v | v
TR R2ea /5P-2 v [P
TR /2200 /5F-3 e v | v
™ /2200 /57-4 1% v | v
TR /2200 /5P-S v v
2.
. al aoalaleo
\ w w W W -
< AR —
2 wlwiw W ‘
Y w \’; w w
Q a -3 Q .
Wl ow W ow
ol w|lo|a
P Yo
51555
zj{zl =
HEHE
wiolo] o

v




Table E-2.
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XRD Analyses for Stelco Steel Slag
(Highway 401 Test Sections)

ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
DESCRIPTIONS . =
NuUMBER HiCc|N]O|NalmMg Al |Si] P | s ]|Cl] X |Ca]|Fe]| Others
TEST sRcTiod 7
CORE R 7 ,subit s
* Ch‘nnﬁtnshé 35/ 1000/ TA-1 v
$s/\ioo/ TA-2 v
5s/2i108 /T3 v
Condaminents S8 f4TS5/Sp -4 v v | v
$s /4+75/ 3P -5 v
ss/475/5p -6 v | 7 v Zn
s3/ 47s/sP-7 v v
e
/ ss/475/35P -8 v | v v v
corup 7, skub # 14
Surfece . - i
u  echenahe | 557 45° /Ta-y v
s8/q %0/ Ta -2 v v
ss/1050/ TA-3 u°1 S S1a v
olslols
conimminants 3s/1760/57-% Wiwlw )W % v
w w w u
ss /176c/sp-5} @ | 68| a]Qq v | v iV
ss/ 1760/3P -6 = g : g Vv v
'R
ss/vée/sr-71 2121 3| 8 v v |¥ |Mn
zjz|=z|z
ss/ 17e0/3r-8 3|3 bl i
$s/ 8%80/57-9 v Vv
ss f440/57-10 v
)
CorRm K §,svbppisS
surfmce
chamcierishe 53/s50/TA-\ v
ss/tos0 /TA-2 v
55/)lies /ta-3 v
Zonimmingnts ss/4s0 /5P-4% v v
ss/450 /SP-5 4 :
CORK ¥ 8,3k ki6
’"Tui‘mu;uu.«. Ss/528/TA -1 viv, v
$5/ iSO/ TA-2 Yy v 3 v ]v
”/2:0./11 -3 1% Viv
conteminants $$/460/ 574 v v

(continued)
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ENTRY LIST OF THE MOST POSSIBLE ELEMENTS
DESCRIPTIONS
NUMBER Hic|IN]JO|NafMglat{sSi| P | s]|ct| K |Ca]|Fe!| Others
[ 53/46e/5p-5 v v | v |
| s8/4e0/sp-C v | v
53/ 460 /SP-7 viv
$s/46o0/sr -8 v vl
ss/ 18Sa/SP-9 vl v v
core g, sthb 17
<O nbmminants s /ilao /AR v vl
Ss/Neo /AR -2 v v
s5s/1Wao0 /sp-3 viv |ece
ss /li4o/sPr-4 v v | v |er
CoRE #9, Sheg ig
>
Vﬂ:-::racww'sh'c ss/6z0/TA I v v iy
ss/e2S/va-2 | ~ <r
55/625/ TA -3 § il B § v v
=1
ss/iea/sr-4l Gl Q&8 v v v
w E w W
contmminanis ss/llee/sp-s{ @ | Q| o} a v B v | v
o wl wl wiw
h -] = -] a
5| sla|e
x|l z2| 2] X
|z =2
S{3|3]|3




Table E-3.
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XRD Analyses for Blast Furnace Slag
(Highway 401 Test Sections)

ENTRY LIST OF THE MOST ROSSIBLE ELEMENTS
DESCRIPTIONS e
NUMBER Hlic|I N[O |Na[Mg[at[Si| e[S |[Cl] K|Ca|[Fe]| Otners
TESY SECTION 9
’
corE Fi0, shub g iq f
cOntmminants BFS/bos /sP-1 d Y
3Fs/1208/5P-2 v
BFS /1200/5P-2 v v
BFs/12ce/S7-4 g v |
ars/ 12ee /5P-5 v 4
BFs ) 2400/57- 6 v v
BFs/24ee/s5t-7 v
BPS/ 2Zaoco/5P-8 ’ v v
BKES/2400/50 -9 v v |y
Brs /Zeco/SP-30 v v v
corg R 1D, Shob P 2o
Serfmce - R N-EN- -1
charmcteris e 3ES/lioe/TA ) Wiw|w ) w v ol
contmminants bFs/Hoo/-f?-z 3 2 3 3 v | v %
o] ol o ™
w w W W
3Fs/Uea/sp-3] 81 @1 | @ v viv
~ Wi w w w |
BrRs/Neo/sPr-4 | @l 8| @ | a v v
- [ - | g -
B¥s/noo/sr-5s| 21 2121 8 v v v
1z x|z
cCorRg Fin, show F2 5 3 5 3]
* chame heréhe ’“/'3“/1"-' v v
BFs/3ve/AR -2 v v |V
BE5/ 13e0/AR -3 v]v IS v
conimminanis ors Jiqe/s?-4 e % v
BFs /6ao/3p-5 v v
> Brs/130e/5P-6 v viv |
>
Bxs/ 130e/5P -7 v v | M
855/ lea/SP-8 viv v
$¥s/ lhee/3r- 9 v v
B¥s/as/sP-t0 v v
N Bs /[ 1hoo/SP= 1l . v v v
MES /2000 /5P12 v v
CokRgL 5, shb 22

(continued)
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LIST OF THE MOST POSSIBLE ELEMENTS

ENTRY
DESCRIPTIONS
NuMmBeRr HIC N O |Najugia St Pl s fct] xica|Fe| others
S S erishi ®Fs /25 / AR~} 5 ) v v
ors/bso0/an -2 v v
Contmming nis BFs/2%a/37-3 »
BFs /280/35¢-4 : v
Brs/2¢0a/5P.8 v
Brs/és50/5r-¢ ’ - v -
Brs/és0/SP-7 v v
core iz ,shubgt 24
Contmounanss B¥Ts /4so/sP-1 v v vl
Brs/qao/sP-2 v v
Fs/1mne/sr-> v v v
Brs/1880/5p-¢ v I v V|
-
a
clofS]8
ol B B~ -
Plolofo
| W | o
NN
w - w -
Q o a [~}
w
glsfuy
&
T = | e -
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Figure E-1.

Chemical Element Statistics
for Traprock (Highway 401
Test Sections)
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Figure E-2. Chemical Element Statistics

for Stelco Steel Slag
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D

E.4 COMPLETE LISTING OF THE XRD ANALYSES

Table E~-4 contains a/éomplete listing of the

XRD analysis as summarized in Tables E-1 to E-3 and

Figures E-1 to E-4. For further explanation, see Appen:

dix D.
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APPENDIX F :

PSV READINGS FOR LONG
TERM WEATHERING STUDY

The results of long-term weathering study are

*

given in Table F-1.
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APPENDIX G :

©  PSV READINGS FOR CYCLIC
WEATHERING STUDY

The results of the first phase of cyclic
weathering are given in Table G-1; and the second phase

of cyclic weathering are given in Table G-2.

N /

e
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Table G-1. PSV Readings for Cyclic
Weathering - Phase 1

a.TYPE OF AGGREGATE/: Traprock

CYCLE
wet dry | wet| dry wekt
TYPE OF SOLUTION No. of DAYS
0 1 2 3 4 )
Distilled water 47 49 49 49 49 49
Railnfall water 49 50 50 51 51 51
Synthetic ratnwater 47 48 48 49 4Q 49
1% by wt, CaCl, solution 48 47 48 48 49 48
b.TYPE OF AGGREGATE : Limestone (Canada Crush)
CYCLE
Tv oF N wet dry | wet | dry wet
PE SOLUTIO No. of DAVS
0] 1 2 3 4 S
Distilied water 51 S 55 55 56 58
Ratnfall water, 46 69 70 80 80 |,84
Synthetic ralnwakter ) 53| 71 73 79 80-1 84
1% by wt, CaCl, solution 48 49 50 48 51 47

(continued)
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c.TYPE OF AGGREGATE : Dofasco Steel Slag

CYCLE

wekt dry | wek| dry wet

TYPE OF SOLUTION

No. of DAYS

y o 1 2 3 4 5
Distilled water 54 58 58 63 62 63
Ratnfall wakter 52 54 54 53 53 53
Synthetic ratnwater 55 68 70 70 69 71
1% by wt, CaClg solution 49 48 a7 46 49 45

d.TYPE OF AGGREGATE : Blast Furnace Slag

CYCLE

wekt dry | wekt | dry wet
T
‘IXQE OF SOLUTION No. of DAVS

v . o] 2« 27 s aT s
Distilled water 55 | 55 | 55 | 55 | 55 | 55
Rainfall water 54 | 55 | 55 | 55 | 55 |\s5
Synthetic ratnuwater 59 | 6¢ 70 | 72 72 77
1% by wt. CaCl, solution ss | s7 | s7 | 57 | 57 | 57

LY
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Table G-2. PSV Readings for Cyclic
Weathering - Phase 2 >

a.TYPE OF AGGREGATE : Traprock

CYCLE
TYPE OF wekt dry | wet | dery | wek | diry wek
SOLUTION No. of DAYS

0 1 3 4 6 7 e 10

Distilled water 47 50 50 50 50 50 50 51

Ralnfall water 48 48 49 49 50 50 49 49

Synthetic railn 47 49 49 S0 50 50 S0 51
1% by wt, CaClga

solLution 47 47 48 48 48 48 49 49

b. TYPE OF AGGREGATE : lLimestone (Canada Crush)

- CYCLE
TYPE OF wet dry | wet| dry| wekt] dry wet
SOLUTION 4 No. OF DAYS

0 1 3 4 6 7 Q 10

Distilled water s2 | s6| s6| s7| 57| 57| s6| 57

Railnfall water 48 70 72 81 82 86 88 89

Synthetic rain 53 71 71 81 81 88 38 89
1% by wt. CaCla

solution 46 49 49 50 50 50 50 50

{continued)
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c. TYPE OF AGGREGATE : Dofasco Steel Stag’

CYCLE
TYPE OF webt dry | wet | dry | wet | dry wek
SOLUTION No. of DAYS

0 1 3 4 6 7 Q 10

Distilled water 59 63 63 64 b4 65 65 65

Ratnfall water 51 53 51 51 51 53 53 53

Synthetic ratn S6 | 671 67 ] 69 69| 70| 70| 74
1% by wkt, CaCl,

solution 47 48 48 48 48 48 49 49

d. TYPE OF AGGREGATE : Blast Furnace Slag

CYCLE
TYPE OF wekt dry| wet| dry| wet| dry wet
SOLUT!ON No. of DAYS

0 1 .3 4 6 7 9 10

bistilled water 55 55 55 56 56 56 56 56

Rainfall water 54 54 54 54 54 55 55 S5

Synthetic railn 57 68 68 74 75 79 80 82
1% by wkt., CaCl,

solution 56 56 56 57 57 57 57 57




The
weight NacCl
part of the

The results
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APPENDIX H :

PSV READINGS FOR SPECIAL
STUDIES ON WEATHERING

results of long-term weathering in 1% by
solution are given in Table H-1l. The second
special studies is the short-term weathering.

of this study are given in Table H-2.
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APPENDIX I :

WEATHERING EFFECTS ON
SKID RESISTANCE : CHEMICAL ANALYSIS

I.1 PURPOSE

The purpose of the chemical analyses was to obtain
information regarding the changes of PSV of the aggregates

under various weathering conditions.

I.2 METHODS

To monitor any chemical reactions which occurred
when the aggregates were subjected to simulated weathering,

a Hach Direct Reading Kit, Model DR-EL/2 waf used and pH

readings were tajen using a laboratory pH meter.

I.3 SAMPLING PROQCEDURE

There were a total of 20 samples (4 different

~aggregatessubjected to 5 different solutions). These

aggregates were traprock, limestone (Canada Crush), blast

farnace slag and Dofasco steel slag. The solutions were
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distilled water, synthetic rainwater, rainfall water
(Hamiltsn, May 24th, 1979), 1% by weight CaCl; solution
and 1% by weight NaCl solution.

Each of the samples containid about 150 g of
aggregate and about 200 ml of solution. Since this test
was conducted to find the chemical analysis qualitatively,
variations in weight of the sample will not affect the
results. The aggregates were submerged in the solution

for 2 days to obtain chemical quilibrium, as well as for

any crystallization and/or leaching process to occur.
I.4 TYPE OF ANALYSIS

The types of analysis selected were as follows:

1. pH Readings : All readings were taken using a Sargent-
Welch pH meter, model PBL.

2. Carbon dioxide (partial) : Check for the presence of
dissoive CO, in the solutions.

3. Chloride : Mercuric Nitrate titration method.

4. Hardness, Mg and total : Used only to find total
Hardness, Titration method - Man ver®y

5. Iron, total : Used only fof solutions from blast

furnace slag and steel slag.

1,10 phenanthroline method - Ferrover ®
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6. Nitrogen, Nitrate : Cadmium reduction method in
Nitra Ver®y
7. Sulfate : Turbidimetric method -~ Sulfa Ver@HI
For analyses No. 2 to 7, the Hach Direct Reading
Engineer's Laboratory Kit, Model DR-EL/2 was used. The

procedure of these tests are described in section I.6 (25).

I.5 TEST RESULTS

P

/
{
!

1. pH Readings
The pH of the solutions are shown in Table I-1.
Both the initial condition of the solutions and the
pH after soaking the aggregates is given (pH 7 is
normal, pH > 7.0 shows alkaline condition{ while as
pH.< 7.0 shows that it is acidic). Generally, the
results showed an increase of pH from the initial
condition.
2. Dissolwved CO>
The purpose of this test is to show the presence
of any CO3 in the initial solutions. The results of
these tests are given in Table I-2. Only qualitative
measures of CO; are given since this is the important

consideration.
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Table I-2. The Presence of Dissolved CO3
in the Solutions

TYPE OF SOLUTION dLsig:"ed
Distilled water +
Sgathetic railnuwater +
Rainfall water +
1 % by weight CaClL, sol. +
1 % by welght NaCL sol. + ]

+ positive (present)

- negative

Results from Table I-2 clearly show that distilled
water obtained in the laboratory cdhtains dissolved
CO2.
From the chemical reaction:

CO,5 + Hp0 == HpCO3 (weak acid),.
the distilled water contains weak acid, hence its
pH is lower than 7.0 as shown in Table I-2. The
CaCls and NaCl2 were madé from ¥Ydistilled" water,
therefore they also indicate the presence of weak

acid H2CO3. .
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Concentrations of chloride [Cl‘l in the solutions

The test results to determine the chloride [le]
in the solutions are given in Table I-3. Because of
the very high concentrat%on of chloride in the NacCl
and CaCly solutions ( 5000 mg/l), these solutions
ha& to be diluted for analysis. Table I-3 shows
that the concentration of chloride at the end of the
chemical reactions depends on both the type of solu-
tion and the type of aggregate. -
Hardness : Magnesium and Total

The results of this test, which was completed by
a titration method, are given in Table I-4. Except
for traprock in distilled water, the results indicate
that the condentration of Magnesium (and total) in
the solution increased after the end of the tests.
For the case of traprock in distilled water, the
final concentration is similar to its initial‘value.

. +
Due to the large concentration of Ca2

in CacCl,
solution, this solution had to be diluted for analysis.
Concentration of Iron Total in the solutions

J The results of the test are given in Table I-5.
Tests were not carried out for traprock and limestone
aggregates. As shown in Table I-5, the concentration

of i1ron total in the solutions increased after the

scaking of steel slag and blast furnace slag.
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Concentrations of Nitrate in the solutions

The results of the test are given in Table I-6.
For limestone and blast furnace slag, the concentra-
tions of nitrate decreased after the tests. For
traprock and steel slag, the concentrations of nitrage
after the tests depended on the type of solution.
Concentrations of sulfate in the solutions

The results of the test are given in Table I-7.
Except for stéel slag in rainfall water, all of the

concentrations of sulfate increased after the tests.

ANALYSIS PROCEDURES FOR THE HACH DIRECT
READING ENGINEER'S LABORATORY KIT

The following are the procedures of chemical

analysis performed in the study, provided by Hach DR-EL/2

Methods Manual (25):

l‘

Carbon Dixcide:

Titration Method for Water and Wastewater
APHA Standard Methods, 1l3th ed, 92 (1972)

Procedure:

1. Take a water sample by filling a 25-ml graduated
cylinder to the 25-ml mark with water directly
from the source, if possible.

2. Add one drop of Phenolphthalein Indicator Solution
and swirl to mix. If a pink color develops, there
is no carbon dioxide present. If a pink color does
not develop, proceed with Step 3.
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3. While constagEl& swi{&igg the graduated cylinder,
titrate the sample in e graduated cylinder with
Standard Sodium Hydroxide, N/44, until a light
pink color develops which persists for at least
30 seconds.

4. Multiply the number of ml of Standard Sodium
Hydroxide, N/44, used by 40 to obtain the mg/1
carbon dioxide (CO32).

Chloride:

Mercuric Nitrate Titration Method
for Water and Wastewater
APHA Standard Methods, 13th ed., 97 (1971)

Procedure:
1. Pipet 10.0 ml of the water sample into the 50-ml
Erlenmeyer flask.

2.#/Ad§ the contents of one Diphenylcarbazone Indi-
cator Buffer Powder Pillow and swirl to mix.

3. While constantly swirling the flask, titrate the
sample with Standard Mercuric Nitrate until the
color changes from yellow to purple.

4. Multiply the number of ml of Standard Mercuric
Nitrate used by 50 to obtain e mg/l chloride
(Cl). See Note A.

Note:

A. The results may be expressed as mg/l calcium
carbonate (CaCO3) or as mg/l Sodium Chloride
(NaCl) by multiplying the mg/l chloride (Cl)
by 1.41 or by 1.65, respectively. )

Hardness, Magnesium
and Total:

Titration Method - ManVerG’II
for Water and Wastewater
APHA Standard Methods, 13th ed., 179 (1971)

Procedure:
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1. Pipet 10.0 ml of the water sample into the 50-ml
Erlenmeyer flask.

2. Add, 3 drops of Hardness I Solution and swirl
to mix.

3. Add the contents of one ManVer II Powder Pillow
and swirl to mix.

4. While constantly swirling the flask, titrate the
sample with Standard TitraVer Solution, N/50,
until the color changes from red to pure blue.

5. Multiply the number of ml of Standard TitraVer
Solution, N/50, used by 100 to obtain the mg/l
total hardness (as CaCO03). See Note A.

Note:

A. The mg/l magnesium hardness (as CaCO3) can be

found by subtracting the amount of calcium
hardness. from the results of the total hardness
test.

Iron, Total

1,10-Phenanthroline Method

- FerroVer ®

for Water

APHA Standard Methods, 13th ed., 189 (1971)

Procedure:

1.

Take a water sample by filling a clean 25-ml
graduated cylinder to the 25-ml mark. Pour
the sample into a clean sample cell.

[
Add the contents of one FerroVer Powder Pillow
and swirl to mix. An orange color will develop
if iron is present. Allow at least 2 minutes
but not more than 10 minutes for the color to
fully develop and proceed with Step 3.

Fill another sample cell with about 25 ml of the
original water sample and place it in the cell
holder. Insert the Iron (FerroVer Method) Meter
Scale in the meter and adjust the Wavelength
Dial to 510 nm. Adjust the LIGHT CONTROL for a
meter reading of zero mg/l.

3
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4. Place the .prepared sample in the cell holder and
read the mg/l total iron (Fe).

Nitrogen, Nitrate

Cadmium Reduction Method -

Nitraver ® 1v .

for Water and Wastewater

APHA Standard Methods, 13th ed., 458 (1971)

Procedure:

1. Take a water sample by filling a clean 25-ml
graduated cylinder to the 25-ml mark. Pour into
a clean sample cell.

2. Add the contents of one NitraVer IV Powder Pillow,
stopper the bottle, and shake vigorously for one
full minute. A pink color will develop if nitrate
is present. Allow at least 3 minutes, but not
more than 10 minutes for the color to fully develop
and then proceed with Step 3.

3. Fill another sample cell with about 25 ml of the
original water sample and place it in the cell
holder. 1Insert the Nitrate Nitrogen (NitraVer IV
Method) Meter Scale in the meter and adjust the
Wavelength Dial to 525 nm. Adjust the LIGHT CONTROL
for a meter reading of zero mg/l.

4. Place the prepared sample in the cell holder and
read the mg/1l nitrate nitrogen (N).

Sulfate

Turbidimetric Method - SulfaVer® 1v
for Water
APHA Standard Methods, 13th ed., 334 (1971)

Procedure:

1. Take a water sample by filling a clean 25-ml
graduated cylinder to the 25-ml mark. Pour into
a clean sample cell.

2. Add the contents of one SulfaVer IV Powder Pillow
and swirl to mix. Allow at least 5 minutes but
not more than 15 minutes for the color to fully
develop and then proceed with Step 3.
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Fill another sample cell with about 25 ml of the
original water sample and place it in the cell
holder. Insert the Sulfate (SulfaVer IV Method)
Meter Scale in the meter and adjust the Wavelength
Dial to 450 nm. Adjust the LIGHT CONTROL for a
meter reading of zero mg/l.

Place the prepared sample in the cell holder and
read the mg/l sulfate (SO4).
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