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Foreword

The 13 papers in this volume are arranged in three general groups. The first six papers are on issues
related to subsurface drainage of slopes, embankments, and pavement subgrades. The first three
describe precipitate formation in subsurface drainage systems because of chemical breakdown of
certain types of aggregates, and the remaining three relate to drainage of granular bases, open-
graded layers, and jointed concrete pavement. '

The next three papers describe phenomena at the soil-fluid interface. The movement of fluids in
the subsurface is an important consideration in designing road structures to ensure adequate drainage
and to safeguard against contaminant migration into the right-of-ways from a contaminated
subsurface.

The last group of papers describes management systems for unpaved and aggregate-surfaced
roads. These papers provide either an overall look at the management systems, both computerized
and manual, or specific details of system components that are applicable to unpaved surfaces.







PART 1

Subsurface Drainage
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Alkaline Leachate and Calcareous Tufa
Originating from Slag in a Highway
Embankment near Baltimore, Maryland

BRrRUCE W. BOYER

A series of springs located along the lower contact of a slag bed 3 to
7 m thick sandwiched within an embankment for Interstate 695 in
Baltimore County, Maryland, discharges water with a pH of 12.5 to
13 and a dissolved calcium concentration of roughly 1000 mg/L. Fur-
ther reactions with atmospheric CO, cause this leachate to precipitate
copious quantities of calcite (CaCO,) in the form of surficial tufa,
interstitial cement within the fill, or fine powdery sediment in surface
water. Because of its high pH, the leachate is classed as a hazardous
waste, and the Maryland State Highway Administration has been re-
quired to construct a fenced enclosure and containment pond for the
springs and to haul away the leachate or treat it before discharge. The
cost of remediation had reached $1,000,000 by early 1994, when a
treatment plant using hydrochloric acid to neutralize the leachate was
about to begin operation. This case history demonstrates that great
caution should be exercised in use of industrial by-products as con-
struction materials. Although other recent studies have clarified the
mechanism of tufa formation, unanswered questions remain regarding
the mobility and fate of labile constituents other than calcium. Such

questions must be answered before such reactive materials are dis-

persed into the environment in the name of recycling.

During April 1986 the Maryland Department of the Environment
(MDE) notified the State Highway Administration (SHA) of a
suspected chemical spill on the right-of-way for Interstate 695
(Baltimore Beltway) near North Point Boulevard. The spill con-
sisted of a wet white solid on the face of an embankment below
one of the ramps. SHA hired a contractor to remove this material.
However, in October 1987, MDE found more of the material and
requested further action. When the contractor again attempted to
scrape up the deposit, its apparent source was exposed—a spring
on the embankment. Since the effluent from this spring had a pH
greater than 12.5, it was classified as a hazardous waste, and MDE
directed SHA to contain the discharge. SHA responded by con-
structing a lined containment pond in November 1987. Water from
this pond was periodically pumped out by a tank truck and hauled
to a secure permitted disposal site in another state. The cost of
this procedure (about $7,000/week) prompted a search for a more
cost-effective system and motivated a hydrogeologic study to de-
termine the source of the caustic discharge and identification of
any other responsible parties.

INVESTIGATION

Six alkaline springs have been found in the problem area; two are
perennial; the others flow only following precipitation events. The

Maryland State Highway Administration, 2323 W. Joppa Road, Brook-
landville, Md. 21022. :

springs can be located even when they are inactive because they
are all marked by patches of unvegetated soil and distinctive white
mineral deposits (often forming plumes that can be traced upslope
to a point source), which range from loose powdery sediment to
rigid crusts 20 mm or more in thickness. The crusts contain nu-
merous pores—molds of grass stems and other debris trapped by
the growing crust. On the basis of petrography, chemical analysis,
X-ray diffraction, and strong effervescence in dilute hydrochloric
acid, the crust has been determined to be largely calcite (calcium
carbonate). It resembles calcareous tufa, a deposit that forms
around some natural springs. Calcite also occurs in the fine sedi-
ment that carpets the bottom of the containment pond as paper-
thin rafts (like miniature ice floes) or a continuous skin on the
surface of the pond and as an interstitial cement that has lithified
the soil of the embankment near the perennial springs to a depth
of at least 300 mm.

The embankment in the study area is composed mostly of sandy
soil obtained by stripping native material from a large area im-
mediately east of the embankment, where aerial photographs rec-
ord a history of agricultural land use with no evidence of industrial
waste generation or disposal. Discontinuous clay lenses occur,
mostly in the lower part of the embankment. Sandwiched within
this natural material is a layer of slag that is apparently continuous
for hundreds of meters but varies greatly in thickness. The slag
consists mostly of sand to gravel-sized fragments of dark gray
rocklike material, which often contains vesicles- (round voids)
formed by gas bubbles trapped within the molten slag. Most of
the slag fragments have softer, light gray weathered ‘‘rinds’’ that
effervesce in hydrochloric acid, indicating the presence of calcite.
The slag also contains varying amounts of silt- to clay-sized ma-
terial, which is not readily identifiable, although it resembles the
slag in color. It may be residue formed by weathering and leaching
of slag or some other industrial waste.

The slag layer is believed to be the source of the alkaline seep-
age for the following reasons:

1. Samples of slag from borings and surface exposures on the
embankment gave reaction pH values of 12 to 13 when mixed
with distilled water. When leached with nitric acid, they yielded
very high concentrations of dissolved calcium and magnesium. In
contrast, soil samples of the nonslag embankment materials have
reaction pH values closer to neutral (5.5 to 8.0) and calcium con-
centrations averaging only 0.2 percent of those in the slag
samples.

2. All the observed alkaline springs are located along the line
where the bottom of a slag bed intersects the embankment surface.



3. The greatest volume of alkaline seepage is observed near the
area where the slag is thickest.

4. The major chemical constituents of the seepage occur in pro-
portions consistent with an origin by leaching of slag.

There is some doubt regarding the exact nature of the material
within the slag bed that is responsible for the high pH of the
leachate. The reaction pH of blast furnace slag is normally in the
range of 9 to 11; in one study, blast furnace slag from eight dif-
ferent sources yielded reaction pH values ranging from 9.4 to
11.7, with an average of 10.6 (I). This suggests that blast furnace
slag alone could not be responsible for the high pH observed in
the present study. However, there are published references to other
steel industry wastes that are more strongly alkaline, for example,
arc furnace dust (reaction pH 11.7 to 12.8), ladle refining slag
(11.0 to 12.7), A.O.D. converter dust (11.5 to 12.25) (2), an ‘‘al-
kaline sludge’” from coal tar processing with a pH of 14.0 and
high concentrations of phenols (3), and steel slag and slacker ag-
gregate (4). According to the contractor, the slag was “‘borrowed’’
from an abandoned railroad spur fill constructed 40 years ago.
The contractor believes that the material may have been blast fur-
nace slag, open hearth slag (a type of steel slag), or “‘plant refuse”’
described as ‘‘a conglomerate of residual slag and debris from pit
operations and refuse from plant operations after primary extrac-
tion of metallics by crane magnets.”’

HYDROGEOLOGY

The mostly likely conceptual model for groundwater flow within
the embankment is shown in Figure 1. The model assumes that
direct precipitation or stormwater runoff readily infiltrates the
sandy natural soil above the slag. The groundwater then moves
downward through the slag until it encounters the less permeable
clayey layers (aquitards) beneath the slag, which cause formation
of one or more perched water lenses that spread vertically and
laterally until they reach the surface of the embankment and erupt
as springs. If these lenses are not replenished by infiltration, they
will eventually shrink or totally disappear as water seeps down
and out of the embankment; this explains why most of the alkaline

TRANSPORTATION RESEARCH RECORD 1434

springs are ephemeral and cease flowing in a downward sequence.
The peculiar shape of the slag layer serves to funnel groundwater
from a large catchment area toward the perennial springs on the
east side of the embankment. :

The hydrogeologic model assumes that slag is the most perme-
able material within the embankment. Available data on hydrologic
parameters of slag are very limited. The coefficient of permeability
(hydraulic conductivity) of compacted granulated slag is reported
to be roughly equal to that of ‘‘clean’’ sand and gravel (5). It is
somewhat puzzling that a suspected high-conductivity perched aq-
uifer should exhibit slow protracted drainage through perennial
springs. However, there are several factors that could explain this.
First, slag may have unusual aquifer properties. Because the surface
of slag particles is rough and vesicular, a layer composed of such
particles should have an intergranular pore geometry different
from that of, for example, a typical quartzose sand or gravel. Also
because of the vesicles, a slag bed should have intragranular as
well as intergranular porosity. The result could be that a slag layer
would have a higher specific yield and a more protracted period
of gravity drainage than many natural aquifer materials whose
particle size distribution (as determined by sieving, for example)
is similar. Another factor could be that seepage from the overlying
less permeable natural soil recharges the slag aquifer at a rate
roughly balancing the rate of spring discharge. Finally, it is pos-
sible that aquifer discharge is choked by progressive carbonate
cementation of areas where seepage might otherwise occur,
thereby ponding leachate within the slag.

GEOCHEMISTRY

The major chemical species found in inorganic chemical analyses
of water from the main perennial spring are shown in Table 1.
The water is characterized by high concentrations of calcium, hy-
droxyl, chloride, sodium, and potassium ijons. When the analysis
is recalculated as milliequivalents per liter, it becomes evident that
Na* is almost exactly balanced by C1~, and Ca** is approximately
balanced by (OH)". The most likely explanation for this pattern
is that the leachate forms mainly by dissolution of two solids,
NaCl and CaO [or Ca(OH),].

Perched Water Table @

Permanent Water Table ?

Spring (Intermittent)

Spring (Perennlal) 0 0
' Meters

FIGURE 1 Cross section of embankment with conceptual groundwater flow model.
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TABLE 1 Concentration of Major Ions in 1-695 Slag Leachate

Ton
Units Ca’* OH" Na* Cr K* AP
Mg/l 1137 1048 557 859 50¢ 13.5
Meg/1” 56.74 61.62 24.23 24.24 1.28 1.50

“Milligrams per liter
*Milliequivalents per liter
Estimate based on a different analysis

Recent studies (4) have identified free lime (CaO) as the source
of the high calcium levels in steel slag leachate. Free lime (also
known as quicklime) cannot coexist with liquid water because it
irreversibly hydrates to portlandite, Ca(OH),, at earth-surface con-
ditions. This suggests that, given sufficient contact time, the solu-
bility of portlandite could set an upper limit on the concentrations
of Ca and (OH)™ in slag leachate if the system is isolated from
CO.,. The slag layer at North Point is largely protected from con-
tact with atmospheric CO, by the relatively thick blanket of over-
burden, the cemented soil zones, and the presence of perennially
water-saturated conditions in part of the slag. These factors favor
generation of a leachate dominated by calcium and hydroxide
ions. Once this leachate comes into contact with air, however, CO,
will begin to dissolve into the leachate, forming H,COs, most of
which will quickly dissociate to form (CO,)**, which in turn will
react with Ca** to form CaCO, (calcite). The solubility of port-
landite is roughly 2 orders of magnitude greater than that of calcite
at room temperature. This means that uncarbonated slag leachate
will reach supersaturation with respect to calcite even if only tiny
amounts of CO, dissolve into it, because the Ca®* content has
built up to very high levels as the result of prior exclusion of CO,.
Thus, steel slag leachate is unlike many natural waters in that it
can precipitate calcite without having the solubility of calcite re-
duced by heating, evaporation, or degassing of CO, from the so-

lution, although these factors can increase the degree of supersat-
uration and thereby speed up precipitation.

Because the North Point leachate was not analyzed for carbon-
ate and bicarbonate, published analyses from Ohio (6), which did
include these important species and were otherwise similar to the
North Point analyses, were used as input to WATEQ4F, a com-
puter program that calculates degree of saturation of a solution
with respect to various mineral species (7). The results (Table 2)
confirm that the most alkaline Ohio underdrain slag leachate is a
solution that is nearly saturated with respect to portlandite and
supersaturated with respect to calcite even at a cool springtime
temperature (13°C) and even though it has absorbed very little
CO, (as much as water at equilibrium with a partial pressure of
107""% atm CO,). This concentration is far below the atmospheric
concentration of CO, (107> atm) and even farther below those
found in many soils, where plant and microbial respiration pro-
duces CO,. The result is that slag leachate not only will continue
to absorb and react with CO, whenever it contacts the open air in
drainpipes or surface slopes, as is well known (4), but also will
react with CO, in soil pores. This property may explain the origin
of the case-hardened soils observed at North Point.

Further evidence that precipitation of calcite from carbonate-
poor slag leachate requires only addition of CO,, not heating or
evaporation, was provided by a simple experiment conducted in

TABLE 2 Log,, of Activity of Chemical Species in Solution and Saturation Indexes of Calcite

and Portlandite

Type of Solution

H,0 @ Equilibrium Steel Slag H,0 @ Equilibrium
With Ca(OH),, Leachate, With CaCO, & Air,

Species No CO,, 25° C Ohio, 13° C* 25°C

H* -12.5 -12.8 -8.4

OH - 1.5 -1.6 -5.6

Ca?* -2.1 -24 -3.7

CO,* (Not present) -3.8 -4.7

HCO;y v - 6.1 2.9

H,CO, " -12.5 -5.0

Peos " -11.2 -3.5

S. 1?2 " 23 0.0

Calcite

S. L 0.0 -0.6 9.7

Portlandite

“Concentrations from analysis in Reference (6); converted to activities using (7)
bPositive S.I. indicates supersaturation, negative S.I. indicates undersaturation, zero indicates

saturation



the Maryland SHA chemistry laboratory. Pure CO, from a pres-
surized tank was bubbled into a sample of North Point leachate,
causing a rapid precipitation of calcite accompanied by a steady
decline in pH. This process is in dramatic contrast to carbonate
precipitation in most natural environments, which is often trig-
gered by a rise in pH or a loss of CO, from solution.

Magnesium was not detected in the North Point leachate, and
very low levels of magnesium have also been reported in slag
- leachate in other areas (6). This lack of magnesium is surprising,
since magnesium is a major constituent of most slag and is a
common cation in natural groundwater. Either magnesium is not
dissolving from the slag or it is dissolving and then reprecipitating
within the slag layer or somewhere between the slag and the
spring. Computer manipulation of leachate analyses suggests that
both of these alternatives are plausible. A published analysis of
slag leachate from Ohio (6), which contained a relatively high
level of magnesium (4.4 mg/L) and was otherwise similar to the
North Point leachate, was used as input to WATEQ4F. Since no
data were available on dissolved silica, various assumed contents
of silica were added to the analysis. The results indicated that if
the Ohio slag leachate contained as little as 0.01 ppm dissolved
silica (a level several orders of magnitude below that found in
most natural surface and groundwaters), it would be strongly over-
saturated with respect to several high-temperature alkaline-earth
(Ca- or Mg-bearing) silicates that have been reported to occur in
fresh blast furnace slag or are similar to silicates known to occur
in slag (e.g., forsterite, Mg,SiO,, and diopside, CaMgSi,Os). This
finding suggests that these minerals, which do weather (albeit
slowly) in normally acid natural groundwaters, are unlikely to
decompose in the alkaline environment of slag leachate, and it
tends to support the conclusion of other reports (4) that the solutes
in slag leachate are largely derived from other sources, such as
free lime (CaO). The WATEQA4F results also indicate that if slag
leachate did originally contain even small quantities of dissolved
silica and magnesium or acquired them by mixing with natural
water, the resulting solution could be supersaturated with respect
to several Mg-bearing silicate minerals (talc and sepiolite), which
are known to form at relatively low temperatures. Even without
dissolved silica, the Ohio leachate is supersaturated with respect
to several low-temperature magnesian carbonate and hydroxide
minerals, including artinite, MgCO,-Mg(OH),-3H,0, and brucite,
Mg(OH),. Formation of brucite at earth-surface conditions is quite
plausible. In fact, standard laboratory methods for titration of cal-
cium hardness call for raising the pH to 12 to 13 (the same range
observed in some slag leachates) in order to eliminate magnesium
interference by precipitating all Mg as Mg(OH), (8). If the slag
leachate contained dissolved aluminum (as the North Point
leachate does) in addition to low levels of silica and magnesium,
the resulting hypothetical solution would be strongly supersat-
urated with respect to chlorite, a common product of natural low-
temperature weathering of magnesian rocks. Although chlorite
and other layer silicates are difficult to synthesize directly from
solution at low temperatures, they are readily formed by modifi-
cation of preexisting clays (9).

The above discussion indicates that there are a number of plau-
sible mechanisms that could be expected to scavenge Mg from
slag leachate. It also points to the need for research into the mo-
bility and fate of silica, alumina, and other constituents of slag.
Although calcitic tufa is the most conspicuous chemical product
of steel slag leachate, many other less obvious reactions are pos-
sible. For example, the chemical environment in slag leachate is
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quite similar to that within water-saturated cement paste, which
suggests that the alkali-silica reaction could occur (especially
when deicing salt is present) or that cementitious minerals could
form in or near buried slag. Such reactions could be beneficial or
deleterious, depending on site-specific conditions and design
goals.

The most important inorganic chemical constituents in the al-
kaline seepage that cannot be readily explained by leaching of
slag are sodium and chloride. These two ions occur in roughly
the same 1:1 molar ratio as in common salt (NaCl). Some indus-
trial wastes contain NaCl brine, but a more likely source is high-
way deicing salt. A rough estimate of the amount of NaCl depos-
ited on I-695 in the probable catchment area of the springs is
about 27 000 kg/year. Much of this salt dissolves and infiltrates
the embankment. Although not all of it reaches the alkaline
springs, enough probably does to account for the roughly 680 kg/
year of NaCl discharged to the containment pond.

Ions not directly involved in carbonate equilibria may have sig-
nificant effects on the precipitation of calcite. If water temperature
and concentrations of Ca®>* and (CO;)* are the same in two so-
lutions but one solution has a higher concentration of other dis-
solved ions, that solution will be less saturated with respect to
calcite because the activity coefficients of Ca** and (CO,)*" will
be reduced. The most significant of these ‘‘passive’’ ions at North
Point and in typical highway underdrain water are Na* and CI7;
since concentration of these ions varies greatly depending on
weather conditions and time of year, they may be important in-
fluences on seasonal variations in tufa precipitation.

If the flow rate and dissolved solids content (excluding NaCl)
of the springs are extrapolated, the embankment is losing roughly
1000 kg of solids in solution every year. The long-term effect of
this process on embankment stability is unknown.

The containment pond in which the spring water accumulates
often has a peculiar turquoise color. This was a cause of concern,
because some heavy metal ions (copper, chromium, and vana-
dium) can produce blue or green colors in solution. However,
these elements are not present in detectable amounts in the pond
or spring water. The color is believed to have a benign origin.
The water of many natural springs fed by carbonate (limestone or
dolomite) aquifers also has a blue or blue-green appearance. There
are at least eight springs named Blue Spring in Missouri alone
(10), and Maryland has the Potomac Blue Spring south of Cum-
berland. The cause of this color is probably the differential scatter-
ing of white light by particles of suspended carbonate minerals less
than 1 m in diameter. This ‘“Tyndall scattering’’ is basically the
same mechanism that makes the clear daylight sky appear blue.

Water from the main perennial spring contains two semivolatile
organic compounds (29 ppb napthalene and less than 10 ppb
methylnapthalene). Furthermore, the strong mothball-like odor of
napthalene is evident in some boring samples of the slag bed, and
all slag samples tested averaged about 1.5 percent organic matter,
which is significantly higher than the results for the nonslag soil
samples. The semivolatile polycyclic aromatics detected are coal-
tar derivatives, produced when coal is converted to coke, which
is then used to fuel the same furnaces that produce slag as a by-
product. The prime contractor for the I-695/North Point Boulevard
complex is also a major supplier of slag aggregate and has a
contract to do hauling at the giant Bethlehem Steel Sparrows Point
plant. This coincidence makes it more likely that the contractor
emplaced within the embankment slag contaminated by coal-tar
sludge and possibly other industrial wastes from Sparrows Point.
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REMEDIATION

Capping the spring is not a valid solution. Even if the conspicuous
perennial discharges could be sealed, the groundwater would sim-
ply back up until new outlets were established; the effect would
be cosmetic at best. Furthermore, it is undesirable to impede
drainage in an embankment, because this could increase pore pres-
sures to the point that slope failure occurs.

Removing the slag would entail excavating hundreds of lane-
feet of pavement and thousands of cubic yards of overburden, as
well as the slag itself, which might then have to be disposed of
as a hazardous waste. The monetary and other cost (traffic dis-
ruption, etc.) of rebuilding the embankment would be out of pro-
portion to any benefit to be obtained.

Various techniques for encapsulating or isolating buried wastes
to prevent interaction with groundwater are possible (e.g., slurry
walls, grout injection). However, the volume and areal extent of
the slag would make this strategy expensive, and introducing im-
permeable materials into an embankment would produce complex
and probably adverse affects on groundwater drainage.

Reducing leachate generation by minimizing infiltration into the
top of the embankment offers a reasonable first solution, and one
that could be pursued incrementally. Relatively inexpensive mea-
sures include repairing distressed ditch pavement, paving ditches,
and installing rebuts to catch pavement runoff before it can flow
onto grassy surfaces and infiltrate. As an extreme measure, the
entire top of the embankment could be capped with impermeable
material. However, since drainage control could not guarantee a
total absence of spring flow, management chose to have the leach-
ate treated and discharged. A pilot study indicated that bubbling
CO, gas through the leachate rapidly reduced the pH to non-
hazardous levels, but this technique was never employed on a full-
scale basis because of concern about the large quantities of calcite
sludge that it would have generated. Instead, a temporary treat-
ment plant housed in a truck trailer used HCl to neutralize the
leachate. Continuing problems with vandalism and corrosion of
the trailer by HCI fumes caused a return to pump-and-haul dis-
posal while a permanent treatment plant, also using HCl, was
constructed. Doubts remain about the suitability of a system that
will require repeated skilled maintenance and monitoring and that
involves leaving a hazardous acid substance in a vandal-prone
unmanned structure. :

CONCLUSIONS

Slag leachate acquires its high pH and calcium content through
hydrolysis of a man-made metastable compound (quicklime) in a
microenvironment largely closed to CO,. Once it moves out of
this environment and becomes subject to buffering by atmospheric
CO,, it dissolves CO,, precipitates calcite, and exhibits a decline
in pH. This process could be accelerated by bubbling CO, or air
through the leachate.

On the basis of the contractor’s account of its provenance, the
slag may have experienced decades of exposure before emplace-

ment in the I-695 embankment, which is itself over 20 years old.
This suggests that aging or weathering of some slags does not
guarantee their inability to generate troublesome leachate.

Conspicuous tufa is not the only form of calcite precipitated
from slag leachate. Cemented soils also form, affecting drainage
and vegetation of the subgrade. Precipitation of other minerals,
including carbonates, hydroxides, and silicates, is thermodynam-
ically favorable.

The caustic seepage from the I-695 embankment teaches an
expensive lesson; costs of remediation had reached $1,000,000 by
early 1994. Whatever the original motive for its use, slag has
certainly not turned out to be cost-effective in this instance. High-
way agencies are coming under increasing pressure to use indus-
trial wastes in construction. Some of these materials are attractive
from the standpoint of initial cost, performance specifications, and
availability, but they may involve risks that must be carefully
studied before these materials are accepted. More research needs
to be done on the mobility and fate of weathering products and
leachate constituents before industrial waste products are widely
dispersed into the environment in the name of recycling.
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Characterization of Base and Subbase
Iron and Steel Slag Aggregates Causing
Deposition of Calcareous Tufa in Drains

JiwaN D. GurTA, WILLIAM A. KNELLER, RANGAMANNAR TAMIRISA, AND EwA

SKRZYPCZAK-JANKUN

Tufaceouslike materials are observed clogging pavement drains along
highways in northeastern Ohio. These materials have also been found
in catch basins and spillways. Previous studies suggest that the orig-
inal free lime (CaO) in slags used as subbase materials is responsible
for the deposition of the tufa. To characterize these slags, X-ray dif-
fraction, energy dispersive X-ray, surface area measurements, CaO
solubility in anhydrous ethylene glycol (‘‘sugar test’’), and other
physicochemical tests were conducted on air-cooled blast furnace
(ACBF), open-hearth (OH), and basic oxygen furnace (BOF) slags.
ACBEF iron slag is composed of crystalline akermanite (Ca,MgSi,O).
Results of the sugar test indicate that this slag does not contain any
residual or easily available free lime. The ACBF sample exhibited the
lowest surface area and therefore is the least reactive with CO,-
charged waters. The OH and BOF slags, however, exhibit the presence
of CaO or its weathering equivalents such as Ca(OH), and CaCO,.
All these steel slags exhibit a high tufa-generating potential. Analysis
of the physicochemical tests of these steel slags indicates that they
are composed mainly of 3-dicalcium silicate (larnite), calcium ferrites,
wiistite (FeO), free lime (CaO), periclase (MgO), portlandite
[Ca(OH),], and calcite (CaCO,). These slags also exhibit high surface
areas and are more reactive with CO,-charged waters. Most highway
departments require that steel slags be aged or cured for at least 6
months before they are used. Sugar tests conducted on samples ob-
tained from different horizontal depths (up to 10 ft) in a stockpile
showed that the CaO (free lime) content increases with increasing
depth into the stockpile. Evidently some of the free lime is encapsu-
lated by insoluble silicates or is in occluded pores and has not come
in contact with CO,-charged porewater. Therefore, aging of slags by
exposure to- weathering does not necessarily decrease the free lime
content enough to prevent the formation of tufa. It is concluded that
the presence of CaO, MgO, Ca(OH),, and CaCO:; in slags is critical
in determining their tufa potential for use as base and subbase

aggregates.

Iron and steel slags have been used as base and subbase aggre-
gates in several northeastern Ohio pavement construction projects.
Along these highways, tufaceouslike materials have been observed
clogging many subdrains (I). These materials have also been
found in catch basins and spillways. Some of the drain outlets
have been observed completely clogged with tufa, creating water
retention and soft-pavement conditions. Furthermore, frost action
on the retained water results in severe distresses that also cause
premature failure of the pavement. Tufa deposition in these pave-
ment structures, therefore, leads to early pavement deterioration
and costly maintenance.

1. D. Gupta and R. Tamirisa, Department of Civil Engineering, University
of Toledo, Ohio 43606—-3390. W. A. Kneller, Department of Geology, Uni-
versity of Toledo, Ohio 43606-3390. E. Skrzypczak-Jankun, Department
of Chemistry, University of Toledo, Ohio 43606-3390.

The main component of tufaceous precipitates is calcium car-
bonate. It is termed tufa because it is similar to deposits that occur
in natural systems. Bates and Jackson (2) define tufa as a natural -
chemical sedimentary rock composed of calcium carbonate
formed as precipitate by the evaporation of natural water rich in
dissolved calcium carbonate. Research studies (3,4) have sug-
gested that free lime (CaO) in these slags is responsible for pro-
ducing tufa. ’

FORMATION OF TUFA

The chemical reactions between free lime and rainwater occur
under the pavement surface. The free lime reacts with rainwater
and forms calcium hydroxide Ca(OH), in pavement drains. The
formation of tufa from free lime is explained by the following
chemical reaction: :

Ca0 + H,0 = Ca(OH), 1)

The calcium hydroxide solution in the drain water produces pH
values of more than 11.0. Also, high concentrations of carbon
dioxide from the atmosphere and automobile exhaust react with
rainwater forming carbonic acid (H,CO,):

CO, + H,0 < H,CO, )

The carbonic acid reacts with calcium hydroxide forming cal-
cium bicarbonate [Ca(HCOs),], which is more soluble in water
than CaCO,,

2H,CO, + Ca(OH), <> Ca(HCO,), + 2H,0 3)

At the orifices of drains and in catch basins, the water from this
enriched solution of calcium bicarbonate evaporates because of
warm temperatures, and the carbon dioxide escapes into the at-
mosphere. This condition leads to the precipitation of calcium
carbonate and the formation of tufa:

Ca(HCO,), <> CaCO; (}) + H,0 (1) + CO, (1) @

Warm temperatures lead to increased rates of deposition of tufa,
whereas at cold temperatures the CO, remains in solution and
favors dissolution. These conditions lead to increased tufa precip-
itation during the summer months and less precipitation during
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the winter months. These chemical reactions clearly indicate that
the concentration of free lime, water, carbon dioxide, temperature,
and humidity are the main elements that control the precipitation
of tufaceous deposits in drains and catchment basins of highways.

SCOPE OF PAPER

The objective of this research is to study the physicochemical
properties of tufa and iron and steel slags. In pursuit of this ob-
jective, various laboratory experiments were conducted to deter-
mine the tufa-producing potential of the slags. The tufa and slag
samples are described in this paper, as well as the laboratory ex-
periments. Research findings and conclusions are presented with
regard to the potential use of steel slags.

TUFA AND SLAG SAMPLES
Tufa Samples

A field trip was arranged through Ohio Department of Transpor-
tation (ODOT) to collect tufa samples from different locations in
which slags were used as subbase aggregates. Five tufa samples
were obtained from different locations in Cuyahoga County where
pavement subdrains were clogged by tufa. Site investigation re-
vealed that different types of slag had been used as the subbase
aggregate at each site. At these sites, tufa was observed to be
clogging drains 5 to 6 years after the original emplacement of the
pavement.

Slag Samples

Eight 80- to 100-Ib slag samples were provided by ODOT. These
samples consisted of one aged air-cooled blast furnace (ACBF)
slag, three aged open-hearth (OH) slags, and four basic oxygen
furnace (BOF) slags (two aged and two unaged). The aged sam-
ples were from the stockpiles exposed to the atmosphere for more
than 6 months. The actual period of aging, however, was not
known. The unaged samples were from either fresh stockpiles or
stockpiles stored for less than 3 months.

LABORATORY STUDIES

Chemical and X-ray Diffraction Analyses of
Tufa Samples

Pure tufa contains only calcium carbonate, but the tufa samples
obtained from the field contained some impurities such as organic
matter, quartz, and elements leached out from the slag aggregate.
The chemical analysis included the removal of organic materials
by hydrogen peroxide (30 percent) oxidation, determination of the
percent insoluble residue (ISR), calcium carbonate, R,0; (oxides
of Al, Fe, Mn, and P), and loss on ignition (LOI).

Table 1 shows the results of the chemical analysis on these tufa
samples, including the organic matter content, which varies from
0.67 to 1.06 percent; the R,0O; content, which varies from 4.0 to
14.0 percent; and the LOI, which varies from 35 to 42 percent.
These LOI values mostly correspond to the loss of carbon dioxide
on heating the tufa. In Sample 1 the calcium carbonate content is
84.75 percent and the corresponding LOI is 37.30 percent as com-
pared with 44 percent for pure calcium carbonate. The same is
true for all other tufa samples. The main component in all tufa

. samples therefore is calcium carbonate regardless of the steel slag

used as a base or subbase material. Insoluble residue values varied
from 0.53 to 8.24 percent. These are due mainly to the insoluble
impurities such as quartz or possibly clays. X-ray diffraction of
the tufa samples verified the results of the chemical analysis. Fig-
ure 1 shows the X-ray diffractograms of the tufa samples. These
diffractograms show that the tufa markedly consists of calcite
(CaCOs,), quartz (Si0,), and minor amounts of dolomite
[(Ca,Mg)(COs),]. The dolomite most likely is a contaminant de-
rived from the dolomitic aggregate in the concrete.

Oxide Analysis of Slags

The oxide analysis provided the percentage of the elements as
oxides present in the slag samples. This analysis was done in
accordance with ASTM E886-88, a procedure to identify elements
such as aluminum, calcium, iron, magnesium, phosphorus, potas-
sium, silicon, sodium, and sulfur by X-ray fluorescence (XRF)
methods. ASTM procedures E790 and C114-16.2 were used also
to identify the moisture content and LOI, respectively.

Table 2 shows the results of oxide analysis of the slag samples.
The dominant element in the slags as an oxide is calcium. The
next two most abundant oxides are those of silicon and iron. Ox-
ides of calcium in the OH slags vary from 34 to 41 percent,

TABLE 1 Chemical Analysis of Tufa Samples (Values in Percentages)

Sample  Organic Total

Number Matter: ISR R203b CaCOst Percent  LOHM
1 091 8.24 6.10 84.75 100 37.30
2 0.86 3.50 9.60 86.04 100 36.67
3 0.67 0.53 423 94.57 100 4167
4 0.76 5.40 13.37 80.47 100 3547
5 1.06 0.55 4.80 93.59 100 41.37
a - Insoluble Residue

b - Could be Fe, Al, Mg, P, or Mn

¢ - Calcium Carbonate

d - Loss On Ignition
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FIGURE 1 X-ray diffractograms of tufa Samples 1 to 5.

whereas in the BOF slags, it varies from 35 to 51 percent. The
ACBF slag contains about 40 percent oxides of calcium and has
the highest silica content (38 percent), whereas the silica content
in other slags varies from 15 to 25 percent. Furthermore, the
ACBF slag has the highest content of aluminum and magnesium
and the least percentage of oxides of iron as compared with other
slags. Table 2 shows that the ACBF slag does not contain any
measurable LOI, which indicates that no carbonates are present.
The OH and BOF slags contain aluminum (3 to 4.5 percent), iron
(15 to 25 percent), magnesium (5 to 9.5 percent), and manganese
-(2 to 5 percent). These slags contain carbonates, as indicated by
their LOIs, which range from 1.5 to 10.5 percent. All slag samples
contain minor amounts of oxides of phosphorus, potassium, sulfur,
and sodium and contain trace amounts of oxides of strontium,
barium, chromium, and vanadium. .

The data in Table 2 help to identify various chemical and min-
eral phases present in the slags during the X-ray analysis. It is

TABLE 2 Oxide Analysis of Slag Samples

noteworthy that the calcium oxide content shown in Table 2 is the
total possible calcium oxide inclusive of any free lime in the slags.

X-Ray Diffraction Analysis

X-ray powder diffraction analysis determined the gross mineral-
ogy of the slags. Oven-dried slag samples (between —275 and
+325 sieve size) were used in the X-ray diffraction analyses. All
powder diffraction data were accrued using SCINTAG Powder
Diffractometer XDS2000, with a Cu tube operated at 45 kV and
40 mA. A high-purity solid-state germanium (HPGE) detector
cooled by liquid nitrogen was also used. The SCINTAG software
package (DMS 2000 version 1.88 with JCPDS data base version
.40) was employed for all calculations carried out on a Micro Vax
3100 computer. The diffraction patterns for all samples were re-
corded by continuous scan at a scanning speed of 3 degrees/min

Sample Slag  Oxides
# Type .

Al O3 Cao FepO3 MgO MnO P05 KO SiOp NaO SO, Moisture LOI Othe
1 ACBF 852 40.09 0.85 10.80 0.71 0.02 024 38.09 023 0.24 0.04 - 0.2
2 OH 3.50 36.02 2657 9.84 3.31 0.26 0.01 1519 0.06 1.70 042 3.1 -
3 OH 3.57 40.76 23.81 781 5.26 0.10 0.01 13.73 0.01 0.01 0.78 1.5 11
4 OH 4.66 34.02 1541 5.04 3.39 0.10 017 26.06 0.08 0.01 057 10.5 -
5 BOF 3.75 3527 24.08 1052 281 0.29 0.01 12.77 0.08 0.01 3.08 55 18
6 BOF 4.46 3849 2633 835 4.48 0.13 0.01 1241 0.07 0.01 0.61 21 25
7 BOF 297 48.02 15.05 9.67 3.12 0.22 0.01 13.21 0.01 0.01 1.65 61 -
8 BOF  3.01 50.81 15.62 5.32 3.56 0.30 0.01 15.04 0.01 0.04 2.88 34 -

£

Oth - Others commonly include SrO, BaO, TiO,, Cr03, and V205
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with a “‘step size’” of 0.03 degree/min. Search-and-match routines
were used against the JCPDS data base for the identification of
the resulting peaks. The search was limited to the elements H,
Na, K, Mg, Ca, Al, Fe, C, Si, P, N, S, O, and Cl. The peaks below
5 percent of relative intensity were not taken into account for the
preliminary search. The solution was accepted if it fell into the
error window of 0.3 percent of a given d-spacing. Because the
samples were weathered, many secondary minerals can occur con-
committantly with the primary slag minerals. This condition cre-
ates a sample composed of multiphases and produces overlapping
peaks on the diffractograms. Therefore, some of the mineral spe-
cies in Table 3 may be spurious. To decrease this spurious ten-
dency, the minerals in Table 3 were verified by petrographic analy-
sis using a polarizing light microscope in both the transmission
and reflection modes. Those minerals that were verified by pet-
rographic polarizing microscope are indicated by a footnote in
Table 3. In addition, those minerals in Table 3 that are not foot-
noted have been known to occur in slags.

X-ray diffractograms of ACBF slag (Figure 2) show that aker-
manite and an unnamed mineral (Fe-Mg-Al-SiO) occur as the ma-
jor phases. Other compounds such as rhodochrosite, mackinawite,
iron calcium sulfide carbonate hydrate, and an unnamed mineral
are present as minor or trace phases. Some of these phases may
be artifacts induced by overlapping. Figure 3 shows the X-ray
diffractograms for three OH slag samples. In all the samples, sil-
ica, mayenite, augite, hematite, magnesite, and gehlenite are pres-
ent as major phases. Other compounds and minerals are present
in trace amounts.

Figure 4 shows the X-ray diffractograms of the BOF slag sam-
ples. Comparison of all the BOF slag samples indicates that Sam-
ples 5 and 6 contain silica, grossular, magnesium calcium carbon-
ates, calcium iron oxide (ferrite), and portlandite Ca(OH),,
whereas slag Samples 7 and 8 contain larnite (3-Ca,SiO,), port-
landite [Ca(OH),], wiistite (FeO), and clinoferrosilite (FeSiO,) as
major phases. Other possible compounds in the BOF slags occur
as minor phases: iron oxides, ferrites, phosphates, silicates, and
sulfides.

Various mineralogical phases are identified by a computer
search match for the slag samples. Approximately 50 different
species were identified by the computer search match in all the
samples. The 50 mineral species are grouped into 6 major mineral
types (see Table 3): silicates, oxides and hydroxides, carbonates,
phosphates, sulfides, and chlorides. These species are further iden-
tified according to their relative abundances as A for presence in
abundance, P for present but in less quantity, M for presence in
minor quantity, and T for presence as a trace. '

The most important mineralogical phases for this research study
are the presence of calcite (CaCO,), perclase (MgO), or portlandite
[Ca(OH),] in the slag samples because they can increase the tufa
precipitate potential. In OH slag Sample 2, both calcite and port-
landite occur, whereas OH slag Sample 4 contains only calcite.
The OH samples have been exposed to weathering for as long as
80 years and at least for 15 years. The latter estimate of exposure
is based on the fact that 1978 was the last year that OH slag was
generated. Apparently all the CaO and Ca(OH), in Sample 4 has
been totally carbonated. The BOF slag Samples 5, 7, and 8 contain
both portlandite and calcite except for Sample 6, which contains
only calcite. Again this depends on the degree of exposure to the
atmosphere. Thus the OH and BOF slags exhibit a higher potential
for producing tufa. The time required and the volume of tufa pre-
cipitate may vary among slag types depending on many factors:
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reactivity of slags, surface area, particle size, pore size distribu-
tion, amount of water, absorption, and so on. '

ACBEF slag does not contain either calcite or portlandite. It con-
sists mainly of calcium magnesium aluminum iron silicates. In the
past, ACBF slags have exhibited the most inertness of all aggre-
gates and therefore should not produce any tufa. This statement
is reinforced strongly by the absence of mineral species respon-
sible for tufa precipitation.

Surface Area Measurements

The surface area of a material controls the rate of chemical re-
action between solids and gases or liquids. The surface area mea-
surements of the slag samples were conducted to differentiate the
relative reactivity of these slags. From knowledge of the surface
area measurements and mass percentage of the total reactive free
lime in the slag, it is possible to predict their tufa potential
properties.

Surface area (SA) measurements using slags sized between
—275 and +325 mesh were made on a micromeritics Gemini
2360 Analyzer, which is fast and simple to operate. The units of
measurement are named after the authors who developed the pro-
cedures and formulas to calculate SA measurements of solids. The
Brunauer, Emmett, and Teller (BET) method calculates multipoint
and single-point SAs, whereas the Langmuir method calculates
multipoint SAs. Software coupled with the Gemini unit automat-
ically generates reports and calculates the following: single-point
BET SA, multipoint BET SA, multipoint Langmuir SA, and total
pore volume. In addition, this instrument can report up to 1,000
discrete point adsorption isotherms. As many as 50 data points
can be reported in the BET range and can be plotted on an X-Y
recorder.

Gemini uses a flowing gas in which the analysis gas (N,) flows
simultaneously into both the sample and balance tubes. The only
difference between the two tubes is the presence of the sample in
one of them. The delivery rate of the gas into the sample is con-
trolled by the rate at which the sample can adsorb the gas onto
the surface; the rate of flow into the balance tube is controlled to
yield the same pressure. As the sample adsorbs the gas, the pres-
sure tends to drop in the sample tube. A rapid servo-device con-
tinuously restores the pressure balance between the tubes by ad-
mitting more gas into the sample side. The result is that the unit
maintains constant pressure over the sample while varying the rate
of gas delivery to match the sample adsorption rate. Surface areas
as low as 0.01 m,/g are easily determined with excellent precision
using N, gas as the adsorbate. Software accrues the data and cal-
culates the SA according to the various methods mentioned above.

Table 4 gives the SA measurements for the slag samples. A
comparison of the SAs among slags shows that OH slag Sample
3 has a larger SA than OH Samples 2 and 4. BOF slag Sample 7
has a larger SA as compared with Samples 5, 6, and 8. BOF slag
Samples 5 and 8 have approximately same SA. BOF slag Sample
6 has the least SA and thus should produce less tufa as compared
with the other BOF slags. This conclusion is drawn on the hy-
pothesis that larger SAs will lead to a more rapid reaction. How-
ever, other factors, which include pore size distribution, effective
porosity, degree of weathering, and total reactive free lime present
in these aggregates, need to be considered to reach an accurate
conclusion.




TABLE 3 Results of X-Ray Diffraction Studies

Mineral Type Sample Number

1 2 3 4 5 6 7 8

Silicates

Larnite (B CaS5iO4) P A A A A
Akermanite (Ca,MgSi,O7) A

Hydro-Grossular (CazAl;(SiO4,CO3(0OH)3)
Glaucochroite ((Ca,Mn),SiO,) T
Wadsleyite ((Mg,Fe);Sio4)?

Clinoferrosilite (FeSiO3)? P P
Fayalite ((Fe,Mg),SiO4)% P
Nagelschmidite (2Ca;Siog.Ca3(POy)p)?

Pyroxene (Aluminium Augite) A
(Ca(Fe,Al,Mg)SiO4)

Gehlenite ((Ca,S1)ALSiO4)4 A

Unnamed (Fe-Mg-Al-SiO) P P

Xonolite (Ca6Si6O7OI7(OH)2) T

Goosecreekite (CaAl;SiOg.5H,0) . P
Calcio-Olivine (G CapSi0,)? M

Oxides and Hydroxides

Periclase (MgO)4 P P P
Woustite (FeO)? p
Hematite (Fe;,O3) M M
Magnetite (Fe3O4)

Hausmanite ((Mn,Mg)(Mn,Fe);O4) T
Portlandite (Ca(OH),)? pP
Vernadite (Mn(OH)) )

Pyrochroite (Mn(OH),)

Srebrodolskite (Ca,Fe;Os5)

Magnesioferrite (MgFe,Oy4) T
Spinel (MgAl,Oy4)
Mayenite (C312A114O33)
Quartz (SiO,)
Moganite (SiO3)
Cristobilite (SiO5,) T

Carbonates

~
av)
UHS

e

o -
HH >
> g
>
>

- >
Z >
£

Calcite (CaCO3)? P P P P P
Magnesite (MgCOj3) P
Ferromagnesite ((Mg,Fe)CO3) M

Dolomite (CaMg(CO3),) M T

Ferroan Dolomite T
(Ca(Mgy,67.Fep.33)(CO3))

Ankerite (Ca(Fe,Mg)(CO3);) T
Rhodochrosite (MnCO3) T

Phosphates

Nagelschmidite (2Ca;SiO4.Ca3(POy),)? P
Berlinite (AIPOy) P

Sulfides

Albandite (MnS) T
Hauerite (MnS,) T

Pyrite (FeS,) T
Marcasite (FeS,»

Mackinawite ((Fe,Ni)gSg) T

Niningerite (MgS) T

Chlorides

4K

Halite (NaCl)? T

A - Abundant, P - Partial, M - Minor, T - Traces

a - Presence verified by the petrographic polarizing microscope both in the
transmission and the reflection modes.

b - Verified by energy dispersions X-ray analyses (EDS) and X-ray diffraction of the
laboratory (leachate) produced tufa.
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FIGURE 3 X-ray diffractograms of OH slag.
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FIGURE 4 X-ray diffractograms of BOF slag.

Leachate Analysis

In a leaching process, liquid passes through solids, where some
of their contents are dissolved, and appears over the surface or
outlet. When porewater passes through the slags containing free
lime (Ca0), a chemical reaction takes plaée forming calcium hy-
droxide and eventually calcium carbonate.

A special apparatus was designed for the leachate study. Thirty
cylinders 12 in. high and 6 in. in diameter with an outlet facility
at the bottom to draw water for analysis were made for this study.
For each leachate expetiment, 3000 g of deionized water was added

ID: #325 4/12/91 SCINTAG/USA
DATE: 04/12/91 TIME: 13: 34 PT: 0.600 STEP: 0.0300 WL: 1.54060
PSS B8.838 4.436 2.?76 2.%52 1.823 1 .?41 1.343
3000.0 1 1 100
Basic Oxygen Furnace 4 & 5 silica(33-1161). grossular (3-801),
2700 .0- Mg, Ca carbonates, calcium iron oxidd. gg
(38-408), portlandite (4-733), other
2400.0- oxides, silicates, sulfides possible}- gg
wample 6 ] JAMIM NUL\AL\.. | WSS, Y S
2100.0- - 70
1800.0"- - 60
sample 5
1500~0“MMKMAMJ - 50
7 & 8: calcium silicates, portlandite (4-733), .
1200.0- . - 40
wu stite (6-615), iron silicate (17-538),
900 .0- and others. - 30
sample 8
600.0 \ A A Il\ ‘ l A - 20
300.0" - 10
sample 7 L
0.0 hl‘-vAl*‘il‘r - L“f‘-lA-A g | - O
10 20 30 40 29 60 Z0

to 6000 g of slag in the cylinder. The pH and conductance of deion-
ized water were recorded before adding it to the sample. The sample
was kept undisturbed for 24 hr to permit the chemical reactions to
occur. The pH of the leachate increased to more than 10.0 within
24 hr. Initially, the pH values increased approximately to 12 with
time but after 10 days, pH values stabilized for all samples.

At the end of the fourteenth day, the leachate from each sample
was collected in a beaker and filtered for the insoluble matter. The
filtrate was kept in the oven until the water evaporated; no pre-
cipitate was recovered from the beaker. This result indicates that
deionized water alone does not produce tufa from the slag.

TABLE 4 Surface Area Measurements for Slag Samples

Surface Area M2/Gm

Sample Slag

Number  Type BET/MP/SA? BET/SP/SA®  LANGMUIR/SA¢
1 ACBF 4.64 4.41 6.81

2 OH 3.05 284 454

3 OH 21.15 20.59 33.14

4 OH 14.61 23.84 22.78

5 BOF - Aged 11.20 10.88 17.69

6 BOF - Unaged 3.67 3.53 5.85

7 BOF - Aged 17.96 17.62 27.90

8 BOF - Unaged 11.44 11.00 16.63

a - BET/MP/SA - Brunauer, Emmett, and Teller Multi Point Surface Area
b - BET/SP/SA - Brunauer, Emmett, and Teller Single Point Surface Area
¢ - LANGMUIR/SA - Langmuir Multi Point Surface Area
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Another set of experiments was conducted by passing carbon
dioxide through the samples to accelerate tufa precipitation. The
pH and conductance were recorded after the CO,-charged deion-
ized water was added to the sample. Carbon dioxide at a rate of
flow less than 0.2 ft’/hr was passed through the sample. The pH
of the leachate was monitored constantly, and the carbon dioxide
was passed until the pH of the leachate reached the pH of the
deionized water. All the leachate water from the apparatus was
drained out and collected in a beaker. After filtration, the filtrate
was kept in the oven until the water evaporated; this time some
residue was observed in the beaker. The residue was collected
from the beaker for X-ray analysis. The diffractograms of the res-
idue indicate that the composition was similar to tufa. This initial
experiment was conducted for OH slag Sample 2 and BOF slag
Sample 8 as a precursory effort to show that tufa is produced by
CO,-charged waters.

X-ray diffraction analyses of all the leachate samples recorded
as major phases the presence of calcite (CaCOs), aragonite
(CaCO,), and halite (NaCl). In addition, one sample (OH-10) re-
corded the presence of bassanite, (CaSO, - '/, H,0) and two other
samples (OH-3 and BOF-4) recorded the presence of magnesium
carbonate hydroxide hydrate [Mgs(COs),(OH), - 4H,0].

Anhydrous Ethylene Glycol (Sugar Test)

Warm ethylene glycol (at 60°C to 70°C) has the property of dis-
solving only free lime (CaO). This property was used to determine
the free lime present in the slag by titrating with 0.05 N HCl and
with phenolphthalein as an indicator.

The results of the sugar test as percentages of free lime in the
slag are as follows:

Sample Aggregate Percent Free Lime
1 ACBF slag None
2 OH slag 0.237
3 OH slag 0.131
4 OH slag 0.044
5 BOF slag, aged 0.604
6 BOF slag, unaged 1.051
7 BOF slag, aged 0.691
8 BOF slag, unaged 10.64

Note that the ACBF slag possesses no free lime and therefore
should not produce any tufa. The OH and BOF slags have some
free lime content, and the unaged BOF slags possess more free
lime than those that are aged.

A comparison of aged slag samples with the unaged slag sam-
ples indicates that the aging of slag has not helped sufficiently to
reduce the free lime content because in the steel slags the residual
free lime (CaO) is encapsulated by silicates. This encapsulation
protects the CaO from hydration and the effect of CO,-charged
porewater.

Variation of Free Lime Content with Stockpile Depth

“ODOT requires slags to be aged for 6 months before they are used
as subbase aggregates. Because stockpile aging does not neces-
sarily remove all the free lime content of the slag, slag samples
from different depths (0 to 7 ft at 1-ft intervals) in a stockpile
were collected by a backhoe and analyzed for their free lime con-
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tent by using the sugar test. The results of the analysis are as
follows:

Percent Free Lime

0.096
0.185
0.265
0.335
0.388
0.401
0.451
0.579

Depth (f1)

NN AWNREO

The results indicate that the percent of free lime in the slag in-
creases with an increase in the stockpile depth. Further analysis
of the tufa produced in the laboratory from aged and unaged slag
samples also confirms that aging does not totally eliminate the
precipitation of tufa.

FINDINGS AND CONCLUSIONS
Findings
X-ray diffraction analyses determined that the slags are composed

of complex aluminosilicates, ferrites, carbonates, and oxides of
calcium, magnesium, and minor amounts of sulfides. The ACBF

‘slag was found to be inert because no free lime (CaO) was found

by the sugar test and the X-ray analysis did not show the presence
of portlandite or calcite. Furthermore, this ACBF slag has a low
SA and is primarily composed of crystalline calcium magnesium
silicate (akermanite) as indicated by X-ray analysis.

The OH slags contain larnite (8-Ca,SiO,). The X-ray analysis
also indicated the presence of calcite and portlandite. In addition,
free lime was found in these samples by the sugar test. OH slag
Samples 3 and 4 show more SA and should be more reactive than
OH slag Sample 2, which has a lower SA; however, the high free.
lime content in OH slag Sample 2 gives it a high potential for
tufa formation.

Both aged and unaged BOF slags contain free lime (CaO), port-
landite [Ca(OH),], and calcite (CaCO,). However, the aged sam-
ples have more CaCO; because of weathering and less free lime
than the unaged samples. All OH and BOF samples produced tufa
in the laboratory. High SAs in connection with the free lime,
Ca(OH),,.and CaCO, content in all these samples should result in
the formation of tufa.

The free lime content is not totally removed by stockpile aging
and increases with stockpile depth as indicated by the sugar test.
This is also confirmed through the tufa produced in the laboratory
from aged and unaged slag samples. The amount of tufa precip-
itated by the slag aggregate depends on its original free lime con-
tent, SA, pore size distribution, effective porosity, and degree of
weathering. The study indicates that OH and BOF slags will pro-
duce tufa, and only ACBF slag will not produce tufa.

Conclusions

On the basis of the research study, the following conclusions are
drawn for the continued use of slags as subbase aggregates in
highway construction:

1. The ACBEF slag can be used in highway construction,
2. The hydrophilic property of the aggregates may be respon-
sible for water retention and precipitation of tufa,
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3. Range of tufa precipitation varies with the SA,

4. Carbon dioxide is needed for the precipitation of tufa,

5. Stockpile aging of slag might reduce the rate of tufa precip-
itation but will not completely eliminate it, and

6. OH and BOF slags will produce tufa.

A further study on aging of OH and BOF slags should be con-
ducted to document free lime content versus aging.
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Determination of Original Free Lime
Content of Weathered Iron and Steel
Slags by Thermogravimetric Analysis

WILLIAM A. KNELLER, JIWAN GUPTA, MICHELLE LEA BORKOWSKI, AND DAVID

DOLLIMORE

Iron and steel slags are often used as subbase materials in the con-
struction of highways. Previous studies have suggested that the free
lime (CaO) in these subbases is responsible for the deposition of cal-
cium carbonate (tufa) in many highway drains. Clogging of these
drains leads to the deterioration of highways. Previous work has
shown that if the total original CaO in slags exceeds 1 percent, the
slags will readily produce tufa. Therefore, to classify the tufa-
producing potential of these slags, it is necessary to determine the
total original CaO. Thermogravimetry (TG) methods were employed
and most of the TG plots indicated two major changes in weight
loss—dehydroxylation of Ca(OH), and dissociation of carbonates.
From these changes in weight loss the percentage of CaO was cal-
culated. These calculated percentages of CaO from the TG plot plus
the results from the ‘‘sugar test”” determine the total original per-
centage of CaO. Five groups are recognized according to the calcu-
lated total percentage of CaO: 0 percent, 3.5 to 5 percent, 8 to 9
percent, 10 to 12 percent, and 24 to 25 percent. Air-cooled blast fur-
nace slag (0 percent CaO) is the only slag that should be used as a
subbase in highway construction, whereas all others are considered to
be harmful and could lead to the formation of tufa. TG methods and
the sugar test are excellent and economical ways to characterize the
original CaO in slags and the susceptibility of the slags to precipitate
CaCO; in subdrains of highways.

Iron and steel slags from blast, open hearth, basic oxygen, and
electric arc furnaces are often used as subbase materials in the
construction of highways. Previous studies (I-3) suggest that the
free lime (CaO) present in these subbase materials is responsible
for the deposition of a chemical sedimentary rock composed of
calcium carbonate called tufa. It is formed as a precipitate by the
evaporation of water rich in dissolved calcium carbonate. This

precipitate has been observed clogging many drains along high-.

ways in northeastern Ohio. Because the clogging of drains leads
to highway deterioration, it is necessary to devise a rapid method
to determine the total original CaO in these subbase materials.

PURPOSE AND SCOPE

The purpose of this study is to (a) characterize the slags, (b) de-
termine the amount of ‘‘original’’ CaO in the weathered iron and
steel slags, and (c) classify these slags according to their tufa-
producing potential. The prepared samples were taken from stock-

W. A. Kneller, Department of Geology, University of Toledo, Ohio 43606-
3390. J. Gupta, Department of Civil Engineering, University of Toledo,
Ohio 43606-3390. M. L. Borkowski, Department of Geology, Michigan
State University, East Lansing, Michigan 48824. D. Dollimore, Depart-
ment of Chemistry, University of Toledo, Ohio 43606-3390.

piles exposed to weathering for various lengths of time. Ther-
mogravimetry (TG) analyses were performed on air-cooled blast
furnace, basic oxygen furnace, open hearth, and electric arc fur-
nace slags to determine the percent calcium hydroxide [Ca(OH),]
and calcium carbonate (CaCQ,) in the samples. These percentages
were added to the results from an extraction and titration method
nicknamed the ‘‘sugar test’’ to determine the total original CaO—
the free CaO content at the time the slag was in a molten state or
just poured from the ladle. After determination of the total original
CaO content, the slags were clustered and classified according to
the total original percentage of CaO.

IRON AND STEEL SLAGS

Slag i$ produced during the manufacture of iron and steel. It is
formed by the combination of oxidized impurities and flux. Flux
is used to purge the ores of impurities, lower the melting point of
the slag, and remove sulfur from the smelted iron. The types of
slags that are produced vary greatly according to the extraction or
refining processes used.

Blast Furnace Slag

Blast furnace slag is a by-product of the iron industry. The process
begins when iron ore, a limestone flux, and coke are heated in a
blast furnace. The iron ore is a mixture of oxides of iron, silica,
and alumina. Preheated air is then blown into the furnace, and the
oxygen combines with the carbon from the coke to produce heat
and carbon monoxide. The carbon monoxide reacts with the ox-
ides of the iron ore to produce iron. The silica and alumina of the
iron ore combine with the calcium of the limestone to form the
slag. Air-cooled blast furnace (ACBF) slag is one that is allowed
to solidify under normal atmospheric conditions. Water is some-
times sprayed on the slag to accelerate cooling and to induce
cracks. Table 1 records the range of compositions for blast furnace
slags.

Steel Furnace Slags
In the steel-producing industry three types of furnaces are used:

open hearth, basic oxygen, and electric arc. The actual heating
and smelting methods are very similar for each type of furnace;
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TABLE 1 Range of Composition for Blast Furnace Slags (¢) -

Compound Range Percent Typical Analysis
Ssio, 33-42 36.4
A1,0, 10-16 12.8
CaO 36-45 41-43
Mgo 3-12 5.8
FeO 0.3-2.0 0.4
Fe,0, - 0.5
FeO + Fe,0, 0.2-1.5 1.4
Mno - 1.3
S 1.3 -
P,0; - -

Modified from T. Segal [4]

however, there are some minor differences between the steel fur-
naces. In open hearth (OH) furnaces the limestone is added along
with the scrap steel. The OH furnace takes about 5 to 14 hr to
produce 300 tons of steel, whereas it would take the basic oxygen
furnace (BOF) only 45 min to produce an equivalent amount. In
the BOF, oxygen is blown onto the top of the charge at supersonic
speed before the flux is added. Another steel furnace is the electric
arc furnace (EAF) in which graphite electrodes are used for the
heating process. Table 2 gives a range of compositions for OH,
BOF, and EAF slags.

CHEMISTRY AND MINERALOGY OF SLAG SAMPLES

The chemical analyses of the slag samples used in this study are
shown in Table 3. The process involved heating the slag in a
crucible over an open flame until dehydration was complete. The
samples were analyzed for elemental and oxide content by X-ray
fluorescence (XRF) methods. These analyses were normalized to
include the hydroxyl water and CO, data gleaned from the TG
studies.

X-ray powder diffraction analysis was used to determine the
gross mineralogy of the slags (5). Search-and-match routines were
used against the ICPDS data base for the identification of the

resulting peaks. Many minerals typical of these slags were iden-
tified, but for brevity they are not listed here. Of importance to
this study, however, is the identification of Ca(OH), and CaCO,
in all the slags except the ACBF sample (No. 1). These chemical
species should not be present in an unweathered slag. They would
have been dissociated to CaO because of the high temperature of
the original molten slag. The presence of Ca(OH), and CaCOs; in
the stockpiled slags is assumed to be due to weathering. Residual
CaO is present because some of it is encapsulated by silicates.
This encapsulation protects the CaO from the effect of CO,-
charged porewater.

THERMAL ANALYSIS

Thermal analysis is the study of chemical and physical changes
in a given material due to changes in temperature. These temper-
ature changes are usually linear with time. The changes in en-
thalpy that accompany chemical and physical changes can be ob-
served and recorded. These enthalpic changes, either exothermic
(+) or endothermic (—), are caused by phase transitions such as
fusion, crystalline structural inversions, boiling, sublimation, and
vaporization; dehydration reactions; dissociation or decomposition
reactions; oxidation and reduction reactions; destruction of crys-
talline structures; and other chemical reactions. Generally, phase

TABLE 2 Range of Composition for Steel Furnace Slags*

Open Hearth BOF ** EAF**
Compound Range Typical Range Typical
% Analysis 2 Analysis
% $
sio, 16-19 18.4 7.2-18.2 13.9
Al,0, 2-3 2.5 0.42-3.0 2.8
CaO 40-55 - 45.0 36-49 48.3
Mgo 5-7 5.9 5-12 9.9
FeO - 12.2 15-30 15.0
Fe,"0, - 3.4 “N/A N/A
FeO + Fe,0, 10-23 15.6 N/A N/A
Mno 5-6 8.6 N/A N/A
S 0-1 - 0.05-0.5 0.06
P,0, - - 0.03-0.9 0.88

* Modified from T.

Segal [4]) and synthesized from 50 analyses

furnished by J.M. Olle, Edward C. Levy Co. 8800 Dix Ave., Detroit,

MI 48209

** From Olle, J.M., 1991, Personal correspondence
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transitions, dehydration, reduction and some decomposition re-
actions produce endothermic effects, whereas crystallization, ox-
idation, and some decompositions produce exothermic effects. Re-
searchers (6—10) since the mid-century have made important
contributions to thermal analysis.

There are five basic categories or techniques of thermal analy-
sis: thermometry, differential thermal analysis (DTA), differential
scanning calorimetry (DSC), thermomechanical analysis and dil-
atometry (TMA), and thermogravimetry (TG). The last technique
was used in this study.

THERMOGRAVIMETRY

TG analysis measures the loss or gain of weight by a substance
as its temperature is raised or lowered at a constant rate. The
reactions that occur during the heating process are responsible for
the changes in weight. Knowing that certain reactions occur at
specific temperatures enables the identification of the constituents
of the sample. The data from the experiment are then recorded as
a TG plot of mass versus temperature or time. From the TG plots,
the composition of a sample can be determined. The physico-
chemical applications of thermogravimetry are given in Table 4
(10). Also from the TG plot, the first derivative can be calculated
with respect to either time or temperature; this is called derivative
thermogravimetry (DTG). The calculations can be done either by
the TG thermal balance or by a computer program. The derivative
is usually superimposed on the TG plot (see Figure 1). The DTG
plot is set up so that temperature or time is on the abscissa, in-
creasing from left to right, and the derivative values are on the
ordinate, increasing from bottom to top. The DTG plot is used to
help locate the start, peak, and end temperatures of a given
reaction.

METHOD OF ANALYSIS

A high-temperature (1400°C) thermobalance was used to measure
weight gain or loss during heating. The sample and operational
parameters employed in this study are weight, 9 to 10 mg; grain
size, +325 mesh; atmosphere-nitrogen flow rate, 30 ml/min; heat-

TABLE 3 Oxide Analysis of Slags
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ing rate, 20°C/min; and water flow rate, 300 ml/min. The instru-
ment was calibrated using melting and magnetic standards. In ad-
dition, a further check for accuracy was made by using a calcium
oxalate (CaC,0,-H,0) standard. These calibrations were repeated
every 25 runs.

DISCUSSION AND RESULTS
Analysis of TG Plots

Most of the TG curves indicate two major changes in weight loss.
This doublet is evidence of a two-stage reaction that is character-
istic of OH, BOF, and EAF steel slags. All samples were pre-
heated to 350°C to drive off any chemiabsorbed water. The first-
stage reaction is caused by the evolution of hydroxyl water at
about 400°C and ending at about 460°C. The second stage of
decomposition is the evolution of carbon dioxide from the calcium
carbonate in the slag, which occurs at about 490°C and ends at
about 785°C. These reactions are detailed below:

Ca(OH), + heat — CaO + H,0 ¢
CaCO, + heat — CaO + CO, *

The first derivative of the TG curve, DTG, was superimposed
on each of the plots, excluding the ACBF sample (No. 1), for
which no reactions occurred throughout the heat. In this study
DTG was used to indicate the initial peak and final temperatures
of the reaction of the TG plots.

The first reaction, if present, is labeled 1 at the point at which
the reaction begins and 2 at the point at which the reaction ends.
These numbers were determined, as mentioned before, from the
first derivative. The temperature and percent weight loss for these
numbers are found in the box labeled POINT TABLE on the left
side of each plot. The value that is located between the numbers
1 and 2 on the curve is the extrapolated onset temperature, which
is determined from the computer program.

The initial and final temperatures and the percent weight loss
of the second reaction, if present, are labeled by the two-point
angle. Again, these points were determined from the DTG plot.

Sample Al,0, Ca0 Fe,0,° Mgo Mn,0, P,0, K0 si0, Na,0 SO, (H;0) s Cco,  Others
No. Type
1 ACBF 8.52 40.09 0.85 10.80 0.71 <0.02 0.24 38.09 0.23 0.24 0.04 - 0.18
2 OH 3.50 36.02 26.57 9.84 3.31 0.26 0.01 15.19 0.06 1.70 0.42 3.13 -
3 OH 3.57 40.76 23.81 7.81 5.26 0.10 <0.01 13.73 <0.01 <0.01 0.78 1.51 11
4 OH 4.66 34.02 15.41 5.04 3.39 0.10 0.17 26.06 0.08 <0.01 0.57 10.49
5 BOF 3.75 35.27 24.08 10.52 2.81 0.29 <0.01 12.77 0.08 <0,01 3.08 5.54 1-79
6 BOF 4.46 38.49 26.33 8.35 4.48 0.13 <0.01 12.41 0.07 0.01 0.61 2.11 254
7 BOF 2.97 48.02 15.05 9.67 3.12 0.22 <0.01 13.21 0.01 <0.01 2.65 6.06 B
8 BOF 3.01 50.81 15.62 5.32 3.56 0,30 <0.01 15.04 <0.01 0.04 2.88 3.40 B
9 EAF oxides Not Determined 2.36 17.02

Others, commonly include:
Dash (-) indicates not detected.

S§ro, Bao, Tio,, Cr,0,, and V,0,




TABLE 4 Applications of Thermogravimetry

Physical Changes

Sublimation

Vaporization

Absorption

Adsorption

Magnetic properties
Curie temperature
Magnetic susceptibility

Chemical changes

Solid — gas

Thermal decomposition of many organic and polymeric substances
Pyrolysis of coal, petroleum, and wood

Thermal oxidation degradation of polymeric materials

Carbon gasification with oxygen, steam, or carbon monoxide

Solid, — solid, + gas
or

Solid, + solid, — solid; + gas

Thermal decomposition of many inorganic materials
Roasting and calcining of minerals
Determination of moisture, volatiles, and ash contents

Dehydration studies
Dehydroxylation studies

Decomposition of explosives

Development of analytical procedures
Kinetic studies (also applicable to solid - gas)

Solid, + gas — solid,

SAMPLE : SLAG
ARUN ID : # 3 GASES : NITROGEN
S1ZE T  410.008 mg SOURCE : O.H.
104.0 METHOD — .03
No. Start Final Ramp/Iso Gas
1 25 1000 20.0 1
Sample Rate: 1.0 sec/pt
100.5 ~ 5 8
N ﬂ POINT TABLE — .02
100.0 HL 1343.9 ¢ 5 =
R 2 P gy
1.
2 1 337.47 99.900 427.18 C 3 395.45
C gg.5- | 2 397.77 99.677 4 417.42
g 3 453.41 99,133 5 437.42
C 3 6 453.41 01
] 3 7 528.84 -
99.0 — 2 528.84 627.76 C g ?32:;1 )
6 7
98.5
- -.00
98.0 E! 98.08 X
1.51(%
97.5 703.13 C S
' | N L LN 1 T NN L L iy Ly
0 100 200 300 400 500 600 700 800 900 1000 1100

Deg C

FIGURE 1 TG plot of sample No. 3, OH slag.
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TABLE 5 Data from Thermogravimetric Analysis
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Dehydroxylation of Ca(OH),

Dissoclation of Caco,

Ssample I.T.! 0.T.? P.T.? F.T.* 3 (OH), I.T.! 0.T.? P.T.? F.T.* 8 CO,
# Loss Loss
1 (ACBF) No reaction occurred No reaction occurred
2 (OH) 416.07 430.85 441.95 459,95 0.20 517.40 668.81 709.92 731.37 3.18
3 (OH) 397.77 427.18 437.42 453.41 0.54 528.84 627.75 689.90 703.13 1.51
4 (OH) Reaction not measurable 674.04 712.14 743.49 766.87 6.65
5 (BOF) 408.78 441.81 448.79 464,19 0.96 509.22 658,51 708,55 734.15 5.55
6 (BOF) 402.60 418.77 430.92 453.94 0.32 549.26 648.32 686.73 705,63 2.11
7 (BOF) 404.61 435.13 446.45 462.17 0.89 487.57 655.16 709.81 737.46 6.16
8 (BOF) 408.80 430.54 443.24 460.02 0.87 543.39 660.14 763.21 723.79 3.52
9 (EAF) 424.31 448.49 452.52 466.12 0.75 561.76 708.74 763.82 783.03 17.20

1 Initial temperature, 2 Onset temperature.

3 Peak temperature.

4 Final temperature.

These temperatures and percentages were determined from the TG and DTG curves.

The extrapolated onset temperature is located to the right of the
reaction. The plot for sample No. 3 is shown in Figure 1 and
illustrates the double reaction, point table, and the first derivative.
The TG curve in Figure 1 is labeled as mentioned above, with the
residue located at the end of the curve. The peak temperatures for
the two reactions are labeled on the derivative. All values for the
reactions that occurred in the samples are given in Table 5, which
also records the percent weight loss for (OH), and CO, for the
nine slag samples.

Method Used To Determine Total Original
Percentage CaO

The total original percentage of CaO is calculated by addition of
the results from the sugar test, calculated percentage of CaO due
to dehydroxylation of Ca(OH), (first reaction), and the calculated
percentage of CaO due to dissociation of CaCO, (second
reaction).

The sugar test (I1) determined the CaO in the slag aggregates
by dissolution and extraction of the CaO by hot (60 to 70°C)
anhydrous ethylene glycol. The CaO is determined by titration
with 0.05 N HCI and phenolphthalein as the indicator (see Table
6). The CaO percentages are calculated by using the values for
sample No. 3 from Table 5, such as percent hydroxyl water loss,
0.54; percent CO, loss, 1.51; and by using the mole weights from
the reaction. As stated previously, the reactions that occur are

Ca(OH), + heat — CaO + H,O ?
CaCO; + heat — CaO + CO, ¢

The mole weights for each of the components are as follows:

Ca0 = 56.079 = 56; H,0 = 17.99 = 18; Ca(OH), = 74.096 = 74;
CaCO, = 100.088 = 100; and CO, = 44.079 = 44.

TABLE 6 Total Original Percentage of CaO by TGA

Sample $ Cao’ $ CaOq,),"" $ CaO,,""” Total % Cao Rank/
# Cluster
1 (ACBF) 0 N/D N/D 0 1
2 (OH) 0.237 0.622 4.047 4.906 2
3 (OH) 0.131 1.692 1.922 3.745 2
4 (OH) 0.044 N/D 8.464 8.508 3
5 - (BOF) 0.604 2.971 7.064 10.639 4
6 (BOF) 1.051 0.992 2.685 4.728 2
7 (BOF) 0.691 2,775 7.840 11.306 4
8 (BOF) 1.064 2.700 4.480 8.244 3
9 (EAF) 0.602 2.340 21.891 5

24.833

N/D = Not Determinable

* Data derived from anhydrous ethylene glycol, ‘sugar test’
*#* Calculation of 8 Ca0O due to dehydroxylation of Portlandite (Ca(OH),)
#*%* Calculation of 8 CaO due to dissociation of carbonates
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The equations are set up as follows to calculate the percentage of
Ca0:

Ca0 H,O delta wt. loss 1
56 18 (

CaO _ CO, delta wt. loss 2)
56 44 (

Now the percentage of CaO is easily calculated, that is, using the
values 0.54 and 1.51 (from Table 5 for sample No. 3) and cross-
multiplying, as shown below:

CaO 0.54
—_— = = 1692

773 18 percent CaO 3)
CaO 151

6 - a4 - 1.922 percent CaO C))

The final step in determining the total original percentage of CaO
is to add the three percentages of CaO together as shown in
Table 6.

From the studies by Narita et al. (12), weathering slag is related
to the amount, distribution, and characteristics of the CaO. If the
unweathered slag contains less than 1 percent CaO, it should be
volumetrically stable and should not produce tufa. If, however,
the original amount of CaO is in excess of 1 percent, the slag
should readily produce tufa in subdrains of highways. All slag
samples are grouped in Table 6 according to their range of total
original percent CaO. Five groups are recognized: O percent, 3.5
to 5 percent, 8 to 9 percent, 10 to 12 percent, and 24 to 25 percent.
ACBF slag (0 percent CaO) is the only one that can be used as
a subbase in highway construction; all others are considered to be
harmful and could lead to the formation of tufa.

CONCLUSIONS

Previous work (Z2) has shown that if the percentage of total orig-
inal CaO in a slag exceeds 1 percent, the slag could readily pre-
cipitate CaCO,. The results from the TG plots showed two major
changes in weight loss—dehydroxylation and dissociation of car-
bonates. From these changes in weight loss, the percentage of CaO
can be calculated. These calculated percentages of CaO from plots
plus the results from the sugar test determine the maximum orig-
inal percentage of CaO. ACBEF slag (0 percent CaO) is the only
one that can be used as a subbase in highway construction; all
others are considered to be potentially deleterious and could lead
to pavement failure. The TG method together with the sugar test
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are excellent and economical ways to determine the maximum
original CaO in slags and the tendency of the slags to precipitate
CaCQ; in the subdrains of highways.
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Drainability of Granular Bases for

Highway Pavements

BRUCE M. MCENROE

The best measure of the drainability of a granular base is the minimum
degree of saturation that can be achieved through gravity drainage in
the field. The amount of water that can drain from a base course
depends not only on the physical properties of the material, but also
on the cross-sectional geometry of the pavement system. A fine-
grained base may remain fully saturated under the largest suction that
can be developed through gravity drainage. A formula for the mini-
mum degree of saturation in the granular base is developed from
Brooks and Corey’s formula for water retention in unsaturated porous
media. The relationship for drainable porosity in the FHWA subdrain-
age design manual tends to overestimate the amount of drainage from
fine-grained bases and greatly underestimate the amount of drainage
from coarse-grained bases. If the minimum degree of saturation for a
granular base is sufficiently low, it will drain fairly quickly. The rec-
ommended method for the estimation of drainage times is a one-
dimensional analysis of the saturated flow below the phreatic surface.
This analysis accounts for the nonuniform spatial distribution of drain-
able porosity. Casagrande and Shannon’s procedure, which is rec-
ommended by FHWA, tends to underestimate drainage times, partic-
ularly for base courses that are relatively thin. The recommended
procedures for subdrainage analysis have been implemented in the
SUBDRAIN computer program of the Kansas Department of
Transportation.

Pavements with inadequate subsurface drainage deteriorate much
faster than well-drained pavements. If the base course of the pave-

ment is saturated or nearly saturated, wheel loads can cause water -

and base material to be pumped out through joints and cracks and
at pavement edges, which eventually undermines the pavement.

Because it is virtually impossible to keep water from entering ™

pavements through joints and cracks over the long run, good
drainage is essential for pavement longevity.

The AASHTO procedure for pavement design (1) incorporates
a drainage coefficient as a key input. The value of this coefficient
depends on the quality of drainage of the pavement system and
the percentage of time that the road bed is exposed to moisture
levels near saturation. The AASHTO design guide relates the
quality of drainage to the time required for the removal of water
from the base course, but it does not specify what degree of drain-
age or level of saturation constitutes ‘‘removal.’’ In FHWA'’s com-
puter program (2), the drainability of the base is measured by time
required for a saturated base to drain to water content equal to 85
percent of the water content at saturation.

One measure of the drainability of a base course is its coeffi-
cient of permeability (Darcy permeability), k. The coefficient of
permeability depends upon the intrinsic permeability of the gran-
ular material and the specific weight and viscosity of the fluid.

Department of Civil Engineering, 2006 Learned Hall, University of Kan-
sas, Lawrence, Kans. 66045.

The relationship is

Ky
1

M

in which K is the intrinsic permeability of the granular material and
v and p are the specific weight and viscosity of the fluid, respec-
tively. The coefficient of permeability, k, has dimensions of L/T
(length/time). The intrinsic permeability, K, has dimensions of L*.

Another measure of drainability is the lowest degree of satu-
ration that can be achieved through gravity drainage in the field.
The degree of saturation, s, is defined as the ratio 6/n, in which
@ is the volumetric water content and » is the porosity (the vol-
umetric water content at complete saturation). The lowest degree
of saturation that can be achieved in the field through gravity
drainage is denoted s.,;,. The difference between the water content
at saturation and the lowest water content that can be achieved in
the field through gravity drainage is termed the drainable porosity,
n,. The porosity, the drainable porosity, and sm, are related as
follows:

S, =1-2 @
n

In current practice, the drainable porosity of the base material is
usually estimated from the coefficient of permeability by means
of a relationship that appears in graphical form in FHWA'’s report
Highway Subdrainage Design (3). The algebraic form of this re-
lationship is

ng = 0.0355K%%% )]

for k in meters per day. The corresponding formula for the min-
imum degree of saturation is

0.0355
Son =1 = = B @)

for k in meters per day. Equation 3, which is strictly empirical,
was fitted to measured values of the coefficient of permeability
and the drainable porosity for soils of varied gradations and den-
sities. The report states that it ““should be used with caution, par-
ticularly at the extremities where data were lacking or were quite
scattered.”” Despite this warning, FHWA’s DAMP program (2)
obtains the drainable porosity of the granular base from Equation
3 exclusively. It does not allow the user to enter another value for
the drainable porosity.

Drainage times are normally estimated, directly or indirectly,
from formulas published by Casagrande and Shannon (4) in 1951.
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The methods for estimation of drainage times in FHWA’s sub-
drainage design manual (3) and the DAMP program (2) are based
on these formulas. The basic forms of Casagrande and Shannon’s
relationships were derived through a simplified one-dimensional
analysis in which the phreatic surface (water table) was considered
planar at all times. To compensate for the error introduced by this
approximation, they incorporated an undetermined coefficient in
their analysis as a correction factor and used experimental data to
determine its values for various conditions.

This paper presents a new analysis of the drainage of a saturated
granular base. Starting from basic principles of water retention
and flow in porous media, this analysis leads to some new meth-
ods for the estimation of minimum degrees of saturation, drainable
porosities, and drainage times. It also provides a basis for the
evaluation of the current methods. Two example problems illus-
trate the practical application of the recommended procedures.

MINIMUM DEGREE OF SATURATION
Theory

Any granular material has a characteristic drainage curve that re-
lates the degree of saturation to the pore-water suction head (neg-
ative pressure head), . The drainage curve is best determined
from measurements of the water content at equilibrium for suc-
cessively larger suction heads in the laboratory. An approximate
drainage curve can be computed from grain-size distribution and
bulk density data (5). The drainage curves of most granular ma-
terials can be approximated closely by the formula of Brooks and
Corey (6),

1 l’!s‘ba

.\ ®
o+ (- s,>(5) V>

s =

The terms s,, Y, and X in Equation 5 are constants for a particular
material. The values of these constants are determined by fitting
Equation 5 to the data that make up the drainage curve. The con-
stant s, is termed the residual saturation. It is the degree of satu-
ration that is approached asymptotically at very large suction
heads. The constant ¥, is termed the air-entry head. It is the suc-
tion head below which the material remains fully saturated. The
dimensionless constant A is termed the pore-size distribution in-
dex. The more uniform the material, the larger the value of A.

Laliberte et al. (7) showed that the values of s,, {5, and \ are
related to the porosity and intrinsic permeability of the granular
material and the specific weight, viscosity, and surface tension of
the fluid according to the formula

1-s, 2\
( Sz)nzo ~5 ©)
K, vy A+ 2

in which KX is the intrinsic permeability of the granular material
and vy, W, and o are the specific weight, viscosity, and surface
tension of the fluid, respectively. The form of this relationship has
a theoretical basis. The value of the constant on the right-hand
side was determined experimentally.

The drainable porosity of the base course of a pavement de-
pends not only on the physical properties of the material, but also

TRANSPORTATION RESEARCH RECORD 1434

on the cross-sectional geometry of the pavement system. The ge-
ometry of the pavement section determines the maximum pore-
water suction at any point in the base. Figure 1 shows a pavement
section with a granular base and edge drains. The subgrade is
considered impervious. If the granular base is saturated and then
allowed to drain under the force of gravity with no further inflow
and no evaporation, drainage will eventually cease. In this state
of static equilibrium, the suction head at any point is equal to its
height above the water table in the edge drain ( = w + 2) and,
from Equation 5, the corresponding minimum degree of saturation
at this level, $,,(2), is

1 zs-q:,,—w

S,,,i,,(Z)= S,+(1—Sr)( ll’a ) Z>‘IJ,,_W

w+ z

0

At elevations z =< \y, — w, the granular base will not drain at all.
The drainable porosity at any level is the difference between the
porosity and the minimum water content at that level:

12 = n [l = sum ()] ' ®)

Equation 8 follows from Equation 2. The average minimum sat-
uration at a distance x from the edge drain, 5.;,(x), is the average
of $i(2) over the thickness of the granular base:

mx+d

Smin (X) = % f Smin (2) dz (9)}

mx

The evaluation of the right-hand side of Equation 9 leads to an
algebraic formula for s,,;,(x):

( 1 x <x

s, + (1 —s) {QL‘Z———W

4—(1—1\"?':}\—)\-[(w+d+mx)'_A
Emin (x) =3 ( )
— q,z-h]} X <x=x
l*IJt 1-N

s, + (1 —s,)d—(l—_)\—)[(w+d+mx)

- (w+ mx)' ™ X >x

(10)

Granular Base
Phreatic Surface
Pavement

et SN

w iC ;
Edge Drain

x~0 Subgrade

FIGURE 1 Cross section of pavement with
granular base and edge drain.
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The average drainable porosity at a distance x from the edge drain,
n4x), can be determined from the porosity and the average min-
imum water content at this location as follows:

n,(x) = n [1 — 5p(x)] (13)

The spatially averaged minimum saturation for the entire base
course, S, i the average of 5,,,(x) from x = 0 to x = L:

S = % J: S () dt : a4)

The evaluation of the right-hand side of Equation 14 leads to an
algebraic formula for S,

Smin=sr+(1—s,){%+(‘1’a_"%‘}2
_ ml — x))

2dL

_ A . 2-2
mdL(l - N2 - N [(W+d+"’L)

- (w+d+ m)?

L+ mxz)“]

_ q’a (xZ _ xl)}

dL(1 — N) (15)
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FIGURE 2 Minimum degree of saturation versus
coefficient of permeability for Example 1.
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The average drainable porosity for the entire base course, N,, can
be determined from the porosity and the spatially averaged mini-
mum saturation as follows:

N, = n(l = S (16)

For the base to drain at all, the air-entry head of the granular
material must be less than the elevation difference between the
top of the base at the crown and the water table in the edge drain
W, <w+d+ mlL).

The following example illustrates the relationship between the
coefficient of permeability of the base material and the minimum
degree of saturation. It also provides a comparison of Equations
15 and 16 and Equation 3.

Example 1: Minimum Degree of Saturation for
Typical Pavement Section

Problem: The base course of a pavement is to have a slope of
0.02 m/m, a thickness of 0.1 m (3.9 in.), and a half-width (L in
Figure 1) of 7.0 m (23.0 ft). The bottom of the drainpipe is to be
0.1 m (3.9 in.) below the bottom of the base (w = 0.1 m). The
base is to be constructed of a well-sorted granular material. This
type of material would have a porosity of about 0.40, a residual
saturation on the order of 0.1, and a pore-size distribution index
on the order of 4. The objective is to determine the (spatially
averaged) minimum degree of saturation of the base for materials
with coefficients of permeability from 10 to 1000 m/day (33 to
3,300 ft/day). .

Solution: According to Equation 15, the minimum degree of
saturation of the base is determined by four geometric variables
(d, w, L, and m) and three properties of the material (s,, {,, and
\). Equation 6 provides an estimate of the air-entry head based
on other properties of the material and the fluid. The solid curve
in Figure 2 shows S, from Equation 15 for d = 0.1 m (3.9 in.),
w=01m3.9in), m =002 m/m, L =7.0m (23.0 ft), s, = 0.10,
and §, = 1.333K" " for s, in meters and k in meters per day. The
formula for s, from Equation 6, is based on n = 0.40, vy = 9810
N/m®, p = 0.00131 N s/m’, and o = 0.0742 N/m (water at 10°C).

The foregoing example demonstrates that a granular base must
be fairly coarse to drain well. In this example, materials with
coefficients of permeability less than 15 m/day do not drain at all
because their air-entry heads are too large (y, > w + d + mlL).
Materials with coefficients of permeability below 33 m/day (110
ft/day) will remain more than 85 percent saturated. A minimum
saturation of 50 percent requires a coefficient of permeability of
64 m/day (210 ft/day). On the other hand, nearly all of the pore
water will drain by gravity if the material is very coarse. Materials
with coefficients of permeability above 150 m/day (490 ft/day)
will drain to below 20 percent of saturation.

Figure 2 also shows Equation 3, the relationship incorporated
in FHWA’s DAMP program (2). This formula appears to overes-
timate the amount of drainage from fine-grained material and to
greatly underestimate the amount of drainage from coarse-grained
materials.

DYNAMICS OF DRAINAGE

One-Dimensional Analysis with Spatially Varied
Drainable Porosity

Figure 1 shows the drainage of a granular base with no inflow or
outflow through the pavement or subgrade. Drainage starts from
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an initial condition of complete saturation at time ¢ = 0. The ob-
jective of the analysis is to determine the degree of saturation of
the base at times ¢ > 0. The primary direction of flow is downslope
parallel to top of the subgrade. The vertical distribution of pore-
water pressure is essentially hydrostatic everywhere except over
the edge drain and very near x = 0, where the vertical curvature
of the streamlines is significant. Most of the flow occurs in the
zone of positive pore-water pressures below the phreatic surface
(the surface of atmospheric pressure).

The drainage of the base course is analyzed as a problem of
one-dimensional unconfined saturated flow in the zone of positive
pressures below the phreatic surface, with a spatially varied drain-
able porosity. The degree of saturation above the phreatic surface
at a distance x from the edge drain is assumed to be 5.;,(x). The
corresponding water content above the phreatic surface is n —
ny(x).

The continuity equation for the flow in the zone below the
phreatic surface is

Oh(x,t)  dq(x,0) _ 0

) 5, ax an

in which A(x,f) is the elevation of the phreatic surface and g(x,f)
is the discharge (per unit width) in the —x direction. The equation
of motion is the Dupuit discharge formula for unconfined seepage
over a sloping bed:

dh(x,f)

qx,p) = K [A(x,) — mx] ™

(18)

The substitution of the right-hand side of Equation 18 for g(x,?)
in Equation 17 yields the governing equation with A(x,?) as the
dependent variable:

h(x)

R = Ka% {[h(x,t) - mx] a—hg‘—’)} =0 (19)

ox

The initial condition is A(x,0) = mx + d, which represents com-
plete saturation with no excess pressure. The lower boundary, x =
0, is the brink of the edge drain. The appropriate boundary con-
dition at this location is a hydraulic gradient of unity (8). The
upper boundary, x = L, is the crown of the road. Symmetry re-
quires that no flow cross this boundary. This requirement is sat-
isfied by a horizontal phreatic surface (hydraulic gradient of zero)
until & becomes zero. The average degree of saturation at any time
can be determined from the phreatic-surface profile:

@) = 1% f {gm.m @) + [1 h—(xu}dx

~ 5] T

(20

This mathematical model of the drainage process has been imple-
mented in the SUBDRAIN computer program of the Kansas De-
partment of Transportation. This program solves Equation 19 for

the stated initial and boundary conditions by a nonlinear implicit-

finite-difference scheme. The program returns the average degree
of saturation at the end of each time step. It also returns the time
to 85 percent saturation (S = 0.85) and the time to 50 percent
drainage (S = Spin + 0.5N,/n).
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One-Dimensional Analysis with Constant Drainable
Porosity

A more approximate analysis with a constant drainable porosity
leads to a simple algebraic formula for the time to 50 percent
drainage. In this analysis, the spatially averaged drainable poros-
ity, N,, is substituted for the local drainable porosity, 7,(x), in the
governing differential equation. With this simplification, the prob-
lem can be stated in terms of the dimensionless variables

r - Xm @1)
LN,
x

X == 22
: @2)
h

H=— 23
= @3)
d

D=— 24
= @4

The governing equation is

HX,T) @ OHXT)

—_— - == T) - — " = 25

i {[H(X, ) - X =2 0 25)

and the initial condition is H = D + X. The boundary conditions
can also be stated in terms of these dimensionless variables.
H(X,T) is determined entirely by D, the dimensionless thickness
of the base.

The degree of drainage at any dimensionless time, U, is the
fraction of drainable pore space that has been drained:

1-S
U= —— 26
1_Smin ()

Its value at any time can be calculated from the dimensionless
phreatic-surface profile:

ua) = f [HET) — Xdx @7

Because D determines H(X,T), it also determines U(T). Figure 3
shows the relationship between the dimensionless time to 50 per-
cent drainage, Ts,, and the dimensionless thickness of the base,
D, as determined from numerical solutions of the governing equa-
tion for many values of D. These numerical results are fitted
closely by the simple empirical formula

0.63

o= 5+ 13 9
In dimensional form, this formula is
' -1
IN, [ d
Ty, = 0.63 Ed (;i + 1.3) (29)

Formulas for times to other degrees of drainage could be devel-
oped in the same way. ‘
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Simplified One-Dimensional Analysis by
Casagrande and Shannon

Casagrande and Shannon’s model of the drainage process (4) can
be expressed concisely in terms of the dimensionless variables T,
U, and D as

T=CD) - fD,U) (30)
in which
+
2U—DlnD U U=<05
2D — 2UD + 1
D,U)=S1+In-—7T7—7—7— 31
10, 0) = "G B D (31)
D+1
— D ln U >05
and
C(D) =245 — 0.8D™"" (32)

The function f(D,U) is the solution for T from their simplified
one-dimensional analysis with a planar phreatic surface. The func-
tion C(D) is a correction factor that was introduced to better fit
the results of some laboratory and field experiments. A formula
for the time to 50 percent drainage can be obtained by the sub-
stitution of 0.5 for U in Equation 30. This formula is

D+1
Ty = (1.225 — 0.4D7'7) (1 - D= ) (33)

Equation 33 is plotted in Figure 3. For large values of D, Equation
33 closely approximates the numerical results from the complete
one-dimensional analysis with a constant drainable porosity. For
small values of D, Equation 33 appears to underestimate T,
considerably.

The following example illustrates the relationship between the
coefficient of permeability of the base material and two measures
of the drainage time for a typical pavement section. It also pro-
vides a comparison of three different methods for estimating these
drainage times.

N
S

—_
(o]

®
5
g
S
,/5

Time to 85% of saturation, hrs
)

o

10 100 : 1000
k, m/day

FIGURE 3 Comparison of two approximate
methods for time to 50 percent drainage.
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FIGURE 4 Time to 85 percent of saturation versus
coefficient of permeability for Example 2.

Example 2: Drainage Times for Typical Granular Base

Problem: As in the previous example, the base course of a pave-
ment is to have a slope of 0.02 m/m, a thickness of 0.1 m (3.9
in.), and a half-width (L in Figure 1) of 7.0 m (23.0 ft). The
bottom of the drainpipe is to be 0.1 m (3.9 in.) below the bottom
of the base (w = 0.1 m). The base is to be constructed of a well-
sorted granular material. This type of material would have a po-
rosity of about 0.40, a residual saturation on the order of 0.1, and
a pore-size distribution index on the order of 4. The objective is
to determine the times to 85 percent saturation (S = 0.85) and the
times to 50 percent drainage (U = 0.50) for base materials with
coefficients of permeability from 10 to 1000 m/day (33 to 3,300
ft/day).

Solution: The drainage times are estimated by three different
methods:

1. Complete one-dimensional analysis with spatially varied
drainable porosity from Equations 10-13 (SUBDRAIN program),

2. Complete one-dimensional analysis with a constant, spatially
averaged drainable porosity from Equations 15-16 (modified
SUBDRAIN program), and

3. Simplified one-dimensional analysis by Casagrande and
Shannon (4) with constant drainable porosity from Equation 3
(DAMP program).

Figure 4 compares the results for the time to 85 percent of
saturation. These results for Methods 1 and 3 do not differ greatly
except for k < 40 m/day (130 ft/day). A comparison of the results
for Methods 1 and 2 shows that the more approximate method
yields considerably shorter estimates of drainage times for mate-
rials with permeabilities less than about 100 m/day (330 ft/day).
The drainable porosity is actually larger near the centerline of the
road than near the sides because of the difference in elevation.
Most of the water that drains from the base must travel a distance
greater than L/2 to reach the edge drain. This is why Method 1,
which uses spatially varied drainable porosities, yields longer
drainage times than Method 2, which uses a spatially averaged
drainable porosity. The two methods yield nearly identical drain-
age times for very coarse materials because the spatial variability
of drainable porosity is very small for these materials in this
system.,

Figure 5 compares the results for the time to 50 percent drain-
age. The drainage times for Method 3 are based on different drain-
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FIGURE 5 Time to 50 percent drainage versus
coefficient of permeability for Example 2.

able porosities, and therefore different volumes of drainage, than
the drainage times for Methods 1 and 2. Method 2 underestimates
the time to 50 percent drainage for materials with permeabilities
less than about 100 m/day (330 ft/day) because the spatial vari-
ability of the drainable porosity is relatively large for these ma-
terials in this system.

CONCLUSIONS

The best measure of the drainability of a granular base is the
minimum degree of saturation that can be achieved through grav-
ity drainage in the field. The amount of water that can drain from
a base course depends not only on the physical properties of the
material, but also on the cross-sectional geometry of the pavement
system. The geometry of the pavement section limits the amount
of suction that gravity can exert on the pore water. A granular
base must be fairly coarse to drain adequately. A fine-grained base
may remain fully saturated under the largest suction that can be
developed through gravity drainage.

Equation 15 can provide a good estimate of the minimum de-
gree of saturation for a granular base. It incorporates both the
water-retention properties of the drainage material and the cross-
sectional geometry of the pavement. Equation 3, which appears
in FHWA’s subdrainage design manual (3) and the DAMP com-
puter program (2), tends to overestimate the amount of drainage
from fine-grained bases and to greatly underestimate the amount
of drainage from coarse-grained bases. Equation 3 does not ac-
count for the cross-sectional geometry of the pavement.
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The recommended method for estimation of drainage times is
a one-dimensional analysis of the saturated flow below the phre-
atic surface, with the local drainable porosities determined from
Equation 10. The equation that governs the drainage process is
solved numerically by a finite-difference method. If the spatial
variability of the drainable porosity is neglected, drainage times
are underestimated. The formulas of Casagrande and Shannon (4)
underestimate drainage times, particularly for systems in which
d/mL << 1.

The recommended procedures for subdrainage analysis have
been implemented in the SUBDRAIN computer program of the
Kansas Department of Transportation. These procedures could
easily be incorporated into FHWA’s DAMP program and other
similar programs.
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Field Evaluation of Various Types of
Open-Graded Drainage Layers

T. J. KAZMIEROWSKI, A. BRADBURY, AND J. HAJEK

Pavement drainage layers have been proved to be highly effective in
the efficient and quick dissipation of subsurface water from a pave-
ment structure. The Ministry of Transportation of Ontario requires a
100-mm lift of open-graded drainage layer (OGDL) directly beneath
the concrete slab as part of the rigid pavement design for expressway
facilities. The gradation of the OGDL consists almost entirely of
coarse aggregates retained on the 4.75-mm sieve, which provides a
highly permeable drainage layer. Because of this uniformly graded
coarse aggregate, the drainage layer has proved difficult to construct
by conventional means. In order to alleviate this problem, the OGDL
is treated with 1.8 percent asphalt cement to increase the stability of
the material during construction. The addition of an asphalt cement
binder has been used successfully on numerous contracts. In 1990,
the-Ministry initiated a demonstration project to evaluate alternative
methods of increasing the constructibility of the OGDL. The three
types of OGDL placed on this project were (a) a 1-km section of
portland cement-treated OGDL with various cement contents [cement-
treated permeable base (CTPB)], (b) a 1-km section where no binder
was used but the amount of fine aggregate passing the 4.75 mm was
increased to improve the stability [untreated permeable base (UTPB)],
and (c) the asphalt cement-treated permeable base: (ATPB) as just
mentioned. The design and construction details are elaborated on in
this paper, and the OGDL sections are evaluated in terms of perme-
ability, gradation, constructibility, and stability on the basis of falling
weight deflectometer test results.

The presence of free water within a pavement structure can lead
to the premature deterioration of a roadway (). To prevent this
from happening, a layer of permeable granular material can be
placed within the pavement structure in order to facilitate the in-
ternal drainage. These drainage layers have proved to be highly
effective in the efficient and quick dissipation of water from a
pavement structure and are used by many state and provincial
highway agencies (1-3).

The Ministry of Transportation of Ontario (MTO) requires a
100-mm thick lift of a permeable base and drainage layer referred
to as an open-graded drainage layer (OGDL) to be placed directly
beneath the concrete slab as part of the rigid pavement design for
expressway facilities. Because the OGDL is 90 to 100 percent
uniformly graded coarse aggregate, it has proved difficult to con-
struct by conventional means.

In order to ensure the constructibility of the OGDL, 1.8 percent
asphalt cement (A/C) is added to the aggregate, commonly re-

ferred to as an asphalt-treated permeable base (ATPB). Although

this has proved to be successful, MTO decided to evaluate two
additional techniques for improving the stability of the OGDL
material without significantly affecting the layer’s permeability:
(a) the use of portland cement as a stabilizer, a cement-treated
permeable base (CTPB), and (b) an increase in fine aggregate in

Ministry of Transportation of Ontario, 1201 Wilson Avenue, Downsview,
Ontario, M3M 1J8, Canada.

an untreated OGDL, also referred to as an untreated permeable
base (UTPB).

In this paper the design and construction details will be elab-
orated on, and these various OGDL materials will be evaluated in
terms of permeability, gradation, constructibility, and load and de-
flection characteristics based on falling-weight-deflectometer
(FWD) test results.

BACKGROUND

In 1989, MTO developed new specifications requiring that a 100-
mm layer of OGDL be placed beneath the concrete slab in all new
rigid pavement designs. The gradation of the OGDL consists al-
most entirely of coarse aggregates retained on the 4.75-mm sieve.
Although this provides a highly permeable drainage layer, the sta-
bility of the material is inadequate to support construction traffic
without unacceptable distortion. To alleviate this problem, the
OGDL has been treated with 1.8 percent A/C in order to increase
the stability of the material during construction. The addition of an
A/C binder has been used successfully on numerous contracts (1).

In 1990, MTO initiated a demonstration project to evaluate al-
ternative methods of providing a constructible, stable, and per-
meable OGDL. Highway 115, where 13.4 km of a new portland
cement concrete (PCC) pavement was being constructed, was cho-
sen as the site for this demonstration project. The three types of
OGDL placed on this project were

1. PCC-treated OGDL (CTPB) at various cement contents,

2. Untreated OGDL (UTPB) in which no binder was used but
the amount of fine aggregate passing the 4.75 mm was increased
to improve the stability, and

3. The A/C-treated OGDL (ATPB).

In order for the OGDL to function properly, it must be constructed
in direct contact with a free-flowing collector system to ensure
the efficient and quick removal of any free water. Also, there must
be a filter layer between the OGDL and the subgrade material to
prevent the intrusion and pumping of the subgrade material into
the OGDL (2,4). On this project a geocomposite drainage system
and a lift of dense-graded granular base material between the sub-
grade and the OGDL were specified as part of the overall design.

EXISTING CONDITIONS

Highway 115 is located near the city of Peterborough, approxi-
mately 100 km east of Toronto. Figure 1 shows the location of
the project.
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At the time of construction, Highway 115 was a two-lane ar-
terial highway. The new design called for the highway to be re-
constructed as a four-lane divided rural freeway. The two existing
lanes would become the eastbound lanes; the two westbound lanes
would be new PCC pavement construction.

The annual average daily traffic (AADT) in 1991 on this section
of highway was 8,800 vehicles, 8 percent of which were com-
mercial vehicles. This represents approximately 127,000 equiva-
lent single-axle loads (ESALs) in the design lane during 1 year.

The subgrade soils in the area consist of a fine-grained silty
sand and sandy silt that is moderately to highly frost susceptible.

PAVEMENT DESIGN

The cross section of the new westbound lanes consisted of two
lanes at 7.5-m width with a 0.5-m paved outside shoulder and a
1.0-m paved inside shoulder (see Figure 2 for a typical section).

The pavement structure for the new westbound lanes, shown in
Figure 3, consisted of

© 200 mm jointed plain concrete pavement (JPCP) with load
transfer devices;

¢

1.0m 3.75m _L 3.75m
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© 100 mm OGDL, A/C treated (ATPB);
¢ 100 mm granular A; and
© 300 mm select subgrade material (SSM).

The purpose of the 100 mm of granular A was to act as the filter
layer between the subgrade and the OGDL. Granular A is a dense-
graded base course material that consists of crushed rock or
gravel. The gradation for granular A is shown in Figure 4.

The SSM is a nonplastic select borrow material used to provide
a uniform, non-frost-susceptible subgrade.

The existing pavement structure of Highway 115 that would
become the future eastbound lanes consisted of

¢ 150 to 175 mm hot mix,
© 150 mm granular A, and
© 450 mm to 1.2 m sand or sandy gravel.

The 13.4-km project incorporated an ATPB throughout the proj-
ect, except for a 1-km section of untreated OGDL (UTPB) and a
1-km section of CTPB. The CTPB encompassed a section 500 m
long consisting of 120 kg of Type 10 portland cement/m* of mix
and a section 500 m long with 180 kg/m® of mix.

The collector system designed to drain the OGDL was a pre-
manufactured drainage system (PDS) commonly known as a geo-
composite drain. The type used was a Hitek 25 manufactured by
Burcan Industries. The 300-mm by 25-mm drain was placed di-
rectly in contact with the OGDL. Outlet pipes were placed every
100 m into the ditch along the edge of pavement. The typical
location of the geocomposite drain within the pavement structure
is shown in Figure 3.

After construction of the concrete pavement, the PDS was in-
stalled in a trench 100 mm wide excavated by a Vermeer cutter.-
The trench was backfilled with the compacted excavated material.

CONTRACT SPECIFICATIONS

Highlights of the construction specifications for the three OGDL
materials used are as follows:
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FIGURE 2 Typical cross section, Highway 115, westbound lanes.
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FIGURE 3 Drainage system, Highway 115.

o The aggregates should have 100 percent crushed faces pro-
duced by crushing bedrock (steel slag or reclaimed asphalt p