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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. 

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

BRUCE 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 C02 cause this leachate to precipitate 
copious quantities of calcite (CaC03) 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 ~hat 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 acjd, 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. 
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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 (1). 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 

Perched Water Tobie 

Permanent Water Tobie 
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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 ions. When the analysis 
is recalculated as milliequivalents per liter, it becomes evident that 
Na+ is almost exactly balanced by Cl-, and Ca2+ is approximately 
balanced by (OHf. The most Jikely explanation for this pattern 
is that the leachate forms mainly by dissolution of two solids, 
NaCl and CaO [or Ca(OH)i]. 

Sprlnc;;i Unter.mlttentl 

Spring <Perennloll 

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 

Ion 

Units Caz+ 

Mg/la 1137 
Meq/lb 56.74 

aMilligrams per liter 
bMilliequivalents per liter 

Off 

1048 
61.62 

cEstimate based on a different analysis 

Na+ 

557 
24.23 

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)z, 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 (OHf in slag leachate if the system is isolated from 
C02 • The slag layer at North Point is largely protected from con­
tact with atmospheric C02 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 H2C03 , most of 
which will quickly dissociate to form (C03r, which in tum will 
react with Ca2

+ to form CaC03 (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 C02 dissolve into it, because the Ca2+ content has 
built up to very high levels as the result of prior exclusion of C02 • 

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 C02 from the so-

c1- K+ Al3+ 

859 5CY 13.5 
24.24 1.28 1.50 

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 (l3°C) and even though it has absorbed very little 
C02 (as much as water at equilibrium with a partial pressure of 
10-ii.z atm C02). This concentration is far below the atmospheric 
concentration of CO~ (lQ-3

·
5 atm) and even farther below those 

found in many soils, where plant and microbial respiration pro­
duces C02• The result is that slag leachate not only will continue 
to absorb and react with C02 whenever it contacts the open air in 
drainpipes or surface slopes, as is well known ( 4), but also will 
react with C02 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 C02 , not heating or 
evaporation, was provided by a simple experiment conducted in 

TABLE 2 Log10 of Activity of Chemical Species in Solution and Saturation Indexes of Calcite 
and Portlandite 

Species 

H+ 
Off 
Ca2+ 

cot 
HC03· 

H2C03 

Pco2 

s. I.b 
Calcite 
S. I. 
Portlandite 

Type of Solution 

HP@ Equilibrium 
With Ca(OH)z, 
No C02, 25° C 

-12.5 
- 1.5 
- 2.1 
(Not present) 

0.0 

Steel Slag 
Leachate, 
Ohio, 13° ca 

-12.8 
- 1.6 
- 2.4 
- 3.8 
- 6.1 
-12.5 
-11.2 

2.3 

- 0.6 

H20 @ Equilibrium 
With CaC03 & Air, 
25°C 

-8.4 
-5.6 
-3.7 
-4.7 
-2.9 
-5.0 
-3.5 

0.0 

-9.7 

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

saturation 
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the Maryland SHA chemistry laboratory. Pure C02 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 C02 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) silfoates that have been reported to occur in 
fresh blast furnace slag or are similar to silicates known to occur 
in slag (e.g., forsterite, Mg2Si04, and diopside, CaMgSi20 6). 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 WATEQ4F 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, MgC03 ·Mg(OH)2 ·3H20, and brucite, 
Mg(OH)2• 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)2 (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 1-695 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 Ca2+ and (C03)

2
- 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 Ca2+ and (C03)

2
- will 

be reduced. The most significant of these "passive" ions at North 
_Point and in typical highway underdrain water are Na+ and Cl-; 
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 unkn<?wn. 

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 dear 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 1-695/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 
C02 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 HCl 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 C02 • Once it moves out of 
this environment and becomes subject to buffering by atmospheric 
C02, it dissolves C02, precipitates calcite, and exhibits a decline 
in pH. This process could be accelerated by bubbling C02 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-
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ment in the 1-695 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 1-695 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 

}IWAN 0. GUPTA, WILLIAM A. KNELLER, RANGAMANNAR TAMIRISA, AND EWA 

SKRZYPCZAK-J ANKUN 

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. 
ACBF iron slag is composed of crystalline akermanite (Ca2MgSi20 7). 

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 C02-

charged waters. The OH and BOF slags, however, exhibit the presence 
of CaO or its weathering equivalents such as Ca(OH)2 and CaC03• 

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 13-dicalcium silicate (lamite ), calcium ferrites, 
wiistite (FeO), free lime (CaO), periclase (MgO), portlandite 
[Ca(OH)2], and calcite (CaC03). These slags also exhibit high surface 
areas and are more reactive with C02-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 C02-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)2, and CaC03 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. 

J. 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)i in pavement drains. The 
formation of tufa from free lime is explained by the following 
chemical reaction: 

CaO + H20 = Ca(OH)i (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 (H2C03): 

(2) 

The carbonic acid reacts with calcium hydroxide forming cal­
cium bicarbonate [Ca(HC03) 2], which is more soluble in water 
than CaC03 , 

(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: 

(4) 

Warm temperatures lead to increased rates of deposition of tufa, 
whereas at cold temperatures the C02 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-lb 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 
st.ockpiles stored for less than 3 months. 

LABORATORY STUDIES 

Chemical and X-ray Diffraction Analyses of 
Tufa Samples 
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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, R20 3 (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 R20 3 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 
(CaC03), quartz (Si02), and minor amounts of dolomite 
[(Ca,Mg)(C03) 2]. 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 
o.xides 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 Cll4-16.2 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 ISR0 R203b CaCO:f Percent LOJd 

1 0.91 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 4.23 94.57 100 41.67 
4 0.76 5.40 13.37 80.47 100 35.47 
5 1.06 0.55 4.80 93.59 100 41.37 

a - Insoluble Residue 
b - Could be Fe, Al, Mg, P, or Mn 
c - Calcium Carbonate 
d - Loss On Ignition 
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FIGURE 1 X-ray diffractograms of tufa Samples 1 to S. 

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 
t~tal 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 _o_~_d_es-------------------------------------
# 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 0.2 
2 OH 3.50 36.02 26.57 9.84 3.31 0.26 0.01 15.19 0.06 1.70 0.42 3.1 
3 OH 3.57 40.76 23.81 7.81 5.26 0.10 0.01 13.73 0.01 0.01 0.78 1.5 1.1 
4 OH 4.66 34.02 15.41 5.04 3.39 0.10 0.17 26.06 0.08 0.01 0.57 10.5 -
5 BOF 3.75 35.27 24.08 10.52 2.81 0.29 0.01 12.77 0.08 O.Ql 3.08 5.5 1.8 
6 BOF 4.46 38.49 26.33 8.35 4.48 0.13 0.01 12.41 0.07 0.01 0.61 2.1 2.5 
7 BOF 2.97 48.02 15.05 9.67 3.12 0.22 O.Ql 13.21 0.01 0.01 1.65 6.1 
8 BOF 3.01 50.81 15.62 5.32 3.56 0.30 0.01 15.04 O.Ql 0.04 2.88 3.4 

a 0th - Others commonly include SrO, BaO, Ti(h, Cr203, and V20s 
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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, 0, 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 diffractograJ!'.lS. 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 pha$es. 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)2, 

whereas slag Samples 7 and 8 contain lamite ((3-Ca2Si04), port­
landite [Ca(OH)z], wiistite (FeO), and clinoferrosilite (FeSi03) 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 (CaC03), perclase (MgO), or portlandite 
[Ca(OH)z] 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)z 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: 

11 

reactivity of slags, surface area, particle size, pore size distribu­
tion, amount of water, absorption, and so on. 

ACBF 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 (N2) 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 mz/g are easily determined with excellent precision 
using N2 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 

Silicates 

Larnite (B Ca2Si04)'l 
Akermanite (Ca2MgSi20 7)a A 
Hydro-Grossular (Ca3Al2(Si04,C03(0H}J) P 
Glaucochroite ((Ca,Mn)iSi04) 
Wadsleyite ((Mg,Fe}iSio4)a 
Clinoferrosilite (FeSi03)a 
Fayalite ((Fe,Mg)iSi04)a 
Nagelschmidite (2Ca2Sio4.Ca3(P04}2)a 
Pyroxene (Aluminium Augite) 
(Ca(Fe,Al,Mg)Si04) 

Gehlenite ((Ca2Sl)Al,Si04)a 
Unnamed (Fe-Mg-Al-SiO) P 
Xonolite (Ca6Si60~17(0H)2) 
Goosecreekite (CaAl2Si06.SH20) 
Calcio-Olivine (G Ca2Si04)a 

Oxides and Hydroxides 

Periclase (MgO)a 
Wustite (FeO)a 
Hematite (Fe20 3)a 
Magnetite (Fe304) 
Hausmanite ((Mn,Mg)(Mn,Fe)204) 
Portlandite (Ca(OH)2)a 
Vernadite (Mn(OH)) 
Pyrochroite (Mn(OH}2) 
Srebrodolskite (Ca2Fe205)a 
Magnesioferrite (MgFe204) 
Spinel (MgAl204) 
Mayenite (Ca12A114033) 
Quartz (Si02) 
Moganite (Si02) 
Cristobilite (Si02) 

Carbonates 
Calcite (CaC0J)a 
Magnesite (MgC03) 
Ferromagnesite ((Mg,Fe)C03) 
Dolomite (CaMg(C03}i) 
Ferroan Dolomite 
(Ca<M~.67,Feo.3J}(COJ}2) 
Ankerite (Ca(Fe,Mg){C03}i) 
Rhodochrosite (MnC03) 

Phosphates 

Nagelschmidite (2Ca2Si04.Ca3(P04)2>° 
Berlinite (AlP04) 

Sulfides 

Albandite (MnS) 
Hauerite (MnS2) 
Pyrite (FeS2) 
Marcasite (FeS2)'l 
Mackinawite ((Fe,Ni)9Sg) 
Niningerite (MgS) 

Chlorides 

Halite (NaCl)b 
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Leachate Analysis 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. 

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 (CaO), a chemical reaction takes place 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 experiment, 3000 g of deionized water was added 

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 

Sample 
Number 

1 
2 
3 
4 
5 
6 
7 
8 

Slag 
Type 

ACBF 
OH 
OH 
OH 
BOF-Aged 
BOF-Unaged 
BOF-Aged 
BOF-Unaged 

Surface Area M2/Gm 

BET/MP/SAa 

4.64 
3.05 
21.15 
14.61 
11.20 
3.67 
17.96 
11.44 

BET/SP/SAb 

4.41 
2.84 
20.59 
23.84 
10.88 
3.53 
17.62 
11.00 

LANGMUIR/SAC 

6.81 
4.54 
33.14 
22.78 
17.69 
5.85 
27.90 
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 
c - LANGMUIR/SA - Langmuir Multi Point Surface Area 



Gupta et al. 

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 C02-charged deion­
ized water was added to the sample. Carbon dioxide at a rate of 
flow less than 0.2 ft3/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 diff~actograms 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 
C02-charged waters. 

X-ray diffraction analyses of all the leachate samples recorded 
as major phases the presence of calcite (CaC03), aragonite 
(CaC03), and halite (NaCl). In addition, one sample (OH-10) re­
corded the presence of bassanite, (CaS04 • 

1
/ 2 H20) and two other 

samples (OH-3 and BOF-4) recorded the presence of magnesium 
carbonate hydroxide hydrate [Mg5(C03)l0H)2 • 4H20]. 

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 

1 
2 
3 
4 
5 
6 
7 
8 

Aggregate 

ACBF slag 
OH slag 
OH slag 
OH slag 
BOF slag, aged 
BOF slag, unaged 
BOF slag, aged 
BOF slag, unaged 

Percent Free Lime 

None 
0.237 
0.131 
0.044 
0.604 
1.051 
0.691 
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 C02-charged 
potewater. 

Variation of Fr:ee 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: 

Depth (ft) 

0 
1 
2 
3 
4 
5 
6 
7 

Percent Free Lime 

0.096 
0.185 
0.265 
0.335 
0.388 
0.401 
0.451 
0.579 

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 (J3-Ca2Si04). 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)z], and calcite (CaC03). However, the aged sam­
ples have more CaC03 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)2, .and CaC03 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 ACBF 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, }IWAN GUPTA, MICHELLE LEA BORKOWSKI, AND DAVID 

00LLIMORE 

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)2 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 
CaC03 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 (1-3) 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 amol!nt 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)2] 

and calcium carbonate (CaC03) 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 is 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 (4) 

Compound Range Percent Typical Analysis 

Si02 
A1 20 3 

Cao 
MgO 
FeO 
Fe20 3 

FeO + Fe203 
Mno 
s 
P30s 

33-42 
10-16 
36-45 

3-12 
0.3-2.0 

0.2-1.5 

1.3 

36.4 
12.8 
41-43 
5.8 
0.4 
0.5 
1.4 
1.3 

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 SIAG 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 C02 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)z and CaC03 

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)z and CaC03 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 C02-

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 ' Analysis 

' ' 
Si02 16-19 18.4 7.2-18.2 13.9 
Al203 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 
Fe2 "'03 3.4 -N/A N/A 
FeO + Fe20 3 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 
P20s 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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trans1t10ns, 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 mVmin; heat-

TABLE3 Oxide Analysis of Slags 

Sample Al10J cao Fe
1
0J ·. MgO Hn10> P10 5 

No. Type 

1 ACBF 8.52 40.09 0.85 10.80 0.71 <0.02 

2 OH 3.50 36.02 26.57 9.84 3.31 0.26 

3 OH 3.57 40.76 23.81 7.81 5.26 0.10 

4 OH 4.66 34.02 15.41 5.04 3.39 0.10 

5 BOF 3.75 35.27 24.08 10.52 2.81 0.29 

6 BOF 4.46 38.49 26.33 8.35 4.48 0.13 

7 BOF 2.97 48.02 15.05 9.67 3.12 0.22 

8 BOF 3.01 50.81 15.62 5.32 3.56 0.30 

9 EAF oxides Not Determined 

Others, commonly include1 SrO, Bao, Ti02 , Cr20,, and V20J 
Dash (-) indicates not detected. 
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ing rate, 20°C/min; and water flow rate, 300 mVmin. 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:z04 ·H20) 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)z + heat - CaO + H20 t 

CaC03 + heat - CaO + C02 t 

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. 

K10 Si01 Na10 so> - (H10) 08 C01 Others 

0.24 38.09 0.23 0.24 0.04 0.18 

0.01 15.19 0.06 1. 70 0.42 3.13 
1.13 

<0.01 13.73 <0.01 <0.01 0.78 1.51 

0.17 26.06 0.00 <0.01 0.57 10.49 
1. 79 

<0.01 12.77 0.00 <0.01 3.08 5.54 
2.54 

<0.01 12.41 0.07 0.01 0.61 2.11 

<0.01 13.21 0.01 <0.01 2.65 6.06 

<0.01 15.04 <0.01 0.04 2.88 3.40 

2.36 17.02 
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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 

Solidi - solid2 + gas 
or 

Solidi + solid2 - solid3 + 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) 

Solidi + gas - solid2 

SAMPLE 
RUN ID 
SIZE 

5 

SLAG 

* 3 
10.008 mg 

GASES 
SOURCE 

METHOD 
No. Start Final Ramp/Iso Gas 

1 25 1000 20.0 1 
Sample Rate: 1.0 sec/pt 

8 

POINT TABLE 

NITROGEN 
O.H. 

POINT T Pt c 
1 337.47 

Pt c s 2 371.83 
1 337.47 99.900 3 395.45 
2 397.77 99.677 4 417.42 
3 453.41 99.133 5 437.42 

6 453.41 
7 528.84 
8 686.47 
9 714.71 

1.51 I 

703.13 c 

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 

Dehydroxylation of Ca(OB) 2 

Sample 
II 

1 (ACBF) 

2 (OH) 

3 (OH) 

4 (OH) 

5 (BOF) 

6 (BOF) 

7 (BOF) 

8 (BOF) 

9 (EAF) 

I.T. 1 

416.07 

397. 77 

408.78 

402.60 

404.61 

408.80 

424.31 

O.T. 2 P.T. 3 

No reaction occurred 

430.85 441. 95 

427 .18 437.42 

Reaction not measurable 

441.81 448.79 

418. 77 430.92 

435.13 446.45 

430.54 443.24 

448.49 452.52 

F.T.' 

459.95 

453.41 

464.19 

453.94 

462.17 

460.02 

466.12 
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Dissociation of caco, 

% (OH)a I.T. 1 O.T. 2 P.T. 3 F.T.' % C02 
Loss Loss 

No reaction occurred 

0.20 517.40 668.81 709.92 731.37 3.18 

0.54 528.84 627.75 689.90 703.13 1.51 

674.04 712 .14 743.49 766.87 6.65 

0.96 509.22 658.51 708.55 734 .15 5.55 

0.32 549.26 648.32 686.73 705.63 2.11 

0.89 487.57 655.16 709.81 737.46 6.16 

0.87 543.39 660.14 703.21 723. 79 3.52 

0.75 561. 76 708.74 763.82 783.03 17.20 

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)z and C02 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)z (first reaction), and the calculated 
percentage of CaO due to dissociation of CaC03 (second 
reaction). 

The sugar test (11) 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 HCl 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 C02 loss, 1.51; and by using the mole weights from 
the reaction. As stated previously, the reactions that occur are 

Ca(OH)z + heat - Cao + H20 t 

CaC03 + heat - Cao + C02 t 

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

CaO = 56.079 = 56; H20 = 17.99 = 18; Ca(OH)2 = 74.096 = 74; 

CaC03 = 100.088 = 100; and C02 = 44.079 = 44. 

TABLE 6 Total Original Percentage of CaO by TGA 

Sample ' cao· ' Ca01cm12 
.. 

' cao1c:o,,, . .. 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 a.sos 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 24.833 5 

N/D • Not Determinable 
* Data derived from anhydrous ethylene glycol, 'sugar test' 

** Calculation of t Cao due to dehydroxylation of Portlandite (Ca(OH) 2 ) 

*** Calculation of t Cao due to dissociation of carbonates 
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The equations are set up as follows to calculate the percentage of 
CaO: 

Cao H20 delta wt. loss 
(1) 

56 
-

18 

Cao C02 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 
-- = -- = 1.692 percent CaO 
56 18 

(3) 

Cao 1.51 -- = - = 1.922 percent CaO 
56 44 

(4) 

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: 0 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 (12) has shown that if the percentage of total orig­
inal CaO in a slag exceeds 1 percent, the slag could readily pre­
cipitate CaC03 • 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. 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 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 
CaC03 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 

k =Ky 
µ 

(1) 

in which K is the intrinsic permeability of the granular material and 
'Y and µ are the specific weight and viscosity of the fluid, respec­
tively. The coefficient of permeability, k, has dimensions of LIT 
(length/time). The intrinsic permeability, K, has dimensions of L2

• 

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 0/n, in which 
0 is the volumetric water content and n 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 smin· 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, 
nd. The porosity; the drainable porosity, and Smin are related as 
follows: 

(2) 

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 

nd = 0.0355k°·235 (3) 

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

s . = 1 - 0.0355 k0.235 
mm n (4) 

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. 



24 

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. 1\vo 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), \fl. 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), 

(5) 

The terms s,, lflm and A. 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 lfla 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,, lflm and A. 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,) n cr2 A. -"------'--- -- = 5 
K \fl: -y2 A. + 2 

(6) 

in which K is the intrinsic permeability of the granular material 
and -y, µ, and er 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 
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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 (\fl = w + z) and, 
from Equation 5, the corresponding minimum degree of saturation 
at this level, smin(z), is 

{

1 Z:::;; lfla - W 

Smin (z) = (1 ) ( lfla )>. z > lfla - W 
S, + - S, W + Z 

(7) 

At elevations z :::;; lfla - 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: 

n,Az) = n [1 - Smin (z)] (8) 

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

mx+d 

- 1 J Smin (x) = d Smin (z) dz (9) 

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

1 xs~ 

s, + (1 - s,) { t\la - : - mx 

+ t\I~ · [(w + d + mx)1->-
d(l - A.) 

Smin (x) = 
_ ,1,aI->.1} < 

'I' X1 < X - X2 

s, + (1 - s,) ( \fl~ ) [(w + d + mx)1->­
d 1 - A. 

z 

x::.o Subgrade 

FIGURE 1 Cross section of pavement with 
granular base and edge drain. 

(10) 
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(12) 

The average drainable porosity at a distance x from the edge drain, 
n.t(x), can be determined from the porosity and the average min­
imum water content at this location as follows: 

nAx) = n [l - Smin(x)] (13) 

The spatially averaged minimum saturation for the entire base 
course, Smi"' is the average of smin(x) from x = 0 to x = L: 

1 [-Smin = - Smin (x) dx 
L o 

(14) 

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

S . = + (l _ ) {~ + (\j/0 - w) (x2 - X1) 
mm S, S, L dL 

m(x~ - xi) 

2dL 

md.L(l - A.) (2 - A.) 

- (w + d + mx1)
2 ->-

- (w + ml)'-' + (w + mx,r' J 
_ \jla (x2 - Xi)} 

d.L(l - A.) 
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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, Nd, can 
be determined from the porosity and the spatially averaged mini­
mum saturation as follows: 

(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 
(\jla < W + d + mL). 

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,, \j/0 , and 
A.). 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 Smin from Equation 15 ford= 0.1 m (3.9 in.), 
w = 0.1 m (3.9 in.), m = 0.02 m/m, L = 7.0 m (23.0 ft), s, = 0.10, 
and \j/0 = 1.333/C112 for \j/0 in meters and k in meters per day. The 
formula for \j/0 , from Equation 6, is based on n = 0.40, 'Y = 9810 
N/m3

, µ = 0.00131 N s/m2
, and a = 0.0742 Nim (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 (\j/0 > w + d + mL). 
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 c~efficients 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 satura!ion at time t = 0. The ob­
jective of the analysis is to determine the degree of saturation of 
the base at times t > 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 fl.ow 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 smin(x). The 
corresponding water content above the phreatic surface is n -
nix). 

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

(17) 

in which h(x,t) is the elevation of the phreatic surface and q(x,t) 
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: 

mx] 
ah(x,t) 

q(x,t) = K [h(x,t) - ax (18) 

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

_ ah(x,t) a { ah(x,t)} ntt(x) -- - K - [h(x,t) - mx] -- = 0 
dt dX dX 

(19) 

The initial condition is h(x,O) = 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 fl.ow cross this boundary. This requirement is sat­
isfied by a horizontal phreatic surface (hydraulic gradient of zero) 
until h becomes zero. The average degree of saturation at any time 
can be determined from the phreatic-surface profile: 

1 J.L {- _ h(x,t) - mx} 
S(t) = L 

0 

Smin (x) + [1 - Smin(x)] d dx 

(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 = Smin + 0.5Nin). 
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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 th_e time to 50 percent 
drainage. In this analysis, the spatially averaged drainable poros­
ity, Nd, is substituted for the local drainable porosity, nix), in the 
governing differential equation. With this simplification, the prob­
lem can be stated in terms of the dimensionless variables 

Kmt 
T = 

LNd 

x 
X= 

L 

h 
H= 

D 

mL 

d 

mL 

The goverµing equation is 

aH(X,1) - ~ {[H(XT) - X] aH(X,T)} 0 
aT ax ' ax 

(21) 

(22) 

(23) 

(24) 

(25) 

and the initial condition is H = D + X. The boundary conditions 
can also be stated in terms of these dimensionless variables. 
H(X,1) 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= 

1 - Smin 
(26) 

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

U(1) = f ~(X,1) - X] dx (27) 

Because D determines H(X,T), it also determines U(1). Figure 3 
shows the relationship between the dimensionless time to 50 per­
cent drainage, Tso, 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 

Tso = 
0.63 

D + 1.3 
(28) 

In dimensional form, this formula is 

LNd d 
( )

-! 

Tso = 0.63 Km mL + 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 Das 

T = C(D) · f(D, U) 

in which 

f(D, U) = 

and 

D + 2U 
2U - D In D 

2D - 2UD + 1 
l + In (2 - 2U) (D + 1) 

D + 1 
-Dln--

D 

C(D) = 2.45 - 0.8D- 113 

(30) 

U$ 0.5 

(31) 

u > 0.5 

(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) Tso = (1.225 - 0.4D- 113

) 1 - D In --0 (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 T50 

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. 
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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 

27 

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 
ayeraged 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 fork< 40 rn/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. l<AZMIEROWSKI, 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 th~ 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 defiectometer test results. 

The presence of free water within a pavement structure can lead 
to the premature deterioration of a roadway (J). 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 (NC) 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 118, 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-defiectometer 
(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 NC in order to increase 
the stability of the material during construction. The addition of an 
NC 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 NC-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 effici~nt 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 CONDIDONS 

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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FIGURE 1 Location map. 
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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.om 
Paved ---.j 

Shoulder : 

3.75m 

200mm CONCRETE PAVEMENT--..----.. 
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• 100 mm OGDL, NC 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/m3 of mix 
and a section 500 m long with 180 kg/m3 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: 

0.5m 
. Paved 
: Shoulder 

0.5m Min. 

FIGURE 2 'IYpical cross section, Highway 115, westbound lanes. 
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FIGURE 3 Drainage system, Highway 115. 

• The aggregates should have 100 percent crushed faces pro­
duced by crushing bedrock (steel slag or reclaimed asphalt pave­
ment should not be used). 

• Construction traffic should not be permitted on the OGDL 
except for the paving train during placement of the overlying 
pavement. Haul trucks should not be allowed on the OGDL except 
to discharge material directly into the paver. 

•The OGDL should be covered with the concrete pavement 
within 30 days of placement to prevent contaminations resulting 
from prolonged exposure. The OGDL should be protected from 
dirt or dust during construction. 

• Compaction of the ATPB should consist of three to five 
passes of a class S2 roller (mass per millimeter of roll width, 4.5 
kg) weighing 9 to 11 tonnes. The final compaction should be such 
that the OGDL can support the weight of the paving equipment. 
Pneumatic-tired or vibratory rollers should not be used. 

• The final grade of the OGDL should not deviate more than 5 
mm above or 10 mm below the specified grade and cross section. 
The surface of the OGDL should not deviate· more than 10 mm 
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FIGURE 4 Specification limits for aggregate 
gradations. 
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at any place with a 3-m template. No problems were encountered 
during construction in meeting these tolerances. 

• A Marshall mix design procedure is not required for ATPB. 

CONSTRUCTION 

CTPB 

The contractor chose to place the CTPB with the Gamaco 3000 
concrete slipform paver using a stringline for grade control. The 
same equipment was used to place the overlying concrete pave­
ment (5). 

A water-to-cement ratio of 0.42 to 0.43 was used for both the 
120-kg/m3 and 180-kg/m3 mixes. Initially the lack of fines and 
low cement volume made it difficult to feed the material through 
the augers of the slipformer and caused segregation. This was 
solved by slowing the process down. Consolidation was achieved 
by activating only half the number of spud vibrators on the slip­
form machine. There were no noticeable differences in placing the 
two mixes at the two cement contents (5). 

Both mixes of the CTPB appeared to be stable, well bonded, 
and relatively smooth after placement. There was no sloughing of 
the material at the edge of the pavement. During placement of the 
concrete pavement, minor breakdown of the surface of the OGDL 
was caused by the trucks carrying the concrete, especially in the 
section with only 120 kg/m3; however, the section was paved last 
and therefore carried more accumulated truck traffic than the 180-
kg/m3 section. 

Curing commenced one day after placement. It was achieved 
by sprinkling water from a truck-mounted tank in a fine spray 
every 2 hr for an 8-hr period. 

ATPB 

The ATPB with 1.8 percent A/C content was placed in two 50-mm 
lifts with a conventional hot-mix paver (Barber Green 200). It was 
compacted using a Dynapac CC-04 vibratory roller ballasted at 15.5 
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tonnes with a 2.13-m wide drum in the static mode. Although the 
roller used was heavier than that specified, the contractor obtained 
the required compaction without damaging the mat. 

It is expected that stripping will occur in the ATPB over the 
long term, but the NC is only a stabilizer to hold the aggregate 
together during construction to provide stability. It is not expected 
that there will be any long-term performance problems caused by 
stripping. 

UTPB 

The UTPB was placed by trucks and a grader; the final grade was 
achieved utilizing a profile machine. The compaction was 
achieved with three to five passes of a smooth drum roller. It was 
visually stable after compaction. 

There were no problems achieving acceptable compaction lev­
els and surface tolerances with the UTPB. Water was used spar­
ingly to keep the dust under control and facilitate compaction. 

The UTPB sloughed at the edge of the lift. This became a 
concern when the PDS was placed along the edge of the concrete 
by trenching techniques because it caused a void under the con­
crete slab. This void was small and is not expected to cause any 
short-term damage to the concrete slab, although it could result 
in long-term performance problems. 

Cores were taken in the pavement within the UTPB section 
after construction, and although the profile grade of the OGDL 
was within specifications, the depth of the UTPB ranged from 65 
to 100 mm. 

EVALUATION 

Laboratory Permeability Tests 

At present, there is no standard laboratory test for permeability of 
granular materials. MTO tests the permeability of an OGDL using 
a Constant Head Test. The Constant Head Test (MTO Test No. 
LS-709) used is based on ASTM D2434 and AASHTO T-215-70 
(1). This test utilizes proctor molds with the granular material 
compacted to its optimum density or a 150-mm diameter core 
taken in the field. The core is wrapped in paraffin wax and tested 
in the same manner as the proctor molds. The results from this 
test are useful as a relative comparison between the different gran­
ular materials, but they cannot be used as a direct comparison 
with the results of other permeability testing methods. 

All permeability results referred to in this paper are based upon 
MTO's laboratory testing methodology. 

TABLE 1 Average Permeability Results 

Untreated OGDL (UTPB) 
(from roadway samples) 

NC-treated OGDL (ATPB) 
(field cores at 1.8% NC) 

Cement-treated OGDL (CTPB) 
(field cores) 

Aggregate for treated OGDL 
(aggregate from stockpile) 

Coefficient of Perme­
ability (cm/sec) 

7.5 x 10-2 

8.6 x 10-2 

5.9 x 10-2 

6.3 x 10-2 
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FIGURE 5 Gradations for UTPB: MTO versus New 
Jersey. 

The average permeability test results are shown in Table 1. The 
ATPB had the highest permeability as determined from cores, 8.6 
10-2 cm/sec, whereas the UTPB from roadway samples had com­
parative results at 7.5 10-2 cm/sec. Samples of the aggregate used 
for the CTPB and ATPB from the stockpile were also tested. The 
aggregate had permeability results of 6.3 10-2 cm/sec. The CTPB 
cores had the lowest permeability, 5.9 10-2

. cm/sec. 
The granular A used as a filter material has results ranging from 

2 10-2 cm/sec to 2 10-6 cm/sec depending upon where the gra­
dation falls within the allowable band for granular A (1,2) as 
shown in Figure 4. 

Ideally the permeability of a granular base should be on the 
order of 10-4 cm/sec or greater (6). An OGDL layer should have 
a permeability on the order of 10-2 cm/sec ( 6). 

The results of MTO's permeability testing are an order of mag­
nitude less than the test results reported in FHWA-TS-80-224. The 
difference is due to different laboratory testing procedures. Figure 
5 shows the New Jersey gr~dation for UTPB and Figure 6 shows 
the AASHTO 57 gradation for a treated OGDL; both are com­
pared with the MTO required gradation. Figures 5 and 6 show 
slight differences between the gradations, indicating that the two 
materials would have similar permeabilities. 

Extraction Tests 

Extraction tests were carried out on the cores taken from the 
ATPB. The NC content of the cores ranged from 1.52 to 1.73 
percent. This is slightly less than the required 1.8 percent NC, 
however, the specification does allow for a ±0.2 percent deviation 
from this requirement. 

Aggregate Gradation 

Figure 4 compares the requirements of the untreated, treated, and 
granular A (filter layer) gradation bands. The treated and untreated 
bands are similar in the coarse aggregate range but differ in that 
the untreated allows more fine material for stability. The granular 
A band is much wider and much more uniformly graded than the 
OGDL gradation bands. 

Gradation tests were completed on the aggregate samples from 
the stockpile ~sed for both the ATPB and the CTPB. Tests were 
also carried out on the cores taken from the ATPB. For obvious 
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FIGURE 6 Gradations for treated OGDL: MTO 
versus AASHTO 57. 

reasons, it was not possible to do gradation testing on the cores 
taken from the CTPB. Tests were also done on the UTPB aggre­
gate from field samples. These results are shown in Table 2. 

The results indicate that the aggregate gradations meet speci­
fications except for the ATPB from cores. The 2.36 sieve is out 
by +0.1 percent and the 0.075 sieve is out by +0.5 percent. Both 
of these encroachments are minimal. 

The gradation curves for the averages of all samples are shown 
in Figures 7 and 8. 

Aggregate Quality Testing 

The limestone aggregate used for both the untreated and treated 
OGDL was from the Buckhorn Quarry, approximately 20 km 
north of Peterborough. The material was specified to meet the 
requirements of a medium-quality hot-mix aggregate. Table 3 
shows the test results for the untreated and treated aggregate. All 
test requirements were met. The aggregate was 100 percent 
crushed from bedrock. Previous test sites where OGDL was placed 
using a crushed gravel proved to be very unstable and difficult to 
compact even with the addition of NC as a stabilizer. 

Although the aggregate used for both the treated and untreated 
OGDL was from the same quarry, it was obtained from separate 
stockpiles because of the different gradations. This could be an 
explanation for the differences between the quality testing results. 

TABLE 2 OGDL Aggregate Gradation 

Untreated, % Passing 

Field· Sieve Size 
MTO Samples 

Millimeters Inches Requirements (n = 3) 

37.5 1112 100 100 
26.5 1 95-100 100 
19.0 314 88-10 97.9 
13.2 112 40-80 72.0 
9.5 31s 25-60 49.7 
4.75 No. 4 8-21 12.7 
1.18 No. 16 0-12 2.9 
0.300 No. 50 0-7 1.7 
0.150 No. 100 0-5 1.4 
O.Q75 No. 200 0-2 1.0 
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Pavement Drainage 

In addition to the laboratory testing of the OGDL materials, a full­
scale field evaluation of the subdrainage system performance was 
conducted about a year after construction. The field evaluation 
was done by introducing a controlled .quantity of water into the 
OGDL material through a core hole in the PCC pavement and 
observing water discharge rates at outlets. The procedure effec­
tively engaged the OGDL (both its permeability and cross­
sectional slope), permeability of granular material underneath 
the OGDL, interface between the OGDL and the PDS, the PDS 
(flow capacity and longitudinal slope), and, finally, the function 
of the outlet pipes. 

The full-scale testing was motivated in part by a concern for 
the relative impermeability of the backfill material used during the 
PDS installation. The installation was completed using a modified 
Vermeer trencher and the excavated material was used as backfill. 
The backfill consisted of a mixture of granular A, pieces of OGDL 
material, and select subgrade material. The permeability results 
obtained previously for this mixture had a coefficient of perme­
ability of about 1.0 + 10-4 cm/sec. The low-permeability backfill 
material can contaminate the interface between the OGDL and the 
PDS since the installation trench wall is rough. The rough surface 
creates a space in front of the PDS that can be filled with backfill 
fines. 

Testing Procedure 

To achieve a significant inflow rate, a hole with a diameter of 15 
cm was cored through the PCC pavement and the OGDL in the 
right traffic lane. The results reported here are for core holes lo­
cated 2.3 m from the PDS (cross-sectional distance) and about 12 
m from the nearest downstream outlet (longitudinal distance). The 
pavement grade (longitudinal slope) ranged from 1 to 1.5 percent. 
The pavement elevation was about 1 m above the terrain. Only 
the ATPB and CTPB sections were evaluated using the above 
arrangement. It was not possible to establish a corresponding lo­
cation for the UTPB. 

The inflow rate of water poured into the core hole was main­
tained constant at 22 L/min throughout the main portion of the 
test. The system could easily accommodate the inflow rate of 22 
L/min without flooding the OGDL material (i.e., the water level 
was well below the bottom of the concrete slab). Precautions were 

Treated, % Passing 

MTO A/C-Treated from Aggregate from 
Requirements Cores (n = 3) Stockpile (n = 3) 

98-100 100 100 
90-10 98.9 95.7 
40-86 67.7 64.2 
20-55 36.5 33.9 
0-10 7.9 3.0 

NIA 4.0 1.4 
NIA 3.1 1.0 
NIA 2.9 0.9 
0-2 2.55 0.8 
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taken to minimize erosion of the granular materials by the water 
poured into the hole. Overall, the field testing procedure used can 
objectively evaluate the performance of the ·whole pavement 
drainage system. 

Results 

Both the ATPB and the CTPB sections exhibited similar perfor­
mance. After the inflow started, it took 25 to 27 min before water 
appeared at the downstream outlets and 40 to 4 7 min before the 
outflow reached a relatively steady discharge rate of 8.6 to 9.6 
L/min. When the inflow rate was increased from 22 to about 25 
L/min, the reaction time to the increased flow at the outlet was 
about 2.5 to 4 min. After the inflow was stopped, water continued 
to discharge for 19 to 29 min. 

From the total inflow of 22 L/min, less than 50 percent of the 
flow was reaching the outlet pipes despite the fact that the inflow 
was only 12 m from an outlet (outlets were spaced at about 
100-m intervals) and the longitudinal grade of the pavement was 
at least 1 percent. The difference in the input and output flows 
was draining by alternative means even though the underlying 
granular A has much lower permeability than the OGDL material 
or the geotextile covering the PDS. In general, the amount of 
water retained in the pavement structure depends not only on the 
permeability of the material below the OGDL, but also on the 
interface between the OGDL and the PDS. 

It may be argued that the results of the full-scale testing are 
undesirable since more than 50 percent of the water fails to reach 
the outlets and penetrates the pavement structure. However, there 
are no comparable results for other types of subdrainage systems 
incorporating OGDL. To further test the influence of the interface 
between the OGDL and the PDS, the MTO is now installing a 
PDS in a trench backfilled with a manufactured sand with high 
permeability. The results of the full-scale performance testing of 
this system incorporating high-permeability backfill, as well as 
results from other drainage systems, would enable a better inter­
pretation of the existing results. 

FWD Testing 

Deflection testing was done utilizing the FWD in order to deter­
mine the load and deflection characteristics of the OGDL. Mea-
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FIGURE 7 Gradation curves for treated OGDL 
aggregate. 

TRANSPORTATION RESEARCH RECORD 1434 

Percent Passing 
100r.===========~:-~;-~,--;~-r-.-:~~:-i 

I - - Field Sam pies 1. 
80 . : . 

60 · Mto Requlremi:tnts · 

40 

20 

o..._=-=-=-=-=-=-::.=.;~:;..;;..~~=--.,.~~~~~~~~~~_J 

75 150 300 600 1.18 2.36 4.75 9.5 19.0 37.5 

(l.un) Sieve Size (mm) 

FIGURE 8 Gradation curves for UTPB aggregate. 

surements were taken at 10-m intervals in the outside wheel path 
of the driving lane on the granular A layer; on the surface of the 
CfPB, the UTPB, and ATPB; and on the surface of the concrete 
pavement. 

Tests on the granular A were done using a 450-mm diameter 
loading plate. A 300-mm diameter loading plate was used for the 
various OGDL and concrete pavement layers. The deflection data 
are based on a normalized 40-kN dynamic load and are reported 
without a temperature correction factor. Tests were done from 
May 29, 1992, to July 19, 1992. Additional FWD testing was done 
on the concrete pavement on July 6, 1993. These new tests were 
taken in the center of every fifth slab (approximately every 20 m). 

It is difficult to reliably determine the moduli of the different 
pavement layers from the data collected through backcalculation, 
because the programs available are limited in their ability to cal­
culate the moduli of granular layers and of layers beneath a rigid 
concrete layer. For this reason, the results of FWD testing are 
reported as average peak deflections. 

Shown in Figure 9 are the average peak surface deflections of 
the various layers for all three types of OGDLs. The deflections 
give an indication of the comparative strength and stability of the 
different layers. Because of the difference in the size of the load-

TABLE 3 OGDL Aggregate: Physical Requirements and Test 
Results 

MTO 
Lab MTO Untreated Treated 
Test No. Requirements Aggregate Aggregate 

Lds Angeles 
abrasion,% 
maximum loss LS-603 35 27 28 

Magnesium sulfate 
soundness, 5 
cycles,% 
maximum loss LS-606 12 4 

Petrographic 
number, 
maximum LS-609 160 106 101 

Flat and elongated 
particles, 
% maximum LS-608 20 NIA 17 

Freeze-thaw 
maximum loss % LS-614 10 9 NIA 

NOTE: NIA = not available. 
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FIGURE 9 Average deflection measurements. 

ing plates, the results for the granular A layer should not be com­
pared with those shown for other material layers. The granular A 
results are similar under the UTPB and CfPB. The CfPB has the 
highest modulus with an average deflection of 0.53 mm, whereas 
the UTPB has the highest deflection, 0.73 mm, indicating the low­
est modulus. The ATPB with a deflection of 0.64 mm is in 
between. 

The concrete slab deflections from the June 1992 testing ranged 
from 0.07 to 0.06 mm for all sections. The deflections of the 
concrete slab taken a year later range from 0.04 to 0.05 mm. It is 
not expected that a 200-mm thick concrete slab would be affected 
by minor variation in the deflection characteristics of the various 
underlying OGDL layers, although the long-term performance of 
the concrete pavement would be influenced by an unstable or non­
uniform base layer. 

Deflection (mm) 
0.6.-~~~~~~~~~~~~~~~~~~~~~ 
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FIGURE 10 CTPB deflection measurements. 
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Figure 10 indicates the difference in deflections between the 
two CfPB mixes. As anticipated, the results indicate that the de­
flections for the 180-kg/m3 mix are slightly lower than those for 
the 120-kg/m3 mix based on deflection values, but both are higher 
than those for the UTPB or ATPB (Figure 9). 

CONCLUSIONS 

The following conclusions have been made: 

•All three types of OGDL met the requirements for perme­
ability and stability; that is, the OGDL mat was able to carry 
construction traffic without any significant damage or break-up. 

• The FWD measurements indicate that the deflection of the 
CfPB is 17 percent less than that of the ATPB and some 28 
percent less than that of the UTPB. On the basis of these values, 
a similar strength characteristic (modulus) relationship would exist 
among the three materials. 

• The relative rigidity of the concrete pavement based on the 
FWD measurements is not expected to be affected by the type of 
OGDL used. 

•The placement of the ATPB and CfPB layers within accept­
able tolerances may require a slight adjustment to conventional 
construction practices but requires no specialized equipment. 

• The overall performance of the pavement drainage system can 
be objectively evaluated by the field drainage test; however, more 
comparative data are required for reliable interpretation of the 
results. 

• There is a concern with sloughing that occurs at the edges of 
the UTPB (at the edge of the 0.5-m paved shoulder), nonuniform 
thickness, as well as its somewhat lower strength characteristic as 
indicated by the deflection testing. 

• The 1.8 percent AJC provides adequate stability to the OGDL 
aggregate accommodating construction practices and equipment. 

•The gradations of both the untreated and treated OGDL ag­
gregates provide excellent permeability. 

• There appear to be no significant differences between the 180-
kg/m3 and 120-kg/m3 cement-treated OGDL mixes with regard to 
construction, permeability, and strength characteristics. 

RECOMMENDATIONS 

The following recommendations are made: 

• The contractor should be allowed to choose between an ATPB 
and a CfPB on selected projects. This would allow the contractor 
to choose the most economical materials and methods of construc­
tion available. 

• The cement content of the CfPB should be specified as 120 
kg/m3. 

• The placement and use of the UTPB need to be reviewed 
further. It appears that it is impractical to use this material with a 
collector system that is installed by a trenching operation. Prein­
stallation of the collector system and backfilling with a permeable 
filter material are required. The minimum depth of UTPB should 
be increased to 150 mm to address inaccuracies in placement 
operations. 
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Development and Comparison of 
Permeability Measurement Techniques for 
Jointed Concrete Pavement Bases 

ANDREW BODOCSI, ISSAM A. MINKARAH, ANTHONY AMICON, AND 

RAJAGOPAL S. ARUDI 

Prior research has shown that a well-drained base is a very important 
requirement for preserving the soundness of a highway pavement. 
Although adequate knowledge exists to guide an engineer in the de­
sign of a new pavement with good drainage characteristics, there are 
no established methods to estimate the quality of drainage under an 
existing pavement and therefore to estimate its life expectancy or to 
properly design its overlay. A summary is presented of research ef­
forts aimed at investigating and adapting existing techniques from 
the geotechnical area for the development of methods for measuring 
the permeability of pavement bases. 1\vo geotechnical methods were 
adapted, and one new technique was developed. The first two meth­
ods were used to conduct permeability tests near the middle of the -
pavement slabs, using either constant head or falling head setups. 
These were named the Midslab Constant Head Test Permeability Test 
and the Midslab Falling Head Permeability Test, respectively. The 
third method was designed for conducting permeability tests near the 
edge of a slab. This method was named the Edge-of-Slab Constant 
Head Permeability Test. Numerous permeability tests were conducted 
under a jointed reinforced concrete test pavement in Chillicothe, Ohio, 
using these three methods. It was found that the tests conducted near 
the edge of the slab held the most promise, even though the method 
needs further refinements. However, the results of the edge-of-slab 
test were quite different from those of the midslab test, partly because 
of the erosion of fines from the base in the edge-of-slab test. In ad­
dition, it became clear from the tests that the field test results were 
considerably different from laboratory test results. 

A well-drained base is of utmost importance for highway pave­
ments. Cedergren (J) in 1978 estimated that the lack of proper 
drainage of infiltrated water from the nation's highway pavements 
would cost U.S. taxpayers more than $2QO billion in just 15 years. 
The AASHTO design guide (2) recognizes the importance of 
pavement drainage in its thickness design procedures by account­
ing for the quality of drainage and for the period of time during 
which the pavement section is exposed to moisture. However, the 
design guide does not help the engineer with criteria to establish 
what good quality drainage entails, especially when the rehabili­
tation of an existing pavement is in question. Nonetheless, engi­
neering judgment points to the permeability of the base as one of 
the most important factors in pavement drainage. 

The literature survey on the permeability of bases found several 
articles and references on the subject. Moulton and Seals (3,4) 
presented permeability testing methods applicable to the field 
measurement of permeability of newly placed bases and subbases 
before the pavement is placed on them. They designed a special 

A. Bodocsi, I. A. Minkarah, and R. S. Arudi, Department of Civil and 
Environmental Engineering, University of Cincinnati, ML 0071, Cincin­
nati, Ohio 54221-0071. A. Amicon, H. C. Nutting Co., Cincinnati, Ohio. 

permeameter device that is placed on (or driven into) the surface 
portion of the base or subbase. The method is not applicable to 
existing pavements. 

There is also FHWA Demonstration Project 87 (5), which was 
designed to assist highway agencies in using new techniques in 
their design of permeable bases for concrete pavements. 

The literature survey did not reveal acce-pted field procedures 
for finding the in-field permeability of existing base courses under 
concrete pavements. Therefore, concurrent with other research on 
a test pavement in Chillicothe, Ohio (6), a great deal of effort was 
spent on the development of appropriate in-field test procedures 
for finding the permeability of the base. Three different methods 
were tried and their results compared. 

The test pavement on which permeability tests were conducted 
was built by the Ohio Department of Transportation in 1972 (7). 
It is a 983-m (3,225-ft) jointed portland cement concrete (JPCC) 
section in the southbound roadway on Route 23 in Chillicothe, 
Ohio. The pavement consists of two lanes 3.7 m (12 ft) wide 
separated by a longitudinal joint. The test section has 100 trans­
verse joints. All slabs are 229 mm (9.0 in.) thick, and, except for 
a short segment, they are reinforced with wire mesh. The pave­
ment is underlain by an embankment approximately 6.1 m (20 ft) 
high. Several variables were incorporated in the pavement: various 
joint spacings, type of base, type of dowel bar, and configuration 
of the saw cut. Table 1 gives details on the various sections of 
the pavement. The concrete slabs were supported on either a 191-
mm (7.5-in.) thick granular base (Grade A, 310 material) or a 102-
mm (4.0-in.) thick, Item 301 Bituminous Aggregate Base (ATB). 
Researchers at the University of Cincinnati studied the pavement 
between 1972 and 1980 and again between 1989 and 1992. Per­
meability tests were conducted only in the second phase of the 
study. 

Although the test pavement was not designed for the purpose 
of evaluating the parameters that affect pavement drainage, the 
researchers undertook the task of investigating the as-is drainage 
characteristics of the portion of the pavement that was supported 
on granular base. From construction plans and field exploration, 
it was found that the test pavement had an edge collector drain 
consisting of one trench for the southbound two lanes, filled with 
pea gravel, and a drainpipe at the bottom. 

In the permeability phase of the study, measurements were 
made on the granular base and the embankment subgrade material. 
The granular base was studied in both the laboratory and the field, 
whereas the embankment material was only tested in the labora­
tory. The perm~ability tests on the embankment were conducted 
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TABLE 1 Details of Sections with Type of Joints, Base, and Dowel Bars . 

Section Joint# Number Slab 
of Slabs Length 

m(feet) 

1 1 to 7 7 12.2(40) 

2 8 to 16 8 12.2(40) 

3 17 to 24 8 6.4(21) 

4 25 to 34 10 12.2(40) 

5 35 to 44 11 5.2(17) 

6 45 to 53 9 6.4(21) 

7 54 to 63 10 12.2(40) 

8 64 to 73 10 12.2(40) 

9 74 to 84 10 12.2(40) 

10 85 to 94 10 6.4(21) 

11 95 to 96 2 12.2(40) 

12 97 to 100 4 12.2(40) 

Note: 1 m = 3.281 ft 
1 mm = 0.0394 inch 

to ascertain that it was much less pervious than the base, ensuring 
that water would flow only in the base during field tests. 

The testing program started with in-field density tests and sam­
pling of the base and subgrade materials for classification and 
Modified Proctor density tests. Laboratory permeability specimens 
were prepared, and permeability tests were run. Concurrently, field 
permeability tests were conducted on the ase at nine different lo­
cations along both lanes of the test pavement. 

Pertinent details of the laboratory and field tests on the base 
and subgrade materials are presented in this paper, and the per­
meability test methods that were tried are evaluated. 

MATERIALS AND METHODS 

Field Sampling and Density Testing 

A number of field samples were taken to conduct laboratory index, 
maximum density, and permeability tests. The base samples were 
taken at the edge of the pavement from locations directly under 
a joint or a crack. The sample locations are given in Table 2. 

1\vo subgrade (embankment) samples were taken. Subgrade 
Sample 1 was taken from an area immediately below the pave-

Type of Base Type of Type of Joint (Depth 
Dowels & Type of Sawcut) 

Granular Standard 3.2mm(l/8") Bevel 

Granular Standard 6.4mm(l/4 ") Standard 

Stabilized Standard 6.4mm(l/4") Standard 

Stabilized Standard 6.4mm(l/4 ") Standard 

Stabilized None 6.4mm(l/4") Standard 

Granular Plastic 6.4mm(l/4 ") Standard 
Coated 

Granular Plastic 6.4mm(l/4 ") Standard 
Coated 

Granular Standard 12.7(1/2") Standard 

Granular Standard 6.4mm(l/4 ") Standard 

Granular Standard 6.4mm(l/4") Standard 

Granular 3M Coated 6.4mm(l/4") Standard 

Granular Standard 6.4mm(l/4") Standard 

ment base near the location of Base Sample 7. Subgrade Sample 
2 was obtained from a depth between 0.61 to 1.22 m (2.0 to 4.0 
ft) below the surface of an area within the median adjacent to the 
shoulder at Joint 50. 

In-place density determinations were made by a nuclear density 
meter on the base and the subgrade near the location of Base 
Sample 7. 

Laboratory Soil Testing 

Grain Size Distribution 

Grain size distribution tests on the base and subgrade materials 
were performed in accordance with ASTM D-422. The sieve anal­
ysis results were used to obtain the percentages of gravel, sand, 
and fines (silt and clay) in each sample using Ohio Department 
of Transportation Classification Standards. 

Modified Proctor Moisture-Density Tests 

The Modified Proctor moisture-density relationship was deter­
mined for each of the base and subgrade samples according to 
ASTM D-698 standard procedures. 

TABLE 2 Base Sample Designations and Locations 

Sample# Joint Location Lane 

1 14 Passing 

2 45-1" Passing 

3 52 Driving 

4 59 Driving 

5 81 Passing 

6 82 Passing 

7 95-1° Passing 

Note: * indicates that the sample was taken at the first pavement crack south of the indicated 
joint, like Joint 45 or 95. 
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Laboratory Permeability 

Laboratory permeability tests were performed on the base and 
subgrade samples. The test specimens were compacted in a 102-
mm (4.0-in.) diameter Proctor test mold at optimum moisture con­
tent. The actual densities of the samples ranged between 91 and 
99 percent of their Modified Proctor density. The permeability 
tests were conducted after the complete saturation of the samples 
in a falling head permeability test apparatus using deaired water. 
Each specimen was tested until its equilibrium permeability was 
reached. · 

Field Permeability Testing 

Field permeability tests were conducted at nine selected locations 
in the test pavement. Specifically, tests were conducted under the 
pavement approximately midway between the following joints: 11 
and 12, 46 and 47, 52 and 53, 56 and 57, 59 and 60, 80 and 81, 
81 and 82, 94 and 95, and 95 and 96 (see Table 1 to identify the 
type of slab under which each test was conducted). As seen, these 
locations covered the length of the test pavement on granular base. 
All field permeability tests were conducted under segments that 
were in good to very good condition. Even though some of the 
slabs tested had shrinkage cracks, all permeability tests were con­
ducted away from these cracks. Namely, if a test was run on a 
slab that was cracked, such as the slabs between joints 11 and 12, 
56 and 57, 80 and 81, and 95 and 96, the test site was located 
midway between a crack and the joint or between two adjacent 
cracks. 

Three different field test methods were used. The first two were 
designed to conduct permeability tests near the middle of the 
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FIGURE 1 Side view of the midslab permeability test setup. 
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FIGURE 2 Plan view of midslab permeability test setup. 

pavement slabs. They were named the Midslab Constant Head 
Permeability Test and the Midslab Falling Head Permeability Test, 
respectively. The third method was designed to test the permea­
bility near the edge of the pavement. This method was named the 
Edge-of-Slab Constant Head Permeability Test. 

To initiate a Midslab Constant Head Permeability Test at a se­
lected location, a 108-mm (4.25-in.) diameter hole was cored 
through the slab, and six 25-mm (1.0-in.) diameter holes were 
drilled through the slab adjacent to the core hole as shown in 
Figures 1 and 2. The holes were carefully cleaned of loose dirt. 
Into the core hole a 102-mm (4.0-in.) O.D. and 69-mm (2.719-
in.) l.D., 1.83-m (6.0-ft) long acrylic tube was inserted. Acrylic 
tubes 19 mm (0.75 in.) O.D. and 0.6 m (2.0 ft) long were inserted 
in the 25-mm {l.0-in.) holes. The 102-mm (4.0-in.) tube served 
as a standpipe, and the 19-mm (0.75-in.) tubes were used as pi­
ezometers. The annular space between the tubes and the pavement 
was carefully sealed with rubber rings to prevent loss of water. 

The tap water for running the tests was provided by Ohio De­
partment of Transportation personnel from a 1.14-m3 (300-gal) 
truck-mounted tank. The water was hosed by gravity into 3.8-L 
(1-gal) containers and then slowly poured into the 102-mm 
( 4.0-in.) standpipe, carefully maintaining a constant head. · 

To find the permeability of the base material, the following 
formula was used: 

k = Q(L)/dh(A)(t) 

where 

k = permeability of the base, 
dh = average head drop between the inner and outer set of 

standpipes, 
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Q = measured quantity of outflow during time t, 
A= cylindrical area of base section through which flow occurs 

between two sets of standpipes, and 
L = radial distance between standpipes, typically 0.305 m (12 

in.), as seen in Figures 1 and 2. 

The tests at each location were conducted with two different 
standpipe heads. For each head, trial runs were conducted until 
the permeability reached equilibrium. The equilibrium water lev­
els in the piezometers were recorded, together with the time it 
took to pour 1 gal of water into the standpipe. 

The second field test, the Midslab Falling Head Permeability 
Test, was conducted with a falling water head in the standpipe. 
The equipment and technique were almost identical to those of 
the first method (see Figures 1 and 2) except that after the stand­
pipe was filled, the time was measured for a selected drop in the 
water level in the tube and no attention was paid to the water 
level in the piezometers. 

The permeability of the base was computed from the formula 
by Hvorslev (8), as presented by Daniel (9): 

k = 3.14d2 (lnh1 - lnh2)/ll(D)(t) 

where 

d = inside diameter of the tube, 
D = diameter of core hole in pavement slab, 

hv h2 = head levels in standpipe at beginning and end of test, 
respectively, and 

t =time duration of measurement (see Figures 1 and 2). 

The third field test method, the Edge-of-Slab Constant Head 
Permeability Test, was conducted near the edge of the pavement 
slab. In this method, three standpipes were installed on a line 

·approximately 0.91 m (3.0 ft) away from the pavement edge in 

dh 
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FIGURE 3 Side view of the edge-of slab permeability test 
setup. 

TRANSPORTATION RESEARCH RECORD 1434 

305 

152 

Top of Slab 

All Dimensions in mm 
1 mm = 0.0394 inches 

FIGURE 4 Top view of the edge-of slab permeability test 
setup. 

holes cored through the concrete pavement and spaced at 0.61 m 
(2.0 ft) center to center. Each standpipe was an acrylic tube with 
102-mm (4.0-in.) O.D., 69-mm (2.72-in.) l.D., and 1.83 m (6.0 
ft) long. At the edge of the pavement, the shoulder was excavated 
and a filter fabric was placed on the exposed vertical face of the 
base. Against the fabric, an outflow collection box was installed. 
Figures 3 and 4 show the position of the tubes and the collection 
box. The permeability measurements were made by filling the 
three pipes to a predetermined elevation and then maintaining this 
level and observing the time required for a specific quantity of 
outflow at the edge of the pavement. The outflow was measured 
in the middle 152 mm (6.0 in.) of the 0.457-m (18-in.) wide out­
flow collection box. The role of the water from the outer two 
standpipes was to laterally confine and channel the flow from the 
center tube toward the edge of the pavement and into the 152-
mm (6.0-in.) center portion of the outflow collection box. Part of 
the outflow from the side tubes was collected in the two side 
segments of the outflow box. 

The permeability of the base was computed by the following 
formula: . 

k = Q(L)!dh(A)(t) 

where 

Q = outflow into collection box over selected time t, 
L = distance between edge of pavement slab and center of 

three standpipes, 



Bodocsi et al. 

A = cross-sectional area of monitored flow channel, typically 
152 mm (6.0 in.) wide by 229 mm (9.0 in.) high, and 

dh = difference in head between water levels in tubes and out­
flow box. 

In all three test procedures, it was assumed that water would 
flow down the standpipe tube or tubes, through the core hole, and 
then tum to spread out horizontally in the base material between 
the bottom of the concrete slab and the top of the subgrade. Since 
the subgrade had a permeability three orders lower than that of 
the base, it was assumed that it practically provided an impervious 
bottom boundary to the flow. 

In every case, numerous trials were conducted. The reported 
values were from test results in which the permeability had 
equilibrated. 

RESULTS 

In-Field Density Tests 

1\vo tests were performed in both the base and the subgrade. The 
average in-place dry density of the base· material was 20.56 kN/ 
m3 (130.8 pct), with a natural moisture content of 7.9 percent. The 
average subgrade dry density was 20.22 kN/m3 (128.6 pct), with 
a natural moisture content of 7 .6 percent. 

Index Test Results 

From the grain size distribution data on seven base samples and 
using the Unified Soil Classification System, the base material can 
be described either as sand with silt and gravel or as silty sand 
with gravel. The fines content (silt and clay) ranged between 7 
and 15 percent. 

The subgrade soil samples (embankment soil) contained more 
silt and clay particles than the base material. The two samples had 
16 and 27 percent silt and clay size particles, respectively. Ac­
cording to the Unified Soil Classification System, the samples may 
be described as silty sand with gravel. 

The average maximum dry density of the base was found to be 
21.20 kN/m3 (134.9 pct) with an average optimum moisture con­
tent of 7.1 percent. On the basis of the in-place density measure­
ment near Base Sample 7, the pavement base was compacted to 
approximately 97 percent of its maximum Modified Proctor 
density. 
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Laboratory Permeability Test Results 

The laboratory permeability tests on the subgrade soil gave values 
that ranged between 6.9 X 10-8 and 3.5 X 10-6 cm/sec (6.9 x 
10-10 and 3.5 X 10-8 m/sec or 2.0 X 10-4 and 0.9 X 10-2 ft/day), 
with an average value of 2.6 X 10-1 cm/sec (2.6 X 10-9 m/sec or 
0.74 X 10-3 ft/day). This indi('.ated that the subgrade is quite im­
pervious and capable of confining the drainage to the base course. 

The laboratory permeability tests on the base material gave a 
wide variation in values. The probable reasons for this may have 
been the air trapped in the samples and, potentially, variations in 
the percentage of fines in the base material. The permeability val­
ues varied from 1.8 X 10-6 to 5.6 X 10-4 cm/sec (1.8 X 10-8 to 
5.6 X 10-6 m/sec or 5.1 X 10-3 to 1.6 ft/day). The mean per­
meability value for the base samples was found to be 0.74 X 10-4 

cm/sec (0.74 X 10-6 m/sec or 2.1 X 10-1 ft/day) when the ma­
terial was compacted to between 97 and 100 percent Modified 
Proctor density. 

Field Permeability Test Results 

The results from the Midslab Constant Head Permeability Test are 
given in Table 3. These data show that the permeability of the 
base is surprisingly uniform over the full extent of the test pave­
ment. With an average permeability value of 3.9 X 10-3 cm/sec, 
the maimum deviation was found to be only 1.8 X 10-3 cm/sec 
(1.8 X 10-s m/sec or 5.1 ft/day). Also note that the use of two 
different heads gave practically identical permeability values. 

The field permeability results for the base by the Midslab Falling 
Head Permeability Test are given in Table 4. The average perme­
ability was found to be 3.9 X 10-3 cm/sec (3.9 X 10-s m/sec or 
11.1 ft/day), which is identical to the average permeability test re­
sults found from the constant head test. Similarly, the maimum 
deviation from the average was only 2.2 X 10-3 cm/sec (2.2 X 

10-s m/sec or 6.2 ft/day). Also, the two test sets with different 
heads gave very similar results. 

It is important to note that the above two midslab permeability 
tests gave practically identical results that were fairly uniform 
along the full length of the test pavement. 

The location and results of the four edge-of-slab constant head 
tests are given in Table 5. It is seen that the edge-of-slab perme­
ability test results are about two orders of magnitude higher than 
those from the midslab tests. However, the edge-of-slab test re­
sults from different locations on the test pavement were again 
consistent, with a maximum deviation of only 1.6 X 10- 1 cm/sec 
(1.6 x 10-3 m/sec or 4.5 X 102 ft/day) from the average. 

TABLE 3 Base Permeabilities from Midslab Constant Head Test 

Location (between the joints 
given below) 

11-12 

46-47 

56-57 

80-81 

Average (all joints): 

Permeability with Head A, 
(emfs) 

2.1 x 10·3 

3.6 x 10-3 

4.4 x 10-3 

5.7 x 10-3 

Permeability with Head B, 
(cm/s) 

1.7 x 10·3 

5.7 x 10-3 

3.9 x 10-3 (11.l ft/day) 

Note: 1 cm/s = 0.01 mis =2.835xl03 ft/day 
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TABLE 4 Base Permeabilities from Midslab Falling Head Test 

Location (between the joints Permeability with Head A, Permeability with Head B, 
given below) (emfs) (emfs) 

11-12 2.3 x 10-3 1.7 x 10-3 

46-47 4.4 x 10-3 -

56-57 3.9 x 10-3 -
80-81 5.7 x 10-3 5.7 x 10-3 

95-96 3.0 x 10-3 -
Average (all joints): 

ANALYSIS 

Both midslab test results show a remarkable consistency along the 
full length of the test pavement. Also, there was good consistency 
between the results from tests with two different heads. Compar­
ison of the results from the midslab constant head and falling head 
permeability tests revealed that the average values from the two 
were identical at 3.9 X 10-3 cm/sec (3.9 X 10-s m/sec or 11.1 
ft/day). 

The edge-of-slab test was designed to simplify the flow pattern 
in the base and to increase the accuracy of the permeability test. 
This was achieved by the simple geometry of flow with well­
defined boundaries. The method gave consistent values along the 
length of the test pavement, but the values were considerably 
higher than those from the midslab tests. Namely, the edge-of­
slab test gave an average permeability of 2.0 X 10-1 cm/sec (2.0 
X 10-3 m/sec or 5.7 X 102 ft/day), versus the midslab test average 

·of 3.9 X 10-3 cm/sec (3.9 X 10-s m/sec or 11.1 ft/day). There 
may be several reasons for this difference. The edge-of-slab per­
meability may have been higher than the midslab permeability 
because of observed erosion of the finer particles from the base 
near the edge and the potential slumping of the base material 
under the pavement edge during the test. Conversely, it is possible 
that the permeability of the base at midslab is lower than that at 
the edge because of deposits of fines in this area from infiltrating 
rainwater and its slow flow. The low quantity of flow near the 
midslab may also result in a state of partial saturation with en­
trapped air, thus in lower permeability. This state of partial satu­
ration may have prevailed during field testing, even though close 
to 1.14 m3 (300 gal) of water was used for a typical test. At this 
time it is difficult to reconcile the difference between test results 
from the two methods. Most probably the true base permeability 

3.9 x 10-3 (11.l ft/day) 

lies between the results from the two tests, and perhaps both types 
of tests should be run routinely. 

It is believed that the edge-of slab test holds great promise, 
but more field research is needed to refine it. One aspect of the 
test that needs improvement is the leakproofing of the contact 
surface between the outflow collection box and the base material 
to increase the accuracy of outflow measurement. Also, a well­
designed filter fabric should be used on the contact surface to 
minimize the erosion of fines. Another way of improving the 
method would be to make the outflow collection box very sturdy 
and to drive it firmly into the base at the edge of the pavement 
slab. This would ensure a tight fit between the box and the base 
that would eliminate slumping. Measuring the outflow while 
maintaining an equilibrium water level in the three sections of the 
box was difficult. Specifically, the water levels had to be kept 
constant and at the same elevation to prevent crossflow among 
the three sections. 

In general, there is a need to consider a less destructive ap­
proach for the field tests. Drilling smaller holes through the pave­
ment and using smaller-diameter standpipes may be one way of 
achieving this. 

The laboratory permeability results yielded values that were 
considerably lower than those of the three types of field tests. One 
cause may have been that in the laboratory samples, air was 
trapped in the voids that blocked the flow. Another explanation 
may be. that the laboratory samples were taken from an area near 
the joints where the base material may have contained more fines 
than the area under the slab, resulting in lower permeability~ Yet 
another reason may be the existence of flow channels between the 
base and the bottom of the pavement, causing the higher field 
permeability. In a similar vein, another reason for higher field 
permeability may be -the separation between the pavement slab 

TABLE S Base Permeabilities from Edge-of-Slab Constant Head Test 

Location (between joints given below) Permeability (emfs) 

52-53 3.6 x 10-1 

59-60 2.6 x 10-1 

81-81 0.8 x 10-1 

94-95 1.1 X -l 

Average (all joints): 2.0 x 10-1 emfs (5.7x102 ft/day) 

Note: 1 emfs = 0.01 mis = 2.835xla3 ft/day) 
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and the base during curling caused by temperature gradients. This 
could have caused sheet flow just below the slab, especially near 
the midslab at midday, at which point and time most of the field 
permeability tests were conducted. 

The above differences point to the necessity of field tests. Even 
if laboratory tests are conducted on carefully obtained samples, 
the tests just cannot simulate the in situ conditions, such as air 
content, accumulation of fines, and flow channels. 

CONCLUSIONS 

No established field methods are currently available to determine 
the in situ permeability of the base under an existing pavement. 
This research made moderate progress in identifying and testing 
some of the promising field methods that may be used for base 
permeability tests. 

The use of the methods that were investigated is limited to cases 
in which the base has a considerably higher permeability than the 
underlying subgrade. This condition is necessary in order to con­
fine the flow to the base. 

In principle, both midslab and edge-of-slab tests should mea­
sure the permeability of the base to an acceptable level of accu­
racy. Yet there was a large difference in the permeabilities found 
at midslab and at the edge of the pavement. As described in the 
analysis section, this difference may be caused by entrapped air 
or flow under the middle of the slab or by erosion of fines and 
slumping of the base at the edge of the slab and the consequent 
increase in flow rate. Through engineering judgment, it is esti­
mated that the field permeability of the base tested lies between 
the values obtained from the two test methods (midslab and edge­
of-slab ). However, it is recommended that for design purposes the 
more critical midslab permeability value be used. 

In the authors' opinion, the edge-of-slab constant head test 
needs further investigation and refinement. It would be the favored 
method since the geometry and mechanism of flow are relatively 
simple and fully tractable. It is recommended that the contact area 
between the outflow collection box and the base material be pro­
vided with a well-designed filter fabric to minimize the erosion 
of fines from the base. Also, the use of a small water head is 
recommended for the same reason. In addition, the collection box 
could be made sturdier and driven into the base at the edge of the 
pavement slab to ensure minimum disturbance to the base and 
provide a tight outflow surface. Furthermore, smaller standpipes 
should be used to reduce the size of the cored holes in the pave­
ment and the resulting damage. 

It will be necessary to narrow the difference between laboratory 
and field permeability test results. Ways to do this may include 
increased care in sampling and careful preparation of permeability 
samples, such as compacting them under water to ensure complete 
saturation. It is recommended that companion testing be done on 
the base material in each area (midslab and edge-of-slab) by both 
field and laboratory methods. It is also recommended that labo-
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ratory samples be taken from the area to be tested before and after 
the field tests to observe any changes in their fines content and, 
potentially, to run laboratory permeability tests on both types of 
samples. 

This research produced some interesting findings, but it also 
showed considerable discrepancies in the results between the two 
main field methods, as well as between field and laboratory test­
ing. It also emphasized the fact that laboratory tests are not ade­
quate in characterizing the base material and that field permea­
bility tests are necessary. The results indicate that further research 
should be conducted to improve the consistency between the two 
main methods of field testing (midslab and edge-of-slab) and to 
attempt to narrow the difference between the laboratory and field 
permeability data. 
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Accelerated Groundwater Transport 
Studies Using a Geotechnical Centrifuge 

THOMAS F. ZIMMIE, ANIRBAN DE, AND MAHADZER B. MAHMUD 

The use of a geotechnical centrifuge permits the simulation of long­
term groundwater flow conditions through tests on scale models. In a 
centrifuge, relatively large soil samples can be tested under the same 
stress conditions as in the prototype. This allows for a more realistic 
representation of field conditions than is possible in small-scale lab­
oratory experiments. In cases of contaminant migration through rel­
atively impermeable soils, the times of interest span decades and even 
centuries. The scaling relations can be utilized in solving specific 
problems of groundwater flow through saturated soil and also to cal­
ibrate numerical models that can then be used for prediction purposes. 
The scaling relationships are established and the results are illustrated 
through an experiment in modeling of models. 1\vo case studies sim­
ulating long-term contaminant migration through soil are presented. 
In the first, the transport of radioactive contaminants through ground­
water was modeled. Geiger-Mueller detectors were used to observe 
the migration of the radionuclides. This is a nonintrusive method of 
observation that does not interfere with the normal flow of water 
through the soil medium. The second case study deals with the be­
havior of different types of landfill cover materials. Specifically the 
long-term behavior of paper sludge as a cover material was studied. 
Thirty years of prototype behavior was simulated in centrifuge tests 
on two types of paper sludges and on a clay cover used as a control 
material. 

Conventional field and laboratory testing procedures are often 
found to be inadequate for cases of long-term flow of groundwater 
through relatively impermeable soil layers. Also, the stress levels 
existing in test samples are often only a fraction of what exists in 
the field. In addition, the small size of laboratory samples excludes 
most of the heterogeneity of in situ soil conditions. 

Geotechnical centrifuges can be used to perform tests on mod­
els that represent full-scale prototypes under normal field condi­
tions. A l/N scale model tested at centrifugal acceleration N times 
the earth's gravity experiences stress conditions identical with 
those in the prototype. Processes of groundwater flow through 
saturated soil-for example, in cases of consolidation and diffu­
sionoccur N 2 times faster in a centrifuge model. This scaling per­
mits modeling of phenomena that last extremely long prototype 
times. Prototype times on the order of several decades to several 
centuries are of interest in various problems of contaminant mi­
gration, for example, sanitary landfills and low- or medium-level 
radioactive waste disposal. Many geotechnical centrifuges in use 
today are capable of simulating more than 100 years of prototype 
flow by means of model tests lasting only 24 hr. 

In the following sections, the concept· of scaling groundwater 
flow processes is presented. The relationship is later utilized in 
two case studies related to contaminant migration through soil. 

Department of Civil and Environmental Engineering, Rensselaer Poly­
technic Institute, Troy, N.Y. 12180. 

CENTRIFUGE SCALING RELATIONS 

Laminar flow of fluid through a saturated porous medium is gov­
erned by Darcy's law as follows:-

v = ki 

where 

v = approach velocity, 
k =Darcy's coefficient of permeability, and 
i = hydraulic gradient. 

(1) 

In a centrifuge, stress conditions that are identical with those 
at corresponding points in the prototype are simulated in a 1/N 
model subjected to N g's when the model and the prototype have 
the same geometric and material properties and boundary 
conditions. 

To understand the scaling of seepage velocity and time of flow, 
a conventional laboratory l/N scale model at 1 g environment is 
considered. This model experiences the same acceleration field 
(namely 1 g) as the prototype but has all the linear dimensions 
reduced by a factor of N. This means that in the case of ground­
water flow problems, the size of the flow paths as well as the 
water levels in the model will be l/N times that of the prototype. 
The shape of flow nets will, of course, be the same as that in the 
prototype. Also, since both the model and the prototype are sub­
jected to the same 1 g acceleration field, the velocity of flow in 
the two cases will be the same. 

Since the length of flow paths has been scaled as l/N in the 
model, the same velocity (as that of the prototype) will cause the 
time taken by the flow to be N times shorter than that in the 
model, that is, 

(2) 

where· subscripts m and p refer to model and prototype, respec­
tively. It should be noted that since no use has been made of 
Darcy's law (Equation 1) so far, Equation 2 is independent of 
flow conditions (laminar or turbulent). 

Next, the model is considered to be subjected to an acceleration 
field that is N times the 1 g acceleration on the earth. The high 
g-field causes the velocity of flow to be N times the velocity at 
the 1 g field, that is, 

(3) 

Using Equation 1 to express the condition with a 1/N model at N 
g-field, 

(4) 
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Although it is easily demonstrated that the velocity scales by 
the same factor as the centrifugal acceleration, it is an arbitrary 
choice whether to consider this as due to an increase in Darcy's 
coefficient of permeability (k) or an increase in the hydraulic gra­
dient (i) from the prototype to the model. Pokrovsky and Fyodo­
rov (J) and Cargill and Ko (2) have considered the expression for 
coefficient of permeability, 

k =Kg 
v 

where 

K = intrinsic permeability, 
g =acceleration due to gravity at earth's surface, and 
n = kinematic viscosity of the fluid. 

(5). 

Thus they considered k to vary in direct proportion to g. In this 
case the hydraulic gradient, i, is considered constant from the 
model to the prototype. Schofield (3) and Goodings ( 4), on the 
other hand, consider the hydraulic gradient to change since a 
model experiences a drop in the full prototype head over a reduced 
(model) seepage path. Here the coefficient of permeability, k, is 
considered a material property that remains constant from proto­
type to model. 

Tan and Scott (5) have suggested treating the term g in Equation 
5 as a constant of magnitude equal to the usual value on the 
earth's surface and multiplying the whole right-hand side of Equa­
tion 1 by a necessary scaling factor when cases at g levels other 
than normal are considered. The other suggestion put forth by Tan 
and Scott (5) is to express Darcy's law in a pressure gradient form 
using the intrinsic permeability and viscosity. 

Following from Equations 2 and 3 for a case in which a reduced 
scale model is subjected to a higher acceleration, the ratio of time 
in the model to time in the prototype can be written as follows: 

(6) 
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Equation 6 represents the scaling law for time in cases of laminar 
fluid flow through a saturated medium. 

MODELING OF MODELS AT VARIOUS g-LEVELS 

The validity of scaling relations, as well as the performance of 
models at different high g-environments, can be verified by a 
methodology commonly referred to as modeling of models. Equa­
tion 6 was derived for a case in which where the model has a 
linear scale 1/N times that of the prototype and is subjected to an 
acceleration N times that of the prototype. When modeling-of­
models experiments are performed, there may actually be no pro­
totype since the same model is subjected to different acceleration 
levels on the centrifuge. Making the necessary modification to 
Equation 6 (i.e., lm = IP), the required scaling relation in this case 
is 

(7) 

The experimental setup shown in Figure 1 was utilized for the 
modeling of models. A sheetpile was embedded in the soil and 
the flow of water through saturated soil from one side (at higher 
head) to the other was observed. Ottawa sand was used as the soil 
medium. Colored dyes were injected on the upstream side to ob­
serve the flow lines. Three flow lines-A, B, and C-are shown. 
The model consisted of a 406-mm by 229-mm by 76-mm Plexi­
glas box containing sand to a height of 152 .mm. A 100-mm long 
sheetpile was introduced, with 40 mm embedded in the soil. 

Experiments were conducted at accelerations of 1, 20, 25, and 
30 g. Water levels at upstream and downstream sides were main­
tained constant during the course of each experiment. The ge­
ometry of the flow paths and the time of flow were monitored 
during the tests. 

According to Equation 7, the time for flow is inversely pro­
portional to the acceleration during the test. So in modeling-of­
model tests run at different accelerations, the time for flow to 

· . . . \\::~::,~;:::astic Tubing 
0.5 m Thick Alununwn \or Dye Injection Cormection for Remote 
0.5 in Thick Plexiglas Box ~ Switching 

..J..~1-~-Pl_as_li_c_con~tame-·-r~~~-l.:--~rev~~~~Lw_aJ1er=MH~r~3~-~b-=~~A-~~=~:::J·~~~~~ ~~fu~f~ ~~ 
/ 

1 \. · ~ Mounted on 
~N r--i ' W N Centrifuge 
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~ Tail Water I .. : ~ 
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~ '-' I "' 

FIGURE 1 Experimental setup of model tests on simulated sheetpile. 
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occur will be an inverse ratio of the accelerations. That is, 

(8) 

where the subscripts indicate Tests 1 and 2. It should be noted 
that the same model is used in both experiments, and the time of 
flow between the same two points is measured in both cases. The 
condition of laminar flow is obeyed in both cases. 

Figure 2 is a graph of the modeling validation presented above. 
The ratio of acceleration levels (N1/N2) and the inverse ratio of 
the time of flow (t2 /t1) are plotted on a logarithmic scale. The 
points represent the ratios measured from tests with colored dyes 
along paths A and B at various g-levels. The theoretical line 
shown in Figure 2 is the plot of Equation 8. 

It may be noted that although most points lie on or near the 
theoretical line, there is some deviation in the case of points rep­
resenting times of travel for dye on Line A at higher Ni/N2 ratios. 
These points represent the ratios from tests at higher g-levels (20, 
25, and 30) with those from 1 g. The deviation may be attributed 
to a higher percentage of error in measuring the travel time of 
Line A than that of Line B. Line A is the shorter of the two lines, 
and at higher g levels the time of travel was reduced to about 1 
min. The fact that the flow was observed visually and that the dye 
dispersed slightly in the direction normal to the flow path led to 
some error in the observed time of flow. Flow Line B was longer 
than Line A, and consequentially had a lower percentage error. 
This can be seen in Figure 2, where the points for Lirie B are seen 
to lie on or close to the theoretical curve. 

The above application of modeling of models confirmed the 
scaling laws for seepage, which could then be utilized in more 
complex tests. 1\vo different case studies using accelerated phys­
ical modeling will be presented here. 

APPLICATION TO CONTAMINANT TRANSPORT 
PROBLEMS 
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The scaling relations for the time of seepage as the square of the 
scale factor (and the g-level) expressed in Equation 6 can be util­
ized to observe fluid transport phenomena that normally occur 
over long periods of time. Equation 6 can be used to show that a 
1-day experiment on a 1/200 model at 200 g can model over· 100 
years of prototype behavior, since 

tP = N 2tm (from Equation 6) 

= 2002 X 1 days (where N = 200) 

= 40,000 days 

= 109.6 years 

Time spans of such magnitude are commonly of interest in cases 
of the migration of contaminants through soils with relatively low 
coefficients of permeability. 

1\vo case studies, for which experiments were performed, will 
be presented here. The first deals with the migration of radioactiv~ 
waste materials in groundwater following a repository leakage. 
The second studies the long-teim consolidation and seepage be­
havior of different types of landfill cover materials. Both experi­
ments were performed on the 100 Gton geotechnical centrifuge at 
Rensselaer Polytechnic Institute. 

Radioactive Waste Migration Through Soil 

Much time and effort has been devoted to developing methodol­
ogies for radioactive waste disposal. Often radioactive wastes are 
disposed of by burial either in land-based engineered trenches or 

o Line A 
o Line B 

- Theoretical 

10 100 

FIGURE 2 Graph showing modeling of seepage at different g-levels on 
centrifuge. 
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in deep ocean bed sediments (6). In either case, the repositories 
are best located in geologic deposits of low permeability. Besides 
the containment units, which are designed to prevent leakage, the 
low-permeability soil layers surrounding the repositories act as a 
series of barriers to the release of radionuclides into the 
environment. 

Many radioactive waste species contain elements with very long 
half-lives and thus remain potentially hazardous over extended 
periods of time. The transport of the hazardous waste through the 
soil following a repository leakage is extremely slow because of 
the very low permeabilities of the soils surrounding the sites. Mi­
grations of this nature can take several centuries to occur and 
hence make physical site observations impossible. A geotechnical 
centrifuge provides a suitable means for observing such long-term 
prototype behavior via accelerated physical modeling. 

The experiments presented here were performed on a small­
scale two-dimensional flow model as a pilot study to observe the 
technique of accelerated migration of radioactive materials in 
groundwater. 

In the tests, radioactive species Iodine 131 (I131
) was allowed 

to migrate under a constant head through saturated silt soil that 
had a coefficient of permeability of approximately 5.6 X 10-6 cm/ 
sec. The migration of I131 was detected using an array of nine end­
window type Geiger-Mueller (G-M) tubes located on the outer 
side of the model box. 

Figure 3 [from Zimmie et al. (7)] shows the cross-sectional view 
of the general setup of the model in a rectangular box. A two­
dimensional flow condition was simulated, with the migrating spe­
cies injected on the top center of the soil layer and drainage pro­
vided at the two bottom extremities. To ensure two-dimensional 
flow, the drains had sand cores running normal to the flow direc­
tion. Tests were run at 60 g for 5 hr, simulating prototype times 
of more than 2 years. 

Besides the tests performed actually using the radioactive tracer, 
the flow pattern was verified visually in a separate test using po-

A 

PTl, PT2, PT3, PT4 

B and C 

A 

PT 1 PT 2 

INJECTION POINT 

OUTlEI' VALVES 

OVERFLOW VALVE 
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tassium permanganate (KMn04) tracer as a colored dye. Figure 
4 shows the flow pattern in this test and the location of the nine 
G-M tubes. 

The G-M tubes used were of the end window type, TGM N205, 
with a 12.7-mm diameter thin mica window and a thickness of 
approximately 2 to 3 mg/cm2

• The 15-mm diameter by 41.9-mm 
length of completely sealed tube is filled with neon and halogen 
gases and is· suitable for the detection of alpha, beta, and gamma 
radiation. This type of detector lacks the ability to provide infor­
mation about the energy and type of radiation (8). Thus, known 
sources of radiation must be used as tracers. The advantages of 
this type of detector include insensitivity to small fluctuations in 
applied voltage, durability, and low cost, which make it particu­
larly suitable for use in centrifuge experiments. 

1.27 cm thick Plexiglas 

2.54 cm thick Plexiglas 

24.13 cm 

~--- 2.54 cm thick Iron Plate 
2.54 cm thick Mount Board 

End Window G-M Tube 

l.27 cm thick 
Aluminum Plate 

FIGURE 3 Experimental setup for tests on migration of 
radioactive contaminants (7). 

WATER LEVEL 

PT 3 PT 4 

FIGURE 4 Observed ftow paths of dye with respect to injection Points 1, 2, 3, and 4. Tests 
performed on the two-dimensional ftow model at 60 g. 
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The low-voltage signals from the G-M tubes were monitored 
using scalers and an oscilloscope. The total counts from the tubes 
relative to the initial activities of the radioactive sources were 
plotted versus time as migration occurred. Figure 5 is a plot of 
the relative count with time for GM-2 and GM-7. The two points, 
2 and 7, lie on the line PT 2 to B in Figure 4. The time of travel 
between the two points is given by the time between peaks for 
G-M tubes 2 and 7. 

The plots in Figure 5 show some scattering. This is primarily 
due to the low radioactive dosage used in the study, which resulted 
in poor counting statistics. An initial activity of a few thousand 
counts per second is most desirable. However, as the counts in­
crease, the danger from the radioactivity increases, and safety 
must be a consideration. Since these were pilot tests, it was not 
deemed necessary to use high levels of radioactivity. In spite of 
the low counts, the trends shown in the plots were as expected 
and were used to study the migration pattern of the radioactive 
tracer. 

Good agreement between the travel times for radioactive tracer 
and colored dye tracers indicates insignificant sorption or attenu­
ation of the radioactive species in the soil. A detailed description 
of the test process as well as discussions of the results have been 
presented by Mahmud (9). 

The use of a geotechnical centrifuge in the study of contaminant 
migration allows the observation of behavior that spans long pro­
totype times. Computer models used to analytically solve contam­
inant migration problems can be calibrated and validated using 
results from such experiments. The use of radioactive tracers and 
Geiger-Mueller detectors to observe the migration provides a 
means of observation that does not interfere with the natural flow 
pattern in the model. Such nonintrusive observation methods can 
be adopted for use in other studies as well. For example, to study 
the migration of nonradioactive contaminants, a radioactive tracer 
can be used to spike the pollutant of interest. After proper cali­
bration, the measurements of tracer radioactivity can be used to 
determine the concentration of the migrating species. This can be 
done while the model is in flight, during a centrifuge test, without 
requiring either sample collection or chemical analyses. It is dif­
ficult to do in-flight chemical analyses. 

Long-Term Behavior of Landfill Cover Materials 

The long-term behavior of cover materials (impermeable barriers) 
for landfills was simulated in a series of experiments. The mate­
rials tested included clay, which is commonly used as the imper­
meable barrier layer in covers, and two different types of paper 
sludge, which are potential candidates for the same use. 

Each test was performed at 105 g for a 24-hr period and, ac­
cording to the scaling relations expressed in Equation 6, simulated 
30 years of prototype cover behavior related to consolidation and 
'1eachate transport. The tests were conducted in a sample box 914 
mm by 610 mm by 356 mm in size. 

Figure 6 shows a schematic diagram of the experimental setup. 
The test sample consisted of a 76-mm thick layer of the cover 
material (clay or paper sludge) laid over a 152-mm layer of clean 
sand and separated from the sand by a layer of geotextile. The 
sand layer was compacted to nearly its maximum density and was 
designed to hold the leachate flowing through the cover material 
during the course of the experiment. The geotextile was used to 
prevent the clay and sludge from entering into the sand layer and 
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clogging it. During each test, 76 mm of water was impounded on 
top of the cover material. 

As stated previously in Equation 2, the ratio of the lengths of 
prototype to model is equal to the centrifugal acceleration. Ac­
cordingly, to model a typical prototype landfill cover that is 60 
cm in thickness at 105 g, it would be necessary to build model 
covers about 60/105 and about 0.5 cm thick. This is not a practical 
thickness considering workability during model building, and the 
chance of leakage during the test is very high for such a thin layer. 
Also several liters of leachate were required to do the necessary 
chemical analyses. The appropriate cover thickness used in the 
models was selected on the basis of these criteria. 

The consolidation characteristics of a soil are not functions of 
the thickness of the test sample. Hence in the tests performed, the 
coefficients of consolidation, compressibility, and volume change 
are not dependent on the proper scaling of cover thickness for the 
prototype to model. 

The instrumentation on the sample consisted of linear variable 
differential transformers (LVDTs) on the surface of the cover and 
pore pressure transducers to measure the pore-water pressures at 
the mid-depth of the cover. The change in water level on top of 
the sample cover was monitored using a float mechanism attached 
to an LVDT. Typical settlement versus time curves (on a log scale) 
for the three cover materials at 105 g are shown in Figure 7. The 
spikes in two of the curves were caused when the centrifuge was 
stopped to add water or to correct machine imbalance, causing 
the surface to rebound. Once the centrifuge restarted and the 
model returned to 105 g, the settlement proceeded as a continu­
ation of the previous curve, as can be seen in Figure 7. In case 
of Sludge 2, the centrifuge acceleration was reduced and main­
tained below 105 g in an attempt to reduce the machine imbal­
ance: Following this, the machine was stopped. This explains the 
apparent discontinuity in the curve for Sludge 2 before and after 
the stoppage. 

In Figure 7 the settlement reading at the beginning of the ex­
periment at 105 g is taken as the initial value, and all subsequent 
settlements are obtained by subtracting this initial reading. This 
convention was followed in all the tests. As expected, the two 
sludges are found to be more compressible than the clay. The 
values of pore-water pressures at the center of the cover are plot­
ted in Figure 8. As in Figure 7, the spikes in the curves indicate 

0 0 0 '° ... 00 

Time (min) 
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• GM#7 
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FIGURE S Plot of the relative counts for G-M 2 and G-M 7: 
distance from peak to peak denotes travel time between Point 2 
and Point 7 along Flow Line 2-B; error bars represent standard 
deviations. 
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1 - Aluminum model box 
2 - Model cover 

5 - Geotextile 
6 - Bentonite slurry wall 
7 - Outlet valve 3 - Sand 

4 - Water 

Instrumentation: 

L 1 - LVDT 1 
L2 - LVDT 2 
L3 - LVDT 3 

P1 - Pore pressure transducer 1 
P2 - Pore pressure transducer 2 

FIGURE 6 Experimental setup for tests on landfill covers. 

times when the centrifuge was stopped and, consequently, the pore 
pressures reduced. 

The change in water level on top of the cover with time indi­
cated the rate at which water infiltrated through each of the cover 
materials. Some water was also lost to evaporation (since the sam­
ple rotated at about 184 rpm during the experiment). A separate 
test was run with only water in the box, and the drop in water 
level with time due to evaporation alone was measured. 

Figure 9 shows changes in water level versus time, corrected 
for evaporation, for all three cover materials. Results from only 
the first 6 hr are shown. 

Figure 9 may be considered indicative of the seepage charac­
teristic of the three cover materials under identical conditions 
(compaction, thickness, and head of water). The clay cover is 
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found to be the least permeable, with a coefficient of permeability 
of 4 X 10-s cm/sec at 1 g. The plot in Figure 9 for the clay cover 
has an almost constant slope, indicating a constant value of per­
meability throughout the test. This is as expected, since there is 
little settlement in the clay, hence little change in void ratio. 

The slopes of the curves for the two sludges shown in Figure 
9 vary with time. It can be seen that at .the beginning of the tests 
the curves for the two sludges have steeper slopes, corresponding 
to higher coefficients of permeability (6 10-1 cm/sec for Sludge 
1 and 2.5 X 10-6 cm/sec for Sludge 2). At the end of the tests 
the coefficients of permeability (as obtained from the slopes of 
the curves) are found to be 2 X 10-1 cm/sec for Sludge 1 and 4.7 
X 10-1 cm/sec for Sludge 2. This demonstrates that although in 
the case of clay the permeability of the cover remains almost 
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FIGURE 7 Settlement (log scale) versus time at the center of cover at 105 g. 
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FIGURE 8 Pore-water pressure versus time at the center of cover at 105 g. 
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constant at the initial value, the coefficients of permeability for 
paper sludge covers tend to decrease considerably with time be­
cause of the high compressibility of the sludge, which results in . 
large decreases in void ratio. 

The biodegradation that occurs in the sludge over a period of 
30 years cannot be modeled in a 24-hr test on the centrifuge. 
However, biodegradation causes the percentage of organics in the 
sludge to decrease and the paper sludge to become more soil-like 
in character. Because of these effects, the coefficient of permea­
bility of the sludge decreases with the progress of biodegradation 
(10). Thus, the tests presented here are useful since they yield 
conservative permeability values; that is, the in situ permeabilities 
after 30 years are expected to be lower than those measured in 
the centrifuge tests. 

In order to properly model flow through a saturated porous 
medium, it is necessary to ensure that the values for the dimen­
sionless Reynold's and Peclet numbers are both less than 1 (11). 
In the experiments described in this paper, the values were found 
to be much lower than 1, and hence proper modeling of the flow 
was obtained. 

CONCLUSIONS 

The study. of groundwater flow phenomena by means of acceler­
ated physical modeling was presented in this paper. The scaling 
relations involved were derived and validated through the use of 
modeling of models. The use of the geotechnical centrifuge as a 
valid tool to simulate long-term contaminant migration through 
saturated soil and related soil behavior was demonstrated through 
two case studies. 

In the first case study, nonintrusive Geiger-Mueller tubes were 
used to observe contaminant migration without interfering with 
the natural pattern of groundwater flow. Experiments to study the 
use of this method for other types of contaminants are 
recommended. 

In the second case study, long-term tests on a relatively large 
landfill cover model were performed. It was possible to simulate 
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larger prototype dimensions and to model relatively heterogeneous 
in situ soil. These uses can further be broadened to validate nu­
merical and computer models, which can then be used with greater 
confidence in practical design. 
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Molding Water Content and Hydraulic 
Conductivity of Compacted Soils 
Subjected to Freeze/Thaw 

JOHN J. BOWDERS AND MAJDI A. OTHMAN 

Ind~pendent researchers have shown that when compacted clays are 
sub1ected to freeze/thaw, they can undergo increases in hydraulic con­
ductivity of one to three orders of magnitude. Existing data have 
shown that these changes are highly dependent on the initial (before 
freezing) hydraulic conductivity but not on the plasticity of the soil. 
The number of freeze/thaw cycles, state of stress, and rate of freezing 
have the greatest effect on the hydraulic conductivity. It has also been 
indicated that the availability of water during freezing is critical. In 
this study, it is shown for closed systems (those with no external water 
source) that the severity of damage to the soil during freeze/thaw 
correlates with the volume of water contained in the soil pores and 
wit? changes in the hydraulic conductivity. Soils compacted dry of 
optimum water content can be expected to undergo less than one order 
of magnitude change in hydraulic conductivity because of freeze/thaw, 
whereas those compacted wet of optimum can be expected to change 
by two or more orders. This difference in the magnitude of change 
suggests that to maintain hydraulic conductivities in compacted soils 
subjected to freeze/thaw, it may be necessary to compact them dry of 
optimum-a condition contrary to the practice of constructing low 
hydraulic conductivity barriers. 

Compaction of fine-grained soils can yield materials having low 
hydraulic conductivities, which are typically utilized in seepage 
containment _applications (1-3). In some applications, such as 
pavement subgrades, landfill liners and covers, and waterproofing 
for subsurface structures, the soil may be exposed to freeze/thaw 
conditions. It has been shown that compacted soils subjected to 
these conditions can undergo changes resulting in order-of­
magnitude increases in the hydraulic conductivity of the soil ( 4-
9). The conditions of the soil during freeze/thaw promote such 
changes, which are addressed in this paper. 

Factors that significantly affect the resulting hydraulic conduc­
tivity include the rate of freezing, number of freeze/thaw cycles, 
and status of stress on the soil. Secondary factors include the 
ultimate or minimum temperature of the frozen specimen, the 
dimensionality of freezing (three-dimensional versus one­
dimensional), and the availability of water. These factors have 
been studied by several investigators and documented in a state­
of-the-art paper by Othman and Benson (5). It is not the intent to 
evaluate each of them again. Rather, a second analysis of the 
available data affords opportunity to highlight factors that appear 
to be controlling the changes in the hydraulic conductivity of the 
soils. 

Analysis of the data in light of the factors that might correlate 
with the changes in hydraulic conductivity was performed. The 

J. J. Bowders, Department of Civil Engineering, West Vrrginia University, 
Morgantown, W.Va. 26506-6101. M.A. Othman, Geosyntec Consultants, 
5775 Peachtree Dunwoody Road, Suite 200F, Atlanta, Ga. 30342. 

water available within the soil during the time of freeze/thaw was 
the main parameter studied. Since all the specimens were tested 
in a closed system, the only water available during freezing was 
that contained within the soil pores. 

BACKGROUND 

Numerous investigators have shown that freeze/thaw conditions 
can have deleterious effect on the hydraulic conductivity of com­
pacted soils ( 4-9). Data shown in Figure 1 exhibit increases in 
hydraulic conductivities of up to three orders of magnitude. It is 
hypothesized that a process by which the pore size or effective 
porosity is increasing is occurring in the soil, since the largest 
pores in a fine-grained soil govern the hydraulic flow through that 
medium (10). 

Hunsicker (11) used scanning electron microscopy (SEM) to 
delineate small cracks (0.005 mm) in the microstructure of thawed 
soil. Chamberlain et al. (12) used thin-section analysis to photo­
graph macroscale cracking patterns in soils that had undergone 
freeze/thaw. Kim and Daniel (6) used tracer studies to compare 
effective porosities (volume of fluid-conducting pores divided by 
the total volume of the soil) of specimens having undergone 
freeze/thaw and those for control specimens. They found that ef­
fective porosities of freeze/thaw specimens (compacted slightly 
wet of optimum) increased from 10 to 80 percent above those of 
the unfrozen specimens (6). In each of these investigations, it was 
the porosity or effective porosity that was altered in the soil speci­
mens, indicating that a change in hydraulic conductivity could be 
anticipated. 

The increase in effective porosity (referred to here as "dam­
age") results from several phenomena, some or all of which may 
occur for a given specimen. The first simply involves expansion 
of the water (about 9 percent by volume) in the pores as it turns 
to ice. The second phenomenon is the growth of segregated ice 
as water migrates to the freezing zone and increases the volume 
and size of an ice lens within the soil. The final phenomenon is 
the potential shrinkage of soil, specifically the clay fraction, as 
water migrates from the soil and joins the growing ice lens. Taken 
in sum, these processes result in increasing the sizes and inter­
connectedness of the pores in the subsequently thawed soil. The 
result can be a soil with a hydraulic conductivity much greater 
than that before it underwent freezing. In summary, a factor in 
predicting the degree of damage that may occur to soils is knowl­
edge of the water availability during freeze/thaw. 
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DATA 

Data from three sources ( 6-8) have been compiled and analyzed. 
A total of six soils are included. The geotechnical and index prop­
erties of the soils are provided in Table 1. The soils represented 
cover a range in material properties expected of seepage contain­
ment applications. The data represented in this analysis include 
only those in which standard Proctor energy was used. Four speci­
mens were subjected to one-dimensional freezing. All of the 
others were subjected to three-dimensional freezing . 

The data included in this study are provided in Tables 2 through 

FIGURE 1 Hydraulic conductivity ratio versus hydraulic 
conductivity before freeze/thaw (7). 

4. The dry densities ('Ydmax) and water contents are those of the 
specimen during specimen molding. The delta water content 
(~w%) yis the difference between the molding water content and 
the optimum water content (w0 P1). Kratio is the ratio of the hydraulic 
conductivity after a specimen has been subjected to freeze/thaw 
to the hydraulic conductivity of the specimen (or a similar one) 
before it has been subjected to freeze/thaw. Only specimens sub­
jected to five or more freeze/thaw cycles are included in the data 
set. It has previously been shown that the most significant damage 
occurs within the first five freeze/thaw cycles (5,12,13). In addi­
tion, the relative magnitude of the effective stress on the specimen 
during the time that the hydraulic conductivity was measured is 
reported for each hydraulic conductivity ratio. The significance of 
the applied effective stress on the measured hydraulic conductivity 
has been demonstrated previously (7,8,14). 

TABLE 1 Geotechnical and Index Properties of Soils Subjected to Freeze/Thaw and Permeated 

Soil No. and Type of Soil0 

5, 6, 7, 8, 
1 and 2, Kaol 3, Wetzel 4, Mon Wisconsin A Wisconsin B Wisconsin C Wisconsin A Range 

"fdmax (kN/m3
) 13.5 19.1 15.2 18.0 16.8 14.7 18.2 13.5-19.1 

Wopt (%) 31 11 23 16 18.5 26 15 11.0-31.0 
P200 (%) 90 50 65 85 99 71 88 50.0-99.0 
LL (%) 58 33 60 34 42 84 36 33.0-84.0 
PI (%) 24 9 30 16 19 60 19 9.0-60.0 
e } at 'Ydmax 0.88 0.38 0.72 0.54 0.53 0.81 0.38-0.88 
n (%) and 47 28 42 35 35 45 28.0-47.0 
SR (%) Wopt 91 78 86 82 95 87 78.0-95.0 

NOTE: 'Yt1mu = maximum dry density; w0 p1 = gravimetric water content at 'Ydmax; P200 = percent passing No. 200 sieve; LL = liquid limit; PI= plasticity index; e = void ratio; 
n = porosity; SR = degree of saturation. 
"Investigators: Soil Nos. 1-4, Bowders and McClelland (8); Nos. 5-7, Othman et al. (7); No. 8, Kim and Daniel (6). 

TABLE 2 Molding Conditions, Effective Stress, Pre-Freeze/Thaw Hydraulic Conductivity, and Krallo for 
Soil Specimens (8) 

Soil and 
K...tio a (kPa) 

Soil No. 'Yd (kN/m3
) w% 6.w Kini1ia1 X 10-s (cm/sec) ::525 25-42 63-70 

Kaol, 1 13.5 32.5 1.5 5 to 8 4.6 1.6 2.4 
Kaol, 2 13.5 32.5 1.5 4 to 8 43 1.4 
Wetzel, 3 19.1 12.5 1.5 9 to 10 1.8 2.1 
Mon, 4 15.2 24.5 1.5 1.0 49 23 15 

115-210 

1.2 
1.0 
1.2 
7.4 

NoTE: Data for each soil in this table represent the average values of four specimens tested under these conditions. Soil No. refers to 
soils listed in Table 1. 'Yd = dry density (kN/m3

); w% = molding water content (% ); ~w = difference between molding and optimum water 
contents; CY = effective stress in soil during permeability test (kPa); Krario = hydraulic conductivity ratio (i.e., hydraulic conductivity post­
freeze/thaw divided by that prior to freeze/thaw). 
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TABLE 3 Molding Conditions, Effective Stress, Pre-Freeze{fbaw Hydraulic Conductivity, and Kratio for Soil Specimens (7) 

Soil No. and 
Kratio <T (kPa) 

Spec. No. 'Yd (kN/m3
) w% dw KinitiaJ (cm/sec) :525 25-42 63-70 115-210 

Othman Soil A, 5 
PV 55/51 18.0 15.9 -0.1 2.7E-7 3.7 

50/49 18.3 16.l 0.0 4.0E-8 22 
34/7 18.2 16.9 0.9 l.lE-8 418 
40/7 18.2 17.4 1.4 l.lE-8 73 
44/11 17.6 18.8 2.8 l.lE-8 73 
66/23 17.4 19.8 3.8 l.lE-8 109 
67/23 17.5 19.8 3.8 l.lE-8 64 
18/20 17.l 20.2 4.2 l.5E-8 200 
22/20 17.0 20.5 4.5 l.5E-8 167 

Othman Soil B, 6 
VT 13/10 17.3 17.0 -1.5 7.5E-7 56 

45/43 17.4 19.2 0.7 4.2E-8 13 
7/8 17.4 19.9 1.4 l.OE-8 130 37° 2.2b 
26/28 16.5 22.4 3.9 . l.OE-8 150 

Othman Soil C, 7 
SC 9/8 14.8 25.7 -0.3 6.0E-7 10 

42/4 14.9 28.4 2.4 2.5E-8 8.8 
45/4 14.2 28.4 2.4 2.5E-8 52 
103/101 14.7 30.3 4.3 6.0E-9 600 

NoTE: Soil No. refers to soils listed in Table 1. Spec. No. {PV#, VT#, and SC#) is the test specimen number. 'Yd = dry density (kN/m3
); w% = molding water content 

(% ); Llw = difference between molding and optimum water contents; a = effective stress in soil during permeability test (kPa); Kraiio = hydraulic conductivity ratio 
(i.e., hydraulic conductivity post-freeze/thaw divided by that prior to freeze/thaw). 
°K pre-freeze was 7.0E-9 cm/sec. 
bK pre-freeze was 5.0E-9 cm/sec. 

ANALYSES AND DISCUSSION 

The data examined in this analysis were tested under closed­
system conditions during freeze/thaw. Under such conditions, 
there is no source of water during freezing except for that already 
contained in the soil pores. Thus, any ice lenses that might form 
are limited in size to the volume of pore water available in the 
specimen. On the basis of this condition, the hypothesis here is 
that the severity of damage to the soil is directly related to the 
volume of water contained in the soil pores. Thus, it follows that 
changes in the hydraulic conductivity should also directly relate 
to the volume of water in the soil. 

The hydraulic conductivity ratios versus molding water content 
for the six soils are shown in Figure 2. The relative effective stress 
on the specimens is indicated. Although there is scatter in the data, 
there is evidence that increased effective stress on the soil results 

in less damage or increase in hydraulic conductivities due to the 
action of freeze-thaw. 

The data by Kim and Daniel (6) showed two orders of mag­
nitude difference in hydraulic conductivity ratio for soils com­
pacted wet of optimum compared with those compacted dry of 
optimum water content. Thus, merely recording the molding water 
content does not provide enough information about the availability 
of water in the specimens. For instance, if a specimen is com­
pacted at 15 percent water content but the optimum water content 
is 20. percent, the soil will be well dry of optimum and soil pores 
will contain a larger percentage of air than when compacted wet 
of optimum. Given a closed system for freezing, it is likely that 
the soil that is dry of optimum will sustain less relative freeze/ 
thaw damage. 

Shown in Figure 3 is the hydraulic conductivity ratio versus 
the difference between the molding and optimum water contents. 

TABLE 4 Molding Conditions, Effective Stress, Pre-Freeze{fbaw Hydraulic Conductivity, and Kratio for 
Soil Specimens (6) 

Soil No. and 
Spec. No. 'Yd (kN/m3

) w% dw Kini•ial (cm/sec) Kratio <T (kPa) :525 

Soil No. 8 
1 17.6 11 -4.1 l.lE-5 2 
2 18.2 13.2 -1.9 l.7E-5 3.5 
3 18.6 15.1 0.0 2.lE-7 95 
4 18.4 16.4 1.4 l.5E-8 160 
5 17.6 19.5 4.4 l.2E-8 125 
6 16.5 22.1 7.0 2.6E-8 85 

NOTE: Soil No. refers to soils listed in Table 1. Spec. No. is the test specimen number. 'Yd = dry density (kN/m3
); w% 

=molding water content(%); Llw =difference between molding and optimum water contents; a= effective stress in 
soil during permeability test (kPa); K...1;0 = hydraulic conductivity ratio (i.e., hydraulic conductivity post-freeze/thaw 
divi~ed by that prior to freeze/thaw). 



58 

Only data for low effective stress (<25 kPa) are displayed. Al­
though degree of saturation (ratio of volume of water in the soil 
pores to total volume of pores) would have been a good measure 
to use, the authors had insufficient information to make this de­
termination for all of the data; however, knowing the molding 
water content relative to the optimum water content for the soil 
provides an indication of the relative degree of saturation of the 
soil (15). Data points lying to the left of the zero on the horizontal 
axis indicate soils compacted dry of optimum. Degrees of satu­
ration are low. The soils contain significant quantities of air in 
their pores; therefore, less water is available for the formation of 
ice when the soils are subjected to freezing temperatures. For soils 
lying to the left of zero, one expects less damage and smaller 
hydraulic conductivity ratios. Points lying to the right of the null 
value are soils compacted wet of optimum. As soils become in­
creasingly wet of optimum, they obtain higher degrees of satu­
ration and in a closed system, more water is available for ice 
formation. Thus, one would expect more damage or increased 
magnitude of the hydraulic conductivity ratios. Indeed, the data 
shown in Figure 3 indicate such a behavior. 

A linear regression including the data-for all s~ soils, at effec­
tive stresses below 25 kPa, is shown in Figure 4. Molding water 
contents for the specimens shown span from approximately 4 per­
cent dry of optimum to 7 percent wet of optimum. For soils well 
dry of optimum, it is clearly evident that for soils dry of optimum, 
the hydraulic conducdvity ratio decreases rapidly as one moves 
away from the optimum water content. Also evident is the in­
creasing hydraulic conductivity ratio as soils become increasingly 
wet of optimum. There are two data points, Kra1;0 418 and 600, 
that shift the linear regression curve. Although the integrity of 
these points is not in question, they have been deleted from the 
analysis for the sake of examining the resulting regression curve 
as shown in Figure 5. The curve shifts down but does not appre­
ciably change slope. 

The data shown in Figures 4 and 5 support the hypothesis that 
increased water availability during freezing results in increased 
damage to the soil and higher hydraulic conductivity ratios. Oth­
man at al. (7) found that hydraulic. conductivity ratios increase.d 
as the hydraulic conductivity of the unfrozen soil decreased. fypi­
cally, hydraulic conductivity of a cohesive soil can be decreased 
by compacting it at a water content wet of optimum. This is a 

K~TIO 
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* <25 0 25-42 6 63-70 x 115-210 
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FIGURE 2 K-ratio at various effective stresses versus 
molding water content. 
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All data at effective stresses less than 25 kPa. 

FIGURE 3 K-ratio versus wo/o deviation from wopt % : data. 

common practice and often specified for soils being used in con­
tainment applications (3). When soils are compacted wet of op­
timum and subjected to several cycles of freeze-thaw, the resulting 
hydraulic conductivity of the thawed soil is likely to be increased 
above that of the unfrozen soil. 

A point that must not be ignored is illustrated· in Figure 6. This 
is the impact of effective stress on the final hydraulic conductivity 
of soil subjected to freezing and thawing. As the effective stress 
in the soil is increased, the hydraulic conductivity ratio (or final 
hydraulic conductivity) is decreased. In fact, for stresses greater 
than about 70 kPa (10 psi) the damage due to freeze/thaw action 
may be completely nullified. This behavior is in agreement with 
that reported by LaPlante and Zimmie ( 4) for soils subjected to 
freeze/thaw and by Boynton and Daniel (14) for soils subjected 
to damage by desiccation cracking. 

CONCLUSIONS 

Data on the hydraulic conductivity of compacted soils having un­
dergone freeze/thaw exposure have been compiled and analyzed. 
Six different soils were examined. The findings, in agreement with 
those of previous investigators, are as follows: 

DIFFERENCE BETWEEN Wmolding% and Wopt% 

* Data -+- Linear Regression 
All data at effective stresses less than 25 kPa 

FIGURE 4 K-ratio versus wo/o deviation from Wop1%: linear 
regression. 
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K-RATIO 
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DIFFERENCE BETWEEN Wmolding% and Wopt% 

* Data Minus Outliers -+- Linear Regression 
All data at effective stresses less than 25 kPa. 

FIGURE S K-ratio versus w% deviation from w0 P1 % : data 
minus outliers. 

1. All soil specimens exhibited an increase in hydraulic con­
ductivity after being subjected to freeze/thaw conditions. 

2. The availability of water during freezing strongly correlated 
with the magnitude of the increase in post-freeze/thaw hydraulic 
conductivity. 

3. Soils comp~cted dry of optimum water content underwent 
· (on the average) less than one order of magnitude increase in 
hydraulic conductivity, whereas soils compacted wet of optimum 
underwent (on mean) two orders of magnitude increase in hy­
draulic conductivity. 

4. Increased effective stress in the soil specimens resulted in 
decreased magnitude of change in the post-freeze/thaw hydraulic 
conductivity. For effective stresses above approximately 70 kPa, 
the changes in hydraulic conductivity induced by the freezing ac­
tion were nearly nullified. 

The hypothesis that the severity of damage to the soil should 
correlate with the volume of water contained in the soil pores is 
supported by the data analyzed. All of the specimens were tested 
under closed-system conditions; that is, there was no source of 
water during freezing except for that already contained in the soil 
pores. Soils compacted wet of optimum, indicating a high degree 
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of saturation, contained more water available during freezing, and 
the data show a marked increase in the subsequent hydraulic con­
ductivity. Soils compacted dry of optimum, indicating less water 
available during freezing, showed smaller changes in post-freeze/ 
thaw hydraulic conductivity. 

In conclusion, when there is no other source of water, soils 
compacted dry of optimum may not be subject to significant 
freeze/thaw damage. This is especially likely in cases where an 
appreciable effective stress exists in the soil. However, in seepage 
containment applications, soils are most often compacted wet of 
optimum to minimize t,he hydraulic conductivity (1,2,16). It is in 
this state that damage due to freezing action is most pronounced. 
Thus, in situations where freezing conditions may develop, appli­
cation of large confining stresses and compaction dry of optimum 
(while continuing to meet minimum hydraulic conductivity re­
quirements) may help to safeguard against significant changes in 
hydraulic conductivity due to freezing action. 
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Some Physical Factors Affecting 
Contaminant Hydrology in Cold 
Environments 

s. A. GRANT 

Some of the physical effects of cold temperatures that should be con­
sidered when developing a contaminant-transport model are surveyed 
in this paper. The discussion begins with the following working def­
inition of the term cold region for the purpose of contaminant hy­
drology modeling: an area with appreciable frozen ground and a sub­
stantial fraction of the annual precipitation as snow. Models that 
estimate the liquid water content and hydraulic conductivity of frozen 
ground are discussed. 

Lexically, the adjective "cold" refers to an environment in which 
the ambient temperature is noticeably below body temperature. A 
cold region is one in which lower temperatures have significant 
effects on natural environments or human activities. Although 
moderate temperatures may be perceived as cold, cold regions 
have been typically defined by the intervals in which ambient 
temperatures are below the freezing point of water, because it is 
at these temperatures that the effects of cold temperatures are most 
pronounced. Among the criteria that have been used to delineate 
cold regions are (1) 

1. Air temperatures below 0°C (32°F) or -18°C (0°F) that have 
a 50 percent likelihood of being observed annually, 

2. Mean annual snow depth, 
3. Ice cover on navigable rivers, and 
4. Isolines based on permanence, depth, and continuity of fro­

zen ground. 

Traditionally, the maps made from plotting isograms based on 
these criteria delineate the changes in human activities due to cold. 
For example, isograms based on frozen ground delineate changes 
in the construction requirements for building footings. Isograms 
based on ice cover indicate the navigability of the waters during 
some portion of the year. 

The purpose of this paper is to discuss how cold temperatures 
affect contaminant-transport modeling. Accordingly, cold regions 
should be delineated by the phenomena necessary to make the 
model a valid representation of the pertinent chemical, physical, 
and microbiological processes that determine the fate of contam­
inants in the cold environment. Low temperatures affect the phys­
ics of contaminant transport by freezing the water in the ground 
(sometimes to great depths) and by blanketing the ground (sea­
sonally or permanently) with snow. Since no maps have been 
drawn delineating cold regions' effects on contaminant hydrology, 
the natural delineations would be those for snow covers and the 
extent of ground freezing. 

Cold Regions Research and Engineering Laboratory, Hanover, N.H. 
03755-1290. 

EXTENT OF COLD REGIONS 

In comparing the hydrologic systems of cold regions with those 
of warmer areas, two factors distinguish the former systems: 

1. Some of the annual precipitation occurs as snow, which com­
pletes its role in the hydrologic cycle for a comparatively brief 
period during snowmelt. 

2. The ground freezes to some depth. Ground freezing reduces 
the soil's permeability and its water-storage capacity. Accordingly, 
freezing of the ground dramatically decreases the soil's infiltration 
rate and just as dramatically increases soil runoff due to rain and 
snowmelt. 

To be hydrologically important, a cold region must receive an ap­
preciable proportion of its precipitation as snow, and its ground 
must be frozen so that the infiltration of the melting snow is limited. 
In the Northern Hemisphere, these two criteria can be applied to 
delineate the extent of cold regions for the purposes of contaminant-

- transport modeling. 

Snow Cover 

Maps with isograms of various annual snow depths have been 
developed (1) (Figure 1). Much of the United States has average 
maximum snow depths of 0.3 m (12 in.) or more. This includes 
all or part of the following states: Alaska, California, Connecticut, 
Idaho, Illinois, Indiana, Maine, Massachusetts, Michigan, Min­
nesota, Missouri, Montana, Nebraska, Nevada, New Hampshire, 
New Jersey, New York, North Dakota, Ohio, Pennsylvania, South 
Dakota, Utah, Vermont, Washington, Wisconsin, and Wyoming. 
The isogram in Figure 1 indicates the annual quantity, but not 
annual fraction, of precipitation that typically arrives as snow and 
therefore does not indicate the relative importance of snow to a 
region's hydrology. Accordingly the isogram in Figure 1 may not 
adequately delineate snow-affected areas in drier regions. 

Frozen Ground 

Three major classes of frozen ground are recognized: seasonally 
frozen ground, discontinuous permafrost, and permafrost. 

Seasonally Frozen Ground 

The potential inadequacy of snow-depth isograms to delineate 
cold, dry areas is borne out by the map of permafrost and frost-
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affected areas presented here in Figure 2 (1). Understandably, the 
southernmost isogram, that for frost penetration, is similar to that 
for snow cover. However, several areas (mostly in the western 
United States) with low rates of annual precipitation are now in­
cluded. These areas are all or parts of Arizona, Colorado, Kansas, 
Maryland, Missouri, New Mexico, and Rhode Island. 

Discontinuous Permafrost 

In the United States, discontinuous permafrost is found only in 
Alaska. Discontinuous permafrost or permafrost is found under 
most of the land surface of the state. 

Permafrost 

Areas of permafrost, in which no seasonally thawed land occurs, 
are· found in the northernmost parts of Alaska. 

Importance to Contaminant-Transport Modeling 

A model is a mathematical expression of the developer's under­
standing of the system being simulated. Accordingly, contaminant­
transport models valid for cold regions differ from those appropriate 
for warmer climates because the system being described is con­
spicuously different. Below is a list of modeling aspects that dif­
ferentiate contaminant-transport models valid in cold regions: 

1. Much of what is understood about the hydrology of cold 
regions is qualitative. Because there have been comparatively few 
studies in cold regions, the physical, chemical, and biological 
processes that determine contaminant hydrology of cold regions 
are not completely understood. This lack of quantitative knowl­
edge hinders the development of physically based contaminant­
transport models valid for cold regions. Much basic research is 
needed to support the development of simulation models that are 
appropriate for these regions. 

2. The flow of heat and aqueous-solution phase transitions must 
be included explicitly in the development of solute transport 
models. 

3. In unfrozen porous media, liquid water moves largely in 
response to hydrostatic gradients. In frozen porous media, liquid 
water movement in response to osmotic or thermal gradients may 
be dominant. 

4. The physical chemistry of electrolyte solutions in natural 
porous media above freezing temperatures is well understood, and 

· models describing them are generally available. For systems be­
low 0°C, there are comparatively few physical chemical data 
(aside from freezing-point depression determinations) for even 
simple electrolyte solutions. 

5. Much of the groundwater in areas with permafrost is brackish 
and impotable. Contamination of currently exploited aquifers that 
are potable can effectively deprive communities of potable sub-­
terranean water supplies. 

How these effects are incorporated in mathematical models of 
contamina.nt transport can be outlined with the differential equa­
tions that form the basis of many of these models. Water in a 
porous medium flows in a linearly proportional response to the 
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hydrostatic gradient across that medium. This observation has 
been formalized as Darcy's law, the vector form of which is 

k 
v = - - + (Vp - pgVz) = - K · Vh 

v 

where 

v = Darcian flow velocity vector (m sec-1
); 

k = permeability tensor (m2
); 

v = viscosity of the fluid (Pa · sec); 
p =fluid pressure (Pa); 
p = fluid density (kg m - 3

); 

z = vertical distance above datum (m); 
g =acceleration due to gravity (m · sec-2); 

(1) 

K = hydraulic conductivity tensor, which in this treatment will 
be assigned dim~nsions of square meters per pascal second; 
and 

h =total head (Pa). 

[The formulas presented here are from Mangold and Tsang (2).] 
As will be discussed in later sections, low temperatures dramati­
cally affect three of the parameters in Equation 1: v, p, and K. 
The viscosity of the aqueous solution in freezing soils is affected 
directly by lowering temperatures, which cause the viscosity of 
pure water to increase by an order of magnitude (an effect pre­
sented in Figure 3), and by solutes excluded from ice forming in 
the soil solution, which cause the viscosity of the remaining liq­
uid-water solution to be increased still further (an effect presented 
in Figure 4). The pressure of vicinal water in frozen porous media 
is controversial and an active area of basic research ( 4). It is clear 
that the liquid-pressure gradients accompanying differences in 
temperature may be much more important than pressure gradients 
due to elevation or water content [see, for example, Perfect et al. 
(5)]. Finally, because ice occupies some of the pore space, the 
conductivity of the porous material is reduced. 

Once the flow of water is established, the more challenging 
problem of solute flows through porous media can be addressed. 
In many cases, the appropriate partial differential equation to de­
scribe the transport of the solute j is 

where 

ci =aqueous concentration of the jth solute (mol m-3
), 

D = dispersivity tensor (m2 sec-1
), 

<I> = porosity of the porous medium (L), and 
Qc. =source-sink term for jth solute (mol m-3 sec-1

). 
J 

(2) 

As would be expected, most of the geochemical reactions that 
contribute to the term Qci are affected by temperature. The most 
pronounced of these effects are on the chemical-thermodynamic 
state of the solutes and consequently their solubility, miscibility, 
speciation, and reactivity. 

PHYSICS OF FROZEN POROUS MEDIA 

Moderately cool temperatures affect the physical-chemical state 
of water and its propensity to flow through porous media. For 
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contaminant transport, changing temperatures affect the chemical 
potentials of the solvents and solutes in the pore solutions· and 
therefore the solubility and reactivity of the solutes. These changes 
in the physical properties of the solvent and chemical properties 
of the solutes can dramatically affect the mobility of contaminants 
in cold regions. 

At low temperatures, at which surficial, vadose, and aquifer 
waters freeze, the nature of flow changes dramatically. First, at a 
macroscopic level, because the effective volume of voids is re­
duced, the ground has a much lower permeability when frozen. 
This affects the basin-scale hydrology in cold regions in some­
times unpredictable ways. Second, although frozen ground is less 
permeable, it is not impermeable. The mathematical description 
of transport of solutes through frozen ground is inherently more 
complex than that for unfrozen ground for the following reasons: 

1. The solvent, water, is partitioned into two phases, liquid wa­
ter and ice, which are intimately comingled in the pores of the 
ground. 

2. As the ice forms, the solutes (including the contaminants) 
are largely excluded from the ice, concentrating the remaining 
liquid-water solutions in a thin film at the colloid surfaces. The 
chemical potentials of the solutes in these solutions, used to es­
timate the effects of solute-solute and solute-surface interactions, 
are not understood well enough to be modeled accurately. 

3. In unfrozen coarse-grained soils, the movement of solutes is 
controlled by the Darcian flow of water in response to gravita­
tional and pressure gradients. In frozen ground, solutes may also 
move appreciably in response to thermal and osmotic gradients­
transport mechanisms that are less well understood and more dif­
ficult to parameterize than flow in response to gravitational and 
pressure gradients. 

Darcy's Law 

An alternative form of Darcy's law, with which water flows in 
porous media can be described, can be stated as follows: 

q = Q = _ (~) (JJ2 - P1 + pgh) 
A v h 

(3) 
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FIGURE 3 Viscosity of supercooled water [data from Osipov 
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which states simply that a length h of a porous medium, over 
which a hydrostatic gradient [equal to (.p2 - p 1 + pgh)] is posed, 
will transmit water at a rate that is directly proportional to its 
permeability k and its cross-sectional area A and inversely pro­
portional to the viscosity of the fluid, v . Low temperatures reduce 
water flows through porous media. As has been discussed, low 
temperatures increase the viscosity of water. Freezing reduces the 
permeability of soils and ground dramatically. Geochemical so­
lutions do not freeze uniformly at 0°C. The equilibrium freezing 
temperature of pore water is a function of pore geometry, freezing­
point depressing effects of solutes, and the charge behavior of the 
porous matrix (6). The quantitative description of these effects, 
which is discussed below, is an active research area. 

Soil-Water Retention Curve 

The permeability of a frozen porous medium is affected by its 
liquid water content. Accordingly, a discussion of the physics of 
unsaturated porous media is appropriate. 

M atric Potential 

Two factors have been identified in determining the relationship 
between matric potential and water content in unsaturated soils. 
The first is the pressure difference between the soil atmosphere 
and the liquid water bound to soil particles. The second factor is 
the work required to expand the liquid water-air interface as soil­
water content decreases. When a stable interface is established, 
these two factors are balanced and the water content is stable. For 
a given matric potential, any environmental event that changes 
one of these balanced factors relative to the other can be expected 
to cause the water content to change. 

Effect of Temperature 

An obvious, and pertinent, example is temperature, which de­
creases the interfacial tension of water against air. The effect of 
temperature on the soil-water retention curve may be estimated 
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via 

(~~L = - (:!).(a:), (4) 

where 0 is the volumetric water content of the porous medium in 
liters, and 'I' is the matric potential of the water in the porous 
medium in pascals. 

For a given pore radius, the relationship between capillary pres­
sure and interfacial tension is direct: 

2••(3 COS<!>) '\}r = - ___;,,, __ ......;....;... (5) 
r 

where r is the pore radius in meters and <I> is contact angle of the 
water-air interface with the solid in radians. 

The interfacial tension of water against air (in newtons per 
meter) from the triple-point of water (0.01°C) to the critical point 
of water (374.15°C) has been fitted to 

(T - T)" ( T - T) ·r=~o ~ 1-v~ (6) 

in which the parameters have the following recommended values: 
~0 = 0.2358, Te = 647.15, u = 1.256, and v = 0.625. Although 
there have been few reporte.d measurements of ~wa below 0°C, 
these data indicate that Equation 6 is approximately valid to at 
least -8°C (7). The complexity of Equation 6 belies the fact that 
the interfacial tension of water against its vapor is virtually linear 
from -10°C to 50°C, as can be seen in Figure 5. Accordingly, 
one would expect that the following relationship would hold 
exactly: 

[a'l'(t,0)/at] _ 'l'(t,0) 
[a~wa(t)/at] - ~wa(t) 

(7) 

In fact it does not, requiring the definition of an empirical variable 
[G(0)] introduced by Nimmo and Miller (8) to account for the 
discrepancy: 

80 

Surface tension of 
water against air 70 
(mN/m) 

(8) 
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FIGURE S Measured values of interfacial tension of water 
against its vapor at a range of temperatures. 
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Soil Freezing Characteristic Curve 

Liquid water (albeit generally very small amounts) exists in frozen 
soil at temperatures significantly below 0°C. For water-saturated 
frozen soils, an approximation of the liquid-water content can be 
calculated from the soil-water retention curve, if known. The 
physics of the two situations are similar: in the unsaturated, un­
frozen soil, the liquid-water content is determined by balancing 
the pressure difference across the interface between the soil water 
and the soil atmosphere with the work necessary to deform this 
interface against the interfacial tension of water against air. The 
validity of this hypothetical mechanism for controlling the soil­
water retention curve is supp~rted by the observation that, for a 
given matric potential, the quantity of water held by the soil de­
creases as the temperature increases; that is, as interfacial tension 
decreases with increasing temperatures, less work is required to 
deform the water-air interface. 

In frozen, water-saturated soils, there is a water-ice interface 
between the liquid water surrounding the soil particles and the 
ice. This situation is qualitatively similar to the water-air interface 
in unsaturated soils. A schematic displaying these parallel physical 
systems is presented in Figure 6. For a single soil sample of un­
altered internal structure, liquid water contents in a frozen, unsat­
urated state should be a function of the pressure gradient across 
the water-ice interface. This function should be similar to the em­
pirical equation that describes the soil-water retention curve. 

Clapeyron Equation 

For two phases at equilibrium (e.g., water and ice), the following 
expression applies: 

where 

!l'JC,. =molar enthalpy of fusion (J mol- 1
), 

ll!S: =the molar entropy of fusion (J K- 1 mol- 1
), and 

T 1
+s = melting temperature (K) (9). 

(9) 

When the Gibbs-Duhem equation is applied to Equation 9, the 
following relation is obtained: 

(10) 

where p1+s is the pressure at which the solid and liquid phases 
coexist (in pascals) and V~ is the molar volume of the liquid 
phase. Equation 10 is known generally as the Clapeyron equation. 

Following the suggestion of Koopmans and Miller (10), the 
Clapeyron equation has been applied to soil systems to estimate 
the matric potential of the liquid-water fraction of frozen soils. 

This argument begins with the standard definition of capillary 
pressure (in pascals): 

Pc = p(liquid soil water) 

- p(ambient atmospheric pressure) 

which is related to matric potential by (11) 

'11' =Pc 
pg 

(11) 

(12) 
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A similar pressure, Pi> may be defined for frozen ground to 
express the pressure gradient across the water-ice interface in fro­
zen ground: 

p; = p(liquid soil water) - p(ice) (13) 

A term simUar to matric potential can be defined for the pressure 
gradient across the water-ice interface in frozen ground: 

'P 'I'; = ___..!... 

pg 
(14) 

If the volumetric content of soils for a given matric or super­
cooling potential is assumed to be dependent solely on the ratios 
of pressure gradients to interfacial tensions, 

0(_!_) = 0 ('I';) 
'Ywa 'Yw1 (15) 

Then moisture-release and soil-freezing curves should be related 
by 

9(\}!) = 0('Ywa _F_!._) 
'YWI P:12o,g 

(16) 

The value of p; as a function of temperature can be estimated 
by Equations 10 and 16 if it is assumed that p; = dp1

+s and t - 0 
= dT. The necessary data are (12,7) 

-ywa(p = 0.1 MPa, t = 0.01°C) = 0.7564 N m- 1 

-ywi(p = 0.1 Mpa, t = 0°C) = 0.033 N m- 1 

.A~H: = 6007.0 J mor1 

v~ = 18.018 cm3 mol- 1 

V:,S = 19.650 cm3 mo1- 1 

• Solid mineral particle 

~ Liquid water 

IH~~:j Water ice 

D Air 

Pa . 
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This implies that the pressure gradient across the water-ice inter­
face changes with temperature according to 

d l+s 

~T = 1.221 MPa K- 1 = 1.221 MPa0 C- 1 (17) 

Making the proper substitutions into Equation 16, 

(18) 

the following equation is derived: 

9('11) = 9(/t) (19) 

where f is a constant approximately equal to 285.3 m H20 °c-1
• 

Changes in Hydraulic Conductivity with Soil-Water Content 

The relative-hydraulic-conductivity model proposed by van Gen­
uchten (13) has been adopted by many investigators. With some 
changes in notation, van Genuchten's model represents reduced 
water content, 8 (in liters), as a function of soil-water matric 
potential by 

8- 1 T 
[ ]

>..-1 

- ('l'aY' + 1 
(20) 

where a (m-1
) and A (L) are empirical parameters. The reduced 

water content is defined by 

8 
= (0 - 0,) 

(0s - 9,) 
(21) 

Simplified microscopic schematic 
illustration of unfrozen, unsaturated soil 

Simplified microscopic schematic 
illustration of frozen, 
water-saturated soil 

FIGURE 6 Schematic drawing showing the hypothetical similarity between water contents of 
unsaturated, unfrozen soils and of saturated, frozen soils. 
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where 0 is the volumetric water content (L), and es and 0, are the 
the saturated and residual volumetric water content (L). The re­
sulting empirical equations for volumetric water content are as 
follows; for unsaturated, unfrozen soils: 

[ ]

X-1 

0 = 0, + (0s - 0,) ('flex)~ + l T (22) 

and, by extension, for frozen, saturated soils: 

[ ]

X-1 

0 = 0, + (0s - 0,) (ftex)~ + 1 T (23) 

Similarly, the van Genuchten model proposed the following 
equations to calculate changes in relative permeability; for unsat­
urated, unfrozen soils: 

(ex'l'Y'-1 
{ }

2 

1 - >.. - 1 
[1 + (ex'l'Y']_x_ 

K,('l')=~~~~~~x~-1,.--­

[l + (ex'l'Y'lTh" 

and for frozen, saturated soils: 

{ 
-(exft)H }2 

1 - X-1 

[1 + (-exft)1'1]T 
Kr(t) = X-1 

[1 + (- exft)>.]Th 

CONCLUSION 

(24) 

(25) 

A surprisingly large number of sites in cold regions in the 
Northern Hemisphere are contaminated. There is a need to incor­
porate the fundamental physical, chemical, and hydrological proc­
esses that govern contaminant hydrology into the numerical mod­
els that are used to assist in the remediation of these sites. It is 
hoped that this paper assists in that process. The physical and 
chemical processes that determine the fate of contaminants in cold 
regions are just now being understood comprehensively. As with 
any new area of understanding, this is a challenging process, but 
it is also an exciting area at the limits of the understanding of the 
dynamic behavior of complex, heterogeneous materials. 

RESEARCH PRIORITIES 

The literature survey presented here has revealed important gaps 
in scientific information that will impede the development of con­
taminant-transport models for cold regions: 

1. A consistent thermodynamic treatment of the hydrostatics of 
liquid water in frozen porous media, a critical need, has yet to be 
developed. 

2. Aside from permeability, the capillary pressure-saturation re­
lation for fluids in porous media is the most critical physical func­
tion for modeling the transport of fluids in variably saturated me-
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dia. It has yet to be resolved entirely how temperature affects this 
relationship. A satisfactory understanding of the effect of temper­
ature on soil retention curves for water and other liquids needs to 
be developed. 

3. A coordinated research effort should be pursued to determine 
the temperature effects on the physics of insoluble and sparingly 
soluble nonaqueous phase liquids in porous media. 

4. In frozen ground, the movement of solutes and water in re­
sponse to osmotic and thermal gradients may be significant. Re­
lations by which the transport of water, solutes, and nonaqueous 
phase liquids in response to thermal and osmotic gradients may 
be estimated reliably should be derived or developed. 

5. The Pitzer model provides a powerful method by which to 
model the thermophysical behavior of electrolyte solutions below 
the freezing point of water. Unfortunately, there are few measure­
ments with which to apply this tool. Physical-chemical properties 
of aqueous electrolyte solutions at subzero temperatures (constant­
pressure heat capacities, molar volumes, and viscosities) are 
needed. 

NOTATION 

Symbol/Name (Definition) 

A 

k 
k 
K 
p 

Pc 
p; 

q 
r 

z 
ex 

'Ywa 

cross-sectional area 
aqueous concentration of the jth 

solute 
dispersivity tensor 
acceleration due to gravity 
height or width of a system 
total head 
molar enthalpy of melting, pure 

substance 
(specific) permeability 
permeability tensor 
hydraulic conductivity tensor 
pressure 
capillary pressure 
pressure gradient across ice­

liquid-water interface in 
water-saturated porous media 

seepage velocity 
mean radius, largest undrained 

pore class 
Celsius temperature(= T -

273.15) 
thermodynamic temperature 
freezing temperature of pure 

solvent 
Darcian flow velocity vector 
molar volume of ex phase 
molar volumetric change with 

fusion 
vertical distance above datum 
parameter in van Genuchten 

equation 
interfacial tension of water 

against air 
interfacial tension of ice against 

water 

Equation 
First Cited 

(3) 

(2) 
(2) 
(1) 
(3) 
(1) 

(9) 
(3) 
(1) 
(1) 
(1) 
(11) 

(13) 
(3) 

(5) 

(17) 
(9) 

(9) 
(1) 
(9) 

(9) 
(1) 

(20) 

(6) 

(15) 
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0, residual liquid-water content (21) 
es saturated liquid-water content (21) 
e reduced liquid-water content (20) 
A. parameter in van Genuchten 

equation (20) 
v viscosity (1) 
p density (1) 
<l> water-air contact angle at solid (5) 
<I> porosity (2) 
0 volumetric liquid-water content (4) 
'I' matric potential (4) 
'I'; p; expressed in terms of height 

of liquid water (15) 
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Factors Influencing the Transferability of 
Maintenance Standards for 
Low-Volume Roads 

GERARD LIAUTAUD AND ASIF FAIZ 

Among the many parameters that influence the selection of mainte­
nance strategies for unpaved roads, two factors have been selected in 
this paper to illustrate that caution needs to be exercised when at­
tempting to transfer policies or standards from one set of conditions 
to another. These two factors are factor costs (not budgets) and ma­
terial resources. Broadly speaking, the definition of a maintenance 
policy for an unpaved network implies that besides routine activities 
such as vegetation control and ditch and culvert cleaning, considera­
tion should be given to the frequency of grading and also to the timing 
of graveling operations. Drawing from the experience collected in two 
widely different environments, one in the equatorial forest region of 
central Africa-where maintenance costs are high and gravel re­
sources scarce-and the other in northeast Brazil, it is shown that 
maintenance standards are highly dependent not only on traffic vol­
ume but also on the properties of surfacing materials and the unit cost 
of grading. As shown and explained in this paper, the optimum grad­
ing frequency derived from economic analyses for a given volume of 
traffic may vary by a factor of 5, ranging between 2 and 10 times per 
year. Similarly, the threshold value of traffic volume at which surfac­
ing an earth road with gravel becomes economically justified can 
range from below 20 to more than 100 vehicles per day, depending 
on cost of graveling and physical properties of the subgrade to be 
graveled. Such wide variations suggest the need for a careful defini­
tion of local conditions before an attempt is made to transfer main­
tenance standards across countries or even across regions within a 
country. 

Even under the best maintenance policy, vehicle operating costs 
on unpaved roads are usually 10 to 30 percent higher than those 
on well-maintained paved roads, mostly because of differences in 
average surface roughness conditions. Furthermore, the neglect of 
maintenance on an unpaved network may cause vehicle operating 
costs to increase by a factor of 2 to 3, because roughness can rise 
quickly from 5 m/km international roughness index (IRI) (on a 
newly graded road) to upward of 20 m/km within a few weeks if 
traffic volume is high. On paved roads, the situation is different: 
not only is the rate of progression of roughness slower, but also 
a smalle~. range of values is observed between a pavement in good 
condition (IRI = 3) and the same pavement at the end of its useful 
life, that is, in poor condition (IRI = 6 to 8), with the difference 
in vehicle operating costs generally not more than 30 percent. 

Therefore, maintaining a network of unpaved roads requires 
relentless attention as well as a well-defined program of recurrent 
activities in order to keep the level of service of the roads within 
acceptable limits. Among the recurrent activities to be carried out, 
grading and graveling operations are the primary maintenance­
related determinants of road conditions, and in tum of the cost of 
operating vehicles. 

The World Bank, 1818 H St. N.W., Washington, D.C. 20433. 

The frequency at which bladings are to be performed and the 
timing at which an unpaved road is to be surfaced or resurfaced 
with gravel constitute the basic requirements of any rationally 
designed maintenance program, and methods are now available 
that enable the definition of optimum standards both for grading 
frequencies and for appropriate timing of gravel surfacing (1-3). 
However, these standards are strongly dependent upon local con­
ditions and a number of parameters such as traffic, level of service 
required, the importance of the road, climate (in particular, rain­
fall), budget constraints, material resources, and unit costs of grad­
ing and graveling. In this paper, the effect of the last two param­
eters is evaluated. 

EFFECT OF MATERIAL RESOURCES ON 
MAINTENANCE STANDARDS 

Grading Frequency 

Depending on the availability of materials, the wearing course of 
unpaved roads may consist of a wide variety of soils, ranging from 
fine-grained silts or clays to fairly coarse gravel. Although the rate 
of surface deterioration is mostly influenced by traffic volumes, 
roughness progression is also governed by the physical and geo­
technical properties of the surfacing material, that is, its particle 
size distribution and plasticity. Table 1, giving the mean rate of 
progression of roughness observed for various types of materials 
(2,4,5), shows, for example, that a surface course consisting of a 
sandy soil will, under the same traffic volume and similar climatic 
conditions, deteriorate some 20 times faster than a lateritic gravel 
wearing course. Consequently, and assuming that both roads were 
to be maintained at an identical level of service (i.e, at a given 
level of roughness), the frequency of grading in the first case 
would be substantially higher. Economic considerations suggest 
that an optimum level of service is governed not only by traffic 
volume but also by the expenditure corresponding to the number 
of gradings necessary to keep the long-term average roughness of 
the road within acceptable limits. 

Figure 1 shows the difference in maintenance standards adopted 
for two regions in the same African country (Gabon); in one re­
gion the predominant soils were sandy clays with a mean rate of 
roughness progression of 0.5 m/km IRI per 1,000 vehicles, and 
in the other region the predominant soils were well-graded lateritic 
gravel with a rate of roughness progression of 0.08 m/km IRI per 
1,000 vehicles. For the sandy clay surface road, the optimal grad­
ing frequency was about once every month, with a resulting 
average roughness of 8 m/km IRI. For the laterite road, the 
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TABLE 1 Mean Rate c:-f Roughness Progression for Various Types of Materials (4-6) 

Materials Max. particle Plasticity 
size, in mm Index 

Fine-Grained 

Sands 2 <10 

Silts, silty clays 5-20 

Clays 0.1 10-50 

Coarse-Grained 

Silty gravel 10 16 

Lateritic gravel 15-25 5-25 

Crushed 30 10 
calcareous rock 

Sandstone gravel 25-30 6-8 

Qtiartzitic gravel 20-30 14-20 

Cinder gravel . 20 N.P. 

Basalt gravel. 30-75 20-30 

Volcanic gravel 30 17 

optimum grading frequency was about once every 4 months, with 
a resulting average roughness of 5 m/km IRI. Both roads had an 
average daily traffic (ADT) of 200. Similarly, and assuming that 
two roads have a gravel wearing course, the optimum grading 
frequency will depend upon the nature of the gravel material: for 
example, if the ADT is 200 vehicles and the desired year-round 
maximum roughness on these roads were to be fixed at 8 m/km 
IRI, a lateritic gravel course would need to be bladed three times 
a year, whereas a quartzite gravel course (with a greater maximum 
particle size, rounder aggregates, and less plasticity) would require 
grading eight times a year. 

Graveling Threshold 

The faster the rate of roughness progression on a road (as may 
result from poor geotechnical properties of the surfacing material), 
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FIGURE 1 Influence of material properties on grading 
frequency. 
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Soaked CBR at Increase in IRI/1000 
95% Mod.AASHO veh, m/km 

5-20 1.3 to 1.8 

5-15 0.8 to 1.2 

<10 0.3 to 0.6 

> 15 0.o7 

10-50 0.04 to 0.19 

85 0.09 

> 15 0.18 

10-35 0.10 to 0.25 

>20 0.20 

>20 0.20 to 0.24 

7-28 0.08 to 0.24 

the closer will be the intervals between gradings needed to meet 
a given standard of roughness and consequently the higher will 
be the maintenance cost. In the Gabonese experience related 
above, embedding 1/2-in. stone in the silty clay subgrade at a rate 
of 10 L/m2 proved effective in reducing the· rate of roughness 
deterioration from 0.5 m/km to 0.24 m/km. As a result of this 
improvement, threshold values of traffic volumes at which full 
thickness graveling (15 cm) was justified changed from about 20 
veh/day to nearly 50 veh/day. Since traffic volumes in that area 
were generally below this threshold and naturally occurring gravel 
is scarce, the economic return resulting from ''nailing'' the clay 
with a moderate amount of single-sized stones was very high. 

EFFECT OF UNIT COSTS ON MAINTENANCE 
STANDARDS 

By any standards, Gabon stands out as a country where unit costs 
of road construction and maintenance are exceedingly high be­
cause of particularly difficult physical and environmental condi­
tions: predominance of dense primary forests, high rainfall, rolling 
or mountainous terrain, poor subgrade soils, and relatively high 
cost of labor. Assuming that the maintenance standard to be met 
corresponds to about 7 m/km IRI average roughness, the average 
cost of maintaining 1 km of unpaved road, including periodic 
regraveling, ranges between U.S.$20,000 and U.S.$30,000 for 
traffic volumes of 50 and 200 vehicles per day, respectively. By 
way of comparison, and to comply with the same standard, the 
average maintenance cost for 1 km of unpaved road located in 
northeastern Brazil varies between U.S.$2,000 and U.S.$3,000 for 
the same traffic volume, 10 times less. In either case, the average 
unit costs 0f maintenance are from competitive bids and include 
the cost of labor, materials, and equipment rental as differentiated 
below: 

Unit 

Labor U.S.$/hr 
Gravel material U.S.$/m3 

Grader rental U.S.$/hr 

Brazil 

0.50 
5 
35 

Gabon 

3 
25 

125 



Liautaud and Faiz 

Net present value US$10001km 
250 

analysis period: 5 years 
discount rate: 10 percent 

surfacing material: fine-grained soil 
traffic vol: 200 vpd 

-50'--~~~-'-~~~~"---~~~-'-~~~~"--~~~_J 

0 5 10 15 20 25 
Number of grading per year 

Cost or grading -- US$ 2300 I km --+-US$ 600 !km 

FIGURE 2 Inftuence of cost on optimum frequency of grading. 
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Under Gabonese conditions, and more generally wherever road 
maintenance and construction costs are high, competitive procure­
ment procedures and careful evaluation of bids can result in sub­
stantial cost reductions. For example, under one maintenance con­
tract, the lowest evaluated bid proposed a unit cost of grading 
equivalent to U.S.$600 per km, whereas the average cost submitted 
by other bidders was U.S.$2,000 per km. Economic analyses 
showed that awarding the contract to the lowest bidder meant that 
the unpaved network could be graded once every 15 days, thereby 
maintaining a level of roughness of about 6 m/km IRI throughout 
the year. Had the contract been awarded to the average bidder, the 
same network would have been graded about once a month with 
only a fair to poor level of roughness, about 9 m/km IRI, for an 
ADT of 200 vehicles per day (see Figure 2). 

The magnitude of graveling costs can also have a significant 
impact upon the standard of maintenance. As in many other coun­
tries, there are large areas in Gabon where naturally occurring 
gravels are difficult to find and the cost of haulage of the material 
over long distances can more than double the total cost of grav­
eling operations. In areas where lateritic gravels are abundant, the 
average unit cost of graveling is of the order of U.S.$15/m3

• In 
the eastern part of the country, where sands are predominant, the 
cost of providing 1 m3 of gravel may be as high as U.S.$40. In 
the latter case, graveling thresholds would increase from about 25 
veh/day to 45 veh/day, thereby introducing a significant change 
in the maintenance policy. 

TABLE 2 Differences in Maintenance Standards Between Gabon and Northeast Brazil 

Costs Brazil 
Gabon 

lgw.~. high ~~e 

Vehicles operation US$/veh*km 

for IRI=2 0.24 0.82 0.82 

IRI=5 0.31 0.93 0.93 

IRI=lO 0.46 1.16 1.16 

IRI= 15 0.67 1.43 1.43 

IRI=20 0.98 1.78 1.78 

Graveling US$/ cu.meter 5.0 15 40 

Grading US$/ km 200 600 2000 

Standards 

Optimum number of grading/year 

for ADT=50 5 3 2 

ADT=lOO 10 4 3 

ADT=150 14 6 5 

ADT=200 19 8 6 

ADT=300 23 10 8 

Gravelling threshold (ADT) vpd 10 25 45 

Note: The above grading frequencies apply to a gravel surface having an average rate of roughness 
progression of 0.14 m/km per 1,000 vehicles, and will result in a maintenance level of service 
corresponding to an average 5 to 6 m/km IRI throughout the year. 
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COMPARISON OF OPTIMAL BLADING FREQUENCY 
AND GRAVELING TH~SHOLD 

To illustrate the differences in maintenance standards that may 
occur between two widely different environments, a comparison 
was made using the results of two studies on optimal grading 
frequencies for Gabon and northeastern Brazil. In both cases, ve­
hicle operating costs were calculated with the HDM III model 
(6,7), duly calibrated for local conditions. Assuming a lateritic 
gravel wearing course for both cases, the optimal blading fre­
quency was taken as the value that yielded the maximum net 
present value, discounted at 10 to 12 percent. Table 2 gives the 
results of the comparison and shows, for example, that for an 
average traffic volume of 100 vehicles per day, the appropriate 
grading frequency would be 10 times a year under Brazilian con­
ditions and only 3 to 4 times a year under Gabonese conditions. 
The corresponding maintenance level of service was an average 
4 to 5 m/km IRI for Brazil and an average 6.5 to 7 m/km IRI for 
Gabon. 

Regarding graveling operations, the sheer difference in unit cost 
for graveling between Gabon and Brazil had a significant impact 
upon the graveling threshold. The cost of providing 1 m3 of gravel 
in Gabon (when borrow pits are readily . available) is about 
U.S.$15, as compared with a cost in Brazil of about U.S.$5 under 
similar material availability conditions. Calculations show that a 
cost ratio of this magnitude (about 3) would entail a graveling 
threshold ratio varying between 1.5 and 2, depending on the rate 
of roughness progression of the earth road before graveling is 
carried out. In other words, if graveling were justified in Brazil 
whenever the ADT reached 50 vehicles, such justification in Ga­
bon would only occur for an ADT between 75 and 100 vehicles. 

CONCLUSIONS 

A comprehensive maintenance policy embodying appropriate 
standards for grading frequencies and graveling thresholds cannot 
be properly formulated unless due consideration is given to local 
conditions, in particular, to traffic volumes, materials resources 
specifications, and unit costs of blading and graveling operations. 
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The optimum level of service to be aimed at, in terms of year­
round average roughness on the network, cannot be determined 
by simply transferring maintenance standards from one country to 
another country or from one geographical region within a country 
to another. For example, blading frequencies applicable in one 
country may be well above the optimum values in another country, 
leading to substantial economic losses should such standards be 
transferred without an analysis of local conditions. 

Management of unpaved road requires not only reliable traffic 
volume data and unit costs of maintenance activities but also reg­
ular condition surveys aimed at assessing surface material prop­
erties and the rates of roughness progression for the major types 
of wearing course materials constituting the unpaved road system. 
The reliability of factors influencing maintenance service levels 
for unpaved roads suggests several distinct maintenance standards 
or strategies that should be evaluated for each specific set of cost 
and material resources parameters peculiar to a region. 
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Operational Unpaved Road Management 
System in the Cape Province of 
South Africa 

A. T. VISSER, E. M. DE VILLIERS, AND M. J. J. VAN HEERDEN 

The Roads Department of the Cape Province of South Africa manages 
a rural road network that includes 16 900 km of paved roads and 51 
750 km of unpaved roads. Unpaved roads are usually considered of 
lesser importance, because in the Cape Province these roads typically 
carry between 20 and 300 vehicles per day. The expenditure on their 
maintenance is, however, the same as that for paved roads. The aim 
of this paper is to present the characteristics of the unpaved road 
management system, which includes a gravel management system; to 
demonstrate the relationship of these systems in the planning process; 
and to document the experience gained with implementation of the 
system. The Maintenance and Design System (MDS) was used as a 
basis for the management system, although extensive adjustments 
were made to cater to local practice and requirements. It has been 3 
years since the system was implemented. To date, 38 000 km of the 
unpaved network has been evaluated, and the information has been 
entered into the data base. The system has already proved its worth 
and is being used in compiling the annual budget and providing stra­
tegic prioritized input to facilitate the scheduling of activities at the 
project level. It has also helped to ensure an equitable distribution of 
maintenance funds among the 20 Regional Services Council (RSC) 
areas, through which the gravel road maintenance is executed on an 
agency basis. On the basis of experience in the Cape Province, the 
management of unpaved roads should be an integral part of the man­
agement process of any road authority. 

The Roads Department of the Cape Province of South Africa man­
ages a rural road network that consists of 16 900 km of paved 
roads and 51 750 km of unpaved roads. These roads include 

• Trunk roads that primarily serve the larger centers, 
• Main roads joining cities and smaller towns and important 

centers, and. 
• Divisional roads acting as access and link roads in the rural 

areas and being generally important for agriculture. 

The last two types form the bulk of the unpaved network. In 
addition, 84 000 km of minor roads is currently not included in 
the formal management systems. The total rural road network 
serves ail area of 656 641 km2

, which comprises nearly 58 percent 
of the area of the Republic of South Africa. 

Since 1981, a pavement management system for the paved net­
work has been in use, and the positive results from this system 

A. T. Visser, Department of Civil Engineering, University of Pretoria, Pre­
toria, 0002, South Africa. E. M. de Villiers, Materials, Roads and Traffic 
Administration Branch, Cape Provincial Administration, P.O. Box 2603, 
Cape Town, 8000, South Africa. M. J. J. van Heerden, van Heerden and 
van der Vyver Inc., P.O. Box 95256, Waterkloof, 0145, South Africa. 

led to the implementation of a management system for the un­
paved network. Unpaved roads are usually considered of lesser 
importance, because these roads in the Cape Province typically 
carry between 20 and 300 vehicles per day. The expenditure on 
their maintenance is, however, of the same magnitude as that for 
paved roads, but it is justified particularly where roads serve the 
mining industry, major agricultural producing areas, and tourism. 

The aim of this paper is to present the characteristics of the 
unpaved road management system, which includes a gravel man­
agement system; to demonstrate the relationship of these systems 
in the planning process; and to document the experience gained 
with the implementation of the system. The unpaved road man­
agement system provides 

• Routine maintenance requirements, such as blading; 
• Special maintenance requirements for roads that cannot be 

maintained routinely, for example, reworking to remove or reduce 
oversize materials or reshaping; 

• Regraveling requirements; 
• Budget requirements and the implications of alternative bud­

gets; and 
• Optimization of the use of borrow pits for regraveling, and 

the implications of using scarce natural resources from the gravel 
management system. 

The Maintenance and Design System (MDS) (1,2) was used as 
a basis for the management system, although extensive adjust­
ments were made to cater to local practice and requirements. It 
has been 3 years since the system was implemented. Since the 
Roads Department did not have enough staff to collect the infor­
mation to operate the system, eight consulting engineering firms 
were appointed, each to a region. To date, 38 000 km of the 
unpaved network has been evaluated and the information has been 
entered into the data base. The system has already proved its 
worth and is being used in compiling the annual budget and pro­
viding strategic prioritized input to facilitate the scheduling of 
activities at the project level. It has also helped to ensure an 
equitable distribution of maintenance funds among 20 Regional 
Services Council (RSC) areas, through which gravel road main­
tenance is executed on an agency basis. 

The structure of the management system is presented first, and 
then examples of the outputs are provided. The operational aspects 
of implementing and operating the system are discussed. Finally 
the value of using the system is discussed, and recommendations 
for other road authorities are given. 
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UNPAVED ROAD MANAGEMENT SYSTEM 

Introduction 

The length of the unpaved road network prohibits its being mon­
itored by sophisticated and expensive means. Consequently, visual 
monitoring was adopted to evaluate the condition of the road and 
the need for specific actions. Ideally, such visual inspections could 
be done by the district road superintendents during their three­
monthly visits to the roads under their jurisdiction. Setting up the 
system was beyond the staff capabilities of the Roads Department, 
and a consulting engineering group was appointed for the imple­
mentation in each of the eight regions. Another consulting group 
was appointed for software development and data processing. 

Installing a reference system on the unpaved road network 
proved to be a major task. To date, about a third of the imple­
mentation cost has been expended on placing location markers 
in the field so that all observations could be tied to the reference 
system. Markers were placed at the start and end of each road 
section, as well as every 5 km along the section, and at boundaries 
of the different regions as well as at marked changes in topog­
raphy. The basic buildmg blocks for assessment purposes are the 
5-km segments. Subsegments primarily involving marked 
changes in topography, notably in mountain passes, are also 
accommodated. 

The unpaved road management system is essentially a network­
level tool. The network is monitored to determine the gl~bal de­
terioration over time as well as to identify, prioritize, and deter­
mine approximate budgets for the network as a whole. The coarse 
network evaluation is then used as a strategic input for the detailed 
project-level investigations where the actual design is determined 
with the aid of further refined investigations and tests. Because 
the focus was at the network level, care was taken to collect only 
the information that was relevant and required at the network 
level. 

The collected information was then processed in a computer 
data base to provide the outputs for top management for strategic 
and budgeting purposes as well as for maintenance engineers for 
tactical planning and execution purposes. These outputs will be 
discussed below. 

Visual Assessment 

The visual assessment is carried out by means of the evaluation 
form shown in Figure 1. Four different attributes of the road sec­
tion are considered: 

• Fixed information, 
• Structural assessment, 
• Functional assessment, and 
• General information. 

These attributes will be discussed briefly. 

Fixed Information 

Fixed information includes location, such as region, road number, 
and start and end kilometer distances. The road type typically 
defines the road width, and the width is used to confirm the data. 

TRANSPORTATION RESEARCH RECORD 1434 

Traffic counts are very costly, and three categories of traffic had 
to be used based on vehicles encountered on the section, knowl­
edge of the area, and discussions with the local people. Less than 
50 vehicles per day (vpd) is considered light traffic, medium is 
from 50 to 300 vpd, and heavy is more than 300 vpd. Terrain is 
designated as flat, rolling, or mountainous, according to broad 
guidelines. The moisture regime at the time of evaluation is im­
portant because it could accentuate or mask certain types of de­
terioration and is used where significant differences with previous 
assessments are encountered .. Finally, a distinction is made be­
tween a gravel road and a nonengineered earth road, because the 
latter would normally receive no additional gravel. In addition, 
information such as the nature of agricultural activities is also 
collected to facilitate a strategic plan to curb the impact of dust 
in a prioritized manner; for example, a high earner of foreign 
exchange would receive a high priority for paving. 

Structural Assessment 

Structure The structural assessment is related to the ability 
of the pavement to carry the traffic loads. Although there may be 
arguments about the inclusion of other aspects or the exclusion of 
some of the evaluated factors, the process is aimed at identifying 
structural needs such as regraveling, ripping and recompaction, 

CAPE PROVINCIAL ADMINISTRATION 
ASSESSMENT ( GRAVEL ROADS ) 

AREA : IAIBICIDl~IFl~IHI DATE : 
RSC : ROUTE : I TRUllC I MAIN I DISTRICT I 
ROAD NO : TRAFFIC : I LI6HT I IEDIIJM I HEAVY I 
SECTION : FROM klll TERRAIN : I F I R I M I 

: TO k• MOISTURE : I lfET I MOIST I DRY I 
WIDTH (•) Is - 7.9 le - 9.9110 - 12 I TYPE OF ROAD: I GRAYa I EARTH I 

STRUCTURAL ASSESSMENT 
DEGREE EXTENT 

STRUCTURE MINOR SEVERE saDOM FREmJFN1 
1 2 3 4 5 1 2 3 4 5 

POTHOLES 0 

COAAUGA TIONS 0 

RUTTING 0 

LOOSE MATERIAL 0 

DUST 0 

STONINESS : FIXED 0 

: LOOSE 0 

6ENERAL COPEITION VERY 6000 6000 FAIR POOR VERY POOR 

GRAVEL PROPERTIES 
6ENERAL I FERRICRETE CAL CRETE QUARTZITE Cl£RT DDRllAJ« 

MA TERI.AL TYPE I SANISTONE SRAHITE SHALE DOLERITE SAii> 
MAXIMUM SIZE (u) > 50 > 25-50 > 1:t-25 < 13 

CLASSIFICATION COARSE IEDI\11 FINE 

APPROXIMATE PI < 6 6 - 15 > 15 

GRAVEL THICKNESS (u) I I I 
FUNCTIONAL ASSESSMENT 

RIDING QUALITY VERY 6000 6000 FAIR POOR VERY POOR 

SKID RESISTANCE 6000 FAIR POOR 

EROSION : LONGITUDINAL DIRECTION tOE MINOR SEVERE 

: CROSS DIRECTION tOE MINOR SEVERE 

DRAIN.ASE : ON THE ROAD > 41 2 - 41 0 - 21 

: SIDE OF THE ROAD 6000 FAIR POOR 

: PROBLEMS I CUL YEATS I SIDE DRAINS MITRE DRAINS! TOO LOii ( 

D WEEKS SINCE LAST 6RADED NORMAL 6RADIN6 
GENERAL ( EVERY ? MEEKS ) 

INFORMATION PROBLEMS WITtt DUST IYESINO WET SEASON I DRY SEASON 
: SKID I YES I NO I 

FIGURE 1 Field inspection form. 
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and reshaping or special blading. The way in which the visual 
assessment is conducted requires the use of technicians skilled in 
materials and unpaved roads. Assessments should preferably not 
be made while there is water on the road surface. 

All the aspects are assessed in terms of severity and extent. 
Three anchor values are used to define severity, namely, 

1: Visually noticeable, but still minor, usually isolated; 
3: Needs attention, but not urgent; and 
5: Needs urgent attention. 

If the assessment is intermediate to the above anchor values, either 
2 or 4 is noted. If there are no defects, a zero is noted without an 
extent. The extent is given on a five-point scale, as follows: 

1: 0 to 5 percent, 
2: 5 to 20 percent, 
3: 20 to 60 percent, 
4: 60 to 80 percent, and 
5: 80 to 100 percent. 

The occurrence is estimated, and no lengths are measured. 
The condition attributes that are evaluated, according to clearly 

defined guidelines in the evaluation manual, are the following: 

• Potholes, which are local depressions; 
• Corrugations, which are regular undulations transverse to the 

direction of travel; 
• Rutting, which defines the wheelpath and is caused by wear 

or compaction in the wheelpath; 
• Loose material deposited adjacent to the wheelpaths or oc­

casionally in the wheelpath after maintenance; 
• Dustiness, as an indicator of safety; and 
• Stoniness, which, when the stones are embedded, reflects the 

ability of the motor-grader to maintain the road, and when stones 
are loose, reflects rapid and severe ravelling. 

In addition, the observer gives a general impression of the quality 
of the road, which is used to validate the other attributes. 

Gravel Properties Detailed testing of the gravel characteris­
tics of the complete network would have been prohibitive. Initially 
the most important characteristics were evaluated visually, 
namely, type of gravel, maximum size, type of grading, and plas­
ticity index. As part of the gravel management program, the avail­
able sources were tested, and when one is placed on the road, the 
data base is updated. Fortunately, the maintenance strategy is not 
highly sensitive to small variations in material properties (actual 
versus estimated visually), and this approach gave a working so­
lution for the initial stage of implementation. No doubt, for long­
term planning of regraveling, the more accurate data will yield 
more reliable predicted gravel loss. 

The gravel thickness was measured at least five times within a 
section, or every 1 km, by making a hole and measuring the thick­
ness of the gravel. This information is used to determine regrav­
eling needs. 

Functional Assessment 

The functional assessment evaluates the service that the road pro­
vides to the user. Riding quality is assessed by driving over the 
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section, and the qualitative descriptors are linked to roughness 
measurements. Skid resistance on unpaved roads is difficult to 
measure, particularly since it is unlikely that the worst conditions 
are encountered at the time of measurement. Comments from the 
district staff or local users about skidding during the wet are used 
to flag potential problem materials. Erosion could make a road 
unserviceable, and both the erosion on the road as well as that 
alongside the road are assessed. Any defects would have to be 
corrected apart from the structural aspects of the road. Any spe­
cific problems are also highlighted. 

General Information 

Observations related to the general condition of the road are also 
noted. These include normal blading frequencies, time since last 
blading, and dustiness and slipperiness. This information is pri­
marily used to judge observations that are significantly different 
from the general trend. 

Evaluation of Special Activities 

Special activities are those that are not carried out routinely but 
are executed in response to a deficient condition. Special activities 
include regraveling, ripping and recompacting, and reshaping and 
special grading. A flowchart showing the evaluation process is 
given in Figure 2. The underlying philosophy is that a higher­
order action is only executed if a lower-order action would not be 
effective. Generally a higher order would be more expensive than 
a lower order. In this manner a road with a large number of rocks 
protruding through the surface would only be regraveled if there 
is insufficient gravel. Otherwise it would be ripped, the coarse 
stones would be removed (or if feasible, reduced to the specified 
maximum 37.5-mm size using gridroller or rockbuster tech­
niques), and the road would then be recompacted. 

Regraveling 

The regraveling need is identified first. A regraveling score is cal­
culated as a function of the minimum required gravel thickness 
to carry the loads, annual gravel loss, existing or predicted gravel 
thickness, and the traffic volume. The needs are prioritized by 
ordering the regraveling scores, and the roads are treated until the 
allocated budget has been expended. Five-year regraveling pro­
grams can be compiled in this manner and long-term underfunding 
identified at an early stage. Ideally the volume of material lost 
annually should be replaced to maintain a balance between wear 
and replacement. 

Ripping, Reworking, and Recompacting 

Ripping, reworking, and recompacting are triggered by the exten­
sive presence of coarse stones that render blader maintenance in­
effective. The product of severity and extent of stoniness greater 
than 12 triggers this need. In the event of a lack of binder, rep­
resented by less than 14 percent passing the 0.075-mm sieve, or 
the product of severity and extent of loose material greater than 
12, additional binder has to be placed after ripping. 
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Reshaping 

If the gravel layer is less than 75 mm, it is ineffective to try and 
rip the wearing course to remove the coarse stones. In such cases 
the wearing course is only reshaped and recompacted, because 
regraveling will be required within a relatively short period. The 
same approach would be taken if the shape of the road was poor 
and drainage on the road was classified as poor. 

Special Blading 

There are cases in which none of the foregoing actions would be 
triggered, but nevertheless the road is in poor condition, possibly 
because of neglect in maintenance. The situation often cannot be 
remedied by routine maintenance, and a special maintenance ac­
tion is required. The road is considered in poor condition if the 
riding quality is poor or very poor or the product of severity and 
extent of potholes, rutting, or corrugations is greater than 11. In 
the cases of special maintenance, slippery areas in steep terrain, 
represented by a plasticity index greater than 15 and fine material, 
may be rectified by the addition of coarse material. 

Evaluation of Routine Maintenance Activities 

Once the network is in such condition that routine maintenance 
can be effectively executed, the routine maintenance needs are 
determined. These include the routine blading at an economic fre-

NO 

CALCULATE 
PRIORITY 

REGRAVEL 

YES 

REWORK 
+ BINDER 

YES 

REWORK 
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quency, and the volume of gravel that needs to be replaced to 
balance the material lost. 

Details of the procedure used to calculate grader maintenance 
were presented previously by Visser and Curtayne (1) and the 
models used by Paige-Green and Visser (2), and they will not be 
repeated. From this procedure the economically optimal allocation 
of motor-graders and resources for any given budget can be de­
termined. The sum of the cost of maintenance and the road user 
costs is used to define economic optimality. The resources are 
allocated to the network such that the expenditure of an additional 
unit of costs would result in the same benefit on every road. 

The volume of gravel lost is calculated for the gravel roads of 
the network using the process and models presented previously 
(1,2). Once the volume of material lost annually is known, the 
budget can be defined on the basis of the volume that has to be 
replaced to keep up to date. The roads on which the gravel would 
be placed are identified from the special maintenance evaluation. 

Gravel Management Subsystem 

Good quality road-building materials are usually relatively scarce. 
In a given area the better-quality materials are invariably used 
first, with the result that later only poorer-quality gravels are avail­
able for use as a wearing course. The situation is even worse when 
the gravel road has to be upgraded to the paved-road standard, 
and expensive processed gravels have to be purchased if the local 
materials are not good enough. The gravel management subsystem 
was implemented to handle this situation. 

RESHAPE 

NO 

NO 

SPECIAL 
MAINTENANCE 

YES 

YES 

NO 

EXISTING 
MAINTENANCE 
SUFFICIENT 

NORMAL 
MAINTENANCE 

FIGURE 2 Flow chart for determining special maintenance requirements. 
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The gravel management subsystem contains information about 
the location of existing or potential gravel borrow pits and the 
properties and volume of the available materials. A special effort 
was made by the consulting engineering groups to identify all 
potential borrow pits within an econo,mic haul distance of the road 
network. For the first time, an overall view is available as to the 
availability of materials. Gravel materials are also allocated to 
specific roads taking into account the quality of gravel, the con­
sequent routine maintenance costs and road quality, and location 
of the borrow pits. This allocation process is done manually, and 
no formal optimization is used. 

Besides the quality of the gravel, the performance of the roads 
on which specific materials have been used is monitored to con­
firm or modify the performance prediction equations. This mon­
itoring also provides the opportunity for mixing materials from 
different borrow pits to obtain one that would provide the best 
economic performance. Consequently, planning for regraveling 
has been significantly enhanced. 

Another major benefit of the gravel management subsystem is 
that, particularly in areas with limited gravel resources, the cost 
of bringing in processed materials can be considered. In some 
cases it would warrant paving the road to retain the scarce gravel 
resources. This would enhance long-term management of the 
network. 

OUTPUTS GENERATED BY UNPAVED ROAD 
MANAGEMENT SYSTEM 

Introduction 

Outputs have been tailored to the specific needs of the different 
levels of management within the Cape Roads Department and of 
the Regional Services Councils (RSCs). This is particularly im­
portant because the Chief Executive Officer needs to know the 
financial and economic implications, -whereas the maintenance en­
gineer in a district wishes to know the sections of road where 
special maintenance is required and the evaluated condition that 
triggered this need. The different types of output that are prepared 
are discussed next, starting with the detailed outputs for the field 
staff and progressing to that required by top management. 

Detailed Outputs 

Detailed printouts of the input and processed information are pre­
pared for use by the field staff. These are in typical computer 
printout formats and because of the large amount of data are not 
reproduced here. The information is also presented as a strip chart 
for each road, as shown in Figure 3. This is a handy format be­
cause it contains all the relevant information for the road and is 
normally compiled as a book for each of the 20 regions. It shows 
the homogeneous sections that were assessed, the traffic volumes, 
and the existing gravel thickness. From the analyses, a 5-year 
regraveling program was developed. From this overall perspective 
it may be decided from an operational point of view to regravel 
the short sections programmed for successive years in one year. 

Parts of the road identified for ripping, reworking, and recom­
pacting or reshaping are also shown, together with the assessment 
that triggered the need. Although some parts are due for imme­
diate regraveling, they have also been flagged for reshaping if 
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regraveling has to be postponed. Before the work is executed, the 
exact limits of each activity will be determined by a detailed field 
inspection at the project level, which is obviously beyond the 
scope of the unpaved road management system. 

Management Information 

Management is interested in strategic and financial implications, 
and the summary information has to address these requirements. 
One of the most easily understood formats for presenting data is 
graphically, and this was widely used. 

Figure 4 shows the information about regraveling needs for 
each RSC area as well as for the complete network. Because the 
output is repetitive, only part of it is presented. For each RSC 
area the network length and annual gravel loss are shown. The 
regraveling needs for the next 3 years are indicated. By comparing 
the length of the bars for regraveling, taking into account the road 
length and annual loss, an immediate indication can be gained 
about the severity of the needs and potential backlogs. 

At the end of the output, a summary is given for the complete 
netw<?rk together with the annual gravel loss. In Figure 4 it is 
evident that a backlog equal to one year's regraveling has devel­
oped and that this backlog can be reduced by the recommended 
annual program. From inspection of the plot for the whole net­
work, it was evident that the backlog was isolated particularly in 
one large RSC area. With the managerial information, this matter 
can be readily rectified. 

A further diagram, presented in Figure 5, shows the distribution 
of gravel thickness as a histogram and the annual change in 
average gravel thickness as a trend resulting from loss and re­
graveling. The latter is particularly useful in determining whether 
the situation is being kept under control. Such plots are developed 
for each RSC area, for each road category, and for the network 
as a whole. As a further plot (not shown), the average gravel 
thickness for each RSC area is plotted as an arrow on a horizontal 
axis of gravel thickness from 0 to 150. It is possible to see at a 
glance where the problem areas with low average gravel thickness 
are located. 

Special maintenance needs are also plotted as a series of bar 
charts for each RSC area (Figure 6). Beside the bars, numerical 
values are given for the length of road that requires ripping and 
recompacting, reshaping, or special blading. Although the needs 
in some areas appear large, invariably they are for large networks. 
In due course the special maintenance needs should decrease sig­
nificantly when better control over the quality of regraveling ma­
terials is exercised, and effective routine maintenance is applied. 
However, the corollary is also true, namely, that routine mainte­
nance cannot be effective if the road conditions are inappropriate. 

A routine grader maintenance budget is determined from the 
marginal benefit/cost curve as a function of blading budget, as 
shown in Figure 7. For public authorities it is impossible to spend 
an amount on maintenance such that for an additional unit of 
expenditure the road user would save one unit. Analysis of public 
authority operations has showed that invariably one additional unit 
of cost is spent on . maintenance for each three to five units of 
benefit derived by the road user. The impact of a reduction in the 
recommended budget can then be determined by expressing it as 
the additional cost incurred by the road user. 
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IMPLEMENTATION AND OPERATIONAL 
CONSIDERATIONS 

In the implementation phase of the unpaved road management 
system, a workload beyond the capabilities of most organizations 
develops. The approach adopted in this study of dividing the Cape 
Province into eight regions and allocating each region to a con­
sulting engineering group has worked well. In this manner the 
experience of the individual groups was also harnessed to the 
benefit of the overall project. The coordination, data processing, 
and reporting constituted a further major task, and allocating this 
task to another consulting engineering group ensured that there 
was good correlation among groups. Ideally one set of assessors 
should be used to ensure uniformity of procedures. The magnitude 
of the task, however, prohibited the application of the ideal situ­
ation. The coordinating group held regular training sessions with 
the assessors to ensure a uniform approach to the evaluations and 
also to ensure that the same standard as that in previous years 
was being maintained. 

Although at first glance the data collection phase appears pro­
hibitively expensive and would unnerve most organizations, there 
are ways of overcoming the time lag for useful implementation 
and cost implications. It is important that the system generate 
useful information at an early stage. Roads that carried more than 
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150 vpd as well as roads previously identified as problem roads 
and roads scheduled for immediate regraveling were considered 
to be the first priority. Information relevant to these roads-that 
is, information that had a significant influence on managerial 
outputs- was collected, and the less important information was 
estimated from local conditions. The relevant information is road 
length and width and traffic volumes. Within a few months it was 
possible to provide a fairly good indication of the needs. As re­
graveling takes place the properties of the gravel wearing course 
are substituted for the estimated material properties, and the sys­
tem is updated. In this manner valuable management information 
is generated at an affordable cost. 

Operationally there may be some additional data collection re­
quired. A system of sending as-built information to the data base 
manager has been instituted. In this way all regraveling infor­
matio~ is captured. In those cases where special maintenance is 
executed, the team foreman sends a report to the data base man­
ager. The routine evaluation of the network on a 3-year cycle is 
expected to remain the responsibility of the consulting engineering 
groups. This will at the same time strengthen the technical input 
to the RSCs, because much of the work would be carried out in 
close liaison with them. 

The application of maintenance funds to those areas in which 
they are required, thus ensuring that the complete network bene­
fits, far outweighs the cost of operating the unpaved road man­
agement system. The Cape Roads Department would recommend 
that all road authorities implement unpaved road management sys­
tems on the basis of the benefits of this system that have already 
accrued within the short period of its use. 

CONCLUSIONS AND RECOMMENDATIONS 

An unpaved road management system was installed in the Cape 
Province of South Africa. Since implementation 3 years agq, 
38 000 km, or about two-thirds of the proclaimed unpaved net­
work, has been placed on the system. The information is being 
used to compile the annual budget and to provide strategic pri­
oritized input to facilitate the scheduling of activities at the project 
level. 

One of the system outputs relates to the regraveling needs and 
allocation of the regraveling budget on a priority basis for a 
5-year planning horizon. Special maintenance needs in terms of 
ripping, reworking, and recompacting; reshaping; and special 
blading are also identified from a visual assessment of uniform 
links. The special maintenance is required to bring the road to a 
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MAINTENANCE BUDGET 

FIGURE 7 Marginal benefit cost ratio curve for determining the appropriate 
maintenance budget. 

condition such that routine blading can be executed effectively. 
The routine blading budget is determined by considering the effect 
of maintenance on total transport cost on the network. By using 
the marginal benefit/cost ratio curve, the effect of changes in the 
recommended budget can be demonstrated in economic terms. 

A gravel management subsystem is an integral part of the un­
paved road management system. This is a feature that has not 
previously been reported as being part of an unpaved road man­
agement system. It provides powerful information for the strategic 
management of a road network, particularly for determining war­
rants for paving in areas where gravel materials are scarce. 

The system has proved its worth in managing the Cape Prov­
ince unpaved road network, particularly to ensure an equitable 
distribution of maintenance funds between 20 RCSs that execute 
maintenance on an agency basis. On the basis of the experience 
gained, the formal Unpaved road Management System should be­
come an integral part of the road management system of any rural 
road authority. The process of implementation and operation 

adopted and presented in this paper can be recommended to other 
authorities. 
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Quality Assurance Procedures Related to 
Administration of Unsurfaced Roads 

JACOB GREENSTEIN AND STUART W. HUDSON 

The principle that the delivery of safe and effective road services is 
a duty owed to the road users provides the impetus for a quality 
assurance (QA) program. QA refers to all of the criteria and activities 
used to verify and audit road performance. Road conditions are mea­
sured in terms of pavement distress extent and severity, structural 
capacity, and riding quality. The most dominant surface distresses are 
roughness, potholes, dust, and rutting (plastic deformation under the 
wheel path). Simplified QA criteria are presented related to surface 
distress severity, traffic loading, maintenance expenditures, vehicle 
operating cost (VOC), and economic indicators such as net present 
value and internal rate of return. Construction and maintenance work 
procedures and their QA and quality control (QC) procedures are in­
troduced. The choice between using rougher surfaces with more se­
vere potholes and dust distresses and higher voe is compared with 
the use of smoother roads that require higher maintenance and rehabil­
itation costs but save the users money. As an example, when the 
average daily traffic is equivalent to fifteen 12-ton trucks, road owners 
have a choice between (a) a dirt road that requires U.S.$2,800 in 
annual maintenance expenditures and will develop surface roughness 
of 14 m/km and medium to high severity of dust and potholes or (b) 
a silty sand surface with roughness of 10 m/km with a lower level of 
potholes and dust but higher rehabilitation and maintenance costs. 
Although the economic return of upgrading the dirt road to a silty 
sand surface is 12 percent, the road's owners may select to postpone 
the road improvement and spend less on rehabilitation and mainte­
nance and allow a higher VOC. On any given road network the trade­
off between spending on routine maintenance and saving in voe 
should be carefully evaluated to provide a balance among user cost 
considerations, agency costs, and acceptable road performance. 

Poorly built and maintained roads are expensive and inconvenient 
to taxpayers. The quality of work performed on roads is directly 
related to service life, future maintenance costs, level of service, 
and user costs. The principle that the delivery of safe and effective 
road services is a duty owed to the taxpayer or user is the basis 
for a quality assurance (QA) program. To obtain a reasonable de­
gree of QA, proper design standards and specifications acceptable 
to the users should be established and enforced. Recognition of 
the inherent variability of construction requires establishment of 
a comprehensive set of design standards, long- and short-range 
work plans, material specifications, sampling and testing guides, 
and maintenance standards. 

The term quality is that characteristic of a road network that 
provides a well-defined and acceptable level of performance in 
terms of service and life. "Quality" does not mean "perfection." 
If the objective of a roadway surface is to carry the anticipated 
traffic safely (service) for five years (life), then "quality" refers 
to those characteristics of the surface that are necessary to achieve 
that objective. 

Inter-American Development Bank, 1300 New York Avenue, N.W., Wash­
ington, D.C. 20577. 

Quality control (QC) ensures that proper materials and proce­
dures are used and placed in a definite manner so that the end 
product will have the desired level of performance in terms of 
service and life. QC activities are specific steps taken during con­
struction and maintenance to control the quality of materials and 
work. 

QA refers to all of the activities necessary to verify, audit, and 
evaluate quality. It may also refer to the quality of data collected 
for use in a road surface management system. 

The quality of a road network is influenced by activities other 
than field operations, as shown in Figure 1. Broad quality objec­
tives are established in the planning stages of a project. Design 
implements those objectives and sets the specific levels of quality 
to be achieved. Finally, the preparation of plans and specifications 
establishes the rules under which the quality will be achieved. QA 
is concerned with all of these activities and how they affect the 
final quality of the product. 

ENGINEERING CLASSIFICATION OF 
UNSURFACED ROADS 

Experience indicates that unsurfaced roads can be classified into 
five principal categories (1-5). Type 1 is designated for natural 
earth roads built with limited engineering input using either labor­
intensive methods or limited use of a motor-grader during the 
rainy season. These roads are frequently impassable, depending 
on whether they are in semiarid or subtropical areas, whether good 
or poor drainage conditions exist, and whether adequate mainte­
nance is provided. Type 2 roads are composed of compacted silty 
sand constructed usually to widths of from 4 to 6 m. The thickness 
of the surface course on these roads varies between 10 and 30 cm 
and the design California bearing ratio (CBR) varies from 7 to 
15, depending on the local environmental and drainage conditions. 
These roads usually have a surface life of 2 to 5 years if ade­
quately maintained. Type 3 roads are constructed with a gravel or 
laterite surface from 12 to 35 cm thick and 4 to 6 m wide. These 
roads have a surface life of approximately of 5 to 7 years before 
resurfacing (pavement rehabilitation). Type 4 roads have stone 
surfaces with a range of width from 3 to 6 m and require minimum 
maintenance. These roads have a surface life of 20 to 30 years 
before strengthening or rehabilitation is necessary. Type 5 roads 
are normally about 7.2 m wide with high-quality screened or 
crushed gravels or stones that have a CBR of more than 40 and 
a surface life of 7 to 10 years. 

The quality performance of unsurfaced roads is determined 
from the following primary pavement defects: 

1. Loose sand or gravel: gravel or sand surface compacted 
loosely; gravel or sand in wind-rows parallel to the direction of 
traffic; 
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FIGURE 1 Quality assurance activities. 

2. Dust: traffic action creating a dust cloud; 
3. Potholes: bowl-shaped depressions in the road surface; 
4. Breakup: subgrade soils coming up through the gravel sur­

face, most likely to occur in the wheel tracks; 
5. Roughness: series of closely spaced crests and valleys, usu­

ally more pronounced in the wheel tracks; 
6. Rutting: surface depression in the wheel path; 
7. Flat or reverse crown: slope of road flat, nonexistent, or 

reversed, with road edges higher than the center portion of the 
road surface; 

8. Distortion: any deviation of road surface from its original 
shape (other than described for roughness or rutting), such as 
humps or dips; and 

9. Shoulder distress manifestation: excessive height, ponding, 
vegetation growth, and so forth. 

The possible causes of each defect (distress) and definitions of 
severity and extent are presented in the literature (5-8). Failure 
of unsurfaced roads is defined as rutting to a depth of 75 cm to 
150 mm, roughness of 17 m/km (international roughness index), 
or more than 50 percent of the roadway surface affected by severe 
potholes (3,9,10,12). 

CONSTRUCTION AND MAINTENANCE WORK 
PROCEDURES 

The construction and maintenance responsibility of governmental 
agencies can be discussed in terms of who actually performs the 
work: a contractor or the agency's own forces (in-house projects). 

The agency must establish the necessary procedures to ensure 
that construction and maintenance will be of an acceptable quality, 
regardless of who performs the work. These procedures will usu­
ally be formalized by ordinances, regulations, standard operating 
procedures, manuals, specifications, and contracts. 

Road construction and maintenance contracts are usually let on 
a low-bid basis and must ensure adequate surface performance 
during the useful life of the road network. In other words, the 
contract establishes the work to be performed, the amount of re­
imbursement, specifications, and QNQC procedures to be per­
formed during the project's lifetime and the duties and responsi­
bilities of the authorities and the contractor. 

SPECIFICATIONS AND QUALITY CONTROL 

Specifications are written instructions or precise descriptions of 
the product desired. Specifications answer the question ''How do 
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we order it?'' and translate quality levels established by design 
into specific quality requirements. There are two common uses of 
the term specifications: general specifications and product 
specifications. 

General specifications relate to contract requirements such as 
bidding conditions, control of work, legal responsibilities, pay­
ment, prequalification of contractors, and other considerations. 
Product specifications establish the requirements that the material, 
product, or services being purchased must meet. In construction, 
product specifications can be classified into the two general cate­
gories, recipe and performance. 

Recipe Specifications 

Also referred to as method specifications, recipe specifications de­
scribe what is wanted and how it is to be obtained. For a gravel 
pavement, the engineer would specify the CBR, moisture-density 
relationship, plasticity range, gradation and other requirements of 
the aggregate, the general types of equipment to be used, hauling, 
placing, rolling, and degree of compaction. Recipe specifications 
are currently the more frequently encountered type of product 
specification in the road industry and are primarily developed by 
experience. Disadvantages of recipe specifications include the 
following: 

• Natural product variability is not adequately accounted for, 
• Little or no recourse is available if the specifications were 

followed but the results were unsatisfactory, 
•Materials sampling often does not yield a statistically signif­

icant or reliable result, and 
• Little opportunity for innovation is allowed on the part of 

either contractor or engineer. 

Advantages of recipe specifications are as follows: 

• The inspectors and contractors involved with construction are 
familiar with the specifications, 

• They are relatively easy to understand, and 
• Clear guidelines are provided for those who are inexperienced 

in planning, supervising, and inspecting construction activities. 

Performance Specifications 

Also referred to as end-result specifications, performance specifi­
cations describe how the completed product must perform, in 
other words, what kind of surface defects (loose gravel, dust, pot­
holes, breakup, rutting, and roughness) will be allowed during the 
project lifetime and an acceptable level of their severity. Perfor­
mance specifications give the contractor considerable freedom in 
choosing how to satisfy the requirements, and the primary re­
sponsibility for quality control is placed on the contractor. The 
engineer monitors the contractor's quality control and accepts or 
rejects the work and the contractor invoice. Performance specifi­
cations are statistically oriented and are based on random sam­
pling techniques, with acceptance on a lot-by-lot basis (a lot being 
a given quantity of material, i.e., 1,000 tons of material or a day's 
production). 

Disadvantages of performance specifications include the 
following: 
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• Full implementation requires statistical procedures that may 
be difficult for small governments to administer; 

• The additional responsibilities placed on the contractor may 
result in higher bid prices, at least initially; and 

•The lack of specific ''how to'' specifications requires expe­
rienced and competent inspectors and contractors. 

Advantages of performance specifications include the following: 

• A realistic picture of the true quality of a product or material 
is provided to the engineer; 

• The relative freedom allowed contractors encourages inno­
vation, which should eventually result in lower prices; and 

• There should be a decrease in inspection requirements and 
expenses. 

Enforcement 

Specifications establish contractual requirements; road authorities 
and contractors must assume that the contracted price fairly com­
pensates the successful bidder for all costs associated with com­
plying with the specifications. In terms of QA, performance goals 
cannot be met if any step in the process falls short. Specifications 
establish requirements that represent the culmination of planning 
and design efforts. Inspection, sampling, and testing are QC pro­
cedures designed to enforce the specifications and to monitor and 
achieve acceptable levels of surface distress. In other words, on 
the basis of the actual road conditions (in terms of the develop­
ment of potholes, rutting, roughness, and dust) during the lifetime 
of the project, a decision is made to approve or reject the con­
tractor invoice. 

Road Surface Inventory Information 

Planning the Inventory 

The road surface inventory is the process of collecting and assem­
bling data to properly implement a surface management program 
(1,2,8). Most agencies probably already have some type of inven­
tory. It might be simply a map showing all roads maintained by 
the agency or complete construction project files containing in­
formation such as date of construction, project length, width, and 
pavement type. An i11ventory, in a format that can be easily re­
called and used, should contain all the basic information that iden­
tifies and describes each section and is needed to make sound 
management decisions. Inventory data, once established, do not 
change often. They will only change as maintenance, rehabilita­
tion, or reconstruction changes basic section characteristics or as 
traffic levels change. Condition information, on the other hand, is 
constantly changing and will require updating at regular intervals. 

A good inventory does not require the use of a sophisticated 
computer system. A carefully planned inventory can be as simple 
or as sophisticated as the user desires. Data forms and system files 
can be designed to permit manual operation initially and also to 
provide a smooth transition to computer applications at some 
point in the future. Whether to use a manual file or a computer is 
strictly a local choice. 
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Defining Section Boundaries 

The first step in an inventory is to divide the road system into 
manageable segments called sections. The minimum number of 
sections that adequately define the road network will be the most 
economical and easiest to mainfain. 

Sections are defined so that the pavement within their bound­
aries is consistent in terms of physical characteristics and factors 
that contribute to deterioration. Any of the following would define 
the boundary between two sections: (a) a change in road width 
or in pavement surface type and (b) traffic,. drainage, and subgrade 
characteristics. In addition, geographic or man-made boundaries 
may offer or force section limits, such as rivers or streams, city 
or township limits, and county or district lines. In deciding where 
to locate section boundaries, it should be remembered that once 
established, boundaries take on a somewhat permanent nature. 
Every effort should be made to reference sections to permanent, 
recognizable, and safe landmarks. The concept of dynamic seg­
mentation may also be used if section limits are expected to 
change because of construction project overlap or subdivision into 
smaller sections. 

Essential Information 

The inventory process should be as simple as possible while still 
collecting the required information. Assembling inventory infor­
mation should be accomplished in three phases: (a) determine the 
types of data needed, (b) determine which data currently exist in 
office records, and ( c) determine the remaining data that must be 
gathered by the survey team. The essential information to be con­
sidered includes section description (boundaries and name and 
number of route), functional and administrative classification, sur­
face structure (thickness and material characteristics), construction 
and maintenance history, cost data, traffic, geometry and drainage 
characteristics, and other data (signs, guardrails, location of utility 
drainage structures, etc.). 

Describing and Delineating Sections 

Identification of sections used for inventory and data collection to 
uniquely describe the area of influence within the road network is 
a critical first step that can have long-term repercussions if not 
done in a logical manner. Once the sections are described, thought 
must be given to assigning a numbering or naming system to 
them. It is important in assigning section identifiers to consider 
how the inventory data will be stored and how the section iden­
tifier will be used to easily recall data. There are several recom­
mended methods for setting up sections and assigning numbers. 
These include using existing street names or route numbers, as­
signing coded numbers to sections, using a link-node system, set­
ting up a unique alternative numbering system, or using a com­
puterized geographical information system. 

Geographical Information Systems 

A geographical information system (GIS) provides a modem 
method of numbering and locating sections using computer tech­
nology. A coordinate system is used to store the network-wide 
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map on the computer. The sections are then defined by the co­
ordinates of the end points. Sections can be selected or identified 
directly on the computer screen map by pointing to the correct 
road or circling a group of roads in a certain area. GIS is becoming 
more and more popular, but it is still considered a highly advanced 
technology, which may not be appropriate for some local 
governments. 

Automated Data Collection 

A data format does not necessarily require written documentation. 
However, once it has been determined what information will be 
collected and how that information will be organized, an econom­
ical and . convenient process may be to program a simple data 
co~lection routine on a hand-held computer. Such a device can be 
readily used in the field to directly enter the inventory data. The 
data can then be electronically transferred to a microcomputer in 
the office for processing and storage. This procedure significantly 
reduces the volume of documentation, labor, and errors associated 
with the use of paper forms. The entire step of data entry from 
the forms into the computer and checking the entries is eliminated. 
Hand-held, notebook-style computers are relatively inexpensive 
and easy to program. They are ideally suited for field data com­
pilation as part of a road surface management system. Road sur­
vey vehicles are also available for use in automating the inventory 
data collection. On-board computers are used to accept the data 
directly in the field. 

Conducting an Inventory 

Whether an automated or manual inventory procedure is used, 
certain basic principles should be followed. A two-person survey 
team should be used to conduct the physical inventory. The team 
members should have a basic knowledge of (a) road location and 
classification, (b) the inventory data format, (c) the concept of 
sections and reference points, and (d) the existing record system 
of the agency. 

Road Surface Condition Information 

Surface Condition Survey 

A condition survey is the process of collecting data to determine 
the surface structural integrity; type, amount, and severity of dis­
tress; and overall riding quality of the roadway. Unlike inventory 
information, surface condition changes constantly and must be 
reevaluated on a regular basis. Condition surveys provide a ra­
tional and consistent method of allocating limited resources. By 
monitoring the road surface condition using the methods described 
here, the local agency should be able to (a) prioritize maintenance 
activities, (b) prepare long-range programs, (c) determine effects 
of budget reductions and deferred maintenance, (d) schedule fu­
ture surface maintenance activities, and (e) track performance of 
various surface designs and materials. 

Types of Surveys 

Three types of condition surveys are applicable to unpaved sur­
faces: distress survey, roughness evaluation, and structural testing. 
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The distress survey involves identifying the various distress types 
and the extent and severity of each. Roughness evaluation mea­
sures the ride quality of the roadway. Roughness is itself only an 
important distress type as well as an indicator of other distress. It 
can also be used to prioritize visual distress surveys. According 
to World Bank research on the Highway Design and Maintenance 
(HDM) Model, roughness and material loss from the surface are 
the primary types of distresses that characterize the deterioration 
of unpaved roads (10). 

Since the AASHO Road Test (1965), several measurement pro­
cedures have been developed to quantify roughness levels on road 
surfaces. Many of these measures are summary statistics derived 
from precise measurements of road profile. Others involve mea­
surement of the response of a roughness meter. Once a roughness 
meter is calibrated to one of the profile-base~ statistics, the direct 
output of the roughness meter can be converted to an estimate of 
the standardized roughness statistic. Currently, the most widely 
accepted roughness statistic is called the international roughness 
index (IRI). Other similar statistics include the quarter-car index 
(QI) and the standard Mays meter number (MO). All of these 
statistics are similar in derivation in that they are initially obtained 
by a mathematical manipulation of the surface profile elevations. 

Structural testing may be destructive or nondestructive. De­
structive testing involves soil borings or test pits with a materials 
analysis to determine bearing values. Nondestructive testing con­
sists of measuring either deflections or load response and corre­
lating the results to known values. Structural data are not routinely 
collected for network-level surface monitoring by most agencies. 
Normally these date are used for struct11ral evaluation and design 
on an individual-project basis. Exact location and frequency of 
structural testing within specified road sections should be carefully 
determined before seeking testing services. The tests should be 
limited to locations where distress and roughness surveys indicate 
potential structural problems. The results of these tests reflect the 
degree of structural adequacy that exists in the pavement structure. 

Planning Roughness Surveys 

Surface condition data are needed to adequately assess mainte­
nance and rehabilitation needs. It is necessary to accurately and 
methodically determine the current surface conditions to ensure 
that decisions for scheduling and implementing maintenance and 
rehabilitation projects are based on the best and most recent in­
formation. This information must be collected using standard pro­
cedures so that results can be compared over time. 

It is recommended that the entire network be surveyed for 
roughness initially and the resulting data be correlated with the 
distress data by surface type. With this information, roughness can 
be used as an indicator of other problems and can help prioritize 
sections needing more expensive distress surveys. Roughness 
alone can be used to determine maintenance strategies. However, 
greater benefits result when roughness data are evaluated along 
with other types of surface distress data. 

An educated decision should be made as to the method of 
roughness surveying. For continuity of information and to allow 
comparison of results to determine deterioration, the same method 
and equipment should be used from year to year. If a change in 
method is necessary, a method of correlating results will be 
needed. 
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Survey Frequency 

The frequency of surveys depends upon several factors. These 
include surface type, age, current condition, average daily traffic, 
axle loadings, drainage characteristics, and weather factors. Of 
these factors, current condition, axle loadings, and drainage are 
the most important. 

Traffic loadings are usually relatively consistent within each 
road class. Therefore, if traffic and axle loading data are not read­
ily available, it may be reasonable to assign survey frequency by 
functional classification. For instance, principal roads might be 
inspected annually, secondary roads every 2 years, and penetration 
roads every 4 years. Routine maintenance inspections may be re­
quired more often because of the relatively rapid deterioration 
experienced on unpaved surfaces. 

Frequency also depends on the surface condition of individual 
sections. New roads or roads in good condition require less fre­
quent inspections than roads that are experiencing high rates of 
deterioration. 

Environmental Considerations 

Rural road administration, including construction, improvement, 
rehabilitation or maintenance work, and environmental protection 
or remediation activity, is a complementary aspect of the same 
agenda (11,12; Greenstein and Ehrlich, another paper in this Rec­
ord). The inclusion of environmental QA/QC in road development 
is well recognized. QA procedures specify cleaner and safer proj­
ect sites for the local communities and the construction workers 
during both the rehabilitation and operation of roads and bridges. 
These QA procedures should address applicable environmental 
regulations known to be getting more rigorous. 

In order to optimize expenditures and develop practical envi­
ronmental QA and QC procedures for any given project, it is com­
mon to adopt an environmental classification system. According 
to the Inter-American Development Bank (IDB) (11), projects are 
classified in four environmental impact categories: beneficial, neu­
tral, moderate or potentially negative, and significantly negative. 
The World Bank (IBRD) classifies projects in three categories: 

• Complete environmental analysis is required because the proj­
ect may have diverse and significant environmental impacts, 

• Limited environmental analysis is appropriate because the 
project may have well-identifiable and manageable environmental 
impacts, and 

•Environmental analysis is not usually necessary because the 
project is unlikely to have significant environmental impacts. 

For each type of rural road or bridge project, QA/QC should 
identify and address the protection procedures related to 

1. Protection of areas with endangered fauna or flora or with 
particularly vulnerable ecosystems; 

2. Elimination of barriers to movement in areas with conservation­
worthy or particularly large wildlife populations; 

3. Protection of areas with significant historic and cultural 
remains or landscape elements of importance to the local 
population; 

4. Prevention of regressive or progressive erosion; 
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5. Minimization or prevention of the use of scarce material 
resources; 

6. Limitation of accessibility to protected areas or to vulner­
able natural resources; 

7. Legal and physical protection of the local population with 
regard to cultural conservation, land use, and ownership of land; 

8. Minimization of changes in traditional resource exploitation 
related directly or indirectly to the project; 

9. Modifications of natural drainage patterns and groundwater 
characteristics and quality; 

10. Air and water pollution control related to road or bridge 
construction and maintenance; 

11. Minimization and control of noise and dust during the con­
struction, maintenance, and operation (use) stages; 

12. Minimization of the effects of increased motorized traffic 
on nonmotorized transportation economy; 

13. Prevention of illegal timber cutting and illegal land clearing; 
14. Prevention of illegal invasion by squatters poaching on the 

homelands of indigenous people; 
15. Preservation of wetland; 
16. Control of soil and water contamination and management 

of construction and hazardous materials; 
17. Enhancement of employee and workplace safety features; 
18. Protection of archeological sites, and 
19. Management of ecosystems and conservation of biodiversity. 

Environmental QA is obtained through the implementation of 
a set of guidelines that describe the above environmental impact 
prevention procedures and mitigating prevention or correction 
procedures related to road administration, allocation of responsi­
bilities, and cost recovery of environmental damage. 

Environmental QC procedures are the site-specific or detailed 
environmental requirements that, together with the general guide­
lines, are an integral part of the project specifications. These speci­
fications must precisely define the environmental parameters and 
the ways to measure changes during the implementation and op­
eration of the project, for example, the allowable levels of noise 
and dust during the construction period and methods of measure­
ment, methods and parameters to monitor water quality before and 
after Construction, means to design erosion control measures tak­
ing into consideration soil and climatic characteristics; optimum 
gradation and plasticity to reduce dust during traveling after con­
struction of unpaved roads, and optimum size of embankment and 
drainage facilities to minimize alteration to the natural drainage 
pattern and obstacles to wildlife. The environmental QA guide­
lines and the QC procedures should be constantly updated to meet 
international and local standards and legislative requirements. 

Maintenance Management 

The main objective of road maintenance planning is to determine 
the relationship between the projected surface conditions and the 
most economical and affordable level of rehabilitation and main­
tenance expenditures that· the road users are able and willing to 
incur. To achieve this goal, it is necessary first to determine the 
relationship between the projected traffic and surface performance. 
In predicting surface performance, each failure criterion should be 
developed to take care of each specific distress, namely, surface 
deformation (roughness, rutting, flat or reverse crown, distortion); 
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surface defects (loose sand or gravel, dust, potholes, breakup); and 
shoulder distress. Once the allowable surface distress during the 
road's operation are determined, an economic analysis is carried 
out to select the most practical construction and maintenance ac­
tivities together with the appropriate QA procedures. 

As an example, a projected traffic volume range from 27,000 
to 216,000 medium-sized 12-ton trucks may be selected to analyze 
the performance of an unsurfaced road network. For a life expec­
tancy of 15 years, the foregoing traffic volumes vary from 5 to 
40 trucks (12-ton) per day, respectively, or between 25 and 200 
average vehicles per day (1-3,7). The selected quality criteria of 
the road network are as follows: 

1. Maximum allowable roughness should be 10 to 17 for ade­
quately maintained to rough surfaces, respectively. Usually, the 
higher the traffic volume is and the better the surface materials 
are, the lower is the maximum allowable roughness; 

2. The maximum allowable amount of potholes should not ex­
ceed 50 percent of the roadway surface and the dimensions of 
individual potholes should not exceed 300 mm in width and 100 
mm in depth (3,5,10). (Note: The roughness and pothole failure 
criteria are compatible and are usually associated with subgrade 
or pavement rutting of 75 to 100 mm under the.wheel path.) 

3. Less than 50 percent of the roadway should be affected by 
dust, and the severity of the dust cloud should be moderate or 
slight so that vehicles are still visible to other vehicles in front or 
behind or to on-coming traffic. 

TABLE 1 Cycle Cost Analysis Versus Surface Roughness 
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The engineering classifications for the road network surface ma­
terials are (a) silty clay (A-6) with a design CBR of 5 to 6, (b) 
silty sand (A-2-4) with a design CBR of 12 to 14, and (c) local 
gravel materials (A-1) with a design CBR of 18 to 20. The life 
expectancy in terms of number of axle passes on these types of 
surface materials is determined according to the following equa­
tion (8,13): 

where 

C = soaked CBR of surfacing material, in percent ( C varies be­
tween 4 and 20); 

N = design number of cumulative equivalent single wheel loads 
of P; 

P = 40 kN and tire pressure Q; 
Q = 550 kPa (equivalent approximately to that of a medium­

sized 12-ton truck). 

According to the equation, the life expectancy in terms of cu­
mulative 12-ton trucks is 50, 10,000, and 140,000 repetitions for 
a surface CBR of 5, 12.5, and 20 of silty clay, silty sand, and 
gravel, respectively. For these three typical materials, Table 1 
presents the relationship between the projected average daily traf­
fic (ADT) of representative trucks (12-ton); type of surface; net 
present value (NPV) of construction, maintenan'ce, and voe cal­
culated for a project lifetime of 15 years and discount rate of 10 

DIRT ROAD SILTY SAND ROADS GRAVEL ROADS 

NPV*$1000 NPV*$1000 NPV*$1000 

Rough-

ADT Roughness Rehab./ Roughness IRR ness Const./ IRR 

12 tons M/KM Maint. voe M/KM Const./Rehab. Maint. voe % Rehab. Maint. voe % 

5 10 12.2 13.4 10 11.3 4.2 13.4 k5 

10 10 21.3 26.8 10 14.6 7.6 26.8 k5 10 22.7 11.4 26.8 <5 

15 14 21.3 49.7 10 21.5 9.1 40.2 12 10 28.0 13.7 40.2 <5 

20 17 21.3 77.0 10 30.3 12.2 53.7 68 10 28.0 15.2 53.7 7 

25 12 39.9 11.4 74.6 10 28.0 17.5 67.0 24 

30 14 39.9 13.7 99.4 10 28.0 19.0 80.5 37 

40 17 49.4 21.3 153.3 10 28.0 20.5 107.3 102 

ADT = Average Daily Trucks of 12 Tons. 

NPV = Net Present Value (15 years of life expectancy, 10 percent discount rate). 

IRR = Internal Rate of Return. 
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percent; road roughness; and economic analysis in terms of inter­
nal rate of return (IRR). The procedures to determine construction, 
maintenance, and voe costs are presented elsewhere (7,9,13). 

Table 1 summarizes the planning options for the road network. 
For example, for a low traffic volume of 5 to 10 trucks, which is 
equivalent to 10 to 60 vehicles per day, it appears that the use of 
dirt roads is feasible. With an annual maintenance cost of $1,600 
to $2,800/km, it is possible to comply with the specified QA cri­
teria, namely, roughness of 10 and less than 50 percent of roadway 
surface affected by small to medium-sized potholes. When the 
traffic volume increases to 15 and 20 trucks per day, maintenance 
is not sufficient to keep the surface in the desirable condition. 
Under elevated annual maintenance costs of $2,800 daily, a traffic 
increase to 15 and 20 trucks will cause an increase of roughness 
froni 10 m/km to 14 and 17 m/km, respectively. These elevated 
roughness levels are associated with moderate potholes (20 to 50 
percent of the surface affected) and extensive potholes (over 50 
percent of the roadway surface affected). The dimensions of se­
vere potholes usually exceed a width of 300 mm and a depth of 
100 mm. The voe increases 237 and 43 percent with the increase 
of surface roughness index from 10 to 14 and 17 m/km, respec­
tively. In these circumstances, the economic return of upgrading 
the dirt road to a better pavement of silty sand is 12 and 68 percent 
for an ADT of 15 and 20 trucks per day, respectively. In these 
cases, the road users or owners may select between lower con­
struction and maintenance costs and higher voe. 

As an example, for an ADT of 15 trucks, the required annual 
maintenance cost of a dirt road to maintain the surface roughness 
at a level of 14 m/km and moderate to low potholes and dust is 
$2,800. On the other hand, to maintain a roughness level of not 
more than 10 m/km on a silty sand, it is necessary to invest $5,250 
for pavement resurfacing each third year in addition to an annual 
expenditure of $1,200 for routine maintenance. The annual voe 
is $6,534 for the dirt road (roughness = 14) and $5,292 for the 
silty sand surface (roughness = 10) (Table 1). Although the eco­
nomic return of upgrading a dirt road to a silty sand road is 12 
percent when the ADT equals 15 trucks, the road users may select 
to invest less in rehabilitation and maintenance and more in voe. 
A similar conclusion is applicable to the improvement of a silty 
sand road to a gravel road when the ADT equals 25 trucks. In 
this case (see Table 1), although the economic return to improve 
the silty sand road to a gravel surface is 24, the users may want 
to avoid the initial improvement cost of $25,000/km and the 
average annual maintenance cost of $2,300 and pay a higher an­
nual maintenance and resurfacing cost ($6, 750/km) and higher 
VOC for the rougher surface (12 m/km versus 10 m/km). When 
the daily traffic volume increases to 40 trucks or more, the silty 
sand surface cannot meet the quality criteria of roughness not to 
exceed 17 m/km and pothole severity not to exceed 50 percent of 
the roadway surface with individual potholes less than 300 mm 
in diameter and less than 100 mm deep. In this case, the economic 
return of upgrading the silty· sand surface to a gravel surface is 
102 percent (see Table 1 ). 

Once the different types of road surface are implemented, the 
trade-off decision of spending on maintenance versus saving on 
voe, it should be left to the road users to analyze the cycle cost 
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options of road network maintenance and the consequent ramifi­
cations for the quality of traveling. As an example, to ensure a 
representative roughness of 10 m/km and medium to low severity 
of potholes and dust on a silty sand surface serving an ADT of 
15 trucks (12 tons), it would be necessary to invest $1,200/ 
(year· km) in routine maintenance and $5,250/km each second year 
on pavement resurfacing and rehabilitation. In this case, the esti­
mated annual voe is $5,292 and the total net present value of 
rehabilitation, maintenance, and voe for a 15-year life expec­
tancy is $21,500/km, $9,129/km, and $40,251/km, respectively 
(see Table 1). Reduction of the biannual resurfacing cost from 
$5,250 to $3,600 and $3,100 results in an increase of surface 
roughness from 10 to 13 and 14, respectively. Consequently, the 
annual voe increases from $5,292 to $6,210 and $6,534, respec­
tively. This reduction of the resurfacing costs during a lifetime 
period of 15 years results in a negative economic return of 23 and 
36 percent, respectively. 

Road users should select between optimizing the expenditures 
of maintenance and VOC versus reduction in maintenance costs, 
which accelerates surface deterioration and increases VOC. Each 
rural road network should be administered according to the needs 
and financial capabilities of its users. 
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Institutional Aspects of Environmental 
Management in Road Development 

JACOB GREENSTEIN AND MARKO EHRLICH 

Environmental protection and remediation are integrated activities of 
road administration. International lending agencies such as the Inter­
American Development Bank and the World Bank and the lawmakers 
of both developed and developing countries insist that all projects be 
environmentally sound. To achieve this goal, road departments need 
adequate institutional capacity to address and resolve all the environ­
mental issues in a timely and cost-effective manner to reduce or avoid 
remedial costs. Experience with the administration of environmental 
units within road departments is detailed in this paper. The principal 
responsibilities of such a unit are the administration of environmental 
impact assessments; research, development, and adaptation of new 
technologies; and education and training of the department's mana­
gerial and technical staff. This kind of environmental management is 
set within a defined legal and regulatory framework and requires in­
terinstitutional cooperation and coordination. In order. for this program 
to succeed, institutional strengthening is required for the development 
of human resources, improvement of the organizational set-up, imple­
mentation of environmental policies related to road administration, 
and improvement of the administration of environmental impact as­
sessments. A typical institutional set-up and its responsibilities are 
presented. 

In road administration, construction, improvement, rehabilitation 
or maintenance, and environmental protection or remediation are 
complementary aspects of the same agenda. The inclusion of en­
vironmental considerations in road development is being recog­
nized by road planners and engineers as a legitimate concern to 
(a) promote better highway planning, design, and construction and 
(b) benefit society as a whole through protection of the environ­
ment and prevention of the loss of recognized environmental 
values (from aesthetic values to biodiversity). In other words, the 
era of classifying environmental considerations as a "required 
nuisance'' seems to be over. A few indicators that strengthen this 
conclusion are as follows (1-6): 

• Local communities are demanding cleaner and safer construc­
tion sites, especially in projects related to rehabilitation or im­
provement of existing roads and bridges. This concern comes 
waxes and wanes, but there is a:n overall upward movement. 

• Environmental regulations are getting stricter and will con­
tinue to get more rigorous. 

• New economic instruments-taxes, charges, and tradeable 
permits-are _rewarding ''clean'' companies. Business in general 
is calling for the increased use of such instruments. 

•International lending agencies such as the Inter-American De­
velopment Bank (IDB) and the World Bank (IBRD) insist that all 
projects be environmentally sound and that the executing agency 
have adequate institutional strength to properly address all the 
environmental issues (2-4,6). 

Inter-American Development Bank, 1300 New York Avenue, Washington, 
D.C. 20577. 

• Commercial banks are more willing to lend to companies that 
prevent pollution rather than paying for expensive clean-ups. 
There are two main reasons for this. First, there is growing con­
cern among bankers about their liability for the environmental 
misdeeds of borrowers. Second, a company that is unlikely to be 
liable for large clean-up bills is a company more likely to be able 
to repay its loans on schedule. 

Considerable progress has been achieved at integrating envi­
ronmental concerns into standard engineering practice, and road 
economic evaluation increasingly includes a greater portion of en­
vironmental mitigation as part of the road construction costs. Al­
though environmental quality of road development has probably 
benefited from this progress, much still needs to be done to secure 
and improve these achievements and to institutionalize environ­
mental work as an integral part of infrastructure administration. A 
simplified institutional framework for an environmental unit (EU) 
and its set-up and function within the organizational structure of 
a road department is presented. 

GENERAL OBJECTIVES AND TASKS 

The main tasks of an EU are to (a) ensure proper analysis of 
project alternatives during the planning process; (b) perform ade­
quate quality assurance (QA) and quality control (QC) procedures 
during the project construction and operation; (c) where needed, 
implement protection measures to prevent or reverse negative en­
vironmental impacts in order to reduce or avoid remedial costs by 
addressing the issues in a timely and cost-effective manner; and 
(ti) participate in the development and implementation of envi­
ronmental policies related to road administration. Research, de­
velopment, and adaptation of new technology to be used by the 
department's managerial and technical staff, consultants, and con­
tractors who provide advice and services to the department form 
another principal task. Education and training are other important 
activities needed to relate the daily work of the road administra­
tion to environmental regulations. 

Environmental Impact Assessment 

As part of its QA function, the EU needs to be closely (though 
not necessarily directly) involved in the preparation of environ­
mental impact assessments (EIAs). Specifically, the unit's task is 
to prepare the EIA' s terms of reference in order to make it a 
comprehensive and flexible management tool tailored to the entire 
range of the department's activities (i.e., construction, rehabilita­
tion, maintenance) in the different environmental conditions of the 
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state or country under its jurisdiction. Although there is no fixed 
inventory of issues to be evaluated in any particular project, it is 
usually necessary to coordinate the EIA preparation with other 
public institutions directly responsible for environmental issues at 
both the central and regional levels. In order to ease decision 
making and optimize expenditures dedicated to evaluating the en­
vironmental quality of any given project, it is common to adopt 
an environmental classification system. According to the IDB 
(2,3), projects are classified in four environmental impact cate­
gories: beneficial, neutral, moderate or potentially negative, and 
significantly negative. The IBRD classifies projects in three cate­
gories: complete environmental analysis is required because the 
project may have diverse and significant environmental impacts, 
more limited environmental analysis is appropriate because the 
project may have well-identifiable and manageable environmental 
impacts, and environmental analysis is not usually necessary be­
cause the project is unlikely to have significant environmental 
impacts. Such a classification system is useful to determine work 
priorities and assign the necessary funds and personnel needed to 
properly carry out the EIA or environmental analyses (2,5,6) and 
to determine whether the project 

1. Affects areas with animal or plant life worthy of protection 
or areas with particularly vulnerable ecosystems; 

2. Creates barriers to movement in areas with conservation­
worthy or particularly large wildlife populations; 

3. Affects areas with significant historic and cultural remains 
or landscape elements of importance to the local population; 

. 4. Causes regressive or progressive erosion; 
5. Leads to high rates of consumption of scarce material 

resources; 
6. Leads to increased accessibility to protected areas or vul­

nerable natural resources; 
7. Changes the way of life of the local population in such a 

way that it leads to an increased pressure on the natural resource 
base; 

8. Leads to major conflicts with regard to existing land use 
and ownership of land; 

9. Obstructs or leads to changes in the traditional resource 
exploitation patterns either directly or indirectly affected by the 
project; 

10. Modifies the natural drainage patterns and groundwater 
characteristics and quality; 

11. Contributes to air and water pollution; 
12. Increases noise and dust impact on the local population, 

especially along unpaved roads; 
13. Affects the increase of motorized transportation (with pos­

sible increased dependency on imported fuels); 
14. Affects the nonmotorized transportation economy because 

of changes in land use, increased availability of motorized alter­
natives, or both; 

15. Causes illegal timber cutting and illegal land clearing; and 
16. Causes illegal invasion by squatters and poachers of home­

lands of indigenous peoples. 

The preparation of the EIA usually requires coordination with 
other governmental departments and nongovernmental organiza­
tions to ensure compliance with national and international stan­
dards related to road administration minimize overall expendi­
tures. To achieve so many ambitious goals, the EU must ensure 
that the department's managerial and technical staff and the con-
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sultants and contractors that provide advice and services are edu­
cated in environmental concerns and qualified to carry out their 
duties. In other words, the EU should help all involved with the 

·department's activities to understand how their work relates to the 
environment. 

Resources Needed To Prepare EIA 

The time required to prepare an EIA and the resulting cost vary 
with the local, sociocultural, and environmental conditions (e.g., 
fragile tropical forest area versus semiarid zone); the type, size, 
and complexity of the project and its characteristics (e.g., new 
construction versus rehabilitation); and the amount and quality of 
environmental data already available. Experience indicates that 
EIAs need as much time as do feasibility studies, of which the 
EIA is essentially a part, and usually take from less than 5 months 
to more than 18 months to complete (2,4-6). Implementation of 
EIAs does not usually delay projects; on the contrary, in many 
cases, the EIA has shortened the total time from identification to 
operation by promptly revealing environmental issues that might 
have halted work altogether had they emerged at a later stage. In 
other words, whether a particular EIA actually delays a project 
depends largely on how well it is coordinated with feasibility 
studies and other preparation activities. 

EIA preparation cost rarely exceeds 1 percent of the total capital 
cost of the project and is frequently less than that. The cost of 
implementing mitigating measures can range from 0 to 10 percent 
of total project cost, with 3 to 5 percent being common ( 4). These 
estimates do not take into account possible remediation cost sav­
ings resulted from a cost-effective environmental analysis. 

CONCEPTUAL FRAMEWORK 

As mentioned earlier, environmental concerns permeate every 
stage of road development from planning to design, to construc­
tion and supervision, to operation and maintenance. They also 
involve a great many different actors within both the public and 
the private sectors. Concretely, transportation-related environmen­
tal considerations involve the different levels of decision ma.l~ing, 
such as the road department, national and local governments, and 
other autonomous agencies (i.e., agrarian and forestry institutions, 
national parks, and wildlife agencies). Other concerned groups 
include local residents, tourists, and recreational travelers. In othei: 
words, environmental considerations in road administration are 
cross-institutional issues that need to be addressed through an in­
terdisciplinary and participatory approach involving a wide range 
of public and private interest groups. 

INSTITUTIONAL STRUCTURE 

Given the interdisciplinary, interinstitutional, and intersectoral na­
ture of environmental management, the EU must be positioned 
sufficiently high in the organizational structure of the road de­
partment to effectively administer the policy and the technical and 
managerial work. The EU must support the top management 
decision-making level with proper technical advice and constantly 
update policies, guidelines, and QA and QC procedures. To do so, 
EU must work closely with the legal and planning departments in 
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order to affect decision making early in the project cycle and 
within the appropriate legal and regulatory framework. Whenever 
necessary, the EU will provide essential inputs to the planning 
and legal departments in order to develop a coherent and effective 
road development strategy. The EU must also participate in the 
decision making at the technical level, including the program­
ming, design, construction, supervision, and road maintenance de­
partments. Technical specialists of the EU work closely with all 
the technical units to assist in the project implementation and op­
eration monitoring and, when needed, all remediation work. 

COMPOSIDON AND FUNCTION OF EU 

The three principal institutional criteria that the EU must fulfill 
are (a) adequate location in the organizational structure of the road 
department, (b) qualified personnel, and (c) sufficient budgeting. 
Moreover, a variety of fields of expertise need to be addressed by 
the EU, including, among others, ecology, hydrogeology, geog­
raphy, regional planning, rural sociology, forestry and natural re­
sources management, civil engineering, and hazardous waste man­
agement. It is always a challenge to integrate this many skills into 
the routine activity of the road department. Teamwork and a con­
structive exchange of information are needed to break traditional 
barriers and preconceived ideas to assess and improve (a) the type 
and quality of the- mitigating and corrective measures, (b) their 
timing and most effective application mechanism, ( c) the require­
ment of the EIA process as a result of field analysis, and (d) the 
proper and most effective monitoring procedures. Close cooper­
ation between the EU and the other professional and managerial 
personnel from the department is necessary, in addition to effec­
tive cooperation with other public- and private-sector institutions, 
affected communities, and the population at large. Such an insti­
tutional composition and structure would require approximately 
60 to 80 professional person-months per annum to administer the 
environmental activities related to a road network of 7,000 to 
10,000 km (7-9). 

QA AND QC PROCEDURES 

Environmental QA is obtained through the implementation of a 
set of guidelines that describe the impact prevention procedures 
and mitigating_ measures related to construction, rehabilitation, im­
provement, and maintenance of roads and bridges (7,8). This set 
of guidelines covers, among other things, construction specifica­
tions; employee and workplace safety features; extraction, pro­
cessing, and use of construction materials; management of haz­
ardous materials; air pollution and water and soil contamination; 
noise control; preservation of wetlands; erosion and sedimentation 
control; acquisition of land and property; conservation of the 
right-of-way zone; protection of indigenous groups; protection of 
archeological sites; ecosystem management and biodiversity con­
servation within the project influence area; prevention, mitiga_tion, 
and correction procedures related to road administration; and al­
location of responsibility and cost recovery for environmental 
damage. 

The QC procedures are the site-specific or detailed environ­
mental requirements that, together with the general guidelines, are 
an integral part of the project specifications. These specifications 
must define precisely the environmental parameters and the ways 
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to measure changes during the implementation and operation of 
the project, for example, what the level of noise and dust should 
be during the construction period and how it should be measured; 
methods and parameters to monitor water quality before and after 
the construction; means to design erosion control measures taking 
into consideration soil and climatic characteristics; optimum gra­
dation and plasticity to reduce dust during traveling after comple­
tion of the construction of unpaved roads; and optimum size of 
embankment and drainage facilities to' minimize alteration to the 
natural drainage pattern and minimize obstacles to wildlife. The 
EU with the assistance of legal and technical advice should con­
stantly update the QA guidelines to meet international and local 
standards and legislation requirements. 

INSTITUTIONAL SET-UP FOR ENVIRONMENTAL 
MANAGEMENT 

There seems to be no universal model or institutional set-up that 
will be satisfactory in every situation of the highway department. 
In addition, the effectiveness of the EU within the highway de­
partment depends on the existence of a national process and the 
expertise of (a) environmental policies and laws, (b) the degree 
of incorporation of environmental concern into the planning and 
budgeting of investment and maintenance programs, (c) the co­
ordination and cooperation with the central authorities or ministry 
of environment on relevant issues, (d) the establishment of clear 
guidelines for the EIA, and (e) the provision for independent re­
view and approval of EIAs as well as monitoring programs. The 
preparation and review of the EIAs are very important aspects of 
environmental management and usually reflect the strengths and 
weaknesses of the institutional structure and its capabilities to 
carry out sound environmental recommendations related to road 
administration. The range of typical institutional problems is wide, 
and the questions that can be asked are correspondingly varied. 
Fundamental questions include the following: 

1. What EIA procedures apply to the specific road department? 
Are there guidelines to make them operational? Are they being 
carried out properly by the EU? 

2. How is the environmental information assembled and ana­
lyzed and by whom (i.e., consultants versus force account)? 

3. How is the information used in selecting, planning, design­
ing, arid executing projects? 

4. When intersectoral issues arise, such as with the agricultural 
department rural development program, which also includes a 
road component, how are they resolved? Are the mechanisms for 
resolution formal or informal? 

5. What are the procedures for monitoring, evaluating, and re­
porting on project impacts during the construction or the operation 
stage? 

6. How clearly are the responsibilities and authorities of the EU 
defined? 

7. What are the formal and informal lines of communication 
between the EU and other units of the department? 

8. Is there evidence of political and managerial commitment 
(adequate funding and other resources, leaderships, etc.) to accom­
plish the desired objectives? 

INSTITUTIONAL STRENGTHENING 

Institutional strengthening is the permanent activity of updating 
and improving the environmental managerial capability of the 
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highway department to administer the EIA and to ensure that in­
vestment and maintenance projects are environmentally sound and 
sustainable. To achieve this goal, the EU should have or be able 
to obtain the capacity to produce a satisfactory EIA, incorporate 
the EIA findings into designs and implementation plans and speci­
fications, monitor and manage the construction and operation of 
the project, and evaluate the results in order to improve future 
activities. 

To identify the scope of institutional strengthening, a diagnostic 
is done to determine the specific weaknesses that can impair the 
effectiveness of the environmental administration. The five prin­
cipal institutional weaknesses are discussed in the following sec­
tions (4,7,8). 

Human Resources 

The most common institutional problems in any environmental 
organization stem from shortages of qualified personnel or defi­
ciencies in the management of the personnel available, or both. 
The causes are frequently found to be some combination of lack 
of managerial capacity, low salaries, low job status, lack of strong 
leadership, and inadequate resources for education and training. 

Organizational Structure 

The most obvious structural shortcomings affecting the environ­
mental administration are the absence of a strong coordination unit 
to perform key functions, such as EIA review, technical supervi­
sion, monitoring, ~r regulation, and the fragmentation of respon­
sibility for key functions among the other units of the department 
without an effective mechanism to coordinate them. Other com­
mon weaknesses stem from structures that do not integrate envi­
ronmental considerations into development planning, especially 
when intersectoral issues are involved. 

Environmental Policy, Laws, and Regulations 

Common problems with legal instruments include the absence of 
(or lack of commitment to) a clear national policy, lack of up-to­
date laws and inconsistent regulations of environmental manage­
ment, lack of implementation of QNQC guidelines, and improper 
laws and sanctions that are inadequate to promote compliance 
with environmental requirements. 

Environmental Management Procedures 

It is frequently the case that national procedures of environmental 
management have not been defined. Even when the necessary in­
stitutions exist, there may be a need to strengthen the decision­
making processes whereby programs and procedures are identi­
fied, assigned priority, and implemented to get results. Often 
monitoring programs, if any, have not provided adequate baseline 
data for environment-related decisions. Successful interagency co­
ordination, without which many environmental issues cannot be 
resolved, is difficult to achieve in the absence of established pro­
cedures. Many projects that result in adverse environmental im­
pacts in spite of proper planning and design do so because of 
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weak or nonexistent programs essential to sound implementation­
monitoring and supervision, operation and maintenance, and com­
munity involvement are the ones most frequently cited in this 
regard. 

Financial Issues 

Financial factors may be the basis for many of the human re­
source, organizational structure, and procedural weaknesses dis­
cussed above. Funding for the environmental administration (plan­
ning, supervision, implementation of mitigation plans, monitoring, 
measurement of impacts, feedback, etc.) may be inadequate, either 
because the environment has been given low priority in economic 
planning and budget preparation or because the available re­
sources are not being managed effectively. Poor project perfor­
mance can often be traced to insufficient provision of operating 
and maintenance costs. 

Once the principal weaknesses .have been determined, the in­
stitutional strengthening of the EU may include the following: 

•Organizational mechanisms to ensure that environmental pol­
icies are followed in all programs and projects; 

• Interagency and interdepartment coordination on environmen­
tal issues; 

• Follow-up to the National Environment Strategy and the en­
vironmental action plans; 

• Assistance for other units of the department in strengthening 
their own capacity to deal with environmental issues and develop 
environmentally sound guidelines, specifications, and procedures 
of QC and QA; 

• Definition of overall needs for environmental education, in­
formation, promotion, and training; 

• Programs for adequate operation and maintenance, including 
funding, staffing, facilities, and equipment; 

• Rational and equitable cost recovery system to sustain the 
operation and maintenance functions; and 

• Planning, authorizing, and funding processes that provide de­
cision makers with adequate information to meet their environ­
mental protection responsibilities. 

INSTITUTIONAL STRENGTHENING OF 
COLOMBIAN ROAD DEPARTMENT 

As part of an effort jointly supported by the IDB and the IBRD 
to modernize the country's transportation sector, the Ministry of 
Public Works (MOP) of Colombia has established an EU within 
its roads department organizational structure (7,9). Coordinated 
and financed jointly by both banks, the EU will receive technical 
assistance, training, and equipment to become a key player in the 
establishment and implementation of the MOP's environmental 
policy. The technical assistance component will consist of con­
sultant services directed to (a) review and reformulation of the 
legal, regulatory, and administrative framework related to envi­
ronmental management in road projects; (b) development of ef­
fective and efficient EIA procedures covering the entire project 
cycle; (c) establishment of administrative and normative 
procedures to supervise the proper application of environmental 
protection, mitigation, and remediation at the different stages of 
road administration; (d) development of effective environmental 
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monitoring procedures; and (e) establishment and monitoring of 
institutional mechanisms for interdepartmental and interinstitu­
tional coordination and cooperation as well as for public partici­
pation on environmental and sociocultural issues related to road 
development. 

The EU institutional strengthening program includes special­
ized training both locally as well abroad on such topics as EIA 
administration, natural resource planning and conservation, envi­
ronmental monitoring, environmental QA and control, sociocul­
tural aspects of road development, field survey and research and 
data base management and training. 

Logistical support to be provided by the IDB and the IBRD 
includes all field and office equipment, such as office furniture 
and hardware (including photocopiers, printers, and facsimile ma­
chines), computer software, four-wheel driv~ vehicles, and field 
motorcycles. 

Additional institutional support will be provided by the 
Colombian Institute of Natural Resources and Environment 
(INDERENA) specifically directed at (a) standardizing EIA pro­
cedures, including project classification and impact evaluation cri­
teria and methodology; (b) improving mechanisms of inter­
institutional coordination and cooperation; ( c) staff training and 
development of educational and promotional programs for field 
technicians, municipal or local government workers, and com­
munity groups; ,(d) preparing field manuals; and (e) developing 
conceptual framework and methodology for conducting applied 
research on environmental aspects of road administration. 

Special attention is given to the preparation of environmental 
studies of potential road projects in fragile areas such as the Am­
azon basin or the Pacific coastal region. These studies offer the 
opportunity to (a) train EU staff in dealing with complex envi­
ronmental issues related to road administration; (b) plan land use 
and sustainable resource development in anticipation of road con­
struction in an undeveloped region; (c) consider cultural and in­
digenous issues as well as biodiversity before unplanned land set­
tlement and habitat degradation and resource depletion occur; and 
(d) allow for public involvement and community participation at 
an early stage in the decision-making process when it is still fea­
sible to make changes. Through financial support for the institu­
tional strengthening of MOP's own environmental management 
capability, the IDB and IBRD expect to contribute significantly to 
environmental protection and sustainable development in 
Colombia. 

CONCLUSIONS 

The following conclusions may be stated: 

1. Environmental protection and remediation are integrated and 
principal components of road administration. In other words, en­
vironmental expertise is incorporated during the planning, design, 
construction, and project operation. 

2. The main tasks of an EU within the road department are to 
ensure a thorough analysis of project alternatives, perform ade­
quate QA and QC procedure·s, and implement protection measures 
to prevent, mitigate, and remediate adverse environmental effects. 
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In addition, the EU is responsible for research and development, 
training, and the raising of environmental awareness. 

3. Environmental assessment procedures including project clas­
sification, impact evaluation, mitigation and remediation mea­
sures, and monitoring methods are integral components of a road 
development project. 

4. Adequate allocation of human and financial resources to pre­
pare EIAs avoids unnecessary delays in project preparation and 
does not significantly raise cost and at the same time can improve 
project quality and reduce future remediation cost. 

5. To effectively incorporate environmental responsibility into 
the structure of the roads department, the EU must be located 
simultaneously at the highest managerial and technical decision­
making levels. 

6. To optimize the functional integration of the EU within the 
structure of the road department, it is necessary to address envi­
ronmental issues in a interdisciplinary and participatory manner. 
The participatory process should include units inside the depart­
ment, such as planning, design, construction, maintenance, and 
more important, other governmental, nongovernmental, and 
community-based interest groups. 

7. Environmental management depends upon legal and regula­
tory frameworks, existing institutional capacity, public awareness, 
and interinstitutional cooperation and coordination. 

8. Institutional strengthening is an ongoing activity essential to 
adequate performance and an environmentally sound road project. 
Key elements to be considered under institutional strengthening 
are (a) human resources development, (b) an organizational struc­
ture that allows efficient administration of the work (done mostly 
by consultants), (c) an environmental p6licy related to road ad­
ministration, (d) formulation and implementation of EIA proce­
dures, and (e) updating and improvement Qf evaluation and moni­
toring systems to optimize the allocation df financial resources to 
perform the unit responsibilities. 
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