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Foreword 
The six papers in this RECORD are grouped under three areas as 
indicated by the title, "Moisture Responses, Underclay Develop
ment and Frost Action." But in a broader sense, all of the papers 
deal with a common subject-the ever challenging question of the 
proper consideration of all factors influencing subgrade, base, and 
surface course design to support the vehicles used in the various 
modes of transportation in our modern society. The material pre
sented is equally significant to design and materials engineers, es
pecially those directly concerned with subgrade and pavement design. 

Cedergren and Lovering review the multiple-layer design con
cept for subsurface drainage systems for modern-day roadbeds, as 
opposed to the single-layer method. The authors point out the ad
vantages of using two or more aggregate layers, one of fine mate
rial to serve as the filter to prevent clogging by infiltration, and 
the other of single-sized coarser aggregate to serve as the con
ductor or conveyor of water. The authors also present the results 
of a cost-benefit analysis, indicating the great economies to be 
effected by using the multiple-layer design in those cases where 
much groundwater is to be removed. 

Sauer and Monismith report the results from a field and labor
atory investigation of relationships between soil moisture suction 
and the resilience characteristics of a glacial till from Southern 
Saskatchewan, Canada. Thus the authors have taken another sig
nificant step in the continuing effort to correctly evaluate all of the 
factors that should be taken into consideration in pavement design. 

Crumpton and Badgley evaluate certain changes that take place 
in the soil comprising the upper few inches of subgrade supporting 
asphalt-treated base courses. Subgrade material originally com
prised of Peorian loess changed color from tan to greenish or 
bluish, increased in clay content by about 10 percent, and changed 
in structure from single grain to subangular blocky. Although the 
greenish material was often found in locations where the pavement 
had failed, the role of the material in causing failures is not certain. 

The final three papers report research relating to the measure
ment of the effects of freezing temperatures. McGaw investigated 
the suitability of the probe method for measuring the thermal con
ductivity of certain frozen granular soils. This method was found to 
be highly satisfactory for frozen sands within a wide range of mois
ture contents. 

Kaplar describes experiments showing that the frost suscepti
bility of subgrade soils can be tested satisfactorily in a few days, 
rather than over a two-week period. Equipment and suggested 
procedures to be followed are discussed. 

Leary et al emphasize that sieve analyses are no longer con
sidered adequate indicators of frost susceptibility in granular ma
terials used in bases, surfaces or subgrades. Improved procedures 
for evaluating the behavior of these materials in a freezing envi
ronment are presented and discussed. 

The research reports in this RECORD will stand as significant 
contributions to the literature on subgrade and pavement design. 

-Orville L. Lund 
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The Economics and Practicability of 
Layered Drains for Roadbeds 
H. R. CEDERGREN, Consulting Engineer, Sacramento; and 
W. R. LOVERING, Division Paving Engineer, Pacific Coast Division, The Asphalt 

Institute, Sacramento 

This paper presents benefit-cost studies that demonstrate outstanding 
advantages for layered drains for roadbed drainage and the complete 
inadequacy of single-layer drains constructed of "well-graded" (low 
permeability) drainage aggregates. Discontinuation of the practice of 
using single-layer drains for roads where water removalis a problem 
is recommended. 

Modern, wide multilane highways are considerably more difficult to 
protect from groundwater and seepage than older narrower roads. If 
any appreciable quantities of water must be removed from highways, the 
conventional single-layer drains are extremely uneconomical and quite 
ineffective. Both from an engineering standpoint and from economics, 
layered drains (often called "graded filters") are superior for protect
ing roadbeds from the damaging effects of water. 

A two-layer drain system constructed early in 1967 in northern 
California is described. While this section of road has not been tested 
under rainy conditions, the rapid drainage potential was tested by pour
ing water over the open-graded drain layer and watching it emerge from 
the drain pipe within 2-3 minutes. This test section demonstrated that 
layered drains are perfectly feasible from the construction standpoint. 

•AS THE highway system of the world requires the construction of multilane highways 
to greater widths, gentler slopes and milder curves in all kinds of terrain, the physical 
problems of developing stable roads have multiplied. This is equally true of subsurface 
drainage. Doubling the road width, for example, makes drainage about four times as 
difficult as before. Consequently, practices that worked when roads were only two nar
row lanes do not work for four and six lanes. Greater amounts of groundwater and seep
age enter wider roadbeds constructed in deeper cuts, and must be conducted greater 
distances for removal from places where it could cause damage or failure. 

Designing adequate subsurface drainage systems has been considered primarily an 
engineering problem, one of using the proper filter criteria to select aggregates capa
ble of removing troublesome groundwater and seepage without becoming clogged by ad
jacent fine-grained water-bearing soils. Early road builders, such as John L. McAdam 
of Britain and Pierre M. Tresaguet of France, must have instinctively known of the high 
water-removing capabilities of one-sized stone, as they used this class of material in 
their roads. These coarse materials had high permeabilities when first placed, but 
unfortunately there developed a practice of placing open-graded stone or gravel directly 
upon soft, erodible soils without the use of a layer of sand or graded material; hence 
these roads often deteriorated as soil worked up into the stone, making it about as im
permeable as the underlying soil. 

Because of these experiences with coarse, one-sized stone in drainage systems, and 
with the development of modern criteria for filters for earth dams, the practice devel
oped of using well-graded "pervious" subbases and drainage layers for highway drain
age, using washed concrete sand and comparable materials. As long as the quantities 
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of water to be removed were small, little trouble occurred due to groundwater and seep
age . Consequently, there developed a tendency to look upon these well-graded (low per
meability) aggregates as adequate for under seepage collection and discharge. 

Unfortunately, well-graded filter aggregates that are fine enough to hold in place fine
grained soils are too fine to pass much water. As a result, many roads and freeways 
throughout the world are deteriorating prematurely from a lack of subsurface drainage, 
even though they have been built with single-layer drains constructed with permeable 
aggregates. 

A number of recent technical publications have pointed out that the proper solution 
to subsurface drainage of highways often is through use of multiple-layer drains (1, 2, 
3), which were originally invented by K. Terzaghi (4) for the control of seepage inhy
d raulic structures such as sheet-pile walls and earffi dams. This kind of drain, often 
called a "graded filter," is referred to in this paper as a "layered drain." It is com
posed of coarse, one-sized gravel or rock, enclosed within enveloping layers of finer 
material that serve as filters to prevent clogging of the inner conducting layer. Engi
neering considerations alone point up the great advantages of these drains for highway 
roadbeds. From theoretical, granulometric considerations, Winterkorn (5) demon
strated that one-sized, coarse rock is essential for the removal of seepage. These 
layers require filter protection. With the heavy emphasis on designing drains that will 
not clog, the economics of subsurface drainage systems have been largely disregarded. 
If one considers the potential water-removing capabilities of various kinds of commonly 
used drainage systems, it is found that as little as $3.50 can be spent or as much as 
$90,000 for two sections of subsurface drain having exactly the same water-removing 
capability. The lower cost r epr esents a layered drain with an inter nal layer of 1-in. to 
3/4 - in. diameter gravel or c r us hed r ock sandwiched between two thinne r layers of finer 
filter material. The higher cost represents a single-layer drain constructed of washed 
filter aggregate comparable to concrete sand, a class of material erroneously being 
used in many subsurface drainage systems. The purpose of this paper is to emphasize 
the need to look at what we are getting for our money when we design and build subsur
face drainage systems for roads and other civil engineering works. 

A METHOD FOR EVALUATING THE BENEFIT-COST FACTORS FOR DRAINS 

In examining the benefit-cost relationships for subsurface drainage systems constructed 
of various grades of aggregate, it is important to keep in mind that subsurface drains 
serve two very vital functions: 

1. They must provide filter protection to all soft, highly weathered rocks and erod
ible soils that are being drained. 

2. They must remove all of the groundwater and seepage that reaches them without 
much buildup of head. 

To provide filter protection, drainage layers must be designed on the basis of appro
priate filter criteria (1, 3, 4, 6, 7) that assure that openings in the filter aggregate will 
be too small for the passage oCadfacent soil particles. This function is primarily one 
of properly applying engineering principles. All of the cost studies presented in this 
paper assume that designs do provide the necessary filter protection. 

To fulfill function 2, drainage aggregates serve as conductors or conveyors of water, 
much as sewer pipes or water pipes serve as conductors or conveyors of water. Al
though this capability is partially one of meeting engineering requirements, it is also one 
of economics (2, 3 ). It is important to keep in mind that a material that provides ex
cellent filter protection may be a very poor conductor. 

Subsurface drains often utilize pipes for part of the seepage conducting system, al
most always after it has been collected by line drains or blanket drains that remove 
seepage from large surface areas of surrounding water-bearing soil. If the quantities 
of seepage are quite small, it may be possible for the aggregate seepage collectors and 
conductors to be a single layer of relatively fine-grained material comparable to clean, 
washed concrete sand. But, in most cases involving any appreciable quantities of seep-
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age, it is more economical to utilize layered drains for the prime water collecting and 
conducting elements. 

Assuming that a subsurface drain is properly designed to provide the needed filter 
protection, its cost can be determined in relation to its capabilities for removing water. 

Any conveyor or conductor of any material can be rated in terms of the cost of mov
ing a given amount of material over a given distance. Thus, in earthwork, it is cus
tomary to use the term "station-yard," and in freight hauling the cost is expressed by 
the ton-mile. Similarly, the water-carrying capabilities of drainage aggregates can 
be expressed in any convenient units of quantity and distance. In this paper, a number 
of classes of drainage aggregates, in a number of kinds of systems, are rated in terms 
of the cost of conducting a unit quantity over a given distance. The unit of quantity is 1 
gpm; the distance is 100 ft. 

The water-conducting potential of porous aggregate drains can be estimated with 
Darcy's law: 

Q = ki.A (1) 

This identity is not changed by multiplying the right side by unity, so 

Q = ki.A (L/L) 

Hence 

And 

Q 
ki.V 
L 

V = QL 
ki 

(2) 

In Eq. 2, V is the volume of filter aggregate needed to conduct seepage quantity Q a 
distance L under hydraulic gradient i in a material with a permeability k. 

Eq. 2 can also be derived by considering that the quantity Q is being conducted by 
cross-sectional area A. If it is conducted a distance L, the amount of filter aggregate 
needed must be AL, which is the volume Vin Eq. 2. In most subsurface drains, both 
Q and i will vary from point-to-point; however, Eq. 2 assumes these factors are con
stant. The solutions are therefore some-
what approximate. 

SOME TYPICAL CASES 

Using Eq. 2, the relative costs of a wide 
range of commercially available filter ag
gregates are compared in Figure 1. The re
quired quantities of aggregates were cal
culated for hydraulic gradients from 0.02 
to 1. 0. All aggregates were assumed to cost 
$ 5. 00 per cubic yard, in place. Over a 
range of filter permeabilities from under 1 
ft/daytoabout 50ft/day, the drains are as
sumed to be constructed as a single layer in 
which the total thickness is available for the 
discharge of seepage. With a filter per
meability of more than 50 ft/day, it is as
sumed that layered drains are required to 
prevent piping or clogging and provide the 
needed capacity. This is a necessary as
sumption for filters draining highly weath
ered soft sandstones, other highly erodible 
rock formations, and all highly erodible 
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soils. The costs for layered drains in Figure 1 
provide two filter layers totaling the same thick
ness as the inner conducting layer. Thus, if the 
conducting layer is ii in. thick, the costs in Fig:
ure 1 for layered drains allow for an upper filter 
layer 6 in. thick and a bottom filter layer 6 in. 
thick, making a total thickness of 24 in. 
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Referring to Figure 1, it is seen that for a single
layer drain constructed with washed concrete sand 
having a permeability of 2 ft/day (corresponding 
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to a class of material that is sometimes used for 
roadbed drains), the cost of conducting 1 gpm a 
distance of 100 ft (for a slope of 0.02) is nearly 
$100,000. If a cleaner, washed concrete sand or 
well-graded filter aggregate with a permeability . 

;;: 

"- ' ' ' 
of 10 ft/day is used, the cost is reduced to around 
$18, 000 for each gpm conducted 100 ft. 

In contrast with the astronomically high costs I"- ' 'O\ I 10 ,. 
PermeabUlly- Fee t Per Doy 

Figure 2. Cost of fine-grained aggre
gates in single-layer drains per seep
age unit (l gpm conducted 100 ft). 

of single-layer drains compared to quantity of water 
transported, it is seen from Figure 1 that a layered 
drain containing a core of fine pea gravel with a 
permeability of 3,000 ft/day (on a 0.02 slope) is 
around $100 for each gpm conducted 100 ft. Also, 
a layered drain utilizing washed, screened gravel 
or ¾-in. to 1-in. diameter crushed rock (k = 100, 0.00 
ft/day) can conduct 1 gpm a distance of 100 ft for 
about $3.50. 

A study of Figure 1 leads to the conclusion that whenever roadbed drainage layers a 
few feet in thickness are constructed with low-permeability filter materials, structural 
damage may be expected, if any appreciable rate of inflow occurs. The practice of us
ing these well-graded materials for roadbed drainage should be discontinued as they are 
extremely uneconomical and do not protect roads 
from water damage. The use of these materials 
is justified only as a filter protection for a drain-
~~~ 1~----• _.C 1 . .!~1. -•-·•-•· --1.!l!L.,. ---~------l--
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Since the discharge capacities of aggregate 
drains increase in proportion to the hydraulic gra
dients that can develop in drains, steeply inclined 
drains (such as are frequently used in earth dams 
or in stabilization trenches in highway foundations) 
require less quantities of filter materials or less 
permeability than the nearly horizontal drainage 
blankets placed beneath roadbeds in wet cuts and 
below the natural groundwater level in flat terrain. 

The charts in Figures 2 and 3 show the relative 
costs of single-layer and multiple-layer drains. 
Figure 2 shows the cost of single-layer blanket 
drains utilizing fine-grained aggregates capable of 
providing a high level of filter protection to adja
cent erodible soils. Figure 2 is similar to the 
upper left portions of the chart in Figure 1, but is 
enlarged, and is in more detail to permit more ac
curate applications. Similarly, Figure 3 shows 
the costs of layered drains that utilize a core of 
coarse one-sized aggregate within protecting en-, 
velopes of finer material capable of providing 
high filter protection (shown in inset). Two pro
tective filters are provided having a combined 
additional thickness that is equal to the thickness of 
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the inner conducting layer. Figure 3 is 
similar to the lower right part of Figure 1, 
but is enlarged and increased in detail to 
give increased accuracy. In normal high
way design the subbase material may, in 
most cases, serve as the upper filter 
layer. These charts are presented as 
typical of conditions in blanket drains in 
which the quantity of water conducted is 
important. 

0 ~2' A1pha lt Canc:,ete Surface 
0 .6' AQOt•qalt Bau --
0 .89' Grovel S\lbbo1t.____ 

6.G--t. (HGdt, 

Figure 4. Longitudinal section of Humboldt 
County drain. 
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EXAMPLE OF A LAYERED ROADBED DRAIN 

A two-layer graded structural section drain of the type discussed in this paper has 
been placed experimentally in Humboldt County in the north coastal area of California. 
A typical section is shown in Figure 4. 

Geologically, this area consists of Jurassic to Pleistocene sedimentary deposits that 
have been folded and faulted. The rainfall is heavy, 40 to 80 in. per year. This com
bination results in many water-bearing formations and numerous spring areas. With 
these conditions, cut and fill slope stability is a serious problem and adequate pavement 
subsurface drainage a necessity. 

The site chosen for the experimental construction was in a side hill cut area with 
heavy seepage from the bank, both above and below the pavement. The existing pave
ment had been built with a blanket of filter material to remove seepage. Failure of this 
filter material to effectively remove all of the seepage had resulted in the buildup of 
hydrostatic head beneath the pavement. Pavement failure was the result, with water 
rising through cracks in the deteriorated pavement. 

To correct this condition, a two-layer drain was designed and built by County forces. 
Two additional purposes of this construction were (a) to determine the capability of this 
type of drain, and (b) to evaluate construction feasibility of layered roadbed drains. 

The design of the drain included 0.33 ft of filter material on the prepared silty clay 
subgrade, and 0.66 ft of open-graded asphalt-concrete drain material. The drain was 
covered by the regular structural section of base and surface as follows (see Fig. 4): 
0.88 ft of river-gravel subbase, 0.60 ft of aggregate base, and 0. 20ftofasphalt-concrete 
surface. 

Since this was a small isolated project, it was not practical to specify special re
quirements for the above materials. The materials used, therefore, consisted of ag
gregates already available in stockpiles at a nearby commercial plant. A filter layer 
with a smaller amount of fines would have been desirable but the material used should 
be adequate for the site. The important criteria for the filter layer in a drain of this 

TABLE 1 

GRADATION AND LABORATORY PERMEABILITY OF 
MA TERIAI..S USED 

Sieve Slze 

2 in. 
l 1h in . 
1 in. 
'/4 in. 
lh ln. 
'/4 in. 
No. 4 
No. 8 
No. 16 
No. 30 
No. 50 
No. 100 
No. 200 

Percent asphalt 
Laboratory density, pcf 
Permeability, ft/day 

Filter 
Material 

100 
98 
90 
83 
70 
60 
46 
35 
27 
20 
13 
8 
6 

130 140 
7 0. 7 

Percent Passing 

Asphalt Concrete 
Drain Rock 

100 
75 
47 
14 
3 
2 
2 
2 
2 
I 

2. 2 
102 110 

9000 5400 

Aggregate 
Subbase 

99 
93 
78 
68 
55 
46 
32 
25 
19 
11 
5 
4 
3 

type are (a) that it must have a grading that 
will prevent migration of the subgrade soil 
into the drain layer; and (b) that it must 
have a permeability at least as high as the 
formation or soil supplying the seepage 
water (preferably several times as perme
able). The filter material used met these 
criteria. 

The drain rock used for the open-graded 
layer consisted of aggregate from the No . 4, 
or coarse bin, of a four-bin asphalt plant, 
mixed with approximately 2 percent of 85-
100 penetration paving asphalt. 

The gradings and permeabilities of the 
materials used as determined by tests by 
the California Division of Highways are 
given in Table 1. The overlying aggregate 
subbase had a gradation that did not sift 
appreciably into the open-graded layer, 
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Figure 5. Placing filter material in transverse 
trench. 

Figure 6. Placing open-graded asphalt-concrete 
drain material around pipe. 

eliminating the necessity for a special upper filter layer. For this reason this drain is 
a two-layer drain, although it is in reality a true "protected filter" drain. 

This drain was placed on a 6.6 percent grade and the length was only 150 ft. Because 
of the steep grade and short length, a perforated metal pipe (PMP) was not placed along 
the pavement edge, but a single PMP was placed as a transverse drain at the downhill 
end of the section. The PMP was placed in a trench having a depth 2 ft below subgrade 
elevation (Figs. 5 and 6 ). Figure 5 shows filter material being placed in the transverse 
trench, while Figure 6 shows the open-graded asphaltic-concrete drain material being 
placed over the filter material and around the PMP. A general view of placement of the 
open-graded drain layer is shown in Figure 7. 

Construction was somewhat hampered by the steep grade and the fact that the site 
could not be by-passed with construction equipment. This necessitated rolling only in 
an uphill direction. 

Compaction was with an 8- to 10-ton tandem Galion Rollomatic without ballast. This 
weight roller was heavier than desirable for compacting the open-graded asphalt-con
crete mix in the thick section placed in the cross trench. Also, some difficulty was 
experienced in rolling up the grade on the first 4-in. lift of open-graded mix. The sec
ond lift was placed just before quitting time, and as a result was not compacted except 
by the Barber-Greene paver. The following morning, however, the surface could not 
be dented with the wheels of a loaded truck, proving the advantages of stabilizing open
graded layers with a low-asphalt content. 

Figure 7. Placing open-graded asphalt-concrete 
drain layer. 

Figure 8. Flow from cross drain 2 to 3 minutes after 
sprinkling open-graded mix with watering truck. 
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The experiment indicated that construction of two-layer drains using an open-graded 
asphalt concrete as a drain layer is perfectly feasible. On future work, a lighter weight 
roller should be considered, possibly a light pneumatic roller. It is doubtful, however, 
that any difficulty would have been experienced on this project, even with the heavy roller, 
if the construction had been on more nearly level terrain. 

The performance of the drain cannot be properly evaluated until after at least one 
rainly season; however , water put on the surface of the open-graded asphalt-concrete 
drain material with a watering truck demonstrated that the drain layer has a high ca
pacity for removing water (Fig. 8). The flow shown developed within 2 to 3 minutes 
after applying the water. 

SUMMARY 

Aggregates for subsurface drainage systems for highways and other civil engineer
ing works often represent a substantial part of the total cost of a job. An important 
question to be asked about any construction material is "does it give full value for the 
money spent?" When this question is asked about subsurface drainage aggregates, some 
surprising answers are obtained. As conveyors of seepage, conventional single-layer 
drains constructed of washed, fine-grained aggregates are enormously expensive. When 
any appreciable quantities of groundwater and seepage must be removed by subsurface 
drains constructed of selected aggregates, layered drains offer the best engineering 
solution at the least cost. The project described in this paper demonstrates the prac
ticability of this kind of construction. 

Just as the hauling of construction materials can be evaluated in terms of the cost 
per unit of material hauled and the distance it is hauled, systems for conveying seepage 
can be rated in terms of the cost of conducting a given quantity a given distance (see 
Figs. 1 to 3). 

All aggregate drains that are designed for the removal of groundwater and seepage 
for the protection of roadbeds and other civil engineering structures should be designed 
using appropriate filter criteria that assure permanent functioning without piping or 
clogging. But, in addition, the systems should give an adequate return for the money 
spent. Consideration of the potential returns in terms of capabilities for conducting 
water is an aspect of subsurface drainage that has received very little attention. When 
this factor is considered, it points out that if any appreciable quantities of water must 
be removed, layered drains offer financial advantanges that must not be overlooked. 

With the seepage flows normally encountered, a layered drain using the minimum 
practicable lift thicknesses of drain rock will provide a very large safety factor. This 
is an important advantage. If a drain is filled to capacity or near capacity, slight vari
ations in the permeability of the filter layer, on grades, can cause uplift of the pave
ment structure. 
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Influence of Soil Suction on 
Behavior of a Glacial Till 
Subjected to Repeated Loading 
E. K. SAUER, University of Saskatchewan, Canada; and 
C. L. MONISMITH, University of California, Berkeley 

This report describes both a field and laboratory investigation 
of the influence of soil moisture suction on the resilience char
acteristics of a glacial till from southern Saskatchewan, Canada. 
Deflections under an 18,000-lb axle load were measured in the 
field by a Benkelman beam along a 10-mile section of Pro
vincial Highway. Twenty gypsum block moisture meters were 
placed 24 in. below the pavement surface in the till subgrade 
where the pavement surface was in good condition. Results 
indicated that deflections generally corresponded to soil suc
tion measurements; e. g., for comparatively large values of 
soil suction, the deflections were comparatively small. 

Soil suction measurements and repeated load triaxial com -
pression tests were performed in the laboratory on samples 
of the till compacted by static compaction over a range in 
water contents. When the samples were compacted wet of 
optimum for the particular compactive effort, the suction 
values were low and resilient moduli, determined from the 
repeated load tests, were comparatively small. Compacted 
dry of optimum, on the other hand, the suction values were 
high and the moduli, correspondingly, were large. 

The investigation indicated that the values of suction measured 
in the field could be duplicated in the laboratory with available 
e_quipment and that while the range in suction was not large 
(0 to 110 psi) the range in moduli (2000 to 22,000 psi) may be 
of considerable significance in design. The data also emphasize 
that, for design of pavements, one must consider not only 
material changes but also potential significant changes in soil 
suction for the same material. 

•ROAD systems are unique engineering structures because of their geometry and the 
complexity of the loading systems under which they must operate. The road structure 
covers large areas associated mainly with the surficial boundaries of the terrain; 
therefore, it is placed on many different materials and is subjected to a variety of 
environmental conditions. Furthermore, the properties of the naturally occurring 
earth materials which make up the structural components of the roadway are funda
mentally related to their environment, and their environment may change significantly 
within short distances. For these reasons, the application of theoretical mechanics to 
the structural design of road systems is complex. 

In recent years interest has developed in methods for prediction of expected deflec
tions of road structures because deflections as measured in the field have been related 

Poper sponsored by Committee on Strength and Deformation Characteristics of Pavement Sections and 
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to pavement performance (34). To predict deflections in advance of construction, how
ever, requires a knowledgeof the resilient behavior of the materials comprising the 
pavement section at conditions representative of those that may be expected to occur 
in situ. For fine-grained soils, these expected conditions will be controlled not only 
by the initial placement conditions but also by the environment in which the material 
exists. 

A number of investigators have shown for highway pavements that the long-term 
conditions of subgrades may be estimated from a knowledge of the equilibrium soil 
moisture suction profile. Moreover, the strength characteristics of such materials 
have in turn been related to the soil suction. It might also be inferred that the resilient 
properties of materials may be related to soil suction. Thus the purpose of this study 
was to investigate variations in resilient moduli (and residual deformations as well) 
that may be expected in the subgrades of highway pavements over a range of environ
mental conditions expected in the field. 

While there are a great variety of subgrade materials and environmental conditions, 
this investigation was simplified by confining the study to one material, a glacial till, 
in one particular area of southern Saskatchewan. 

BACKGROUND 

Numerous references to environmental factors can be found in the literature. Gen
erally, most evaluations of environment have been concerned with attempts to establish 
an index value that can be related to climate and that can be included in a chart, or 
equation, that will modify the results derived from existing design procedures. For 
example, Liddle (1) described what he termed a "regional factor ," which is based 
primar ily on rainfall. Yoder (2) referred to moisture in subgrades, but based most 
of his discussion on freezing effects. Linell et al (3) descr ibed a procedure to account 
for freezing effects in soils. The Canadian Good Roads Association (4) evaluated 
environment on a regional basis considering rainfall and the freezing index. Few if 
any of these methods, however, evaluate the fundamental effects of all environmental 
factors and, more important, the soil environment. 

Seed et al (5, 6, 7, 8, 9) have presented data on the strength and deformation char
acteristics of compacted clays as well as the resilient behavior of these materials 
under loading conditions similar to those that may occur in road structures. These 
investigations provide an indication of the importance, particularly in the case of fine
grained subgrade soils, of water content, dry density, and soil structure on the me
chanical properties of soils used in highway construction. Moreover, these investiga
tions s erve to emphasize that the pavement designer should be cognizant of changes in 
characteris tics (e.g., water content) of compacted soils that may occur in situ resulting 
from the environment in which they are placed. 

Croney (10) introduced the concept of soil suction (sometimes refer red to as the 
energy in soil water) as being a fundamental factor in the m echanical behavior of s ub
grade materials. Subsequently, Croney et a l (11), Croney and Cc;,leman (1 2), Cr oney 
et al (13), Black et al (14), and Croney and Coleman (15) investigated methods of mea
suringsoil suction and reported preliminary findings relating this characteristic to 
engineering properties. 

Aitchison (16, 17), Aitchison and Richards (18), deBruijn (19), Blight (20), and 
Richru:ds (21) reported data on the developmentof suction andchanges insuction be
neath pavement surfaces, and the effects on some engineering properties. Richards 
has presented data showing relationships between soil suction and the California Bear
ing Ratio (21). 

The soilsuction concept has been recognized as a means of relating soil environ
ment to engineering properties and would appear, therefore, to be of considerable im
portance in pavement design. However, this concept has not been investigated in terms 
of significant engineering properties necessary to evaluate roadway operating condi
tions. Furthermore, there have been no basic evaluations of terrain and environmental 
factors in terms that can be related to engineering properties. Such evaluations would 
appear to be a necessary part in the development of fundamental design procedures for 
road structures. 
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Fi gure 1. Summary of measured values of the paramete r X 
for compacted soils. A. Tolybont c loy; B. Se lset clay; 
C. Mang la•sho le ; D. Voich mora ine (of ter Bishop 
and B Ii ght ). 

A promising approach to 
relate soil suction and therefore 
environmentai infiuences to 
engineering properties lies in 
the use of the principle of effec
tive stress. The concept that 
the mechanical properties of 
soils are related to effective 
stress was first suggested by 
Terzaghi (22, 23) from studies 
of saturated soils. Subsequently, 
numerous workers have inves
tigated the applicability of this 
principle to unsaturated soils. 
Bishop (24), Bishop et al (25), 
Bishop and Blight (26), and 
Blight (27, 26, 28) have made 
significant contributions in de
fining the relationship of effec
tive stress to volume change and 
shearing resistance of unsaturated 
soils. 

The applic<1-tion of the ener gy 
concept of s oil wate1·, o r soil 
suction, to des ign problems re
quires the assumption that the 
principle of effective stress ap-
plies to unsaturated soils. If 

there is a relationship between suction and effective stress, then soil suction can be 
applied to evaluating engineering properties because mechanical properties of soils 
are related to effective stress. 

Assuming the principle of effective stress to be valid for unsaturated soils, Bishop 
(24) suggested the following equation for effective stress: 

where 

a' == effective stress, 
a == total stress, 

ua == pore air pressure, 

a' == a - ua + X (ua - uw) 

uw == pore water pressure, and 
X == parameter related to degree of saturation (or suction). 

(1) 

In this equation, the express ion (ua - uw) represents suction. Thus, for saturation 
(zero suction), X becomes unity; for the absolutely dry condition, X becomes zero. The 
parameter X is a function of soil characteristics, degree of saturation, and geologic 
history. 

Bishop and Blight (26) presented evidence indicating that the equation is valid for 
shear strength. They determined numerical values of X for compacted soils shown in 
Figure 1. 

Blight (20) presented data showing relationships between the effective stress param
eter X and suction for different soils (Figs. 2, 3 ). The general relationship between 
soil suction and mechanical properties is indicated from these curves. When soils are 
close to saturation, i.e., as X approaches unity, large changes in properties occur with 
small changes in suction (Figs. 2, 3). As soils become very dry, the changes in prop
erties become considerably less (small values of X in Figs. 2, 3). Such relationships 
appear in accord with field observations on road construction projects. 
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Figure 2. Experimental relations between the parameter X in the effective stress equation and the soi I 
suction (ua - uw) for a partly saturated expansive clay (after Blight). 

It can be seen that soil suction is a means of measuring the total effects of environ
ment on soil properties. Furthermore, the principle of effective stress provides a 
means of relating the engineering properties of soils to their environment in numerical 
terms. Thus it can be argued that the design problem becomes one of evaluating the 
engineering properties of soils over the range in values of suction expected in the pave
ment structure. The investigation is a 
step in this direction because, as noted 
previously, it is concerned with varia -
tions in both resilient modulus and re
sidual deformation (two engineering 
properties having an effect on pavement 
performance under moving traffic) that 
may be expected beneath highway pave
ments for a range in environment a 1 
conditions. 

EXPERIMENTAL STUDIES 

This investigation was organized under 
the sponsorship of the Saskatchewan De
partment of Highways and was conducted 
in two phases. The first phase consisted 
of a study of an in-service pavement in 
southern Saskatchewan to determine the 
range in values of soil suction that could 
be expected W1der an existing pavement. 
Data from this investigation provided a 
guide for the second phase of the investi -
gation, a laboratory study of the relation
ship between soil suction and the response 
to repeated loading of a soil similar to 
that of the subgrade of the in-service 
pavement. 
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Figure 3. Re lat ion between the parameter X in 
the effective stress equation and the soi I suction 
(ua - uw) determined from a swelling pressure 
test on a collapsing sand (after Blight). 
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Figure 4. Relationship between Benkelman beam deflection, plate bearing load, and soi I suction; 
Highway No. 35, Oungre to U.S. Border (measurements obtained Oct. 1966). 

Field Investigation 

The field study was conducted during the fall because this is the driest time of the 
year in southern Saskatchewan and corresponds to a situation when atmospheric con
ditions are the most stable and spring thawing effects have dissipated. For these con
ditions it was expected that a range of suction values could be obtained, values which 
would be, however, relatively constant at a particular test location. 

Gypsum block moisture meters were used to determine the values of suction in the 
field. Their use for the measurement of matrix suction1 in soils has alreadv been 
described by Aitchison and Richards (18). · 

Twenty gypsum block moisture meters, fabricated after a design suggested by Taylor 
et al (29 ), were placed along a 10-mile section of Provincial Highway No. 35, in southern 
Saskatchewan. These blocks were installed at centerline 24 in. below the pavement 
surface. The pavement surface was in good condition at all meter installations and had 
been in existence for about four years. As noted, the field suction measurements were 
made during the fall when the climatic conditions were relatively stable and air tern -
peratures remained above the freezing point. During the period of observation, air 
temperatures during the days ranged from 45 F to 75 F, thus maintaining a relatively 
constant soil temperature of about 60 F. Furthermore, no measurable rainfall occurred 
immediately before or during the six-week period required for the moisture meters to 
reach equilibrium. All measurements represented the same point in time and were 
considered acceptable only when no significant variations had occurred over at least a 

1Total suction is equal to sum of matrix (or soil water) suction and osmotic suction. In the absence of 
dissolved salts, the osmotic suction is zero and for uniform salt concentrations, the osmotic suction can 
be neglected. Under these circumstances, therefore, the total suction can be considered equal to 
the matri x suction. 



Station 

TR 1 
TR 2 
TR 3 
TR 4 
TR 5 
TR 6 
TR7 
TR 8 
TR 9c 
TR 10 
TR 11 
TR 12 
TR 13 
TR 14 
TR 15 
TR 16 
TR 17 
TR 18 
TR 19 
TR 20 

TABLE I 

TEST DATA ON HIGHWAY NO. 35 FROM 
OUNGRE TO U, S. BORDER 

Water 
Content 

(:£) 

17.1 
14.6 
15. 2 
15,3 
16.3 
16. 2 
12. 6 
11.2 
13. 7 
11.3 
15. 7 
10,2 
16. 8 
10,9 
16, 0 
12.6 
12,7 
14, 5 
13,4 
15.8 

Soil 
Suction 

(psi) 

11. 5 
25. 5 
17.5 
18.0 

6,8 
8,0 

15.0 
68.0 

17.0 
10.8 

110,0 
2.0 

36.0 
13.0 
12,5 
26,0 
8. 5 

14, 5 
14.0 

Benkelman 
Beam 

Deflection 
(In. )a 

0.057 
0.043 
0.065 
0. 044 
0. 042 
0.078 
0. 052 
0.027 
0.046 
0.048 
0.063 
0. 022 
0.066 
0. 043 
0. 073 
0.042 
0.035 
0.049 
0.039 
0.049 

Plate 
Bearing 

Load 
(lb)b 

7,900 
8,700 
7,800 

10,600 
9,500 
8,200 
7,600 

16,700 

B,100 
8,100 

10,400 
7,500 

13,800 
5,200 
7,300 
8,900 
7,000 

10,000 
10,100 

0 Benkelmon beam deflectioru ore the mean of 10 readings of rebound deflections 
bat ttoeh t lalion (CG-RA, 1'963). 

Plo to bearin9 volv<11, ore lor 0.20-in. deflecHon on a 12-in. diameter plate, 
cGypsum block ot ll!ll 1,i lC! TR 9 removed by vandals. 
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one-week period. Measurements were 
taken continuously over a six-week period, 
Benkelman beam deflection measure
ments under an 18,000-lb axle load (35) 
and plate load tests on a 12-in. diameter 
plate (36) were performed at each mois
ture meter test site. The results of 
these tests are summarized in Figure 4 
and Table 1. 

The deflection values represent 
the mean of ten measurements at each 
test site. Measurements were taken 
parallel to the highway centerline at 
each moisture meter station. Hope
fully, the effects of variation in dry 
density and soil composition would be 
minimized by such a procedure, al
though it must be recognized that sta -
tistical variation in these character
istics must be expected. 

In Figure 4 it is interesting to note 
that, in general, there appears to be a 
relationship between soil suction and 
deflection and plate bearing value, with 

a decrease in suction resulting in an increase in deflection or a reduction in plate 
bearing value. It will also be noted that the suction values range from almost zero 
to about 110 psi. 

Labor ator y Inves t igation 

The laboratory investigation involved studies of a glacial till obtained from a land
form similar to that in which the pavement containing the moisture meters was located. 
Both repeated load triaxial compression and soil suction tests were performed on lab
oratory prepared samples of this till to establish the effects of suction on the response 
of this material to repetitive loading. 

Soil-Sampling-The subgrade soil in the test section was a glacial till. For the lab
oratory testing, a fill was obtained from a similar landform (Qu' Appelle moraine); 
mean values of the Atterberg limits and grain-size distribution were determined and 
analyzed on a statistical basis. Results of these tests are given in Table 2. Selected 
samples from the road test site were also analyzed (Table 3) and were found to ap
proximate the mean value of the laboratory soil within a normal level of probability 
(P = 0. 05), as given in Table 4. 

TABLE 2 

MEAN VALUES OF SOIL CHARACTERISTICS OF TILL FROM QU'APPELLE MORAINE* 

Arithmetic Standard 
Coefficient Standard Confidence 

Characteristic Range of Error of Limits 
Mean Deviation Variation Mean at 90;, 

Liquid 38. 2 5,0 20, 1 13 . 1 1, 10 rl.8 
Limit 38. 5 1.3 3. 0 4.4 

Plasticity 20. 2 3,8 15. 7 18. 7 0,8 cJ.4 
Index 21.7 1. 1 3.1 6. 0 

Percent 33. 5 6, 2 22. 0 18. 5 1, 4 c2,3 
Clay 33.3 1.5 4, 0 4. 5 

Percent 39, 7 7.6 30. 5 18. 8 1, 7 c2,8 
Silt 40,0 1,0 2. 0 2 5 

Percent 26,8 9, 5 26,0 35. 6 2. 2 :3, 6 
Sand 26.8 0,8 2,0 3. I 

i<LJpper number== statistics from separate tes ts on 20 random field samples. 
Lower number== 5 random samples from loboratory mixed material. 
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TABLE 3 

MEAN VALUES OF ATTERBERG LIMITS FOR 
TILL FROM HIGHWAY NO. 35 (OUNGRE) 

Characteristic 

Liquid limit 
Plasticity index 

Mean 

39. 5 
21.8 

Standard 
Deviation 

3. 2 
2.6 

Range 

12.4 
8. 9 

C:oe111c1ent 
of Variation 

8, 2 
12.0 

Specimen Preparation-All 
samples for both the repeated load 
triaxial compression and soil suc
tion tests were compacted statically 
in two lifts in 6-in. diameter CBR 
molds. All samples were com
pacted to 109. 6 pcf, which is 100 
percent of the standard AASHO 
density. Specimens for the re
peated load tests were trimmed to 
cylinders 1. 4 in. in diameter by 
3. 0 in. high. 

According to Seed et al (7 ), the method of compaction may affect the properties of 
certain types of clays or silly clays. These investigations suggested that, when such 
soils are compacted at water contents greater than optimum for a particular compac
tive effort, kneading compaction would produce a dispersed soil structure, whereas 
static compaction would produce a flocculated structure. Seed et al found that this 
change in structure caused marked changes in the properties of the particular soil in
vestigated. Olsen and Langfelder (30) found that soil suction characteristics are af
fected by method of compaction, which may have similar significance. The till used 
in the laboratory investigation contained about one-third clay-size particles (smaller 
than 0. 002 mm); therefore, there was a possibility that the structure change phenomenon 
could be significant for this material. 

In Saskatchewan, till is almost invariably compacted during construction at water 
contents dry of optimum. Therefore, if till is structure sensitive, it is generally placed 
with a flocculated structure. Field evidence indicates that, after paving, the water con
tent of the subgrade soil increases (suction decreases). This kind of in situ change in 
soil moisture properties would take place without a structure change, although the vol
ume would increase to some extent. Therefore, in order to simulate field conditions 
over a range of moisture conditions and to preclude the effects of possible structure 
changes, static compaction was used in preparing laboratory specimens. Thus, soil 
properties could be determined without having to account for changes in soil structure. 
Static compaction procedures have the additional advantage of facilitating control of the 
compacted density of the soil. 

Following compaction and trimming, all samples for both repeated load and suction 
tests were coated with paraffin and stored for seven days before testing to minimize 
changes due to thixotropic effects or increases in suction (30, 7 ). 

Repeated Load Triaxial Compression Tests-Seed et al have demonstrated that the 
resilient properties of fine-grained soils are dependent on the stress conditions to 
which they are subjected (5). It is important to select stress conditions for the lab
oratory repeated load triaxial tests which will be representative of those occurring in 
actual pavements. 

Vesic (31) presented evidence to show that the Boussinesq stress distribution would 
appear to be applicable to layered pavements with untreated aggregate base course and 
subbase. This seems reasonable provided the asphalt-concrete is thin relative to the 
total pavement thickness (8 ). However, it should be 
noted that the flexural properties of treated materials 
are considerably different from those of untreated ag
gregate bases. Therefore, when the asphalt-concrete 
layer represents a major part of the pavement thick
ness, or asphalt or portland cement stabilized base 
courses are included in the structure, then a layered 
system analysis is probably required to calculate the 
stress distribution in the structure (8 ). 

In Saskatchewan, the thickness ofasphalt-concrete 
used in pavement structures is generally in the 2- to 
4-in. range. Asphalt or portland cement stabilized 
base courses are rarely used. Furthermore, seal 

TABLE 4 

COMPARISON OF ATTERBERG LIMITS 
BETWEEN TILL FROM HIG!iWAY NO. 35 

(OUNGRE ) AND T ILL FROM 
THE QU'APPELLE MORAINE 

Ch arac teristic Testi1 

Liquid limit 

Plasticity index F 

Statistic 

2. 50 
0. 90 

2. 10 
1.3 0 

1•F ot the 5 percent significance level :: 3, 1; ond tot 
~he 5 percent significance level -= 2.05, 
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coats and asphalt surface treatments are frequently placed over the aggregate bases 
as a temporary pavement surface. Therefore, a Boussinesqstress distribution is prob
ably appropriate for analyzing many Saskatchewan pavements. 

The selection of deviator stress and confining pressure for the repeated load tests 
was based on the design thickness of pavement for this material, according to Saskatch
ewan Department of Highways standards. The conventional thickness based on CBR 
design would be 16 to 18 in. According to Hicks (32), for an 18,000-lb axle dual-wheel 
assembly, the vertical stress would be in the rangel0 to 12 psi, based on a Boussinesq 
stress distribution. 
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Seed et al (5) used a deviator stress 
of 10 psi and a confining pressure of 
3. 5 psi for their resilience tests. Be
cause this represents a close approxi
mation to the stresses expected in till 
under a standard pavement structure, 
and because it would be convenient to 
eventually compare results with those 
obtained by Seed et al, a deviator stress 
of 10 psi and a confining pressure of 
3. 5 psi were utilized for the tests con
ducted in this investigation. It should 
also be noted that deviator stress of this 
magnitude is in the range where the re
silient modulus is relatively unaffected 
by deviator stress (5). 

Tests were conducted at a rate-of
load application of 20 per minute, and 
a duration of application of 0. 25 sec
onds; the frequency and duration also 
correspond to those used by Seed et al (5). 

Typical results of the repeated load 
tests are shown in Figures 5 through 8. 
The shapes of the curves of resilient 
axial strain and total strain vs number 
of stress applications (Figs. 5 and 6) 
are similar to those r eported in other 

investigations (5). From Figures 5 and 6 the data for resilient modulus 2 and coeffi
cient of residual deformation as a function of molding water content shown in Figures 
7 and 8 were obtained. 

Resilient Modulus-The resilient modulus of this material was about 15,000 psi at 
optimum water content (Fig. 7). This was surprisingly high for a material with such 
a high clay and silt content. However, the modulus varied sharply between water con
tents of 12. 5 and 20 percent. 

Residual Deformation-Some measure of residual or permanent deformation was 
desired since it is probably a very significant factor in deformation of road surfaces. 
In order to be able to make comparisons that would be me aningful, a rate of deforma 
tion would be preferred to absolute values of deformation at a particular number of 
applications. 

On all plots of residual strain against number of stress applications, it was found 
that on a semilogarithmic plot (Fig. 6), the deformation between 1,000 and 10,000 ap
plications approximated a straight line. The slope of this line between 1,000 and 
10,000 repetitions was taken to be the desired measure of residual deformations and 
has been termed the coefficient of residual deformation. Values for this coefficient 
are shown in Figure 8. It can be seen that the rate of permanent deformation increases 
rapidly at water contents above optimum. 

Suction Tests-A pressure plate device developed by Langfelder (33 ) and Olsen and 
Langfelder (30) was used as the principal means of measuring soil s uction. This de
vice, constructed at the University of Saskatchewan after the basic design suggested by 
Langfelder, was used because it provided a method of measuring suction directly with-

2Resilient modulus as used herein is defined as: 

Resilient Modulus = Repeated ly Appl ied Deviotor Stress 
Resilient Axial Strain 



out volume changes. The unit was 
equipped with a 0-100 psi pressure 
transducer and a 15-bar air entry 
value ceramic stone. Soil suction 
was also measured on a wetting 
cycle using a pressure membrane 
device. 

The samples for the suction and 
triaxial tests were trimmed from 
the same molded specimens (as 
noted earlier). However, the suc
tion measuring techniques neces
sitated the use of separate samples 
which had not been subjected to the 
repeated loading applied in the tri
axial tests. It is recognized that 
this introduces some uncertainty 
regarding the exact values of suc
tions as they existed in the triaxial 
samples during the r~peated load
ing period. However, because the 
residual strain was less than 1. 0 
percent and the resilient strain was 
less than 0. 42 percent, it is sug
gested that the change in suction 
due to deformation under load was 
relatively small. M o r e o v e r the 
applied deviator stress was approxi
mately 10 percent of the uncon
fined strength at failure for this 
particular soil, thus shear defor
mation was probably insignificant. 
Furthermore, Olsen and Langfelder 
(30) found that the suction in com
pacted clays was primarily depen
dent on water content and to a lesser 
degree d e p e n de n t on changes in 
density. 
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Figure 8. Relationship between coefficient of residual 
deformation and mo I ding water content for laboratory 
compacted specimens of till from Qu'Appelle moraine. 

The axis translation principle was employed in the pressure plate device suggested 
by Langfelder (33). In the test a sample of soil is placed on a saturated porous stone. 
Because the soil is unsaturated, it has a tendency to draw water from the saturated 
stone. As a result, tension develops in the water of the stone, which is detected by the 
transducer. Air pressure is applied to the soil to null the effect of tension developing 
in the water in the stone. The magnitude of the applied pressure is a measure of soil 
suction. 

The results of the suction measurements are summarized in Figures 9 and 10. Fig
ure 9 shows the results of suction measurements performed on samples compacted to 
specific water contents. In general, as the water content at compaction increases the 
suction decreases. 

In a number of instances, field measurements have indicated that after the construc
tion of the pavement the water content of the till used in this study increases; thus, the 
suction would be expected to decrease with time. This phenomenon is difficult to sim -
ulate in the laboratory because volume changes occur as suction (or effective stress) 
decreases. To obtain some indication of differences which might occur because of 
those varying conditions, suction measurements were performed on a sample during a 
drying cycle where volume changes take place. These results are shown in Figure 10. 
Also shown in this figure is the resulting curve through the data points obtained from 
Figure 9. 
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During a wetting cycle, suction values are much less than during a drying cycle (10). 
Thus the values shown for the drying cycle represent an upper limit for suction in this 
material. It should be noted, however, that for the material in the pavement section, 
surcharge pressures reduce volume increases somewhat; the suction changes which 
might be measured during a wetting cycle with the type of apparatus available would 
be less than those which might occur in situ. The relationship shown in Figure 9, there
fore, may be a reasonable representation of that which occurs in-place. 

RELATION BETWEEN SUCTION AND SOIL BEHAVIOR 
IN REPEATED LOADING 

In the previous sections it has been shown that the resilient modulus and residual 
deformation for the till were related to molding water content (Figs. 7 and 8 ). In addi
tion, the relationship between soil suction and molding water content was also estab
lished (Fig. 9 ). Accordingly, it is possible to establish approximate relationships be
tween soil suction and resilient modulus and residual deformation. These relationships 
are shown in Figures 11 and 12. In both figures it will be noted that as the soil suction 
increases beyond about 100 psi the resilient modulus and the coefficient of residual de
formation show comparatively small changes. From these data it would seem reasonable 
to conclude that the influence of effective stress on strength discussed earlier can be 
extended to include resilience and residual deformation characteristics as well. 

SUMMARY AND CONCLUSIONS 

1. The range of values of soil suction during the fall under a representative pave
ment in Saskatchewan was found to be in the range Oto 110 psi; this range can be dupli
cated and measured to a reasonable degree of accuracy in the laboratory. 

2. While the range of values of soil suction found in the field was not great, prop
erties of the till undergo the most significant changes within this range; e.g., resilient 
moduli ranged from 2,000 to 22,000 psi. These variations in modulus and residual de
formation may be of considerable significance in design. Thus, it is apparent that 
realistic design boundaries must be based on changes in soil moisture properties. 

3. The field measurements indicated that the deflection or bearing measurements 
generally corresponded to soil suction measurements. Even though the material and 
regional environment were constant throughout the test section of the road, very large 
variations in surface deflection occurred. These field measurements tend to support 
the experimental evidence from repeated loading triaxial tests. 

4. It is not meaningful to evaluate the engineering properties of any soil unless its 
environment, or soil moisture properties, are specified. For unsaturated soils, there 
is a considerable variation in properties corresponding to changes in soil moisture. 
Consequently, for the design of highway or airport pavements, two sets of boundary 
conditions are required: material changes and significant changes in soil suction. 

5. It would appear possible to duplicate a suitable range in soil environment under 
controlled laboratory conditions. In addition, soil environment in terms of soil suction 
can be measured under existing pavements. However, the difficult task which remains 
is to be able to predict realistic environmental boundaries that will exist under new 
pavements for design purposes. 

In conclusion, it should be recognized that there were several aspects to the field 
and laboratory testing procedures which created some uncertainty regarding the abso
lute values of the measurements taken. However, it is suggested that the results are 
of sufficient accuracy to represent, at least to a first approximation, the range and 
magnitude of values that can be expected in this particular region with this particular 
kind of material. Thus, these data at least demonstrate the significance of evaluating 
the fundamental properties of soils in relationship to their environment under simulated 
traffic loading conditions. In this way procedures for more meaningful evaluations of 
pavement performance and more realistic pavement designs may be possible. 
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Discussion 
CHESTER W. KAPLAR, U. S. Army Cold Regions Research and Engineering Laboratory , 
Hanover, New Hampshire-The importance of intergranul ar stress on the engineering 
properties of soils, such as shear strength and other related engineering characteris
tics, has been well established for some time. The dependence of the compressive 
strength on the moisture content (or pore pressure) has been well documented in the 
literature. The authors have provided an excellent list of references to relevant recent 
work in this area. Therefore, it is not too surprising that the authors have observed 
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that certain other behavioral characteristics of a glacial till are affected, i.e., resilience 
and residual deformation, by changes in soil moisture content. 

The important point which the authors bring out from this study is that "variations 
in modulus and residual deformation may be of considerable significance in design. 
Thus, it is apparent that realistic design boundaries must be based on changes in soil 
moisture properties." 

Undeniably it would be advantageous to be able to benefit from any increase in strength 
or other soil property due to reduction in moisture content. Unfortunately the highway 
designer/engineer does not have any control over the seasonal variations of moisture 
content of a soil. Normally, compacted tills and road bases are placed at optimum 
water content to obtain the desired compaction and stability upon which the design is 
based. From then on the moisture changes are dependent on the environmental, cli
matological, meteorological, and various geographical factors peculiar to a region. In 
many areas, rather wide fluctuations of groundwater and moisture may occur seasonally. 
Because a chain is only as strong as its weakest link, it is obvious that design must con
sider this even though it might occur during a small percentage of the time annually, as 
in northern areas during the frost-melting period. Restrictions on traffic loads are 
commonly used during such periods to prevent pavement damage where design is not 
adequate. It is difficult to see how a designer can take advantage of improved soil con
ditions resulting from periodic moisture content decreases during portions of the year. 

E. K. SAUER and C. L. MONISMITH, Closure-The discussion by C. W. Kaplar suggests 
that the basic intention of this paper requires some clarification Essentially, the pur
pose of this investigation was to examine the behavior of a glacial till in repeated load
ing under field environmental conditions. Specifically, the load deflection properties 
under a set of stress conditions similar to those expected in the highway subgrade were 
investigated. These properties were considered over a range of conditions that actually 
existed in the field at a particular location where regional environment and geological 
factors were constant. 

Generally, design procedures presently used for pavement structures do not consider 
a range of environmental conditions but rather a specific set of conditions that have 
been empirically related to pavement performance. Consequently, an important factor 
is omitted in these design procedures. 

It is true that "a chain is only as strong as its weakest link" as Mr. Kaplar suggests, 
and certainly this is a net result of present pavement design procedures, even though 
they are not based on any fundamental numerical relationship to this factor. However, 
we should be hopeful that improved design procedures can be developed that are based 
on the stress system and soil properties in fundamental terms rather than simply on 
empirical correlations. Furthermore, if evaluation of pavement performance is to be 
at all meaningful some measure of soil environment must be considered as part of the 
analysis. This investigation attempted to establish the importance of this concept and 
the principles required to work on a more fundamental basis. 

It was not the intention of the authors to suggest that engineers have any control 
over seasonal factors or take advantage of "improved soil moisture conditions result
ing from moisture content decreases during portions of the year." Furthermore, this 
possibility was not stated at any point in this paper. 

In conclusion, it is questionable that the present designs consider thawing of sub
grade or base-course materials in any numerical or fundamental way. In fact, rec
ognition of regional environment is based generally on local experience rather than on 
measurements of soil moisture properties. Finally, recognition of local or microen
vironment is rarely, if ever, considered in pavement designs, and, as this investigation 
showed, the variations in microenvironment are at least as significant mechanically as 
variations in regional environment. 



Underclay Development Beneath 
Asphalt Roads in Kansas 
CARL F. CRUMPTON, Kansas State Highway Commission, and 
WILLIAM A. BADGLEY, U.S. Department of Agriculture 

Loessial subgrade materials in contact with asphalt road sur
faces in Kansas are undergoing changes in structure, color, 
and amount 00<2-µ clay. Structure is changing from massive 
or single grain to weak subangular blocky. Color is changing 
from a pale brown (lOYR %) or light brownish gray (lOYR ¼) 
to a green or olive green that is usually a 5y hue in the olive 
gray range, but the colors appear green to the eye. The amount 
of <2- µ clay is increasing. 

The changes are caused by microorganisms utilizing the 
asphalt as an energy source. Reducing conditions are set up 
at the soil-asphalt interface by the actions of the microorga
nisms where the supply of air and oxygen is limited. This 
results in a gley or "underclay" development in the upper few 
inches of subgrade soil. Montmorillonite clay is developing 
from primary minerals in this zone. Kaolinite is improving 
in crystallinity in this horizon. Oxidizing microenvironments 
in a reducing macroenvironmentprobably accounts for the im
provement of kaolinite crystallinity under conditions that favor 
the formation of montmorillonite. Differences in properties 
of subgrade materials between failed and adjacent non-failed 
sections of roadway are not great. Oxygen uptake rates, how
ever, show that failing sections of road have high oxidative 
action of microorganisms compared to non-failing sections. 

•DURING field studies of asphalt road failures associated with loess in north-central 
Kansas, a thin layer of green or bluish green, plastic, clayey material was observed in 
the pavement subgrade just below the asphalt mat at failing locations. The green ma
terial graded downward through a dark tan zone into Peoria loess and after exposure to 
air gradually faded to the color of the Peoria loess. Occasionally the green color was 
faint but the dark tan material was th~n more prominent. The green material often 
contained calcium carbonate nodules the same size and shape as the calcium carbonate 
nodules present in the Peoria loess. These factors could mean that the green horizon 
was derived from the Peoria loess which mantled the entire area. On the other hand 
the green material was more plastic than the Peoria loess, which exhibited a massive 
or single-grain structure, whereas the structure of the green material was weak sub
angular blocky. These factors indicated that the green material was perhaps not derived 
from the Peoria loess or had changed in certain properties from the loess. The green 
plastic material was found only under failed sections of bituminous roads, which might 
mean that this material was a cause of the failures. 

In this study we attempted to determine (a) if the green material was derived from 
the Peoria loess, and (b) if the green material was causing the failures. To investigate 
these problems we studied the subgrade material under many failed and adjacent non-
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failed sections of asphalt roads. Cut sections of roadway located entirely in Peoria 
loess provided the study sites. Samples were obtained from the green horizon (usually 
not more than 0. 3 ft thick) at failed sections of roadway. The horizon from 0. 3 to 0. 6 
ft below the base of the mat was sampled at each location and is referred to as tan 
material in this report. Samples of Peoria loess were obtained from depths of 1. 0 to 
1. 5 ft and from 1 to 3 ft lower. Samples were also obtained from the Peoria loess in 
the highway backslopes at the same elevation as the green horizon under the mat. A 
second series of samples was collected from the subgrade of a non-failed section of 
roadway a few feet from the failed section. These samples were collected from the 
same depths below the asphalt mat as the samples from below the failed roadway. 

Field and laboratory studies consisted of the following: 

1. Structure (as defined in Soil Survey Manual (28)); 
2. Color (Munsell soil color chart); -
3. , Mat and subgrade temperature (metal sheathed thermometer); 
4. Mechanical analysis (hydrometer method of Bouyoucos (3), following the sedimen

tation times recommended by the Bureau of Reclamation in Earth Manual (9 )); 
5. pH (hydrogen ion meter using a 1 :1 loess-water mixture and 1/a-hour tempering 

time); 
6. Microscopic study (oil immersion and Lakeside 70 techniques); 
7. Glycerol retention (techniques described by Kinter and Diamond (22)); and, 
8. Clay mineralogy (X-ray diffraction using standard techniques). -

RESULTS OF INVESTIGATION 

Structure 

The structure studies verified earlier observations. The green material found just 
under the asphalt mat had a weak subangular blocky structure with the individual peds 
approximating 5 to 10 mm in size. The Peoria loess exhibited a massive or single
grain structure. Small rounded calcium carbonate nodules were often found in the 
green material; when found there, nodules of the same size and appearance were also 
present in the tan zone and in the Peoria loess below. 

Color 

In contrast to our early observations, not all failed locations exhibited greenish 
colors and faint mottling was observed at some locations. Furthermore, some non
failed locations had greenish colors; therefore, the role in producing failures is uncer
tain. The green material was usually of such a color that it did not match the color 
chart. The nearest matching colors were usually of a 5y hue in the olive gray range. 
The color of the Peoria loess was normally a pale brown (lOYR %). The green 
material faded to this color after exposure to air. 

Inasmuch as the green material lost its green color upon exposure to air, it was 
thought that it might be in a reduced state. The use of the Hoffer test described by, 
Jackson (18) verified that the soluble iron in the green material was reduced. All 
fresh samples that exhibited a green or blue green color reacted with the acid potas
sium ferricyanide and produced Turnbull's blue color. 

The change in color from green to pale brown upon exposure to air was due to 
oxidation of the iron to the ferric state. From this we deduced that the green material 
was formed essentially the same as a G-horizon soil. The Soil Survey Manual (28) 
describes a G-horizon as follows: "This is a layer of intense reduction, characterized 
by ferrous iron and neutral gray colors that commonly change to brown upon exposure 
to the air. It is a characteristic horizon in soils developed wholly or partly by gleying. 
The process involves saturation of the soil with water for long periods in the presence 
of organic matter." Referring to the colors of the G-horizon the manual further states: 
"Some G-horizons have olive colors-a few too nearly green for the standard color 
chart." 
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Inasmuch as the color of the green material was due to the reduction of iron, it 
seemed even more reasonable that the green material was developed from the Peoria 
loess. In order to study this possibility further, petrographic microscope studies 
were made of the fine sand fraction of both the Peoria loess and the green material. 

Microscopic Analysis 

The minus 250 plus 300 mesh fraction of both the green material and Peoria loess 
contained an average of 40 percent quartz and 44 percent feldspars. Both horizons 
contained about 7 percent volcanic ash shards and 3 percent each of hornblende and 
chalcedony. Both materials contained small amounts of plant opal (2). Each material 
also contained minor amounts of muscovite, biotite, epidote, chlorite, tourmaline, 
zircon, tremolite, garnet, and magnetite. 

The microscopic studies verified the field observations that the green material was 
developed from the Peoria loess. The mineral content, the amount and character of 
plant opal and volcanic ash in the two materials was the same. 

Hydr ometer Analys is 

Hydrometer analysis revealed that the green material just under the mat contained 
more clay than the Peoria loess from which it developed. The amount of clay <2-µ in 
size in the green material averaged 33 percent. The range of the clay fraction in the 
green material was 27 to 39 percent. The Peoria loess samples from 1 ft or more 
below the asphalt road, and from the highway backslopes had an average of 23 percent 
clay with a range of 20 to 27 percent clay. Table 1 gives the clay content of samples. 

TABLE 1 

CLAY CONTENT (<2-µ) TYPICAL OF SAMPLES TAKEN DURING STUDY 

Horizon Sample Percent Sample Percent Sample Percent 
No . Clay No. Clay No, Clay 

Green 136 34. 6 152 33,4 157 39.4 
Tan 137 30.6 153 34.0 158 36.0 
Peoria 138 25.6 154 20.4 159 24.0 
Peoria 140 26. 0 156 22.6 161 24.4 

Green 186 32. 4 217 27. 6 222 32. 6 
Tan 187 28.4 218 23,6 _a 

Peoria 188 23 . 2 219 21.0 223 24. 6 
Peoria 189 21. 2 221 21. 6 225 25.6 

Green 251 34.4 267 27. 4 283 29.4 
Tan 252 32.0 268 23,0 284 26.6 
Peoria 254 22. 0 269 23.0 285 22.6 
Peoria 255 22.0 271 22.0 287 23.4 

Green 315 31. 2 331 35. 6 419 30.4 
Tan 316 29 . 4 332 28. 2 420 24.8 
Peoria 317 26.2 334 22.6 421 21. 8 
Peoria 319 27. 4 343 22.6 422 22.8 

Green 259 30.4 411 29.6 
Tan 260 27 . 4 412 25.6 
Peoria 262 22.4 413 22.4 
Peoria 263 23. 4 414 21. 4 

0
Green and ton sampled together due to the thinness of each layer. 

All samples shown in the table were obtained from foiled sections of roadway except 
samples in the sequence 259 to 263 and 411 to 414, which were taken from below non-
failed sections of asphalt rood. 

In comparing the clay contents of the horizons one should read downward in each group 
of four samples. Backslope samples from the Peoria loess at the same elevation as the 
green horizon had clay contents nearly the some as the Peoria loess samples taken a foot 
or more below the mot. 



GREEN 0.0-0.3
1 

2 5 10 15 20 25 
DEGREES 2 0 

G-R 
% 

7.6 

:o,,5.6 

5.6 

30 

Figure 1. X-ray diffractograms representative 
of the clays from the horizons studied. 
The average glycerol retention values 
representative of the some horizons 
ore shown at the right. 
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Clay Mineral Composition 

X-ray diffractograms of oriented slides 
of the clay fraction revealed that all of the 
samples contained primarily montmoril -
lonite and lesser amounts of illite and 
kaolinite. Figure 1 shows typical X-ray 
patterns of clays from the green horizon, 
the tan material immediately below, and 
the Peoria loess. The relative percent
ages of the clay minerals present were 
calculated by measuring the areas bounded 
by the X-ray curve and the background 
base line. The areas enclosed under the 
001 peaks of montmorillonite, illite, and 
kaolinite were compared on a 4 :1 :1 basis. 
The values obtained were then multiplied 
by the amount of <2-µ, clay. The results 
showed 27 percent montmorillonite in the 
green horizon but an average of only 17 
percent montmorillonite in the Peoria 
loess. The illite type of clay found in 
both the green material and the Peoria 
loess was 4 percent. Both the green 
material and the Peoria loess contained 
an average of 2 percent kaolinite. 

The <2-µ, clay was subfractionated into 
coarse, medium, and fine sizes by the 
supercentrifuge method (17 ). Iron chlorite 
was present in minor quantities in the fine 
clay fraction along with montmorillonite. 

No other clays were found that had not already been identified in the unfractionated 
clay. 

Iron chlorite was differentiated from kaolinite by X-ray diffraction methods after a 
combination of heating (10) and treatment with warm hydrochloric acid (5), and by in
frared spectrophotometer and electron microscope techniques. The chlorite X-ray 
peaks were destroyed by heating to 450 C, and by acid treatment as well. Kaolinite 
X-ray peaks were not affected by the acid treatment. The kaolinite X-ray reflections 
in samples of the Peoria loess disappeared or degraded considerably after being heated 
to 450 C for one-half hour. This was interpreted to mean that the kaolinite in the loess 
was rather poorly crystalline. Samples of the green material collected from just under 
the mat did not show a loss of kaolinite X-ray reflections even when heated to above 
500 C. We interpreted this to mean that the kaolinite in the green zone just under the 
asphalt mat exhibited a higher degree of crystal perfection that the kaolinite in the 
Peoria loess from which it was derived. 

Glycerol Retention 

The glycerol retained per gram of dry soil averaged 7.6 percent for the green 
material and only 5. 6 percent for the Peoria loess. In fact, the glycerol retention 
values varied in much the same way as did the montmorillonite 001 X-ray reflection; 
as the area of the main montmorillonite X-ray peak increased, the glycerol retention 
values also increased (Fig. 1). 

The green horizon and the Peoria loess were both basic; pH was between 7.1 and 
8.2 and averaged 7.5 for all samples. The dark tan horizon (0.3 to 0.6 ft) just below 
the green material sometimes had a lower pH than either the green material or the 
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Peoria loess from greater depths. 
The dark tan horizon occasionally 
had a pH as low as 6.6, but it was 
usually above 7. 0. 

Temperature 

On a day when the air tempera -
ture was predicted to reach 100 F, 

Not Failing we measured the mat and subgrade -- -____ - - - - - - temperature periodically through--- - -- out the day. The sky was clear 
and the sun was bright. I 2 3 

TIME IN HOURS 
Figure 2. Oxygen uptake rate (per gram of soil) showing 
high oxidative action in soi Is under failing asph,Jlt 
roads (14). 

The air temperature at 10 a. m. 
was 9 5 F. At this same time the 
top inch of asphalt pavement had a 
temper ature of 97. 5 deg. The top 
of the green material in contact 
with the base of the asphalt mat 
and the bottom of the green horizon 

0. 3 ft lower were each 90 deg. The Peoria loess 0. 5 ft below the base of the mat and 
1.0 ft below the mat was 85 deg. 

At 12 :30 p. m. the air temperature had reached 110 deg. The asphalt in the upper 
part of the road surface had increased to 112 deg. The soil temperature in contact 
with the base of the mat had increased to 9 5 deg. The lower zones had not changed 
temperature but remained at 90 and 85 deg respectively. 

At 4:30 p. m. the air temperature was 98 deg. The temperature of the upper sur
face of the asphalt mat was 100 deg. The temperature at the soil-asphalt interface 
was 115 deg. The temperatures 0.3 ft and 0. 5 ft below the base of the mat were 100 
and 9 5 deg respectively. At 1 ft the temperature was still 8 5 deg. 

Bacteria Studies 

High populations of bacteria such as Pseudomonas, Micrococcus, Flavobacterium, 
and Mycobacterium, which are capable of utilizing asphalt as a source of energy, were 
found at the soil-asphalt interface (15). An attempt was made to evaluate the role of 
the bacteria in asphalt road deterioration, but comparisons between failing and non
failing road sections were inconclusive. Harris (14) made a limited number of oxygen 
uptake tests. Figure 2 shows high oxidative action associated with soils under failing 
and low rates under stable asphalt road sections. It is possible that these results are 
merely fortuitous and that too few samples were studied to give a true result. It may 
also be possible that even though equally high bacterial populations were found at both 
failed and non-failed locations, the failed locations produced more active microorga
nisms. Thus, high bacterial activity may somehow be related to some failures in 
asphalt mats. 

SUMMARY AND DISCUSSION 

Microscopic studies and field relationships have shown that the plastic green material 
found occasionally at the base of the asphalt roads in the loess areas of north-central 
Kansas was a reduced horizon or gley derived from the Peoria loess. The clay content 
of the green horizon increased to 33 percent from an average of 23 percent in the 
Peoria loess. The increase in clay represented an increase in montmorillonite. Struc
ture changed from single grain or massive to weak subangular blocky. High populations 
of bacteria capable of utilizing asphalt as an energy source were found at the soil as
phalt interface. 

Gleying usually involves saturation of the soil with water for long periods of time in 
the presence of organic matter. The asphalt mat would provide the necessary organic 
matter, but the green horizon lacked from 0. 5 to 4 percent of the necessary moisture 



29 

for complete saturation. Adams (1), however, reported that a change in soil color and 
reduced conditions could be obtained without saturation with water. 

Several authors have reported that bacteria readily utilize asphalt as a growth 
medium and destroy asphalt fractions in the process (6, 11, 15, 20, 31). Little has been 
published about the possible rapid changes in soil minerals that are in contact with 
asphalt roads during the degradation of the asphalt by bacteria. 

Senstius (26), in discussing climax forms of rock-weathering, states that in a 
"perhumid" environment, where an adequate supply of air and oxygen is lacking, mi
croorganisms cause many mineral compounds to undergo reduction. A mixture of 
these reduced substances produces the characteristic greenish and bluish or steel-gray 
color of subaqueous soils, known by the Russian name of gley. Senstius further states 
that the "underclay" of coal deposits is nothing else but a fossil of gley. 

In the present study the presence of hydrocarbon-utilizing bacteria, a change in color 
from pale brown to green, the existence of reduced conditions, and an increase in clay 
content are factors that indicate that an "underclay" is forming in the material just 
under the asphalt mat. It is postulated that the soil bacteria utilize the asphalt as an 
energy source and that the conditions established during this process cause an altera
tion of some non-clay minerals to montmorillonite. 

According to Keller (21) the following conditions are considered ideal for the forma
tion of montmorillonite: \a) evaporation exceeding precipitation (semiaridity, soils of 
western United States), or (b) stagnant water and poor leaching or standing water, (c) 
alkaline conditions, (d) Fe++ remaining in system, and (e) silicates susceptible to 
alteration like ash. The retention of Ca and Mg along with high contents of silica is 
also considered necessary. Conditions similar to (b), (c), (d), and (e) were present at 
the soil-asphalt interface where the green colors were observed. In addition to volcanic 
ash several other minerals such as calcite, hornblende, biotite, chlorite, and feldspars, 
which are low in Jackson's (19) weathering sequence, were present. 

The conditions present atthe soil asphalt-interface, while favorable for the forma
tion of montmorillonite, are the opposite of those normally considered optimum for the 
formation of kaolinite, yet there is evidence that the kaolinite in the same horizon is 
undergoing an improvement in crystallinity. It is not certain that the same conditions 
required for the formation of a particular clay are also necessary to improve the or
ganization or crystallinity of that clay. Keller (21) suggested that it is possible that the 
energy necessary for the reconstitution of a "degraded" mineral may be inherited from 
the relict lattice of the mineral itself. Keller also states that oxidizing conditions 
favor the formation of kaolinite but that reducing conditions are not incompatible with 
kaolinization. 

Harris (12) stated that the soils in backfilled pipeline trenches contained both aerobic 
and anaerobic microenvironments within a small space in the soil. Harris (13) reported 
the occurrence of mottled clays representing local aerobic areas in an otherwise an
aerobic environment. Faint mottling of some of the samples from directly under the 
asphalt mat in the present study indicates conditions similar to those described by 
Harris. Microenvironments exist where kaolinization can occur under oxidizing con
ditions, while montmorillonite can form under reducing conditions. The gross or 
macro climate observed for the green zone, however, was one of reduction, which would 
explain the more prevalent formation of montmorillonite. 

Weaver (32) indicated that it is possible to differentiate between montmorillonites 
formed from-micaceous minerals and those formed as a by-product of volcanic ash 
devitrification. Samples of the clay fraction from the green material and from the 
Peoria loess were treated with KOH, following the method described by Weaver. This 
test indicated that both micaceous and non-micaceous minerals contributed to the for
mation of the montmorillonite in the green horizon and the Peoria loess. 

The petrographic studies revealed that the green material and the Peoria loess were 
the same. This would at first seem to indicate that nothing had altered to form mont
morillonite. In making the petrographic comparisons the fine sand fraction >50- µ in 
size was used, whereas the hydrometer analysis indicated that it was the 37- to 5-µ 
silt material that was reduced in amount proportional to the increase in the clay 
fraction. 
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Statistical petrographic studies of the 37- to 5- µ fraction have not been made. 
The mineral content of a few samples of the green material and unaltered Peoria 
loess have been compared in the 37- to 5-µ range. In these limited studies it was 
found that the albite, andesine, muscovite, biotite, and voicanic ash contents of the green 
samples were notably lower than in the Peoria loess samples. This would tend to 
verify that the montmorillonite was derived from both micaceous and non-micaceous 
minerals. 

The idea of rapid alteration of primary minerals to clay minerals or the alteration 
of one clay mineral to another at low temperatures and pressures is rather recent 
among mineralogists, geologists, and soil scientists. Laboratory experiments and 
field studies, however, have shown that such an alteration is possible (4, 7, 8, 16, 23, 
24, 2G, 27, 29). - - - - -
- Winterkorn (33) reported a color change from brown to blue, a reduction of ferric 
compounds to theferro state, and an accompanying change in the physical properties 
in a slurry of a homoionic Ca-modification of Putnam soil. Laboratory experiments 
indicated that the Ca-ion stimulated the growth and activity of anaerobic bacteria, 
which reduced the iron compounds while oxidizing the organic matter in the soil. Loss 
of organic matter and the presence of ferro-ions changed the physical properties of 
the soil. Winterkorn suggested that a decrease in stability of earth fills containing 
compacted surface soils, which have given trouble on old roads in Missouri, is probably 
due to some such bacterial action. 

The reduced green horizon in the present study was usually found associated with 
calcium carbonate nodules in the Cea horizon of the loess. The montmorillonite clay 
was a calcium modification. Thus it is likely that the calcium present in the loess 
could stimulate the growth and activity of the bacteria present at the soil-asphalt 
interface. 

At present we do not know how much time is needed for a measurable clay increase 
to occur at the base of an asphalt mat. It is known that the asphalt roads studied in 
this investigation were surfaced from 10 to 20 years prior to the time of sampling. 
We have not definitely established that the development of a gley or "underclay" 
beneath asphalt roads produces failures. There was little consistent difference in 
the properties of the subgrade material found under failed and adjacent non-failed 
areas of roadway. Of the 14 locations mentioned in this report, however, 12 reduced 
zones were associated with road failures and only two were not. This is about the 
ratio that we have noted throughout the study, but the relationship is not 100 percent. 
Furthermore, failures were observed that did not have a reduced horizon at the base 
of the asphalt mat. 

It is probable that the type of asphalt and the type of montmorillonite as well as the 
type of bacteria are important in the montmorillonite-asphalt-microorganism relation
ship. It has been observed that certain montmorillonite soils and shales in areas of 
western Kansas sometimes have an Wldesirable effect on asphalt and road oils, re
sulting in what is termed as "killing" of the oils or asphalt. "Asphalt rot" is another 
term commonly used by maintenance men to describe certain types of deteriorated 
asphalt roads with a characteristic putrid odor. Asphalt roads exhibiting severe 
"asphalt rot" usually have all the symptoms of bacterial decay of the asphalt and signs 
of underclay development beneath the road. 

If a serious problem does exist, however, one solution would be to use granular 
material under the asphalt mat. The thickness of the granular material would not 
have to be great for the purpose of reducing the bacterial action. We observed that 
where only an inch or two of crushed stone or sand gravel was present under the 
asphalt mat, no evidence of underclay formation or reduced condition was found. A 
second alternative, which involves the use of chlorinated asphalt, has been suggested 
by Ben Burgess (personal communication) who has incorporated pentachlorophenol in 
asphalt in Montana to inhibit growth of microorganisms. Coal tar roads should be 
essentially immune to the problem. The studies of Harris (14) indicated that the soil 
bacteria of the type present under Kansas asphalt pavementsdo not readily utilize 
coal tar. 
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Since the completion of the field studies connected with the work contained in this 
report, attempts have been made to establish an accelerated alteration of minerals to 
clay in our laboratory. The laboratory experiments, however, generally produced a 
reverse of the situation noted in the field where montmorillonite had apparently in
creased. Studies in the laboratory were made using glucose or gelatine as an energy 
source for the bacteria. A slurry of loess and water was prepared and one of the 
energy sources added without mineral salts. The color of the slurry usually changed 
from tan to gray in a short time. Iron was reduced from ferric to the ferrous state in 
a few days. Sterile controls did not change color or state of iron. The pH of the 
glucose-treated samples lowered to the acid sides, whereas the pH of the gelatine
treated samples remained high on the alkaline side. 

X-ray diffractograms were made of oriented slides of the clay fraction from the 
samples after two weeks. The montmorillonite basal peak was weak or nearly absent 
from the X-ray pattern of the treated samples. The illite and kaolinite peaks were 
the same as in the untreated samples. At the end of three weeks, the montmorillonite 
peak was often entirely absent. The intensity of the illite and kaolinite peaks remained 
unchanged. After standing for 8 to 12 weeks in the treated slurry, the montmorillonite 
peak began to reappear in the oriented slide X-ray patterns. At the end of 8 months 
the montmorillonite peak appeared about as intense as in the original untreated ma
terial (Fig. 3). It is possible that after several years the montmorillonite peak may 
become even more intense than originally. The loss of the montmorillonite X-ray 
reflection was even more pronounced when the finer than 0.08-µ fraction of the 
loess clay was treated with gelatine in the presence of bacteria (Fig. 4). 

We are not yet certain what is causing the apparent loss of montmorillonite from the 
oriented X-ray patterns. At the end of 2 weeks time the montmorillonite peak was very 
similar to the montmorillonite found in A horizon soils. Sterile controls treated with 

either gelatine or glucose produced a similar 
X-ray pattern after 2 weeks' time. However, the 
sterile control samples did not show a further loss 
of montmorillonite at longer time, whereas the 
samples containing bacteria often revealed a com
plete loss ofmontmorillonite from the X-ray pat
tern. Therefore, the bacteria must alter the 
organic matter or montmorillonite or both. 

The low X-ray intensity of the montmoril
lonite peaks produced by organic-treated sterile 
control samples suggests that organic matter 
may influence the intensity of the montmoril
lonite peaks in A horizon soils. The mont
morillonite reflection in this soil horizon is 
usually of low intensity and quite broad. Stan
dard peroxide treatment would not necessarily 
oxidize the organic matter. Taylor (30) found 
that the <2-µ clay fraction of soil treated for 
120 hours in 30 percent hydrogen peroxide still 
contained 0.42 percent carbon. Our studies 
also indicate that when the organic matter be
comes attached to the montmorillonite clay, it 
is often quite resistant to oxidation by hydrogen 
peroxide. 

2 5 10 15 20 25 30 The loss of intensity in the montmorillonite 
peak may be only a matter of aggregation and 
loss of orientation in the oriented slide X-ray 
pattern. However, the orientation of the illite 
and kaolinite peaks is apparently not affected 
by the organic matter. Another possible ex-

DEGREES 2 9 

Figure 3. X-ray diffractograms of the < 2-/.l 
clay fraction from clayey loess showing 
effect of treatment with ge la tine and 
bacteria at the end of 2, 3, and 12 
weeks, and 8 months. 

planation is that the organic matter becomes 
adsorbed to the external surfaces of the mont-
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8 WEEKS 

3 WEEKS ________ ,.. __ . __ ... __ 

2 5 10 15 20 25 30 

DEGREES 2 9 

Figure 4. X-ray diffractograms of the <0.08-µ 
clay fraction from the loess showing the 
nearly complete loss of clay X-ray peaks 
3 weeks after treatment with gelatine 
and bacteria and the recurrence of 
the X-ray peaks after 8 weeks and 
8 months. 

morillonite particles and thereby masks 
them from the X-ray beam. A thick 
enough layer of organic material may be 
adsorbed so that the intensity of the dif
fracted X-ray beam is lowered. A third 
possibility may be that the organic matter 
expands the montmorillonite lattice enough 
so that the entire 001 reflection is hidden 
in the area of the main X-ray beam. At 
the present time, it seems that the mask
ing of the montmorillonite by the organic 
matter best fits the experimental data. 
However, two or possibly all three pro
cesses may be involved. 

The laboratory studies indicate that 
calcium is released from the exchange 
position of the bacteria-treated clays. 
The calcium reacts with CO2 produced 
in the system and forms calcite. An in
crease in calcite was noted particularly 
in samples in which the clay fraction only 
was treated with protein in the presence 
of soil bacteria. Quartz sometimes in
creased in these samples as well as calcite, 
and occasionally very tiny doubly ter
minated quartz crystals were observed 
in the treated clay matrix. 

In another study finely ground biotite ( -200 mesh) was innoculated with bacteria 
from the loess soil and a mixture of glucose and gelatine added as an energy source. 
After standing six months, the sample was vacuum filtered and washed over a Whatman 
nwnber 42 filter paper. The material caught on the filter paper contained several 
rounded nodules of silica. Some of the silica nodules were the size of small peas and 
far larger than any material placed in the plastic jars. No apparent solid material 
was present in the clear colorless filtrate. 

After standing in a plastic bottle for a year, the originally clear and colorless 
filtrate from the treated biotite sample had turned brownish in color and a brownish 
sediment was covering the bottom of the container. X-ray and microscope studies of 
this material revealed that it was biotite. The origin of the biotite is uncertain, but it 
is believed that it did not pass through the filter paper as solid particles. It is felt 
that the biotite was reconstituted from a liquid solution containing all of the necessary 
ions. The biotite flakes observed with a petrographic microscope, however, were 
noted to be small aggregates of smaller particles. Dekeyser (8) reported a similar 
recurrence of biotite, possibly forming from solutions containing the necessary ions. 
Boyle (4) found that acid extracts of biotite were chemically the same as biotite, except 
for a higher iron and aluminwn content. 

Studies utilizing asphalt as an energy source for bacterial growth were more dif
ficult to conduct. The clay fraction of asphalt-treated samples was difficult to obtain. 
MC-0 asphalt was used in the initial studies because of its fluidity at room termpera
ture. This was not the same type of asphalt that had been used in the roads under 
study. However, a limited amount of data using asphalt as an energy source has been 
obtained. The asphalt-treated samples in the presence of bacteria were noted to ex
hibit the greatest apparent change in physical properties. Samples of Peoria loP.ss 
treated with 2 to 5 percent MC-0 asphalt doubled in plasticity index values compared 
to the untreated samples. The liquid limit and plastic limit of these samples both in
creased, but the greatest increase was in the liquid limit. The X-ray diffraction pat
tern of the clay fraction of the asphalt-treated samples revealed a montmorillonite 
001 peak that was sharper and slightly more intense than the untreated samples. The 
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kaolinite and illite peaks were apparently unchanged. No data are yet available on what 
happens to the montmorillonite X-ray peak of the aspahlt-treated samples with longer 
time lapse. 

ACKNOWLEDGMENTS 

The work reported here was financed in part by Highway Planning Survey and 
Research funds under the State- Federal Program. Grateful appreciation is extended 
to John 0. Harris, Bacterial Physiologist, Kansas State University, for his aid in con
ducting bacterial studies associated with phases of this work. Appreciation is also 
extended to Mrs. Fredonia Bowling of the Soils Testing Laboratory at Kansas State 
University for her aid in making the pH measurements. 

REFERENCES 

1. Adams , R. S., Jr. Some of the Effects of Natural Gas Upon the Physical Chemical 
Properties of the Soil. Unpublished MS thesis, Kansas state Univ., 1959. 
(Published in part in Soil Sci. Soc. Am. Proc., Vol. 24, pp. 41-44, 1960). 

2. Beavers, A. H., and Stephen, L Some Features of the Distribution of Plant-Opal in 
Illinois Soils. Soil Sci., Vol. 86, pp. 1-5, 1953. 

3. Bouyoucos, G. H. Directions for Making Mechanical Analysis of Soils by the Hy
drometer Method. Soil Sci., Vol. 42, No. 3, 1936. 

4. Boyle, J. R., and Voight, G. K. Biotite Flakes: Alteration by Checmical and 
Biological Treatment. Science, Vol. 155, No. 3759, pp. 193-195, 1967. 

5. Brindley, G. W. X-Ray Identification and Crystal structures of Clay Minerals . 
The Miner. Soc. (Clay Minerals Group), Taylor and Frances, London, 1951. 

6. Burgess, S. J. The Action of Microorganisms on Petroleum Asphalt Fractions. 
HRB Bull 118, pp. 27-48, 1956. 

7. Caillere, S., and Henin, S. Formation of a Phyllite of the Kaolinite Type by Treat
ment of Montmorillonite. Compt. Rend., Vol. 224, pp. 53-55, 1947. 

8. Dekeyser, W. Clay Minerals Research in Belgium. Clays and Clay Minerals, 
Proc. Fourth Nat. Conf., NAS-NRC Puhl. 456, pp. 159-160, 1956. 

9. Earth Manual. U.S. Bureau of Reclamation, Revised Tentative Edition, pp. 163-
169, 1958. 

10. Grim, R. E., and Johns, W. D. Clay Mineral Investigation of Sediments in the 
Northern Gulf of Mexico. Clays and Clay Minerals, Proc. Second Nat. Clay Conf., 
NAS-NRC Puhl. 327, pp. 81-103, 1954. 

11. Harris, J. 0. Bacterial Activity at the Bottom of Back-Filled Pipeline Ditches. 
Corrosion, Vol. 16, pp. 131-136, 1960. 

12. Harris, J. 0. Bacteria and Pipeline Corrosion. Paper presented at the American 
Gas Association Combined Distribution Production Conference, Philadelphia, 
Pa., May 1961. 

13. Harris, J. 0. Microbiological Studies Reveal Significant Factors in Oil and Gas 
Pipeline Back-Filled Ditches. Kansas State University Tech. Bull. 135, 1963. 

14. Harris, J. 0. Bacterial-Environmental Interactions in Corrosion on Pipelines: 
Ecological Analysis. Corrosion, Vol. 20, No. 11, pp. 335-340, 1964. 

15. Harris, J. 0., Kline, R. M., and Crumpton, C. F. A Study of the Presence of Hy
drocarbon Utilizing Bacteria at the Soil Asphalt Interface of Kansas Highways. 
Kansas Acad. of Sci. Trans., Vol. 59, No. 4, pp. 495-499, 1956. 

16. Henin, S. Synthesis of Clay Minerals at Low Temperatu1·es. Clays and Clay 
Minerals, Proc. Fourth Nat. Clay Conf. , NAS-NRC Publ. 456, pp. 54-60, 1956. 

17. Jackson, M. L. Soil Analysis, Chemical and Physicochemical Methods . Univ. of 
Wis. Agr. Exp. Sta., Madison, 1950. 

18. Jackson, M. L. Soil Chemical Analysis. Prentice Hall, Englewood Cliffs, New 
Jersey, 1958. 

19. Jackson, M. L., Tyler, S. A., Willis, A. L., Borbeau, G. A., and Pennington, R. P. 
Weathering Sequence of Clay-Size Minerals in Soils and Sediments. Jour. 
Phys. Coll. Chem., Vol. 52, pp. 1237-1260, 1948. 



34 

20. Johnson, M. J. Growth of Microbial Cells on Hydrocarbons. Science, Vol. 155, 
No. 3769, pp. 1515- 1519, 1967. 

21. Keller, W. D. The Principles of Chemical Weathering. Lucas Brothers, Columbia, 
Missouri, 1957. 

22. Kinter, E. B., and Diamond, S. Gravimetric Determination of Monolayer Glycerol 
Complexes of Clay Minerals. Clays and Clay Minerals, Proc. Fifth Nat. Clay 
Conf., NAS-NRC Puhl. 566, pp. 318-833, 1958. 

23. Kodama, Hideomi. Transformation of Phrophyllite Into an Interstratified Struc
ture. Clay Science, Vol. 2, No. 4, pp. 132-137, 1956. 

24. Nagleschmidt, G. X-Ray Diffraction Experiments on Illite and Bravasite. Min. 
Mag., Vol. 27, pp. 59-61, 1944. 

25. Sedletsky, l D. Genesis of Minerals From Soil Colloids of the Montmorillonite 
Group. C.R. A/C URSS, Vol. 17, pp. 375-377, 1937. 

26. Senstius, M. W. Climax Forms of Rock Weathering. Am. Sci., Vol. 46, No. 4, 
pp. 355-367, 1958. 

27. Siffert, B., and Wey, R. Synthesis of Kaolinite at Ordinary Temperature. Compt. 
Rend., Vol. 253, pp. 142-144, 1961. 

28. ~oil Survey Manual, 1951. USDA Handbook 18. 
29. Spyridakis, D. E., Chesters, G., and Wilde, S. A. Kaolinization of Biotite as a 

Result of Coniferous and Deciduous Seedling Growth. Soil Sci. Soc. Am. Proc., 
Vol. 31, No. 2, pp. 203-210, 1967. 

30. Taylor, R. M. Amorphous Iron Oxides in Soils. Jour. Soil Sci., Vol. 10, No. 2, 
1959. 

31. Traxler, R. W. Microbial Degradation of Asphalt. Bio-Technology and Bioengi
neering, Vol. 4, pp. 369-376, 1962. 

32. Weaver, C. E. The Effects and Geological Significance of Potassium Fixation by 
Expandable Clay Minerals Derived From Muscovite, Biotite, and Chlorite. 
Am. Miner., Vol. 43, pp. 839-861, 1958. 

33. Winterkorn, Hans F. Physico-Chemical Testing of Soils and Application of the 
Results in Practice. HRB Proc., Vol. 20, pp. 798-806, 1940. 



Thermal Conductivity of Compacted 
Sand/Ice Mixtures 
RICHARD McGAW, U.S. Army Cold Regions Research and Engineering Laboratory, 

Hanover, New Hampshire 

The thermal conductivities of 20-30 Ottawa sand and 30-100 Ottawa 
sand, compacted with 30-100 crushed ice, were measured by the 
probe method of transient heating. A commercially available 
probe, 0. 02 in. in diameter with a lengttv' diameter ratio of 412, 
was used. Temperatures were 18 and 23 F. Water contents ranged 
from air-dry to 100 percent by weight. As the percentage of ice 
was increased, thermal conductivity increased from the value for 
air-dry sand to the value for bulk ice. For similar mixtures, the 
conductivity of the finer sand was higher. For mixtures compared 
at constant porosity, thermal conductivity decreased with the per
centage of sand. Since the conductivity of quartz is 3. 5 times that 
of ice, it was concluded that contact resistance at the interface be
tween sand and ice at 18 F must be high. Thermal conductivity at 
23 F was higher than at 18 F. It appeared that a reduction in con
tact resistance with temperature was responsible. Kersten' s 1949 
data for sandy soils at 25 F compared favorably with the results 
for the sand/ice mixtures. 

•THE thermal conductivity of a soil is one of the major factors influencing the rate at 
which freezing temperatures penetrate into the ground under natural conditions. Of 
particular interest is the conductivity in the frozen zone where temperatures are close 
to 32 F. 

Kersten (1) used a steady-state method to measure the thermal conductivities of 
various soils in the laboratory at temperatures of 25 and 40 F. Kersten's method re
quired a temperature differential of 10 F, corresponding to an average gradient of 5 
F/in. and heating periods of many hours. There was evidence of moisture and vapor 
migration in many of his tests. The laboratory study reported here used a transient 
heating technique to measure the thermal conductivity of frozen quartz sand at 18 and 
23 F (-8 C and -5 C). This method required a differential of only 2 F corresponding 
to an average gradient of 1 F/in., and heating periods of 10 min or less. Vapor mi
gration was minimal. 

The investigation utilized the probe method in which a constant rate of heat produc
tion along an axial source produces an expanding cylindrical temperature field in the 
test material. Previous application of the probe method to frozen soils has been slight. 
Lachenbruch (2) used a thermal probe at Barrow, Alaska, to measure the in situ con
ductivities of frozen and thawed soils, snow, and sea ice. Wechsler (3) performed 
some exploratory laboratory tests on frozen soils under contract to USA CRREL to 
evaluate several types of probes. These studies indicated that the probe methodshould 
be a convenient and suitable tool for measuring the thermal conductivity of frozen soils 
near the freezing point. The purpose of the tests described here was to investigate 
the applicability of the method to frozen sands. Further tests are planned using fine
grained soils. 

Paper sponsored by Committee on Frost Action and presented at the 47th Annua I Meeting. 
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PROBE THEORY 

The probe method of measuring thermal conductivity is based on the line heat
source method, which utilizes a heated wire. Van der Held and Van Drunen (4) first 
used the line-source method to measure the conductivity of liquids. Line-source 
theory results in a simple expression for thermal conductivity. 

Beginning from an isothermal condition, the temperature rise at a distance r from 
the line-source, during the heating time t, is given by 

q [ 4at ( r
2 

) 
1 

( r
2 

) 

2 

] T = 41r K ln 7 - 'Y - 4at + ¼ 4at + · · · (1) 

where q is a constant heating rate per unit length of source, K and a are the thermal 
conductivity and diffusivity of the test medium, and y = 0. 5772. With r small and t 
large enough that (r2

/ 4 a t) « 1, Eq. 1 reduces to 

(2) 

With a and r unchanging, the expression in parentheses is a constant, so that the tem
perature rise plotted against the logarithm of time will be a straight line. The tem
perature rise between any two successive large times is 

q t2 
AT = 4 K ln-

7T ti 
(3) 

the value of the conductivity being given by 

(4) 

Thus after a short initial period of heating, the conductivity of the test material can be 
calculated from the slope of the graph of temperature rise vs the logarithm of time. 

The probe, or portable heating element, was introduced by Hooper and Lepper (5) 
to measure the thermal conductivity of soils in situ. Investigators using various probes 
soon found that the dimensions and thermal properties of the probe, and its contact 
resistance with the test material, all influenced the observed temperature rise. Equa
tions for the temperature rise at the probe contain more terms than the equations just 
listed; however, with proper design and handling of the probe, the simplicity of the 
line-source method can be essentially duplicated. 

Solutions for the temperature rise at the inner radius of a hollow metal probe, heated 
along its outer radius b, have been given by Blackwell (6). If the probe has a heat 
capacity MC per unit of length and a contact resistance I/H per unit of area, the tem
perature at the probe after the first seconds of heating is given by 

q { 2K 1 
T = 41r K ln 4T - 'Y + bH + 2T 

[ ln 4T - y + 1 - ~ (1n 4T - 'Y + ~~) ] + 0 Ca) } (5) 

where 'T = a t/b2 and f3 = 21r b2mc/MC; me is the volumetric heat capacity of the test 
material. 

In a related solution, Blackwell (6) concluded that the finite conductivity of the probe 
material will produce no significant change in Eq. 5. Nor does it matter whether the 
probe is considered to be hollow or solid, for Jaeger (7) found an identical solution on 
the assumption of a solid probe. Eq. 5 may therefore be accepted as the basic equa
tion for the temperature rise at a probe. 
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Heat losses along the axis of the probe can cause deviations from Eq. 5 of unknown 
amounts, and should be eliminated to the extent possible. Lentz (8) and Hooper and 
Chang (9) drew attention to heat conduction through the electrical and thermocouple 
leads, which can be controlled by applying thermal insulation. Blackwell (10) found 
that temperature gradients along the probe itself will be negligible if it is ofgood con
ducting material and the length is at least 2 5 times the diameter. 

For times sufficiently large that r3/ 4 a t << 1 ( T >> ¼), terms proportional to powers 
of 1/ T can be neglected in Eq. 5. For large times, the temperature rise at the probe 
is therefore 

T q ( 2K) -- ln 4r - y + -4rrK bH 
(6a) 

or 

T q [ ( 4a: 2K)] 4rr K ln t + ln b2 - 'Y + bH (6b) 

Since b and y are absolute constants, the expression in parentheses is a constant when 
a, K, and 1/H are unchanging during a test. In this case, the temperature rise be
tween successive large times reduces to the line-source relation (Eq. 3). Eq. 4 then 
gives the value of thermal conductivity for the probe method as well as for the line 
heat-source method. 

Successful use of the probe method depends to a large extent on maintaining the 
thermal properties of the test material, the contact resistance with the probe, and the 
heat input constant during the test interval. Small temperature differentials, attention 
to the physical contact between the probe and the soil, and control of axial heat losses 
through proper design will ordinarily insure these conditions to an adequate degree. 

MATERIALS AND METHODS 

The soils tested were ottawa standard sand (20-30 mesh) and graded Ottawa sand 
(30-100 mesh) at water contents ranging from air-dry to 100 percent by weight. To 
insure homogeneity, specimens were not frozen in place as were Kersten's. The air
dry sand was mixed with 30-100 mesh crushed ice and compacted in layers at 12 F 
(-11 C) to the maximum attainable density. Table 1 gives the physical condition of the 
test specimens after compaction. Figures 1 and 2 show volume and water content 
relationships in the compacted specimens. 

TABLE I 

CONDITION OF COMPACTED SPECIMENS 

Water Content Weight Unit Weight Volume Volume Volume Total Fraction Soil 
Volume Tolal Porosity Vold Ratio: 

Type Norn . Actual Sand Ice 
(cc) Sand Ice 

Sand Ice 
Solids (;I) Ratio Ice/Solids 

(~) (';) (gm! (gm) (gm/cc) (gm/cc) 
(,) m Ill l,l 

No~ 20-30 0 0 , 05 1728 0 1015 I. 70 o. 00 64, 2 0. 0 64. 2 35, 8 0. 558 0, 0 
Standard 10 9 , 5 1432 136 1000 1.43 0.14 54. 0 14. 8 68, 8 31 . 2 0, 454 21. 5 
Ottawa 20 20.1 1206 243 1000 I. 21 0 .24 45, 5 26. 3 71. 8 28. 2 0, 393 36. 6 
Sand 40 37. 7 949 358 1000 0. 95 0 , 36 35, 8 39. 0 74. 8 25. 2 0, 337 52, 2 

60 58, 6 763 447 1000 0 , 76 0. 45 28. 8 48. 4 77. 2 22 , 8 0, 295 62. 7 
100 95, 4 543 518 1000 0 , 54 0, 52 20. 5 56.1 76. 6 23. 4 o. 306 73 . 2 

No. 30-100 0 0, 05 1785 0 1000 I. 79 o. 00 67. 4 0, 0 67. 4 32. 6 0, 484 0, 0 
Graded 10 10. 0 1468 147 1000 I. 47 0. 15 55, 4 16. 0 71.4 28. 6 0. 400 22. 4 
Otlawa 25 24 , 8 1149 287 1000 1.15 0. 29 43.4 31. 3 74. 7 25, 3 0, 339 41. 9 
Sand 40 37. 5 965 362 1000 0, 97 0. 36 36, 4 39. 5 75. 9 24.1 0, 318 52, 0 

40 39 , 8 939 375 1000 0, 94 o. 38 35, 4 40. 9 76. 3 23. 7 0, 311 53. 6 
100 96. 9 543 526 1000 0, 54 o. 53 20. 5 57. 4 77. 9 22.1 0, 284 73. 7 

No. 30-100 (I) m 0 638 1000 0, 64 0 69. 6 69 , 6 30. 4 0, 437 100. 0 
Crushed 
Ice 
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Figure l. Compaction results (I): packing diagram (12 F). 

Compaction was performed in separate containers (Fig. 3), which were cut to length 
from standard aluminum pipe. The foot of the tamper used was 2. 5 in. in diameter 
and 3. 25 in. high, giving a specimen volume of 1000 cc when the tamper was flush with 
the top of the container. Specimens were stored in the containers at 12 F and brought 
to the test temperature immediately before testing. Colder tests were performed first 
so that the test temperature was the warmest a given specimen had undergone. 

The probe used in the investigation was Pittsburgh Corning Model CS-48, available 
commercially from Custom Scientific Instruments. A schematic of the probe construc
tion is shown in Figure 4. A stainless steel sheath of 0. 02 in. outside diameter con
tains a bifilar heating coil of constantan wire (1523 ohms), within which is placed a 
chrome]/ constantan thermocouple at mid-length. A molded plastic block supports the 
thermocouple and power leads. The free length of the probe below the block is 8. 24 
in., resulting in a length/ diameter ratio of 412. 

Although sturdily constructed, the probe was too flexible to force into the dense 
mixtures of sand and ice. A hole 0. 04 in. in diameter was therefore drilled along the 
axis of each specimen to receive the probe. After insertion of the probe, air-dry 
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100 

specimens were gently tamped to insure good thermal contact; a small air gap re
mained around the probe in the others. Because of the porous nature of the speci
mens, foreign substances were not used in an attempt to improve the contact. 
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Prior to a test, the specimen container was fitted snugly into an aluminum cooling 
well (Fig. 5), which was bathed by precooled ethylene glycol. A sealed air chamber 
provided insulation from the room temperature, which was maintained at 59 F (15 C). 
Foam insulation was placed around the cooling well assembly and above the specimen 
container after the probe was in place. The specimen was then allowed to come to 
equilibrium with the test temperature. 

Circuitry consisted of the probe heater circuit, the probe thermocouple circuit, 
and a monitoring circuit (Fig. 6). The heater circuit contained the probe coil, aswitch, 
a OC milliameter, and a regulated DC voltage power supply. Heat input to the coil 
was r ead as f R , with three predetermined inputs being used, corresponding to 1. 5, 
3. 0, and 6. 0 milliwatts per inch of probe. 

The probe thermocouple circuit contained the chromeV constantan probe junction, 
a reference junction in an ice bath, a bias voltage (Medistor Model C-2 microvolt 
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Figure 3. Specimen container. 

PLASTIC 
CONNECTOR 

HEATER 
COIL 

THERMOCOUPLE 

LEADS 

8.25
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Figure 4. Schematic: Pittsburgh Corning Ther
mal Conductivity Probe, Model CS-48. 

source, accuracy 0. 1 percent), an indi
cating amplifier, and a millivolt recorder. 
The recorder was operated zero-left with 

+20 microvolts full scale. After a test had begun, a single bias voltage was selected 
to maintain the trace on the recorder scale from about 10 sec of heating: linearity of 
the trace has usually been established by 30 sec of heating. At any time the probe 
junction temperature could be read as the algebraic sum of the scale voltage (+) and the 
selected bias voltage (±). 

The monitoring circuit contained two copper/ constantan thermocouples. One ther
mocouple, mounted at mid-height in a groove cut into the aluminum cooling well, mon
itored the temperature of the well and the outside edge of a test specimen. The sec
ond thermocouple was inserted next to the probe at the top of a soil specimen, and it 
was used to check on temperature gradients along the probe. The reference junction 
was put into the ice bath used for the probe circuit. 

The temperature of the ethylene glycol coolant was regulated in a bath through which 
refrigerant from the laboratory supply lines was constantly circulated. A Bayley pre
cision controller actuated a heater immersed in the glycol, while a 1500 rpm fan con
tinuously circulated the glycol through the bath and the cooling well assembly. Regula
tion was such that the inner wall of the cooling well ordinarily varied by no more than 
several microvolts (0. 1 F) over a period of weeks. 

A typical heating curve is shown in Figure 7, the points having been plotted from the 
recorder trace. A straight line drawn through the points has a slope (AT1) equal to 
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Figure 7. Typical heating curve: 30-100 Ottawa sand (w = 37.5 percent). 

2. 16 µ V over a single log10 cycle of time. Thermal conductivity in Btu/ deg F-ft-hr 
is calculated from the expression 

K = 44T. 6 12 X 10 _3 

A i 

which was derived from the probe resistance and Eq. 4. The value of I is measured 
directly in milliamps for each test. 
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Figure 8. Test resu Its: 20-30 Ottawa sand. 
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Figure 9. Test results: 30-100 Ottawa sand. 

TABLE 2 

TEST DATA 

30-100 SAND 

80 100 

Waler Content Power Wall Probe Temp. 
Avg. Period of 

Type of Conductivity 
Nam. Actual lnpul Temp, 

Initial Max. Temp. Linearity 
Test (Blu/ deg F-lt-hr) 

(,) (,) (mw/ in) ldeg Fl (deg F) (deg F ) 
(deg F) (mln) 

0 o.os 6. 0 16. 5 17. 2 18. 7 17. 6 0. 5-6 heating 0. 187 
10 9.5 6. 0 16 . 5 17. 2 18. 7 17, 6 I. 0-9 he3.ting 0. 286 

6. 0 16. 5 17. I 18. 5 17 . 6 I. 0-10 heating o. 283 
6, 0 16. 5 17. 1 18. 5 17. 6 I. 0-10 heating o. 269 

20 20. l 6. 0 16. 5 17 . I 18. 9 17. 6 0. 5-6 heating 0. 365 
6. 0 16. 5 17. I 19. 8 18. 1 1. 0-8 healing 0. 331 

40 37 . 7 6. 0 16. 5 17 . I 20. l 18. 3 o. 5-6 heating o. 384 
3. 0 16. 5 17 . 1 18. 7 17. 6 o. 5-10 healing 0. 377 
3. 0 16. 5 17. 2 18. 0 17. 2 0. 3-5 healing 0.449 
6, 0 16. 5 17. 2 18. 7 17. 6 1.0-10 heating 0. 403 
6, 0 16. 5 17 . 4 17. 1 0. 5-2 cooling o. 413 

60 58. 6 3. 0 16. 5 17. 1 18. 3 17. 4 0. 5-10 heating 0. 425 
3. 0 16. 5 17.1 18. 5 17 . 4 0. 5-6 heating 0. 341 
6. 0 16 . 5 17. 4 19. 8 18. l 0. 5-10 heating o. 446 
6. 0 16. 5 17. 2 18. 9 17 , 6 0. 5-6 heating 0. 528 

100 95. 4 6. 0 16 . 5 17.1 18. 9 17. 8 o. 2-1. 0 heating o. 691 
6. 0 16. S 17. 2 16. 9 0. 5-5 cooling: 0. 718 

0 o. 05 6. 0 16. 5 17. 2 18. 7 11 . e 0. 5-6 heating 0.187 
10 10. 0 3. 0 16. 5 17. 2 18. 3 17. • o. 5-10 heating o. 329 

3. 0 16. 5 17. 2 18. 3 17. i 0. 5-10 heating o. 358 
3 , 0 16. S 17. 2 18. 3 17. 4 0. 5-10 heating 0. 358 
3. 0 16. S 17. 2 18. 3 17.4 0. 3-9 heating o. 377 

40 37. 5 6. 0 16. 5 17, 2 18. 9 17 . 6 0. 5-8 heating o. 475 
100 96. 9 6 . 0 16. 5 17 . 2 19. 9 19.0 I. 0-10 heating o. 715 

6. 0 16 . 5 17 . 2 19. 8 19.0 I. 0-10 heating 0. 590 
3. 0 16. 5 17. 4 19. 6 18. 0 2. 0-9 heating 0. 754 
3. 0 16. 5 n .• 19.6 18.0 2. 0-9 h,aun1i: 0. 122 

0 0. 05 G.O 22. 5 23. 0 24. 3 23. 4 1.0-10 heating 0. 200 
40 37. 5 6. 0 21. 9 22. 5 24.1 23. 0 0. 5-8 heating o. 660 

6. 0 21. 9 22. 5 24. I 23. 0 0. 5-8 heating 0. 771 
6.0 21. 9 22. 5 24. 1 23. 0 o. 5-6 healing o. 644 

100 96. 9 e.o 21. 9 22. 6 22. 3 2. 0-6 cooling 0. 725 
6.0 21. 9 22. 6 22.3 2. 0-6 cooling o. 807 

8.0 21. 9 22. 6 22. 3 2. 0-7 cooling 0. 845 
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RESULTS 

Test results for the two sands are shown in Figures 8 and 9. Corresponding data 
on heat input, temperature, duration of test, etc., are given in Table 2. The abscissa 
of the graphs is the volume of ice taken as a fraction of total volume. Since the limit 
of compaction of the crushed ice at 12 F corresponded to a porosity of 30. 4 percent 
(Fig. 1), the dashed portion of the curve from 70 to 100 percent ice is calculated. The 
basis of the calculation is as follows. 

During the preparation of the specimens, the freshly ground ice was observed to 
sinter rapidly once it has been tightly packed. If left overnight, the ice required shred
ding through the No. 30 sieve before particles of the original size were recovered. It 
was therefore concluded that ice grains which are physically in contact after compac
tion will be bonded. Physical contact between ice grains begins to control the packing 
arrangement when the ice volume reaches 70 percent of the volume of solids (Fig. 1). 
Figure 2 indicates that the water content at this point is 74 percent, while the volume 
fraction of ice is 53. 5 percent. Consequently, a virtually continuous matrix of ice 
may be presumed to exist when the volume of ice exceeds 53. 5 percent of the total 
volume of a specimen. 

Because of the practical limits of compaction, when the volume fraction of ice ex
ceeds 70 percent there is no longer sand in the mixture, only ice and air. The ther
mal conductivity of such an ice/ air mixture will be given to a close approximation by 
the following expression for parallel paths: 

(7) 

where Ai is the volume fraction of ice; Ki and Ka are the thermal conductivities of ice 
and air. At 18 F, the conductivity of ice is given by Dorsey (11) as 5. 50 meal/deg C
cm-sec, or 1. 32 Btu/ deg F-ft-hr; the conductivity of saturated air at 18 F is given by 
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Figure 10. Conductivity vs sand content at constant porosity (18 F). 



K 

K 

6 1.44---,--------,---- - --.------~----~ 

4 0.96 

2 

0 20 

18 °F 

~// 

I 
---1 

-----1 
I 
I 

~ 
53.5 

40 60 
VOLUME FRACTION ICE 

o/o 

/// 

/ 

80 

Figure 11. Summary: influence of particle size (18 F). 

// 

/ 
/ 

100 

6 1.44---.....-----------------..-----""T""---------. 

4 0 .96 

25°F 
(KERSTEN) 

)( .......... 
)( .......... 

2 )(/ ;; 
0 20 

53.5 

40 60 
VOLUME FRACTION ICE 

% 

Figure 12. Summary: influence of temperature, 

30-100 SAND 

80 100 

45 



46 

de Vries (12) as O. 08 mcaJ/ deg C-cm-sec, or 0. 02 Btu/ deg F-ft-hr. Values calculated 
from Eq. 7 are shown in Figures 8 and 9 by triangles. It is evident that the dashed 
curve is a continuation of the experimental relationship. 

A discontinuity in the curves for 18 F marks the point where the ice matrix begins, 
dividing the curves into distinct branches. One branch corresponds to an ice matrix 
with imbedded sand, the other to a sand matrix with imbedded ice. Although the aver
age solid conductivity of quartz (4. 8 Btu/ deg F-ft-hr) is 3. 5 times that of ice, the sand 
matrix branch shows consistently lower conductivities, reaching ultimately the value 
for air-dry sand-at O percent ice. Paradoxically, the addition of sand, i.e. , a consti
tuent having a higher conductivity than either ice or air, apparently decreases the 
overall conductance. 

Figure 10 shows this result clearly. Here, conductivities taken from Figures 8 
and 9 are compared at constant porosity so that only the relative volumes of sand and 
ice are changing. As the percentage of sand increases, the conductivity of the mixture 
progressively decreases, the effect being more pronounced at lower porosities. The 
most likely explanation is that the boundary between sand and ice at 18 F has a high 
contact resistance, so high in fact that less heat passes through the sand than through 
the ice it replaced. 

The increase of conductivity from 18 to 23 F for the 30-100 sand (Fig. 9) is con
sistent with this explanation. The increase is certainly not attributable to the conduc
tivities of quartz and ice, for both decrease slightly with temperature. Evidently the 
primary effect of the temperature increase is a reduction in the contact resistance at 
the sand-ice boundary. 

Figure 11 summarizes the data at 18 F, showing the influence of particle size on 
thermal conductivity. At a single temperature both gradations gave the same ice
matrix branch, as might be expected when the proportion of sand is low. On the other 
hand the finer sand developed noticeably higher conductivities in the sand-matrix range. 
At first thought it would seem that the lower porosities of the 30-100 sand in this range 
(Fig. 1) would be responsible. However, a comparison at constant porosity (Fig. 10) 
does not eliminate the differential; for similar mixtures, the finer sand does, indeed, 
conduct heat more efficiently. Reducing the particle size apparently reduces the con
tact resistance with ice. 

Figure 12 summarizes the data for the 30-100 Ottawa sand and compares them with 
values found by Kersten (1) for sandy soils at 25 F. Although limited in extent, 
Kersten's data show the s-ame trend as the data reported here; this will not necessarily 
be the case for fine-grained soils in which moisture migration could cause differing 
results. Figure 12 shows the general form of the conductivity relationship to be ex
pected with frozen sandy soils; the discontinuity at the onset of the ice-matrix range 
should be virtually absent at temperatures of 23 F and warmer. 

CONCLUSIONS 

The thermal conductivities of mixtures of sand and ice were measured at 18 an.d 
23 F (-8 C and -5 C), using a transient heating method and a commercially available 
probe 0. 02 in. in diameter. The probe method proved to be highly satisfactory for 
frozen sands at water contents from O percent to 100 percent by weight. The following 
conclusions may be drawn: 

At 18 F, the thermal conductivities of 20-30 Ottawa sand and 30-100 Ottawa sand, 
compacted with 30-100 crushed ice, had two distinct branches corresponding to a ma
trix of sand and a matrix of ice. As the percentage of ice was increased, conductivity 
increased from the value for air-dry sand to the value for bulk ice. There was an 
abrupt discontinuity at the beginning of the ice matrix range, which was not present at 
23 F. 

At 18 F, an increase in percentage of sand at constant porosity resulted in a decrease 
in thermal conductivity. It was concluded that high contact resistance between sand 
and ice at this temperature is responsible for the decrease. 

At 18 F, the conductivity of the finer sand was approximately 20 percent higher in 
the sand-matrix range than the conductivity of the coarser sand; the ice-matrix range 



was identical. It appears that the contact resistance of sand with ice is smaller for 
finer gradations. 

At 23 F, the thermal conductivity of 30-100 Ottawa sand was higher than at 18 F. 
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The greatest increase occurred in the sand-matrix range. The major effect of a 
temperature increase appears to be a reduction in contact resistance at the interfacial 
boundaries. 

Ker~ten's thermal conductivity data for sandy soils at 25 F compare favorably with 
the experimental results reported here. 
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New Experiments To Simplify Frost 
Susceptibility Testing of Soils 
C. W. KAPLAR, U. S. Army Cold Regions Research and Engineering Laboratory, 

Hanover, New Hampshire 

Experiments conducted in recent years indicate that frost susceptibility 
testing of soils can be shortened considerably from the 2 weeks or so 
previously required. Results of experiments show that useful frost
heaving data can be obtained in a matter of 2 or 3 days by a more rapid 
freezing technique. Results of experiments whereby soil specimens are 
exposed to a constantly maintained temperature are presented. Data 
show that heave rate in laboratory experiments is a variable and not a 
constant of a soil and is strongly dependent upon the heat extraction rate. 
The important role of frost susceptibility testing and soil evaluation for 
highway design is discussed. Comments are provided on suitability of 
equipment for use in conducting frost-heaving tests. 

•THE selection of suitable soils for use in earth construction under conditions where 
they will be exposed to freezing temperatures is an important function of design. This 
is especially true and critical in the construction of modern airfields and high-speed 
highways where any surface roughness due to frost heaving might be detrimental to 
property and safety. Another very important economic consideration for selection of a 
suitable material is the prevention of thaw-weakening damage to the costly runway or 
roadway itself during the spring melting period. 

Our present experience with soils permits us to recognize quickly the obviously 
frost-susceptible soils, such as the silts and clays, strictly by visual means. However, 
when it comes to the selection of a non-detrimental material for use as subbase and 
base course from the assortment of borrow materials that may be available, visual 
means become inadequate. 

PRESENT FROST SUSCEPTIBILITY EVALUATION TEST PROCEDURE 

It appears that a reliable evaluation of the frost- susceptible characteristics of a soil 
must come from some kind of a laboratory performance test during freezing. A test 
has been developed for the U.S. Army Corps of Engineers (5, 8) and has been most 
useful in the evaluation of soils proposed for use as base course material at many of 
the major airfield construction projects in the United States and overseas areas. The 
main control in the tests has been the rate of frost penetration, and the observed effect 
is the measure of the rate of heaving or ice lens growth. 

The test has undeniably proven its effectiveness and is prescribed by the Corps of 
Engineers (15) whenever any doubt exists about the potential frost susceptibility of a 
soil proposed for use. The major objection to the test has been the total length of time 
required for the freezing procedure. Initially (1951), a freezing procedure was adopted 
requiring that a 6-in. high specimen be frozen slowly at a rate of¼ in. a day in an 
open system and with the bottom temperature at about 38 F. The 24 days necessary to 
completely freeze a 6- i.11. high specimen were subsequently reduced to 12 days or less 
by increasing the fr eezing rate to ½ in. per day (5). This reduction in testing time is 
still inadequate to make the test attractive in our ' 'need-it-today" society. 

Paper spansored by Committee on Frost Action and presented at the 47th Annual Meeting. 
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The laboratory technique, which has 
been used for a number of years as a pro
cedure for evaluating the relative frost 
susceptibility of soils for the U.S. Army 
Corps of Engineers, is patterned after 
techniques used earlier by Taber (12), 
Beskow (2), Casagrande ( 4), Winn and 
Rutledge 116) and others, except that larger 
(6-in. diameter) specimens were used by 
the Corps. The large diameter size was 
essential for evaluation tests on base course 
type soils used in airfield pavement con
struction. The specimen containers initially 
adopted for these tests were waxed card
board cylinders and later straight-walled 
polyacrylate (Lucite) tubes because of prob
lems encountered with the cardboard. Sub
sequently, a completely new Lucite soil 
cell with a number of improvements was 
developed (Fig . 1). This new cell contains 
a slight vertical taper on the ins ide (¼- in. 
greater diameter at top) to permit the 
heaved portion to enter into a wider area 
and thus reduce wall-friction or adfreeze 
resistance to heaving. 

Even though empirical, the results obtained from freezing tests have been useful in 
several ways: 

1. For selection of the least frost-susceptible material for construction use when 
several choices are available; 

2. For evaluation of frost potential of in situ soil or soil previously used for 
construction; 

3. For evaluation of effectiveness of soil additives and treatments in studies of frost 
inhibitors or modifiers; and 

4. For conducting laboratory studies on soils to determine effect of various soil 
parameters on their frost behavior. 

Thus, the test is undoubtedly only a first step toward an ultimate rational test pro
cedure that will evolve from the research now in progress at USA CRREL and other 
laboratories, since the basic controlling factors responsible for ice segregation have 
not been incontrovertibly established. 

APPROACHES TOWARD FREEZING TEST SIMPLIFICATION 

For a number of years considerable thought has been given to various ways and 
means to speed up the frost susceptibility evaluation test of soils by a simplified freez
ing procedure, which would produce visual results easily comprehended and interpreted 
in terms of heaving rate and ice segration. 

Freezing at Controlled Penetration Rates 

This procedure as initially adopted requires a daily manual adjustment of a thermo
stat to reduce the air temperature above the specimen in decrements to obtain the de
sired rate of freezing. This technique was not always satisfactory and large variations 
in the freezing rate occurred. It was then observed that in most cases a faster rate of 
freezing resulted in a slightly faster rate of heaving, thus suggesting a possible speedup 
in freezing time. Experiments were subsequently performed on several typical soils 
with still more rapid freezing rates (~) . 
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Figure 2. Effect offreezing rate on heave (ice segrega
tion) rate. Tests were performed in freezing cabinet 
with manually controlled decreasing temperature 
schedule and specimens in inside-tapered 
containers. 

The effect of faster freeze pene
tration rate on the heave rate for a 
typical gravelly sand is shown in 
Figure 2 . From the curve shown it 
appears that there may be a maxi
mum rate corresponding to a critical 
freezing rate, beyond which.the curve 
may be expected to drop off until it 
intersects the theoretical heave-rate 
line computed for expansion of void 
water present in a saturated soil. 

The results of rapid-freezing ex
periments indicate that freezing rates 
might possibly be as high as 6 in. 
per day in some soils and still pro
duce useful freezing-rate results for 
frost evaluation purposes. At a 
freezing rate of 6 in. per day, use
ful heave-rate data would be available 
in 24 hours for a 6-in. specimen. 
However, such rapid rates of freezing 
are not recommended without further 
knowledge of the heave-rate vs freez
ing-rate behavior. 

Major Problem Encountered With Freezing Cell-The major problem in thefreezing 
tests as conducted is believed due to the development of sidewall resistance to heaving 
either by adfreeze of specimen to the wall of the container or by frictional resistance 
of the particle contact or a combination of both. Efforts have been made to reduce or 
eliminate this frictional (or adfreeze) resistance, which has the effect of an added load 
on the specimen. Special silicone grease and lapped strips of acetate paper were in
troduced and finally a tapered cylinder was evolved with a 3-mil thick, one-piece, ad
hesive-backed Teflon liner on the inside. Data collected on the force required to eject 
specimens from the cylinders after freezing indicated that the sidewall resistance 
problem was considerably reduced by use of the tapered cylinder with silicone grease 
and lapped acetate strips, but the resistance was not always eliminated. 

Other modifications to the tapered freezing cell consisted of improvements to insure 
unrestricted water supply to the base of the specimen. This was done by using coarser 
porous stones and supporting them on small disc supports to provide a comparatively 
large reservoir beneath, so that one large air bubble would not be able to block the 
water supply as was previously possible . 

The presence of sidewall resistance was suspected, particularly on the coarser type 
sandy and gravelly soils, because the heave vs time plots frequently exhibited a flatten
ing out with time; for example, specimen HDG-63 in Figure 9. However, this flatten
ing out was not usually observed in the higher heaving finer grained soils such as silts. 
In computing heave rates for tests where heave curves had started to flatten out, the 
flattened portions were disregarded and useful test results were obtained from the 
earlier portion of the curve. 

Multi-Ring Freezing Cell-The presence of some restraining force to heaving was 
verified recently when, during a cooperative effort between the University of New Hamp
shire, the New Hampshire Department of Public Works and Highways and USA CRREL, 
UNH reverted to use of specimen containers made of 1-in. wide ring segments, such 
as used by Taber (12), Beskow (2), LaRochelle (7) and others to compare results with 
those obtained usingthe solid-wall tapered cylinders. The UNH investigators (3) found 
that, for the coarse-grained base course type soils they used, higher heave rates were 
measured in the ring type containers for the same test conditions than in solid-wall 
tapered containers. 

Similar tests performed under the author's supervision at USA CRREL also gave 
generally similar results on coarse-grained soils. It appears that any freezing test 
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results based on ice segregation rates in 
rigid-walled containers may give lower 
values, influenced by either adfreeze or 
frictional restraint or both. For a more 
reliable test, means must be found to elim
inate the friction problem. The use of 
multiple-ring containers is a definite im
provement, but it has certain drawbacks 
that for research purposes may be difficult 
to overcome, such as the achievement of 
complete or even uniform saturation prior 
to test; the difficulty of ring removal to 
permit splitting of the specimen for photo
graphing and determination of water con
tent distribution; and the difficulty in per
forming other supplementary tests, such 
as determining the coefficient of permea
bility during the saturation procedure. 
However, the use of the rings offers a 
simple, practical, relatively low-friction 
specimen container for frost susceptibility 
tests on gravelly type soils. A sketch of a 
multi-ring cell made at USA CRREL from 
1/a-in. thick acrylic tubes and flat plates is 
shown in Figure 3. Other less expensive 
materials could be used, The use of a top 

cap and outside rubber sleeve permits application of some vacuum to the system if de
sired for better control of degree of saturation in some soils. The use of the caps and 
rubber sleeve facilitates the handling of the specimen. The top cap is removed during 
freezing, while the bottom one remains as a water reservoir. 

Freezing at Constant Surface Temperature 

To overcome some of the objections raised against the controlled penetration rate 
type of freezing test and some of the nonuniformities of control associated with it, it 
has been suggested that perhaps all soil specimens should be exposed to some freezing 
temperature maintained at a constant level, and the frost heaving behavior of each soil 
might then be a useful indicator of its relative frost susceptibility. An argument in 
favor of freezing under a constant temperature is that the imposed boundary conditions 
in such a procedure would make the test results more readily amenable to mathematical 
analysis. Such an analysis is now being conducted at USA CRREL by Takagi (13). The 
application of a constant-level freezing temperature would certainly simplify the con
trol problem and would insure a precise duplication of test conditions for each and every 
soil. 

Experimentation with this procedure indicated that useful frost-heave data for frost 
susceptibility evaluation might be obtained in a few days with a much simpler, easily 
controllable, and reproducible freezing procedure. 

A more complete series of freezing experiments was subsequently made by using the 
constant temperature method on a number of soils at different temperatures. Some 
preliminary experimentation was also made along these lines using thermoelectric 
cooling, i.e. , a Peltier battery. Both methods will be discussed in following sections. 

STUDY OF FROST HEAVING OF SOILS UNDER CONSTANT 
TEMPERATURE FREEZING 

As a result of the encouraging results from preliminary freezing tests using a con
stant freezing temperature, a small program of freezing tests was set up to explore 
several factors: 
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Because of the problems of frictional or adfreeze restraint indicated to be present 
in solid-wall specimen containers, tests were set up to compare results from both the 
multi-ring container and the solid-wall, Telfon-lined tapered containers. A few tests 
were also made to compare results of ring width in the multi-ring containers. Ring 
widths used were½ in. and 1 in. 

The scheduled constant temperatures planned for this series were 25, 20, 15 and 10 
F. Time did not permit all of these temperature conditions to be applied to all soils, 
but sufficient data were obtained to show some interesting results. 

Soils Selected for Tests 

Six soils were selected for the comparison tests between the Teflon-lined tapered 
cylinders and the multi-ring cylinders. The six soils were (a) Manchester fine sand; 
(b) Grantham silty sand; (c) Hutchinson gravelly sand; (d) East Boston glacial till; (e) 
New Hampshire (Goff's Falls) silt; and (f) Suffield clay. The gradations and other phys
ical properties are shown in Figure 4. 

Soil Preparation Procedure 

For the tapered specimens the soils were molded in special tapered steel molds and 
placed into the polyacrylate cylinders. For the multi-ring specimens the compaction 
was performed in the rings, which were first placed and firmly held in a standardCBR 
cylinder. The multi- ring containers consi s t ed of either 1-in. or ½-in. wide poly, cryl
i c rings, except for t he uppermost ring wh"ch was 1/4 in. wide and the bottomm ost ring 
Which was ¾ in . wide. The ¼-i n. wide upper ring was designed so that contactbetween 
the ring below would be quickly broken by the frost-heave forces occurring near the top 
and thus prevent heat conduction and possible adfreeze problems at some point below. 



Figure 5, Soi I freezing cabinet (2 by 
2 by 5 ft) with self-contained 
refrigeration, 
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It is believed that high heat conduction through the 
thicker walled tapered cylinders was a contributing 
factor to the sidewall resistance observed. 

After compaction of the soil in the rings and re
moval of the CBR cylinder, the ring specimen was 
placed in its base and wrapped carefully with dental 
dam rubber to seal the joints prior to saturation. 
The highly absorptive soils such as New Hampshire 
silt were allowed to saturate solely by capillarity. 
For this material, experiments previously performed 
at AC FEL 1 showed that the initial degree of saturation 
at preparation did not affect the freezing heave-rate 
results because fine-grained soils can absorb water 
overnight by capillarity while tempering. For the 
more impervious and higher density soils, wetting was 
promulgated by gradually increasing the hydraulic 
head from 0 to about 2 ft to induce water to enter the 
specimen. Small heads were used to minimize the 
possibility of internal rearrangement of fines as might 
occur by application of vacuum and the establishment of a 
resulting head of 33 ft of water pressure. During 
freezing all specimens were loaded with a lead weight 
to give an overburden pressure of ½ lb/ sq in. 

Freezing Procedure 

After saturation specimens were placed in groups 
of four in a special freezing cabinet similar to that 

shown in Figure 5. The base of the specimen was carefully attached to a constant level, 
de-aired water sup~ly, as shown, taking great care to prevent air bubbles from enter
ing the system. A ½-in. copper plate with the same surface a rea as the specimen was 
placed on the specimen surface to prevent drying and to maintain good thermal contact. 
Four raised lugs on this plate support the additional weights used to place an overburden 
load of ½ psi. The space between specimens was filled with a dry granular insulation. 
The specimen was allowed to temper overnight at a cabinet temperature of about 40 F. 
The following morning the cabinet temperature was lowered to the desired constant 
temperature. Heaving was measured by dial gages mounted over each specimen. 

In these tests two multi-ring specimens were paired with two tapered specimens for 
a given run. A number of duplicate specimens were prepared to observe replicability. 
The duplicate pairs were never tested together but always independently under the same 
test conditions. 

Results of Tests 

Typical plots of heave vs time for two of the soils at different temperatures are 
shown in Figures 6 through 9. In most of these tests the slope of the heave vs time plot 
was quite uniformly linear, except for some of the gravelly sand specimens, with the 
multi-ring specimens showing a steeper s lope, i.e., a larger rate of heave. The r e 
sults also indicated that there was no cons istent difference in favor of the 1/ 2-in. rings, 
and subsequently they were eliminated in the remaining tests. 

Figure 10 shows the maximum heave rates vs the applied surface air temperatures 
for four of the soils where more than one constant temperature was applied. Here, too, 
it can be observed that the specimens in tapered cylinders exhibited lesser heave rates 
under the same temperature conditions than the multi-ring specimens. It should be 

1Arctic Construction and Frost Effects Laboratory, New England Division, U.S.ArmyCorpsofEngineers, 
Waltham, Massachusetts. Merged with the Snow, Ice and Permafrost Research Establishment, C.E., in 
1961 to form USA CRRE L. 
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Figure 6, Heave and frost penetration data for constant temperature tests vs container type. 

noted that when duplicate specimens were used, the replicate results obtained were in 
good agreement for both the tapered containers and the multi-ring containers. 

A summary plot of measured heave rates vs the applied surface temperature for all 
soils and specimens used in this series in multi-ring containers is shown in Figure 11. 
The data thus obtained from this series are sufficiently well defined to permit a curve 
to be drawn relating the rate of heaving to the constant temperatures being supplied to 
the surface. 

Figure 12 shows a summary of heave vs time for New Hampshire silt for each of the 
four temperatures used. The similar freezing depths as shown in the lower figure for 
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these specimens are attributed to the increased 
heat energy (latent and sensible heat) supplied 
at the freezing front by the increased water 
flow rates. 

The data presented in this paper demon
strate that the heave rate is dependent on or 
controlled by the rate of heat extraction (upto 
some unknown critical rate dependent upon the 
availability of water and the capability of the 
soil to conduct the water). Penner (11) ob
served a similar relationship betweenheat ex
traction rate and heave rate for several soils. 
Ultimately the ice segregation rate must be 
dependent upon the geometric characteristics 
of the combined soil particles insofar as they 
provide the necessary medium in which freez
ing water occurs and heave forces are gener
ated within the postulated moisture films 
(9, 10). 
- These tests demonstrate that useful data 
for evaluation of the relative frost suscep
tibility of soils can be obtained in a much 
shorter period of time (two days or less 
freezing time) by application of a constant 
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subfreezing temperature to properly prepared representative specimens in friction
free containers . 

THERMOELECTRJC FREEZING-PELTIER BATTERY 

One of the approaches made at USA CRREL for frost susceptibility freezing test 
procedure simplification has been in the area of equipment simplification as well as in 
reduction of testing time. When the Peltier battery was introduced in a suitable form 
and size for use in a soils laboratory, a number of exploratory experiments were ini
tiated to determine the battery's capability for freezing of soils. Results of a brief 
study performed in early 1964 indicated that these exhibit considerable potential, which 
needs further development. Studies have been continued intermittently since then in 
this area as time permits to develop a bench-type automatic system complete with 
specimen container, temperature and heave sensors together with miniature recorders. 
A number of different bench setups were tried and discarded. 

The application of the Peltier battery to freezing experiments has some very inter
esting possibilities and should be utilized to full advantage for whatever purposes it is 
best adapted. It is not considered that it will economically displace all of the functions 
that a simply constructed freezing cabinet can perform, such as applying the same 
temperature environment for a group (four 6-in. diameter specimens) or tray of speci
mens, or for freezing very large specimens, and for many other special conditions for 
which the freezing cabinets will most likely be most suitable. 

The Peltier battery's greatest potential is due to its portability, mechanical simplic
ity and constant rate of heat removal and, therefore, promises to be an important tool 
in conducting small-scale bench-type freezing experiments. 

Some of the disadvantages of a Peltier battery, in the author's experience, may be 
of interest to some potential users: 

1. The high cost (about $ 500) of a single unit of battery and constant power supply 
for use on one specimen at a time. 

2. The possibility of uneven temperature distribution across the face plate due to 
quality control problems in the manufacturing process, thus causing uneven heaving 
and heave measurement problems. 

3. It requires a temperature controlled room (not always available). 
4. It has limited capability. Observations at USA CRREL revealed that it was im

possible to freeze a highly frost-susceptible silt more than a fraction of an inch with a 
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90-watt capacity cell at ambient temperature in a controlled temperature environment 
(air conditioned room) even though the specimen was completely insulated. It was nec
essary to place the freezing unit with the soil specimen into a 40 F cold room before 
substantial freezing of the silt could be accomplished. 

5. Indeterminate durability or life expectancy. Experience at USA CRREL has 
shown that some thermoelectric cooling units have burned out and have had to be re
placed within a year's time. 

The author believes that for general purposes a freezing cabinet that can hold four 
or more specimens at a time offers greater advantages of economy, reliability, and 
versatility at less cost than an equal capability by means of thermoelectric cooling. An 
economical freezing cabinet containing its own refrigeration unit for cooling both the 
upper and lower chambers is currently being redesigned by the author so that it may be 
constructed at a cost of materials of less than $ 700, exclusive of labor (Fig. 5). Such 
a freezing cabinet should be well within reach of most state testing laboratories and 
larger project laboratories. 

SUMMARY AND CONCLUSIONS 

Laboratory studies indicate that frost susceptibility evaluation testing by freezing 
can be speeded up considerably from the slower procedures previously used. Experi
mental data on several different soil types reveal that ice segregation rate is a function 
of the rate of heat extraction as governed by the surface temperature. 

Observations of heave-rate data in different soil containers indicate that the problem 
of sidewall friction is likely to be present in rigid containers of any type. Useful and 
repeatable results were obtained with multi-ring containers. Unless means can be 
found to eliminate the friction or adfreeze problem on rigid-wall containers, frost 
heaving evaluation by freezing should be performed in some kind of friction-free 
containers. 

Observations and results obtained from freezing tests at constant temperatures in
dicate that frost testing time can now be reduced to not more than a few days, including 
specimen preparation time, to produce useful relative information. The freezing cabi
nets with a capability of holding four 6-in. diameter specimens are deemed as the most 
suitable and economical means for batch output required for engineering support. Test
ing in duplicate pairs is recommended in view of the importance of decisions to be made 
on the basis of test results. 

ACKNOWLEDGMENTS 

The author wishes to express his sincere thanks to David Carbee, Civil Engineering 
Technician, for his valued assistance in carrying out the tests and for his suggestions 
for improvement of equipment and techniques. The work reported herein was supported 
by funds furnished by the Corps of Engineers, Military Construction Investigations, Of
fice of the Chief of Engineers. The work was performed in the Applied Research Branch, 
AlhP.rt. F. Wnnri; r.hiP.f; in thP. F.xpP.rimP.nhll F.nginPPring nivi-=:inn, nf whirh KPnnPth A. 

Linell is Chief. 

REFERENCES 

1. Aitken, G. Reduction in Frost Heave by Surcharge Loading. USA CRREL Tech. 
Rept. 184. (In preparation) 

2. Beskow, G. Soil Freezing and Frost Heaving With Special Application to Roads and 
Railroads. 193 5. Transl. by J. 0. Osterberg, Tech. Inst. Northwestern Univ. , 
1947. 

3. Biddescombe, J. F., Zoller, J. H., and Sanborn, J. L. Frost Susceptibility of 
New Hampshire Base Courses. In Research Project Rept., Civil Eng. Dept., 
Univ. of New Hampshire, 1966. -

4. Casagrande, A. Discussion of "A New Theory of Frost Heaving," by Benkelman 
and Olmstead. HRB Proc., Vol. 11, Part I, pp. 168-172, 1931. 

5. Kaplar, C. W. A Laboratory Freezing Test to Determine the Relative Frost 
Susceptibility of Soils. USA CRREL Tech. Note, 1965. 



6. Kaplar, C. W. Some Approaches and Preliminary Experiments to Simplify the 
Frost Susceptibility Test on Soils. USA CRREL Tech. Note, 1966. 

59 

7. LaRochelle, Pierre. Results of Research on Frost Susceptibility of Soils. Soils, 
Roads and Engineering Construction, Vol. 94, No. 10, 1956. 

8. Linell, K. A. , and Kaplar, C. W. The Factor of Soil and Material Type in Frost 
Action. HRB Bull. 225, pp. 23-44, 1959. 

9. Martin, R. Torrence, Discussion of "The Mechanism of Frost Heaving in Soils," 
by E. Penner. HRB Bull. 225, pp, 13-16, 1959, 

10, Miller, R. D. Discussion of "The Mechanism of Frost Heaving in Soils," by E. 
Penner. HRB Bull. 225, pp, 19-21, 1959, 

11. Penner, E. The Nature of Frost Heaving in Soils. Proc. Internat. Conf. on 
Permafrost, Purdue Univ., 1963, 

12, Taber, Stephen. Frost Heaving. Jour. of Geology, Vol. 37, 1929, 
13. Takagi, Shunsuke. Principles of Frost Heaving. USA CRREL Research Rept. 140, 

1965. 
14. The Unified Soil Classification System. U.S. Army Engineer Waterways Experi

ment Station, Tech. Memo. No. 3-357, Vol. 1, Vicksburg, Miss., 1953, 
15. U.S. Department of the Army. Tech. Manual TM-818-2, July 1965, 
16. Winn, H. F., and Rutledge, P. C. Frost Action in Highway Bases and Subgrades. 

Purdue University Engineering Bulletin, Research Series No. 73, Vol. 24, No. 
2, May 1940. 



Freezing Tests of Granular Materials 
ROBERT M. LEARY, JOHN L. SANBORN, J. HAROLD ZOLLER, University of New 

Hampshire; and 
JAMES F. BIDDISCOMBE, Bureau of Public Roads 

The purpose of this study was to develop procedures for simple and 
rapid evaluation of frost susceptibility of granular materials used for 
base courses. Granular materials are judged with respect to frost 
almost entirely on the basis of empirical grain-size criteria. It is 
believed that many materials rejected by current specifications would 
serve satisfactorily or might be readily beneficiated. Conversely, a 
number of materials acceptable under current standards have given 
poor service when subjected to frost action. 

To meet tlte needs for improved techniques, a laboratory freezing 
test has been developed using a Peltier battery heat sink, cylindrical 
specimens in a ring-type mold with a continuous supply of water to 
the specimen, and determining rate of heave of the specimen during 
freezing. Preparation and freezing of a specimen can be accomplished 
in approximately 48 hours. Data are presented indicating the heave 
rate of materials of various grain-size distributions and void ratios. 
The ability of the test to distinguish degrees of frost susceptibility, 
on the basis of heave rate, among apparently similar materials is 
demonstrated. A statistical estimate of error of the test is presented. 

•ROUGH pavement surfaces, loss of pavement strength, and cracking are major detri
mental effects associated with frost action in pavements (12). The prevention or con
trol of these effects is a primary function of the design and maintenance of highways in 
areas where afrost-susceptible soil, freezing temperatures, and an available water 
supply are encountered simultaneously (7, 11). Frost penetration under New Hamp
shire highways reaches a depth of 4 to 5-ft,-sometimes resulting in frost heaves of as 
much as 6 to 8 in. (11). In order to surmount this problem in the past, a base course 
of non-frost-susceptible material has been placed to a depth equal to or greater than 
that of the anticipated frost penetration. However, the location and transportation of 
high-quality granular base material have become increasingly difficult and expensive. 
If the techniques for determining the frost-heaving characteristics of a base material 
could be improved, more accurate frost-susceptibility criteria could be established. 
This could result both in the satisfactory use of some materials now being rejected and 
in identification of unsuitable materials that are not otherwise recognized as frost 
susceptible. 

To define better what materials are satisfactory for use in pavements, a research 
program was initiated in 1965 by the University of New Hampshire in cooperation with 
the U. S. Army Cold Regions Research and Engineering Laboratory (CRREL). The 
study was supported by a research grant established by the New Hampshire Department 
of Public Works and Highways (NHDPW&H), in which the U. S. Bureau of Public Roads 
(BPR) participated as a part of the HPR program. CRREL personnel provided guidance 
and technical assistance. In addition, CRREL made freezing and measuring equipment 
and cold-room space available to the project during the summers of 1965 and 1966. 

Paper spansored by Committee on Frost Action and presented at the 47th Annual Meeting. 
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PURPOSE AND SCOPE 

The primary objective of the project was to define the frost susceptibility of base 
course materials used in pavements and subsequently to relate that susceptibility to 
performance of pavements under service conditions. In order to distinguish between 
satisfactory and unsatisfactory soils for base courses, it was necessary to predict re
liably the potential heave experience of a soil from easily measured characteristics, 
or to establish a reliable, quick, and economical test of heave potential. The applica
tion of heave potential as a criterion for acceptance or rejection of materials depended 
on the determination of acceptable limits of frost action in the field and corresponding 
values of parameters measured in the laboratory evaluation or test. 

Following a review of theoretical considerations and currently available techniques 
for estimating the frost susceptibility of soils, the study was directed toward the de
velopment of a relatively rapid and inexpensive laboratory freezing test for evaluating 
frost susceptibility of granular materials. Large specimens were used to permit fairly 
coarse aggregates to be included in the study, and new techniques involving compara
tively simple and compact apparatus were introduced. 

Preliminary work on correlation of laboratory results to field performance is under 
way and an extensive field study is planned. This paper, however, is concerned only 
with the laboratory tests. 

REVIEW OF PREVIOUS WORK 

When water is converted to ice at atmospheric pressure it expands approximately 9 
percent. The actual expansion of a natural soil upon freezing has been observed to be 
much greater than is possible simply by the expansion of the water within the voids of 
the soil. 

The phenomenon of frost heaving is understood to the extent that heave is associated 
with the growth of ice lenses in soil (2) . This lensing requires freezing temperatures 
in the soil and a supply of water available to the freezing zone. It also depends on cer
tain properties of the soil, as it has been observed that some soils exhibit considerable 
lensing (and heaving) while others exhibit much less or none at all ur:der identical con
ditions. It is not known completely what characteristics of the soil contribute to this 
behavior, although certain grain- size characteristics, such as consistency, permea
bility, and capillarity, have been observed to influence the degree and rate of heave 
(3, 4, 5, 8, 10, 17). 
- Stud1es-byTaber (13), Beskow (2), Linell and Kaplar (10), and others show that the 

frost-heave potential of a soil increases as the percentageof grains finer than O. 02-mm 
diameter increases. Casagrande (3) states that considerable ice segregation should be 
expected in nonuniform soils with more than 3 percent by weight finer than O. 02-mm 
size, and in uniform soils with more than 10 percent finer than O. 02-mm size. 

The U. S. Army Corps of Engineers ( 15) has classified frost-susceptible soils in the 
following manner: Fl materials, the least frost susceptible, are gravelly soils con
taining between 3 and 20 percent by weight finer than the O. 02-mm size; F2 materials 
include sands with 3 to 15 percent by weight finer than the O. 02-mm size; F3 materials 
include gravelly and sandy soils not in the Fl and F2 groups; and F4 materials are the 
most frost susceptible of all soils and include all silts, silty sands, lean clays with a 
plasticity index of less than 12 percent, and most varved clays. 

The U. S. Army CRREL classifies quantitatively in terms of rate of heave of a 
specimen that has been prepared and frozen under standard test conditions (9). Ac
cording to this criterion, the frost susceptibility of a soil is classified as negiigible, 
very low, low, medium, high, orvery high as the rate of heave varies on a scale from 
0 to more than 8. 0 mm per day (Table 1). 

Permeability and Capillarity 

The nature and importance of soil permeability and capillarity are discussed in 
numerous texts on soil mechanics. These parameters, while readily measured on a 
macroscopic scale by laboratory tests, are not simply related to particle shape and 
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TABLE 1 

FROST SUSCEPTIBILITY CLASSIFICATION 

Average Rate of Heave 
(mm/day) 

0-0. 5 
0. 5-1. 0 
1. 0-2. 0 
2. 0-4. 0 
4.0-8.0 

>8. 0 

Frost Susceptibility 

Negligible 
Very low 
Low 
Medium 
High 
Very high 

size, although it can be stated in general 
that permeability decreases and capillarity 
increases with increasing proportions of 
fine grains . 

Beskow (2) used the following empirical 
formula to determine the height of capillary 
rise as a function of particle size: 

( 1) 

in meters, where ck is a constant (0. 060 
when compaction is high and the temperature 

is about 20 C), and ct is the average particle diameter in millimeters. For natural 
soils the value of Ck varies, depending on the gradation and degree of compaction of the 
soil. Beskow found the value to range from 0. 060 to 0. 085. 

The actual capillary saturation developed in a soil is dependent on the method by 
which the water is added. If the soil has been previously saturated or water is able to 
percolate down through the soil, a high degree of capillary saturation can be obtained, 
since most large voids will become filled with water. Water rising in a dry soil due to 
capillary pressure entraps air in the large voids, resulting in less complete saturation. 
Material types and states of compaction, and position of water table relative to the 
pavement may therefore have an important influence on the degree of detrimental frost 
action by their effects both on the amount of water that can be supplied to the freezing 
zone, and the rate that water is supplied. 

Gradation and Density 

Gradation influences permeability and capillarity of soils because it affects the size 
and distribution of soil voids, or pores. Small voids, resulting from small grains and 
a distribution of sizes, produce low permeability but high capillarity. Large voids, 
exhibited by uniform soils or by large grains with no fines present, tend to produce 
high permeability but low capillarity. The rate at which water will flow through a soil 
under capillary potential therefore involves some function of gradation. 

As the dry density of the soil is increased, the pores become smaller and capillarity 
increases while permeability is reduced. According to Beskow (2), Winn and Rutledge 
(16), and Haley (5), increasing the capillarity causes an increasein frost-heave poten
tial of the soil until a critical density is reached. Beyond this point, an increase in 
density continues to cause an increase in capillarity; however, the steady decrease in 
permeability becomes the major factor,and the rate of upwardflowofwaterisdecreased. 
It has been suggested ( 5, 16) that since materials used in the construction of roads are 
usually compacted beyondfue critical density, an increase in compactive effort will 
cause a slight decrease in frost-heave potential. 

The dry density of the soil will depend on the gradation, the size and shape of the 
particles, the type and magnitude of compactive effort, and molding moisture content. 
A soil of uniform gradation would be highly porous . A graded soil containing particles 
of varying sizes so that smaller grains are available to fill the pore spaces among the 
larger grains results in higher density and smaller pore spaces than that of a uniform 
soil. Therefore, a soil of uniform gradation is able to tolerate a comparatively higher 
percentage of fines without detrimental frost action than is a nonuniform soil, because 
it has more void space. For this reason, the effect of gradation cannot be reduced to 
a criterion based on a single particle size. 

Surcharge 

Surcharge in connection with frost action is the load that must be lifted by freezing 
ice lenses. An increase in the surcharge decreases the rate of heave. Haley ( 5) and 
Linell and Kaplar (10) report that the rate of heave for a soil with a 6-psi surcharge is 
only 10 percent oftherateofheaveforthesame soil with a 0.5-psi surcharge. 
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Frost Penetration 

The rate and depth of frost penetration in a soil are governed by a wide variety of 
soil and environmental parameters. Intrinsic soil factors include properties such as 
specific heat, thermal conductivity, water content, density and concentration of salts. 
Environmental factors , such as type and thickness of ground cover, air temperature, 
relative humidity, incident solar radiation, wind, barometric pressure, and precipita 
tion, also play a part (7) . 

A number of schemes have been proposed for estimating the depth of frost penetra
tion under pavements. One of the most widely used is the modified Berggren equation 
proposed by Aldrich (_~): 

l48kF 
z = Av -=-r 

in which Z is the depth of penetration of the 32 F isotherm, k is the average thermal 
conductivity of the soil, L is the latent heat of the soil moisture, and Fis the air freez
ing index. The coefficient A is a correction factor dependent on the mean annual air 
temperature, the volumetric heat capacity of the soil, and the average deviation of air 
temperature from 32 F for the duration of freezing. 

Functions of this type have proved useful in many situations but they have a common 
weakness in that many of the influencing factors mentioned are ignored, and properties 
such as the thermal conductivity of a composite pavement structure are difficult to 
measure. They cannot, therefore, be relied upon beyond the limits of prior experience 
with materials, structural configuration, and environment. Furthermore, the depth of 
freezing predicted by such factors considers air temperature only in terms of the total 
freezing index and duration of freeze. Yet the rate of penetration of fr eezing, as in
fluenced by distribution and magnitude of air temperatures, can have a significant ef
fect on both the depth of penetration of freezing and on the detrimental effects of freezing. 

The rate of heave has been found by Beskow (2), Jackson and Chalmers (6) , andHaley 
and Kaplar ( 4) to be independent of the rate of frost penetration over a fairly wide r ange . 
If the rate of frost penetration is slow, thick lenses form , since water has time to move 
to each lens. If the rate of penetration is increased, there is less time for water to 
move to a lens and thinner lenses are formed. However, the flow of water, and thus 
the rate of heave, still remains fairly constant. On the other hand, if the rate of frost 
penetration is too rapid, the soil is frozen before water has time to move and form 
lenses, and the soil freezes homogeneously with reduced heave. 

If the rate at which the heat is being removed from the sample is not sufficient to 
maintain frost penetration, then the rate of heave is dependent on the rate of heat ex
traction. In other words, the rate of heat extraction may be sufficient to continue the 
growth of ice lenses, but not sufficient to cause movement of the ice front through the 
soil pores. Therefore, it can be seen that if the rate of frost penetration down to a 
given depth is fast, the total amount of heave will be less than that produced by a slow 
rate of frost penetration to the same depth. Otis (12) has observed that some cold 
winters in New Hampshire have caused less heavingthan mild winters . This could be 
due not only to less freezing and thawing taking place, but also to the faster rate of 
frost penetration . 

Kaplar (9) suggests that because the heave for any given depth of penetration of 
freezing is dependent upon rate of frost penetration, the total amount of frost heave of 
a laboratory test specimen is not a good measure of frost susceptibility of a soil. The 
rate of heave, however, because it is uniform over a fairly wide range of penetration 
rates, is well suited to this purpose. It is for this reason that the classification shown 
in Table 1 has been adopted by CRREL, based on an average rate of frost heave in 
mm/ day for a penetration rate of¼ to ¾ in. per day in a standard laborato r y t est. 

FREEZING TESTS 
In the summer of 1965 initial freezing tests on this study were run in CRREL cabi

nets developed by Kaplar. Samples were obtained of four materials from different 
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TABLE 2 

RESULTS OF STANDARD ENGINEERING TESTS 

Optimum Optimum Liquid Plastic 
Material 

Specific Moisture Dry Limit Limit 
Unified System 

Gravity Contenta 
Densitya (:!\) (%) 

C lassificatlon 
(pcf) 

BO 2. 69 5.6 135. 3 18. 4 NP SP-SM 
co 2. 72 5. l 142. 6 17. 2 NP GP-GM 
RO 2. 70 6. 8 136. 2 18. 6 NP SW-SM 
DO 2. 72 6. 5 141. 0 20. 9 NP GP 
GO 2. 74 12. 5 112. 4 23. 9 NP SM 
G2 2. 74 15. 0 108. 6 23. 6 NP SM 
LO 2. 76 6. 75 142. 7 17. 8 NP SP 
Ll 2. 76 17. 8 NP SP-SM 
L2 2. 76 17. 8 NP SP 
L3 2. 76 17. 8 NP SP 
WO 2. 75 6.70 139. 9 15. 8 NP SM 
Wl 2. 75 15. 8 NP GW-GM 
W2 2. 75 15. 8 NP GW-GM 
W3 2. 75 15. 8 NP SM 
PO 2. 72 9. 10 131. 8 18. 0 NP SW-SM 
Pl 2. 72 18. 0 NP SW-SM 
F0 2. 64 6. 00 130. 7 16. 6 NP SM 
Fl 2. 64 16. 6 NP SM 

0 ASTM D 1557-64 T, Method C. 

regions of New Hampshire. Classification data for the materials, identified as BO, 
CO, RO, and DO, are summarized in Table 2. Typical results of cabinet freezing 
tests on these materials are shown in Figure 1. The equipment and methods followed 
are those documented in the literature by Kaplar (8, 9, 10). Freezing penetration 
rates were approximately ½ to 1 in. per day. - - -

Figure 1 shows that the rate of heaving diminished as the depth of penetration in
creased. This was attributed to the surcharge effect of wall friction due to lateral ex
pansion of the specimen against the mold, adhesion, or other boundary effect. This 
made the interpretation of heave rate difficult and somewhat ambiguous in some cases. 

Frost susceptibility of the specimens tested varied from medium to very low (Table 
1). Modification of grain-size distributions by addition of course material (larger than 
No. 10 sieve) and by removal of particles finer than a No. 200 sieve produced slight 
changes in heave rate but did not consistently affect the frost susceptibility classifica-
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Figure l. Typical cabinet freezing test 
results. 

tion. No precise relationship existed between 
the rate of heave and percent finer than O. 02 
mm, although in general the heave rate in
creased with fines (Fig. 2). The association 
of classification symbols with specimens in 
Figure 2 also indicates that for a given percent 
finer than O. 02 mm, lower heave rates occur 
with poorly graded materiai's and higher rates 
with well-graded materials. 

In order to quantify gradation beyond the 
percent finer than O. 02-mm size, the fineness 
modulus was introduced. A plot of heave rate 
vs the ratio of fineness modulus to percent finer 
than O. 02 mm is shown in Figure 3. The evi
dent trend suggested further study of gradation 
influences on the rate of heave, but further 
testing, including a much wider variation in 
material sizes, is necessary. 

To continue freeze testing during the aca
demic year, it was necessary to develop equip
ment and techniques that could be applied in a 
limited space in a conventional soils laboratory. 
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PER CENT FINER THAN 0 .02 MM 

Rate of heave vs percent finer than 
0.02 mm. 

It was not feasible to duplicate the freezing 
cabinets and cold-room facilities available 
at CRREL that are suited to extensive re
search programs. It was also desired to 
reduce the length of time per test if pos
sible, and to eliminate or minimize the 

decay of heave rate during the test shown in Figure 1. The first of these criteria was 
met by using Peltier thermoelectric batteries as freezing units. Testing time was 
shortened by increasing the rate of penetration of the 32 F isotherm somewhat and by 
freezing only about 3 in. of specimen instead of 6. Introduction of a new specimen mold 
composed of Lucite rings resulted in stable heave rates for the duration of the test. 

Apparatus 

Two Peltier thermoelectric batteries were obtained with characteristics specified 
for the present application. Each battery has a maximum heat pumping capacity of 300 
Btu/hr operating at 4. 5 amps and 12 volts de. Operating characteristics, indicating 
that actual capacity is a function of ambient temperature as well as input current, are 
shown in Figure 4. At O C (32 F) cold plate and 25 C (77 F) ambient temperature, the 
maximum capa city is 68 Btu/ hr. 

The cold pla te is a 53/a- in. diameter circular disc, which fits a cylindrical soil spec
imen molded in Lucite rings. A 2- in. separation between hot and cold junctions is en
closed with rigid foam insulation to minimize heat flow to the specimen during freezing. 

Specimens are molded in a cylinder consisting of seven Lucite rings with an internal 
diameter of 5. 46 in. and a wall thickness of O. 25 in. Five of the rings are 1. 00 in. 
high and the remaining two are 0. 50 in. high. The 
s even rings are s t acked with one of the V2-in. rings 
at the top and the other at the bottom and inserted in 
a steel cylinder for stability. The soil is then com
pacted in layers so as to achieve uniform density 
throughout the specimen. The specimen and mold 
are then removed from the steel cylinder and ther
mocouples are inserted at 1-in. intervals from the 
top of the sample to a depth of 3 in. The specimen 
is then ready to be placed in the freezing apparatus. 

The freezing container is a 12 by 12 by 14-in. 
block built from 1-in. sheets of rigid foam plastic 
insulation. A 61/4-in. diameter hole is cut in the 
center of the block to a depth of 7½ in. and lined 
with a waxed car dboard mold 7½ in. high. A con
stant head water supply is attached to the bottom 
of the cylinder. A 5½-in. diameter, ½ -in. thick 

40~----------~ 

Figure 4. Peltier battery operating 
characteristics. 
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Figure 5. Cross section of freezing apparatus. porous stone is supported 1 in. from the 
bottom of the cylinder. The specimen, 
with ring mold intact, is inserted in the 

inner cylinder and the Peltier battery placed on top of the specimen. A surcharge may 
be mounted on the battery if desired. A dial gage mounted on the battery permits ob
servation of change of sample height or heave at any time during the test . A schematic 
cross section of the apparatus is shown in Figure 5. 

Freezing Procedure 

After a specimen is prepared and placed in the freezing apparatus, it is saturated 
from the bottom by raising the water table about 1 in. per hour until the top of the sam
ple has been reached and the water table then held constant for 16 hours. During this 
interval current is applied to the Peltier battery to cool the specimen. In order to al
low cooling of the specimen without freezing, the input current is adjusted according to 
Figure 4 so that Q will be zero when AT equals the difference between the ambient 
temperature and the freezing temperature of water. 

At the end of the 16-hour cooling period, the water table is lowered to½in. above the 
bottom of the specimen, and the input current to the battery is increased to begin freez
ing the specimen. Again, the necessary input current is dependent upon the room tem
perature and is determined from Figure 4. A heat pumping capacity of 65 Btu per 
hour was found to produce freezing rates generally between 3 and 7 in. per day for the 
materials tested. The input current is adjusted as necessary during the test to offset 
significant changes in the ambient temperature, which otherwise would change the rate 
of heat pumping. 

Heave (change in height) and thermocouple readings are made until the penetration 
of the 32 F isotherm has reached a depth of 3 in. 

Materials Tested 

Six samples were taken from potential base sources and in-service bases. Two sam
ples were sand; the remaining four were all natural gravelly sands. Each material 
was subjected to standard tests for specific gravity (ASTM D 854-58), moisture-density 
relations (ASTM D 1557-64 T, Method C), and Atterberg limits (ASTM D 423-61 T and 
D 424-59). The results of the tests and the classification in the unified system are 
given in Table 2. A complete grain-size analysis including sieve and hydrometer anal
yses (ASTM D 422-63) was made on each material; the distribution curves are shown in 
Figure 6. 

In order to facilitate the molding of specimens, all stones larger than 1 in. were 
removed and replaced with a representative sample of material between¼ in. and lin. 
in accordance with ASTM D 15 57- 64 T. 
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RESULTS 

Plots were made of heave vs time and penetra
tion of the 32 F isotherm vs time for each speci
men frozen. Figure 7 shows two typical examples 
of the plots. The top ½ in. of the specimens tends 
to heave faster than the rest of the specimen (Fig. 
7) . This high initial rate of heave was attributed 
to supercooling and the resulting quick-freeze im
mediately following nucleation, and to irregulari
ties at the surface of the specimen. Thermal 
changes in the battery and nonuniform freezing of 
the top of the specimen may also be contributing 
factors. After approximately ½ in. of penetration, 
the heave was substantially linear and independent 
of minor variations in rate of penetration of the 32 
F isotherm (Fig. 7). 

Time rates of penetration and heave were taken 
from the plots as the slopes of the linear portions 
of the curves and summarized in Tables 3 and 4. 
Table 3 includes specimens frozen in the CRREL 
cabinets. The results of two series of Peltier 

battery tests are given in Table 4. Series I tests, summarized in Table 4, were con
ducted with no adjustment of battery input current to compensate for the effects of am
bient temperature fluctuations. Table 4 also includes the Series II tests, in which bat
tery input current was adjusted periodically to keep the rate of heat pumped constant 
for the duration of the test. Initial void ratios of all specimens are also given in Tables 
3 and 4. 

DISCUSSION OF RESULTS 

Of primary importance in development of the laboratory freezing test was to keep 
the duration of test to a minimum. Early experience with the ring-type mold and freez
ing rates of a few inches per day consistently indicated heave patterns similar to those 
in Figure 7. Once initial freezing occurred, heave rates remained essentially constant 
for all subsequent freezing of the specimen. No additional information about heave rate 
was obtained by freezing beyond the first few inches. Duration of test for any rate of 
penetration of the 32 F isotherm could thus be cut in half by freezing only the upper half 

TABLE 3 

SUMMARY OF CABINET FREEZING TESTS 

Void Ratio Heave Ratio Po net rnllon I Specimen 
Void Ratio Heave Ratio 

Penetration 
Specimen (e) (mm/day) Rate (e) (mm/day) 

Rate 
(in./day) (in./day) 

(a) Tapered Cylinders Mold (b) Ring Mold 

L0-1 a. 261 a. 57 a. 57 LO-IA a. 237 1. 17 1. 17 
L0-2 a. 246 0. 43 0.44 L0-2A 0. 256 a. 88 a. 34 

G0-1 0. 626 0. I 0.7 GO-lA a. 610 a. 2 a. 8 
G0-2 0.601 0. I 0.4 G0-2A 0. 600 1. 5 a. 3 

G2-1 a. 645 a. 1 0. 3 G0-3A a. 600 0.3 a. 3 

G2-2 a. 648 0.2 0.3 G0-4A a. 597 0. 9 a. 3 

F0-1 a. 315 2. I a. 8 G2-1A a. 616 4. 0 a. 2 

F0-2 a. 311 2. I 0.8 G2-2A 0. 603 4. 4 a. 2 

PO-I 0. 353 6. 0 0.4 F0-lA a. 311 6. 9 a. 5 

P0-2 a. 357 5. 5 0.4 F0-2A a. 307 6. 5 a. 5 

W0-1 a. 262 3.01 a. 58 PO-IA a. 350 7. 8 0.3 

W0-2 a. 258 3. 34 a. 59 P0-2A a. 366 8. 6 a. 4 

WO-IA 0. 262 4. 58 0.45 
W0-2A a. 253 5. 22 a. 33 
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TABLE 4 

SUMMARY OF PELTIER BATTERY FREEZING TESTS 

Void Ratio Heave Rate Penetration Void Ratio Heave Rate Penetration 
Specimen (e) (mm/ day) Rate Specimen (e) (mm/ day) Rat e 

(in./day) (in./day) 

(a) Peltier Battery; Ring Mold; Series I (b) Peltier Battery; Ring Mold; Serie~ II 

L0- 6B 0.260 1. 11 0.94 L3-1B 0. 274 1. 66 4. 18 
L0- 7B 0. 253 1. 66 I. 14 L3-2B 0.255 2. 02 5. 31 
L0-8B o. 251 1. 50 1. 38 L3-3B 0. 243 2. 42 6. 11 
L0-9B o. 255 1. 23 1. 06 L3-4B 0. 251 2. 02 G. 43 

Ll - lB 0.434 3. 32 4. 31 L3-5B o. 249 2. 27 4. 38 
L3-6B 0. 249 2. 17 3. 99 Ll - 2B o. 452 2. 82 3. 31 L3-7B 0. 256 2. 35 5. 78 

L2 - 1B 0. 339 1. 92 4. 56 L3-8B 0.255 1. 94 6. 24 
L2-2B 0, 335 2. 09 2. 69 L3-9B 0, 256 2. 46 6.88 

W0-lB 0. 264 8. 96 2. 24 
L3-10B 0. 262 2. 09 7.03 

W0-2B o. 256 7.02 3. 41 W0-5B 0. 243 12.40 5. 78 
W0-3B o. 274 7.33 1. 89 W0-6B 0. 243 11. 90 6. 62 
W0-4B o. 266 7. 48 1. 17 W0-7B o. 251 12. 50 6. 06 

Wl-1B o. 180 8, 78 3. 97 
W0-8B 0. 251 10.76 5. 57 
W0-9B o. 262 12. 65 6.08 Wl-2B o. 188 8. 33 3.43 W0-10B 0. 264 10, 41 5. 82 Wl-3B 0. 197 9.70 6. 74 W0-llB 0. 251 10. 79 4. 58 Wl-4B o. 192 8.42 6. 05 W0-12B 0. 256 10. 46 4.73 

W2-1B o. 170 5. 15 3.25 W0-13B 0.255 11. 60 5. 46 
W2-2B o. 168 4. 79 2. 74 W0-14B 0.255 10. 69 5. 29 
W2-3B 0. 180 4. 29 5. 08 F0-3B 0. 318 11. 44 3. 49 W2-4B o. 173 5. 70 5. 69 F0-4B 0. 311 12. 66 3. 99 
W3-1B o. 362 17. 80 5. 00 F0-5B 0. 318 12. 37 3. 44 
W3-2B o. 342 18. 76 5. 82 F0-6B 0. 311 9. 58 4.50 
W3-3B 0.344 14. 74 . 
W3-4B o. 344 13. 73 . Pl-3B 0.416 16.74 2. 54 

Pl-4B 0. 436 18.05 2. 80 
F0-2B o. 313 11. 85 2. 49 G2-1B 0. 600 7.02 3. 26 
Fl-lB o. 387 12. 76 2. 31 G2-2B 0. 597 6. 26 3. 71 
Fl-2B 0. 380 14. 39 1. 96 W3-5B 0. 355 15. 00 3. 88 Fl-3B 0. 404 11. 85 1. 50 W3-6B 0. 339 13.44 4. 15 Fl-4B o. 392 11. 27 2. 46 

Pl-lB o. 397 17. 86 1. 76 
Pl-2B o. 397 22. 57 2. 28 

-i; fhermocouple failure. 

of the specimens. In further testing, therefore, temperature recordings were obtained 
only to a depth of 3 in. Heave r ates were computed disregarding the initial 2 hours of 
freezing. 

It is significant that the shape of the heave vs time curves appears to be a function of 
the mold used to contain the specimen. As was noted previously and shown by Figure 1, 
the rate of heave decreased as freezing progressed in cabinet tests using a "tapered 
cylinder" mold. If this phenomenon was truly a result of bonding or friction of the 
specimen against the mold wall as was previously suggested, the effect should be re-
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Figure 8. Effect of mold type on 
heave of a typical gravelly sand. 

duced or eliminated by slicing the mold into rings 
and omitting the tie-down bolts. Thus, each ring 
would be free to rise with the specimen indepen
dent of lower sections of the mold or mechanical 
ties . 

The effect of the mold is shown in Figure 8, 
which gives heave vs time curves for two speci
mens of a typical gravelly sand frozen s imulta
neously in a CRREL cabinet. The upper curve in 
Figure 8 is for a specimen molded and frozen in a 
Lucite ring mold. The lower curve is for a speci
men of the same material in the "tapered cylinder" 
mold. Similar response was obtained in a number 
of tests using a variety of gravelly sands . It should 
be noted that the apparent restricting effect of the 
"tapered cylinder" is not as great in high-heaving 
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materials as in low, and in fact is not noticeable at all in numerous tests on fine-grained 
soils reported in the literature . Also, use of the ring mold does have a minor disad
vantage in that it precludes accurate determination of degree of saturation of the speci
men prior to testing. It would appear, however, for a test designed for evaluation of 
granular base course materials that are typically low heaving, that adoption of the ring 
mold has substantial merit. 

A review of Table 4 indicates some variation of heave rates for each material. There 
is also some variation in rates of freezing, but there is no consistent relationship be
tween heave rate and freezing rate. While previous work had indicated that heave rate 
was independent of rate of penetration of the 32 F isotherm in the range of ¼ to ¾ in. 
per day, the effect of higher rates of penetration was uncertain. As pointed out earlier, 
however, there is considerable evidence that rate of heat extraction is more significant 
than rate of penetration of freezing temperatures in influencing heave rate. In addition, 
it is expected that minor variation in specimen void ratios and gradations would contri
bute to variation of heave rates among specimens of the same material. 

In the development of procedures, considerable attention was given to techniques in
volving a minimum of operator attention and manipulation during testing. To this end, 
initial attempts were made to run the actual freezing period without adjustment of bat
tery current. In the absence of a controlled environment, however, variation in am
bient temperature was so great as to require occasional adjustments. The possibility 
of using a liquid-cooled Peltier battery is now being investigated. This would provide 
a more constant temperature at the hot plate and therefore more precise control of the 
rate of heat extraction from the soil specimen being frozen . Alternatively, it would be 
possible with some modification to provide for automatic control of input current to 
provide a constant rate of heat extraction over reasonable ambient fluctuations . 

In order to provide a quantitative evaluation of the reliability of the test, a number 
of replicate specimens of each material was tested. The results, which appear in 
Table 4, show that on the basis of heave rate, the test clearly distinguishes among ma
terials of similar type. A one-way analysis of variance is given in Table 5, which 
compares the variation of heave rate among materials to variation within materials. 
The ratio of mean squares in this analysis is 70. The probability that this ratio would 
occur by chance is substantially less than O. 05 percent. 

It should be noted that these data are from all Peltier battery tests in the two series 
of tests . The first series, given in Table 4, was run with no control of heat extraction 
rate during freezing . This resulted in a greater variation of heave rates within mate
rials that occurred in the second series in which rate of heat extraction was controlled. 
It is evident from Table 4 that such control resulted in a much smaller variance of 
heave rate for specimens of a given material. 

Further examination of results of the second series (Table 4b) indicated a trend of 
heave rates associated with freezing units . Two Peltier batteries and associated in
sulated containers were used in the tests. Results from one tended to be slightly higher 
than results from the other, the difference being statistically significant at the 95 per
cent level. This could be due to differences in calibration of the batteries and/or to 
insulating qualities of the containers. Additional investigation of this effect is necessary. 

Tests on 10 replicate specimens of a low-heaving material (L3) and 10 of a high
heaving material (WO) were run. The data from these tests were analyzed to determine 
the number of replicates needed to be confident that the average measured heave rate is 

Source of 
Variation 

Mean 
Among materials 
Within materials 

Total 

P(F $ 3.90) ~ 0.9995 

TABLE 5 

ANALYSIS OF VARIANCE 

Sum of Degrees of 
Squares Freedom 

4558. 1195 i 
1693. 5167 11 

107, 7742 49 
6359. 4104 61 

Mean F 
Squares Ratio 

153.956 70. 01 
2. 199 
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Permissible Error 
(mm/day) 

±0. 50 
±0. 75 
±1.00 
±1. 25 
±1.50 

TABLE 6 

NUMBER OF SPECIMENS REQUffiED TO ESTIMATE THE 
ACTUAL HEAVE RATE OF A MATERIAL 

High Jfeaving 
(WO) 

Probability 
Level 
90i 

12 
6 
5 
4 
3 

Probability 
Level 
95i 

15 
8 
6 
5 
4 

Material 

Low Heaving 
(L3) 

Probability 
Level 
9oi 

3 
3 
3 
2 
2 

Probability 
Level 
95i 

4 
3 
3 
2 
2 

within a specified range of the true heave rate for that material. The results of this 
analysis are given in Table 6. On the basis of these two materials, it appears that 
three tests of a low-heavh1g material (on the order of 2 mm/day) are sufficient to give 
an average measured heave rate within O. 5 mm/ day of the true heave rate at the 90 
percent confidence level. Three specimens of a higher heaving material (on the order 
of 12 mm/day) would predict the true heave rate to within 1. 50 mm/day at the 90 per
cent confidence level. 

The implications of these analyses are especially important with respect to test ap
paratus, for if the reliability of the heave rate obtained from constant heat extraction 
tests, regardless of rate of penetration of the 32 F isotherm, is confirmed, the neces
sity for temperature measurements is eliminated. Hence, thermocouples and asso
ciated equipment would not be necessary for a standard laboratory classification test, 
and the equipment and procedure would be simpler and less costly. Further investiga
tion of this question is currently under way. 

At the present stage of development, the freezing test requires a total run time of 
about 2 days. A specimen can be molded and saturated in one day, cooled overnight, 
and frozen during the following 16- to 24-hour period. 

CONCLUSIONS 

A single grain-size characteristic, such as percent finer than O. 02 mm, is not suf
ficient to predict the response of natural granular materials to freezing. Further, in 
order to obtain useful information about probable performance in service, frost sus
ceptibility of granular materials or pavement base courses must be measured in terms 
that can be related to the detrimental aspects of frost action on pavements. It appears 
that the rate of heaving of a saturated specimen during freezing from the surface with 
a continuous supply of free water at the bottom, is a simple and useful indicator of 
severity of frost susceptibility. 

A Peltier thermoelectric batte1·y was used effectively as a heat sink to freeze cylin
drical specimens 5½ in. in diameter and 6 in. high. Rigid foamed plastic provided 
adequate insulation to permit freezing at normal room temperature. The time rate of 
heaving of the specimen during freezing at a constant rate of heat extraction reliably 
distinguished between gravels varying only moderately in gradation and insignificantly 
in mineral type, plasticity, and specific gravity. The materials tested were types com
monly used for base courses and typically considered low-heaving materials. 

The heave rate of the gravels was generally dependent on the degree of restraint 
provided by the mold. Specimens frozen in cylindrical molds clamped to a base plate 
heaved rapidly at first; however, heave rate tapered off to a very low rate after a few 
hours of freezing. When using a mold consisting of several rings unclamped and free 
to move vertically, the heave varied linearly with time, after an initial rapid rise, until 
the specimen was completely frozen. Under these conditions it was feasible to obtain 
heave rates from freezing periods of from 16 to 24 hours. 
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Statistical analysis shows that the test has the ability to distinguish between mate
rials on the basis of heave rate at an extremely high probability level. If heave rate 
can be well correlated with actual field performance, the freezing test proposed could 
be an efficient and effective method for quickly determining acceptance or rejection of 
proposed base and subbase materials. 
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Discussion 

I. V. KALCHEFF, Research and Testing Engineer, National Crushed Stone Associa
tion, Washington-The a uthors should be complimented for a fine paper dealing with a 
problem of major importance to highway engineering. The laboratory evaluation of this 
complex phenomenon of frost heaving in granular bases and subbases appears to have 
been simplified and the time of testing shortened. The empirical method as proposed 
by the authors, however, should be carefully correlated with field performance prior 
to using it as a basis for acceptance or rejection. Factors such as the overburden 
load, moisture availability, uniformity of density and gradation, etc., may have a 
great influence on the frost heave susceptibility of a material in the field. Also, the 
limited capacity of the Peltier battery should be considered, together with the physical 
properties of the material under investigation. The rapid freezing should be followed 
by a rapid thawing for evaluation of excess water dissipation and load supporting capac
ity. In addition, each material should be tested for the range in gradation that nor
mally occurs in production of materials and construction practices. 

For example, in the AASHO Road Test (18) the "Crushed Stone Base Course, Special," 
after construction was reported to have a mean of 11. 5 percent passing the No. 200 
sieve with a standard deviation of O. 86. The crushed stone base course, Type A, used 
for the shoulder construction, had a mean of 12 percent passing the No . 200 sieve and 
90 percent of the tests were in the range of 9. 5 to 14. 5 percent. 

Normal variability, like those in the two stone bases used for the AASHO Road Test, 
should be considered. Rather than testing the mean gradation for rate of frost heave, 
it would be more realistic to test those gradations that may be at the limits of the 
gradation tolerance. If both of these are evaluated in terms of rate of frost heave, the 
differential heaving would be more applicable for consideration. 

The National Crushed Stone Association (NCSA) has conducted numerous laboratory 
researches concerned with frost heaving in bases and subbases and the prevention of 
spring weakening. As an example of such studies, I would like to present an evaluation 
of the effect of material variability on the compaction characteristics of a stone base, 
the triaxial strength (after capillary saturation), drainability, and the rate of frost 
heave. 

Specimen Preparation 

The materials were weighed cumulatively in amounts sufficient for molding speci
mens of 6 in. in diameter and 8 in. in height. After thorough mixing with the molding 
moisture content, the material was placed in split steel molds in 2-in. lifts and each 
layer compacted by 50 blows of a mechanical drop hammer weighing 10 lb and having 
an 18-in. drop. After placement and compaction of the final layer, each specimen was 
vibrated for 15 sec under a surcharge weight of 85 lb (_!2_). 

Strength Tests 

The strength properties of the various mixtures wer e determined by the triaxial 
method of test used by the Texas Highway Department (20) . 

Water Permeability 

The drainability test for the mixtures was performed on 6-in. diameter, 8-in. high 
specimens by determining the amount of water percolating through the test sample in a 
given time. The water was supplied from a starting height of 30 in. above the top of 
the specimen. 

Frost Heave 

For frost heave evaluation testing, each specimen, after capillary saturation, was 
wrapped in thin polyethylene film and individually insulated with granulated cork. 
Specimens seated on porous stones were than placed in a freezing cabinet (21). A 
source of free water was provided at all times to within½ in. of the bottomof each 
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TABLE 7 

PHYSICAL PROPERTIES OF GRADED CRUSHED LIMESTONE BASES 

Sample 
Specification 

A B C D E 

Identification: 
Maximum size of aggregate, in. 1½ 1½ 1½ 1½ 1½ 

Gradation: 
Total percent passing 1 ½ in. 100 100 100 100 100 3/1 in. 67 71 74 78 81 

'lain. 44 50 56 ·62 68 

No. 4 27 35 42 50 57 
No. 16 11 18 24 31 37 
No. 50 4 9 15 20 25 
No. 200 1 4 8 12 16 

Bulk specific gravity, dry 2. 71 2. 71 2.71 2.71 2.71 

Molding moisture, percent 4.2 4.4 4.4 4. 7 4.8 

Dry density, pc! (compacted) 133. 3 143. 5 147. 7 147.6 146.6 
Density, percent solidsa 78.9 85.0 87. 5 87.4 86.8 
VMA, percentb 21.1 15.0 12. 5 12.6 13. 2 

Drainage factor, ml/hr, avg. c 18,000 70 10 6 3 

Rate of frost heave, mm/dayd 0.4 0.9 2.6 3.8 4.6 

Triaxial strength, max. load in psi 
at indicated lateral pressures: 

0 12 59 81 105 104 
3 82 140 150 153 143 
5 92 147 153 185 163 

10 150 228 250 230 240 
15 163 252 294 278 252 
20 196 268 302 316 309 

~Computed from the theoretical maximum density using the bulk specific gravity of the aggregate. 
Defined as the bulk volume of the compacted mixture minus the volume of the aggrega te from its bulk specific 

9rov ity . 
~Amount o f wolcr dtol ning through a 6-in. diam.:re,, 8-i n. height. 

Free :a:; ir"l g of 1,pecimeos from the top down at on crvc- rage rate of½ in./day. 
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specimen and was available to the specimens through 
capillary action. A surcharge of about 1/3 psi was 
placed on each specimen and the specimens were 
frozen from the top down at an average rate, gen
erally, of½ in. per day. Measurements of tem
perature and change in height were recorded peri
odically and the rate of heave established for the 
given frost rate penetration. 

1 I r,"v 
I ' fif/ 
I !•f1' 
\ y· 
I/. 
\' i -~ : 

I ' \ Discussion of Test Results 
. I I -, \ ' . \\ Results of tests on 1½-in. maximum size aggre

gate in five different combinations of crushed lime
stone are given in Table 7 and shown graphically in 
Figure 9. The amount passing the No. 200 sieve 
was used as the independent variable, but it repre
sents the given gradation as shown in the table. 

0 

I ~ 
\ ,, 

8 12 IG 

Total percent PossinQ No 200 Sieve 

20 

Figure 9. General characteristics of 
graded crushed stone base as affected 
by the quantity of material passing 
No. 200. 

While the rate of heave was approximately con
stant for a given gradation and a given rate of frost 
penetration under similar conditions of water avail
ability, it was of a different value even for a small 
variability in the materials. It should be recognized, 
therefore, that because the base or subbase is not 
of a constant gradation, differential heaving would 
occur. Therefore, consideration should be given 
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also to other physical properties of bases, namely, the release of hydrostatic pressure 
through drainage during the thawing season, some type of test on load-bearing capacity, 
material compactability, and material uniformity. 

Thus, the criterion of frost heave alone cannot be used for acceptance or rejection 
of proposed materials for bases and subbases in areas subject to seasonal frost, but 
could be included as a determination of the differential heave that may occur under crit
ical environmental conditions. The materials engineer then will be in a position to do 
something with the available materials, either reprocess them to eliminate excessive 
fines or stabilize them in an economical manner to render the fines innocuous to frost 
action. 
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R. M. LEARY, J. L. SANBORN, J. H. ZOLLER, and J. F. BIDDISCOMBE, Closure
The authors thank Kalcheff for his thoughtful consideration of the paper and for drawing 
attention to a number of significant points with respect to freeze testing of granular 
materials. His data tend to confirm the indication that rate of heave of specimens, 
during freezing, does distinguish between similar materials. As indicated i~ the paper, 
if this distinction can be significantly related to field performance, the test may be ex
tremely useful in material selection. 

It is certainly true that frost susceptibility should not be used as the sole basis for 
material selection. The authors believe that one criterion of selection should be the 
response of material to freezing temperatures when these are anticipated in service. 
This, of course, in no way implies that other criteria, such as strength, durability, 
toughness, ease of compaction and permeability, should be put aside. 

Kalcheff' s remarks with respect to material variability are indeed pertinent. While 
his own tests indicate some correspondence between percent finer than the No. 200 
sieve and rate of heave of specimens at constant rate of penetration of 32 F isotherm, 
it should be recognized that a substantial variation in grain-size distribution is con
founded in his tests, and the data presented have considerable scatter. His observation 
that" ... the rate of heave ... was a different value even for a small variability in 
the materials" is further evidence that such a test is sensitive enough to produce the 
necessary distinction among materials. In addition, the test described by the authors 
is readily run under varying conditions to determine effects of factors such as density, 
gradation, and overburden, thus permitting the designer to account for these factors in 
selecting materials for use in pavements. The factor of moisture availability should 
be considered also, as suggested by the discusser, although this relates to factors 
other than the frost susceptibility of a particular layer of material. 

With respect to the capacity of the Peltier battery, it is not believed that this influ
ences the evaluation of materials as long as the heat pumping capacity is adequate for 
the particular test. In the tests described, the battery was run substantially below 
capacity in most cases, and at no time did the heat pumping fall below the desired level 
due to lack of battery capacity. It is possible that for different classes of soils, dif
ferent rates of heat removal would prove more satisfactory. Further investigation of 
the optimum rate of heat removal for a wide range of materials is essential. 




