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A Pavement Design for Low-Volume Roads 
That Considers the Antifrost Effects of 
Thickly Packed Snow 
KIYOSHI T AKEICHI, HIROSHI KUBO, AND ATSUSHI KASAHARA 

A pavement design method is described for low-volume roads 
in the cold and snowy regions of Japan. The replacement 
thickness required to prevent frost heave is greater than the 
thickness necessary to bear heavy vehicles. Pavement costs are 
higher in cold regions than in the milder regions of southern 
Japan. Cost-effective pavement structures are proposed for 
low-volume roads under the traffic classifications and weather 
conditions of the cold and snowy regions. Special attention is 
paid to pavement design and antifrost replacement thickness. 
Pavement thickness is determined by the number of 5-ton (50-
kN) equivalent wheel loads in one direction that are expected 
during the design period and the design CBR of the subgrade. 
The lowest of five traffic volume classifications, L, specifies a 
total of 30,000 passes by 5-ton (50-kN) equivalent wheel loads in 
one direction. The pavement structure for the L classification, 
which applies to low-volume roads with few heavy vehicles, is 
overestimated. There are four classifications for low-volume 
roads with recommended pavement structures. Weather condi
tions and traffic volume are very important factors in the 
pavement design of low-volume roads that are covered with 
packed snow. The depth of frost penetration on these roads is 
less than that of bare pavements because of the insulating effect 
of the snow layer. Therefore, because the insulating effect of 
snow can be expected, the thickness of the antifrost layer can be 
reduced when the pavement is replaced. In order to practically 
apply this design procedure, the following work must be 
performed. The earliest date at which snow continuously covers 
the pavement must be estimated, .the freezing index of the 
earliest date and the total freezing index must be determined 
from meteorological records of the ,project area, and the 
thermal constants of the packed snow· layer and pavement 
materials must be calculated. It was found that more cost
eff ective pavement designs of low-volume roads are possible in 
cold and snowy regions when the ins.ulating effects of the 
packed-snow layer are considered. 

The total length of roads in Japan is nearly I J 20 000 km, over 
80 percent of which are s~condary roads, including low-volume 
roads. Trunk roads are nearly 100 percent paved, and main
tenance and improvement are important problems. Low-cost 
paving methods must be developed to extend the life of low
volume roads that are paved. 
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Large populations live in areas with heavy snowfall in Japan. 
For instance, about 1,600,000 people live in Sapporo, which is 
an area with an annual snowfall of more than 5 m and a low 
temperature of -15°C. Numerous problems still need further 
research in the design and construction of road pavements, 
maintenance and improvement, and snow and ice control under 
severe climatic conditions. 

This is especially the case for the pavement design of low
volume roads in cold and snowy regions. In these areas, the 
replacement thickness necessary for antifrost measures exceeds 
the pavement thickness determined by the traffic loads and the 
design CBR, because of the low volume of heavy vehicle traffic. 
As a result, construction costs of pavements in cold regions tend 
to be higher than those of regions with milder climates. 

Snow is usually packed on the pavement oflow-volume roads 
in cold regions. The packed-snow layer insulates the pavement 
and reduces the depth of frost penetration. lfthis effect is taken 
into consideration during the pavement design, the thickness of 
antifrost layers could be reduced and construction costs would 
be lower. Such a design method is described, in which traffic 
load conditions and snow-packed pavement conditions are 
classified according to several grades . 

PAVEMENT THICKNESS AND ANTIFROST LAYERS 

Traffic Classification 

The design of asphalt pavements in Japan is based on the 
Manual for Design and Construction of Asphalt Pavemen/s (J). 
Traffic volume is classified into five grades, L, A, B, C, and D, 
by the number of 5-ton (50-kN), equivalent wheel loads, as 
shown in the following table. 

Road Grade 

L 
A 
B 
c 
D 

Number of 5-ton 
Equivalent Wheel Loads 

30,000 
150,000 

1,000,000 
7,000,000 

35,000,000 

The L grade, which applies to low-volume roads, specifies 
30,000 passes of 5-ton equivalent wheel loads. As a result, 
designs based on traffic of the L grade are uneconomical on 
roads with few heavy vehicles . The L grade is therefore further 
classified into four subgrades, L 1, L2, L3, and L4, as shown in 
the following table. 
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Road Grade 

Pavement Thickness 

Number of 5-ton 
Equivalent Wheel Loads 

30,000 
3,500 

750 
I IO 

Pavement thickness is determined by the number of 5-ton (50-
kN) equivalent wheel loads in one direction that are expected 
during the design period, N, and the design CBR of the 
subgrade, CBR. This design method is based on a pavement 
thickness, H, and the required thickness of a full-depth, hot-mix 
asphalt pavement that has an equivalent strength, TA. These 
thicknesses are calculated by Equations I and 2, respectively 
(/). The pavement thickness in this case is the total pavement 
thickness of the surface course, binder course, base course, and 
subbase course. 

28.0 x N°· 1 

(cm) H : 
CBR0·6 

(I) 

3.84 x N°· 16 
(cm) TA BRO. 

(2) 

The thicknesses of the structural layers of pavement are 
determined by Equation 3. 

(3) 

where 

a 1, a 2, . .. a
0 

= coefficients of relative strength, and 
T 

1
, T 

2
, ... T n = thickness of individual pavement layers (cm). 
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The coefficients of relative strength, an' indicate the thickness 
in cm of the hot asphalt mix used to construct binder and 
surface courses , which have a strength equivalent to a I-cm 
layer of other pavement materials and construction methods. 
These are modified coefficients of relative strength determined 
for pavement material by the AASHO Road Test. 

The calculated pavement thickness, H, is allowed to be 
reduced by a maximum of 20 percent, so 0.8 X His applied to 
the pavement thickness of L 1, L2, L3 and L4 road classifications. 

The typical asphalt pavement structures, based on the 
calculated results of Hand TA for L 1, L2, L3, and L4 road 
classifications, are shown in Table 1. 

Antifrost Layer 

The pavement thickness of luw-vulume roads in snowy regions, 
which is determined by traffic loads and the design CBR of the 
sub grade, is usually less than the replacement thickness necessary 
for antifrost measures. It is therefore necessary to replace the 
difference between the pavement thickness and the replacement 
thickness with an antifrost layer. 

In Japan, the replacement thickness required for antifrost 
measures generally uses 70 percent of the theoretical maximum 
frost penetration depth, as shown in Figure I. However, the 
replacement thickness is sometimes determined from experience 
in some areas. The theoretical maximum frost penetration 
depth is the maximum depth of frost penetration of ground 
composed of coarse-grained material that is not susceptible to 
frost in the coldest year of the last 10 years . The theoretical 
maximum frost penetration depth is calculated by the modified 
Berggren's formula with the maximum freezing index (Fmax ° C 
days) in the last JO years (2). 

The freezing index represents the product of the daily mean 
temperature below 0°C during the freezing period and the 
number of days of continuous freezing. This can be calculated 
by use of climate data. 

TABLE I TYPICAL ASPHALT PAVEMENT STRUCTURES FOR LOW-VOLUME ROADS 

Pavement Structure Coefficient Design CBR Layer thickness by 
relative strength road classification (cm) 

11 12 L' L+ 

Surface course 1. 0 3 3 4 4 

Hot asphalt mix 

Binder course 1.0 - 4 - - -
Hot asphalt mix 

Base course 0.8 5 5 - -
Bituminous stabilization 

Subbase course 
Crusher-run or :z 35 30 25 20 

Pit-run gravel 0.25 3 25 zo 21.1 

(Modified CBR: 4 20 ~o 

30 or more) 6 
8 

12 15 15 15 15 
more than ZO. 
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FIGURE 1 Relation between maximum theoretical depth of frost 
penetration and replacement thickness. 

. The thickness of the antifrost layer is not included in the 
pavement thickness, because it is considered a part of the 
subgrade. The design CBR of the sub grade is determined by the 
average of the CBR of the subgrade and tbe antifrost layer 
calculated from Equation 4 (Figure 2) . Because the antifrost 
layer generally uses coarse-grained material, the design CBR is 
greater than that of the existing subgrade, which results in a 
lower total pavement thickness. 

Design CBR = 

CBR
113 

+ (IOO - h) X CBR
1

1
3

] I 2 

100 
(4) 

where 

= 
= 

CBR value of antifrost layer, and 
CBR value of existing subgrade. 
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The subgrade refers to the soil under the pavement within a 
depth of approximately 100 cm below the subgrade surface . 
When h is the thickness of the antifrost layer, the existing 
subgrade becomes 100 - h. 

FROST PENETRATION DEPTH WHEN PACKED SNOW 
ON THE PAVEMENT IS CONSIDERED 

Design Concept 

It is known from experience that the layer of packed snow on 
the pavement of low-volume roads serves as heat insulation , 
and causes a reduction in the frost penetration depth of 
pavement structures . 

Snowfall and temperatures vary with the year and location, 
and it is necessary to establish standard road climate conditions 
for pavement designs. In order to accomplish this, it is necessary 
to determine the earliest date of continuous snow cover on the 
ground; the freezing index; a method for determining frost 
penetration depth before and after the formation of packed 
snow on the pavement; and the thickness, density, and thermal 
constants of the packed snow. Continuous snow cover is 
defined as snow that is on the ground for more than 30 days . A 
method of calculating the reduced thickness of the antifrost 
layer by use of observed data, results of past research, and a 
theoretical formula is presented. 

The general concept of this design method is shown in 
Figure 3. The procedure of the method can be simply explained 
as follows : 

Required replacement thickness Number of 5 ton (50 

for frost heave preventing KN) equivalent wheel CBR of subgrade CBR of antifrosl layer 

measures (Z*) loads 
(N) 

I I 

Required pavement 
thickness (H 1) 

I I 
Calculation of anti frost Determination or 

layer thickness (h' = Z* - H 1) the design CBR 

I I 

I I 
Determination of pavement L>eterminalion or antifrost 

thickness (H) laye r thickness <h = Z* - HJ 

FIGURE 2 Flow chart of pavement structural design. 
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FIGURE 3 General concept of the design procedure. 

I . Using statistical climate data, determine the earliest date 
with a daily mean temperature (1 0) below 0° C and the earliest 
date with continuous snow cover on the pavement (t 1). 

2. Calculate the freezing index (F1) at time 11 and the 
maximum freezing index (Fmax) to get Zamax. 

3. Determine the increase in the frost penetration depth in 
the ground of a con rse-grained material that is not susceptible 
to frost, assuming no snow on the pavement through the winter 
(a-curve). 

4. Find the increase in the frost penetration depth of ground 
from the point t 1, assuming the packed snow of S cm thickness 
on the pavement (b-curve). 

5. Determine the difference between the a-curve and the 
b-curve (ll.Z = Zamax - Zb) at the point at which a-curve 
indicates the maximum frost penetration depth. 

6. Herc ll.Z is the reduced thickness of the frost penetration 
depth as a result of the heat-insulating effects of the packed
snow on the pavement. This b.Z is multiplied by the replacement 
rati o (0.7 X llZ) . which gives the reduced thickn ess of the 
replacement thickness. 

In Figure 3, the a'-curve and b'-curve indicate the increase in 
the frost penetration depth in regions with a small freezing 
index; therefore, the frost penetration depth is naturally small. 

Continuous Snow Cover on the Pavement 

Determination of the Earliest, Continuous Snow Cover Date 

The earliest date with continuous snow cover is the date from 
which snow remained on the ground for more than 30 days. 
Because the earliest date with continuous snow cover (1 1) varies 
from year to year, 11 is assumed with M + 1a from the mean 
first day (M) and its standard deviation (a), based on statistical 
climate data. 

The earliest date that Sapporo had continuous snow cover on 
the pavement is estimated with M + 1a as follows (3). 

b:. curvl..:' 

a'-curv'-' 

In the case 01· a relati ve ly large 
rreczing index 

a-curve 

Climate data: N = 28 ( 1952 to 1980). 
The earliest date with daily mean temperature (10) below 0°C: 

November 17. 
Mean earliest date with continuous snow cover: November 

28. 
Standard deviation (a): 9 days. 
The earliest date with continuous snow cover on the pavement 

(t
1 
= M + 2a): December 16. 

Thickness of the Packed Snow 

The thickness of packed snow (S) on the pavement is classified 
into four grades, 0, 10, 20, and 30 cm, to calculate the heat
insulating effect. No data are available for low-volume roads. 
The field survey results of packed-snow conditions on the 
pavement of national roads are shown in Table 2 (4). 

The density (p) of the packed-snow layer is 0.54 g/ cm 3 in the 
su1vey 1esults f1um Route-230, which has a iow traffic voiume, 
and it varies with traffic volume and snow quality. 

It is shown in Figure 4 that from laboratory tests of the 
relation between density (p) and the number of load applications 
(N) under compressive stress similar to the tire pressure of a 
passenger car, the density (p) varies from 0.50 to 0.55 g/ cm 3 (5). 

Based on the results of field surveys and laboratory tests, the 
density of packed snow is set at p = 0.50 g/ cm 3 on low
volume roads with few heavy vehicles, and at p = 0.55 g/ cm 3 

on other low-volume roads. 

Physical Properties of the Packed Snow 

The physical properties of the packed snow that were used to 
calculate the frost penetration depth are shown in Table 3. The 
thermal conductivity of the packed snow has a great influence 
on the reduction of the frost penetration depth. The thermal 
conductivity of snow is closely related to its density. Many 
researchers have investigated the relation between density and 
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TABLE 2 FIELD SURVEY RESULTS OF PACKED-SNOW LAYER ON THE PAVEMENT 

Road A.D.T. Thickness Density Temperature Date 
(cm) (g/c~) (oC) 

Route-5 2,000 (380)* 10 - 11 0.56 - 0.61 -3.0 Feb. 27 

Route-230 1,000 (174) 3 - 9 0.57 - 0.60 -2.5 Jan. 28 

Route-230 600 (104) 10 0.54 -9.7 Jan. 28 

)* a traffic volume of heavy vehicles per day. 

0.7 

0.6 

E -'.:'_ o.s 
bJl 

Q 

~ 0.4 
~ 
'o 
·~ 0.3 

" "' 0 
0.2 

0.1 

Granulated snow 

Fine grained compact snow 

Compressive stress: 1.3 kgf/cm' 

Test temperature: - 5 ( ' 

Speed: 36 applications per min. 

10 10' 10' 

Number of load applications, N 

Fl GU RE 4 Relation between density and number orload applications. 

thermal conductivity of snow. One example is Mellow's chart, 
which is shown in Figure 5 (6). Curves (1) and (2) in this figure 
are the results of research in Hokkaido, Japan (7). From the 
eleven curves of density (p) and thermal conductivity (K), 
including the results observed in Hokkaido, thermal conductivity 
is obtained by Jansson's curve, which gives average values. 

Estimation of Frost Penetration Depth 

Theoretical Formula To Estimate Frost Penetration Depth 

The modified Berggren's formula shown in Equation 5 is used 
to calculate frost penetration depth (8). 

z = 

(L/ K)eff = 

172800 F 

(L/ K)eff 

2 

x2 [ ,:, l 

where 

x = 

dn = 

Kn = 
Ln = 

F = 
z = 
i\ = 

+ ..... ........ ... .... . + Lndn [ + 

+ ]} 

d 1 + d 2 + d 3 + ..... dn = estimated depth of frost 
penetration (cm), 
thickness of each layer down to the estimated depth of 
frost penetration (cm), and d 1 is the thickness of the 
surface layer, 
thermal conductivity of each layer (cal/ cm· sec· 0 C), 
volumetric heat of latent fusion of each layer 
(cal/ cm\ 
freezing index (° C days), 
depth of frost penetration (cm), and 
dimensionless coefficient. 

The mean water content ratio ( W) of coarse-grained material 
that is not susceptible to frost in Hokkaido is 15 percent. The 
dry density (yd) is 1.8 g/cm 3. The thermal conductivity of 
coarse-grained material was calculated with the values shown 
earlier and Kersten's experimental equation (8). The thermal 
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TABLE 3 THERMAL PROPERTIES OF PACKED SNOW 

Density of Specific Thermal Volumetric heat Latent heat 
packed snow (f) heat (C) conductivity apacity (Q) ' of fusion (L) 

(g/cm3
) (cal/g·°C) (K) (cal/cm3· °C) (cal/cm3 ) 

(cal/cm·sec.°C) 

E 
..'.:'._ 0.002 
-;; 
'J 

""' 0 0.001 ._, 

0.50 

0. 55 

lnvestig"tc·d results 
in Hokkaido 

0 . 1 0.2 

0.225 

0.250 

Density,!' (g/ cm') 

0.00138 

0.00170 

0.5 0.6 

FIGURE 5 Relation between density and thermal conductivity of 
snow. 

conductivity of coarse material is different at unfrozen or frozen 

times , and the mean value of0.00620 cal / cm · sec · °C was 
adopted as thermal conductivity (K). 

Volumetric heat (Q) and latent heat of fusion (L) are 

determined as follows: 

Q = (0. 17 + 0.0075 X W X Yc1 = 0.509 cal / cm 3 • °C 
and 

/ . =0.795 X y"X W=21.60cal / cm 3. 

Influence of Packed Snow on the Frost Penetration Depth 

The effect of packed snow on the free7.ing index and frost 

penetration depth determined by the modified Berggren's 

formula is shown in Figure 6. Under snow-packed pavement 

conditions, the ground starts to free7.e only after a certain value 
of the freezing index has been reached. When the thickness of 

the packed-snow layer is great and its density is low, the frost 

penetration depth is small. 

)~eduction in Antifrost Layer 

The relation between the freezing index and the frost penetration 

depth in packed-snow pavements is first determined. If the 

freezing index (F
1

) on the earliest date with continuous snow 

'E 
u 

N 

" .g 

so 

~ JOO 
c 
Q) 

0. 

200 

0 

o. 113 39.75 

0.138 43.70 

heezing index, F ( (" days) 

200 400 600 800 1000 1200 1400 1600 

s = thickness or packed snow (cm) 

(J =density or packed snow (g/cm ') 

FIGURE 6 Relation between freezing index and depth of frost 
penetration. 

Freezing index, F CC·days) 

0 200 400 600 800 1000 1200 

N 

" .9 

g 
c 
" 0. 

so 

(77) 

] 100 
~ ~(1_0_5_) ~~~-'\. 

.c 
P. 
" 0 

ISO 

Fmax = SOO 

S = 20 cm 
P = O.SS g/cm' 

,...,._ 

" '').,.) 

FIGURE 7 A diagram solution of decrements in frost penetration 
depth. 
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TABLE 4 DECREMENT IN ANTIFROST LAYER THICKNESS BY THE PACKED SNOW IN 
SAPPORO (F 1 =100° C · days. F max = 500° C · days) 

Density of 
Road Classification packed snow 

(g/ cm3 ) 

Lz& 13 0.55 

L+ 0.50 

cover on the pavement (1 1), the maximum freezing index 
(Fmax), and snow-packed pavement conditions (S,p) are 
determined, decrement (li.Z) in frost penetration depth can be 
determined from the chart in Figure 7. 

The procedure that was followed in Figures 6 and 7 for 
Sapporo is as follows. 

DesiKn Conditions 

Snow-packed pavement condition: S = 20 cm, p = 0.55 g/ cm3. 

The h-curve is used here. 
Freezing index on the earliest date with continuous snow 

cover on the pavement (F 1): 100 (° C · days). 
The maximum freezing index (Fmax): 500 (°C · days). 

The reduced thickness of the antifrost layer is determined by 
multiplying li.Z (= 28 cm here) with the replacement ratio, 
which becomes 0.7 X li.Z = 20 cm. 

I. Up to F 1 (= 100°C · days) the frost penetration depth 
increases with the a-curve without snow. 

2. The intersection of the line drawn vertically from F 1 
represents Z 

1 
on the a-curve. 

3. The b-curve is moved parallel to the freezing index axis in 
the direction of the a-curve until it intersects the a-curve at Z 1• 

This displaced h-curve is called the c-curve. With packed snow 
on the pavement, the frost penetration depth increases with the 
c-curve, when F increases. 

4. The frost penetration depth of Za (I 05 cm) and Zc 
(77 cm), determined by a-curve and c-curve at Fmax, are the 
maximum depth of frost penetration with and without packed 
snow on the pavement. 

5. The difference in maximum depths, li.Z = Za - Zc, is the 
reduction in the frost penetration depth. 

TRAFFIC VOLUME CLASSIFICATIONS AND THE 
REDUCTION OF THE ANTIFROST LAYER THAT 
RESULT FROM THE THICKNESS OF PACKED SNOW 
ON THE PAVEMENT 

As was stated earlier, the traffic on low-volume roads was 
classified into four grades, L 1, L2, L3, and L4. The density of 
packed snow on the pavement (p) of the L4 grade is considered 

Decrement of antifrost layer 
thickness (cm) 

Packed snow thickness (cm) 
below 10 10 - 19 20 - 29 over 30 

0 

0 

10 20 20 

15 25 30 

to be0.50g/cm 3. On L 1, L 2,and L3 grades, it is0.55 g/cm 3. The 
decrement in antifrost layer thickness is then calculated for 
packed snow thicknesses of 0, I 0, 20, and 30 cm. 

The reduced thickness oft he a ntif rost layer under conditions 
of F 

1 
= I 00° C·days, and Fm ax = 500° C · days, as in the case of 

Sapporo, is shown in Table 4. For the grade L 1, which has the 
highest traffic volume among the L 1, L2, L3, and L4 
classifications, the packed snow on the pavement is disregarded; 
no reduction in the thickness of the antifrost layer is considered. 

ACKNOWLEDGMENT 

The authors wish to thank the members of the Pavement 
Research Committee of the Hokkaido Civil Engineering 
Technological Association for the analysis of data and their 
assistance in the preparation of this paper. 

REFERENCES 

I. Manual for Design and Cons/rue/ion of Asphall Pavements. 
Japan Road Association, Dec. 1980. 

2. Freezing of Soil. The Japanese Society of Soil Mechanics and 
Foundation Engineering. Dec. 1982, pp. 95-113. 

3. H. Kubo. Studies on Usage Regulation of Studded Tires. Monthly 
Report, Civil Engineering Research Institute, Hokkaido Develop
ment Bureau, Oct. 1983, pp . 8-11. 

4. S. Kinoshita and E. Akitaya. Snow and Ice on Roads. Low 
Temperature Science. Series A Physical Sciences, No. 27, The 
Institute of Low Temperature Science, Hokkaido University, 
Sapporo, Japan, 1969, pp. 163-179. 

5. K. Tsushima. Test of the Repeated Loadings on Snow. Low 
Tempera/Ure Science. Series A Physical Sciences, No. 33 , The 
Institute of Low Temperature Science, Hokkaido University, 
Sapporo, Japan, 1975, pp. 57-68. 

6. M. Mellow. Properties of Snow. CR REL Monograph, Ill-A I. 
Cold Regions Research and Engineering Laboratory, Hanover, 
N.H., 1964, p. 105. 

7. T . Yamada, T. Hasemi, K. Izumi, and A. Sato. On the 
Dependencies of the Velocities of P- and S-Waves and the 
Thermal Conductivity of Snow Upon the Texture of Snow. Low 
Temperature Science, Series A Physical Science, No. 32, The 
Institute of Low Temperature Science, Hokkaido University, 
1976, pp. 75-108. 

8. H. P. Aldrich. Frost Penetration Below Highway and Airfield 
Pavements. Bulletin 135. HRB, National Research Council , 
Washington, D.C., 1956. 

9. M. S. Kersten. The Thermal Conductivity of Soil. Proc., HRB, 
National Research Council, Washington, D.C .. 1948. 




