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Abstract: Nowadays, Salang highway is the major mountain pass connecting northern Afghanistan to Kabul province 

and southern Afghanistan. The subject of this research is to predict the frost penetration depth in north and south of 

Salang Highway. In order to reach this goal, field and laboratory soil data from 18 trial pits were collected and 

evaluated. Then Modified Berggren equation and Rajabei & Baladi formula were applied to predict frost penetration 

depth. The result of this study shows that average frost penetration depth in the south of Salang highway is 138 (cm) 

and it is 148 (cm) in the north of the highway. It is concluded that deeper frost penetration depth in the north part is 

because of more dry density and more thermal properties of soils with comparison to the south part. A correlation 

formula is developed between dry density of soil and predicted frost depth which makes it possible to predict maximum 

frost depth in Salang area and also other areas with similar geographic and climate condition. 
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I. INTRODUCTION 

 

Salang highway is nowadays the major mountain pass connecting northern Afghanistan to Parwan province, with 

onward connections to Kabul province and southern Afghanistan (Fig. 1). Salang Highway (87 km) was built in the 

1960’s by the former Soviet Union. It carries most of the cross-Hindu Kush traffic, which is typically between 4,500 

and 9,000 vehicles a day. It has 7 meter width with only one lane in each direction. Its highest point is at 3,400 meters 

altitude where a tunnel (2.8 km long) crosses under the snow-capped mountain peaks. When it was built, Salang tunnel 

was the world’s highest road tunnel. The quality of the original highway construction was very good, with asphalt 

concrete pavement in the lower sections of the road and a very solid concrete pavement in the higher road sections 

above 2,500 meters altitude. But ever-increasing traffic volumes, heavier vehicles using snow chains in winter, many 

heavy military trucks with steel-spike studded tires that quickly wear down pavements and the lack of proper 

maintenance eventually lead to a serious deterioration of the road, especially in the higher sections that are exposed to 

extreme climate.  

 

 
Fig. 1  General location of Salang highway 

 

Recently several rehabilitation and repairing works have been carrying out on the road pavement and other structures in 

Salang highway but there is no available information about frost penetration depth along this highway. Maximum frost 

depth can be usually estimated through local experiences or available maps. However, using general maps which 

covers large areas is not recommended, and local instructions, local engineering practices and technical experiences 

should be applied to predict frost depth in the interest area.  This study evaluates the effective parameters on the frost 

penetration depth and then predicts frost penetration depth based on the suggested formulas and models in the 

literatures. 
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Building footings should be placed below the frost line because of possible frost heave of the buildings and also 

alternate freezing and thawing of the soil tends to maintain it in an unconsolidated or loose state [1]. Thermal condition 

of soils such as frost depth is one of the important meteorological indexes in agriculture, construction, infrastructures, 

drainages and water supply networks [8]. 

The depth of frost action depends on the air temperature below freezing and duration, surface cover, soil thermal 

conductivity, permeability and soil water content [16]. Two common types of damage related to frost are: (1) freezing 

of water in cracks, and (2) formation of ice lenses. In many cases, deterioration or damage is not evident until the frost 

has melted. In these instances, it may be difficult for the geotechnical engineer to conclude that frost was the primary 

cause of the deterioration [2]. 

 

II. MATERIAL AND METHODS 

 

To be able to calculate frost depth, two groups of information are necessary: (1) thermal characteristics of ground 

material and (2) climate conditions. 

Thermal characteristics of soil are thermal conductivity, volumetric heat capacity and latent heat of fusion of soil-

moisture. These values depend upon grain-size distribution, density, and moisture content of the soils. 
The methods of calculation related to the climate conditions discussed by the authors are based upon the freezing index 

which is the average air temperature during frost penetration multiplied by its duration in days. Also it is determined by 

the establishment of the difference between the maximum and the minimum of the curve representing the cumulative 

sum of daily mean temperature [14]. 

Design freezing index should be the average air freezing index of the three coldest winters in the latest 30 years of 

record. If 30 years of record are not available, the air freezing index for the coldest winter in the latest 10-year period 

may be used [17]. 

Several methods have been suggested for determination of freezing index. Equation (1) is applied in this study to obtain 

freezing index [6].  

𝐹 = [(𝛴 𝑇𝑚𝑜𝑛𝑡ℎ) ∗ 𝑁𝑖],          𝑇𝑚𝑜𝑛𝑡ℎ < 0    (1) 
Which: 

F= freezing index 

Tmonth= average monthly temperature less than zero (Celsius) 

Ni= number of days in month.  

 

To predict the frost penetration depth, thermal characteristics of soil material are also required. The basic thermal 

properties of soils and other construction materials are specific heat, thermal conductivity and volumetric latent heat of 

fusion. Other terms used in heat-flow calculations are derived from these data.  

Specific heat of most dry soils near the freezing point is assumed to be constant at the value of 0.17 (Btu/lb. °F). The 

thermal conductivity of soils is dependent upon a number of factors: density, moisture content, particle shape, 

temperature, solid and liquid and vapor constituents, whether frozen or unfrozen.  

We used dry density and moisture content of soil obtained from soil investigation and determined average thermal 

conductivity for frozen and unfrozen conditions from figure 1-2 and 2-2 in [17]. 

An average value from frozen and unfrozen conditions was calculated by Equation (2) which gives a more reasonable 

result. 

𝐾𝑎𝑣𝑔 =
1

2
(𝐾𝑢 + 𝐾𝑓)       (2) 

 

Another thermal parameter of soils is volumetric heat (C) which was obtained from Equation (3) and (4) for frozen and 

unfrozen conditions, respectively [5].  

𝐶𝑢 = 𝛾𝑑(0.17 +
𝑤

100
)       (3) 

 

𝐶𝑓 = 𝛾𝑑(0.17 +
(0.5)𝑤

100
)       (4) 

 

Volumetric latent heat of fusion is quantity of heat required to melt the ice (or freeze the water) in a unit volume of soil 

without a change in temperature. This parameter was obtained from Equation (5).  

 

𝐿 = 1.434𝜔𝛾𝑑       (5) 

Where:  

ω= moisture content 

γd= dry unit weight (lb per ft3) 
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Several methods have been proposed and developed in the literatures to calculate frost penetration depths. One of those 

is proposed by Mc Koewn which is shown in Equation (6). 

 

𝐷 = 𝜆 ∗ (𝐴𝐹𝐼)1/2                               (6) 

Where: 

D=frost penetration depth (m), 

AFI=freezing index, 

λ=correction coefficient and depend on soil texture 

 

The depth of frost penetration can be estimated with a reasonable accuracy from air freezing index only if the effect of 

the other variables can be minimized. The relation between the maximum frost penetration and the freezing index was 

studied in [7]. Different relationships were developed to predict the maximum frost penetration from the freezing index 

based on the type of surface and whether it is covered with snow or not. In [9] the temperature data collected from road 

weather information system (RWIS) installed in northern Ontario was used to predict frost depth. The relationship 

between cumulative freezing degree days and frost depth was found to be as shown in Equation (7). 

 

𝐹𝐷 = 5.537√𝑇𝐼      (7) 

Where: 

FD = Frost depth (cm),  

TI = Σ (Tair, mean + 5.31°C) (C°. Days),  

Tair, mean = Average daily air temperature (C°) 

 

Stefan equation is one of the first known theoretical formulas to calculate frost penetration. The Stefan equation, which 

is presented in Equation (8), is derived from the fundamental equation of heat flow and storage [10].  

 

𝐷 = √
48𝑘𝐹

𝐿
        (8) 

Where: 

D= depth of frost penetration (ft) 

K= thermal conductivity (Btu1’s per ft2 per degree Fahrenheit per ft per hr.) 

F= freezing index (°F. Days) 

L= volumetric heat of latent fusion (Btu’s per ft3) 

 

An expression for frost penetration which designated the modified Berggren formula was developed in [11]. Equation 

(9) is presented this developed equation. 

 

𝑧 = 𝜆√
48𝑘𝐹

𝐿
       (9) 

The units in two above equations are the same; λ is a dimensionless correction coefficient depending upon the thermal 

ratio and fusion parameter [3]. 

In [5] a simple predictive tool was developed to calculate a new correction coefficient depending upon the thermal ratio 

and fusion parameter. The new correction coefficient can be used in follow up calculations to estimate the depth of 

frost penetration for both uniform and layered soils in frost-effected regions to evaluate the performance of pavement.  

The temperatures of the pavement surface during the frost period are decisive for calculating the depth of frost 

penetration in a road. Temperature measurements of the surface, however, are usually not available, so that the exact 

calculation of a surface freezing index is not possible. Therefore, a relationship between the freezing indices of the 

surface and of the air is required as shown in Equation (10). 

 

𝑛 =
 𝐹𝐼𝑠

𝐹𝐼𝑎
       (10) 

Where: 

FIs= surface freezing index, 

FIa= air freezing index 

 

Different conversion factors based on the types of surface for both freezing and thawing conditions was proposed by 

Corps of Engineers (Table 2).  

 

 
1 Btu: British thermal unit (the quantity of heat required to raise the temperature of 1 pound (Ib) of water 1°F at about 40°F. 
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TABLE I  n-FACTORS FOR FREEZE AND THAW [17] 

For thawing conditions For freezing conditions Type of surface 

--- 1.0 Snow surface 

1.5 0.75 Portland-cement concrete 

1.6 to 2 0.7 Bituminous pavement 

1.4 to 2 0.7 Bare soil 

1.0 0.9 Shaded surface 

0.8 0.5 Turf 

0.4 0.3 Tree-covered 

 

The accuracy of different analytical and semi-empirical frost depth prediction models including Stefan model, Modified 

Berggren model and Chisholm and Phang empirical model was tested and a general empirical model that requires 

thermal conductivity and average air temperature as inputs was developed by Rajabei and Baladi in [12]. This general 

model is expressed by Equation (11).  

 

𝑃 = (−0.45𝐾 + 1.9614) × 𝐶𝐹𝐼(0.0913𝐾+0.4143)    (11) 

Where: 

P: frost depth (in) 

K: thermal conductivity of soil (Btu/ft.hr. °F) 

CFI: cumulative freezing index (°F. Day) 

 

In this paper, two models; Modified Berggren equation and Rajaei & Baladi formula are used to calculate frost 

penetration depth. Then, results obtained from two models are compared together to reach reliable values of frost depth 

for Salang highway.  

 

Summary of all data and properties required for calculation of frost penetration depth by modified Berggren equation is 

presented in Table 6. 

 

TABLE 2 DATA AND PROPERTIES REQUIRED FOR FROST PENETRATION DEPTH 

Source Unit Description Symbol 

from developed models ft Frost penetration depth z 

𝑭 = [(𝜮 𝑻𝒎𝒐𝒏𝒕𝒉) ∗ 𝑵𝒊] °F. Day Air freezing index F 

given from charts, K= f(γ, ω) Btu/ft.hr. °F Thermal conductivity of material K 

𝑳 = 𝟏. 𝟒𝟑𝟒𝝎𝜸𝒅 Btu/ft3 volumetric heat of latent fusion L 

from tables Dimensionless Conversion factor n 

given from charts, λ= f(µ, α) Dimensionless Correction coefficient λ 

𝝁 = 𝑽𝒔(
𝑪

𝑳
) 

Dimensionless Fusion parameter µ 

α=V0/Vs Dimensionless Thermal ratio α 

V0=MAT-32°F °F Initial temperature of soil with respect 

to 32°F 

V0 

Vs= nF/t °F Average surface temperature with 

respect to 32°F 

Vs 

from climate data °F Mean annual temperature MAT 

from climate data Day Length of freezing season T 

𝑪 = 𝜸𝒅(𝟎. 𝟏𝟕 +
𝟎. 𝟕𝟓𝒘

𝟏𝟎𝟎
) 

Btu/ft3.°F Volumetric heat capacity C 

from soil testing lb/ft3 Dry density of soil γd 

from soil testing % Moisture content ω 
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 III. RESULTS AND DISCUSSION 

 

In this section, all required parameters for frost penetration depth prediction based on Modified Berggren equation are 

evaluated and calculated. First, freezing index for Salang area is obtained as discussed in previous section. 

 

Since, 30 years of climate record is not available in Salang highway, temperature data for the last 10 year-period was 

collected and freezing index for the coldest winter was calculated. The minimum, maximum and average temperature 

data for last 10 years in Salang area is summarized in Table 3.  

 

TABLE 3 TEMPERATURE DATA FOR THE LAST 10 YEARS IN SALANG [15] 

 

a. unit of temperature is Celsius 
 

According to the above data, the coldest winter was in 2012. Therefore, monthly temperature data for this year is 

summarized in Table 4. 

  

 TABLE 4 MONTHLY TEMPERATURE DATA FOR 2012 IN SALANG [15] 

 

 

In order to find the correction coefficient in this study, first, two required parameters (thermal ratio and fusion 

parameter) were calculated based on the climate properties of the study are and then a simple predictive tool in [5] was 

used.   

Another climate data required for calculation of frost depth is mean annual temperature (MAT). This parameter can be 

found out from Table 4 for 2012 as coldest year which is calculated 6.33 (°C) (or MAT=43.39 °F). 

Moreover, freezing season in which the air temperature is equal to zero or less than zero (Celsius) took 122 days in 

Salang area in 2012. 

 

To study physical properties of soils including dry density and moisture content, relevant data were obtained from a soil 

investigation. The soil investigation has been performed along the road pavement in several locations by digging trial 

pits, field density testing, sampling and laboratory testing. These trial pits were located in both north and south of 

Salang highway. In this work, soil data of 18 trial pits has been extracted and used. For determination of in-situ dry 

density and moisture content of soils, field testing was carried out by two different methods; sand cone method (ASTM 

D1556) [21] and nuclear method (ASTM D2922) [20]. 

 

In addition, particle size analysis and Atterberg testing were performed on retrieved soil samples in the laboratory 

according to standards AASHTO T88 and T89 [23], [24] and soil engineering classification was done for each soil 

sample according to AASHTO M145 [22]. The results of field testing and laboratory analysis are summarized in Table 

5.  

 

According to the result of laboratory analysis, the predominant soils are gravels and sands with low plasticity behaviour 

in the study area. 

 

 

 

 

 

 

 

Year 2011 2012 2013 2014 2015 2016 2017 2018 2019 2020 

Min -10a -15 -11 -9 -7 -5 -9 -4 -5 -10 

Average -6 -9 -7 -5 -3 -1 -5 -1 0 -3 

Max -1 -4 -1 1 1 4 0 3 2 0 

Month Jan Feb Mar Apr May Jun Jul Aug Sep Oct Nov Dec 

Min -12 -15 -5 4 8 11 14 14 10 4 -1 -7 

Average -8 -9 -1 7 12 16 19 19 14 8 2 -3 

Max -3 -4 3 11 16 21 24 24 19 13 7 2 
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TABLE 5 PHYSICAL PROPERTIES AND AASHTO CLASSIFICATION OF SOILS 
 

Trial Pit no. Station Soil Class 

(AASHTO) 

Dry Density 

(lb/ft3) 

Moisture Content 

(%) 

28 32+700 A-4 109.75 4.0 

30 33+350 A-1-a 106.25 3.4 

31 33+730 A-1-b 107.56 3.5 

33 34+220 A-1-a 126.60 6.5 

35 34+920 A-4 110.81 3.8 

37 35+760 A-2-4 114.43 2.6 

38 36+080 A-1-a 109.75 3.7 

39 36+620 A-1-a 118.11 5.2 

41 37+130 A-1-a 116.24 3.3 

43 38+102 A-1-b 113.87 3.6 

43-A-C 38+250 A-1-b 124.23 2.5 

45-A-C 39+200 A-1-a 128.66 4.0 

46-A-C 39+560 A-1-b 120.61 4.1 

78 58+640 A-1-b 98.64 8.2 

79 58+820 A-1-a 127.73 4.2 

85 60+680 A-1-a 129.98 5.3 

86 61+080 A-1-b 129.41 4.5 

88 61+880 A-1-b 131.29 4.6 

 

 

According to the climate data and Equation (7) which were discussed in the previous section, air freezing index for 

Salang area is calculated in Table 7. 

 

TABLE 6 CALCULATION METHOD FOR FREEZING INDEX IN SALANG AREA 

 

 

All data required for frost penetration depth calculation were put in a formulated spread sheet and then computations 

were conducted based on modified Berggren formula. In addition, calculation of frost penetration depth was done based 

on general model proposed by Rajaei and Baladi. 

In frost penetration depth calculations for Salang area, surface type was considered as bituminous pavement. Therefore, 

conversion factor (n) was 0.7 for ground surface covered by bituminous road pavement as per Table 2.  

The calculated frost penetration depth obtained by two different methods (modified Berggren equation and Rajaei & 

Baladi equation) are presented in Table 8. 

 

 

 

Month in 

freezing 

Days Temperatures 

(°F) 

Temperatures 

(°c) 

T |(32-T)| 

(°F) 

Monthly 

Freezing index 

Freezing index 

January 31 17.6 -8 14.4 14.4×31 446.4 

February 29 15.8 -9 16.2 16.2×29 469.8 

March 31 30.2 -1 1.8 1.8×31 55.8 

December 31 26.6 -3 5.4 5.4×31 167.4 

Total 122 days    1139.4 (°F. day) 
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The calculation results shows that predicted frost depth obtained by Modified Berggren formula is more than predicted 

frost depth calculated by Rajaei & Baladi formula. Whereas, field measurements of frost depth are unavailable for the 

study area, we are not able to verify the calculated frost depth therefore predicted values of frost depth based on 

Modified Berggren formula is considered as Maximum Predicted Frost Depth for Salang area. 

 

 

TABLE 7 PARAMETERES FOR FROST PENETRATION DEPTH BY TWO DIFFERENT METHODS 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
a. Modified Berggren Equation 
b. Rajaei & Baladi Formula 

 

Based on the results from modified Berggren formula, average frost penetration depth in south of Salang highway is 

around 4.55 foot (138cm). But average frost penetration depth in north of Salang highway is around 4.86 foot (148cm).  

The average of physical and thermal properties of soil in north and south of Salang highway is compared in Table 9. 

Also this table shows the average of calculated frost penetration depth in both parts of the highway.   

 

 

TABLE 8 AVERAGE FROST PENETRATION DEPTHS IN NORTH AND SOUTH SALANG HIGHWAY 

 

Average 

properties of soils 

Dry density 

of soil 

Moisture 

content 

C L K Frost depth 

(average) 

 lb/ft3 % Btu/ft3.°F Btu/ft3 Btu/ft.hr. °F Ft 

South Salang 115.91 3.86 23.18 645 0.85 4.5 

North Salang 123.41 5.36 24.68 924 1.21 4.8 

 

 

 

 

Location ID L K λ z z 

 Btu/ft3 Btu/ft.hr. °F … From ModBa 

(cm) 

From R&Bb 

(cm) 

28 629.52 0.71 0.65 130.19 121.54 

30 518.04 0.56 0.62 121.57 114.91 

31 539.86 0.625 0.64 129.87 117.76 

33 1180.08 1.4 0.71 145.84 153.54 

35 603.82 0.6 0.63 118.44 116.66 

37 426.64 0.7 0.59 142.53 121.09 

38 582.30 0.7 0.635 131.30 121.09 

39 880.75 1.1 0.68 143.32 139.46 

41 550.08 0.8 0.615 139.87 125.60 

43 587.84 0.825 0.635 141.87 126.73 

43 A-C 445.37 0.9 0.585 156.83 130.17 

45 A-C 738.02 1.2 0.65 156.31 144.15 

46 A-C 709.12 0.95 0.655 142.98 132.47 

78 1159.84 0.75 0.75 113.74 123.33 

79 769.28 1.2 0.655 154.28 144.15 

85 987.84 1.45 0.685 156.51 155.88 

86 835.10 1.3 0.67 157.65 148.85 

88 866.02 1.35 0.67 157.76 151.20 
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As per above table, in north of Salang soils have more dry density and moisture content than south part, it causes more 

soil thermal properties. This difference leads to deeper frost penetration depth in the north part, consequently. In order 

to evaluate correlation between dry density of soil and predicted frost depth, a statistical power function was applied to 

plot the trend line. The power equation between the above two parameters is depicted in Figure 2.   

 

 
Fig. 2 Correlation between predicted frost depth and dry density of soils 

 

Equation (12) was obtained from above figure as correlation formula. It is easily possible to predict maximum frost 

depth in Salang area by applying dry density of soil into this equation.  

 

𝐹𝐷 = 0.0176 × 𝐷𝑑
1.1677     (12) 

Which: 

FD = Predict frost depth (ft) 

Dd = Dry density (lb/ft3) 

 

The coefficient of determination (R2) was obtained 0.88 in Figure 2. This value of R2 indicates that above equation 

could predict frost depths relatively accurate in other areas having similar geographic and climate condition with 

Salang area. 

 

IV. CONCLUSION 

 

In this study, all required data for frost penetration depth calculation were collected and evaluated. There was no 

experience and analytical information in the available sources regarding frost penetration depth in Salang area before 

this study. After reviewing the literatures, modified Berggren and Rajabei & Baladi formulas were selected for frost 

depth prediction. Modified Berggren equation is an analytical and semi-empirical model in purpose of frost penetration 

depth calculation because it considers both climate condition and also thermal properties of ground material. On the 

other hand, Rajaei & Baladi model is a revised empirical model which requires only cumulative freezing index and 

thermal conductivity of soil as inputs.    

 

According to the climate data in Salang area, coldest winter was in 2012 and length of freezing season in this year was 

122 days. Air freezing index was calculated based on proposed equation and it was obtained 1139.4 (°F. day). The 

result of computations shows that predicted frost depth is more where modified Berggren equation was used. Hence, 

calculated frost depth resulted from Modified Berggren formula is suggested to be considered as maximum predicted 

frost depth for Salang highway.  Average frost penetration depth in south of Salang highway is around 4.55 foot 

(138cm) but it is around 4.86 foot (148cm) in north of the highway. It is concluded that more dry density and more 

thermal properties of soils in north of Salang highway is caused to deeper frost penetration depth in comparison with 

the south part. 

According to the proposed correlation formula in this paper, it is possible to predict maximum frost depth in Salang 

area by applying dry density of soil. The coefficient of determination of this correlation indicates that the equation 

could predict frost depths relatively accurate in other areas having similar geographic and climate condition with 

Salang area. 
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Field temperature measurement is necessary to be carried out by special devices in the base and in the sub-grade of the 

Salang highway. In addition, field measurement of frost depth should be considered by special instruments such as 

tubes with fluorescence or bubble tube. Predicted values obtained in this study should be examined and compared with 

those field measurements.  
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