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Calculation scheme of ground freezing depth in Terskol 

Abstract. During the construction of avalanche-retaining geotechnical structures in 

mountainous areas comes up the problem of fixing and stability of these structures in 

conditions of seasonal and/or long-term freezing of the ground. This paper evaluates the 

influence of snow cover and air temperature on the depth of freezing and soil stability 

based on the developed calculation scheme for the winter seasons 2015/16-2019/20 in the 

Elbrus region. The calculation scheme was based on the problem of thermal conductivity 

of a three-layer medium (snow, frozen, and thawed soil) with a phase transition at the 

boundary. The heat balance equation included the energy of the phase transition, the 

inflow of heat from the thawed ground and the outflow to the frozen ground, and, in the 

presence of snow cover, through it to the atmosphere. 

Keywords: calculating scheme; air temperature; snow cover; ground freezing; mountain 

regions; construction stability 
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Introduction 

 

One of the factors of soil stability on slopes during the construction of avalanche-retaining 

geotechnical structures in mountainous areas is the freezing of the underlying soil since in mountainous 

areas the soil can be frozen for eight or more months. However, the recent changes in air temperature 

and precipitation (primarily in the form of snow) [5] lead to a change in the depth and duration of 

freezing of the soil and, as a result, a decrease in its stability. A model study of soil freezing in the 

mountains was carried out in [6]. In this paper, based on the developed calculation scheme, the depth of 

ground freezing for the last five winter seasons is estimated based on data on the thickness of snow 

cover and air temperature for the weather station Terskol. Weather Station Terskol is located in the 

valley Azau in Elbrus region at an altitude of 2141 m above sea level. The average temperature in 

January is -7°C, July - 13.4°C, and the average sum of negative monthly temperatures in the winter 

period (November-March) is -20°C. During the period of snow accumulation (in November-March), an 

average of about 280 mm of precipitation falls, causing the accumulation of snow cover up to 70-80 cm 

thick. Calculations of changes in the depth of ground freezing were performed according to the 

proposed calculation scheme based on data on the thickness of snow cover and air temperature based 

on a three-layer model of the medium (thawed soil, frozen soil, snow) and assuming a linear change in 

temperature in the media and heat flow according to Fourier's law. This simplified calculating scheme is 

used since it requires only air temperature and snow thickness data and is very easy in conducting 

calculations using the solution of only one ordinary differential equation at each time step.  

 

Methodology 

 

The article calculates the freezing depth based on data on air temperature and snow cover 

thickness for weather stations Terskol for the snow-covered soil surface for the winter seasons 2015/16-

2019/20 according to the proposed calculation scheme. The calculation scheme was based on the problem 

of thermal conductivity of a three-layer medium (snow, frozen and thawed soil) with a phase transition 

at the boundary of frozen and thawed soil. The heat balance equation included the energy of the phase 

transition, the inflow of heat from the thawed ground and the outflow to the frozen ground and, in the 

presence of snow cover, through it to the atmosphere. The heat flux was calculated according to Fourier's 

law, as the product of the thermal conductivity and the temperature gradient. It was assumed that the  
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temperature in each medium varies linearly (for example, [3]). For snow cover and frozen ground, the 

formula of thermal conductivity of a two-layer medium was used. 

The calculation of ground freezing based on data on air temperature and snow cover thickness and 

thermal conductivity during the winter period made it possible to estimate the intensity of the freezing 

front movement during this time period. The dependence of the speed of the freezing front movement 

was found according to the calculated scheme. The scheme took into account the freezing of the ground 

from below on the frozen ground mass in winter, based on data on the daily air temperature (and the 

thickness and thermal conductivity of the snow cover).  

The heat balance equation was written as F1=cLV+F2, or as: 

 

                                                                 dhfg /dt =V= (F1 -F2 )/cL,                               (1) 

 

where: F1 – heat outflow through the frozen ground (and snow cover) from the freezing front 

(W/m2) to the atmosphere; c L V = c L dhfg /dτ– consumption heat at the phase transition, c, moisture 

content of the soil (1-4 kg/cm*m2), (last value corresponds to the complete filling of pores with water 

from a lightweight clay with a density of 2000 kg/m3 and a porosity 0,617 [1]); L – energy of the phase 

transition (335 kJ/kg); V = dhfg /dτ – the speed of the freezing front (cm/s); F2 – heat exchange in the cooling 

melt the ground before the freezing front (W/m2). 

The heat flux was expressed according to the Fourier law: F= -λ grad T. The heat flow through the 

frozen ground from the freezing front to the atmosphere in the case of snow cover was expressed in 

terms of thermal conductivity and heat flow of a combination of two media (snow cover and frozen 

ground) how to: 
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Here Tair is the air temperature, hs and hfg are the snow thickness and freezing depth, and λs and λfg 

are the thermal conductivity of snow and frozen ground. 

It was assumed that at a depth of 10 m in the ground there is a point of zero annual temperature 

fluctuations T0 with an average annual value of about 7°C. Therefore 
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Here λthg is the thermal conductivity of thawed soil. Calculations were performed in one-day 

increments. At first, it was assumed that the thickness of the frozen groundhfg was 0.5 cm. At each time 

step (every day) was calculated (calculated) the freezing rate V and the value of the frozen ground 

thicknesshfg for the next day (time step). According to [1], the average thermal conductivity of thawed 

and frozen clay soil could be taken as 1.4 and 1.8 W/m°C. The average thermal conductivity of snow λc 

was calculated relative to the density according to the formula of A. V. Pavlov [2] and was taken equal to 

0.18 W/m°C. 

Results and Discussion 

 

In this paper, a difference scheme was constructed for the derived first-order time differential 

equation for changing the depth of soil freezing by approximating this differential equation by the 

explicit Euler method:hfg( tn+1) =hfg(tn)+ ΔT V(tn). According to the obtained difference scheme, for each 

winter season 2015/16-2019/20, calculations of changes in the depth of soil freezing were made. An 

example of the calculation results for the winter season 2016/17 is shown in figure 1. 
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c) 

 
 

d) 

 
 

Figure 1. Changes in air temperature and freezing depth based on calculations for snow-covered 

and exposed ground surfaces for a weather station Terskol for winter periods 2015/16-2018/19 (1 – air 

temperature, 2 -thickness of snow cover, and 3-estimated depth of freezing of the ground under the snow 

cover 4-estimated depth of freezing of exposed ground). 
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The calculation method used is well physically justified. The method solution describes well the 

process of changing the freezing depth during the winter season. The successful operation of the 

method needs to set the initial data as accurately as possible. The consistency of the method was proven 

in the work [4].  

 Results of calculating the maximum ground freezing depth for a weather station Terskol for the winter 

periods 2015/16-2019/20 are shown in Table 1. 

 

Table 1 

Changes in the maximum ground freezing depth, average snow cover thickness for February, and the 

sum of negative monthly temperatures for a weather station Terskol for winter periods 2015/16-2019/20 

 

 

Conclusion 

 

The thickness of the accumulated snow cover can reach half a meter or more. At the same time, the 

ground under the snow-covered surface freezes, according to calculations, by an average of 20 

centimeters or more. In the case of partial or complete blowing off of the snow cover, freezing of the 

ground can occur to a depth of 1 meter or more and last for a longer period. Thus, the proposed method 

for calculating the dynamics of the depth of soil freezing based on data on air temperature and snow 

cover thickness allows us to assess the freezing of soil as a factor of soil stability during the construction 

of avalanche protection structures in mountains. Also it is necessary to take into account that for the 

forecast, we do not have current values of air temperature and snow cover thickness. It may be necessary 

to use their long-term values (trends in their change) to check the possibility of using this methodology 

for forecasting. 

The work was carried out on the topic of the State Law "Danger and risk of natural processes and 

phenomena" (121051300175-4). 
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Winterperiod Sum of 

negative 

monthly 

temperature, °C 

Averaged February 

snow cover thickness, 

cm 

Max. freezing depth  of 

snow-covered ground, 

cm 

Max. freezing 

depth of exposed 

ground, cm 

2015/16 -18,7 60 21 97 

2016/17 -27,7 40 23 119 

2017/18 -14,2 70 8 83 

2018/19 -19,4 60 20 96 

2019/20   20  
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Тесткөлдегі тпрысақтыо қату тесеодігін етертеу тхематы 

 

Аодатра. Қас көшкінін тақтайтын гептехникалық құсылыттасды талу кезінде таулы 

аудандасда жесдіо маутымдық жюне ұзақ месзімді мұздату жағдайында пты құсылымдасды 

бекіту жюне тұсақтылық мютелеті туындайды. Бұл жұмытта Эльбсут аймағында 2015/16-2019/20 

қытқы маутымына асналған етертеу тхематы негізінде қас жамылғыты мен ауа 

темресатусатыныо қату тесеодігі мен тпрысақтыо тұсақтылығына ютесі бағаланады. Етертеу 

тызбаты шекасада фазалық ауытуы бас үш қабатты пстаныо (қас, мұздатылған жюне есіген 

тпрысақ) жылу өткізгіштік мютелетіне негізделген. Жылу балантыныо теодеуіне фазалық 

ауытудыо энесгиѐты, есіген жесден жылу ағыны, мұздатылған жесге ағу жюне қас жамылғыты 

бплған жағдайда, қас асқылы атмптфесаға өту кісді. 

Түйін төздес: етертеу тызбаты, ауа темресатусаты, қас жамылғыты, жесдіо қатуы, таулы 

аймақтас, құсылыттыо тұсақтылығы. 
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Вычитлительная тхема для глубины рспмесзания гсунта в Тесткпле 

 

Аннптация. Пси ттспительттве лавинпудесживаящих гептехничетких тппсужений в 

гпсных сайпнах впзникает рспблема ксерлениѐ и уттпйчивптти этих тппсужений в утлпвиѐх 

тезпннпгп и / или длительнпгп рспмесзаниѐ гсунта. В даннпй ттатье пцениваеттѐ влиѐние 

тнежнпгп рпкспва и темресатусы впздуха на глубину рспмесзаниѐ и уттпйчивптть рпчвы на 

птнпве сазсабптаннпй тхемы сатчета на зимние тезпны 2015/16-2019/20 в сайпне Эльбсута. В 

птнпву сатчетнпй тхемы рплпжена задача терлпрспвпднптти тсехтлпйнпй тседы (тнег, месзлый 

и талый гсунт) т фазпвым ресехпдпм на гсанице. Усавнение терлпвпгп баланта вклячалп 

энесгия фазпвпгп ресехпда, рситпк терла из талпй рпчвы и пттпк терла в месзлый гсунт и, рси 

наличии тнежнпгп рпкспва, пттпк терла чесез тнег в атмптфесу. 

Ключевые тлпва: сатчетнаѐ тхема, темресатуса впздуха, тнежный рпкспв, рспмесзание 

гсунта, гпсные сайпны, уттпйчивптть кпнттсукции. 
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Evaluation of frost heave in clay soils  

Abstract. Frost heaving in clayey soils with a low coefficient of permeability raises a lot of 

questions regarding the cryosuction, surface tension forces, and accompanying phase 

transfer of water. The freeze-thaw laboratory test results were considered in this work in 

terms of temperature and volumetric parameters change, dry density, and water mass 

transfer. The article presents a model for calculating the mass transfer of water (vapour) 

in the gas state under the influence of cryogenic forces. Findings include the improved 

understanding of the heat and mass transfer phenomenon during the unidirectional 

freezing of soils in an open system. Most of the tests for engineering properties registered 

a slight reduction in relation to strength, cohesion, and angle of internal friction. 

However, there was a significant increase in the coefficient of permeability after the 

freeze-thaw cycles with initially dense compacted soil samples, which was due to 

loosening and moistening of the soil samples during the heave at sub-zero temperatures. 

The conceptual model for frost heave in soils was developed based on the vapour mass 

transfer. There was presented algorithm of vapour flow calculation in unsaturated soils 

using fundamental thermodynamic equations. 

Keywords: frost heave, temperature monitoring, moisture transfer, clayey soils, 

laboratory testing, vapour transfer. 
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Introduction 

 

Clayey soils are well-known as frost susceptible soils, despite they have very low permeability 

and high surface tension. The surface tension in the ground water is around                 [1]. The 

soil structure in the freezing fringe includes the moisture in three phases: the solid part - ice lenses; the 

liquid phase – hydroscopic and capillary water; and the gas phase – saturated and unsaturated vapour. 

It should be noted that ground soils are subject to unidirectional freezing, which is usually derived from 

the top downwards. Ice lenses nucleation starts in the pores and channels with gravimetric water, 

where the pore water pressure is close to atmospheric level. Withdrawal of the thermal energy during 

soil freezing induces the following phase transformations: the segregation of water in the liquid phase 

to ice, accompanied by thermal energy release and condensation of the gas phase to liquid, according to 

the phase equilibrium.  A sharp reduction of the water and gas phases in the freezing pores has been 

ascribed to the analogy of drying by Henry [2]. 

Arenson et al. [3] has also noted that vertical veins do not grow in thickness as the horizontal 

lenses do over time. However, Arenson et al. did not identify a phase in which moisture is transported. 

They mentioned some concerns about the suction required to drive the hydraulic conductivity at 

atmospheric pressure, by determining that the negative pressure should be not less than 900 kPa to 

draw up the water. 

Among all structures, the most vulnerable to frost heaving are highways. Due to the high 

density and increased thermal conductivity of the pavement and sub–base materials the temperature 

field in highway subsoils differs only slightly when compared to soils in a natural state [4]. Dynamic 

traffic load increases the pressure and melts some parts of the ice for a short period of time in highway 

subsoils [5]. The mechanism of short-term load application to the frozen subsoils can be explained by  
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a regelation theory, when that part of the ice located closest to the soil particles starts to melt under the 

pressure. The liquefied water migrates upwards to the cold side as soon as the dynamic load is removed 

and refreezes in the new place. The dynamic loading here acts as a piston pump. 

The study focuses on moisture mass transfer in unsaturated soils, as this is the most likely state of 

soils under highways in the winter period. The article considers determination of moisture mass 

transfer implemented with vapour flow.  

 

 Research methods 

 

Frost susceptible soils were conducted for 2 freezing-thawing cycles in open system laboratory 

tests, so the samples were supplied from the base by deionized water (Figure 1). In test 1 nine soil 

samples of 1 meter length sandy clay soil were compacted artificially to the maximum dry density and 

placed to the environmental chamber and simultaneously frozen from the top. In test 2 the length of the 

samples was reduced twice to 50 cm, while column 1 was compacted with the least dry density, 

increasing in every other column, and reaching the maximum density in column 9.  The characteristics 

of the freeze-thaw cycles are presented in Table 1.  The initial parameters of the soil samples are 

presented in Table 2. 

 

 

Figure 1.  Environmental chamber for freeze-thaw cycles with a capacity of nine 1m length soil columns 
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Table 1 

Freeze-thaw test characteristics 

 

Test 

no. 

Sample 

length 

Base water 

supply  

Dry density of the 

sample 

Sample testing technique 

1 100cm Deionised 

water 

All samples compacted 

with max dry density: 

1.80 Mg/m3 

Three columns removed after the first 

freeze cycle, three columns after the first 

thaw and  the remained three after the 

second freeze cycle 

2 50cm Deionised 

water 

Samples compacted with 

varied dry density:  

1.18-1.80 Mg/m3 

Nine columns kept until the end of the 

second freeze cycle 

 

Table 2  

Initial soil samples characteristics 

Characteristic Symbol Unit Value Annotation 

Initial moisture content W % 17.2 See Figure 3.1 – according to 95% max. 

dry density – moisture content 

relationship 

Angle of internal friction φ ° 24.1° CD direct shear test, moisture content 

W=17.2% Cohesion   C kN/m² 10 

Particle density of sandy 

clay 

ρs Mg/m³ 2.615  Soil mixture by mass: 50% sand and 

50% kaolinite   

Average dry density before 

freezing cycle  

ρd Mg/m³ 1.814 ± 

0.012 

BS Light compaction test operating 

with 2.5 kg rammer. The mechanical 

energy  applied to the soil is 596 kJ/m³ 
Initially bulk density at the 

beginning of the test  

ρ Mg/m³ 2.128 ± 

0.015 

Uniformity coefficient Cu - 2.4 Uniformly-graded sand 

Coefficient of curvature Cc - 3.65   

Activity of Clays  A - 0.25   Inactive clays  

Liquid limit   wL % 37.18 CI – Medium plasticity 

cone penetrometer test used 

Plastic Limit   wP % 23.77 Fraction of soil sample passed through 

0.425 mm sieve Average linear shrinkage LS % 5 

Plasticity Index PI % 13 

 

A slow unidirectional freezing technique was used during the freezing to provide enough time 

for the cryosuction processes [6, 7]. The temperature drop was set by 2 0C every 24 hours for 12 days 

and reduced down to -23 °C at the temperature control unit.  Temperature sensors were inserted in the 

center of each sample by every 10 cm of the length. 96 thermocouples continuously recorded the 

temperature via Pica loggers while frost heave was monitored by vertical linear gauges. The base of the 

soil samples were kept unfrozen during the entire experiment. By the end of the freeze-thaw cycles the 

moisture redistribution over the sample length was determined according to standard BS 1377-4:1990 by 

weight difference of the wet and oven dried sample at 105 °C for 24 hours. 
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The heat change Q in a mold section over the time t was found as the sum of the cooling heat 

and the latent heat during the phase transfer:  

            (1) 

where,    – heat energy is used for cooling the vapour mass to the temperature ΔT (equation 

5.5); and      heat energy used for the phase transfer (eq. 5.7). 

  =mvapour,   ·C·ΔT               (2) 

where, mvapour   ,  - mass of vapour at the starting time    g;C – specific heat of vapour passing 

through the cumulative air voids cross section, J/kg·ºC; ΔT – temperature change, ºC; and   – time 

interval, h. 

Density of the vapour is calculated for each period of time, corresponding to the temperature 

and saturated vapour pressure: 

           
          

       

 (3) 

where,           - vapour density for period of time, g/cm³. 

Heat energy for the phase transfer includes the latent heat for the condensation and 

solidification of the vapour mass difference at the beginning    and end time    of the calculation period. 

  =(mvapour,1- mvapour,2)·L (4) 

where, mvapour,2 – mass of the vapour at the end period     L – is a total latent heat L=        

where      - specific latent heat for condensation                    and    - specific latent heat for 

solidification           
     

  
 of 1 kg of water). 

The volume of vapour Vvapour  is equal to the speed of vapour passing through the air voids’ cross 

section A over the time  :  

                       (5) 

where,   – average speed of vapour, cm/h; and            – cumulative section cross of the air 

voids’            
    

 

 
, cm², corresponding to the porosity coefficient and moisture content (Figure 2). 

Substituting the         in equation (2) the vapour speed was found at the starting time and at 

the end: 

        
 

             
 

(6) 

  

The mass of ice built from the vapour passing through the air voids channels in a 10 cm length 

mould section with correspondent cumulative cross section      and speed v over time   is calculated:  

                                         (7) 

where,       - mass of built ice in grams;          – is taken as an average density value of the 

vapour densities at the start and end time point, g/cm³ . 
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Figure 2.  Calculation of the vapour rate passing through the cumulative air voids channel in the 

mould section over time   

  

Results and discussion 

 

In Test 1, the temperature drop was less pronounced due to the formation of ice lenses at the top 

of the soil columns and the resulting latent heat released for the increased amount of water. The top 5 

cm of soil in Figure 3a dropped down sub-zero temperatures, while the temperature distribution over 

the length of the samples stayed in a range of +5 - +10 °C. Ice lens formation was observed at the top of 

the sample, which appears to act as a heat insulator and prevented the further freezing of the soil. In 

Test 2 the temperature distribution changed with a range of soil density, although did not obtain a 

steady pattern of freezing rate in terms of ınıtıal density. This is possible because the freezing rate of 2 

°C per day provided sufficient time for temperature distribution across the entire length. Notably, a 

deceleration of the freezing rate was observed in the second freezing cycle. The temperature field 

distribution with time in Test 2 was similar to Test 1, where the temperature contours in the second 

freezing cycle were higher compared to Test 1.  

а) 
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b) 

 
 

 

Figure 3. Temperature contours in column 1 in Test 1 and 2, supplied with deionized water from the 

column base wıth (a) max and (b) variable soil densities. 

The average duration of testing comprised over 600 h. The relationship between the surface temperature 

and frost heave value over time for the soil samples compacted with maximum dry density is presented in 

Figure 3. In both tests, the greatest variety of volumetric deformation in the vertical axis was registered by 

the end of the second freezing cycle. The frost heaving value for test 1 twice exceeds the frost heaving in 

test 2 correspondently to the length of the sample. In Test 3 with a deionized water supply, the maximum 

rates of frost heave were achieved in columns 7 and 8, where the dry density was close to the maximum 

value 1.65-1.79 Mg/m³, while the loose soil samples, with a dry density 1.18-1.47 Mg/m³, registered very 

weak heaving in the first cycle and consolidation or compression in the second cycle compared to the 

initial volume. 
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Evaluation of frost heave in clay soils 

 

a)  

 

b) 

 
Figure 4. Relationship between surface temperature and frost heave: a - Test 1 b -Test 3 
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Regarding the moisture intake, there was a significant increase in moisture, reaching 40% in the 

top 10 cm layer of the soil samples in Test 1, which were draining and moistening the 20 cm under this 

layer during the thawing period. Although the water was drawn upwards again as the second freezing 

cycle started. According to the results in Test 2, the moisture content represents advanced water intake 

in the loose soil, with a dry density range between 1.18-1.65Mg/m³, comparing to dense soils with dry 

density 1.8 Mg/m³.  Except for sample 4, in all the columns the moisture content reached 24.5% or above 

by the end of the test. The reason for low moisture intakes in sample 4 could have been due to 

occasional violation of the water supply during the freeze-thaw test.  

a) 

 
b) 

Figure 5. Moisture intake during Test 1 (a) and Test 2 (b) with maximum dry density and 1 m soil sample 

height 
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Evaluation of frost heave in clay soils 

 

Ice lens formation in the top 10 cm layer caused a highly irregular distribution of moisture, 

which was confirmed by the centimeter sampling in Figure and also in the soil structure. The moisture 

intake in Test 2, with a shallow 45 cm depth groundwater supply table was higher than for Test 1, 

where the water supply was located at 95 cm depth and the soil samples were made with maximum dry 

density. For this reason, the moisture content between 15 and 45 cm from the soil surface was relatively 

stable and depended just on the density of the soil samplesa) 

а) 

  
b) 

 
Figure 6. Moisture redistribution by the sample length after two freeze-thaw cycles with a 

deionized water supply: a –Test 1, b –Test 2 
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The coefficient of permeability of soil columns in Test 1 varied in the range of 2.9-8.8x10-9 m/s. 

Here, the moisture transfer was induced by cryosuction forces. The amount of transported moisture is 

related to the cooling rate and thus to the amount of energy lost, which is distributed to the phase 

transfer energy and cooling of each soil component, according to its heat conductivity. 

Calculations of the vapor mass transfer are presented in Tables 3 and 4 on the example of 

column 1 in Test 2. The length of the soils sample in Test 3 was 50 cm, which was composed of five 

assembled mould sections, each 10 cm in length.  

Table 3 

Initial density characteristic in Column 1, Test 2 

Sample 

section 

Volume 

 of solids, 

cm³ 

Volume  

of voids, 

cm³ 

Voids 

ratio e= 

ρs/ρdry-1  

Volume of 

air ,  

cm ³ 

Tempe

rature 

at 590 

h 

Saturated 

vapour 

pressure 

over ice, Psi, 

Pa 

Mass of 

vapour at 

590, g 

 

Density of the 

saturated 

vapour at 

590h, Mg/m³ 

#11 370.62 448.46 1.21 180.55 -10.99 237.93 3.55·10-4 1.97·10-6 

#12 352.97 432.43 1.23 228.13 -10.30 253.24 4.76·10-4 2.09·10-6 

#13 352.97 432.43 1.23 198.83 -9.49 272.16 4.45·10-4 2.24·10-6 

#14 352.97 432.43 1.23 129.85 -8.36 300.63 3.19·10-4 2.46·10-6 

#15 352.97 432.43 1.23 154.52 -6.46 354.77 4.45·10-4 2.88·10-6 

 

Table 4 

Calculation of the moisture mass transfer in freezing soils on the example of Test 2, column 1 

Sam

ple 

secti

on 

Tempera

ture  at 

614 h, °C 

Saturated 

vapour 

pressure 

over ice, 

Psi, Pa 

Mass of 

vapour at 

614 h, g 

The heat 

realised in 

24 hours 

Q·t=m·C·Δ

Τ ,  J 

Vapour rate 

v=4·N/(C·ρ·π·d²

·ΔΤ), cm per 

24 h 

Vapour 

rate, 

cm/h 

Build-up of 

ice mass 

between the 

period 

590/614 h, 

g/hour 

#11 -13.30 193.26 2.91·10-4 0.1702 9.008 0.375 2.67·10-6 

#12 -12.60 205.98 3.91·10-4 0.2269 9.014 0.376 3.56·10-6 

#13 -11.68 223.81 3.69·10-4 0.2016 9.067 0.378 3.16·10-6 

#14 -10.43 250.35 2.68·10-4 0.1363 9.126 0.380 2.14·10-6 

#15 -8.96 284.98 3.61·10-4 0.2237 8.956 0.373 3.51·10-6 

The average vapour rate was around         . The build-up of ice mass between the period in 

24-hour period varied in a range of 2.14·10-6 -3.56·10-6 g, depending on the void ratio and temperature 

change.  Here, it is assumed that the porosity coefficient of the sample remains constant during the 

calculation period. Consequently, the volume of the air voids and the cumulative cross-section of the air 

voids also remained constant. It should be noted that only heat consumed for the gas phase energy 

exchange was considered in this problem. The solid and liquid parts have also been cooled down with 

the heat withdrawn by the cooling machine. However, they are not counted, because all the necessary 

energy exchange has been done by an automatic set of temperature controls. 
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Evaluation of frost heave in clay soils 

 

Conclusion 

 

There was considered positioning of the soil structure, based on the experimental data of the 

measured temperature, vertical linear volumetric change registered by testing time, and the obtained 

moisture-density relation.  

Further outcomes have been concluded from the presented material: 

1. The obtained results have improved understanding of the heat and mass transfer phenomenon 

during the unidirectional freezing of soils in an open system. 

2. Most of the tests for engineering properties registered a slight reduction in strength, cohesion, 

and angle of internal friction. However, there was a significant increase in the coefficient of 

permeability after the freeze-thaw cycles with initially dense compacted soil samples, which was 

due to loosening and moistening of the soil samples during the heave at sub-zero temperatures.  

3. The conceptual model for frost heave in soils was developed based on the vapour mass transfer. 

The algorithm of vapour flow calculation in unsaturated soils was presented using fundamental 

thermodynamic equations. 

4. The model is suitable for numerical solutions, like finite element analysis or a model like a 

coupled heat-water transfer, in terms of considering the vapour flow and considering the 

cryosuction forces. The latent heat for the phase transitions and the dynamic change of the 

coefficient of porosity and air void volume needs also to be considered. 
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Сазды тпрысақтасдыо аяздан қатуын анықтау 

 

Аодатра. Өткізгіштік кпэффициенті төмен тазды тпрысақта өтетін аѐздыо қатуы 

ксиптакциѐға, беттік кесілу күштесіне жюне тудыо фазалық ауытуына қатытты көртеген тұсақтас 

туғызады. Бұл жұмытта мұздату-есіту зестханалық зесттеулесініо нютижелесі бпйынша 

темресатуса мен көлемдік расаметслесдіо өзгесуі, құсғақ тпрысақтыо тығыздығы жюне ту 

маттатыныо татымалдануы қасаттысылды. Ксипгендік күштесдіо ютесінен газ күйіндегі тудыо 

(будыо) татымалдануын етертеу мпделі келтісілген. Зесттеу нютижелесі ашық жүйедегі 

тпрысақты біс бағытты мұздату кезіндегі жылу жюне матта алмату құбылыты тусалы түтінікті 

жақтастуды қамтиды. Инженеслік қатиеттесге асналған тынақтасдыо көршілігінде үйкеліт күші, 

бесіктігі жюне ішкі үйкеліт бұсышыныо шамалы төмендеуі тіскелді. Алайда, баттарқыда 

тығыздалған тпрысақ тынамаласымен мұздату-есіту циклдасынан кейін өткізгіштік 

кпэффициентініо едюуіс өтуі байқалды. Бұл нөлдік темресатусада үйінді кезінде тпрысақ 

үлгілесініо қпртытуына жюне ылғалдануына байланытты бплды. Буланған маттаныо 

татымалдануына негізделген тпрысақта аѐздан ітінудіо тұжысымдамалық мпделі жаталған. Сумен 

қанықраған тпрысақтағы бу шығынын етертеу алгпситмі ісгелі тесмпдинамикалық теодеулес 

көмегімен ұтынылды. 

Түйін төздес: аѐзды көтесу, темресатусаны бақылау, ылғалдыо бесілуі, тазды 

тпрысақтас, зестханалық тынақ, будыо бесілуі. 
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Оценка мпспзнпгп ручения глиниттых гсунтпв 

 

Аннптация. Мпспзнпе ручение в глиниттых гсунтах т низким кпэффициентпм 

рспницаемптти вызывает мнпжеттвп впрсптпв, катаящихтѐ ксипгенных тил, рпвесхнпттнпгп 

натѐжениѐ и тпрутттвуящегп фазпвпгп ресехпда впды. В сабпте саттмптсены сезультаты 

лабпсатпсных итрытаний зампсаживаниѐ-пттаиваниѐ т тпчки зсениѐ изменениѐ темресатусных 

и пбъемных расаметспв, рлптнптти в тухпм тпттпѐнии и маттпресенпта впды. Пседттавлена 

мпдель длѐ сатчета маттпресенпта впды (раса) в газпвпм тпттпѐнии рпд дейттвием ксипгенных 

тил. Результаты иттледпваний вклячаят улучшеннпе рпнимание ѐвлениѐ терлпматтпресенпта 

рси пднпнарсавленнпм рспмесзании рпчв в птксытпй титтеме. В бпльшинттве итрытаний 

инженесных твпйттв былп засегиттсиспванп небпльшпе тнижение тпптнпшениѐ рспчнптти, 

тцерлениѐ и угла внутсеннегп тсениѐ. Однакп наблядалпть значительнпе увеличение 

кпэффициента рспницаемптти рптле циклпв зампсаживаниѐ-пттаиваниѐ т изначальнп рлптными 

урлптненными пбсазцами гсунта, чтп былп твѐзанп т сазсыхлением и увлажнением пбсазцпв  
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гсунта вп всемѐ втручиваниѐ рси птсицательных темресатусах. На птнпве распматтпресенпта 

сазсабптана кпнцертуальнаѐ мпдель мпспзнпгп ручениѐ гсунтпв. Алгпситм сатчета распвпгп 

рптпка в ненатыщенных гсунтах рседттавлен т итрпльзпванием фундаментальных усавнений 

тесмпдинамики. 

Ключевые тлпва: мпспзнпе ручение, мпнитпсинг темресатусы, влагпресенпт, 

глиниттые рпчвы, лабпсатпсные итрытаниѐ, расппбмен. 
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Ice-affected soil systems under rapid climate warming - insights from the past 

Abstract. Current climate warming is expected to lead to ongoing geotechnical change in 

ice-affected soils.  Examining past climate change, particularly cold stage:warm stage 

transitions can provide an insight into the potential nature of this change and may inform 

assessments of sites.  The evidence is sometimes ambiguous, with periglacial and seismic 

processes producing similar results.  Ice core evidence suggests that cold-warm 

transitions, such as during the onset of the Greenlandian stage of the Holocene can be 

high magnitude, but also may feature reversals that add instability to soil systems. 

Consideration of future geotechnical change in ice-affected soils must therefore take into 

account potentially complex climate forcing. 

Keywords: Periglacial, Greenlandian, deformation, climate change, thaw. 

 

                                                                                                       DOI: doi.org/10.32523/2616-7263-2021-135-2-27-36 

 

Introduction 

 

There is scientific consensus that the world is experiencing a period of climatic change, with 

generally warmer global conditions already becoming apparent (ref).  Predictive models suggest the 

change will continue, with mid- and high-latitude regions being particularly affected. This can be 

expected to impact on soil systems with distinct threshold conditions, particularly those which are 

currently characterised by the presence of ice for at least part of the year.  The phase change in water in 

these soils, whether it is in the extent, duration or frequency of freeze-thaw, can be expected to alter 

their geomechanical properties in the short term and may leave a long term impact. 

An understanding of ice-affected soil behaviour during warming episodes is clearly of scientific 

interest.  It is also directly relevant to engineering design which needs to identify and address all the 

actions and influences that may affect a site (cf. Eurocode: BSI 2002). 

Although there is a growing body of research detailing recent change in ice-affected soil systems 

and associated features in response to warming, the time span of these studies is only just beginning to 

reveal what may happen as the warming trend continues.  There is also an understandable bias towards 

what might be considered the most sensitive contexts, particularly regions where permafrost is already 

at the thaw threshold and mountainous sites where steep slopes accentuate change (e.g. Harris et al. 

2009; Gao et al. 2021). 

These studies are very important, of course, but might not provide a close analogue to what could 

happen in lower latitude areas affected by higher insolation or by seasonal freezing, or in the coldest 

high latitude regions. Understanding the potential for geomechanical changes in soils in these areas is 

important as they are extensive and also home to significant human populations. In such areas, change 

might be expected to often take place less rapidly and is likely to vary from place to place, reflecting 

locally different conditions.  However, these assumptions need to be tested. 

One way to evaluate how ground systems might change is to examine what has happened in the 

past.  In this paper, the influence on soils of the warming event that marked the last glacial-interglacial 

transitionsexamined for areas that were under periglacial conditions, with a focus on the mid-latitudes, 

using selected sites.  The implications for future changes to fundamental geotechnical parameters are 

considered. 

 

Cold-stage:warm-stage transitions in the past 

 

The current geological period, the Quaternary, has been marked by multiple climatic shifts.  In  
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mid-high latitudes, these are typically characterised as alternating Ice Ages and interglacials, with cycles 

occuring over tens of thousands of years, or longer.  The reality is that the climatic shifts have often been 

much shorter, with sometimes abrupt transitions (Taylor et al. 1993). 

Unfortunately, issues with preservation and dating mean that it is not always possible to assess 

whether an identified change in ground conditions occurred at a climate transition or was due to a 

temporary thaw.  There are also issues with interpretation which often reflect the investigator’s training 

– the most obvious being the similarity between features associated with changes in soil ice conditions 

and those induced by seismicity (van Vliet-Lanoe et al. 2004).In some locations, where regional 

deglaciation caused glacio-tectonic adjustments, both freeze-thaw and seismicity may have affected soil 

strength and behaviour. An example of where compressive loading and liquefaction may have 

happened at around the same time is shown in Figure 1. 

 
Figure 1. Deformed Middle Quaternary fluvially-derived soils from a site in south-central England. a) 

sand-silt load cast; b) ‘kink’ structure indicating lateral compression; c) unstructured sand-clay-gravel, 

with occasional vertically-oriented clasts; d) boudinage-like structure where a depositional unit has been 

deformed and broke, with possible rounding of some edges suggesting movement in a liquefied mass; e) 

undisturbed fluvial sandy gravel. 

 

A selection of different types of feature that could be interpreted either way are presented in 

Table 1 (modified from Collins 2014). 

Table 1 

Selected soft sediment deformation structures that might indicate warming or seismicity.  Processes 

most likely to be linked to ice collapse/thaw are marked with an *.   Sources provided in Collins 2014. 
 

Periglacial Seismic 

Form Process and key features Form Process and key features 

Vertically 

oriented clasts 
1. Differential freeze-thaw 

heave between a clast and 

the soil/sediment matrix 

leading to vertical movement 

and alignment. May occur at 

a uniform depth across a 

unit/site 

Aligned 

clasts 
Clasts aligned to flow of liquefied material. 

Localised. 
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 2. Rapid thaw leading to 

liquefaction and clast 

alignment* 

  

Fissure fill / 

Sediment 

wedge 

Gravity driven (i.e. 

downwards) infilling of 

thermal contraction or mass 

movement-induced fissure. 

Typically wider at top.  May 

show stratification.* 

Dyke – 

Neptunian 

(formed 

under 

water) / 

Fissure fill 

(sub-aerial) 

Gravity driven (i.e. downwards) infilling 

of seismically-induced fissure. Typically 

wider at top.  May show stratification. 

  Dyke - 

injection 

Pore fluid pressure driven infilling of 

fissure (principally upwards). Typically 

narrower at top. Particles may be graded 

(fining up). 

  Sill - 

injection 

Pore fluid pressure driven infilling of 

fissure (principally lateral).  

Ice wedge cast 1.   

2. Cyclic thermal 

contraction/expansion of 

permafrost producing 

surficial crack that 

progressively infills and 

widens. Often in a polygon. 

3. Thaw of ice wedge 

producing “draw-down” of 

overlying and adjacent 

soil/sediment along a line. * 

Thixotropic 

wedge 

Subsurface movement (and 

consolidation?) resulting in “draw-

down” of overlying and adjacent 

soil/sediment in a limited area (cm2?) or 

along a line. 

Mud boil Surface accumulation fed 

from injection pipe or larger 

fissure that reaches the 

surface.* 

Sand 

volcano, 

sand boil 

Surface accumulation fed from typically 

linear injection dyke that reaches the 

surface. 

Thermokarst 

depression 

Surface depression formed 

by thaw of ground ice 

resulting in “draw-down” of 

overlying soil/sediment in a 

broad area (m2 to km2).  May 

subsequently be infilled.* 

Thixotropic 

bowl 

Surface depression formed by subsurface 

movement (and consolidation?) resulting 

in “draw-down” of overlying 

soil/sediment in a broad area (m2?).  May 

subsequently be infilled. 
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  Floating 

breccia 

Fragments of a previously intact unit, 

broken by intense lateral cyclic shear and 

suspended within a matrix of liquefied 

sediment/soil.  Individual fragments 

might themselves exhibit internal 

deformation.  May be at a ± uniform 

elevation and may show evidence of 

horizontal attenuation (pseudo-

boudinage structure). 

Flame 

structures 

1. Plastic upwards 

deformation under cyclic 

freeze-thaw stress* 

2. Liquid limit exceeded and 

spatially variable loading 

causing injection into 

overlying soils* 

Diapiric 

structures 

Plastic upward deformation under 

seismic load stress.  Grades into injection 

dykes if soil/sediment becomes fully 

liquefied.  Reflects deeper unit having a 

lower dynamic viscosity than overlying 

soil/sediment.   Margins may feature 

micro-faults, with upwards displacement.  

Adjacent areas may show evidence of 

subsidence. 

Load cast, 

pillow 

structures 

Isolated mass of sediment 

that has sunk into an 

underlying unit that has 

experienced freeze-thaw 

induced plastic deformation, 

liquefaction and/or localised 

consolidation producing 

density changes.* 

Load cast, 

pillow 

structures 

Isolated mass of sediment that has sunk 

into an underlying unit that has 

experienced hydro-plastic deformation, 

liquefaction and/or localised 

consolidation due to cyclic shear density 

changes. Range of sizes (<cm to >m). 

  Dish/Pock

et-and-

pillar 

structures 

Modification of existing structures due to 

shock-induced dewatering. 

Involutions Plastic deformations 

resulting from ice growth 

and decay.  May also result 

from rapid thaw settlement 

and liquefaction.* 

Sismoslu

mp / 

Involution

s 

Convoluted sedimentary structures 

reflecting in situ deformation due to 

cyclic lateral seismic loading.  Under- and 

overlying strata may be intact or show 

grading (increasing deformation towards 

surface).  Structures may show no sign of 

compression due to subsequent burial. 

Wavy 

structures 

Plastic deformations 

resulting from ice growth 

and decay. 

Wavy 

structure / 

anticline-

syncline 

± uniformly folded unit reflecting in situ 

deformation due to cyclic lateral seismic 

loading.  Under- and overlying strata 

may be intact or show grading 

(increasing deformation towards surface).  

Structures may show no sign of 

compression due to subsequent burial. 
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Impact of the last glacial-interglacial transition on terrestrial ground systems 

 

The most precisely defined of the major Quaternary climate transitions is the Late Pleistocene to 

Holocene.  The end of the last major glacial period (Marine Oxygen Isotope stage 2) was marked by 

significant climatic change.  After a glacial maximum at approximately 20,000 years before present (20 

kaBP), many geological sites around the world record a warming episode peaking at about 13kaBP, 

before a return to cold conditions that ended at around 11.65 kaBP i.e. the start of the Greenlandian 

stage of the Holocene interglacial (Walker et al. 2018). 

Characteristics of the Greenlandian 

Ice core and other evidence indicates that the transition into the Greenlandianat about 11.65 

kaBPwas marked by a significant warming in the northern Hemisphere over a short period – perhaps 

less than 100 years (Figure 2). The Greenlandian itself, at least in North Atlantic and adjacent areas, was 

marked by some ongoing climatic instability, reflectingchanges in the relative significance of warm 

oceanic waters moving north and pulses of meltwater from the North American, Greenland and north 

European ice sheets (van der Bilt et al. 2019).  This instability appears to be shown in ice core data where 

the rate of change in the climate proxyd18O fluctuates during and after the transition. 

Terrestrial impact of the Younger Dryas-Greenlandian transition 

It is logical to presume that the impact of this climate change on terrestrial ground environments 

was substantial and rapid.  Direct and unambiguous evidence of how these conditions changed is, 

however, limited.  This is partly due to subsequent erosion, and partly due to lack of dating control.  

Many features attributeto freeze-thaw and other ice-related processes during the Younger Dryas or 

earlier date to this transition period. 

The scale of the change that affected at least the geotechnical properties of at least the upper parts 

of soil units can be inferred from fluvial deposits.  River sediment sequences in the UK record a sudden 

change from snow-melt flow regimes represented by coarse sediments to much lower energy conditions 

represented by significant volumes of sand, silt and clay.  In an earlier study of a chalk and clay 

catchment in south-central England (Collins et al. 1996, 2006), this change was found to have occurred in 

a timespan less than the probability error for a radiocarbon date, as shown in the example in figure 3. 
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Figure 2.  Oxygen isotope record from the GISP2 Greenland ice core stratotype (data source: NOAA-NCEI 

undated). Left:d18O record for the transition from the Late Pleistocene to the Holocene Greenlandian stage.  

Right: Rate of change per year for the d18O record, transformed by x2.  Terminology note: Greenlandian, 

Pleistocene and Holocene are formal chronostratigraphic terms, as defined by the International 

Commission on Stratigraphy - see Gibbard (2018) and Walker et al. (2018); OD = ‚The oldest Dryas‛, LGI 

= Lateglacial Interstadial, YD = Younger Dryas (GS-1), broadly following Lowe and Walker (2014) (usage 

of terms for this period varies geographically). 

 

The scale of the change that affected at least the geotechnical properties of at least the upper parts 

of soil units can be inferred from fluvial deposits.  River sediment sequences in the UK record a sudden 

change from snow-melt flow regimes represented by coarse sediments to much lower energy conditions 

represented by significant volumes of sand, silt, and clay.  In an earlier study of chalk and clay 

catchment in south-central England (Collins et al. 1996, 2006), this change was found to have occurred in 

a period less than the probability error for a radiocarbon date, as shown in the example in figure 3. 
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Figure 3. 14C age estimation probability plots for the Late Pleistocene (Younger Dryas stage) to Holocene 

(Greenlandian stage) transition in the Kennet Valley, UK.  After Collins et al. 2006. 

 

The implication of the changed supply of fine-grained sediment into the fluvial systems is that a 

significant weakening of soils in the catchment occurred.  This weakening would have included 

porewater driven reductions in cohesion, associated reductions in shear strength and, where local 

conditions permitted, liquefaction.   Supporting evidence for this may come from dry valley deposits in 

the Thames Valley where classic cold climate solifluction deposits are overlain by clast rich soils 

interpreted as being the result of debris flows (Espejo et al. 1992).  It remains uncertain, however, exactly 

when this sort of mass movement occurred due to the difficulty of dating the transported soil.  An 

example of this is a late stage silt deposit in Poland that has a luminescence date range that overlaps 

into the Greenlandian stage (Waroszewski et al. 2020). 

In other settings, ground ice mounds developed during the Younger Dryas, either as pingos or 

lithalsas (Pissart 2002). Modern analogs indicate this would have caused significant alterations to soil 

fabric, with segregated ice creating the potential for high water volumes and void space, and low inter-

particle contacts. At Walton Common, where remnant ramparts and adjacent hollows are preserved, 

Clay (2015) found evidence of rampart collapse through mass wasting, though suggested a simple 

change from the slumping of coarse-grained soils to the settling out of chalky silt in standing water. 

Earlier unpublished work by Verasamy and Collins examined early Greenlandian-age soils (dated by 

pollen stratigraphy) from the same site. They found evidence of an early stabilization of the rampart 

slopes and hollows that was disrupted by a possibly short interval of instability which fits with the van 

de Bilt et al. (2019) model of a progressive change interrupted by short-lived reversals. 

 

Conclusion 

 

The geological evidence from past warming episodes indicates that the predominant impact on 

soils with an ice content is, unsurprisingly, a phase change affecting the degree of saturation. With this 

is an increased likelihood of soil structural collapse. However, there is some evidence that warming 

phases can be complex, and short-term cooling can occur. As a result, any consideration of the impact of 

current climate change on the geotechnical properties of soils and the associated risk to structures 

should consider the possibility of short-term refreezing. 
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Филир Э.Ф. Кпллинз  

Азаматтық жюне экологиялық инженерия кафедрасы, Брунель университеті Лондон, Аксбридж, UB8 

3PH, Ұлыбритания 

 

Климаттыо тез жылынуы жағдайында мұздатылған тпрысақ жүйелесініо жағдайы - 

өткенге түтінік 

 

Аодатра. Қазісгі климаттыо жылынуы мұздатылған тпрысақтыо үздіктіз гептехникалық 

өзгесуіне юкеледі дер күтілуде. Өткен климаттыо өзгесуін, ютісете туық кезеоді қасаттысу: жылы 

ауытулас пты өзгесіттіо ықтимал табиғаты тусалы түтінік бесе алады жюне пндай жесдіо 

жағдайы бпйынша түтінік бесуі мүмкін. Анықталған ақрасат кейде екіұшты бплыр келеді. 

Песиглазиѐлық жюне тейтмикалық рспцеттес кейде ұқтат нютижелесді беседі. Мұздатылған 

тпрысақтасдыо негізгі көстеткіштесі туық-жылы ауытулас, мыталы, гплпценніо Гсенландиѐ 

кезеоініо батталуы кезінде үлкен магнитуда бплуы мүмкін. Спнымен қатас, тпрысақ жүйелесіне 

тұсақтыздық қптатын кесі ауытулас бплуы мүмкін. Мұз ютес ететін тпрысақтасдыо бплашақтағы 

гептехникалық өзгесуін қасаттысу үшін күсделі климаттық өзгесуді еткесу қажет. 

Түйін төздес: ресиглатиѐлық тпрысақтас, Гсенландиѐ, дефпсмациѐлас, климаттыо 

өзгесуі, есу. 

 

Филир Э.Ф. Кпллинз  

Департамент гражданской и экологической инженерии, Лондонский университет Брунеля, Аксбридж, 

UB8 3PH, Соединенное Королевство 

 

Месзлые рпчвенные титтемы в утлпвиях быттспгп рптерления  

климата: вывпды из рспшлпгп 

 

Аннптация. Ожидаеттѐ, чтп текущее рптерление климата рсиведет к рпттпѐнным 

гептехничетким изменениѐм в рпчвах мнпгплетней ксиплитпзпны. Изучение рспшлых 

изменений климата, птпбеннп ресехпд хплпднпй ттадии в терлуя, мпжет дать рседттавление п 

рптенциальнпй рсиспде этпгп изменениѐ, а также инфпсмация длѐ пцениваниѐ таких учатткпв. 

Пплучаемые данные иттледпваниѐ не втегда пднпзначны: ресиглѐциальные и тейтмичеткие 

рспцетты даят тхпжие сезультаты. Данные п ледѐных кеснах твидетельттвуят, чтп ресехпды пт 

хплпда к терлу, нарсимес, в начале гсенландткпгп этара гплпцена, мпгут иметь бпльшие 

матштабы, нп также мпгут иметь инвестии, кптпсые дпбавлѐят неттабильнптть рпчвенным 

титтемам. Ппэтпму рси саттмптсении будущих гептехничетких изменений в рпчвах мнпгплетней 

ксиплитпзпны непбхпдимп учитывать рптенциальнп тлпжные климатичеткие впздейттвиѐ. 

Ключевые тлпва: ресиглѐциальный гсунт, Гсенландиѐ, дефпсмации, изменение климата, 

пттерель. 
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Numerical analysis of pile foundations in seasonally freezing soil ground 

Abstract. The article presents the results of numerical analysis for pile foundation in 

seasonally freezing soil ground. This project uses the static tests of soil by piles at the 

construction site of Cargo off-loading facilities (Prorva, Atyrau region, Kazakhstan). The 

project area is located along the east coast of the Caspian Sea, both onshore and offshore, 

near the Prorva oilfield, Kazakhstan. At present, the North Caspian Sea has a limited 

water depth (max 8 m). According to the test results have been made design changes in 

the pile foundation. Static tests (SCLT) were carried out on the piles with 16m in length 

and precast concrete joint pile foundations with a total length of 22m to 27m. This 

research is important for an understanding of the interaction mechanism of precast 

composite joint piles with seasonally freezing soil ground of the Caspian Sea coastal area 

of the site. 

Keywords: pile, numerical analysis, Load-Settlement, PIT. 
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Introduction 

 

Seasonal freezing of soils is a problem soil. In the production of winter conditions, engineers are 

faced with the problem of assessing frost-prone soils and making the right decisions to ensure the 

strength, reliability, durability, and stability of buildings. The frost hazard of soils in construction is 

understood as their ability to influence the stability of structures in the process of freezing-thawing 

when interacting with piles. According to the construction standards, the choice of the method of 

construction of the foundations should be determined based on engineering and geological studies. To 

make technological decisions, additional data are needed to characterize the cryogenic properties of 

soils in the process of freezing and thawing of soils. 

 

Engineering and geological structure of site “Prorva” 

 

Table 1 describes the engineering and geological conditions of the construction site. According to 

the physical and mechanical properties of the soil and the results of laboratory tests in the geological 

section, three engineering-geological elements (IGE) were identified. The standard values of the 

physical and mechanical properties of soils are given based on the results of testing samples of all wells. 

The table 1 presents a geotechnical structure of the site. 

Table1 

Geological and lithological conditions of the construction site 

EGE Layer Description С 

 

φ, 

deg. 

γnatural * ), 

kN/m3 

Su, 

kPа 

Eoed. ref 

EGE-2 Clay silt. 0.7 29,4 19.3 15 2.750 

EGE-3 The sand is medium-

dense, dense 

2.7 31.5 19.0 - 30.000 

EGE-7 The clay is light, dusty 20.8 24.7 19.1 80 2.000 

EGE-8 The sandisdense 2.4 31.8 20.0 - 40.000 

EGE-9 Clay 22.7 23.8 20.6 150 4.000 

EGE-10 Clay 25 24.7 20.2 150 2.000 
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Numerical analysis of pile foundations in seasonally freezing soil ground 

 

Pile Integrity Test (PIT) research 

 

Mainly to ensure the safety of the head of a solid reinforced concrete composite pile, since most 

of the destruction is observed in its head part, even though 1.5 - 2.0 times higher than in the middle 

part. This phenomenon is explained by the fact that during immersion, the strength of the pile in the 

head part decreases due to the formation of microcracks, and then, as the number of impacts 

increases, the destruction of the head part of the pile occurs, while the strength of the pile trunk 

remains unchanged [1-5]. 

The quality of the pile is often determined by a low-stress continuity test, which is performed 

immediately after driving. The tests allow you to find out which piles should undergo additional 

inspection. The measurement is carried out by hitting the pile head with a hand hammer and 

evaluating the reaction of the head using an accelerometer [9]. For continuous control, non-

destructive methods are used. To determine the actual pile lengths, locate defects (cracks, weak 

sections), and evaluate the mechanical characteristics of concrete piles, seismic-acoustic (sound) and 

ultrasonic control methods are used. 

Working with seismoacoustic and ultrasonic devices is divided into two stages: testing piles on 

the construction site and interpreting the information obtained using special software. 

To ensure the registration of the second wave in the piles, it is carried out with the help of 

special equipment, followed by leveling the surface of the head and mounting sensors 

(accelerometers) in accordance with Figures 1, 2. 

The accuracy of determining the pile length depends on the accuracy of the stress wave 

velocity. When the pile length is known, the wave propagation velocity can be matched to the known 

length. 

The solution to the issue of guaranteed safety of the reinforced concrete pile structure during its 

immersion in the ground is one of the main tasks of the developed problem. 

The tests were carried out in seasonally freezing soils, the graphs show the integrity of the pile 

foundations in Figure 3. 

 

 
 

Figure1.Test results of piles TP-02by the method of PIT 
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Figure 2. Test results of piles TP-03 by the method of PIT 

 

The peculiarity of modern technology is the presence of docking units, which must retain their 

strength and shape after clogging each section. Thus, for the conditions of modern technology, it is 

necessary to introduce another condition, where the total number of blows of the pile-breaking 

equipment (or vibrations of the vibration loader) (N), capable of loading the pile at a given mark or 

before reaching its value of the effective load perceived by one pile, should be less than the impact 

resistance of the butt joint (Ncr), which is in the worst conditions (1) [1-4]: 

 

N<Ncr      (1) 

 

 
 

Fugure3. PIT pile testing 
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Numerical simulation by the finite element method in the Plaxis 2D 

 

Currently, numerical calculation methods are used to quantify the VAT (stress-strain state) of 

inhomogeneous ground masses interacting with underground structures of buildings and structures, 

including FEM (finite element methods) [10]. The basis of these methods is the joint solution of a system 

of differential equations of equilibrium, continuity, and physical equations. The latter determine the 

dependence of the soil deformation on the stress state. Currently, there are different methods for 

describing physical equations, depending on the need to consider the linear, nonlinear, and rheological 

properties of soils. 

The Plaxis 2D program has the advantages of relative simplicity and ease of use, as well as the 

availability of a soil model that is optimal for the task of this dissertation research [10]. 

The geometric dimensions of the composite pile model with a width of 0.4 m and various lengths 

from 22 to 27 meters were used in the calculation. 

On the contact surface of the pile with the ground, interface elements were used to consider the 

displacement of the places of contact of the soil with the pile model. 

The current version of PLAXIS 2D allows you to use only a linear color scale. In this regard, due 

to the large difference between the minimum and maximum shear deformations, it turned out that it 

was impossible to display them simultaneously in the same drawing. 

Since the pile foundation is symmetrical to the vertical axis, only half of the area of the soil mass 

and the pile foundation were considered in the calculation scheme. The calculation scheme was 

automatically divided into triangular finite elements. The number of considered types of elements 

(layers) is 6 (the sequence of layers of the soil mass is shown in Figure 4). 

 
 

Figure 4. Diagram of the arrangement of the sequence of layers of the soil mass and the pile 

foundation 
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Piles of different lengths from 22 to 27 meters were tested using various simulations (Figure 4): 

a) Pile 22m-the total length of the composite piles is 22 meters, the length of the first section is 16 

meters, the length of the second section is 6 meters; 

b) Pile 23m-the total length of the composite piles is 23 meters, the length of the first section is 16 

meters, the length of the second section is 7 meters; 

c) Pale 24m-the total length of the composite piles is 24 meters, the length of the first section is 16 

meters, the length of the second section is 8 meters; 

d) Pile 25 m-the total length of the composite piles is 25 meters, the length of the first section is 16 

meters, the length of the second section is 9 meters; 

e) Pile 26m-the total length of the composite piles is 26 meters, the length of the first section is 16 

meters, the length of the second section is 10 meters; 

e) Pile 27m-the total length of the composite piles is 27 meters, the length of the first section is 16 

meters, the length of the second section is 11 meters. 

 

Numerical simulation of testing of composite piles with a length of 22 to 27 meters 

 

This section discusses the calculation of the pile foundation draft. The general methods of creating 

a geometric model, constructing a finite element grid, performing calculations using the finite element 

method, and evaluating the results obtained are considered in detail. 

The load-bearing capacity of the piles was determined based on the results of numerical 

simulation of each pile operation in the PLAXIS 2D software package. The stress-strain state of the base 

was calculated using the Mora-Coulomb elastic-plastic model. The calculations were carried out in an 

axisymmetric setting. 

Step-by-step pile loading was modeled by increasing the applied load on the pile, and the 

maximum vertical load was 3,278 kN. The main parameters tracked for the results are the amount of 

applied load and the pile draft. As a result of the calculation, the "load-draft" graphs were constructed. 

Geometric models of numerical simulation of composite driving piles with a length of 22 meters 

to 27 meters (Pile 22 m-Pile27 m) are shown in Figure 5. 

 
 

Figure 5. Geometric model of a composite pile with a length of 27 m 

ВЕСТНИК ЕНУ имени Л.Н. Гумилева. Серия техничеткие науки и технологии                                                               № 2(135)/2021             41 

BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series 



Numerical analysis of pile foundations in seasonally freezing soil ground 

 

The finite element meshes generated automatically by the Plaxis 2D program for composite piles 

with a length of 22 meters to 27 meters (Pile 22 m - Pile27 m) are shown in Figure 6. 

  

 

 

 

Fugure 6. Finite element grid (Pile 22, 27m) 

 

Isolines of total ground movements under vertically static loads for composite piles with a length 

of 22 meters to 27 meters (Pile 22 m – Pile27 m) are shown in the figure 7. 

 

 

 

 

Fugure 7. Full displacement (Pile 22, 27 m) 

 

Vertical movement isolines for composite piles with a length of 22 meters to 27 meters (Pile 22 m – 

Pile27 m) are shown in the figure 8. 
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Figure 8. Vertical movement (Pile 22, 27m) 

 

Isolines of horizontal ground movements under vertically static loads for composite piles with a 

length of 22 meters to 27 meters (Pile 22 m-Pile 27 m) are shown in the figure 9. 

 

 
  

 

Figure 9. Horizontal movement (Pile 22, 27 m) 

 

Comparison of numerical simulation results 

 

Figure 10shows a comparison of the test results the "Load-Settlement" curve obtained by the SLT 

method, the length of the composite piles is from 22 meters to 27 meters [1, 4-9]. 
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Figure 10.Load-Settlement graph based on Plaxis 2D results 

 

The superposition of the curves showed that the convergence of the graphs is observed only at 

the initial stage of loading, then there is a change in the trajectory of the curve depending on the length 

of the pile. For a pile with a length of 22 meters, the draft was 30.58 mm, and for a maximum length of a 

composite pile of 27 meters, the draft was 25.43 mm. 

For the partial value of the maximum resistance of the pile to the indentation load Fu, it is 

necessary to take the load under the influence of which the tested pile will receive a draft equal to S and 

determined by the formula 2 [10]: 

                                                                                                                                  (2) 

 

Su,mt =8см-the limit value of the average foundation draft of the projected building, set according 

to the instructions of the SNiP 5.01-01-2002 [6-8]; 

where: ζ is the transition coefficient from the limit value of the average foundation sediment of a 

building or structure Su, mtk to the pile sediment obtained during static tests with conditional sediment 

stabilization, according to the requirements of the SNIP 5.01-101-2003 the value of the coefficient should 

be taken as ζ=0.2. 

The results on the maximum resistance of the piles to the indentation load under the influence, 

in which the tested pile received 16 mm of precipitation from the dependence of the length of the pile, 

can be seen in Table 2. 

Table 2 

Determination of the load-bearing capacity of piles at a fixed settlement  

№ Pile number The load-bearing capacity of the pile at a fixed draft of 16 mm 

1. № pile 22m 1727 kN 

2. № pile 23m 1815 kN 

3. № pile 24m 1883 kN 

4. № pile 25m 1975 kN 

5. № pile 26m 2139 kN 

6. № pile 27m 2229 kN 
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Conclusion 

 

The estimated load-bearing capacity of the driving pile with a cross-section of 40x40 cm and a 

length of 25 m was 2400 kN, which confirms the sufficient load-bearing capacity of the foundation 

soils for piles of this depth of immersion. 

The section has developed geometric models of composite driving piles with a length of 22 

meters to 27 meters (Pile 22 m – Pile27) musing numerical simulation in the Plaxis 2D environment. 

The calculation of the stress-strain state of the base is based on the elastic-plastic Mohr-Coulomb 

model in an axisymmetric formulation. The piles were gradually loaded by increasing the applied 

load on the pile, resulting in a maximum vertical load of 3,278 kN. 

Vertical displacements for composite piles with a length of 22 meters to 27 meters (Pile 22 m – 

Pile27 m) after the calculation stage in the Plaxis 2D environment ranged from 25 mm to 30 mm, this 

is consistent with the results of field tests. 

The load-bearing capacity of the piles was compared at a fixed draft of 16 mm and the change 

in load-bearing capacity per one linear meter of the depth of immersion of the pile was calculated. 

The method of testing composite piles by the SCLT method is performed in accordance with 

the ASTM standard. According to the results of field tests of composite piles by the SCLT method, the 

load-bearing capacity of the piles was 2067 kN, 2042 kN and 2333 kN, respectively, for pile lengths 

from 23 m to 26.75 m, and these values do not exceed the values of the maximum load-bearing 

capacity according to the Davisson limit method. 

On the basis of conducting a series of field tests of composite piles in the conditions of 

complex multi-layered soils of Western Kazakhstan, it is recommended to use non-destructive 

methods for controlling the continuity of composite piles. The low-stress continuity test (PIT method) 

identifies pile defects that may reduce load-bearing capacity. 

Geometric models of composite driving piles with a length from 22 meters to 27 meters (Pile 

22 m – Pile 27 m) were developed using numerical modeling in the Plaxis 2D environment and the 

stress-strain state of the base was calculated using the elastic-plastic Mohr-Coulomb model in an 

axisymmetric formulation. As a result, vertical displacements were determined for composite piles 

with a length of 22 meters to 27 meters (Pile 22 m-Pile27 m) from 25 mm to 30 mm, which is 

confirmed by the results of field tests, and the load-bearing capacity of piles with a fixed settlement of 

16 mm was compared. 

Based on the results of numerical simulation of construction sites Prorvain seasonally freezing soil 

ground bearing capacity of pile foundations have a slight deviation of the pile settlement. 
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Тпрысақтыо маутымдық қатуы кезіндегі қадалық ісгетаттасды тандық талдау 

 

Аодатра.Мақаладатпрысақтыомаутымдыққатужағдайындағықадалыісгетаттыонәтижеле

сікелтісілген. Бұлжпбадақайтатиеуқұсылыттасыныо (Пспсва, Атысаупблыты, Қазақттан) 

құсылыталаоындақадаласментпрысақтыоттатикалықтынауласырайдаланылады. Жпба ауданы 

Катрий теоізініо тплтүттік-шығыт жағалауыныо бпйында, Пспсва, Қазақттан мұнай кен пснына 

жақын жесде псналатқан. Қазісгі уақытта Сплтүттік Катрийдіо тесеодігі шектеулі (мактимум 8 

м). Сынақ нәтижелесі бпйынша қадалық ісгетатқа кпнттсуктивті өзгесіттес енгізілді. Статикалық 

тынақтас жалры ұзындығы 27 метсге дейін 16 метслік қадалас мен құсаттысмалы темісбетпн 

байланыттысғыш қадаласда жүсгізілді. Бұл зесттеулес құсама қадаласдыо Катрий теоізі 

учаткетініо жағалау аймағыныо рспблемалы тпрысағымен өзаса әсекеттету механизмін түтіну 

үшін маоызды. 

Түйін төздес:қадалас, тандық тынақтас, жүктеме-птысу, PIT. 

 

Г.Т. Тлеуленпва, А.Ж. Жутурбекпв, Ж.А. Шахмпв, А.Р. Омаспв 

Евразийский национальный университет им. Л.Н. Гумилева, Нур-Султан, Казахстан 

 

Читленный анализ твайных фундаментпв в утлпвиях тезпннпгп рспмесзания гсунта 

 

Аннптация. В ттатье рседттавлены сезультаты сабпты твайнпгп фундамента в утлпвиях 

тезпннпгп рспмесзания гсунта. В даннпм рспекте итрпльзуюття ттатичеткие итрытания гсунта 

тваями на ттспительнпй рлпщадке ресегсузпчных тппсужений (Пспсва, Атысауткая пблатть, 

Казахттан). Райпн рспекта сатрплпжен вдпль впттпчнпгп рпбесежья Севесп-Впттпчнпгп 

Катрийткпгп мпся, как на туше, так и на шельфе, недалекп пт нефтянпгп меттпспждения Пспсва 

(Казахттан). В наттпящее всемя Севесный Катрий имеет пгсаниченную глубину (мактимум 8 м). 

Пп сезультатам итрытаний были внетены кпнттсуктивные изменения в твайный фундамент. 

Статичеткие итрытания рспвпдилить на 16-метспвых тваях и тбпсных железпбетпнных  
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тпединительных тваях пбщей длинпй дп 27 м. Эти иттледпвания важны для рпнимания 

механизма взаимпдейттвия тбпсных тпттавных твай т рспблемным гсунтпм рсибсежнпй зпны 

учаттка Катрийткпгп мпся. 

Ключевые тлпва: твая, читленный анализ, нагсузка-птадка, PIT. 
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A Proposal of Standard Test Method for Frost Susceptibility of Soil 

Abstract. A recommendation of a standard test method for frost susceptibility of soil is 

proposed. The recommendation is required in order to have a design technique of 

common and equivalent quality not only in domestic but international practice. This topic 

is one of the essential and current objectives of Technical Committee 216 (ISSMGE) and 

has been discussing to the present. The purpose of the proposed recommendation test 

method is defined, different methods from several countries are compared, necessary and 

common articles are selected and some items are specified to discuss. It is expected that 

this proposal would take a role to be a draft suggestion to promote discussion and 

achieve a final recommendation. 

Keywords: Frost susceptibility of soil, Test method, TC216. 
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Attempt for standardization of frost heave test 

  

In 1989, there was held an International Symposium on Frost Geotechnical Engineering organized 

by ISSMFE Technical Committee TC-8 on Frost (the present TC216), Finnish Geotechnical Society (SGY), 

and Technical Research Center of Finland (VTT) in Finland. The reference testing procedures for the use 

of laboratory frost heave tests in the determination of frost susceptibility of soil were published in the 

Work report 1985-19891) by TC-8. 

In 1995, comparative laboratory frost heave tests were carried out with common soil material 

planned by TC-8. Twelve laboratories had reported test results, but a final summary report was not 

published. A comparison report of the test results by nine Japanese institutes is available2). 

 

Definitions of Terms 

 

The terms are defined as follows for one dimensional freezing test with cylindrical cell. 

Frost susceptibility -The propensity for a soil to accumulate ice and to heave during freezing 

Frost heave - Upward displacement due to volume increase of soil with growing ice layers (ice 

lens) parallel to 0℃ isothermal when soil freezes with water supply. 

Amount of frost heave - Change of specimen height during freezing. 

Frost heave ratio - Ratio of volume increase to initial volume of the specimen. 

Frost heave rate - Increase of frost heave divided by length of time.  

Freezing rate - Speed of advancement of freezing line into the unfrozen soil. 

 

Existing Test Methods 

 

Figures 1 to 4 show test devices which are publicized in  literature or currently available by the 

author. Tables 1 to 3 summarize their dimension and procedure. The classification by frost 

susceptibility index used in those methods are shown in Tables 4 to 6. These devices and procedures 

have been set up and used for different purpose of freezing test. 
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Figure 1. Test device used in Sweden 

 
 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 

 
 

Figure 2. Test device used in Finland3) 
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Figure 4. Test device used in Japan5) US 

Figure 3. Test device written in ASTM (USA)4) US 
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Table 1  

Dimension and Procedure 

 

Table 2 

Dimension and Procedure 
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 Sweden Finland 

Purpose frost heave frost heave, 

thaw compression, 

frost susceptibility 

Parameters obtained segregational heave, 

heat extraction rate 

frost heave ratio, SP 

Specimen compacted undisturbed/compacted 

Applied loads - 2,20,40 kPa 

Water supply bottom bottom 

Temp. of top/bottom cold / warm fixed -3 
o

C / +1 
o

C fixed 

Temp. sensors 7 thermocouples 8 thermistors 

Freezing direction top to bottom top to bottom 

Test duration 4 days 24 hours 

Friction control - rubber membrane 

Specimen size D/H  100/100 mm 80-150/70-200 

Freezing and thawing can be performed two cycles 

Chamber/Insulation +4 
o

C/70 mm 0±1 
o

C/split barrel 

 USA(ASTM-D5918) Japan (JGS-0171) 

Purpose frost susceptibility, thaw 

weakening 

frost susceptibility 

Parameters obtained heave rate, bearing ratio heave rate 

Specimen compacted compacted/undisturbed 

Applied loads 3.5 kPa 10 kPa 

Penetration rate 3.6 mm/hour 1-2 mm/hour 

Water supply from bottom from top 



 

T. Ono 

  

 
Table 3   

Dimension and Procedure (for artificial freezing)
6)

 

 

 

 

 

ВЕСТНИК ЕНУ имени Л.Н. Гумилева. Серия техничеткие науки и технологии                                                               № 2(135)/2021             53 

BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series 

Temp. of top/bottom cold / warm fixed +0 
o

C / -0.1 
o

C/hour 

Temp. sensors 7 thermocouples 2 pt100 sensors(top and 

bottom) 

Freezing direction top to bottom bottom to top 

Test duration 5 days until penetrated top  

Friction control rubber membrane, 

multi-ring cell 

slight space, greased wall, 

freezing direction 

Specimen size D/H  150/150 100/50 

Freezing and thawing two cycles and CBR no thawing process 

Classification average frost heave rate maximum heave rate 

 JAPAN(JGS-0172) 

Purpose frost heave for artificial freezing 

Parameters obtained frost heave ratio, thaw settlement ratio and design 

parameters 

Specimen undisturbed  

Applied loads field over burden stress 

Water supply from top 

Temp. of top/bottom +0 
o

C / cooling rate required to obtain parameters 

Temp. sensors 2 pt100 sensors(top and bottom) 

Freezing direction from bottom to top 

Test duration until penetrated top  

Friction control slight space, greased wall 
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Table 4  

Classification by Frost Susceptibility Index, SP7) 

 

 

 

 

 

 

 

 

 

Table 5 

 Classification by Frost Susceptibility Index, ASTM(USA)8) 

 

 

 

 

 

 

 

 

 

 

 

 

 

Table 6 

 Classification by Frost Susceptibility Index, JGS(Japan)5) 
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Specimen size D/H  60/20-40 

Freezing and thawing one cycle  

Model = 0 + ( 0/ )( 1+ ( U0/U )
1/2

 ), 
: frost heave rate, U: penetration rate, 
: confining stress 

 Segregation Potential SP  mm
2
/Kh 

Negligible <  0.5 

Low 0.5 – 1.5 

Medium 1.5 – 3.0 

Strong >3.0 

 Symbol 8-H Heave Rate  mm/day 

Negligible NFS <1 

Very low VL 1 to 2 

Low L 2 to4 

Medium M 4 to8 

High H 8 to16 

Very high VH >16 

 Frost Heave Rate  Uh mm/h,  Freezing Rate 1-2 mm/h 

Low <  0.1 

Medium 0.1 – 0.3 

High ≧ 0.3 



 

T. Ono 

 

Recommendation of Test Method for Frost Susceptibility of Soil 

 

First of all, it is proposed that the index of frost susceptibility of soil is categorized in the physical 

property of soil such as Atterberg index, because most of engineering purposes to carry out frost 

susceptibility test would be to investigate not to obtain “how much it heaves”, but to know “it is frost 

susceptible or not as a material” for the initial judgement of necessary frost protection in the field. A 

proper frost heave test, as a model test with field conditions, will be then selected to obtain required 

data for the detailed practical design. 

Frost susceptibility test of soil as a physical index test should have clear output to show the 

susceptibility and classification of soil making use of certain reliable parameter obtained from the test. 

However, it is not a practical idea to indicate single parameter index as a common recommendation 

method as we know several index parameters already working in different countries or areas shown 

above. Our task is to show a practical guideline which works well for the engineering purpose with an 

acceptable concept. 

Followings are basically referred to the Work report 1985-1989 by TC-81), and modified by 

considering the existing methods for proposal of essential testing elements to obtain a frost 

susceptibility index and classify the frost susceptibility of material. 

This recommendation does not restrict any optional procedure and dimension as far as the frost 

susceptibility index is practically reliable and works well, and the method provides value which is not 

relying on material and tester. 

Test device 

Test device consists of cylindrical test cell, temperature and displacement measurement sensors, 

measurement system for supplied water volume, loading device, temperature control unit and data 

acquisition equipment. The cell should be constructed of a material with low thermal conductivity and 

insulated with proper insulation material to keep a horizontal freezing front line in the sample during 

test. The friction between the sample and the cell wall should be minimized with appropriate manner. 

Temperatures should be controlled with the precision of 0.1 degree at least.  

Sample preparation 

Saturated compacted sample with appropriate density is used to ensure a stable physical test 

results as possible. 

Test and Test results 

Temperatures, displacement and supplied water volume should be recorded during freezing with 

suitable intervals for the purpose. 

It is recommended to confirm to start freezing without delay of frost heave by means of avoiding 

the super cooling of sample surface at the beginning of freezing process, and to check the amount of frost 

heave coinciding with the calculated value from the supplied water volume.  

Test results should give an index parameter to determine and classify the frost susceptibility of the 

material. 

Determination of frost susceptibility 

The index parameter to determine and classify the frost susceptibility should have good 

corresponding relation with the field observation to ensure its certainty.   

 

Discussion 

 

Test Device 

The insulation around the cell and the precision of temperature sensors are shown as essential 

items especially for a testing under low temperature to obtain proper data, but other details for device 

are not indicated because several testing devices with different dimensions and styles are already used 

and working now. 
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A Proposal of Standard Test Method for Frost Susceptibility of Soil 

 

Test 

The recommendation of avoiding supercooling and checking frost heave by water volume is one of 

the reasonable methods to increase the accuracy of test results. Typical techniques to break supercooling 

are “tapping” and “thermal shock”. 

Frost Susceptibility Index 

Frost susceptibility index should have a basis which is connected well to field observation as a 

practical physical index. It is expected to clarify correlation between the index and the field data in the 

explanation of test method. 
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Тпрысақтыо аязға төзімділігін тынау әдітініо ттандаст сетінде ұтыныты 

 

Аодатра. Тпрысақтыо аѐзға бейімділігі бпйынша ттандастты тынау юдіті ұтынылады. 

Ұтыныт тек птандық қана емет, халықасалық тюжісибеде де пстақ жюне баламалы тараны 

жпбалау техникатына ие бплу үшін қажет. Бұл тақысыр 216 Техникалық Кпмитетініо (ISSMGE) 

маоызды юсі ағымдағы мақтаттасыныо бісі бплыр табылады. Оты уақытқа дейін талқыланыр 

келеді. Ұтынылатын теттілеу юдітініо мақтаты айқындалды, біснеше елдесдіо юстүслі юдіттесі 

талыттысылды, қажет юсі жалры мақалалас таодалды, кейбіс тасмақтас талқылауға ұтынылды. 

Бұл ұтыныт талқылауға ықрал етір, тпоғы ұтынытқа қпл жеткізу үшін ұтыныттыо жпбаты бпла 

алады дер күтілуде. 

Түйін төздес: тпрысақтыо аѐзға бейімділігі, тетт юдіті, TC216. 
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Университет Хоккай-Гакуэн, Саппоро, Япония 

 

Пспект метпда прседеления мпспзпттпйкптти гсунтпв в качеттве пбщерсинятпгп 

ттандаста 

 

Аннптация. Пседлпжена секпмендациѐ рп ттандастнпму метпду итрытаний на 

мпспзпттпйкптть гсунтпв, кптпсаѐ непбхпдима длѐ тпгп, чтпбы метпдика рспектиспваниѐ 

пбщегп и савнпценнпгп качеттва была не тплькп в птечеттвеннпй, нп и в междунаспднпй 

рсактике. Даннаѐ тема ѐвлѐеттѐ пднпй из птнпвных и текущих задач Техничеткпгп кпмитета 216 

(ISSMGE) и пбтуждаеттѐ дп тих рпс. Орседелѐеттѐ цель рседлагаемпгп секпмендательнпгп 

метпда теттиспваниѐ, тсавниваяттѐ сазличные метпды из неткпльких ттсан, выбисаяттѐ 

непбхпдимые и пбщие ттатьи, а также указываяттѐ некптпсые впрспты длѐ пбтуждениѐ. 

Ожидаеттѐ, чтп этп рседлпжение тыгсает спль рспекта рседлпжениѐ, трптпбттвуящегп 

пбтуждения и высабптке пкпнчательнпй секпмендации. 

Ключевые тлпва: мпспзпттпйкптть рпчвы, метпд итрытаниѐ, TC216. 
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The equilibrium time and deformation characteristic of sulfate saline soil  

in 1D saline expansion test 

Abstract. The salt expansion disease is serious for the soil containing sodium sulfate in 

cold regions. This paper carried out one-dimensional swelling tests of saline soil, and 

numerical cooling tests of soil to explore the stability time of salt swelling deformation 

and determine the standard procedure of the salt swelling test method. The test results 

demonstrate that: (A) the temperature equilibrium and crystallization process are almost 

completed simultaneously in the one-dimensional (1D) salt expansion test; (B) Referring 

to the standard of consolidation test, a standard that the expansion rate is less than 

0.02mm/h can be used in the salt expansion test; (C) The required time for temperature 

equilibrium of soil is quadratic to sample size and is much faster with liquid bath 

condition comparing to gas bath condition. Because the deformation and temperature are 

synchronized, the deformation stabilization time of different size samples in different 

cooling media is recommended.This can provide a reference for the deformation 

equilibrium time of the salt swelling test. 

Keywords: Sulfate, Saline soil, Salt expansion, Cooling test, Stabilize time. 
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Introduction 

 

When the soil's soluble salt content is greater than or equal to 0.3%, and the sagged salt expansion, 

or corrosion occurs, the soil is referred toas saline soil [1]. Saline soil is widely distributed in Northwest 

China [2]. When the environmental temperature decreases, the salt crystallizes in sulfate saline soil and 

salt swelling happens.The salt will crystallize and dissolve driven by the temperature difference 

between day and night, and it is easy to cause engineering diseases in the continuous salt swelling-

collapse process. To more clearly understand the effect of temperature on the salt expansion process, 

Wan et al. [3-6] conducted salt expansion experiments with different cooling rates. However, in a closed 

system, the salt expansion is driven by temperature, and how much crystallization is completed when 

the temperature is stable, and whether the salt expansion is synchronized with the soil temperature is 

unclear. Given the cooling conditions and sample size, what is the temperature stabilization time of the 

sample, the temperature stability of the sample, and the stability standard of deformation, there is no 

specific specification. The main purpose of this article is: (a) Determining whether the deformation 

stabilization time and the temperature stabilization time of saline soil are synchronized. (b) Determining 

the deformation stabilization time of the salt expansion test.  

 

Methods 

 

2.1 1D salt expansion test of big size samples 

Test device andTest procedure: 

The test equipment is the salt expansion test barrel, DT85, PT100 temperature sensor, and the 

digital dial indicator. 

The soil sample is compacted in six layers, and two PT100 sensors are embedded in the center of 

the sample, and the temperature of the center point of the soil is collected every 1 minute through DT85. 

A digital dial indicator is installed on the top of the sample and set to collect data every 1 minute. The 

test box can realize the automatic constant temperature function. The test takes 25 ℃→12 ℃→8 ℃→ 
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4℃ as the cooling gradient, the cooling rate of the incubator is 1 ℃/min, and the sample is cured at 25 ℃ 

for 12 h, and then cooled to 12 ℃, after the constant temperature for 24 h, decrease to the next level of 

temperature at the same cooling rate and so on.  

2.2 1D salt expansion test of small size samples 

Test device andTest procedure: 

Test equipment is the cutting ring with a diameter of 6.18 cm and a height of 4cm, the Vernier 

caliper, and the C4-600 programmable thermostat. 

The test chamber can automatically adjust thetemperature change according to the set cooling 

program. The test uses 25 ℃→12 ℃→8 ℃→4 ℃→1 ℃ as the cooling gradient, the cooling rate of the 

incubator cooling stage is set according to the test plan, the sample is cured at 25 ℃ for 24 h, and the 

temperature is reduced to 12 ℃ at the set cooling rate, after a constant temperature of 24 h, it will also 

drop to the next level of temperature at the set cooling rate and so on. At each level of constant 

temperature, it will be measured by Vernier calipers every certain time (usually 2-4 h).  

2.3 Numerical simulation method 

According to the soil type, dry density, and moisture content of the salt expansion test sample, 

refer to relevant literature[7], determine the parameters of the model, and determine the heat transfer 

coefficient based on the cooling method. The dry density is 1700 kg/m3.The sample's moisture content is 

15.50%.The thermal Conductivity and the Specific heat capacity are 0.8 W/(mK) and 1600 J/(kgK). In 

the air bath conditions, the Heat transfer coefficient is 5 W/cm2K. In the liquid bath conditions, the Heat 

transfer coefficient is 200 W/cm2K.The numerical simulation cooling process is consistent with the 

actual soil sample cooling process. 

Results and Discussion 

The test results of the 1D salt expansion test are shown in Figure 1 and Figure 2. 
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    Figure 1. Variation of temperature at sample                Figure 2. Curve of soil sample swelling rate versus 

time center and sample height (big size sample)                                          at 8℃ (small size sample) 

 

The test results in Figure 1 demonstrate that the salt expansion and temperature equilibrium are 

occurring co-transcriptionally. 

Because the salt swell test is similar to the consolidation test, the deformation stability standard of 

the salt swell test can be formulated by analogy with the consolidation test. Therefore, the stability 

standard of the salt expansion test is: the deformation per hour at each temperature is not more than 

0.02 mm or the temperature is stable for 24 hours. Figures 2 shows that the soil sample is deformed and 

stabilized at 12 °C and then cooled to 8 °C. Taking the temperature completion rate of 95% (ie 8.2 °C) as 

the temperature stability standard, and taking the salt expansion rate less than 0.02 (mm/h) as the 

deformation stability standard, the temperature curve, and the salt expansion rate curve under this  

stable standard can be obtained. At one point, this time point is the salt swelling and deformation  
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stability time. The time when the temperature completion rate reaches 95% is the same as the 

deformation stability standard.  

When the cooling conditions are the same and the sample size is different, the temperature 

gradient inside the sample is different, and the temperature equilibrium time is also different. The 

effective radius rs characterize different sizes, and its expression is: 

 3 /sr V S  (1) 

where V is the sample volume; S is the sample surface area. 

The temperature completion rate of 95% is taken as the sample temperature's stability standard 

comprehensively considering the test efficiency and the test accuracy. As the temperature stabilization 

time is minimal when the temperature difference differs, the average value of the temperature 

stabilization time at all levels is taken as the temperature stabilization time of the sample. The 

relationship between the sample's temperature stabilization time and the effective radius is shown in 

Figure 3. 
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Figure 3. The relationship between the temperature stabilization time of the sample and the 

effective radius of the sample 

 

The list of deformation stability time of samples under different sizes and different cooling 

methods are shown in Table 1. 

 

Table 1 

List of deformation stability Time 

Experiment type Sample size(D,H) 
Equivalent radius 

(cm) 

Cooling 

method 

Balance time 

(h) 

Confined 1D 

salt expansion test 

6.18 cm, 4 cm 2.61 

Gas bath 

7 

17.9 cm,11.59 cm 7.59 20 

61.8 cm, 40 cm 26.1 88 

3D salt expansion test 

3.91 cm, 8 cm  2.37 

Liquid bath 

0.5 

5 cm, 10 cm 3 0.7 

50 cm, 80 cm  28.56 46 

 

 

 
 

 

60 № 2(135)/2021                                              Л.Н. Гумилев атындағы ЕҰУ Хабасшыты. Техникалық ғылымдас және технплпгиялас тесияты                                                                                                                                                                                      
  ISSN: 2616-7263, eISSN: 2663-1261 



G.Tleulenova, A.Zhussupbekov, Zh. Shakhmov, A.Omarov 

  

Conclusion 

 

Through the laboratory and numerical tests, the following conclusions are obtained: 

1. In the sulfate saline soil, the salt crystallization, salt expansion, and temperature equilibrium are 

occurring co-transcriptionally. 

2. The salt expansion and deformation stability standard can be used as that the expansion rate is 

less than 0.02 mm/h, and the temperature stability standard can be used as that the temperature 

completion rate reaches 95%.  

3. The temperature stabilization time of the sample has a parabolic relationship with the effective 

radius of the sample.  

4. Comparing to an air bath, the liquid bath can greatly reduce the equilibrium time.  
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1D тұздан ітіну тынағындағы тульфатты-тұзды тпрысақтыо тере-теодік уақыты мен 

дефпсмацияты 

 

Аодатра.Тұздан ітіну мютелеті натсий тульфаты бас тпрысақ үшін талқын аймақтасда 

ауыс бплыр келеді. Бұл жұмытта тұзды тпрысақтыо біс өлшемді ітінуі, қаныққан натсий 

тульфаты есітіндітініо кситталдану тынағы жюне тпрысақтыо тандық талқындату тынақтасы 

жүсгізілір, тұздан ітіну дефпсмациѐтыныо тұсақтылық уақытын зесттер, тұздан ітінуді тынау 

юдітініо ттандастты тюстібі анықталды. Өткізген тынақ нютижелесі: (A) темресатусаныо тере-

теодігі жюне кситталдану рспцеті біс бағыттағы тұздан ітіну тынағында біс мезгілде аѐқталады; 

(B) кпнтплидациѐ тынағыныо ттандастына тілтеме жатай птысыр, ітіну жылдамдығы 0,02мм/тағ-

тан аз бплатын тұздан ітіну ттандастты тынағында қплдануға бплады; (C) тпрысақтыо  
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Numerical analysis of pile foundations in seasonally freezing soil ground 

 

темресатусалық тере-теодігініо талар етілетін уақыты квадсаттық өлшемге тюйкет келеді жюне 

тұйық пста жағдайымен газ пстатыныо күйімен талыттысғанда юлдеқайда жылдам бплады. 

Дефпсмациѐ мен темресатуса тинхспндалғандықтан, юс түслі талқындатқыш пстадағы юс түслі 

өлшемді үлгілесдіо дефпсмациѐны тұсақтандысу уақыты ұтынылады. Оты тұжысымдасдыо 

негізінде біс өлшемді тұздан ітіну тынау юдітініо ттандастты рспцедусаты ұтынылады, пнда 

тынақ жабдықтасы, тынақ рспцеті, тұздан ітінудіо дефпсмациѐтын тұсақтандысу уақыты жюне 

мюліметтесді өодеу юдіті келтісілген. 

Түйін төздес: тульфат, тұзды тпрысақ, тұзды ітіну, уақытты тұсақтандысу, тюжісибе юдіті. 

 

Яньцзе Цзи, Кту Ли 

Ключевая лабпсатпсия гпспдткпгп рпдземнпгп ттспительттва Миниттесттва пбсазпвания, Пекинткий 

унивеститет Цзяптун, Пекин, Китай 

 

Пспдплжительнптть савнпветия и дефпсмаципнные хасактеситтики тульфатнп-

затпленнпгп гсунта: набухание рси пднпмеснпм итрытании 

 

Аннптация. Пспблема тплевпй эктрантии ѐвлѐеттѐ пчень тесьезнпй длѐ гсунтпв, 

тпдесжащих тульфат натсиѐ в хплпдных сегипнах. В ттатье рседттавлены сезультаты, твѐзанные т 

итрытаниѐми на пднпмеснпе набухание затпленнпй рпчвы, итрытанием на кситталлизация 

натыщеннпгп саттвпса тульфата натсиѐ и читленными итрытаниѐми на пхлаждение рпчвы длѐ 

изучениѐ всемени ттабильнптти дефпсмации набуханиѐ тплевых гсунтпв и прседелениѐ 

ттандастнпй рспцедусы метпда итрытаниѐ на набухание тплевых гсунтпв. Результаты итрытаний 

рпказали: (A) рспцетт темресатуснпгп савнпветиѐ и кситталлизации рпчти завесшаяттѐ 

пднпвсеменнп рси пднпмеснпм итрытании на тплевпе сатшисение; (B) ттандаст итрытаниѐ на 

урлптнение, тпглатнп кптпспму ткпсптть сатшисениѐ тпттавлѐет менее 0,02 мм/ч, мпжет 

итрпльзпватьтѐ рси итрытании на тплевпе сатшисение; (C) тсебуемпе всемѐ длѐ темресатуснпгп 

савнпветиѐ рпчвы квадсатичнп рп птнпшения к сазмесу пбсазца и намнпгп быттсее в утлпвиѐх 

жидкпй тседы рп тсавнения т утлпвиѐми в газпвпй тседе. Ппткпльку дефпсмациѐ и темресатуса 

тинхспнизиспваны, секпмендуеттѐ всемѐ ттабилизации дефпсмации пбсазцпв сазнпгп сазмеса в 

сазных пхлаждаящих тседах. На птнпве этих сезультатпв рседлагаеттѐ ттандастнаѐ рспцедуса 

метпда пднпмеснпгп итрытаниѐ на тплевпе сатшисение, в кптпспм рсивпдѐттѐ итрытательнпе 

пбпсудпвание, рспцетт итрытаниѐ, всемѐ ттабилизации, дефпсмации тплевпгп сатшисениѐ и 

метпд пбсабптки данных. 

Ключевые тлпва: тульфат, затпленный гсунт, тплевпе сатшисение, всемѐ ттабилизации, 

эктресиментальный метпд. 
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Comparison of the results of pH measurements in a buffer solution 

Abstract. As a result of the increasing need to study the choice of the assigned value 

during the inter-laboratory comparisons is becoming more and more relevant. Since the 

assigned value is a reference point when comparing the results of the participants of the 

qualification test. Frequently, qualification verification providers face a number of 

problems when choosing the assigned value. An incomplete analysis of the results of 

interlaboratory comparisons will lead to an inaccurate assessment of the competence of 

the laboratory, which contributes to the revocation of the certification of the accreditation 

of the laboratory participant. 

This article attempts to provide a complete statistical analysis of the results of 

interlaboratory comparisons from the beginning to the end of the tour with the content of 

all statistical analyses recommended in GOST ISO/IEC 17043-2013. 

The results of interlaboratory comparisons conducted in testing laboratories of 

Kazakhstan aimed at ensuring metrological traceability of pH measurements in a buffer 

solution are presented. The reference values of the buffer solution are determined in the 

state scientific metrological center. 

Keywords: Traceability; reference laboratory; metrology; testing laboratory; 

interlaboratory comparison. 

                                                                                                       DOI: doi.org/10.32523/2616-7263-2021-135-2-64-70 

 

Introduction 

 

The relevance of the article. Participation in interlaboratory comparisons is one of the 

mandatory conditions for confirming the technical competence of the laboratory in accordance with 

GOST ISO/IEC 17025-2019, one of the forms of quality management of measurement results in 

laboratories (clause 7.7 of GOST ISO/IEC 17025-2019). [1]       

Interlaboratory comparisons are a necessary and effective tool for ensuring the uniformity of 

measurements in the country and the quality of measurements in laboratories. Interlaboratory 

comparisons - organization, execution and evaluation of measurements or tests of the same or several 

similar samples by two or more laboratories in accordance with pre-established conditions. [2] 

Research methods: alternative experimental methods and robust statistical methods. 

The main part. The interlaboratory comparisons considered in this article were carried out 

according to the MLS schedule for 2020. [3] 

The purpose of the work was to check the competence of the laboratory by means of 

interlaboratory comparisons. The subject of verification is the technological, informational and 

methodological support of the traceability of measurements in testing laboratories (IL). 

The test was aimed at assessing the comparability of the results of laboratory measurements in 

sludge when determining the pH in a buffer solution. 

10 IL were taken in interlaboratory comparisons. 

The measurement results obtained during interlaboratory comparisons can be further used by 

laboratories for internal control of their performance indicators. 

The article presents the specific results of the participants with a detailed statistical analysis in 

accordance with GOST ISO/IEC 17043-2013 and ST RK ISO 13528-2010. 

The coordinator of the comparisons was RSE "KazInMetr". Certificate of accreditation no. KZ. C. 

01. 1512 is valid for"05" August 2024. [4] 

The comparison program "Determination of pH in buffer solution" involved 10 laboratories with 

different pH measurement technologies. It shows the level of acids and alkalis in the water, determining  
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what effect this can have on plants and fish. This indicator is an important indicator that affects a 

person's well-being. The deviation of this value from the norm indicates problems in the water supply, 

which should be paid attention to. 

 

Description of samples for qualification testing 

 

The sample of the qualification verification program was the state standard sample (GSO) pH of 

the reference buffer solution of the 2nd category of EBR2 7.41 pH, which is an aqueous solution of 

potassium dihydrophosphate and sodium monohydrophosphate. Extended uncertainty of the assigned 

value (k=2, P=95%) ±0.01 pH. The assigned value of the sample was established by an experimental 

calculation method according to the procedure for preparing GSO. 

Traceability of the assigned value is ensured by using a standard sample of the 2nd category, an 

aqueous solution of sodium tetraborate 10-water; traceability to the standards of units of mass and 

volume is ensured by using verified scales, measuring flasks in accordance with State verification 

schemes for measuring mass and volume. 

The samples were labeled, divided into portions with the indication of the sample code. In order 

to maintain confidentiality, the correspondence of the cipher of the sample and the participant of the 

comparisons was available only to one of the comparison coordinators. 

The delivery of all samples was carried out simultaneously. All samples were tested for stability 

and uniformity before delivery. The results of uniformity and stability are presented in Tables 1, 2. 

 

Table 1 

Data for checking uniformity 

Bottle number Serving 1 Serving  2 

3 7,413 7,416 

8 7,417 7,415 

6 7,409 7,416 

11 7,416 7,413 

14 7,407 7,404 

20 7,41 7,414 

27 7,408 7,411 

26 7,412 7,409 

38 7,406 7,412 

41 7,408 7,404 

General average 7,41100 

SKO (Sx), standard deviation 0,00357 

Sw, sample standard deviation for all samples 0,00288 

Ss, standard deviation between samples 0,00293 

 

Table 2 

Data for checking  stability 

Bottle number Serving 1 Serving 2 

74 7,413 7,416 

94 7,412 7,413 

General average 7,4135 

Deviation 0,0025 
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Table 3  

Participants ' results 

Laboratory code pH value Extended uncertainty, сН 

Laboratory 1 7,36 0,06 

Laboratory 2 7,15 0,1 

Laboratory 3 7,5 0,2 

Laboratory 4 7,42 0,04 

Laboratory 5 7,4 0,1 

Laboratory 6 7,4 0,08 

Laboratory 7 7,43 0,1 

Laboratory 8 7,42 0,06 

Laboratory 9 7,38 0,08 

Laboratory 10 7,32 0,1 

 

Comparison of the assigned value with the robust average 

 

In accordance with ST RK ISO 13528: if a standard sample is used as a sample for checking 

qualifications, then after the participants have made measurements, the robust average value of x*, 

estimated from the results of the participants ' measurements, should be compared with the assigned 

value of X. In this case, the inequality must be fulfilled:  

x*-X 2 √
         

 
   

  

х* - robust average value; 

s* - robust standard deviation; 

p – number of participants; 

  - standard uncertainty of the assigned value Х. [5] 

The robust mean value and robust standard deviation are determined in accordance with the 

Annex to the ST RK ISO 13528-2010. The robust mean value is 7.40 pH, the robust standard deviation is 

0.05 pH. [6]   

The results of checking the inequality: the deviation from the assigned value with the 

uncertainty of the difference is 0,010,04. 

The choice of statistics for evaluating the characteristics of functioning 

In accordance with GOST ISO/IEC 17043 and ST RK ISO 13528, the performance characteristics of the 

participants are evaluated using the quantitative indicator z. The use of the z indicator is valid only if 

the conditions for limiting the uncertainty of the assigned value are met. If 

  0,3  

then the uncertainty of the assigned value of   is insignificant, and there is no need to take it 

into account when interpreting the results of the qualification check. If the condition is not met, then the 

uncertainty of the assigned value should be taken into account when interpreting the test results using 

appropriate quantitative indicators. 

The results of checking the condition for limiting the uncertainty of the assigned value are 

0,0050,014. This means that the z indicator will be used to evaluate the functioning characteristics of 

the listed measured values, which does not take into account the amount of uncertainty of the assigned 

value. 

The standard deviation for the qualification assessment was determined from the data obtained 

from the cycle of the qualification verification project, calculated using the robust analysis of Algorithm 

A in Appendix C given by ST RK ISO/IEC 13528-2010. 
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Table 4 

Robust analysis 

Laboratory code Measuredvalue, сН 1-processing 2-processing 

  δ =0,025 

х*- δ=7,34 

х*+ δ=7,46 

δ =0,025 

х*- δ=7,34 

х*+ δ=7,46 

Laboratory 1 7,36 7,36 7,36 

Laboratory 2 7,15 7,34 7,34 

Laboratory 3 7,5 7,46 7,46 

Laboratory 4 7,42 7,42 7,42 

Laboratory 5 7,4 7,4 7,4 

Laboratory 6 7,4 7,4 7,4 

Laboratory 7 7,43 7,43 7,43 

Laboratory 8 7,42 7,42 7,42 

Laboratory 9 7,38 7,38 7,38 

Laboratory 10 7,32 7,34 7,34 

Robust average 

value, х* 

Robust standard 

deviation, s* 

7,4 

 

 

0,037 

7,4 

 

 

0,05 

7,4 

 

 

0,05 

 

Evaluation of the functioning characteristics 

Table 5  

Evaluation of a quantitative indicator 

Laboratory code Meaning сН Extended uncertainty, сН z 

Laboratory 1 7,36 0,06 -1,11 

Laboratory 2 7,15 0,1 -5,76 

Laboratory 3 7,5 0,2 1,99 

Laboratory 4 7,42 0,04 0,22 

Laboratory  5 7,4 0,1 -0,22 

Laboratory 6 7,4 0,08 -0,22 

Laboratory 7 7,43 0,1 0,44 

Laboratory 8 7,42 0,06 0,22 

Laboratory 9 7,38 0,08 -0,66 

Laboratory 10 7,32 0,1 -1,99 

 

The evaluation of the characteristics of the functioning of the laboratory was carried out 

according to the quantitative indicator z according to the formula: 

 

z=(x-X)/  

х – measurement result of the participating laboratory,  

Х – assigned value.  

  – standard deviation for the qualification assessment. 
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The performance characteristic is evaluated as follows: 

at |z| ≤ 2  -the quality of the test results is recognized as satisfactory; 

at 2 < |z| ≤ 3 -the quality of the test results is considered doubtful and subject to additional 

verification; 

at |z | > 3-the quality of the test results is considered unsatisfactory. 

 

Conclusion 

 

The analysis of the measurement results presented by the laboratories participating in the 

comparisons showed that the majority of the participants in the comparisons successfully coped with 

the task of measuring the controlled indicators. 

The conducted interlaboratory comparison to ensure the reliability of measurements can be 

considered as a metrological certification of a standard sample. Such a model will allow laboratories to 

participate in interlaboratory comparisons without a certified standard sample, which significantly 

affects the absence of a standard sample in medical laboratories. 

The values of the z indicators except for Laboratory 2 did not exceed the limits of the permissible 

values (|z| ≤ 2), which corresponds to satisfactory performance of the work, and Laboratory 2 exceeded 

the limits of the permissible values (|z| > 3), which corresponds to unsatisfactory performance of the 

work in the field of pH determination. 
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Буфеслік есітіндідегі сH өлшеу нәтижелесін талыттысу 

 

Аодатра. Қажеттіліктіо өтуініо нәтижетінде зестханаасалық талыттысу өткізу кезінде 

тісек мәнін таодауды зесделеу маоызы бас және пдан да аттам өзекті бплыр келеді. Бесілген мән 

біліктілікті тектесуге қатытушыласдыо нәтижелесін талыттысу кезінде тісек нүктеті бплыр 

табылады. Жиі біліктілікті тектесу рспвайдеслесі тағайындалған мәнді таодау кезінде бісқатас 

рспблемаласға тар бплады.  Зестханаасалық талыттысу нәтижелесін тплық талдау зестхананыо 

құзысеттілігін дәл емет бағалауға әкеледі, бұл қатытушы-зестхананыо аккседиттеу аттеттациятын 

қайтасыр алуға ықрал етеді. 

Бұл мақалада ГОСТ ISO/IEC 17043-2013 ұтынған баслық ттатиттикалық талдауласдыо 

мазмұнымен тусдыо батынан аяғына дейін зестханаасалық талыттысу нәтижелесін тплық 

ттатиттикалық талдауды ұтынуға әсекет жаталды. 

Буфеслік есітіндідегі сН өлшемдесініо метсплпгиялық бақылануын қамтаматыз етуге 

бағытталған Қазақттанныо тынақ зестханаласында жүсгізілген зестханаасалық 

талыттысуласдыо нәтижелесі ұтынылған. Буфеслік есітіндініо тісек мәндесі мемлекеттік 

ғылыми метсплпгиялық псталықта анықталған.  

Түйін төздес: қадағалануы; сефесенттік зестхана; метсплпгия; тынақ зестханаты; 

зестханаасалық талыттысу. 

 

 

Б.У. Байхпжаева, А.К. Жумагали, А.Е. Мплдахметпва  

Евразийский национальный университет им.Л.Н.Гумилева 

Нур-Султан, Казахстан 

 

Сличение сезультатпв измесений сН в буфеснпм саттвпсе 

 

Аннптация. Впзсаттает  непбхпдимптть  изучения выбпса рсиританнпгп значения рси 

рспведении межлабпсатпсных тличений, чтп ттанпвиття вте бплее актуальным впрсптпм, 

рпткпльку рсиританнпе значение являеття прпснпй тпчкпй рси тсавнении сезультатпв 

учаттникпв квалификаципннпгп тетта. Зачаттую рспвайдесы рспвески квалификации 

тталкиваюття т сядпм рспблем рси выбпсе рсиританнпгп значения. Нерплный анализ 

сезультатпв межлабпсатпсных тличений рсивпдит к нетпчнпй пценке кпмретентнптти 

лабпсатпсии, чтп трптпбттвует  аннулиспванию тестификата аттеттации  учаттника-

лабпсатпсии. 

В даннпй ттатье рседрсинята рпрытка рседпттавления рплнпгп ттатиттичеткпгп анализа 

сезультатпв межлабпсатпсных тличений т начала дп завесшения туса т тпдесжанием втех 

ттатиттичетких анализпв, секпмендпванных в ГОСТ ISO/IEC 17043-2013. 

Пседттавлены сезультаты межлабпсатпсных тличений, рспведенных в итрытательных 

лабпсатпсиях Казахттана, кптпсые нарсавлены на пбетречение метсплпгичеткпй 

рсптлеживаемптти измесений сН в буфеснпм саттвпсе. Эталпнные значения буфеснпгп 

саттвпса прседелены в гптудасттвенным научнпм метсплпгичеткпм центсе.  

Ключевые тлпва: рсптлеживаемптть, сефесентная лабпсатпсия, метсплпгия, 

итрытательная лабпсатпсия, межлабпсатпснпе тличение. 
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A unified approach for temperature and strength control of concrete  

Abstract. The development of theoretical and experimental research in the field of quality 

control has led to the development of many methods for assessing the strength of 

concrete. The temperature-strength control (TSCC) method, which is based on the 

relationship between concrete temperature and curing time, is the most adapted method 

for quickly determining the strength of the concrete in the formwork during the early 

phase of curing. The concrete strength tests must be carried out in accordance with the 

requirements of the standards. The most adapted standards are ASTM C1074 (USA); 

NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia). However, there are no 

existing approaches to TSCC that consider all the advantages of each method. Using the 

method of paired comparison, the authors determined the weights of the significance of 

each criterion of methods and tasks for TSCC. Based on of the obtained results a unified 

approach to temperature-strength control of concrete has been formed considering the 

assessment of its applicability. This approach will solve the problem of limitation of the 

application of most methods, which in its basis have the best methods in solving tasks of 

control stages. The unified approach to temperature-strength control of concrete will 

allow to achieving high quality and durability of concrete and reinforced concrete 

structures. 

Keywords: standard; concrete curing temperature; non-destructive testing of concrete; 

embedded sensor. 
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Introduction 

 

The fixing of the concrete hardening temperature enables timely monitoring of the concrete 

hardening process, its regulation and forecasting during documentation. In addition, as numerous 

studies have shown [1-4], the temperature factor is fundamental in determining the required concrete 

properties. When concrete strength is controlled using various measuring systems, the current 

temperature values are sent to the measuring instrument. The temperatures and measuring times are 

used to calculate the current strength of the concrete. The standards specify methods of determination 

of concrete hardness. Each of the existing methods has a specific scope of application and has 

advantages and disadvantages. However, the possibility of using alternative methods of temperature-

strength control of concrete (TSCC) in practice is limited due to the lack of relevant normative and 

technical documents, regulations, and standards. In this regard, the development of a unified approach 

to TSCC will serve as an important tool for controlling temperature and strength gain during all stages 

of concrete curing. The approach should incorporate best practice techniques from around the world, as 

global experience is an important factor in the choice of techniques and objectives for TSCC. 

 

Analysis of best practices from around the world to TSCC 

 

The software "Snow Leopard" was applied in the study [5], which allows to predict the final 

strength of concrete and the time of cooling, and in case of negative predictions to choose the heat 

treatment mode or the required thermal insulation. Another advantage of the program is the possibility 

to automate the data entry process, obtained from multi-channel recorders, which increases quality,  
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accuracy, and productivity. Registration of temperature at the enterprise was carried out using device 

Terem-4.1.When observing the temperature of the concrete at reference points, a temperature-strength 

control list is drawn up. With the help of "Snow Leopard" program schedules of temperature changes 

and concrete strength gain were built for each of the control points.  

In a study [6] to control the temperature of concrete curing, cube specimens were made of fine-

grained concrete of class B25, size 100*100*100 mm using Portland cement of grade M400. The samples 

were placed in the body of the heated volume of the floor slab structure model. Temperature 

measurement data were entered in the on-site computer and processed using a program that performs a 

complete analysis of temperature parameters of concrete with the determination of concrete strength at 

control points [6]. 

In April 2019, a construction company specializing in complex projects began experimenting 

with Giatec SmartRockTM sensors during the construction of a major arch bridge project [7]. To 

investigate the benefits of using SmartRock technology, the team conducted extensive testing by 

embedding the sensors at key points on the bridge. By placing the sensors in the center and at the edge 

of the arch, the strength gain was measured at different locations in the reinforced concrete element. The 

sensor placed at the edge recorded a lower temperature profile and therefore the lowest strength gain. 

Whereas sensors placed in the center of the arches measured the point of greatest temperature and 

strength gain. By monitoring these locations, the actual strength of the concrete element at the critical 

point was measured. This is only possible with the sensors, as the laboratory samples cannot reproduce 

the actual curing conditions of the concrete element.  

CIBC Square (Ontario, Canada) is a highly visible pair of innovative 3 million square foot office 

towers in the city center. Exact Technology sensors were used in the construction of the facility. These 

precision devices provide concrete maturity monitoring at CIBC Square to determine when concrete 

strength is approaching the 16 MPa threshold [8] that allows self-compacting formwork to be moved, 

and formwork pressure readings for self-compacting mix loads. Relays, recorders, and probes are in the 

center of the Exact sensor for maturity and temperature control. The use of the sensors has had a 

positive effect on construction. 

The study [9] recommends the use of three or more marks per gauge to obtain the most accurate 

maturity and strength. This leads to the conclusion that the maturity of the poured concrete will depend 

on the lowest slab temperature and not necessarily on the temperature in the middle of the slab. 

In the study [10] three concrete mixtures were considered: the first mixture of pure Portland 

cement, the others included a partial replacement of cement with fly ash and ground granulated blast 

furnace slag at 30 % respectively. In this work the reference temperature was chosen to be 11°C, which 

is an average value among those recommended [11]. The concrete specimens in the single cube moulds 

were covered with polyethylene foil immediately after pouring and cured at room temperature (approx. 

20 °C) *12+ for one day. They were then removed from the moulds and placed in a water bath set at 20 

°C. A computer-controlled programmable water bath was used to simulate the temperature conditions 

in situ. The test ages of the standard curing concrete specimens were 1, 2, 3, 5, 7, 14, 28, 42, 84, 156, and 

365 days, while the temperature cured concrete specimens were tested at 1, 2, 3, 3, 7, 14, and 28 days. 

According to [13], "equivalent" mortar mixtures can be used to determine the activation energy of 

concrete mixtures. The Dutch method for determination of maturity and the method for determining 

the equivalent age depends on the mix and require the determination of a weighted Cn factor and 

activation energy. A close convergence between the strength data at 20°C and 50°C was not obtained. 

Thus, the authors note the difficulties encountered in additional investigations with the Dutch method 

and the Arrhenius equation method for determining maturity. 

The authors [14] monitored the hydration temperature continuously after the concrete was 

poured and temperature sensors provided data to assess the degree of maturity of the concrete as it 

hardened. The hydration temperature history data was applied to the Nurse-Saul function to predict the 

maturity index. 
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Research methods 

 

By analyzing the best practices reviewed, it is possible to identify certain techniques and tasks of 

the methods used in them (i.e. methods of temperature and strength control of concrete), which have 

led to the effectiveness of the results obtained in the particular best practices. The list of these techniques 

and tasks is interpreted and presented in Table 1. 

 

Table 1 

List of techniques and tasks of best practice TSCC methods 

 

Methods Techniques and objectives 

Best practice 1 [5] 

ST-NP SRO SSK-04-

2013 [15] 

The use of the "Snow Leopard" software made it possible to predict the 

concrete strength, cooling time and achievable final strength of the 

concrete; statistical processing of the results was carried out. 

Best practice 2 [6] 

ST-NP SRO SSK-04-

2013 [15] 

The use of the program made it possible to determine probabilistic 

estimates of concrete strength and to advise on continuing heating and 

curing times for the entire sample of homogeneous structures under the 

prevailing curing conditions. 

Best practice 3[7] 

ASTM C 1074 [13] Sensor placement was carried out at key locations. By creating a maturity 

calibration, using and interpreting the SmartRock sensor data, the strength 

of the concrete was determined. A simple interpretation of the temperature 

graphs and monitoring of the concrete's strength development saved time. 

Best practice 4 [8] 

ASTM C 1074 [13] Wireless sensors were installed in the concrete formwork, fixed to the 

reinforcement, before pouring. Temperature data was collected by the 

sensor and there was no difficulty in using it. The concrete strength was 

calculated using the Nurse-Saul temperature-time factor. 

Best practice 5 [9] 

ASTM C 1074 [13] Particular attention was paid to the location of the concrete temperature 

measuring points, which allowed the most accurate determination of 

maturity, and showed that the maturity of the poured concrete would 

depend on the lowest slab temperature, and not necessarily on the 

temperature in the middle of the slab. 

 

 

 

 

 

 

 

ВЕСТНИК ЕНУ имени Л.Н. Гумилева. Серия техничеткие науки и технологии                                                                № 2(135)/2021             73 
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series                                                                                                                       



A unified approach for temperature and strength control of concrete 

 

Best practice 6[10] 

ASTM C 1074 [13] It is noted that the mixture calibration method is very simple, having made 

a minimum of 17 cylinders; 2 were used for temperature monitoring and 

the remaining samples for determining the compressive strength. By 

selecting minimum 5 time intervals, 1, 3, 7, 14 and 28 days, for each day the 

compressive strength of two cylinders was determined, during the 

intervals data was also obtained from two cylinders which were used for 

temperature monitoring and the average value of these values was 

determined. Entering these values into the Nurse-Saul function or the 

Arrhenius method gave a maturity value. To calculate the Arrhenius 

method, additional investigations were carried out to determine the 

activation energy, which was a time consuming process. The Nurse-Saul 

function does not differentiate the temperature sensitivity of different 

cement systems, especially for mixtures with different bases (with 

additives, accelerators). 

NEN 5970 [16] The "weighted maturity" method requires additional research, the 

determination of a weighted Cn coefficient, but in the study the strength 

data at 20 and 65 °C did not match. 

Best practice 7[14] 

ASTM C 1074 [13] The resulting Nurse-Saul concrete strength data provided accurate and 

reliable results. The application of the sensors did not cause any difficulty 

in use. 

 

The main normative documents governing the requirements for TSCC are ASTM C1074 (USA); 

NEN 5970 (Netherlands); ST-NP SRO SSK-04-2013 (Russia), which are predominantly reflected in use, 

therefore, these standards were adopted for the analysis (Figure 1). 

 

 
 

Figure 1. Standards for temperature and strength control of concrete 
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Three essential types of processes have also been defined: laboratory, field and resultant. 

Laboratory tests result in the acquisition of strength isotherms for a given type of mixture. Field tests are 

used to obtain data on concrete temperature, and the resulting calculation of concrete maturity. The 

sorted and classified science-based techniques and tasks of the TSCC methods are presented in Figure 2. 

 

              
Figure 2. List of sorted and categorized evidence-based techniques and objectives of TSCC method 

 

Based on the classified science-based techniques and tasks of TSCC methods (Figure 2), Table 2 

presents a multi-criteria analysis based on the results of best practices, where the evaluation criteria for 

TSCC processes are: К1 - reliability of the method and availability of normative literature; К2 - 

possibility of application to various structures (by form, reinforcement, responsibility); К3 - labor input; 

К4 –the safety of testing; К5 - accuracy of calculations. The indexes are expressed in points from 1 to 10 

with a scale of 1. A score of 10 indicates compliance with the quality criteria. 

 

Table 2 

Multi-criteria analysis 

 

Process 

numbering as 

per Figure 2 

Indicator ST-NP SRO SSK-04-2013  

 

ASTM C 1074 NEN 5970 

A B C D E F 

1 K1 10 10 10 9 9 9 

К3 10 10 10 8 8 8 

К4 9 9 9 9 9 9 

К5 10 10 10 8 8 8 

2 К3 8 9 9 10 10 10 

3 К1 6 9 10 8 8 8 

К3 5 10 8 9 6 8 

К5 8 10 9 10 9 10 
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Laboratory 

1. Sample testing 

2. Dipping the sensors into the 
samples 

3. Analysis of results 

Field 

4. Embedding sensors  

5. Sensor connection 

6.  Concrete pouring 

7. Sensor setting 

8. Control of thermal stresses in 
concrete 

9. Analysis 

10. Removing the formwork 

Resulting 

11.Calculation 

12. Additional tests 
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4 K1 9 10 10 8 8 8 

K2 10 10 10 10 10 10 

К3 9 10 9 9 9 9 

5 К3 9.5 9.5 9.5 10 10 10 

6 К3 10 10 10 10 10 10 

7 К3 9 9 9 10 10 10 

8 К1 9 10 9 8 8 7 

К5 8 10 8 6 7 7 

9 К1 9 9 10 9 9.5 9 

10 К3 8 8 9 9 9 9 

11 К1 5 7 6 10 8 8 

12 К3 4 7 5 10 7 7 

*A,B,C,D,E,F – Methods regarding figure 1 

 

Using the paired comparison method, a criterion analysis was carried out for the TSCC methods, 

assigning a degree of preference to each pair of criteria, and constructing a matrix of paired 

comparisons (Table 3). Iterations were defined to determine the weights for each criterion. And the final 

weights were then found for each criterion: for K1- 0.312179; K2 - 0.129903; K3-0.188206; K4-0.071029; 

K5-0.298683. Based on the weights obtained for each process, a ranking of the data presented in Table 4 

was carried out. 

Table 3 

Pairwise comparison of criteria 

 К1 К2 К3 К4 К5 

К1 1 4 0.33 2 4 

К2 0.25 1 2 4 0.2 

К3 3.03030303 0.5 1 1 0.25 

К4 0.5 0.25 1 1 0.2 

К5 0.25 5 4 5 1 

 

Table 4 

Calculation of the weighted sum 

Name of processes Indicator A B C D E F 

1 

  

  

  

  

K1 3.1218 3.1218 3.1218 2.8096 2.8096 2.8096 

К3 1.8821 1.8821 1.8821 1.5056 1.5056 1.5056 

К4 0.6393 0.6393 0.6393 0.6393 0.6393 0.6393 

К5 2.9868 2.9868 2.9868 2.6881 2.3895 2.6881 

Σ 8.6299 8.6299 8.6299 7.6427 7.3440 7.6427 

2 

  

К3 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821 

Σ 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821 

3 

  

  

  

К1 1.8731 2.8096 3.1218 2.4974 2.4974 2.4974 

К3 0.9410 1.8821 1.5056 1.6939 1.1292 1.5056 

К5 2.3895 2.9868 2.6881 2.9868 2.6881 2.9868 

Σ 5.2036 7.6785 7.3156 7.1781 6.3148 6.9899 
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4 

  

  

  

K1 2.8096 3.1218 3.1218 2.4974 2.4974 2.4974 

K2 1.2990 1.2990 1.2990 1.2990 1.2990 1.2990 

К3 1.6939 1.8821 1.6939 1.6939 1.6939 1.5056 

Σ 5.8025 6.3029 6.1147 5.4903 5.4903 5.3021 

5 

  

К3 1.8821 1.8821 1.8821 1.8821 1.8821 1.8821 

Σ 1.7880 1.7880 1.7880 1.8821 1.8821 1.8821 

6 

  

К3 1.8821 1.8821 1.8821 1.8821 1.8821 1.8821 

Σ 1.8821 1.8821 1.8821 1.8821 1.8821 1.8821 

7 

  

К3 1.6939 1.6939 1.6939 1.8821 1.8821 1.8821 

Σ 1.6939 1.6939 1.6939 1.8821 1.8821 1.8821 

8 

  

  

К1 2.8096 3.1218 2.8096 2.4974 2.4974 2.1853 

К5 2.3895 2.9868 2.3895 1.7921 2.0908 2.0908 

Σ 5.1991 6.1086 5.1991 4.2895 4.5882 4.2760 

9 

  

К1 2.8096 2.8096 3.1218 2.8096 2.8096 2.8096 

Σ 2.8096 2.8096 3.1218 2.8096 2.8096 2.8096 

10 

  

К3 1.5056 1.5056 1.5998 1.6939 1.6939 1.6939 

Σ 1.5056 1.5056 1.5998 1.6939 1.6939 1.6939 

11 

  

К1 1.5609 2.1853 1.8731 3.1218 2.4974 2.4974 

Σ 1.5609 2.1853 1.8731 3.1218 2.4974 2.4974 

12 

  

К3 0.7528 1.3174 0.9410 1.8821 1.3174 1.3174 

Σ 0.7528 1.3174 0.9410 1.8821 1.3174 1.3174 

 

Results and discussion 

 

The analysis shows that the significant processes that lead to the effectiveness of TSCC are those regulated by 

regulations: 

 The process 1 – ST-NP SRO SSK-04-2013; 

 The process 2 – ASTM С 1074; 

 The process 3 – ST-NP SRO SSK-04-2013by the maturity of the concrete; 

 The process 4 – ST-NP SRO SSK-04-2013by the maturity of the concrete; 

 The process 5 – ASTM С 1074 Nurse-Saul; 

 The process 6 – ST-NP SRO SSK-04-2013, ASTM С 1074; 

 The process 7 – ASTM С 1074; 

 The process 8 –ST-NP SRO SSK-04-2013by the maturity of the concrete; 

 The process 9 – ST-NP SRO SSK-04-2013by analytically dependencies; 

 The process 10 – ASTM С 1074 Nurse-Saul; 

 The process 11 – ASTM C 1074 Nurse-Saul; 

 The process 12 – ASTM C 1074 Nurse-Saul. 

 

Concrete plays an important role in ensuring the safety, serviceability and durability of concrete 

and reinforced concrete structures, the quality of which is primarily determined by a combination of 

formulation and technological factors, and therefore the importance of concrete strength control systems 

cannot be overestimated.  
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Conclusion 

 

Based on the research, the processes regulated by the American standard are mostly included in 

the unified approach to TSCC. In process 1, however, the use of cubic specimens for laboratory tests is 

singled out for aggregation, and in order not to disturb the consistency of the ASTM C 1074 algorithm, it 

will be accepted that the use of at least 15 specimens is sufficient. The requirements for processes 3 and 

4 are quite clearly described in the ST-NP SRO SSK-04-2013 standard and will be adopted in a uniform 

approach. The number of temperatures measuring points has been shown to play an important role as 

best practice. The concrete must gain sufficient strength at some critical points before the project 

proceeds to the next stage. Critical points may vary depending on the type of structural element being 

monitored. In single-sided or double-sided slab systems, structurally important zones are in negative 

and positive design moments. As a rule, the maximum positive moment is in the middle of the span and 

the maximum negative moment is located at the slab-column junction. The standard ST-NP SRO SSK-

04-2013, which gives detailed recommendations and an algorithm of actions, also deals with the control 

of temperature stresses in concrete in a scrupulous manner. Changing temperature conditions have a 

great influence on deformations and stresses in concrete. During the construction period, temperature 

stresses arise during the development and dissipation of exothermic heat, often accompanied by 

cracking. Measurement of the concrete temperature is therefore mandatory when monitoring concrete 

stresses. This monitoring is especially important in winter when additional concrete heat treatment may 

be necessary. 

 The results of this study are important for builders as they will eliminate existing gaps in the 

current approaches used in temperature-strength control of the concrete. 
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Бетпнныо темресатусаты мен бесіктігін бақылаудағы бісыоғай тәтіл 

 

Аодатра. Сараны бақылау талатындағы тепсиѐлық жюне эктресименттік зесттеулесдіо 

дамуы бетпнныо бесіктігін бағалаудыо көртеген юдіттесініо райда бплуына юкелді. Қалыртағы 

бетпнныо бесіктігін жедел анықтау үшін есте ұттау татытында бетпнныо темресатусаты мен пны 

ұттау уақытыныо өзаса байланытына негізделген темресатусалық–бесіктік бақылау (БТББ) тютілі 

неғұслым бейімделген бплыр табылады. Бетпнныо бесіктігін зесттеу ттандасттасдыо 

талартасына тюйкет жүсгізілуі кесек. Нпсмативтік құжаттама бпйынша неғұслым бейімделген 

ттандасттас ASTM C1074 (АҚШ) бплыр табылады); NEN 5970 (Нидесланды); СТ–НП СРО ССК–

04–2013 (Ретей). Алайда, БТББ юсбіс юдіттіо баслық астықшылықтасын еткесген БТББ -ға қатытты 

қазісгі тютілдесі жпқ. Автпслас жұртық талыттысу юдітін қплдана птысыр, БТББ юдіттесі мен 

міндеттесініо юс кситесийі маоыздылығыныо талмағын анықтады. Алынған нютижелес негізінде 

бетпнныо қплданылуын бағалауды еткесе птысыр, пныо темресатусалық-бесіктік бақылауына 

бісыоғай тютіл құсылды. Бұл тютіл бақылау кезеодесініо етертесін шешуде ео жақты юдіттесге ие 

көртеген юдіттесді қплдануды шектеу мютелетін шешеді. Бетпнныо темресатусалық-бесіктік 

бақылауына бісіздендісілген тютіл бетпн жюне темісбетпн кпнттсукциѐласыныо Жпғасы тараты 

мен ұзақ месзімділігіне қпл жеткізуге мүмкіндік беседі. 

Түйін төздес: ттандаст, бетпнныо қатая темресатусаты, бетпнды бұзбай тынау, 

ендісілген тентпс. 
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Унифициспванный рпдхпд к темресатуснп-рспчнпттнпму кпнтсплю бетпна 

 

Аннптация. Развитие тепсетичетких и эктресиментальных иттледпваний в пблатти 

кпнтсплѐ качеттва рсивелп к рпѐвления значительнпгп кпличеттва метпдпв пценки рспчнптти 

бетпна. Длѐ пресативнпгп прседелениѐ рспчнптти бетпна, нахпдѐщегптѐ в пралубке, на санней 

ттадии выдесживаниѐ наибплее адартиспванным ѐвлѐеттѐ трптпб темресатуснп–рспчнпттнпгп 

кпнтсплѐ (ТПКБ), базисуящегптѐ на взаимптвѐзи темресатусы бетпна и всемени егп 

выдесживаниѐ. 

Иттледпваниѐ рспчнптти бетпна дплжны вырплнѐтьтѐ рп тсебпваниѐм ттандастпв. 

Наибплее адартиспванными рп нпсмативнпй дпкументации ѐвлѐяттѐ ттандасты ASTM C1074 

(США); NEN 5970 (Нидесланды); СТ–НП СРО ССК–04–2013 (Рпттиѐ). Однакп тущеттвуящие 

рпдхпды к ТПКБ, кптпсые учитывали бы вте рсеимущеттва каждпгп из метпдпв, пттутттвуят. 

Автпсы, итрпльзуѐ метпд раснпгп тсавнениѐ, прседелили вет значимптти каждпгп кситесиѐ 

метпдпв и задач к ТПКБ. На птнпвании рплученных сезультатпв был тфпсмиспван 

унифициспванный рпдхпд к темресатуснп-рспчнпттнпму кпнтспля бетпна т учетпм пценки егп 

рсименимптти. Данный рпдхпд рпзвплит сешить рспблему пгсаничениѐ рсименениѐ 

бпльшинттва метпдпв, кптпсые в твпей птнпве имеят лучшие рсиемы в сешении задач этарпв 

кпнтсплѐ. Унифициспванный рпдхпд к темресатуснп-рспчнпттнпму кпнтспля бетпна рпзвплит 

дпттигнуть вытпкпгп качеттва и дплгпвечнптти бетпнных и железпбетпнных кпнттсукций. 

Ключевые тлпва: ттандаст, темресатуса твесдениѐ бетпна, несазсушаящий кпнтспль 

бетпна, вттсаиваемый датчик. 
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Measuring thermal conductivity of frozen soil using fiber optic sensors  

Abstract. The thermal conductivity is crucial for determining heat transfer in frozen soil. 

However, it is a challenge to obtain accurate measurement values due to the instability of 

soil properties. Recently, the fiber optic sensing technologies has enabled accurate and 

distributed in-situ monitoring of a variety of geotechnical parameters. This paper aims to 

explore the feasibility of actively heated fiber Bragg grating (AH-FBG) method in 

measuring thermal conductivity of frozen soil. A series of laboratory experiments were 

performed on frozen soil samples at different initial temperatures from −16 to 5 ℃. The 

theoretical upper and lower limits of thermal conductivity were used to evaluate the AH-

FBG measurements. The thermal conductivity recorded by a heat transfer analyzer was 

used to identify the measurement accuracy. The experimental results that the AH-FBG 

method can accurately measure the thermal conductivity of frozen soil when the initial 

temperature is below −6 ℃, and the measurement error is within acceptable range of 

0.8%. When the soil temperature is between −6 and 0 ℃, significant measurement errors 

were observed due to the disturbance of heating to the frozen soil.  

Keywords:  frozen soil; fiber optic sensor; fiber Bragg grating (FBG); actively heated fiber 

optics (AHFO); monitoring; phase change. 

 

                                                                                                       DOI: doi.org/10.32523/2616-7263-2021-135-2-82-93 

 

Introduction 

 

Frozen soils have complicated thermal properties governing the heat transfer and freeze-thaw 

process [1,2]. In heat transfer modeling of frozen soils, thermal conductivity is one of the most important 

input parameters [3]. It has long been recognized that the thermal conductivity of soil is strongly 

influenced by its density and compositions (soil particles, water, ice, and air) [4,5]. In particular, the 

thermal conductivity of frozen soil is hard to determine due to the complex phase change process. 

In the last few decades, many studies have been conducted in this research area, and some 

theoretical and empirical models have been proposed [3,6-8]. Transient and steady-state methods have 

been used to determine thermal conductivity, but most of them are only applicable to laboratory tests. It 

is therefore of great importance to develop an effective and reliable in-situ measuring technology of 

thermal conductivity for frozen soils [4,5,9]. This is a bottleneck problem that seriously hinders the 

development of fundamental theories and engineering design schemes of frozen soils. 

In engineering practices, the heat pulse (HP) method is widely used to measure the soil thermal 

properties based on the analogies of radial heat flow from a line source [8,10,11]. For frozen soils, this 

method has been applied to estimate unfrozen water contents or ice contents [12-14], water and heat flux 

[15], and snow density [16], as well as thermal properties [15,17]. It has the advantages of fast 

measurement, low cost, and superior portability for field applications [18]. However, some drawbacks 

are encountered during field monitoring, such as limited measurement ranges and low accuracy. More 

importantly, only point-type measurement can be achieved, so large-scale and long-distance monitoring 

can hardly be performed. 

Fiber optic sensing technologies, which have the advantages of distributed measurement, anti-

interference, and corrosion resistance [19-22], have been dramatically developed and employed in strain 

and temperature sensing in recent years [22,23]. Based on distributed temperature sensing (DTS), the  
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actively heated fiber optic (AHFO) method has been developed to overcome the shortcomings of 

traditional HP methods. For unfrozen soils, it has been widely applied for measuring water and heat flux 

[24-28]. However, it was rarely used in frozen soils due to the complex phase change process and 

temperature dependence of thermal properties [18]. 

In this paper, the actively heated fiber Bragg grating (AH-FBG) has been proposed to perform quasi-

distributed monitoring of thermal conductivity of frozen soils. A series of laboratory experiments were 

carried out at different initial temperatures to explore the feasibility of the proposed method in thermal 

conductivity measurement and determine its measurement accuracy and range. 

 

Methodology 

 Figure 1 shows the working principle of an FBG sensor. According to Bragg's law, when a 

broadband source of light has been injected into the fiber, FBG reflects a narrow spectral part of light at a 

specific wave length . For the FBG sensor, this wavelength is sensitive to changes in temperature (

) or strain ( ). To accurately measure the actual temperature, strain relief of the FBG sensor is very 

important. In this study, the loose FBG sensor is encapsulated in a small corundum tube to avoid strain 

effects. Thus this sensor is only for temperature measurement, and the temperature can be expressed as 

[29] 

  (1) 

where  is the wavelength sensitivity coefficients for temperature,  is the wavelength change, 

 is the temperature change. 

 
 

Figure 1. Working principle of the FBG sensing technology 

When an AH-FBG sensor is inserted in frozen soil, due to the infinite line heat source model and 

cylindrical geometry of the single probe dissipation sensors, the temperature ( ) of the AH-FBG sensor 

during heating is related to time ( ) according to the theoretical solution for a line heat source [30]: 

  (2) 

where  is the initial temperature before heating (℃). and  are the heating time (s) and the heat 

source strength per unit of length (W/m), respectively.  is the thermal conductivity (W/(m·℃)) of the 

frozen soil.  is a constant. 

Accounting for the finite dimensions of the heat source and the contact resistance between the heat 

source and the medium outside it, Eq. (2) is valid for the constant heating strength and sufficient heating 

time. Linear regression can be used to calculate  from the slope  of the heating data with Eq. (2) 
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                                                                                 (3) 

For frozen soils, the thermal parameters are related to several factors such as soil moisture, ice 

content, soil composition, and density. The thermal conductivity has an upper limit ( ) and a lower 

limit ( ), which can be expressed as [6] 

 

                                                                             (4) 

                  (5) 

where  and  are the volumetric content (m3/m3) and thermal conductivity of the phases (unfrozen 

water, ice, soil particles, and air). The sum of the volumetric contents of all components is 1. Thus, the 

thermal conductivity can be calculated according to the volume fraction of each substance in the frozen 

soil, which can be used as the reference value for the thermal conductivity measured by the AH-FBG 

method. 

 

Material and laboratory test setup 

 

To measure the thermal conductivities of the frozen soil using the AH-FBG method, a series of 

laboratory experiments have been conducted. Figure 2 shows the structure of the AH-FBG sensor. The 

AH-FBG sensor includes an aluminum oxide tube with high thermal conductivity, a bare FBG sensor, an 

electrical resistance wire, and a stainless-steel tip and flange for packaging and protecting. The electrical 

resistance wire is used for heating, and the FBG sensor is used for temperature sensing. They are 

installed in parallel in different holes of the corundum tube. 

 
Figure 2. Schematic diagram of AH-FBG sensor 

 

The experiments were carried out in a low-temperature test chamber. Different experimental 

temperatures were set to control the temperature of the soil samples from  to 5℃. The soil samples 

were collected from Huining, Gansu Province, China. The basic properties of the test soil are given in 

table 1. 

The experiments were carried out in a low-temperature test chamber. Different experimental 

temperatures were set to control the temperature of the soil samples from  to 5℃. The soil samples 

were collected from Huining, Gansu Province, China. The basic properties of the test soil are given in 

table 1. 
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Table 1 

Basic physical parameters of the test soil 

 

Soil type 

Liquid 

limit (%) 

Plastic limit 

(%) 

Optimum 

water content 

(%) 

Natural dry 

density (g·cm-3) 

Maximum dry 

density (g·m-3) 

Specific 

gravity 

Low plasticity clay 34.0 17.3 13.8 1.42 1.53 2.76 

 

As shown in figure 3, the soil samples were compacted and filled in the stainless-steel cutting rings 

and PVC molds. The dry density was 1.4 g/cm3and the initial moisture contents were set as 16%. The AH-

FBG sensors were inserted into the center of the soil samples and connected to an FBG interrogator and a 

direct current (DC) power supply, respectively. The FBG interrogator was connected to a computer for 

real-time FBG data collecting. The total heating time was determined to be 300 s, and the heat source 

strength was set between 6~8 W/m. The FDR sensors and thermistors were installed in the PVC samples 

to measure the unfrozen water contents and soil temperatures, and both were connected to the data 

logger. In addition, a heat transfer analyzer was used to obtain the thermal conductivity reference value 

( ) of the frozen soil sample at the temperature of ℃. 

 

 
 

Figure 3. Schematic image of the experimental setup 

 

Results and analysis 

The soil temperature data measured by the thermistors and the unfrozen water content data 

measured by the FDR sensors are shown in figure 4. The results show that the freezing evolution of soil 

samples can be divided into four stages. In Stage Ⅰ and Stage Ⅳ, the soil samples were completely 

unfrozen and frozen states, respectively. The compositions of the soil did not change. In Stage Ⅱ, the soil 

temperature was between −3.16 and −1.2 ℃ (severe phase transition zone), and the soil temperature 

curve reached a relatively stable state, as shown in Fig. 4(a). Simultaneously, the unfrozen water content 

decreased sharply as the temperature decreased in Fig. 4(b). This phenomenon can be explained by the 

fact that the moisture in the sample underwent a severe phase change and the process of water freezing 

into ice is exothermic [9]. The heat generated by the phase change offsets part of the heat dissipation of 

the sample at a lower ambient temperature. It has to be noted that the thermal properties of the frozen 

soil are very unstable due to the severe phase change in Stage Ⅱ. While most of the free water freezes, the 

temperature of the soil sample continued to drop, and the unfrozen water content slowly decreased to a 

final value, as shown in Stage Ⅲ. According to the measured unfrozen water content, the initial moisture  
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content, and dry density of the soil samples, the theoretical limits of the thermal conductivity (  and 

) can be calculated using Eqs. (4) and (5). 

 
Figure 4. Evolution of (a) soil temperatures ( ) obtained by thermistors and (b) unfrozen water contents 

( ) obtained by FDR sensors 

Figure 5 shows the temperatures of the AH-FBG sensors during heating with different initial 

temperatures. It can be seen from figure 5(a) that under the same moisture content and heating power, 

the temperature rise rates of AH-FBG sensors varied significantly at different temperatures, which means 

the variant thermal conductivities of the frozen soil. 

As described above, when using the linear heat source method to infer the thermal conductivity of 

the surrounding soil, the heat transfer time in the probe is invalid due to the sensor size and contact 

thermal resistance [18]. As such, the measurement temperature during this period is also useless and 

would not be considered. In this study, the sensor temperatures increase rapidly and have a linear 

relationship with time in the first 40 s of heating due to the heat conduction inner the sensor tube, as 

shown in figure5(a). After 40 s, the heat starts to transfer in the soil, and the temperature growth slows 

down. Thus, the valid period for the soil samples is considered 40~300 s, as shown in figure 5(b). The 

thermal conductivity measured by the AH-FBG method ( ) can be calculated after substituting the 

temperature within the valid period into Eqs. (2) and (3). 

Figure 6 shows the comparison between the limit values of thermal conductivity (  and ) 

calculated by Eqs. (4) and (5), the reference value ( ) obtained by the heat transfer analyzer and the 

measured values ( ) obtained by the AH-FBG method. As shown in figure 6, when the initial 

temperature was less than ℃ and greater than 0℃,  is between the upper limit ( ) and the 

lower limit ( ). They all have the same trends with the temperature, which indicates the rationality 

measurement of . In addition, at the temperature of ℃,  and  have great consistency, and 

the error between them is only 0.8%, which shows the high accuracy of . While the initial temperature 

is between  and 0℃, especially between  and 0℃,  fluctuates wildly. This can be 

explained by the fact that the frozen soil with a higher initial temperature undergoes a severe phase 

change after heating, and its properties are greatly disturbed. So, the accuracy of thermal conductivity 

measurement is reduced. This result denotes that when the soil is unfrozen, or its temperature is lower 

than ℃, there would have a higher measurement accuracy of the thermal conductivity using the  

AH-FBG method. The proposed method is currently not applicable to measure the thermal conductivity 
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of frozen soils with an initial temperature of ℃. 

 
Figure 5. Measured temperature changes (a) as a function of t and (b) as a function of  during heating 

at different initial temperatures 

 

 
Figure 6. Comparison between the reference values of thermal conductivity ( ,  and ) and the 

measured values of thermal conductivity ( ) obtained by the AH-FBG method 

Conclusion 

 

 The AH-FBG method for measuring the thermal conductivity of frozen soil is proposed and 

developed. The feasibility of the proposed method was verified by laboratory experiments. Some 

conclusions are drawn in this study: Due to the unavoidable process of ice-water phase change, the AH-

FBG method is only applicable to the soil with the initial temperature below −6 ℃ and above 0℃. And 

the measurement error can be within the acceptable range of 0.8%. The disturbance of heating to frozen 

soil will cause more significant measurement errors when the soil temperature is between −6~0 ℃. 

More theoretical and experimental studies are needed to solve severe phase change caused by 

heating and further improve the measuring parameters of the AH-FBG method. Several field 

observations stations have been established in Hebei, Gansu, and Sichuan Provinces of China. Long-

term fiber optic monitoring of in-situ frozen soils is in progress. 
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Бин Ву1, Хун-Ху Чжу1,2, Динфэн3 
1Жес тусалы ғылымдас жюне инженеслік мектебі, Нанкин унивеститеті, Нанкин, Қытай 

2Мұздатылған тпрысақ құсылытыныо мемлекеттік кілт зестханаты, Ланьчжпу, Қытай 

3Құсылыт мектебі, Сунь Яттен унивеститеті, Гуанчжпу, Қытай 

 

Мұздатылған тпрысақтыо жылу өткізгіштігін талшықты-пртикалық датчиктесді 

қплдану асқылы өлшеу 

 

Аодатра. Жылу өткізгіштігі мұздатылған тпрысақтағы жылу бесуді анықтау үшін өте 

маоызды, бісақ тпрысақ қатиеттесініо тұсақтыздығына байланытты дюл өлшеу мюндесін алу 

қиынға тпғады. Жақында талшықты-пртикалық зпндтау технплпгиѐласы юстүслі гептехникалық 

расаметслесді дюл жюне тасалатын пснында бақылауға мүмкіндік бесді. Бұл жұмытта 

мұздатылған тпрысақтыо жылу өткізгіштігін өлшеу кезінде белтенді қыздысылған талшықты 

Bragg тпсы (AH-FBG) юдітініо псындылығы зесттелір, мұздатылған тпрысақ үлгілесі бпйынша 

баттарқы 16-дан 5 С-ге дейінгі юс түслі баттарқы темресатусаласда бісқатас зестханалық 

тюжісибелес жаталды. AH-FBG өлшемдесін бағалау үшін жылу өткізгіштіктіо тепсиѐлық 

жпғасғы жюне төменгі шектесі қплданылды. Өлшеу дюлдігін анықтау үшін жылу өткізгіштік 

анализатпсы жазған жылу өткізгіштік қплданылды, AH-FBG юдіті мұздатылған тпрысақтыо 

жылу өткізгіштік кпэффициентін баттарқы темресатуса - 6 ℃ гсадуттан төмен бплғанда жюне 

өлшеу қателігі дюл бплғанда өлшей алады деген тюжісибелік нютижелес алынды, ал өлшеу 

қателігі 0,8% деогейінде қалыртатты. Тпрысақтыо темресатусаты −6 мен 0 С асалығында бплған 

кезде, мұздатылған тпрысаққа қызудыо бұзылуына байланытты өлшеудіо айтаслықтай 

қателіктесі байқалды. 

Түйін төздес: мұздатылған тпрысақ, талшықты-пртикалық датчиктес, Bragg талшықты 

тпсы (FBG), белтенді қыздысылған пртикалық талшықтас (AHFO), жылу өткізгіштік, фазалық 

өзгесіт. 

 

Бин Ву1, Хун-Ху Чжу1,2, Динфэн3 
1Шкпла наук п Земле и инженесии, Нанкинткий унивеститет, Нанкин, Китай 

2Гптудасттвеннаѐ клячеваѐ лабпсатпсиѐ инженесии месзлых гсунтпв, Ланьчжпу, Китай 
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Измесение терлпрспвпднптти месзлпгп гсунта т рпмпщью пртпвплпкпнных датчикпв 

 

Аннптация. Терлпрспвпднптть имеет сешаящее значение длѐ прседелениѐ терлпреседачи 

в месзлпм гсунте. Однакп рплучить тпчные значениѐ измесений тлпжнп из-за неттабильнптти 

твпйттв рпчвы. В рптледнее всемѐ технплпгии пртпвплпкпннпгп зпндиспваниѐ тделали 

впзмпжным тпчный и сатрседеленный мпнитпсинг на метте сазличных гептехничетких 

расаметспв. В даннпй ттатье иттледуеттѐ впзмпжнптть итрпльзпваниѐ метпда активнп нагсетпй 

вплпкпннпй Бсэггпвткпй сешетки (AH-FBG) длѐ измесениѐ терлпрспвпднптти месзлпгп гсунта. 

Сесиѐ лабпсатпсных эктресиментпв была рспведена на пбсазцах месзлпгп гсунта рси  
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сазличных начальных темресатусах пт -16 дп 5 ℃. Тепсетичеткие весхний и нижний рседелы 

терлпрспвпднптти итрпльзпвалить длѐ пценки измесений AH-FBG. Длѐ прседелениѐ тпчнптти 

измесениѐ итрпльзпвалать терлпрспвпднптть, засегиттсиспваннаѐ анализатпспм 

терлпреседачи. Эктресиментальные сезультаты рпказываят, чтп метпд AH-FBG мпжет тпчнп 

измесѐть терлпрспвпднптть месзлпгп гсунта, кпгда начальнаѐ темресатуса ниже -6 ℃, а пшибка 

измесениѐ нахпдиттѐ в рседелах дпруттимпгп диаразпна 0,8%. Кпгда темресатуса рпчвы 

тпттавлѐет пт –6 дп 0 ℃, наблядаяттѐ значительные пшибки измесениѐ из-за насушениѐ нагсева 

месзлпгп гсунта. 

Ключевые тлпва: месзлый гсунт, пртпвплпкпнные датчики, вплпкпннаѐ Бсэггпвткаѐ сешетка 

(FBG), активнп нагсеваемаѐ вплпкпннаѐ пртика (AHFO), терлпрспвпднптть, изменение фазы. 
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Disturbance observer based discrete PI control system with back-calculation anti-

windup technique for improvement transient performance of PMSM 

Abstract. In this paper discrete-time field-oriented control (FOC) for PMSM speed control 

has been proposed. The cascade structure of the discrete-time PI-PI control system with 

tracking back-calculation anti-windup scheme. The novel anti-windup scheme for both 

loops has been adopted. Windup phenomena in traditional PI controllers have greater 

negative effects on the transient performance in engineering applications such as PMSM. 

In the real-time experiments, the proposed control system achieves less speed errors and 

faster response. The experimental results have proved the feasibility of the proposed 

control scheme. 

Key words: PI controller, field-oriented control (FOC), permanent magnets synchronous 

motor (PMSM), back-calculation algorithm, discrete-time PI controller, anti-windup 

technique. 
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Introduction 

 

Permanent magnet synchronous motors (PMSMs) have been utilized in the various applications. 

It is preferable due to its compact structures, high air-gap flux density, high power density, high torque 

to inertia ratio; higher efficiency than other electric motors [1].  

Due to so-called windup phenomena in traditional PI, the controller’s performance is not 

satisfactory for PMSM drives applications. This phenomena is characterized by long periods of 

overshoot, which results in poor control performance and even makes the overall system unstable. 

Therefore, modern PI-PI control system for motor drives are typically equipped with various anti-

windup (AW) techniques to reduce integral effect on control system performance. The effectiveness of 

back-calculation based tracking gains AW scheme’s performance has been experimentally demonstrated 

among other anti-windup techniques such as, simple limited integration, limited output with dead zone 

element, and conditioned integration with following applications such as angular position control of a 

servo system [2] and for PMSM control [3]. 

PI speed controller equipped with anti-windup scheme demonstrates good performance in both 

transient and steady-state times than with conventional forms [3]-[5]. However, PI controllers are 

sensitive to model uncertainty which is a case in practical applications[6]. In addition, the tuning gains 

of PI controller is tedious and time-consuming work. The defining of optimal gains for PI-PI control 

system based on analyzing plant’s dynamics with step response method is most common among others 

[4].  

In this paper cascade discrete PI-PI control has been utilized. While, the inner loop controls 

armature currents/torque whereas outer loop regulates the speed of motors by providing the 

current/torque reference [6].  

Motivated by [3] in this study, PI-PI control scheme with novel anti-windup algorithm has been 

proposed for the PMSM speed regulation. The tracking back-calculation anti-windup scheme has been 

adopted and applied for both loops of the control system to compensate windup phenomena with aim 

of improving transient performance and achieving asymptotic stability of the closed-loop system. The 

discrete-time PI-PI control system are equipped with discrete-time tracking anti-windup scheme to 

handle windup phenomena.  
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Surface mounted pmsm system 

A. Electrical subsystem model of pmsm 

The electrical model of the machine contains the equations for the stator current, stator flux and 

electromagnetic torque. 

PMSM’s stator d-q voltages are: 

   
   

  
                                                                                (1) 

   
   

  
                                                                                (2) 

      – electrical speed, rad/s 

   – q-axis current, A 

   – d –axis current, A 

   and    - d-axis and q-axis magnetic flux linkages 

   – stator resistance, Ohm 

   – stator inductance, H 

 
In the equations above it is the cross couplings of the two magnetic flux variables that stand out. 

Furthermore, the magnetic flux in the d- axis    acts positevely on the voltage   , and the magnetic flux 

in the q-axis    acts negatively on the voltage   .  

The magnetic flux linkages are defined as 

                                                                                           (3) 

                                                                                                                      (4) 

  – permanent magnet flux coefficient, Wb 

The equation (3) demonstrates that the permanent flux is only aligned with the d-axis. 

 

B. Torque subsystem model of PMSM 

The voltages produced by       and         corresponds to the back-emf in the system. 

                                                                                                (5) 

Where the mechanical rotor shaft speed can be converted to electrical one through the expression  

                                                                                                   (6) 

   – number of poles, 

Taking into consideration that with      and      we are dealing with the peak value, it is then 

possible to compute the mechanical value of the active power using the following equation: 

   
 

 
                                                                                           (7) 

From definition of torque as related to power, the electromagnetic torque can be derived as 

   
 

 
   (     )                                                                                   (8) 

For the torque subsystem the following equations apply. The mechanical or produced torque 

considers losses due to friction, viscosity, and drag resulting from time-varying flux. The total torque,   

is difference between mechanical torque,    (minus mechanical losses) and load torque,   . 
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Total torque is 

                                                                                     (9) 

   – rated load torque, Nm 

Mechanical torque is 

                                                                                 (10) 

The torque losses due to friction is 

                                                                                   (11) 

   – static moment of friction, Nm 

    – hysteresis losses coefficient, N∙m 

The torque losses due to viscousity is 

                                                                                       (12) 

The torque losses due to time-varying flux in the PMSM is 

 

       

    

  
    

|   |
                                                                               (13) 

    – eddy currents coefficient, Nm/(rad/s) 

    – damping coefficient due to eddy currents Nm/(rad/s). 

  – viscous damping coefficient, Nm/(rad/s) 

    – mechanical speed, rad/s 

    – d-q frame magnetic flux linkage, Wb. 

 

C. Mechanical subsystem model of PMSM 

 

Using equations (9) - (13) mechanical subsystem can be expressed as 

   
   

  
                                                                               (14) 

  – rotor inertia, kg∙cm2 

From this mechanical speed of the rotor shaft of the PMSM system can be expressed  as 

 ̇  
 

 

    

 
   

(      )        

 
  

 
       

 
   

   

    
  

    

|   |
 

 
 

  

 
                                                                      (15) 

     

The highly complex PMSM system should be controlled with sophisticated control system. The 

ordinary PI controller does not satisfy to the performance requirements in terms of overshoot and 

dynamic response due to so called windup phenomena. 

In this control system, the time varying magnetic flux due to eddy currents, friction and hysteresis 

cause torque losses, which are also considered in the motion equation. The eddy currents are induced 

when a nonmagnetic, conductive material is moving in a magnetic field [7]–[9]. The eddy currents  
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circulate in the rotor’s conductive material and dissipate causing a repulsive force between the magnet 

and the conductor. Hence, the mechanical or produced torque considers losses due to static moment of 

friction, hysteresis, and time-varying flux. 

 

Control system design 

B.  Discrete-time cascade pi-pi control system 

For the speed regulation of the PMSM’s parameters are not needed due to model free nature of PI 

control algorithm. Then PI-PI cascade closed-loop control is sufficient to achieve satisfactory performance 

for speed regulation (Figure 1). The control objective in this case is to achieve a specified tracking 

performance by means of the PI controller and facilitate zero errors in finite time. 

 

 
Figure 1. Discrete-time cascade PI-PI  control system for PMSM speed regulation 

 

The speed loop controller as well as currents controllers can be formulated with the following formulas 

based on Figure 2. 

 

 
Figure 2. Discrete-time PI controller with tracking anti-windup scheme 

 
|       |     |      | {     }                                                          (3) 

  

|          |     |        | {        }                                                (4) 

 

|          |     |        |  
{     ̃        }                                                                            (5) 
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|          |    |       |   

 

{
     ̃    

 

 

 

 
    ̃      

 

 
    ̃      

 

 
     

 

 
          

 

 
      

}                                               (6) 

 

where 

      – input of saturation block 

     – output of saturation block 

    – output of PI controller  

     – input of anti-windup block 

    – output  of anti-windup block 

     – error of saturation block 

    – error of anti-windup block 

 ̃ – speed error, RPM 

   – proportional gain 

    – proportional-integral gain 

   – sampling time 
 

 
 – unit delay 

      – back-calculation gain 

Experimental results 

 

For the experimental setup DSP based “Controlled permanent magnet servo drive with 

MATLAB/Simulink 300W” (manufactured by Lucas-Nuelle gGmbH) was used to test the proposed PI-PI 

control system with tracking anti-windup scheme. The experimental setup comprises surface mounted 

type PMSM that coupled with 1024 pulses incremental position encoder and servo-machine operated with 

ActiveServo software acting as a load. The control algorithm is written in Matlab/Simulink (R2016b) 

environment then the code generated by Code Composed Studio 5 is sent to servo-converter for real-time 

experiment control. Note, after loading the code, no modification of gains is allowed. For a new 

configuration and modification of gains, the code generation has to be performed again. The switching 

period of the self-commutated converter is set to 125 μs. The control routine frequency for the pulse width 

modulation technique (PWM) in the inverter is set to 8 kHz. The parameters of the PMSM are listed in 

Table 1.  

To confirm the effectiveness of the proposed control system design, let us consider a prototype of 

SPMSM with the following nominal parameters given in Table 1. 

 

Table 1 

PMSM nominal parameters 

 

Motor parameters Symbol Value 

Rated speed nn (RPM) 6000 

Rated torque Mn (Nm) 0.97 

Rated power Pn (W) 300 

Torque constant KtRMS (Nm/A) 0.41 

Voltage constant KeRMS (Nm/A) 26.1 

Permanent magnetic    

flux coefficient 

   (Vs) 0.089 
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Winding resistance  

Ph-Ph 

   (Ohm) 4.74 

Winding inductance    

Ph-Ph 

   (mH) 8.6 

Rotor’s moment of  

inertia 

J (kgcm2) 0.33 

Number of poles     8 

Static moment of  

friction 

   (Nm) 0.014 

Hysteresis losses  

coefficient 

     (Nm) 0.08 

Viscous damping  

 coefficient 

b (N∙m/(rad/s)) 0.002 

Eddy currents  

coefficient 

    (Nm/(rad/s)) 0.0015 

Eddy currents  

damping coefficient 

    (Nm/(rad/s)) 0.003 

 

A space vector pulse width modulation (SVPWM) technique is used to regulate the phase currents 

flowing into the PMSM. For evaluation of performance of the proposed control scheme, in this paper, the 

experimental results of the baseline controller without HODO are compared with the results of the 

proposed HODO based PI-PI control system with tracking anti-windup scheme utilized. Two cases with 

speed variation and load torque disturbance have been investigated. 

 

Table 2  

Control system’s parameters 

 

       Controllers and Observers         Parameters and Gains 

       Speed controller PI gains                 ,         

        Current controllers PI gains        ,           

 

Case 1: Speed Transient Response with nominal parameters 

1) The desired speed (  ):                   

2) Constant load torque              

3) No load torque disturbance. 

Case 2: Load Torque Transient Response 

1) The desired speed              

2) Load torque disturbance                     

    The round or trapezoidal shaped reference speed has been chosen for PMSM, as it is more 

effective against wear of mechanical coupling of the prototype PMSM like in the industrial applications 

[10]. However, the load torque disturbance has been applied as step-wise. 

 

ВЕСТНИК ЕНУ имени Л.Н. Гумилева. Серия техничеткие науки и технологии                                                                № 2(135)/2021              99 
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series                    



Disturbance observer based discrete PI control system with back-calculation anti-windup technique for… 

 

    Traditional discrete-time PI controller has been equipped with tracking back-calculation anti-

windup scheme to improve transient performance PMSM system. The speed response and the references 

currents have been plotted for graphical evaluation purposes.  

Figs. 3-8 show the experimental results of the proposed control method under two operational cases 

to assess its performance . The currents and the voltages have been measured and converted to d-q frame 

(       ,        ). The mechanical speed of PMSM ( ) as well as its tracking error   ̃  have been shown 

and compared with their reference values. Figures 3, 4, and 5 are results under conditions in Case 1, while 

Figures 6, 7, and 8 are results obtained under operation conditions in Case 2. The detailed performance of 

the proposed control design is summarized in Table 3. The experimental results shown below are assessed 

by the maximum angular shaft speed errors, settling time and absolute mean mechanical speed error. The 

maximum angular shaft speed errors are 42 and 17 RPM for  Case 1 and Case 2 respectively. While the 

settling time 0.3 and 0.17 seconds, the absolute mean mechanical speed errors are 1.4838% and 0.172% 

respectively. The control inputs              under operational conditions in Case 1 and Case 2 have been 

demonstrated in Figures 5 and 8.  

 

Table 3 

Performance of the proposed discrete-time PI-PI with tracking back-calculation anti-windup control 

scheme for both loops 

                       Criteria and cases PI with anti-windup 

Maximum angular shaft speed 

error, RPM 

Case 1 42 

Case 2 17 

Settling time, s Case 1 0.3 

Case 2 0.17 

 

Absolute mean of the mechanical 

speed error,% 

  

Case 1 1.4838% 

Case 2 0.172% 

 

In the PMSM system, the pulsating torques can be seen in the d-q currents plots as well as they are 

reflected in PMSM angular shaft speed response. The origin of these ripples may come from cogging 

torques associated with the shape of th rotor of the machine, but also high-frequency electromagnetic 

noise associated with switching time periods in the power converter. The minimizing the current ripples 

in the PMSM prototyping kit will be sought in future research.   

 

a) 
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 b) 

 
Figure 3. Experimental results of the proposed control for Case 1. (a) Mechanical speed response of 

PMSM; (b) Mechanical speed errors. 

 

a) 

 

b) 

 

Figure 4. dq-axis currents of the proposed control for case 1. (a)     and its desired value     ; (b)     

and its desired value     . 

 

a) 

 

b) 

 

Figure 5. dq-axis voltages of the proposed control for Case 1. (a) control input on q-axis    ; (b) 

control input on d-axis    . 
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a) 

 
b) 

 
Figure 6. Experimental results of the proposed control for Case 2. (a) Mechanical speed response of 

PMSM; (b) Mechanical speed error. 

 

 

a) 

 
b) 

 
Figure 7. dq- axis currents of the proposed control for Case 2. (a)     and its desired value     ; (b)     

and its desired value     . 

 

a) 
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b) 

 

Figure 8. dq- axis voltages of the prposed control for Case 2. (a) control input on q-axis    ; (b) control 

input on d-axis    . 

 

Conclusion 

 

In this paper, field-oriented control based discrete-time PI-PI with tracking back-calculation anti-

windup scheme is proposed. The cascade discrete-time PI-PI control structure  with novel anti-windup 

scheme has been adopted for both loops. Unlike traditional PI controllers, the proposed controller can 

significantly improve the performance of PMSM system under speed and load torque variations. As the 

currents ripples are unavoidable, their reduction will be considered in future works. 
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ТМСЭҚ-ніо өнімділігін жақтасту үшін кпнтспллесдіо ауытқуға қасты кесі етертеу 

алгпситмі қплданған кедесгілесді бақылаушыға негізделген дитксетті PI батқасу жүйеті 

 

Аодатра. Бұл жұмытта тусақты магнитті тинхспнды электс қпзғалтқыш (ТМСЭҚ) 

жылдамдығын батқасуға асналған дитксетті уақыттық өсіттік бағдаслау батқасудыо (ӨББ) 

негізінде ұтынылды. Қайта етертелетін ауытқуға қасты тхематы бас дитксетті уақытты ПИ-ПИ 

батқасу жүйетініо каткадты құсылымы қплданды. Екі шенбес үшін де ауытқуға қасты жаоа 

тхема қабылданды. Дюттүслі ПИ кпнтспллеслесіндегі өтрелі құбылыттасы ТМСЭҚ тиѐқты 

инженеслік шешімдесде өтрелі жұмытына үлкен тесіт ютес етеді. Нақты уақыттағы 

эктресименттесде ұтынылған батқасу жүйеті аз қателікке жюне жылдам жауар бесуге қпл 

жеткізеді. Тюжісибе нютижелесі ұтынылған бақылау тхематыныо псындылығын дюлелдеді. 

Түйін төздес: тұсақты магниттес тинхспнды электс қпзғалтқыш (ТМСЭҚ), кесі етертеу 

алгпситмі, PI дитксетті кпнтспллес. 

 

Б. Састембаев 

Назарбаев Университет, Нур-Султан, Казахстан 

 

Дитксетная титтема ПИ-сегулиспвания т техникпй пбсатнпгп вычитления на 

птнпве наблюдателя впзмущений для улучшения ресехпдных хасактеситтик в СЭПМ 

 

Аннптация. В этпй ттатье былп рседлпженп урсавление т дитксетным всеменем, 

псиентиспваннпе на рпле (УОП) длѐ урсавлениѐ ткпспттья СЭПМ. Каткаднаѐ ттсуктуса титтемы 

урсавлениѐ PI-PI т дитксетным всеменем и тхемпй анти-вихсевание т пттлеживанием пбсатных 

вычитлений. Была рсинѐта нпваѐ тхема рседптвсащениѐ заксучиваниѐ длѐ пбпих кпнтуспв. 

Явление заксутки в тсадиципнных кпнтспллесах PI имеет бпльшее птсицательнпе влиѐние на 

ресехпдные хасактеситтики в инженесных рсилпжениѐх, таких как СЭПМ. В эктресиментах в 

сежиме сеальнпгп всемени рседлагаемаѐ титтема урсавлениѐ пбетречивает меньшее кпличеттвп 

пшибпк ткпсптти и бплее быттсуя сеакция. Результаты эктресиментпв рпдтвесдили 

сеализуемптть рседлпженнпй тхемы урсавлениѐ. 

Ключевые тлпва: тинхспнный электспдвигатель т рпттпѐнными магнитами (СЭПМ), 

алгпситм пбсатнпгп вычитлениѐ, дитксетный ПИ-сегулѐтпс. 
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Research of heating the lining of high-temperature units in order to increase their 

residual resource 

Abstract. The article contains an analysis of the initial stage of the heating process of high-

temperature units. The heating modes used at the enterprises lead to various difficulties: a 

delay in the heating process or heating at a high speed at which mechanical stresses arise 

and exceed the permissible values. The proposed graphical dependencies for heating 

allow us to heat up at the highest possible speeds, taking into account the time spent on 

drying. In this case, the ultimate strength of refractory materials is not exceeded, which 

leads to a significant reduction in the time for the heating process. 

Key words: refractory materials, drying, heating rate, lining, high-temperature unit, 

heating schedule. 
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Introduction 

 

Currently, enterprises that operate high-temperature units have an important task - to determine 

the residual working time of the equipment (units). This allows as avoiding emergencies situations 

related to the safety of the operating personnel so predicting the time and amount of resources 

consumed. 

Technological processes in high-temperature heat-technological installations are distinguished 

by a great variety and are determined by the following [1]: 

• intensity of heat supply to the surface of the processed material (intensity of external heat 

transfer) and heat transfer inside the processed material; 

• the intensity of mass supply from the outside to the reacting surface of the processed material 

(intensity of external mass transfer) and the intensity of molecular mass transfer inside the processed 

material; 

• intensity of mixing of phases (solid, liquid) in the zone of their heat treatment; 

• the speed of the actual chemical reaction and separation of target and related products; 

• a combination of two or more of the listed factors. 

This classification makes it possible to consider and analyze entire classes of technological 

processes from a single point of view and uniform methods. The approach facilitates the borrowing of 

the research results of some types of technological processes for the organization of others, using 

physical and mathematical analogies. 

 

Research methods 

 

 Thermal stresses in the lining are a decisive condition in assessing the residual time, since a 

decrease in the thickness of the lining due to the action of temperature stresses is the most common 

reason for the withdrawal of high-temperature units for repair. 

Let's consider three methods of heating high-temperature units that use fireclay bricks as lining.  

Heating up of high-temperature units should be carried out with the avoidance of thermal 

stresses in the lining of the unit exceeding the permissible limit. The technique developed by the authors  
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makes it possible to select the temperatures at which this condition is met. The analysis of various 

heating modes was carried out for the material under study (chamotte) to a temperature of 110 °C (the 

temperature of the drying process beginning) using the developed program. The drying process and 

further heating to operating temperature were also investigated. Three heat up options were 

considered: 

- uniform heating up to operating temperature; 

- initial heating at minimum speeds and further heating at maximum speeds; 

- the maximum possible rising of temperature from the initial stage. 

The maximum heating rate was limited by the arising temperature stresses, and the choice of the 

optimal heating method was determined by its minimum time. Let's consider different ways of heating 

the unit intensity. 

The way No 1. The intensity of heating should be as follows: The first four steps have a speed of 

10 °C/min (the time step was 10 minutes), then nine minutes with 1 °C/min, then - 2 °C/min until the 

temperature of 110 ° C is reached. Exposure at this temperature is 37 minutes. 

The way No 2 has a heating rate of 2 °C/min until the temperature of 110 °C is reached. 

Temperature holding in this case takes 44 minutes and then heating occurs to the operating 

temperature. 

The way No 3. The first six minutes have a heating rate of 2 °C/min, the next five minutes at 10 

°C/min, and the remaining nine minutes at 1 °C/min, which takes 38 minutes. 

Thus, the most optimal heating mode in terms of time is obtained at a temperature holding of 37 

minutes, when the arising thermal stresses (compression, expansion) does not exceed the limit values. 

There are factory lining heating methods. In many cases, they do not take into account the initial 

stage of drying up to 110 °C, the so-called temperature holding (horizontal section on the temperature 

graph). In the case when they even take into account the time to reach this temperature, the resulting 

limiting stresses are ignored [2]. Studies of drying samples have shown that the rate of evaporation of 

capillary moisture falls within the temperature range from 55-65 °C to 100-110 °C. 

The values of many parameters are taken for calculations as constant, i.e., independent of 

temperature when developing thermal regimes for heating high-temperature units. For example, the 

values of the specific volumetric heat capacity c, thermal conductivity coefficient λ and ultimate 

strength σ are taken constant for calculations. 

Meanwhile, the value of such a parameter as the ultimate compressive strength of a material is 

highly dependent on temperature. 

 

Research results 

 

The initial stage in the development of rational heating schedules for high-temperature units is 

the construction of existing heating schedules and their analysis from the standpoint of the arising 

temperature stresses. The program developed by the authors has the ability to calculate temperature 

fields and stresses by temperature at one point - on the inner surface of the lining for analyzing heating 

graphs. That is, if the temperature is measured during heating at one point, then the desired values of 

temperature stresses can be obtained over the entire section of the lining. 

Such work was carried out on 25-ton steel-pouring ladles in the process of heating them up after 

overhaul. The operation of these ladles according to the appropriate technology assumes a major 

overhaul after 40 heats on average. Complete replacement of the lining, including the reinforcing layer, 

takes place during the overhaul. After that, the ladles are heated to operating temperature on special 

benches by burning a propane-butane mixture in a burner. 

Periclase-carbon refractories are widely used for lining steel-pouring ladles. Let's take a look at 

the drying and heating schedule for a 25-ton steel ladle lining with a 135 mm working layer of periclase 

carbon. The heat up time to an operating temperature of 938 ° C is 24 hours (Figure 1). 
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Figure 1. Drying and heating of steel ladle lining 

 

The first stage (0-1:20 hours) has an interval of 20-350 °C and is carried out at an average speed 

of 37.2 °C/hour. At the same time, heating proceeds quickly, but evenly, without holding at a 

temperature of 100-110 °C to remove moisture. Further, from 1:20 to 5:00, the heating rate decreases to 

an average rate of 2-3 °C/hour, forming a horizontal section in the figure. Based on the figure, this 

horizontal section is necessary for relaxation of temperature stresses, after which the temperature rises 

from 400 °C to 650 °C in 20 minutes with an average heating rate of 75 °C/hour. Further, heating goes 

from 650 °C to 800 °C in 1:40 hours at an average rate of 13.6 °C/hour. Then a long period of 

temperature rise follows up to 900 °C in 5 hours. After that, slow heating takes 3 hours at a rate of 2 

°C/hour to the holding temperature at 933 °C (horizontal section in the figure) for relaxation of 

temperature stresses. The lining temperature has been maintained at 938 °C for the last six hours instead 

of heating up. Thus, the average heating rate of the lining of a steel-pouring ladle from 20 °C to 938 °C is 

40 °C/hour. 

Analysis of this figure shows that thermal stresses arise in the lining when it is heated (Figure 2), 

which leads to the appearance of cracks and further to its destruction (Figure 3). 

 

 
 

Figure 2. The resulting temperature stresses 
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The figure shows that the resulting thermal compressive stresses are twice the ultimate strength 

specified by the manufacturer for periclase-carbon refractories (40 MPa in compression and 25 MPa in 

tension). 

Lining cracking is the result of heating at a high rate. The nature of the destruction is shown in 

Figure 3 for the lining of a 25 ton steel-pouring ladle after 22 melting cycles [3]. 

 

  
  

Figure 3. Cracks in the lining of a steel ladle 

 

As a result, it can be concluded that the permissible heating rates are exceeded at the 

corresponding points in time. In addition, the ladle is heated up within 24 hours, and from the graph 

(Figure 4, curve 2) it can be seen that the inner surface of the lining reaches its maximum temperature 

after 16 hours of heating. Thus, the maximum lining temperature is maintained during the last 8 hours 

instead of heating up. 

 
 

1 - factory warm-up schedule; 2- the author's warm-up schedule. 

 

Figure 4. Steel ladle heating schedules 
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The rates of temperature rise were selected individually for each section of the curve. The 

average rate of temperature increase in areas from 18 to 500 °С (not containing drying areas) was 

approximately 90 °С/h. The total heat-up time to a temperature of 938 ° C is 16 hours and 20 minutes. 

 

Conclusion 

 

The research shows that the durability of the lining in high-temperature units is more dependent 

on temperature differences than on the chemical effect of the process material, etc. Thus, the main 

reason that determines the residual working time of high-temperature units is the wear of the lining 

during operation, associated with irrational processes drying and heating. Reducing the temperature 

stresses that arise during the heating process, taking into account the drying process, to normalized 

values, allows us to increase the residual working time of the high-temperature unit lining. 

The heating schedules obtained by the authors allow the heating process to be carried out at the 

highest possible rates and to control it without exceeding the ultimate strength of refractory materials. 

In this case, a significant reduction in the time for the heating process occurs. 
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Жпғасы темресатусалы қпндысғыласдыо қалдық сетустын асттысу мақтатында жылыту 

рспцетін зесттеу 

 

Аодатра. Мақалада жпғасы темресатусалы қпндысғыласды жылыту рспцетініо 

баттарқы кезеоіне талдау жаталған. Кютірпсындасда қплданылатын жылыту сежимдесі юстүслі 

қиындықтасға юкеледі: қыздысу рспцетініо кешігуі немете жылдамдықта қыздысу. Нютижетінде 

кеснеулес сұқтат етілгендесден атыр түтеді. Кертісуге кететін уақытты еткесе птысыр, жылытуға 

асналған дамыған гсафикалық тюуелділіктес, птқа төзімді матесиалдасдыо шекті бесіктігінен 

атраттан, мүмкін бплатын ео жпғасы жылдамдықрен қыздысуға мүмкіндік беседі, бұл жылыту 

рспцетініо уақыты айтаслықтай қытқасады. 

Түйін төздес: птқа төзімді матесиалдас, кертісу, қыздысу жылдамдығы, футеспвка, 

жпғасы темресатусалы қпндысғы, жылыту гсафигі. 
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Иттледпвание рспцетта сазпгсева футеспвпк вытпкптемресатусных агсегатпв т целью 

рпвышения их пттатпчнпгп сетуста  

 

Аннптация. Статьѐ тпдесжит анализ начальнпгп этара рспцетта сазпгсева 

вытпкптемресатусных агсегатпв. Псименѐемые на рседрсиѐтиѐх сежимы сазпгсева рсивпдѐт к 

сазличным тсуднпттѐм: затѐгивания рспцетта сазпгсева или сазпгсев тп ткпспттѐми, 

впзникаящие нарсѐжениѐ рси кптпсых рсевышаят дпруттимые. Разсабптанные гсафичеткие 

завитимптти длѐ сазпгсева, т учжтпм затсат всемени на тушку, рпзвплѐят рспизвпдить сазпгсев т 

мактимальнп впзмпжными ткпспттѐми, не рсевышаѐ рседел рспчнптти пгнеурпсных 

матесиалпв, чтп рсивпдит к значительнпму тнижения всемени на рспцетт сазпгсева.  

Ключевые тлпва: пгнеурпсные матесиалы, тушка, ткпсптть сазпгсева, футеспвка, 

вытпкптемресатусный агсегат, гсафик сазпгсева. 
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