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D.M. Frolov

Lomonosov Moscow State University, Moscow, Russia
E-mail:denisfrolovm@mail.ru

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

DOI: doi.org/10.32523/2616-7263-2021-135-2-7-13

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 Fi=cLV+F, or as:

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

where: Fi1 — heat outflow through the frozen ground (and snow cover) from the freezing front
(W/m?) to the atmosphere; ¢ L V = ¢ L dhg /d1— consumption heat at the phase transition, ¢, moisture
content of the soil (1-4 kg/cm*m?), (last value corresponds to the complete filling of pores with water
from a lightweight clay with a density of 2000 kg/m? and a porosity 0,617 [1]); L — energy of the phase
transition (335 kJ/kg); V = dhs /dt — the speed of the freezing front (cm/s); F2 — heat exchange in the cooling
melt the ground before the freezing front (W/m?).

The heat flux was expressed according to the Fourier law: F=-A 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:

AT AT -T..

F:_l_:_ — air
! AXAX X h

A

s f

hg
Ay A Ay 2

s g s

Here Tuir is the air temperature, hs and heg are the snow thickness and freezing depth, and As and Ag
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 Towith an average annual value of about 7°C. Therefore

AT T,

F,=- - = 0
P Ax M0 -hy,

3)

Here Amg 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 groundhsz was 0.5 cm. At each time
step (every day) was calculated (calculated) the freezing rate V' and the value of the frozen ground
thicknesshsg 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 Ac
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:hsg( tnn1) =hig(ta)+ AT 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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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

Winterperiod | Sum of Averaged February Max. freezing depth of | Max. freezing
negative snow cover thickness, | snow-covered ground, | depth of exposed
monthly cm cm ground, cm
temperature, °C

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

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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A.M. ®poaos
Aomorocos amvirdazer Mackey memaexemmix ynusepcumemi, Macxkey, Pecei

Tepckeaaeri TONbIpaKThIH KaTy TePEHAITiH ecenITey cXeMachl

Angarna. Kap KeOIIKiHiH caKTaliTBIH T€OTeXHMKAaAbIK KYPBIABICTAPABI caly Ke3iHge TayAabl
ayJaHJap/a >KepaiH MaychIMABIK JKoHe y3aK Mep3iMai My3aaTy >KaF4alblHAa OCBI KYPBLABIMAApABI
OekiTy >koHe TypaKTBIABIK Maceaeci TybIHAAABL. by sxymeicra Dapbpyc aiimarsiHAa 2015/16-2019/20
KBICKBI ~MayChIMBIHa apHaJAfaH ecelTey cXeMachl HeTi3iHge Kap >KaMBIAFBICBI MeEH aya
TeMIlepaTypachbIHbIH KaTy TepeHAIri MeH TOIbIpaKThIH TYpPaKThIABIFbIHA ocepi OaraaaHaabl. Ecerrey
cpI30achl mekapada (aszaablk aybICybl Oap yII KaOaTThl OpTaHbIH (Kap, My3JaTbhlAFaH >KoHe epireH
TOIIBIPAK) >KBIAY OTKI3TIIITIK MaceaeciHe HerizgeareH. JKpiay OasaHCBIHBIH TeHAeyiHe ¢pa3aablK
aybICYyABIH DHEPIWCH], epireH >KepAeH >KbIAy arbIHbI, MY34aTbhLAFaH JKepre ary >KoHe Kap >KaMbLAFBICHI
HoaraH Karaaiija, Kap apKbLAbI aTMOc(epara oTy Kipai.

Tyiiin cesaep: ecerntey cb30achl, aya TeMIlepaTypachl, Kap >KaMBLAFBICHI, JKepAiH KaTybl, TayAbl
aliMaKTap, KYPBLABICTBIH TYPaKTBLABIFDI.

A.M. ®poaos

Mocxosckuti zocydapcmeeriviii yrnusepcumem um. M.B. Jomonocosa, Mockea, Poccus

BoruncanreabpHast cxeMma AAsL I'11y6I/IHhI IIpoMep3aHusI T PYHTa B Tepc1<011e

Annoramms. Ilpu crpouteancTBe AaBMHOYAEPSKMBAIOIINMX TI€OTEXHUYECKMX COOPY>KeHUI B
TOPHBIX paliOHaX BO3HMKaeT Mpo0JeMa KperAeHus M YCTOMUMBOCTM STUX COOPY>KeHUII B yCAOBUSX
Ce30HHOTO M / MAM AAUTEABHOTO HpOoMep3aHMs IpyHTa. B JaHHON cTaThe OIleHMBaeTCs BAUSHIE
CHEJKHOTO IIOKpOBa U TeMIlepaTyphl BO3JyXa Ha IAyOMHY HpOMep3aHMs U yCTOMYMBOCTH IIOYBBLI Ha
OCHOBe pa3pabOTaHHOV CxeMBbI pacyeTa Ha 3uMHMe ce30HBI 2015/16-2019/20 B paitone DanOpyca. B
OCHOBY pacyeTHOI CXeMBbl II0A0KeHa 3a4ada TeILA0IPOBOAHOCTU TPeXCAOMHONM cpebl (CHEeT, Mep3Ablil
U TaaAblll TPYHT) C (a3oBBIM IIepexoAOM Ha TpaHHIle. YpaBHEHMe TeI10BOro 0aJaHca BKAIOYaAO
9Hepruio (a3oBOro Iepexosa, IPUTOK Tellla U3 TaAOi ITOYBBI ¥ OTTOK TeIlla B MeP3ABIil TPYHT U, TP
HaAM4IUY CHEeKHOTO IIOKPOBa, OTTOK Tellla depe3 CHeT B aTMmocdepy.

Karouesble ca0Ba: pacyeTHas cxeMa, TeMmIlepaTypa BO34yXa, CHEXXHBIN IIOKPOB, IIpOMep3aHue
TPYHTa, TOPHBIE PallOHBI, YCTOMYMBOCTh KOHCTPYKLIUIA.
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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.

DOI: doi.org/10.32523/2616-7263-2021-135-2-14-26

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 63 — 64 1077 cm? [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.
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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 | Sample | Base water | Dry density of the Sample testing technique
no. length | supply sample
1 100cm | Deionised | All samples compacted | Three columns removed after the first
water with max dry density: freeze cycle, three columns after the first
1.80 Mg/m3 thaw and the remained three after the
second freeze cycle
2 50cm Deionised | Samples compacted with | Nine columns kept until the end of the
water varied dry density: second freeze cycle
1.18-1.80 Mg/m?
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 @ ° 24.1° CD direct shear test, moisture content
Cohesion C kN/m?2 10 W=17.2%
Particle density of sandy ps Mg/m?® | 2.615 Soil mixture by mass: 50% sand and
clay 50% kaolinite
Average dry density before pd Mg/m3 | 1.814 + BS Light compaction test operating
freezing cycle 0.012 with 2.5 kg rammer. The mechanical
Initially bulk density at the P Mg/m? | 2.128 + energy applied to the soil is 596 kJ/m?
beginning of the test 0.015
Uniformity coefficient Cu - 24 Uniformly-graded sand
Coefficient of curvature Cc - 3.65
Activity of Clays A - 0.25 Inactive clays
Liquid limit weL % 37.18 CI - Medium plasticity
cone penetrometer test used
Plastic Limit wp % 23.77 Fraction of soil sample passed through
Average linear shrinkage Ls % 5 0.425 mm sieve
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 °C 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:

Q- t=01+0Q, (1)
where, Q; — heat energy is used for cooling the vapour mass to the temperature AT (equation
5.5); and Q, — heat energy used for the phase transfer (eq. 5.7).

Q1=mvupou‘r,, thAT (2)

where, muoapour, t;, - mass of vapour at the starting time t;,g,C — specific heat of vapour passing
through the cumulative air voids cross section, J/kg-°C; AT — temperature change, °C; and t — time
interval, h.

Density of the vapour is calculated for each period of time, corresponding to the temperature
and saturated vapour pressure:
mvapour,ti (3)

Pvapourt; = %
air,t;

where, pyapour,t,- Vapour density for period of time, g/cm?.

Heat energy for the phase transfer includes the latent heat for the condensation and
solidification of the vapour mass difference at the beginning t; and end time t, of the calculation period.

QZ=(mvapou‘r,1— ﬂ’lvapour,Z)‘L (4)

where, mompour2 — mass of the vapour at the end period t,; L — is a total latent heat L=L; + L,,
where L, - specific latent heat for condensation (L, = 2.3-10°//kg) and L, - specific latent heat for
106 J

solidification (L, = 0.335 Ty of 1 kg of water).

The volume of vapour Vegour is equal to the speed of vapour passing through the air voids” cross
section A over the time t:

Vvapour =Vt Agirvoids (5)
where, v — average speed of vapour, cm/h; and Ay 0iqs — cumulative section cross of the air
. mdg? . . .. . .
voids” Agir voids = T“, cm?, corresponding to the porosity coefficient and moisture content (Figure 2).

Substituting the V4,0, in equation (2) the vapour speed was found at the starting time and at
the end:
N Q (6)
vapour — 0 Ay AT -t

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 A,;,- and speed v over time t is calculated:

Mice = Pvapour Vair voias = Pvapour "V L* Agir (7)

where, m;., - mass of built ice in grams; pygp0ur — is taken as an average density value of the
vapour densities at the start and end time point, g/cm? .
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Figure 2. Calculation of the vapour rate passing through the cumulative air voids channel in the

mould section over time t

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 mtial 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.
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b)
Temperature field distribution in column 9
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Figure 3. Temperature contours in column 1 in Test 1 and 2, supplied with deionized water from the
column base with (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/m?, while the loose soil samples, with a dry density 1.18-1.47 Mg/m?, 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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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/m?, comparing to dense soils with dry
density 1.8 Mg/m®. 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.
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Moisture intake during the freezing cycles with de-ionised water feed, Test 1
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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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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)
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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 | Volume | Volume |Voids | Volume of | Tempe | Saturated | Mass of Density of the
section | of solids, | of voids, |ratio e= | air, rature vapour | vapour at | saturated
cm?® cm3 0s/Qdry-1 | cm 3 at 590 pressure | 590, g vapour at
h over ice, Psi, 590h, Mg/m3
Pa
#11 370.62 448.46 1.21 180.55 -10.99 237.93 3.55-10+ 1.97-10-¢
#12 352.97 432.43 1.23 228.13 -10.30 253.24 4.76:10* 2.09-10°
#13 352.97 432.43 1.23 198.83 -9.49 272.16 4.45-10* 2.24-10°
#14 352.97 432.43 1.23 129.85 -8.36 300.63 3.19-10+ 2.46-10°
#15 352.97 432.43 1.23 154.52 -6.46 354.77 4.45-10+ 2.88-10°
Table 4

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

Sam | Tempera | Saturated Mass of The heat Vapour rate Vapour | Build-up of
ple ture at vapour vapour at | realised in | v=4-N/(C-p-mt-d? rate, ice mass
secti | 614 h, °C pressure 6l4h, g 24 hours ‘AT), cm per cm/h between the
on over ice, Q-t=m-C-A 24 h period
Psi, Pa T,] 590/614 h,
g/hour
#11 -13.30 193.26 2.91-10+ 0.1702 9.008 0.375 2.67-10°
#12 -12.60 205.98 3.91-10+ 0.2269 9.014 0.376 3.56-10¢
#13 -11.68 223.81 3.69-10+ 0.2016 9.067 0.378 3.16-10°
#14 -10.43 250.35 2.68-10+ 0.1363 9.126 0.380 2.14-10°
#15 -8.96 284.98 3.61-10+ 0.2237 8.956 0.373 3.51-10°

The average vapour rate was around 0.4 cm/h. 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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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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Casabl TOnbIpaKTapAbIH asi3AaH KaTybIH aHBIKTay

Angatna. OTkisrimTik KoopPuUIMeHTi TeMeH ca3Abl TOIBIpaKTa OTeTiH as3AblH KaTybl
KpMOCaKIIMsIFa, OeTTiK Kepily KyIITepiHe kKoHe CyAbIH (pasaabIK aybICybIHa KaTBICTBI KOIITETEH CypakKTap
TyfbI3aAbl. Dya >KyMbIcTa My34aTy-epiTy 3epTXaHaablK 3epTTeyAepiHiH HoTiKelepi OOIBIHIIIA
TeMIlepaTypa MeH KeJeMJiK IlapameTpAepAiH e3repyi, KypfakK TOIBIPAKTbIH TLIFBI3ABIFEI JKOHE CY
MaccacbIHBIH TachIMaAJaHybl KapacThIpblaabl. KpuoreHaik KyIuTepaiH scepiHeH ras KyiiHAeri CyAblH
(OyaplH) TachIMaljaHYbIH ecelTey ModeAl KeATipiareH. 3epTTey HoTIKeAepl allblK >Kyllegeri
TONBIPAKTHI Oip OaFBITTBI MY34aTy Ke3iHAEeTi JKbLAy >KoHe Macca aaMacy KYOBLABICHI TypaAbl TYCiHIKTi
>KaKCapTyabl KaMTUABL VIHXXeHepiK KacueTTepre apHaAFaH ChIHAKTapAbIH KOIIIiAiriHae yiKeAic KyIIIi,
OepikTiri >KoHe iIIKi YIiKeaic OyYpBHIIIBIHBIH IIamMaabl TOMeHAeyi Tipkeagi. Aaaiiga, Oacramkbiga
TBIFBI3JaAfaH  TOIIBIpaK  ChIHAMaJapbIMEH  MY34aTy-epiTy IUKAJapblHaH  KeWMiH  ©TKIi3IiIlTikK
koo PuIMeHTiHIH eaayip eocyi 0Dalikaaabl. bya Heaaik Temmeparypaga YiiHAI Ke3iHAe ToOHbIpaK
yATiZepiHiH  KOIICBITYbIHa JKoHe blAfadJaHyblHa OallaaHbICTBI  004Apl.  DByaanran MaccaHbIH
TachIMaJ/aHybIHa HeTi3geAreH TOIbIpaKTa as3AaH iCiHyAiH TY>KpIpbIMAaMaAblK Mojeai xkacaaraH. CymeH
KaHbIKITaFaH TOIILIPAaKTarbl Oy IIBIFBIHBIH ecerlTey aAropuTMi ipreai TepMoAMHaMMKAABIK TeHAeyAep
KOMETiMeH YCBIHbLAABL.

Tyitin cesagep: asg34bl KeTepy, TeMIlepaTypaHbl Oakblaay, blAFaaAblH Oepiayi, cas3abl
TOIIBIpaKTap, 3epTXaHaAbIK ChIHaK, OyAbIH Oepiayi.

A.C. Capcembaesnal, A.JK. Xycynoexkos!??, @©.D.D. Koaanns*
IEspasutickuti Hayuonarvuitl ynusepcumem um./1.H.I'ymuresa, Hyp-Cyaman, Kasaxcman
2Canxm-IlemepOypzckuil zocydapcmeenolii ApXUMeKmypHo-CpounmeAvHbLil YHusepcumen,
Carkm-Ilemep0ype, Poccus
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OHeHKa MOPO3HOTO ITyIeHMs IAVHVCTBIX TPYHTOB

AnnoTtanmsa. MoposHoe ITydeHue B TAMHUCTBIX TPyHTaX C HU3KUM KOS(PPUIINEHTOM
MMPOHMIIAEMOCTY BBI3BIBAET MHOKECTBO BOIPOCOB, KaCAIOIIMXCS KPMOTEHHBIX CIA, ITOBEPXHOCTHOTO
HaTsDKeHMs U COIYTCTByIOIero ¢asoBOro Ilepexoja BOABL. B pabore paccMOTpeHBI pe3yAbTaThl
2abOpaTOPHBIX MCIBITAHNI 3aMOpa’kMBaHNA-OTTaMBaHNS C TOYKY 3PeHMsl M3MeHeHNs TeMIIepaTypPHBIX
1 OOBbEeMHBIX ITapaMeTpOB, IAOTHOCTM B CyXOM COCTOSHMI M MaccollepeHoca Bogbnl. IIpeacrasaena
MOJeab AAsd pacdeTa MaccoIlepeHoca BOAbI (Ilapa) B ra30BOM COCTOSHUM IIOA AeVICTBMEM KPMOTeHHBIX
cna. Pe3dyapTaThl MccAeAO0BaHMII BKAIOYAIOT yAydllleHHOe ITOHMMaHMe SBAeHI: TelAoMaccollepeHoca
IIpM OAHOHAIIpaBACHHOM IIpOMEep3aHMM IIOYB B OTKPBHITONM cucreme. B OOABIIMHCTBE MCIIBITAaHUIL
MHKEHePHBIX CBOVICTB OBIAO 3aperuMcTpMpOBaHO He0OABIIOe CHIUKEeHMe COOTHOIIeHMs IIPOYHOCTH,
cenaeHMs: ¥ yraa BHyTpeHHero TpeHusa. OaHako HabAI04aa0Ch 3HAYUTEABHOE —YBeANdeHue
K09 PuIIMeHTa MPOHNIIAeMOCTH IT0CAe ITMKAOB 3aMOPaKMBaHUA-OTTaMBaHMS C M3HAYaAbHO ITAOTHBIMU
YILAOTHEHHBIMU OOpasljaMi I'PyHTa, YTO OBLAO CBsI3aHO C pa3phIXA€HNeM U yBAaKHeHeM o0pa31ioB
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TPyHTa BO BpeMs BCIyuMBaHM: IIpM OTpUIlaTeAbHBIX TeMIeparypax. Ha ocHose mapomaccomnepenoca
paspaboTaHa KOHIleIITyadbHas MOJeAb MOPO3HOIO ITydyeHUs IPYHTOB. AATOPUTM pacyeTa I1apOBOTO
IIOTOKa B HEHaCHIIIIeHHBIX I'PYHTaX IIpeACTaBAeH C JCII0Ab3OBaHMeM (yHJaMeHTaAbHBIX YpaBHEHNI
TepPMOAVHAMUKIA.

KaroueBble caoBa: MOpPO3HOe IIydyeHMe, MOHUTOPMHI TeMIlepaTyphbl, BAarornepeHoc,
TAVHIUCTBIE TIOYBBI, Aa00paTOpPHbIEe UCIIBITaHNs, IIapOOOMeH.
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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.
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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 1. Differential  freeze-thaw | Aligned Clasts aligned to flow of liquefied material.
oriented clasts | heave between a clast and | clasts Localised.

the soil/sediment matrix
leading to vertical movement
and alignment. May occur at
a uniform depth across a
unit/site
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2. Rapid thaw leading to

liquefaction  and  clast

alignment*
Fissure fill /| Gravity driven (i.e. | Dyke — | Gravity driven (i.e. downwards) infilling
Sediment downwards) infilling of | Neptunian | of seismically-induced fissure. Typically
wedge thermal contraction or mass | (formed wider at top. May show stratification.

movement-induced fissure. | under

Typically wider at top. May | water)  /

show stratification.*

Fissure fill
(sub-aerial)

Dyke - | Pore fluid pressure driven infilling of

injection fissure (principally upwards). Typically
narrower at top. Particles may be graded
(fining up).

Sill - | Pore fluid pressure driven infilling of

injection fissure (principally lateral).

Ice wedge cast | 1. Thixotropic | Subsurface movement (and
2.Cyclic thermal | wedge consolidation?) resulting in “draw-
contraction/expansion  of down” of overlying and adjacent
permafrost producing soil/sediment in a limited area (cm??) or
surficial crack that along a line.
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. *

Mud boil Surface accumulation fed | Sand Surface accumulation fed from typically
from injection pipe or larger | volcano, linear injection dyke that reaches the
fissure that reaches the | sand boil surface.
surface.*

Thermokarst | Surface depression formed | Thixotropic | Surface depression formed by subsurface

depression by thaw of ground ice | bowl movement (and consolidation?) resulting

resulting in “draw-down” of
overlying soil/sediment in a
broad area (m? to km?). May
subsequently be infilled.*

in “draw-down” of overlying
soil/sediment in a broad area (m??). May

subsequently be infilled.
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Floating Fragments of a previously intact unit,
breccia 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 1. Plastic upwards | Diapiric Plastic upward deformation under
structures deformation under cyclic | structures | seismic load stress. Grades into injection
freeze-thaw stress* dykes if soil/sediment becomes fully
2. Liquid limit exceeded and liquefied. Reflects deeper unit having a
spatially variable loading lower dynamic viscosity than overlying
causing injection into soil/sediment. Margins may feature
overlying soils* micro-faults, with upwards displacement.
Adjacent areas may show evidence of
subsidence.
Load cast, | Isolated mass of sediment | Load cast, | Isolated mass of sediment that has sunk
pillow that has sunk into an | pillow into an underlying unit that has
structures underlying unit that has | structures | experienced hydro-plastic deformation,
experienced freeze-thaw liquefaction and/or localised
induced plastic deformation, consolidation due to cyclic shear density
liquefaction and/or localised changes. Range of sizes (<cm to >m).
consolidation producing
density changes.*
Dish/Pock | Modification of existing structures due to
et-and- shock-induced dewatering.
pillar
structures
Involutions Plastic deformations | Sismoslu | Convoluted  sedimentary  structures
resulting from ice growth | mp /| reflecting in situ deformation due to
and decay. May also result | Involution | cyclic lateral seismic loading. Under- and
from rapid thaw settlement | s overlying strata may be intact or show
and liquefaction.* grading (increasing deformation towards
surface). Structures may show no sign of
compression due to subsequent burial.
Wavy Plastic deformations | Wavy + uniformly folded unit reflecting in situ
structures resulting from ice growth | structure /| deformation due to cyclic lateral seismic
and decay. anticline- | loading. Under- and overlying strata
syncline 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 proxyd!®O 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:d'8O record for the transition from the Late Pleistocene to the Holocene Greenlandian stage.
Right: Rate of change per year for the d'®O 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. ¥C 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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®uann 3.P. Koaanns
Asamammolk, xkatie IKOA0UAALIK urxKerepus kapedpacol, bpyrero ynusepcumemi Jdordor, Axcopudsx, UBS
3PH, ¥Avbpumarus

KanmaTThiH Te3 JKbLABIHYBI XXarFAalbIHAa My3J4aThblAFaH TOIBIPAK JKylieAepiHiH JKaFAaiibl -
OTKeHTe TYCiHiK

Angarma. Kasipri KAMMaTTBIH >KbIABIHYBl MY34aTblAfaH TOIIBIPAKTBIH Y3AIKCi3 IeOTeXHMKabIK
e3repyiHe aKededi Jell KyTiayde. OTKeH KAMMAaTTBIH ©3TepPYyiH, acipece CybIK Ke3eHAl KapacThIPy: >KbLAbI
aybiCyJap OCBl ©3TepiCTiH BIKTMMaA TaOMFaThl TypaAbl TYCiHIK Oepe ajaAbl >KoHe OHJAAN >KepAaiH
>KarAaiipl OOVIBIHINA TYCiHIK Oepyi MyMKiH. AHBIKTaAFaH akKHdapaT Kelide eKIiYIITHI OOABIIl KeaeAi.
[lepuraasuaablK >KoHe CeICMMKAABIK IIpoOLecTep Kelige yKcac HoaTukedepai Oepeai. MysaaTbraran
TOIIbIpaKTapAbIH HeTi3ri KepceTKiIlTepi CYybIK-KbIABL aybICyJAap, MbICaAbl, TOAOLeHHIH I'peHaanan:
Ke3eHiHiH OacTaaybl Ke3iHJe yAKeH MarHuTyja 604ysl MyMmkiH. COHbIMeH KaTap, TOIbIpaK, KylieaepiHe
TYPaKChI3ABIK, KOCATBIH Kepi aybicydap 00Aybl MyMKiH. My3 acep eTeTiH TOIIbIpaKTapAbIH OOAallaKTarsl
reoTeXHIKAaAbIK ©3repyiH KapacThIpy YIIIiH Kyp4eAi KAUMAaTTHIK ©3repyai eckepy Kaker.

Tyitin cesagep: mnepuraacusaAblK TomlbIpakrap, I'peHaanausa, aedopmanusiap, KAMMAaTTBIH

e3repyi, epy.

Duanmn 3.D. Koaanus
Aenapmamerim zpaxoanckoil u aKor0zuveckoil urxerepuu, Jdondonckuil yrusepcumem bpyreas, Axcopudx,
UBS8 3PH, Coeduteritioe Koporescmso

Mep3ilble IIOYBE€HHbIE CMICTeMbI B YCAOBMIX 6bICTpOI‘O IIOTeIlAeHIsI
KayMaTta: BbIBOAbI 113 ITpOIIA0Io

AnnoTamms. OXmaaercs, 4TO TeKylllee IIOTeIldeHUe KAMMaTa IIpuBeJeT K ITOCTOSHHBIM
reOTeXHMYECKMM WM3MEHEeHMsAM B IIOYBaX MHOIOJETHell KPUOAMTO3O0HBI. VIsyuyeHme IIpOIILABIX
M3MEeHeHNI1 KAMMaTa, OCOOeHHO Ilepexo/, XOAO0AHOM CTajuM B TeIlAyIO, MOXeT AaTh IIpejcTaBAeHre O
IIOTeHIIMaAbHON IIPUPOJe DTOTO M3MEHeHNs], a TakKe MHPOPMAIUIO AAs OLIeHMBaHMS TaKUX y4acCTKOB.
IToayyaemble AaHHBIE MCCAEAOBaHMA He BCeTAa OAHO3HAYHBL: IEePUTAALNMaAbHBIE U CeliCMUYecKue
IPOIIeCcChl AAIOT CXOXIe pe3yabTaThl. JaHHbIe O AeAAHBIX KepHaX CBUAETEeAbCTBYIOT, UTO IepexoAbl OT
X0404a K TeIlly, HalpuMep, B Hadale TIPeHAaHACKOTO 9Talla TOAOIleHa, MOIYT MMeThb OOAbIIye
MaciTabbl, HO Tak’Ke MOIYT MMeTh MHBepCUM, KOTOpble A00aBASIOT HeCTaOMABHOCTL ITOYBEHHBIM
cucremaM. ITosTomy nipu paccMoTpeHny OyAyIIyX reOTeXHUYECKUX M3MeHeHNI B IIoYBaX MHOTOeTHell
KPMOAUTO30HBI HEOOXOAMMO YIUTBIBATh IIOTEHIIMAABHO CAOXKHbIe KAUMaTI4ecKe BO3AeCTBIA.

KaroueBbie caoBa: mepuraAsimaAbHbI TPYHT, ['peHaanaus, gepopmanny, n3MeHeHNe KANMATa,
OTTeIleAb.
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Quaun .9. Koaruns - /AoHaoHAarel BpyHeab yHUBepCUTETiHIH reoAorms >KoHe TeoTeXHMKaAbIK,
MH>XeHepus 00AiMiHiH OKBITYIIIBICHI.
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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.
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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.

Tablel
Geological and lithological conditions of the construction site
EGE Layer Description C (0 Ynatural *), | Su, Eoed. ref
deg. kN/m3 kPa
EGE-2 Clay silt. 0.7 29,4 19.3 15 2.750
EGE-3 The sand is medium- 2.7 31.5 19.0 - 30.000
dense, dense

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

EGE-8 The sandisdense 24 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
BECTHVK EHY umenu A.H. I'ymuresa. Cepus mexnuuemue Hayxu 1 mexHor0zuu Ne 2(135)/2021 37

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


mailto:gulshattleulenova23@mail.ru

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.

Analysis of wave passing in the pile
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Figurel.Test results of piles TP-02by the method of PIT
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Analysis of wave passing in the pile
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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<Ner

Fugure3. PIT pile testing

M
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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).
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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.

N

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

BECTHVK EHY umenu A.H. Tymunesn. Cepus mexruuentue nayku i mexHOA0ZUl Ne 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.
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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.
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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]:

S ={Syme=02-8=16Mm @)

Sumt=8cm-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: C 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 (=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
No Pile number The load-bearing capacity of the pile at a fixed draft of 16 mm
1. No pile 22m 1727 kN
2. Ne pile 23m 1815 kN
3. No pile 24m 1883 kN
4. No pile 25m 1975 kN
5. No pile 26m 2139 kN
6. No 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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I'.T. Taeyaenosa, A.)K. XKXycynoekos, JK.A. I[llaxmos, A.P. OmMapos
/A.H. I'ymuaes amoindazor Eypasus yammeorx yrueepcumemi, Hyp-Cyaman, Kasaxcman

TonbpIpakThIH MayCbIMABIK KaTybl Ke3iHAeri KagaablK ipreracrapabl CaHABIK Taajay

Anaarna.MakaaazaTonblpaKThIHMay ChIMABIKKaTY>KaFAalibIHAaFbIKaAaAbli preTacTh HHITIKe Ae
pikearipiaren. byakobOagakaiitaTueykypblabicrapbiably, — (IIpopsa, ATtbipayo0Oasicel, Kasakcran)
KYpblablcalaHblHAaKadalapMeHTOIIbIpaKThIHCTaTKaAbIKChIHay Aapblillaiijadanbiaaapl.  JKoba aysaHbI
Kacrmit TeHi3iHiH cOATYCTiK-IIBIFBIC JKaFaAaybiHBIH OoitbiHAa, [Tpopsa, Kasakcran MyHall KeH OpHBIHA
JKaKbIH >Kepae opHaaackaH. Kasipri yaksirra Coatycrik Kacnniigig Tepenairi mekreyai (Makcumym 8
M). CpIHaK HaTV>Keaepi OOMbIHINIA KaJaAblK ipreTacka KOHCTPYKTUBTI e3repicrep eHrisiai. CTaTmkaablk
ChIHAKTap >KaAIlbl Y3BIHABIFRI 27 MeTpre AeifiH 16 MeTpaik Kadadap MeH KypacThIpMaabl TeMipOeToH
0aliAaHBICTBIPFBIIT KajadapAa Kyprisiagi. bya seprreyaep kKypama KagaadapabiH Kacnmir Temisi
y4yacKeciHiH >KafaJay aiiMarbIHBIH IIpo0.JeMaAbl TOIBIparbIMeH e3apa dpeKeTTecy MeXaHWU3MiH TYCiHy
YILIiH MaHBI3ABI.

TyiiiH ce3aep:kadasap, caHABIK ChIHaKTap, >KykreMe-oTeipy, PIT.

I'T. Taeyaenosa, A.)K. Xycynoekos, XK.A. Illaxmos, A.P. Omapos
Espasuiickuil nayuonarvruiil yrusepcumem um. A.H. I'ymuresa, Hyp-Cyaman, Kasaxcman

UncaeHHDBIN aHaAM3 CBaliHbIX (yHAAMEHTOB B yCAOBMSX CE30HHOTO IIpOMep3aHus IpyHTa

Annoranms. B craThe npeacraBaeHbl pe3yabTaThl paOOTHI CBaltHOTO (pyHAAMeHTa B YCAOBUAX
Ce30HHOIO ITpOMep3aHMsI TPyHTa. B gaHHOM IpoekTe MCIIOAB3YIOTCS CTaTMYeCcKUe UCIIBITaHUs IPyHTa
CBasMM Ha CTPOUTEABHOI ILA0LIajKe Ieperpysodnbnix coopy:kenuit (ITpopsa, ATbipayckas oOaacTs,
Kasaxcran). Palion mnpoekra pacroaoXkeH BA0Ab BOCTOuHOro mnobepexnsi Cesepo-Bocrounoro
Kacnimitckoro Mopsi, Kak Ha cyIile, Tak 1 Ha 11eabde, He4aaeko OT HepTAHOTO MecToposkaeHns ITpopsa
(Kasaxcran). B nacrosiee spems Cesepuoiii Kacrinit nmeeT orpaHMueHHYIO TAyOMHY (MaKCUMyM 8 M).
Ilo pesyabTataM MCHBITaHMI OBLAM BHECEHbI KOHCTPYKTMBHBIE M3MEHEHMS B CBailHbI (PyHAaMEHT.
CraTnueckne UCIBITaHNS ITPOBOAMANCH Ha 16-MeTPOBLIX CBasiX M COOPHBIX KeA1e300eTOHHBIX
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COeAVMHUTEABHBIX CBasX oOOIIell AaMHON A0 27 M. DTM MCCAeAOBaHMS BasKHBI AAs TOHUMAaHMS
MexaHM3Ma B3aMOAENICTBISI COOPHBIX COCTABHBIX CBall C MPOOAEMHBIM I'PYHTOM ITpMOPE’KHON 30HBI
yuactka Kacrmmiickoro mopst.

Karouesble caoBa: cBasi, 4MCAeHHBIN aHaAMU3, Harpyska-ocaaka, 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 1985-1989% 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 available?.

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°C 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.

BECTHWK EHY umenu A.H. Tymunesa. Cepus mexruuemxue Hayku u mexHoA02uy Ne 2(135)/2021 49
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series



A Proposal of Standard Test Method for Frost Susceptibility of Soil

Temperature Temperature
control of the control of the
warm end freezing end

transdlucter

Computer
-calculations and
e Visualisations

of the output values

1— Displagement _l

M easuring device
-temperatures
-displecement

Vertical loading

Figure 1. Test device used in Sweden

Cooling Units Data Logger

[ooo’ ‘ooo

{ J (' ]Cold End.___/A___.3

Tank

+ ~

I

I
Warm End y || — TR ;

]
e Support . sufation _—
F:med SUPEZ':E : Strain :
'|!| Top Cap Gauge
Cell|(cylindirica ples(7) |
| |
' Fiter Papers< :
I |
om Cap 7 :
uter Ring Water |
|
I

Surrounding .

Bottom Pad~ ““Load Frame Temperature,

Load (+4°C) ;
b o o o o o o e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e e -
Figure 2. Test device used in Finland?
50 Ne 2(135)/2021 A.H. Tymunes amoirionzor EYY Xabapurvicer. Texuukarvi 2oAbM0ap Kate mexHoAOZUSATY cepusicol

ISSN: 2616-7263, eISSN: 2663-1261



T. Ono

Temp. Control Plate
To
Circulating From
Bath SRTIIIIIIIIIIAI LY, Circulating Bath
Cold, Plat % B
- e , Aluminum Plate
Acylic| 7y 4. T Jl——Membrane
Rings oy sy |
- /,'-:";' Temp Sensors
74 4 Mariotte
e ol Atoa e i Water Supply
F L0 e
/ /’ [ > .'A. 4 e
Zo Mool
. rPorous - - I
/ /| 1 Stone .
%0 Ring —
Base Plate
Aluminum Plate
: - Warm Plate — k. Temp. Control Plate
Extruded Polystyrene
Insulation Board
r L
Figure 3. Test device written in ASTM (USA)% US
Displacement Gau
Temp. sensor
Water Supply
O-ring
/ Insulaﬁ\
! crilic Cell
Brine Bath ]
Porous Plate; Specimen /; Filter Paper

| Water Supply

— Temp. sensor

Figure 4. Test device used in Japan® US

BECTHMK EHY umenu /1.H. Tyauncsa. Cepus mexusemxue nayiu u 1exHoAO2UU Ne 2(135)/2021 51
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series



A Proposal of Standard Test Method for Frost Susceptibility of Soil

Purpose

Parameters obtained

Specimen

Applied loads
Water supply

Temp. of top/bottom

Temp. sensors
Freezing direction
Test duration

Friction control
Specimen size D/H
Freezing and thawing

Chamber/Insulation

Purpose

Parameters obtained

Dimension and Procedure

Sweden

frost heave

segregational heave,
heat extraction rate

compacted
bottom

cold / warm fixed

7 thermocouples
top to bottom

4 days

100/100 mm

can be performed

+4 'C/70 mm

Dimension and Procedure

USA(ASTM-D5918)

frost susceptibility, thaw
weakening

heave rate, bearing ratio

Table 1

Finland

frost heave,
thaw compression,
frost susceptibility

frost heave ratio, SP

undisturbed/compacted
2,20,40 kPa

bottom

-3 °C/+1 Cfixed

8 thermistors

top to bottom

24 hours

rubber membrane
80-150/70-200

two cycles

0+1 OC/split barrel

Table 2

Japan (JGS-0171)
frost susceptibility

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
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Temp. of top/bottom  cold / warm fixed +0°C/-0.1 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, slight space, greased wall,
multi-ring cell 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
Table 3
Dimension and Procedure (for artificial freezing)6)
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

0
Temp. of top/bottom +0 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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Specimen size D/H

Freezing and thawing

60/20-40

one cycle

1/2
Model &=50+(00/c)(1+(UO/U) ),
& : frost heave rate, U: penetration rate,
o : confining stress
Table 4
Classification by Frost Susceptibility Index, SP”
Segregation Potential SP mm?/Kh
Negligible < 05
Low 05-15
Medium 1.5-3.0
Strong >3.0
Table 5
Classification by Frost Susceptibility Index, ASTM(USA)®
Symbol | 8-H Heave Rate mm/day
Negligible NFS <1
Very low VL 1to2
Low L 2 to4
Medium M 4 108
High H 8 1016
Very high VH >16
Table 6
Classification by Frost Susceptibility Index, JGS(Japan)>
Frost Heave Rate U, mm/h, Freezing Rate 1-2 mm/h
Low <01
Medium 0.1-0.3
High = 0.3
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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-8), 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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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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T. Ono

Xoxxkai-T'axyen yrusepcumemi, Cannopo, XKanorus
TonblpaKThIH asi3fa TO3iMAiairiH CbIHAY 94iCiHIH cTaHAAPT peTiHAe YCBIHBICHI

Anpaarma. TonblpakTelH asi3fa OelfiMAiairi OOMBIHINIA CTaHAAPTTHI ChIHAY 9AiCi YCBIHBIAAABI.
YcpIHBIC TeK OTaHABIK KaHa eMeC, XaAbIKapaablK ToXipubOege Ae opTak >koHe Oasamasbl carlaHBI
’KoDaay TeXHMKachlHa 1e 0oay y1riH KaxeT. bya Takpipsin 216 Texnankaarsik Komureriniy (ISSMGE)
MaHBI3ABl 9pi aFrbIMAaFbl MaKcaTTapbIHBIH Oipi 60abIT TaObraaabl. OCHl yaKbITKA A€VIiH TaAKbLAaHBII
KeaeAi. YCBIHBIAATBIH TeCTiAey o4iCiHiH MaKcaThl allKbIHAaAAblL, OipHellle eadepAiH apTypAi aaicrepi
Ca/ABICTBIPBIAABL, KaKeT 9pi >KaAIlbl MaKalalap TaHAaAAbIL, KeifOip TapMaKTap TaAKblLAayFa YChIHBLAABL
Bya ycpiHbIC TaAKblAayFa BIKIIAA €TiIl, COHFBI YCBIHBICKA KO/ YKeTKi3y YIITiH YCBIHBICTBIH >KOOachl 604a
aaaapl AeTI KyTiayae.

Tyi1iH ce3aep: TONBIPaKTHIH as3fa Oeltimaiairi, Tect aaici, TC216.
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Yuusepcumem Xoxxau-I'akyan, Cannopo, fInorus

IIpoexT MeTOAa OTIpeseaeHNsI MOPO3OCTOMKOCTU IPYHTOB B KadecTBe OOIeIIPUHITOrO
cTaHAapTa

Annortamms. Ilpegaoxena pekoMeHJalusl IIO CTaHAQPTHOMY MeTOAy MCHBITaHMII Ha
MOpPO3OCTOMKOCTh TPYHTOB, KOTOpasli HeoDXoauMa AAs TOIO, YTOOBI MeTOAMKa ITPOeKTUPOBaHILA
oOlIIlero 1 paBHOIIEHHOIO KadecTBa Oblda He TOABKO B OTEUECTBEHHON, HO U B MeXXAyHapOAHOI
npaxTuke. JaHHas TemMa sBAseTCs OAHOM 13 OCHOBHBIX M TEKYIIINUX 3a4ad TexHmdyeckoro komurera 216
(ISSMGE) un obcyxaaercst 4o cux mop. OmnpegeasieTcs Lieab IIpeAlaraeMoro peKoMeHAaTeAbHOTO
MeToJa TeCTUPOBaHNs, CPaBHMBAIOTCA pa3AUYHbIe MEeTOABl U3 HEeCKOABKUX CTpaH, BBIOMpPaIOTCs
HeoOXOAMMBIe 1 OOIIye CTaTby, a TakKXXe YKa3bIBaIOTCA HEKOTOpPBIe BOIPOCHI AAs OOCY>KAEHMU.
Oxmaaercs, 4To STO IpejaoKeHMe ChIIpaeT poAb IIpoeKTa HpeAA0>KeHUs, CIIOCOOCTBYIOIero
00Cy>KAEeHIIO U BBIpabOTKe OKOHJaTeAbHON peKOMeHAall.

Karouesble ca0Ba: MOPO30CTOMKOCTD ITOYBBI, MeTOA ucrbiTanms, 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 °C—12 °C—8 °C—
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4°C as the cooling gradient, the cooling rate of the incubator is 1 °C/min, and the sample is cured at 25 °C
for 12 h, and then cooled to 12 °C, 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 °C—12 °C—8 °C—4 °C—1 °C 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 °C for 24 h, and the
temperature is reduced to 12 °C 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/m?3.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/cm?K. In the liquid bath conditions, the Heat
transfer coefficient is 200 W/cm?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°C (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:

r,=3V/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.

180 ~Stabiiity Standard 0.95
~ 160 | = Air bath conditions
< _ 2
10| telair—O.OSrS +2.02r
[<5) + 2 _
E 10 R 0997
p | = Liquid bath conditions
=] | _ 2
£ 100 F ——t,,,=0.06r,>+0.02r,
N I
% 80 |- R?=0.9956
§ 60 |
= L
T 40
a L
e 20
(5]
2 L

O -
1 1 1 1 1 1 1 1 1

0 5 10 15 20 25 30 35 40 45
Effective radius rg( cm)

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
. . Equivalent radius Cooling Balance time
E tt 1 D H

xperiment type Sample size(D,H) (cm) method )
. 6.18 cm, 4 cm 2.61 7
saltce();f:ri?oﬂ)test 17.9 cm,11.59 cm 7.59 Gas bath 20
p 61.8 cm, 40 cm 26.1 88
3.91 cm, 8 cm 2.37 0.5
3D salt expansion test 5cm, 10 cm 3 Liquid bath 0.7
50 cm, 80 cm 28.56 46
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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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Y.J.Ji, X. Li
Birim Munucmpaizinity KAAGALIK XKepacmol urXeHepuicoiHolt Heziszi sepmxanacst, betixin Lizaomyn
ynusepcumemi, Ilexun, Koimati

1D Ty3AaaH iciHy CbIHa¥BIHAAFBI CyAb(aTTBI-TY3AbI TONBIPAKTBIH Telle-TeHAiK YaKbIThl MEeH
AepopMaIsIChI

Angarna.Tysaan iciHy mMaceaeci HaTpmii cyabdartsl Oap TOIBIpaK YIIiH CaaKbIH aliMaKTapaa
ayplp 0oapIl Keaedi. Bya >KymbIcTa Ty3ABl TONBIPAKTHIH Oip eamemAi iciHyi, KaHBIKKAH HaTpUIit
cyabdaTsl epiTiHAiCiHIH KpMCTaadaHy CBHIHAFBl JKOHE TOIIBIPAKTHIH CaHABIK CAaJAKBIHAATY CBIHAKTAPbI
Kyprisiain, TysjaH iciHy depopMaIMsACBIHBIH TYPaKTBIABIK YaKBITBIH 3€pTTell, Ty3AaH iCiHyAl chlHay
dAiCiHIH CcTaHAApPTTHl TOPTiOI aHBIKTaaAbl. OTKisreH chlHaK HITIKeaepi: (A) TemIlepaTypaHbIH Terle-
TeHAIri >KeHe KplUCTaajaHy Ipoleci Oip OarbITTarbl Ty34aH iCiHy chlHarbIiHAaA Oip Mesriage asKTaaalbl;
(B) KoHCOAMAAINIS CHIHAFBIHBIH CTaHAApPTHIHA CiATeMe Kacall OTBIPHII, iciHy >KbragamAbFsl 0,02MM/caF-
TaH a3 00AaThIH Ty34aH iCiHy CTaHAAPTTHI ChIHAFbIHAA KOAAaHyFa 004aabl; (C) TONBIPaKTLIH
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TeMIlepaTypaAablK Tele-TeHAITiHIH Taaall eTiAeTiH YaKbIThl KBajpaTThIK, ©AIIEeMIe COlIKeC Keaesi >KoHe
CYMBIK OpTa >KafjallbIMeH Ia3 OpPTachIHBIH KYIJiMeH caAbICTBIpFaHAA d44eKaiida >KbligaM O0Aaabl.
Jedopmalius MeH TeMIlepaTypa CMHXPOHAAAFaHABIKTAH, 9p TYpAi CaAKBIHAATKBIII OpPTaja¥Fsl 9p TypAai
eameMai yariaepaid gedpopMallVsHBI TYPaKTaHABIPY YaKBITBI YChIHBIAAABL. OCHI TY>KBIPBIMAApPABIH
HeriziHage Oip eamemai Ty3gaH iCiHy CbIHay 94iCiHiH CTaHAapTTBHl HpoIleAypachl YCBIHBLAAABI, OHAA
ChIHAK >KaOABIKTapHl, CHIHAK, ITpOIieci, Ty3AaH iciHyAiH AepOpMalVICHIH TYPaKTaHABIPY YaKBITHI SKoHe
MaaAiMeTTepAl OHARY 94ici KeATipiareH.

Tyiiin ce3aep: cyabdart, Ty3Abl TOIBIPaK, TY34bI iCiHy, yaKbITTBI Ty pPaKTaHABIPY, TaXKipuoOe ajici.

Sabnse Hsu, Kcy An
Katouesas aabopamopus 20podckozo nodsemmozo cmpoumervcmea Murucmepemesa odpasosariusl, Ilexurckuii
ynusepcumem Llzaomymn, Ilexun, Kumaii

HPOAOA)KI/ITEAI)HOCTI) pPaBHOBECUsI 11 Ae(l)OpMaI_H/IOHHbIe XapaKTepUuCTUKN Cy[lb(l)aTHO-
3aCOA4€HHOTIO IpyHTa: Ha6yxaHI/Ie IIp OAHOMEPHOM MCITbITAHN

Annoramms. IlpoGaema coaeBoll ®DKCHaHCHUM SABAAETCS OYEHb CePbhe3HOM JAAs TIPYHTOB,
coep Kalux cyabdar HaTpus B XOA0AHBIX PerroHax. B craTtbe nmpeacrapaeHbl pe3yAbTaThbl, CBsI3aHHBIE C
UCHBITAaHUSAMM Ha OAHOMEepHOe HaOyxaHMe 3acOAeHHON ITOYBBI, MCIIBITaHMeM Ha KpUCTaAAU3aluio
HaCHIIIIEHHOTO pacTBopa CyAbdaTa HaTPUs M YMCAHHBIMY MCIBITAaHUAMI Ha OXAa’KJAeHMe ITOYBBI 445
U3ydyeHNUs: BpeMeHM CTabumabHOCTH JedpopManuy HaOyXaHUs COAEBBIX TPYHTOB U OIpeleAeHNs
CTaHAApTHOI IIpOlleAyphl MeTOJa MCIIBITAaHM: Ha HaDyXaHye COAeBhIX I'PYHTOB. Pe3yAbTaThl MCIIBITAaHNI
nokasaanu: (A) mporecc TeMIIepaTypHOTO paBHOBeCUS ¥ KPUCTaAAM3alMM TIOYTY 3aBepIIaiOTCs
OAHOBPEMEeHHO MPM OJAHOMEPHOM UCIIBITAaHMM Ha coaeBoe pacimmpenue; (B) crangapr mcnpiranns na
YIAOTHEeHIE, COTJAacHO KOTOPOMY CKOPOCTh paciimpeHmns cocrasaser menee 0,02 Mm/4, Moxer
JICII0AB30BaTLCs IIPY UCIIBITAaHUU Ha coleBoe pacimpenne; (C) Tpebyemoe BpeMsI 4451 TeMIIepaTypHOTO
paBHOBecHs IIOYBBI KBaJpaTUYHO 10 OTHOIIIEHMIO K pa3Mepy oOpaslia I HAMHOTO OBICTpee B YCAOBMX
JKMAKOI CpeAbl 110 CpaBHEHNIO C YCAOBUAMM B Ta3oBoli cpee. [lockoapKy dedpopmariis u TeMieparypa
CHMHXPOHM3UPOBaHbI, peKOMeHAyeTCsl BpeMsl cTadbuansanun gedpopmarnuy oOpasiios pasHOTO pa3Mepa B
pasHBIX OoXAaxkJaomux cpegax. Ha ocHoBe ®Tux pe3yabpTaTroB IpejaaraeTcs CTaHAapTHas IIpoliedypa
MeToJa OAHOMEpPHOIO MCIIBITaHMs Ha COAeBOe pacIiipeHne, B KOTOPOM IIPUBOAATCA MCIBITaTeAbHOE
0o0opyAoBaHMe, IIpollecC UCIBITaHMs, BpeMs cTabuansanuy, AepopMaluy COA€BOTO pacIIMpeHus U
MeTo/ 00pabOTKM AaHHBIX.

Karouesbie caoBa: cyabdaT, 3aCOA€HHBI TPYHT, COAeBOe paclllipeHne, BpeMs CTaduAu3aiuy,
DKCIIEPUMEHTAABHBIN METOA,
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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.
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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
0,0025
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Table 3
Participants ' results
Laboratory code pH value Extended uncertainty, pH
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

1,255*)2
14

X* - robust average value;

s* - robust standard deviation;

p —number of participants;

u,- standard uncertainty of the assigned value X. [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

u,<0,30

then the uncertainty of the assigned value of u,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, pH 1-processing 2-processing
0 =0,025 0 =0,025
x*- 0=7,34 x*- 0=7,34
x*+ 0=7,46 xX*+ 0=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 74
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 7,4 7,4 7,4
value, x*
Robust standard
deviation, s* 0,037 0,05 0,05
Evaluation of the functioning characteristics
Table 5
Evaluation of a quantitative indicator
Laboratory code Meaning pH Extended uncertainty, pH z
Laboratory 1 7,36 0,06 -1,11
Laboratory 2 7,15 0,1 576
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 74 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)/o

x — measurement result of the participating laboratory,
X —assigned value.
o — standard deviation for the qualification assessment.

BECTHMK EHY umetu A.H. T'ysuresa. Cepus mexnusemicue Hayku u mMexHOA02UU
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series

Ne 2(135)/2021

67



Comparison of the results of pH measurements in a buffer solution

The performance characteristic is evaluated as follows:

at |zl <2 -the quality of the test results is recognized as satisfactory;

at 2 < Izl < 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 (1z| <2), which corresponds to satisfactory performance of the work, and Laboratory 2 exceeded
the limits of the permissible values (Iz| > 3), which corresponds to unsatisfactory performance of the
work in the field of pH determination.

References

1. TOCT ISO/IEC 17025-2019 «OOmine TpeOOBaHMA K KOMIIETEHTHOCTM WCIIBITaTEABHBIX WU
KaAOpOBOYHBIX Aaboparopuii» [DaexTopon. pecypcl. -2019. -URL:
https://docs.cntd.ru/document/1200166732 (aata obparenns: 24.11.2020).

2. TOCT ISO/IEC 17043-2013 «Omenka cootseTrcTBus. OCHOBHBIE TpeOOBaHUS K IIPOBEAEeHNIO
MIPOBEPKI KBaAMQpUKAIUI» [DaexTopoH. pecypc]. -2013. -
URL:https://docs.cntd.ru/document/1200108187 (aata oOparennst: 24.11.2020).

3. TI'padux mposejenHms MekaabOpaTOPHBIX cAMdeHMI [DaexTopoH. pecypc]. -2020.-URL:
https://kazinmetr.kz/upload/services/10_graph_2020.pdf(aaTta oOparenn: 08.12.2020).

4. ArtrecTaT akKpeAuTalMM HpoBepku Kpaanbuxanum [DaekTopoH. pecypc]. -2020.-URL:
https://kazinmetr.kz/upload/services/%D0%9F %D1%80%D0%BE %D0%B2%D0%B0
9%D0%B9%D0%B4%D0%B5%D1%80%20%E2%84%96KZ.%D0%A1.01.1512_05.08.2019_%D1%80%D1%8
3%D1%81.jpg (aaTa obpamenmns: 08.12.2020)

5. CT PK 15013528-2010 «CraTucTudeckne MeTOABI, IIpUMeHseMble IIpU IIPOBepKe
KBaAMQpUKaIuM Aad0paTopuil IOCPeACTBOM MeKAaOOpaTOPHBIX CAMYeHUI». [DAeKTOpoH. pecypc]. -
2010. -URL: https://www.egfntd.kz/rus/tv/343634.htm1?sw_gr=-1&sw_str=&sw_sec=24  (aara
obpamenns: 25.11.2020).

6. A.A. IMaasanuxo, BV 3ryps, P.I. Ilanyma IIpumenenme pobacTHBIX MeTOAOB aHaAM3a
AAHHBIX IIpM OIpaHMYEHHOM umcle HaOAIAeHUil: DAeKTpudyeckue U KOMIIBIOTePHBIe CUCTEMBI.
[Daexktopon. pecypc]. -2012. -URL: https://elibrary.ru/item.asp?id=17782085 (saTa oOpamieHus
14.11.2020)

68 Ne 2(135)/2021 A.H. Tymunes amvintdazor EYY Xabapuvicer. Texnukarvtis 2biAblM0ap xate mexHoAOUSAGP cepusichl
ISSN: 2616-7263, eISSN: 2663-1261


https://docs.cntd.ru/document/1200166732
https://docs.cntd.ru/document/1200108187
https://kazinmetr.kz/upload/services/10_graph_2020.pdf
https://kazinmetr.kz/upload/services/%D0%9F%D1%80%D0%BE%D0%B2%D0%B0%20%D0%B9%D0%B4%D0%B5%D1%80%20%E2%84%96KZ.%D0%A1.01.1512_05.08.2019_%D1%80%D1%83%D1%81.jpg
https://kazinmetr.kz/upload/services/%D0%9F%D1%80%D0%BE%D0%B2%D0%B0%20%D0%B9%D0%B4%D0%B5%D1%80%20%E2%84%96KZ.%D0%A1.01.1512_05.08.2019_%D1%80%D1%83%D1%81.jpg
https://kazinmetr.kz/upload/services/%D0%9F%D1%80%D0%BE%D0%B2%D0%B0%20%D0%B9%D0%B4%D0%B5%D1%80%20%E2%84%96KZ.%D0%A1.01.1512_05.08.2019_%D1%80%D1%83%D1%81.jpg
https://www.egfntd.kz/rus/tv/343634.html?sw_gr=-1&sw_str=&sw_sec=24
https://elibrary.ru/item.asp?id=17782085

B.U. Baikhozhayeva, A.K. Zhumagali, A.E. Moldakhmetova

Bb.Y. baiixoxaesa, A.K. JKymaraan., A.E. MoaagaxmeToBa
A.H.I'ymures amoindazor Eypasus yammorx yHusepcumenmi
Hyp-Cyaman x., Kasaxcman Pecnydauxacol

Bygepaik epitinaiageri pH eamey HaTIKeaepiH caabICTBIPY

Angaarna. KaxxeTTiZikTiH ecyiHiH HoTMKecCiHAe 3epTXaHaapaAblK CaABICTBIPY OTKi3y KesiHae
TipeK MoHIiH TaHAayAbl 3epAeley MaHbI3bI Oap >KoHe OJaH Ja acTaM ©3eKTi 00AbII Keaeai. bepiaren mon
0i4iKTiZIKTi TeKcepyre KaTBICYIIBLAapABIH HOTIKeAepiH CaABICTBIPY Ke3iHAe TipeK HyKTeci 0OOABIIT
TabbLaaAbl. JKui GiaikTiZiKTi Tekcepy mpoBaiidepAaepi TaralibIlHAaAFaH MoHALI TaHAAy KesiHAe OipkaTap
npo0aeMaaapra Tall 004aAbl. 3epTXaHaapaAblK CaABICTHIPY HOTUIKeAepiH TOABIK Taljay 3epTXaHAHbBIH
KY3BIPETTiAiriH 4941 eMec OaralayFa okeleAi, OyA KaTBICYIIbI-3epTXaHaHBIH aKKpeAUTTeY aTTeCTalllsChIH
KallTapblll aly¥a bIKIIal eTeAl.

bya makaaaaga TOCT ISO/IEC 17043-2013 ycbiHFaH OapABIK CTaTUCTMKAABIK TaljayAapAbIH
MasMYHBIMEH TypAbIH OacblHaH asIfFbIHAa AeMiH 3epTXaHaapaAblK CaABICTBIPY HOTUKeAePiH TOABIK
CTaTUCTUKAABIK TalAayAbl YChIHYFa 9peKeT >KacaaAbl.

Bydepaik epiringigeri pH eamemaepiniy MeTpoaornsaaplk OakblaaHYBIH KaMTaMachl3 eTyre
OarbITTaAFaH Ka3zakcraHHbBIH ChIHAK, 3epTxaHaJapblHAa KyprisiareHn 3epTxaHaapaAablK
CaABICTBHIPYAAapABIH HOTIKeAepi YCHIHBIAFaH. bydepaik epiTiHAiHIH Tipek MoHJAepi MeMAeKeTTiK
FBLABIMIU METPOAOIUAABIK OPTaAbIKTa aHbIKTaAFaH.

Tyiin ces3aep: KadarasdaHysl; pedepeHTTIK 3epTXaHa; MeTpPOAOTNUs; CBHIHAK 3€pPTXaHachl;
3epTxaHaapaAablK CaAbICTHIPY.

b.V. baixoxaesa, A.K. X Kymaraan, A.E. Moaagaxmerosa
Espasutickuti nayuonaronvii yrusepcumem um./1.H.I'ymuresa
Hyp-Cyaman, Kasaxcman

Canuenne pesyabTatos nsmepenuii pH B 6ygepaom pacTsope

Annotarmms. Bospacraer HeoOXOAMMOCTh M3y4yeHUs BbIOOpa IIPUIIMCAHHOTO 3HAY€HMUs IPU
IIpOBeJeHIUN MeXXAaOOpaTOPHBIX CAMYEHUII, YTO CTAaHOBUTCS Bce OoJee aKTyaAbHBIM BOIIPOCOM,
IIOCKOABKY HPUIIMCAaHHOe 3HadeHMe SBASEeTCS OIOPHOM TOYKOM IpM CpaBHEHUU pe3yAbTaToB
YJaCTHUKOB  KBaAM(pUKAIIMOHHOIO TecTa. 3adacTyl0 IpoBalidepbl IIPOBEpPKM KBaAMpUKaIUu
CTaAKUBAIOTCS C PsSAOM HpoOaeM mpu BeIOOpe IIpUMOMCaHHOTO 3HadeHu:A. Heroanbni anaams
pesyapTaToB MeXXAaODOpaTOPHBIX CAMYEHUII IIPUBOAUT K HETOYHOIM OIleHKe KOMIIeT@HTHOCTU
aabopaTopuy, 4YTO CIIOCOOCTByeT aHHyAMPOBaHMIO cepTuduUKaTa aTTecTalun y4acTHMKa-
AabopaTopun.

B aannoit crathe mpeanpuHATa MOMBITKA IIPeAOCTaBAEHN IOAHOTO CTaTUCTUYECKOTO aHaAM3a
pe3yabTaToB MeXXKAaDOpaTOPHBIX CAMYEHMII C Hadada AO 3aBepIIeHMsl Typa C COgep>KaHMeM Bcex
CTaTUCTUIECKUX aHaan308B, pekomeHAoBaHHbIX B TOCT ISO/IEC 17043-2013.

IIpeacTaBaeHBl pe3yabTaThl MeXXKAaOOPATOPHBIX CANYEHMI, IPOBEJEHHBIX B MCIIBITaTeAbHBIX
aabopatopmax — Kasaxcrana, KOTopple  HampaBAeHBI Ha  ODecrledyeHne  MeTPOAOTMYECKON
npocaexxnsaeMocTt musmepenmii pH B OydepHom pactBope. DrasoHHBIe 3HaueHUs OydepHOro
pacTBOpa onpejeaeHsl B TOCyAapCTBeHHBIM HayYHOM MeTPOAOTMYEeCKOM IIeHTpe.

KaroueBbie caoBa: 1pocaeXxmBaeMoCTb, pedepeHTHast —aabopaTopus,  MeTpPOAOTH,
UCIIbITaTeAbHas AabopaTopus, MexXKAabopaTOpHOe CANYeHNe.
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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.

DOI: doi.org/10.32523/2616-7263-2021-135-2-71-81

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- The use of the "Snow Leopard" software made it possible to predict the
2013 [15] 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- The use of the program made it possible to determine probabilistic
2013 [15] 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.
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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).

Standards for temperature and

strength control of concrete
|

|
ST-NP SRO SSK-04-2013 ASTM C 1074 NEN 5970
according to — :
temperature graphs Nurse-Saul mif:;ig
3
Arrhenius

Figure 1. Standards for temperature and strength control of concrete
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C
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74 Ne 2(135)/2021 A.H. Iymures amvindazor EYY Xabapuvicor. Texnuxkarvis 2oiAbimM0ap Kate mexHoAOZUSATY cepusicol
ISSN: 2616-7263, eISSN: 2663-1261



A. Aniskin, A.Tulebekova

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.

Laboratory Field Resulting

4. Embedding sensors

1. Sample testing
5. Sensor connection

11.Calculation

6. Concrete pouring

2. Dipping the sensors into the
samples

7. Sensor setting

8. Control of thermal stresses in
concrete

12. Additional tests

9. Analysis

3. Analysis of results

10. Removing the formwork

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: K1 - reliability of the method and availability of normative literature; K2 -
possibility of application to various structures (by form, reinforcement, responsibility); K3 - labor input;
K4 —the safety of testing; K5 - 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 Indicator ST-NP SRO SSK-04-2013 ASTM C 1074 NEN 5970
numbering as
per Figure 2 A B C D E F
1 K1 10 10 10 9 9 9
K3 10 10 10 8 8 8
K4 9 9 9 9 9 9
K5 10 10 10 8 8 8
K3 8 9 10 10 10
K1 6 10 8
K3 5 10
K5 8 10 9 10 9 10
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4 K1 9 10 10 8 8 8

K2 10 10 10 10 10 10

K3 9 10 9 9 9 9
5 K3 9.5 9.5 9.5 10 10 10
6 K3 10 10 10 10 10 10
7 K3 9 9 10 10 10
8 K1 9 10 7

K5 8 10 7
9 K1 9 9 10 9.5 9
10 K3 8 8 9
11 K1 5 7 10 8
12 K3 4 7 10 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
K1 K2 K3 K4 K5
K1 1 4 0.33 2 4
K2 0.25 1 2 4 0.2
K3 3.03030303 0.5 1 1 0.25
K4 0.5 0.25 1 1 0.2
K5 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
K3 1.8821 1.8821 1.8821 1.5056 1.5056 1.5056
K4 0.6393 0.6393 0.6393 0.6393 0.6393 0.6393
K5 2.9868 2.9868 2.9868 2.6881 2.3895 2.6881
) 8.6299 8.6299 8.6299 7.6427 7.3440 7.6427
2 K3 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821
Z 1.5056 1.6939 1.6939 1.8821 1.8821 1.8821
3 K1 1.8731 2.8096 3.1218 2.4974 2.4974 2.4974
K3 0.9410 1.8821 1.5056 1.6939 1.1292 1.5056
K5 2.3895 2.9868 2.6881 2.9868 2.6881 2.9868
Z 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 | 24974 | 2.4974
K2 12990 | 1.2990 | 1.2990 | 1.2990 | 1.2990 | 1.2990
K3 1.6939 | 1.8821 | 1.6939 | 1.6939 | 1.6939 | 1.5056
T 5.8025 - 6.1147 54903 | 54903 | 5.3021
5 K3 1.8821 | 1.8821 | 1.8821 | 1.8821 | 1.8821 | 1.8821
b 1.7880 | 1.7880 | 1.7880
6 K3 1.8821 | 1.8821 | 1.8821
b
T 1.6939 | 1.6939 | 1.6939
8 K1 2.8096 | 3.1218 | 2.8096 | 2.4974 | 24974 | 2.1853
K5 23895 | 29868 | 2.3895 | 1.7921 | 2.0908 | 2.0908
T 5.1991 51991 @ 4.2895 | 45882 | 4.2760
9 K1 2.8096 | 2.8096 2.8096 | 2.8096 | 2.8096
T 2.8096 | 2.8096 2.8096 | 2.8096 & 2.8096
10 K3 1.5056 | 1.5056 | 1.5998
T 1.5056 | 1.5056 | 1.5998
11 K1 1.5609 | 2.1853 | 1.8731
T 1.5609 | 2.1853 | 1.8731
12 K3 07528 | 1.3174 | 0.9410
T 0.7528 | 1.3174 | 0.9410

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 C 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 C 1074 Nurse-Saul;
— The process 6 — ST-NP SRO SSK-04-2013, ASTM C 1074;
— The process 7 — ASTM C 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 C 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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beToHHBIH TeMIIepaTypachkl MeH OepiKTiria 60akbLaayAarbl OipbIHFal TICiA

Anpaarna. Cananel Oakblaay cadachIHAAFbI TEOPUAABIK JKoHe DKCIIePUMEHTTIK 3epTTeyaepaiH
AaMybl OeTOHHBIH OepikTirin OarasayAblH KeIITeTeH d4icTepiHiH Iaiiga OoaybiHa okeaai. Kaabimrarst
OeTOHHBIH OepiKTiriH >keaea aHbIKTay YILiH epTe ycTay caThIChIHAA O@TOHHBIH TeMIlepaTypackl MeH OHBI
yCTay yaKBITBIHBIH ©3apa OalidaHbIChIHA HeTidgeAreH TeMIlepaTypaablK—OepikTik Oakblaay (BTBB) Taciai
HeFypAbIM  OeltiMgeareH ©Ooaplll  TaOblaagbl. beroHHblH OepikTirin 3epTrey cTaHAapTTapAbIH
TaJaIlTapblHa CaliKec >KYprisiayi kepek. HopmarusTik Ky>kaTtTama OOIBIHIIIA HEFYPABIM OeifiMAeAreH
craHgaptrap ASTM C1074 (AKII) 6oapim Taderaaasr); NEN 5970 (Huaepaanasr); CT-HIT CPO CCK-
04-2013 (Peceit). Aaaiiaa, BTED apbip aaictiy OapAbIK apTHIKIIBLABIKTapbIH eckepred BTBD -ra kaTbicTh
Kasipri Taciadepi >KOK. ABTOpAap >KYHITBIK CaAbICTBIPY 84iciH KoagaHa oTbIpbin, BTBD eaaicrepi men
MiHAeTTepiHiH op KpuUTepuili MaHbI3AbIABIFBIHBIH CaAMarblH aHbIKTaAbl. AABIHFaH HoTVKeAep HeTisiHge
OeTOHHBIH KOAJaHBLAYBIH OaradayAbl eckepe OTBIPBIN, OHBIH TeMIlepaTypaAblK-OepikTik OaKblaayblHa
OipbIHFail Toacia KYpbLaAbL Bya Tacia Gakplaay KeseHAepiHiH ecellTepiH IIellyAe eH KaKChl agicTepre ue
KOIITeTeH oJicTepaAi KOAJAaHyABl IIIeKTey MaceleciH Iemesi. BeToOHHBIH TeMmepaTypaAablK-OepikTik
OakblaayblHa OipisgeHAipiareH Tacia OeTOH >KoHe TeMipOeTOH KOHCTPYKIMsAAapbIHbIH JKOFaphl carachl
MeH Y3aK Mep3iMJailiriHe K04 >KeTKidyre MyMKiHAiIK Oepeai.

Tyiin ce3aep: craHagapT, OeTOHHBIH KaTalO TeMmIlepaTypachkl, OeTOHABI Oy30ail ChIHAY,
eHJipiareH ceHcop.
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YHN$mimpoBaHHbIN II04X04 K TeMIIepaTypHO-ITPOYHOCTHOMY KOHTPOAIO OeTOHa

Annoranms. Passutye TeopeTMYecKMX M 9KCIepUMeHTaAbHBIX MCCAeJO0BaHMII B 00AacTu
KOHTPOAs KauecTBa IIpUBEeAO K MOSIBAHMIO 3HAaYMTeAbHOIO KOAMYeCTBa MeTOAOB OIIeHKM ITPOYHOCTU
OeroHa. /451 olepaTUBHOIO OIlpejeAeHNs IIPOYHOCTY OeTOHa, HaXOASAIIerocs B ornaayOke, Ha paHHel
CTaAMM BBIAep>KMBaHU: HamboJee ajallTMPOBAHHBIM SBASETCs CIIOCOD TeMIlepaTypHO—-IIPOYHOCTHOTO
koutpoas (TIIKB), Oasmpyromierocss Ha B3aMMOCBSA3M TeMIlepaTyphl OeTOHa I BpeMeHM ero
BBIAEP>KMBAHNSL.

VccaeaoBanus mpodHocTy OeTOHa JOAXKHBI BBIIIOAHATHCA II0 TpeOOBaHMUAM CTaHAAPTOB.
Hanboaee agantupoBaHHBIMM 10 HOPMaTUBHON JOKYMEHTaIuM sBASIOTCA craHAaptel ASTM C1074
(CIITA); NEN 5970 (Humaepaanasr); CT-HII CPO CCK-04-2013 (Poccus). OgHako cyllecTByIoLye
noaxoapl K TTIKB, xoToprle yunThiBaau Obl BCe HpeMMyIecTBa Ka’KAO0rO M3 MeTOAO0B, OTCYTCTBYIOT.
ABTOpBI, UCIIOAB3Ysl METO/ HapHOIO CpaBHEHN:, OIpeleAnAM BeC 3HauMMOCTM Ka’KAOTO KpUTepus
MerodoB u 3agad K TIIKb. Ha ocHOBaHMM T10Ay4eHHBIX pe3yAbpTaTOB Obla cPopMUPOBaH
YHU(PUIMPOBAHHBIN 1104X0/ K TeMIlepaTypHO-IIPOYHOCTHOMY KOHTPOAIO OeTOHa C y4eTOM OIeHKM ero
IpUMeHMMOCTH. /laHHBII TI0AXO4 IIO3BOAUT PeIIuTh Ipo0JAeMy OrpaHUYeHNUs IIPUMeHeHMs
0OABIIMHCTBA METOAOB, KOTOpPhIe B CBO€Il OCHOBe MMEIOT Aydlllie IIpMeMbl B pellleHnM 3ajad DTarioB
KOHTPOAs. YHUPUIIMPOBAHHBIN IT0AXO0/ K TeMIlepaTypHO-IIPOYHOCTHOMY KOHTPOAIO OeTOHa ITO3BOANUT
AOCTUTHYTb BLICOKOTO Ka4eCTBa M 40ATOBEYHOCTY OETOHHBIX I Ke1e300€TOHHBIX KOHCTPYKITHIA.

KaroueBbie caoBa: cTraHaapT, TeMIlepaTypa TBepAeHus OeTOHa, Hepa3pyIIaiomNii KOHTPOAb
OeToHa, BCTpaMBaeMBblil AaT4MK.
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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 °C. 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 °C, and the measurement error is within acceptable range of
0.8%. When the soil temperature is between -6 and 0 °C, 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.
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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 A . For the FBG sensor, this wavelength is sensitive to changes in temperature (7’
) 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]

Ay

AgCr

AT 1)

where cr is the wavelength sensitivity coefficients for temperature, Adp is the wavelength change,

AT is the temperature change.

FBG2 FBGN
Broadband ” —
light source ----HHH

Optical spectrum
analyzer

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 (7" ) of the AH-FBG sensor

during heating is related to time (Z ) according to the theoretical solution for a line heat source [30]:

T—Toz—%lnt—kB 2)

where T is the initial temperature before heating (°C). # and ¢ are the heating time (s) and the heat
source strength per unit of length (W/m), respectively. A is the thermal conductivity (W/(m-°C)) of the

frozen soil. B 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 A from the slope K of the heating data with Eq. (2)
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_q
A= 4K ®)

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 (Ay ) and a lower

limit (AL ), which can be expressed as [6]

=Y 0.h @)

1

1
“TRE

where 0. and /A, 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.

Fiber optical cable

Aluminum oxide tube FBG Electrical resistance
y | | 4
|
l 40 mm i
Stainless-steel flange Optical fiber Stainless-steel tip

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 —16 to 5°C. 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 —16 to 5°C. 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

Liquid Plasticlimit Optimum Natural dry Maximum dry Specific

Soil type limit (%) (%) water content density (g-em?) density (g'm3) 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

(Ac ) of the frozen soil sample at the temperature of —16 °C.

./ Data logger

22888338
00600000

Low temperature chamber
P Fiber optical cable

0 .

PVC sample

T Interrogator Computer
BB R B /e
D OO O DC power supply

Ring cutter wrapped soil sample e

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 1I, the soil
temperature was between -3.16 and -1.2 °C (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 (AL and

Au ) can be calculated using Egs. (4) and (5).
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Figure 4. Evolution of (a) soil temperatures (7" ) obtained by thermistors and (b) unfrozen water contents

(w,) 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 (4, ) can be calculated after substituting the
temperature within the valid period into Egs. (2) and (3).

Figure 6 shows the comparison between the limit values of thermal conductivity (AL and Ay)
calculated by Egs. (4) and (5), the reference value (),c) obtained by the heat transfer analyzer and the
measured values (A,) obtained by the AH-FBG method. As shown in figure 6, when the initial
temperature was less than —6 °C and greater than 0°C, A, is between the upper limit (Au) and the
lower limit (A ). They all have the same trends with the temperature, which indicates the rationality
measurement of /13 . In addition, at the temperature of -16 °C, /10 and /la have great consistency, and
the error between them is only 0.8%, which shows the high accuracy of A, . While the initial temperature

is between —6 and 0°C, especially between —3.16 and 0°C, A, 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 —6 °C, 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 —6 ~ () °C.
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Figure 5. Measured temperature changes (a) as a function of ¢ and (b) as a function of In# during heating

at different initial temperatures
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Figure 6. Comparison between the reference values of thermal conductivity (AL, Ay and A.) and the

measured values of thermal conductivity (4,) 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 °C and above 0°C. 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 °C.

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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by By!, Xyn-Xy Uxy'?, Anndon3
DKep myparvt 2uiavimdap xate umxenepaix mexmedi, Hanwkun ynusepcumemi, Harwcun, Keimaii

2MysdamuiAzat Monvipax, KYpulAbICOIHbIH MeMAeKemmik Kiam sepmxaracsl, Jdarouxoy, Kvimaii

3Kypuiavic mexme0i, Cyno HAmcen yrusepcumemi, I'yaruxoy, Keimaii

Mys3aaTblaFaH TOIIBIPAKTBIH XXbIAY ©TKI3TIIITIriH TaAMIBIKTHI-ONTUKAABIK 4aTYUKTEePAi

KOAJaHy apKblAbl ©AIeY

Anpaarma. JKplay eTKisrimTiri MysaaTblAFaH TOMBIPaKTaFbl >KblAy OepyAi aHBIKTAy YIIIH eTe
MaHbI3AbI, OipaK TOIBIpaK KacHeTTepiHiH TypaKChI3AbIFbIHA OalldaHBICTBI 494 ©AIlley MaHAEepPiH aay
KUBIHFa COFaapl. JKaKbplHAa TaAIlIBIKTBI-ONTUKAABIK 30HATAy TeXHOAOTUAAAPHI 9PTYPAi reOTeXHUKAABIK,
IapaMmeTpAepai 494 >KoHe TapalaTblH OpPHBIHAA OaKblaayfa MYMKiHAIK Oepai. bya >xymbicra
MY34aTbLAFaH TONBIPAKTBIH >KBIAY OTKI3TIiIITIriH ealey KesiHAe OeAcCeHAl KbI3ABIPBIAFaH TAAIIBIKTHI
Bragg Topn (AH-FBG) aaiciHiH OpBIHABIABIFB 3€pTTeAill, My34aThlAFaH TOIIBIPAK yATidepi OObIHIIIA
Oacrankpl 16-gan 5 C-re geliinri ap Typai OacTamksl TemIleparypadapda OipkaTap 3epTXaHaAbIK
ToxxipuOeaep xacaaabsl. AH-FBG eamemaepin Oaraday YIIIH >KbIAy OTKi3TiIITIKTiH TeOPUSABIK
JKOFap¥hl JKoHe TOMEHTi IIeKTepi KOAAaHbLAABL. ©allley A9AAIriH aHBIKTAy YIiH JKbIAY ©TKIi3TiIITiK
aHaAM3aTOPhbl Ka3faH >KbLAy OTKI3riITik KoagaHblaabl, AH-FBG saici My3daTblafaH TOIBIPaKTBIH
KBIAY OTKI3TIITIK Koo PuiinenTin H6acTankel TeMneparypa - 6 °C rpagycrad ToeMeH D0afaHAa >KoHe
eAllley KaTeliri 494 OoaraHAa eAllleil adaAbl JereH TaXKipuOeaik HITVKeAep aAbIHABI, aa ©AIley
Kareairi 0,8% aeHreitinAe KaasnTacTsl. TonbipakTeIH TeMiieparypacsl —6 MeH 0 C apaabiFbiHAa 60aFaH
Ke3Je, My3JaTblAFaH TOIBIpaKKa KbI3yAblH Oy3bplayblHa OalidaHBICTBI ©AIleyAiH aiTapAbIKTail
Kareaikrepi OailKaaAbl.

TyitiH cesgep: My3JaTbLAfaH TOIBIPaK, TaAIIBIKTHI-ONTMKAABIK JAaTdMKTep, Bragg TaAIIBIKTHI
Topsl (FBG), Geacenai KpI3aplpplaran onTukaaslk Taamsikrap (AHFO), xpiay erTkisrimrik, ¢pasaabik

earepic.

bun By?!, Xyn-Xy Uxy'?, Anndpon3
lIkora nayx o 3emae u urxenepuu, Hanxurnckuit yrusepcumem, Hanwun, Kumait

2[ocydapcmeentas KA0ue6as Aabopamopus utxeHepuu meprvix zpynmos, Jdanvuxoy, Kumaii

3I1Ixora epaxdarckozo cmpoumervemsa, Yruusepcumem Cyno HAmcena, I'yarnuxoy, Kumaii

MSMQPEHI/IE TeIIA0IIPOBOAHOCTYM MeP340I0 I'pYHTAa € IIOMOIIBIO OIITOBOAOKOHHBIX AaTYMKOB

Annoramst. TenaonpoBogHOCTL UMeeT pelllaoliee 3HaYeHUe 445 opejeleHus Teraonepeaun
B Mep3a0oM rpyHTe. O4HaKO IMOAYYUTh TOYHBIE 3HAUEHNs M3MEepPeHUI CA0XKHO 13-3a HeCTadMABHOCTI
CBOJICTB TIOYBBL. B mocaesnee BpeMs TeXHOAOTMU ONTOBOAOKOHHOIO 30HAMPOBAaHUS CAeAaau
BO3MOJKHBIM TOYHBINI I paclpeieJeHHbII MOHUTOPMHI Ha MecTe Pa3AMYHBIX TeOTeXHUYEeCKMX
napamMmeTpos. B ganHOI cTaThe MccaeayeTcsl BO3MOXKHOCTD MICIIOAb30BaHIsl MeTOAa aKTUBHO HarpeToi
BO/A0KOHHOI1 bparrosckoit pemerkn (AH-FBG) 4451 nsmepeHnns TernaonpoBoAHOCTI Mep340TO TPyHTa.

Cepmnst 2a00paTOPHBIX DKCIIEPUMEHTOB Oblaa IpoBeJeHa Ha 0Opasiiax Mep340ro rpyHTa IIpu
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pa3AMYHBIX HavyaAbHBIX TemmepaTypax oT -16 40 5 °C. TeopeTnueckue BepXHUI M HVOKHUI IIpeAEAbI
TeIA0IPOBOAHOCTY MCIIOAB30BaAUCh A4s1 oleHKU maMmepenuii AH-FBG. Jas onpegeseHnst TouHOCT
U3MEepEeHI s JICII0Ab30BaAaCh TeILA0IIPOBOAHOCTD, 3aperncrpupoBaHHas aHaA13aTOPOM
TerAonepeaadnt. DKcIepUMeHTaAbHble pe3yAbTaThl ITOKasbiBaloT, yTo MeTod AH-FBG Moxer TouHO
U3MepsATh TeILA0IIPOBOAHOCTh MEp340T0 TPYHTa, KOrda HadyaabHas TeMIleparypa Hiypke -6 °C, a ommoOKa
U3MepeHNsI HaxOAUTCS B Ipededax Jomyctumoro AmanaszoHa 0,8%. Koraa rtemmepaTypa MOYBEI
cocraBasteT oT —6 40 0 °C, HaDA104aI0TCs 3HAUMTeAbHbIe OIIMOKY M3MepeHIs 3-3a HapyIlleHNs Harpesa
Mep340r0 IpyHTa.

KaioueBbie ca0Ba: Mep34blil TPYHT, OIITOBOAOKOHHBIE A4aTYMKM, BOAOKOHHas bporrosckas pemerka
(FBG), aktmBHO Harpepaemas BoaokoHHas ontuka (AHFO), reriaonposogHocTs, n3MeHeHne ¢asbl.
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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
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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:

ayv ,
Vd = d_td - (l)ell'pq + RSld (1)

Vy =0+ weWy + Ry 2)
we; — electrical speed, rad/s
lq —g-axis current, A
iy —d —axis current, A
W4 and ¥, - d-axis and g-axis magnetic flux linkages
R — stator resistance, Ohm

L — 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 V,;, and the magnetic flux
in the g-axis ¥ acts negatively on the voltage V.

The magnetic flux linkages are defined as
l'pd = Ldid + ATTL (3)
W, = Ly, (4)
Am— 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 w, ¥, and —w,;'¥, corresponds to the back-emf in the system.

Py = _weltpq g+ wellpdiq ®)
Where the mechanical rotor shaft speed can be converted to electrical one through the expression
Wep = ZpW (6)
z, — number of poles,

Taking into consideration that with W;i, and ¥,i; we are dealing with the peak value, it is then
possible to compute the mechanical value of the active power using the following equation:

3 . .
P, = Ezpa)(—‘qud + Wqig) 7)
From definition of torque as related to power, the electromagnetic torque can be derived as
3 o .
T, = Ezp[(Ld - Lq)ldlq + Amiql 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, T
is difference between mechanical torque, T, (minus mechanical losses) and load torque, T;.
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Total torque is

T=T,—T, )
Ty, — rated load torque, Nm
Mechanical torque is
Tn = Te — Trriction — Tviscous — Taw (10)
The torque losses due to friction is
Trriction = (Cpy + Cr)sign(w) (11)
C¢ — static moment of friction, Nm
Chy — hysteresis losses coefficient, N-m
The torque losses due to viscousity is
Tyiscous = (Cea + D) (12)

The torque losses due to time-varying flux in the PMSM is

(13)

Ceq — eddy currents coefficient, Nm/(rad/s)

deq — damping coefficient due to eddy currents Nm/(rad/s).
d — viscous damping coefficient, Nm/(rad/s)

® —mechanical speed, rad/s

W4q — d-q frame magnetic flux linkage, Wb.

C. Mechanical subsystem model of PMSM

Using equations (9) - (13) mechanical subsystem can be expressed as

dwm,

T:] dt

(14)
] —rotor inertia, kg-cm?
From this mechanical speed of the rotor shaft of the PMSM system can be expressed as

B Ezp/lmi 3 (Chy + Cf)sign(a)m) 3
2 ] J
dl:?qx“’dq
ed 2
Ceatd) |\ el T
J J J
V= wn

The highly complex PMSM system should be controlled with sophisticated control system. The

Om

(15)

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.

wq ® @ El’«.«@ iy Va |

Ve

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.

.'- Kp=—
Saturation
K] | [
(T me_ B = -
5 ’
Anti-Windup
inAW AW
'y
Kbas.k |E |
; N
eAW

Figure 2. Discrete-time PI controller with tracking anti-windup scheme

|inSat = 0|, and |inAW = 0| {out = 0} (3)
linSat = FSat|, and |inAW > FAW| {out = FSat} 4)
linSat < FSat| and |inAW > FAW|,
{out = BK, — (FAW)} (5)
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|inSat < FSat|and |inAW < AW|,

~ 11 ~ 1 ~
out = ®K, — (E;Kpinst + (5 Kpi WK, Ts +
~iNAW — ~ eSatKpqc — > €AW))

where
inSat — input of saturation block
+Sat — output of saturation block
out — output of PI controller
inAW — input of anti-windup block
+AW - output of anti-windup block
eSat — error of saturation block
eAW - error of anti-windup block
® — speed error, RPM
K, — proportional gain
K, — proportional-integral gain
T; — sampling time
i — unit delay

Kpack — 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 ps. 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 M (Nm) 0.97
Rated power Pn (W) 300

Torque constant Kirms (NmM/A) 0.41

Voltage constant Kerms (Nm/A) 26.1

Permanent magnetic Am (Vs) 0.089

flux coefficient
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Winding resistance R; (Ohm)
Ph-Ph
Winding inductance Ls (mH)
Ph-Ph
Rotor’s moment of J (kgem?)
inertia
Number of poles Zy
Static moment of Cs (Nm)
friction
Hysteresis losses Chys (Nm)
coefficient
Viscous damping b (N-m/(rad/s))
coefficient
Eddy currents Ceq (Nm/(rad/s))
coefficient
Eddy currents d.q (Nm/(rad/s))

damping coefficient

4.74

8.6

0.33

0.014

0.08

0.002

0.0015

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.

Control system’s parameters

Table 2

Controllers and Observers

Parameters and Gains

Speed controller PI gains

Current controllers PI gains

K, = 0.057, K; = 0.04

K, =17.1, K; = 0.0018

Case 1: Speed Transient Response with nominal parameters
1) The desired speed (wq): 300 RPM — 600 RPM.

2) Constant load torque T, = 0.5 Nm.

3) No load torque disturbance.

Case 2: Load Torque Transient Response

1) The desired speed wq = 500 RPM.

2) Load torque disturbance T, = 0.3 Nm — 0.5 Nm.

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.

BECTHUK EHY umenu A.H. Tyauresa. Cepust mexnunemiue Hayku u mexHoA02uU
BULLETIN of L.N. Gumilyov ENU. Technical Science and Technology Series

Ne 2(135)/2021 99



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
(igss1dss Vgs: Vas)- The mechanical speed of PMSM (w) 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 V45 and V45 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 Case 1 42
error, RPM Case 2 17
Settling time, s Case 1 0.3
Case 2 0.17
Absolute mean of the mechanical Case 1 1.4838%
speed error, % 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.
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Figure 3. Experimental results of the proposed control for Case 1. (a) Mechanical speed response of
PMSM; (b) Mechanical speed errors.
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Figure 4. dq-axis currents of the proposed control for case 1. (a) igs and its desired value igeq; (b) igs

and its desired value iggq.
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Figure 5. dq-axis voltages of the proposed control for Case 1. (a) control input on q-axis Vg; (b)

control input on d-axis Vgs.
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Figure 6. Experimental results of the proposed control for Case 2. (a) Mechanical speed response of
PMSM,; (b) Mechanical speed error.
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Figure 7. dq- axis currents of the proposed control for Case 2. (a) igs and its desired value igsq; (b) igs
and its desired value iggq.
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Figure 8. dq- axis voltages of the prposed control for Case 2. (a) control input on q-axis Vg; (b) control

input on d-axis V.

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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b. CapcemOaeB
Hasapoaes Ynusepcumemi, Hyp-Cyaman, Kasaxcman

TMCDK-HiH eHiMaiairiH )XaKcapTy yIIiH KOHTpOAAepAiH aybITKyFa Kapchl Kepi ecenitey
aaropurMi K0aJaHraH KeAepriaepai 6akplLaaymibira HerisgeareH anckperti PI 6ackapy xyiteci

Anpaarma. bya sxympicTa TypaKThl MarHMUTTI CMHXPOHABI ®aeKTp KosraaTkpim (TMCDK)
KbIAJaMABIFBIH OacKapyfa apHaAfaH AMCKPeTTi yaKBITTBIK epicTik Oargapaay OackapyawiH (Obb)
HerisziHae ycpIHbIAARL KaliTa ecenreseriH aybITKyFa Kapchl cxemachl Oap Auckperti yakprrter [TV-TTN
Oackapy >KyJlleciHiH KacKagThl KYPBIABIMBI KOAAaHABL Eki 1m1eHOep yIIIiH Je aybITKyFa Kapchl >KaHa
cxeMa KabOwlagasHawl. Jacrypai IV xontpoasepaepingeri erneai KyObiabictappl TMCOK cnmskTb
UIDKEHepAik IelriMJepae ©TIeai >KYMBICBIHA YAKeH Tepic oacep ereai. HakTel  yakpITTarsl
DKCIIepUMeHTTepAe YChIHBIAFaH OacKapy >Kyileci a3 KaTedikKe >KoHe >KbligaM >Kayall Oepyre K04
KeTKizeai. ToxxipubOe HaTMKeAepi yChIHBIAFaH OaKblaay CXeMacChbIHbIH OPBIHABLABIFBIH A91€AAeAl.

Tyitin cesaep: TypakTbhl MarHUTTEP CMHXPOHABI 9AeKTp KosfaaTkpil (TMCDK), xepi ecentey
aaroputmi, PI auckperri koHTpOA2€eD.

b. CapcemOaeB
Hasapbaes Ynusepcumem, Hyp-Cyaman, Kasaxcman

AuckpetHast cuctema IIV-peryanpoBaHisi ¢ TeXHUMKOV OOpaTHOTO BBIYMCAEHNs Ha
OCHOBe Ha0aA104aTeAsl BO3MYIICHNII 4451 yAy4YIlIeHs IepexX0AHbIX XapakTepucTuk B COIIM

Annoramms. B 9Toit cratbe OBLAO HIPeAJ0KeHO yHpaBAeHHe C AMCKPeTHBIM BpeMeHeM,
opuenTuposanHoe Ha roae (YOII) aaa ynpasaenns ckopocreio COIIM. Kackagnast crpyKrypa cucreMbl
ynpasaenus PI-PI ¢ anckpeTHbIM BpeMeHeM 1 cXeMOJi aHTH-BUXpeBaHUe C OTCAeXKMBaHMeM OOpaTHBIX
BpIYMCAeHMII. Bplaa mpunsTa HOBas cxeMa HpeJOTBpallleHMs 3aKpydMBaHUSA A4 OOOMX KOHTYPOB.
SIBaeHMe 3aKpyTKM B TPaAMIIMOHHBIX KOHTpoaaepax Pl mmeer Ooabliiee oTpuiiaTreabHOe BAMSHUE Ha
IlepexoJHble XapaKTepUCTUKI B MHXKeHEepPHBIX NpuaokeHus:x, Taknx kak COIIM. B skciepumenrax B
peXuMe peaabHOIO BpeMeHM IIpejJaraeMasl cucreMa ylpaBAeHns odecriednBaeT MeHbllee KOAN4eCTBO
ommbOK cKopocT u 0Ooaee ObICTPYyIO peaknuio. Pe3yabTaTbl ®KCIIEPUMEHTOB IOATBEPAUANU
peaansyeMocCThb IpeAA0KeHHON CXeMBbl YIIpaBAeHI:L.

KaroueBple ca0Ba: CUHXPOHHBIN 5A€KTPOABUIaTeAb C IIOCTOSIHHBIMM MarHmuTamu (COIIM),
aATOPUTM OOpaTHOTO BhIUMCAeHMs, AucKpeTHbIN IIV-peryasrop.
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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 A and ultimate
strength o 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).
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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.
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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 °C (not containing drying areas) was
approximately 90 °C/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.

This research is funded by the Science Committee of the Ministry of Education and Science of
the Republic of Kazakhstan (Grant No. AP09561854).
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ZKorapsl TeMIiepaTypaabl KOHABIPFBLAAP ABIH KaAABIK PeCYPCBIH apTTHIPY MaKCaThIHAA JKBIABITY
IIpOIleciH 3epTTey

Anpaatmia. Makadada >KOFapbl TemIlepaTypadbl KOHABIPFBIAAPABI  KBIABITY —IIPOIIEeCiHiH
Oacrarkbl Ke3eHiHe Taajay >KacaaraH. KacimopriHaapaa K0AA4aHBIAATBIH SKBIABITY pesKuMAepi apTypAai
KUBIH/ABIKTap¥Fa aKeae/i: KbI3AbIpY IPOLIeCiHiH Kellliryi Hemece >KblAgaMAbIKTa KbI3AbIpy. HaTimkecinae
KepHeyaep pyKcaT eTiareHaepAeH achin Tycedi. KenTipyre KeTeTiH yaKbITTBI eCKepe OTBIPBII, JKbLABITYFa
apHaAfaH JaMblfaH rpaduUKaAblK ToyeaAidikTep, OTKa TO3iMAlI MaTepuaalapAblH IIeKTi OepikTiriHeH
acriactaH, MYMKiH 00AaTBIH eH >KOFaphl >KblAJaMABIKIIeH KbI3ABIpyFa MYMKIHAIK Oepeai, Oy SKBIABITY
IIPOLIeCiHiH yaKbIThI aiiTapABIKTall KbICKapaAbl.

Tyiin cesaep: oTka TesimMai MaTepmaajap, KenTipy, KbI3ABIPY >KBLAAAMABIFBI, (PyTepOBKa,
JKOFapHBl TeMITepaTypaAbl KOHABIPFHI, XKBIABITY I'paduri.
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UccaeaoBanne nponecca pasorpesa pyTepOoOBOK BBICOKOTEMIIEPATYPHBIX arperaTos C 11eabio
MOBBIIMIEHNS VIX OCTaTOUHOTIO pecypca

AnpnoTtammmst.  Craresl  CO4ep>XUT aHaAM3 HavaadbHOIO 9Talla IIporecca pasorpesa
BBICOKOTEMIIepaTypHBIX arperatos. ITpumMensemble Ha MPeANPUATHAX PeKMMBI pa3orpesa IPUBOAAT K
PasAMYHBIM TPYAHOCTSAM: 3aTATMBaHMIO IIpollecca pas3orpeBa UAUM Pa3orpeB €O  CKOPOCTAMI,
BO3HMKAIOII[Ve HaIIPsDKEHNSI IIPU KOTOPHIX IIPEeBHIIIAIOT AOIycTuMble. PazpaboraHHbIe rpadpirdeckue
3aBMCUMOCTH AAs pa3orpeBa, C yuéTOM 3aTpaT BpeMeH! Ha CyIIIKY, [IO3BOASAIOT IIPOU3BOAUTDL Pa3orpes C
MaKCMaAbHO BO3MOXKHBIMU CKOPOCTSAMM, He IIpeBblIllasi IIpedead IIPOYHOCTM OTHEYHOPHBIX
MaTepuasAoB, YTO MPUBOAUT K 3HAUUTEAbHOMY CHIKEHMIO BpeMeHM Ha ITpoliecc pa3orpesa.

KaroueBbie ca0Ba: OrHeyIOpHBIE MaTepmaabl, CyIlIKa, CKOPOCTb pa3orpesa, (yTepoOBKa,
BBICOKOTEMIIEpaTYpPHBIIT arperar, rpapuk pasorpesa.
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