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The study of the laws of contact interaction of hard and deformable impactors
with frozen soils is of great scientific and applied value. In solving such problems,
numerical methods are widely used. For numerically modeling the behavior of frozen
soil under dynamic loading, it is necessary to use models of soil media that adequately
describe their behavior at various negative temperatures, humidities and strain rates.
To identify the parameters of these models, experimental studies are required for
determining dynamic properties of soils at low temperatures.

The paper presents the results of experimental studies of dynamic deformation
of samples of frozen sand with humidities of 10% and 18%. Compression expe-
riments were conducted using a stand implementing the Kolsky method. Deformation
curves of frozen sand at a temperature of —18 °C were obtained under uniaxial
stress conditions at various strain rates in the range of 400—2500 s™'. Diagrams of
strength of frozen sand under uniaxial compression as a function of strain rate are
constructed. The diagrams are linear for samples of different humidity in the studied
range of strain rates. Maximum stresses in frozen water-saturated sand are higher
than those in frozen sand of 10% humidity. With increasing strain rate, compressive
strength of water-saturated sand grows faster than that of sand with a moisture
content of 10%: at a strain rate of about 500 s™!, the stresses in frozen water-saturated
sand, at which the samples fail, are 1.5 times higher than those in the frozen sand with
amoisture content of 10%, and at a strain rate of 2500 s~ they are 3 times as high.

Keywords: frozen sand, uniaxial compression, strain rate, strength, Kolsky method.

Introduction

The behavior of frozen soils under pressures not exceeding 20 MPa and strain rates of
up to 1072 s~ are well enough studied in experiments with uniaxial and triaxial compression
in [1-6]. Higher strain rates, of about 10?>~10° s, are implemented in experiments using
the split Hopkinson pressure bar (SHPB) system [2, 7—12], where deformation diagrams
for frozen soils (sand and clay) at temperatures up to —28 °C were obtained. The experimental
data is used for equipping mathematical models of elastoplastic behavior of soils with
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443



various approximations of yield surface and failure [4—12] as a function of strain rate, test
temperature etc. The development of such models is necessary for the numerical solution
of problems of impact interaction with frozen soils [2, 13]. However, the wide variety of
frozen soil media differing in their granulometric content, density, content of frozen and
liquid water and temperatures calls for conducting a large number of experimental
investigations to study the effect of those factors on the dynamic properties of frozen
soils.

The experimental setup

Soft soils were dynamically tested using an experimental stand implementing the
Kolsky method [14—17], that included a 20 mm-caliber gas gun, a complex of measuring
and registering tools and a set of 20mm-diameter split Hopkinson pressure bars of 1500-mm
long each for compression tests, made of aluminum alloy D16T.

The set was modified for tests at temperatures below 0 °C. A special chamber of foam
plastic contained a specimen and the ends of pressure bars adjoining it. The chamber was
cooled with vaporized liquid nitrogen for several minutes to bring the temperature of the
ends of the pressure bars and of the specimen down to —18 °C (Fig. 1). The temperature at
the ends of the pressure bars was registered with a thermocouple.

a) b)

Fig. 1. General view of the stand for testing frozen soils («) and of a frozen soil specimen (b)

To dynamically test frozen soils, specimens in the form of 10mm high and 16mm-
diameter cylinders were made of sand with the water content of 10% and 18% of the
mass of the sand. The specimens were prepared using drinking water. Sand with the water
content of 18% was practically fully saturated with water. The specimens were made of a
natural sandy mixture, sifted to remove particles bigger than 1 mm and smaller than 0.1
mm. The granulometric content of the sand was similar to that used in papers [18-20].
The density of the sand was 1750 kg/m3. The specimens were made by using special
cylindrical cartridges. Sand of required humidity was poured into a cartridge and compacted
up to a density of about 1920 kg/m? for the sand of 10% humidity and 2050 kg/m? for the
sand of 18% humidity. Then the specimens were frozen in a freezing chamber for 24 hours
at a temperature of —18 °C. After that, the specimens were removed from their cartridges
and held at a temperature of —18 °C for 24 hours more.
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The experimental results

More than sixty experiments were done with sand of different humidities at a
temperature of —18 °C. Strain rate in the experiments varied from 400 to 2600 s'.
Characteristic deformation diagrams for sand of different humidities are presented in Fig. 2.
It can be seen that the strain rate in the experiment remains practically constant. The initial
parts of the stress-strain curves are close to linear. The stresses reach their maximum at a
deformation of 3—3.5%, followed by an abrupt drop of stresses with increasing strains,
testifying to failure of the soil specimens. Such behaviour is similar to those of rocks and
concretes, as well as of ice [17] under uniaxial compression. The maximal stress attained
in the experiments was taken as strength. It is noted that for the sand of 10% humidity
maximal stresses are considerably lower than that of the water-saturated sand. Thus, it can
be concluded that compression strength of frozen sand increases with its humidity.
Evidently, it is connected with the increased content of ice that binds sand particles and
the decreased free pore space. A similar phenomenon was observed for sand with a different
granulometric content and density [9].
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Fig. 2. Characteristic curves of axial stress and strain rate as a function of strain
for water-saturated sand (@) and sand with 10% humidity (), / — stress, 2 — strain rate

Diagrams of strength as a function of strain rate are shown in Fig. 3.

30 775 18% "
= 10%

25 1 --- Lincar 18% .
ﬁcf —— Linear 10% ’,—” .
S 20 - i W
- ° 4"
Z 15 o
= e° "
17} T oy [
~ 10 A ®e .- . B
& e I -7,

LI e = s

[ 1]
0 500 1000 1500 2000 2500 3000

Strain rate, s~!

Fig. 3. Strength as a function of strain rate for uniaxial compression of frozen sands
of different humidities (18% and 10%)
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Noticeable scatter is observed in the experimental data for both types of specimens
tested in similar conditions. The character of the deformation diagrams in the experiments
with similar conditions does not change, while the maximal stresses can differ up to 2—3 times.

Compression strength grows with strain rate in the specimens of water-saturated sand
and the sand of 10% humidity. Similar results were obtained in the strain-rate range of
400-1000 s~! for sand with different granulometric composition and density [9].

The compression strength increases constantly with linear rising strain rates in the
studied strain rate range 400-2600 s~! for the sands with different humidity. A similar type
of relations is also characteristic for freshwater ice [17]. For all the experimentally realized
strain rates, maximal stresses in frozen water-saturated sand are higher than those in frozen
sand of 10% humidity. In water-saturated sand, compression strength grows with strain
rate faster than in the sand of 10% humidity: at a strain rate of about 500 s~!, stresses in
the frozen water-saturated sand, at which specimens fail, are 1.5 times higher than those
in the frozen sand of 10% humidity, and at a strain rate of 2500 s~! they are 3 times as
high.

Conclusion

As a result of dynamic tests of specimens of frozen sand with different humidity
(10% and 18%) it is found that uniaxial compression strength increases with the strain
rate and humidity of the specimens.
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HWccnenoBanne 3aKOHOMEPHOCTEH KOHTAKTHOTO B3aMMOJICHCTBUS KECTKUX U ae(opMHpye-
MbIX yIAPHUKOB C MEP3JIbIMH IPYHTAMU UMEET BaXKHOE HAYYHOC M MPUKIIAIHOE 3HayeHue. [Ipu
peleHn  MOIO0HBIX 32184 ITHPOKOE IPHIMCHCHHE HAXOSAT YNCICHHBIC METOBL. J{yis 4iCIIeHHOTO
MOJICJIMPOBAHUS [TOBEJCHHS 3aMOPOKCHHOTO IPYHTA 0/ JICHCTBUEM IUHAMUYECKUX HArPY30K
HEOOXOANMO HCIIOIB30BaHUE MOJIEIICH IPYHTOBBIX CPEJI, JCKBATHO OMMCHIBAIOIINX HX [TOBCICHHE
[PU Pas3IMYHBIX OTPHULATEIBHBIX TEMIIEPATYPaX, BIAXHOCTIX U CKopocTsx nedopmanuu. Jlist
neHTH(UKAIINE TApAMETPOB MOJICIICH HEOOXOAMMO IIPOBEICHHE IKCIICPUMEHTAIBHBIX HCCIIEI0-
BaHUIA IS ONPE/IEIICHNUS JIMHAMUYECKUX CBOMCTB IPYHTOB IIPU OTPHUIIATEIBHBIX TEMIIEPATYPaX.

IpuBeneHBI Pe3yaBTATHl SKCIICPUMEHTAIBHBIX NCCIICIOBAHUNA AHHAMUYECKOTO 1ehOpPMHIpPO-
BaHUs 00pPA3IOB U3 3aMOPOKEHHOTO mecka BIaXHOCThI0 10 u 18%. DxcrniepuMeHTs Ha cxxatue
MIPOBOIIIIKCH Ha yCTAaHOBKE, peanusytomnieid Meto Konbckoro. [TomydeHb kpuBbie qeGopMupoBa-
HUsI MEP3JI0TO Tiecka pu Temmeparype —18 °C B yClIoBHAX 0JHOOCHOTO HATPSKEHUSI TPU PA3IIAY-
HBIX cKopocTsx aedopmarun B quanazone 400—2500 ¢! [TocTpoeHbI 3aBHCUMOCTH IIPEENa TIPpoY-
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HOCTH MEP3JIOr0 TIECKa NP OJHOOCHOM CYKATHH OT CKOPOCTH jeopMalui. DTH 3aBUCHMOCTH B
MCCIIEIOBAHHOM JIHANa30He CKOPOCTel AedopMalui JTMHEHHbI JUIst 00pa3LoB PasInYHOM BIaK-
HOCTH. MakCHMaJlbHbIE HANPSHKEHHUS B MEP3JIOM BOJOHACHIIIIEHHOM TIECKE TTPEBBIIAIOT MAKCH-
MaJIbHbIE HAlPsDKEHHs! B 3aMopokeHHoM recke 10%-woii BinaxkuocTu. C pocToM cKopocTH 1edop-
MallUy TIPEEN MIPOYHOCTH HA CIKATUE JUIS BOJOHACBHIIEHHOTO MECKA PACTET CUIIBHEE, YEM JIJIs
necka BIaxHOCThIO 10%: mpu ckopoctn nedopmarmu okono S00 ¢! nanpsokerus B Mep3nom
BOJIOHACBIIIIEHHOM TIECKE, ITPH KOTOPBIX IPOMCXOAUT paspylieHne 00pasIoB, MPEBBIIIAIOT aHAIIO-
TMYHBIC HAIIPSHKCHUS B 3aMOPOYKEHHOM TIecke ¢ BiaxHocTeio 10% B 1,5 pasa, a mpu ckopoctn
nepopmaruu 2500 ¢! — B 3 pasa.

Kniouesvie cnosa: Mep3iblii IECOK, OAHOOCHOE CHKaTHE, CKOPOCTh edopMaLiuy, IPOUHOCTD,
metoz Konbckoro.
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