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ABSTRACT: Frozen sand soils are often observed in underground urban and engineering constructions
in cold climates. Artificial ground freezing is a soil improvement technique, and soils in coastal areas
are mostly comprised of poorly-graded sand with low moisture and temperature. Thus, it is required
to explore the effects of different factors on the strength of frozen soils in such areas. In addition, the
freezing age required to obtain sufficient strength is studied. The present study investigates sand from
the Shorabil Lake shore in Ardabil, Iran, frozen in cold seasons. To evaluate the effects of the soil grain
size, sands with gran sizes of 0.15 and 0.25 mm mixed with clay in different ratios were employed.
Uniaxial compressive testing was implemented to measure the unconfined compressive strength of ten
soil mixtures with four moisture contents. Thus, a total of 40 mixtures were studied at three freezing
ages. The stress-strain curves showed strain softening. The specimens had almost the same strength at
shorter freezing ages. As the freezing age increased, different stresses were observed due to the clay
content; the strength of a specimen with a low clay content remained almost unchanged as the freezing
age increased. The specimen with a clay content of 50% and a moisture content of 15% had a strength
of 205.5 kPa at a freezing age of 24 h and 283.8 kPa at a freezing age of 72 h. Also, the specimen with
a clay content of 10% and a moisture of 15% was found to have strengths of 265.4 and 283.8 kPa at the
freezing ages of 24 and 72 h, respectively. Several specimens underwent an up to 36% decline in strength
as the sand grain size decreased; however, the trend was still the case, and the specimen with 30% clay
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showed the highest strength in most cases.

1- Introduction

In cold regions and in severe cold, the water among the
soil particles is frozen. From a material science perspective,
frozen soil consists of four parts: solid soil particles, ice,
liquid water and gas. Frozen clay can contain liquid water
up to -110°C. On the other hand, when ice fills most of the
pores, the mechanical behavior of frozen soil will reflect the
behavior of ice. The behavior of frozen soil with increased
hydrostatic pressure is influenced by a combination of
mechanical and thermodynamic effects, the first of which
implies the division of stress and the latter on melting and
pressure phenomenon [1, 2].

Freezing water increases ice pressure and reduces the
cavity pressure. Due to the reduction of water pressure digging
on the frozen front, the water moves from the underlying
layers to the frozen borders. Even if the soil has no access
to shallow water, the pressure of large harmful cavities and
movement of water causes vertical contractile cracks to form
in the soil beneath the frozen front. As the frozen front moves
forward, these cracks are filled with ice. When the ice melts,
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the cracks become a conduit for the flow of water and the
permeability of the soil increases [3-5].

2- Methodology

The used materials are sand and clay with different
combinations. Soil specifications are listed in “Table (1)”.
Sand is mixed with uniform aggregation with 11%, 21%,
31%, 41% and 21% clay and the obtained samples are
mixed with moisture content and prepared differently. The
aggregation of the samples is carried out according to T27-
AASHTO standard. The composition of the soils and grading
diagram are in Figure 1.

Table 1. Soil properties consumed in the study.

Soil LL PL PI Gs Yd

type
sand - - - 2.65 2.14
clay 33 30 20 2.5 1.8
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Fig. 1. Grain size distribution curves in two combina-
tions A, B.

In the “Form (1-A)”, the aggregation diagram of five
types of soils A, B, C, D and E resulting from the mixing of
clay with 1.22 mm sand is observed. According to the figure,
the straight line in the diagram related to the sand is uniform,
which after adding clay, some to the left of the diagram has
been curvy and the starting point of this curvature indicates
the percentage of clay added. In the “Form of (1-B)” the
aggregation diagram of five types of soils F, G, H, I and J,
which is the result of mixing with 1.12 mm sand, is also shown
in this diagram. In general, a part of the curve is almost direct
which is related to sand and the other part is related to clay. In
the meantime, it is explained that the sandy soil is uniform in
coastal areas. Beside the Shorabil lake, it is observed and it is
exposed to frost at temperatures below zero degrees, and we
also know the artificial freezing method is used in areas close
to surface waters to create a type of temporary soil treatment.

2- 1- Laboratory Model

Due to uniform sand, in moisture less than 8%, the
sample does not have sufficient density and is disintegrated.
In humidity above 15% due to condensation, water is drained
from the end of the sample. Therefore, after mixing with 8%,
10%, 12% and 18% moisture in the form of cylinders with a
length to diameter ratio of about 3(this ratio in the uniaxial
test standard between 2 and 3(which is specified in Figure 4,
prepared and then stored at -22°C for 24 hours. Soil freezing
temperature is about -2.0°C in studies and researches. It can
vary slightly according to the amount of clay. However, the
soil was removed from the mold after 12 hours.
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Fig. 2. Effect of freezing time for soil type A and E at
15% moisture content.

3- Preparation of samples

After placing the samples in the device, the force was
applied with a strain rate of 1 min/mm, then the axial stress
diagrams were compared to the meeting was drawn. The
results indicate that the sample with a combination of 30%
clay, in most cases tolerates more stress, the sample with a
combination of 10% clay has the minimum stress and then
the sample is located with 20% clay. However, in 15%
humidity, this rate is disturbed and the sample of 10% clay
has the highest stress. It should be noted that the frozen
sample is more quickly with less clay and more ice lenses are
formed within 24 hours. Nevertheless, at the time of testing,
the samples with more clay, less heat transfer and ice lenses
melt a slower. Most samples with 10% and 20% clay were
crushed within 2 minutes (after removing from the freezer), it
is not possible to test on them.

4- Results and Discussion
4- 1- Effect of sand size

By keeping the moisture content and freezing time in
soil samples, changes of uniaxial resistance with different
percentages of sand were measured and the results are shown
in Figure 2. In general, in the bigger size and amount of
sand materials, the more upward curves are. In other words,
increasing the amount of coarseness increases strain energy
and the uniaxial resistance of the sample. As the sand size is
smaller, the resistance of the samples has decreased by about
36%. This value, varies by 2% in different samples.
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4- 2- Effect of freezing age

According to the experiment results, the resistance of
frozen soil samples increases with increasing freezing age.
However, the effect of freezing age on samples with high
clay percentage is because the lower the amount of sand
consumed, the lower the speed of ice lens formation. In soil
A, with the highest clay content, the growth of resistance with
increasing freezing ages 24, 42 and 22 hours, it is generally
known that the amount of sand used increases. However, in
the case of the effect of aging, the freezing age decreases so
that in E mode, it can be said that the resistance of the sample
has remained constant during different days and in A state,
the resistance of the sample has gradually increased.

4- 3- Effect of moisture percentage

The increase of the resistance in samples varies according
to the freezing period. The more the moisture of the samples
increases, the more influential the freezing age is because of
the amount of moisture that freezes increases. On the other
hand, the larger the soil mixture has a higher specific surface
area, the more resistance will be made, and with increasing
moisture of this specific surface, in this case, the interaction
between soil and ice particles is in the best possible condition,
and as a result, the resistance of frozen samples grows more.
Increasing moisture in samples containing more sand in the
shortest time increases resistance, but in samples with less
sand, this process is slow because the amount of frozen water
with high clay is lower.

5- Conclusion

The main results of this study are as follows:

1- Stress-axial strain curve in all samples shows strain
softening state. In an age of freezing, as the amount of sand
increases, the strain energy decreases.

2- As the humidity increases, the number of ice lenses
also increases, and because ice is the cause of soil particle
adhesion, therefore soil resistance increases.

3- Based on the resistance during different ages of
freezing, the higher the soil sample exposed to moisture, the
higher the bonding rate. The formation between ice and soil
particles increases, and eventually, the existing resistance
increases

4- The higher the amount of sand, the faster the freezing
takes place, and with the increase in the freezing duration,
the more clay samples, the yield. They have better. So that
the sample A has the highest clay content, from 212.2 kPa
resistance for 24 hours to 2 kPa/223 resistance in the period
of 22 hours has arrived (in the highest humidity); in other
words, about 36% increase in resistance.

References

[11D. Chen, W. Ma, G. Li, Z. Zhou, Y. Mu, A long-term
strength criterion for frozen clay under complex stress
states, Cold Regions Science and Technology, 176 (2020)
103089.

[2]N. Girgis, B. Li, S. Akhtar, B. Courcelles, Experimental
study of rate-dependent uniaxial compressive behaviors
of two artificial frozen sandy clay soils, Cold Regions
Science and Technology, 180 (2020) 103166.

[3]W. Fei, Z.J. Yang, Modeling unconfined compression
behavior of frozen Fairbanks silt considering effects of
temperature, strain rate and dry density, Cold Regions
Science and Technology, 158 (2019) 252-263.

[4] F.Hou, Y. Lai, E. Liu, H. Luo, X. Liu, A creep constitutive
model for frozen soils with different contents of coarse
grains, Cold Regions Science and Technology, 145
(2018) 119-126.

[51Z. Zhou, W. Ma, S. Zhang, Y. Mu, G. Li, Experimental
investigation of the path-dependent strength and

deformation behaviours of frozen loess, Engineering
Geology, 265 (2020) 105449.

HOW TO CITE THIS ARTICLE

DOI: 10.22060/ceej.2022.20113.7374

A. R. Negahdar, A. R. Ahmadi, M. M. Seyedrahimi-Niaraq, Investigation of Frozen Soil Behav-
ior under UnconfinedCompression Test, Amirkabir J. Civil Eng., 54(8) (2022) 629-632.

631






785 500 ()] yo (o kien & i

Y8 B P AY Slorio AF) o A o)lad BF 053 s peal (as sooine 43
DOI: 10.22060/ceej.2022.20113.7374

DS Dgue (6,8 (Wiule 3l Cod oo S U8, ow)

B ooy Ao (S0 o he| Lo e ‘*)‘-’-?(Q Lo le

Ol eyl eishon,) B olSetaly ¢ wiga g 6 oSl

18,5913 ey ,U

Ve [EY el
Ve /NN e S5k

A SRIARYA SR JOAY
Ve N T ]yl 2590 S sy (gl ool 23 loj e (385 CBL (gl gy ol 313945 (g2 demie STB Caoglio  Caliio Jalge

ol Uyl 5t Uty s> LTl o el s auslo caalllas 3590 S 3,5 oo 1,5 adllas 350 3 IS Conglio 4y Jlai

200 Byl 1095 o omlie destie (gldwle (SlaCSE el g ypuwd o 3lolie 5 (6,0 Snejpj (sl g il > 1d S
&9 3l ol (3blio S iy il oo (pionen 2948 o0 43l SB (il ooy S (So Olsie 4 SB (o guas sl
250l ()90 (2Blao cpin jd il oo ol (slod (im0 10 5 YU Cugby L SE g95 (] g Cowl 0ads (gaaihy dwlo

1605 Clols
Sl eSS ol 136 gy sl Bl oo (Bui g0 (SbgS Sl 13 (39, WY'+) i)l s slajgy (VL Sl &8
Loy, oo 353 0 bolte o) SIS e (sacnns 45 +/0 MMy /¥ M 6] Jolt ke e o5l
EHd Cuog )
sl S Jop ¥ g calise S oS )5 Vv 0l jgae (g)lid Caoglie (oayp (gly 0)5700 ST (g)lid Liolojl e yimaty ol )3 cun]

i)l ol (gy3 )3 .85 8wy 3y90 Caliste dlesal loj e ¥ )3 S 5 e el o odlatl Cglise cugls,
oy o 5obigS slo o )3 Lndiges canglia A3 o (it |y 5,8 (3158 sl ISy &y (45,5 5 (gl sionio
wloosl fyw il b as gyob dy s oo L |y (Foldie yolae ¢ yoy 3939 3l (U i oot o ]38 L5l poliie
Lozl b 33 oy 00 b g Jlta lgie 2 294003 5 5500 il o S 1 g a5 (6155 o) oS o3 L iges
ol 88 Jo 3 S o S 1y VAYAKPA sl VY sbossl oo j3 5 Y-AD KPR L il 5 700 cagl) 9 cacls YF
slessl o gl YAYA kP g sl YF slozs] p (sl YEOIF KPL il sl sy b oy )+ b diges sl pl3))
Lol b oo y2lS Indigas (S0 53 Y5 dgas b Canglio ¢ 3y dulo 0}l (0 5SS b caSin] 131 43 0l o sl VY

it 3 |y Cenglio cy st 3ilge 2l )3 oy AT+ b g g 3980 b ialefl Sl izen

LY o V] o)h cd¥s jlis 5 Cgd oy doddo -9

Dgdige sloyis Ol Jlad (el g fu )lis Gl eel o () &
@ o s IOl ) o dpe 3 shoyis Of i talS Js &
@ (o oly gua S ST (o S (0 C8 035 fu slajye S)b
el T S o g iy e (gl T Lt 1l st a5
by S5 03] o age> ) SB o o 5L glacS )5 094 0
Lgd oo 09> gy (Bg gold p o bS5 (pled; 7 deen s9)0ie
Bhe Ol S cphdei g ord Of Gl lp olyme S5
[¥-0]
Sle diej )3 03 S Yl ol 11 (S5 doomio S Cuoglin

Scsloy) dung )3 pre oyl S (S glye & &l SE

Gl asl oSl Lo )3 (ehad (loyw &S Sloj 9 3w Bbolie
St ) deomio S e Masl 4y g 03) G S Sl e )3 35290
ol o LSS sy )l jl deoxie S wlge ple o8 im0
slod bS53 o deoio oy SB 15 5 sle O o S sl iy
|y S 3lie yi By g 50 b 3l 45b wle ol (g5l —11+°C
g2 ld g Jld) oS uSaie e SB (Sl )18, WS (oo
oS 5 b cod (Slilg)a JLis (LIEIL deoe SB S L8,

25090 9 O ol (gl &5 el (Sealinnge i g (Sl il gl Sl

Negahdar@uma.ac.ir :clslSe Jsosgs sty ™

(Creative Commons License) _edpe (Sl ule cov dlio cpl ol oad odly pu pal oSty @)l & 156 Gois 5 (Bsimng 4 cuilpe Goi>
BY NC

Asleyd s https:/www.creativecommons.org/licenses/by-nc/4.0/legalcode sl jl (uilud ol Slija (sl ool 48,5 )5 las yoy2ud )

YAy



Fea8 B Y AY doio VF ) Jlo A oyloud OF 093 ¢S ol (ol pos sudiee 4y

S dlezdl o a8 ISz IV b Sials ply s ol (Ko (S
bylys cov wiby, bSB gl 10 a8 cwl pl o)l dg3g S
SRSk Lalpd )3 i o8l (0D g3 anld gk 5 g patuie
B3 0 Dl 3529 do 5l G (gdite jLib dbol 4 (ool bled ¢ gy
SB o395 lp ) (Bl @S5 iy blpd Wy Jolge cnl <lse
LIV] S oaly8 slessl 5 gd a8 >l an

o g s B Lalise Jelge y5b cov dee SB Caglio
Sazie SB Coglio [\Y] S o odzmy s ) o JB) (it
Caoglio oyl ol odd LSS oy Lo g 5l le Naw ( JoSIg0 Low
SBcl @b 25,0 5 S ) Canglin iy Cnglio j) Bdas
ol G5 Gy o sl b paseie IS oo 4 0,8 e ol &
(UCS) (oygome 5 (g)lid Canglio 3]s daxin slaSE cunglio 5
b 2w g plply g bl e cund 4 ) 4 0 F S
a8 Cal 0l asudie ol A awyp Eadge pl 2y Oldlas
S5 (5 L Caglio) UCS 5, 138,55 Jalge oy otee S €50 5 b
[VF] s gLl dacmio SB (559900

O 3 S OLd G San G sl Sl ) 55 L g slesl ST 5
bl ly 3S)h Bls g oz w4 SB laojis cnlply 29y 00
2959 S yrgbal V S5 )3 358 (oo JSS SB e bl g 48 0
oyld) wShie sla yizy wlezdl jl i &S amd o (i dooee S
05 dalad dalad ela ik 5 35,5 |, ST sl )3 e 2 (S5, o3
9> 9o b 3 S o0 51k 93l ]y e GBS (S jew 021)
Siboil S yob 4 |y S ol sl Sy e G sla b S
[No] ws

Lod oS dpopd g o ]y 4 cosmio (S Cuoglio duslio )
Uid Coglio sl doxxio SK Canglio 5 138,50 Jole oyl
los yialS b ded dwle g (oY wosie (wy SB (UCS) (5950 S5
Y SB 1) ()8 g5 g bes Il izen [V 5 VY] b ]38
ol 435 )8 adlllao 3,90yt (VT )3 (5 068) S p darie
o o g Colw dawed g ymodyw bl 03y drwgi b [VA]
sazio GBS Sle olsd cilis ¢l liino glajl e
Cuoglie yogad ) (lagingh ol bl cwl oad iy

oz Jolb & Cusl 0 plol deodte claule (slagyd 5ypoe

1 Uniaxial Compressive Strength

2 S & Gl doomio SlacS B 9 g0 4)S )5 ) (Slyes (slaofy
ool 13 4L, yuasd o Solie 13 St JIEj cyobas g gl bglas o i
cnlpli [F10)15 3929 55 (60 dngi 1> SB- (Slue sl (o ghan
A5 4 6y902 demie S K Cunglis ale ( SSe o Sy S
Sl Ced)b e ln il Olsis a4 Cuglie mildee sy oo
ol caSs o 4 drg b dexie STB Cuaglie g o ablis S
G o dl Coglie g e A Caaglie Sl Caoglie dtwd dw 4
&) St S o] )0 8l oglio ¢ ST Cunglis 29 0 e
CanS QT P& ol i L Coglie lad cde wily Canglie Lpd o
(soglie g e ailhy Caaglio § D90 o0 99 4 (SYob loj Cov
b o 5y il o1 §1 a8 SB p 5)ly LBl i 51 48 ol
wosxio SB Cuwglie a5 and o ylid Oliiod gl ool dbgl (Sisuud
SBp392 50 Sl olie Cush) e 2 Hlie Jelgs 3 cod
Ty oy b )13 S ogg g S Sid didly (45,8 F 5 ded
pasedio SIS )go 4y 315 dazie (cloSE Cunglio 1 (35 b S
5 Gl 03) o S (590 ST (gl Cunglio & Cunl o
1V g Al aboe (Il alos JSi 4 25,8
Fork sled & Gy () SB ) (Fu slaojle (b el
(slod 4 gy Jlte pobo s sl (55900 55 3 )90 Cuoglio 28] g
ooy Syt 8 o 3 1l IS (slawle moj slyy cnl (3Sn0 Y °C
oS Wlod S ST ) Kitimgly B sl i YR OC 5l 508 slod pyp
JSis slipl (B SWlacl sayglj 5 (Sires 4 deosie S Cuoglie
o 033 o Fu pwple 4 (Shicne lise 2yl (Kt )] (sosimd
0 (S S g 7 oo wled sl g g Cuoglin ¢jlade 4 a5 Cl

2 oS ledhy L b iagh [A] ddws Ld 3l b pliS oy

09l Sl )P Copo g Blagoe (b dedtie SB )3 Aottt
g SB S5 g peitne ke 1 gle g 45 o dblol |y S )3
D] osdien & puyle
st ply e @lacweglio glaY Jlsls b seods S
Sk byl (a8 093 5l )b g9 ples jlsemie s sSE
Cuoglie yoled 5 b o ials i 4y (g [l b destio sl S
ool o6 &5 _acS lan Cuoglia olgs | duglio 13 S )

Cuoglas ¢ Jlo (glp Wladl yials ase BB job & Wlas S5 )1\

YeAL



FeaE B Y AY doio VF) Jlo A oyleud OF 095 ¢pusS ol () po i 4yl

(Y1 0ol Kod 5 (55) Sodioé ST& (0 =10 C (5lod 45 oomio SB (G 1SS oy gSeuwrg ySao yognas -} JSoid

Fig. 1. Microscopic image of soil a) Frozen soil at- 10 °C, b) Non-frozen soil
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Fig. 9. Strain stress diagram for different amounts of moisture at three freezing ages: a) soil A, b) soil B, ¢) soil C, d)
soil D and e) soil E
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