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Abstract

This paper presents the experimental study on stabilization of fine-grained soils using waste calcitice marble powder (CMP)
and dolomitic marble powder (DMP). Unconfined compressive strength (UCS) tests were conducted on both the pure and
stabilized soil specimens with the percentages of 5, 10, 20, 30, and 50% waste marble powder (MP) by weight. The soil
specimens mixed with two types of waste MP were cured for 7, 30, and 60 days and also subjected to freezing and thawing
with 1,3, 5,7, and 11 cycles to investigate the effect of curing time and freezing—thawing on unconfined compressive strength
(g,) and undrained elastic modulus (E,). Besides, mass losses (ML) of soil specimens were calculated after freezing—thaw-
ing cycles. According to the test results, the values of g, and E, of stabilized soil specimens increased sharply at waste MP
content of 5% and then decreased with increasing of MP in highly plastic silt (MH) with plasticity index of 21. ¢, and E,
increased with curing time dependent on the waste marble type and content in both soil type of specimens. As a result of

this study, the waste MP contributed the fine-grained soils more resistant to freezing—thawing.

Keywords Stabilization - Waste marble powder - Unconfined compressive strength - Curing time - Freeze—thaw

Introduction

Today, marble production has increased to 100 million tons
per year and main marble production takes place in China,
Italy, India, Iran, Turkey, Brazil, Egypt, Greece, and Por-
tugal [1]. Turkey has marble reserves of 40% of the world
and has 5 billion cubic meters of marble [2, 3]. Turkey, due
to its geological location, has numerous marble deposits in
which 250 different colors and patterns of marble types are
available [4]. The Turkish marble export sector, which is
high ranked in world markets, became the country having
the largest amount of exports in 2009 [5].
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Marble powder is a waste material generated from cutting
and grinding processes and approximately 25% of the pro-
cessed marble turns into powder [2, 6]. Leaving waste mate-
rial directly to the environment has negative effects on many
environmental factors such as air, water, and life habitat [7,
8]. Disposal of the marble powder is also an environmental
problem today [6, 9]. Gurbuz [10] stated that the consump-
tion of waste materials creates new sources of material and
helps to reduce harmful effects on the environment. Tunc
[8] stated that using produced waste in industry contributes
significant output to the national economy. The waste marble
powder still exists to be reused despite of being used in many
industries areas [8, 11].

In recent years, the use of industrial wastes for stabiliza-
tion of fine-grained soils has been the subject of widespread
research [10, 12, 13]. Industrial wastes as a stabilizer in poor
soils have been studied extensively by researchers to elimi-
nate soil problems such as bearing capacity, swelling, and
consolidation [14—17]. Okagbue and Onyebi [18] stated that
the usage of marble powder as additive improved signifi-
cantly some geotechnical parameters of red tropical soils.
Palaniappan and Stalin [19] found that using marble powder
as a stabilizer for expansive soil was applied successfully.
Arora et al. [20] showed that marble powder is an excellent
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material to stabilize cohesive soils. Saygili [13] mentioned
that utilizing waste marble dust in problematic soils in terms
of geotechnics provides great contribution to the economy
and protection of resources and this can be an alternative
solution in highly active clayey zones. Oncii and Bilsel [21]
indicated that marble powder as an industrial waste can be
used utilized in soil stabilization of road sub-base materials
in semi-arid climates.

Soils are subjected to freeze—thaw cycles every year in
cold climates. These cycles result in changes on the engi-
neering properties of fine-grained soils and cause significant
damages on the structures such as road, railroad, pipeline,
and light building. Fine-grained soils are well known as frost
susceptible. Therefore, stabilization of the fine-grained soils
exposed to freezing—thawing becomes inevitable [22-24].
Yarbasi et al. [25] emphasized that stabilized soils with lime,
fly ash, and cement have good durability of freeze—thaw
resistance in terms of strength properties.

Al-Mala Yousif [26] emphasized that the best perfor-
mance would be achieved with sufficient curing time for
stabilization. Eskioglou [27] conducted a laboratory study
to examine effectiveness of marble dust as a stabilizer. It
was observed that characteristics of soil were improved
using marble dust and the values of unconfined compres-
sive strength after 28 days with the addition of marble dust
increased. Zorluer and Demirbas [11] indicated that additive
ratio, the curing time, compaction energy, and a number
of freeze—thaw cycles are important factors to control the
improvement strength of the soil. Pousette et al. [28] found
that freeze—thaw cycles detrimentally affect the strength of
stabilized peat soils and also mentioned that freezing and
thawing needs to be further studied. Y1ldiz and Soganci [29]
investigated the influence of freezing—thawing on strength
and permeability of lime-stabilized clays and the test results
showed that the strength of stabilized clay increased at the
end of curing time, whereas the strength of stabilized clay
decreased after freeze—thaw cycles. Yilmaz et al. [30] stud-
ied the effect of stone wastes on freezing—thawing in soil
stabilization and found that the wastes are helpful against
freezing—thawing effect.

The aim of the this paper involves demonstrating the
utilization of two different waste marble powders on data
of unconfined compressive strength test of stabilized fine-
grained soil specimens prepared with various freeze—thaw
cycles and curing time. Compressive strength tests con-
ducted in various properties in which the MP was utilized
are presented in detail. The effect of freezing—thawing on the
engineering properties of fine-grained soil stabilized with
waste marble powder has not been adequately and exten-
sively investigated in the literature. There are a limited num-
ber of studies examining freezing—thawing and curing effects
on the engineering properties of fine-grained soil stabilized
using the different types of waste marble powders in the
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same study in literature. Therefore, current study is expected
to make significant contribution to the environment, waste
industry, and economy.

Test material and laboratory tests
Materials

In this study, two types of fine-grained soils and waste mar-
ble powders (CMP and DMP) were used for conducting tests
as materials and additives. Both fine-grained soil samples
were supplied by commercial firm. The waste sludge sam-
ples of CMP and DMP were taken from marble processing
plants in Afyon and Aydin, Turkey [31]. A series of labora-
tory tests were performed on both the virgin soil specimens
and stabilized soil specimens in the Geotechnical Engineer-
ing Laboratory of Civil Engineering Department, University
of Nigde Omer Halisdemir, Turkey.

In this study, grain size distribution tests based on laser
diffraction on dry samples were conducted on the pure soils
and the waste marble powders and the results of the tests
are shown in Fig. 1. In addition, pycnometer test [32], liq-
uid limit test of cone penetrometer method [33] and plastic
limit test [34], and unconfined compression test [35] were
carried out on the soil specimens. The fine-grained soils
were employed to be stabilized in tests and were classified
as highly plasticity clay (CH) and highly plasticity silt (MH)
according to the unified soil classification system.

The mineralogical and chemical compositions of materi-
als employed in the tests were determined by performing the
XRD and XRF analyses in the central laboratory of Nigde
Omer Halisdemir University. MH sample consisted of kao-
linite (51%), dicite (41%), and kristobalite (8%) minerals.
CH sample included clay (46%), sanidin (39%), and kuvars
(9%) minerals. CMP and DMP were composed of fully
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Fig. 1 The grain size distribution of materials used in the tests
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Table 1 The chemical

composition (%) of the soils Si0, ALO; Fe,0; CaO MgO K,0 TiO, SrO SO; Mn;O, BaO LOI
and marble powders usedinthe My 6176 2405 140 060 050 - 121 - - - - 9.95
study CH 6035 1978 470 205 187 156 08 - - - - 7.97
CMP 0.10 0.05 0.03 56.06 027 0.02 004 0.01 001 - - 41.00
DMP 018 0.07 0.32 31.68 20.03 - 0.06 0.01 0.01 0.02 0.02 45.00
Table2 The average properties of the materials employed in the . 1.50
study S 145
MH CH CMP DMP P ":O = I
£ 135 p
7, (KN/m?) 24 22 28 28 gL 1% S
wy (%) 65 85 - - ‘E < s
w, (%) 44 36 - - g 12 e
1, (%) 21 49 - - E :1(5) @
wg (%) 32 20 - - s 20 25 30 35 40 45 50
- (%) 31 36 _ _ Water content (%)
op!
Vamax (KN/m?) 115 12.5 - - 1.40
q, (kPa) 314 330 - - iouss °
E, (MPa) 16.43 16.35 - - S i : e
o0
EREEE e
g E 120
. .. . . 2 \E, 115 °
calcite (100%) and, dolomitice (98%) and calcite (2%) min- °
erals, respectively. The chemical properties of the materials E 11 \‘
used in the experimental work are given in Table 1. g '@ (b)
= 0

The virgin specimens represent the soil specimen not sta-
bilized with any waste marble powder, while the stabilized
specimens represent the soil specimen stabilized with any
waste marble powder. The engineering properties of materi-
als were determined and the average properties of the soil
and waste marble powders samples are given in Table 2.

Test program and procedures

Three sets of UCS tests were conducted for investigating
influential factors such as the marble powder content,
freeze—thaw, and curing time. The conventional UCS
tests were performed on the virgin and stabilized soil
specimens based on ASTM D 2166 [35] under strain-
controlled conditions. The soils and waste marble pow-
ders were dried in an oven at approximately 105 + °C for
24 h. The waste calcitice and dolomitice marble pow-
ders were mixed with both soil samples separately at the
percentages of 5, 10, 20, 30, and 50% by weight of the
soil sample. Thus, the stabilized soil specimens with dif-
ferent percentages of the wastes were obtained. The test
soil specimens were prepared in manufactured split steel
mold by compacting at maximum dry unit weight (yg;..)
and optimum water content (w,,) determined according
to the ASTM D 698-07 [36] at desired content of waste
marble powder. The compaction curves for non-stabilized
soil specimens are given in Fig. 2. Besides, optimum

5 10 15 20 25 30 35 40 45 50 55 60
Water content (%)

Fig.2 The compaction curves for pure a CH, b MH

water contents and maximum dry weight for stabilized
soil specimens are presented in Fig. 3. The specimens
were put inside the mold in three layers to create uniform
layers using static compaction. All prepared cylindrical
specimens had a diameter of 50 mm and 100 mm in height
(Fig. 4). Extreme care was taken during the mixing pro-
cess and compaction to ensure a uniform and identical
specimen. All specimen types (virgin and stabilized) were
prepared in the same method due to determine unconfined
compressive strength. UCS tests were performed on the
soil specimens in terms of curing time and freeze—thaw
cycle. The load was applied an axial strain at a rate of 1%
min until specimens failed.

Curing time

The soil specimens with various content of waste marble
powders were cured in desiccators at 22 °C with constant
optimum moisture content along 7, 30, and 60 days for
unconfined compression (Fig. 5). A series of UCS tests
were conducted on prepared soil specimens to determine the
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Fig.4 The preparation of soil specimens and UCS tests

development of unconfined compressive strength (g,) and
undrained elastic modulus (E,) of the virgin and stabilized
soil specimens with curing time. In addition, the change in
microstructure was examined after curing time.
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Fig.5 Specimens in desiccator cabinet

Fig.6 Test specimens for freezing and thawing

Freezing and thawing tests

Some soil specimens were subjected to freeze—thaw cycles
to explore influences of the freezing—thawing on the uncon-
fined compressive strength performance of fine-grained soils
stabilized with two types of marble powders in accordance
with ASTM D560. Cylindrical test specimens were exposed
to0,1,3,5,7, and 11 freeze—thaw cycles in a freeze—thaw
cabinet (Fig. 6). Freezing—thawing procedure was conducted
in a closed system. The effect of any external water source is
removed to maintain the existing water content of the sample
in closed the system. Jamshidi [37] stated that a significant
impact of freezing and thawing can be observed after only
three freeze—thaw cycles. The freeze—thaw specimens were
placed into a digital freezing cabinet at — 20 °C for a period
of 6 h, then were thawed at+ 20 °C for a period of 6 h. This
procedure had been previously used in literature (Roustaei
et al. [24], Ghazavi and Roustaei [38]). A period of 6 h
freezing at — 20 °C and a period of 6 h thawing at+20 °C
was called as 1 cycle. The same procedure was continued
up to 11 cycles. UCS tests were conducted after desired
freeze—thaw cycles. In addition, specimen mass loss was
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calculated after freeze—thaw cycles to determine the effect
of freeze—thaw cycle. The mass loss (ML) of specimens is
calculated as Eq. (1):

ML (%) = 100[(A — B)/A]. (1)
where A is initial mass of soil specimen and B is mass of soil
specimen after freeze—thaw cycle.

Scanning electron microscopy tests

To prove the improvement, scanning electron microscopy
(SEM) and energy dispersive X-ray microanalysis (EDAX)
were carried out to observe changes in microstructure and
chemical composition of stabilized soil samples with cur-
ing time at Nigde Omer Halisdemir University central
laboratory.
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Test results and discussion

UCS tests were conducted to check the influence of waste
marble powders on soil specimens. The results of all the
experimental studies performed on stabilized soil specimens
and influence of two types of waste marble powders on g,
and E, of the soil specimens in terms of curing time and
freeze—thaw cycle are discussed in detail.

Effect of marble powder contenton g, and E,,

Figures 7a and 8a present the axial stress (o) versus the axial
strain (¢) for both soil specimens with and without DMP
and CMP, respectively. The specimens failed at axial strain
of 2-3% for MH soils and at axial strain of 1.5-3% for CH
soils. The axial stress—axial strain responses presented in
Figs. 7a and 8a show a strain softening behavior regardless
of soil type with different plasticity and waste marble type.
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Fig.7 Variation of a ¢ — ¢, b g, and ¢ E, of MH specimens with MP content
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Fig.8 Variation of a ¢ — ¢, b g, and ¢ E,, of CH specimens with MP content

The study reveals that the axial stress—axial strain response
is affected with the content and type of marble powder.
From test results given in Figs. 7b and 8b, it can be seen
that while the value of ¢, increased up to the marble powder
content of about 5% for both waste marble powders and then
decreased with increase of the marble powder content in
MH specimens, whereas it decreased with increase of the
marble powder content for both waste marble powders in
CH specimens. The different behavior is considered to be
due to distinct plasticity of soils. The values of g, from UCS
tests for the MH specimens were measured as 400.20 kPa
and 475.30 kPa at the CMP and DMP content of 5%, respec-
tively, while the g, value of non-stabilized specimen was
313.80 kPa, then decreased 215.60 kPa and 183.00 kPa at the
CMP and DMP content of 50%, respectively. However, those
for the CH specimens decreased with increasing the marble
powder content from 313.80 to 155.90 kPa and 124.70 kPa
at the CMP and DMP content of 50%, respectively. DMP
was more effective than CMP on the values of g, of stabi-
lized MH specimens. A large number of studies in literature
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exist that g, of stabilized soils decreased with increase of
the marble powder content [10, 15]. It was explained that
as the addition of marble powder into the soils increases the
strength of mixed material up to the marble powder content
of 10% and then, the strength of the specimens begins to
decrease due to the decrease in the cohesion between the soil
and marble powder [10]. Okagbue and Onyeobi [18], Bansal
et al. [9] and Devarajan [39] stated that increase in the value
of g, is possible up to an optimum amount of marble powder
value but after that it starts decreasing. There is a threshold
in the positive effect of the addition at around 5% for MH
with MP in this study.

Figures 7c and 8c show the variation of E, of soil speci-
mens with and without marble powder content. DMP had
more effect on E, of MH specimens in comparison with
CMP. It increased with increase of DMP content up to con-
tent of 5% DMP then decreased in MH specimens. On the
other hand, CMP had no significant change up to content of
30% DMP on the values of E, of MH specimens (Fig. 7c).
There is no significant influence of marble powder on the
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value of E, of CH specimens up to content of 30%, and
then decreased irrespective of waste marble powder type
(Fig. 8c). The values of E, for the MH specimens were
measured as 16.08 MPa and 25.34 MPa at the CMP and
DMP content of 5%, respectively, while the value of E, of
non-stabilized specimen was 16.42 MPa. Then it decreased
11.32 MPa and 10.30 MPa at the CMP and DMP content of
50%, respectively. It decreased from 16.42 to 12.07 MPa and
10.25 MPa at the CMP and DMP content of 50%, respec-
tively, although there is no significant change up to MP con-
tent of 30% for CH specimens.

Effect of curing time on g, and E,,

Figures 9a and 10a show variation of the axial stress—axial
strain for MH and CH specimens non-stabilized and stabi-
lized with DMP and CMP after curing 7, 30 and 60 days,
respectively. The specimens failed at axial strain of 2—-3% for
MH specimens and at axial strain of 1.5-3% for CH spec-
imens depending on the curing time, and the failed axial
strain (g;) increased with the increase in curing time. The
axial stress—axial strain show a strain softening behavior like
soil specimens with no curing time.

Figures 9b and 10b show the effect of curing time on g,
in terms of waste marble powder content and type. As can
be seen from in Figs. 9b and 10b, increase in the amount
of waste marble powder reduced the value of ¢, for each
curing time. However, the curing time clearly increased the
value of g,. For instance, the values of g, at the CMP and
DMP content of 30% for the MH specimens were measured
as 286.40 kPa and 215.20 kPa for 0 day, 387.30 kPa and
342.40 kPa for 7 days, 416.70 kPa and 347.30 kPa for 30 day
and 481.30 kPa, and 387.50 kPa for 60 days, respectively.
The strength gains in MH specimens due to curing times
were found to be higher than CH specimens (Figs. 9b, 10b).
Okagbue and Onyebi [18] obtained similar development
for the marble powder-stabilized soils. Increase in g, can
be explained in terms of the action of pozzolanic reactions
which take place through curing time for both soil types.
The variation of the value of E, is similar to that of g, as a
general trend (Figs. 9c, 10c).

SEM analyses were conducted to determine the impact
of waste MP on the samples by exploring the non-stabilized
MH and CH samples, stabilized MH and CH samples with
50% CMP, and stabilized 7 days cured MH and CH sam-
ples with 50% CMP as shown in Figs. 11 and 12. Moreover,
EDAX analyses were conducted on those soil specimens
as shown in Fig. 13. SEM imagines of non-stabilized MH
and CH samples are shown in Figs. 11a and 12a. The SEM
images show the change in the microstructure by adding
waste MP. It can be seen that waste materials are successful
in filling the pores and bond between particles. Due to the
reduction of pores causes compressive strength increases. It

is apparent from SEM results in terms of curing time that
MP made a positive impact on the microstructure to cause a
more compact structure as a result of a pozzolanic reaction
(Figs. 11b, c, 12b, c).

EDAX analysis was performed on non-stabilized MH
sample and stabilized MH samples with waste 50% CMP
and 50% DMP to determine mineralogical composition. In
Fig. 13, the EDAX spectrum of the stabilized soil is primar-
ily characterized by calcium (Ca) and silicon (Si) as evi-
denced by the high weight percentage of these elements in
the soil. Seco et al. [40] stated that the most waste materials
which have the pozzolanic effect are these that contain a sig-
nificant amount of reactive Ca, Si, or Al oxide. The presence
of elements such as Ca and Si causes pozzolanic activity.
When CMP and DMP were increased, the calcium from MP
reacted with the soluble silica and alumina in the CH and
MH (Egs. 2, 3). The reactions continue as long as residual
calcium is available. The pozzolanic activity contributed to
formation of the fabric and structure of stabilized samples
(Figs. 9, 10, 11, 12):

Ca’* + OH™ + Si0, = Calcium silicate hydrate 2)

Ca’* + OH™ + Al O, = Calcium aluminate hydrate. (3)

Effect of freeze-thaw on g, and E,

To compare stress—strain characteristics for five different
freeze—thaw cycles, axial stress—strain curves are given in
Fig. 14a. Axial stress—strain curves did not have a clear peak
stress, except for the waste marble content of 50% in the 1st
cycle, and the soil specimens failed at axial strain of 3-4%
within elastic region in MH specimens (Fig. 14a). However,
CH specimens exhibited strain-softening behavior in the
specimens with 1st, 3rd, and 5th cycles and it failed within
elastic region in the specimens with 7th and 11th cycles. The
specimens failed at axial strain of 2-4.5% for CH specimens.
The failure modes of soil specimens with DMP and CMP are
similar in terms of waste material type (Fig. 14a). The fact is
that the type of fine-grained soil used in stabilization directly
affects the failure type due to the plasticity difference of the
soils. The soil specimens showed the brittle failure during
loading as seen from pictures on Fig. 14a.

The values of g, and E, versus number of freeze—thaw
cycles for MH and CH specimens with and without DMP
and CMP are shown in Fig. 14b, c, respectively. It was found
that g, increased with increasing freeze—thaw cycle for both
fine-grained soils and the gain in strength and stiffness in
MH specimens due to freeze—thaw cycle was higher than CH
specimens. E, exhibited similar trend to g,. The strength and
stiffness were not significantly affected by waste marble type
and content for MH specimens except for g, with marble

@ Springer



1466 Journal of Material Cycles and Waste Management (2020) 22:1459-1474

700 600
—e— MH-0%DMP —e— MH-0%CMP
600 | | —0— MH-5%DMP —o0— MH-5%CMP 7 day
—&— MH-10%DMP 500 .
— MHL20%DMP —&— MH-20%CMP
500 4~ —— MH-30%DMP = —0— MH-50%CMP
< —O— MH-50%DMP A, 400
v =2
= 400 [
N} @ 300
2 o
2300 k=
4‘: v
= = 200
S 200 e
= <
< 100
100
0 0
0 1 2 3 4 5
Axial strain (%) Axial strain € (%)
800 800
—e— MH-0%DMP —e— MH-0%CMP
700 { —o0— MH-5%DMP 30 day 700 4~ =——O0=— MH-5%CMP 30 day
—&— MH-10%DMP —&— MH-10%CMP
600 4 —&— MH-20%DMP — 600 4 ~—2—MH-20%CMP
- —&— MH-30%DMP & —&— MH-30%CMP
—0O— MH- —O0— MH-50%CMP
£ s00 MH-50%DMP < 500 30%C
S S}
172}
2 400 H 400
172} -
8 2300
5 300 5
- =
<
‘2 200 < 200
<
100 f 100
0 0
0 1 o2 3 4 0 1 2 3 4 5
Axial strain &€ (%) Axial strain & (%)
700 700
—e— MH-0%DMP —e— MH-0%CMP
600 4 ~—O— MH-5%DMP 600 —O0— MH-5%CMP
—&— MH-10%DMP —&— MH-10%CMP
—&— MH-20%DMP —&— MH-20%CMP
= 500 {| —®— MH-30%DMP < 500 —&— MH-30%CMP
5 —0O— MH-50%DMP 5 —0O— MH-50%CMP
= 400 = 400
s} s}
2 2
g 300 A g 3w
w v
S 200 1 ]
g g 200
< L <
100 1 100
0 ¥ 0 ¥
0 1 2 3 4 0 1 2 3 4
Axial strain & (%) Axial strain £ (%)
(@
800 35
BCMP-%0  ®DMP-%0  ®CMP-%5  ®DMP-%5 uCMP-%0 uDMP-%0 uCMP-%5 5 DMP-%5
700 - mCMP-%10  ®WDMP-%10 ®CMP-%20 = DMP-%20 30 - mCMP-%10  ®mDMP-%10  ®mCMP-%20  ®DMP-%20
CMP-%30  =DMP-%30 ®CMP-%50 = DMP-%50 CMP-%30 DMP-%30  mCMP-%50  mDMP-%50
600 -
< 500 =
v Y
~ 400 e
S S
300 =
200
100
0
0 day 7 days 30 days 60 days 0 day 7 days 30 days 60 days
Curing time (days) Curing time (days)

(b) ©
Fig.9 Variation of a ¢ — ¢, b g, and ¢ E, of MH specimens with curing time

@ Springer



Journal of Material Cycles and Waste Management (2020) 22:1459-1474

1467

450 450
400 7 da —e— CH-0%DMP 400
Y —o0— CH-5%DMP
350 —#— CH-20%DMP 350 4
_ —0— CH-50%DMP -
£ 300 £ 300 1
= Z
5 250 o 250 A
2 2
S 200 o 200 4
=] @
1] — 150 -
= 150 =
<>:< 100 é 100 4
50 50
0 oct
5 0
350 500
—o0— CH-5%DMP 450
300 —&— CH-10%DMP
—&— CH-20%DMP 400 4
—&— CH-30%DMP
5 250 v =
G —0— CH-50%DMP
& £
= z
o 200 IS
172) 172}
173 w
1) [0}
150 =
& 7
= e
‘2100 o]
"
< <
50 ]
0
0 1 2 4
Axial strain € (%)
600 600
—e— CH-0%DMP
—O0— CH-5%DMP 60 day
500 —&— CH-10%DMP 500
—&— CH-20%DMP
= —&— CH-30%DMP .
& 400 —0O— CH-50%DMP < 400
=7 &
5 =
2 300 S 300
£ 2
f]
g L
= 200 b2 200
% K
P =
<
100 100
- 0o
0 1 2 3 4 0
Axial strain € (%)
(a)
40
600 BCMP-%0  ®WDMP-%0 ®CMP-%5  mDMP-%5
ECMP-%10 EDMP-%10 ®CMP-%20 ®DMP-%20 35
500 CMP-%30  =DMP-%30 BCMP-%50 ®DMP-%50
400 E
<
& =
<= 300 -
< =
200
100
0

0 day

7 days 30 days

Curing time (days)

(b)

60 days

Fig. 10 Variation of a 6 — £, b g, and ¢ E, of CH specimens with curing time

7 day —e— CH-0%CMP
—O0— CH-5%CMP
—#— CH-20%CMP

—0O— CH-50%CMP

——O— CH-5%CMP

—&— CH-10%CMP
=——tr— CH-20%CMP
—&— CH-30%CMP
—0O— CH-50%CMP

2
Axial strain & (%)

~——— CH-0%CMP
—O0— CH-5%CMP
—&— CH-10%CMP
—&— CH-20%CMP
—0O— CH-50%CMP

60 day

Axial strain € (%)

B KMT-%0 uDMT-%0 BKMT-%5 uDMT-%S5
mKMT-%10 ®DMT-%10 ®=KMT-%20 = DMT-%20
KMT-%30 DMT-%30 ®KMT-%50 ®DMT-%50

0 day

7 days 30 days
Curing time (days)

(©)

60 days

@ Springer



1468

Journal of Material Cycles and Waste Management (2020) 22:1459-1474

Fig. 12 SEM images: a non-stabilized CH samples, b CH with 50% CMP, ¢ 7 days cured CH with 50% CMP

powder content of 50%. On the other hand, the waste marble
type and content had perceivable effect on the strength and
stiffness of CH (Fig. 14b, c).

The mechanical behavior of the freeze—thawed speci-
mens behaves very differently according to the non-
freeze—thawed specimens. The non-freeze—thawed speci-
mens with and without curing time exhibit a remarkably
clear peak on the curves from the UCS test, followed by
some strain softening. These peaks are very clear due to
structural inter-particle bonding. The samples showed a
ductile behavior (Figs. 7, 8). The freeze—thawed speci-
mens without curing time did not exhibit a peak on the
curves obtained from the UCS test and failed in the elastic
region due to the freeze—thaw effect. The samples showed
a ductile behavior except for 1st, 2nd, and 3th cycles in
CH samples as shown in Fig. 14a. It can be attributed that
the CH samples in the 1st, 2nd, and 3th cycles did not gain
sufficient re-structuring effect caused by freeze—thaw due
to high plasticity. The samples with freeze—thaw gained
strength and stiffness in MH specimens was higher than
CH specimens due to soil type. Similar results have been

@ Springer

found in the literature. Leroueil et al. [41] could not detect
the peak after freeze—thaw in a clay. As a general trend,
it was found that g, and E, increased with the increasing
freeze—thaw cycle for both fine-grained soils in this study
(Fig. 14b, c). Similar results have also been found in the
literature. Yaling and Binbin [42] also found that freez-
ing and thawing action makes the soil cohesion higher
but there is no significant change in the internal friction
angle. Ono and Mitachi [43] exposed to the samples a
single freeze—thaw cycle, which increased both stiffness
and shear strength. The authors proposed a re-structuring
effect due to freeze—thaw. Besides, Qi et al. [44] stated
that freeze—thaw causes degradation of structure in natural
fine-grained soils such as clays, but structure improvement
in reconstituted normally consolidated clays. It is thought
that the increase in strength obtained in this study can
be caused by the re-structuring effect or improvement in
soil structure. As another reason, it is thought that the
freeze—thawed cycle is a short period to dissolve the frozen
water in the sample. In other words, insoluble ice in the
sample causes an increase of the strength of the samples.
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Mass losses in the freeze—thaw specimens were calcu-
lated after 1, 3, 5, 7, and 11 cycles to examine the effect
of the CMP and DMP on the durability behavior of the
stabilized soil (Fig. 15). It can be clearly seen from Fig. 15
that the mass losses of stabilized soils decreased with
increasing waste powder content for each freezing—thaw-
ing cycles regardless the type of marble powder and soil
type. However, the mass losses increased with increasing
freezing—thawing cycles up to 7 cycles, then decreased
slightly at 11 cycles. It was observed that there was no

significant influence of MP type on mass losses and the
average mass loss was found to be 4-6% and 11-14% at 1
and 11 cycles for CH specimens and 4-7% and 16-25% at
1 and 11 cycles for MH specimens based on MP content.
Similar trend was obtained in literature [10]. Zaimoglu
[22] also stated that mass losses around 10-15% do not
significantly affect soil strength of closed to the surface at
the end of the 12 freeze—thaw cycles. This study proved
that adding marble powder helps to make the soil more
resistant to freezing—thawing (Fig. 15).
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Fig. 14 (continued)

Conclusions

MH sample with plasticity index of 21 and CH sample with
plasticity index of 49 were mixed separately with two type
of waste marble powders in portion varying between 0 and
50%. UCS tests in the laboratory were performed on the un-
stabilized and stabilized soil specimens to examine the vari-
ations in the values of ¢, and E, in terms of the freeze—thaw
cycle of 1, 3, 5,7, and 11 and curing time of 0, 7, 30, and
60 days. Depending on the test results obtained from the
current study, the following conclusions can be made;
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The axial stress—strain response showed a strain-soften-
ing behavior regardless of soil specimens with different
plasticity index and waste marble type and it was affected
with the content and type of marble powder without cur-
ing and freeze—thaw.

The addition of waste marble powder to fine-grained
soils, in general, gave rise to decrease in the values of g,
and E, of stabilized soil specimens after increase in the
certain marble content dependent on the mineral com-
position of soil specimen and marble powder type and
content without curing and freezing—thawing.
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Fig. 15 Mass losses for the MH and CH specimens exposed to freeze—thaw

e The value of g, went down with increasing waste marble
powder content for each curing time and but the curing
time clearly increased g,,. The variation of E|, with curing
time also exhibited similar trend of g,

The axial stress—strain curves of soil specimens exposed
to freeze—thaw had no a clear peak stress, except for MP
content of 50% in the first cycle, and the soil specimens
failed within elastic region in MH specimens. On the
other hand, CH specimens displayed strain-softening
behavior in the specimens up to 5 cycles and it failed
within elastic region in the specimens higher than 5
cycles. The failure mode of soil specimens exposed to
freeze—thaw showed similarity in terms of waste marble
type and the type of soil used in stabilization directly
affected the failure type. The soil specimens also dis-
played the brittle failure during loading.

The value of g, increased with increasing freeze—thaw
cycle for both soil types and the gain in strength and
stiffness in MH specimens due to freeze—thaw cycle was
higher than CH specimens. E, exhibited the same trend
as ¢q,. The strength and stiffness were not significantly
affected by waste marble type and content for CH speci-
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mens except for g, with MP content of 50%. On the other
hand, the waste marble type and content had significant
effect on the strength and stiffness of CH specimens.

In this study, MH and CH soils with different plasticity
exhibited different behaviors for the usage in practice.
Therefore, the effect of the waste CMP and DMP is also
different. It was determined that 5% of waste MP rate for
MH is the threshold in the positive effect without curing
and freeze—thaw effects. However, the threshold value
of waste ratio for CH cannot be mentioned for the same
conditions.

As a general trend, the most prominent increase in
strength caused by the pozzolanic effect occurred after
7 days for both soils with MP. For this reason, it should
be considered that the pozzolanic effect occurs after
7 days for the practice usage. Besides, the strength gains
in MH specimens due to curing time were found to be
higher than CH specimens.

The mass losses of stabilized soils decreased with
increasing waste powder content for each freezing—thaw-
ing cycles regardless the type of marble powder and soil
type, and; however, increased with increasing freezing—
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thawing cycles. As a result, the marble powder made the
soil more resistant to freezing—thawing.
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