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In the present research, the optimum condition of the grout consisting of cement, fly ash,
superplasticizer, and water was determined to produce the most durable and impermeable deep
mixing columns (DMC) on silty soils. It is aimed to reduce the grout cost and environmental
pollution by using high-rate fly ash in the grout. Superplasticizer additive was used to increase the
flow consistency of grout consisting of high-rate fly ash. The design of the experiments was made
using the 5-parameter and 4-level L16 orthogonal array table specific to the Taguchi method.
Accordingly, the unconfined compression strength (qu) and the permeability coefficient (k) of the
soil-binder mixtures at the end of the 7- and 28-days curing time were determined. According to
the test results, regression analyzes were performed and models with high reliability were created
for qu and k. As a result of optimization studies, to produce DMC having high strength and low
permeability, grout content should be consisting of 14% cement, 14% fly ash (ratio of fly ash in
the binder is 50%), 2.68% super plasticizer additive, and 0.95 water/binder ratio. The pozzolanic

reactions in soil-binder samples with different grout contents were examined by SEM analysis.

1. Introduction

All over the world, especially in city centers, most of
the stable soil had already been used. The construction site
requires a stable area of appropriate soil properties since
weak soils have to be improved before the construction
work. One of the methods used for stabilizing soils is the
deep mixing method (DMM), defined as the mixing
process of cement, lime, slag, and other binders with soil.
DMM improves the soil properties in terms of
geotechnical concerns such as bearing capacity, hydraulic
conductivity, settlement, and horizontal displacement.

The effects of cement and other binders on soil-cement
slurry have been investigated by lots of researchers. The
unconfined compression strength (UCS) of the deep
mixing column depends on binder dosage, curing period,
curing temperature, and natural soil water content [1].
Increasing cement dosage from 100 kg/m?® to 200 kg/m?3
gives 10 times higher compression strength, and there is a
linear relation between UCS and cement dosage [2].

Since cement production is expensive and causes
environmental pollution, the binder replacement method
with a natural or by-product material may be useful for
many cement-based constructions works. A common by-

* Corresponding author. Tel.: +90 507 857 9240.

product material is fly ash generally used to create longer-
lasting infrastructure in road constructions and
embankments. Li et al. [3] found that the fly ash-soil
samples had a strength between 940 kPa and 4300 kPa at
the end of the 14-day cure period, whereas the soil alone
had a strength of 317 kPa. Moreover, soil friction angles
increased up to 2-3 times according to fly ash content. The
optimum fly ash ratio for the mix was 60%. Since fly ash
is a lightweight material, the higher percentage of fly ash
decreases dry densities and increases optimum water
content [4,5]. Increasing the amount of fly ash into soil
reduces plasticity, hydraulic  conductivity, and
compressibility [6-9]. Although replacing cement with fly
ash reduces cement cost and environmental pollution, fly
ash additive materials have early strength problems but,
the final compression strength is high [10]. Some minerals
of silicon and aluminum in fly ash create a secondary
reaction with the cement hydration products. Thus, the
void ratio and permeability of the deep mixing column
decreases. The UCS and elastic modulus of columns
improved with increasing fly ash amount [11].

The injectability of the grouting mixture is important to
obtain well-mixed columns. Although the higher water

E-mail addresses: yyenginar@erbakan.edu.tr (Y. Yenginar), ahmeed696@yandex.com (A.A.M.M Mobark), molgun@ktun.edu.tr (M. Olgun)

ORCID: 0000-0002-6916-4068 (Y. Yenginar), 0000-0002-3989-641X (A.A.M.M Mobark), 0000-0001-7856-8227 (M. Olgun)

DOI: 10.35860/iarej.978978

© 2021, The Author(s). This article is licensed under the CC BY-NC 4.0 International License (https://creativecommons.org/licenses/by-nc/4.0/).


http://www.dergipark.org.tr/en
http://www.dergipark.org.tr/en/pub/iarej
mailto:yyenginar@erbakan.edu.tr
mailto:molgun@ktun.edu.tr
https://doi.org/10.35860/iarej..978978
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://creativecommons.org/licenses/by-nc/4.0/
https://orcid.org/0000-0002-6916-4068
https://orcid.org/0000-0002-3989-641X
https://orcid.org/0000-0001-7856-8227

465 Yenginar et al., International Advanced Researches and Engineering Journal 05(03): 464-474, 2021

content in the grouting mixture makes grouting easier, it
reduces the strength of soil-cement samples. Therefore, to
increase the strength, the water content has to be reduced.
Since grouting mixtures are pumped into the soil at the
field, higher fluidity and low viscosity are achieved by
raising the water/cement ratio and adding chemical
additives. In different studies, water/cement ratios were
used as following; 0.5-2 [12], 0.6-2 [13], and 1-3 [14].
Adding chemical additives impacts the fluidity of
cementitious material even for mixtures with very low
water/cement ratios. Achieving higher strength requires
lower water/cement ratios. However, lower water content
results in low fluidity. Thus, chemical additives are used
to maintain a higher fluidity value for that low water
content. The addition of superplasticizers into grouting
mixtures, more viscous grout at lower water/cement ratio
[15,16], and more strength and less permeable soil-cement
mixtures can be obtained.

Full factorial or partial factorial design can be
performed when examining the effects of parameters that
are effective on any process [17]. Full factorial design can
be applied when the number of parameters studied is small.
However, as the number of parameters and their levels
increases, full factorial design becomes very laborious and
time-consuming. The partial factorial design also has its
downsides [18]. Genicci Taguchi developed a statistical
method [19-22] to determine the relationship between the
parameters that affect the process and the results by
making a few experiments, observations, or analyzes as
possible. This method is used in many different fields [23—
27]. The basic methodology of the Taguchi method
consists of four steps: (1) determining the parameters and
their levels that affect the process, (2) choosing an
appropriate orthogonal index table, (3) performing the
experiments and analyzing the results, and (4) obtaining
and verifying the optimum results.

The purpose of this research is to determine the
optimum grout content to obtain the highest strength and
the lowest permeability of the soil-binder mixture
representing the deep mixing column. Grouting consists of
different amounts of cement, fly ash, superplasticizer, and
water/binder ratio mixed with the silty soil whose
consistency changes semi-solid to liquid form and cured
for 7 and 28 days. The design of the experiments (DOE)
was performed using the Taguchi method, which is a
statistical method. Experimental results were analyzed
using a factorial design to find the optimum grout content.
The optimum design is controlled by validation tests
(unconfined compression and permeability tests) and SEM
images.

2. Materials and Methods
2.1 Soil
The soil was obtained from the Doganhisar district located

at Konya Province in Turkey. Liquid limit (wy), plastic limit
(wp) and plasticity index (lp) of soil determined as 31.3%,
18.1% and 13.2%, respectively. The soil is classified as ML
according to USCS using Atterberg limits and grain size
distribution curve given in Figure 1.

2.2 Grouting Materials

The grout consists of cement, fly ash, and superplasticizer.
The main binder material in grout is Type | (42.5 R) Ordinary
Portland Cement (OPC). Its chemical properties are given in
Table 1. Since the fly ash gained strength over a long period,
high early strength cement was used.

The fly ash was obtained from Aluminum Recovery
Central in Seydisehir, Turkey. Fly ash is the petty binder
material used to reduce cement costs inside the grout. The fly
ash can be defined as high lime fly ash since its free lime
content is 16.3% (Table 1). Most of its particles were in the
silt size (84.2%) with light brown color.

The superplasticizer used in this study meets the
requirements for water-reducing (Type A) and high range
water-reducing (Type F) admixtures according to ASTM C
494/C 494M [28]. This additive maintains high plasticity in
concrete for a longer time compared to traditional
superplasticizers. In the plastic state, it extends slump
retention, control set times, and minimizes bleeding water.
On the other hand, in the hardened state, it provides higher
earlier strength, increases ultimate compression strength,
develops a higher modulus of elasticity, and decreases
permeability.
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Figure 1. Grain size distribution curve of soil

Table 1. The chemical properties of cement and fly ash

Chemical composition (%) Cement Fly ash

SiO2 221 19.8

Al20s3 53 8.1
Fe203 2.2 6

CaO 63.7 28.3
MgO 24 1

SOs 31 18.2

Naz0 0.12 0.1

K20 0.94 04

Free CaO 1.6 16.3

Loss on ignition - 18
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2.3 Design of Experiments (DOE)

Scientists systematically collect data and examine the
relationship between input variables (factors) and output
parameters (responses) that are effective on any process
using the design of experiments (DOE) method. The Taguchi
method is a robust DOE method used to optimize the
parameters that affect the process. This method reduces the
mean and variance of the process performance
characteristics and allows obtaining high-quality analysis
results with a few experiments. The first step in the Taguchi
method is the selection of parameters and their levels.

In the present research, investigating parameters on
column performance are amounts of cement, fly ash,
superplasticizer, water/binder ratio in grout and water
content of untreated soil. Parameters and their levels were
given in Table 2. Taguchi’s standard L16 (5% orthogonal
array (OA), which consists of 5 factors and 4 levels, was used
in the design of experiments (Table 3).

Unconfined compression strength (qu) and permeability
coefficient (k) values were used in the statistical analyzing
process. In the first stage, Taguchi analysis was performed
and S/N (signal-to-noise) ratios were obtained. S/N ratio
refers to the distribution around the target value, and there
are three categories for the performance characteristic: (1)
larger the better, (2) smaller the better, and (3) nominal the
better.

Table 2. Controllable factors and levels in Taguchi design

Parameters
Levels
1 3 0 0 0.9 20
2 7 5 1 11 24
3 11 10 2.5 1.3 28
4 15 15 4 15 32

Table 3. Design of experiment using Taguchi method (standard
L16 orthogonal array)

Design Parameters and their levels
No C F A wib Whn
1 1 1 1 1 1
2 1 2 2 2 2
3 1 3 3 3 3
4 1 4 4 4 4
5 2 1 2 3 4
6 2 2 1 4 3
7 2 3 4 1 2
8 2 4 3 2 1
9 3 1 3 4 2
10 3 2 4 3 1
11 3 3 1 2 4
12 3 4 2 1 3
13 4 1 4 2 3
14 4 2 3 1 4
15 4 3 2 4 1
16 4 4 1 3 2

This study aims to manufacture a deep mixing column
with high strength and low permeability. For this reason, S/N
ratios were determined using Equation (1) of "larger the
better" option for strength response and Equation (2) of
"smaller the better" option for permeability response. In
Taguchi analysis, the S/N ratio is used as the quality
characteristic. Taguchi found that the mean and standard
deviation are directly proportional to each other. This is the
reason why the S/N ratio is used instead of the standard
deviation. Each experiment was performed twice to reduce
the effect of the uncontrollable factors. Statistical analyzes
were made with Minitab software.

"o

S/N = —10logy, G > 1ﬁ) 1)
i=1"i

S/N = —10logqg (% Z:lzl le) )

where Y; is the response (output) of the i-th experiment and
n is the repetition number of response characteristics.

In the second stage, the desirability function approach was
applied to optimize all parameter levels including the curing
period of deep mixing samples. Derringer and Suich [29]
initially developed the idea of the desirability function
approach. In this approach, all responses are transformed into
the same scale of undesirable desirability (individual
desirability) [30]. There are 3 different desirability functions
di(yi) to obtain the response parameter y; at the maximum,
minimum, or target value. The individual desirability di(y;)
can be calculated to minimize a response using "smaller
better" formulas in Equation (3) and maximize a response
using "larger better" formulas in Equation (4) [29,31]. Then,
the geometric mean of individual desirabilities using
Equation (5) gives the overall desirability D.

1 Vi) <T;

ao) = (L0 my@sul @
0 i) > T,
0 DY) < L

ao) =] (L) Ly sTt @
1 Yi(x) > T,

1/m

D = (di(y,) X d2(¥,) X.. X dw(¥,,)) ®)

where x is the factors. Li and U; are lower and upper
acceptable values of y;, respectively, while T; is target values
desired for i response, where L; < T; < U;. r is used to
determine the shape of di(y;) and change between 0 and 1. m
is the number of responses.

Desirability value changes between 0 and 1. A desirability
value of 0 indicates that the predicted outcome value is
outside of acceptable limits. A desirability value of 1
indicates that there is maximum agreement between factors
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and results, that is, maximum performance has been
achieved. [32]. In the desirability function approach, the
curing period was added to the L16 design table as the sixth
parameter with two levels (7 and 28 days). Hence the number
of trial mixes was increased to 32. Then, regression analysis
and multi-response optimization was performed using the
desirability function approach in Minitab software. All of the
statistical analyzes were carried out considering the 95%
confidence interval.

2.4 Preparing and Curing Specimens

Before preparing the soil-binder mixtures, the soil was
dried at 60° in the oven and sieved through a 2 mm opening
sieve. For each design, the amount of cement and fly ash
were determined as a percentage of dry soil and all were
mixed in the dry state (the dry mixture). The total water
content of the mixture includes grouting water and soil’s
natural water content. Grouting water is calculated by
multiplying the water/binder ratio and dry binder amount.
The amount of superplasticizer was determined as the
percentage of a dry binder. Then, grouting water, water from
soil’s water content, and superplasticizer mixed (the liquid
mixture). After that, the liquid mixture was added step by
step to the dry mixture to obtain a homogeneous mixture.
The mixing process was done by a mixer and continued for
at least 10 minutes for each mixture. After that, the mixture
was cast in PVC molds having 50 mm inner diameter. The
height of molds used for UCS and permeability tests were
100 mm and 30 mm, respectively. Fresh mixtures of soil-
binder samples cast in molds were left at room temperature
for 5-6 hours to harden and then cured in the curing pool by
sealing. The curing period of samples was 7 and 28 days.

3. Results and Discussion

3.1Unconfined Compression Strength (UCS) Test

Unconfined compression strength tests were performed
according to ASTM-D2166/D2166M [33]. The cylindrical
soil-binder sample is loaded axially at an axial strain rate
between 0.5 to 2%/min. The unconfined compression
strength (qu) of the deep soil mixing samples at 7 and 28 days
of the curing period were determined at the end of the test
(Table 4).

In the statistical analysis, the significance level of the
parameters affecting the performance of the deep mixing
samples can be understood from the magnitude of the delta
value in the response table obtained for the S/N ratios (larger
is better-maximizing strength) and rank of parameters on
UCS. The UCS generally increases while increasing cement
and fly ash amounts and curing period since S/N ratios
increase for all parameter levels (Table 5). Cement is the first,
and fly ash is the second effective parameter on UCS as they
are the main component in the hydration reaction by which
soil particles bind together and produce a high strength
structure. During the cement hydration, calcium ions are

released then react with silica and alumina in soil. At the end
of this process, pozzolanic products emerge and the strength
increases. These pozzolanic products bind the clay particles
together to form a new bonded, strong soil matrix [34]. The
reactions between soil and calcium oxide (CaO) in cement
and fly ash produce cementitious and pozzolanic gels such
as C-S-H (calcium silicate hydrate gel) and C-A-S-H
(calcium aluminate silicate hydrate gel). The increase in
strength is related to the type and the number of possible
reacting products. Therefore, the higher the content of
calcium ions that exists in the binder, the higher strength is
gained (Figure 2a).

The third efficient parameter on strength is the water
content of the soil. Increasing its values maximizes UCS
responses to a third level than the higher values of 28% water
content of soil decreases UCS responses.

The water content of soil has little effect on the strength
according to binders because the strength of samples
primarily depends on the gel produced from the pozzolanic
reactions. Therefore, the water content affects the strength
indirectly by meeting the necessary moisture in the hydration
reaction. The response of water content on strength depends
on the water content needed for the applied binder contents.
Each binder content has only one optimum water content.
Fewer water contents lead to uncompleted hydration reaction
and produce less gel causing a decrease in UCS. On the other
hand, water amount over the optimum value cannot be
absorbed during the hydration reaction. Therefore, it remains
in the pores between soil particles causing larger voids at the
microstructure. The optimum water content for mixing soil
is the total water content by which the maximum strength is
gained at a certain curing period [35]. The optimum water
content was found by other researchers as the liquid limit of
soil [36]. In this research, the optimum water content of soil-
binder samples was 28% for silty soil since the liquid limit
of the soil is 31%.

Table 4. Unconfined compression strength tests results for 7-
and 28-days curing period

Design 7 days 28 days
No qui (kPa) quz (kPa) qu1 (kPa) quz (kPa)
1 171 192 99 99
2 220 283 433 552
3 226 298 497 506
4 128 136 292 265
5 117 134 229 242
6 516 518 944 1041
7 834 967 1403 1061
8 1162 1079 1163 1695
9 303 274 513 521
10 77 942 1299 1342
11 743 760 1083 1319
12 1024 1281 1719 2083
13 1137 946 1161 966
14 1444 1337 1445 1337
15 1467 1917 1467 1917
16 2763 2460 2823 2459
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Table 5. Response table for S/N ratios of UCS

Cur_lng Level C F A w/b Wh
Period

1 4599 4918 5633 57.09 57.35
2 5408 5596 5395 56.72 56.16
g 3 5666 5739 5536 5434 56.06
N 4 6403 5824 5513 5261 5119
Delta 1804 9.07 238 448 6.16

Rank 1 2 5 4 3
1 4917 5054 5747 5754 57.50
2 5807 5977 57.86 59.77 59.59
2 3 6096 6049 5856 5807 60.01
g 4 6410 6150 5841 5692 5520
Delta 1494 1096 109 285 482

Rank 1 2 5 4 3

The effect of the water/binder ratio could be achieved
according to the water content that had already been
described above. It was concluded that the UCS decreases
for both higher water content and higher water/binder ratios
(Figure 2b).

The superplasticizer amount is the least effective
parameter on UCS responses, but it was essential for the
pumpability of binder grout consisting of high fly ash.

The regression equation established for the model created
between UCS and design parameters was given in Equation
(6) in coded units. Each parameter effect individually the
UCS results and two- and three-parameter interactions were
considered to increase the model quality. According to the
statistical model, the values of R-sq., R-sg.(adj), and R-
sg.(pred) were found 97.15%, 94.11%, and 93.04%,
respectively. Concerning these very high regression qualities,
the model created is accepted. Unconfined compression
strength values of experimental results and predicted values
according to regression analysis are given in Figure 3. There
is a good conformity between the experimental and the
predicted results: qu, predicted=0.9870u, experimental. These results
are confirmed with other researchers for the feasibility and
robustness of the Taguchi method [37,38] and desirability
function approach [31,39].

%5 = -33.7 + 9.51C + 5.90F - 0.315A + 57.6(w/b)
-0.911w, + 0.124P - 0.583CF - 7.1C(w/b)
+0.0014CP - 4.96F(w/b) + 0.0219FP
+0.560CF(w/b) - 0.00151CFP 6)

3.2. Permeability test

Permeability tests were performed according to ASTM-
D5084 [40]. After the soil-binder samples were placed into
the cell of the triaxial compression test apparatus, the cell
pressure and backpressure were applied as 500 kPa and 450
kPa, respectively. Experiments were repeated two times for
each specimen. The permeability coefficient (k) of samples
(Table 6) was calculated according to the following equation:

VL
T At-AAR

@

where, V: volume of water leaking through the sample, L:
specimen length, At: test duration, A: cross section area of
specimen and Ah: head loss (height of water corresponds to
back pressure since water pressure at outlet is zero).

In the S/N analysis, factors affecting the permeability
coefficient (k) of the deep mixing samples are ranked as fly
ash, cement, water/binder ratio, water content of the soil, and
superplasticizer additive for 7 day-cured samples. At the end
of the 28 days, the rank of parameters affecting k is
water/binder ratio, water content of the soil, fly ash,
superplasticizer additive, and cement (Table 7).
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Permeability could change in different ways according to
each parameter and its levels. Increasing cement content
could affect permeability in two different ways. The first
effect is decreasing permeability due to cement hydration
because pozzolanic products bind the soil particles and
decrease voids between them. The second effect is increasing
the permeability by increasing the water amount in the
sample, which causes more voids within the solid particles.
According to their combined effects, the permeability could
increase or decrease. As the permeability decreased from
level 1 till level 2, the decrease in voids due to pozzolanic
products was higher than the increase in voids due to the
excess water amount. Between the 2nd and the 3rd levels of
cement, the permeation increased massively because the
increase in voids due to excess water was larger with respect
to the decrease in voids due to pozzolanic products. Over the
3rd level of cement content, the permeability decreases again
according to the increase in cement content. The decrease in
voids due to pozzolanic products was larger than the increase
in voids due to water excess. The fly ash amount also shows
the same effects on permeability. Increasing fly ash content
results in a decrease in permeability. Increasing fly ash
content over the 2nd level up to the 3rd level resulted in a
massive increase in permeability which means that the
increase in voids due to water excess was very large with
respect to the decrease in voids due to pozzolanic products.
Finally, the increase in fly ash content from the 3rd up to the
4th level resulted in a little decrease in permeability with
respect to the previous increase. In this period, the decrease
in voids due to pozzolanic products was larger than the
increase in voids due to water excess. The first two levels of
the additive result in high permeability. On the other hand,
the last two levels result in lower permeability. Therefore, the
additive is accepted to be a permeability decreasing
parameter. The water/binder ratio reduces the permeability
until the third level. After that, the permeability starts to rise
again while increasing the water/binder ratio over that level.
For the water content, a similar effect was noticed as the
permeability decreases while increasing water level till the
second level. Then, it starts to rise again while increasing
water over the second level till the fourth. In addition, the
long curing periods result in lower permeability.

The regression equation is established for the model
created between the coefficient of permeability and
designing parameters as shown in Equation (8). This
regression equation shows that the parameters have various
effects on permeability. In addition, interactions of two and
three parameters were included through the model for their
high effects. According to the model, almost high regression
quality ratios were found. The values of R-sg., R-sq.(adj),
and R-sq.(pred) were obtained 96.41, 90.58, and 70.33,
respectively. Concerning these high values, the model could
be accepted. Permeability coefficient values of experimental
results and predicted values according to regression analysis

are given in Figure 4. There is a good agreement between the
experimental results and the predicted values:
k,predicted:O-864k,experimental-

-k95 = 69.3 - 15.19C - 6.98F + 0.16A - 127.7(wi/b)
+1.305w, + 0.14P + 0.914CF + 13.98C(w/b)
- 0.0151CP + 6.77F(w/b) + 0.0294FP
- 0.741CF(w/b) - 0.00500CFP 8)

3.3 Optimization

There are two types of optimizations; single response and
multi-response  optimizations. For  single  response
optimizations, one optimal solution can be obtained. For
multi-response optimizations, a set of optimal solutions
would be found.

Table 6. Permeability tests results for 7- and 28-days curing
period

) 7 days 28 days
Design
No ki(x10°)  ka(x10°)  ki(x10°)  kz(x10?)
(m/s) (m/s) (m/s) (m/s)
1 1.790 1.730 2.230 2.200
2 0.479 0.301 0.813 0.674
3 2.370 2.180 1.040 1.180
4 1.400 0.951 7.370 7.060
5 1.550 1.320 0.753 0.673
6 0.417 0.393 2.890 2.680
7 6.260 6.280 1.040 1.040
8 1.360 1.320 1.820 1.780
9 1.500 1.440 0.937 0.956
10 1.780 1.790 0.778 0.793
11 23.10 22.80 2.760 2.680
12 14.60 12.70 1.110 1.010
13 0.500 0.500 0.618 0.604
14 2.110 2.120 1.040 1.050
15 10.70 10.70 13.30 12.60
16 2.010 2.070 0.937 0.942
Table 7. Response table for S/N ratios of k
g::ilgg Level C F A w/b Wh
1 178.7 1787 1724 1675 1717
2 176.6 181.1 1704 176.1 175.7
% 3 1654 1623 1751 1746 176
= 4 1732 1718 1759 1756 170.4
Delta 133 1838 5.5 8.6 5.6
Rank 2 1 5 3 4
1 1744 180.2 1740 1780 172.0
2 1771 1788 1757 1783 180.8
= 3 1783 1720 1785 1812 1785
§ 4 1755 1744 1772 168.0 1742
Delta 3.9 8.2 45 13.1 8.9
Rank 5 3 4 1 2
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Figure 4. Permeability coefficient values of experimental results
and predicted values according to regression analysis

In this study, two responses (g and k) were used because
it was intended to construct the most durable and most
impermeable deep mixing column. Therefore, optimum
design parameters were obtained for maximizing g, and
minimizing k. The desirability function method was applied
to find an optimal combination. The importance level of
responses was chosen as 6 and 3 for g, and k, respectively.
The optimization plot of the two responses shows the
parameter values of the optimal solutions (Figure 5). The
vertical red lines represent the optimal values of parameters.
The horizontal blue dashed lines represent the optimum
response values (qu=2821.5 kPa and k=8.82E-11 m/s). The
black curves represent the desirability on the vertical axis and
the parameter values on the horizontal axis. The value of
composite desirability is 0.9998. The optimal parameter

values are as followed; cement is 3.75 (14 %), fly ash is 3.80
(14 %), additive is 3.1212 (2.68 %), water/binder ratio is 1.25
(0.95), water content of untreated soil is 1.25 (21 %) and
curing period is 2 (28 days). Cement and fly ash are
responsible for producing gels to bind the soil particles and
fill the voids between them. Therefore, the higher ratios of
these two parameters can increase UCS and decrease the
coefficient of permeability. According to these behaviors,
higher values were chosen for binders in the present study as
shown above. The optimum cement content is related to the
stabilized soil type besides the requirements for the site [41].
Besides, different soils react differently to cementitious
additives concerning the conditions of the site. They
optimized the cement content for clay soil between 10%,
15%, and 20% of the dry weight of the clay. Replacing clay
with fly ash in various ratios through 5, 10, 20, and 50% by
dry weight of the total mixture, the load-bearing capacity of
clay increase with the fly ash amount [42]. Yet fly ash
contents from 20 to 50% didn’t improve the load-bearing
capacity. As a result, the optimum fly ash content was
accepted as %20. For binders, generally, these optimum
amounts could change concerning the site conditions and the
stabilized soil type as mentioned before. The UCS values are
related to the molding water content [13]. There is an
optimum value for each cement content. Besides, UCS
response for water/binder ratios between 0.6 and 2, the
curves between UCS against water are similar to the
compaction curves between dry density and water content.
The difference in UCS values depends only on the bonds
resulting from the water available.

Optimal C F A {W/B) w P
D: 0.0008 High 40 40 40 40 40 20
ST Cur [3-750] [3-80] [3-1212] [1250] [1250] [2.0]
Predict Low 10 10 10 10 10 10
I~ B - . —— |
Composte / \
" Desirability
= D:0g9s8
o
oy
=
g
-;g k {m/s)
e Minimum
‘g y = 00
& d=10000 //
L Bl B S —
Maximum
y = 2821.5326
d = 099953

1 41 41

41 41

Parameters and their levels

Figure 5. Optimization graphs for two responses
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The addition of superplasticizers decreases yield value and
plastic viscosity [43]. The arrangement of the particles within
samples depends on the superplasticizer type. The wic ratio
has a significant effect on the performance of the
superplasticizer because high wi/c ratios decrease the
performance of the superplasticizer. Superplasticizers can
release water from the mixture. Therefore, more releases of
water under higher dosages of superplasticizer could result in
a great loss with the pozzolanic products and their gel causing
more voids and less strength within the samples. This is why
small dosages are applied generally like 1% by the weight of
cementitious materials [16].

After selecting the optimal levels of each parameter, the
last step is to predict and verify the values of the responses by
using these optimal levels. For the unconfined compression
strength, the error between experimental and predicted results
was 3%, which means that the model is close to the real
situation (Table 8). For the coefficient of permeability, the
percentage of error was found a little bit higher as 13.5%
which means that the developed model still includes some
errors or another effective parameter should have been
included in the developed model, or maybe there is an
included parameter that misleads the prediction process.

3.4 Scanning Electron Microscopy (SEM) Analysis

Scanning electron microscope (SEM) analysis was
performed to understand the microstructure of deep mixing
samples. SEM images on untreated silty soil and soil-binder
samples (design 9, design 11, and the optimum design) are
given in Figure 6. The clear SEM images were obtained at
1000 magnifications. Untreated soil includes just minerals
with voids caused by the irregularity of soil minerals (Figure
6a). In design 9, the microstructure of the soil-binder sample
contains calcium silicate hydrate (C-S-H), calcium hydrate
(C-H), and large voids (Figure 6b). The cement content of
11% produced C-S-H gels filling many voids and binding
soil particles, however more voids were observed. In
addition, many C-H particles were deposited on the surface
of C-S-H gels as there weren’t any fly ash particles.
Therefore, the unconfined compression strength wasn’t high
enough. In design 9, the grains were accumulated separately
leaving large voids. Such a structure could be classified as
aggregated but deflocculated (FF associations).

In the microstructure of design 11, the formation of C-S-
H gel, C-H, ettringite, and portlandite were observed (Figure
6¢). By adding fly ash, the amount of C-S-H gels increases
because of the reaction between C-H particles and fly ash.

Table 8. Experimental validation of the developed model with
optimal parameters

Responses Predicted Experimental Error
qu (kPa) 2821.5 2737.1 3.0%
k (m/s) 8.82E-11 1.02E-10 13.5%

Signal A = SE1 EHT=2000KV  pag= 500KX
WD =120 mm | Probe = 100 pA H

Signal A = SE1 EHT=2000kY  pag= s00kX  2MT
WD = 7.0mm | Probe = 100 pA H

SignalA=SE1  EHT =20.00kV
WD =105 mm | Probe = 100 pA H

T o ey
Figure 4. SEM images of a) untreated silty soil, b) design 9, c)
design 11, and d) optimum design
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Hence, fewer C-H particles were observed on the surface of
C-S-H. Therefore, smaller voids and stronger bonds were
obtained. Besides, ettringite between particles was very
effective that high strength could be obtained. The formation
of large portlandite particles was useful as it reduced the
voids that existed within the microstructure because design
11 contains a continuous smooth face with fewer voids in
between the particles. It could be classified as flocculated and
aggregated (EE associations). In the microstructure of the
optimum design, only C-S-H gel exists (Figure 6d). The aim
of applying SEM analysis on the optimum design is to
validate this model again for the formations at the
microstructure. Almost all C-H particles were reacted with
fly ash resulting in more C-S-H gels since the optimum
content of fly ash was applied. Therefore, most of the voids
were filled with C-S-H gels causing highly reduction in the
permeability. Concerning the optimum design, all the
particles are regularly connected, the surface has no
roughness, and the particles are arranged in the same
direction. Therefore, this structure could be classified as
flocculated and aggregated (EE associations).

4. Conclusions

The effects of soil water content, cement, fly ash,
superplasticizer contents, water/binder ratio, and curing
period for soil-binder samples simulating deep mixing
columns were studied by unconfined compression tests,
permeability tests, and SEM analysis. Since there are so
many parameters and levels to be researched, the design of
the experiments was made according to the Taguchi
method. The results were analyzed by S/N and regression
analyzes, and then the optimization study was performed.
While the amount of cement is effective in manufacturing
durable columns, the amount of fly ash is effective in
manufacturing impermeable columns. The increase in
strength with cement content depends mainly on the
cement hydration by which released calcium ions react
with silica and alumina of the silty soil and form
pozzolanic products. Increasing cement and fly ash content
could affect the permeability in two different ways. The
first effect is decreasing the permeability due to cement
hydration because pozzolanic products bind the soil
particles and decrease the void ratio. The second effect is
increasing the permeability due to the higher water content
causing more voids between particles. The first effect is
more dominant for lower water/binder ratios and vice
versa. The addition of superplasticizers decreases the flow
consistency and the plastic viscosity. However, more
dosages of superplasticizers could cause a great loss on
forming the pozzolanic products.

In the optimum design of DMC having high strength
and low permeability, grout content should be consisting
of 14% cement, 14% fly ash, 2.68% superplasticizer
additive, and 0.95 water/binder ratio. That is, 50% of the

total dry binder amount is fly ash. This result shows that in
soil improvement works with deep soil mixing method, the
use of cement is reduced by 50% by using fly ash to
produce more durable and more impermeable columns.
One more binder silo can be installed on the construction
site and the grout can easily be prepared with cement and
fly ash. In this case, it is necessary to use the
superplasticizer additive as the fly ash will increase the
density and flow consistency of the grout. The additive can
also be added to the grouting water and then added to the
grout mixture.
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