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Abstract: The flexural and compressive strength requirements of deep cement mixing (DCM) columns subjected to lateral
loading have brought forth the demand to specify how the incorporation of fiber and fly ash improves these properties and
the mixture quality, including the construction design characteristics of segregation and swelling. The paper addresses this
issue considering the experimental results from the extensive parametric study in which various lengths and content of
carbon fiber (4-, 6-, and 12-mm lengths and 0.1, 0.4, 0.8% by volume of the mixture) are incorporated into the cement-
based mixtures with and without the optimized fly ash content. Along the strength parameters, the effects of mixture quality
responses on the performance of DCM columns are also investigated. The segregation results of the fresh mixtures, un-
confined compression strength (UCS), flexural strength, and swelling values from the 28-day cured specimens are pre-
sented. The novel version of the Goal Attainment Method is used for the optimizations, in which the procedures of high-
order regression equations and the multi-objective desirability contents are included to obtain more accurate optimization
results in terms of the controlling parameters of segregation, swelling, UCS, and flexural strength. The setting time and
workability results from the mixtures having the optimized parameters are also presented to demonstrate the fluidity of the
optimized mixtures. The addition of carbon fiber led to significant improvements in the segregation and swelling ratios,
with gains of up to 35%. Moreover, the three-point flexural strength and unconfined compressive strength were enhanced
by 278% and 54%, respectively. The paper specifically reveals that the incorporation of carbon fiber significantly improves
the mixture quality characteristics of segregation and swelling as well as the parameters of flexural strength and UCS.

Keywords: Deep cement mixing (DCM), carbon fiber, fly ash, optimization, segregation.

1. Introduction

The deep mixing method, which is one of the most preferred soil improvement techniques, is typically implemented by
mechanical dry mixing, wet mixing, or injection (Porbaha 1998; Kamon 1996). DCM columns are widely used to improve
the engineering properties of soft soils, effectively reduce the settlement of large-diameter embankments, and provide more
economical solutions as an alternative to the piles (Lai et al., 2006; Bergado et al., 1999). DCM columns are also utilized for
soft soils where the pile installation is inappropriate. Recent literature includes studies on deep soil mixing stabilization
(Dehghanbanadaki et al. 2023). Dehghanbanadaki et al. (2023) conducted a literature review based on small-scale 1 g physical
modeling tests of peat stabilized by deep soil mixing. The impact of various binders at varying concentrations on treated peat's
compressibility and shear strength characteristics were emphasized in Dehghanbanadaki et al.'s (2023) study. In deep mixing
applications, the bonds are formed between the soil particles mixed with the binders such as cement. This enhances the soil's
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mechanical properties and prevents geotechnical problems such as liquefaction, excessive settlement, and low bearing capac-
ity (Boehm, 2004; Lorenzo and Bergado, 2006; Shen et al., 2013; Mohammadinia et al., 2019). The bending moments due to
lateral loading may cause various mechanical problems in DCM columns having inadequate flexural strength (Sukontasukkul
and Jamsawang 2012). For instance, large displacements may occur horizontally due to an embankment on the soil (Wu et al.
2005). In these conditions, an improvement in the flexural strength of DCM columns is required (Sukontasukkul and Jamsa-
wang 2012). Various fiber reinforcements can be used in DCM columns to avoid flexural failures. For instance, in the study
of Sukontasukkul and Jamsawang (2012), steel and polypropylene fibers were used to increase the bending performance of
DCM columns. Elkhebu et al. (2020) stated that lateral displacements under seismic loadings are likely to occur in the cement-
stabilized columns under heavy embankments. This may cause the stabilized columns to collapse due to the bending moments.
Elkhebu et al. (2020) investigated the effect of constant fly ash content and the use of polypropylene fiber in the range of
0.5%, 0.75%, 1%, and 1.25% to overcome this failure. Numerous researchers (Duan and Zhang, 2019; Tran et al., 2018; Chen,
2016; Danso et al. 2015; Zhang et al. 2015; Sharma et al. 2015; Mature 2013) argue that fiber reinforcements allow for
improving the parameters of strength and deformation while reducing the amount of cement used.

Chen (2016) reported the influence of basalt fiber on the flexural strength of soil stabilized by cement and presented that
the maximum flexural strength can be achieved by adding the optimum basalt fiber content to the mixture. The fiber content
range of 0.25%-0.5% by weight of dry soil is suggested by Tran et al. (2018) after investigating the effect of waste corn fiber
on the strength of cement-stabilized soil. Duan and Zhang (2019) reported the effects of polypropylene fiber (used in the range
of 0.1-0.5% by weight of dry soil) and the incorporation of fly ash (used in the range of 0-12% by weight of dry soil) on the
flexural strength, UCS, microstructure of cement stabilized soil, deformation properties, and fracture mode of the stabilized
soil. Duan and Zhang (2019) stated that for the cement-stabilized soil the unconfined compressive and flexural strength values
tend to increase initially and then decrease with the increasing contents of polypropylene fiber and fly ash. Wang et al. (2020)
reported that the incorporation of basalt fiber increases the ductility and improves the brittleness of the cemented kaolinite.
Anggraini et al. (2017) concluded that the incorporation of coconut fiber into tropical sea clay improves the bending behavior.
Gao et al. (2017) examined the effect of the incorporation of carbon fiber on the UCS values of clays and investigated the
interaction between soil and fiber using scanning electron microscopy (SEM). It is concluded that the incorporation of carbon
fiber increases the UCS values of the soil up to a certain optimum point. Chen et al. (2018) investigated the mechanical
behavior of multi-layered Graphene Oxide carbon fiber-reinforced cement composites. It was concluded that the addition of
carbon fiber improves the UCS values by approximately 24% and its tensile strength in bending by about 138%. Carbon
fiber's low cost and excellent strength have made it the preferred material in numerous research studies.

Cement mortar is produced with high water content during the standard construction phases of deep mixing to facilitate
easy pumping and workability without considering the soil layer's natural water content, which can be extremely variable. It
is crucial to ensure that the soil and binder mixture has enough water content to achieve the desired ultimate strength obtained
from the DCM material (Ekmen et al., 2020). In addition, the water content in the soil layers can also be used to alter the
mortar's fluidity, controlling the equipment mobility rate (Croce et al., 2014; Flora et al., 2013). Although it leads to a decrease
in the strength and stiffness values, it is generally considered that the amount of water needed in the mixture is double what
is required for hydration in order to enable simple pumping. Additionally, it is emphasized that the fly ash additive decreases
water requirements by about 10% in an equivalent workability range (Mohammadinia et al.2019; Golder Associates 2013).
The use of fly ash provides a sustainable solution to obtain higher strength due to a low calcium supply (Mohammadinia et
al.2018 and 2019). An additional advantage of adding fly ash to the mixture is extending the mixture's setting time, which is
particularly beneficial in cases of reinforcement is needed (Mohammadinia et al., 2019). Depending on the strength require-
ments, the binder generally used as Portland cement varies between about 4-20% of the dry weight of the soil in loose form,
and this range may vary depending on the field conditions (Porbaha 1998; Porbaha et al. 2000). The incorporation of fly ash
induces a reduction in cement consumption, the extension of setting time, and a decrease in water content. Soil improvement
using cement and the complimentary binder, particularly fly ash, is a popular research area (e.g., Kafodya and Okonta 2018,
Wang et al. 2019). Previous studies (e.g., Broms 1986; Watabe et al. 2000; Yin 2001) based on cemented clay have considered
curing time and cement content as the main factors in their parametric research. The natural soil’s water content is also a
crucial factor affecting the strength of cement-stabilized soil, as investigated by some earlier research (e.g., Miura et al. 2001;
Lorenzo and Bergado 2004, 2006). In the presenting study, the use of medium-density clayey, silty sand with the addition of
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class F fly ash and carbon fiber reinforcement is considered in terms of the fixed water and cement content previously deter-
mined according to the target control strength by Ekmen et al. (2020). The class F fly ash was taken from the thermal power
plant in Catalagzi, Zonguldak (Turkiye), for this investigation. Fly ash is identified by the USEPA (2014) as a non-hazardous
waste material and can be used instead of cement in DCM applications.

Some researchers have previously investigated surface soils such as heavily compacted silty clay, loose sand, and silty
formations (e.g., Mohammadinia et al. 2019; Lorenzo and Bergado 2006; Boehm 2004; Shen et al. 2013; Porbaha 1998;
Porbaha et al. 2000; Terashi 2005). However, there are limited studies that consider clayey, silty sands, which are the soil
types rarely encountered in fields of Asia and Europe. Accordingly, medium-density clayey, silty sand is utilized as the soil
type in this research to examine the impact of soil improvement induced by the fiber-reinforced deep mixing with and without
fly ash incorporation.

It is expected that the stiffness and strength parameters will vary regionally in DCM columns as they are created by me-
chanical mixing (Liu et al. 2015 and 2019). US Federal Highway Administration (Bruce et al. 2013) suggests that for 28 and
56 days of cured deep mixing specimens, the minimum UCS design values should be considered between 0.7 to 2.1 MPa.
Other worldwide design values are similar, ranging about 1 MPa. For instance, specific procedures in Japan prefer 0.5 MPa
strength for dry methods, and 1 MPa for wet operations, and this value increases to 1 MPa when lateral force is applied
(Terashi 2005). FHWA further notes that the project strength is 1 MPa for soil improvement and 4 MPa for works requiring
liquefaction reduction. Research in Thailand (Lorenzo and Bergado 2006) has also utilized this design strength value. Ac-
cordingly, the UCS (qus)) values of the control mixtures in this study were determined as 1 MPa for a 28-day curing period.
A series of experiments conducted by Ekmen et al. (2020) were considered to determine the ratios of two different cement-
based control mixtures that provide the target UCS, with and without fly ash addition. According to the results of the study
by Ekmen et al. (2020), the water content (Sw) for the mixture containing fly ash was determined as 44.55% by weight of dry
soil, the cement content (Aw) as 5% by weight of dry soil, and the F class fly ash (FAw) content as an additional 10% by
weight of cement. For the mixture without fly ash, the water content was calculated as 40% by dry soil weight and the cement
content as 5.3% by dry soil weight.

Fly ash's contribution to workability, setting time, and evaluation as waste have led to the creation of an alternative control
mixture with fly ash that offers the same strength in an environmentally friendly manner. In the presenting study, which is
different from the study of Ekmen et al. (2020) carbon fiber was added to these two control mixtures using various fiber
lengths (F,) (i.e., 4 mm, 6 mm, and 12 mm) and the contents by volume (F¢) (i.e., 0.1%, 0.4%, and 0.8%). The main DCM
mixture quality characteristics of segregation (on fresh mixtures) and swelling (after a 28-day curing period) have been de-
termined, and the values of UCS and three-point flexural strength (after a 28-day curing period) were identified for all of the
specified variations, and the effects of fiber incorporations for the mixtures with and without fly ash were investigated. The
optimization analyses were carried out according to the target sets for segregation, swelling, three-point flexural, and UCS
(Quesy). Therefore, the results obtained from the presented experimental studies and the optimization analyses indicate some
practical suggestions for the optimum design of carbon fiber-reinforced deep mixing applications. The authors further devel-
oped and used the Goal Attainment optimization method (GAM) to ensure that the multi-objective desirability scope and
well-ordered regression models are incorporated in the optimum target values among the factors considered. Consequently,
this process contributed further to a new practical insight into fiber-reinforced DCM optimization.

2. Materials and methods
2.1. Material

Carbon fiber is used in this study as a reinforcement to increase the flexural strength and other mechanical properties of
DCM columns. The medium-density clayey, silty sand is used as the primary material for the DCM columns, and it is obtained
from an excavation in the Sairnabi Campus of Harran University, as in the previous study conducted by Ekmen (2020). The
sampling was conducted between 4 and 5 meters deep. Table 1 provides the physical characteristics of sand used in the
presenting study. The soil used in this study was dried at a room temperature of approximately 25 °C, and the soil passing
through the No. 4 sieve (i.e., the diameter of 4.75 mm according to the US standard) was stored in closed bags until used in
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the experiments. The chemical composition of the natural soil, the fly ash and the cement (CEM 1V / BP-32.5N) obtained
from XRF (X-ray fluorescence) analysis is given in Figure 2.

Table 1. The physical characteristics of sand used.

Properties Values
Gs 2.69
Yn 18.2-19.3 kN/m3
Yary 16-16.9 kN/m3
D, 0.64
Dyq 0.01
D3 0.06
Dso 0.20
Dgy 0.31
Cy 1.55
C. 0.06
€y 0.65
Cmax 0.8
€min 0.56
Wy, 13.5-13.9%
liquid limit (LL) 56%
plastic limit (PL) 32%

The particle size distribution of medium-density clayey, silty sand used in this study is shown in Figure 1 (Ekmen et al.
2020).
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Figure 1. Gradation of medium-density clayey, silty sand (Ekmen et al. 2020).

Class F fly ash utilized in the presented study was obtained from Catalagzi thermal power plant in Zonguldak (Turkiye)
(Gs = 2.0). Figure 3 (d) demonstrates the result of the X-ray diffraction (XRD) examination by Ekmen et al. (2020) on the
dried soil specimens passing through the 75 um (No. 200) sieve. Operations were performed by Ekmen et al. (2020) utilizing
a Philips X-ray diffractometer to describe the characterization of the clay mineral with monochromatic radiation and the soil
specimen was heated at 60°C for three days. The sample was established in an XRD specimen holder in order to rapidly
determine the range below 60%RH. XRD analysis showed the presence and mineralogical properties of montmorillonite clay
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as well as other minerals such as gibbsite, quartz, goethite, and jarosite in the relevant soil sample. Figure 3 (a-c) shows the
outcomes of XRD analyses on fly ash per se, samples from the mixture produced with cement-fly ash combination, and
cement, respectively. CASH and CSH gels, indicative of the hydration reaction in soil stabilized with fly ash and cement, can
be seen in the XRD test presented in Figure 3 (b).
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Figure 2. Chemical composition of the base soil, cement, and fly ash.
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Figure 3. XRD analyzes (a) fly ash, (b) fly ash and cement-improved soil, (c) cement, (d) natural soil (< 75 um) (Ekmen
et al. 2020).

2.2. Sample preparation and tests
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The mix design ratios were selected for two different cement-based control mixtures providing 1 MPa UCS value (qus))
with and without fly ash, considering the study of Ekmen et al. (2020). For the mixture containing fly ash, the water content
(Sw) was specified as 44.55% by weight of dry soil, the cement content (Aw) was selected as 5% by weight of dry soil, and
the Class F fly ash (FAw) content was determined as 10% by weight of cement as an addition to the binder. For the mixture
without fly ash, the water content (Sw) was chosen as 40% by weight of dry soil, and the cement content (Aw) was determined
as 5.3% by weight of dry soil. 18 different mixtures were produced by adding carbon fiber for all variations using the fiber
lengths of 4, 6, and 12 mm (F;) and incorporating with the contents of 0.1, 0.4, 0.8% by volume of the mixture (F.). Since
the specimen preparation procedure is one of the most critical processes affecting the ultimate sample strength (Chen et al.
2011; Bruce et al. 2013), the mixing technique described in the FHWA guidance (Bruce et al. 2013) was used to prepare the
samples. In order to adjust the consistency of the mixture in accordance with the targeted water content, a fiber-added mortar
with 30% water content without soil samples was prepared.

The mortar was mixed with a portable mechanical mixer equipped with a mixing apparatus for 3 minutes. In another
mixer which was used to attain homogeneous mixtures, the remaining amount of water was gradually admixed to the soil
sample to reach the target water content. Then, these two mixtures were combined and mixed in a portable mixer for 10
minutes until a homogeneous mixture mortar was obtained. The combinations were subjected to a segregation test while
remaining fresh in compliance with ASTM C1610/C1610M-17 standards (Figure 4-d). The three-part segregation mold con-
sisting of lower, middle, and upper parts with a diameter of 200 mm and a height of 660 mm was filled with fresh mixture
within 2 minutes as specified in the standard. After the mold was filled, a shear bar was used to align the mix surface with the
top of the mold. After the mixture was left in the mold for 15 minutes, the upper part of the mold was held tightly, and the
contact system was removed. The remaining processes were focused on finishing in the allowed 20 minutes per the established
standard. The mixture at the top and bottom of the mold was removed using a horizontal rotational motion and taken into a
separate container. Similarly, the mix in the middle part was released and discarded for use. The static segregation ratio was
determined according to the remaining coarse aggregate masses by separating the mixtures taken from the lower and upper
parts of the mold.

For the unconfined compression test, the mixtures were transferred to PVC specimen molds with inner diameters of 100
mm and heights of 200 mm (Figure 4-c). After one day, the samples were removed from the molds and airtightly wrapped by
applying a slim silicone layer to the plastic curing packages so that they could retain the 97% water content at 25°C ambient
temperature. Air conditioners were used in the laboratory to keep the room temperature constant during the curing process.
Three pushers were used to transport highly workable non-liquid substances into sample tubes. Apparatus removal operations
were carried out by gradually tapping a thin rod on each pusher apparatus to eliminate the air gaps formed and prevent the
mixture from having a perforated structure. This process aims to simulate the actual situation of deep mixing column produc-
tion (Ekmen et al. 2020).

Lorenzo and Bergado (2004, 2006) also suggested this approach. The diameter/height ratio of the UCS test samples was
determined to be 0.5 as specified in the FHWA guide (Bruce et al., 2013). In order to get a flat surface, which is essential in
the UCS test, leveling was applied by methodically examining the surface with each dice's straight edge. Considering the
FHWA guideline (Bruce et al. 2013), samples with a density less than 95% of the density of the weightiest sample were
eliminated to prevent the negative impact of air voids, and the remaining samples were selected for the UCS test. The UCS
tests were carried out in accordance with the ASTM D2166 standard using a deformation rate of 0.1 mm/s (Figure 4-h).
Experiments were carried out behind curing times of 28 days. Three samples were tested, and the test results were averaged
for each mixture.

The mixtures to be subjected to the three-point flexural test were transferred to metal molds with the dimensions of
100x100x350 mm (Figure 4-a). The samples were removed from the molds after one day and wrapped airtight by using a slim
silicone layer to the plastic curing packages to keep the 97% water content at 25°C ambient temperature as applied to the
samples left for the UCS test. The current version of the ASTM C1609 standard (ASTM C1609 / C1609M-19) used by
Sukontasukkul and Jamsawang (2012) was applied for the DCM samples to be subjected to the three-point flexural test.
Experiments were carried out at 300 mm mount spacing, using a deformation rate of 0.1 mm/s following the relevant standard
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after a 28-day curing period (Figure 4-f). Three samples were tested for each admixture, and the test results were averaged.
The mixtures to be subjected to the swelling test were transferred to metal molds with a diameter of 50 mm and a height of
20 mm (Figure 4-b). After one day, the samples were removed from the molds and airtightly wrapped by using a slim silicone
layer to the plastic curing packages to keep the water content at 97% at 25°C ambient temperature.

Figure 4. Sample preparation and experiments; (a, b, ¢) prepared samples, (d) segregation test, (e) consolidation test, (f)
three-point flexural test, (g) triaxial test, (h) unconfined compression test.

The swelling test was conducted following the ASTM D4546-14 standard. Among the methods in the relevant standard,
method B was selected and applied. Three samples of each mixture were evaluated during the experiment using completely
automatic consolidation equipment (Figure 4-e), and the outcomes were averaged. As recommended by Lorenzo and Bergado
(2004, 2006), the oedometer ring for the natural soil in this investigation was employed directly in the oedometer experiment
to avoid dispersion. Specimens with a diameter of 67.5 mm were obtained from the drilling made for the triaxial test to be
applied to the natural soil and were directly sealed without exposure to the open air. The specimens were maintained at
consistent humidity and heat levels in the laboratory and transferred to a fully automatic three-axis test device without being
disturbed. With the initial saturation degree set to 95% for all samples, saturation steps were conducted with a fully automated
triaxial tester in accordance with ASTM D 4767-88 standards (Figure 4-g).

3. Experimental results and analysis
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3.1. Results of the studied natural soil

The test results obtained from triaxial tests performed on natural soil as isotropically consolidated undrained (CIU) are
shown in Table 2. Tests were performed following ASTM D 4767-88. In order to avoid excessive sample consolidation and
ensure proper saturation, the typical saturation technique was utilized. The back pressure was calculated to be 630 kPa, and
the initial saturation level was 95%. Consolidation was performed by applying 100 kPa pressure (KO0) to all samples in an
isotropic manner to reflect the field conditions. The results of the CIU experiments in this study agree with previous studies
on clayey, silty sands (e.g. Soranzo 1988, Shahin and Cargeeg 2011). Three different cell pressures (i.e., 150, 300, and 450
kPa) were used for these testing. Three tests were performed for each mixture combination, and the average of the tests was
designated as specified in the ASTM standard (D4767). The data from the consolidation test for the natural soil are demon-
strated in Table 2, along with the UCS of the natural soil (q.). The pre-consolidation pressure is 80.5 kPa, and the swelling
and compression indices are 0.0086 and 0.047, respectively, according to the relevant table.

Table 2. Test results for the natural soil.

Material Natural soil
qu (kPa) 152
¢’ (kPa) 25.37
¢ () 334
Ce 0.047
Cs 0.0086
Preconsolidation pressure (kPa) 80.5

3.2. Test results for fiber-reinforced soil

Results from the UCS and the three-point flexural strength tests performed on 28-day cured control mix and fiber-rein-
forced samples are presented in Figures 5-7. The unconfined stress-strain and three-point flexural stress-deformation curves
were obtained for all variations of mixtures with and without fly ash incorporations and for the fiber lengths of 4 mm, 6 mm,
and 12 mm (F;) and for the fiber contents (F) of 0.1%, 0.4%, and 0.8% by the mixture volume. The UCS values (ques)) in
Figure 5 (a-b) and the three-point flexural strength values (f;,,.) in Figures 6 (a-b) are collected in a single graph, separating
the cases with and without fly ash addition in order to compare all variations with each other. Figure 7 (a-d) shows the effect
of the variation in carbon fiber reinforcement percentage by volume on the mechanical characteristics of the soil. Figure 5
demonstrates that the unconfined compressive stress-strain curves are significantly influenced by the amount of fiber rein-
forcement.(F,) both in the samples with and without fly ash addition.
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Figure 5. UCS values for all variations (qu(zs)); (a) variations without fly ash, (b) variations with fly ash.

Increasing the fiber content from 0.1% F, to 0.8% F resulted in an increase of approximately 22%-30% in UCS values
(queey) and modulus of elasticity (Euee)) for all fiber lengths (F,) (Fig. 6-a). As can be seen, both samples with and without fly
ash incorporation have different effects on the unconfined stress-strain curves in Figure 5. Increasing the fiber length from
F,=4mm to F, =12mm improves the UCS values by about 5%-13% for all fiber contents (F;). The combination of 0.8% F,
and F, = 12mm for samples with and without fly ash incorporation provided the highest UCS value compared to the control
mixtures without fiber reinforcement. The UCS values from the fiber-reinforced samples with and without fly ash addition
are increased by approximately 54% and 50%, respectively, compared to the control mixtures (Aw=%5, Sw=%44.55,
FAW=%10, F,=%0 and Aw=%5.3, Sw=%40, F.=%0), which have 1 MPa UCS value. These results agree with the previous
studies in the literature (Chen et al. 2018; Gao et al. 2017) investigating the effect of carbon fiber.
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Figure 6. Three-point flexural strength values (f;,,c) for all variations; (a) variations without fly ash, (b) variations with fly ash.

It was determined that the UCS value (ques)) of the samples obtained from fiber-reinforced and fly ash-incorporated mix-
tures were higher than the samples produced in all fiber lengths (F,) variations obtained from the equivalent combinations
without fly ash incorporations (Figure 7-a). It is seen that the increase in both parameters provides an improvement in terms
of UCS values when all fiber lengths (F;) and contents (F.) are examined. In addition, the increase in fiber content (F,)
improves the UCS values (ques)) effectively compared to the increase in fiber length (F,). The percentage of contribution
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calculated using the statistical analysis of variance provided in the presented section titled ‘Statistical Evaluation’ also sup-
ports this conclusion.

The three-point flexural stress-deformation curves are significantly affected by the fiber content (F,), as shown in Figure
6, in both the samples with and without the fly ash incorporation. Increasing the fiber content from 0.1% to 0.8% results in an
improvement of approximately 55%-98% in three-point flexural strength (ques)) for all fiber lengths (Fig. 6-c). The three-
point flexural stress-deformation curves in Figure 6 can be demonstrated to be affected by fiber length in both samples with
and without fly ash addition. For all fiber contents, increasing the fiber length from 4mm to 12mm enhances the three-point
flexural strength by approximately 25%-60%. In comparison to control mixtures without fiber reinforcement, the samples
with and without fly ash addition that combined 0.8% F, and F, = 12mm had the highest three-point flexural strength. In
comparison to the control mixes (Aw=%5, Sw=%44.55, FAw=%10, F-=%0 and Aw=%5.3, Sw=%40, F-=%0), which have three-
point flexural strengths (f;,.) of 0.25 and 0.245 MPa, the fiber-reinforced sample with and without fly ash addition had an
increase in three-point flexural strength of approximately 267% and 278%, respectively. These results agree well with the
study conducted by Chen et al. (2018). The three-point flexural strength of the samples produced in all fiber lengths (F,)
obtained from the equivalent mixtures without fly ash incorporations were determined to be lower than the samples produced
in 0.4% fiber content and fly ash addition (Figure 7-c). It was determined that the increase in both parameters provided an
improvement in terms of three-point flexural strength when all fiber lengths and fiber contents were examined. It was con-
cluded that the increase in fiber content is a more effective parameter in improving the three-point flexural strength than the
increase in fiber length. The percentage of contribution calculated using the statistical analysis of variance provided in the
study's section on ‘Statistical Evaluation’ also supports this conclusion.

Figure 7-b illustrates how the fiber content and the fiber length affect the swelling percentage in samples with and without
fly ash incorporation. The swelling was determined as 2.1% for the sample obtained from the control mixture without fly ash
addition and as 2.02% for the control mix with the incorporation of fly ash. Increase in the fiber content from 0.1% to 0.8%
results in a decrease in swelling percentage by approximately 18%-24% for all fiber lengths (Figure 7-b). Figure 7-b shows
that for the same F, values, the percentage of swelling reduces as the F. values rise. Increase in the fiber length from 4mm
to 12mm results in a 6%-9% decrease in the swelling ratio for all fiber contents. The swelling ratio was shown decreasing
with an increase in F;values for the same F, values (Fig. 6-b).

In comparison to control mixtures without fiber reinforcement, the combination of 0.8% F, and F, =12mm for fly ash
addition, and samples without fly ash addition provide the lowest swelling ratio. Due to the specific fiber reinforcement, the
swelling ratio of the specimens with and without fly ash addition decreases by almost 35% compared to the control mixes
(Aw=%b5, Sw=%44.55, FAw=%10, F-=%0 and Aw=%5.3, Sw=%40, F-=%0). The samples produced in all fiber lengths, obtained
from the equivalent mixtures without fly ash incorporations, show higher swelling ratios than the mixtures with fiber rein-
forcement and fly ash addition (Figure 7-b). This positive outcome provided by the fly ash incorporation is consistent with
the study conducted by Ramadas et al. (2010). When all fiber lengths and contents are examined, it is concluded that the
increase in both parameters provides a reduction in the swelling ratios. Additionally, the increase in fiber content is more
effective in improving the swelling ratios than the fiber length increment. The contribution was calculated using the statistical
analysis of variance provided in the section presented in this paper, as the title of ‘Statistical Evaluation” also supports this
conclusion.
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Figure 7. Effects of the carbon fiber content; (a) 28-day UCS values (ques)) and the elasticity modulus(Eus)), (b) swelling ratio, (c)
three-point flexural strength values (f;,,¢), (d) static segregation ratio.

Figure 7-d demonstrates that the segregation ratio is influenced by the amount of fiber and the fiber length both in the
samples with and without fly ash addition. The segregation was determined as 8.6% for the sample obtained from the control
mixture without fly ash addition and 8.69% for the control mixture with fly ash addition. Increase in the fiber content from
0.1% to 0.8% results in a decrease in the segregation ratio by approximately 16%-23% for all fiber lengths (Figure 7-d). Figure
7-d shows that for the same F;, values, the segregation ratio decreases as F, values rise. Increase in the fiber length from 4mm
to 12mm results in a 5%-13% decrease in the segregation ratio for all fiber contents, and it was determined that the segregation
ratio decreases with an increase in F;values for the same F, values (Fig. 6-d).

The combination of 0.8%F, and F,=12mm for fly ash addition, and samples produced without fly ash show the lowest
segregation ratio compared to the control mixtures without the incorporation of fiber. The segregation ratio of the samples
with and without the fly ash incorporation is decreased by about 34% as a result of the fiber addition compared to the control
mixes (Aw=%5, Sw=%44.55, FAw=%10, F-=%0 ve Ay=%5.3, Sw=%40, F.=%0). It was determined that the increase of both
parameters specified in the variations of whole fiber length and content led to a decrease in the segregation ratio. The increase
in fiber content was indicated to be more beneficial than the increase in fiber length in enhancing the segregation ratio. This
result is also confirmed by the statistical analysis of variance used to compute the percentage of contribution, which is pre-
sented in the section titled ‘Statistical Evaluation’. It was concluded that the carbon fiber addition improves all the investigated
parameters, and the most significant effect was on the three-point flexural strength values.
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with fly ash addition, (d) carbon fiber reinforced sample without fly ash addition (F;=%0.1 F;=4 mm), () carbon fiber reinforced sample

without fly ash addition (F;=%0.4 F, =6 mm), (f) carbon fiber reinforced sample without fly ash addition (F;=%0.8 F;,=12 mm), ( g) car-

bon fiber reinforced sample with fly ash addition (F;=%0.8 F;,=4 mm), (h) carbon fiber reinforced sample with fly ash addition (F-=%0.4
F;=6 mm), (i) carbon fiber reinforced with fly ash addition sample (F-=%0.1 F,=12 mm).

The SEM image of the base soil is shown in Figure 8 (a). Figures 8 (b-c) illustrate the SEM images of the control sample
cured for 28 days without and with the fly ash addition, respectively. SEM images of carbon fiber reinforced samples with
and without fly ash addition in a range of length and content are shown in Figure 8 (d—i). The SEM illustrations in Figure 8
demonstrate the compounds produced after hydration, the condensation due to stabilization, and the distribution of carbon
fibers. The figure also shows the cement particles that have reacted or not reacted, voids in the materials, CSH gels formed
during hydration, and soil particles that have reacted with cement. Figures 8 (d-i) show that the soil-cement mixture and
carbon fibers are well bonded owing to hydration products and the cement's binding ability. It has also been detected that the
distribution of carbon fibers added to the mixture balances the mixture depending on the fiber content (Figures 8d-8i). Due to
its pozzolanic impact, fly ash increases the hydration products in Figure 8 (g—i). Therefore, CSH gels provide a denser struc-
ture by allowing them to fill more voids.

3.3. Optimization based on the goal attainment method

The goal attainment method (GAM) was developed by Gembicki (1974). Engineering design goals can be achieved using
the GAM. The GAM function is incorporated in MATLAB (2017) and offers numerical solutions to the problems. With this
approach, problems are attempted to be resolved by concentrating on the targets. The problem is defined with a single solution
set considering the weight coefficients and goal values in this method. A weighting coefficient vector controls the degree to
which design goals are achieved. This optimization method is formulated as follows (Ekmen et al. 2020):
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In Equations 1 and 2, U denotes the universal set for probable design parameters of p, k denotes the ith target, f, represents
the target function, ¢k , indicates the target, ¢|: means the design target, and W, indicates the weight coefficient (Ekmen et

al. 2020). This method provides a convenient solution to engineering problems with the advantage of nonlinear programming
capability (Liu et al. 2003). The existing literature provides several instances where the relevant optimization techniques have
been improved and implemented successfully (Ekmen, 2023; Avci and Ekmen, 2023; Ekmen and Avci, 2023).

Using nonlinear programming with GAM, additional inequalities with physical restrictions can also be added to the prob-
lem. This feature allows the practitioner to explore possible solutions to the problem (Ekmen et al. 2020). Therefore, nonlinear
programming facilitates designs by providing the practitioner with information about conflicting design requirements. Alt-
hough the primary function of GAM is incorporated in MATLAB (2017), no multiple desirability features exists among the
main functions provided for GAM. In addition to the existing capabilities of GAM, the specification of a desirability factor
for the overall design and the ability to generate desirability range graphs were included in the optimization algorithm by
Ekmen (2020). As shown in Equation 3, in this method, the desirability (D) value is obtained by calculating the geometric
mean of the desirability values (dk) acquired separately for all outputs, as follows (e.g., Pradeep 2008, Myers et al. 2009, Algin
2016). The Response Surface Method (RSM) was considered in this methodology.

D = (d; X dy X d3 X...x d)'/¥, (3)

The desirability (D) value obtained in the developed method changes in the range of 0 < D <1. A value of “1” indicates
that all desired targets have been fully achieved, and if the D value is “0”, it indicates that the desired state has been exceeded.
This GAM-based interface can incorporate a user-defined model representing the experimental data into the solution of the
optimization problem. Within the scope of this study, various graphical solutions were obtained with the relevant coding used
in optimization analysis. Since the optimization method used has the ability to import functions, it allows higher desirability
values to be achieved.
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3.3.1. Statistical evaluation

A method known as GLM-ANOVA reveals the statistical significance of the effect of various factors on dependent varia-
bles. The effects of the factors considered in this study (F, and F; as the independent variables) on the dependent variables
(The values of UCS, three-point flexural strength, swelling, and segregation) were evaluated utilizing the general linear model
analysis of variance (GLM-ANOVA). Table 3 displays the ANOVA outcomes for the parameters of UCS, three-point flexural
strength, swelling, and segregation based on the data shown in Figure 7. The analyses were performed at a 95% confidence
level for each dependent variable to demonstrate the impact of the factors on the results (Table 3). The parameters in the
analysis of variance in this study are categorical.

Table 3. ANOVA results.

- - 1oti [<5) o
.0.2 % % % Statistical Parameters § % g
g2 82  Degreesof  Sum of square £ T3
g S E S freedom (df) (SS) Mean square (MSy) F P-Value Ug; é £
F, 2 0.0168 0.0084 23.92 <0.006 Yes 11.04
Gu(z2s) Fe 2 0.1338 0.0669 190.78 <0.001 Yes  88.04
Error 4 0.0014 0.0004 0.92
F, 2 0.0172 0.0086 699 <005 Yes 10.56
Thtrs) F¢ 2 0.1413 0.0706 57.27 <0.002 Yes  86.42
Error 4 0.0049 0.0012 3.02
Fy 2 0.076 0.038 6256 <0.001 Yes  32.02
fame Fe 2 0.1589 0.0795 130.83 <0.001 Yes  66.96
Error 4 0.0024 0.0006 1.02
Fy 2 0.0862 0.0431 5496 <0.034 Yes 3537
T Fe 2 0.1544 0.0772 98.44 <0.002 Yes 63.35
Error 4 0.0031 0.0008 1.28
F, 2 0.3713 0.1856 1501  <0.02 Yes 965
Segregation F¢ 2 3.4251 1.7125 138.48 <0.001 Yes  89.06
Error 4 0.0495 0.0124 1.29
Fy 2 0.5501 0.275 2135 <0.008 Yes 14.46
Segregation™ F 2 3.2018 1.6009 12426 <0.001 Yes 84.18
Error 4 0.0515 0.0129 1.36
F 2 0.0266 0.0133 1425 <002 Yes 10.88
Swelling Fe 2 0.2141 0.107 114.68 <0.001 Yes 87.59
Error 4 0.0037 0.0009 1.53
F, 2 0.0242 0.0121 2363 <0.007 Yes 964
Swelling™ F 2 0.2244 0.1122 21948 <0.001 Yes 89.54
Error 4 0.002 0.0005 0.82

(*) “FA” superscript denotes that the relevant samples contain fly ash.

Since all the p-values in Table 3 are less than 0.05, it can be concluded that every factor has a statistically significant impact
on the results. Regression analysis was utilized in order to develop the estimation models for the dependent parameters. The
percentage contribution (PC,) of each independent variable was determined using the Taguchi technique (e.g., Ben-Gal 2005,
Algin 2016 and Algin 2018, Ekmen et al. 2020). Table 3 indicates that all factors contributed 100% of the total percentage,
including the error term. Higher numbers indicate a more significant impact of the independent variables on the results. The
independent variable F is the essential factor for all dependent variables, as seen in Table 3.

The statistical analyses were carried out using MATLAB (2017), and a total of eight models were considered for each
output (Table 3). All input parameters used in the calculation iterations were considered and incorporated into the research
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models. The R? values of the models determined by regression analyses fell within the range of 0.96-0.99, which indicates
that the actual data and expected results are well correlated.

3.3.2. Results of optimization analysis

The dependent and independent variables for the multi-objective optimization analyses utilizing GAM are shown in Table
4. In the presented optimization, equal weights are used for all outputs, and identical priorities are defined. The composite
singular desirability value is defined in Equation 3. The optimization goals and the parameter ranges are given in Table 4.
The upper and lower limits in Table 4 were determined by considering the limits in the experimental data.

Table 4. Variable definitions for the multi-objective optimization process.

Parameters Goal Lower limit Upper limit
g . (mm) In range 4 12
£ Fe (%) o
Minimize 0.1 0.8
Gu(zs)(MPa) In range 1.1 1.52
Tryog)(MPa) In range 1.13 1.56
fame(MPa) Maximize 0.37 0.93
FA (MPa) Maximize 0.37 0.93
Segregation (%) Minimize 5.65 7.68
o Segregation™ (%) Minimize 5.81 7.95
% Swelling (%) Minimize 1.36 19
° Swelling™ (%) Minimize 1.33 1.86

(*) “FA” superscript denotes that the relevant samples contain fly ash.

Since fiber utilization affects the general cost, the fiber content is minimized in the optimization. The most desirable results
from the optimization analyses are presented in Table 5. Figure 11 demonstrates the composite desirability variation acquired
from these optimization analyses, including the desirability graphs with the solutions given in Table 5. The optimal solutions
of Table 5 fall between the upper and lower bounds presented in the ranges of Table 4. The optimization results in Table 5
have the highest desirability values of about 0.82. These values indicate that the targets presented in Table 4 were achieved
sufficiently. It can also be seen in Figures 9-11 that the results obtained as a result of the optimization corresponding to the
values of the independent variables are in good agreement with the experimental values.
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Table 5. Results of the optimization analysis and workability-setting time experiments.

Setting time LL PL
Outputs F, (mm) F; (%) Desirability (min) @) (%) Pl
start—end

Qu(zs) (MPa) 1.3

fame(MPa) 08 12 0.4 0.78 149-231 482 404 78
Segregation (%) 6.73
Swelling (%) 157
qg'(qZS)(MPa) 13

FA

dme(MPa) 08 0.4 0.82 188273 473 405 638
Segregation™ (%)  6.78
Swelling®4 (%) 155

(*) “FA” superscript denotes that the relevant samples contain fly ash.

The desirability value of the mixture with the fly ash addition is higher than that of the mixture without the addition of fly
ash, and this demonstrates that the desired solution is more attainable in the mixture with fly ash incorporation. Figure 9 (a-
d) presents 3D regression graphs showing the effect of factors (F, and F,) on the dependent parameters for the samples without

fly ash addition.
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Figure 9. 3D regression plots showing the effect of factors (F, and F;) on the responses from the mixtures without fly ash addition;
(@) UCS (qu2s))(b) three-point flexural strength (fumc), () segregation, (d) swelling.

In Figure 10 (a-d), 3D regression graphs demonstrate the effect of factors (F, and F,) on the dependent parameters for the
samples produced with fly ash addition. The optimal factor values for both samples with and without fly ash addition were
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determined to be F.=%0.4 and F,=12mm based on the dependent variables considered (as shown in Table 5). The dependent
variables and desirability values corresponding to these factors are also presented in Table 5. The values of F.=%0.4 and
F;=12mm are obtained as the optimum solution sets. In response to the F. and F;variation, the results of the UCS (ques)),

three-point flexural strength (fz..c), swelling, and segregation presented in Table 5 are in good agreement with the experi-
mental data shown in Figure 7.

The fluidity of the optimum mixtures in this research was investigated by conducting workability and setting time experi-
ments after the optimization results were obtained. Table 5 summarizes these results. According to Szymkiewicz et al. (2013),
the optimum water content of DCM material depends on the liquid limit, plasticity index, and workability limit. As shown by
Szymkiewicz et al. (2013), the following equation can be used to determine the optimum water content.

Optimumw/LL = 0.0464(PI) + 0.5621 4)
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Figure 10. 3D regression plots showing the effect of factors (F, and F;) on the responses from the mixtures with fly ash addition; (a)
UCS (q4;(2g)). (b) three-point flexural strength (ff7.), (c) segregation, (d) swelling.
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incorporation (b) the mixtures with fly ash incorporation.

As aresult, Table 5 shows the values for the plastic limit, liquid limit, and plasticity index of the optimum mixtures. Values
for theoretic water content were established by considering the plasticity index and liquid limit values provided in Equation
4 and Table 5. Comparing the water content of fiber-reinforced optimal mixtures to the calculated theoretical water content
showed that the addition of fly ash to fiber reinforcement enhances workability. All optimum mixtures were found to be
appropriate for workability.

Vicat test was performed according to ASTM C191-04b to determine the setting time of the optimum mixtures. The values
for the initial and final setting times obtained for the optimum fiber-reinforced mixes are shown in Table 5 and agree well
with the results obtained by Gulli et al. (2017). The results indicate that the fly ash addition with fiber incorporation increases
the initial-final setting time values. Table 6 presents the statistical data of the regression graphs drawn in Figures 9 and 10,
respectively. These values show that the graphs are drawn with significant statistical data.

Table 6. The statistical data of the regression graphs drawn in Figures 9 and 10, respectively.

Addition Parameter Unconfined compression Flexural strength Segregation Swelling
strength ratio ratio
2
Without fly R 0.94 0.88 0.96 0.96
ash RMSE 0.030 0.0550 0.124 0.0305
2
With fly ash R 0.91 0.88 0.96 0.97
RMSE 0.0412 0.0565 0.1233 0.0271

4. Discussion

DCM columns are frequently subjected to lateral loads in such cases of their implementations in embankments and slopes
or in earthquake zones. Sukontasukkul and Jamsawang (2012) stated that various problems might be encountered if the DCM
columns with insufficient flexural strength are subjected to bending moments caused by lateral loading. Some studies (Gao
etal. 2017; Chen et al. 2018) emphasize that using carbon fiber effectively improves UCS and flexural strength values for the
cement-soil mixes. In this presented study, along with the research of these parameters, the effects of mixture quality charac-
teristics on the performance of DCM column materials are also examined and compared with the previous studies in the
literature (e.g., Duan and Zhang 2019; Tran et al. 2018; Chen 2016; Danso et al. 2015; Zhang et al. 2015; Sharma et al. 2015;
Olgun 2013). The presented research reveals that the fiber content (F;) is the most effective factor of this study, which is
demonstrated in Figure 7, and it is also confirmed by Table 3, where the contribution of factors on dependent variables is
given as a percentage. The presented research also reveals that the fiber and fly ash incorporations improve the mixture quality
parameters as well as the strength parameters, and this outcome agrees well with the conclusion drawn by Mohammadinia et

Revista de la Construccion 2023, 22(3) 707-728; https://doi.org/10.7764/RDLC.22.3.707 www.revistadelaconstruccion.uc.cl
Pontificia Universidad Catélica de Chile



https://doi.org/10.7764/RDLC.22.3.707
http://www.revistadelaconstruccion.uc.cl/

Revista de la Construccién 2023, 22(3) 707-728
725 of 728

al. (2019). According to Chen et al. (2018), the addition of carbon fiber improves the cement composite's compressive strength
by about 24% and its tensile strength in bending by 138-44%. In the presented study, the carbon fiber incorporation with soil-
cement mixtures with and without fly ash addition improves the UCS results by 50-54% and the three-point flexural strength
by 267-278%. As the optimum mixing ratios were determined by maximizing the three-point flexural strength in the optimi-
zation study conducted within the scope of this study, a greater improvement was achieved in the three-point flexural strength
compared to the study performed by Chen et al. (2018). The presented study also specifies that the segregation and swelling
ratios are improved by about 35%. This implies that the incorporation of carbon fiber can also improve the mixture quality
parameters effectively.

The results of this study's multi-objective optimization analysis based on GAM are shown in Table 5. Ekmen (2020) has
coupled the GAM approach with the desirability principle utilized in RSM by considering the combined desirability value
and the incorporation of targets. This approach allows the optimization problem to be solved by considering the user-defined
model describing the experimental values. One of the drawbacks of RSM, where the polynomial model is utilized, this draw-
back is eliminated by this flexibility in the novel GAM approach. Some systems with large curvature may be incompatible
with the utilization of a polynomial model in RSM, as stated previously (e.g., Aydar 2018). The flexibility provided by the
novel GAM approach was used to perform optimization analyses in this study, as developed in the study of Ekmen (2020).

5. Conclusions and comments
Based on the investigations, the following conclusions can be drawn.

1. The inclusion of carbon fiber in the mixture results in a noteworthy improvement in the mixture quality parameters,
such as segregation and swelling ratios, by up to 35%. Furthermore, it has increased the unconfined compressive
strength by 54% and the three-point flexural strength by up to 278%.

2. The fiber content is identified to be the most significant factor compared to the fiber length.

3. The three-point flexural strength () is affected by fiber content and length variations. Optimum UCS (Qu(s),
three-point flexural strength (fznmc), segregation and swelling percentage are specified as approximately 1.3 MPa,
0.8 MPa, 6.73%, and 1.57% for samples without fly ash admixture, respectively. The values of 1.3 MPa, 0.83 MPa,
6.78%, and 1.55% were identified for the mixtures with fly ash addition.

4. The optimum factors are specified as 0.4% for fiber content and 12 mm for fiber length.

5. Abalanced optimization solution was presented with GAM by minimizing the factors that increase the cost to provide
the needed improvement. As a result of the workability and setting time tests conducted to measure the applicability
of the optimum mixtures, it was determined that all the optimum mixtures were appropriate.

6. The optimization solution incorporating fly ash has shown a higher level of desirability, as per the research findings.

7. The inclusion of fly ash in the optimal mixture for DCM column production results in improved setting time and
workability, making it a more suitable option than the mixture without fly ash.

8. The desirability concept in RSM was incorporated into the optimization algorithm of GAM, which was developed
and used in this study. It is demonstrated that it is an efficient analysis approach using nonlinear programming, which
highlights the significance of introducing the user-defined high-level models to the presented experimental data that
can enhance the performance of optimization solutions.
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