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A B S T R A C T 

This study investigated the influence of partially substituting cement with ground 

granulated blast furnace slag (GGBFS) on the unconfined compressive strength 

(UCS), splitting tensile strength (STS), and permeability coefficient (kDSM) of deep soil 

mixing (DSM) columns formed in clay soil. The water/binder ratio was kept constant 

at 1.0. Cast specimens were prepared using two binder contents, aw = 15% and 20% 

by dry soil mass, and five GGBFS substitution ratios of 0%, 10%, 20%, 35%, and 50%. 
Strength specimens were tested after 7, 28, and 56 days of curing, whereas permea-

bility specimens were tested after 28 and 56 days. Four laboratory-scale DSM col-

umns with a diameter of 300 mm and a length of 600 mm were formed for selected 

mixtures with aw = 20% and GGBFS ratios of 0%, 20%, 35%, and 50%; core samples 

were extracted after 28 days. UCS values ranged from 859 to 4939 kPa, STS from 182 

to 830 kPa, and kDSM from 0.16×10⁻¹⁰ to 9.17×10⁻¹⁰ cm/s for cast specimens. GGBFS 

reduced early-age strength at 7 days, but improved strength and reduced permeabil-

ity at later curing ages. The UCS and STS values of core samples were 45.26–69.79% 

and 63.00–77.58% of the corresponding cast specimen values, respectively, while 

permeability values of core samples were higher. SEM and XRD observations sup-

ported the formation of hydration and pozzolanic products. 
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1. Introduction 

Deep soil mixing (DSM) is a ground improvement 
method that has been widely used in recent years. In this 
method, in-situ DSM columns are formed by mixing ce-
ment and soil. The resulting cement-soil mixture im-
proves the strength and settlement characteristics of 
soils (Abbey et al. 2015; Chen et al. 2016). The DSM ap-
plication prevents large shear deformation and exces-
sive settlements, and increases bearing capacity of soils 

(Shakri et al. 2014). In addition, the water impermeabil-
ity of the soil is improved.  

The production of cement, a building material used in 
almost all construction processes, results in high 
amounts of CO2 emissions, which cause environmental 
pollution. Roughly one ton of CO2 is released during the 
production of one ton of cement (Ganjian et al. 2008; 
Paniagua et al. 2023). Approximately 8% of the CO2 re-
leased into the atmosphere is related to the cement pro-
duction process (Ganjian et al. 2015). The use of cement 

mailto:ebtoka@ktun.edu.tr
https://doi.org/10.20528/cjcrl.2026.02.010
https://cjcrl.challengejournal.com/
https://orcid.org/0000-0001-7856-8227
https://orcid.org/0009-0005-4515-0859
https://orcid.org/0000-0002-4847-0314
https://orcid.org/0000-0001-7408-1884
https://orcid.org/0000-0002-6276-9566
https://orcid.org/0000-0003-4514-4553
https://creativecommons.org/licenses/by/4.0/


 Olgun et al. / Challenge Journal of Concrete Research Letters (2026) 17(2) 207–221 208 

 

is nevertheless attractive in soil stabilization because it 
substantially improves soil strength (Holm 2003; Con-
soli et al. 2015). To reduce cement consumption and its 
associated environmental impacts, amorphous materi-
als rich in silicates and/or aluminates, such as GGBFS, fly 
ash (FA), and silica fume (SF), can be incorporated as 
partial cement substitutes. These industrial by-products 
can support waste recycling and more sustainable con-
struction practices. Studies on waste-derived binders 
further show that their contribution is governed by 
chemical and mineralogical composition, processing 
conditions, particle characteristics, replacement level, 
and curing conditions. Consequently, their suitability 
should be assessed through their combined effects on 
fresh behavior, mechanical performance, microstruc-
ture, and transport properties rather than environmen-
tal benefits alone (Mahmud et al. 2025; Mohamad et al. 
2025; Ünal and Canbaz 2026; Urbánek and Antoš 2026). 
Moderate replacement levels may improve particle 
packing and matrix compactness, whereas excessive 
substitution may reduce the effective binder content, in-
crease porosity, and adversely affect mechanical or du-
rability-related properties (Turan et al. 2025). There-
fore, the partial replacement of cement with suitable in-
dustrial by-products represents a potential approach for 
reducing the environmental impact of soil improvement 
applications (Lindh and Lemenkova 2022). 

GGBFS, a by-product of the steel manufacturing indus-
try, is generally used as a partial cement substitute. This 
material is mainly composed of calcium oxide (CaO), 
amorphous silicon dioxide (SiO2), and aluminum oxide 
(Al2O3). In addition to its pozzolanic properties, GGBFS 
may exhibit partial hydraulic binding behavior because 
of the CaO in its chemical composition. Therefore, it can 
contribute to the development of cementitious bonds 
when used together with cement. The performance of 
GGBFS-containing and other fine reactive binder sys-
tems is strongly influenced by binder composition, par-
ticle fineness, substitution level, water demand, and cur-
ing regime, which together govern workability and 
strength development (Abutaha and Çelik 2025; Sha-
heen et al. 2025). Considering that slag constitutes ap-
proximately 16–20% of steel production by mass (Sub-
athra Devi and Gnanavel 2014) and that less than 50% of 
the world's waste steel slag is reused (Chaudhary and Pal 
2002), the use of GGBFS in DSM column formation offers 
an important opportunity to reduce cement consump-
tion and promote waste valorization. 

Several researchers have investigated the utilization 
of various industrial waste materials as alternatives to 
cement for forming DSM columns and soil stabilization 
(Åhnberg 2006; Abbey et al. 2017; He et al. 2019; Ye et 
al. 2021; Paniagua et al. 2023; Ramírez and Korkiala-
Tanttu 2023; Suksiripattanapong et al. 2023). Some re-
searchers have evaluated in-situ application of DSM (Xue 
et al. 2024; Forsman et al. 2025; Savila et al. 2025; Swa-
mynaidu and Tyagi 2025). Paniagua et al. (2023) im-
proved a clay soil using bio-ash and slag in combination 
with cement. Considering the strength and stiffness cri-
teria, they stated that bio-ash and slag can be used as an 
alternative to cement and lime in soil improvement. 
Åhnberg (2006) investigated the effect of cell pressure 
on the strength of a DSM column for specimens prepared 

using cement, FA and slag; and successfully modeled the 
DSM column strength for drained and undrained condi-
tions using mathematical equations based on the con-
cept of pre-consolidation pressure and determined the 
parameters affecting the strength. Suksiripattanapong et 
al. (2023) investigated the improvement of soft clay soils 
by DSM with bottom ash and cement. They stated that 
bottom ash can be used together with cement for both 
cost reduction and an environmentally friendly DSM col-
umn formation process. Ye et al. (2021) investigated the 
use of binder material containing gypsum and slag as a 
cement replacement for the improvement of soft soils. 
The improvement with this binder material resulted in a 
more rigid structure than cement improvement and a 
significant increase in strength compared to the unim-
proved soil. Ramírez and Korkiala-Tanttu (2023) used 6 
different low CO2 emitting binders as an alternative to 
cement for the improvement of soft clay soils and found 
that alternative binders for ground improvement not 
only provide an environmentally friendly solution but 
also show satisfactory performance in terms of binding 
properties. He et al. (2019) investigated the effect of the 
combination of soda residue and GGBFS in soft soils. 
When these two materials were used together, the 
strength of the improved soil after 28 days of curing was 
close to the strength when soda residue and cement 
were used as binder. Abbey et al. (2017) used pulverized 
fuel ash and GGBFS with cement for soil stabilization and 
observed a better improvement in low plasticity soils. 
They stated that the amount of cement in the binder can 
be reduced by using GGBFS and pulverized fuel ash. Xue 
et al. (2024) investigated the application of DSM in soft 
soils using UCS tests. They observed that UCS values 
were lower in silty and peat soils than in clay soils and 
suggested that FA-based cement was suitable for DSM in 
acidic soils containing organic matter. Savila et al. (2025) 
evaluated the field applicability of DSM columns. They 
reported that the strength of field DSM columns met the 
target values anticipated at the design stage and even in-
creased to more than seven times the target strength af-
ter 3.5 years. Swamynaidu and Tyagi (2025) examined 
the suitability of DSM, which is formed using a certain 
amount of GGBFS, for in situ use in terms of permeability. 
They found that permeability decreased significantly 
with an increase in GGBFS up to 50%, and they devel-
oped a correlation between permeability, UCS, and wa-
ter/binder ratios. Forsman et al. (2025) investigated the 
usability of 11 different binder types, including GGBFS, 
in DSM columns, considering lime-cement mixture as a 
reference. They conducted experiments at six different 
test sites, focusing on the effects of variables including 
soil and binder properties on strength changes.  

There are limited and insufficient studies simultane-
ously examining the effects of GGBFS substitution on 
UCS, STS and kDSM of DSM columns, together with a direct 
comparison between cast specimens and core samples 
obtained from laboratory-scale DSM columns. Addition-
ally, there is a lack of research on laboratory-scale model 
DSM columns that represent in-situ formed DSM col-
umns. The relation between DSM samples prepared as 
cast specimens in small molds and core samples ob-
tained from laboratory DSM columns is also unclear. In 
this study, UCS, STS and permeability tests were carried 
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out on cast specimens to comprehensively investigate 
the effect of GGBFS on the strength and permeability 
properties of the DSM columns. Based on the test results 
on DSM specimens prepared as casting; model DSM col-
umns with a diameter of 300 mm and a length of 600 mm 
were formed in the laboratory for 4 different designs. 
The UCS, STS, and kDSM values of core samples extracted 
from the laboratory DSM columns were compared with 
those of the cast specimens. 

 

2. Materials and Methods 

2.1. Materials and design 

The soil used in the study was classified as low plas-
ticity clay (CL) according to the Unified Soil Classification 
System (USCS) (ASTM D2487 2017). The soil used in this 
study had a particle size distribution consisting of 8% 
sand, 34% silt, and 58% clay fraction. The liquid limit of 
the soil is 33%, the plastic limit is 22%, and the particle 
density of the soil solids is 2.64 g/cm3. CEM I 42.5R was 
used as cement. GGBFS was obtained from Adana Ce-
ment Iskenderun Plant and its mineralogical properties 
are given in Table 1. 

The water content of the clay was selected as 27%, 
which lies between the liquid limit and plastic limit of the 
soil, to ensure a workable and representative clay con-

sistency. Based on previous studies, binder ratio (aw; the 
ratio of the amount of binder to the dry weight of the 
soil) in DSM applications is generally reported to vary 
between 10% and 30% (Broms 2003; Bruce et al. 2013; 
Han 2015; Yu et al. 2021). Within this commonly 
adopted range, aw values of 15% and 20% were selected 
in order to represent moderate and relatively high 
binder contents that are frequently used in practice, 
while maintaining workability and avoiding excessive 
binder consumption. This selection allowed the influ-
ence of GGBFS substitution on mechanical and hydraulic 
properties to be evaluated without introducing extreme 
binder ratios. Accordingly, GGBFS was used by substitut-
ing cement in certain proportions. Previous studies 
(Åhnberg 2006; Abbey et al. 2017; Paniagua et al. 2023) 
support the replacement of up to 50% of cement by mass 
with GGBFS as a reasonable approach. Taking this limit 
value into account, the ratio of the mass of GGBFS to the 
total mass of cement+GGBFS was selected as 0, 10, 20, 35 
and 50%. These variables and levels were used to estab-
lish the design given in Table 2. B, S and D denote aw, 
GGBFS and curing period, respectively. The numbers 
next to the letters represent the percentage for B and S 
and the number of days for D. For instance, B15S0D7 in-
dicates a mixture with 15% aw, 0% GGBFS and 7 days 
curing period. Based on test results, laboratory DSM col-
umns were formed for designs numbered 21, 23, 24 and 
25 from Table 2.

Table 1. Chemical composition of the GGBFS. 

Chemical composition SiO2 Al2O3 Fe2O3 CaO MgO SO3 K2O LOI Other 

Percentage (%) 37.65 13.58 0.92 34.73 8.57 0.95 0.88 0.25 2.47 

Table 2. Established design and mixtures. 

Design no Design 
aw 

(%) 
GGBFS 

(%) 
Day Design no Design 

aw 
(%) 

GGBFS 
(%) 

Day 

1 B15S0D7 15 0 7 16 B20S0D7 20 0 7 

2 B15S10D7 15 10 7 17 B20S10D7 20 10 7 

3 B15S20D7 15 20 7 18 B20S20D7 20 20 7 

4 B15S35D7 15 35 7 19 B20S35D7 20 35 7 

5 B15S50D7 15 50 7 20 B20S50D7 20 50 7 

6 B15S0D28 15 0 28 21 B20S0D28 20 0 28 

7 B15S10D28 15 10 28 22 B20S10D28 20 10 28 

8 B15S20D28 15 20 28 23 B20S20D28 20 20 28 

9 B15S35D28 15 35 28 24 B20S35D28 20 35 28 

10 B15S50D28 15 50 28 25 B20S50D28 20 50 28 

11 B15S0D56 15 0 56 26 B20S0D56 20 0 56 

12 B15S10D56 15 10 56 27 B20S10D56 20 10 56 

13 B15S20D56 15 20 56 28 B20S20D56 20 20 56 

14 B15S35D56 15 35 56 29 B20S35D56 20 35 56 

15 B15S50D56 15 50 56 30 B20S50D56 20 50 56 
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2.2. Determining the water/binder ratio 

In previous studies (Shen et al. 2012; Takano et al. 
2015; Yu et al. 2021), it was suggested that a water/binder 
ratio of 1.0 was appropriate for the formation of DSM col-
umns. Therefore, a water/binder ratio of 1.0 was selected 
for both the cast specimens and the laboratory-scale DSM 
columns. The rheological properties of the grouts were 
determined using Marsh funnel (ASTM C939 2016) and 
sedimentation (ASTM C940 2016) tests. The Marsh funnel 
test (Fig. 1(a)) and sedimentation test (Fig. 1(b)) were 
used to evaluate the flow times (Fig. 1(c)) and bleeding ra-
tios (Fig. 1(d)) of grouts containing up to 50% GGBFS 
within the binder. According to the test results, increasing 

the GGBFS substitution ratio produced a more viscous 
consistency but did not substantially impair workability 
or injectability. This rheological response is consistent 
with observations from blended cementitious systems, in 
which fine supplementary materials influence flowability 
by altering specific surface area and water demand, with 
the magnitude of the effect depending on material reactiv-
ity, dosage, and overall mixture composition (Mohamad et 
al. 2025; Shaheen et al. 2025). S30 and S40, representing 
30% and 40% GGBFS substitution, respectively, were 
used only in the preliminary workability assessment to 
characterize the continuity of the rheological trends over 
a wider range of substitution levels and were not included 
in the main experimental design presented in Table 2.

                                          

      

Fig. 1. Preliminary workability studies for mixtures:  
(a) Marsh funnel test; (b) Sedimentation test; (c) Flow time; (d) Bleeding ratio.

2.3. Preparation of cast specimens and tests 

The clay was dried, ground, and sieved through a 2 
mm diameter sieve to prepare cast specimens. The clay, 
cement, and GGBFS were dry-mixed, and then water was 
added to achieve both a 27% water content for the clay 
and a water/binder ratio of 1.0 for the grout. The mix-
ture was mixed for 5 minutes using a laboratory type 
mixer after adding water to the mixture. Subsequently, 
the mixture was poured into PVC molds with an inner 

surface previously coated with grease, having a diameter 
of 50 mm and a height of 100 mm. Molds with a diameter 
of 50 mm and a height of 30 mm were used for permea-
bility tests. The mixtures were placed in the molds in 
three layers. Each layer was properly skewered 
(Kitazume et al. 2015) to prevent the formation of air 
pockets within the mixture specimens. To ensure con-
sistency in specimen density, a constant mold volume 
was used, and the mass of fresh mixture placed into each 
mold was controlled for each mixture. After demolding, 
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the specimen dimensions and mass were measured to 
verify density consistency. In this manner, three samples 
were prepared for each design, for UCS test (ASTM 
D4832 2016), STS test (ASTM C496 2017), and permea-
bility test (ASTM D5084 2016). The UCS and STS tests 
were conducted under displacement control at a rate of 
0.5 mm/min. The specimens were cured in air-tight bags 
at 97±2% relative humidity and 23±2°C for 7, 28, and 56 
days. The permeability test specimens were cured for 28 
and 56 days. Since curing temperature was kept constant 
throughout the experimental program, temperature was 
controlled and was not treated as an independent varia-
ble in this study. Permeability tests were performed fol-
lowing ASTM D5084. Each cylindrical specimen was 
placed within a latex membrane inside the test cell. Sat-
uration was achieved by applying back pressure in incre-
mental steps ensuring full saturation. The cell pressure 
was maintained at 500 kPa, while back pressure was 450 
kPa. A back pressure of 450 kPa was maintained 
throughout the test and used as the driving hydraulic 
pressure for water flow through the specimen. The out-
flow volume measured from a volume change unit con-
nected to the perforated plate beneath the specimen was 
measured separately, and the kDSM was then calculated 
using Darcy’s law. 

2.4. Formation of DSM columns, core sampling  
and tests 

The clay was initially dried, ground, and sieved 
through a 2 mm diameter sieve to form laboratory DSM 
columns. Water was added to the clay until 27% water 
content was achieved and the water and soil were mixed 
until a homogeneous form was obtained. The mixed soil 
was placed in a container with a diameter of 600 mm and 
a height of 900 mm in two stages. The chosen soil water 
content of 27% is very close to the in-situ water content. 
The in-situ bulk density (natural/wet density) was pre-
viously determined as 1.87 g/cm³ at 27% water content. 
Accordingly, the soil was placed in the test container to 
achieve a density of 1.87 g/cm³. Since the container vol-
ume was known, the container was filled by calculating 
the mass of soil that could fill this volume. The test con-
tainer was used only as a laboratory-scale preparation 
container for forming DSM columns under controlled 
conditions. No visible or measurable permanent defor-
mation was observed on the HDPE container wall before 
or after column formation. Nevertheless, the possible in-
fluence of container rigidity and scale effects should be 
considered when interpreting the laboratory-scale DSM 
column results, and the findings should not be directly 
generalized to field-scale DSM applications without site-
specific trial columns and field verification. The pre-
pared soil was allowed to stabilize for two days. After the 
waiting period, DSM columns were formed. First, CEM I 
42.5R, GGBFS, and water were mixed in a separate con-
tainer to form the injection grout. While the prepared 
grout was injected into the soil at a constant pressure of 
10 bar, a DSM column with a diameter of 300 mm and a 
length of 600 mm was formed by mechanically mixing 
the soil using a mixing blade. The injection pressure of 
10 bar was selected as it represents typical laboratory-
scale DSM mixing pressures and ensures sufficient grout 

penetration and homogenization in fine-grained soils 
(Broms 2003; Takano et al. 2015). During the column 
formation process, the mixing blade was reciprocated 
vertically five times within the soil to promote uniform 
mixing and consistent column formation (Fig. 2(a)). This 
method ensured the reliable formation of DSM columns. 
The top of the formed columns was covered with plastic 
bags, and the columns were left to cure for 28 days. Using 
this method, a total of four DSM columns were formed 
with an aw value of 20% and GGBFS substitution ratios of 
0%, 20%, 35%, and 50%. The aw value of 20% was se-
lected based on the cast specimen results, which indi-
cated that this binder ratio provided higher and more 
stable mechanical performance. Therefore, this value 
was considered representative for laboratory-scale DSM 
columns intended to simulate in-situ applications. After 
the curing period, core sampling of different parts of the 
columns was done to evaluate strength and permeability 
properties (Figs. 2(b-c)). The coring machine operated at 
1000 rpm during the core sampling. The core sampling 
process was performed at least four different locations 
for each DSM column. The core samples were cut to a di-
ameter of 50 mm and a height of 100 mm for UCS and 
STS tests and were cut to a diameter of 50 mm and a 
height of 30 mm for permeability tests. The UCS, STS, and 
permeability tests of core samples were performed us-
ing the same methods as for cast specimens. Separate 
duplicate DSM columns for each mixture were not 
formed, but the number of core samples extracted was 
arranged to ensure that at least three samples could be 
obtained for UCS, STS and permeability test. 

2.5. Statistical analysis using ANOVA 

Statistical analysis was performed using analysis of 
variance (ANOVA) to evaluate the significance of the ef-
fects of aw, GGBFS content, and curing period on UCS, 
STS, and kDSM. ANOVA was selected as it allows the as-
sessment of both individual factors and their interaction 
effects on the measured responses. The significance level 
was set at p < 0.05, corresponding to a 95% confidence 
level, which is commonly adopted in geotechnical and 
materials engineering studies. Model adequacy was eval-
uated using the coefficient of determination (R²). 

 

3. Results and Discussion 

3.1. UCS of cast specimens 

UCS test results were given in Fig. 3 and stress-strain 
curves of some selected designs were presented in Fig. 4. 
For cast specimens, the highest UCS was obtained for 
B20S50D56 with 4939 kPa and the lowest UCS was ob-
tained for B15S50D7 with 859 kPa (Fig. 3). As the curing 
period increased, the strength increased as expected. 
The increase in the GGBFS ratio caused an initial de-
crease in strength at 7 days curing but significant in-
crease in strength at the end of 28 and 56 days of curing. 
A similar behavior was observed in a study by Estabragh 
et al. (2016). Compared with the non-GGBFS reference 
specimens, the UCS values of the GGBFS-containing spec-
imens corresponded to 73–98% of the reference at 7 
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days, 105–179% at 28 days, and 110–171% at 56 days 
as the GGBFS substitution ratio increased from 10% to 
50%. The fundamental reason for the increase in 
strength with the use of GGBFS is due to the pozzolanic 
properties (Lindh and Lemenkova 2022) of GGBFS react-
ing with the calcium hydroxide (CH – Ca(OH)2) formed 
as a result of hydration, thereby creating calcium-sili-
cate-hydrates (C-S-H). Owing to its chemical composi-

tion, GGBFS can partially react with clay minerals in a 
way similar to cement–clay interactions (Richardson et 
al. 1994; Nidzam and Kinuthia 2010). However, since the 
hydration reaction capability of GGBFS alone is weak, the 
use of GGBFS without an additional activating agent like 
cement would not be appropriate (Yi et al. 2014). Thus, 
it was observed that cement and GGBFS work effectively 
together. 

 

Fig. 2. DSM column formation and core sampling:  
(a) DSM column formation in preparation container; (b) Core sampling; (c) Core samples.

The reason for the decrease in strength with an in-
crease in the GGBFS ratio when the curing period is 7 
days is that a 7-day curing period is not sufficient for the 
occurrence of pozzolanic reactions; because pozzolanic 
reactions develop and continue over a longer period (Da-
vidson et al. 1965; Sargent 2015). When examining the 
model equation given in the ANOVA results (Table 3), the 
negative coefficient of GGBFS for the 7-day curing period 
is an indicator of this phenomenon. Accordingly, the pos-
itive effect of GGBFS on strength became evident as the 
curing period increased. The increase in strength was 
significant when the curing period was extended from 7 
to 28 days, whereas the strength gain was comparatively 
smaller between 28 and 56 days. Therefore, the poz-
zolanic reactions of GGBFS continued in a time-depend-
ent manner (Nidzam and Kinuthia 2010) and these reac-
tions were more effective from 7 to 28 days in this study. 
In the ANOVA results (Table 3), the F-value of the inter-
action term of GGBFS and curing period being 45.20 and 
the F-value of the GGBFS term being 81.58, indicates that 
GGBFS was effective on the strength with the length of 
curing period. An R2 of 97.84% and a p-value smaller 
than 0.05 indicate that this model is significant. It can be 
said that the model equation will be consistent in pre-
dicting the strength of the cast specimen, provided that 
the variables used in this study remain within the lowest 
and highest-level limits (in the model equations, the unit 

of aw and GGBFS are “%” and the unit of UCS is “kPa”). 
Some terms in the UCS model had p>0.05 and are there-
fore statistically insignificant at the 95% confidence 
level; however, they were retained in the fitted equation 
for model interpretability and should not be interpreted 
as significant individual effects. 

3.2. STS of cast specimens 

Although natural clayey soils typically exhibit negligi-
ble tensile strength, cement and cement-GGBFS-stabi-
lized DSM columns behave as semi-rigid structural ele-
ments that may be subjected to tensile and bending 
stresses under various loading scenarios. Specifically, 
tensile strength is critical in the following situations: (i) 
edge columns within group configurations under eccen-
tric vertical loading, where bending moments induce 
tensile stresses on the column tension face (Kitazume 
and Maruyama 2007); (ii) seismic loading conditions, 
where lateral inertia forces produce bending and tensile 
failures, particularly in the upper portion of the columns 
(Boufarh et al. 2025); (iii) lateral spreading and liquefac-
tion-induced kinematic forces in earthquake-prone re-
gions; (iv) excavation-induced asymmetric earth pres-
sures on retaining DSM walls; and (v) embankment load-
ing, where columns near the slope toe experience signif-
icant bending moments. Recent comparative analyses 

(a) (b) 

(c) 
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have shown that DSM columns can fail predominantly in 
tilting and bending modes (Fulambarkar et al. 2025), in-
dicating that shear strength alone is insufficient to char-
acterize their failure behavior. Accordingly, characteriz-
ing both UCS and STS provides a more complete descrip-
tion of the mechanical response of GGBFS-modified DSM 
columns and supports rational design under multidirec-
tional loading scenarios. 

For the cast specimens, the highest STS was 830 kPa 
for the B20S50D56, while the lowest STS was 182 kPa 
for the B15S50D7 (Fig. 5). The prolongation of the curing 
period increased STS. Increase in the GGBFS ratio led to 
an initial decrease in strength at 7 days curing but in-
crease in strength at the end of 28 and 56 days of curing. 
The reasons behind these results are similar to the in-
crease observed in UCS. For the 7-day curing period, 
there was a decrease in the STS with the increase in the 
ratio of GGBFS, while the STS increased with increasing 
GGBFS ratio at 28 and 56 days of curing. In other words, 
insufficient curing period combined with the presence of 

GGBFS in the binder negatively affected the strength. 
Conversely, as the curing period increased, continued 
hydration and pozzolanic reactions contributed to an in-
crease in STS. Furthermore, in the established statistical 
model, the interaction term of GGBFS and curing period 
had an F-value of 17.2 and the GGBFS term had an F-
value of 52.26 (Table 4), indicating that GGBFS signifi-
cantly influenced strength in conjunction with curing 
time. Compared with the non-GGBFS reference speci-
mens, the STS values of the GGBFS-containing specimens 
ranged from 92% to 98% of the reference at 7 days, from 
104% to 151% at 28 days, and from 103% to 165% at 56 
days as the GGBFS substitution ratio increased from 10% 
to 50%. The ANOVA results demonstrated that this 
model is a significant model with an R2 of 95.97% and a 
p-value of <0.05, and that the STS for cast specimens can 
be predicted with high accuracy with this model (in the 
model equation, the units of aw and GGBFS are “%” and 
the unit of STS is “kPa”).

 

Fig. 3. UCS with respect to curing period, aw and GGBFS ratio for cast specimens. 

 
Fig. 4. Stress-strain curves of the selected designs. 
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Table 3. ANOVA results for UCS. 

Source 
Degrees of 

freedom 
Sum of 

squares 
Mean square F-value P-value 

Model 8 33209393 4151174 118.67 <0.001 

aw (%) 1 3880084 3880084 110.92 <0.001 

GGBFS (%) 1 2853762 2853762 81.58 <0.001 

Day 2 23132028 11566014 330.64 <0.001 

GGBFS2 1 102727 102727 2.94 0.101 

aw (%) × GGBFS (%) 1 78260 78260 2.24 0.150 

GGBFS (%) × Day 2 3162529 1581265 45.20 <0.001 

Error 21 734586 34980 –   – 

Total 29 –  –  –   – 

Model equation 

for 7 days: UCS = -529+117.4×aw -40.1×GGBFS+0.228×GGBFS2+1.149×aw×GGBFS 

for 28 days: UCS = 235+117.4×aw -0.95×GGBFS+0.228×GGBFS2+1.149×aw×GGBFS 

for 56 days: UCS = 602+117.4×aw -1.7×GGBFS+0.228×GGBFS2+1.149×aw ×GGBFS 

 

Fig. 5. STS with respect to curing period, aw and GGBFS ratio for cast specimens. 

Table 4. ANOVA results for STS. 

Source 
Degrees of 

freedom 
Sum of 

squares 
Mean square F-value P-value 

Model 6 756046 126008 91.22 <0.001 

aw (%) 1 38092 38092 27.58 <0.001 

GGBFS (%) 1 72191 72191 52.26 <0.001 

Day 2 598200 299100 216.55 <0.001 

GGBFS (%) × Day 2 47517 23758 17.20 <0.001 

Error 23 31770 1381  – –  

Total 29  – –  –  –  

Model equation 

for 7 days: STS = -27.6+14.25×aw -0.289×GGBFS 

for 28 days: STS = 128.2+14.25×aw +3.544×GGBFS 

for 56 days: STS = 184.6+14.25×aw +5.024×GGBFS 
 

0

100

200

300

400

500

600

700

800

900

aw - 15% aw - 20% aw - 15% aw - 20% aw - 15% aw - 20%

7 days 28 days 56 days

ST
S 

(k
P

a)

GGBFS - 0%

GGBFS - 10%

GGBFS - 20%

GGBFS - 35%

GGBFS - 50%



 Olgun et al. / Challenge Journal of Concrete Research Letters (2026) 17(2) 207–221 215 

 

3.3. Permeability of cast specimens 

The permeability test results indicated that the high-
est kDSM value of 9.17×10-10 cm/s was obtained for 
B15S0D28, while the lowest kDSM value of 0.16×10-10 
cm/s was observed for B15S50D56 (Fig. 6). In parallel 
with the change in UCS and STS, the permeability de-
creased with the extension of the curing period. In addi-
tion, the increase in GGBFS ratio also decreased permea-
bility. The presence of GGBFS, which led to better filling 
of pores in the specimens (Cheah et al. 2016; Lindh and 
Lemenkova 2022), was a significant factor in reducing 
permeability. Therefore, changes in kDSM were influenced 
not only by UCS and STS but also by hydration and time-
dependent pozzolanic reactions. Minor deviations in 
permeability trends can be attributed to differences in 

microstructural homogeneity and pore distribution, ra-
ther than binder ratio alone, as also supported by the 
SEM observations presented in Section 3.6. Compared to 
specimens without GGBFS in the binder, even 10% 
GGBFS content significantly reduced permeability. Com-
pared with the non-GGBFS reference specimens, the kDSM 
values of the GGBFS-containing specimens ranged from 
18% to 55% of the references at 28 days and from 4% to 
38% at 56 days.  According to the ANOVA results (Table 
5), an R2 of 92.54% and a p-value of <0.05 indicate that 
the established model is statistically significant (in the 
model equations; the unit of GGBFS is “%” and the unit of 
kDSM is “cm/s”, ANOVA was performed for kDSM×1010 
cm/s). The ANOVA results showed that kDSM for the cast 
specimens prepared in the laboratory can be predicted 
accurately using the model equations (Table 5).

 

Fig. 6. kDSM values with respect to curing period, aw and GGBFS ratio for cast specimens. 

Table 5. ANOVA results for kDSM values. 

Source 
Degrees of 

freedom 
Sum of 

squares 
Mean square F-Value P-Value 

Model 4 25.62 6.40 46.50 <0.001 

GGBFS (%) 1 7.04 7.04 51.09 <0.001 

Day 1 17.48 17.48 126.87 <0.001 

GGBFS2 1 1.16 1.16 8.40 0.011 

GGBFS (%) × Day 1 0.650 0.650 4.72 0.046 

Error 15 2.07 0.138 –  – 

Total 19 –  –   – –  

Model equation 
for 28 days: ln(kDSM×1010) = 1.991-0.07×GGBFS+9.36×10-4×GGBFS2 

for 56 days: ln(kDSM×1010) = 0.617-0.09×GGBFS+9.36×10-4×GGBFS2 

3.4. Correlation of UCS with STS and kDSM 

The relationship between UCS and STS was examined, 
as shown in Fig. 7(a). The coefficient of determination 
was R² = 94.67%, indicating a strong relationship be-
tween UCS and STS. The STS/UCS ratios ranged from 

14% to 21%, and the regression equation presented in 
Fig. 7(a) can be used to estimate STS from UCS within the 
investigated experimental range. A relationship among 
UCS, STS, cohesion, and internal friction angle has also 
been reported for lime-improved soils (Consoli et al. 
2014). 
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The relationship between UCS and kDSM was also ex-
amined, as shown in Fig. 7(b). The coefficient of determi-
nation was only R² = 37.69%, indicating that UCS alone 
could not reliably predict kDSM. Although mixtures with 
higher strength generally tended to exhibit lower kDSM 
values, permeability was also governed by pore connec-
tivity, microstructural homogeneity, and the distribution 
of hydration and pozzolanic products, as demonstrated 
by studies on stabilized fine-grained soils and cementi-
tious composites (Lindh and Lemenkova 2022; Cheah et 
al. 2016). Related research on waste-modified concrete 

has similarly shown that replacement dosage can simul-
taneously alter compressive strength and water perme-
ability, with the most favorable balance between these 
properties occurring at an intermediate replacement 
level (Mahmud et al. 2025). In the present study, increas-
ing the curing period and GGBFS ratio generally in-
creased UCS and STS while decreasing kDSM. However, 
the rate of reduction in kDSM did not correspond directly 
to the rate of increase in UCS. Therefore, a reliable pre-
dictive relationship between UCS and kDSM could not be 
established.

                             

Fig. 7. Correlation between different properties: (a) UCS–STS relationship; (b) UCS–kDSM relationship.

3.5. Comparison of the properties of cast specimens 
and core samples 

The relation between the UCS of the cast specimens 
and core samples of 4 designs, for which DSM columns 
were formed, was analysed (Fig. 8(a)). The core sample 
UCS values were between 45.26% and 69.79% of the cast 
specimen UCS values. According to the specifications, the 
core sample strengths of in-situ DSM columns can be 20-
50% (EuroSoilStab 2002) and 20-100% (CDIT 2002) or 
at a minimum 50% (Bruce et al. 2013) of the cast speci-
men strengths. In this study, since the DSM columns 
were formed in the laboratory in a similar manner as in-
situ application, the ratios of core sample strengths to 
cast specimen strengths fell within the recommended 
ranges of specifications. The lower strength of cores 
from in-situ DSM columns stems from the difficulty of at-
taining the homogeneity achievable in cast specimens. 
Therefore, higher strengths are expected for cast speci-
mens. Indeed, in this study, since the core samples ex-
tracted from the DSM columns were formed in a manner 
similar to in-situ applications, their strengths were 
lower than those of the cast specimens.  

A similar result was observed in the comparison be-
tween core samples and cast specimens for STS tests 
(Fig. 8(b)). Accordingly, core sample STS values were 
63.00% - 77.58% of the cast specimen STS values. In ad-
dition, the comparison of the permeability test results 
for core samples and cast specimens showed that the 
core samples were more permeable (Fig. 8(c)). The core 
sample kDSM values were 118.54% - 193.21% of the cast 

specimen kDSM values. This relationship reflects the 
greater microstructural heterogeneity of mixed columns 
compared with homogeneous cast specimens.  

Three mechanisms may contribute to this difference: 
(i) rotary mixing can produce binder-rich and binder-
poor zones within the column matrix, consistent with the 
cement content variability reported by Zuo et al. (2023) 
and the in-situ shear strength variability observed by 
Forsman et al. (2025); (ii) entrapped air voids and par-
tially saturated micro pockets formed during clay–slurry 
mixing may create preferential flow paths; and (iii) the 
lower unit weight of model/field DSM columns relative 
to cast specimens (Saride and Mypati 2024), together 
with FHWA observations that field-mixed material may 
attain only 20–50% of laboratory strength, suggests a 
more open pore structure. Minor coring-induced dis-
turbance cannot be excluded but is considered second-
ary. From an engineering perspective, this is important 
for DSM applications where permeability is important 
such as cut-off walls and containment barriers. In this 
study, the kDSM of core samples was 1.19–1.93 times 
higher than that of cast specimens; however, extrapola-
tion to field conditions requires field scale verification. 
The observed core-to-cast UCS ratios of 45.26% and 
69.79% suggest that mechanical performance may be 
predicted more reliably than hydraulic performance. 
The results indicated that the strength and permeability 
of core samples extracted from laboratory DSM columns 
can be useful in providing a preliminary prediction of the 
mechanical and hydraulic performance of in-situ DSM 
columns.  

STS (kPa) = 0.1482×UCS + 39.642
R² = 94.67%

0

150

300

450

600

750

900

0 2000 4000 6000

ST
S 

(k
P

a)

UCS (kPa)

0

2

4

6

8

10

12

0 2000 4000 6000

k
D

SM
(×

1
0

-1
0

cm
/s

)

UCS (kPa)

kDSM (×10-10 cm/s) = 10-6×(UCS)
2

- 0.0097×UCS + 20.132
R² = 37.69%

(a) (b) 



 Olgun et al. / Challenge Journal of Concrete Research Letters (2026) 17(2) 207–221 217 

 

      

 

Fig. 8. Comparison of mechanical and hydraulic performance of core samples and cast specimens:  
(a) UCS values; (b) STS values; (c) kDSM values.

3.6. SEM and XRD analysis results 

In the DSM columns, in addition to ettringite, hydra-
tion products such as calcium-aluminum-silicate hy-
drates (C-A-S-H), C-S-H, and CH were identified from 
SEM images (Fig. 9). As the GGBFS ratio increased, the 
sample structure became less porous, the amount of C-
S-H increased, and C-A-S-H formed. Moreover, the mix-
ture containing 35% GGBFS had a less porous structure 
than the other samples. As observed from the SEM im-
ages, as the GGBFS ratio increased, the amount of C-S-H 
increased, pores decreased and C-A-S-H formed at 35% 
GGBFS ratio, which is consistent with the strength and 
permeability test results of the samples. The increase in 
UCS and STS and the decrease in permeability as the 
GGBFS ratio increases are an important indicator of the 
changing chemical content and amount of pores with 
the change in the GGBFS ratio on mechanical and hy- 
 

draulic behavior. Therefore, the strength gain of the 
samples is primarily attributed to the hydration prod-
ucts formed, namely C-S-H and C-A-S-H, contributing 
directly to the increase in UCS and STS. The size and 
amount of pores in the sample structures may also be 
related to permeability. SEM images also supported the 
fact that mixtures containing 20% and 35% GGBFS, 
which had a less porous structure, had lower permea-
bility than the mixture without GGBFS. It was observed 
that the XRD analysis results (Fig. 10) were consistent 
with the SEM images. Accordingly, in the presence of 
cement and GGBFS, peaks were formed in the diffracto-
grams where C-S-H, C-A-S-H, CH and ettringite oc-
curred at the relevant 2θ values. Thus, as determined in 
the SEM images, it was revealed by the XRD analysis 
that both hydration and pozzolanic reaction products 
were formed by mixing the clay soil with cement and 
GGBFS. 
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Fig. 9. SEM images for DSM columns: (a) 0% GGBFS; (b) 20% GGBFS; (c) 35% GGBFS. 
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Fig. 10. XRD diffractograms for DSM columns and clay: (a) Clay; (b) 20% GGBFS; (c) 35% GGBFS. 
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4. Conclusions 

In this study, the effect of GGBFS, which is used by 
substituting cement at certain ratios, on the mechanical 
and permeability properties of DSM columns was inves-
tigated by performing UCS, STS and permeability tests 
using cast specimens and core samples, and the follow-
ing results were observed: 
• Relative to the corresponding non-GGBFS reference 

specimens, GGBFS-containing specimens showed 
lower UCS and STS at 7 days, but higher values at 28 
and 56 days, confirming the time-dependent contri-
bution of GGBFS-related hydration and pozzolanic re-
actions. At 28 and 56 days, UCS reached 105–179% 
and 110–171% of the reference values, while STS 
reached 104–151% and 103–165%, respectively. 

• The kDSM values of cast specimens decreased with in-
creasing GGBFS substitution. The kDSM values of 
GGBFS-containing specimens were 18–55% at 28 
days and 4–38% at 56 days of the non-GGBFS 
reference specimens, owing to the pore-filling and ad-
ditional C-S-H/C-A-S-H formation associated with 
GGBFS hydration. 

• A statistically significant correlation was identified 
between UCS and STS (R² = 94.67%, with STS/UCS = 
14–21%), supporting the use of UCS as a reliable pre-
dictor of STS within the experimental range. In con-
trast, the UCS–kDSM relationship yielded R² = 37.69%, 
indicating that permeability is governed by additional 
microstructural factors that cannot be captured by 
UCS alone. 

• The UCS values of core samples of laboratory-scale 
DSM columns were 45.26–69.79% of the cast speci-
men UCS values; STS values were 63.0–77.6%; and 
kDSM values were 118.5–193.2%. These relationships 
indicate that laboratory-scale DSM columns may be 
used as a preliminary tool that laboratory-scale DSM 

columns can be used as a preliminary tool for evalu-
ating DSM behavior in situ. Laboratory DSM columns 
exhibited adequate strength and permeability charac-
teristics, demonstrating that effective interactions be-
tween soil, cement, and GGBFS can be achieved under 
controlled laboratory conditions. 
Overall, the results suggest that laboratory DSM col-

umns can be effectively used as a preliminary experi-
mental tool to investigate soil–cement–GGBFS interac-
tions and to support the design stage of in-situ DSM ap-
plications but not as a direct substitute for field trial col-
umns or site-specific quality control. 
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