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Introduction



Sulfate - bearing soils
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Sulfate-bearing soils are soils that contain
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Fig 1. Soil-halo-geochemical provinces of Kazakhstan [1]




Ettringite Formation

Present in the stabilizing binder  Present in sulfate-bearing soil

« Provided by « Released from « Originates from i
lime or clay minerals gypsum or . O"Os_:zfnte;fmm
cement binder during lime-soil other sulfate ayp
interaction minerals in soil other sulfate
« Also present in minerals in soil
cement

Fig 2. Ettringite formation mechanism in sulfate-bearing soil treated with cement and lime



Sulfate - induced heave

Ettringite 1s an expansive mineral that
can expand significantly and cause:
« Heaving (uplift of stabilized layers)
« Cracking and failure of pavements
or foundations
« Especially dangerous 1n high-sulfate
soils treated with lime or cement

(Ca [Al[OH] ], - (50,), - 26 H 0)

Fig 3. Sulfate induced heaving of a pavement in India |2]

Sulfate level

Calcium-based stabilization

<3000 ppm Low risk

3000-5000 ppm Modest risk

5000-8000ppm Modest to high risk

>8000 ppm Serious risk

<1000 ppm Low risk

1000-2500 ppm Ok at elevated lime concentratio
>2500 ppm High risk

<3000 ppm No risk

3000-7000 ppm Ok with mellowing

>7000 ppm High risk

Fig 4. Levels of risk sulfate bearing soil stabilized with cement [3]
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Soil Stabilization

 Soil Stabilization is the process of « Methods of Soil Stabilization:
improving the physical and o Mechanical stabilization
mechanical properties of soil to - Chemical stabilization
make 1t suitable for construction = Cement stabilization
purposes = Lime stabilization
e Goals: « Use of Alternative Stabilzers:
o Increase strength o Industrial by-products
o Reduce swell = BOFS

o Improve durability » GGBES



Why BOFS in Soil Stabilization?

@ S“lfate Compatibility: Basic-oxygen-furnace steelmaking
: ; (Linz and DOMWiE_P_r?CES_)_ -
o Unlike lime and cement, BOFS has lower Voltn iron (70-75%)-
| | steel scraps (25-30% ) 4

lime/dolomite

calcium content
o Reduces the risk of ettringite formation, making
1t 1deal for sulfate-rich soils

Oxygen \
 High Alkalinity: " '\' -
o Supports pozzolanic reactions without r 1
generating excess calcium hydroxide wea | B =5
« Mechanical Improvement: n

‘ BOF converter

o Increases compressive strength, durability, and
resistance tO environmental StreSS Fig 5. Basic Oxygen Furnace Steelmaking Process [4]



Utilization of BOFS in KZ

« Promotes sustainable use of industrial waste.
« Aligns with Kazakhstan 2050 Green Growth
Strategy.
« Reduces land use and management costs of
steel slag disposal.
« Proposed Local Applications:
o Asphalt concrete, railway ballast, winter

abrasives, snow barriers, fertilizer, - -
Fig 5. Basic Oxygen Furnace Slag (BOFKS) stockpile at

artificial hlllS, and soil neutralization. JSC " ArcelorMittal Temirtau” site, Kazakhstan.



BOFS as a Soil

« L1etal. (2018):
o Investigated the incorporation of BOEFS into clay soils and observed significant

Stabilizer

improvements in unconfined compressive strength (UCS), durability, and reduced

permeability.

 Elbaz et al. (2020):

o Explored

| the application of BOFS in stal

cycles. T

e study found that BOFS signi.

bilizing soils subjected to freeze-thaw

1cantly enhanced the freeze-thaw

resistance of the stabilized soils, making 1t suitable for use in cold climates.

« Zhou et al. (2021):
- Examined the use of BOFS as an alternative to lime for stabilizing sulfate-rich

soils. The research demonstrated that BOFS effectively minimized sulfate-induced

expansion by buffering against the formation of expansive minerals like ettringite.



Importance of Particle Size in Soil Stabilization

« Rao et al. (2016):
o Showed that finer fly ash particles in a fly-lime mix reduced swelling and

enhanced long-term strength.
« Shi et al. (2000):
o Found that finer GGBFS particles led to higher early strength due to faster

hydration, but may compromise long-term durability.
« Kim et al. (2023):
- Smaller bottom ash particles enhanced the strength of composite geomaterials

with curing time.
« He et al. (2022)

o Used the Rosin-Rammler-Bennett model to evaluate PSD of GGBFS and
linked finer sizes to increased mortar strength and workability.



BOFS is hypothesized to exhibit a dual functionality:
« Chemical Function
 Physical Function

Particle size effect of BOFS:

. Certain BOFS particle fractions improves bonding and

pozzolanic activity

Strength development of stabilized sulfate-bearing kaolin clay
is possible based on the particle size of BOFS




= Objectives

Effectiveness of BOFS:

e To access how BOI'S
performs as a stabilizer for
kaolin clay with high sulfate
content

BOFS Particle Size:

e To explore the relationship
between different BOFS
particle sizes and the
mechanical properties of the
stabilized kaolin clay

Durability:

e To access how BOI'S
performs as a stabilizer for
kaolin clay with high sulfate
content

Strength Prediction:

e Develop a reliable predictive
model that estimates the
unconfined compressive strength
(UCS) of high-sulfate-bearing
kaolin clay treated with BOFS
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Characterization of Basic Oxygen Furnace Slag

& Sieve Analysis

« Conducted per ASTM C136 using it o et e
67 kg of BOFS 100
« Balanced mix of coarse and fine 28
particles o ;8
o Used in strength prediction £ 50
calculations i 43
& Specific Gravity ?g
« AASHTO T 84 (finc aggregates) 0 » o 53 s
and T 85 (coarse aggregates) S - |
e Values: 298 & 3. 22, average: 31 Fig 6. Particle Size Distribution of BOFS

e Dry density: 5.30 g/cm?



Characterization of Basic Oxygen Furnace Slag

3
R 1) Calcium Hydroxide Ca{OH);

Z) Aluminum Phosphate (APO).)
(3) Calcium Silicon {CaSi)

4) Calcite (Ca(COs;))

1 5) Hematite (Fe;03)

6) Lime (Ca0)

(7) Quartz (Si0;)

BOFS

< XRD Analysis
o Identified crystalline phases:
o Lime (CaQ), Hematite
(Fe,0,), Quartz (S10,)
& XRF Analysis
« Main oxides:
o Ca0 (52.38%), Fe,O,
(29.39%), Si10,, (7.39%)

2.000

(Counts)

—
n
<
=

1,000

X-ray intensity

500

20 25 60 65 70

30 35 40 45 50 55
Diffraction angle (20)

Fig 7. Crystalline phases of BOFS materials.
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Si0;
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MnO
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MgO

SO;

BOFS

7.39

1.53

29.39

52.38

4.33

3.13

0.23

Fig 8. Chemical composition of BOFS materials




Soil Classification

Artificial Soil 4
« 80% - Kaolinite o o I I
« 20% - Gypsum Zg'gg
& Sieve Analysis (ASTM D6913) 0,00
« Most particles retained 1in #140 & #200  fine- 60,00
grained clay e
& Atterberg Limits (ASTM D4318) . jggg
. Liquid Limit (LL): 56.51% 20,00
o Plastic Limit (PL): 34.83% 10,00
. P_ﬁ_ast.ic.ity Index (PI): 21.68% High- o 1 o1 e
p~aStICIty Clay N Particle diameter (mm)

& Soil Classification
-« USCS: CH Clay of High Plasticity
« AASHTO: A-7-5  Fine-grained clay with high
plasticity

Fig 9. Particle Size Distribution of Kaolin Clay



Mineralogy & Specific Gravity

12,000 e
Kaolin Clay + Gypsum 5 Ef(‘i':?'l.tq‘? ”
s (3) G',,-p-suﬁ:i (C‘aSOl}
& : - 10,000 @
¢ Specific Gravity (ASTM D854)
 Trials: 2.39, 2.51,2.69 Avg: £ 5000
2.54 g/cm? 2
P . %g'f%OOO
¢ XRD Analysis g
- Crystalline Phases: Kaolinite, 4000
:,':

Quartz, Gypsum
» Kaolinite treated with gypsum

2,000

5 10 15 20 25 30 35 40 45 50 55 60 65
Diffraction angle (26)

Fig 10. XRD analysis of kaolin clay treated with gypsum.



Effective BOFS Addition Rate

Determination



Effective BOFS Addition Rate Determination

& Consolidation Test
« Objective: The determination of the Optimal BOFS Addition Rate by evaluating
the settlement and compressibility of stabilized soil
« Modified ASTM D2435 (One-Dimensional Consolidation Test)
« Novelty: Applied to BOFS-stabilized soils

Table 1. Pre- Mix Design for Consolidation Testing

: BOF'S Addition BOI'S Particle Water
Mixture ; ] VB OF .
Rate (RBOFS(volumetric), %) Size Content RBOF — w 100 (%))
Vsoil + unlcr -1 VBOF
1 20
All sizes Fig 11. Crystalline phases of BOFS materials.
2 30 combined(#4- 1.5x LL
#200)

3 40




Effective BOFS Addition Rate Determination

{* Test Setup
« Samples: @50 mm X H20 mm
(trimmed from 100 mm mold)
« Equipment: ELE International

Oedometer o
. Loading: 5, 10, 20, 40, 80 kg e — LN
(incremental) Fig 12. Chemical composition of BOFS materials

« Final unloading to 0 kg to analyze
rebound behavior

« Real-time settlement tracking via
DS 7.2 software

.

Fig 13. Consolidation Test Apparatus



Results
« 20% & 30% BOFS gave optimal
compressibility reduction
« 40% BOFS had lowest settlement but

reduced workability

Table 2. Coefficient of volume compressibility (mv), compression
index (Cc), and coefficient of consolidation (Cy) for different BOFS

addition rates.

Effective BOFS Addition Rate

RBOF'S mv Compression Coefficient of
(volumetric) (m2/kN*105) Index (Cce) Consolidation, Cv (m*/year)
20% 9.00 0.06 0.85
30% 15.77 0.07 1.05
40% 6.00 0.04 0.92

Determination

0,55
20%
0.5 ——30%
—o—40%
0,45
7]
S
Z 04
3 R
0,35
0,3
.._
' \\
0,25 -
0,2
0 300 600 900 1200 1500 1800

Applied stress, o' (kPa)

Fig 14. Void ratio to applied stress for different
volumetric BOFS addition rates.



Optimal BOF'S Particle Size

Classification




Optimal BOFS Particle Size Classification

4 Unconfined Compressive Strength (UCS) Test (ASTM D2166)

« Purpose: To determine which BOFS particle size range most effectively improves UCS of
high-sulfate bearing kaolin clay

« Specimen: 50 mm in diameter and 100 mm in height

Table 3. Pre-mix design for optimal particle size classification (pre-UCS test).

Mix BOIL'S Particle Size ol luﬁgf‘?c), o
1 25mm - #4(25mm, 19mm, 9.5mm, & 4.75 mm)
2 #4 - #20(4.75 mm, 2.00mm, & 0.85mm)
3 #4 - #40(4.75 mm, 2.00mm, 0.85mm, & 0.425mm) 30
4 #4 - #60(4.75 mm, 2.00mm, 0.85mm, 0.425mm, & 0.25 mm)
5 #4 - #100(4.75 mm, 2.00mm, 0.85mm, 0.425mm, 0.25mm & (0.15mm) Fig 15. Triaxial test machine




Optimal BOFS Particle Size Classification

Results:
« Time-Dependent Strength Gain oo
0 Due o Ongoing hydration and oo 44 #20

700,00

pozzolanic reactions
. Finer BOFS particles = Higher UCS
» Increased pozzolanic reactivity

600,00

500,00

400,00

» Better void filling

300,00

o Enhanced bonding particles

« Coarser BOFS particles = Lower UCS
o The 25 mm — #4 fraction
performed the WOI‘S’[ o 1'0 2'0 3'0 -4'0 5'0 5'0 71} 3'0 9'0 100

200,00

Unconfined Compressive Strength (kPa)

100,00

Curing time (days)

o Coarse particles contributed more

: . Figure 16. UCS curves for optimal BOFS size determination.
to mechanical reinforcement than

chemical stabilization.



Strength Characteristics



Strength Characteristics

¢ Unconfined Compressive Strength (UCS) Test (ASTM D2166)
« Purpose: To determine which BOFS particle size range most effectively improves UCS of
high-sulfate bearing kaolin clay
« Specimen: 50 mm in diameter and 100 mm in height

Table 4. Mix design for soil strength analysis

BOFS Addition Rate

Mixture BOFS Particle Size RBOFS

(volumetric), % RBOFS (mass), %

1 #100 -#4(0.15mm, 0.25mm, 0.425mm, 0.85mm, 2.00mm, & 4.75mm)

2 #100 - #10(0.15mm, 0.25mm, 0.425mm, 0.85mm, & 2.00mm)
20 & 30 20 &30

3 #100 - #20(0.15mm, 0.25mm, 0.425mm, & (0.85mm)

4 #100 - #40(0.15mm, 0.25mm, & 0.425mm)




Volumetric BOFS Addition - UCS Trends

Unconfined Compressive Strength (kPa)

600,00 650,00
== - He 30% # - #20 (30% =F= i} -# 309% i - 30% i |y (309
andh w100 - #40 (20%) #100 - #20 (20%)  =@=#100 - #10 (20%)  =@=i100 - #4 (20%) =@=Kaolin Only (20%) 600.00 PeEIN0 - 240 %) 109 -Fo W) 100 -9 9%) 100 -3 Oms) Kas 0""‘{_( %) I
500,00 550,00 ﬁ
£ 50000 -~
450,00 g i y
£ 45000 «
400,00 £ —8
= 400,00
350,00 @ ®
> 350,00
300,00 5 —
= 300,00 ——
250,00 §
S 250,00
200,00 =
= 200,00
-
150,00
S 150,00
.ﬂ
100,00 t 100.00
50,00 50,00
0 10 20 30 40 =0 60 70 80 90 100 0 10 20 30 40 50 60 70 80 )

Curing time (days)

Curing time (days)

100

Fig 17. UCS curves for RBOFS (volume)= 20%

¢ Key Findings:
 Finer BOFS

particles (#100—#40, #100-—#20)

Fig 18. UCS

Higher UCS

« Best UCS (531.11 kPa at 90 days) with #100-—#10 at 20%

« At 30%, moderate-fine particles (#100—#40) performed best

600 kPa

curves for RBOFS(volume)= 30%




Mass BOFS Addition - UCS Trends

500,00

~0-#100 - #40 (20%) £100 - #20 (20%) ~0=#100 - #10 (20%) =@=#100 - #4 (20%)

450,00

400,00

350,00

300,00

250,00

200,00

150,00

Unconfined Coompressive Strength (kPa)

100,00

0 10 20 30 40 50 60 70 80 90 100
Curing time (days)

Unconfined Compressive Strength (kPa)

600,00

500,00

400,00

300,00

200,00

100,00

0,00

—0=#100 - #40 (30%) —=#100 - #20 (30%) ~@=#100 - #10 (30%) =@=#£100 - #4 (30%)

0 10 20 30 40 50 60 70 80 20

Curing time (days)

100

Fig 19. UCS curves for RBOFS (mass)= 20%

¢ Key Findings:
« Finer particles again show higher UCS
o At 30% mass: #100-#60 639.42 kPa
o At 20% mass: #100-#40 410.92 kPa

« Coarser blends (#100-#4) yielded the lowest UCS values

Fig 20. UCS curves for RBOFS (mass)= 30%




Summary - Factors Affecting Strength

Factor Effect on UCS
Particle Size Finer particles = Higher strength (faster pozzolanic reaction)
BOFS Addition Rate 30% > 20% (more binder  more strength)

Curing Time

Strength  with time (hydration  pozzolanic bonding)




Swelling Behaviours



Swelling Behaviour

& One-Dimensional Swelling Test
» Objectives:
> To evaluate the one-dimensional

swelling behavior of high-sulfate-
bearing kaolin clay stabilized with
BOFS:

o To assess how different BOFS particle
sizes influence the expansion and

volume changes of the stabilized soil

Fig 21. Sample installation procedure for the swelling
test.

under sulfate-rich conditions
» Vertical and volumetric expansion were
measured for 14 days



Table 5. Volumetric swell for volumetric BOFS addition.

Mass Addition Results

Table 6. Volumetric swell for mass BOF'S addition.

Volumetric Swell, R : g Volumetric
Description [BOFS particle size range] Description [BOFS particle size range] S
wceil,

Mix Mix 5

RBOFS(Volume) 20 % 30 % RBOFS(mass) 20% | 30 %
1 SBS* only 15.76 14.70 1 | SBS* only 15.76 | 14.70
2 SBS+BOFS [#100,60, &#40] 13.79 11.23 2 SBS+BOFS [#100, #60, and #40] 12.95 9.78
3 SBS+BOFS [#100,60,40, &#20] 14.20 14.16 £ SBS+BOFS [#100, #60, #40, and #20] 9.76 9.12
4 SBS-+BOFS [#100,60,40,20, &#10] 17.70 16.69 4 SBS+BOFS [#100, #60, #40, #20, and #10] 7.81 7.29
5 SBS+BOFS [#100,60,40,20,10, & #4] 19.07 18.77 5 SBS+BOFS [#100, # 60, #40, #20, #10, and #4] 5.97 4,94




Volumetric Addition Results

8
8
7 £S5 ®
7 <" Key Observations:
¢ « Control: Highest swell
6
;:B $5 (1 5 . 76070)
£s & '
: . Finer BOFS (#100-#40):
E 4 / 0 o i _ﬁ:_._-:f":ﬁ”
; il e i aeparioin Best performance (11.23%)
3 [#100-#10 (20%))] > 3 A - . S
o= [#100-#4 20%)] [#100-#10 (30%)] « Coarser particles = more
2 ~o—Soil only (20%) =0=[#100-#4 (30%)] :
Kt 2 =0=Soil only (30%) swellin g
: 1
0
0 S0 100 150 200 250 300 350 0
0 S50 100 150 200 250 300 350
Elapsed time, hours Elapsed time, hours
Fig 22. Vertical swell strain for Fig 23. Vertical swell strain for

RBOFS(Volume)= 20 %. RBOFS(Volume)= 30 %.



Mass Addition Results

—_ (2]
th [ o] h

Vertical Swell Strain, (%)

[a—

0,5

~o— [#100-#40 (20%)]
[#100-#20 (20%)]
[#100-#10 (20%)]

—o— [#100-#4 (20%)]

S0 100 150 200 250 300

Elapsed time, (hours)

Fig 24. Vertical swell strain for
RBOFS(Mass)= 20 %.

350

Vertical Swell Strain, (%)

—o— [#100-#60 (30%)]
” —o— [#100-#40 (30%)]
[#100-#20 (30%)]
—o—[#100-#10 (30%)]
3 —o—[#100-#4 (30%)]

!
th

"~

-
n

—

0,5

0 50 100 150 200 250 300 350
Elapsed time, (hours)

Fig 25. Vertical swell strain for
RBOFS(Mass)= 30 %.

< Key Observations:
« Swelling  with increased
BOFS mass
« Coarser BOFS (#100-#4)
= Lowest swell (4.94% at
30%)
« Finer blends swelled more

rapidly early on



Swelling Summary

Parameters Impact on Swelling
Finer BOFS Particles Reduced initial swell, but may absorb moisture fast
Coarser BOFES Particles Best reduction 1n total volumetric swelling

Higher BOFS Addition Greater swelling reduction at 30%




Mineralogical &

Microstructural Anal



Mineralogical and Microstructural Analysis - Summary

Purpose of the Analysis
« To assess how BOFS particle size
and replacement rate influence:
o Mineral formation (via XRD)
o Microstructural behavior (via
SEM + EDS)
« Goal: Understand how stabilization
with BOFS affects swelling, bonding,
and durability at the microscopic

Fig 26. SEM analysis Fig 27. XRD equipment.

equipment.



XRD Analysis

X-ray intensity (A.U))

45

60

70 7o 5

05

K E: Ettringite K E: Ettringite
G: Gypsum G: Gypsum
K: Kaolinite K: Kaolinite
K K
-~
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S
E E £
E KG </ E! KG ?
S/ \_E . G KE KK K E K K K Mix8#100-44 T S/ E ; G KE KK K E K K K Mix9#100-44
-
K = K
J c K e i X
E & Ka ENE G KE KKK K £ K « K Mix 6 #100-#10 ! E g)| E Kea EAE G KE KKK K £ K ¥ K Mix 7 #100-#10
K K
: GA e KG 4 E GA e KG g
— K K Mix 4 #100-420 — K K Mix 54100-4#20

60 05 70

Diffraction angle (20)

Fig 28. XRD Analyses for Mixtures (R(BOFS)(vol.))=
20%) after Swelling Test

Diffraction angle (20)

Fig 29. XRD Analyses for Mixtures (R_(BOFS(vol.))=
30%) after Swelling Test

75



SEM Analysis - 20 %

c 14.77£0.27 I 9.2140.27
TiO, 2:34:0:12 B e e i b ,.‘ (;0 5:311:0:1? R _ - i o hot ottt o R
Fig 30. SEM Images for Mixtures containing #100 Fig 31. SEM Images for Mixtures containing #100
to #20 BOFS Particles (R= 20%) after Swelling to #4 BOFS Particles (RBOFS(vol.)= 20%) after

Test. Swelling Test.



SEM Analysis - 30%

Chemical composition Mass %
C 10.76+0.26 Chemical composition

0 c 1 20.20+0.32
Al,O, 32.69+0.37 O

Si0, 38.70+0.47 | Al,O, | 34.41+0.35
S0, 6.61+0.21 Si0, | 41.80+0.45
Ca0 | 8.04+0.18 50, 1.60+0.11
CuO | 1.65+0.15 Ca0 1.98+0.09
Zn0 | 1.54+0.16

Fig 32. SEM Images for Mixtures containing #100 to  Fig 33. SEM Images for Mixtures containing #100 to
#20 BOFS Particles (RBOFS(vol.)= 30% #4 BOFS Particles (RBOFS(vol.)= 30%)



Conclusion: XRD and SEM Analysis Summary

Aspect

Finer BOFS Particles (#100-#20)

Coarser BOFS Particles (#100-#4)

XRD - Ettringite Peaks

Weak to moderate, controlled
formation

Strong, intense — indicates higher expansion
risk

XRD — Mineral Behavior

Stable mineral development

Aggressive ettringite growth

SEM — Matrix Structure

Dense, well-packed, low porosity

Loose, porous, with visible voids

SEM - Ettringite Shape

Short, thin, evenly spread needles

Long, clustered, uncontrolled crystals

EDS — CaO & SO, Levels

High — supports pozzolanic and
sulfate reactions

Low — reduced reactivity, but still high
swelling

Stabilization Effect

Strong bonding, reduced swelling,
better durability

Weak bonding, more swelling, lower
durability




Strength Prediction Model




Strength Estimation Process

In their study, Cikmit et al. (2019) developed a strength prediction model for stabilized soils

1.Sieve Analysis 4. Calculate Specific Surface Area
a. BOFS particle size distribution
(ASTM El1) cop — Sy" (L)
2. UCS Test p =17 X

a. Determine effective size range
b. BOFS addition by volume

n - the number of intervals in the grain size distribution

w - weight of retained fraction size I
L

; x - harmonic mean size distribution
L

= oF %100 (%)

BOFS(UOI’U?HEWI.C) B V::’E+Vu'are!'+VHOFS

p - density of material

3. Calculate Mass Addition Rate

Harmonic mean size distribution is calculated using the following equation below:

M
BOFS(GB)
= x100 (%)
BOFS (mass M +M +M .,
( ) soil water BOFS (I;+I__)*(IF‘+I_)
— 1 J 1 b,
Xi 4

1/3




UCS Prediction Model - Mass-Based

600
®7days ® 14days o 7 da}'S:
500
~ ®28days © 56days = 17.992 x (SSA X
= qu (7 days) ! (SS RBOFS)
g 90days
S 400 e 14 days:
5 29.915 x (SSA X R
- : g » = J X
@ Cunu.g_i;me. 90 days qu (14 days) X ( BOFS)
= y = 285,16x
% 300 R*= 0,353
3 Curing time: 56 days rQe
8 y = 196,35x e 28 dﬂ\ o
5 R? = 0,4346
é 200 Curing time: 28 days qu(gg days) = 72.907 x (SSA X RBOFS)
8 vy=72907x
z R? = 0,3358
= . [ e 56 days:
e Curing time: 14 days
100 p—— Ri- 03514 196.35 x (SSA X R
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Fig 34. Relationship between SSA X R(BOFS)(mass) and UCS over time.



UCS Prediction Model - Volumetric
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Fig 35. Relationship between SSA X R(BOFS)(volumetric) and UCS over time.



Key Findings from Strength Prediction Model

« UCS increases linearly with SSA X R(BOFES)

« Curing time significantly impacts strength gain, especially after
28 days.

« Mass-based model gives a slightly better fit for long-term
strength prediction.

« Volume-based model 1s more sensitive at early ages and practical
for on-site mixing.

« Both models are valid and reliable, with regression equations
enabling strength forecasting.



Conclusion - Summary of Key Findings

- Finer BOFS particles significantly improved UCS due to greater surface area and
enhanced pozzolanic activity.

« Curing time was crucial; 90-day samples showed the highest strength gain.

« Swelling tests revealed that BOES effectively reduced expansion, especially with finer
particles.

« XRD and SEM analyses confirmed ettringite formation and the presence of
cementitious products like C-S-H and C-A-H

- BOFS shows strong potential as a sustainable alternative stabilizer, promoting waste
reuse and durability 1in sulfate-rich soils.



Future Works - Research Directions

. [®] Include comparative studies using traditional stabilizers (e.g., lime,
cement) alongside BOFS.

. = Explore hybrid mixtures combining BOFS with GGBES, fly ash, or
cement.

- ul Test intermediate BOFS addition rates (e.g., 10%, 15%, 25%, 35%) to
better define optimal range.

. _ Extend curing periods beyond 90 days to evaluate long-term durability
and pozzolanic evolution.

. & Analyze 40% BOFS mixtures, especially in swelling studies where it
showed secondary performance.

. & Scale up field applications to validate lab results under real environmental
condition
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