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1. Introduction

Roads constructed on problematic soils may have adversely influenced by the behavior of their geotechnical
properties. These soils are undergoing a high degree of compressibility, low permeability, low compressive
strength (lower than 40kpa), and high potential to swell with high water content as it comprises minerals, including
montmorillonite which can absorb water that causes heaving, cracking and the breakup of the road pavement.
Improvement of these soils is essential to improve the strength of the soil and thus partly decrease the thickness
of road layers (Amhadi and Assaf, 2018). Where road constructions through floodplains encounter troublesome
materials, one of the available classical options had always been to excavate and import suitable materials for
replacement as they were either weak subgrades soil layers with weak geotechnical materials. Current limits cause
assists geotechnical engineers to improve the in site soils by applying the usage of stabilizer materials.

The main objectives of this research were to investigate the effect of GGBS, with and without lime, on the
engineering behavior unconfined compressive strength (UCS) of the test soil and to identify the reaction products
of the stabilized materials to determine the mechanisms by which changes in engineering properties are obtained
by using SEM images.

2. Material and methods

To accomplish these aims, laboratory examinations were taken. Different mixtures of test soil with lime and
GGBS by dry weight of the soil and replace by quick lime were organized and cured under laboratory conditions.
The mixture program of soil with additives was applied as indicated in the literature (%16 lime), (%16 GGBS),
(%12 lime - %4 GGBS), (%8 lime - %8 GGBS) (%4 lime - %12 GGBS) in three conditions including not soaked,
completely soaked, and partially soaked in curing ages including 7, 14, 28, 56 and 90 days.

3. Results and discussion

In general, the effects of the stabilization of problematic soils with additives such as lime on soil properties can
be divided into two parts of the immediate and long term. Some of these changes, such as inter-lime and clay
reactions, are due to the quick changes in soil properties, ion-exchange reactions, and chemical reactions in contact
with lime without treatment. Long-term changes occur during and after the mixture of clay and lime, and they are
more critical in terms of resistance and durability, which often include a series of pozzolanic reactions. In this
study, various lime, slag, and lime-slag mixing scenarios have been investigated separately.

Results indicated that up to 28 days of curing aging, it could be seen that compressive strength increased in all
three states is dry, partially soaked, and completely soaked samples. On the other hand, increasing the percentage
of lime in the same treatment periods can be seen to decrease compressive strength. This condition is due to the
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saturation of the soil's free space from the lime, which results in the presence of more limestone in the increasing
strength while increasing costs and environmental impacts.

In samples with a mixture of clay and GGBS, the amount of compressive strength increased significantly with an
increasing amount of slag. This behavior can be examined from two separate aspects. The first aspect is for
specimens before 28 days, and the second aspect is the values after 28 days. The slope of the samples up to 28
days is significantly higher, but with increasing processing time after 28-90, the compressive strength diagram is
slightly increased with slope, which could be due to chemical reactions occur especially with increasing reaction
time to complete low-speed reactions. It is also due to pozzolanic reactions and the formation of a small amount
of C-A-S-H, especially by increasing the curing time and the proper time for low-dose pozzolan reactions and
crystallization of forming gels. Wild et al. (1998) showed that slag alone could be activated in the presence of
some natural compounds such as CaO and MnO in the soil.
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Fig. 1. SEM image of test samples; (a) flocculated clay particles and free lime , (b) The view of free and activated
GGBS, (c) formation of etringite and C-A-H minerals, and (Dd) formation of C-A-S-H gel and etringite minerals.

The SEM images of the slag used are shown in Fig. 1. This image represents a part of the free slag in the system

that is inactive. Also, part of the activated slag is visible in the system due to the reaction between the slag and
the natural amount of lime in the soil used to form a small amount of gel.
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In the most important scenario of this study, which includes the clay-slag-limestone mixing plan, two main
reactions occur, the hydration of the lime-activated slag to prepare the C-A-S-H hydrate-magnesium phase C-A-
S-H gel, as well as the addition of ettringite (Fig. 1c). The hydration of the slag causes water to be consumed in
large quantities and a lesser amount of lime. The amount of free lime depends on the mixing plan, which requires
less lime to activate the slag. According to experiments, samples with less lime percentage showed higher
resistance. As can be seen in SEM images, there will be some free lime in the system, which in turn will reduce
resistance (Figs. 1c and d). SEM image analysis established that two main phases in the mixture of GGBS and
lime were mixed with clay soil. (1) Formation hydration of calcium aluminosilicate hydrate gel (C-A-S-H) by
activation of GGBS by lime and (2) hydrotalcite type phase, and the clay-lime reaction to produce calcium silicate
hydrate (C-S-H), (C-A-H) and (C-A-S-H) (Obuzor et al., 2012). The SEM results indicated that activated GGBS
by lime can produce ettringite minerals and crystalline C-S-H (Fig. 1). The results also confirm that the use of
GGBS, or preferably with lime, could have a significant effect on the UCS of problematic soils.

4. Conclusions

The result of addition alone lime and alone GGBS and the mixture of lime and GGBS could be reviewed
at the following:

(1) The UCS of a Lime-GGBS—soil mixture increased with a reduction in lime content, and under
soaking condition, the strength increasing was not critically compromised.

(2) After long curing periods, the UCS of the soil developed significantly with an increase in the GGBS
percent and with an increase in curing periods.

(3) The UCS of the soil increased significantly with an increase in the activated GGBS by lime. The
UCS also decreased with an increasing lime/GGBS ratio and increased with increases in the curing
period.

(4) Two major reactions were detected when GGBS and lime were mixed to the base soil, hydration of
GGBS, activated by lime, to produce C-A-S-H gel and hydrotalcite type phase containing C-A-S-H gel.
The SEM results also indicated the formation of two major amorphous phases, including C-S-H, C-A-
S-H, and crystalline ettringite mineral.
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Table 1. XRF analytical results of the clay soil and GBBS.

Major Oxide SiO; AlO; CaO  Fe)O3

K,O MgO MnO Na,O SOs

Clay Soil 2343 6.12 3212
GGBS
(Current Study)

17.16 3.57 31.84 3239

1.25 3.55 0.05 0.67 0.29

0.06 13.07 047 0.37 0.11
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strength in three states of dry, partially soaked, and completely soaked samples.

Yy



¥ O)Lw:: AR 0)50 A4 uLu.wo)

Y

85t GO (bt o Sl s

20.00

—2— Completely Soaked —=—Partially Soaked ——Unsoaked

UCS (K

0.00

7 14

56 90

Curing (Day)

ol jgabse ol g das (S > a3 6,950 S5 (5 Lad Cuaglin  (Le-Ga) oLy ¢ axiSls Sal lojon il aslio -8 IS
Fig.6. Comparison of the simultaneous effect of hydrated lime and slag (Ls-Gs) on unconfined compressive
strength in three states of dry, partially soaked, and completely soaked samples.

20.00

—4—Completely Soaked —=—Partially Soaked —e—TUnsoaked

(=
th
(=3
=}

10.00

UCS (Kg/em?)

th
o
=)

0.00
7 14

56 90

Curing (Day)

ol 50 eabge JulS g dens (St Sl d 48 0950 S5 (5,Lid Canglino p (L12-Ga) o)l o g aiSs Sl lojen Sl awslie -V JSio
Fig.7. Comparison of the simultaneous effect of hydrated lime and slag (L12-G4) on unconfined compressive
strength in three states of dry, partially soaked, and completely soaked samples.

s S 9 omb €5 L Voim oSy sl co ol
O Sen s Wl pizmen atl o b oas oS (sl J5 o
SlaS 55l P o9a> 50 @S @ oyl a5 wsls (las (V43A)
Jké sl o S5 50 39250 MnO , Ca0 ale> b
Sype SlaS 5 Sy 4 bype SEM pglas A s 50 09
o odaliv bA JKa j0 0w e plas |y Gaisg cpl jo u:,.lLA)'VI
392y Jud ub O jgas o 50 bl ojbyw 5l i 45 09
ST ool gy ol 50 (o) )90 S digai j0 010
elS A ST YANY g0 5o ialesT 5,00 sloaigas XRF
adgl S a8 mueddS 0nST (VU Jlaie ol 0 ,ls 3929 (CAO)
Jus el wlgipe 355 S5l Sals b o533l 55 @b g0
a5 aagh o (Obuzor et al., 2012) ssi o)l o
4 wols ylis s plil (Y+1 ) Nalbantoglu  Celik Lo

FYA

(G16) s 51,5 salesl 3590 (ol 4 )l pos 45 sladigas )

oolitul oles 4 Sl 4 b 4 o (5,Lad Cuoglie oo
uw.v‘)s‘ ‘5)10‘5».&9 )910 O L;)Lw.s wsl.u C)J s(LlG) Sl 00l
Sgad gy p Aoz auz g0 5l g e 1y LS, ol ol adl
a9 Blioe 9y YA 1S Gladiged & bgpe s a
38 U bdiged Giali8l cods il oo 59, YA 5lam polie pgo
Obes 0,99 Gl L (Jy il oo YU o) (Sxe jsb 4 59, YA
@ ood b 6 ,Lad Cawglin jlages ojg, A0 U YA 5l am 6,5l Jos
STy 5l (2 Wl oo Bl Gl wlioe I (6 eSS
o Jol5 S )3 STy ples (RIBI L oy 4 bt la
(Salih Yietal., 2013) saw &, b cepm b sla 2T
JSis g Vose slaiasly JJs 4 cimen £t al., 2015;
oles 5 sl doe ey Gl b ojg & C-A-S-H o5 laie



¥ O)Lwi: AR 0)30 A4 uLo.AM)

Y

85t GO (bt o Sl s

Al-O o5 5 L sy ol i )3 0 )by &1,3 (28,5 15 L
O3t iz b ol osd e S5 o)l 25 (55, 2 SI-O
il 38l crge g ooy Jaume ;0 OH fyus o] el o] 51 Jd H
elasl Sl jlade ojlasl a4y o] Jlake a5 (5 5k 4 coads e PH
Sgm 2Ll8 PH jlaie ol 5o (Salih et al., 2015) oo, -
4ok 9 C-A-S-H G 50l slayols g ous as Al-O 4 Si-O
(Obuzor wss o Juszs (C-A-H) clicagl pudS il joun
-0 SlaS 5 Sas 4 e PH il581 #3150 €t al., 2012)
Ot oz 5l igd oo (5)LE8 Zuglie (Al Cacl oS 09l
Ol el Syl o g b aS il oo ol 51 SIS eolaS 5
Golid Zeaglio Gl 33l )T (Lol o e w05 0 S 055 ool
(Wild et al., 1998; Obuzor et al., 2012) il o 5.5
@ Sal cons il L a5 wols las (149A) o5 s Wild
Dol 5l o Lol by (o0 l Bl Cenglia 59, VA 51 S 53 0Ly
Ngy (nl g adlllas cnl 5o I w09d (oo a8 Cunglie il £ 5
Glid Cuaglie il aigy ke a5 (5 b 41 el sunlice LB
ol e gl 9 sn 029 ST 50 TNY S 5 50
el 0358,5 Al 55 (YY) o), Ken s ODUZON  adllas Lawsgs
dinge doys laie (VAAA) o )Sea s Wild L ulal 5 4l
SE g pymen @byl 4 (S oyl 5 Sal Sy
23lse o5l Jos 0loj 095 Jsb 5 sl as Ll sy 20y

o y2 50 6yl Jee ploy GRIRI L olyen caglie ol

WSS gladiged )0 w0l = Sl oS 5 5 05l s« Sal g )l
obod jo ol Ho JolS sladiges 09l g0 00y ol jo ol g deus
O 1y (gugmime (20lS Sz elgil & S 65l Jos slag
S 55y YA 31 8 6 sl es o b slasises 8 imo oo
- 55555 oy ~SaT (505 b oSl (sl JUsb gz s
VA 555G, cnl 3ol Cash) a5k gl 5 (Y550 o
aon yo 1y ol o b5 g des laaigas jo Cuglite il 381 0lgs o0
e o (6 Sty el 5 0,5 eaaline s )5e slagy Liw
S iiSTy o Glej w53l Jos olaj Gl b e ol 15 055
Caghy oo iy go (o oS 4 o035 (Y555 9 Hgmmel y
OalS el g )5 18 (JB slalad o et )0 S92 g0 a8LS]
oen g Wil olul 098 oo diges (s Lid Canglio 0, & 3
o plel i plerd Gl iiSTy o)l Hea> 50 (VARA)
C-S- J5 s o 4 S (6 pdodens ials el a5 aigd
00,8 s la)lislugy 5o ks g H

FVA

i JSi5 0wl e 2l @ 093 S adyl 5L cools
S g lad Canglie Lioliél el S 40 C-A-H-S J5 Swil
0,y 3 iBu (ol odalie LB bA IS 5l as jghilen 00 5
03l (ST e 4y a5 010 Sgzg s 5o G 00l Jla
S5 e go oolitul 550 ST 45 35750 Sl rrbs lio b
ol oads 5 (Sl jlase
- o B ik el &5 gy (nl gl (o e 5o
o)y gl ided as oo £ (ol (iiSTg 90 Cenl Sal - o)Ly
S 2oShgyage 58 C-A-S-H 5 ags sl Sl L oats Jlud
JS8) a8l oo ol 5l St Grizmen 9 oo e ol
e &y g0k slade 4 Ol Brae Eely o)l gl e (CA
o] Sl jlaas (Wild et al., 1998) s4i o Sal (5 aS
Sladie o)l iladlad S o5 (5 5k ols LIS )b 4y (S
o 0aalie SEM jyslas 15 a5 jsbailon 5 el p3¥ Sl o5
cely 595 a5 wile o Bl s o o1 Sl 51 g lake w35
Slanlllas o (0 5 CA sla JSo) 0l salys (o )Lid Coaglin ials
reslKe i plml (1499) Ko 5 TASONG  Lwg oS
I8 sy 9550 |y ool Conts Sl i Jgils b wlalgus 2S00l
RS g 5 4 i )l b Sal (i B0l o5 Zulo Gl g 0l
o el 59058590 4 azgi b o) lsle 5y, 50 (slonigpiny
a5 5,5 555 M) Wl el cren j0 (CA JS2) 090
YA (sladiges ;o Cuaglin i op o o)bpw b Sal (oS0l
@l elol p cGhmgly ool Sliglel )0 008 (oo zsa 1) 03,
YU ST e glls a5 lbaigas ¥ o F slaSE s ont 4l
~digei 45 > 43 aim go GLa | (6 2aS (5L Conglie ciiion
odd (0ol o)l p b Sl sl j0 a5 ;oS Sal laie b lo
) YL Coglie witad O 50 SlS a8 Sladiges > wian
oIl 4 g @ly o Cuaglie o Gl cpl aims oo las
Gy Bobow penlS J5 JuSots (i3l 4 i o5 Sl o) o0
Ologed &y50 4 L8y 5l SIS S5 5 ol31 Sal lawss CSH
O J2 515 Gl (CA JS8) 98l oo s )0 o2 4 dlgey
S92 5l (AU 2B Ll s SB leadl g Bokw slapy
9 Bokew Gl Cely o)l ol aBlol gl (0 S5 S
Sraglie S g 0l o) LAl sla J5 JSa5 4 5 oad Laore Lo
Lo PH (il38l 4 e ol Sal gdly 10 008 oo SaS 5V
ool slaysh JeSas cales 5o g o)l ool Jld g 0ad
*")'T Sal &ly ;0 Dgb o Heilgw jga> )0 d 3 CA sla )
K 3 00 Lasee PH o Joleie 45 yoie pits 40 3990

e (oo Al lade 4y Aol Hlade o,



¥ O)Lou:) AR 0)50 A4 UL'M)

Y

u)w (50)")[5 (5“"1'““ kﬂ) ;rmw(/z’tﬁazﬂ,

SEM MAG: 3.00 ks WD: 19.26 mm
SEM HV: 20.00 k¥ Det: SE
Date{m/diy): 10/118M18 Vac: Hivac

SEM MAG: 5.00 kx WD: 11.84 mm VEGAN TESCAN
SEM HY. 20.00 kv Det BSE 5um 1
Date{midiy): 10/20/118 Vac: Hivac RAZ| n

MAG: 500 x
SEM HV: 20.00 k¥
Date{m/diy): 10/20M18 Vac: Hivac

SEM MAG: 5.00 kx

WD: 14.54 mm
Det BSE

_— e em mm mm o= o= ol

WD: 13.55 mm VEGANTESCAN
SEM HV: 20.00 kv Det: SE 5um {
Date{midiy): 10118118 Vac: HivVac RAZ| n

30..\.») Jl.'ﬁo)l.’]w (b)cb‘)i&])lwWSw)JlD u‘)bud...u 4J9SJ53(8.) fo)la.)...u 9&5ibuu)t5L> u.A..S).?SEM )JBLAJ—AJ&
LYs! o colln pl S5 3 C-A-S-H 5 Lsas (@) 3 C-A-H S5 (S5l 0 oS 5l SIS Sid (€) o)l Jlid e i

.L)u)—O)L.JJ.w—LS.QT

Fig. 8. SEM images of the mixture of clay with lime and GGBS; (a) flocculated clay particles and segments
of free lime, (b) The view of free and activated GGBS, (c) formation of Ettringite in C-A-H mineral matrix,
and (d) formation of C-A-S-H gel and Ettringite mineral in clay-lime-GGBS matrix.
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