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4. Energy-dispersive X-ray spectroscopy
5. Environmental protection agency
6. X-ray fluorescence

5 Vi) aisly jiie S5 5 a8 ane b asfile olso
OSen g Seco VNY ()] Kan g Jafari V-V0 ) Ken
(Ve ) ,5Ken g Cokea ¢V V)

ol «(Y+10) Ko g Goodarzi aslllas Jlie ylsie a
el Sal b oads ol coy95 S 4y pe8l o 0938 ols
3 5, 0515 Gl (s Ld Canglie alimdle LB S5,
ol jo Dl ol a5 00l Wlae (Sdg o colos uals
@ @bt 02l 5l 6555l 5 el -5 Sleogas
el 350 Sl S5

S dnaly Cdyin b Lles ojgpel 05 g
3 e laailony lo)liss eolanul (Il 5 agy Zu e
Sogll el 5 mle Laa> Gan L) ol aswgs gbewl,
g Jeong) cuwl ool 5,93 5 lotg camnl 5l (Cny jlaie
o ez S 4 5 o5 b 4 (Y17 ol fSan
Ol T yd cpl )0 oo oy wl; LS 5 ol e g oYgd
Slros laogsn wile iz gl i o Slge (nl 6,5,
g Tsai V10 ),Ken 3 Wang) ail oo o> a>g5 50
bug 48,8 Oygo sl cwypm Lol cpl jo0 (YO F ) e
g Obuzr (Y:V0) o, 5 Gu «(Y-V0) ),Ken 4 Yi
A oo olas (V+-9) ol Sen g Cokeca ¢ (Y- )) o) Sen
sily )55 0y aile (535 (slo oy S5 5l o0lit
(Sl Jeily (1l crge LIS olse 5 (GGBS)
Al dlg> ailo gy, S (63,5 Seue 9 Cuglio ol
w039 GGBS o )15 aie o (RN S92 g0 Slalllas a5 (5955 4
S L, 5 T(BOFS) 595,558 o)y )""L’ Sy90 50 gy s
,Ken 5 Poh Y10 Salimi 4 Goodarzi) sgase L
E59e & eiired e o3 So ) Sy5e yd Al g (V147
oS 5 b g sl 5l eolal Sl g eyl ol 0, Slos dilis
7S 0 Sl (Seilfegaen Sliogas 23lal (ol Sl L
ey 5l ol 5o ol g oedle el onls aiSls
Oleipd sab 4 o)lyw b S (g3lage a3 anlllas ;o arsds
ol axg S len, Sl 5 alerd laiiS il @
£ 95 5 Sal 0938l b pol> guiss (o cplply ol saii
glite (651 fos slale; o S5 4y BOFS 5 GGBS o, s
Calan fni Jolds calies (latalojl 5l 00,8 (glasgacne
Skl oo bl eaSou (s )lad Sueglie pH (S Sl
&2 Se 5 (XRD) Sl andl glacinls angs ol culagSs
5 5k sy p S92 L TEDX) (s paie LT olpen 4 g Sl
3 ,Shos duslio 5 anlllas 350 (S35580 lge b S5 S 0l I8

1. Ground granulated blast furnace slag
2. Basic oxygen furnace slag
3. X-ray diffraction
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8. Unconfined compression strength
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7. Lime activated slag: LAS
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K: Kaolinite, Q: Quartz, M: Montmorillonite; CSH: Calcium
silicate hydrate, CAH: Calcium aluminate hydrate
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1. Introduction

In this study, the effects of two types of by-product materials resulting from the manufacture of iron
including GGBS and BOFS on the hydro-mechanical performance of a lime-stabilized clayey soil were
investigated. The results indicate that the addition of slag particularly of GGBS has a less impact on the soil
engineering properties as compared to lime treatment. It was found that the lime-slag (LAS) combination
decreases the water retention potential, controls the soil settlement and causes a considerable increase in the
mechanical capacity. The composite clay sample containing LAS exhibits a better performance than that of lime-
treated soil particularly at short time of curing.

2. Materials and methods
2.1. Materials

As summarized in Table 1, the engineering properties of the used soil sample were determined in
accordance with ASTM methods (ASTM, 2006) and the Environmental Protection Agency (EPA) manual. The
ground granulated blast-furnace slag (GGBS) and Basic oxygen furnace slag (BOFS) were obtained from
Esfahan Steel Co., Esfahan, Iran. Lime was used as the slags activator. The reasons for selecting lime were its
reasonable cost and its good potential in activating furnace slag as shown in other studies (Wang et al., 2015).
The main chemical compositions of the used slags are SiO2, Ca0, Al203, Fez203, and MgO.

Table 1. Engineering properties of soil sample

Characteristics Quantity measured
Mineral composition in decreasing amount kaolinite (*75%), Quartz
Cation exchange capacity (CEC), cmol/kg 28

Exchangeable cation Mainly Na*

Plasticity index (PI), % 27.4

Soil classification CH

Dry density, gr/cm3 1.21

Moisture content, % 34

Unconfined shear strength, MPa (in situ) 0.04

Compression index (Cc) 0.5

Maximum dry density, gr/cm3 1.48

Unconfined shear strength, MPa 0.1

* Corresponding Author
E-mail addresses: amir_r_goodarzi@yahoo.co.uk (Amirreza Goodarzi), akbari_hamid@ymail.com (Hamidreza Akbari).
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2.2. Sample preparation

To achieve the research objectives, lime, slags and lime-slag mixture were separately added (ranging from
0 to 30%) to the soil sample and a set of experiments were performed at different curing period (i.e. 1, 7, 28
days) to study the macro and microstructural changes of the stabilized soil. To determine the pH and EC of the
soil samples, a series of batch equilibrium tests were performed. Following preparation and equilibration of
the soil-electrolyte suspensions at a 1:20 solid-solution ratio, they were centrifuged for 15 min at 5000 rpm.
Prior to being centrifuged, the pH and EC of the soil-solutions were recorded. As in many previous works (Wang
et al. 2015; Goodarzi and Movahedrad, 2017), the unconfined compression strength (UCS) test was used to
study the mechanical performance of un-treated and stabilized soil sample. The UCS values of samples were
determined according to ASTM D-2166.

3. Results and discussion
3.1. Effect of additives on the UCS

To investigate the effectiveness of binders, the UCS of the composite soil samples was measured. As shown
in Fig. 1, the soil exhibited a gradual trend of strength development with the addition of curing time and agent.
This can be explained by the higher rate of hydration as well as formation of more new cementing phases,
leading to interlocking of the clay particles, and thus, a significant strength gained (Jeong et al., 2016). As can
be seen in Fig. 1, particularly at the short time of curing, the addition of sole lime has relatively lower effects on
the mechanical capacity as compared to LAS blend. This suggests that the latter agent has a higher activity to
produce cementing materials.
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Fig. 1. UCS variation of treated soil with different binders and ages of curing

3.2. Effect of additives on the micro-structural properties of soil

As illustrated in Fig. 2, the clay fabric at presence of additives is different compared to the natural soil. The
weak bonding between the clay particles was prominently observed in the case of untreated sample; however,
such phenomena were almost invisible for the LAS treated sample. With the addition of binder, the surface of
particles has been generally covered by the new cementitious compounds, leading to an increase in the UCS
value, as reported in Fig. 1.
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Fig. 2. SEM images: a) natural soil, b) soil with 20% lime-slag (LAS) combination
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4., Conclusions

The obtained results indicate that the addition of slag particularly of GGBS has a less impact on the soil
engineering properties as compared to lime treatment. It was found that the lime-slag (LAS) combination
significantly decreases the water retention potential, controls the soil settlement and causes a considerable
increase in the soil mechanical capacity. The sample containing LAS shows a development in the strength up to
15 times and exhibits a better performance than that of stabilized sample with lime alone particularly at short
ages of curing (< 7 days). Based on the X-ray graphs and SEM-EDX analyses, the superior influences of LAS can
be ascribed to the higher pozzolanic activity and faster formation of new cementitious compounds in the LAS
binary system. Overall, the combination of lime and slag could be successfully utilized as an additive to increase
the efficiency of soil stabilization with a lower percentage of lime (approximately by 75%) and shorter time of
curing (up to 3 times). This also provides a reliable data for recycling the industrial by-product materials.
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