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Abstract

Effects of using small amounts of a Petrit T, a by-product of manufacture
sponge iron, to modify clayey silt soil were investigated in this study. Petrit T
was added at 2%, 4% and 7% of soil dry weight. A series of unconfined com-
pressive strength tests, consistency limits tests and pH tests were conducted at
7, 14, 28, 60 and 90 days of curing periods to evaluate the physical and me-
chanical properties of treated soil. Results indicated improving in the uncon-
fined compressive strength, stiffness and workability of treated soil directly
after treatment and over time. Increasing in soil density and decreasing in
water content were observed, with increasing Petrit T content and curing
time. The pH value was immediately increasing after treatment and then
gradually decreased over time. Failure mode gradually changed from plastic to
brittle behavior with increasing binder content and curing time. The out-
comes of this research show a promising way of using a new by-product
binder to stabilize soft soils in various engineering projects in order to reduce
the costs which are associated with of excavation and transportation works.
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1. Introduction

Chemical stabilization is a widely used, low-cost and effective technique to im-

prove the physical and mechanical properties for a broad range of soils [1]. Nu-

merous additives can be used to improve soft soils. Some of these additives are

well known and commonly used, including cement and lime. In addition to

by-products from industrial processes, such as various slags, fly ashes, and blast

furnace slags are also used.
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In recent years, the benefits of using industrial by-product material for the
purposes of soil stabilization have increased internationally as the binder materi-
al is considered to be cheap and easily available [2] [3] [4]. Moreover, it contri-
butes to a decrease in the environmental impact posed by the production of
these materials [5] [6] [7].

Extensive studies have been conducted on using industrial by-product mate-
rials for soil stabilization in a wide range of soils treated with high binder con-
tent (>7% of soil dry weight). Enhancing soil strength and making the treated
soil stronger and stiffer represent the most beneficial outcomes [6] [8]-[15].
However, in most of the reported studies, high binder amounts were used.

In contrast, benefits of using by-products materials such as fly ashes in smaller
amounts (less than 7%) have been recently investigated to improve the strength,
stiffness and workability, in addition to decreasing costs and the environmental
impact of stabilized soils [16] [17]. Therefore, there is a need to investigate the
effectiveness of adding smaller amounts of by-product material (e.g., less than
7%) to modify and improve the clayey silt soil.

Petrit T is a by-product of manufacturing of sponge iron. The material used
here is produced by Hogands, Sweden AB. The total yearly production of Petrit
T of this plant ranges between 17,000 and 20,000 tones. It is primarily produced
during the production process of sponge iron, when coke, limestone and anthra-
cite are blended together into a reduction mix. During the production process,
when the temperature reaches approximately 1200°C, the carbon in the reduc-
tion mix reacts with the oxygen in the fine grounded iron ore. The fine ground
iron ore is reduced, and forms sponge iron and, at the same time, the material
sinters into pieces with a spongy structure. The remainder of the reduction mix
forms a lime rich residual product called TK lime, which after some further
processing (screening, etc.), becomes Petrit T [18].

This paper aims to study the effects of adding a small amount of Petrit T on
the improvement of physical and mechanical properties of treated soil through
an extensive experimental program which includes tests of Atterberg limits, un-
confined compressive strength, and pH value at various amounts of Petrit T and

curing time.

2. Experimental Program

A series of unconfined compression tests (UCS) were conducted on both un-
treated and treated soil at different Petrit T content and curing time, in addition
to consistency limits, and the level of pH were determined after each stage. Im-
provement in soil strength was investigated by using unconfined compression
tests (UCS). Enhancing in soil workability directly after treatment and over time
was investigated by conducting Atterberg limits tests, to measure the reduction
in the plasticity index.

Indication about soil-binder reactions progress was investigated by conduct-
ing pH test directly after treatment and over time.

The solidification is a term refers to the reduction in soil water content due to
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adding Petrit T directly after treatment and over time.

In addition, the stress-strain curves, soil density, failure strain, deformation
modulus (E;,) and the ratio between E, and UCS of the treated soil were meas-
ured and evaluated with different Pertit T contents and curing times. Main la-

boratory tests program is summarized in Table 1.

2.1. Soil

The soil used in this study was originated from Gothenburg, Sweden. Untreated
soil was investigated by series of laboratory tests, which includes particle size
distribution, Atterberg limits, loss of ignition, chemical composition, compac-
tion characteristics, pH value and specific density. Table 2 presents the basic
physical and engineering properties and the major chemical composition of the
untreated soil is listed in Table 3. The particle size distribution (PSD) of the un-
treated soil is shown in Figure 1. From PSD, the untreated soil mainly consists
of silt (55%), fine sand (29%) and clay (16%). The soil is classified as lean clay
(CL) according to the Unified Classification System ASTM D 2487 [19], and as
clayey silt soil (CI Si) according to the Swedish standard [20]. Organic content,
assessed by loss of ignition test according to ASTM D2974 [21], was 4%, and

thus the untreated soil was classified as having a low organic content [22] [23].

2.2. Binder (Petrit T)

Hogands Sweden AB provided the binder (Petrit T) used in this study. The
chemical and physical properties of this particular Petrit T are listed in Table 3.

Table 1. Summary of main tests, curing time, binder contnet, compaction method and
number of samples.

Number of samples

Testing Petrit T Curing per binder content Compaction method
program content % time (days)
0% 2% 4% 7%
Q
£ E“E 1,2,3,4,5,7,10,15 0 1 1 1 1
- 5]
b E
g
g E
ot o«
g2 83 Compacted by hand
g o0 2 2,4,7 3,7, 14, 28, 60, 90 7 7 . .
S £% using light hammer
e
Q
E o
T 2 1,2,3,4,5710,15 0 1 1 1 1
gz £
8 =
z g,
o 3 0,2,4,7 7, 14, 28, 60, 90 7 7 7
S
5§
s
o g ~
é’ 3 ] Compacted in five
g g a 0,2,4,7 7, 14, 28, 60, 90 11 10 11 11 layers using Proctor
2 8% hammer
o g *
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Table 2. Engineering properties of tested soils.

Parameters Values
Particle-size distribution (%)
Sand (%) (1 - 0.63 mm) 29
Silt (%) (0.063 - 0.002 mm) 55
Clay (%) (<0.002 mm) 16
Consistency limits (%)
Liquid limit (%)* 37
Plastic limit (%) 20
Plasticity index (%) 18
Proctor test
Optimum moisture content (%) 12
Maximum dry density, t/m* 1.97
Natural water content (%) 30
Specific gravity Gs 2.69
Loss of ignition % 4

*Determined by the fall cone test.

Table 3. Chemical and physical properties of untreated soil and Petrit T binder.

Parameter Soil (Petrit T) [18]
Chemical properties
Silicon oxide (SiO,) % 65.7 19.7
Aluminum oxide (ALO;) % 12.3 9.8
Iron oxide (Fe,0;) 3.42 6.1
Sulfur trioxide (SO;) % 3.75
Magnesium oxide (MgO) % 1.31 1.14
Calcium oxide (CaO) % 2.4 36.8
Potassium oxide (K,0) % 2.84 0.63
Sodium oxide (Na,0) % 2.81 0.23
MnO % 0.0556 0.19
P,0; % 0.159 0.31
TiO, % 0.550 1.45
Cementing potential ratio (CaO/SiO,) 1.9
Physical properties
Loss of ignition % 4 18
Moisture content % 0
pH value 5 12.85
Fineness
<500 pm (%) 97.3
<300 pm (%) 93.4
<212 pum (%) 83.9
<106 pm (%) 59.4
Retained on 45 um (%) 40.3
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Figure 1. Particle size distribution of the untreated soil.

The cementing potential ratio (self-cementing properties) is expressed as a
CaO/SiO, ratio [24]. Petrit T has a CaO/SiO, ratio of approximately 1.9, com-
pared to a Portland cement figure of approximately 3. The loss of ignition is
18%, which represent the unburned carbon in the binder. In addition, an x-ray
diffraction (XRD) test indicates that the main chemical components of Petrit T
binder consisted of 57% Larnite (dicalcium silicate), 28.3% Gehlenite (cal-
cium-silicon-aluminate), 11.5% quartz (silicon dioxide), and 3% Portlandite
(calcium hydroxide) [18].

Based on this, Petrit T binder has self-cementing properties in addition to
having high amounts of dicalcium silicate. This is similar to the clinker mineral
C,S (belite) in Portland cement that is responsible for increased strength of ce-

ment over a relatively long curing period due to the lower reactivity.

3. Samples Preparation and Testing Methodology

Unconfined compressive samples (UCS) were prepared after crumbling the un-
treated soil with its initial water content (30%), then Petrit T was added as a
dried material at ratios of 2%, 4% and 7% by soil dry mass and mixing for ten
minutes using a laboratory mixing machine. The soil-binder mixtures were
gradually filled as layers by hand into cylindrical polyvinyl chloride (PVC) tubes
(170 x 50 mm, wall thickness = 1.9 mm). Using a Proctor hammer, UCS samples
was compacted in five layers, with 25 blows per layer which provides energy per
volume (600 kJ/m?). The total sample height was 100 mm. The sample tubes
were covered with a plastic cover and sealed with rubber lids at both ends to
prevent access of water. The curing time was set at 7, 14, 28, 60 and 90 days be-
fore testing. For curing, the samples were placed inside a glass container partially
filled with water as shows in Figure 2 to ensure 100% of humidity and stored at
a controlled room temperature of 20°C. After curing, the samples were removed

from the tubes by using a mechanical jack and subjected to the unconfined
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Laboratory mixer Curing container for UCS samples

Figure 2. Laboratory mixer and curing specimens prepared for UCS and consistency lim-
its tests.

compression tests (UCS). The testing rate was 1 mm/minute until failure oc-
curred. The height-to-diameter ratio of the UCS sample was 2. Before testing,
the sample was cut and smoothed to obtain parallel end surfaces. The end plates
were lubricated with Vaseline to reduce friction. Water content and densities
were determined in relation to the unconfined compression tests. All UCS sam-
ples were prepared during one hour after adding Petrit T.

Atterberg limit samples were prepared and cured in a similar way to the un-
confined compression samples, but using a light hammer for compaction, in-
stead of a Proctor hammer, to remove air bubbles. After curing, the sample was
removed from its tube and conducted to Liquid limit and plastic limit tests ac-
cording to Swedish standards SS 027120 1990 and SS 027121 1990 [25] [26]. The
liquid limit was found by using fall cone method. The liquid limit is representing
the average of four determinations, while the mean of five tests represents the
value of the plastic limit.

The pH tests were carried out using a HI 208 pH meter which posses a mag-
netic stirrer for treated and untreated soils as per ASTM D4972 [27]. pH tests
were performed by air drying and grinding material from the UCS samples. The
average of three pH tests represents the soil pH value. The ratio of liquid to solid
of 1 was used to mix the soil and distilled water. The mixture was poured into a
glass container and mixed thoroughly by using a magnetic stirrer for 2 minutes.
The mixture was left for one hour for retention and mixing process was contin-
ued repeated for every 10 minutes. The pH value was measured by inserting pH

meter into the slurry.

4., Results and Discussion

Workable soil is defined as the soil which can be easily controlled and com-
pacted homogenous. Increaser the workability of the treated is one of the main
aims of the chemical treatment which lead to accelerate the construction work

[28]. Decreasing the plasticity index has been shown to enhance the workability
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of the soil [29] [30] [31]. The immediate effect (after one hour) of mixing Petrit
T on the Atterberg limits of the treated soil is shown in Figure 3. Addition of a
small amount of Petrit T (1% to 5%) has effects on increase both of the liquid
limit (LL) and plastic limit (PL). Then, with further increase in Petrit T content
to 5% and 7%, the liquid limit remains almost constant, followed by slightly de-
creases at even higher content of binder (10% and 15%).

The plastic limit slightly increases due to addition in Petrit T from 5% to 15%
compared to the large increase at lower binder contents. Due to different trend
behavior between LL and PL, the plasticity index (PI) slightly increased at small
binder content (1% - 4%) and then followed by decrease as the binder content
increase.

The immediate increase in the liquid limit after treatment was due to hydra-
tion reaction of binder which led to flocculate and agglomerate of soil particles
during short period.

Previous studies of soil lime reaction, [32] found similar trends for lime
treated black cotton clay with low clay content (19%).This was explained by a
low cation exchange capacity, leading to larger double layer. [33] also indicated
similar trends of an increase in liquid and plastic limits at low lime content (1% -
3%) for stabilized kaolinite with lime. [34] pointed out increases in liquid and
plastic limits of Swedish soft clays after stabilization with different cementitious,
lime and fly ashes. [16] [35] also reported similar trends by an increased fly ash.
[36] [37] indicate that the presence of entrapped water within the in-
tra-aggregate pores after flocculation and agglomeration has a dominant effect
leading to immediate rise in liquid limit. In contrast, decreasing in liquid limit
was observed with increase in binder content. A similar trend in the immediate
change in the plasticity index is also consistent with previous studies for lime
and fly ash treated soil [12] [33] [38] [39]. Thus, due to flocculation and agglo-

meration of soil particles after treatment with Petrit T, treated soil showing

50

Moisture content %

10 | —e— Liquid limit (L.L) %
—@— Plastic limit (P.L) %
—v— Plasticity index (P.I) %

0 : i : i : i : i . i . i . i .
0 2 4 6 8 10 12 14 16
Petrit T content %

Figure 3. Immediate change in consistency limits versus Petrit T content.
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better workability with an increasing Petrite T content during a short time (one
hour).

The effects of curing time on plasticity index of the treated soil are presents in
Figure 4. It can be seen that the plasticity index decreased with time, the de-
crease became larger with higher binder content. The decrease in the plastic in-
dex is due to decreases in liquid limits and an increase in plastic limits of the
treated soil with time. A similar trend of decreasing plasticity index over time is
consistent with [13] [34] [37] [40]. Thus, a continuous improvement in soil

workability was achieved after a relatively long curing period after treatment.

4.1. Water Content and Density

Solidification is a term refers to the reduction in the water content of treated soil
due to hydration reaction of binder [41].

The water content reduces immediately (one hour) after mixing Petrit T with
untreated soil from its initial value, as shown in Figure 5. The hydration reac-
tion between the Petrit T and water is the main reason for the reduction in water
content (solidification). Solidification increases significantly with an increase in
Petrit T content. A similar trend of rapid decrease in soil moisture content is
consistent with [31] [42] for cement treated soil and [31] [43] [44] for soil
treated with self-cementing fly ash.

Figure 6 shows the long term effect on the water content of treated soil. Fig-
ure 6 shows further decreases in water content is observed with increasing cur-
ing time. After 90 days of curing time, the reduction in water content is about
0.5%, 1% and 1.3% for 2%, 4% and 7% binder content respectively. This reduc-
tion in water content is mainly related to the hydration and pozzolanic reactions
as the specimens were cured in a sealed condition. A similar trend of decrease in
soil water content over time is also found by [45] for Bangkok soft clay treated

with cement and fly ash.

22
= == Untreated soil
—@— 2% Petrit T
20 —¥— 4%Petrit T
—— 7 % Petrit T
w 18 NN\ g g g e g <
3 :
=] ——— — ————— ——————— ——————
=
Ll
.4;: - N M
SR -] SR U fren T RSP Sp R ——— -
< : : :
E B .
A
14 B .......................
Y I T S S
0 20 40 60 80 100
Curing time (days)

Figure 4. Effect of curing time and Petrit T content on plasticity index.
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32
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Figure 5. Immediate reduction in water content versus Petrit T content.
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Figure 6. Effect of curing time and Petrit T content on water content.

From Figures 3-6, it is observed that the reduction in water content is ac-
companied by increase in the plastic limit. The relationship between water con-
tent and consistency limits due to the addition of Petrit T is explained by the li-
quidity index (LI), Equation (1). The relationship between liquidity index (LI)
and Petrit T content after one hour of treatment is shown in Figure 7. It can be
seen that, with the addition of various amounts of Petrit T, the liquidity index
(LI) is reduced from 0.6 (untreated soil) until it reaches the plastic limit (LI = 0)
at 7% binder content. The liquidity index is continuously decreased (below the
plastic limit) as the binder content is increased above 7%.

(W, -PL)

Ll= 5 (1)
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where: LI: liquidity index, W water content, PL: Plastic limit and PI: Plasticity
index.

The effect of curing time on the relationship between decrease in water con-
tent and the liquidity index is presented in Figure 8. As curing time increase, the
liquidity index is further decreased with the decrease in water content. For 7%
binder content, the liquidity index is lower than zero at a longer curing period,
Le. the water content is lower than the plastic limit. [34] has pointed out that the
reduction in water content for the natural soil from around the liquid limit to-
wards the plastic limit is accompanied by an increase in soil strength, which will

be discussed later in this study.

Plastic limit Liquid limit

16 H H H
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Figure 7. Liquidity index versus Petrit T content.
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Figure 8. Liquidity index versus water content for all curing times.
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The effect of Petrit T content and curing time on the soil density is shown in
Figure 9. The soil density increases with increasing Petrit T content and curing
period (Figure 9). An increase in density is related to the deposition of CSH
(calcium-silicate hydrate) and CAH (calcium-aluminate hydrate) gels, which are
produced during the hydration and pozzolanic reactions and fill the pore voids.

In the hydration and pozzolanic reactions of the Petrit T binder, water is con-
sumed, and large quantities of solid particles are introduced into the soil leading
to an increase in density. Figure 10 shows that the density ranged between 1.92
g/cm’® for untreated soil to 2.01 g/cm’ for treated soil with 7% Petrit T. The re-
ductions in soil water content were in the range of 2% to 6% for all samples.
Similar observations of increased density and reduced water content for various
binders have been reported by [34] [37] [46] [47] [48].
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(%2}
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0 1 2 3 4 5 6 7 8
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Figure 9. Avarge specimen density versus Petrit T content.
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Figure 10. Specimen water content versus bulk density and Petrit T content
for all curing time.
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4.2. pH Value

The immediate effect (after one hour) of mixing Petrit T on the soil pH value is

presented in Figure 11. The pH value of treated soil rose from 5 to 12.3 as the

Petrit T content was increased up to 7%. Beyond that, the pH slightly increased
to 13 at 15% Petrit T content. The reaction of Petrit T with water leads to the re-

lease of calcium ions (Ca*) increasing the pH value [37] [49].

Figure 12 shows the effect of curing time on the pH value of treated soil. Re-

gardless of the binder content, the pH value gradually decreases with increasing

curing times. pH decreased with time for the treated soil due to more production

of CSH or CAH gels as a results from pozzolanic reactions. Consumption of

14

Soil pH value

4 6 8 10 12 14 16
Petrit T content %

Figure 11. Immediate change in soil pH value versus Petirt T content.
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Figure 12. Effect of curing time and Petrit T content on the pH value of

treated soil.
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(OH-) is the main reason for the decrease in pH. Reducing pH over curing time
is consisted with [24] [50].

4.3. Unconfined Compressive Strength (UCS)

Unconfined compressive strength tests were conducted on untreated and treated
soil samples, prepared in identical way. Figure 13(a) shows the unconfined
compression strength (q,) for the untreated soil at various curing time.

Figures 13(b)-(d) show the effect on soil strength for different amounts of
Petrit T added to the original clay. The major components of Petrit T are dical-
cium silicate (DCS) and calcium-silicon-aluminate (CSA). The DCS is similar to
the clinker mineral C,S (belite) in Portland cement, which is responsible for
gaining strength over a relatively long curing period due to the lower reactivity.
Therefore, the C,S reaction can explain the strength development due to pro-
duction of calcium-silicate hydrate (CSH) gel. This binds soil particles together
and produces a strong and hard mixture over time [24]. In addition, calcium
hydroxide Ca(OH), is also formed as a result of the hydration reaction of C,S,

which leads to an increase in pH value as discussed earlier. Moreover, the

30

Unconfined compressive strength, qu (kPa)

60

Unconfined compressive strength, qu (kPa)

: i = Average
sl R— ET— — S ——
0 20 40 60 80 100 0 20 40 60 80 100
Curing time (days) Curing time (days)
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120 ——— r 180 —— r
160 |

Unconfined compressive strength, qu (kPa)

A0 T TP

140 oo
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Figure 13. Unconfied compresion strenght versus curing time for different Petrit T content for all tests.
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pozzolanic reactions start to dissolve silica-aluminium from clay minerals and
provide additional cementitious products of CSH and CASH gel. CSH gel is the
most common product from the hydration and pozzolanic reactions leads to
enhanced strength of the stabilized soil. Reactions of C,S and hydrated lime are
illustrated in Equations (2), (3) and (4) [24] [33] [51].

2C,S+5H—>C,S,H, +CH (2)
CH+S+H —>CSH (3)
CH+A+H — CASH (4)

where C, S, A, H, and CH are the abbreviations for calcium (CaO), silicate
(§i0,), aluminate (Al,O;), water (H,0) and calcium hydroxide (Ca(OH),) re-
spectively.

The strength of the treated soil increases by increasing the Petrit T content
and curing time. This indicates the producing a new cementing materials such as
calcium silicate hydrate (CSH) and calcium aluminate hydrate (CASH) gels
during the pozzolanic reactions. At low binder content (2%), soil strength im-
proved during the first 28 days of curing time, but there was almost no further
improvement visible after 60 and 90 days (see Figure 13(b)). An increase in soil
strength is related to the production of primary cementing materials from hy-
dration reaction, which binds soil particles together and hardens over time.
Moreover, the pH value of treated soil can explain the lack of increase in soil
strength after 28 days. For the 60 and 90 days curing time, it was found that the
pH concentrations were 9.5 and 9 respectively (see Figure 12).

According to [10] [50] [52] [53], treated soil with pH value higher than 10
could be enough for continuous dissolving of silicates and aluminate in the soil
to produce stabilizing component. For this reason, a long curing periods for
samples mixed with only 2% of binder has no additional effect on strength as the
pH value is below 10.

Soil strength gradually increased with time when the Petrit T content was in-
creased from 2% to 4%. A similar trend has been observed after 60 days curing
time when the binder content is increased from 4% to 7%. This is related to the
provision of more C,S, leading to the production of more CSH and CAH during
the pozzolanic reactions when using relatively high amounts of binder (7%). In
addition to this the pH values were high as shown in Figure 12.

The increase in soil strength after treatment is expressed as the ratio between
the strength of the treated to untreated soil. Based on this, adding 2%, 4%, and
7% of Petrit T binder increase the soil strength 2, 4 and 6.5 times respectively af-

ter 90 days curing time.

4.4. Consistency Limit-UCS Relationship

The addition of Petrit T reduces the water content (see Figure 7 and Figure 8).
Thus, the ratio of water content to the plastic limit can have a major effect on the
relationship between consistency limits and the unconfined compression

strength. Figure 14 shows the increase in unconfined compression strength with
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Figure 14. UCS versus water/plastic limit ratio for all tests.

a decrease in the water to plastic limit ratio. A scattered pattern is observed, es-
pecially when the water/plastic limit ratio approaches 1 (see Figure 14).

4.5, Stress-Strain Curves

For different amount of Petrit T and curing times, stress-strain behaviors for the
untreated and treated soils are presented in Figure 15. It is seen that the un-
treated soil has a low peak stress of 23 kPa reached at 24% of strain. As the Petrit
T content increases, the peak strength increases. Failure strain, corresponding to
the peak stress, decreases with an increase in binder content. At peak stresses,
small cracks can be clearly observed on the surface of the specimen.

A significant change in the stress-strain curves can be noticed for high Petrit T
content (7%) and long curing period (90 days). A more brittle fajlure than for
lower binder contents is observed (Figure 15(d)). The failure mode gradually
changes from ductile to brittle failure as binder content increases and it is the
binder content and curing time that have the major effects on the stress-strain
curves [30] [54].

4.6. Strain at Failure

The addition of Petrit T significantly reduced failure strain from 24% for the un-
treated soil to 14% and lower at 2%, 4% and 7% petrit T contents (see Figure
16). The failure strain is almost constant independent of curing time.

Figure 17 shows the failure strains versus unconfined compressive strengths
(qu) for all specimens and curing times. When the Petrit T content increases,
strength increases and strain at failure decreases. A scattered pattern in meas-
ured failure strain is observed at low strengths (22 kPa for untreated soil), which
might be attributed to the method of sample preparation involved. Moreover, a
significant reduction in strain at failure was observed regarding different Petrit T
treatments from 2% to 7%, which led to an increased soil strength of up to 150
kPa (see Figure 17).
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Figure 15. Stress-strain curves for untreated and treated soil with different Petrit T contents and curing time.

4.7, Stiffness of Treated Soil

The effects of adding Petrit T and curing times on the soil stiffness are shown in
Figure 18. The stiffness is defined by a secant modulus (E;) for the tested spe-
cimens. E, is evaluated from the stress-strain curve at 50% of the maximum
unconfined compressive strength (qu). Figure 18 shows that the stiffness in-
creases with an increase in binder content and curing times. This can be related
to the production of cementitious materials as a result of the hydration and
pozzolanic reactions. Higher binder content produces more cementing compo-
nents and vice versa.

An increase in soil stiffness can be explained by the ratio between the stiffness
of the treated samples to the stiffness of the untreated soil samples. Based on
this, adding 2%, 4% and 7% of Petrit T improves the soil stiffness approximately
4, 10 and 15 times respectively when compared to untreated soil after 90 days
curing time.

The relationship between unconfined compression strength and the modulus
of elasticity, Es, is shown in Figure 19. An increase in soil stiffness was observed

with an increase in soil strength. Based on the results shown in Figure 19, the
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Figure 16. Strain at failure versus curing time and Petrit T content for all tests.
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modulus of elasticity can be estimated between E,, = 15 qu and E,, = 24 qu.
Mmany authors [42] [45] [54] [55] [56] have obtained a variable conclusion
about the relationship between E,; and qu for a wider range of binders. The
comparisons between previous studies and present results are summarized in
Table 4. The results obtained from this study are lower than those obtained in
previous studies. This is due to the use of small amounts of binder as well as due

to the binder type.

5. Conclusions

In this study, the modification and improvement of clayey silt soil treated with
low content of Petrit T (<7%) was investigated. The following conclusions can
be drawn from the present study.

e Small amounts of Petrit T increase strength and stiffness of treated soil. Soil
strength and stiffness increase with curing times when higher binder content
(7%) is used.

e The plasticity index decreases over time, even for very low binder content.
Thus, Petrit T added to soil better workability.

e Petrit T has the immediate effect of increasing the solidification of soil after
treatment and with time. Water content is reduced and is close to the plastic
limit after treatment. Petrit T can be used as a drying agent in order to reduce
the initial water content of soil to facilitate the workability and compaction
processes for various engineering purposes.

e Failure strain decreases with an increase in binder content and curing time,
leading to a gradual change in failure mode from ductile to brittle behavior.

e pH value provides useful assessment information to describe soil binder
reactions. A pH value lower than 9 is not sufficient to initialize the pozzolan-
ic reaction and leads to a lack of improved soil strength for the long curing
periods.

The findings of this study show clearly that Perit T can be used as a binder to
stabilize soil and thus will be effective in replacing cement as binder if the re-
quirements on stiffness and strength are not as high. The findings confirm fur-
ther that using smaller percentages of binder still has a significant effect on the

behavior of the clay used in this study. Further investigations will focus on other

Table 4. Comparison between the relationship of elastic modulus (Es,) and UCS (qu).

Upper and lower range of soil

Material stiffness times qu Reference
Three soil types (silt, silty clay and laterite) treated with cement (7% - 13%) in Malaysia E5, = (100 - 326) qu [55]
Swedish clay treated with cement and lime (200 kg/m® (18%- 24%)) Esp=(53-92) qu [56]
Bangkok soft clay with high water content treated with cement (5% - 35%) and fly ash (5% - 30%) Eso = (96 - 129) qu [45]
Marine sediments in France treated with cement, lime and fly ash (3% - 9%) Es, = (60 - 170) qu [57]
Swedish clayey silt soil treated with cement (1% - 7%) Es = (16-85) qu [42]
Swedish clayey silt soil treated with Petrtit T (2% - 7%) Esp=(14-24) qu Present study
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binders as the reduction in cement content will contribute significantly to the

environmental balance and to saving money for construction.
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