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Abstract

Due to the urbanization and the need to develop the transportation services, it is inevitable to deal with ground character-
ized by undesirable geotechnical properties. The problematic soils are divided into swelling soils, collapsible and dispersive
soils. The arid to semiarid climate of the Middle East has provided the conditions for the expansion of them. The presence
of problematic soils in Iraqi Kurdistan has given rise to many damage to the construction projects of this region. The under-
construction road of Gali Ali Bag designed in the vicinity of the Erbil-Haji Omeran highway in Iraqi Kurdistan was faced with
pavement settlement and collapse of side slopes due to the passing through the collapsible soils. The presence of collapsible
soils in the vicinity of the aforesaid international highway grew concerns about the occurrence of such settlements during
its construction. Therefore, how to treat or reduce the collapsibility, especially by the use of practical methods on the site,
was addressed as one of the major challenges. In this study, the behavior of treated host soil by four cementitious materials
including cement, quicklime, gypsum and NaCl was determined by applying indirect and direct methods. The results show
that the addition of 6% quicklime will have the greatest effect on the reduction in collapsibility. After implementing this plan

on the site, the collapsibility index decreased by an average of 2.92%.
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Introduction

The increase in population in many developing countries
requires the development of transportation networks. The
significant presence of the problematic soils in the Middle
East, especially in the Northeast—Southeast of Iraq, has made
serious problems regarding the stability of the development
structures. The collapsible soils are a type of problematic
soils which have a lot of volume reduction following the
increase in the moisture content under constant stress, and
their bearing capacity is greatly reduced as well. The col-
lapsible soils have an open and considerably porous struc-
ture and have a metastable state in dry conditions due to
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weak cementation. Significant characteristics of the collaps-
ible soils include fine grains, low density and consolida-
tion and high void ratio. The side slopes constructed in the
collapsible soils will also be raveling after the settlement.
The collapsible soils will collapse following the increase
in the saturation degree and upon reaching a moisture more
than 50%. Therefore, they do not necessarily collapse in full
saturation [1]. The collapsible soils are mostly composed of
Debris flows and are naturally stiff and firm. Investigations
on problematic soils have focused mainly on swelling soils,
and the identification and treatment of collapsible soils has
been a major challenge since the early 1990s, among which
Abbeche et al. [1, 2], Basma and Tuncer [3], Houston et al.
[4], Reznik [5], Rezaei et al. [6], Gaaver [7], Kalantari [8],
Fattah et al. [9], Ali [10], Ayeldeen et al. [11] and Rollins
and Kim [12] can be mentioned. Abbeche et al. [1, 2] had
some tests on collapsible soils. They stated that it is possi-
ble to minimize the collapse potential to an acceptable level
after chemical treatment with salts. They demonstrate that
NaCl reduced the collapse potential and subsequently the
damage associated with it to structures. Their results show
that the increase in salt concentration beyond certain value
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(1.5 mol/L) has no significant benefit. Basma and Tuncer [3]
conducted 138 one-dimensional consolidation tests on eight
different soil types in order to investigate the effect of soil
type, compaction moisture content, initial dry density and
applied pressure at wetting on collapse potential. Houston
et al. [4] introduced engineering properties of collapsible
soils. Reznik [5] proposed an empirical equation between
mechanical characteristics of collapsible soils and their
physical properties. Rezaei et al. [6] conducted some tests
to evaluate the collapsibility rate of soils in Isfahan. Gaaver
[7] had some laboratory tests on collapsible soils in Egypt.
He proposed some equations between collapse potential
and water content for undisturbed and compacted samples.
Kalantari [8] reviewed all methods to identify collapsible
soils. Fattah et al. [9] conducted some tests on gypseous
soil grouted by acrylate liquid. The results showed that this
method can reduce collapsibility of the gypseous soil by
more than 60-70%. Ali [10] investigated the behavior and
performance of compacted sand replacement over treated
collapsible soil by prewetting and compaction. He stated that
the partial replacement by compacted sand/crushed stone
layers decreases collapsibility potential risk. Ayeldeen et al.
[11] used biopolymer to enhance the mechanical properties
of collapsible soil. They stated that the collapsible potential
has been reduced from 9 to 1% after mixing the soil with 2%
biopolymer concentration in the wet state. Rollins and Kim
[12] investigated dynamic compaction of collapsible soils
according to the US case studies. They stated this method
is an economical method for mitigating the hazard posed

by collapsible soils particularly when they are deeper than
34 m.

The occurrence of several collapses associated with the
problematic soils and the imposition of sizable rehabilitation
costs in Iraqi Kurdistan projects necessitate comprehensive
study on the rehabilitation of such grounds [13, 14]. This
paper aims to study the reduction in collapse in Gali Ali
Bag road located in Iraqi Kurdistan by adding four types
of materials including quicklime, cement, gypsum and salt.

Distribution of problematic soils in Iraq

In general, problematic soils have extensively been formed
in the Middle East due to the arid to semiarid weather con-
ditions. These soils are observed in many areas in Iraq. The
Iraqi Kurdistan is one of the areas where collapsible soils
have created serious challenges in development projects.
The collapsible soils have mostly been concentrated in Erbil
Governorate, so that differential settlement of buildings and
a lot of fractures in side slopes can be observed therein
(Fig. 1). In terms of sedimentary—structural zonation, these
soils are mainly observed in two zones of HFZ and Zagros
suture zone. The major lithology of these areas consists of
limestone, shale, marlstone and gypsum. Due to the young
nature of the Zagros Mountains and the severe tectonics
attributable to it, the crushed rock mass of this region is
high, and it is mostly classified as fair to very weak from the
geomechanical point of view [15].

Fig. 1 The presence of collapsible soils and related failures a Erbil-Haji Omeran highway; Salaheddin-Kore lot. b and ¢ differential settlement

on the Soran-Amedi route
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Study area

The study area is within Iraqi Kurdistan, Erbil Governo-
rate, 95 km northeast of Erbil city. The project is part of
the diversion to the main international border road Erbil-
Haji Omeran. The weather in this area varied: hot and dry
in summers, and cold, dry and partly cloudy in winter.
During the year, the temperature usually ranges from — 1
to 45 °C. According to statistics, the amount of rainfall in
the region is low and usually ranges from 200 to 400 mm
per year. The presence of two dangerous curves in the road
led to the design of a new 550-m-long road to correct the
path. The construction of this project will eliminate the
arduous defile of Gali Ali Bag, so that road accidents will
significantly be reduced. Figure 2 depicts the location of

Rypo:

the project, topography map, road lines and the failures
occurred in the study area.

Geological setting and geotechnical properties

The study area is a part of the High Folded Zone, where
Mesozoic rock units are folded into a series of NW-SE
trending anticlines and synclines. The main lithology of the
study area consists of a massive limestone and marly lime-
stone with shale interbedds. The bedding is mainly hori-
zontal or with a maximum dip of 20° and a strike of mainly
NE-SW. In view of the intensive tectonics and high weath-
ering, the thalweg of the valleys consists of recent alluvium
and debris flows caused by the flooding of the Balak River.
In order to identify the geotechnical properties of the study
area, and to prepare distributed and undistributed samples,
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Fig.2 a Location and failures in the study area and b topography map and road line of study area
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five boreholes and three test pits were drilled/excavated
along the route in accordance with Fig. 3. The length of the
boreholes was 20, 15, 10, 15 and 20 m, respectively, and the
depth of the test pits was 2 m.

After conducting various tests, the geotechnical proper-
ties of the study area were determined according to Table 1.
The soil profiles as shown in Fig. 4 in BH1 consist of a
brown dense mixture of silty sand and silt. The BH2 consists
of silty gravel, sand, clayey silt and silt. At BH3, a layer of
high-plasticity clay and silt located at middle of the bore-
hole, while a low-plasticity silt exists at the top of borehole.
The BH4 and BHS consist of silty sand and silt from the top
to the end of the boreholes.

The results presented in Table 1 show that the soil exist-
ing in this area is fine-grained mainly consisting of silt.
In addition, due to high precipitations in this region, the
groundwater level is high and the samples are mainly satu-
rated. The parameters of cohesion and the internal friction
angle were determined using the direct shear test for a num-
ber of samples. The results indicate that clayey minerals are
inactive in terms of activity.

Determination of collapsibility

Investigations have shown that the best method for identify-
ing the collapsible soils is to perform laboratory tests. These
tests are mainly based on two parameters: dry unit weight
and liquid limit. Holtz and Hilf [16] proposed a graph based
on dry unit weight and liquid limits (LL) to evaluate col-
lapsibility of soils (Fig. 5a). The chart indicates that soils
which plot above the line are susceptible to collapse upon

Fig.3 Depth and lithology of the test pit
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wetting, and as their dry unit weight increases, the severity
of collapsibility decreases. This method is also confirmed
by Basma and Kallas [17]. Moghadam et al. [18] proposed
a chart showing relations between dry unit weight and per-
centage finer than 0.075 mm (sieve #200) to evaluate the
collapse potential of various types of soils (Fig. 5b).

Having evaluated the characteristics of the samples apply-
ing the above two methods, it was observed that the soil
in which BH2 borehole had been drilled has a potential of
collapsibility. Three samples were extracted from the BH2
borehole to refine the results and determine their collapsibil-
ity index and class according to ASTM D5333 [19] standard
in the laboratory. In this method, after preparing the sample
similar to the consolidation test [20], the vertical load up to
200 kPa is applied to the sample stepwise; then, the sam-
ple is immersed into the distilled water for 24 h. The test
then continues until the maximum loading, and the strains
are recorded in each step during the test. Thereafter, the
collapsibility index and its class are determined by Eq. (1)
and Table 2. The test results and the collapsibility index are
shown in Fig. 6.

di—dy di—dy
hq hy

di—d,

I =

C

] X 100 (1)

where and

d’;do _ strain at the appropriate stress level
0 0

after and before wetting.

d; = dial reading at the appropriate stress level after wet-
ting (mm), d,, = dial reading at seating stress (mm), d; = dial
reading at the appropriate stress level before wetting (mm)
and h, = initial specimen height (mm).
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Table 1 Geotechnical properties
Type BH length (m) Lab.sample Depth (m) Soiltype c¢(kPa) ¢ m (%) LL (%) PI(%) Passing Activity (%) Dry unit pH
©) #200 weight (KN/
(%) m’)
BH1 20 S1-1 04 SM - - 23 37 7 42 - 16 7.9
S1-2 4-7 ML - - 23 47 14 70 - 16.1 7.4
S1-3 7-12 SM - - 21 49 14 67 - 16 7.4
S1-4 12-16 SM - - 30 48 13 44 - 18.6 7.5
S1-5 16-20 ML - - 24 44 12 71 - 19.5 7.5
BH2 15 S2-1 0-1 GM - - 125 33 6 30 - 14.6 8.2
S2-2 1-2.5 SC - - 13 25 5 34 0.71 14.5 8.1
S2-3 2.5-7 SC - - 43 25 6 13 0.67 14.7 8
S2-4 7-9 SM - - 28 37 8 36 - 14.7 7.8
S2-5 9-15 ML - - 30 40 14 51 - 15 7.8
BH3 10 S3-1 0-2 ML 136 11 28 45 10 929 - 15.7 7.8
S3-2 2-3.5 ML 106 26 30 58 13 929 - 14.4 7.9
S3-3 354 MH 106 27 31 61 12 99 - 14.5 8
S3-4 4-7 CH - - 32 58 28 97 0.39 15 8
S3-5 7-10 SC - - 19 23 5 6 - 14.7 7.9
BH4 15 S4-1 0-2 ML 145 12 32 56 15 97 - 14.3 7.8
S4-2 2-35 MH - - 32 47 10 100 - 15 7.8
S4-3 3.5-7 MH 36 25 31 43 8 100 - 14.3 8
S4-4 7-12 ML 19 15 25 46 13 99 - 14.4 7.8
S4-5 12-15 MH - - - 55 15 929 - 15 8
BH5 20 S5-1 0-2 ML - - 20 39 6 79 - 14.8 7.7
S5-2 2-7 MH - - 22 51 12 99 - 15 7.7
S5-3 7-10 MH - - 41 51 12 98 - 14.2 7.8
S5-4 10-16 ML - - 44 46 11 99 - 14.1 7.8
S5-5 16-20 MH - - 28 50 12 100 - 14 7.9
TP1 0-2 - - SM,ML - - - 34 11 - - - -
TP2 — - - - - 47 16 - - - -
TP3 - - - - - 48 17 - - - -

¢ cohesion, ¢ friction angle, m water content, P/ plastic index, LL liquid limit

After conducting the test, the collapsibility index of the
three samples was achieved as 4.86, 4.24 and 3.52%, respec-
tively. According to Table 2, the collapsibility index will be
in the moderate class. After conducting direct and indirect
tests on different samples, it was found that fine-grained soil
of the BH2 borehole is susceptible to collapse, and therefore
it needs to be improved.

Selection of improvement method

Several treatment methods were proposed for minimizing
the collapse of soils such as soil replacement, prewetting,
compaction control and chemical stabilization or grouting.
The choice of such methods depends on the ground condi-
tions, type of structure to be constructed, practicality and
economics of the method [21]. Depending on the depth,
volume and load bearing capacity that is expected for the

soil, some methods such as replacement, mechanical treat-
ment and chemical improvement can be used for the col-
lapsible soils [2]. The first alternative can be economical
in the small-scale road construction projects or in the foun-
dation of buildings, if the amount of soil to be removed
is not too high. Mechanical improvement methods also
provide better performance for deep layers. Although the
compaction by rollers in the basement of the roads also
contributes to the reduction in collapsibility, these meth-
ods also have access restrictions. Because it is not possible
to make use of the mechanical improvement methods in
steep side slopes. According to Gaaver [7], if the collaps-
ible soil is compacted up to 95% of the dry unit weight, its
collapsibility is reduced to 15-23% of the soil main value.
In the meantime, the use of geosynthetic products will be
considered as an applicable option, but its use requires
specific conditions. Chemical treatment is the most logical
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Fig.5 Identifying collapsible and non-collapsible soils a by Holts and Hilf and b by Moghadam et al

way among the above-mentioned methods. Because it can
be implemented at any surface, and the additives, which
are mainly used in ground improvement, are found abun-
dantly and at low cost. Besides, improvement with this
method will also increase the mechanical strength more

@ Springer

than others [13, 14, 22]. As seen in the graphs of Fig. 5,
the liquid limit and the unit weight of the soil are consid-
ered as two parameters in increasing or decreasing the
collapsibility. Provided that the soil unit weight or the
soil water content increases, the soil collapsibility will be
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Table 2 Classification of

) Degree of collapse  Collapse
collapse index [19] index, I,
(%)

None 0
Slight 0.1-2
Moderate 2.1-6
Moderately severe  6.1-10
Sever >10

reduced. The increase in the water content will result in a
rise in the liquid limit and, as a result, the collapse of the
honeycomb structure of the collapsible soil. According to
Basma and Tuncer [3], in addition to the two above issues,
the increase in the difference between sand and clay will
also affect the reduction in collapsibility. In general, the
increase in the liquid limit has a higher flexibility than
other methods. Soaking at the same time as compaction
will increase the liquid limit, but in addition to this, the
chemical materials may also be effective in increasing the
mechanical strength.
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Fig.6 Collapsibility index of samples

Materials and methods of testing

2400 g of soil was taken from BH2 borehole. This amount
of soil was divided into 12 equal parts each with a weight of
200 g. In order to investigate the reduction in collapsibility,
four materials including cement, quicklime, gypsum and salt
were considered. The easy access, low cost and acceptable
environmental impacts are effective indices for selecting
these materials. Then, each part of the separated soils was
combined with these materials with three different doses of
3, 6 and 9%; then, the Atterberg limits and their pH values
were calculated. Figure 7 depicts the additives and tests.
The liquid limit, plastic limit and plasticity index of soils
are also used extensively, either individually or together,
with other soil properties to correlate with engineering
behavior such as compressibility, permeability, compact-
ibility, shrink—swell and shear strength. Atterberg limits are
sometimes used to evaluate the weathering characteristics
of clay—shale materials. When subjected to repeated wetting
and drying cycles, the liquid limits of these materials tend
to increase. The amount of increase is considered to be a
measure of a shale’s susceptibility to weathering. After the
tests, the values of the liquid limit (LL), plastic limit (PL),
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1 10 100

1000

Lyl
rgl

Strain (102)
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Fig.7 a Additives in tests and b Atterberg limit test

plastic index (PI) and pH in different doses were obtained
according to Table 3 and Fig. 8.

Discussions

Figure 8a shows that the use of 3-6% of quicklime with the
soil sample increases the liquid limit significantly and 6%
is the optimum ratio of quicklime. However, the addition of
less than 3% of quicklime decreases the liquid limit gradu-
ally compared to the controlled sample, whereas the addi-
tion of more than 6% of quicklime is no more beneficial in
increasing the liquid limit. This amount of quicklime (3—-6%)
will increase the liquid limit up to 22.5%. In collapsible
soils, the grains are honeycomb bound by clay or carbonate
calcium. Due to the increase in moisture, these connections
become loose and the soil loses its load bearing capacity due
to the increased load. The soil will be denser by the collapse
of the honeycomb structure. As the liquid limit goes up, it

means that the amount of water needed to change the state of
the semisolid to the liquid will increase. In fact, by increas-
ing the liquid limit, the amount of water required to collapse
the collapsible soil structure will increase. Figure 8b shows
that natural salt in all doses will have a decreasing effect
on the PI. However, gypsum and cement have a decreas-
ing—increasing effect on the PI. The effect of the quicklime
on the PI is decreasing up to 3%; it is increasing between
3-6%, and decreasing from 6-9%. Investigations show that
as Pl increases, the soil workability will increase. With this
in mind, the 6% quicklime will have the highest workability.
Figure 8c shows that the salt and quicklime increase the PL,
and gypsum and cement cause a decreasing—increasing trend
in PL. Gypsum and salt, as shown in Fig. 8d, have almost no
effect on the pH of the collapsible soil. However, quicklime
and cement increase the pH up to 3%, and after that, they
will have no effect.

In order to investigate the effect of quicklime on
collapsible soil samples, XRD test was performed.

Table 3 Atterberg limit test

results Sample no. Additive Dosage (%) LL (%) PL (%) PI (%) pH
1 Quicklime 3 33 32 1 12.1
2 6 49 37 12 12.4
3 9 44 38 6 12.5
4 Cement 3 44 37 7 11.1
5 6 43 39 4 11.5
6 9 41 34 7 11.6
7 Gypsum 3 41 33 8 7.5
8 6 41 34 7 7.3
9 9 39 28 11 7.2
10 NaCl 3 38 28 10 6.7
11 6 37 29 8 6.5
12 9 34 29 5 6.4

LL liquid limit, PL plastic limit, P/ plastic index

@ Springer



Innovative Infrastructure Solutions (2019) 4:33 Page90of11 33
(@) 60 5 (b) 16 ,
-@-Lime —Cement B Gypsum -A NaCl 14 -@-Lime —#-Cement -B-Gypsum -4 NaCl
2 12
= g
NS 4
e »
< g 10
E £ 8
= g
2 2
S s 6
g 20 [
=
4
10 +
2
0 t + + + + + U u U > 0 t t t t t } } t t >
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Dosage (%) Dosage (%)
©) 45
40
35
é 3
= 4
£ 25
L 20 +
2
s
= 15+
~ l
10 +
5 -@-Lime -o-Cement -B-Gypsum -A-NaCl 24 -@Lime -4-Cement B Gypsum A-NaCl
0 t t t t t t t t } > 0 t t t t t t t t t >
0 1 2 3 4 5 6 7 8 9 10 0 1 2 3 4 5 6 7 8 9 10
Dosage (%) Dosage (%)

Fig. 8 Results of treated soil samples: a liquid limit, b plastic index, ¢ plastic limit and d potential of hydrogen (pH)

Counts Counts
E Soil sample (natural condition) T Soil sample + 6% quicklime
1000 3 1000 3
2 b4
e &
E ko
Kaolinite
=
S
3
bt |
-
4
500 | g 500 =
T a
e 2
3
b=l =
o = ~ -
@ = =
s SZ = o B oo B
e m ) L oe v
3 v - -
s = = 2 & S &
" = g S & = w3 =
= s = =8 -7 - =
== S &5 2 " 5 o 8= il o
-~ =F xS = - = g e -~ &~ o E
E ok T = T P o >} = AT g = -— e e e
3 Sk 2243 9 o = =% s 2 FEsIE gr o EEe SEns B
e ~[2 R S o Tert 2 w2 A 1 o ~l o < o T~ oS -
= : |e s =1 = I & o= - 2 = Y 9 = n |8 M oS =
< <k ¢ BN 1 wn IS4 n e ~ P - = 3% 5 w |* O¥e oienR ~
- ™ <2 (3 wn ogmm 8 e p Y o~ G2 & o e Sy B 2 20 ~
=] 4 2 s & =l 32 e r &
0

e B L RS AR R R R

30 40 S0 60 70
Position [°2Theta] (Copper (Cu))

Fig.9 XRD test on treated soil sample by 6% quicklime

70

40 S0 60
Position [°2Theta] (Copper (Cu))

30

@ Springer



33 Page100f 11

Innovative Infrastructure Solutions (2019) 4:33

According to Fig. 9, it is clearly observed that due to add-
ing 6% quicklime, the amount of kaolinite is decreased.

After laboratory tests and confirmation of the effect of
6% quicklime on reducing the collapsibility, this amount
will be implemented along with the subgrade layer at the
site as shown in Fig. 10.

After the implementation, three samples were taken
from the same BH2 borehole and again their collapsibil-
ity index was determined in the laboratory. The results,
according to Fig. 11, showed that the collapsibility index
has decreased by an average of 2.92%.

The results of Table 4 show that the collapsibility class
will tend to mild from moderate by adding 6% of quick-
lime. The effect of quicklime on the reduction in collaps-
ibility can be attributed to its function as a binding agent
between the grains which fill in the honeycomb cavities.

Conclusions

After performing laboratory tests and sampling following
the implementation on the site, the results can be sum-
marized as follows:

Leveling

Compacting

Hauling quicklime Mixing &
Separation
W LAR a2 .

Fig. 10 Soil mixing layout on site
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Fig. 11 Comparison of collapsibility index after the implementation of quicklime on the site
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Table 4 Collapsibility index class before and after treatment

Sample I, (%) Collapsibility class
Before After Before After
S1 4.86 0.57 Moderate Slight
S2 4.24 1.84 Moderate Slight
S3 3.52 1.45 Moderate Slight
e Adding 6% of quicklime has the greatest effect on

reducing the collapsibility index.

6% of quicklime increases the soil liquid limit up to
22.2%, decreases the PI down to 15%, increases the PL
up to 37% and increases the pH up to 59%.

The increase in the liquid limit leads to an increase
in the water content required for deforming from the
semisolid to the liquid state, resulting in a reduction in
the collapsibility.

Adding 6% of quicklime will reduce the collapsibility
index by an average of 2.92%.

Adding quicklime strengthens the bond between the
grains and plays the role of the filler for honeycomb cavi-
ties in the collapsible soil.

Adding quicklime to the soil, in addition to improving
the soil strength properties in both short and long terms,
caused reduction in swelling and permeability.
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