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Abstract: This study investigated the geotechnical and geophysical properties of the soil layers at
the Missan combined-cycle power plant in Iraq. The data from 69 boreholes, including physical and
chemical soil properties, were analyzed. The soil is primarily classified as silty clay with moderate
to high plasticity, with some sandy layers. Since the Missan governorate is located in a seismically
active region represented by the Irag-Iran border, a study on the seismic properties of the site is
also performed. Seismic downhole tests were conducted to determine wave velocities and dynamic
moduli. The site was classified as soft clay soil according to FEMA and Eurocode 8 standards.
Correlations for the physical and dynamic soil properties were evaluated. The correlations were
executed via regression statistical analysis via Microsoft Excel software (2013). The results of the
correlation equations and the coefficient of correlation R? show that the physical correlations were
considered medium to good correlations, whereas the dynamic soil correlations were perfectly
correlated such that the R? values were close to 1. This paper provides comprehensive data and soil
property correlations, which can be valuable for future construction projects in the Missan area and
similar geological formations.

Keywords: soil layers; downhole; geotechnical properties; database; site class; regression analysis

1. Introduction

Missan is an Iraqi governorate that is located in the southeastern part of Iraq and has
an area of approximately 16,072 km?. The geographical location of the Missan governorate
is highly important, as it shares external borders with Iran and internal borders with the
Basrah, Thi-Qar, and Wassit governorates, as shown in Figure 1. Therefore, the main goal
of constructing the Missan combined-cycle power plant (MCCPP) was to supply clean
energy and transfer sufficient electricity to cover the needs of 3,000,000 Iragi houses and
businesses. The first step in any construction project is to evaluate the geotechnical and
geophysical characteristics of the soil. Hence, the geotechnical and geophysical properties
of the soil at the Missan combined-cycle power plant (MCCPP) site were determined by
different engineering testing laboratories and geophysical exploration companies.

It is common knowledge that all society structures are constructed on or on the ground
at appropriate depths. Therefore, the response of the soil underneath these structures
is significant, and soil investigations should be performed accurately while considering
three engineering factors, i.e., safety, time, and cost [1]. Civil engineers obtain subsurface
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information, which supports them in designing foundations for intended structures inside
power plants on the basis of site classification or characterization. Recently, the application
of geophysical and geotechnical techniques in civil engineering has been a successful
strategy [2].
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Figure 1. Iraq map representing the study area.

There are few studies that cover the soil properties and soil of the Missan area [3-6].
Gelson and Plank [3] investigated Missan soil for construction purposes early in 1960. They
investigated Missan soil to construct a highway bridge over the river Tigris. They reported
that the soil layers were nonuniform horizontally. In addition, correlations between the
mechanical and physical attributes of Al-Ammarah (the city center of Missan) clayey
soil were studied by Al-Kahdaar and Al-Amery [4], who verified these correlations via
simple regression analysis to find direct equations between different parameters. This
approach provides convenient, simple, and easy indicator design parameters at preliminary
investigation stages. In 2022, Mustafa [5] described the geotechnical properties of the soil
profile in Hilla city within the Babylon governorate in the middle parts of Iraq. Microsoft
Excel (2013) software was used to examine the correlations between the physical and
mechanical properties of the soil, and the authors concluded that these correlations can be
used to predict the values of the shear strength and consolidation parameters. However,
Mahmood [6] collected the results of the standard penetration test (SPT), and particle size
analysis was used to classify the Quaternary deposits extending vertically according to
consistency and compactness. He divided the soil into seven layers. The bearing capacity
of the first layer is suitable for holding shallow foundations of different light buildings
in the study area. For heavy structures, piles of different types must be extended to
depths that vary between 14-17 m, which represent depths of the sixth and seventh layers
with high bearing capacities. Hossain et al. [7] used the most common soil investigation
methods, such as the standard penetration test (SPT) and cone penetration test (CPT), to
investigate the relationships among the soil parameters at the riverbank of the Rupsha
River, Khulna, Bangladesh. Yilmaz [8] indirectly estimated the two main parameters
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of cohesive soils (swell percentage and shear strength) that play important roles in the
deformation of structures. He collected clayey soil samples from five alluvial deposits in
Turkey, and parameters, including the liquidity index, percent swell, and shear strength,
were determined. The regression equations established for the liquidity index—percent
swell and liquidity index—undrained shear strength had high correlation coefficients of
0.87 and 0.95, respectively. As a result, the equations derived from the samples used in
this study apply well with an acceptable accuracy for use in percent swell and undrained
shear strength estimations at the preliminary stage of site investigations. Al-Abboodi
et al. [9] illustrated the major characteristics of Al-Ammarah soil via data gathered from
various positions. They also reported that the soil layers are discontinuous in the horizontal
direction, and issues related to sand dunes and gypsum occurrence were considered. Thus,
there is a need for a study that thoroughly details the ground conditions for Missan soil
and focuses on reporting the main geotechnical and geophysical characteristics of MCCPP
project soil using the data available from ground investigation reports.

2. Investigations of Soil Geotechnical Properties

The main data were obtained from various engineering laboratories and geophysical
exploration companies, where the data were collected from 69 boreholes drilled at different
locations at the intended site at depths between 15 m and 45 m below the natural ground
level (NGL), as shown in Figure 2. An example of the cross-sectional profile (for boreholes
#1, #7,#13, and #20) of the site is plotted in Figure 3 to illustrate the different soil layers in the
longitudinal and horizontal directions. One of the most common issues that geotechnical
engineers face is the discontinuity of soil strata in the horizontal direction. On the basis of
the results of the site investigation, the subsoils for the whole intended power plant site
were mainly soft to medium close to the surface, strengthened with depth, to stiff with
grayish and brownish colors; and sandy lean to fat silty clay with shiny spots of soluble
salts and crystal pieces of silica minerals, black spots of organic materials together with
white tiny marine shells, intervened by and overlying layers of medium-dense to very
dense, with grayish and brownish visions in colors, fine- to medium-grained clayey silty
sand with rusty spots of iron oxide compounds and black spots of organic matter.

Table 1. Soil layer descriptions for borehole No. 35.

No. of Layers #

Depth (m) Description

Very soft brown fat silty clay with occasional shiny spots of soluble salts and black

! 0.0-50 traces of organic matter together with gray fine-grained sand pockets.
’ 50-8.0 Soft grayish-brown lean silty clay with occasional shiny spots of soluble salts and black
- traces of organic materials.
Very soft to soft brown fat silty clay with rare black traces of organic matter and gray
3 8.0-10.5 . . : .
fine- to medium-grained sand pockets in parts.
4 10.5-13.5 Medium to stiff silty clay with rare black spots of organic material.
13.5-15.0 Medium-dense brownish-gray to greenish-gray grained clayey silty sand mixture.
6 15.0-19.5 Medium-dense greenish-dark-gray fine-grained silty sand with little clay fraction at
’ ’ bottom.
7 195240 Medium to stiff silty clay with rare tiny pieces of marine shells and black spots of
’ ’ organic material together
Medium-dense brownish dark gray fine-grained silty sand with rare rusty spots of iron
8 24.0-26.0 .
oxide compounds.
Dense dark gray fine-grained silty sand with a number of spots of iron oxide
9 26.0-30.0
compounds.
10 30.0-33.0 Very stiff grayish-brown fat silty clay with rare tiny pieces of marine shells and

occasional gray fine-grained sand pockets
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Table 1. Cont.

No. of Layers # Depth (m) Description
11 33.0-35.0 Dense grayish-brown to grayish dark green fine-grained clayey silty sand mixture.

Very dense grayish dark green fine-grained silty sand with little clay fraction at top and

12 35.0-38.0 . .
a number of spots of iron oxide compounds
13 38.0-41.5 Dense grayish dark green fine- to medium-grained silty sand.
14 41.5-45.0 Very dense grayish dark green fine- to medium-grained silty sand with little rusty spots
’ ' of iron oxide compounds.
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Figure 2. Borehole positions within the study area.
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Figure 3. Subsurface soil layers through boreholes #1, #7, #13, and #20.

From the values of the specific gravity, sieve analysis, and consistency indices, and
according to the Unified Soil Classification System (USCS), the majority of the clayey soil
is classified as CL-CH, i.e., silty clay with moderate to high plasticity, whereas the sandy
layers are categorized as SM-SC. Table 1 shows an example of the soil layer description of
borehole No. 35; notably, borehole No. 35 was chosen for its position at the center part of
the project area and located within the turbine installation region. The method of drilling
was carried out in accordance with the American Society for Testing and Materials (ASTM
D 1452 D5783) [10].

During the soil investigation conducted in February 2019, the water table was at a
shallow depth, which was near the surface and down to a depth of 1.0 m. This level was
measured according to ASTM D-4750 [10].

The strength of the soil was measured at several depths via the standard penetration
test (SPT). The test was performed in accordance with ASTM D1586-99 [10]. The test
involved recording the number of blows of 140 lbs. A standard hammer with a 30-inch
(76 cm) drop was used to drive a 2-inch (50.8 mm) diameter standard split spoon sampler
into the soil at a distance of 12 inches (30.5 cm). Figure 4 shows the change in the number
of blows with depth. The SPT number ranged from 2 to 20 with the soil depth between
the ground surface and 15 m below the NGL. The SPT number ranged from 2 to 20, with
soil depths ranging from 15 to 25 m below the NGL. Finally, when the depth of the soil
increased above 25 m, the SPT values also increased significantly.
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Figure 4. Change in the SPT value with soil depth.

The plasticity properties of the soil at the site are illustrated in Figure 5, where the
liquid limit (LL%) ranges between 38% and 68%, the plastic limit (PL%) ranges between
17% and 30%, and the plasticity index (PI%) ranges between 11% and 33.8%.
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Figure 5. (a) Changes in the liquid limit, (b) plastic limit, and (c) plasticity index with soil depth.

The consolidation and swelling tests were performed according to ASTM D-2435-
02 [10]. The swelling potential of the soil was assessed via the oedometer consolidation
device via two methods: free swelling and swelling pressure. Figure 6 shows the changes
in the compression index (C.), recompression index (C;,), and initial void ratio (eg) with

soil depth.
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Figure 6. (a) Changes in the compression index, (b) compression index, and (c) initial void ratio with
soil depth.

Tables 2 and 3 describe the physical properties and chemical properties of the site for
the disturbed sample (DS) and undisturbed sample (US) of soil collected from the results of
the following tests:

—  Natural moisture content and unit weight [10];
—  Specific gravity [10];
—  Grain size distribution [10];
—  Liquid and plastic limits [10];
—  Shear test:
| Unconfined compression test [10];

| Triaxial compression test (UU) [10];
| Direct shear tests [10].

—  Compression test:

] Consolidation and swelling tests [10];
u Laboratory permeability test [10];

—  Chemical analysis of the soil:
Sulfate content as SO3 for soil;
Amount of soluble salt content [11);

Organic matter content [10];
pH.

Table 2. Physical properties of the study area.

Natural Water Dry Density

Samples Index Properties Content% KN/m3

Specific Gravity

B.H.#

Depth (m) Sample Type LL% PL% PI%

3-35 Us 51 20 31 27.2 14.5 2.72

6-6.5 us 54 22 32 30.3 141 2.71
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Table 2. Cont.
Samples Index Properties Nactgrl:l::’?/:er Drl};NDZEgity Specific Gravity
B.H.# Depth (m) Sample Type LL% PL% PI%
3-3.5 uUsS 46 21 25 28.1 14.3 271
3 6-6.5 Us 38 17 21 29.1 14.9 2.70
9-9.5 us 41 18 23 28.3 14.5 2.71
7 3-3.5 UsS 52 19 33 28.4 14.2 271
6-6.5 Us 55 21 34 29.2 14 2.72
9-9.5 us 38 21 17 31.6 13.8 2.70
9 3-3.5 uUsS 48 23 25 27.8 14.6 271
6-6.5 us 52 23 29 32.1 13.9 2.72
9-9.5 us 57 22 35 26.5 14.8 2.72
13 3-3.5 uUsS 53 20 33 30.1 13.9 2.72
6.5-7 Us 51 19 32 27.2 14.4 2.71
10-10.5 us 52 20 32 31.6 13.7 2.71
13-13.5 DS 39 17 22 29.6 2.70
24-245 DS 55 21 34 29.8 2.72
15 3-3.5 us 57 23 34 27.6 14.5 2.72
19 3-3.5 uUsS 48 20 28 28.7 14.8 2.70
6-6.5 UsS 49 21 28 27.6 15.1 2.70
9-9.5 us 49 20 29 29.8 14.7 2.69
20 1.5-2.0 DS 53 21 32 27.5 2.72
4.5-5.0 DS 47 19 28 29.6 2.70
8-8.5 DS 46 20 26 28.2 2.70
21 3-3.5 UsS 51 20 31 31.5 13.9 2.72
10.5-11 UsS 46 19 27 28.8 14.2 2.70
21-21.5 DS 60 24 36 28.2
23 1.5-2 DS 47 21 26 29.8
31 7.5-8 DS 48 20 28 26.6 2.72
32 4.5-5 DS 52 21 31 346 2.72
7.5-8 DS 48 20 28 26.6 271
22.5-23 DS Non-Plastic 245 2.66
36-36.5 DS Non-Plastic 23.8 2.66
37.5-38 DS 68 30 38 26.3
45 2.5-3 Us 58 21 37 26.4 15.6 2.72
8.5-9 us 68 30 38 33.2 141 2.71
11.5-12 UsS 49 20 29 29.8 144 2.69
19.5-20 us 36 25 11 31.3 14.0 2.68
48 15-15.5 Us 53 21 32 33.8 13.6 2.71
52 5.5-6 UsS 61 24 37 28.2 15.0 2.72
12.5-13 DS 61 24 37 26.6
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Table 2. Cont.
Samples Index Properties Nactgrl:l::’?/:er DrI};ND/emngity Specific Gravity
B.H.# Depth (m) Sample Type LL% PL% PI%
56 23-23.5 DS 52 21 31 24.8 2.71
26-26.5 DS 48 20 28 23.2 2.69
62 7-7.5 us 56 21 35 32.1 13.9 2.72
67 14.5-15 DS 57 21 36 26.6
Samples Strength Test Consolidation Characteristics S;:Z:h;n;lgéizsogo
Triaxial Compression Direct Shear
B.H.# Cohesion Friction Cohesion  Friction €o Pe Ce Cr
(kPa) Angle (kPa) Angle
22 0° 24 1° 0.928 120 0.27 0.049 96.3
! 36 5.5° 0.964 135 0.29 0.051 97.4
20 0° 21 1° 0.973 120 0.23 0.041 95.5
3 23 0° 20 3° 0.918 130 0.26 0.038 96.8
18 0° 22 1° 0.898 140 0.34 0.035 96.2
7 23 1° 1.104 110 0.31 0.062 96.4
29 0° 0.977 115 0.28 0.057 98.1
30 4° 0.906 115 0.25 0.037 80.8
9 24 0° 22 1.5° 0.988 100 0.23 0.039 97.1
22 1° 0.928 120 0.29 0.029 98.0
28 3° 0.867 135 0.26 0.036 97.4
13 17 0° 15 0.5° 1.081 100 0.31 0.053 97.1
23 0° 21 2° 0.976 125 0.28 0.049 96.6
22 1° 24 3° 0.822 130 0.17 0.045 98.0
15 18 0° 21 1° 0.907 110 0.21 0.051 95.1
19 24 1° 0.870 110 0.22 0.051 95.6
27 3° 0.804 115 0.17 0.043 98.1
34 4.5° 0.778 125 0.18 0.032 97.9
20
21 11 0° 9 1° 1.076 105 0.42 0.048 98.1
37 0.5° 35 1° 0.881 135 0.24 0.037 79.8
23 93.8
31 95.7
32
19.8
45 31 0° 29 1° 0.841 130 0.43 0.069 94.7
22 0° 18 0° 1.186 160 0.39 0.051 96.5
19 0° 0.987 175 0.26 0.039 96.7
31 11° 0.938 220 0.18 0.026 70.4
48 43 11° 0.743 190 0.24 0.041 54.2
52 16 0° 18 0° 0.934 130 0.31 0.046 94.7
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Table 2. Cont.
Samples Index Properties Nactgrrlil::’?/:er Drl}éll\?;emngity Specific Gravity
B.H.# Depth (m) Sample Type LL% PL% PI%
42 1° 0.807 165 0.28 0.055 92.2
56
74.1
62 21 0° 22 1° 0.892 120 0.24 0.046 98.3
67 97.2
Table 3. Chemical properties of the study area.
Location of Specimen Chemical Test
BH#  Dephm  sampleType RO ST et T59%  Comemt W% M
1.5-2 DS 0.13 0.52 5.18 8.0
. 7.5-8 DS 0.15 0.41 6.13 8.1
12-12.5 DS 0.34 1.06 3.44 7.9
18-18.5 DS 0.31 0.96 1.18 7.9
15 45-5 DS 221 16.9 5.33 7.6
18.5-19 DS 0.94 3.62 1.81 7.9
20 3-3.5 DS 0.22 0.68 2.71 8.1
40 9-95 DS 0.37 1.19 3.72 7.9
15-15.5 DS 0.51 1.81 5.18 7.9
27-27.5 DS 0.11 0.62 322 8.1
65 7-75 DS 0.34 1.16 1.62 7.9
19.5-20 DS 0.41 1.88 2.74 7.8
25-25.5 DS 0.43 1.92 2.08 7.8
30-30.5 DS 0.37 1.79 1.55 7.9

3. Investigations of Soil Seismic Properties

In the past, Iraq was one of the countries with low seismic activity; however, seismic
activity has clearly increased during the last ten years. Earthquakes can cause damage
to different essential projects, such as buildings, dams, water and sewage systems, trans-
portation, and electric power plants. Geotechnical engineers are interested in studying the
seismic activity of soil layers, considering that soil is the medium that transmits seismic
waves.

In the last ten years, two strong earthquakes have occurred in Iraq. The strongest
earthquake hit the Irag—Iran borders in Halabja city in the Sulaymaniyah governorate on
12 November 2017. This earthquake had a Richter local magnitude (ML) of 7.3. The earlier
earthquake hit the Iraq-Iran borders in Ali Al-Gharbi city in the Missan governorate on
20 April 2012, with an ML of 5, whereas, during 2023, three weak-to-light earthquakes
occurred in the Missan governorate, with an ML of 3—4. The Missan governorate is located
in a seismically active region represented by Iraq—Iran borders. In this part of the paper,
a study on the seismic properties of Missan soil (the Missan combined-cycle power plant
(MCCPP) site) was performed.
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3.1. Seismic Downhole Test

The principle of single-borehole seismic tests (downhole tests) depends on the gen-
eration of seismic waves (shear and compressional waves) at shot points on the surface,
as shown in Figure 7. The shear and compressional wave velocities can be measured
for subsurface soil layers by measuring the time intervals between the generation of the
pulse and its reception at geophones at various distances. By knowing the density, v, the
elasto—dynamic moduli and constants for the subsurface soil layers can be determined.
The related familiar equations for elastic modulus calculations are used to calculate the
dynamic elastic moduli, as listed in Equations (1)-(4). Table 4 shows the symbols of the
parameters and their standard units [11].

Shot Point

VSP Result

s —

Shear Wave

Depth [m]

20 —
-25 T T T T T T T T T ] — —_—— "’
2 BN ashn oo (2500 VSP (schematic)
Figure 7. Single-borehole seismic method (downhole test).
Table 4. Parameter symbols and standard units.
Symbol Meaning Unit
Vs Shear wave velocity m/s
Vy Compression wave velocity m/s
E; Dynamic modulus of elasticity MPa
Gy Dynamic shear modulus MPa
K, Bulk modulus MPa
v Poisson’s ratio -
Ga=7 Vs’ @
E;j=2G;(1+v) 2)
Ky =Eq/[3(1—2. )] €)
2
- 2
(V/v? -1

A seismic survey was carried out via the downhole method at three boreholes (bore-
holes #16, #30, and #38) at the site to a depth of 30 m from the NGL. The seismic parameters
of the soil were calculated, and the results are shown in Table 5.
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Table 5. Seismic parameters of the study area.

No. B.H. #

Depth
(m)

WT

Soil Type (m)

04

(kN/m3)

Vp
(m/s)

Vs
(m/s)

Gy
(MPa)

E4
(MPa)

K,
(MPa)

Gray to medium-brown, soft fat
silty clay with little gray bands of
fine sand.

3.5-6.5

Medium-brown lean silty clay
with occasional gray fine-grained
sand pockets.

6.5-13.5

Medium-to-stiff, grayish-brown
to brown-colored fat silty clay
with cavities of gray,
fine-grained sand.

13.5-18.5

Medium-dense brownish-gray to 0.1
brownish green fine-grained
silty sand.

18.5-21

Brownish-gray that is stiff to very
stiff fatty sandy silty clay.

21-24

Very stiff grayish-brown fat silty
clay with gray fine-grained
sand pockets.

24-29

Dense brownish-gray to brownish
green fine-grained silty sand.

29-30

Dense brownish-gray
fine-grained clayey silty
sand mixture.

16.8

407

100

0.47

17.08

50.15

261.6

17.1

564

152

0.47

40.01

116.8

497.3

17.5

753

216

0.46

83.32

242.16

906.95

17.9

942

241

0.47

105.81

327.36

1474.2

1219

304

0.47

173.18

507.9

2522.9

1307

332

0.47

206.46

604.89

2913.5

1417

394

0.46

293.52

684.11

3400.7

1348

381

0.46

273.60

796.79

3038.4

0-2

Soft brown lean silty clay.

2-8

Clay that is light brown with a
lean aspect, fine-grained
sand lines.

Medium-brown to grayish-brown
fat silty clay with rare
greenish-gray fine-grained

sand pockets.

11-13.5

Medium to stiff grayish-green
lean silty clay with a few
greenish-gray fine-grained

sand pockets. 01

13.5-16.5

Medium-dense dark gray
fine-grained sand with little
silt fraction.

16.5-19.5

Very stiff brown sandy lean
silty clay.

19.5-22.5

Very dense gray to yellowish-gray
fine-grained clayey silty sand.

22.5-25.5

Very stiff light gray to
brownish-gray lean silty clay gray
fine-grained sand pockets lines.

25.5-28.5

Dense gray to dark gray
fine-grained silty sand.

28.5-30

Very dense gray to dark gray
fine-grained silty sand.

371

97

0.46

15.95

46.6

210.01

17

515

144

0.46

36.5

106.43

418.26

17.4

719

191

0.46

64.76

189.35

824.07

17.7

841

230

0.46

93.5

272.87

1197

17.9

987

254

0.46

116.76

342.02

1612

18

989

295

0.45

157.8

457.84

1550.6

1080

309

0.46

174.8

508.54

1891.4

1132

334

0.45

205.3

596.35

2076.7

1075

364

0.43

242

694.44

1780.4

1223

352

0.45

229

666.85

2460.4

0-2

Soft brown lean silty clay.

2-5

Soft to medium-brown lean silty
clay, with rare greenish-gray 0.1
fine-grained sand pockets.

59

Grayish-brown to
medium-brown, soft fat silty clay.

361

104

0.45

18.07

52.57

196.3

450

121

0.46

24.86

72.62

313.96

171

571

141

0.46

34.6

101.67

516.7
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Table 5. Cont.
Depth . WT Y Vp Vs Gd Ed Kd
No. B.H.# (m) Soil Type m  KNm®) (s s U (MPa) (MPa) (MPa)
Medium-brown to grayish-brown
9-15 lean silty clay and rare gray 17.5 774 199 0.46 70.75 207.06  965.48
fine-grained sand.
Medium-dense gray to
15-18 brownish-gray fine-grained 17.8 913 255 0.46 116.8 340.3 1331.8
clayey silty sand.
1800 ~ Denseyellowish-green to green 18 1012 295 0.46 158 4591 16392
fine-grained silty sand.
20-24 Very stiff brown lean silty clay. 18.3 1168 338 0.45 210.6 612.4 2233.6
Dense yellowish-gray to
24-25.5 brownish-gray fine-grained 18.4 1222 365 0.45 24633  714.81 24272
clayey silty sand.
Dense gray to yellowish-gray
255085  line-grained silty sand with little 185 1296 398 045 2955 8551 27464
brownish-gray pockets that are
silty clayey in parts.
Fine-grained clayey sand with a
28.5-30 dense gray to 18.5 1265 402 0.45 302 871.3 2565.8

brownish-gray color.

3.2. Results

The minimum and maximum values of the recorded shear and compressional wave
velocities were (Vs)minmax (97-402) m/s and (Vp)min,max (361-1417) m/s, respectively. In
addition, the shear and compressional wave velocities against depth for each borehole from
the downhole test are shown in Figure 8. It is clear that Vs and V}, increase with depth in
proportion to the bulk density, oy, which also increases with depth. Figure 9 shows that the
denser the soil layers, the greater the wave velocity. This relationship was discussed by
Gaviglio [12], Yasar and Erdogan [13], and Chawre [14].

Wave Velocity Vs, Vp (m/s)

0 200 400 600 800 1000 1200 1400 1600
0 1 1 1 1 1 1 1 J
—o—Vp BH#16
—+— Vs BH#16
—a—Vp BH#30
10 A —— Vs BH#30
= —<—Vp BH#36
- —6— Vs BH#36
<
I
[<5)
(a)
20 A
30 -

Figure 8. Shear and compressional wave velocities (Vs and V) with soil depth.

The evaluated minimum and maximum dynamic moduli along the depth of the three
boreholes were (Gq)min,max (15.95-302) MPa, (Eq)min,max (46.6-871.3) MPa, and (Kq)min max
(196.3-3400.7) MPa. They increase with depth, as shown in Figure 10.
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Figure 9. Bulk density vs. shear and compressional wave velocities: (a) Vp and (b) Vs.
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Figure 10. The dynamic moduli with soil depth: (a) G4, (b) Eq, and (c) K.

3.3. Site Class and Ground Type Classification

When an earthquake occurs, waves pass through soil layers, and each type of soil
transmits waves with different frequencies. In regions of low or moderate seismicity,
site conditions are important in determining seismic design categories, leading to wide
differences in design and detailing requirements to prevent earthquake damage. Buildings
on soft or loose soils suffer more damage than comparable buildings on stiff soil or rock sites.
Geotechnical engineers are responsible for performing site classification, and structural
engineers can check geotechnical engineers’ classification to make valuable details and
recommendations in determining seismic design forces and establishing seismic design
categories that have a significant impact on the design and cost of buildings (Kelly [15]).

Geotechnical engineers are recommended to classify the soil according to the Federal
Emergency Management Agency of the Department of Homeland Security (FEMA) [16]
and Eurocode 8 [17] by calculating the average shear wave velocity, V39, for the upper
30 m of the soil layers via Equation (5).
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Vs30 = ““‘Eg“‘ﬁ: ©)
i=LN 7o
where H is the depth of the soil equal to 30 m or less, k; is the thickness of the layer, and v;
is the shear wave velocity of the i-th layer, in a total of N, existing in the top 30 m.

The results of V39 are listed in Table 6. The table shows that the site class and ground
type were E and D according to the FEMA [16] and Eurocode 8 [17], respectively. For both
codes, the site of the soil is classified as soft clay; such soil is considered problematic soil
(sensitive clay or liquefiable soil) that tends to collapse during earthquakes. To overcome
this soft clay layer, the design of structures with pile foundations instead of shallow

foundations is recommended. The designed piles are approximately 10 m long [15].

Table 6. Site class and ground type classification.

v FEMA 2010 Eurocode 8, 2004
No.  B.H# 530
(m/s) Site Class Gen_era.l Ground Condition = Description of Stratigraphic Profile
Description
1 16 59 E D Deposits of loose-to-medium
2 30 50 Soft clay soil D cohesionless or of predominantly
3 6 51 £ D soft-to-firm cohesive soil.

4. Geotechnical Correlations of Soil Properties

In this section, a number of soil property correlations were predicted via statistical
analysis. The physical soil properties, which are illustrated in Table 2, were analyzed for
different boreholes. Figure 11 shows the correlation between SPT (N value) and cohesion C
(kPa) for the available data. Simple regression analysis was performed via Microsoft Excel
software (2013). The correlation equation was (C = 1.1815 N + 16.747), with a coefficient of
correlation of R? = 0.5507.

50
45 .
40 ¢
35 < ¢
30 * ®
< 25 &
o 20 ‘p/i?:/ 4
¢®
15 . 2 C=1.1815N+16.747 —
2
10 R*=0.5507
5
0 T T T T 1
0 5 10 15 20 25
SPT N-Value

Figure 11. Correlation of SPT (N value) vs. cohesion C (kPa).
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The cohesion of the soil, which was evaluated via different laboratory tests, was
analyzed with respect to the plasticity index (PI %), and the evaluated statistical equations
were (In(C) = —1.567In(PI) + 31.413) and (R? = 0.5), as shown in Figure 12. Figure 13
shows the consolidation parameter compression index (Cc) against the void ratio (ep).
The resulting equation from the regression analysis is (Cc = 0.40g4cc — 0.1169), with (R? =
0.4693). These correlations are considered medium to good depending on the coefficient of
correlation R2.

50
45 *
40 L
35 A +?
30 * o
g — P
~ 25
= >, %%
i 20 V'S . ‘ ’rQ_Q—
L 4
- ———
15 In(C) =-1.567In(PI) + 31.413
10 R2=0.5
5
0 T T T 1
0 10 20 30 40
Pl %
Figure 12. Correlation of the PI % vs. cohesion C (kPa).
0.45
0.4 ¢ ®
S 0.35 '
$ L 2 . 4
x 03
§ 0.25 ¢
= 0 ® Pre
S 02 A ’9‘
0
g 0.5 s »
s c=0.4084e,-0.1169
g 0.1 R?=0.4693
© 005
0 T T T T T T 1
0 0.2 0.4 0.6 0.8 1 1.2 1.4
Void ratio, €0

Figure 13. Correlation of void ratio ey vs. compression index C.
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5. Dynamic Correlations of the Soil Properties

The dynamic parameter correlations were examined and analyzed statistically via
Microsoft Excel regression analysis. Figures 14-16 present the correlations between the
density and the dynamic modulus of elasticity, compression velocity, and shear wave
velocity, respectively. The results were valid and provided excellent relationships through
the value of the coefficient of correlation R?. An R? value closer to 1 for linear regression
analysis means that the data are perfectly correlated.

900

800 *
700
* P /
600 ¢ *
Ed = 352.07y - 5885.8 /
500 R? =0.8832 / *
400

300 / L
200 /

Dynamic Modulus of Elasticity Ed (kPa)

100
0 T T T T 1
_10016 .5 17 17.5 18 18.5 19
Density, y (kN/m3)

Figure 14. The correlation of the density, y, with the dynamic modulus of elasticity Eq4.

1600

1400

1200

1000
800 /
600

/ Vp = 496.27y - 7922.8
400 R?=09916

200

Vp (m/s)

0 T T T T 1
16.5 17 17.5 18 18.5 19

Density, ¥ (kN/m3)

Figure 15. The correlation of density, vy, with compression wave velocity, Vp.
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Figure 16. Correlation of density, v, vs. shear wave velocity, vs.

6. Conclusions

A study of various geotechnical characteristics of the soil of Missan city is covered
in this research. The outcomes are applicable to any location with a geological formation
similar to that of the present study area, but the same technique can also be used in other
areas. Thus, the cost of geotechnical exploration could be decreased with this strategy.

Notably, the first 45 m of the intended site is mainly silt with lower percentages of
clay and sand. The cross-sectional profile of the study area revealed that the examined soil
deposits seemed to be randomly distributed with depth. For the SPT tests, the number of
blows increased significantly at depths greater than 25 m below ground level.

A seismic investigation of Missan soil (Missan combined-cycle power plant (MCCPP)
site) was performed in this work for two important reasons: (i) the Missan governorate is
located in the seismically active region in Iraq, and (ii) soils under buildings with dynamic
or cycling loads should be compared with the forces of vibration. The results of the
downhole test revealed that the minimum and maximum shear and compressional wave
velocities were (Vs)min,max (97-402) m/s and (Vp)min,max (361, 1417) m/s, respectively. The
Vs and V}, values increased with depth in proportion to the bulk density, v, values, which
also increased with depth, indicating that, the denser the soil layers, the greater the wave
velocity. The evaluated minimum and maximum dynamic moduli along the depth of
the three boreholes were (G4)min max (15.95-302) MPa, (E4)min max (46.6-871.3) MPa, and
(Kd)min,max (196.3-3400.7) MPa. They also increase with depth. The evaluated site class and
ground type were E and D according to the FEMA [12] and Eurocode 8 [13], respectively.
For both codes, the soil is classified as soft clay, which is considered problematic (sensitive
clay or liquefiable soil). To overcome soft soil layers, the use of pile foundations (end
bearing or shaft resistance piles) approximately 10 m in length to transmit loads to stiffer
underground layers, which decreases the differential settlement of the structure due to
dynamic waves and prevents earthquake damage, is recommended.

Physical and dynamic soil property correlations were performed via Microsoft Excel
software (2013), and, from the regression analysis, the value for the correlation equations R?
was 0.4693-0.5507 for the physical property correlations, which were considered medium-
to-well-correlated, whereas the R? for the dynamic properties was 0.8832-0.9916, which
were perfectly correlated.
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In recent years, the Missan governorate has witnessed urban development, as this
study is applied to a limited area of the Missan governorate site, the Missan combined-cycle
power plant, and some suggestions and recommendations to be considered for future
studies are as follows:

1.  The study was expanded to cover a wide area of the Missan governorate;

2. The results of the current study were compared with those of other sites in Missan to
validate findings across the governorate;

3. Long-term monitoring was conducted to assess how soil properties change with
seasonal variations in groundwater levels;

4. Investigating the behavior of buildings due to successive earthquakes can help structural
and architectural engineers design suitable buildings for the Missan environment.
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