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Abstract

Settlement is an important criterion in the design of the foundations. It is classifying into immedi-
ate (or elastic) settlement and consolidated settlement (primary and secondary). The factors that
affect the shallow foundation settlement are the applied loads, soil stiffness, and geometric shape
of foundation. Calculations of settlement depend on the parameters of soil which can be obtained
from field and laboratory tests. Field and laboratory tests were conducted for twenty three sites in
three different regions in Iraq (Mosul, Baghdad, and Basrah). In this research, field and laboratory
tests results adopted for two sites from each region depended on the maximum and minimum
bearing capacity values. Settlement for each site was calculated using numerical (mathematical)
calculations and PLAXIS software under different added loads. The results of settlements beneath
the foundation were competing for the sites with maximum value of bearing capacity in Mosul;
Baghdad and Basrah. Also, the comparison conducted for sites of minimum bearing capacity value
and the results showed different settlement values of each site. The change of settlement values
under different loads was linearly in the six sites using numerical (mathematical) calculations.
While, the settlement values obtained from PLAXIS software for sites with maximum bearing ca-
pacity value showed that Mosul site had the highest value due to the type of soil layers and the dif-
ference models of soil used in the software. Basrah site had a settlement value higher than Bagh-
dad site due to the soil layers of sand type only. PLAXIS results for sites with minimum bearing
capacity showed that for Basrah site the soil went to failure. While, the settlement values for Mosul
and Baghdad sites were close to each other due to have nearly same soil layers. Therefore, high
rise buildings could not be used in some sites. Also, soil in some locations and under some added
loads needed to be improved before the implementation of any constructions.
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1. Introduction

Settlement is an important criterion in the design of the foundations. Foundation settlement must be estimated

carefully to ensure stability of buildings, towers, bridges, and any high cost structures. The main reason for the

settlement occurrence is the compressive deformation of the soil. According to [1], settlement is classifying as

(Figure 1).

« Immediate (or elastic) settlement: It takes place rapidly after adding loads without any change in the
moisture content and volume.

» Consolidation: This type includes two phases:

1) Primary consolidation phase: This phase is a consolidation settlement results from the change of volume
due to water extrusion from soil voids. It occurs in saturated cohesive soils and the change happens slow and
takes place over a long period of time.

2) Secondary consolidation phase: This phase is compression settlements which consider as a plastic ad-
justment observe in saturated cohesive soils. It is an extra deformation of soil occurs due to constant adding
loads. It follows the primary consolidation phase.

The major factors affect shallow foundation settlements are: applied loads, soil stiffness, width, depth, and
shape of foundation [2] [3].

Foundation settlement (immediate, consolidation) are estimated depending on the calculating stresses in the
mass of the soil related to foundation pressure. The settlements and stresses distribution and their values are
calculating with the assumption that soil model is homogeneous, isotropic, and linearly elastic. They are playing
an important role in the foundations design [4].

Immediate settlement usually estimates according to elastic theory, which assumes that the soil may behave
elastically under stresses at any point in soil mass. There are usually three types of methods to calculating the
elastic settlement [5] [6]:
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Figure 1.Time-settlement relation (immediate settlement, consolidation, and secondary compression settlement) [1].
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Empirical methods: They are depending on observation settlement of structure and full scale prototypes. They
are depending on correlations of the results from the standard tests in situ such as the cone penetration test (CPT)
and the standard penetration test (SPT). Moreover, they contain steps improved by Terzaghi and Peck (1948,
1967), Meyerhof (1956, 1965), DeBeer and Martens (1957), Hough (1969), Peck and Bazaraa (1969), and Bur-
land and Burbidge (1985) [6].

Semi-Empirical methods: They are based on the integration of the theoretical studies and the field observa-
tions. The methods contain steps outlined by Schmertmann (1970), Schmertmann et al. (1978), Briaud (2007),
and Akbas and Kulhawy (2009) [6].

Theoretical relationship methods: They are relating to the theory of elasticity. The settlement calculations de-
pend on the modulus of elasticity (Es) [6].

The consolidated settlement is estimating from the consolidation test (Triaxial or oedometer). These tests are
the way of estimating the magnitude and time of consolidation to obtain settlement for normally consolidated
and over consolidated cohesive soils [1] [7].

The objective of this paper is evaluating shallow foundation settlement under different added loads in three
regions of Iraq (Mosul northern, Baghdad central, and Basrah southern parts). The evaluations were conducted
using numerical (mathematical) calculations and finite elements (PLAXIS 2D) models. The work was conducted
by collecting samples from different sites in the three regions of Iraq. And the behaviour of soil layers is evalu-
ated under the different added loads.

2. Study Area

The study areas were located in Mosul northern, Baghdad central, and Basrah southern parts of Iraq (Figure 2)

due to the variation in geology and soil formation [8].

« Mosul region situated in the northern part of Iraq. It is occupying part of the foothill zone and north part of
Al-Jazira zone (Figure 2). Most of Mosul areas are covering by clay soil, which is moderately to highly ex-
pansive type. On the Tigris River banks deposits are result of repeated flooding and the soil consisting of
clay, silt and sand. The western part of Mosul region (Al-Jazira) contained soil of gypsum, limestone and
sandstone types. The ground water table depth in Mosul region is about 20 m but in some places it is about
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Figure 2. Map of the locations of the study area in Irag.
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3 m depth [8] [9].

« Baghdad region is the capital of Iraq, situated in the upper part of Mesopotamian plain (Figure 2). Quater-
nary sediments cover the area; these sediments are accumulating as result of the recurrence of the two rivers
floods. Soils of Baghdad are of silty clay and silt loam with low salinity. A fine sandy and silty type of soil
deposited along the streams. The depth of ground water in Baghdad region is between 1 to 10 m [10] [11].

« Basrah region situated in the lower part of Mesopotamian plain southern of Irag. The sediments of this plain
are related to the Quaternary period. Multi-sources of sediments have been classified as fluvial, deltaic and
marine. These sediments are of economic value because they used in constructions. Most of the sediments of
fluvial type and composed of sand, silt and clay. Tigris and Euphrates Rivers were the main sources of these
sediments, also contain carbonates and gypsum grains. The ground water table in Basrah region is less than 1
m to less than 5 m [12] [13].

3. Methodology
3.1. Soil Investigations

Samples were taking from the three regions of Irag (Mosul, Baghdad, and Basrah). Boreholes drilled to dif-
ferent depth ranges between 3 m to 24 m depend on depth of dense soil layers, to obtained disturbed and un-
disturbed samples from all sites. Table 1 showed that the number, the depth and the location for each sample
from six sites were selected and had been used in this research.

3.2. Laboratory Tests

Different types of tests conducted for these samples to define the soil classification and mechanical properties.
The tests were: physical test, index properties (Atterberg limits and grain size), shear strength test (direct shear
and unconfined compression), and oedometer test. Two sites selected from each region (Mosul, Baghdad, and
Basrah) depended on the bearing capacity value (maximum and minimum) obtained from the field and labora-
tory tests [11].

3.3. Computations of Settlements

Computations of soil settlement under different added loads for the three regions of Iraq conducted and ex-
plained in the following sections:

3.3.1. Numerical (Mathematical) Calculations
The analytical calculations were conducted based on the oedometer tests for cohesion soil layers. While, for co-
hesionless soil layers the immediate settlement calculations were conducted based on the SPT field tests:

1) The calculations of consolidated settlement were depending on a plot of the void ratio (e) against (log scale)
effective pressure (¢'), which is obtaining from oedometer test [5] [14]. The results of these tests are shown in
Figures 3-5.

From curves shown in Figures 3-5: the compression index C,, swelling index C, and void ratio e values were
obtaining. Boussinesq equation used to determine the effective stress at the corner of rectangular foundation Ac'
(KPa) for the different layers of soil mass of 75 m depth. The following equation used to calculate the normal

Table 1. Location, number and depth of samples in the three regions.

Region Location No. of samples Depth (m)
Al-Hamedat 3 1,2,3
Mosul
Al-Rashidia 3 12,4
Al-Karada 4 2,4,8,13
Baghdad
Al-Jadrea 4 2,4,8,13
Al-Rumaila 3 1,5,10
Basrah
Al-Hartha 4 2,6,13,24
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Figure 3. Plot of void ratio (e) vs. effective pressure (¢') for Mosul sites.

0.65 —
~_ 0.77 W
0.645 ]
o 064 2072 \
2 \ 2
=} \ =
S 0.635 o
= \ g 067
=] L =
S 063 S =
0.625 0.62
1L
1T
0.62 Tl
0.57
1 10 100 1000 10000
log ¢' 1 10 , 100 1000 10000
T+ Series 1 Baghdad- Al- Karada [ % Series ] log o Al-Jadria- Baghdad
Figure 4. Plot of void ratio (e) vs. effective pressure (¢') for Baghdad sites.
0.935 : 0.807
0.3 ! 0.802
o 0.797
= 0.792
& 0.925
= \ 20787 N
= = \
S o 0782 X
2 < 0777
> 0915 2 077
= go.
0.91 0.767
HIE| 0762
0.905 - 0.757
1 % g o' 100 1000 10000 1 10 Jog g' 100 1000 10000
—_— 1 .
Series | Al-Hartha - Basrah $—Series 1 Al-Hartha-Basrah

Figure 5. Plot of void ratio (e) vs. effective pressure (¢") for Basrah site.

consolidated cohesion soil [1]:

where: S, = consolidated settlement (mm).
H = thickness of soil layer (m).

@)
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For overconsolidated cohesion soil the following equations used [1]:

S, =—= Hlog[ﬂJ for o/ +Ac’ <o @)
O,

o, +Ac’

S, =——Ilog—&%+—= Iog(

= foro! + Ac' > o 3
l1+e, o, 1l+e ] ° ¢ @)

2) The immediate or elastic settlement for cohesionless soil layers carried out using the following formula
which depends on Standard Penetration Test (SPT). This test was performed in the fields. The calculations as-
sumed that the foundation is flexible [2] [15] [16]:

1_ !
5, =0,B=_" 1, @

S

where: S, = immediate settlement for flexible foundation (mm).
' = Poisson’s ratio.
I = influence factor.
B = width of foundation (m).
0o = applied pressure (kPa).
Es = Young’s Modulus of Elasticity (kPa).
The immediate settlement of a rigid foundation estimated according to the following formula [2]:

Se( = 0'93Se(flexible) (%)

rigid)
The Young’s modulus of elasticity of soil obtained from the following equation [2]:
E, =500(N +15) (6)

where: N = the value of blows of SPT test.
The influence factor calculated from the following formula:

Is:|1+[ﬂj|2 )
1-u

where: 1, =L/B=m,and 1,=H/B=n andm, ncan be estimated from tables [2].
Poisson ratio of soil («) calculated according to the following relation [15]:

1-sing

= 8

" 2-sing ®)

All the calculations were done for the six sites under different loads of values 56; 63.5; 68; 75 and 93 kPa.
Theses loads present the dead and live load for buildings with two, three and four stories, respectively.

3.3.2. PLAXIS Modelling

The finite element method is the most used method for analysis in engineering works. PLAXIS 2D software is a
finite element tool which is used for geotechnical works. In view of the fact that soil is a material behaves diffe-
rently under loading, unloading and reloading [17] [18]. PLAXIS 2D software used in this research to simulate
the soil behaviour under raft foundation for different sites and loads. The finite element soil geometry model
adopted for the analysis of raft foundation of (25 x 60) m, and the added loads (dead and live loads) used were
56; 63.5; 68; 75 and 93 kPa. The same foundation and loads used for the six sites in the three Iraqi regions (Mo-
sul, Baghdad and Basrah) with different soil conditions. The soil models used in the software were Harding soil
(HS) for the cohesion soil and Mohr-Coulomb (MC) model for cohesionless soil. The parameters that were used
for the soil models in the software for each site were obtained from the field and laboratory tests as shown in Table
2. After the creation of the geometry of the two-dimensional (2D) model the mesh were generated automatically
[19].

4. Results and Discussions

Estimation of settlement under foundation for different loads conducted using numerical (mathematical) calcula-
tions and PLAXIS software. The equation used in the numerical calculation was the Boussinesq equation for the
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Table 2. Soil parameters used for the two models at different locations.

Sail parameters Hamedat Rethicia  Karada Jacen Rumaila Harthe
Material model HS HS & MC HS & MC HS & MC MC HS & MC
Unsaturated weight (yunar), KN/m® 19 19, 20 20,21, 19 18 17.55, 18.7, 19.66 18.6, 19, 19
Saturated weight (s, KN/m? 20 23,24 20,21, 19 19, 20 17.55, 18.7, 19.66 23,23.4,25
Compression index (C) 0.126 0.21 0.0156 0.109 0.108 - 0.191, 0.224
Swelling index (Cs) 0.019 0.022 0.054 0.027 0.0067 - 0.029, 0.027
Initial void ratio (e) 0.650 0.677 0.647 0.455 0.741 - 0.8,0.93
Modulus of elasticity (E), kN/m? - 32,500 32,167 32,500 26,833 32,500 32,500
Passion’s ratio (') - 0.35 0.35 0.37 0.31,0.28,0.26 0.36
Cohesion (C), kN/m? 40 0 185.3 38 4,2,0 12
Friction angle (¢°) 20 28 - - 33,38,41 26
Dilatancy angle (¢°) - - - - 3,811 0

purpose of the calculated settlement in each layer of soil. Equations (1)-(3) used to calculate the consolidation
settlements for cohesion soil layers. The immediate settlement was calculated using Equations (4)-(8) for cohe-
sionless soil layers. The Hardening Soil (HS) model was used in PLAXIS for cohesion soil layers. And Mohr-
Coulomb (MC) model was used for the cohesionless soil layers. All the results were obtained from the two
methods as following:

4.1. Numerical (Mathematical) Results

The results obtained from numerical calculations were performed by dividing mass of soil into layers. The data
depended on the field and laboratory tests and the groundwater level was taking into consideration through the
calculations of o for each layer. The numerical calculations conducted for the mass of soil with 75 m depth in
all sites. The settlement values obtained from numerical calculations showed that the settlement increased line-
arly. Also, it was related to the bearing capacity value of each site. The results of the calculated settlement for
the six sites were shown in Figure 6 and Figure 7. The results shown in Figure 6 for the sites with maximum
bearing capacity value, the settlement values for Al-Rumaila-Basrah were less than the other two sites due to the
soil of sand and the all values of settlement were less than the limits of EC standards (25 mm for isolated shal-
low foundation and 50 mm for raft foundation [20]. Al-Hamedat-Mosul the values of settlement were higher
than the other two sites due to the soil of clay of medium plasticity. The settlement values under the four added
loads were less than the limits of EC standards. While, the last settlement value was higher than the standard
limits, which mean that this site is suitable for normal building with not more than three stories. Also soil layers
need improvement under high added loads. While for Baghdad and Basrah sites are suitable for buildings with
four stories.

The results shown in Figure 7 were for the sites with minimum bearing capacity value. For Al-Hartha site
(Basrah) had the highest settlement values due to the loose layer of soil (soft sandy silt to medium silty sand).
While for the two sites Al-Rashidia and Al-Jadrea (Mosul and Baghdad, respectively) the settlement values were
close to each other due to the both sites included soil layers of nearly same type (silty clay, clayey silty sand,
sand) and they sited on the bank of Tigris River.

4.2. PLAXIS Results

The same soil properties and type of foundation used in the numerical calculations also used for PLAXIS model.
The data used in the programme shown in Table 2. PLAXIS software used to obtain the values of settlement in
each site under different added loads (56; 63.5; 68; 75 and 93) kPa. The settlement calculations conducted for
different types of soil layers in the different sites under the raft foundation.
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Figure 6. Settlement obtained from numerical calculations for sites with maximum bearing capacity
value for the three regions.
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Figure 7. Settlement obtained from numerical calculations for sites with minimum bearing capacity
value for the three regions.

Figure 8 shows results obtained from PLAXIS software for Al-Hamedat and Al-Rashidia sites of Mosul re-
gion. The settlement values for Al-Hamedat (maximum bearing capacity) were less than settlement values for
Al-Rashidia (minimum bearing capacity). The last value of settlement increased not linearly at Al-Hamedat
which main that soil could not hold that amount of load and highly compressed. For Al-Rashidia the settlement
value was linearly increase.

Figure 9 illustrated the results extracted from PLAXIS software for Al-Krada and Al-Jadrea sites in Baghdad
region. The settlement values for Al-Krada were less due to the high value of bearing capacity. Al-Jadrea site
had high settlement values due the low value of bearing capacity. Results were increasing linearly.

Whilst, the results obtained from PLAXIS software for Basrah region (Al-Rumaila and Al-Hartha) illustrated
in Figure 10. The settlement values for Al-Rumaila site increased linearly with low values due to the type of
soil layers of sand only and the high bearing capacity value. The settlement values for Al-Hartha site showed
very high values and the soil finally go to failure. The reason for that is the loose of soil layers and low value of
bearing capacity.

All the sites in the three regions were consisting of soil layers of cohesion and cohesionless type except two
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sites. Al-Hamedat (Mosul region) which was completely consisting of cohesion soil (brown clay) and Al-Ru-
maila (Basrah region) was completely consisting of cohesionless soil (sand). Also, the differences in layers of
the soil obtained various behaviours under the added loads.

The results obtained from the PLAXIS software were depended on the elastic-plastic behaviour of the soil
layers under different added loads. The level of groundwater was stated in the model of each site. Soil parame-
ters which obtained from the experimental tests (field and laboratory) used in the software. The settlement val-
ues were affected according to the water content and grain size of the soil that is change depending on the geol-
ogy and climatic of the locations. The models of soil used in the software were: Hardening soil (HS) and Mohr
Coulomb (MC). HS model depends on the stiffness parameter of the soil obtained from the oedometer tests. MC
model depends mainly on the elastic parameters are the Modulus of elasticity and the Poison’s ratio of the soil.
The results presented in Figure 8 show differences in the settlement for the both sites in Mosul region under
different added loads due to the different types of soil layers (clay only and silty clay, sand). Figure 9 the results
were parallel to each other related to the similarity of soil layers types (silty clay, silty sand, sandy silt and sand).
For Basrah sites the results shown in Figure 10 were different also due to the soil layers types which is for the
lower line the soil type was only sand. The other site was containing silty clay, silty sand and sand of loose soil
layers and they collapsed under heavy loads.

Figure 11 and Figure 12 showed the comparison between the settlement values obtained from PLAXIS
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Figure 11. Comparison for PLAXIS results for the maximum bearing capacity values in the three
regions.
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software for the different sites in the three regions. The comparison show that the values of settlements in Fig-
ure 11 for Mosul site is the highest value due to the soil model used (HS) and the layers of clay type with high
compressibility. Whilst, Basrah site has a settlement value higher than Baghdad site due to the soil model used
(MC) and layers of sand type only. For Baghdad site the soil model used of both HS and MC.

Figure 12 showed the compressibility of soil for Mosul and Baghdad sites are very close to each other due to
nearly same soil layers type (silty clay, clayey silty sand, sand) and to their position near the bank of Tigris Riv-
er. For Basrah site the compressibility of soil very high and the soil has high settlement value and it goes to fail-
ure due to the loose layers of the soil and low bearing capacity value.

The results obtained from PLAXIS were higher than vales obtained from mathematical calculations for all
sites in the three regions for different reasons such as the difference of the soil models used for the different sites
HS and MC. For some sites, both HS and MC models were used. While, for other sites used only HS model or
only MC models. Figure 13 showed the comparison behaviour of the soil models in software with the real re-
sponse of soil. The curves show that the behaviour of MC model is linear; while the HS model behaves non-
linearly which is nearly similar to the behaviour of the real soil [21]. Also the mathematical calculations were
done linearly not as in the software conducted along the curves show the real behaviour of soil layers.

5. Conclusion

Numerical (mathematical) and finite element (PLAXIS) methods are means depending on the field and the la-
boratory tests. They used to estimate the settlement values beneath foundation for different added loads. The re-
sults obtained from the numerical (mathematical) calculations for the six sites in the three regions and under
different loads were increases linearly. The difference of settlement values was depending on the soil layers
types, water table depth and bearing capacity values. PLAXIS models were an approximation of the reality. The
results obtained from PLAXIS software showed the approximate real behaviour for the soil under different loads.
The software was using soil parameters of stiffness and strength, depending on the elastic theory and clarified
the elastic-plastic behaviour of the soil layers. PLAXIS results were explaining that soil in some sites of the
three regions needed to be improved before implementation of any buildings. Finally, the numerical (mathe-
matical) calculations for the settlement values showed that some sites were not suitable for high rise buildings.
Whilst, PLAXIS software results of settlement values under different loads were not linearly for some sites de-
pending on the layers type and compressibility of soil and ground water level. Also, it shows almost the realistic

Hardening Soil Model

o (stress) Real soil response
s _,f//
e ——

Idealised soil model — MC model

€ (Strain or displacement)

Figure 13. HS, MC and real soil response comparisons [21].
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behaviour of the soil under load. PLAXIS software is a good tool which must be used to explain the deformation
and soil behaviour under different loads.
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