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Evaluation of settlement of structures constructed on flat ground is an important 

criterion, that importance increased when these structures available near slope which 

increase the settlement at certain distance over than its value on flat ground. This study 

evaluated maximum settlement of Communication Tower foundation using finite 

element method, this foundation presented near sand  slope with constant height and 

angle, and subjected to eccentric load with constant ratio of eccentricity to foundation 

width (e/B) equal (0.15), the eccentricity of loading caused by moment, two constitutive 

models adopted in the study for (Loose, Medium and Dense) sand, the study examined 

effect of embedment depth, relative density of sand and constitutive model on the 

relation between maximum settlement and ratio of distance from crest of slope to 

foundation width (b/B). The results showed which of the two models is more appropriate 

to represent the problem of study, and showed that at the distance equal and more than 

half of width of foundation (b/B≥0.5), the effect of the slope on the values of the 

maximum settlement of foundation begin to disappear, loose sand has the greatest values 

of maximum settlement, medium and dense sand have a convergence results from each 

to other. In addition, the results showed the effect of embedment depth in reducing the 

maximum settlement rate by an approximate range of (32.6 – 42.6) %. 
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1. Introduction 

Many of structures especially the high ones 

are subjected to eccentric load. These structures 

available on flat ground or near slope. When 

they located near a slope, there are more 

attention must be taken about the settlement of 

foundation of these structures. 

Communication Tower is one of these 

structures which is characterized by its light 

weight, foundation of this tower subjected to an 

overturning moment resulting from wind load, 

which is calculated according to the basic wind 

speed in the construction area and according to 

specialized codes.  
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Most of studies dealt with a shallow 

foundation under eccentric or/and inclined loads 

on flat ground [1,2]. 

There are also many studies on a shallow 

foundation near a slope, part of which exhibits 

concentric loads [3-7] and the other part exhibits 

eccentric or/and inclined loads [8-11]. 

There are studies dealt with shallow 

foundation near reinforced slope and subjected 

to eccentric loads [12,13]. 

The aforementioned studies, part of them are 

experimental work [1,10-13], part numerical [2-

6], and the other part is experimental and 

numerical [7-9]. 

Numerical studies used finite element 

method with constitutive models to represent the 

soil and its behavior in programs such as Plaxis. 
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These models include the Hardening Soil Model 

[7,8] and Mohr-Coulomb Model [2-6,9]. 

[2] examined models of square foundation 

subjected to eccentric inclined loading in sandy 

(loose, medium, and dense) soil, parameters in 

the study are (depth to width ratio (Df/B), 

eccentricity to width ratio (e/B), angle of 

inclined load to vertical, relative density), the 

results of this study were presented in curves 

between settlement and pressure, horizontal 

displacement and pressure, tilt and pressure. 

When the inclination and eccentricity of load 

were increased the ultimate bearing, capacity 

decreased and settlement increased, also the 

horizontal displacement increased too. 

Correlation of tilt of foundation and its 

settlement depend on: soil density, load 

inclination and eccentricity of it, while it was 

un-depended on: width of foundation, 

embedment to width ratio (Df/B) and factor of 

safety. 

[9] studied numerically and experimentally 

strip footing in sand (unreinforced and 

reinforced by geogrid) slope subjected to 

eccentric load, parameters of study 

are:(eccentricity to width ratio, numbers of 

geogrid layers and depth of layers), the distance 

between foundation and crest of sand slope was 

constant, they found that the eccentricity in 

slope side has a great effect on behavior of strip 

footing. 

[11] studied square foundation subjected to 

eccentric loading in (loose, medium and dense) 

sand slope, the study examined the settlement of 

the foundation depend on parameters: relative 

density, the effect of eccentricity with level of 

applied load, distance between foundation and 

crest of slope. They found that the bearing of 

soil increased and the settlement was decreased, 

with increasing relative density of soil, also 

settlement of square surface foundation depends 

on applied load level and its eccentricity.  

Studies that dealt with a shallow foundation 

on flat ground or near slope and subjected to 

eccentric loads were based on the fact that the 

nature of eccentricity caused from a vertical or 

inclined load acting on a distance from the 

center of gravity of the foundation, few studies 

focusing on moment as a reason for the 

eccentricity. 

From here the aim of this study came to 

investigate the effect of the overturning moment 

resulting from the wind load on the foundation 

of the communication tower, taking into account 

the exposure area of the tower that subjected to 

the wind load, according to certain codes. 

The study examined the relation between 

maximum settlement under the communication 

tower foundation and the distance from the crest 

of slope, according to the variables of relative 

density of sand soil and embedment depth of the 

foundation, models of study simulated in Plaxis 

3D V20 with two models; Hardening Soil 

Model and Mohr Coulomb Model, and 

examined the effect of each of these models on 

the other parameters of the study. 

2. Methodology  

    Present study was taken mat foundation of 

self - supporting communication tower with 4 - 

legs and 50-meter height, dimensions of that 

foundation was (8*8*1) m and constructed near 

sandy slope with height of slope (H) equal (10) 

m and slope angle (β) equal (30 ˚) using finite 

element method in Plaxis 3D v20. The variables 

are (constitutive models, soil density (loose, 

medium, dense), embedment depth of 

foundation to its width ratio (Df/B), distance 

between foundation and crest of slope (b/B)) 

and constant value of eccentricity (e) equal 

(0.15) from foundation width (e < B/6).     

      Properties of Sand soil which taken as 

(loose, medium and dense) soil obtained from 

average of typical values [14]. The study 

examined these parameters on maximum 

settlement of tower foundation. Eccentricity in 

loading caused by moment which caused by 

wind load (F), that moment effecting on tower 

foundation is calculated from the design wind 

load which effect horizontally on each section of 

tower. Wind load calculated at the value of basic 

wind speed equal (44 m/sec) by Equation 1 from 

(communication standards)[15]: 

 F = qz * GH * CF *AE (F in N)                                   (1) 

where: 

F = horizontal wind load  

qz = Velocity pressure 

     GH = Gust response factors  

CF = Structure force coefficient 



Dina M. Abd, Hassan O. Abbas / Diyala Journal of Engineering Sciences Vol (15) No 4, 2022: 87-96 

89 

 

AE = Effective exposure area of structural 

component section. 

Wind direction taken in slope direction and 

effect perpendicular on exposure face of tower, 

and neglected the appurtenances (antennas, 

mounts, lines, etc.) of tower in the calculation. 

Here, the weight of the mat foundation with 

the four anchor columns, in addition to the 

weight of the tower; will all resist the 

overturning moment, according to Equation 2 

from [16]: 

  𝑒 =
𝑀

𝑉+𝑊𝑓
                                                                   (2) 

where: 

     e = eccentricity 

     M = overturning moment (represented 

overturning moment resulting from 

wind load) 

     V = Vertical load (represented tower weight 

and its anchor columns)  

     Wf = weight of mat foundation  

Figure 1 explained the sketch of tower and 

slope: 

 

 

Figure 1. Sketch of tower and slope 

2.1 Finite element analysis 

The geometry of models was (100, 80, 40) 

m in dimensions as (x, y and z) axes 

respectively, standard fixity was adopted for all 

models. Elements of soil and concrete in Plaxis 

3D presented by tetrahedral elements with 10 

nodes, each element has three degrees of 

freedom at each node from its nodes; (Ux, Uy 

and Uz), also interface element used in the 

contact area between soil and foundation. 

Eccentric load presented as an increment surface 

load applied on the top of foundation. Automatic 

medium meshing was chosen after construction 

of models. 

Figure 2 & Figure 3 show section of 

connectivity plot of geometry and fixities of 

model, respectively: 
 

 

Figure 2.  Section of connectivity plot of geometry
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Figure 3.  Fixities of model  

2.2 Material models and verification 

Mohr Coulomb Model (MCM) is the 

common model used in problems and it gives 

acceptable results. There are cases where it is 

necessary to use an advanced model; Hardening 

Soil Model (HSM) is one of these advanced 

models, it is used to represent the nature of the 

soil and its nonlinear behavior represented by 

the strain and resulting from applied stresses.  

Figure 4 explained the ccomparison between 

real response of soil with the two constitutive 

models [17]: 

 

Figure 4. Comparison between HSM, MCM and real soil response [17] 

Both of constitutive models: Hardening Soil 

Model (HSM) and Mohr Coulomb Model 

(MCM) adopted to simulate the soil, while the 

model of foundation was linear elastic. The 

behavior of soil was drained and for foundation 

was non - porous.  

These constitutive models of soil verified 

with experimental results of strip footing near 

sand slope which conducted by pervious study 

[12], which was about bearing capacity of a strip 

footing with width (75) mm constructed in 

various distances from crest of slope with angle 

(34 ˚), this verification taken the distance from 

crest of slope to width footing as (b/B) equal (4). 

Table 1 & Table 2 illustrated the properties 

of soil and footing respectively, while Figure 5 

explained the comparison of experimental result 

and numerical one. 

Table 3 illustrated the properties of sand soil 

(Loose, Medium and Dense) and mat foundation 

in present study respectively.  
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Table1: Properties of soil [12] 

Property Unit      Sand Soil 

Experiment  Numerical 

Constitutive Model -          - MC HS 

Material behavior - -     Drained 

Angle of internal friction (Ф') ̊ 36          36 

Dilatancy angle (Ψ) ̊ -            6 

Cohesion (c') kN/m2 0            1 

Unsaturated unit weight (γun) kN/m3 16.3          16.3 

Saturated unit weight (γsat) kN/m3 - 19 

Young’s modulus (E'oed) kN/m2 - 4000 - 

Poisson’s ratio (Ѵ) kN/m2 - 0.15 - 

Secant stiffness ( 𝐸50
𝑟𝑒𝑓

) kN/m2 - - 4000 

Tangent stiffness ( 𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

) kN/m2 - - 4000 

Unloading/ reloading stiffness( 𝐸𝑢𝑟
𝑟𝑒𝑓

) kN/m2 - - 12000 

Poisson’s ratio (Ѵur ) - - - 0.25 

Power (m) - - - 0.5 

Interface strength (Rinter ) -     Rigid Rigid Rigid 

 

Table 2: Numerical Properties of foundation [12]  

       Property   Unit Values 

Young’s Modulus (E)  (kN/m2) 150000000 

Unit Weight (γ) (kN/m3) 78 

Poisson’s ratio (Ѵ)     (-) 0.30 

Dimensions (L*B)    (m) (0.075*0.45) 

Thickness (D)    (m)      0.01 

 

     Figure 5. Comparison between experimental result and numerical models for footing on top of slope [12] 
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Table 3: Properties of soil and foundation of present study 

 

Parameter 

                         

Unit 

Soil Mat 

Foundation Loose Medium Dense 

 Constitutive Model - Mohr 

Coulomb 

Hardening 

Soil 

Mohr 

Coulomb 

Hardening 

Soil 

Mohr 

Coulomb 

Hardening 

Soil 

Linear 

elastic 

Material behaviour - Drained Drained Drained Drained Drained Drained Non porous 

Angle of internal friction (Ф') ̊ 32 32 35 35 38 38 - 

Dilatancy angle (Ψ) ̊ 2 2 5 5 8 8 - 

Cohesion (c') kN/m2 1 1 1 1 1 1 - 

Unsaturated unit weight (γ) kN/m3 15 15 17 17 18 18 24 

Young’s modulus (E'oed) kN/m2 10000 - 30000 - 50000 - 23500000 

Poisson’s ratio (Ѵ) - 0.3 - 0.33 - 0.35 - 0.15 

Secant stiffness (𝐸50
𝑟𝑒𝑓

) kN/m2 - 10000 - 30000 - 50000 - 

Tangent stiffness (𝐸𝑜𝑒𝑑
𝑟𝑒𝑓

) kN/m2 - 10000 - 30000 - 50000 - 

Unloading/ reloading stiffness 

(𝐸𝑢𝑟
𝑟𝑒𝑓

) 

kN/m2 - 30000 - 90000 - 150000 - 

Poisson’s ratio (Ѵur) - - 0.2 - 0.2 - 0.2  

Power (m) - - 0.5 - 0.5 - 0.5 - 

Interface strength (Rinter) - 0.8 0.8 0.8 0.8 0.8 0.8 - 

2.3 Parametric study 

Loading, ratio of eccentricity to width of 

foundation (e/B), dimensions of foundation, 

angle and height of slope, all these parameters 

were constant in models, the variable 

parameters were constitutive model, soil type, 

the ratio of distance from crest of slope to width 

of foundation (b/B) and the ratio of embedment 

of foundation to its width (Df/B), these 

parameters presented in Table 4.   

Table 4: Parameters of models in the study 

β ( ̊ ) e / B Model Df/B Sand b / B 

30  ̊ 0.15 HSM 

MCM 

0 

0.125 

Loose 

Medium 

Dense 

0 

0.5 

1 

1.5 

2 

 

3. Results and discussion 

From parametric study which includes (60) 

models constructed in Plaxis 3D as shown in 

pervious Table 4, the relation between 

maximum settlement and ratio of distance of 

foundation from Crest of slope (b/B) was 

examined in this study; also, the effect of 

(Constitutive Model, relative density of sand 

soil, embedment depth to foundation width 

ratio) on this relation was examined. 

3.1 Effect of constitutive model 

     Figure 6 explained the effect of constitutive 

model on maximum settlement of foundation 

with critical value of (b/B) equal (0.5) where the 

effect of the slope on the values of the maximum 

settlement of foundation begin to disappear 

from crest of slope. 

Hardening Soil Model has values of 

maximum settlement greater than results with 

Mohr Coulomb Model, that belong to stiffness 

consideration of hardening soil model, it has 

three parameters of stiffness (𝐸50
𝑟𝑒𝑓, 𝐸𝑜𝑒𝑑

𝑟𝑒𝑓, 𝐸𝑢𝑟
𝑟𝑒𝑓) 

while Mohr Coulomb Model depend on Young's 

modulus from odometer (E'oed) only, also the 

results are agree with verification experimental 

results of pervious study [12] which examined 

here. 

Nature of loading is increment surface load 

which consist of tension and compression in 

contact area between soil and Foundation 

showed a good agreement with Hardening Soil 

Model. 

Verification showed that (HSM) had 

acceptable simulation for experimental results 

and that had a good agreement with previous 

study [18]. 

 

 

 



Dina M. Abd, Hassan O. Abbas / Diyala Journal of Engineering Sciences Vol (15) No 4, 2022: 87-96 

93 

 

3.2 Effect of relative density of sand soil 

From Figure 7 (a and b), it is shown that 

loose sand has the greatest values of maximum 

settlement, medium and dense sand have a 

convergence results from each to other, their 

results less than results of loose sand. It is 

noticed that the results of medium soil with 

(Df/B=0.125) converge with the results of dense 

soil with (Df/B=0). 

The settlement of the foundation with the 

embedment depth ((Df/B=0.125) in the medium 

sand is similar to the settlement of the same 

foundation, but it is placed on the surface of the 

dense sand, which indicates the similarity of the 

effect of embedment depth with the effect of 

increasing the relative density of sandy soil 

within the limits (medium to dense). 

Increasing in the relative density of sand 

soil and angle of internal friction leads to 

increase strength of soil due to increase in the 

friction between the soil and foundation, which 

causes increasing in the stiffness of soil and 

reduces the settlement [7]. 

3.3 Effect of distance from crest of a slope 

From results shown in Figure 7 & Figure  8 

it is found that when the foundation located very 

close to crest of slope exactly at ratio (b/B) less 

than (0.5) the maximum settlement increased, 

because the soil under foundation tends to move 

towards slope side which has shear resistance 

less than the other side [7]. 

In addition, in this study increment of surface 

load was along slope direction which caused 

increasing in settlement. 

Settlement decreased and effect of slope 

disappear when the foundation located away 

from crest of slope at distance equal or more 

t h a n  h a l f  o f  i t s  w i d t h  ( b / B  ≥  0 . 5 ) . 

3.4 Effect of embedment depth 

Figure 9 showed the effect of ratio of 

embedment depth to foundation width (Df/B) on 

the maximum settlement of foundation with 

critical value of (b/B) equal (0.5) where the 

effect of the slope on the values of the maximum 

settlement of foundation begin to disappear 

from crest of slope. 

Two cases taken of embedment ratio; first 

was surface foundation with (Df/B) equal (0), 

Increasing in embedment depth of foundation 

caused decreasing in maximum settlement in all 

models of parametric study at range (32.6 -42.6) 

%, increase in embedment depth caused 

overburden pressure which caused increasing in 

stiffness of soil and thus decreased the 

settlement. Also, that caused increasing in 

bearing capacity when the applied loading 

reached to failure as mentioned in [2]. 

In sloping ground increasing the 

embedment depth leads to increase soil 

constraint to the foundation and thus reduce 

settlement [6]. 

 

Figure 6. Effect of constitutive model on maximum settlement at (b/B=0.5) and (Df/B = 0) 
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a. HSM 

 
b. MCM 

Figure 8. Maximum settlement in sand slope (30˚) with different (b/B) ratio at different relative density of soil 
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b. Df/B = 0.125 

Figure 8. Maximum settlement in sand slope (30˚) with different (b/B) ratio at different relative density of soil 

 

Figure 9. Effect of embedment depth to foundation width (Df/B) on maximum settlement at (b/B=0.5) 

4. Conclusions  
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2. Hardening Soil Model gave convergence 
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distance from crest of slope to 

foundation width ratio (b/B)). 

4. Loose sand has the greatest values of 

maximum settlement, medium and 

dense sand have a convergence results 

from each to other.  

5. The acceptable distance of foundation 

from crest of slope is equal or more than 

half of foundation width, the effect of 

slope on settlement begins to disappear 

at this distance.  

6. Increasing in ratio of embedment depth 

of foundation to its width (Df/B) from 

(0) to (0.125) caused decreasing in 

maximum settlement at range (32.6 -

42.6) %. 
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