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Abstract 

There is a growing demand for multi-story buildings for residence and commercial purposes in coastal areas of Sindh, 

Pakistan. Such types of soils are generally considered more compressible with high groundwater levels, which may cause 

lower shear strength and higher settlement. The computation of the settlement of foundations requires the use of advanced 

constitutive models, which are not commonly used due to a lack of field or experimental data. This study is carried out to 

illustrate the use of an advanced soil model, i.e., Hardening Soil Model for the computation of settlement. For this purpose, 

numerical modeling was carried out using Finite Element Program PLAXIS 2D. Initially, the MC Model was utilized for 

the calculation of the settlement of a 10-story building in the coastal soil. In addition, parametric analyses for the effects 

of modulus of elasticity, permeability, and dilatancy angle were carried out. The results mainly suggest that the settlement 

of the building constructed on a piled raft foundation, predicted with the MC model, was 40% higher than that of the HS 

model. For prediction of settlement of the piled raft foundation, the results suggest that the HS model can be given 

preference as compared to the MC model. 
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1. Introduction 

Due to population growth and urbanization, people from remote areas are migrating towards cities. The coastal areas 

of Sindh, such as Thatta and Badin, are now becoming familiar among visitors and tourists. For example, Gharo City, 

located in District Thatta Sindh, Pakistan, is famous for the Sunway Lagoon Water Park. Many of the families, tourists, 

and visitors come from different cities to enjoy Gharo Sunway Lagoon Water Park. In addition, in the coastal belt of 

Sindh, particularly in Thatta and Badin districts, there is a likelihood of the construction of wind farms. This indicates 

that future demand for residential buildings and shopping centers in such regions will be high. The soils of the coastal 

area of Sindh consist of clay, silt, and sand left by the flowing floodwater of the Indus River. This soil type is primarily 

less permeable. Generally, the water level is at a very shallow depth. Due to the low permeability of the soils in this 

region, water logging and soil salinity have emerged as the main problems [1]. In order to ensure the stability and safety 

of buildings constructed on such coastal soils, it is necessary to investigate the soils up to a sufficient depth in order to 

know how such soils behave under the sustained load of a multi-story building. 
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Therefore, for the safe, economical, and sustainable design of the foundations of multi-story buildings, a detailed 

understanding of the behavior of coastal soils under loading conditions is required to prevent excessive settlement and 

deformation and the associated structural damage to buildings. To the best of the authors' knowledge, this information 

is lacking to a great extent. Although several studies have been presented on the numerical analysis of piled raft 

foundations on clay and sand [2–5], there is no mention of such numerical studies on coastal soils. 

In the numerical analysis of settlement, the choice of an appropriate constitutive model plays a key role [6–8]. There 

are several constitutive models implemented in commercial finite element programs. Generally, it is considered that 

advanced soil constitutive models such as the Hardening Soil Model perform better in predicting settlement of 

foundations as compared to the Mohr Coulomb Model [9–12]. It is a challenging task to utilize advanced constitutive 

models because they require more input parameters. It has been attempted in this paper to demonstrate how an advanced 

constitutive model can be used for numerical computations when some of its parameters are indirectly evaluated from 

field tests such as Standard Penetration Tests. In the field of geotechnical engineering, empirical relations may be used 

to determine soil parameters. However, correlations are not generally reliable. Special caution should be exercised in 

areas where no prior experience has been gained. This uncertainty must be considered when assessing the reliability of 

a particular foundation design. 

With the availability of powerful computers these days, it may be possible to utilize advanced constitutive models 

for numerical analysis of various geotechnical problems. The Hardening Soil Model (HSM) is an advanced model for 

soil response under loading conditions. In HSM, the soil stiffness is described much more accurately by using three 

different input stiffnesses: the triaxial stiffness E50, the triaxial unloading stiffness Eur and the oedometer loading stiffness 

Eoed. In contrast to the Mohr-Coulomb model, the Hardening Soil model also accounts for the stress-dependency of 

stiffness moduli. This means that all stiffness increases with pressure. Hence, all three input stiffnesses relate to a 

reference stress, usually taken as 100 kPa [13]. The piled-raft foundation is considered a 3D case. But, in order to save 

computational time, such numerical analysis can also be carried out in 2-D space [14–20]. 

2. Materials and Methods 

In order to investigate soil properties, eight boreholes were drilled on the coastal soil near Gharo, District Thatta 

Sindh Pakistan. The soil samples were drilled with rotatory drilling up to a depth of 15 m. Standard Penetration Tests 

(SPT) were performed on the site to determine (N1)60 values of the soil. Some basic geotechnical tests were performed 

on the collected samples. The details of those tests will be presented elsewhere. The depth of excavation was divided 

into two major portions: (i) silty clay/clayey silt (0–5 m) and (ii) silty fine sand (5–15 m). Numerical calculations of the 

settlement of a multi-story building on the coastal soil were performed with PLAXIS 2D [13], which is a finite element 

method-based program for the calculation of various types of geotechnical structures. 

The PLAXIS program allows various constitutive models to represent the behavior of geomaterials. Initially, an 

elastic-plastic Mohr Coulomb (MC) Model [13] was selected for evaluation of settlement of the coastal soil. The MC 

Model is used for various geotechnical problems because it requires very few input parameters that can be determined 

through laboratory tests. The following input parameters are needed for the MC model: friction angle, cohesion, 

permeability, modulus of elasticity, dilatancy angle, and saturated and unsaturated unit weight of the soils. The value of 

the friction angle of the soils at various depths is presented in Table 1. It can be observed that the minimum value of 

friction angle for silty clay/claey silt is 30o and the maximum value is 43o. The minimum value of silty fine sand is 31o 

and the maximum value is 44o. The range of minimum and maximum values of friction angle for both types of layers 

indicate the degree of compactness of soils. The range of values of the internal friction angle is in accordance with the 

findings of the available literature; see, e.g., Das [21], who mentioned friction angle values of dense sand in the range 

of 34 to 48o. The average values of friction angle for silty clay/clayey silt, and silty fine sand are 34o and 35o, respectively. 

From the laboratory tests on the soil, the value of the cohesion of silty clay/clayey silt was negligible. But, for numerical 

analysis with PLAXIS, it is recommended to use minimum value of 1 kPa as cohesion for smooth running of 

calculations. Clays exhibit a low dilation angle. The dilation angle of sand depends on the angle of internal friction. For 

non-cohesive soils with the angle of internal friction φ > 30°, the value of dilation angle can be estimated as ψ = φ - 30° 

[22]. The (N1)60 values of the soil layers at various depths are illustrated in Table 2. The average values of SPT blow 

counts for silty clay/clayey silt (0–5 m depth) were found to be 14. The average values of SPT blow counts for silty fine 

sand (5–15 m depth) were found to be 22. 

Table 1. Estimation of friction angle from borehole data 

Soil type Depth (m) BH1 BH2 BH3 BH4 BH5 BH6 BH7 BH8 

Average 
Silty clay/Claey silt 0-5 

30 34 35 32 
 
 

33 35 37 

33 33 32   41 41 43 

     32   
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Average  31.5 33.5 33.5 32  35.3 38 40 34 

Silty fine sand 6-15 

32 35 35 31 34 35 35 40 

35 

34 38 34 38 35 42 38 32 

37 30 37 39 33 37 33 35 

33 34 36 36 30 33 34 33 

33 34 33 36 38 34 40 35 

34 35 37 39 35 40 33 44 

36  37  37 35 32 33 

Average  34.1 34.3 35.5 36.5 34.5 36.5 35 36 

Table 2. Estimation of average blow count from Standard Penetration Test 

Soil type Depth (m) BH1 BH2 BH3 BH4 BH5 BH6 BH7 BH8 Average 

Silty clay/ Caley silt 0-5 

12 6 13 14 10 10 8 11 

14 

10 16 16 6 5 29 12 9 

7 12 11 26 9 10 38 19 

14       38 

Average  10.75 11.3 13.3 15.3 8 16.3 19.3 19.2 

Silty fine sand 5-15 

10 18 18 16 17 35 20 19 

22 

16 22 23 11 16 53 26 10 

33 8 22 25 14 26 15 16 

14 18 19 55 22 15 9 19 

20 24 30 24 32 24 40 19 

24 12 28 26 17 42 13 19 

38 27  26 42 24 20 19 

Average  22.1 18.4 23.3 26.1 22.8 31.2 20.4 17.2 

The value of modulus of elasticity of the coastal soils was not directly measured from laboratory tests. The value of 

the modulus of elasticity of the soils (Table 3) was calculated from suitable correlations [23-26]. The average value of 

modulus of elasticity for silty clay/clayey silt and silty fine sand was 6340 kPa, and 17660 kPa, respectively. The 

minimum values of modulus of elasticity of both layers are 5362 kPa and 14740 kPa, respectively. The coefficient of 

permeability for silty clay/clayey silt was 1x10-10 m/s. The coefficient of permeability for silty fine sand was from 1×10-

5 to 1×10-7 m/s [27-33]. 

Table 3. Estimation of values of Modulus of Elasticity from SPT blow counts 

Type of soil Average SPT value Correlation Modulus of Elasticity (kN/m2) Reference 

Silty clay/clayey silt 14 

400(N1)60 5600 AASHTO 2002 [23] 

300(N+6) 6000 Bowels 1996 [24] 

E/N = 0.6 to 0.7 MPa 8400 Butler 1975 [25] 

383N 5362 Ruwan Rajapakse 2015 [26] 

Average 6340  

Silty fine sand 22 

700(N1)60 15400 AASHTO 2002 [23] 

500(N+15) 18500 Bowels 1996 [24] 

E/N60=1 MPa 22000 Stroud 1989 [25] 

670N 14740 Rajapakse 2015 [26] 

Average 17660  

2.1. Geometry of the Building Model 

As mentioned earlier, the soil profile below the building is mainly divided into two layers. The upper layer (0–5 m) 

is silty clay/clayey silt. The lower layer (5–15 m) is silty, fine sand. The water level is 1 m below the surface. A 1 m 

thick raft foundation is used. The width of the raft foundation is 20 m. It is proposed that 10 floors of the building be 

constructed. The average uniformly distributed load on each floor is taken as 10 kN/m2 [34–37]. The geometry of the 

building on the coastal soil is shown in Figure 1. The horizontal boundaries were made sufficiently wide to minimize 
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the effect of boundaries on the computed results of settlement. The concrete of the raft is modelled with Linear Elastic 

Model with following properties: Poisson’s ratio = 0.15, modulus of elasticity = 20x106 kN/m2, and unsaturated unit 

weight = 24 kN/m3. The finite element mesh of the building is shown in Figure 2. The mesh was sufficiently refined, 

and it was found that with further refinement of the mesh, there was no significant effect on the computed results. The 

average element size of the mesh is 0.4 m. 

 

Figure 1. Geometry of the building on coastal soil 

 

Figure 2. Finite Element mesh of the building 

3. Results and Discussion 

3.1. Calculation of Immediate and Long-Term Settlement of Building 

As mentioned earlier, numerical analysis was performed for the immediate and long-term settlement of the building. 

The building consisted of 10 floors. The uniformly distributed load on each floor was 10 kN/m2. According to Skempton 

and MacDonald [38], the allowable settlement of buildings on raft foundations is as under: Rafts on clay = 65–100 mm, 

Rafts on sand 50-65 mm. In this case, the soil profile consists of both clay and sand, so 65 mm is taken as the maximum 

allowable settlement of the building on a raft foundation. 

3.2. Case 1. 

The average friction angle of the upper layer (silty clay/clayey silt) is taken to be 34o. The average friction angle of 

the lower layer (silty fine sand) is taken to be 35o. In this case, the dilatancy angle (5o) is not taken into consideration. 

The average value of modulus of elasticity for silty clay/clayey silt was calculated as 6340 kN/m2. The average value of 

modulus of elasticity for silty fine sand was calculated as 17660 kN/m2. The lowest value of modulus of elasticity for 

silty clay/clayey silt was calculated as 5362 kN/m2. The lowest value of modulus of elasticity for silty fine sand was 

calculated at 14740 kN/m2. Settlement of the building was calculated using average modulus of elasticity and lowest 

modulus of elasticity of both types of layers (Figure 3). 

 

Figure 3. Comparison of settlement calculated using average value of modulus of elasticity and lower value of modulus of 

elasticity of the two soil layers (case 1) 
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As the values of average modulus of elasticity of both types of layers are higher than those lower values of modulus 

elasticity. Therefore, the magnitude of the settlement is higher in case of lower values of modulus of elasticity. For both 

average and lower values of modulus of elasticity of the two soil layers, the settlement of the building after construction 

of 10th floor is greater than the allowable limit. In case of average value of modulus of elasticity, the soil is able to 

sustain up to 5th floor of the building. In case of lowest value of modulus of elasticity, the soil is also able to sustain up 

to 5th floor of the building. However, at 10th floor of the building, the settlement calculated with average modulus of 

elasticity is about 41% lower than that of calculated with lowest modulus of elasticity. 

3.3. Case 2 

Minimum value of friction angle of 300 is used for both layers. The other parameters are the same as mentioned in 

case 1. Comparison of settlement calculated using average and lowest moduli of elasticity is presented in Figure 4. When 

the value of friction angle of the soil is decreased to 300 for both the layers, there is increase in settlement. For 10th floor, 

when it is compared with average values of the friction angle (case 1), the settlement calculated with average modulus 

of elasticity (case 2) is about 36% more than the case 1. For 10th floor, when it is compared with lowest values of the 

friction angle (case 1), the settlement calculated with lowest value of modulus of elasticity (case 2) is about 40% more 

than the case 1. In case of average value of modulus of elasticity, the soil is able to sustain up to 5th floor of the building. 

In case of lowest value of modulus of elasticity, the soil is able to sustain up to 4th floor of the building. The comparison 

of graphs shown in case 1 and case 2 show that friction angle has also significant effect on settlement of the soil. This 

implies that as the value of the friction angle decreases, the magnitude of the settlement increases. 

 

Figure 4. Comparison of settlement calculated using average value of modulus of elasticity and lower value of modulus of 

elasticity of the two soil layers (case 2) 

3.4. Case 3 

Effect of dilatancy angle of 500 of silty fine sand on settlement of the building was evaluated. Remaining parameters 

are the same as in case 1. Comparison of settlement calculated using average and lowest moduli of elasticity is presented 

in Figure 5. In case of average value of modulus of elasticity, the soil is able to sustain up to 6th floor of the building. In 

case of lowest value of modulus of elasticity, the soil is able to sustain up to 5th floor of the building. In case when 

dilatancy of silty fine sand is considered, the settlement at 10th floor of the building computed with average modulus of 

elasticity is about 13% less than that of calculated in case 1 (when dilatancy is not included). 

3.5. Long-Term Settlement 

For the above mentioned three cases, the long-term settlement of the building was also calculated for 10, 20, 30, 40, 

and 100 years. The initial construction of 10 floors of the building takes about 2 years. The settlement after end of the 

construction and the long-term settlement is shown in the following Figures 6 to 8. It can be observed that the main 

increment of the long-term settlement of the building occurred during first 10 years after the initial two years of 

construction. Then in the long term up to 100 years, the magnitude of the settlement remained approximately constant. 

This is because, the excess pore pressure which increased during construction phase mainly dissipated during initial 10 

years after end of construction period. It can be observed that the consolidation process of the soil has been completed 

relatively in a shorter duration of 10 years, this is because of relatively high permeability of the lower soil layer, i.e., 

silty fine sand. 
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Figure 5. Comparison of settlement calculated using average value of modulus of elasticity and lower value of modulus of 

elasticity of the two soil layers (case 1, when dilatancy angle of silty fine sand is taken as 50) 

 

Figure 6. Comparison of long-term settlement calculated using average and lowest moduli of elasticity (case 1) 

 

Figure 7. Comparison of long-term settlement calculated using average and lowest moduli of elasticity (case 2) 
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Figure 8. Comparison of long-term settlement calculated using average and lowest moduli of elasticity (case 3) 

Long term settlement of the building is also evaluated in terms of percentage of the end of construction settlement 

(Table 4). In case 1 and 3, the long-term settlement is about 13% more than the end of construction settlement. In case 

2, the long-term settlement is about 7% more than the end of construction settlement. Comparison of end of construction 

settlement and long-term settlement for case 1 and case 2 is also presented in Table 5. When the friction angle values of 

the both the upper and lower soil layers were taken as 300 instead of 340 and 350, the settlement was more in the case 2 

(when friction angle is taken as 300) for both the layers. In case of lowest modulus of elasticity, 40% more settlement is 

calculated for end of construction, and 33% more long term settlement is calculated. Table 6 shows that there is about 

41% more settlement for end of construction condition and long-term period. 

Table 4. Long term settlement as a percentage of End of construction settlement 

 Description 
End of construction 

settlement (mm) 

Long term 

settlement (mm) 

% increase with end of 

construction settlement 

Case 1 
Average modulus of elasticity 278 313 13 

lowest modulus of elasticity 392 440 12 

Case 2 
Average modulus of elasticity 378 402 6 

lowest modulus of elasticity 550 586 7 

Case 3 
Average modulus of elasticity 246 279 13 

lowest modulus of elasticity 358 400 12 

Table 5. Effect of values of friction angle (case 1) on settlement of the building (case 2) 

Description 
End of construction 

settlement (mm) 

Long term settlement 

(mm) 

% increase of settlement of case 1 compared 

with case 2 

End of construction Long term 

Case 1 
Average modulus of elasticity 278 313 36 28 

lowest modulus of elasticity 392 440 - - 

Case 2 
Average modulus of elasticity 378 402 - - 

lowest modulus of elasticity 550 586 40 33 

Table 6. Effect of increase of modulus of elasticity of soils on settlement (comparison between average modulus of elasticity 

and lowest modulus of elasticity of soils) 

 Description 
End of construction 

settlement (mm) 

Long term 

settlement (mm) 

% increase of settlement 

at end of construction 

% increase of 

settlement at long term 

Case 1 

Average modulus of 
elasticity 

278 313 

41 41 
Lowest modulus of 

elasticity 
392 440 
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3.6. Effect of Value of Permeability of Lower Layer (Silty Fine Sand) of 5-15 m Depth on Immediate and Long-

Term Settlement 

As mentioned before, the range of permeability values of silty fine sand is 10-5 to 10-7 m/s. All the material 

properties are used as mentioned in case 1. Here the average values of modulus of elasticity of both the layers are 

used. The average value of modulus of elasticity for silty clay/clayey silt was calculated as 6340 kN/m2. The average 

value of modulus of elasticity for silty fine sand was calculated as 17660 kN/m2. Referring to Figures 9 and 10, when 

the average modulus of elasticity is used for both the layers, the higher value of permeability (i.e., 10 -5 m/s) showed 

about 20% less settlement than the case with lower permeability (i.e., 10 -7 m/s) for both the end of construction 

settlement and long-term settlement. 

 

Figure 9. Comparison of end of construction settlement of the building when the permeability of silty fine sand (lower layer) 

was varied from 10-5 to 10-7 m/s. In this case average modulus of elasticity of both the layers are used 

 

Figure 10. Comparison of long-term settlement of the building when the permeability of silty fine sand (lower layer) was 

varied from 10-5 to 10-7 m/s. In this case average modulus of elasticity of both the layers are used 

3.7. Lowest Values of Modulus of Elasticity of Both the Layers 

All the material properties are used as mentioned in case 1. The lowest value of modulus of elasticity for silty 

clay/clayey silt was taken as 5362 kN/m2. The lowest value of modulus of elasticity for silty fine sand was taken as 

14740 kN/m2. According to Figures 11 and 12, when the lowest values of modulus of elasticity of both the layers are 

used, in this case, the higher value of permeability (i.e., 10-5 m/s) showed about 16% less settlement than the case with 

lower permeability (i.e., 10-7 m/s) for both end of construction settlement and long-term settlement. 
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Figure 11. Comparison of end of construction settlement of the building when the permeability of silty fine sand (lower 

layer) was varied from 10-5 to 10-7 m/s. In this case lowest modulus of elasticity of both the layers are used 

 

Figure 12. Comparison of long-term settlement of the building when the permeability of silty fine sand (lower layer) was 

varied from 10-5 to 10-7 m/s. In this case lowest modulus of elasticity of both the layers are used 

3.8. Excess Pore Pressure 

The excess pore pressures below the phreatic level, where the soil is fully saturated, are denoted with a negative sign, 

whereas the excess pore pressures above the phreatic level (suction), where the soil is unsaturated, are represented with 

a positive sign. As can be seen from the Figures 13 to 15, as the loading of each floor is increased on building, there is 

corresponding increase of excess pore pressure. Say, for instance, that the maximum excess pore pressure after 

construction of the 1st floor, 5th floor, and 10th floor is respectively, 22, 64, and 110 kN/m2. During long-term periods, 

say for instance 10 and 20 years (Figures 16 and 17), the excess pore pressures are dissipated due to the consolidation 

process. The magnitude of excess pore pressure was reduced from 110 kN/m2 (at the end of the construction of the 10th 

floor) to 9 kN/m2 after 10 years. Further dissipation of excess pore pressure occurred with time. At the end of 20 years, 

the magnitude of excess pore is greatly reduced to 3.4 kN/m2. 

 

Figure 13. Increase of excess pore pressure at the end of construction of first floor 
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Figure 14. Increase of excess pore pressure at the end of construction of fifth floor 

 

Figure 15. Increase of excess pore pressure at the end of construction of tenth floor 

 

Figure 16. Dissipation of excess pore pressure after 10 years from end of construction of tenth floor 

 

Figure 17. Dissipation of excess pore pressure after 20 years from end of construction of tenth floor 

3.9. Pattern and Distribution of Total Displacement of the Building 

It can be observed that the displacement is mainly concentrated below the zone where the load is applied. The main 

concentration of the displacement is in the zone of silty clay/clayey silt. Then the lower magnitude of the displacement 

continues to extend below the layer of silty fine sand (Figure 18). From the 5th floor and onward, differential settlement 

pattern was observed, with more settlement on the edges compared to the central portion (Figures 19 to 21). In the long 

term, from 10 to 100 years, differential settlement was also observed. 
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Figure 18. Displacement pattern of the building after construction of first floor 

 

Figure 19. Displacement pattern of the building after construction of fifth floor 

 

Figure 20. Displacement pattern of the building after construction of tenth floor 

 

Figure 21. Displacement pattern of the building after construction of tenth floor and after a period of 10 years 

4. Comparison of Settlement Predicted with MCM and HSM Using Piled Raft Foundation 

Initially, preliminary calculations were performed based on a simple MC model. In this case, only 1 m thick raft 

foundation was used without pile foundation. The main purpose of utilizing the MC Model was to conduct parametric 

analysis to find out the effect of various parameters on the overall settlement of the building. The calculations indicate 

that the settlement was beyond the allowable limit of 65 mm after the construction of the 10th story of the building. It 

was decided to adopt a piled raft foundation. Seventeen circular concrete piles of 0.5 m diameter thickness were equally 

placed below raft foundation of width 20 m and thickness 1 m as shown in Figure 22. The length of all the piles is 35 

m. The piles were modeled with Linear Elastic Model with the following material properties: Young’s modulus = 

30X106 kN/m2, and Poisson’s ratio = 0.1. 
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Figure 22. Piled raft foundation of the multi-story building 

In addition to the MC Model, an advanced elastoplastic model called the Hardening Soil (HS) Model was also 

utilized for prediction of the settlement. The length and number of piles were increased in order to reduce the settlement 

to the allowable limit of 65 mm. The additional soil parameters of the HS Model are shown in Table 7. The HS Model 

gives 40% less settlement as compared to the MC Model during the construction phase, as shown in Figure 23. In the 

long term phase, the HS Model predicts 35% less settlement as compared to the MC Model predictions as shown in 

Figure 24. 

Table 7. Additional input parameters of HS Model 

Parameter Value Unit Soil type 

Secant stiffness in standard drained triaxial test 6340 kN/m2 Silty clay/Claey silt 

Tangent stiffness for primary Oedometer loading 6340 kN/m2 Silty clay/Claey silt 

Unloading/reloading stiffness 19020 kN/m2 Silty clay/Claey silt 

Secant stiffness in standard drained triaxial test 17660 kN/m2 Silty fine sand 

Tangent stiffness for primary Oedometer loading 17660 kN/m2 Silty fine sand 

Unloading/reloading stiffness 52980 kN/m2 Silty fine sand 

 

Figure 23. Comparison of construction settlement of the multi-story building on piled raft foundation up to 10th floor using 

MC Model and HS Model 
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Figure 24. Comparison of construction settlement of the multi-story building on piled raft foundation across time using 

MCM and HSM 

5. Discussion 

It is generally accepted that the most reliable approach for determining the design parameters of subsurface soils is 

soil sampling in conjunction with laboratory or field tests. In certain instances, different types of relationships might be 

required to estimate the geotechnical parameters from the values derived from the in-situ and laboratory tests, due to the 

unavailability of equipment and financial and time constraints in a project. In certain circumstances, however, soil type, 

water table elevation, and SPT (Standard Penetration Test) blow counts are available to investigate the conditions of the 

subsurface soil. As mentioned earlier, this study deals with the settlement response of a multi-story building in coastal 

soil of Sindh, Pakistan. This study is unique in nature because no such study regarding the material properties and 

response of soil under applied loading conditions is presented in the literature. 

Since the calculation of the settlement requires the values of the modulus of elasticity of the soils. In this study, the 

values of the moduli of elasticity of the soils (i.e., silty clay/clayey silt, and silty fine sand) were obtained using 

correlations. Therefore, the average values of both soil layers are recommended to be included in the numerical modeling 

process. In addition, for silty sand layers, the literature suggests permeability values in the range of 10-5 to 10-7 m/s. As 

the calculations showed, there was 16% less reduction in the settlement when the lowest values of moduli of elasticity 

were used. In order to be on the safe side, it is recommended to use a lower value of permeability (i.e., 10-7 m/s) in the 

numerical modeling. It is also recommended to use the average value of friction angles of 340 and 350 for silty 

clay/clayey silt, and silty fine sand instead of the lowest value of 30o. By referring to Table 1, it can be noticed that the 

upper layer (silty clay/clayey silt) and lower layer (silty fine sand) have maximum values of friction angle of 43o and 

44o respectively. Even though inclusion of the dilatancy angle shows a 10% reduction in settlement, the dilatancy angle 

causes unrealistic tensile pore pressure; therefore, it is advised not to include dilatancy in the numerical modeling 

process. 

As mentioned in the paper, the HS Model is an advanced constitutive model that requires more material properties 

as compared to the simple MC Model. However, the MC Model generally overestimates the rate of settlement of the 

buildings. For economical and sustainable design of piled raft foundations of multi-story buildings, it is suggested to 

adopt the HS Model as compared to the MC Model. 

6. Conclusion 

In this study, settlement of a multi-story building constructed on a piled raft foundation on coastal soil was predicted 

with the MC model and the HS model. The main conclusions drawn from this study are summarized below: The MC 

model showed 40% more settlement as compared with the HS model. For a safe, sustainable, and economical foundation 

on coastal soils, it would be best to utilize the HS model for prediction of settlement as compared to the MC model. In 

addition to the modulus of elasticity of the soils, the reduction of the values of the friction angle has also had a significant 

effect on the increase in settlement of the building. The effect of including the dilatancy angle of silty fine sand showed 

about a 10% reduction in settlement as compared with the case without the dilatancy angle. It would be a suitable 

approach to exclude the dilatancy angle of the silty fine sand in the numerical modeling process. This paper shows that 

input parameters of the Hardening Soil Model evaluated from the Standard Penetration Test can be utilized for the 

computation of settlement of piled raft foundations on coastal soils. 
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