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Abstract: In recent decades, previous research has been done on the displacement of the soft ground under 

the raft foundation by many methods such as experiments in the laboratory, simulation, and field from many 

countries in the world. However, the measurement of the influence parameters (cohesion, current Young’s 

modulus E, active pores pressure, passive pores pressure) of the soft clay ground when the groundwater 

level changes at different depths wasn’t done particularly. So this research uses the finite element method 

(PLAXIS 3D software) and experiments in the laboratory to evaluate, analyze, and calculate the results of 

deformation (displacement) of the soft clay ground under the raft foundation when considering the influent 

parameters (cohesion, current Young’s modulus E, active pores pressure, passive pores pressure) of the soft 

clay ground when the groundwater level changes at different depths). The research results clearly show that 

the value of cohesion parameters with the different groundwater levels at the depths affecting the 

deformation (displacement, settlement) of the soft clay ground is significant. Moreover, the other influent 

parameters such as Current Young’s modulus, and active and passive pores pressure changes make 

remarkable differences in the deformation (displacement, settlement) when the groundwater level changes 

at different depths. Finally, in the above analyses, it is essential and urgent to research the deformation of 

the clay ground where the soil is located under the seawater levels variations at depths, and the ground is 

always affected by saltwater intrusion under the raft foundation where there is no research for this 

deformation. Moreover, the research results supply useful references to the field of scientific research on 

Geotechnics, construction, engineers, scientists, lecturers, students, and experts to use these research 

results to reduce and save labor, survey time, calculation... in the work of surveying, designing and 

constructing foundations on weak clay soil in the future. 

Keywords: Cohesion; Current modulus Young; Active pore pressure; Passive pore pressure; Deformation 

(displacement or settlement); Groundwater levels; Depths 

 

1. Introduction 

In recent decades, research on the raft foundation behaviors has been done in many methods which 

include experiments, simulations, fields, etc. The research results related to the settlements, deformation, 

shear strength, pore water pressure, optimal loading capacity, ground shapes, etc. Moreover, the evaluation 

of the deformation of the circle foundation on the sand ground behaviors with consideration of the Nc, Nq, 

and Nγ and other affections to the radius, smooth, and rough foundation. The results presented in the 

foundation settlement are remarkable (Amin K and Jayant K, 2017). In addition, the research on the 

affection of oil-contaminated sand to the square foundation capacity. The results described in percentage of 

oil variations reduced on the sand ground according to the reduced local shear failure as the polluted sand 

layer at the depths (Ahmed et al., 2019). Moreover, a small-scale model test was used to evaluate the 

comprehensively optimal settlement ratio when the wide ‘B’ and distance ‘S’ of the foundation ratio (S/B 

= 0.7%). The percentage of loading capacity reach to 39%. Results show a reduced settlement of 0.7% of 

the raft foundation according to the maximum pile length (Elwakil and Azzam, 2016). Moreover, a small-

scale model test was done to evaluate the comprehensively optimal settlement ratio when the wide ‘B’ and 

distance ‘S’ of the foundation ratio (S/B = 0.7%). Results show the reduced settlement of 0.7% of the raft 

foundation according to the maximum pile length (Elwakil and Azzam, 2016). In addition, the pile-raft 

foundation settlements were measured with the nonlinear behavior of pile groups. (Hung and Jiang, 2011). 

In the other hand, the small–scale physical model of the pile and raft has been done to survey the 
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displacement ‘settlement’ at two stages. Results show that loading is less than 70% resulting in the lower 

ultimate capacity of piles (Hoang and Matsumoto, 2020). In the other hand, the shape factors for circular 

footings were used to evaluate footing bearing capacity. Results presented that the factors sq and sc are big 

when the friction angle (Ø) is big (Loukidis D and Salgado R, 2009). Moreover, Results demonstrated that 

the different soil properties resulted in the different settlements (Lee et al., 2010). From the above 

discussion, it is essential to do the research on the raft foundation settlement and the vertical displacement 

with the consideration of groundwater level (depths) variations and the affective parameters that include 

Cohesion forces, Young modulus E, active pore pressure, passive pore pressure with the depths. A 

combination method is used in this research that shows experimental and simulation measurements by the 

‘PLAXIS 3D software – finite element method’.  

2. Geological background 

This research presents the deformation (or settlement or displacement) of the ground under the Raft 

foundation when considering some affected parameters. The clay ground has always been covered fully by 

the seawater level variations. The clay soil particles are filled with water, which creates a buoyant force that 

will push the particles further apart, leading to the binding force between the soil particles weakening, easily 

breaking, and the particles will be separated easily and move in the water environment. When the raft 

foundation loading increased remarkably the load-bearing capacity of the soil was weaker than that causing 

the remarkable displacement and settlement of the ground. Especially, the big loading of the raft foundation 

affected the ground resistance with related parameters such as cohesion force, Young’s modulus, and so on. 

Therefore, to clear consideration of the clay ground behaviors under the raft foundation settlement (or 

displacement). The research measured the experimental tests in the laboratory and simulation of the Plaxis 

3D software to give out essential, reliable, and exact results to the references in Geology engineering in the 

future. . . 

3. Methodology 

3.1 Materials  

Clay soil with marine origin is sieved to remove impurities and kept moist for 24 hours at room 

temperature 260C. Depths of the groundwater levels from 0.0m to 30.0m. A total of 48 samples were 

collected at 4 boreholes. The standards used to measure this research Vietnam Standards ‘TCVN 4202:2012 

- Soils - Laboratory methods for determination of units unit ofunit of unit weight’, ‘TCVN 4200:2012 - Soil 

– Laboratory methods for determination of compressibility’, ‘TCVN 4199:2012 - Soil - Laboratory method 

of determination of shear resistance in a shear box apparatus’. 

3.2 The experiment measurement to determine the Cohesion Forces with the Depths 

The Undrained – Unconfined Consolidation Test (UUCT) was done with 48 samples. The samples 

are kept moist within 24 hours. The soil samples are put in the sample box (size 60x60mm). The cutting 

speed reaches to 0.005mm/ minute. The Loading set up 0.25 kg/cm2; 0.5 kg/cm2; 1.0 kg/cm2; 1.25 kg/cm2; 

1.5 kg/cm2; 2.0 kg/cm2; 3.0 kg/cm2; 4.0 kg/cm2.  

3.3 The experiment measurement to determine the Young’s modulus E with the Depths 

The Undrained–Unconfined Consolidation Test (UUCT) was done at the lowest speeds to measure 

the settlement and strains of 48 samples after 24 hours for each sample. Loading us set up 0.25 kg/cm2; 0.5 

kg/cm2; 1.0 kg/cm2; 2.0 kg/cm2; 4.0 kg/cm2; 8.0 kg/cm2. Young’s Modulus parameters are done by the 

formula below: 

E = σ/ ϛ (kN/m2)                                                               (1) 

Whereas E is Young’s modulus (or plastic modulus of the soil) 

               σ is stress (kN/m2) 

   ϛ is strain (constant) 

3.4 Model simulation parameters assumptions 

a) Ground, the Raft foundation structure parameters, Mesh, and Calculation stages 

The finite element method (the PLAXIS 3D software) simulation is based on the Mohr-Coulomb theory. 

The basic parameters of the model are shown in Table 2 and Figure 1. The building parameters are shown 

in Table 3. The Clay ground depths (groundwater levels) from 0.0m to 40.0m. Mesh is divided into the full 

model with very small elements which supports to calculation full model’s areas more exactly. There are 

three calculating stages for the raft foundation loading.  The first stage shows no loading, only soil ground 

loading. The second stage shows active loading with soil ground and plate ‘raft foundation slab’. The third 
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stage presents the loading active with full parameters such as soil, plate ‘raft foundation slab’, beam, wall, 

and coulomb. The building wall is 50cm reinforcement concrete thickness. The floor loadings are 

transmitted to the slabs through the beam and column systems. The concentrated loads on columns are 

11650 kN with connection of the walls 385 kN/m. The soil ground stiff E’ = 5000 kN/m2 and this value 

increases by 500 kN/m2 per meter of depth. The groundwater levels are set up at 0.5m; 1.0m; 2.0m; 2.5m; 

3.0m; 3.5m; 4.0m; 5.0m; 5.5m; 6.5m; 7.5m; 8.5m; 9.5m; 10.0m; 12.0m; 14.0m; 16.0m; 18.0m; 20.0m; 

22.0m; 24.0m; 26.0m; 28.0m; 30.0m depths (see table 1 and figure 1). 

 

a) Ground model parameters  

 

b) Mesh and building action area space 

 

c) Pillows and linked conditions of building 

structures with the ground  

 

d) Loading active stages 

 

e) Building loading is filled with groundwater 

levels as loading active stages 

 

f) Calculation finishing stages 

 

Fig. 1. Model calculation parameters  
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Tab. 1. Model simulation parameters assumptions (Thy Truc Doan, 2024) 

Descriptions Signs Value Unit 

Soil ground properties 

Unit weight above the groundwater level γusat 18.2 kN/m3 

Unit weight above the groundwater level γsat 18.79 kN/m3 

Young‘s modulus (constant) E’ Changes with the different 

depths 

kN/m2 

Poisson’s ratio ν' 0.3 - 

Maximum Cohesion (constant) C’ref Changes with the different 

depths 

kN/m2 

Lateral earth pressure coefficient K0 0.5 - 

Structure properties 

Stiffness ν’(nu) 0.3 - 

Type of behaviors - Linear, isotropic kN/m2 

Thickness  d - m 

Weight γ 50 kN/m3 

Young‘s modulus E1 3.107 kN/m2 

Poisson’s ratio ν12 0.15 - 

4. Results 

4.1 Experimental results 

4.1.1 Results of the Relationship between the Maximum Cohesion Force and Depths from 2.5m to 30.3m 

The Maximum Cohesion Force and Depths are calculated particularly from the experimental data 

from 2.5m to 30.3m depths. Results recorded that the maximum Cohesion forces values 45 kN/m2; 40 

kN/m2; 37 kN/m2; 40 kN/m2; 56 kN/m2; 53 kN/m2; 59 kN/m2; 54 kN/m2; 42 kN/m2; 32 kN/m2; 38 kN/m2; 

32 kN/m2 with 2.5m; 5.8m; 7.8m; 10.3m; 12.8m; 15.3m; 17.8m; 20.3m; 22.8m; 25.3m depths of the 

groundwater levels. (see figure 2). However, the strains are big when the big pore size distribution and the 

remaining curve continuedly (Arroyo H et al., 2015). The Tsunami caused a big pore water pressure that 

resulted in big sediment ground deformation (Abdollahia. A. and Mason H. B, 2019). The inclinometer 

sensors show the embankment displacements are remarkable when the increasing of lateral displacements 

increases as the platform distance decreases. Some longitudinal cracks appeared along the sides of the 

embankment (Acosta L. et al., 2019). Moreover, a coupled computational fluid dynamics-discrete element 

method (CFD-DEM) was used to measure the flow velocity. Results presented that the fine particles are 

small (Arumugam. H et al., 2023). 
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Fig. 2. Relationship between the Maximum Cohesion Force and Depths from 2.5m to 30.3m 

4.1.2 Results of the relationship between Maximum Cohesion Forces and Depths from 0.0m to 

50.0m 

The calculation values can be interpolated with the bigger depths from 0.0m to 50.0m by the 

‘Origin 2024B’ software. The results show the maximum Cohesion forces values 7.0 kN/m2; 45.1 

kN/m2; 56.3 kN/m2; 54.6 kN/m2; 38.8 kN/m2; 48.3 kN/m2; 46.6 kN/m2 with 0.0m; 4.7m; 9.4m; 

14.1m; 18.8m; 23.5m; 28.2m depths of the groundwater levels. (see figure 3). However, the results 

presented time is big with the flow is big (Binh et al., 2022). The compressive loading is big and 

results in a high surface settlement of 4 m in 1390 days (Chai et al., 2010). The settlement measured 

at 14.5m towards the end of the combined loadings and the settlement curves converged (Chu and 

Yan, 2015). Additionally, the bearing pressure and footing structural resistance are high according 

to the soil-structure interaction impaction (Cristiano G and Lyesse L, 2021). 

4.1.3 Results of the Relationship between the Cohesion Forces, Vertical Displacements, and 

Depths from 9.5m to 25.3m 

The remarkable results present that the maximum displacement values of the Clay ground obtained  

0.0233 cm; 0.1652 cm; 0.1592 cm; 0.1685 cm; and 0.2082 cm according to the loading account 

for 0.5 kG/cm2; 1.0 kG/cm2; 2.0 kG/cm2; 4.0 kG/cm2; 8.0 kG/cm2 and the maximum depths such 

as 19.8m; 20.3m; 9.6m; and 22.3m of the different groundwater levels. The other results are shown 

in figure 4 (see figure 4).  However, the initial foundation shapes increased gradually when the 

friction angle was big (Cao. D et al, 2014). The Boundary Element Method (BEM) and the Finite 

Element Method (FEM) presented the relationship between plate-soil-pile and the stiffness matrix 

that resulted in the big settlement (Endi and  João, 2019). 
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Fig. 3. The relationship between Cohesion Forces and Depths of the Clay ground at 0.0m to 50.m 

 

Fig. 4. The relationship between the Cohesion Forces, Depths, and Vertical Displacements 

However, the fine particle soil and the glass fibers were 0%, 5%, 10%, 15%, 20% and 25%. The water-

cement accounted for 0.55% which resulted in lower stress with the optimal loading (Elrahmani. H et al., 

2022). The structure deformation is broken when the propagation of the micro-particle and the remarkable 

loading curves vary (Edem. I. E et al., 2022). However, the ground settlement reached 0.5m with the 4 

vibration compactions (Feng et al., 2014). The foundation deformation changed with the groundwater 

changed gradually (Gazetas, 1981). the influences of freeze-thaw (FT) cycles and saline intrusion affected 

to the big shrinkage (Gaetano. G et al., 2022). The ground slope deformation decreased when the flow-

independent viscosity, time, and soil factors increased (Hui L et al., 2021).  

4.1.4 Results of the Relationship between the Load, Depths, and Vertical Displacements 
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Fig. 5. The relationship between the Load, Depths, and Vertical Displacements 

4.1.5 Results of the Relationship between the Young’s Modulus E, Depths, Cohesion Forces, and Vertical 

Displacements 

The Young’s Modulus E values are determined by the Unconfined Compression Test of 48 samples after 

24 hours at different depths from 0.0m to 30.3m. The highest value of the vertical displacement (settlement) 

reached 0.2082 cm with Young’s modulus E of 141.2 kG/cm2 with the Cohesion forces of 0.38 kG/cm2 at 

22.3m depth. On the other hand, the other values are shown in figure 6. (see figure 6). However, the 

permeability coefficient of bentonite is small with bentonite of the deep layers at 250C; 1000C and 1050C 

temperatures (Hongbo L et al., 2022). with a membrane-less vacuum consolidation technique combined 

with a loading system 50 kPa suction (MS24). The lateral displacement is reduced in a suction head 

(Indraratna et al., 2018). The slip surface of the ground reduced gradually when the friction angle reached 

3000C (James J et al, 2022). 

 

Fig. 6. The relationship between Young’s Modulus E, Depths, Cohesion Forces, and Vertical 

Displacements 

There is no affection of the structure where the reinforcement structure located in the many chloride 

environments according to the Chloride diffusion coefficients appeared in greater density (Jianhe. X et al., 

2022).  

4.2 Simulation results 

4.2.1 Results of the relationship between the Cohesion Forces, Vertical displacements, and Depths   

The maximum vertical displacement value shows 4.348x10-3 m at 0.5m of the lowest depth with a Cohesion 

force of 4.1 kN/m2, and the maximum vertical displacement value increased gradually to 4.946x10-3 m at 

30.0m depth with a maximum Cohesion force of 46.725 kN/m2.  

 

Fig. 7. The relationship between the Cohesion Forces, Vertical displacements, and Depths 
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The raft foundation settlement was affected by the different soil conditions, number of stories, number of 

bays, the ratio of flexural stiffness of columns, beams, ground excitation frequency, and seismic factor 

(Koushik et al., 2004). The displacement of the vacuum pile system of the peat layer according to the low 

embankments/overburden (Kelly 2014). The clay ground settlement remarkably and reduced the risks of 

staged construction of embankments (Krishnapriya et al., 2016). The bearing capacity of strip footing 

reached 87.7% when e/B values from 0 to 1/3 for α = 0◦ of the effect of inclined and eccentric loads 

(Krishnan. K and Chakraborty. D, 2022). 

4.2.2 Results of the relationship between Young’s modulus E, Vertical displacements, and Depths  

Results presented that the maximum displacement (settlement) values 15.9x10-3 m at 25.3 m depth 

according to Yung’modulus E of 141.2 kN/m2. The highest value of the vertical displacement (settlement) 

reached 15.65x10-3 m at 22.3m depth compared with the lower value of Young’s modulus E of 225.55 kN/m2 

at 9.8m depth. (see Figure 8). However, the load-sharing model and centrifuge load tests demonstrated that 

the ratio of loading sharing decreased (Lee et al., 2014). Moreover, the maximum inward lateral 

displacement appeared at the lower shallow depth near the ground surface (Long et al., 2015). Two models 

soil-water (FD) and element finite (FE) show the lower surface settlement, horizontal displacement, and 

pile group when a large extent (Linlin G. et al., 2020). With particle diameter D50 and the void ratio being 

constant, the Cu value is bigger (Liu X et al., 2021). 

 

Fig. 8. The relationship between the Young’s modulus E, Vertical displacements, and Depths 

4.2.3 Results of the Relationship between the Passive (Steady) pores pressure, Vertical displacements, and 

Depths  

At 30.0m depth, the vertical displacement obtained 4.946x10-3 m with the lowest value of passive (steady) 

pore pressure of 0 kN/m2 that compared with the maximum value of the passive (steady) pore pressure is 

295 kN/m2 with 4.348x10-3 m of the vertical displacement at 0.5m depth (see Figure 9). However, the 

foundation surface was set up at a large friction angle of the granular soil ground (Leila A. L. N et al, 2022). 

The volumetric strains were deformed by the suction or stress variations of an expansive bentonite/silt 

mixture. Result in the increased suction swelled soil with no loading (Lin. J et al., 2022). The surface 

settlement is shown in the upper 8 m soft clay ground at 2, 5, 8, 12, and 16 m depths (Moh and Lin, 2005). 

The Vertical Displacement of the Circular Foundation on the over-consolidation Ground shows the low 

displacement with the big loading (Thy T. D, 2022). 

4.2.4 Results of the Relationship between Active Pores Pressures, Cohesion Forces, and Depths  

 At 25.3m depth, the lowest value of active pore pressure of 47 kN/m2 with the Cohesion force is 33.3 

kN/m2; compared with the maximum value of the active pore pressure is 205 kN/m2 with the Cohesion 

force is 45.1 kN/m2 at 9.5m depth (see Figure 10). 
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Fig. 9. The Relationship between the Passive (Steady) pores pressure, Vertical displacements, and Depths 

However, surface settlement in 250 days is 1.0m as vacuum preloading at 5m depth (Nguyen et al, 2015). 

Finite element analysis results evaluated the side force that was affected by the internal friction angle 

influence (Ozaki. S and Kondo. W, 2016). The highest drying stress increased after drying stress increased 

(Ru¨cknagel. J et al., 2007). Ilwis Software and Kriging Interpolation to Simulate 3D Stratigraphic Structure 

Model described the clay ground with cohesion forces, colors, thickness, and physical characteristics (Thy 

T. D, 2022). 

 

Fig. 10. The Relationship between Active pores pressure, Cohesion Forces, and Depths  

4.2.5 Results of the relationship between Active pores pressure, Cohesion Forces, and Vertical 

Displacements  

Moreover, the vertical displacements of the ground obtained a maximum value of 17.27x10-3 m according 

to the lowest active pore pressure values of 47 kN/m2 whereas the relative Cohesion force is 33.3 kN/m2; 

On the contrary, when the depth increased gradually, that results in the vertical displacement reduced 

gradually of 16.18x10-3 m  with the maximum active pore pressure values of 205 kN/m2 whereas the 

relative Cohesion force is 45.1 kN/m2; (see Figure 11). However, the results described the dissipation of 

excess pore water pressure and the slow development of settlement after 12 hours and the high and low 

interface resistance of about 78.3% (Wang et al., 2016). The stable dissipation values of the pore water 

pressure were -55.2, -55.9, -60.7, -63.2, -68.3, and -52 kPa (Wang J et al., 2019). The Clay Ground under 

the Rigid Foundation displaced particularly at the different depths (Thy T. D, 2023). 
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Fig. 11. The Relationship between Active pores pressure, Cohesion Forces, and Vertical 

Displacements 

5. Discussion 

The reasonable advice on decreasing the environmental influence found a improve the vacuum 

preloading workcraft (Yan et al., 2010). The maximum ground surface settlements were −77 mm, 

−68 mm, −122 mm, and −120 mm with the help of electro-osmotic consolidation and the 

maximum lateral displacement was supported by 4 devices (Zhang and Hu, 2018). the cracks in 

the Sodium Chloride concentration and temperature changes (Thy T. D, 2024) chemical 

components in water affect concrete structure with the depths (Thy T. D, 2024). Shear Resistance 

Variations With the different groundwater level variations at the Depths, the ground settlement is 

low values (Thy T. D, 2023). the groundwater levels variations affect to the vertical displacement 

of the clay ground (Thy T. D, 2023). Research results show shear stress ‘τ’ according to the shear 

displacement ‘Δl’ with different dry densities for deep reconstituted soils and the shear strength 

decreases sharply (Xiao-dong. Z et al., 2009). Effects of gravel content and shape on the shear 

behavior of soil-rock mixture made the increase of weak soil-gravel exceed 40% (Yao Y et al., 

2022). The results presented ultimate inclined load per unit area depended on the H/B ratio and 

value B’=B - 2e as the ratio B/H is constant (Sethy B. P et al., 2020). Equations that affected the 

permeability coefficient and no change and stability ground (Minghua. L et al., 2022). 

6. Conclusion 

From the above analysis, this research results evaluate the deformation of soft clay ground under 

raft foundation with consideration of influence parameters (cohesion, current Young's modulus e, 

active pores pressure, passive pores pressure) when the groundwater level changes at different 

depths particularly. Generally, the influence parameters affected by the vertical deformation of soft 

clay ground under raft foundation is a quite small change. Moreover, a combination of the 

experimental and simulation by the finite element method (PLAXIS 3D software) that show clearly 

that the active and passive pore pressure is the same at the same depths of the groundwater level 

variations that compared with cohesion forces and Young’s modulus E are big changes at the 

different depths. Finally, the research results are reliable and useful data to refer to the scientific 

research on Geotechnics, construction, engineers, scientists, lecturers, students, and experts to use 

these research results to reduce and save labor, survey time, calculation, etc in the work of 

surveying, designing and constructing foundations on weak clay soil in the future. 
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