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ABSTRACT: This article presents an algorithm for calculating curves "settlement - load" in the PLAXIS 3D Foundation program. 
The stress is determined within 3D model where the fourth part of the pile shaft is located in the soil body corner. The horizontal 
stress is found by the way of moving pile shaft surfaces to the half cross-section dimension. The vertical stress under the pile tip is 
found after shifting the shaft for 1 m down. The results of modeling of the stress around the piles have good correlation with the 
experimental data of various authors. Modeling of pile static load tests was performed considering the stress area dimensions, soil 
deformation properties change in those areas and the pile operation time as a part of the existing foundation. The reliability evaluation 
of the solutions has been carried out by comparing the numerical simulation results and the experiment data. 

RÉSUMÉ: Le papier décrit un algorithme du calcul graphique “dépression / effort” en utilisant le PLAXIS 3D Foundation. L’essai sur 
les efforts a été effectuée par 3D simulation, une quatrième partie de la fût du pilotis étant installée au coin du massif de sols. Les 
efforts horizontale ont été trouvées par "l’élargissement" de la surface latérale sur un demi-partie de la section transversale de la fût du 
pilotis. Les efforts verticale sous l'extrémité d’un pilotis ont été déterminés après le déplacement des éléments sur 1 m en bas. Les 
résultats de simulation de fondation sous effort autour des pilotis ont été comparés avec des données de certains auteurs. La 
simulation des épreuves statiques des pilotis a été gérée en fonction de l’étendue des zones sous effort, des changements des 
propriétés de déformation du sol autour des pilotis et de la undurance des pilotis en fondations courantes. La validation des resultats a 
été faite par correlation de la simulation  avec des données des épreuves in situ. 
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1  INTRODUCTION 

The works on heightening and architectural replanning of 
buildings erected on pile foundations are to be preceded with 
evaluation of pile bearing capacity. Generally, the bearing 
capacity of piles subjected to long-term loads increases with 
time. This is explained by decreased compressibility and 
increased shear strength of soil due to compaction. 

Due to the lack of established calculation procedures, the 
pile bearing capacity in the foundations of existing buildings is 
generally determined by static loading, for which purpose the 
head of a pile is cut and a hydraulic jack is installed between the 
pile and the grillage beam. This method requires quite a lot of 
time and effort. 

This article presents a pile simulation algorithm that uses 
PLAXIS 3D Foundation program. This algorithm allows 
plotting "load - settlement" curves similar to those obtained in 
the pile load tests. The numerical simulation can account for the 
mutual arrangement of piles, the loads acting on the piles and 
the operating life of the building. 

The algorithm was verified by the test data of driven piles in 
buildings located in the central part of Arkhangelsk. Figure 1 
shows the characteristic features of soil bedding on construction 
sites. 

The tips of approx. 25% of piles were set in glacial loam 
(PI=0.07...0.14; LI=0.10...0.50); the tips of the rest 75% of piles 
were located in moraine loam (PI=0.08...0.17; LI=-0.20...0.20). 

 

  
Figure 1. Typical geological profiles in the center of Archangelsk city. 
1 - filled soil (tIV); 2 - water-saturated peat (bIV); 3 – clay loam, soft and 
very soft (lgIV); 4 – clay loam, soft-firm to firm-stiff with gravel 
inclusions (gIII

2); 5 – clay loam, soft and stiff (instIII); 6 – clay loam, stiff 
to firm- stiff with gravel inclusions (gIII

1); 7 – clay loam, firm-stiff and 
very stiff (mIII). 

2  ALGORITM OF NUMERICAL SIMULATION 

The main problems of driven pile numerical simulation are to 
determine the dimensions of soil deformation zones around the 
driven piles and to evaluate the changes in physical and 
mechanical properties of soils in these zones. Due to the 
complexity of parameter assignment in Hardening soil model 
during multistage stress calculation a less complicated Mohr-
Coulomb model was used. 
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 Determination of bearing capacity of driven piles subjected 
to long-term loads required solving three problems with later 
verification of the solution by the experimental data. 

The first problem was to determine effective horizontal 
stresses along the pile shaft surface and vertical stresses under 
the pile tip after driving. This problem was solved on a 3D-
model measuring 10x10 m in plan. Soil layers were set up in 
accordance with geologic survey results. The pile was modeled 
using Plate elements with a linear elastic model and absolutely 
rigid characteristics. 

To calculate the horizontal stresses in the soil around the pile 
shaft, the fourth part of the pile shaft was located in the model 
corner, and horizontal stresses were obtained by spreading out 
the pile’s side surface planes by 0,5d, where d is the pile shaft 
cross section dimension. Vertical stresses under the pile tip 
were found by moving the shaft 1 m downwards. The 
movement values were set up in accordance with the best match 
of simulation results to the experimental data provided by 
various authors (Berg 1994, Bartolomej, Omel'chak and  
Jushkov 1994). The radius of soil deformation zones in 
horizontal direction was (6...7)d, and the depth of deformation 
bulbs under the pile tip amounted to (3...3,5)d. 

The second problem was to determine the bearing capacity 
of a single pile 25-30 days after driving. 

The dimensions of a 3D-model and the pile properties were 
set up as for the previous problem, except the pile shaft was 
located in the center. The “soil – plate” contact coefficient Rinter 
was assumed to be 0.67 according the PLAXIS 
recommendations (Swolfs and Engin 2011). Clay soils were set 
up as undrained. The oedometer modulus Eoed was set up as 
function of  the stress values obtained from the first problem 
solution.  

To obtain reliable compressibility data compression testing 
of 109 glacial loam samples and 76 moraine loam samples 
taken from the central part of the city was carried out. As a 
result of experimental data processing, we obtained correlations 
between the oedometer modulus Eoed and the void ratio е and 
the liquid index LI (Table 1).  

 
Table 1. Relationships oedometer modulus Eoed with void ratio e and 
liquid index LI. 

Range of stress, 
kPa 

Eoed, MPa 

Glacial deposits (gIII) Marine deposits (mIII) 

100 - 200 13.6 - 13.2∙e- 1.5∙LI 11.7 - 8.2∙e - 1.1∙ LI 

200 - 300 16.9 - 18.8∙e - 2.0∙LI 16.5 -12.4∙e - 0.9∙ LI 

300 - 400 35.7 - 43.5∙e - 2.3∙ LI 23.2 - 19.0∙e - 2.0∙ LI 

400 - 500 40.7 - 48.2∙e - 1.2∙ LI 31.9 - 28.7∙e - 1.1∙ LI 

500 - 600 48.4 - 57.1∙e - 1.3∙ LI 36.3 - 32.0∙e - 1.2∙ LI 
 
It is known that oedometer modulus of soils lying at the 

great depth has to be corrected. That is why the Russian 
construction normative documents use E= mk·Eoed for 
foundation design. The correction factor mk can be used within 
the stress range of 0.1-0.2 MPa and it is assumed to be 2 to 5 
depending on the soil type and void ratio. The review of 
literature shows that the mk coefficient can differ from the 
values recommended in the rule at stress values above 0.2 MPa, 
and that it also depends on the soil genesis, composition and 
void ratio. For example (Bakholdin and Chashchikhina 1999), 
recommended value of correction factor for pile foundation 
design mk=2.3...6.2 

The third problem was to simulate static load tests of piles in 
the existing foundation. The dimensions of the stressed state 
zones in the soil around the pile shaft were set in accordance 
with the effective stresses caused by driving the pile in 

concerned and the adjacent piles, as well as the load from the 
building. 

It should be noted that the numerical experiments have 
shown that if the distance between the piles exceeds (4...4.2)d, 
effective stresses in the soil around the shafts from pile driving 
does not affect on bearing capacity of pile, and the piles are 
working as single piles. 

Effective stresses from the dead loads were obtained on the 
basis of a consolidated calculation in PLAXIS 3D Foundation 
program. The values of permeability coefficient 𝑘  were 
assumed within the range of 10-5...10-6 m/day according to the 
survey results. Besides this, the values were corrected using the 
known values of the modulus Eoed and the coefficient of 
consolidation cv by formula: 

 𝑘 = с𝜐𝛾𝑤𝐸𝑜𝑒𝑑,    (1) 

where 𝛾𝑤 is the specific gravity of water, 10 kN/m3. 

2  VERIFICATION OF RESULTS 

The first problem. The solution of this problem presents no 
difficulties, so we just provide an example of design diagram 
for simulation of pile static load test and a sketch of stressed 
soil zones around the pile (Fig. 2). 

 
a) b) 

  
Figure 2. Initial conditions for simulation of pile static load test. 
a - model of pile load test; b – stressed state areas. 
 

The second problem. The solutions of the second problem 
were verified by comparing the simulation results with the static 
load tests data for 16 single driven piles. The pile length was 
11-16 m, the cross section was 35x35 cm. The loading was 
carried out before the building erection. Anchor piles and a 
system of cross beams were used as a support structure for load 
application. 

It turned out that correction factor mk for main soil layers in 
all the stress intervals under consideration needed to be changed 
by backward analysis to guarantee satisfactory repeatability of 
results of pile test numerical simulation with the field 
experiment data (Table 2).  

 
Table 2. Values of mk for glacial and moraine deposits. 

Range of 
stress, kPa 

The value of the mk for void ratio e 

< 0.55 0.65 0.75 0.85 

100 - 200 5 4,5 4 3 

200 - 300 7 5,5 5 4 

300 - 400 9 7 7 5 

400 - 500 10 9 8 7 

500 - 600 11 10 9 8 
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As an example, Figure 3 shows four from sixteen calculated 
and experimental “settlement – load” curves.  
 
a) b) 

c) d) 

Figure 3. Load -settlement curves. 
     – static load test;     – numerical simulation. 
a - 15 m pile, glacial loam with LI=0.30 under the pile tip; b - 16 m pile, 
moraine loam with LI=0.20 under the pile tip; с - 14 m pile, glacial 
loam with LI=0.33 under the pile tip; d - 15 m pile, glacial loam with 
LI=0.18 under the pile tip. 
 

The displacement limit of piles during static load tests can 
be assumed as 0.1d or 0.2Su, where Su is the maximum 
allowable settlement of the foundation. In accordance with the 
Russian standards, the maximum displacement of pile was 
equal to 0.2·120=24 mm for brick buildings. The values of 
bearing capacities of piles obtained by numerical simulation 
with the data obtained by static load testing are presented in 
Table 3. 
 

Table 3. Bearing capacity of piles. 

Dimension of 
pile, m LI 

F1, 
кН 

F2, 
кН 

F3, 
кН 

F2/F1 F4/F1 

d l 

0.35 14 0.33 800 939 780 1.17 0.97 

0.35 14 0.33 950 921 1001 0.97 1.05 

0.35 15 0.20 1100 1467 1020 1.33 0.93 

0.35 16 0.10 1100 1459 1042 1.33 0.95 

0.35 11 0.38 800 568 799 0.71 1.00 

0.35 16 0.20 1500 1698 1567 1.13 1.04 

0.35 16 0.20 1400 1324 1522 0.95 1.09 

0.35 13 0.20 1100 1288 1272 1.17 1.16 

0.35 14 0.33 1100 1527 948 1.39 0.86 

0.35 14 0.33 1050 1518 950 1.45 0.91 

0.35 15 0.18 1050 1357 984 1.29 0.94 

0.35 15 0.18 1050 1226 1094 1.17 1.04 

0.35 14 0.30 1150 1074 1186 0.93 1.03 

0.35 14 0.30 1000 1046 1063 1.05 1.06 

0.35 14 -0.10 1100 1291 1182 1.17 1.07 

0.35 14 0.10 950 1541 1003 1.62 1.06 

Average: 1.18 1.01 

d - dimension of cross section of pile; l - length of pile; LI - liquid index 
of soils under pile tip; F1 - bearing capacity obtained by static load test 
20-30 days after pile driving; F2 - predicted bearing capacity according 
to Russian standards; F3 - bearing capacity obtained by numerical 
simulation 20-30 days after pile driving. 

 

Table 3 clearly shows that the proposed numerical simul
ation algorithm allows obtaining the pile bearing capacity 
values close to the results of single pile static load tests. 

The third problem. Verification of the third problem was 
based on the bearing capacity analysis of 16 piles with the 
length of 6 to 12 meters and the cross section of 30x30 or 
35x35 cm. The tested piles constituted a part of existing 
foundations for 2…39 years. As it was mentioned earlier, pile 
tests were carried out by static loading, for which the head of 
the pile was cut, and a hydraulic jack was installed between the 
pile and the grillage beam.  

Sometimes, the soil stress around loaded piles exceeded 600 
kPa. In this case, strain energy method by Becker (Heureux,  
Yang and Lunne. 2016) was used to find the oedometer 
modulus of deformation. Based on the experimental data, the 
strain energy was plotted against the applied pressure, with the 
maximum loading stage of 600 kPa. The said energy was 
calculated as a product of the pressure at a given stage and the 
relative deformation. On the basis of six reference samples of 
glacial loam and six reference samples of moraine loam, the 
authors have established that the plot of strain energy against 
pressure above 400 kPa does indeed have linear characteristics 
(Saenko and Nevzorov 2015), so the oedometer modulus of 
deformation for stresses in excess of 600 kPa was calculated 
using the approximating straight line passing through the points 
of 500 and 600 kPa. 

Correction factors mk for pressures above 600 kPa were 
assigned by log curve extrapolation (Fig.4). 
 

 
Figure 4. Correction factor mk vs pressure for clay with various void 
ratio e. 
 

Similar to the first problem, the model needed adjustment. 
To ensure of numerical simulation results with the field test 
data. and to account for the time factor, the pile shaft/soil 
contact coefficients Rinter=f(t) needed to be corrected by 
backward analysis. Rinter is used as follows: 

 
с𝑖 = 𝑅𝑖𝑛𝑡𝑒𝑟 ∙ 𝑐𝑠𝑜𝑖𝑙;    (2) 𝑡𝑔𝜑𝑖 = 𝑅𝑖𝑛𝑡𝑒𝑟 ∙ 𝑡𝑔𝜑𝑠𝑜𝑖𝑙.   (3) 
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where сsoil  is the specific soil cohesion, kPa; φsoil  is the 
internal friction angle, degrees. 

The obtained function Rinter=f(t) is shown in Figure 5. As it 
was mentioned above, Rinter=2/3 was used for new buildings. 
 

 
Figure 5. Values of coefficient Rinter.  
 

Figure 6 shows examples of calculated and experimental 
“settlement – load” curves. The values of pile bearing capacity 
in operated buildings are given in Table 4. 
 

a) b) 

c) d) 
 

Figure 6. Load -settlement curves. 
    – static load test in existing buildings;     – numerical simulation 
a - pile 0.35х0.35 m, 12 m long, moraine loam with LI=0.20 under the 
pile tip, 3 years in operation; b - pile 0.30х0.30 m, 9 m long, glacial 
loam with IL=0.22 under the pile tip, 18 years in operation; с - pile 
0.35х0.35 m,. 9 m long, glacial loam with IL=0.14 under the pile tip, 31 
years in operation; d - pile 0.35х0.35 m, 12 m long, moraine loam with 
IL=-0.28 under the pile tip, 37 years in operation. 
 

Table 4 shows that the pile bearing capacities found using 
the numeric simulation differ from those obtained through field 
tests by only a small range of -12 to +8 %. 
 

Table 4. Bearing capacity of piles. 

Dimension 
of pile, m LI 

t, 
year 

N, 
kH 

F3, 
kH 

F4, 
kH 

F5, 
kH 

F4/F5 

d l 

0.35 11 0.12 2 145 1040 1000 1060 0.94 

0.30 12 0.28 15 270 600 700 680 1.03 

0.30 12 0.28 15 250 600 700 670 1.04 

0.35 12 -0.28 37 330 1050 1200 1240 0.97 

0.35 12 0.20 3 250 1260 1250 1300 0.96 

0.35 12 0.20 3 250 1110 1000 1130 0.88 

0.30 10 0.11 31 250 580 650 675 0.96 

0.30 10 0.11 31 297 580 700 680 1.03 

0.35 9 0.14 31 294 1000 1200 1220 0.98 

0.30 12 0.27 18 185 650 700 725 0.97 

0.30 12 0.27 18 215 650 750 735 1.02 

0.30 6 0.25 39 303 425 550 510 1.08 

0.30 9 0.22 18 273 840 950 980 0.97 

0.30 8 0.22 18 207 810 900 940 0.96 

0.30 10 0.17 29 267 700 850 830 1.02 

0.30 10 0.17 29 267 720 850 870 0.98 

Average: 0.99 

d - dimension of cross section of pile; l - length of pile; LI - liquid index 
of soils under pile tip; t - pile operating time; N - dead load on pile; F3 - 
bearing capacity obtained by numerical simulation 20-30 days after 
driving; F4 - bearing capacity obtained by static load test; F5 - bearing 
capacity obtained by numerical simulation in existing buildings 

3  CONCLUSION 

Under the geotechnical conditions of Arkhangelsk. numerical 
simulation  of  driven piles  using the simplest Mohr-
Coulomb soil model  and the proposed calculation algorithm  
in  PLAXIS 3D Foundation program allows  plotting 
“settlement - load” curves  similar to those obtained through 
static load pile test in existing buildings. Practical application of 
the proposed algorithm will improve the reliability of design 
solutions adopted for reconstruction of buildings and could 
provide a considerable cost advantage. 
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